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OPTICAL EMISSION MEASUREMENTS DURING BEAM PLASMA INTERACTIONS 

By 

George Mantjoukis 

ABSTRACT 

3914 Â (N* î B2Zy -*■ X2Ig ) light intensity profiles were measured 

with a geometrically scanning photometer during interations of an ener¬ 

getic electron beam with a weakly ionized plasma. Mass spectrometric 

measurements indicated N^ to be the dominant neutral constituent. The 

experiments were carried in the very large SESL vacuum facility at the 

Johnson Space Center which allowed an interaction length of ~ 20 m. 

Variable current (1-70 ma) and variable energy (500-1600 V) beams were 

injected over a large pitch angle range (0 to ~75°) for several applied 

magnetic field strengths (0.89, 1.52, and 2.22 Gauss) over the pressure 

range 0.6-3.0 x 10“® Torr to allow study of the light intensity depen¬ 

dence on the experiment parameters. The photometer measurements were 

made at a fixed axial position (midway between the electron gun and the 

collector); overall measurements of the complete beam emission patterns 

(total light) were made with several low light level TV cameras. The 

measured 3914 Â intensity profile gives the radial distribution of the 

relative ionization rate while its integral gives the (relative) total 

ionization rate independent of geometry. 

The following important results were obtained 

1) At low beam currents (1^ < Ic, the beam current required for 

BPD ignition) the relative light intensity and beam geometric configura- 
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tion were consistent with single particle behavior. 

2) For I], > Ic (BPD) the geometry of the illuminated region 

changes drastically and the 3914 Â total intensity increases by factors 

of 10-30 indicating the presence of new ionization sources (suprathermal 

electrons). 

(a) For beam injection parallel to the magnetic field (zero 

pitch angle), the radial width (FWHM) of the illuminated region 

is approximately twice the maximum (anti-node) width for pre- 

BPD conditions; it scales approximately as 1/B and E1/2. 

(b) For non-zero pitch angle injection, the full width of the 

illuminated region is approximately equal to the diameter of 

the single particle helix; at large pitch angle injection, the 

BPD shows significant limb brightening indicating a somewhat 

hollow configuation. Significant ionization outside the heli¬ 

cal dimensions is not observed. 

(c) For all conditions the total 3914 Â light intensity during 

BPD can be fitted to the parabolic relationship 

QT ~ K Ic
1/2 (Ib - Ic)

1/2 

Thus the total ionization rate increases nonlinearly with I 

(the nominal power supply return current) and remains propor¬ 

tional to the square root of the threshold current during BPD 

although I|j » Ic. The consistency of this scaling over the 

large injection pitch angle range implies that the important 

plasma processes are Independent of injection pitch angle* 
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(d) The maximum efficiency of energy transfer from the beam to 

the plasma (as measured by the total ionization rate) occurs 

when I|j ■ 2 Ic. Typical estimates of this maximum efficiency 

range from 3-12Z for the 20 meter path length. 
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1. INTRODUCTION 

This thesis presents the results of the photometric measurements of 

electron beam-plasma-neutral gas interactions during plasma physics 

experiments conducted in the very large vacuum chamber A at NASA, 

Johnson Space Center in Houston, Texas, in April 1981* These experi¬ 

ments were part of a continuing study designed to help explain the 

various confusing observations when electron beams had been injected 

into the ionospheric plasma from rocket borne accelerators* 

In analogy with laboratory techniques where electron beams were 

employed as nonperturbing probes of electric and magnetic field con¬ 

figurations , Hess proposed that electron beams injected from a low 

altitude rocket into the ionosphere could be used as remote nonperturb¬ 

ing diagnostic devices for studying ionospheric and magnetospheric E- 

and B- field configurations • The first test of this concept was launch¬ 

ed 26 January 1969 [Hess et al., 1971; Davis et al., 1971] with the 

following crucial result. An ~ 0.5 A, 20 kV beam could be injected from 

a rocket down the magnetic field lines and could be detected at ~ 200 km 

away without a catastrophic loss of beam power. They also concluded 

that the deployment of a large area return current collection surface 

eliminated the problems of vehicle charging during beam emission. Fol¬ 

lowing this experiment, many rocket borne beam injection experiments 

have been carried out • An excellent review of these experiments and 

their significant results is given by Winckler [1980]. At the present 

time a high power electron beam injection system is part of the 
a* ^ ' 

Spacelab-Shut tie (I) payload and a variety of experiments have been 



2 

planned [Obayashi et al., 1981], 

Many of the results of the early rocket experiments were conflict¬ 

ing. Consistent with the assumption that the beam would behave like an 

ensemble of single particles in a model atmosphere was the detection of 

sharp (in energy deposition and radial width) artificial auroral streaks 

and the fact that the molecular nitrogen density (as a function of 

altitude) derived from measurements of the 3914 Â light produced by the 

electron beam was in good agreement with the accepted model atmospheres 

[Israelson et al., 1975]. At the same time detection of (some) diffuse 

streaks, ambient plasma heating and wave emissions (VHF waves) as well 

as vehicle charging suggested a collective (plasma) behavior. 

These puzzles in beam behavior led to a series of laboratory simu¬ 

lation experiments. In order to simulate space conditions (particularly 

magnetic field and pressure) the experiments were carried out In the 

very large vacuum facilities at NASA-JSC. Typical beams employed in the 

space experiments could ignite a beam-plasma interaction mode, the so- 

called beam-plasma discharge (BPD) in these experiments. 

Ignition of the BPD provided explanations for many of the puzzling 

results of the flight experiments• The BPD is in some ways analogous to 

an RF discharge where the excited (electrostatic) waves are internally 

generated in the beam plasma interactions. During the experiments, the 

BPD was easily identified by the following signatures. 

1. The total light emission rate (TV cameras and 3914 Â photo¬ 

meter) increased by factors of 10-20 with a corresponding enhancement of 

the ambient plasma density in the discharge region. 
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2. Hie pre-BPD noded or helical primary beam configuration disap¬ 

peared in a bright and broad cylindrical interaction column. (See Fig. 

1). 
3. A broad energy spectrum replaced the pre-BPD monoenergetic 

energy distribution as illustrated in Fig. 2. [Jost et al., 1980]. 

4. Strong electrostatic oscillations were observed at the plasma 

frequency corresponding to the enhanced plasma density. (See Fig. 3). 

The BPD can be ignited only if the system variables (beam current 

Ijj, beam energy E^, neutral gas pressure P, interaction length L, magne¬ 

tic field strength B and pitch angle a) satisfy certain conditions. Hie 

easiest description of these conditions is through the concept of the 

critical current; for given values of the system variables (E^, P, L, 

B, u) critical current I£ is the minimum current at which the system 

evolves to the BPD mode. The experimentally determined dependence of 

the critical current on the system variables [Bernstein et al., 1978] is 

given by 

I c 

E u
3/2 

P  

B0*7 PL 
g(a) (1.1) 

where g(a) has been included here to account for the reported, but not 

accurately known [Bernstein et al., 1979] dependence of Ic on the pitch 

angle a. Theoretical descriptions of the BPD are given by Papadopoulos 

[1981] and Llobet [1982]. 

Optical studies of these beam-plasma-neutral gas interactions had 

been initiated by T. Hallinan and F. H. Leinbach. The primary objec- 
* ~ 

tives of the research described in this thesis represented an extension 
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of their work to include measurements of the optical emissions for beams 

injected at non-zero pitch angle together with more complete measure¬ 

ments of the optical emissions during BPD and their dependence on the 

various system parameters. 
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Fig. 2 Single particle (2, 10 and 20 ma) and BPD (60 ma) 
electron energy spectra iJost et al., 1980]. 
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B = 1.52 Gauss Eb = 1.0 kV 

Fig. 3 Strong (electrostatic) oscillations at 
the plasma frequency corresponding to the 
enhanced plasma density. 
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2. DESCRIPTION OF THE EXPERIMENT 

2.1 Vacuum Chamber Facility 

The experimental configuration used in April 1981 runs at JSC in 

the 17 meter diameter by 26 meter high vacuum Chamber A is schematically 

represented in Fig. 4. During these experiments the minimum base pres¬ 

sure was 6.0 x 10“6 Torr. (Although the vacuum system Is capable of 

base pressures < 1.0 x 10-6 Tbrr, unrepaired leaks had developed during 

the past year.) The residual gas in the chamber was primarily nitrogen 

(N2) with varying amounts of water vapor. Increases in pressure were 

accomplished by introducing dry N^. 

The magnetic field could be raised from its environmental value 

of ~ 0.294 Gauss at an ~ 65° dip angle to ~ 2.2 Gauss at almost 90° dip 

angle by varying the current in three sets of coils encircling the 

chamber. The primary beam self-magnetic field, with a maximum value at 

the edge of the beam Bg = 2 x 10“^ I^/rQ Gauss (where rQ is the beam 

radius), was negligibly small. Variations in the magnetic field 

strength along the beam path were measured to be within 15%. 

2.2 Electron Gun - Mounting System - Collector 

The accelerator used was a standard Pierce type electron gun with 

perveance k = ^max^b^^ “ x 10 ® pervs. Changes in primary beam 

current 1^ (which was perveance limited to a maximum value lmax for a 

given voltage V^) were accomplished by varying the thermionic electron 

emission from a tungsten filament cathode. The gun could be operated 

either DC or pulsed with the cathode grounded or floating. 



Fig» 4 Schematic representation of experimental con¬ 
figuration. 



10 

The electron gun's remotely controlled mounting system allowed beam 

injection at any azimuth and at pitch angles from 0 to ~ 80 degrees. 

A collector, suspended at a fixed height L * 20 m above the elec¬ 

tron gun and usually grounded, terminated the beam. 

2.3 3914 A Photometry 

2.3.1 Experimental Method 

Since the basic environmental constituent in the chamber was neu¬ 

tral nitrogen, the plasma was produced mainly by the reaction 

e + N„ -»• N* + 2e 
2 2 

It is known that a certain percentage of the total + N* ioniza¬ 

tions 7% as measured by Borst and Zipf [1970] and independent of 

primary electron energy as illustrated in Fig* 5) follow the path 

e + N N** + 2e 

N* N* + hv (3914 Â photon) 

(simultaneous ionization and excitation of N2 to the B2Z* state and 

radiative decay of B2!* (N* ) to the X2E* state) at a rate per unit 

volume 

Rion * 'N21 J °lo„(E) ”e<E> “ (2.0 
E > »ion 

Another process that yields 3914 Â photons is 



Fig» 5 Ratio of emission cross- 
section for the 3914 Â band to the 
total ionization cross-section in 

[Borst and Zipf, 1970]. 
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e + -*■ li£* + e 

Nt* ♦ Nt + hv (3914 A photon) 

(excitation of to the B2 E*(N* ) state and radiative decay of u' 2 

B2Z"^ (N"*" ) to the X2Z"^ state), at a rate per unit volume 
u v 2 g 

R = m-1 [N+] f a (E) • n (E) dE 
exc e 2 

J
 exc ' e ' 
E > 3.2 eV 

(2.2) 

Let us now compare Rexc to R^on; 

exc 
I»+] I ' ”e(E> dE 
2
 E > 3.2 eV 

ion [V / o (E) • n (E) dE 

E > U 
ion 

(2.3) 

An upper limit to the concentration [N*] is the maximum plasma density 

(corresponding to the maximum plasma frequency of ~ 50 MHz) encountered 

in our experiments 

[N*] < ne = (4ir2 eQ me/e
2) f2 » 3 x 107 cm 3 

while typical neutral densities [N^] were around 3 x 10*1 cm“3 so that 

[N+]/[N2] - 10-
1*. If 
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r 
1 

"ion 

/ °excCE> • n |E) JE 
E > 3.2 eV 

/ °ion<E) 

E > Ü 
ion 

ne(E) dE 

I o (E) 1
 exc 

n (E) dE 
e 

E > U 
and 

ion 

<WE) ne(E) dE 

E > U 
ion 

equation (2.3) becomes 

(2.4) 

For electrons with energies from the ionization potential U^on up to ~ 3 

keV we can use an average ionization cross-section of ~ 1.0 x lO-*7 cm2 

(see Borst and Zipf, 1970). The excitation cross-section in the same 

energy range is ~ 2 x 10“13 cm2 and in the energy range from threshold 

(~ 3.2 eV) to Ü£0n (~ 16 eV) has a maximum value (close to threshold) 

of ~ 8 x 10-*3 cm2 (see Lee and Carleton, 1969). Under these conditions 

the term 10”4 r2 in (2.4) is negligible and the ratio 
R
exc/

Rion is 

U. 
ion 

/ ne(E) dE 

R /R, < 8 x 10"3 - > -3,2- -e^- 
exc “ion ~ / ne(E) dE 

E > D. 
ion 

(2.5) 

It is obvious that, even if 90% of all the electrons are in the energy 

range 3.2 - 16 eV, Rexc is small compared to (Rexc < 0.07 R^ in 

this case) • 
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After an ionizing-exciting collision the molecule retains the 

energy of the neutral molecule (most of the momentum being transferred 

. +* 
to the ejected electron)* If we assume an ion temperature is 

approximately equal to the electron temperature Tfi of the cold component 

of the plasma electrons (Tfi ~ 0*2 - 0*3 eV; Szuszczewicz, 1982), then 

the N2 ions have thermal velocities ~ 4 x 101* cm/sec. With a lifetime 

of the order of 10”? secs (the B2E+ + X2 E+ is an allowed transition) 

the excited molecule hardly moves before it decays emitting a 3914 Â 

photon. With a uniformly distributed neutral gas and because of the 

fact that the ions are almost stationary, the spatial distribution 

of the 3914 Â light emission yields information about the spatial 

distribution of the ionizing electrons. 

In order to perform such measurements (i*e«, radial distribution of 

3914 A emissivity) a scanning photometer developed by F* H. Leinbach was 

employed• 

2*3*2 Position of photometer relative to beam 

The photometer was located on the second level balcony ~ 10 m above 

the electron gun* The distance between the photometer and the beam axis 

is estimated to be ~ 6 meters • 

2*3*3 Photometer optics 

A front-surface plane mirror was used to direct the light from the 

chamber into the photometer • The mirror was mounted on a horizontal 

aluminum disc provided with small, equally spaced (one degree apart) 
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holes at the periphery (see Fig. 6). Rotation of the disc by one degree 

meant a two degree scan of the field of view, perpendicular to the beam 

vertical axis* The photometer's collecting aperture (photocathode geo¬ 

metrical area) was 

A = IT • (2.54 cm)2 « 20.3 cm^. 
P 

The use of a narrow interference filter (FWHM of 14 A around 

3914 A), at the photometer's entrance aperture with peak transmission 

factor 0.29 at 3914 A, allowed an extremely effective suppression of 

lines other than the 3914 A line of N* (for example the 3884 A line of 

N* (1-1), 3943 A line of ^2 (2-5), etc.). The 3914 A light, through a 

2-inch diameter objective lens of focal length 9.84 inches, was imaged 

by a field lens on a photomiltiplier tube (see Fig. 6). The angular 

field of view was set by the 0.15-inch diameter circular hole of a 

field stop located right in front of the field lens; f ■ 2tan-* 

(0.15/2/9.84) * 0.88 degrees corresponding to ~ 9-10 cm at the beam. 

2.3.4 Photometer electronics 

The (magnetically shielded) EMI 9635 photomultiplier tube used had 

a bialkali (SbKCs) photocathode of nominal quantum efficiency (number of 

photoelectrons per incident photon) QE » 0.26 at A = 3914 A. Because of 

the low intensity of the photomultiplier output pulses, single photon 

counting techniques were employed instead of direct current measure¬ 

ments. The output pulse from the photomultiplier was detected by a 

standard pulse ampllfier-discriminàtor which was connected to the photo- 

meter by a short cable* Its output was coupled outside the chamber to 
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an ORTEC-449 ratemeter; the ratemeter's analog output was recorded by a 

high speed 2-channel visicorder. 

A standard-type calibration light source, powered by a well-regu¬ 

lated 5V DC supply, was used regularly during the runs to allow detec¬ 

tion of possible changes in photometer sensitivity. 

The mirror's mounting aluminum disc could be rotated either clock¬ 

wise or counter-clockwise by means of a 1 rpm sweep motor (field of view 

sweep rate 12 degrees per second). A position sensor (LED) was used to 

sense light passing through the (one degree apart) holes of the disc. 

The oscillating voltage output of the position sensor was recorded 

continuously by the visicorder, providing the position (in terms of 

viewing angle away from the axis of the beam) at which the recorded 

light intensities occurred. 

A heater eliminated low temperature problems of the sweep motor and 

controlled the tube temperature (keeping it almost constant at ~ 60 

degrees Fahrenheit) to keep the sensitivity constant during the runs. 

(Heater was off during the photometer scans). 

A schematic representation of the photometer electronics is given 

in Fig. 7. 

2.3.5 Ratemeter*s temporal response (calibration) 

The ratemeter could be operated either in a linear or a logarithmic 

output mode. For fairly constant input pulse rates a selected linear 

range can accommodate the rate, while for variable (over a wide range) 

input pulse, rates the logarithmic scale expands the range for better 

interpretation of changes when the rate is low and still accommodates 
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high count rates within the same total range. 

For log operation, the time constant (integration time) depends on 

the count rate n^ (x ■ 60/n^) to keep the statistical error under a 

certain level (less than 15%). With count rates of the order of 6 x 

10** or greater, the time constant was small (less than a millisecond) 

compared to the typical scan time which was of the order of 1 second. 

The temporal response of the ratemeter to an input pulse rate step 

increase is monotonie depending only on the initial (n^) and final (n^) 

count rates. The response time (rise time) xr was measured to be (as 

specified in the operating manual) 

xr = 0.857 (nj/nj)
0*839 • 60/n± (2.6) 

Calibration of the ratemeter gave a response time (fall time) to an 

input rate step decrease 

xf * 35 (l/nf - l/n±) (2.7) 

which is considerably greater than the corresponding rise time. The 

difference between and poses certain limitations on the accuracy 

of our measurements. 

2.3.6 Raw data and reduced form 

In Fig* 8a the typical output of the ratemeter is shown (raw data 

for logarithmic and linear operation of the ratemeter). The upper and 

lower envelopes of the "radial" profiles were digitized and averaged. 
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I1?* 8 data <a) and reduced form (b) for logarithmic (left) and 
linear (right) operation of the ratemeter. (Parallel injection.) 
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The average (logarithmic) profiles were linearized, the dark current 

(measured regularly during the runs) was subtracted and the resulting 

profiles were plotted (see Fig. 8b). Data analysis was based on these 

reduced profiles. 

2.3.7 Limitations and errors 

Some error in the functional dependencies of the integrated light 

intensities and optical beam widths on the system parameters can be 

attributed to the spatial resolution of our equipment. The finite (but 

small) size of the (conical) field of view (~ 10 cm in diameter at the 

beam) tends to distort little the typical BPD light intensity profiles 

(FWHM ~ 1-2 meters) while the profiles of (very few) narrow pre-BPD 

configurations with widths comparable to the field of view (nodes) are 

distorted much more. 

The count rate dependent time constant poses certain limitations on 

the accuracy of our meaurements. The photometer system is not able to 

detect light intensity temporal oscillations (at a fixed position in the 

beam) with oscillation periods less than or equal to the time constant 

while the spatial distribution of such (temporal) oscillations demands 

careful interpretation because of the count rate dependence of the time 

constant. Temporal (or spatial) light intensity oscillations of lower 

frequencies can be detected but the observed amplitudes must be care¬ 

fully interpreted because of the difference between the rise (x ) and 

fall (x^) times and their dependence on the initial (n^) and final (n^) 

count rates 
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Read-out errors in primary beam current and energy, magnetic field 

strength and injection pitch angle were ~ ± 5%. The ambient neutral gas 

pressure was known (probably) within 30%. 

Possible errors (in the differential light intensities) during the 

digitizing process (psychological errors) are estimated not to exceed 2- 

3%. 

2.4 Collaboration diagnostic equipment 

2.4.1 TV-cameras 

Low light level television cameras installed in the chamber were 

very important in observing and photographing the entire length of the 

beam. Image brightness and beam geometry were very helpful in the 

qualitative identification of the particular state (pre-BPD or BPD) of 

the beam-plasma system. 

2.4.2 RF probes 

RF diagnostics were basically dipole antennas, usually aligned 

parallel to the magnetic field and in most cases Immersed in the beam- 

plasma column, connected by long coaxial cables to a spectrum analyzer 

which was outside the chamber. The system, having a rather uniform 

frequency response in the range 5-50 MHz allowed for an easy and secure 

identification of the BPD mode which was characterized by strong 

emissions in this frequency range. The emission spectrum, displayed on 

an oscilloscope in the form of signal versus frequency was recorded on 

photographic'film for practically all of the photometer scans. 
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3. BEAM GEOMETRY 

3.1 Single particle mode (pre-BPD) 

3.1.1 Beam radius r with beam current I^« Single particle model. 

Following J. R. Pierce [1950, 1954] we assume: 

(1) An electron beam injected parallel to a vacuum magnetic 

field Bz. 

(2) Electron density profile n^ is uniform. 

(3) The change in beam radius per unit travelled distance is 

small, l.e., d/dz r(z) « 1. (Locally cylindrical beam.) 

The space charge of such an unneutralized beam produces a radial 

electric field in the beam, of magnitude E (r) at a distance r from the s 

center of the beam, that is easily obtained from Coulomb’s law: 

Es(r) 
Ib>r ' 

2,reorg2,vi 

(3.1) 

where is the beam starting radius, V| is the electron velocity compo¬ 

nent parallel to the magnetic field and CQ is the electric polariza¬ 

bility of free space* The beam under the action of the Lorentz force 

rotates and expands as it travels along the magnetic field Bz* 

The equations of motion of an electron in such a beam (in cylindri¬ 

cal coordinates) are: 

r - r$2 » g11 Eg - <ucr$ (3.2a) 

r$ + 2f<|> = u»cf (3.2b) 
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z = 0 (3.2c) 

where a>c * eB/me is the electron cyclotron frequency. 

Since equations (3.2) apply to all primary beam electrons, under 

ideal injection conditions the electrons retain their relative distances 

(in beam diameter units), no crossing of trajectories occurs and the 

beam profile can be described by the trajectories of the outermost 

electrons. 

The first integrals of equations (3.2) for the outermost beam elec¬ 

trons can be readily obtained: 

• . w2 1 
R2 = R2 + -J- [2 Q0IblnR - (R

2 + — - 2)] (3.3a) 

0) 

♦ - 3s- (1 - 1/R2) (3.3b) 

Z 3 V, (3.3c) 

where R - r/r , R = initial radial velocity, Q « 2m /(ire r2 v- e B2) 
g o 'w o e ogl 

is the space charge parameter while we have assumed no initial angular 

velocity (at the gun's exit plane). 

If the condition R = 0 is applied to equation (3.3a) the maximum 

beam radius rffl can be obtained as a function of the primary beam current 

I */2 I 
r_ " 2.1 —-—7- [ln(r /r ) + sin^]1/2 m BE 1/4 1 mg K I, J (3.4) 

where K is the gun perveance in micropervs (10-® amperes • volts-^/2) 



25 

In obtaining equation (3*4) an initial radial velocity (outermost 

electrons) V ■ r • R * V, sin0 has been assumed, where 0 «5° is the r g o b * 

beam’s half divergence angle. In Fig* 9 it is shown that, according to 

equation (3*4), the maximum beam radius of an electron beam injected in 

a vacuum magnetic field Increases rapidly with increasing primary beam 

current* 

If the beam is injected through a residual gas, the resulting ion¬ 

ization can neutralize the beam* The ions are trapped in the electro¬ 

static potential produced by the beam’s space charge and they accumulate 

in the potential well until the ion density equals the beam electron 

density and neutralizes the beam* At the same time ionization electrons 

generated before neutralization of the beam are ejected by the space 

charge electric field and leave the beam region* So neutralization 

occurs when n. « n, and since n. « a N n,V, t the neutralization 
lb l o b b 

time T * (aN V,)"1. (Ion losses limit the beam neutralization*) 
n ob 

For a neutralized beam the space charge term in equation (3.3a) 

does not exist and the maximum beam radius is independent of beam 

current and equal to two Larmor radii of the outermost electrons (pitch 

angle 0)* 

In the experiments of April 1981 no primary beam expansion with 

current has been observed (see Fig* 10)* The beam diameter is constant 

over the range of beam currents below Ic» For example, for a 1*6 kV 

beam (B « 1*42 Gauss) equation (3.4) implies an expansion by a factor 

of ~ 2 when the current is changed from 2 ma to 16 ma, but as it can be 

seen in Fig* 10b, no such éxpansion is observed* 
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Fig» 9 Maximum beam radius (rm) of an unneutralized 1*6 KV 
beam injected in a 1»4 Gauss magnetic field as a function of 

beam current» 
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Fig. 10 The primary ^beam radius is independent of beam 
current (parallel injection, B = 1.52 Gauss). 
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In order to account for the described beam behavior with current in 

the pre-BPD regime we have adopted the following model: 

(1) Neutralized electron beam (no space charge). 

(2) Beam is confined by the magnetic field. 

(3) Beam is periodically spreading and refocusing as it travels 

along the magnetic field because of the initial velocity component per¬ 

pendicular to the magnetic field 

v^ “'v^ sin0 (3.5) 

where v^ is the speed of the beam electrons and 0 « 5° is the half 

divergence angle. The divergence angle was measured from the TV beam 

image. 

3.1.2 Beam radius with pitch angle. Dependence on beam energy Ey> and 

magnetic field strength B. 

According to the above model the shape of the beam is defined by 

the trajectories of the outer particles, i.e., the single particle heli¬ 

cal trajectories of electrons in a vacuum magnetic field injected at a 

pitch angle 

(1) The electrons are gyrating around the magnetic field lines at 

radii r^ » v±^üicm betting a ■ (2me/e)1^2 and since v^ * vfe sin$ - 

(2e/m )l/2 E,1^2 sindi and ta * eB/m . 
e b c e’ 

rT = a E, !/2 sin<|>/B (3.6) 
« D ^ 
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(2) In a cyclotron period (T ■ 2TT/üJc) the electrons are travel¬ 

ling a distance h parallel to the magnetic field (which we shall call 

refocusing height) h - Vj TC ■ 2irV|/u and since Vj * cos<|> 

h = 2ira cos^/B (3.7) 

A 

In a cartesian coordinate system defined by z -direction antiparal- 

A 

lei to the magnetic field, y-direction of same azimuth as the injection 

direction and with origin at the gun's exit hole, the parametric equa¬ 

tions of the electron helical trajectories are 

x ■ r^ sin a»ct, y “ r^(l - cos o>ct), z » vBt 

and since 2xz/h =* 2irV||t/V||Tc • u)ct 

2r^ 8in(irz/h) cos(irz/h) (3.8a) 

2r^ sin2(irz/h) (3.8b) 

vlc (3.8c) 

In Fig. 11 a two-dimensional projection of the single particle (pre-BPD) 

beam in the yz-plane is given. If a is the pitch angle of the center of 

the beam and 6 the half divergence angle, the beam shape is defined by 

the trajectories of 
# ^ ». 

(1) the outermost electrons (pitch angle a + 0) with 



or» A5\ <x=0° 

Fig. 11 Single particle (pre-BPD) beam geometry of a 0.5 KV 
beam injected in a 1.5 Gauss magnetic field. * * 



Fig» 12 Beam cross-section 
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a E^1^2 sin (o + 0)/B (3.9a) 

2na E^1^2 cos (u + 0)/B (3.9b) 

2v ^ sin2(ifz/h1) (3.9c) 

and 

(2) the innermost electrons (pitch angle a - 0) with 

a \l^Z sin(a - 0)/B (3.10a) 

2ira E^^2 cos (a - 0)/B (3.10b) 

2r2 sin2(irz/h2) (3.10c) 

So the beam diameter as a function of height z above the gun is 

D(z) - y^z) “ y2(z) ■ 2r1sin2(irz/h1) - 2r2sin2(irz/h2) = 

2aE^)
1/2[sin(a + 0) sin2(irz/h1) - sin(a - 0)sin2(irz/h2) ]/B 

(3.11) 

1. Parallel (a ~ 0) or nearly parallel (0 < a < 0 » 5°) injection 

In the range 0 < a < 0 " 5°, since h^ = I12 ” h, equation (3.11) • 

yields 
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• D(z) ■ 4r^ sin2(irz/h) (3.12) 

The beam has the noded shape of Fig. lib and the apparent beam width 

(see Fig. 12) at a height z above the gun is 

W “ viewing angle = 2y = 2sin“1(D(z)/2R) (3.13) 

where Y is the half viewing angle and R is the beam axis-photometer dis¬ 

tance . 

If the FWHM Is used as a measure of the apparent beam widths (W ■ 

W0bs * X • (FWHM)) then the observed widths are consistent with (3.13). 

The beams can be further classified in three ranges of pitch 

angles; low, intermediate and high. For given conditions and at a pitch 

angle o * 0 the beam electron velocity component parallel to the magne¬ 

tic field Vg is no longer constant and the (spiraling) beam is spreading 

with height z from the gun. Thus at a certain height, zQ, the turns of 

the beam start overlapping completely (see Fig. 11a). If the photometer 

scans through the beam above this height (zQ), the beam width will be 

practically equal to the gyrodiameter. Since the photometer was at a 

fixed height z « 10m above the gun, we define aQ = a0(E^, B) the minimum 

pitch angle at which, for given and B, complete overlapping of the 

beam turns starts at ten meters. Then 

(1) low pitch angles are the ones with practically no overlapping 

of the beam turns 

(2) intermediate pitch angles the ones with considerable partial 

overlapping of the beam turns, and 
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(3) high pitch angles the ones in the range aQ < a < 90°, where 

complete overlapping occurs « 

If n is the number of turns, then complete overlapping occurs at a 

height where 

(n - 1) h2 * nhj^ (3.14) 

where h^ and h^ are the refocusing heights of the outermost and inner¬ 

most electrons respectively. Solving equation (3.14) for n in terms of 

the pitch angle a, we obtain 

n = -j (1 + l/tanatan0) (3.15) 

In Table 3.1, n is given for several conditions and pitch angles, as 

well as the height zQ ** n'h^ at which the overlapping is complete. 

(Actual experimental points are underlined in the table) . 
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TABLE 3.1 

Number of turns (n) and height (ZQ) at which complete overlapping of the 
turns of the helical beam occurs* 

B - 0.89G B » 1.52G B - 2.22G 

E
B 

a n ZQ (meters) 

0.5kV 35° 8.66 35.29 20.66 14.16 
45° 6.22 21.27 12.46 8.53 

55° 4.5 11.97 7.01 4.80 

65° 3.16 5.75 3.37 2.31 

75° 2.03 1.88 1.10 0.75 

1.0 kV 35° 8.66 49.92 29.23 20.01 
45° 6.22 30.08 17.62 12.06 
55° 4.5 16.93 9.92 6.79 
65° 3.16 8.14 4.76 3.26 
75° 2.03 2.65 1.55 1.07 

1.6 kV 35° 8.66 63.14 36.97 25.32 
45° 6.22 38.05 22.28 15.26 
55° 4.5 21.42 12.54 8.58 
65° 3.16 10.29 6.02 4.12 
75° 2.03 3.36 1.96 1.35 

2. Low pitch angles 

For the range of (E^i B) of our runs, low pitch angles were in the 

range 0 < a < 20-30®. The beam width at a height z is given by (3*11). 

No beams were injected in this range of pitch angles* 

3* Intermediate pitch angles. (20-30° < a < aQ) 

aQ was around 50-60°. Only two sets of beams were injected in this 

range of pitch angles, namely those at a = 45° (see Table 3.1). The 

beam width at a height z is somewhere between two gyroradii and the 

width given by (3.11). 
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4. High pitch angles (aQ < a < 90°) 

Several beams were injected in this range of pitch angles, namely 

those at 60-70° and 75-80°. 

In all these cases complete overlapping occurred at a height of six 

meters or less. The expected width is roughly equal to twice the gyro- 

radius 

W(z) = 2r-^ “ 2a sina/B (3.16) 

and the apparent width 

W = 2y = sin-1 (W(z)/2R) (3.17) 

Because of the irregular beam light intensity profile at a * 0, the full 

width at one fifth peak intensity W’ has been employed as a measure of 

the experimental (apparent) beam width. Expected and observed widths 

are in very good agreement (see Table 3.2). 
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TABLE 3.2 

Comparison of expected (model) pre-BPD widths (W*) to observed beam 
widths W(z). 

Expected Width Observed Width 

a B (Gauss) Eb(kV) Ib(ma) W(z) (degrees) W' (degrees) 

60-70° 1.52 1.0 4 17.1 
6 15.9 17.0 
8 17.4 
10 17.5 

1.6 3 22.8 
6 21.6 
8 20.1 21.6 
12 21.6 
15 21.3 

75-80° 0.89 1.0 4 27.6 
8 29.4 30.0 
12 29.1 

1.6 20 37.5 34.3 

1.52 1.0 2 17.1 16.5 
5 16.4 

1.6 4 21.2 
8 21.7 19.7 
12 19.7 

2.22 1.0 4 11.7 10.8 

1.6 5 
7 

14.8 13.4 
16.2 
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3.2 Beam Plasma Discharge Mode (BPD) 

3.2.1 Parallel (and nearly parallel) Injection (a » 0°) 

1. Light Intensity as function of the viewing angle Y» 

Beams injected (anti-) parallel to the magnetic field show a 

Gaussian 3914 A light intensity profile as a function of the viewing 

angle Y (see Fig. 12); 

I(Y) * Ip • exp (- sin2Y/2cr2) (3.18) 

where 1^ is the peak intensity, o2 = sin2y^/(2£n2) and y^ is the half 

width at half maximum peak intensity. The fit (3.18) is excellent for 

the great majority of the data (see Fig. 13). 

2. Discussion of the radial light intensity profile 

In the BPD mode, neglecting direct ionization by the primary beam 

whose electron density is very small compared to the plasma electron 

density, ionization is dominated by the hot (~ 100's eV) plasma 

component, the so-called suprathermal electron tail rather than by the 

bulk of the plasma electrons (see Papadopoulos, 1982). 

From the light intensity profile I(y) (either the actual data 

points or the fit 3.18) the radial 3914 A light intensity distribution 

F(r) can be obtained (see Appendix). The radial 3914 A light intensity 

distribution F(r) is proportional to the plasma production rate P(r) as 

discussed in part 2 of the present thesis. In Fig. 14 we attempt a com¬ 

parison of F(r) of a (E^ =1.6 KV, 1^ = 16 ma, B = 1.5 Gauss, P « 7.0 - 

10.0 pTorr) beam to the radial density distribution n (r) of the supra- 
s 



39 

Fig. 13 The observed 3914 A light Intensity profiles (solid curves) 
fitted by Gaussians (dashed curves). (Parallel injection.) 
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thermal electron population [Szuszczewicz, 1981] of a similar (E^ « 1.3 

kV, Ijj ■ 12 ma, B = 1.5 Gauss, P = 6.0 - 12.0 pTorr) beam. It can be 

seen that 

P(r) « F(r) « n8(r) (3.19) 

indicating that most of the enhanced ionization during BPD is produced 

by the suprathermal electrons. 

Assuming an isotropic suprathermal pitch-angle distribution, the 

suprathermals will add their gyrodiameters to the primary beam radius 

enlarging the interaction volume width. If Eg is the energy corre¬ 

sponding to the average suprathermal velocity component perpendicular to 

the magnetic field, then the suprathermal gyrodiameter is 

da - 2aE 1/2/B (3.20) b s 

and since the primary beam radius is r = 2aE^j
1/2 sin0/B the BPD width is 

expected to be 

W » 4a[E,1/2 sin9 + E */2]/B (3.21) 
D S 

3* Interaction volume width as a function of the system 

variables 1^, B, P« 

(a) Width as a function of the beam current 1^ 

There is evidence (see Fig, 15a) that the interaction volume 



Fig. 14 Comparison of the radial 3914 Â light emission rate 
F(r) to the radial density distribution of the suprathermal 
electrons ns(r) (dashed curve). Curves are normalized to 
the same peak. 
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width goes through a maximum at ignition. This maximum width (FWHM) is 

approximately three times the pre-BPD (anti-node) width. This beam 

expansion is small compared to the expansion (collector current breakup) 

observed by Smullin and Getty during their experiments [Smullin and 

Getty, 1962, 1963]. 

For beam currents well above Ic it appears that the interaction 

volume width is independent of primary beam current (see Fig. 15b). 

(b) Width as a function of the magnetic field strength B 

For the relative experimental widths the average (over current) 

half width at half maximum W <* 2Rsin(HWHM) has been used. The 

interaction volume width was found to be inversely proportional to the 

magnetic field strength B (see Fig. 16). 

W « BTl (3.22) 

(c) Width as a function of primary beam energy 

The interaction volume width is greater than the maximum (anti¬ 

node) pre-BPD width by a factor of ~ 2 (see Fig. 12). la Fig. 17 the 

width is plotted versus the square root of the primary beam energy. Each 

point on this plot is the average width of a cluster of points (at 

several beam currents for a given set of other conditions). The inter¬ 

action volume width is proportional to E^1^. The finite intercept at 

zero energy corresponds to the width of the suprathermals (see also 

equation 3.21). 
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Fig. 15 BPD width versus beam current 
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Fig. 16 BPD width is inversely proportional to the magnetic 

field strength. (Data here are for a 1.6 KV beam injected 
parallel to the magnetic field.) 
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Fig» 17 Width versus E|j • Finite intercept at == 0* 

. © /fc ^ 3t* 

Fig» 18 BPD width variaton with pressure 
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(d) Width as a function of the neutral gas pressure P 

Equation (3.21) gives the interaction volume width at fixed 

pressure. In Fig. 18 it is shown that the BPD interaction volume 

shrinks with increasing pressure in the range 6.0-12.0 pTorr (that most 

of our data were taken) while for pressures in the range 12.0- 

32.0 pTorr the width is rather constant. More quantitative analysis of 

the subject is left to future experimental research. 

3.2.2 Pitch angle injection (a *'Q) 

1. Beam radial light intensity profile 

(a) Light intensity as a function of the viewing angle y 

While parallel injected beams show a rather simple Gaussian 

profile, the profile of beams injected at a nonzero pitch angle is more 

complicated. The general shape is shown in Fig. 19. It is not very 

difficult to obtain an analytic expression for such a profile; for 

example linear superposition of Gaussians fits the observed profiles 

very well. The major characteristics of such a profile are 

(1) A peak in light intensity Ip which corresponds to a relatively 

narrow Gaussian. This peak (at ~ 45° in Fig. 19) has always been 

observed in the part of the interaction volume right above the electron 

gun, and 

(2) A second peak of lower light intensity (usually ~ 40 to 75 

percent of 1^) at the (diametrically) opposite side of the interaction 

volume (at ~ 20® in Fig. 19). This peak corresponds to a wider 

Gaussian. 



Fig. 19 Beam radial light intensity (3914 Â) for 
high injection pitch angle. 
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The asymmetric profiles in the nonzero pitch angle injection case 

imply that there is no cylindrical symmetry. The emissivity F(r, <|>) is 

not only a function of the radial distance r from the beam axis but also 

a function of the azimuth <j>. So the emissivity F(r, $) cannot be 

obtained from the observed profiles I(y) unless we make some symmetry 

assumptions consistent with the observations. 

(b) A simple geometrical model 

In the discharge (BPD) ‘ mode, ionization by the suprathermal 

plasma electrons is the main source of the observed light. The 

suprathermals produced within the primary beam helical ribbon and 

radially confined by the magnetic field, are free to move along the 

magnetic field lines. The suprathermals (assumed again isotropic) will 

add their gyrodiameters to the primary beam radial dimensions. The 

resulting interaction volume is the space between two nested cylinders 

with offset centers (see Fig. 20), while a suitable coordinate system 

for this geometry is shown in Fig. 21. Since the suprathermal electron 

gyrodiameters at any $ (see Fig. 21) are smaller than the length s of 

the corresponding orthogonal curve (i.e., 2r < s), It is obvious that 
s 

on a certain circle, as $ gradually increases, the number of supra¬ 

thermals that spend some time on this particular circle gradually 

decreases at the same rate as the corresponding to $ lengths s 

increases. This implies that the emissivity F(<J>, s) behaves in a 

similar way; 

F($, s) - F(<f>=0, s’) • s(4>=0)/s($) (3.23) 



Fig* 20 Interaction region geometry for high pitch 
angle injection* 



Fig» 21 Suitable coordinates (<|>, s) for the high pitch 
angle beam geometry. 
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Equation (3.23) is consistent with the observed intensities and apparent 

widths of the two peaks of the profiles I(y). 

2. Interaction volume characteristic dimensions as a function of 

the system variables 

(a) Comparison of BPD widths to single particle ones 

According to our previous simple geometric model the 

interaction volume width in BPD is greater than the pre-BPD width by 

four suprathermal gyroradii, i.e'., W = 2r + 4r - 2a[E, sin(o + 0) + 

2E0
1/2]/B. In our discussion of the parallel injection Interaction s 

volume widths it was found that 2E is of the order of 2EU^
2 sind. 

s D 

So for large pitch angles (in the range 60° < « < 80°) the width is of 

the order of 

W » 2aEj)^/
2 sin(a + 0)/B (3.24) 

(within 20%), i.e., no substantial increase in width occurs (see Fig* 

22). 

(b) Interaction volume width with primary beam current 

No change in interaction volume width or profile shape with 

primary beam current has been observed (see Fig. 23). 

(c) Width as a function of the magnetic field strength B 

The interaction volume width was inversely proportional to the 
+• * 

magnetic field strength B (see Fig. 24) which is consistent with 
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equation (3.24)• 

(d) Width as a function of primary beam energy 

From equation (3.24) the width is expected to vary as the square 

root of the primary beam energy. Since data at only two energies were 

available, in Table 3.3 the ratio W^/W2 is compared to (E^/E^)*^2 at 

several pitch angles and magnetic field strengths. It can be seen that 

(W1/W2) « (EJ/EJ)
1
/
2 

(e) Width as a function of the pitch angle ot 

The change in width for beams injected at ~ 45° and ~ 75-80° was 

of the order of 25% (in agreement with an ~ sin(a + 0) dependence of 

equation 3.24). 
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Fig. 23 BPD beam profile variation with current #■ -r 
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Fig. 24 Width varies as B“*. 
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TABLE 3.3 

Comparison 

E j and E^ 

of the ratio W^/W2 of 

to the ratio (E^E^1/2 

the 

• 

observed BPD widths at energies 

a B (Gauss) Eb (kV) HW VW2 (E1/E2)i/2 Error % 

45° . 1.52 0.5 5.15 

0.60 0.60 0% 

1.6 8.60 

60°-70° 1.52 1.0 8.05 

0.79 0.79 07. 

1.6 10.26 

U
l 0

 
1 00
 

O
 O
 

0.89 1.0 16.33 

0.85 0.79 +7% 

1.6 19.29 

1.52 1.0 8.95 

0.90 0.79 +14% 

1.6 9.92 

2.22 1.0 5.79 

0.82 0.79 +4% 

1.6 7.05 
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4. PLASMA PRODUCTION RATES AND 

(IONIZATION) EFFICIENCY OF ENERGY TRANSFER 

4.1 General discussion. 

As discussed in part 2 of the present work the light emission rate 

from the part of the interaction volume viewed by the photometer is a 

measure of the plasma production rate. Assuming that ionization by 

electrons other than primary or suprathermal (secondary emission from 

target, back scattering, energetic electrons ejected during an ionizing 

collision and cold plasma electrons) contribute little to the total 

ionization, the plasma production rate per unit volume is 

P " aNn^v^ + NJo(v&) rieved^v (4.1) 
v 

where n, , a are the density and ionization cross-section of primary beam 
b 

electrons of energy E^ = m^v^/2 (monoenergetic primary beam) and 

ne, o(vg) the density and ionization cross-section of the suprathermal 

electrons. 

In the single particle mode, the dominating term is a Nn^v^ 

corresponding to collisional ionization by primary beam electrons while 

in the discharge mode the dominant term is the second term in equation 

(4.1) corresponding to ionization by the suprathermal tail of the plasma 

electron density distribution. 
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4.2 Pre-BPD plasma production rates. 

The light emission rate per unit volume (Q) is a measure of the 

plasma production rate per unit volume (P). 

Q ® P - oNn^v^ 

or Q « h a (4’2) 

where A is the area of the beam cross-section perpendicular to the mag¬ 

netic field* Integrating equation (4.2) over the volume swept by the 

photometer we obtain the total emission rate as a measure of the total 

production rate 

•’r * ! ^ <4-3> 

In the discussion of the primary beam geometry it was shown that, at 

any pitch angle a, the locally cylindrical approximation is valid 

(i.e., A(z) « A(z)). Considering the area A(z) constant within 

the photometer's vertical field of view l (£ «* 10 cm at the beam axis 

distance), equation (4.3) yields 

N 
QT « — Ib al/cosa (4.4) 
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4.3 Pre-BPD light emission rate (experimental results). 

4.3.1 3914A light emission rate as a function of the primary beam-current 

Ik- 

The total light Q^, at any pitch angle a and at different energies 

and magnetic field strengths was linear with primary beam current; 

QT - s-Ib (4.5) 

(See Fig. 25). Light emission associated with cyclotron-related waves 

close to ignition [Bernstein et al., 1979] was not observed during the 

tuns of April 1981. This is consistent with their remark that the cy¬ 

clotron waves are not present at energies above 0.8 kV when the pressure 

is above 4 x 10-6 Torr 

4.3.2 Total light as a function of primary beam energy EK. 

The light emission rate was found to depend on primary beam energy 

“0 «7 
only through the ionization cross-section (an ~ * dependence); 

Ci(Ei) 
QT(Ib* El) = O2(E2) ^T^b* 

K2* ^4*6^ 

which is consistent with equation (4.4). See table 4.1 where the ratio 

of the measured slopes S^/S2 at energies E^ and E^, for several other 

conditions, is compared to the ratio corresPonding cross- 

sections for 3914Â production (Borst and Zipf, 1970). 



60 

a 

B 

Fig. 25 Pre-BPD light emission versus beam current 

Fig. 26 Pre-BPD light emission rate for three B's. 
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TABLE 4.1 

Comparison of the ratio S^/S^ of the measured pre-BPD slopes (Q^, = 

S • 1^) at energies and E^ to the ratio o^/o^ of the corresponding 

cross-sections for 3914 Â production. 

a B(Gauss) V®2 Discrepancy 

0“ 0.89 1.36 1.38 -1.5% 

1.42 1.6 1.38 +16% 

1.52 2.66 2.32 +14.5% 

2.22 1.29 1.38 -6.5% 

45° 1.52 2.07 2.32 -11% 

60-70° 1.52 1.25 1.38 -9% 

75-80° 1.52 1.58 1.38 +14.5% 

2.22 1.5 1.38 +9 % 
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4*3.3 Total light as a function of the magnetic field strength B» 

No dependence of the total light QT on magnetic field strength was 

observed despite the large changes in geometric configuration (see Fig. 

26). 

4.3.4 Total light as a function of pitch angle a. 

A 1/cosa dependence of the total light Q^, was observed (see Fig. 

27). The higher the pitch angle a the larger the (helical) electron 

path lengths (1/cosa dependence) within the vertical field of view at 

the interaction region which means more ionization (more light). (See 

equation 4.4). 

4.4 BPD light emission rates and ionization efficiencies. 

4.4.1 Total light as a function of the primary beam current. 

In the discharge mode the total 3914Â light emission rate under any 

Injection conditions and at all pitch angles was found to fit the 

(parabolic) relationship 

Qt- s-Ib+ f.[Ic(Ib-Ic)]l/2 (4.7) 

where the term 8*1^ is the (small) contribution (equation 4.5) of the 

primary beam, while f and Ic are the slope and Intercept of a least 

square fit 

■ t-c*. (1,v2
 !
Q
T,- S-Ib12 (4.8) 
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with Q^, and s known (measured). 

Equation (4.7) fits the experimental points within 10% (see Fig. 

28). 

The physical significance of the intercept Ic is quite clear in 

equation (4.8); it is the beam current at ignition i.e., the critical 

current. This intercept (an optically determined critical current) was 

found to be numerically equal to the critical current I determined by 

RF (and TV) measurements within 5% (see Table 4.2). (It should be 

noticed here that there was some discrepancy between the critical 

current Ic determined by optical, RF and TV measurements and the scaling 

law expressed by equation 1.1). 

The total 3914Â light emission rate (equation 4.7) depends on the 

system parameters (other than 1^) only through (Ic « E^
3^2 • g(a)/ 

PLB0,7). It should be noticed here that although the factor f in 

equation (4.7) was found to be fairly constant (f * 1.11 ± 0.25 for the 

whole of the data), f can possibly be a function of neutral gas pressure 

P and interaction length L (i.e., f * f (P, L)) since data were taken at 

a fixed L and (almost) constant pressure. 

4.4.2 Total light as a function of the system variables other than 1^. 

(a) Energy dependence. 

For a given set of conditions (E^, B, o, P, L) the BPD current 

range is set by I « E,3/2 • g(o)/PLB®*7 and I = kE,3^2 where k is 
C D mâX D 

the gun perveance. 

The behavior of the total BPD light at two different energies is 
** ^ . 

shown in Fig. 29. If the maximum current (space charge limit) of the 
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TABLE 4.2 

Comparison of' the optically determined I to the I determined by RF 
measurements* 

a B(Gauss) Eb(kV) Ic(RF+TV) Ic(OPTICAL) 

0° 0.89 1.0 14-15 14.9 
1.6 28 29.6 

1.42 1.0 9-10 10.7 
• 1.6 18 19.4 

1.52 0.5 4 3.3 
1.6 14 14.1 

2.22 1.0 4-5 4.5 
1.6 7 6.9 

45° 1.52 0.5 4-5 4.3 
1.6 19-20 19.9 

60-70° 1.52 1.0 12-13 9.4 
1.6 20 19.0 

75-80“ 0.89 1.0 13 11.8 

1.52 1.0 7 7.3 
1.6 13-14 14.7 

2.22 1.0 5-6 5.6“ - 
1.6 10-11 11.6 
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lower energy beam Is greater than the sum of the two critical currents 

Icl and Ic2 (at energies Ej < E2) i.e., 

I + I < id) 
c2 cl max 

(4.9) 

then the light curves cross at a beam current I, ■ I „ + I ,. The pro- 

duction rate (proportional to the total 3914Â light emission rate Q^,) 

is higher for the lower energy beam in the current range I < 1^ < 

I „ + I . . is the same for the two energies at I. « I + I and is 
c2 cl b C2 cl 

lower for the lower energy in the range I + I < I, < 1^). This 
C2 Cl D HL3X 

explains some “conflicting" results in earlier experiments. [Smullin, 

1980]. If iÇl) > I + I , space charge limited gun operation (at 

1^ = ^max^ yields always higher production rates at the higher energy. 

If I _ < < I + I operation at the space charge limit yields 

higher production rates at the lower energy. 

If the condition (4.9) is not satisfied crossing does not occur 

(space charge limit before crossing). This explains why at high mag¬ 

netic fields (~ 2.2 Gauss) crossing occurs at energies 1.0 kV and 1.6 kV 

while for the same energies at low magnetic fields (~ 0.9 Gauss) cross¬ 

ing does not occur (see Fig. 30). 

(b) Magnetic field and pitch angle dependence. 

The total light Q^, depends on magnetic field strength and pitch 

angle only through Ic (equation 4.7). (For the pitch angle dependence 

of the critical current see Mesli, 1982). It should be noticed here 

that any change in Ic (change in B or a) results in crossing of the 

light curves. Crossing occurs only if the condition (4.9) is 
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satisfied. In Fig. 31 for example, the crossing is shown for a 1.0 kV 

beam at ~ 0.9 and ~ 2.2 Gauss (I„0 + I„, " 12 ma < I » 35 ma) and 
C2 ci max 

also for a 1.0 kV beam, ~ 2.2 Gauss at 0° and 75-80° pitch angle 

(I . + I » 10 ma < I » 35 ma). 
c2 cl max 

(c) Pressure dependence of the total light QT« 

Aside from the pressure dependence that is hidden in the critical 

current I (equation 4*7) there might still be some pressure dependence 

of the total light in the factor f(P, L)* Although it seems that 

f(P, L) actually depends on pressure (see Fig* 32), there were not data 

enough to establish a certain dependence* 

4*4*3 BPD ionization efficiency inferred from optical data* 

Ionization represents one measure of the energy lost from the beam 

to the plasma* Energy is also lost by excitation of the neutral mole¬ 

cules, heating of the plasma electrons and ions and convection (escape 

of heated plasma)* The energy dissipation rate (in ionization) is given 

by the plasma production rate (P^ for single particle mode and P^ for 

the discharge mode) times the energy W required to form an ion-pair* W 

depends on the energy of the ionizing electron; for N2 the energy 

required to form an ion-pair is - 35 eV for a 1.0 kV beam (single 

particle beam ionization) and * 70 eV for a 100 eV electron 

(ionization by suprathermal electrons during BPD). [See Von Engel, 

1965]* Since the power input (beam) is ®b*^b* we define the 

(ionization) efficiency for energy transfer from the beam to the plasma 

by n * PdWd^EbIb and since pd “ * (Qj ~ Slb^ * *f [Ic(Ib “ Ic)]
1^2(equa- 

tion 4.7 with X * proportionality constant) 



Fig. 31 Crossing of a 1.0 KV beam at 0.9 and 2.2 Gauss 
(a = 0) and crossing of the same beam at a * 0 and a ■ 
75-80° (at ~2.2 Gauss). 



Fig» 32 Total light (BPD) variation with pressure 
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"d - Vdrtb:i ■ »[icab-ic)il/2 »A:b (4-10> 

The condition ■ 0 applied to equation (4.10) yields the current 

at which the efficiency n is maximum; 

3n/3Ib - MWd Ic
l/2 [<Ib-I(.r

l/2/ 2EbIb - (Ib-Ic)
l/2/EbVl - 0. 

The maximum efficiency occurs at a beam current 

Ib- 
21. (4.11) 

(see Fig. 33), and is 

\ “ Xfwd/
2E
b (4.12) 

Aside from a possible dependence on the interaction length L and the 

ambient neutral gas pressure, the maximum efficiency depends only on the 

primary beam energy. The Ek”l dependence of h (equation 4.12) is 
D max 

shown in Fig. 34. 

The single particle ionization efficiency is 

nb ' pbVEb:b - ls-Ibwb/EbIb <4-13> 

where = XQ^, * Xs^I^ (equation 4.5) and is the energy required per 

ion-pair production by primary beam electrons (energy E^). 
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Fig» 33 Maximum efficiency occurs at twice the critical 
current. 
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Fig» 34 Efficiency as a function of energy 
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The maximum jump J in light emission (or plasma production rate), 
♦ 

which occurs at 2Ic* is a measure of the jump in energy loss from the 

beam to the plasma and is 

J V"b 
f_*d 
2s W, 

(4.14) 

Equation (4.14) (with f and s measured) yields maximum jumps (single 

particle to BPD) of ~ 10-30. An estimate of the absolute maximum rate 

at which energy is lost to ioni2ation during BPD in the 20 meter beam- 

plasma system can be obtained by calculating the pre-BPD ionization rate 

N 
at 21 , (for the entire length L) P, = — a LI, and the efficiency 
c D e D 

n^ * P^W^/E^I^ = ^ NoW^/E^ and multiplying J by the calculated ri^* 

max 
nd VJ f_ 

2s 
LNo 

eE, 
(4.15) 

Typical estimates range from 3-12% 
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5. SUMMARY 

The beam-plasma behavior has been optically studied (3914Â photo¬ 

metry) when an energetic electron beam is injected through a residual 

low pressure (pTorr range) neutral gas (N2) in a magnetic field of 

strength comparable to that of the lower ionosphere and at injection 

pitch angles in the range 0 to ~ 80 degrees. 

The important results are: 

1) At low beam currents (less than a critical current Ic) the beam 

space charge is neutralized rapidly (within a few tens of microseconds) 

by the cold plasma ions produced by electron beam ionization of the 

neutral gas molecules. The spatial beam configuration is consistent 

with single particle beam dynamics. The light emission observed can be 

explained by classical collisional ionization processes alone. 

2) In the discharge mode (beam current 1^ > Ic) the radial dimen¬ 

sions of the cylindrical beam-plasma interaction region are still deter¬ 

mined by the primary (single particle) beam radial dimensions; the new 

ionizing electrons (suprathermal electrons) add their gyrodiameters to 

the primary beam radius. Significant radial diffusion of the hot 

(~ 100's eV) plasma component (suprathermals) or pitch angle scattering 

of the primary beam have not been observed. 

3) The total light emission during BPD, which was found to be 

greater than the pre-BPD light emission by factors of ~ 10-30, can be 

fitted to the parabolic relationship 

qT - s-Ib+ f[Ic(Ib-Ic)]l/2 
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and depends on the system variables (other than 1^) only through Ic# 

The consistency of this scaling over the large injection pitch angle 

range in addition to the fact that the critical current satisfies the I£ 

scaling law (although the scaling law was derived for parallel injec¬ 

tion) suggest that the important plasma processes are independent of 

injection pitch angle* 

The dependence of the total light emission rate on energy explains 

some "conflicting” results of earlier laboratory beam injection experi¬ 

ments where for gun operation at the space charge limit more light is 

produced by a lower energy beam (at constant beam current) if the gun 

perveance is low while more light is produced by a higher energy beam if 

the perveance is high. 

The efficiency of beam energy loss (in ionization) from the beam to 

the plasma is maximum at 2Ic and is inversely proportional to the 

primary beam energy (at 2Ic). The energy loss in the 20 meter path 

length is estimated to be ~ 3-12% of the initial beam energy flux. 

Assuming that the percentage of beam power transferred to the plasma by 

other mechanisms is comparable to the energy lost in ionization and 

since the target was thin (interaction length shorter than the mean free 

path) we conclude that the BPD is an efficient (in energy transfer) 

phenomenon. 

* -r 
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6. CORRECTIONS 

In a later series of measurements, performed in a smaller vacuum 

device with the same gun, it was found that, for currents near the space 

charge limit of the gun, the beam current arriving at a positively 

biased collector (true beam current, Ifc) was significantly smaller than 

the power supply return current, 1^ (nominal current). 

The relationship of the "true beam current" 1^. to the "nominal" 

current I. , is shown in Fig. 38. This relationship, expressed function- 
b 

ally as 1^ = 1^(1^.), should replace 1^ in all empirical formulas given 

in the present thesis for BPD conditions (1^ > Ic). 

While the dependence of the 3914 A light emission rate on nominal 

beam current 1^, shown in most figures of the present work is parabolic, 

the dependence of the 3914 A light emission rate on true beam current 

is linear (see publication by Hallinan et al», 1984, appearing as 

APPENDIX II at the end of the present thesis). 
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Fig. 35 Relation of true (Ifc) to nominal (1^) beam current» 

* »* 
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APPENDIX I 

Calculation of the beam radial intensity profile 

Since our beams had a FWHM of the order of roùghly one or two 

meters, we consider the (circular) field of view (~ 9 cm in diameter at 

the beam axis) to be small compared to the beam width* 

Let A(l)dl be the emitting volume element at a distance 1 from the 

photometer. Then 

where f ■ 0.88° is the angular field of view. 

If E(l) is the emission rate density (over all angles) at distance 

A(l)dl = "irta^f • l2dl (1) 

1 from the photometer and fl(l) = A^/l2, then the fraction of photons 

intercepted by the photometer per unit time is 

f(l) - E(l) fl(l)/4 - E(l)Ap/4irl2 (2) 

The flux incident on the photometer at a viewing angle y is 

L2(Y) 

F(Y) - J f(l)A(l)dl 
LX(Y) 

7  / E(l)dl 
4 L^Y) 

(3) 

and the photometer count rate is 

L2(Y) 

I(Y) - T • QE • F(Y) - N / E( 1 )dl 
LX(Y) 

(4) 
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where N = T • QE • Aptan2f/4, T is the filter transmission factor and QE 

the photocathode's quantum efficiency. 

Changing the integration variable 1, (see Fig. 5), 

1 Rcosy - R[(r/R)2 - sin2y]l/2 (5) 

dl = -r[r2 - R2sin2y]“l/2 (6) 

E(l) = E[l(r,y)] = F(r, y) (7) 

the count rate of eqn. (4) becomes 

I(Y) N f F(r, y)rdr 
i (Y)(r‘ ' R sinffW* ,<Y) 

(8) 

For beams injected parallel to the magnetic field, because of their 

Gaussian light intensity profiles, we can assume cylindrical symmetry so 

that the count rate (8) becomes 

I(Y) 2N frF(r»Y)rdr  
(r2 - R2 sin2y)*/2 

Rsiny 

(9) 

where r is the radius of the (cylindrical) interaction volume and R is 
o 

the beam axis-photometer distance. 

Equation (9) is a Volterra type integral equation (of the first 

kind) and can be solved by means of the Abel transformation (see for 
^ * ' . • 

example, Pogorzelski, 1966). If y * Rsiny then 



(10) KY) 2N / 

y 

F(r,y)rdr 
(r2 _ y2)T/2 

F(r) 
irN ^ dy 

r 

 dy 
(y2 - r2)l/2 

(ID 

In equation (11) we can either use the actual data points for I(y) or 

the (Gaussian) fit (3.18) 

I(y) ** Ip • exp (-y2/2R2 o2) 

Then the transformation (11) yields the radial light intensity profile 

F(r) = AI? ^2irq2^i'/2 e_r * erf[(1“r2/r0
2^1/,2(ro2^2R2a2^1^2J 

(12) 

where A - 4/(T • QE • Ap tan2f) , a2 = R2sin2(HWHM)/2An2) and rQ is the 

radius of the interaction volume. rQ can be experimentally defined as 

the distance from the center of the profile at which the light intensity 

drops to the 1/t of the peak intensity. Then 

F(r) AI 
P 

1 

(2iro2)!^2 

-rz/2o2 

* • erf [_(l”r2/ro
2)l/2 (£nt)l/

2] (13) 
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with a2 - r0
2/2£nt. So the radial light intensity profile F(r) is a 

Gaussian modified by an error function. 
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Abstract* Optical observations of a beam- 
plasma discharge (BPD) in the laboratory showed 
that the discharge remained confined to a diameter 
little more than double that of the beam for 
Injection parallel to the magnetic field and ap¬ 
proximately equal to that of the beam for injec¬ 
tion at large pitch angles. The diameter was 
Independent of beam current but varied linearly 
with beam velocity and inversely with magnetic 
field strength* The ionization rate inferred 
from Che total emission of 3914 A, integrated 
over the radial extent of the beam, was propor¬ 
tional to Che excess beam current above that 
required for BPD Ignition. The proportionality 
constant (12 ± 2) x 101* ions/cm s A was valid 
over a wide range of pressure and of magnetic 
field strength* Power loss to ionization * in a 
20 m path was estimated at up to 4Z of Che beam 
power. Evidence is presented for effective con¬ 
finement of suprathermal electrons (parallel to 
B) by some unidentified process other than elec¬ 
trostatic confinement* 

Introduction 

It Is now apparent that at least some rocket 
experiments in which dense, energetic electron 
beams are injected into the lower ionosphere have 
produced strong, spatially localized interactions 
at the injection point (Grandal et al*, 1980; 
Duprat et al., 1983; Galeev et al*, 1976]. Caleev 
et al. first suggested that these Interactions 
might be similar to Che beam-plasma discharge 
(BPD) observed in the laboratory. Ocher types of 
Interactions, including dc discharges, are dis¬ 
cussed by Wlnckler [1980]* Because of the usual 
problems associated with active rocketborne ex¬ 
periments, a parallel laboratory investigation of 
those interactions was initiated using beam para- 
mecers (lb* Eb)» ®*gnetic field strengths, and 
neutral and charged particle densities reasonably 
similar to those encountered in the space experi¬ 
ments [Bernstein ec al*9 1978; Bernstein et al., 
1979; Szuszczewicz et al-, 1982]. It was believed 
that these laboratory experiments would provide a 
sensible framework for the interpretation of the 
flight results together with an understanding of 
the basic physical processes. This paper reports 

Copyright 1984 by Che American Geophysical Union. 
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a series of measurements of the opcical emissions 
produced in the beam-plasma Interactions experi¬ 
ments performed in the large SESL vacuum chamber 
at the Johnson Space Center. These measurements 
provide evidence for (1) the geometrical config¬ 
uration of the beam-plasma system, (2) the energy 
spreading of the energetic beam, (3) heating of 
the ambient plasma electrons, and (4) the rate of 
energy transfer from the primary beam to the 
ambient plasma. 

Experiment Configuration 

The configuration of the experiment was iden¬ 
tical to Chat described by Bernstein et al« 
[1979] and is shown again schematically in Figure 
1* The electron gun was a Pierce diode configur¬ 
ation with perveance (space charge limited opera¬ 
tion) approximately equal to 1 x 10”^ A V“3/z. A 

tungsten cathode was employed to minimize contami¬ 
nation effects* Although the gun could be oper¬ 
ated in a pulsed mode to allow study of the 
temporal evolution of the Interactions, all data 
reported here were obtained with steady state 
(dc) conditions. In addition, although an Initi¬ 
al ambient plasma could be incroduced by using 
ion thruster or RF discharge techniques, in these 
experiments the ambient plasma was entirely self¬ 
generated, l.e*, through collisional ionization 
of the ambient neutral gas by the beam itself. 
The beam was terminated by a segmented collector 
with an externally biasable grid (for suppression 
of secondary electrons) located approximately 20 
m from Che gun along the magneclc field. The set 
of three coils at the periphery provide a maximum 
field strength of 2.2 G. Usually, both the 
collector and gun anode were electrically con¬ 
nected to the chamber ground so that no potentials 
were applied to Che beam-plasma system. 

In a later series of measurements, performed 
in a smaller laboratory device with the same gun, 
It was found that the measured power supply 
return current was significantly greater than the 
beam current arriving at a positively biased 
collector for currents near the space charge 
limit of the gun. Ue have applied che measured 
corrections to Che present data, but certainly 
the results are more qualitative Chan had been 
desired* At beam currents less than 2/3 the 
space-charge limit, the two measurements are in 
good agreement, and we believe these data to be 
reasonably quantitative. 

Other diagnostics shown in Figure 1 Include 

2335 
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Fig * I • This s chematic Illustration shows the 
approximate positions of the 3914-A photometer 
and the low-light-level television cameras rela¬ 
tive to the beam. 

fixed-position and movable Langmuir probes, sev¬ 
eral wave detection systems, an electrostatic 
energy analyzer, and the segmented beam-current 
collector* The . general results have been de¬ 
scribed by Bernstein et al* [1979]; results from 
specific diagnostics have been given by Jost et 
al. [1980], Sharp [1981], Kellogg et al. [1982], 
and Szuszczewicz et al* [1982]* 

The ambient gas in the chamber arose primari¬ 
ly from three sources: air from unrepairable 
leaks (802 1*2)* nitrogen backfilled into the 
chamber to increase the pressure above the base 
level, and water vapor that slowly evaporated 
from ice or water trapped on surfaces within the 
chauber* Although water was a substantial con¬ 
taminant when the pressure was very low and the 
chamber had not been evacuated for very long, in 
most cases the dominant gas was N2* For the 
initial runs the base pressure was approximately 
equal to 1 x 10*^ torr (density of 3*5 x lO1^ 
cm~3); for the later runs the base pressure had 
increased to approximately 7 x 10~b torr because 
of unrepaired leaks* 

Photometric data were obtained with a scanning 
photometer filtered (13 A bandpass) for the N2 
first negative band at 3914 A* * The photometer 
had a circular field of view of 0*9* and was 
scanned horizontally by a motor driven mirror 
system to provide an intensity profile perpendi¬ 
cular to the beam at a point about midway between 
the gun and collector* The photometer ««as mounted 
at the wall of the vacuum system so that its 
separation from the nominal beam axis was about 
6 ». The projection of the field of view corre¬ 
sponded to about 9-10 cm at the beam* This 
spatial resolution was adequate to provide radial 
profiles of intensity for all but the narrowest 
beams employed. 

The photometer used the single-photon detec¬ 
tion technique and had an operational dynamic 
range of about 10*. A built-in light source was 
included to check for any long-term drifts in the 
system. No absolute calibration was available 
for the photometer and a subsequent malfunction 
and rework precluded an after-the-fact calibra¬ 
tion. However, because the excitation cross sec¬ 
tion for 3914 A is well known (borst and Zlpf, 
1970], the beam Itself (at currents well below the . 
threshold for BPD) served as an approxlcate cali¬ 
bration standard. 

Specifically, the photon-emission rate (arbi¬ 
trary scale) was measured for 13 combinations of 
beam current, beam voltage, neutral density and 
magnetic field strength. In each case the chosen 
current was sufficiently low that there was no 
BPD. Hence the emitted light was attributable 
entirely to collisions of the beam electrons with 
the ambient gas. These measurements were then 
compared with calculated values. A scale factor 
was chosen such that the ratio of observed to 
calculated intensities had a mean value of unity 
with an rms deviation of 16Z. This scale factor 
is used as a calibration factor whenever the 
optical data are given in absolute units. 

In all situations encountered in the experi¬ 
ments the density of N, exceeded that of N2* by 
at least four orders of magnitude. Hence direct 
colllsional excitation of ground state N2* was 
neglected, and all of the measured 3914-A emission 
was attributed to the ionization of N2 followed by 
the subsequent emission from N2*. Because the 
3914-A emission is prompt (< 10s), and the 
emitting ion temperature was low, it is reason¬ 
able to assume that the ions were stationary. 
The geometrical distribution of the 3914-A emis¬ 
sions thus provides a mapping of the spatial dis¬ 
tribution of electrons with energies sufficient 
to produce ionization (E > IP). The ratio of the 
Ionization rate to the 3914-A photon production 
rate is approximately constant at a value of 14 
over the range of electron energies encountered 
in the experiments [Borst and Zipf, 1970]. This 
value is assumed, and the photometric data are 
considered throughout the paper as equivalent ion 
production rates (Q)* 

Each Intensity measurement is a line-of-sight 
integral of the volume-emission rate* Integrat¬ 
ing the signal over a full horizontal scan of the 
photometer provides a measurement of the total 
number of photons emitted in a horizontal slab of 
unit thickness* The equivalent total ionization 
rate (Qj) is given in units of lons/cm s. 

More general Information was provided by two 
low-light-level television cameras* One camera, 
located approximately 10 m from the electron gun 
on the floor of the chamber, had a field of view 
of 12* x 16*. The other camera, with a 30* x 40* 
field of view, was located near the photometer. 
Both cameras were on fully steerable mounts and 
could view any part of the beam. 

The television cameras were .image-orthicon 
systems with extended red (S25) photocathodes 
sensitive to- light in the range 3900-8300 A. 
No optical filters were used. For any given set¬ 
ting of the gain control the response to light 
was linear over a range of approximately 30:1* 
However, there was no absolute calibration, and 
the *zero level* was arbitrary. 

The Images were recorded on video tape for 
subsequent viewing and analysis* A recently de¬ 
veloped digital image processing system was used 
in the analysis of the data.- This -system con¬ 
sists of a Quantex digital image processor and 
frame store, a Nova minicomputer and disc, and a 
Tektronix 4010 terminal and hard-copy unit* A 
special Interface card was designed for the Nova 
to allow direct random access to the Quantex 
memory* 

This system allow the user to obtain hori¬ 
zontal profiles of luminosity through the beam at 
any location within the TV picture. Where appro- 
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Fig. 2. A 2000-V, 70-mA beam at a field-strength of 1 G forms a well-defined node 

below the segmented collector. (Photograph courtesy of R. J. Jost (NASA/JSC) and H. 

R. Anderson (Science Applications Inc.) 

prlate, successive TV frames (1/60-s exposures) 

can be added for an improved signal-to-noise 

ratio. Similarly, adjacent horizontal scans can 

be summed, and scans from a ‘background* frame in 
which the beam is off can be subtracted from the 

data scans to remove TV shading patterns. 

The major contributions to the TV signal were 

from the first negative series of Nj"*- and the 

first positive series of N2« An empirical refer¬ 

ence comes from the use of one of the television 

cameras as the detecting element in an auroral 

spectrograph. In this case the ratio of the 

integrated signal from the N2 to that from the 

emissions was approximately 2:1. 

Hence the television image is dominated by 

excitation of neutral nitrogen and is not neces¬ 

sarily proportional to the ion-production rate. 

The ratio of N£ first positive to first 
negative emissions is approximately constant for 

electron energies between 1 keV and 300 keV. 

However, the constancy breaks down at lower ener¬ 

gies; e.g., at 100-eV primary energy the ratio is 

double that produced by 1-keV electrons [Stolarski 

and Green, 1967). 

The television data provide the spatial and 

temporal distribution of excitation but cannot be 

used to calculate the ion production rate. 

Relative intensities of the visible light derived 

from the video images are designated throughout 

the paper as VL. 

Observations 

1. Geometrical Configurations 

a. Single particle trajectories. For beam 

currents significantly less than the critical 

current required for BPD ignition (1^ < 0.5 Ic), 

RF activity is undetectable, and the beam geome¬ 

try is consistent with expectations for single- 
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particle behavior. Figure 2 illustrates the pat¬ 

tern of optical emissions observed for a 70-mA, 

2-keV beam injected parallel to the magnetic 

field. The nodlng pattern arises because of the 

small beam divergence angle a (approximately equ¬ 

al to ± 5°) produced in the gun; Ideally, the 

beam is refocused periodically to the original 

source size by the magnetic field. The noding 

length is the ratio of the parallel velocity to 

the cyclotron frequency and has a value of 6.7 m 

for Eb - 1 KeV and B - 1 G. 

All the data presented in this paper are 

limited to combinations of beam voltage (Eb) and 

magnetic field strength (B) where at least one 

refocus node was accommodated within the beam 

path length, i.e., the primary beam electrons 

experienced at least one gyrorotation. High- 

voltage breakdown problems limited Eb < 2.2 kV, 

and the gun perveance was too small to produce 

BPD for B < 0.89 G. The finite spread in parallel 

velocity arising from thermal effects, the finite 

spread in pitch angle, and perhaps the power 

supply variations would cause the nodes to dis¬ 

appear at large distances. But the nodes were 

well defined over the 20-m path length available 

in the chamber. The presence of the very sharp 

nodes shown in Figure 2 indicates the monoenerge- 

tic character of the primary beam; this has been 

confirmed by direct measurements of the beam 

particle energy distribution [Jost et al., 1980]. 

The beam radius (R) at the antinode is given by 

R • (2vb sina)/(wc) 

R - 0.186 m Eb - 1 keV B - 1 G 

Since the source radius is only 0.0025 m, the beam 

density varied by orders of magnitude along the 

axial distance traveled. This configuration was 

grossly different from other laboratory BPD exper¬ 

iments conducted at high magnetic field strengths 

[e.g., Smullln, 1981] where the beam radius was 

determined primarily by the source radius. 

As a result of the vb- and B-dependent noding 

pattern, scans with the. fixed axial position 3914Â 

photometer do not directly yield complete geo¬ 

metric configuration data. Because scans at a 

constant beam energy showed that the measured 

beam radius was independent of beam current, it 

is reasonable to conclude that the beam space 
charge had been neutralized by collisionally pro¬ 

duced ions in steady state [Getty and Smullin, 

1963J. Furthermore, the Integrated total 3914-A 

intensity increased linearly with beam current 

and N2 density, was independent of B, and varied 

inversely with beam energy in accordance with the 

energy dependence of the ionization cross section 

given by Borst and Zipf [1970]. 

The montage shown in Figure 3 shows the 

trajectory of a beam injected at a pitch angle 6 

approximately equal to 65®. If there were no 

spread in the injection pitch angle, the beam 

would describe a simple helix with the pitch and 

radius determined by Eb, B, and 6. The injection 

point is located on the helix periphery with the 

position of the helix guiding center determined 

by the injection azimuth. As in the case of 

parallel injection the finite spread in the angle 

of injection leads to a noded pattern. In the 
helical configuration there is one node for each 

turn of the helix, and the nodes occur on the 

Fig. 3. In this composite TV image a helical 

beam injected at -65* is seen to degenerate into 

a hollow cylinder before reaching the collector 
at top. There is also a curious black helix, 

apparently along the path of the unperturbed 

beam. 

magnetic field line through the point of injec¬ 

tion. 

The beam shown in Figure 3 was on the verge 

of BPD as determined by the RF measurements. The 

smearing in parallel velocity, particularly to- 
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ward slower velocities, is due ID part to the 
initial spread in the beam but may reflect collec¬ 

tive beam-plasma interactions as well. Wear the 

target, the helix has completely degenerated into 

a hollow cylinder. The concentration of lumino¬ 

sity on the surface of the cylinder implies that 

even those electrons having parallel velocities 
well below nominal still retain the nominal gyro- 

radius or, equivalently, the nominal v^. 

At large distances the only remaining trace of 

the initial helix is a curious black streak, 

appearing somewhat like a rope wrapped helically 

around the luminous hollow cylinder. There ap¬ 
pears to be a slight enhancement in the lumino¬ 

sity immediately above and below the black helix. 

The modulation produced by the black streak was 

between 10Z and 20Z of the total luminosity. 

Since the TV image superposes the front and back 

of the cylinder, it can be inferred that the true 

modulation in the volume emission rate was between 
20Z and 40Z. 

The photometric measurements showed that, as 

in the case of parallel injection, the ion produc¬ 

tion rate as a function of 1^* Eb» an<* No was 

consistent with simple collisional ionization by 

the primary beam electrons. In the helical beams 
the rate of ionization per unit axial distance 

had, in addition, a (cos 0)”* dependence, re¬ 

flecting the longer spiral path length through the 

chamber. 
b. Intermediate state. Bernstein et al. 

[1979J had noted that at low neutral densities 

(N0 < 1.5 x 1011 cra~^) and for beam currents in 
the range between 0.5 Ic and Ic, strong wave 

emissions at f ■ fc appeared; the dependence of 

the wave frequency on beam current suggested that 

the wave frequency corresponded to the upper 

hybrid frequency (fuH) for conditions where fc > 
fp. They also reported that this state was 

associated with the appearance of a low-intensity 

halo (3914 A) surrounding the primary beam, which 

otherwise appeared to maintain its single particle 

features. Thus some enhanced ionization above 

that produced by collisional ionization alone 
occurs in this phase. At neutral densities great¬ 

er than 1.5 x 1011 cm"^ this state is usually ab¬ 

sent, and the beam-plasma configuration directly 

changes from the stable single-particle state to 

the BPD. 

Fig. 4. A 750-V, 23-mA beam emerging from the 
gun at bottom is quickly ' lost in the more dif¬ 

fuse glow of the BPD. P - 2 x 10 T, B - 1.5 G. 

Fig. 5. Scans through the first mode in a TV 
image of a 1500-V beam at currents just below 

(A) and just above (B) the BPD ignition current. 

The dotted line in B is a Gaussian fit to the 
data. The node is easily seen in the TV image 

of the BPD and appears as the sharp peak above 

the Gaussian curve in the intensity scan. 

Hallinan et al. [1982] reported that the 

visible-light intensity of this glow is linear 

with beam current above a small threshold value. 

Although the glow is weak compared to the inten¬ 

sity of the beam, it has a large diameter—compar¬ 

able to that of the BPD at higher currents. From 
the TV images it was shown that the total emission 

rate (VLf), integrated over the entire diameter 
of the glow, exceeds that of the beam by a factor 

of 6 or 7. The 3914-Â scan [Bernstein et al., 

1979] is similar to the TV data, but there the 

total intensity (Qx) of the weak glow is roughly 

equal to that of the primary beam. 
c. Beam-plasma discharge. Ignition of the 

BPD occurs when the beam current is increased 
above a critical value. The BPD produced by a 

750-V, 23-mA beam injected parallel to B is 

shown in Figure 4. As noted by Bernstein et al. 

[1979], ignition is identified by (1) a large 

change in geometric configuration, (2) a large 
increase in the Intensity of N£ first negative 
and N2 first positive emissions, (3) a wave 

spectrum characterized by strong emissions at the 

plasma frequency and a lower frequency band ex¬ 

tending from a few hertz to fc, and (4) an in¬ 

crease in ambient electron density and tempera¬ 

ture. Subsequently, it was shown that the BPD 

was characterized by severe beam heating [Jost et 

al., 1980] and the appearance of large electron 

fluxes in the range 100-400 eV [Sharp, 1981]. 
In the BPD the primary beam itself is mostly 

obscured by a bright surrounding glow indicative 
of anomalous ionization which must be produced by 

accelerated ambient electrons. Nonetheless, the 

first and, occasionally, the second node can be 

seen in the TV images; subsequent nodes are not 
recognizable. Figure 5 shows horizontal scans 

through the TV image of the first node at currents 

below and above the BPD threshold. Although the 

BPD trace is dominated by the Gaussian profile of 

the BPD glow, the node is clearly visible as the 

sharp peak above the Gaussian curve. There is 

little observable change in the intensity or 
width of the beam node as compared to the pre-BPD 

trace. 

750V 23ma 
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Fig. 6. The BPD glow is seen to extend to the 

gyroradius of the beam. Apparent variation in 

the BPD width near the top is due to a real var¬ 

iation in intensity along B. See Figures 9a and 

9b. 

By digitally subtracting the pre-BPD image 

from the BPD image, it was found that there was 

no shift in the position of the node along the 

beam axis. In most cases the second node is not 

visually recognizable in the TV images. Nor is 

it apparent in the scans through the TV image. 

Occasionally, at low beam voltages (~500 V), 

two nodes remain visible in the BPD, while the 

third node disappears. The disappearance of the 

second node is consistent with the observed heat¬ 

ing of the electron beam. The observation of 

the first node above the BPD glow intensity im¬ 

plies that no significant modification of the 

beam velocity distribution occurred within the 

first few meters from the gun. 

The Gaussian profile of Figure 5 is typical 

of both the television scans and the 3914-A photo¬ 

meter scans. Each intensity measurement is a 

line-of-sight integral through the emitting vol¬ 

ume. Assuming azimuthal symmetry, it can be shown 

that Gaussian intensity profiles are obtained if 

the radial dependence of the volume-emission rate 

is also Gaussian., Hence the average density of 

electrons having sufficient energy for ionization 

has the form 
2 

N « e-2.8(r/w) 

where r is the distance from the axis of the 

beam, and w is the measured full width at half 

maximum of the intensity profile. 

Figure 6 shows the BPD produced by a beam 

injected at large pitch angle. The beam is 

recognizable within the BPD glow for one half to 

three quarters of the first gyrorotation. Beyond 

that the beam is not recognizable, but it evident¬ 

ly remains within the initial gyroradius. Figure 

7 compares 3914-A scanning photometer radial in¬ 

tensity profiles, normalized in peak intensity, 

of BPD's produced by 1000-V, 24-nA beams injected 

parallel to and at 6 - 75* to the magnetic field. 

For parallel injection the measured column width 

(FWHM) is —1.1 m; this is approximately 2.5 times 

the calculated width at the antinode of the stable 

beam (a - 1 5°). But it is much less than would 

be expected if the beam electrons were scattered 

to large ^pitch angles. For example, it is less 

than the wfdth at the antinode of a bean having a 

divergence angle a ■ - 15*. Hence the observed 

expansion of the column width does not imply that 

the beam is strongly scattered in pitch angle. 

For large pitch angle injection the double¬ 

peak pattern is indicative of a hollow beam 

configuration. The distance between the peaks 

corresponds to the expected width of the helical 

orbit (2Vfc sin 0/u^). The hollow beam configur¬ 

ation is most marked for beam currents near Ic 

and gradually disappears with increasing beam 

current. However, the FWHM remains unchanged 

with increasing lb so that, for lb » 1c» beams 

injected at high pitch angle also produce a more 

uniform cyclindrical BPD. The radial intensity 

distribution is Gaussian for beams injected par¬ 

allel to B but is more flat-topped for large in¬ 

jection pitch angle. 

Figure 8a shows the inverse dependence on 

magnetic field strength of the width (FWHM) of 

the BPD produced by a 1600-V, 40-mA beam injected 

parallel to B. Figure 8b shows the dependence on 

beam velocity of the BPD width (FWHM) produced by 

a fixed current (Ifc » Ic) beam injected parallel 

to B. The BPD width increases linearly with 

increasing beam velocity but extrapolates to a 

finite value at zero beam velocity. The finite 

intercept suggests that the width is determined 

by two parameters: the primary beam electrons 

(vb) alone and the energetic electrons (ve) which 

produce the enhanced ionization. Rather similar 

results are obtained for the various injection 

pitch angles studied where the width is primarily- 

determined by the beam parameters Vb sin 8/. 

Fig. 7. Relative intensity profiles (3914 A) 

through the BPD for beams injected parallel (a - 

0) and at large angle (a ■ 75-80*) to B. The 

profiles are normalized to the same peak value; 
2 Rc is the diameter of the helical beam and 4 

i6 the antinode diameter of a beam having a 

spread in pitch angle of ±5*. E • 1 keV, B - 

0.9 G, 1 - 24 mA. 
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for * 1600-V, 40—mA beam varies linearly with 
magnetic field strength, (b) The width of the BPO 
at constant current, field strength, and pressure 
varies linearly with the velocity of the beam 
electrons. 

Clearly, stong pitch angle diffusion of the 
primary beam was not observed for either parallel 
or nearly perpendicular injection. Similarly, 
although Szuszczewicz et al. [1978] reported ob¬ 
servations of fast (Bohm) radial diffusion of the 
cool ambient plasma, the present observations 
indicate that the energetic suprathermal electron 
component remains veil confined by the magnetic 
fleld. The geometric conf Iguratlon of the BPO 
thus consists of the cylindrical primary beam 
that Is immersed In a wider halo of suprathermal 
electrons, which In turn are Immersed In a very 
broad thermal plasma arising from radial diffusion 
processes. 

All the experiments have been performed at 
low neutral densities so that the electron (supra¬ 
thermal and primary) collision mean free path is 
greater than 20—m path length. Electrons are 
free to move along the field lines and may even 
perform multiple transits because of electrosta¬ 
tic reflections at the boundaries; one would 
therefore expect the BPO intensity to be Indepen¬ 
dent of the axial distance z, even If the region 
of electron energization (large wave amplitudes) 
were spatially localized. Similarly, even If the 
radius of the active region increased with In¬ 
creasing Z, one would expect the optically meas¬ 
ured radius to be Independent of Z and to be 
given by the maximum radius produced in the 20-m 
path length. 

The existence of axially uniform light emls-. 
slon is difficult to test. The photometer scan¬ 
ned in a fixed plane and therefore provides no 

data. Variation in background and in aspect 
angle (optical path length through the beam) make 
It Impossible to use the TV for an accurate 
survey of the intensity along the entire length 
of the beam. Visual observations through a win¬ 
dow in the chamber, as well as the TV images, 
provided an overall impression of' uniformity a- 
long B* 

However, there seem to be exceptions to this 
general uniformity. The BPO glow In Figure 6 
extends below the gun as expected. But It Is 
noticeably brighter near the top of the picture. 
This appearance is confirmed by scans through the 
Image just above the gun and near the top of the 
image (Figures 9a and 9b). 

The other case of an intensity gradient paral¬ 
lel to B was somewhat of a special situation. On 
several occasions during one series of tests, an 
electric field probe was suspended in the beam at 
the last node below the target. A cable from the 
probe was hanging down in a loop so that a portion 
of it ran nearly parallel to the beam. The 
discharge (Figure 10) was considerably brighter 
above the probe than below. Figure 11 shows the 
peak intensity (taken from individual TV scan 
lines through the glow) as a function of distance 
above the node. The rate of increase is nearly 
linear. Below the node, intensity measurements 
are complicated by the fact that the beam is 
brighter than the BPD glow. The glow intensity 
is roughly uniform at a value of approximately 
1.0 units from the node all the way to the floor. 
(Visually, the diameter of the glow seems less 
near the node than near the target. However, 
this is an illusion caused by the tendency of the 

Fig. 9. Intensity scans through the image shown 
in Figure 6 of a BPD at a large injection angle. 
The scan in (a) is from the region just above the 
gun while that of (b) is taken near the top of 
the picture. The assymetry in (a) is due to the 
mixture of the BPD glow and the beam itself (left 
edge). 
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1400V 3Orna 

PROBE NEAR BEAM 

Fig. 10. Under some circumstances, placement of 

a probe near the last node of the beam suppressed 

the BPD below the node. The apparent variation in 

BPD diameter above the node is due to a real 
variation in intensity along B. See Figure 11. 

eye to follow contours of constant intensity. 

Actually, the glow has a Gaussian cross section 

with a constant diameter (FWHM) of —1.2 m in the 

entire region above the node and below the node as 

well)- 

It should be noted that both of these examples 

of intensity gradients parallel to B pertain to 

the total visible light rather than to the emis¬ 

sion at 3914 A. Hence they imply gradients in 

the density of electrons sufficiently energetic to 

excite visible emissions. But they do not neces¬ 

sarily imply gradients in the density of electrons 

exceeding the ionization potential. 

Ui 

BEAM CURRENT-mA 

Fig. 12. The intensity of the BPD varies linear¬ 

ly with beam current. Varying the pitch angle 

changes the absolute intensity but not the slope 

of the line. E = 1600 V; B*l.5G;P*8x 10~6 

T. 

figuration and primary beam total path length, 

the total rate of ion production per centimeter 

of axial path length remains about constant. 
Figure 13 shows the dependence of the total 

ionization rate on beam current for 500-V, 1.0-kV, 

and 1.5-kV beams; B was 1.4 G and 0 ■ 0®. As in 
Figure 12 the ionization rate varies linearly with 

the beam current. The three plots have a common 

slope but are offset by the differences in the 

voltage-dependent critical current. From plots 
similar to those of Figure 13 the slopes were 

determined for nine sets of conditions covering 

voltages from 300 to 2000 V, magnetic fields from 

0.9 to 2.2 G, and pressures from 3.8 x 10“^ to 9 
x 10”6 Torr (density between 1.3 x 10cm"^ and 

3.2 x 10 H cm”3). Eight of the nine determina¬ 

tions fell within the range 

ÛQt/AI = (12 ± 2) x 1014 ions/cm s A 

2. 3914-A Emission Rates in the BPD 3. Observations at Pressures Below 4 uTorr 

Figure 12 shows the dependence of the total 

3914-A light intensity on beam current (I5 > Ic) 

for Efc * 1.6 KV and B ■ 1.52 at approximate 

injection pitch angles of 0®, 45®, 65®, and 75*. 

Two features are apparent: (1) the light intensity 
increases approximately linearly with increasing 

beam current, and (2) although the intensities 
observed for 45® injection are somewhat lower 

than at other angles, the relative intensities at 
constant Ij, (> Ic) appear to be rather insensitive 

to large variations in injection pitch angle. 

Thus despite the large changes in geometric con- 

Fig. 11. The relative Intensity of the BPD in 
Figure'll' increases linearly with distance above 

the probe. The intensity is constant at l-U unit 
below the probe. 

It has already been noted that below 4 x 10“^ 

torr (density of 1.4 x 10^- cm”^) there are strong 

emissions (below the critical current) related to 

BEAM CURRENT-mA 

Fig. 13. The ionization rate per centimeter of 
beam path length in the BPD (calculated from the 

measurements of 3914-A intensity) varies linearly 
with beam current. Varying the beam voltage 

changes the critical current (Ic) but not the 
slope of the line. B - 1.4 G; P * 4.6 x 10”^ X. 
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Che electron cyclotron frequency and tea harmon¬ 
ics and chac these emissions are accompanied by a 
significant anomalous glow. The dependence of the 
BPD luminosity on beam current is also different 
Chan chac ac higher pressures. Although, because 
of Che difficulty in reaching the lowesc pres¬ 
sures, systematic photometric data were not ob¬ 
tained, a few Individual photometer scans are 
available, and these are supplemented by the 
video Imagery. 

The igniclon curves at very low neutral den¬ 
sity are noticeably different from Chose obtained 
at higher pressure in evo respects. First, ac 2 
x 10~° torr, ignition of Che BPD Is Indicated by a 
large jump In the luminosity, while at higher 
pressures It shows simply as a breakpoint in the 
slope of the luminosity curve. The resolution 
provided by the data points Is typically a few 
ollliaaperes. However, the TV camera was running 
while the beam current was slowly changing in a 
continuous manner between fixed settings. The 
jump In luminosity always occurred within one* TV 
field (1/60 s), presumably corresponding to a 
small fraction of a oil 11 lampe re change in current. 

4 second characteristic "of all the low den¬ 
sity runs was a definite hysteresis In the Q vs. 
Ife curves [Bernstein et al., 1978]. Typically, 
the current le at which the BPD extinguished was 
approximately half the critical current required 
for ignition. Hysteresis was not observed at 
pressures above 4 x torr. For currents 
between Ie and Ic It was possible to shock the 
system into BPD by temporarily applying a nega¬ 
tive voltage to the target or by temporarily 
applying an RF signal to a loop antenna to induce 
an RF discharge near the beam. 

The abrupt jump In Intensity is characteristic 
of the BPD at very low pressure. Sometimes, 
there is a second jump, of about 202, coupled 
with a slight reduction In the diameter of the 
glow [Halllnan et al-, 1982]. Under other cir¬ 
cumstances there is just a single jump. The 
differences In circumstances are not clear. 

The two steps of the transition to BPD are 
displaced slightly In either time or current 
[Halllnan et al., 1982]. The experimental set¬ 
up did not allow a clear distinction since the 
current was changing during the transition. The 
two states of the BPD are similar but differ 
measurably la the peak Intensity and in the 
diameter of the glow. The final state is the 
brighter and narrower of the two. The hysteresis 
region preserves the distinction between the two 
states of the BPD. As the beam current Is re¬ 
duced, there Is a well-defined current at which 
the glow switches to the wider state. At a still 
lover current, the BPD is extinguished. 

For the purposes of this paper we will Ignore 
the subtlety of the double jump and consider only 
the total change In optical intensity between the 
beam-only case and the fuli BPD. This Jump is 
most easily characterized by the ratio (R) of the 
total luminosity at a current just above Ic to 
that at a current just below Ic. This differs 
from the ratio of peak intensities, particularly 
for scans taken near a beam node, since both the 
peak Intensity and the glow width can change at 
BPD Ignition. 

For a low neutral density BPD the value of R 
derived from thé 3914-A photometer scans (RQ) 

Is —20. At a somewhat higher pressure and magne¬ 

tic field strength the TV scans yielded visible- 
light ratios (Ryx.) °f 92 at 1000 V and 128 at 
1500 V. The values of R determined from the TV 
data are five to six times that of the single 
available photometric determination. Similarly, 
the cyclotron-associated glow discussed earlier 
was approximately six times as Intense (relative 
to the beam's intensity) In the TV Images as In 
the published photometer scan. This discrepancy 
between RQ (3914 A) and RVL (Integrated visible 
light dominated by N2 first positive emissions) 
Is most plausibly explained as resulting from the 
relatively low energy of the electrons in the 
glow regions, e-g., for 100 eV electrons, Rvi. 
should be roughly 1.5 times RQ. This takes into 
account the relative contributions of and N2 

emissions in the TV data as well as the energy 
dependence of the corresponding collision cross 
sections. Most likely, the average electron en¬ 
ergy is well below 100 eV, leading to values of 
RVL that are much larger than RQ* 

4. Efficiency of Power Transfer From the Beam to 
the Plasma 

Although some one-dimensional beam particle 
energy distribution measurements have been made, 
they have not been complete enough to provide a 
quantitative estimate of the beam energy loss In 
transie of the 20-m path length. The 3914-A total 
intensity measurements provide a lower estimate* 
of the beam energy loss as manifested by the 
enhanced ionization rate, provided that the as¬ 
sumptions of uniform axial light emission and 
of approximate proportionality between 3914-A e- 
misslon rate and the ionization race are reason¬ 
ably valid. 

A convenient starting point Is the slope AQ/ 
Al from the curves of luminosity vs. current. As 
described earlier this slope was found to have a 
value of (12 t 2) x 1014 lons/cm s A over a wide 
variety of conditions. The energy lost per ion 
formed is usually taken to be around 35 eV for 
energetic electrons- However, the loss is greater 
for electrons that have energies much less chan 1 
kV [Stolarskl and Green, 1967]. A conservative 
value is 50 eV per ion. 

The total power dissipated is 

AP « (AQX/AI) 50 e L Al 

where 1 Is In amperes and L is the path length in 
centimeters• 

AP/Al - 19 W/A 

Since this value pertains to beams having ener¬ 
gies from 500 to 2000 V, the power lost to ioni¬ 
zing collisions is between IZ and 4Z of the beam 
power. It la tempting to express the 19 U/A as 
L9 V* However, except for calculations of energy 
dissipation, it is not clear that any particular 
meaning can be attached to this 'voltage.' 

One can also calculate the flux of suprather— 
mal electrons necessary to produce the observed 
luminosity: 

AF,/AI -AQx/2 osHAI e/s A 

where Og is the Ionization cross section for 
Che suprathermal electrons and M Is the nitrogen 
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density. The factor of 2 results from the pre¬ 
sumption that there are equal fluxes In both 
directions » both contributing to the ionization. 
The energy flux is 

APS/M - e T# BQr/2dyNAI 

where Ts is the typical energy of the suprathennal 
electrons. The ratio T/o has a minimum value 
for energies near 40 eV. Thus the minimum energy 
flux per ampere of beam current is 

APS/AI - 40 e <AQX/AI)/2O4ON 

At a pressure of 4 x 10“* torr this reduces to 

APS/M - 150 W/A 

Since there are suprathermal electrons trav¬ 
eling in both directions» there is no net energy 
flux. However» if the electrons are lost at the 
ends of the chamber» there would be a net loss of 
150 U/A at each end or a total of 300 U/A. For a 
500-V beam this would be 60Z of the total beam 
power. This is clearly unreasonable» especially 
since it does not Include additional losses caused 
by the escape of waves and of heated thermal 
electrons below the ionization potential. 

5. Temporal Variations 

The UF Langmuir wave absolute instability .oc¬ 
curs typically in random bursts with duration of 
10-100 fp periods (Boyd et al.» 1973]. Because of 
the relatively long lifetime of the plasma and 
the superthermal electrons (several milliseconds)» 
these temporal variations would not be observable 
(even with adequate diagnostics) In the optical 
emissions. Therefore» we have tended to view the 
BPD as a steady state phenomenon. However» from 
time to time» various periodic lower-frequency 
variations (Hz-kHz) in light Intensity have been 
observed in both the TV and photometer displays. 
These were highly complex in their behavior and 
could not be repeatedly induced. Sometimes they 
appeared to be alternations between the s Ingle 
particle beam configuration and the BPD. More 
often» the BPD glow simply fluctuated in intensi¬ 
ty (-20Z). 

Only those oscillations with frequencies be¬ 
low 60 Hz could be fully examined with the TV 
s ys team • When the frequency exceeds 60 Hz » it 
is aliased by the TV frame rate. This appears in 
the TV image as a series of horizontal bands that 
modulate the BPD Intensity and drift vertically 
through the picture. (If the frequency is an 
exact multiple of 60 Hz» the bands appear station¬ 
ary). Because of the aliasing» the vertical 
dimension of the TV picture provides primarily 
temporal rather than spatial Information. The 
higher the frquency» the closer the bands. The 
horizontal dimension still provides spatial data. 

Frequencies of up to several kilohertz were 
detected by observing the aliased TV Images. 
These fluctuations were horizontally coherent» 
l.e.» the intensity fluctuations at the center of 
the column were In phase with chose at the edge. 
Because of the aliasing» the range of vertical 
Coherence cannot-be. determined with this techni¬ 
que. The fluctuations are occasionally sinusoi¬ 

dal but are more often burscllke with a broad 
range of frequencies. 

Some situations that seem to have induced 
flickering are (1) setting the beam current just 
above the threshold current» (2) applying a posi¬ 
tive voltage to the collecting target or allowing 
an Isolated electron gun to charge positively» 
(3) hitting the edge of the target with the beam 
so that some portions of the glow are on longer 
flux tubes than others» (4) operating active 
probes in or near the beam. 

Summary of Observations 

The major features of the optical observations 
are as follows: 

(1) At current far below the BPD threshold 
the beam is described by single-particle trajec¬ 
tories of the beam electrons. The luminosity and 
the Ionization race are given by the appropriate 
collision cross sections» the beam current» and 
the neutral density. An intriguing exception to 
the simple behavior occurs when» owing to the 
finite spread in vgp a helical beam degenerates 
into a hollow cydlinder. A well-defined dark he¬ 
lix shows that electrons are systematically de¬ 
terred from entering regions where they would mix 
with those electrons remaining on the nominal 
beam helix. 

(2) At pressures below 4 ptorr (n * 1.4 x 
1011 cm~3) there is sometimes a weak glow sur¬ 
rounding the beam in the absence of BPD. The 
appearance of this glow is apparently coincident 
with the onset of narrow-band emissions at fre¬ 
quencies above the electron cyclotron frequency. 
The intensity (VL) of the glow is proportional to 
the beam current above a small threshold» and the 
total light of the glow (VLT) can exceed that 
produced^.by the beam Itself. 

(3) In BPD the beam retains its first node 
with no measurable alteration» but subsequent 
nodes are usually undetectable. The beam does 
not appear to change diameter» although It be¬ 
comes impossible to differentiate the beam image 
from that of the brighter BPD glow. Even the 
glow is usually not much wider than the diameter 
of the beam at its antinode• In the case of 
large-angle (helical) injection the BPD glow is 
almost entirely contained within the helix. 

(4) At pressures below 4 utorr there is a 
pronounced hysteresis in the curves of ionization 
rate vs. beam current. The current at which 
BPD extinguishes (1«) is about half the value 
at which it Ignites (lc). When the beam current 
has a value between Ie and lc» the system can 
be shocked Into BPD by externally increasing 
the plasma density. This can be done by inducing 
an RF discharge near the beam or by reducing 
the plasma loss rate by applying a negative 
voltage to the beam collector. 

(5) On occasion» at pressures below 4 ptorr» 
there are two recognizable states of the BPD 
characterized by somewhat different half-widths 
for the glow region. The two appear in rapid 
succession at BPD Ignition» and It is unclear 
whether they are separated by an inherent time 
delay or simply have slightly different beam 
current thresholds. In the hysteresis region the 
BPD switches abruptly between the two states at a 
well-defined current. 
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(6) The BPD glow Is sore or less uniform 
over nose of Che length of Che beam. But there 
are gradients In Che intensity (VLT) near Che gun 
and also near an immersed probe chat Interfered 
with Che BPD* (The BPD vas suppressed belov Che 
probe.) In these regions Che Intensity increased 
linearly vlth z, l.e., In Che direction of travel 
of the beam electrons. The BPD reached full 
intensity In approximately 2-3 a. 

(7) The BPD glow is not always steady. A 
variety of flicker modes have been observed op¬ 
tically and» in at least one case» with parti¬ 
cle counters [Jost et al*v 1980]* Optically 
observed frequencies range from a few hertz to 
several kilohertz. Optical frequencies above the 
TV line rate (15*75 kHz) could not be observed. 
The oscillations were occasionally sinusoidal but 
were more often burstlike and incoherent* The 
largest Intensity variations were observed for 
beam currents near lc; these Intensity variations 
are consistent with a periodic relaxation between 
the BPD and stable single particle states* 'other 
intensity variations could be produced by a~ non- 
uniform termination caused either by placing large 
probes in the beam or by missing target vlth part 
of the beam* 

(8) At pressures above 4 utorr the ionization 
rate is proportional to the excess of beam current 
above the critical current* The rate of increase 
with beam current» BQf/AI, is approximately 12 x 

ionlzat lon/cm s A* This value holds within 
220Z for all combinations of pressure (above 4 
UT)» magnetic field strength» beam voltage» and 
pitch angle encountered In the series of experi¬ 
ments * The dependence of Qj on beam current 
above Ic was not measured at pressures below 
4 UT* The rate of Increase in power dissipation 
associated with the ionization is 

AP/AI - 19 W/A 

(9) The flux (in each direction) of supra- 
thermal electrons necessary to account for the 
observed luminosity is 

ffs/ai - 2.3 x 1019 a/s K 

If these suprathermal electrons are allowed to 
escape at the ends of the flux tube (chamber 
floor and target)» they would carry a current of 
7.4 A for each ampere of beam current* The power 
lost would be 300 W for each ampere of beam 
current• 

Discussion 

Although the results reported here pertain to 
investigations of the BPD in the laboratory» a ma¬ 
jor motivation for the research was to obtain a 
better understanding of electron beams injected 
from rocketborne accelerators* Several Ionospher¬ 
ic electron accelerator experiments have provided 
evidence for the occurrence of processes apparent¬ 
ly similar to those comprising the beam plasma 
discharge. Examples Include ARAKS (Mishin and 
Ruzhln» 1978» 1980], E|B [Bernstein et al., 1982], 
NVB-06 (Duprat et al.» 1983], and Polar V (Crandal 
et al*, 19801. On the other hand, the abrupt 
onset of BPD ignition vlth Increasing beam current 
or neutral density, s<f* *cha race eristic. of the 
laboratory experiments, has not been observed in 

the rocket experiments except perhaps on the 
C-60-8 flight [Managadze et al., 1983]. 

The laboratory experiments do not completely 
duplicate the space environment. The presence of 
conducting boundaries and the absence of a homo¬ 
geneous background plasma are two obvious limita¬ 
tions of the laboratory. Moreover, it is very 
difficult to maintain In the laboratory the low 
neutral density appropriate to altitude greater 
than ~L50 km. One cannot expect that the complex 
of processes referred to collectively as the BPD 
would occur in space in a manner completely 
analogous to their occurrence in the laboratory. 
Nonetheless, the essential plasma physics of a 
■onoenergetlc electron beam flowing through a 
dilute magnetized plasma should be common to the 
two classes of experiments. 

In the present experiments Che lower limit 
to the beam energy loss in the 20-m path length 
is ~2Z* If the energy loss Increased linearly 
with path length, the beam would totally disappear 
in a l-km path length* Yet downward injections 
during the Hess experiment [Davis et al*, 1971] 
and the Echo experiments [Halllnan et al., 1978] 
produced optically detectable auroral screaks, 
Indicating that beams could be transmitted more 
than 100 km without any major loss in beam power* 
Davis et al* [1980] reported the optical detec¬ 
tion of a screak produced in the atmosphere 
conjugate to an upward injection of electrons 
(L ■ 1*2)* The distance traveled was approximate—* 
ly 7000 km. Estimates of the optical intensity, 
based on the limiting stellar magnitudes in the 
video image, indicated that there was no gross 
dissipation of beam power during its transit. 
The height-luminosity profiles were suggestive of 
only a mild spreading in the velocity distribution 
of the beam. 

Quasi-llnear theory indicates chat the hydro- 
dynamic and kinetic stages of the beam-plasma 
interaction persist until the beam plasma system 
is driven to a stable plateau velocity distrib¬ 
ution* In their treatments of the hot, dilute 
beams, which (1) traverse the interplanetary med¬ 
ium to produce type III radio bursts and (2) tra¬ 
verse the ionosphere to produce visible auroral 
arcs, Papadopoulos [1975] and Matthews et al* 
[1976] have suggested a stabilization mechanism 
that allows propagation of a linearly unstable 
hoc beam over large distances without further 
modification* Hence It is unclear whether the 
atmospheric optical streaks observed in these 
rocket experiments Imply chat the BPD did not 
occur or simply that the process is stabilized 
before it destroys the beam. 

The laboratory experiments indicate that, for 
large Injection pitch angle, the radial extent of 
the BPD Is limited to the region bounded by the 
single particle helix; at small Injection pitch 
angle the radial extent is larger than the maxi¬ 
mum single particle beam width but is much less 
than the gyrodlamecer for 90* injection. The 
radial extent is relatively Independent of beam 
current. In their flight, Duprat et al* [1983] 
have measured the radial extent of the region of 
strong Interaction as characterized by the supra¬ 
thermal electron and back-scattered primary beam 
particle fluxes and by the perturbations of the 
ambient p Las ma. They suggest that the radial 
extent is well described by the relationship 
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i ■ KlI^) Pbeams X ®gun 

where Pbeam 1 ls the no®lnal gyroradius for 90" 
injection, and K is a proportionality constant 

that ls 6 for 100-rnA and 3*7 for 10-mA beams, and 
6gun is the injection pitch angle. Thus, in 
this flight experiment, the radial extent of the 
interaction region was current dependent and was 
proportional to but much greater than the nominal 
gyroradius• 

At the present time It ls somewhat difficult 
to reconcile these laboratory and flight results* 
It is possible that slow radial diffusion of the 
beam occurs with increasing path length , but 
that a relatively large path length (hundreds of 
meters) would be required for significant in* 
creases in radius to be apparent* Second, it has 
been noted that, qualitatively, the BPD diameter 
In the laboratory Increases with decreasing neu¬ 
tral density; however, the data are Insufficient 
to permit an extrapolation to the neutral density 
of lO^-lO^O that surrounds the rocket at 200-ka 
altitude* 

Another Important Issue in comparing labora¬ 
tory and flight results Is the question of axial 
confinement of suprathermal electrons. It was 
shown earlier that, if these electrons are free 
to leave the system, the power necessary to 
replace them is as much as 60Z of the beam power* 
This is clearly unrealistic* Moreover, the ion 
current would be unable to match the electron 
current * In a typical example (1^ ■ 50 mA, 

* 2 x 10' cm“ , and A^ « 3 x 10* cm2) the ion 
velocity required to produce an Ion flux equal 
to the suprathermal electron flux is 2 x 10* 
cm/s. This would correspond to an ion energy of 
53 eV* Obviously, there must be confinement of 
suprathermal electrons• 

The apparently severe beam energy loss, de¬ 
rived on the assumption of free axial escape of 
the suprathermal electrons, arises because the 
mean free path for Ionization ls much greater than 
the finite system length* Almost all the supra¬ 
thermal energy is lost to the boundaries rather 
than expended in ionization* An alternate de¬ 
scription can be formulated In terms of the 
Townsend condition [T* < T] necessary for the 
occurrence of a discharge* This condition can be 
restated as LN o /2 > 1; for our experimental 
conditions, and assuming free suprathermal escape, 
LN o /2 < 3 x 10“2, so that a discharge would not 
be possible* 

Papadapoulos [1982] recognized the need for 
axial confinement of the suprathermal electrons; 
confinement is the equivalent of a large increase 
in L* He suggested that the confinement must be 
provided by the naturally arising electrostatic 
sheaths at the boundaries which equalize the loo 
and electron loss rates to maintain charge neu¬ 
trality* Reduction of the suprathermal loss rate 
to the ambipolar rate would simultaneously great¬ 
ly reduce the estimated beam energy loss and 
allow the Townsend condition to be satisfied. 

Estimation of sheath potential drop is uncer¬ 
tain because both the suprathermal electron velo¬ 
city distribution and the abundance relative to 
the thermal plasma are only poorly known. How¬ 
ever, In order to affect ionization probabilities 
the potential barrier must exceed the ionization 
potential (* 16 V); because of the small values4 

of the Ionization cruss section near threshold. 

more likely +30-50 V potentials should be re¬ 
quired. The BPD column should therefore be at a 
positive potential with respect to the ends, with 
a maximum value of +30-50 V midway between gun 
and collector* A sheath of this magnitude would 
totally confine the thermal electrons while allow¬ 
ing the escape of just enough suprathermals to 
balance the ion current at the boundaries. The 
loss of one suprathermal for each ion lost im¬ 
plies an energy flow to the boundaries roughly 
equal to the power dissipated by ionizations in 
the BPD. Hence the total power lost from the 
beam would be approximately 40 W/A. 

However, measurements of the plasma potential 
in the laboratory do not support such a large 
sheath potential (>20 V). Ac the midpoint of the 
chamber, Szuszczewicz [1982] measured a maximum 
potential of 3*1 V with a movable Langmuir probe. 
In the cooler plasma outside the BPD column the 
potential was 2*5 V. The optical observations 
reported here are consistent with a relatively 
low plasma potential. There is no observable 
change in the location of the first node at the 
transition to BPD* With a 1-kV beam a change 
of V would produce an observable shift. Hence 
the plasma potential during BPD differs from that 
of the beam alone by less than 6 V. 

It can be speculated that the BPD turbulence 
could - inhibit the free escape of suprathermal 
electrons (K* Papadapoulos, personal communica¬ 
tion, 1982). In this case the optical Intensity 
would maximize where the suprathermals are pro¬ 
duced* This would be consistent with the spatial 
gradients (Figures 6, 9, 10, and 11) in luminosi¬ 
ty* Additional support comes from measurements 
of the HF wave amplitudes by Jost et al. [1982]* 
The amplitudes were found to Increase by 5-10 dB 
between locations 1 m and 4 m above Che accelera¬ 
tor* The observed gradients in optical Intensity 
and in electric field strength are similar* 

The question of confinement of suprathermal 
electrons Is important in attempting to apply the 
laboratory results to the space environment* If 
the confinement In the laboratory is due to 
sheaths at the boundaries, there is no precise 
analog in free space* However, If the same wave 
turbulence that creates the suprathermals also 
confines them, the laboratory results may be more 
relevant to space* It should be noted that the 
path length was 20 m, while the observed spatial 
gradients were -3-4 m. 
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