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ABSTRACT

The interaction between a rarefied‘ flowing plasma and an ex-
ternally imposed nonhomogeneous magnetic field is studied experi-
mentally in a collisionless plasma wind tunnel, where a collisionless
plasrha beam is directed through a current loop. The collisionless
plasma is generated by an electron bombardment engine. Nominal
values of ion flow speed, number density, electron temperature and
magnetic induction of the loop are U ~104 m/s, N~5 X 107/cc ,
kTe ~ 0,2 eV and B ~ 10 Gauss, respectively.

Due to lack of probe theories in the presence of nonhomogeneous

magnetic fields and failure of conventional Langmuir probe methods,
a new, simple method of diagnostics is developed. This method em-
ploys two probes of different geometry and obtains information on the
ion density and flow speed from the ion-saturation region of the probe
characteristic,

Radial density profiles in the wake of the current loop mapped
by the '"two-probe' method indicate annular density '"peaks' at certain
radial positions.

In order to understand this non-uniform ''pinching'' process, a
theoretical analysis is attempted. It is found that the experimentally
observed phenomenon can be qualitatively described by the collision-
less two-~fluid equations, but turbulent "friction' is required to improve
the two -fluid model, A heuristic turbulent model is used, and evidence
of turbulence in the flow field is also obtained through measurements

of the fluctuating probe currents.
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I. INTRODUCTION

The purpose of this research is to investigate the flow of
rarefied plasmas, in particular the interaction of a collisionless
plasma with an externally imposed magnetic field,

The motivation for this work stems from interest in finding a
correct model that can adequately predict collisionless plasma flows
in the presence of applied magnetic fields in a plasma wind tunnel,

The plasma wind tunnel, a laboratory plasma environment,
is a useful apparatus in which experiments can be performed on plasma
flows under carefully controlled conditions., On the one hand, it can
be used as a simulation device to study space plasma flows and re-
lated problems, On the other hand it can be used to study basic
problems in plasma dynamics, It is in the latter sense that the in-
vestigation has been carried out.

A plasma is described as ''collisionless,' if collisions, inter-
action between charged particles in the classical sense, are unimpor-
tant. Research on collisionless plasma flows was motivated by the
space age, Plasma wind tunnels were constructed to simulate space-
craft motion in the ionospheric plasma, and investigations on stream-
ing plasmas, body-plasma interaction and satellite wakes were per-

(

formed. 1-6) Although some approximate analysis on satellite wake

structures, which take into account the influence of geomagnetic field

(7-9)

have been published, without exception all collisionless plasma

wind tunnel experiments available have been conducted in the absence

¥
of an applied magnetic field.

* Blumenthal(4) used Helmholtz coils to compensate for the Earth's
magnetic field in a localized region; in all the other experiments,
the Earth's magnetic field effect was simply neglected.,
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The present work is an attempt to examine a specific con-
figuration of collisionless plasma flow with applied magnetic fields,
It concerns itself with the execution of an experimental program by
means of which the interaction (i. e. magnetic field effects on plasma
flow) can be observed, and the formulation of a physical model which
will explain and predict such interaction, If the latter objective can
be satisfactorily achieved, besides gaining some insight into a better
understanding of collisionless plasmas, it will establish the dimen-
sionless parameters of this class of problems, and it would lead to
important scaling laws which would be of value in designing future
laboratory experiments,

In the present investigation some exploratory experiments
were performed by applying a magnetic field to the flow of a collision-
less plasma in a plasma wind tunnel, Due to the axially symmetric
nature of the plasma beam, the simplest experimental configuration
involving magnetic fields would be axisymmetric flow through a cir-
cular current loop.

(10-13)

Several papers investigating this type of plasma-
magnetic-field configuration have been published. However, the
type of plasma production devices used in the experimental programs

consisted of a pinch tube,(lo) (11) (12, 13)

coax plasma gun and arc jets,
The plasmas produced by these devices have some common charac-
teristics:

i) The charge particle number density is relatively high
(N = 1013/cc ~1015/cc). Although one speaks of a 'low density"

plasma, the plasma gas is still collision dominated.
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ii) Because the ionization and acceleration of the plasma are
achieved through electrothermal means, the ions and electrons have
temperatures of the same order,

iii) Because of the low degree of ionization, collisions between
charged particles and neutral atoms are usually not negligible., As a’
consequence of the ion-neutral momentum transfer collisions, the

flow of the neutral background gas is usually important.

Theoretical investigations (12, 14)

using the one-fluid model
with generalized Ohm's law were carried out under the assumptions
of small magnetic Reynolds number, small interaction parameter,
small Hall parameter, and no 'slip' between ions and neutrals,

In a collisionless plasma wind tunnel, the plasma is usually
produced by an electron bombardment ion engine provided with elec-
tron neutralization of the ion beam, The charged particle number
density is characteristically low, N = 105/cc ~ 109/cc, depending on
specific ion source and vacuum pumping facilities, The plasma is
"collisionless' in the sense that all the collisional mean free paths
are long compared to the tunnel dimension or some other character-
istic length of the experiment, Another feature of the electron-
bombardment-ion-engine produced plasma is that the electron tem-
perature is usually much higher than the ion temperature, Thus the
assumption of ""monoenergetic ions and thermal electrons' is an often
used simplification.

The nominal values of ion density, ion mean speed, electron
temperature and magnetic field in the present experiment are:

N~5X107/cc, U~ 104 m/s, kTe~0.2 eV, and B~ 10 Gauss.,
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The test facilities, which include the vacuum system, the
plasma production apparatus and the instrumentation of the experi-
ment, are described in Chapter II. Because of the limitations of
conventional Langmuir probe diagnostic methods as well as the lack
of probe theories in the presence of non-homogeneous magnetic fields,
a simple "two-probe' method is henceforth developed to measure ion
density and current in a way that circumvents the difficulties of con~
ventional diagnostic methods as well as the complications introduced
by a non-homogeneous magnetic field.

The experimental results are contained in Chapter III. The
performance characteristics of the plasma source are thoroughly
studied, and a standard plasma beam is established as a basis for
comparison for the case when magnetic field is applied. The result
of a strong interaction can be observed from the fact that the radial
profiles of ion current collected by the Langmuir probes display
distinct peaks at certain radial positions.

In Chapter IV a theoretical analysis is attempted in order to
find a model that can adequately describe the observed phenomena
as well as provide us with some further understanding of rarefied
plasma flows, With certain assumptions based on physical argu-
ments, the collisionless two-fluid model can provide us with a first-
order approximation that can qualitatively describe the experimental
observations, It is found that turbulence, hypothesized to result from
electron-ion two stream instability, is required to improve the two-
fluid model. Although evidence of turbulence is observed in the flow

field, the lack of basic understanding limits the use of it to a simple



-5
heuristic model, The turbulence model being used is based on ele-
mentary physical arguments, and it is applied in the same spirit as
the Prandtl mixing length assumption is used in the turbulence of
ordinary fluids.

Chapter V contains a summary of the results of the present
investigation, with some discussions and concluding remarks, as well
as several suggestions for future research which might resolve the

questions raised by the present investigation,
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II. DESCRIPTION OF EXPERIMENTS

II.1 Test Facilities and Instrumentation

The plasma wind tunnel is a steady-state flow facility which
consists of a vacuum chamber in which a plasma generating source
operates, and instrumentation by which the proper functioning of the
plasma wind tunnel is controlled or monitored,

II.1.,1 The Vacuum System

The stainless steel 50 cm inner diameter vacuum chamber
consists of three separate sections (Fig. 2.1) which are bolted to-
gether and vacuum-sealed by O-rings.

The first section, hence referred to as Cl, houses the
Plasma production device. Cl is mounted on casters and can easily
be moved for plasma engine servicing or to provide access to the
second section.

The second section, C2, is the meter long test section., On
the top of the test section there are ports for inserting models, fixed
probes and ionization tube. On the sides, there are two 6-inch diam-
eter ports and a 1, 75-inch diameter port, The larger ports have
been used for high electric current feedthroughs and connection to a
small diffusion pump. The smaller port is connected to a Welch duo-
seal mechanical pump (Model 1397), This is used as a roughing pump
and produces an ultimate pressure of 10-3 torr,

The third section, C3, is a T-section to which the main
vacuum pumps are connected., The main component of the pumping
system is an Edwards F1605, 16-inch five stage diffusion pump on

wiich is set an Edwards 16-inch chevron baffle which is cooled by a
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Tecumsek (Model No, CAT4CHTK) freon refrigeration unit, A 16-
inch stainless steel spacer is set on the chevron baffle on which is
set an Edwards 16-inch QSB16 high vacuum quarter swing butterfly
valve. The butterfly valve can disconnect the vacuum chamber from
the diffusion pump by a quarter swing of a lever, An Edwards ISC
1500 Rotary Piston Vacuum Pump serves as the backing pump of the
system, it has a nominal speed of 1415 liters per minute and produces
an ultimate vacuum of better than 10-2 torr. The diffusion pump has
a nominal baffled speed of 3000 liters per second and produces an
ultimate vacuum of 10-7 torr.

The equipment used for pressure measurements of the vacuum
system consists of a CVC Type GIC-110A Jonization Vacuum Gauge
which is connected to two CVC Cat, GTC-004 thermocouple gauge
tubes for pressure measurements above 10-3 torr, and also connected
to a CVC GIC-028 miniatﬁre ionization tube for pressures below 10"3
torr. The locations of the tubes are shown in Fig., 2,1.

II. 1.2 Plasma Production

The plasma beam is produced by extraction and electrostatic
acceleration of argon ions from a plasma source, The ion stream
emerging from the source can be neutralized either by an external
thermionic emitter immersed in a stream, or by high energy electrons
escaping from the source,

II.1.2,1 The Electron Bombardment Ion Engine

The plasma source used in this experiment is a modified

(15)

engine, Variations
(3-6) in

version of what is usually known as a Kaufman

of this type of ion engine have been used by several authors
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collisionless plasma wind tunnel work,

The working principle of this plasma source derives essen- '
tially from the classical magnetron discharge. Electrons, emitted
by a thermal filament (cathode) at the center of the ionization chamber,
are accelerated toward a concentric cylindrical anode, but are pre-
vented from reaching it directly by an externally applied magnetic
field, which causes them to spiral axially in the chamber until they
collide with a neutral atom. Depending on the collision cross sections
of the neutral atom, and the electron energy distribution, some of
these collisions produce electron-ion pairs (ionization by electron
bombardment!), which themselves may participate in subsequent
collisions., The extraction and acceleration of ions is effected by
two grids, a screen grid and an ion grid, placed at one end of the
ionization chamber, The screen grid and the other end of the cham-
ber wall is kept at cathode potential to prevent axial loss of electrons
from the discharge region. Ions which wander close to the screen
grid are preferentially extracted and accelerated through the ion
grid, which is usually biased at a potential lower than the cathode,

The plasma source of the present experiment is a modification

(4)

of the plasma source originally built by Blumenthal. The construc-
tion is shown schematically in Fig. 2.2. The ionization chamber is a
22 cm long thin walled (4. 75 mm) cylinder with a 25 cm outer diam-
eter, On one end wall of the ionization chamber is a brass cathode
filament holder (Fig. 2. 3) which supports the electron emitting

thermal filaments, On the other end there is a thin (2 mm) circular

plate with a 2.5 cm diameter hole at the center. This plate is
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fastened on to the ionization chamber by four screws, so that it is
easily removed to provide access to the cathode holder. A nozzle

is attached over tii. 2.5 cm diameter hole. This nozzle supports

the screen grid, the ion grid, and the neutralizer filament. The
nozzle is machined out of Mykroy*. Inside the ionization chamber,

a 21.5 cm diameter cylindrical anode is supported from the chamber
walls by insulating ceramic spacers, All the cylinders and end walls
mentioned above are made of stainless steel, and the grids are cut
out of fine mesh (0.186 mm spacing) stainless steel screen. Tungsten
wires of 0.25 mm diameter are used for the cathode and neutralizer
filaments. The confining magnetic field is produced by two coils of
gauge 10 anodized aluminum wire wound around anodized aluminum
mandrils which are attached outside the ionization chamber. The
ionization chamber is supported from a back plate by ceramic spacers
and fastened in place by copper strips which are tightened by turn-
buckles, The back plate is securely bolted to the end wall of Cl,
where all the electric, cooling water and argon gas feedthroughs are
located.

II.1.2.2 Neutralization of the Ion Beam

If no provision for neutralization of the ion beam were made,
the ion engine would acquire a negative potential at a rate propor-
tional to the emitted ion current and inversely proportional to the

capacitance of the ion engine. This charging up of the ion engine

Mykroy is a glass~bonded mica material classified as a ceramo-
plastic., It has the qualities of being a machineable insulator,
non-outgassing, non-magnetic, and arc resistant.
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would eventually stall the beam. Also, the positive space charge
potentials within the unneutralized ion beam would cause the beam

to reflect upon itself, (16,17)

and in a more picturesque description,
eventually '"explode'',

In lab experiments, ion engines are kept at fixed potential
relative to ground, hence the beam stalling problem usually does
not arise, It is mainly for the sake of obtaining a plasma beam
rather than an ion beam, or the fear of an ion beam reflecting upon
itself, that neutralization is applied.

In the present case, neutralization is achieved by the thermi-
onic emitter immersed in a beam: the neutralizer filament, a thin
tungsten wire, is strung across the diameter of the Mykroy nozzle
opening., The typical situation that ensues from such a setup is that
while the ion engine emits a beam of ions with little spread in velocity
in comparison to their directed motion the thermionic emitter (i.e.
neutralizer filament) liberates electrons with a broad distribution of
velocities and a mean speed much higher than that of the ion beam.
The neutralizer filament is biased positive relative to the ion grid
so that thermally emitted electrons do not migrate upstream into the
ionization chamber, but are retained in the stream. This mode of
operation results in a plasma beam with electron temperature of the
order of the neutralizer filament temperature (Te ~ 2000-3000°K).

A method first used by Hester and Sonin(s)

to obtain higher
electron temperatures in the plasma beam is to draw the electrons
from the ionization chamber itself, In this mode of operation, the

neutralizer filament is not used, but the source cathode potential is
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biased slightly negative with respect to the ion grid so that electrons
would escape out of the ionization chamber and hence neutralize the
ion beam. The power circuit diagram of the plasma beam generator
is shown in Fig. 2.4.

II. 2 Instrumentation of Experiments

The electrostatic plasma probe, commonly known as the
Langmuir probe, is used as the diagnostic tool for the present exper-
iment. The probe is mounted on a phone plug and is inserted into the
socket of the probe actuator, which can move the probe axially, radi-~
ally, and azimuthally., Fig. 2.5 shows the experimental configuration
and the coordinate system. The probe actuator has two sockets and
is wired to accommodate at least two probes, so that a comparison
of probe characteristics of different types of probes can be made
under the same plasma flow conditions., Except for the azimuthal
movement of the probe actuator, which requires manual cranking,
both the axial and radial motions are powered by electric motors.

The model used in the experiment is a current loop. This
loop is located 23,5 cm downstream of the Mykroy nozzle and placed
in the plasma beam such that the axis of the loop coincides with the
centerline of the plasma beam.

II.2.1 The Langmuir Probe

The electrostatic plasma probe is a piece of metallic electrode,
which is immersed in a plasma. The probe is connected across a
variable DC power supply to a reference (usually grounded) electrode,
The probe circuit is shown schematically in Fig. 2.6. The current

flowing to the probe is measured as a function of the applied probe
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potential; this current to voltage relation is called the probe ''char-
acteristic'. Under certain conditions, the plasma parameters, i, e,
electron density, electron temperature and plasma potential, can be
deduced from the probe characteristic,

Compared to other plasma diagnostic rhethods such as micro-
wave and spectroscopic techniques, the electrostatic plasma probe
is experimentally the simplest to use. It also has the distinct advan-
tage over other plasma diagnostic techniques of being able to make
local measurements, Almost all other techniques give information
(of plasma parameters) which is averaged over a large volume of
plasma*.

In the following the conventional method of obtaining the plasma
parameters fromthe probe characteristic will be briefly reviewed.
The objective is to examine the conditions under which the conventional
method of measurement is still applicable. The various theories of
Langmuir probes will not be described here, since they may be re-

(19)

ferred to in the original papers by Langmuir and his co-workers,

(21) and Scho’ct,(22

and in the review articles by De Leeuw,(zo) Chen,
A new, simple method is derived to measure plasma parameters

when the conventional method fails,

With the advent of high-intensity lasers, light scattering experi-
ments of plasmas are possible (ref, 18). The 90-degree scattering
technique offers a method of measurement with high spatial reso-
lution, since the size of the volume in which the information is
averaged is equal to the intersection of the incident and scattered
beams,
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11.2.1.1 The Conventional Method of Measurement in the

Absence of Magnetic Fields

a, Maxwellian Electrons

For the sake of simplicity, we consider the characteristic of an
idealized plane probe (Fig. 2.7a), Following normal convention, the
electron current will be plotted positive on a probe characteristic, and
the ion current will be plotted negative (Fig., 2. 7b). When the probe is
biased positive beyond the plasma potential (@pl), the region is called
the electron-sheathed operation region or the region of saturation
electron current (A). If the probe is biased negative relative to the
plasma potential, the electrons are collected in a repelling electric
field, and the electron current falls off as the probe potential decreases,
This is called the retarding-field region (B). Finally, when the probe
potential is biased so negative such that all the electrons are repelled,
one obtains the ion-sheathed operation region, or the region of ion
saturation current (C).

If the electrons are in thermal equilibrium, the electron velocity
distribution function is Maxwellian, then the electron density in the

retarding~field region is goverhed by the Boltzmann's law:

-e(® .- )
n_ = Nexp[—%ffz—] (1)

where N is the electron number density in the undisturbed, quasineutral
plasma. The electron current density flowing to the probe is then the

random electron current density:
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je = ;:i—ne ec
-e(® _.-¢ ) (2)
= lec [ _Tpl pr’
= QecNexpL * Te ]

where ¢ = (8kTe/1rme)-15 is the average speed of the electron (see
Appendix A). Equation (2) is exact if the plasma has no mean motion
relative to the probe collector surface: otherwise, the mean motion
would contribute an extra term to the electron current density besides
the random current, In most cases, however, the mean motion of the
plasma (hence the electrons) U is much smaller than the electron
average speed ¢ so that equation (2) is usually a very good approxi-
mation.

The electron temperature is measured in the following way:
assuming that the plasma potential is constant (which is usually true),
then taking the logarithm of equation (2) and differentiating with respect
to the probe potential Qpr’ we obtain in the transition region

(iee. & < @pl):

Pr
d onj
(S - e (3)
d¢ kT ‘
pr e

It is obvious from equation (3) that the slope of a épr versus L?/nje plot
will yield the electron temperature Te. 1f the plasma potential Qpl

can be found from the probe characteristic, then with Te and Qpl
known, we can find the electron density N from equation (2)}. Hence
all the plasma parameters are found.

In order to measure the plasma potential directly, £he probe

has to be biased to the extent that saturation of electron current

occurs. Depending on probe geometry and the ratio of sheath
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thickness to probe size, the region of saturation electron current is

(21)(

not always flat i. €. je still grows with @pr), hence the location of
the "knee'' (i. e. the bend between regions B and A on the probe char-
acteristic) is often quite ambiguous. Therefore, this is not a very
accurate method of measuring the plasma potential, The greatest
objection in using this method, hows:ver, is due to the fact that when
the probe is biased above the plasma potential, too many electrons

are depleted from the plasma, hence the plasma is essentially dis-
turbed. In a plasma without mean motion, the theoretical value of the
ratio of electron saturation current to the ion saturation current is

of the order of the square root of the ratio of ion mass to electron
mass; for an argon plasma, this ratio is 271. If the plasma is flowing
at 'hypersonic' speeds (i.e. U>> (kTe/mi)%, but U << (kTe/me)%)’ the
plasma will be essentially disturbed if too many charged particles of
one species are depleted from the plasma. To set a criterion, one
compares the current collected by the probe (I) to the current that
would ideally be swept up by the probe if only one species were present
(i. e. Iideal = N0 \e ‘UA). An arbitrary upper limit (ten or fifty, say) is

then set for this ratio I/Ii beyond which the plasma is considered

deal’
to be essentially disturbed,

It is clear from the above mentioned reasons, that region A
of the probe characteristic is seldom used in experimental work. In
most cases, even the higher portion of region B (near the plasma
potential) has to be avoided.

In order to find the plasma potential from the probe character-

istic without biasing the probe past the "knee!* into region A, a
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commonly used method is to evaluate the plasma potential from the
floating potential (Qﬂ) and the electron temperature. This method

is based on the fact that, in a stationary plasma of thermaul electrons
and cold ions, the ions must stream into the sheath boundary with an

energy greater than ékTe. This is known as the sheath criterion

G
originally discovered by Tonks and La'ngrnuir.(1 Ic) Refined analysis
of Langmuir's results was first carried out by Bohm(23) who found

that a minimum ion energy is required for the formation of an ion

sheath. Bohm's analysis was extended by Allen, Boyd and Reynolds.

In both investigations, thie method of approximation used a sheath edge.

(25)

Bernstein and Rabinowitz progressed further by reformulating the
problem and performing a detailed analysis of the orbits of the at-
tracted particles about the probe; their method was completely self-
consistent and required no a priori separation of the plasma into
quasineutral and sheath regions. Extensions of Bernstein and

(26)

Rabinowitz' work were carried out by Lam, who performed an
asymptotic analysis in the limit of large probe size to Debye length
ratio (i.e. § >> 1) and assuming mono-energetic ions, and by

(27)

Laframboise, who carried out extensive numerical calculaiions
for a wide variety of probe size to Debye length ratios and poly-
energetic, Maxwellian ions. Although in modern probe theories,
the ion current was found to be dependent not only on the electron

temperature, but also on the ion temperature and the probe potential,

all modern approaches prove the qualitative validity of Langmuir

and Bohm's sheath criterion.

(2

(25-27)

4)
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To understand the physics of the sheath criterion, we consider
a probe biased negative relative to plasma potential. Let V = @pr- @pl
denote the relative probe potential, Under the action of the probe
electric field, ions will be accelerated toward the probe and electrons
will be repelled. For a given temperature of the repelled particles,
electrons in this case, the majority of the particles has kinetic energy
larger than 3 kT (see Appendix A): Therefore, in the '"pre-sheath"

of the probe potential field where ‘Vl <3 __g_e , quasineutrality can

still be approximately maintained while the ions are being accelerated
kT
(S

and gain kinetic energy. When \V‘ increases beyond 3

, the
number of repelled particles will decrease sharply such that charge

neutrality is destroyed and an ion sheath is formed. The position
kT

where ‘Vl =3 is interpreted as the sheath edge. In the limit of
a very thin sheath (i.e. §—w), ions enter the sheath with a kinetic
energy of 3 kT, hence the velocity with which they hit the probe is of
order (kTe/?,. mi)é_. A probe potential field with sheath formation is
shown schematically in Fig. 2. 8.

We will consider a simple example of how the plasma potential
is obtained from the floating potential and the electron temperature
by using the sheath criterion. Assume that the plasma has no mean
motion, the electrons are Maxwellian and the ions are cold, We will

use, for the sake of demonstration, the most widely used formula for

ion current given by Allen, Boyd and Reynolds:

L
2

I, = 0.61 (kT _/m,)

Note that the ion current is independent of the probe voltage; this
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result is a consequence of using the approximation of a sheath edge.
By definition, the floating potential is the probe voltage biased
such that the ion current is just equal to the electron current, so that
no net current is collected by the probe. Therefore, at the floating
potential éﬂ, we obtain from Ii = Ie:
kT 1 8kT i --e(d -0

m.
it e e -

0.01¢(

Taking the logarithm of (5), we obtain, for an argon plasma (i.e.
1
2 - .

(mi/me) =271):

kT

- e
q)pl = <I>ﬂ+5.07 " (6)

In summarizing this section, we point out the fact that in all
known probe theories, the electron velocity distribution function is
assumed to be Maxwellian. This is therefore the one and only
stringent condition under which conventional method of measurement
is applicable. Next we note the fact that conventional method of
measurement uses the retarding field region and the ion saturation
region of the probe characteristic,

b. Non-Maxwellian Electrons

If the electron velocity distribution function is not Maxwellian,
none of the Langmuir probe theories are valid, hence the common
methods of extracting information of plasma parameters from probe
characteristics cease to be useful, This fact was first noted by

(28

Druyvesteyn ) in 1930, Consequently, he devised a method to ex-
tend the usefulness of Llangmuir probes in the case of non-Maxwellian

electrons.
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Druyvesteyn developed a theory which showed that for planar,
cylindirical, and spherical probes, the electron speed distribution
function could be obtained from the probe characteristic as follows
(see Appendix B.a):

4m V dZI
e e

F(w) = (7)
" Ae? av®

where F(w) is the isotropic spced distribution function (see Appendix
A), V is the probe potential relative to plasma, A is the collector
area and Ie the probe electron current.

An ingenious technique was devised by Sloane and MacGreg01£29)
in 1934 to circurnvent the inherent unreliability of graphical differen-
tiation of the probe characteristic. This method involved superim-
posing a small a-c voltage on the d-c probe potential, which causes
the d-c probe current to increase by an amount which is proportional

to the second derivative of the probe characteristic (see Appendix B.u):

v2 a1
I = (V) + =~ —3 (8)
P gyt

where Ip is the d-c probe current with a-c voltage imposed on the d-c
probe potential, I(V) is the probe current without a-c voltage pertur-
bation and V0 is the magnitude of the perturbing a-c voltage.

The Druyvesteyn method with some extensions, and variations
of the Sloane and MacGregor technique have been used in many exper-

iments.

(30-38) that the elec-

It has been shown by many investigators,
tron velocity distribution function, particularly in low pressure

plasmas, is commonly not only far from being Maxwellian, but quite
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often, not even isotropic.
Although Druyvesteyn's method is an essential progress in
probe theory, one should note the following inadequacies:
i) Since F(w) depends on V (equation 7), the inaccurate determination
of the plasma potential (@pl) will shift the F(w) curve in velocity.
ii) The probe measures total current, hence the ion current has to
be subtracted in order to obtain the electron current. If the ion
current does not saturate, then the behavior of ion current with
respect to probe voltage has to be known a priori in order to use
equation (7) correctly.

1. 2. 1.2 Probe Theories in Magnetic Fields

The presence of a magnetic field modifies the motion of the
charged particles, especially in the electric field of the probe. Two
main difficulties follow as a consequence:

i) The presence of B introduces an anisotropy in space, hence the
problem becomes at least two-dimensional; partial differential
equations replace ordinary differential equations,

(ii) Because only collisions can produce diffusion across lines of
force, there is essentially no ''collisionless' theory in case
B # 0, even if the plasma is not collision-dominated,

Therefore, it is hardly surprising that very few papers have
been published on probe theory when a magnetic field is present. This
is in stark contrast to the enormous amount of literature published
on probe theory for the case B = 0.

In 1936, Spiwak and Reichrude1(39) investigated the collection

of electrons in a weak magnetic field with cylindrical probes,
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One unrealistic assumption of their theory is that the magnetic field
beyond a certain radius was set to zero and the velocity distribution
at this boundary was assumed known. This is, of course, a different
form of the sheath edge approximation,
Bickerton and von Engol(l’m) considered the problem of plane
probes parallel to B using the sheath edge approximation (in the
Langmuir sense), The plare was considered infinite so as to avoid

41)

the two dimensional difficulty, Bertotti( considered the pline probe
perpendicular to B. TIe reduced the problem to a one-dimensional one
by assuming an unspecified anomalous diffusion process and considered
collection only along B. His results are in contradiction with all
available experimental results.

Prior to Bickerton and von Engel, and Bertotti, Bohm, Burhop

and Mass ey(42)

developed a satisfactory analysis of probe theory in
magnetic fields by establishing transverse and longitudinal fluxes using

macroscopic equations, They found in qualitative agreement with

experiments a decrease of probe current in the transition region (of
the probe characteristic) with increasing B. They also observed the
effect of magnetic field orientation on the electron current collected by
the probe,

(43)

Sanmartin made significant progress by performing an
asymptotic analysis of the Langmuir probe in a strong magnetic field
for the probe radius much larger than electron cyclotron radius and
Debye length but not larger than either ion cyclotron radius or mean

free rath., He assumed that both ion and electron species were Max-~

wellian in the undisturbed plasma and have nearly equal temperatures.
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He found that the electric potential, which is not confined to a sheath,
controls the diffusion far from the probe; inside the magnetic tube
bounded by the probe cross section, the potential overshoots to a
large va.ue before decaying to plasma potential. As a consequence,
the current at the transition rcgion does not vary exponentially, the
magnitude is sharply reduced, and the knee at plasma potential dis-
appears.

In all the probe theories for B # 0, the main emphasis has
been on the electron current collected by the probe, i.e. on the tran-
sition and electron current saturation regions of thie probe character-
istic. The ion current has been assumed to be weakly affected by the
magnetic field, This is true if the ion cyclotron radius is much larger
than the probe size,

II.2.1.3 Probe Theories and the Inverse Problem

It has been noted by many experimentalists that, contrary to
the tremendous amount of sophisiti;:a‘x:ion applied to the probe theories,
the method of measurement is handled in a rather crude fashion. This
disparity is due to the fact that all probe theories are treated as "direct
problems,'" i.e, a plasma of known properties is postulated, the plasma

parameters (@ Te and N) are then freely used to construct the neces-

pl’
sary characteristic scales in the normalization scheme; the non-

dimensionalized probe characteristics thus calculated contain the plasma

parameters in a variety of combinations in all of the dimensionless

variables,
The experimentalist faces an 'inverse problem' of measuring

a dimensional current-voltage characteristic from which he hopes to
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deduce the unknown plasma parameters. Because of the free use of
plasma parameters in the direct problem and hence its consequences,
a comparison with experiment usually involves an extremely tedious
process of cross plotting and reduction of dimensionless variables
to real variables, for each assumed set of values of the plasma
parameters. In some cases, it is not known a priori whether the
prcl)be theory is the appropriate one to use or not. In many instances,
the numerical solution (e, g. curve fitting) is so complicated that
curves other than the ones given (i. e. calculated cases in probe
theories) are difficult and expensive to obta.in.(ZI)

It has been demonstrated,(44) however, that it is possible to
apply a comparable degree of sophistication to the inverse problem.,
The method is to replace the variables of the direct problem with a
new, experimentally convenient set of variables (in which each dimen-
sionless quantity contains only one plasma parameter), "inverting"
the direct problem, and presenting the results in master ‘plots once
and for all, The‘principle of the inversion is applicable to a wide
variety of probe theories, It was also suggested that the “inversion"
could be best carried out by the theoretician himself, since he is by
far the most familiar with his own theory and is usually also in posses-
sion of related computer programs which is necessary to generate
required information for the inversion process. It seems that there
is much to be gained by the relatively small additional effort of in-
verting a given theory, since presentations in such experimentally
convenient forms will certainly transform the more sophisticated

theories into common working tools,
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II.2.1.4 A Langmuir Probe Method of Density and Velocity

Measurement of Collisionless Plasma Flows in

Non-homogeneous Magnetic Fields

In diagnosing the flow field of an electron-bombardment engine
generated plasma flowing at hypersonic speeds, the transition region
of the probe characteristic is not always reliable, since a low pressure
plasma does not necessarily guarantee a Maxwellian, isotropic veloc-
ity distribution function for electrons. A non-homogeneous magnetic
field is an additional complexity to the problem.

It is shown here that under certain conditions, Langmuir probes
can be used to measure density and velocity of a flowing plasma in a
non-homogeneous magnetic field, For the obvious reasons given in
previous sections, the A and B regions of the probe characteristic
cannot be used in the plasma stream, hence one has only the region
of saturation ion current to work with.

Assume that the ions are cold and mono-energetic with flow
speed much larger than the ion acoustic speed, i.e. U >> 2 the probe
is biased sufficiently negative such that all the electrons are repelled,
and the magnetic field is not strong enough to affect region C of the
probe characteristic,

For a cylindrical probe with probe radius smaller than the
Debye length, the collection of ions with probe axis normal to flow is

orbital motion 1imited(19’ 42) (Fig.

2.9). This means that the ion
current is limited by the "absorption radius'' and not the sheath thick-
ness, which can be infinitely large. The orbital motion limited cur-

rent is (see Appendix C):
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2e(@ -2 ) L
= NeUAp 1+ ———R——ZP—I'- (9)

I‘chin-wire m, U
where Ap = erL is the projected probe area,

For a probe with probe size much larger than the Debye length,
the collection of ions is simply given by the ''swept area'' concept
(Fig. 2.9) of Clayde'n.(45) In the limit of infinitesimally thin sheaths
(i.e. E£— o, where € is the probe size to Debye length ratio), and
hypersonic flow (i.e. M >> 1, where M is the ratio of the flow speed
to ion acoustic speed), the ions collected are simply those that are
being swept up by the probe; since the sheath is very thin, all the ions
that pass through it are collected. Also because of the hypersonic
assumption, the contribution of the ion current due to the ''sheath

criterion' is negligible., Hence the swept area concept ion collection

is given by:

Iﬂat-guarded NeAU (10)

where A is the probe area of the plane probe normal to the flow direc-
tion, or the projected probe areas of spherical or cylindrical probes.

If £ is large but not infinite, then equation (10) should not be
used for spherical or cylindrical probes; for plane probes, equation
(10) can be used with confidence if guards (Figs. 2.6, 2.9) are pro-
vided to eliminate fringing effects of the probe potential field.

In an experimental situation, the probe areas, the probe bias
and the currents collected are known. Equations (9) and (10) still

contain three unknowns, namely ¢ N and U.

pV’

The third equation is supplied by the energy conservation for



-26-
ions, i. e, the accelerating potential of the ions (generated in the
electron-bombardment ion engine) is the difference between the

plasma potential in the source and the local plasma potential in the

stream:

=1 2 _ -
e@acc—zmiU _e@PL,S @pl) (11)

It is known that in low pressure discharges, the plasma poten-
tial of the discharge QPL S is almost equal to the anode potential

5 '(47, 48) (4, 5)

This fact has been used in earlier investigations

A

where it was assumed that:
® = 9 (12)

In the present investigation, extensive Langmuir probe meas-
urements were made in the source to determine how the plasma poten-
tial varied with the anode potential; it was found that éPL, g Was approx-
imately 8 to 12% lower than @A for a wide range of anode potentials;
hence, in what follows, the appropriate source plasma potential will
be used instead of @A.

Substituting equation (11) into (9), we have for the orbital

motion limited current the following expression:

=

_ 2e
Lthin-wire - Ne Ap[;_‘;;; @PL, S-QPI')] (13)

Equation (13) now contains only one unknown: the ion number density
N. N is also the electron density because of plasma quasi-neutrality

in the free stream.
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va N is evaluated from equation (13), then upon substitution of
this value into equation (10), we can find the flow speed U.

This method is of special value when a weak, non-homogeneous
magnetic field is present. Since the trajectories of the electrons are
disturbed at weaker magnetic fields than the ions are, the effects of
magnetic fields will first be noticed in the electron current to the
probe. Therefore, with a least amount of disturbance in the plasma
stream (since only region C of the probe characteristic is vsed), and
without relying on the electrons being Maxwellian or isotropic, the
density and velocity of a collisionless plasma in hypersonic flow can
be measured.

II,2.1.5 Calibration of Probes

a. Thin Sheath

In order to check the swept area concept of ion collection, a
comparison of probe characteristics for different probes is made under
the same flow conditions. Fig. 2.10 shows that for a flat guarded
probe, the ion current changes approximately 4% per 10-Volt probe
bias, hence for practical purposes, we can consider that the ion current
essentially "'saturates''; for the spherical probe, the ion current is
seen to grow with increasing negative bias of probe; this is due to the
thickening of the sheath with increasing negative bias of probe, and
hence, in the lack of guards, collecting more and more particles from
the fringing portion of the probe electric field.

The sheath criterion (see II. 2. 1. 1a) is checked in the following
way: In order to eliminate the effect of mass motion of the plasma,

the collector surface is aligned parallel to flow direction, the collector
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is provided with a flush mounted guard to insure that particles do not
overshoot the collector. The guard length is computed in Appendix D

(23)

using the Bohm model, If the sheath criterion were the correct
model, then the ion current should saturate to a value given approxi-
mately by equation (4). Fig. 2.10 shows that this is not the case
because the ion current does not tend to saturate. The consequence
of this result is that equation (6) cannot be used to determine the
plasma potential in the stream from the floating potential of the probe

characteristic,

b. Thick Sheath

The theory of orbital motion limited ion current collection is
tested by thin cylindrical probes (usually fine tungsten wires) of large
length to diameter ratios: L/D ~ 0(102), so that end effects are negli-
gible. Note that end effects become important if the cylinder axis is
not perpendicular to flow direction.

1f the probe is biased sufficiently negative such that all the
electrons are rejected, then the total current collected by the probe
is just the ion current given by equation (13), from which the ion
density can be evaluated easily.

When the probe is used for relative measurements, i.e. the
probe is moved in space but fixed in voltage, it is necessary to know
that the bias of the probe is sufficiently negative so that equation (13)
is really valid, since equation (13) is, in a sense, an asymptotic theory
for large negative bias. How negative is "'sufficiently negative'? To
answer the question is to find the range of validity of the asymptotic

theory. From equation (13), it can be seen that the ion density is
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1
¢ )%, which

proportional to the slope of the probe current vs. (QPL, S™ *pr

should be a constant.

From region C of a thin wire (i. e. thick sheath) probe char-
acteristic (Fig. 2.11.a), the measured probe current is plotted against
the square root of the difference between the source plasma potential
and the probe potential in Fig. 2.11.b. The region of validity of equa-
tion (13) is found from this plot (Fig. 2.11.b) when the curve asymp-
totes into a constant slope which passes through the origin. i.eturning
to the probe characteristic in Fig, 2.11.a, we find that for QPI' < -15
volts, the orbital motion limited ion collection theory is valid, hence
at any point on the probe characteristic (in the valid region), the ion
density can be easily obtained from equation (13).

Figures 2.12.a and b show a similar example, but for a dif-
ferent condition of the plasma generating source: the neutralizer fila-
ment bias is increased, which increases the floating potential (see
III. 1); this has the effect of enlarging the region of validity of equation
(13) (compare Figs. 2.11.a and 2,12.a). The probe current vs.

(2 PL, S@pr)% plot (Fig. 2.12.b) shows an experimental curve which
asymptotes well into a straight line passing through the origin (com-
pare with Fig. 2.11.Db).

Figure 2.13 shows the result of attempting to enlarge the region
of validity of equation (13) by simply biasing the probe to very negative
potentials, The result is negative, It is seen that for probe potentials
less than about -35 Volts, electrons begin to emit from the collector
surface due to ion bombardment. This causes an apparent rise in

probe ion current and hence invalidates equation (13).
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c. Magnetic Fields

The influence of a non-homogeneous magnetic field on the probe
characteristic is shown in Fig. 2.14. Radial traces of ion current
are recorded with the flat guarded probe biased at a constant negative

potential; trace "

a'' is taken when the magnetic field is not turned on,
trace '"b'' is taken when B0 = 10, 9 Gauss (see next section). As the
probe moves radially outward from the centerline of the plasma beam,
it moves into a magnetic field of increasing magnitude and changing
orientation (B is perpendicular to the probe surface at r = 0; with
increasing radius, the angle between B and the probe surface decreases).

In Fig. 2.14, note that the electron current in the transition
region of the probe characteristic is reduced; also the qualitative
effect of the magnetic field orientation on the electron current(42) is
observed: the reduction of the electron current is more pronounced -
when the magnetic field is more parallel to the probe.

However, the region of ion saturation current of the probe char-
acteristic is not affected by the magnetic field at all, This indicates
that the method as outlined in II. 2. 1.4, which requires the use of only
region C of the probe characteristic, is truly a suitable method when

magnetic fields are present.

d. The Hybrid Probe

Figure 2.15 shows the construction of a hybrid probe: a flat
guarded probe for thin sheath ion collection and a thin wire probe for
thick sheath ion collection.

The theory outlined in II. 2. 1.4 can be used for this hybrid

probe when the ion cyclotron radius (based on flow speed) is much
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larger than the probe radius, and when all the tests performed in the
previous sections (a, b, and c) indicate that the method is valid,
The probe is used in either of the two modes:

i) probe characteristics: in this mode the probe is held in fixed
position and the probe voltage is swept.

ii) relative measurements: in this mode the probe voltage is fixed
and the probe is moved in space. The probe bias is usually
negative so that ion current is collected; this mode is sometimes
called the ion current mode. In what follows, the probe bias in
this mode is always within the range of validity of equation (13).

II.2.2 Model

The model used in this experiment is a current loop. The
construction is shown schematically in Fig. 2.16. It consists of ten
turns of 2, 54 mm diameter anodized aluminum wire., The coil thick-
ness is about 1 cm and the nominal diameter of the coil is 11.5 cm.

The coil is calibrated by measuring the z-component of mag-
netic induction (BZ) along the axis of the loop (i.e. r = 0) with a Hall
effect gaussmeter probe. Such measurements are made for different
nominal field strengths B0 (the value of BZ on the coil plane) and up to
three radii along the loop axis,

The results coincide with the theoretically calculated values.

This is shown in Fig. 2.17. Note that in this figure the theoretical

curve is plotted beyond three radii. Measurements were, however,

not made beyond three radii because the magnetic field strengths were

of the order or below the earth's magnetic field.
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III., EXPERIMENTAL RESULTS

III.1 Performance Characteristics of the Plasma Beam Generator

From the power circuit diagram of the plasma beam generator
as shown in Fig. 2.4, it is obvious that the performance of the plasma-
beam generator depends upon many variables such as the anode poten-
tial (@A), discharge potential (@D), ion grid potential (¢ G)’ neutralizer
filament current (IN. F. ), confining magnetic field strength (Bc)
and geometry., A theoretical analysis of the performance character-
istics i1s therefore almost impossible.

An experimental study has been carried out, at least to find
the main parametric dependences for the operation (and existence) of
a plasma beam., This is done by systematically varying one of the
above mentioned parameters while keeping the rest of the parameters
fixed. The main conclusions are described in the following sections.

I1I. 1.1 Effect of the Neutralizer Filament

i) Without neutralizer filament:
The Hester and Sonin method of neutralizing the ion bea.rn’{<
does not always produce a stable plasma beam for the present
source configuration. When a stable beam is produced, the elec-~
trons are definitely not Maxwellian; this can be seen from the
kinks on the retarding-field region of the Langmuir~probe char-

acteristic (Fig. 3.1).

* The cathode potential is biased slightly negative with respect to

the ion grid so that electrons can escape out of the ionization
chamber and hence neutralize the ion beam.
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ii) With neutralizer filament on, the electrons appear to be
Maxwellian from looking at the probe characteristic (Fig. 3.1);
but upon checking a F/nje Vs, @pr plot, it is found that the curve
is not exactly a straight line, However, the '"average'' slope of
the curve is of the order of 0.2 Volts. Hence it will be assumed
that the electrons are 'mearly' Maxwellian with a temperature of
0.2 eV, which is also approximately the temperature of the
neutralizer filament,

III.1. 2 The "Optimum' Beam Condition

With neutralizer filament on, two conditions have to be satisfied

for the plasma beam to exist:

i) (@a-0p) =8y p,

with beam ion current increasing with (¢ -@D) approaching ¢

A N.F.°

When (@A-Q ) is larger than ¢ the beam 'decays' with in-

D N.F.’
creasing (¢ A @D) until there is finally no beam at all (Figs. 3.2a,b).

ii) The neutralizer filament current must be larger than a specific

value (depending on QA’ QD’ QN. F.’ IC. F.’ Bc and geometry). The

range of N.F is very narrow. An attempt has been made to

(16, 17) but was un-

correlate this with one dimensional theory,
successful.

II1. 1.3 Xloating Potential

It has been observed that the neutralizer filament bias @N r

affects the floating potential of the probe characteristic Qﬂ directly.

As a matter of fact, QN F zéﬂ. This can be seen in Fig. 3.1, where

the floating potential is approximately 11 volts; in Fig. 3.3, where
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éﬂ is approximately 24 volts; and in Fig., 3.4, where Qﬂ changes with
QN. F. for all other variables fixed. The fact that @ﬂ o~ QN. F.» even

in the presence of external magnetic fields, can be seen in Fig., 2,14,

III.1.4 Effect of the Screen Grid

The use of a screen grid is optional, since the ion grid, if
biased appropriately relative to anode and cathode potentials, can
perform the functions of both extracting and accelerating the ions out
of the ionization chamber. The reason for having a screen grid was not
so much as to screen out the electrons and extract the ions, but rather

for the sake of fixing the distance between the ion emitting plane

(screen grid) and the plane of the accelerating electrode (ion grid).
This distance, Zs would then be used in predicting the one-dimensional
space-charge limited ion current drawn from the source. This space-
charge limited ion current is known as Child's law:

3
we ) T

i m. 2
i z
a

(14)

Experiments reveal, however, that the screen grid has a large block-
ing effect such that the ion number density in the test section is re-
duced by almost an order of magnitude as compared to the case without
a screen grid, Furthermore, for definite ranges of anode potential,
the ion current (without using screen grid) is observed to be linearly

2
2

proportional to (2 @G) , hence Child's law is satisfied for that certain

A"
range of anode potential; this is shown in Fig. 3.5 for a grounded ion
grid,

In case it is of interest, the distance between the effective ion-

emitting plane (fictitious '"'screen-grid' plane) and the ion grid:
g P g P g
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Z can be found from equation (14) by noting that:
eff

2
2

d
z «J-.-(@ ~5)
Geff d‘]i A G

III. 1.5 The Confining Magnetic Field

The axial field of the confining magnet is calibrated along the
centerline of the ionization chamber. Fig. 3,6 shows the fringing
portion of this field in the test section, for various values of magnet
coil current I, .. It is found thatI

M M

for a discharge to initiate, and the beam ion current increases with

has to be larger than 0.3 Amp

increasing 1 though not linearly. In operation, I, is set to be less

M’ M
than 3.5 Amp to keep the fringing portion of the confining field below
half a Gauss at model position.

III. 2 Properties of the Plasma Beam

I11. 2.1 General Description

The radial profiles of the beam are recorded with the hybrid
probe operating in the ion current mode at different downstream sta-
tions. Beam symmetry is checked by taking radial profiles for differ-
ent azimuthal angles; this symmetry is best achieved with the use of
the cathode filament holder as shown in Fig. 2.3,

Upon evaluation of U and N by the method outlined in II. 2, 1.4,
it is found that the ion velocity is practically constant, and the density
falls off like one over distance squared, i.e. the beam is source-like,
the ion streamlines are straight. The ion stream velocity is of the
order of 104 m/s and the ion number density at the model position
(z = 23,5 cm) is approximately 5 X 107 particles/cc. The electron

temperature is of the order of 0.2 eV,
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II1. 2.2 Source-like Flow

An example of finding the source-like nature of the beam is
shown in Figs. 3.7 to 3. 9. Figure 3.7 shows the radial profiles of
the ion current, measured at different downstream stations (ref,

Fig. 2.2 for exact location of z = 0), Since U is found to be constant,
the profiles are also density profiles, If the beam is source-like,
then the plot of 1/@ (I0 is the probe ion current at r = 0) vs., z
should be a straight line; this is shown to be true in Fig. 3.8, where
the effective origin of the source is also determined by extrapolating
the straight line down to where l/A/-I_; = 0. If the flow is truly source-
like, then the probe ion current should decrease like I/Q2 along every
ray { =N (z-zo)2 +r2 emanating from the effective origin. From the
equation of conservation of current, it can be shown that for a source-
like flow, the QZI VS, r/(z-zo) plots for different downstream current
profiles should all collapse into one curve, provided that the beam
spread is not too large so that a profile trace taken along a tangent
can approximate the profile trace taken along the arc. This result is
shown in Fig. 3.9, where the general tendency of collapse of data
points onto a curve is evident and hence source-like flow is indicated.
One notes from Fig. 3.9 a very gradual broadening of profiles with
increasing z, which is probably due to radial ambipolar diffusion.

It is interesting to note that the beam profiles in Fig. 3.7
are ''similar’, in the sense that if I is normalized by Io’ and r is

normalized by the half-width of the profile r then all profiles

H.W.’

collapse into a single curve (Fig. 3.10).
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The properties of the plasma beam are essentially unchanged
with the model inserted into position, except for the fact that the coil
sweeps out the portion of the beam that it obstructs, creating a deficit
region in its "wake'" (Fig. 3.11). If the model was not floated, but
biased highly negative relatlive to plasma, then ion acoustic waves

(4, 5)

could be created in the wake; for a floating model, the deficit
region remains deficit throughout the wake, being filled in gradually
as it progresses downstream,

IIT. 2.3 Beam Spread

It is also found that the beam spread, characterized by the
beam haif-width (H{. W.), is inversely proportional to Mach number

M = U/ai). This is shown in Fig., 3.12 where the beam spread angle,

1 ( H. W,
z-2z
o

defined as 2 tan’ ), is plotted against 1/M. Note that the elec-
tron temperature is assumed to be 0.2 eV for the evaluation of the
Mach numbers.
1I1. 2.4 Slow lons

Before the plasma beam is turned on, the vacuum system is
pumped down to approximately 3 X 10"7 Torr to insure that impurities
are kept at a minimum; the plasma beam operates at a background
pressure of 1,2 X 10"5 Torr (in any case not more than 2 le—S Torr)
so that the background ion density ('slow'' ions) is less than 4% of the
(5)

stream ion density (''fast'' ions).

I11. 2.5 Characteristic Length and Time Scales

The characteristic length and time scales, i, e. collision mean
free paths and mean free times (1/collision frequency), of the plasma

beam are calculated in Appendix E. Maxwellian electrons of
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temperature k’I‘e = 0.2 eV and an electron number density of N = 5X 107
particles/cc are assumed for all the calculations. It is found that:

i) The assumption of '"thermal electrons and cold ions'' for the
plasma is valid throughout the plasma wind-tunnel test section,
becausé the residence time of the plasma in the test section is
much shorter than the equipartition time,

ii) Since electron-ion collision frequency is much larger than the
electron-neutral collision frequency, collisions between particles
are predominantly Coulombic; hence by definition, the plasma
is strongly ionized.

iii). Since all the collision mean free paths are much larger than the
model or test facility, the flow of the plasma is ''collisionless"

in the sense that the flow is not collision-dominated.,

III. 3 Flow with Magnetic Field

III. 3.1 General Description of the Wake

When the magnetic field of the current loop is turned on, the
most direct indication that the magnetic field has interacted with the
plasma is a noticeable change in the radial profile of the plasma beam,
which is observed in the wake of the current loop.

The results are seen in Fig. 3.13, where the traces of radial
profiles recorded with both the flat guarded probe and the thin-wire
probe are shown. The traces are taken behind the coil at downstream
stations separated by one coil radius (5. 75 cm) apart. At every sta-
tion, the beam profile for the case of no magnetic field (broken line)
is superimposed on the beam profile with magnetic field turned on

(solid line), thus the effect of the magnetic field on the plasma beam
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can be easily visualized by comparison of both profiles.

One notes that the profiles recorded by the flat guarded probe
are very similar to the profiles recorded by the thin-wire probe,
except for a scale factor in the probe current. Since the thin-wire
probe measures density and the flat guarded probe measures ion
current, which is a quantity proportional to density times flow velocity,
the above mentioned similarity of the profiles recorded by different
probes means that the effect of the magnetic field on the plasma beam
is manifested mainly in a change in the radial distribution of ion
density, Also, a 5—15‘70 decrease in flow speed is observed,

The general effect of the magnetic field on the plasma beam
is a non-uniform focusing of ions. One notices a slight focusing of
ions in the center, which gives rise to wavelike disturbance and decays
within two to three radii downstream. The most notable effect is,
however, a focusing of ions in an annular region of radius less than
the coil radius. This annular ''peak' is very long-lived. As can be
seen from Fig. 3.13, the solid-line profile (B0 # 0) is squeezed in
radially as compared to the broken-line profile (Bo = 0), the peak is
formed downstream of the coil; as the beam broadens downstream,
this peak broadens and decays slowly, Far downstream where the
magnetic field of the coil has no effect at all, the beam radial profile
tends to a squared shape.

III. 3.2 Upstream Beam Profiles

Beam profiles upstream of the coil have also been recorded.
Fig. 3.14 is a representative result. It is seen that the profiles up-

stream of the coil are hardly perturbed by the presence of a magnetic
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field, an 'interaction' of plasma and magnetic field is only noticed in
the wake of the model, i,e. the above mentioned annular peak forms
only after passing the current loop.

III. 3. 3 Effects of Magnetic Field Strength

The observations as noted in the preceding sections indicate
that there is a ''pinching'' effect, i.e. an inward deflection of ions,
mostly on that part of the plasma close to the current loop, as the
plasma flows past the loop.

The effect of the magnetic field strength of the current loop
on the "pinching' of the plasma beam is seen in the near wake beam
profiles in Fig. 3.15.a. One notes that the ion '""peak'' gets sharper
with increasing field strength. Also, with increasing field strength,
the ''peak'' position is pushed radially inward (note that a ''peaklet™
outside the coil is pushed radially outward with increasing field
strength); this is shown in Fig. 3.15.b.

Figures 3,16 and 3.17 are repetitions of the same experiment,
but with different flow speeds.

Comparing Figs. 3.15 to 3. 17, one notes that for a given mag-
netic field strength of the current loop, the "pinching' is stronger
(i, e. the peaks are sharper as well as pushed further away from the
coil) for the plasma beam with the slower flow speed.

The reason for the peaks being sharper for lower flow speeds
can be qualitatively explained: From Fig, 3,12, note that the slower
beam has a wider beam spread. This means that a slower beam has
more particles at the coil vicinity than a faster narrow beam. Since

it is the plasma near the current loop that is deflected the most, it is
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obvious that the same ''pinch' effect would give rise to a higher density
peak if there were more particles to pinch.

To check out the above idea, very narrow beams are produced
such that the coil does not block the plasma beam at all. In these cases,
no annular peak has been observed, Fig., 3.18 shows a typical result,

What is the mechanism for producing the annular peaks; why
are they pushed further away from the current loop at stronger field
strengths and/or lower flow speeds? Some analysis is required to

answer these questions. This will be the theme of Chapter IV.
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IV, THEORETICAL ANALYSIS

IV.1 Preliminaries

The most general approach to treat the dynamics of collision-
less plasmas is to use the kinetic equation with self-consistent electric
and magnetic fields, However, this approach is usually burdened with
formal complications so that it is very difficult to use except in
special simple cases,

Macroscopic equations, generated by taking moments of the
kinetic equation for each species result in the two-fluid equations;
further simplifications of the two-fluid equations result in the one-
fluid equation and the generalized Ohm's law (ref. e.g. Spitzer(49)).
Fluid equations are frequently used to describe collisionless plasmas,
despite the fact that the fluid concept is not easily justified in the

(50, 51)

absence of collisions. However, this approach has been found

to yield results that are quite reasonable in many respects.(52_53)
The approach using the fluid equations is often known as the 'hydro-
dynamic'' approximation.

It should be pointed out, however, that in order for a body of
gas particles to be treated as a fluid, the randomizing effects of
collisions in the classical sense, or some comparable process, must
be important. Collisions in a field-free rarefied plasma are princi-
pally accumulated small angle deflections due to distant encounters,

(49) If Coulomb collisions

rather than single large angle deflections.
were the only important process, then the hydrodynamic approxi-
mations should not be valid in describing phenomena with typical

length scales much smaller than the collision mean free path.
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However, there are other mechanisms present in the plasma that
might take the place of randomizing collisions., For example, in the
presence of a magnetic field, 'collisions' can occur through long-
(50)

range magnetic forces, or if turbulence is present, charged parti-

cles can be scattered by the fluctuating electromagnetic ﬁelds,(54’ 55, 56)
giving rise to effective 'collisions'. The efficiency of such processes,
however, is not exactly known,

In the following, the collisionless plasma will be described
by the fluid equations, if only as a heuristic means of obtaining quali-
tative results.

A discussion of some relevant parameters of the present in-
vestigation is given in Appendix F. It is also shown in the same
Appendix that the one-fluid model together with generalized Ohm's
law is not an appropriate approximation for collisionless lab plasmas,

IV.2 The Two-Fluid Model

IV.2.1 The Governing Eqguations

The plasma in this model is assumed to consist of two species:
electrons and singly ionized ions. KEach species is represented by its
mean density and velocities, the dynamical equations are just the

steady-state continuity and momentum equations (subscript indicating

species):
v.(N, U) = 0 (15)
v.(N_U) = 0 (16)
N;m (U;-9)Y; = N, e (E + U; XB) - vy, (17)

Neme(ge- V)Hez -N, e(E+ U, X B) - V. \.ife (18)
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where ¥ is the pressure tensor and the electromagnetic fields satisfy

the self-consistent steady-state Maxwell equations:

VX B = “oe(Ni-gi-Neye) (19)

YXE = 0 (20)

VB =0 (21)
- LN -

V.E = & (N, - N_) (22)

IV. 2.2 Assumptions

In order that the above system of equations (15) to (22) be
further simplified, the following assumptions are made:
i) Using cylindrical coordinates (z, r, ©) (see Fig. 2.5), it

is reasonable to assume azimuthal symmetry, i.e. = 0, for the

2
9y
given flow configuration.,

ii) The plasma is assumed to be quasi-neutral, i.e, Ni mNe.
This approximation is valid for length scales larger than the Debye
length., The quasi-neutrality of the plasma does not preclude the
presence of the very small space charges necessary to produce E;
however, the condition V+E ~~ 0 is not imposed (ref. Davis, Lust and

Schl{iter(ss)

)« We will let N denote the particle density subsequently.,
iii) Cold ions and the;mal electrons are assumed, i.e. '1"i << Te'
This is a condition that arises as a natural consequence from the type
of plasma generator being used (ref. II.1.2.2). As a further simpli-
fication, electrons are assumed to be Maxwellian and isotropic, so

that the pressure tensor becomes a scalar, and the electron pressure

is simply P, = NkTe.
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iv) The magnetic Reynolds number is small, so that the in-
duced magnetic field can be neglected compared to the imposed mag-
netic field. Although this approximation is usually true for laboratory
plasmas, the above assumption can be readily justified a posteriori.
v) The average flow velocities in the z(streamwise) and
r(radial) directions are approximately equal for both species, but the

azimuthal velocities (swirl) are assumed to be different, i.e,

i1

(uz’ur’ Yy

o)

(uz’ ™y Ye Cp)

It can be seen from the momentum equations, that by assuming equal

streamwise and radial velocities for both species, we get

u, m
i . o ( e\
u m.
ey i

as a consequence,

IV.2.3 System of Reduced Equations

Under the assumptions of the previous section, and using the
fact that mi/me >> 1 (mi/rne ~ 73, 000 for argon ions), one obtains,
from simple order of magnitude arguments, the following system of
equations (subscripts z, r, ¢ denote the respective components in
cylindrical coordinates):

Continuity:

9 0
5T (Nrur) + B (Nruz) = O (23)
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Ion momentum:

auz 8117
m1< z 0z + Y TBr > = eEz (24)
ou aur
m1<uz 0z + Uy 8r> = eEr (25)
Electron momentum:
1 ape
O = e(Ez _uechr) - N T5x (26)
u ap
en _ 1 e
ety T e(Er +uechz) N or (27)
Ju ou uu
m (u €9 +u €L 4 X eq>>=-e(uB -u B ) (28)
e z 0z r Oor r z'r r =z

Before proceeding further, one notes that if the plasma were
“eold'", i.e. Te = 0 (so that the pressure gradient term will be absent),
then the above system of equations (24)-(28) can be derived from the
Lagrangian of each species. This means that the particle formulation
and the fluid formulation are equivalent, in the limit of a cold plasma.
This is demonstrated in Appendix G. The important conclusion from
this somewhat trivial demonstration is to note that in the cold plasma

limit, equation (28), in its integrated form, is simply:

_ [\o}
Yep T m (29)

where Aco is the vector potential of the magnetic field. Also from
uicp= -eA/mi, the conclusion drawn from order of magnitude arguments

that u, /u ~O(m _/m.) is found to be correct, and that the neglect of
i “ewp e i

ion momentum in the system of equations is justified as an acceptable
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approximation. From equation (29), one gets an idea of how u,
should be scaled.

The system of equations can be physically explained as follows:
Far away from the magnetic field, the heavy-particle (ions) motion is
modified by the electric field due to the electron pressure only. As
the ions stream into the magnetic field region, it does not ''see’' the
field because it is relatively weak. However, the electrons, being
""dragged'' into this field by the heavy ions, interact strongly with the
magnetic field, resulting in a tendency to separate from the ions,
This creates a space charge and hence electric field, which in turn
modifies the motion of the heavy-particles.

IV.2.4 Nondimensionalization and Further Simplification

In order to obtain the parameters of the flow and facilitate

computation, the system of equations are non-dimensionalized as

follows:
G‘Z = uw /U (30-1)
a*r = u /U (30-2)
eB
~ _ O -
uecp - uecp/(ZmeR> (30-3)
’Er = B./B, (30-4)
B = B /B (30-5)
yA z [}
T = r/R ' (30-6)
7 = z/R | (30-7)
N = N/N | (30-8)
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where U is the stream speed of the undisturbed plasma,* R is the
radius of the current loop, B is the value of the magnetic inductance
Bz on the coil plane, and No is the density on the axis at the coil plane.
The normalization of uecp is based on equation (29). Noting

that from the definition of the vector potential

$ Ardg = [VxA-ndS =/ B-ndS

we have A 27r ~B'n-r2, and hence A ~ Br
® V) 2

Eliminating Ez and Er from equations (24) to (27) using the

above normalizations (30-1 to 8), and assuming Te = const. so that

vp, can be written as equal to kTe VN, we get (tildes on normalized

guantities are now dropped in the following equations):

0 0 _
3z (Nu,7) + 5= (Nu 1) = 0 h
du Ju
r 1 1 ON
Y275 r or S uechr B I\_/:Z N 3z (32)
ou Ju u
r e . ep 5 )..L L AN
Y2 Bz T % TBr Suetp( 2r Bz> MZ N or (33)
Bue Sue u_ u,
u 2ty © - . L % 20 B -uB) (34)
z 0z r or r zor r-z
eZ BZ RZ
where S = o > is the interaction parameter, and M = U/a.i

2m m. U
e 1
is the flow Mach number based on ion acoustic speed.

In the limit of a cold plasma, the pressure gradient terms in

* The reason for placing the model (current loop) sufficiently far

away from the source now becomes apparent. If this were not so,
the plasma condition would be changed at its source when the
magnetic field is turned on. Then there is no way of measuring

the stream speed of the undisturbed plasma, since UBz 0 # UB>0'
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equations (32) and (33) would not be present, and hence the equations
of motion are uncoupled from the continuity equation. On the other
hand, allowing the electrons to be thermal, but if the flow is hyper-
sonic, i.e, M >> ], the pressure gradient term would be negligibly
small, unless the density gradients in (32) and (33) become large to
the order of O(MZ).

With U ~ 104 m/s, kTe ~ 0,2 eV, the Mach number is M ~ 10.
Hence, in the absence of especially steep density gradients, the pres-
sure gradient term would contribute about 1% to the ion momentum
equations, which is negligibly small,

IV.2.5 Results of Computation

The system of equations (31) to (34) is simplified by neglecting
the pressure gradient terms. This uncouples the momentum equations
from the continuity equation, as noted in the previous section, and the
solution of this simplified system would give the ion trajectories (see
also Appendix G).

The initial values of the velocity components are given at the
plane of the nozzle edge (i.e. Z = -4.2, Z is the axial distance from
the coil plane, normalized by coil radius). The velocity component
on the jet centerline is U, the velocity components of any other position
are given by u_ = UcosB and u, = UsinB, where 8 is the angle between
the jet centerlir(l)e and a vector wcl)lich has its origin at the effective
source point (ref. III. 2.2) and passes through the point in considera-
tion at the nozzle-edge plane.

The induced magnetic field is neglected (ref, IV.2.2). The

expression for the vector potential of the imposed magnetic field can
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be found in Lamb;(sg) and the expressions for the components vof the
magnetic field Bz and Br are given in Appendix H.

The system of equations (32) to (34) is numerically integrated
on the computer, and a typical computer plot is shown in Fig. 4. 1.
Only the ion trajectories that stream within the coil (i.e. r/R < 1)
are plotted. The coordinates are strained, so that the cross section
of the coil is oval instead of circular. The ion trajectories upstream
of tiie coil (Z < 0) are seen to be hardly affected by the magn«tic field,
but are strongly deflected inward upon passing the coil, and the
""pinching'' is the strongest for particles nearest the coil., If one
imagines a collector (probe) at say Z = 0.5, moving radially outward,
then it wbuld register a peak as it hits the envelope of crossing tra-
jectories because particles coming from ''other trajectories," so to
speak, are also collected; beyond the envelope, the probe moves into
a vacuum region and thereby collects nothing. Qualitatively, this
describes the observations. It has been experimentally observed that
upstream profiles are hardly changed by the magnetic field, radial
profiles downstream of the coil have annular density peaks, and there
is also a sharp drop of density outside (radially) of the peak. The
broadening of these peaks is probably due to diffusion caused by the
density gradient; however, since this occurs in thin layers (ref. IV.2.4).
it can be neglected as a first approximation. The important fact is
that the interaction parameter does describe qualitatively how the
plasma is being pinched near the coil edge., Although the trends are
correct (i, e, the "pinching' effect is increased for stronger fields

and/or smaller plasma slow speeds), the pinching as calculated by
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this collisionless model is too strong (compare Fig., 4.1 and the curve
for B, = 5.45 Gauss in Fig. 3.15.b).

It might also be noted that the inclusion of the pressure gradient
term would just broaden the density peak, but would not essentially
change the position of where the peaks occur.

Inclusion of collisions (electron-ion Coulomb collisions) would
lead to some improvement of the situation. Since the collision term
in the Boltzmann equation would in effect be a friction term in the
electron momentum equation (ref, e.g. Schlﬁter(61)), which in the
present case would decrease the swirl velocity of the electrons, and
as a consequence diminish the Lorentz force; therefore, the inclusion
of a friction term would reduce the interaction (i.e. pinch).

A measure of the importance of this friction is obtained by comparing
the collision frequency to the '"convection time'' defined as R/U (R is
the length scale of flow, and U is the characteristic speed; therefore,
R/U is a characteristic time scale of the experiment). If Vei R/U<< 1,

then the collision term becomes negligibly small. In the present case,

v .R
el

the flow is approximated to be ''collisionless,'" but actually, is of
theorder ofa fewpercent. However, inclusion of classical Coulomb
collisions is not going to change the results too much.

IV.3 A Heuristic Model

IV.3.1 A Heuristic Turbulent Two-Fluid Model

In summarizing the previous sections, it is concluded that a
resistivity is required to inhibit the electron currents in the plasma.
However, since resistivity is proportional to the collision frequency,

the resistivity tends to zero in the limit of a collisionless plasma.
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A similar difficulty is encountered in the problem of collision-

less plasma shocks,(55’ 62, 63)

where for a given shock structure
the dissipation provided by classical collisions* is less than the dissi-
pation required to make the shock. Here, as in ordinary fluids, where
viscosity inhibits the bulk flow and provides the dissipation mechanism,
resistivity is required to inhibit electrical current that results from
the relative streaming of electrons and ions, and to provide thel dissi-
pation mechanism which results in heating the particles, In a collision-
less plasma, the ''resistivity' or some other equivalent dissipative
mechanism is postulated to result not from classical collisions, but
from the interaction of plasma particles with the turbulent wave fields,
Turbulent wave fields develop as a result of one or more in-
stabilities of an initial '"laminar'' state. In the present case, the in-
stability mechanism is most likely to be due to electron-ion two-stream

(64-67)

instability, since the relative swirl velncity between electrons

and ions is very large, i.e. uecp >> uicp'

As with all instabilities, linear analysis does not answer the
question of how the system will behave eventually if an unstable situa-
tion is brought about. It is therefore conjectured that the streaming
particles lose their streaming energy totheturbulentwave field, which
in turn scatter the particles in a random fashion and thereby has

the effect of heating the particles (crudely, one can say that bulk

motion has been converted to random motion),

13y classical collisions, we refer to momentum-transfer collisions
between particles, e, g. binary collisions, Coulomb collisions,
etc.
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The problem of constructing a model for a turbulent friction
term (i.e. ''resistivity'') hinges on understanding the basic mechanisms
by which the energy transfers from the streaming particles to the
turbulent wave field, and the efficiency of scattering of particles by
this field. In the total absence of such knowledge, it seems reasonable
to assume in the electron momentum equation, a phenomenological
friction between the electron diamagnetic drift and the ions of the

following form:

-V ) (35)

This form is known as the ''resistive dissipation" model,(ss) It con-
tains essentially a ''collision frequency' due to particle collisions with
the turbulent wave field. One notes a striking similarity between equa-
tion (35) and the friction term due to classical collisions in the two-
fluid equations as derived by Schliiter.(él) However, a classical col-
lision frequency is used in Schluter's case and the form can be for-
mally derived, whereas in the ""resistive dissipation' model used in

a collisionless plasma, the ''collision frequency'" v is unknown. In
actual computation, Vv is left as a free parameter adjusted to fit the
experimental observations,

A formal derivation of the turbulent '"collision' term is given
in Appendix I, It is also shown that under certain assumptions, the
turbulent collision term gives rise to terms like ETE' and GT)-(__BE' in
the momentum equations, which is analogous to the Reynolds stress
(u'v' etc.) terms in the turbulent momentum equations of ordinary fluids,

Unless the terms n'E' etc. are measured and the correlations known,
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a simple heuristic model is the only means of providing some quali-
tative results,

IV.3.2 Results of Computation Using the '"Resistive Dissipation"

Model

The system of equations is essentially the same as before
(IV.2.5), with the exception that the expression given by (35) is added
to the right hand side of equation (28). Since uicp << uetp’ this simpli-

fies to the following nondimensionalized form (ref. equation (34)):

Bue Bue uu,
u iy —L- . L 2w B -uB )-Fu (36)
z 0z r Or r Z r ro=z e

where F = Y-I—J-R is the '"turbulent collision frequency' Vv normalized
by the convection time. As mentioned in the previous section, F is a
free parameter that can be adjusted to fit the experimental observations,

Itis found that F ~O(l)is required, i.e. ~O(102).

vturbulen’c/vclas sical

Typical results are shown in the computer plots of Figs. 4.2.,a
to c. When the friction term becomes of the same order as the inter-
action par‘ameter, the strong "pinching'' situation is essentially im-
proved (compare Fig, 4.1 to Fig. 4.2.a)., Further slight improve-
ments are made possible by scaling F with the magnitude of the
magnetic field; in doing so, it is postulated that the turbulent collision
frequency is in some way proportional to the imposed magnetic field,
since it is this field which gave rise to the two-stream instability in
the first place. The results are shown in Figs. 4.2.b and c.

Density and hence current profiles can be computed from

equation (31) when the velocity field is known. This means that the

current profiles can be obtained when the ion trajectories have been
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combputed,

An example of this is shown in Fig., 4.3.a where the ion
trajectories are calculated for the case Bo = 0, and the computed
current profiles are shown in Fig. 4.3.b. The initial conditions of
the current profiles were obtained from the data shown in Fig. 3.15.a
(Bo = 0 case). Recalling from Section III. 2. 2, we know that since the
undisturbed flow is source-like and the profiles are '"similar"

(ref. Fig. 3.10), if we have a profile at any downstream station,
we can always compute its shape at the nozzle edge, i.e. at Z = -4, 2,
which is the starting point of the computation.

A typical pinched current profile is obtained for the case of
Fig. 4.2,.c; the current profiles are computed with the same initial
condition as the case above, and the computer plot is shown in Fig. 4.4.
As expected, there is a density (current) peak downstream of the coil
position where the ion trajectories are pinched close together, A
comparison with experimental observations (Fig. 3.15) shows that
the correspondence is at best qualitative,

It should be noted that the turbulent model provides us only
with a qualitative picture. Although the finer details are lacking, the
main features can definitely be identified, and the trends are correct.

In the lack of experimental knowledge of turbulence (e. g. the
efficiency of scattering of particles from the turbulent wave fields,
etc. ), further computer experiments with a heuristic model are not
very meaningful, since the results so obtained usually have no general

validity. The most one could hope for in using a heuristic model is to
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gain some insight and understanding of the macroscopic phenomena.
In this sense, the model is somewhat successful,

IV.4 A Posteriori Check on the Turbulent Assumption

Since turbulence has been appealed to in order to obtain a
heuristic model, it is necessary to inquire whether there really is any
turbulence in the flow at all,

In order to check this assumption, spectrum measurements of
the fluctuating probe currents are made with the use of a wave analyzer
(Hewlett Packard 3590A).

In Fig. 4.5, the spectrum of the RMS fluctuating probe current
is plotted. It can be seen that as the magnetic field is increased,
broad-band noise is introduced at higher and higher frequencies.

In Fig. 4.6, the strength of the current coil is held constant
at 21. 8 Gauss and the position of the probe is varied radially and
axially., All lengths in Fig. 4.6 are normalized by the coil radius.

In Fig. 4.6.a when the probe approaches the coil, although
the magnitude of the magnetic field is increased, the broad-band
noise decreases. This might be explained by noting that the density
drops sharply in the radial direction (ref. Fig. 3.13 Thin-Wire Probe
Profile), Furthermore, the position at r = 1 just behind the coil is
the ''shadow' region where there are no particles at all. If we recall
that the turbulent wave field has to gain its energy from the streaming
particies before it can scatter the particles randomly, then we might
argue that, as the density of the streaming particles decreases, the
turbulent wave field has less particles from which to gain energy,

therefore resulting in a "weaker' turbulence.
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In Fig. 4.6.b, it can be seen that when the probe approaches
the coil from upstream the broad-band noise increases to a maximum
at Z = 0; when the probe moves downstream away from the coil, the
broad-band noise decreases. Since the magnetic field is symmetric
(if the induced fields are small, see Appendix J), and the flow is
source-like (i, e. the upstream particle density is higher than the
downstiream particle density), for symmetric positions upstream and
dow.i.iream of the coil t... srobe at the upstream station shew'd record
more broad-band noise than at the downstream station. However,
this is not the case when one compares the curves Z = -0,5to Z=0.5,
and also Z = ~1to Z = 1. This offset can be explained by the fact that
since the plasma is flowing, the 'turbulence' is convected downstream.

In conclusion, it can be stated that although the brief spectrum
survey does not provide us with any further clues as to how a turbulent
model should be constructed, it does serve the purpose of proving its
existence, and hence justifies the use of turbulence for obtaining a

heuristic model.
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V. CONCLUSIONS

The main theme of the present investigation is to study the
flow of rarefied plasmas, in particular the interaction of a collision~
less plasma beam with an externally imposed magnetic field.
The simplest experimental configuration is used:
an axisymmetric flow through a circular current loop. This has two
consequences, first the magnetic field is localized, second the mag-
netic field is axisymmetric but spatially non-homogeneous.

The localization of the magnetic field in such an experiment
is important, since otherwise there would be no '"flow at infinity"
where the plasma is not affected by the field and hence can be used as
a reference. The spatial non-homogeneity is not really desirable,
however it is a price paid for having experimental simplicity and
"localization' of the magnetic field.

A major obstacle to the diagnostics problem is that conven-
tional Langmuir probe methods fail if the plasma electrons are not
Maxwellian, and that there is no adequate probe theory for B # 0.

Both of these difficulties are encountered in the present investigation,
To that end, a '"two-probe' method is developed to measure ion density
and current (thereby velocity can be derived) in the ion-saturation
region of the probe characteristic, which is both insensitive to whether
the electrons are Maxwellian or not, and alsotoweak magnetic fields.
This method works for “hypersonic'' plasma flow with '"cold' ions.

Prior to studying the interaction problem, the performance
characteristics of the plasma source are thoroughly investigated, and

interesting experimental results are discovered, such as optimum
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beam condition, floating potential dependence on neutralizer filament
bias, beam spread dependence on flow speed, source-like flow and
similarity' profiles, etc. Most of these results have proven to be
very valuable information for studying the interaction problem.

Using» the '"two-probe' method of diagnostics, the flow field
is carefully :napped for different flow speeds and magnetic field
strengths. It is seen that the interaction manifests itself in a pinching
of the plasma particles at certain locations in the near wake o (he
current loop. A theoretical modeling of the problem is carried out
in an attempt to find the governing parameter. The one-fluid theory
with the generalized Ohm's law is found to be unsuitable for describing
a collisionless laboratory plasma. The two-fluid theory provides us
with an interaction parameter which has the correct trends, i.e. the
stronger the applied magnetic field and/or the smaller the flow
velocity, the stronger the ''pinching.'" It is shown, however, that
turbulent friction is required to improve the collisionless two-fluid
model., The turbulent friction is represented by a crude resistive
dissipation model, which is nevertheless physically plausible and also
mathematically simple to use.

Finally, the existence of turbulence in the flow field is also
demonstrated from spectrum measurements of the fluctuating probe
currents,

The results of the present investigation have raised some
interesting questions which may be resolved in future research work.

The foremost question concerns the plasma diagnostics

problem. The 'two-probe' method developed within the framework
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of this research was designed to bypass the difficulties of the conven-
tional Langmuir probe method (ref. 1I.2.1.1), and therefore no infor-
mation on the electron temperature* was available. However, since
the effect of turbulence is supposed to result in heating up the electrons,
it would be beneficial if the electron temperature could in some way
be measured. For this purpose, microwave or spectroscopic methods
might provide some answers. If experimental simplicity and local
measurements are desired, further research in developing probe
theories is required.

Another question concerns the failure of the theory to describe
the wave-like disturbance in the center part of the beam and the
breaking up of the sharper annular ''peaks." Both of these phenomena

(4, 5)

are suspected to be ion acoustic waves, and they are not described
by the simplified theory because the electron pressure gradient term
was neglected. The reasons for neglecting Vp, are given in IV. 2. 4.

It should be emphasized that a reasonably good first approximation

has been achieved by the simplifications, and that finer detailed im-
provements could be carried out in future research.

From the cursory survey of the spectrum of the fluctuating
probe current, it may be concluded that the turbulence level is not
only a function of the imposed magnetic field strength, but also a
function of the number density of charged particles. The latter is
physically reasonable, and has been explained inIV.4. However, in

the computed examples of the present investigation, the turbulent

friction was assumed to have only B-field dependence, but density

This is used in a broader sense to mean the energy distribution
of electrons.
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dependence was not included because of computational convenience
(the momentum equations would not be uncoupled from the continuity
equation). The main reason, however, is that it would not be mean-
ingful to elaborate too much on a simple heuristic model.

With the experience gained from the present investigation,
some ideas for future research are advanced in the following para-
graphs.

The problem could be studied over again by employing a cleaner
geometry, This can be obtained by using a larger plasma beam, all
except the uniform center portion is blocked out, and this uniform
beam is allowed to stream through a dimensionally matched current
loop. In this way the effect of the interaction could be more clearly
visualized and computation of the problem would also be simplified.
Further details such as the effect of pressure gradient terms should
be included in the computations, and the effect of different temperature
ratios (if one could obtain different electron temperatures and measure
them in a magnetic field!) should also be investigated. This is im-
portant since the temperature ratio essentially determines whether

(67)

ion-acoustic waves are damped or not, and also, at least theoreti-

cally, determine the critical drift speed (between electrons and ions)

(66)

for two-stream instability.
A more interesting problem to examine would be that of turbu-
lence, which is, of course, a vast and difficult subject. Theoretical

(54, 68)

considerations are mostly confined to the study of "'weak' tur-

bulence (loosely described by the situation when the energy density
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associated with the turbulent wave field is much smaller than the
particle kinetic energy density), which allows for perturbation-
theoretic treatments. However, in most practical cases, the turbu-
lence one encounters is not weak but strong. In the lack of systematic
methods for describing strong turbulence, it might be beneficial to
use the analogy with ordinary fluids and to apply a phenomenological
approach. It is essential that fluctuating quantities are measured |
and correlations obtained, from which some insight might be gained

in constructing improved heuristic turbulent models.
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APPENDIX A

a. The Average Sneed of Maxwellian particles

If £ is a Maxwellian velocity distribution function, then the
number of particles per unit volume in physical space (hence referred
to as the number <ensity) with peculiar velocities V in dC (unit volume

in velocity space) is:
faC =i W~ sin6d6dydw (A-1)

in spherical coordinates.
The number density with peculiar speeds betweenW and W + dW

1

is obtained by integrating (A-1) with respect to 9 and ®; this gives:

2. 2t m 3.2 ( mWZ>
4mfW AW = (Tr) N (kT )° W™ expi - KT dw (A-2)
Therefore, the probability of finding a particle with pcculiar

speed between W and W + dW is:

3 2

F(W) = 4nfWw? = (%T—)

[

F(W) is also known as the isotropic speed distribution function.

The average speed is defined as:
oo

_ 1 2 '
(W) = ﬁfo W (4wfW“)dW (A-4)

C

which, upon evaluation using (A-3) gives:

1
2
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b. The percentage of Maxwellian particles with energies greater than

1
2 kT
The total number of particles per unit volume is:

o0
N = f F(W)dw (Arb)
o]

The number of particles in unit volume with energies greater

than %_-kT is, using (A-3):

o0 00
2
- _ [z _m_%j 2 exp(- ) )
n-_f F(W)dW = - N(3)° | W™ exp - 557 JdW (A-T)
W w_.
min min
1 2 1
where sm W ~. = 3 kT
min

1
2

Normalizing W with (%) in (A-7) and evaluating:

© 5 -lxz
x e 2
n = 2N —_ dx

1 e

= 0,8014N .

Hence, with 91\—1 o 80%, we conclude that the '"majority' of the

particles have energies greater than 1k,
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APPENDIX B
(28)

a. Derivation of the Druyvesteyn formula for a flat probe:

1f f(v) is the electron velocity distribution function outside of
the sheath edge (i.e. in the undisturbed plasma), the electron current

collected by the probe is:

Ie = eAny_dK (B-1)

where A is the probe area.
If f(v) is isotropic, then writing (B-1) in spherical coordinates,
denoting W as the velocity normal to the probe surface and integrating

over the azimuthal angle ® from 0 to 2w, we get

0 g*
I, = e Aj 2w wo f dw Icose sinf db (B-2)
Wonin o
where ¥min ~ ergz ! V= d)pl B cbpr }
(B-3)
and 6™ is determined by: 2 mw2 cos2 9* = eV .

Noting that 41rw2f is the isotropic speed distribution function
F(w) and using (B-3), we obtain:

o0

_ e_é_j ( L EE.Y) -
I, = =3 F(w)w (1l WZ - dw (B-4)
2eV €
m
e

Differentiating (B-4) twice with respect to V, we arrived at the

Druyvesteyn formula:
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2
d°1I
F( 2eV> _ 4mV e

me/ Al av? (B-5)
b. The a-c potential perturbation method of Sloane and MacGregor(Zg)

In the following, ion current saturation is assumed.

If a small a-c potential is superimposed on the d-c probe
potential, then the d-c probe current increases by an amount pro-
portional to the second derivative of the probe current with respect
to the relative probe voltage V.

This can be shown as follows:

If the probe voltage is:

Vp = V+v (B-6)
where V is the d-c probe voltage -

v = V0 cos wt is the a-c probe voltage 3 (B-7)
and Vo <V d

then by expanding the probe electron current in the Taylor series, we

have:

2 .
I, =1(V,) = I(Vv) = I(V) + vI(V) + St (V) + --- (B-8)

where I is the total current with a-c potential perturbation and I(V)

is the total current without a~c perturbation. Substituting v= Vocos wt

into (B-8), we get:
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VO2 " V;L et
I, = L(V) + =2 17(V) + S T(V) + -

+ [odd derivatives of I]cos wt

+ [even derivatives of I]cos 2 wt a-c probe current

+ o---

2
v
For sufficiently small V_ such that I'>> —1-(-8— I"'", the d-c probe

current is:

\% 2

vy + - 4L (B-9)

1 2
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APPENDIX C

Derivation of the orbital motion limited ion current collected by a

cylindrical probe

The absorption radius is evaluated from conserving the ion

angular momentum and energy:

U = Cc-1
P TV ( )

ImuU =1im, v° - eV (C-2)

where p is the absorption radius, U is the flow speed far away from
the probe, rp is the probe radius, v is the tangential velocity with

which the ion hits the probe, and V is the relative probe potential

equal to d)pl - d)pr'

Solving for p from Equations C-1 and C-2:
1

2
p =T <1 + -5 v 2> (C-3)
p %mU

The current collected by the probe is
I = NeUA

where A is now the projected area of the probe which is enlarged by

the absorption radius:
‘A = 2pL , (C-5)

where L is the length of the probe,

Hence from equations C-3 to C-5, we find



26,94

Ze((b ]

I = NeUAp[l + (C-6)

where Ap =2 rpL is the projected area of the probe.
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APPENDIX D

Computation of the Guard Length for the parallel-to-flow collector

Consider a one-dimensional model in which the x and y
coordinates are parallel and perpendicular, respectively, to the flow.

At the sheath edge, the velocity normal to the collector surface

is
€%
viy) = [— (D-1)
i
kT
where (bo =1 ee is assumed (Bohm's sheath criterion).

Inside the sheath, the normal velocity is:

v(y) =J%?' sy <y O>0, (D-2)

1

Hence the trajectory of a particle is given by:

dy _ v _ [2e_ 4 i
dx U‘«/ . ¢ (D-3)

The integrated plasma-sheath equation for Maxwellian electrons

and space charge limited flow (i. €. S_Ch‘ > supplies a relation

=0
(23¥):¢=¢o

for (bas a function of y (ref, Bohm

1
% = zJIE::- d)o% {(ﬁ-1>+%;1(-[e"((§‘1)-1]}3 (D-4)

where
¢ = —Q— = 1
o
ey _ |
X = jgf; z 3



-71-

and €, is the permittivity of vacuum.

Note that the space charge limited flow condition contradicts

the sheath criterion, But it is used by Bohm as an approximate

boundary condition,

Multiplying (D-3) and (D-4), inverting, and using the definitions:

2
Ne _ .
—m wp. ion plasma frequency
o 1 i
kT
e . .
— = a, ion acoustic speed
m, i
!
= = )‘D Debye length
Py
3
a = M mach number

we get the equation

3 1 _
X - 27Pe. P, %017 (D-6)
ox ., L
where X = ip M

and F(¢,x) = {»/5_- 1 +-21§(-[e-X(§'1)_1]}%

The boundary condition for equation (D-6) is obtained as

follows: When the particle has traversed the guard length in the flow

direction, it should have dropped to the collector surfaece, which is
at the wall {or collector) potential. Hence the boundary condition:

when ¢ = Qwa.ll ’ X= XGuard Length (D-7)
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The integration of equation (D-6) under the boundary condition
(D-7) is carried out on the computer, The actual computation is done
backwards by starting from X = 0 with ¢ = Qwa.ll’ and terminating the
numerical integration when ¢ = 1,05, The absolute value of X at the

termination point is taken to be the normalized guard length.
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APPENDIX E

Mean Free Paths and Characteristic Times of the Plasma Beam

With a background pressure of 10-5 Torr and room tempera-

ture of 300°K, the neutral particle number density is:

- P _ 17, -3 )
Nn = %T ° 3.21 X 10" '(m 7) (E-1)
For kTe = 0.2(eV), assuming the electrons are Maxwellian,

the most probable speed of the electrons is

2kT %

_ €
g, = ()

. 2.65 x 10° (m/s) (E-2)
e

1]

2

Using QM = 0.3 x10° 0 (m?‘) as a collision cross section for

(

Argon, 48) the electron-neutral collision frequency is:

_ 2 -1
Ven = Nn Qm g = 2.55 X 10” (sec ") (E-3)

the electron-neutral mean free path is:

Aen = 1/(Nan) = 1.04X103(m) (E-4)

The Debye length for kTe = 0,2 (eV) and electron (or ion)
number density N =5 X 107(1/cc) is:
e kT, %

Ap = ( )
D Ne2

= 0,47 (mm) (E-5)

The impact parameter for a 90°-deflection of Coulomb collision
is:

p, = —S—— = 2.69x10 m) (E-6)
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hence the Coulomb logarithm is
(&n(XD/pc) = 12.64 , (E-T)
Using the definition:

e ;i\ /pc)

41r€2m2
o e

the electron-ion collision mean free time is:

3
(3k T /m )* _
o= e € - 4.53x10 °(sec) (E-8)
e1 1.43 N ®

the electron-ion mean free path is:

. = ge Tei = 8.58 (m) (E-9)

With v _. = I/Tei one finds from (E-3) and (E-8) that (\)ei/\)en)>>1;
this means that the collisions are predominantly Coulombic. Hence
by definition, the gas is very strongly ionized. In what follows, the
plasma will be considered as fully ionized,

The plasma flow is considered to be ''collisionless,' in the
sense that the collision mean free paths (E-4) and (E-8) are much
larger than the dimension of the body it is flowing past (the current
coil diameter is 11.5 cm); as a matter of fact, the mean free paths
are even much larger than the length of the test section of the plasma
wind tunnel, which is 1(m).

With a flow speed of 104(m/s), the residence time of the plasma

in the test section is:



-75-

TR = L/U = 10-4(sec) (E-10)

%
The equipartition time for ions assumed to be at room tem-

perature, is:

3kT 3kT, 2
2 e i
e“m m, ( + )
o e’ i m_ m,
Teq = i = l.2(sec) (E-11)

0.219Ne ?m()\D/pc)

Comparing (E-10) and (E-11), one concludes that the assump-
tion of thermal electrons and cold ions is valid throughout the test
section, since the equipartition time is many orders of magnitude

larger than the residence time.

If electrons and ions in a plasma are both Maxwellian but at
different temperatures, then the temperatures approach each

other according to the equation:

dTe 1

dt =7 (Ti - Te)
eq

where "req is the characteristic time scale for equipartitionof energy.
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APPENDIX F

Discussion of Some Parameters of the Problem

The interaction parameter (S), defined as the ratio of Lorentz
force to inertial force, is obviously the most important parameter
in the present investigation.

The magnetic Reynolds number (R obtained from Ampeére's

"
law, is a measure of the induced magnetic field compared to the total

magnetic field.(57) From another point of view, R, compares the

M
rate of macroscopic motion of the plasma fluid with the rate of mag-
netic field diffusion. Hence if RMis very small, the magnetic field
diffuses into the plasma in a time much shorter than the character-~
istic time for the motion of the flow field, diffusion is dominant and
an imposed field will hardly be affected by plasma currents. In
lab created plasmas, the magnetic Reynolds numbers are usually
small.

In the absence of an imposed electric field, and neglecting
pressure gradient terms, the steady state generalized Ohm's law
is:

(F-1)

where ¢ is the scalar conductivity, E' is the electric field in a co-
moving frame (i.e. E'= U X B), and H is the Hall parameter, defined
as the ratio of electron cyclotron frequency to electron-ion collision
frequency. Using the fact from equation (F-1) that the end point of
the J vector always lies on a sphere whose south pole coincides with

the origin and its north pole with the end point of 0 E', one can easily
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see that J scales like oU B for small values of H, and J scales like

%:I 0 UB for large values of H.

|3 x B
Since S = ~ J B % (F-2)
lpu.vul U
b (*)
- — uJ L
and Ry, = ~ (F-3)
Mo Bl i

where L is a characteristic length scale of the plasma, we note
that as the collision frequency decreases (all other variables fixed),
H becomes very large, and hence J becomes very small. Hence,
unless L is sufficiently large (e.g. astrophysical case), S and RM
would tend to zero in the collisionless limit. Therefore, since L
is usually small in laboratory situations, the one-fluid model is not
a suitable approximation for the description of collisionless lab

plasmas.

(*) B = B + b, where B = impose field, b = induced field.
= 2o T2 Zo =

From Ampere's law: ¥ X b = uJ, henceb~puJL.
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APPENDIX G

Particle Equations of Motion

The Lagrangian of a charged particle in an electromagnetic

field is:
1 2
L = z7mu -q®% +qu.A (G-1)

where u is the velocity vector, m is the mass and q is the charge
of the particle. & is the electric potential due to charge separation
of electrons and ions and A is the vector potential of the magnetic
field.

Using cylindrical coordinates, and assuming azimuthal sym-
metry (i. e, 8—8(5 = 0) for the electromagnetic fields, the Lagrangian

becomes:

L =% rn(f'2 + 22 + rZCbZ) -qd(z,r)+qrd Acp(z’ r) . (G-2)

The equations of motion in the z and r directions are readily

obtained from the Euler-Lagrange differential equations,

0A
d (9L, _ 9L : % _ | 0 _
From =¢ (az. ) = 5, » noting that 5y -~ E,and 5= = - B_.
we get:
L . 4E, -, B, (G-3)
Mg T g T Pl
4 AL, _ AL _ . 02 _ 1a _
From Ef(g;) = 55, Doting that 5 = Er and po (r Acp) =B_,
we get: 2
mgj— = mligo_ +q(E_+u_B) (G-4)
dt r r p Tz °

In the ¢p-direction, we obtain an integral of motion because
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the Lagrangian is not a function of ¢, hence % = 0, and the Euler-

Lagrange equation becomes:

ALy _

4

0 (G-5)
Assuming the constant of integration of (G-5) to be zero, i.e. particle
has no swirl velocity (r @) when there is no magnetic field, then

from mrzcb + qr Acp = 0, we get:

gaA
ucp = - ——-—n‘l—C& (G'é)

If one favors the differential form instead of an integral of

motion, equation (28) (ref. IV.Z2.3) can be easily recovered from

(G-5) by writing it out in detail and noting that:

d _ 8 dz_ 98 dr _ 8 K3 i
I "Bz at Ter at - Y29z tYr o (G-7)
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APPENDIX H

The Magnetic Field of a Circular Current Loop

*
Using the expression given by Lamb,(sg) the vector potential

of a circular current loop, normalized by R BO/Z (ref. IV.2.4) is

Acp = y/r (H-1)
with Vo= e, (KX)-EX)] (H-2)
where rl2 = z2 + (r-l)2

rz2 = z2 + (r+1)2

X = (rz-rl)/(r2+r1)
and K, E are the complete elliptic integrals of the first

and second kind.

Since Bz = (v XACP)Z = = + 57 - T or (H-3)
0A
_ - - . _ _1 9y -
and Br = (VXACP)r = 52 = = 3z (H-4)

it is necessary to evaluate 8Vy/dr and 8Vy/9z. Carrying out the

differentiations, one obtains:

r
B_ = % T, {(r ) [K(X)-E(X) +E (X)X (x> 2rX+l) }
(H-5)
1 5175 14+ %
B = = r—rlTZEqX)- - E(X)] (H-6)

The expression given by I.amb is the stream function V of a circular
line vortex. Because of the difference of his definition of ¥V and the
definition of the vector potential B = VX A, the expression for the
vector potential is A = Vy/r.



For very small r, i.e. for values near the axis,
Br are obtained from Jackson,

nates and normalized according to IV. 2, 4, they are:

r<<1:

]
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(60)

0.5R

/2

(1+z%4r2+2r)>

2+(Zzz-r2) +r

2(1+z2+r2+2r)5/2

1.5 zr
(1 +z2+r2+2r)5

[2

Acp'

B and
4

rewritten in cylindrical coordi-
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APPENDIX I

Derivation of the Turbulent Collision Term

Using a statistical approach, we start with the Boltzmann-
Vlasov (i. e. collisionless) equation (steady state is assumed without

loss of generality):

of qa. o _ ' -
Vege * o (E+YXB)og = 0 (I-1)

where f{ is the species velocity distribution function, q is the charge
and m is the mass of the species particle, and E, B are the electric
and magnetic fields which satisfy the self-consistent Maxwell equa-
tions, Defining f to consist of an ensemble averaged* quantity and a
quantity which fluctuates about the average, likewise for E and B,

we get:

f = f+f£, E = E+E, B =

jwl

+ B (1-2)

Substituting (I-2) in (I-1), ensemble averaging the equation, we

get:

9 (F §), 9L - (2L
+ L E rrxB). g = (5 (1-3)

turb. coll.

BeEd

V.

where the turbulent collision term is defined as:

_a_f_ - - 9. 1 _Q_f_l
Ge) = " EHrXB)gy (1-4)

The turbulence is assumed to be stationary, the ensemble average
of a quantity is defined as:

oy T/2
g = Hm

T oo f-T/z Qdt .
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The turbulent collision term is different from its classical counter-
part in that it allows for momentum and energy transfer back and
forth between the fluctuating wave field and the average particle dis-
tribution, therefore it does not conserve the local momentum and
energy density of the plasma particles; another important property of
(%t:) is that it does not cause the plasma to relax to a Maxwellian
distrti.b(:tion, as does a classical collision term.(55)
Momentum equations, generated from taking moments uf first

order in velocity of the "turbulent' Boltzmann-Vlasov equation result

in the following:

: _ .0
3%, Nmu; )= - 5r Py

J : j + Nq(Ei + ei. u. B

ji %5 Prc
+ [II3) mv dy (1-5)
t.c.
where N, u and pij are the mean density, mean velocity and mean
pressure tensor obtained from f.

The last term on the right hand side of (I-5) is clearly the
"friction' term due to turbulence. It can be readily shown in a formal
manner that the electrons are scattered by the turbulent wave field
more than ions are because of its small mass (recall rni/rne =73, 000
for argon plasma), so that to a first approximation, the friction term
is only important in the electron momentum equations.

The turbulent friction term can be further evaluated. Under

the following assumptions:
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i) E' and B' are not functions of velocity space v.
ii) f' is isotropic

ijii) lim ' =0 and lim v£f'=0
V.~ v

it can be shown that:

I

m v, dv = -q(n'E' + Nu'XB"') ‘ (I-6)
t. c.

The simplest turbulent model to use is the ''resistive dissi-

(

pation'' model >3) (subscripts denote electrons or ions):

of
[T (=5 ) mydy = - V) (-7)

where V is an effective '"turbulent collision frequency."
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APPENDIX J

A Posteriori Justification of the Small R, , Assumption

M
From the problem under consideration, the only currents are

those due to the swirl of electrons:

Joo = - 2 -
P = Ne(uicp uet‘p) =-Ne Yo (J-1)

since wu.._/u << 1,

10" e®

The induced field has a vector potential acp that satisfies

2 -y _
Vay = -k, (3-2)

where U is the permeability of vacuum.

Since Yo has its largest value in the collisionless case
(i. e. no turbulent friction), an upper bound of uecpis given by (ref.
G-6):
A
u = - P
e m (J-3)

where Acp is the vector potential of the applied magnetic field.

From (J-2), using (J-3) and (J-1), one obtains

where R is the length scale of the experiment (coil radius).

Hence from the definition of the magnetic Reynolds number,

one obtains:

oo bl _ 20 _ur®Ne 7-4)
M A m

i |B| ) P e



LRG

With X = 5. 78 cini’ s8d | W = 5% 107 Jea

3 B
Ry = 5.8 %10

Hence the assumption that the induced field can be neglected compared

to theimposed fieldinIV.2.2 (iv) is justified.
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FIELD ON THE PROBE CHARACTERISTIC



gap width 0.05 mm
S.S. Guord ‘Teflon Brass Brass  filled with vacuum epoxy

elon /////% collar tube

L

Tungsten S S { Og
collector N
(1.5 mm¢)—/ |

1.7 0.D. Coax tube # 22 Teflon- Tungsten wire

O 5 '0,"‘"‘ coated wire (0.125mm @)

DETAILS OF PRCOEE CONSTRUCTION
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FIG, 2.15 THE HYBRID PROBE
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/(current feedthrough)

Mykroy blockj*

IO turns
of 0.1" @
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FIG, 2,16 SCHEMATIC OF THE CURRENT LOOP
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FIG, 2.17 CALIBRATION OF AXIAL FIELD STRENGTH
OF CURRENT LOOP



Data 36
Probe position:

SIS

N.F. OFF N.F. ON
D —_— z2=25cm, r=0
a &,=50V ® oy=50V | I (nA)
b 60V ® eov | A
c ov | @ 7ov | 6f d ¢ p
= a
d 80V (Gue=tv) ||
2 .
30 -25 -20 -I5 ~-10 -5 ol 20 25 &
1 1 1 1 1 1 w | 7 ] ] i »@pr(v)
] 4"‘/
— oL y
J
—
-4""
-6L

FI1G. 3.1 EFFECT OF NEUTRALIZER FILAMENT ON PROBE CHARACTERISTIC



®, =60V @
65 b
70 c
75 d
80 e
85 f
90 g
95 no beam

Data 33-3(8)-(9): CPN.F.: 21V

Probe position: z=25cm

FIG. 3.2a CONDITION FOR "OPTIMUM'"PLASMA BEAM: (@A-QD < QN. F.)

16

r(cm)

QN.F‘.

=21V

 NeoNoRogya

80 g
85 no beam
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O = 0
(nLA)
-2 e -2
f
14 g 44
46 &,y = 40V -6
P, =60V a , D, =40V a
65 b | 45 b
70 c \ 8 50 c 8 .
75 d 55 d -
80 e 10 60 e 1o ¢
85 f 65 f
90 g 12 70 g |2
95 h ‘ 75 h
100 i | 80 i !
105 no beam ' 85 no beam 4
. _ 116 16
Data 34-1: CDN_F_-BIV | I
Probe position: z =25¢
robe positt m r{cm) r{cm)
FIG. 3.2b CONDITION FOR "OPTIMUM' PLASMA BEAM: (? ,-¢ <8¢ o =)
$ = 31V T

N. F.



Data 38-3
¢>D =40V
@A '-'GOV
CDN.F.= 24V
Probe position :
2=26cm, r=0

-30 -25 -20 -5 -10 -p 5 10

1 LT r n 1 x
Icr=16A
17.5A
19A
2iA

FIG. 3,3 EFFECT OF NEUTRALIZE

FLOATING POTENT

IAL (VARIABLE CATI

R FILAMENT BIAS ON
IODE FILAMENT CURRENT)
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ch.F.:—O‘S 5 10 I5 20 25 30

Data 30
Probe position :
2=25¢m, r=0

021~

L _J

! l 1 1 ! | ! 1 | 1 | 1 ! de,

£
-30 -25 -20 -5 -0 -5 0 5 10 15 20 25 30 (V)

FIG, 3,4 EFFECT OF NEUTRALIZER FILAMENT BIAS
ON FLOATING POTENTIAL (VARIABLE @N F )
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I,(uA)
A Data 34-1(1)~(4) Probe position:
4.0F Dy =31V z=25cm, r=0
®. =0(grounded)
3.51 G ‘_____‘,____—-4———‘
3.0F ‘_—--—0""""_'—'0
‘ .= 40V O
2.5¢ D 50V A
60V e
2.0 70V A
l'SO/O/O/O
3/2
400 500 600 700 800 900 1000 P4
¢ T L T T T 1 -
60 70 80 90 100 @, (V)
I, (A) A
|.6F
®,=40V ©
1.5k 50V a
60V e
.41
L3 Data 33-3(5)-(7)
cI:’N.F.z 2lv
.2k P = O (grounded)
ik Probe position:
z=25¢m, r=0
1.0+
0.9+
3/2
0.8-300 400 500 600 700 Dy
1 T 1 T i I 1 1 T P~
50 60 70 80 B, (V)

FIG, 3.5 EFFECT OF SOURCE ANODE POTENTIAL

ON BEAM ION CURRENT
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B, (Gauss)
A
14A
35
I2A
30
I0A
25
8A
20
5L 6A
4A
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3A
1A \ ‘
e 1 1 1 e
°C Te o 0. 20k 30 a0 zem

Model position

FIG, 3.6 AXIAL FIELD OF THE CONFINING MAGNET
IN THE TEST SECTION
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r(cm) |

4 | Data 27-(1)1-5
10} ®p = 60V

| @, = 80V
8. ®y £ 5206V
6 Ip = 3A

I
4(;13) 1

Fi1G. 3,7 RADIAL PROFILES OF PROBE ION CURRENT
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1/ﬁo(orbitrory units)
A

Data 27=(1)1-5

B ¢D =60V
o, =80V
n cDN.F.: 20.6V

I, =3A

/
] ] 1 1 1 | | z

0 ' >
-0t o 0 20 30 40 50 60 70 (cm)

4
0 FIG. 3.8 DETERMINATION OF EFFECTIVE
ORIGIN OF SOURCE-LIKE FLOW




I_L[(z-zo)z+ r2] (arbitrary units)
) Data 27-(1)
z{cm)= 10
15
20
25
30
40
50
60
70

d O m D> e O » O

-g2I-

FIG. 3,9 SOURCE-LIKE NATURE OF FLOW



o®l Data 27-(1)

é ) z(ecm) = 10 o

® 0
A ¢ 15 A
'y % 20 O
25 ®
s 0751 2 30 A
A 8 40 ]
50 o
3 P 60 o

A 0.50¢} %Y
o %
iy S
o °® 0.25+ D’

A, © =
r/rH.W r/rH.W.
! 1 1 L
=2 l 0 | 2

FIG, 3.10 "SIMILARITY'" OF PROFILES
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70V 80V 90V

@, =55V 60V
f \\\\ e

-L21-

1l Flat guarded probe
Probe position z2=24(cm), 8=90°

FIG, 3.11 EFFECT OF ANODE POTENTIAL ON BEAM SPREAD
AND BLOCKING EFFECT OF MODEL
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MAM (M=) kTe~0.2eV
16 !
E xperiment:
-7 75V =n
o|4_' ¢A= 65V A
57TV e
-8
J2-
J0-+10
Source condition:
o8- <I>D(V) @N_E(V) <I>A(V)
60 31 90 o
s 60 24 80 O
60 24 75
06+ 60 24 70 a
60 24 65 a
-20 60 24 60 v
044 57 24 57 o
57 249 55 ¢
.02_‘ 50 = "l HW(Cm)
- ¢ =2 tan _—28(cm)
014100
¢ (degrees)
O i 1 I i »
0 5 10 15 20

FIG. 3,12 BEAM SPREAD vs, MACH NUMBER




Radial Profiles of Flat Guarded Probe

20013R \ \ \3R \4R \

BO= 21.8 Gauss

Dota TN-9-8: 84 =80V @p=60V &yp=24V Icg=1254 g0 07" "

Radial Profiles of Thin-Wire Probe

-621-

75018 ﬁ\/\\ \ N\ \ )

7R
FIG. 3.13 EFFECT OF THE MAGNETIC FIELD ON THE WAKE PROFILES



Data 41-2-1 @,=80V &;=60V &y = 24V

BO= 10.9 Gauss
Bo'-' o -—-———-—-

Radial Profiles of Flat Guarded Probe (A;=18.8 mm2)

25
Y W 27

) Model
r position

(Z=0+—=2z=235cm)

FI1G, 3.14 UFSTREAM PROFILES
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FIG. 3.15a "PINCH" EFFECT IN THE NEAR WAKE (M =
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FIG. 3.15b POSITION OF THE ION DENSITY "PEAK" (M = 10, 35)
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FIG. 3.16b POSITION OF THE ION DENSITY "PEAK'" (M = 9, 35)
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FIG. 3.17a "PINCH" EFFECT IN THE NEAR WAKE (M = 8,25)
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FIG. 3.17b POSITION OF THE ION DENSITY "PEAK" (M = 8, 25)



Data II-3 ©,=80V &5=60V &y =24V
Bp=10.9 Gauss

Radial Profiles of Thin-Wire Probe

Z2=0.7(cm)

Nozzle Aperture : 0.5cmd@

BO= O

T S e amnat
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/

N
\\
\
A
/

10

12
(cm)

-~ g

AN

8.7 20.7

12.7 4.7 16.7
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FIG, 3.18 WAKE OF A NARROW BEAM (NO BLOCKING)
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FIG, 4.2a COMPUTER PLOT OF ION TRAJECTORIES
("RESISTIVE DISSIPATION'" MODEL, F IS CONSTANT)
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RADIAL
0.N0U  0.€00  0.803°  1.000 1.200 1.400 1.600 1.800  2.000
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0.0

FIG. 4.3b COMPUTER PLOT OF ION CURRENT PROFILES
(B, =0, U= 1,44 x10% m/s)
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IS? (arbitrary units)
Probe Position:Z = 23.5¢cm r =0

Bandwidth: 3.1 kHz

Ig = Variable Amps

Source Condition: &, = 80V
On = 24V

-Sp1-

FIG. 4.5 SPECTRUM OF RMS FLUCTUATING PROBE CURRENTS
(VARIABLE MAGNITIC FIELD)



éﬁ? (arbitrary units)

Probe Position: Z=0.13 = variable
Bandwidth: 3.1 kHz
Ig= 20A
Source Condition: &, = 80V
&y, = 60V
Oy fF = 24V

—s T

Probe Position: Z = variable r=0
Bandwidth: 3.1 kHz

Ig= 20A

Source Condition: @, = 80V
®p =60V
O\ f = 24V

- >
0 50 100 150 200 250 300 KkHz
FIG, 4.6 SPECTRUM OF RMS FLUCTUATING PROBX CURRLENTS
a, VARIABLE RADIAL PROBI POSITION
b, VARIABLE AXIAL PROBE POSITION
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