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58.RelationsBetweenAerodynamicsandMagnetohydrodynamics
By Adolf Busemann

SUMMARY

Although aerodynamics is approaching a state of

perfection, at least in connection with turbulence, some

important parts have not been completed. For ex-

ample, magnetohydrodynamlcs, or the combination of

aerodynamics and electromagnetic forces In electrically

conductive fluids or ionized gases (called plasma), is

a rather young science. Interesting results for techni-

cal or for astronomical application are known, but

many controversies are still going on. One of the

more obvious reasons that some of the results touch

on a new version of very old problems is seen in the

fact that under equal conditions, hydrodynamic forces

and magnetic forces have opposite sign and thus re-

verse the situation when the magnetic field strength

becomes predominant.

INTRODUCTION

The main objective of the presentations on

plasma physics and magqmtohydrodynamics is
to demonstrate its importance for its proper
placement within the university curriculum.
To a certain extent this new subject is an out-
growth of aerodynamics, which has been de-
veloping to maturity not only since before man

began to fly but also as the range of flying
speeds has been extended throughout the sub-
sonic and transonic range to supersonic or even

hypersonic velocities. When I started my
career with supersonic speeds, this speed regime
could still be regarded as a quiet corner of
purely academic interest where motivation and

satisfaction rely on scientific curiosity and ac-
complishment. It may be forgotten under the
glamour added by progress in aeronautics that
there was enough incentive and that there were
enough natural difficulties in this part of the
continuum of mechanics to create a frontier

spirit among those early workers on this sub-

ject. While we are entering space in the eter-

nal demand to increase the speed of human

transportqtion, the prospect of leaving the air

and traveling through vacuum could be taken
as the turning of the tide against aeronautics
in retaliation for her murder of other means of

transportation during the time that air travel
was on the rise.

Space, however, is still not empty. The upper

atmosphere under the sun's direct radiation is
ionized and forms layers that change from day
to night and are detected by the reflection of
radio waves. Farther out, the universe is not
empty either. It is filled with ionized particles
that sometimes become passively entangled in

magnetic fields, sometimes actively create them,
and sometimes pull them along. This concept
of the space environment not only is part of
modern astronomy, but its development indi-
cates one of the early nuclei around which a

large portion of today's magnetohydrodynam-
ics grew. The particle densities and the mag-
netic-field intensities are, of course, small com-
pared with those on the earth's surface. Still,
having no stronger competitors, their drag de-
serves first importance for extended space
travel. With regard to the future of mag-
netohydrodynamics from this angle alone, the
applicability to engineering which aerodynam-

ics possessed in such a high degTee as part of
man's early dream of flying seems to fade out
in the thin air. Combining its efforts with
electromagnetism, however, aerodynamics is
also engaged in making a greater dream of man-
kind a reality, the dream of tapping the very
sources of energy which drive our universe. A
great deal of research is directed toward devel-

oping the "fusion" engine, a kind of atomic

diesel engine, in which a mixture is compressed

beyond its threshold of stability and fuses into

new products while a large energy differential

derived from the combination process is being

released. Ordinary materials cannot be used
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PLASMA PHYSICS AND MAGNETOHYDRODYNAMIC$

to confine and compress these mixtures because

they are unable to withstand the high tempera-

tures involved. Therefore, only mag_netic fields
seem to be able to serve as the actual walls for

confining, compressing, and ducting the mix-

tures although the problem remains of cooling

the electric conductors, the backbones of mag-

netic fields. Magnetic fields have to be trained

to accomplish the task of initiating the fusion,

and they are the first ones present during the

extraction of the energ T during the expansion

and have to transmit the energies to the proper
destination.

In a problem of such dimensions, there is no

doubt that frontier spirit in combination with

glamour will remain for quite a while. All

nostalgic feelings of aerodynamicists who see

their field of research growing up to maturity

or completion are premature; there will be in

magnetohydrodynamics a second generation of

researchers working in a similar way on similar

problems and extending again the opportunities

for a balanced theoretical and experimental ap-

proach that they learned to appreciate and that,

in turn, fomned their thinking.

In the belief that progress goes hand in hand

with thorough understanding, regardless of

how little may be accomplished at the begin-
ning, and that experimental verification is

needed to provide assurance of a proper ap-
proach, half of this session will be devoted to

the theoretical, academical, or pedagogical as-

pect of the subject and the other half to the

practical problems in a short survey. Since

mag_etohydrodynamic theory is such a c_)mpli-

eated and extensive subject, not even the funda-

mentals can be covered in a paper of this

length. The purpose here is to display the
many facets of this new subject and to give
cross-connections to more familiar results in

order to show some of the life hidden under-

neath its surface.

SYMBOLS

Bo nmgnetic field strength
F force
F, hydrodynamic force
F,_ magnetic force
I electric current
V flow velocity
v wave speed
g permeability

p density

F circulation

HISTORY OF AERODYNAMICS AND

ELECTRODYNAMICS

_o one can predict the future of a new branch

of science nor the time it will take to grow to

maturity. There is no better example for learn-

ing this lesson than to compare the history of

aerodynamics and electrodynamics. Wind and

water are easily noticed with our own senses.

Their capacity to work for mankind by driving

mills and sailboats is ancient knowledge. Still,

aerodynamics was not completely developed as

a reasonable science prior to early flight. It

more or less accompanied, with mutual support,

the development of flight within the last 50

years.

Electric and magnetic fields are, as such, in-

visible and they did not reveal tile electro-

dynamic forces much earlier than I8'20 when

Oersted discovered them. About 50 years later,
iu 1873, Maxwell was able to complete the elec-

tromagnetic-field theory in a form ready to give

useful results. Not only is the short time re-

markable, but also the fact, that scientists of

that time borrowed hydrodynamic pictures to

interpret their invisible fields until electro-

dynamics ]earned to stand on its own feet and

abandoned the attempt to call itself hydro-

dynamics of the ether.

Many aspects of electricity, for instance elec-
tronics and semiconductors, came much later

and ]lad a fantastic gTowth by themselves.

Ionization, although one of the older branches

dating from electrostatic thnes in Geissler tubes,

needed further study and required a higher vac-

uum to simplify confusing findings. Occupied

with such investigations of ionized gases in the

General Electric Research Laboratory in Sche-

nectady, h'_dng Langmuir in 19')8 found it nec-

essary to distin_fish rather sharl)ly between two

fundamentally different stales. IIe gave names

to these extreme states by saying: "Except near

the electrodes, where there are sheaths contain-

ing very few electrons, the ionized gas contains

ions and electrons in about equal numbers so

that the resultant space charge is very small.

We shall use the name pl,._m_ to describe this

region containing balanced charges of ions and

electrons." (See ref. 1_ p. 1i.).)
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Plasma and sheaths are, since that time, seen

as separable parts rather than extreme states on
either end of a natural transient. In about the

same manner, Ludwig Prandtl in 1904 mastered

the basic problem of hydrodynamics of low fric-

tion by distinguishing between what he called

the friction layer at the body walls---it became

famous under the name boundary layer--and

the potential flow farther out. Langmuir's

name plasma for the ionized-gas state of bal-

anced charges has been adopted for the whole

science and it is not always contrasted with the

sheaths on the electrodes. Contrary to that first

distinction, it is now permissible to say that a

Mercury spacecraft surrounds itself with a

plasma sheath during its reentry into the earth's

atmosphere. Its effect on radio communication

need not be mentioned since the prolonged re-

entry of Astronaut Scott Carpenter in the MA-7

spacecraft, is well remembered because this miss-

ing communication created, at least for the

public, many minutes of uncertainty about his

landing. Plasma is now used to designate a
further state of matter, beyond solid, liq_fid, or

gaseous, when temperatures are high enough
to ionize the molecules or when density is low

enough to prevent ions and electrons from re-

combining in triple collisions. It has been spec-

ulated that more than 90 percent of all matter

in the universe is in this new plasma state.

Magnetohydrodynamics as a name does not

indicate its relation to plasmas but rather its

applications for stirring molten metals or for
pumping mercury or other electrically conduc-

tive liquids. However, incompressibility is not

considered necessary for use of the term.

Plasma physics is almost synonymous with mag-

netohydrodynamics. Different names are also

created, and sometimes preferred, when it is felt

that magnetohydrodynamics emphasizes either

incompressibility or the presence of magnetic

fields too much. Examples of such names are

magnetoaerodynamics, magnetofluid-dynamics,

and electrofluid-dynam[cs.

in many books concerned with only one of these

two subjects.
In an idealized fluid, one must deal with point

sing_flarities in sinks and sources as well as with

line si_gularities of the vortex type. Magnetic

fields also have point singularities, such as north

and south poles, as well as line singularities of

the vortex type if the line is a conductor of elec-

tric currents. Both types of singularities are

in complete analo_o_- with respect, to the field

structure and with respect to being indicative

of forces exerted by the fields. With all this

analogy and the additional information that the

energ_y in flow fields and magnetic fields is posi-

tive and proportional to the square of the field

intensity, it comes as a shock when one learns
that the forces are, in both cases, equal except

for a systematic reversal of the sign. An attrac-

tion force changes to a repulsion force and vice
versa. If the forces were made to build up field

energy when a north pole is removed from a

south pole, the force has to be an attraction
force. If a vortex is removed from one of op-

posite circulation while building up the velocity
field, the sign has to be an attraction again.

But it seems tlmt there are responsible forces

which really cooperate in the formation of field

energy. Then there are irresponsible forces do-

ing just the opposite from what is needed and

thus, exactly speaking, introducing a doubled
difference for someone to resolve. The amus-

ing part of the problem is that neither the hy-

drodynamic nor the electrodynamic forces are

responsible altogether, but that each field has

one kind of singlflarity that is responsible and
another one that is irresponsible in dealing with

the field energy. As figure 58-1 shows for point

.........1"-
REACTIONS ON SINGULARITIES

In the historical introduction contrasting

slow and rapid development of hydrodynamics

with electrodynamics, some of the striking dif-

ferences between the two fields were not speci-

fied. Neither are these differences pointed out

F FORCES BALANCING FIELD ENERGY

+F REACTION IN MAGNETISM

-F REACTION IN HYDRODYNAMICS

(SPONSOR= PUMPS TO MAINTAIN SOURCE STRENGTH)

FIGURE 58-1.--Forces between point singularities

(poles of opposite sign).
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singularities, it is the magaaetic pole which has

the proper sign; the hydrodynamic sinks and

sources rely on pumps to maintain the source

strength against nonsteady pressure differences

accompanying the movements of sinks and

sources. Figure 58-9 shows that in the case

of line singallarities, the fluid vortices have re-

sponsible forces--the basic elements of airfoil

theory--whereas the magnetic vm_ices have ir-

responsible forces and rely on induced electro-

motive forces against the electric currents flow-

ing in the vortex core to sponsor the doubled

amount of rote.sing field energy.

F FORCES BALANCING FIELD ENERGY

+F REACTION IN HYDRODYNAMICS

-F REACTION IN MAGNETISM

(SPONSOR; BATTERIES TO MAINTAIN CURRENT STRENGTH)

FIaUR_. 58--2.--Forces between line singularities (vor-

tices of opposite sign).

It may seem for the student rather a nuisance

that his memory rules for forces on singularities

get hoplessly mixed up when he enters the sec-

ond field after acquaintance with the first one.

The physics of the combined hydrodynamic and

ma_mtic vortices around the same core, how-

ever, takes advantage of the reversed sigals for
the creation of free vortices. These combina-

tions have identical velocity and magnetic fields

and lose the expected resulting force by com-

pensating the hydrodynamic force with the

magamtic field force.

LIMIT OF INFINITE CONDUCTIVITY

In order to set the stage for an easy applica-

tion of this field combination, the two com-

ponents must first be brought to a more

comparable state of idealization. The fluid for

simple vortex laws has to be of vanishing viscos-

ity. The ma_letie field in which currents are

representing the magnetic vortices would show

equally reduced dissipations if one goes to the

]imit of infinite conductivity or vanishing resis-

tivity in the plasma. For ordinary fluids, this

requirement applies to the opposite end of the

conductivity scale since these fluids really are of

very moderate conductivity. As concerns ap-

plications for plasmas so hot that ordinary
materials cannot be used as confinement walls,

it is indeed reasonable to say that the electrical

conductivity may be near infinity. Plasma in

the universe will also have high values of elec-

trical conductivity in many astronomical appli-

cations and the limit of infinite conductivity

can well serve as first approximation.

Any fluid moving through a magnetic field
creates electric induction wherever it crosses

magnetic lines. Infinite conductivity raises

currents so large with any small amount of in-

duction that the new magnetic field superim-

posed on the original one by the presence of the

new currents is of the same order as the original

field. It is, therefore, easier to deal with the

total field than with its parts. The total field

is now not allowed to create any induction by

fluid elements crossing magnetic lines. The re-

sult is that the original magnetic lines appear

to follow the fluid. Similarly, the free forces on

the electric currents in the magnetic fields cor-

respond to the magnetic field deformation and

_, therefore, visible without regard to the

electric currents inside the plasma. The limit

of infinite conductivity is such a great simplifi-

cation that everybody takes the magnetic field

itself as being swallowed by the fluid and thus
it has to be distorted with the fluid while exert-

ing its reactions on account of the deformations

directly to the fluid. Such a story is easy to

learn and is for the main part correct.

There are a couple of exceptions connected
with the fact that electric currents have to be

closed. An induction field which driveseleetrie

currents in a one-way sense with no possibility

of returning is not benefited by the infinite con-

ductivity of the fluid. Such a frustrated indue-

tion field permits a certain slip of the magletie

lines through the plasma. It occurs when all

magnetic lines are being replaced by similar

lines while the ma_letic flux is conserved. The

more specific rule for the plasma clinging to

the magnetic lines is, therefore, stated as fol-
lows: All elements once connected with a cer-
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rain ma_letic line remain aIways on a common

line and any ma_letic tube formed by magnetic

liues inside tim fluid has to carry the same flux

for all times. The fluid of infinite conductivity

which swallowed a maD_etic field at birth stays

with this field for life, but the identity of the

lines is not _laranteed.
The confinement of a limited volume of

plasm,_ by the sole presence of a magmetic field
is now not as sure as when the elements were

obliged to cling to the identical ma_letic line.

There are, however, more refined methods

whereby this lack of identity of ma_letic lines

may be overcome. A simple method is to use

the fact that the magnetic flux is conserved. A

plasma originating outside any magmetic field
will, therefor% be trapped between strong fields

as shown in figure 58-3 under confinement (a).

A more sophisticated way of trapping the

plasma is to identify the magnetic lines by their

shape. In a ring of plasma, the regular mag-

netic lines would be circular and concentric to

the axis of the ring. If a special spool around

the ring causesthe magnetic linesto wiggle in a

steady shape so that they miss theirconnection

afterone fullturn, itispossibleto increasethe
dist_mce of miss from the center tothe outside.

Such ma_letic lines make many turns inside the

ring before they ever close. The important part

in this pattern is that there are different knots

in different ma_mtic lines and a family born

on one of them cannot jump to any other one as

a substitute. These magmetic lines are topo-

logically different and that means that they can

be identified by shape.

The problem of confinement is a very good

example of scientific education connected with

plasma physics. There is a gTeat deal of geo-
metrical orientation in our three-dimensional

space that can be learned in this application.

The stability of configurations is another good

exerci_ iz1mechanics of three-dimensional field

PLASMA CLINGING TO MAGNETIC LINE PATTERN
BUT NOT TO THE SAME LINE

CONFINEMENT

(Cl) DIFFERENCE IN FIELD

ST,,RE,__/,_

Z//z-,,\,'--
/: ;TRONG FIELD \

AROUND ZERO FIELD

(b) DIFFERENCE IN FIELD SHAPE

,. _" :., . ,'_.

• ._: _..-. !,

_? .. .'_.-
.:-., .. -:.',. ::::.,

_-1_.-, :- """ _--_-','.:'.! :_,'_:_" i;:::_; _'

TWISTED MAGNETIC LINES

FIC, I'RE 5S-3.--Liml_ of infinite conductivity.
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patterns. Although the education in these dis-

eiplines will remain as time goes on, the fact

that tile confinement problem is not solved yet

has, at the present time, the added attraction of

finding new tricks ill acts of jailbreaking of the

plasma. The fight of human ingenuity against

the eternal laws of nature is still going on.

Reassurance can be gained not only from the

fact that mankind has always won this fight,

but also from the natural examples of good

confinement in astronomy and in the Van Allen
belts around the earth.

FREE MAGNETOHYDRODYNAMIC VORTICES

With reference to the two-dimensional in-

compressible problem of free magnetohydro-

dynamic vortices, a parallel mag'netie field of

the intensity Bo may be assumed to extend far

beyond the region of interest whez_ it. is not af-

fected by the local distortions. The plasma

that is far out plays the role as the identificat ion

service for all the magnetic lines concerned.

Under these conditions, the simple trapping of
plasma by ldentical magnetic lines can be ap-

plied. Before our interest starts, a moving

body may have created a single vortex in its
wake in the same manner as it created a vortex

in pure aerodynamics. This idea gets full

plausibility when one first considers a very

weak magnetic field and a fast start of a body

with a sharp trailing edge as indicated in figure

58-4. No matter how weak we may assume the

magnetic field to be for this purpose, the vortex
left, alone in the fluid of infinite electrical con-

ductivity cannot wind up the magnetic lines of

the given magnetic field Bo forever. The final

Bo

Ftc, l-un 7_-4. Free hydrodynamic vortex with super-
imposed ma_netie field.

state should be an arrangement of magaletic

lines coinciding with steady streamlines around

the vortex. Circular magnetic lines are easily
achieved if an electric current / is assmned

perpendicular to the phme of figure 58-5, corn-

A_LOCKWISE CI1RCULATt(:_NJL_C_WlSj CIRCULhTION]___

Fm(nn 58-5.--.M_lgmetic field 1)atlern,_ (parallel and
eircluatoL'y ).

ing out or going into the plane of this figure.

Any finite current cannot overpower the parallel

magnetic field Bo completely and, therefore,

has a stagnation point some distance from the

location of the current, where circular lines

change to passing lines. Two such configur-

ations are drawn in fi_lre 58-5, one for current

out of the plane and the other for current into

the l)hme. A resting fluid vortex is not able to

show similar lines in tlle pattern of its stream-

lines. If the vortex is pennitted to move,

then two equal steady streamline patterns are

possible as in figure 58-6.

I

z * V AND P ---

i (_ .... -- i_ V

- V AND .-:_'--_-

(V =REL AT1VE FLOW}

FIGI'IIE 58-6.--Steady streamlines (parallel and
circulatory).

There were, however, very valid reasons for

Itehnholtz to postulate that free vortices do

not move with respect to their surrounding

fluid neighl)orhood. The vortex singularity

superimposed to a parallel motion would create

lifting forces whieh a free vode.x could not
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absorb for any length of time. The concept of

a free vortex staying within its original neigh-

boHlood of fluid particles is actually the con-

cept of a force-free singularity, and the

feature to rest within the fluid was the only way

to satisfy this demand. In combinations of

opposing magnetic and hydrodynamic forces,

there is a much larger variety of force-free

superpositions as long as an outside magnetic

field is given. There is even a force-free com-

bination with identical magnetic lines and

steady streamlines if the vortex is allowed to

move with a certain speed parallel to the impos-

ed magnetic field Bo. (Compare fig. 58-5

with fig. 58-6.) Since due to the fixing of a

conventional sign to the direction of the mag-

netic field there is still the choice of matching a

clockwise or an anticlockwise magnetic field

with the anticlockwise circulating vortex, the

same velocity of the vortex may be taken either

up or down the direction of the magnetic field.

A corotating magnetohydrodynamic vortex is

free of a resulting force traveling against the

magnetic fie]d vector. (See fig. 58-7.) A

contrarotat ing free vol_ex has to move with the

magnetic field vector Bo. Actually the condi-
tion that the electric currents have to be closed

will split any fluid vortex into two maHmtohy-

drodynamic free vortices of one-half the cir-

culation strenglh but superimposed with either

a magnetic circulation of the same or the op-

posite sign to tr'wel in opposite directions with

respect to the resting fluid and guided by the

direction of the imposed magnetic field Bo.

ALF V_:N WAVES

The splitting of a former free vortex into

two halves, a corotating and a contrarotating

free ma_letohydrodynamic vortex, opens the

curtain for a play with a foursome of free mag-

netohydrodynamic vortices for the same mag-

netic field strength, having either clockwise or
anticlockwise fluid circulation combined with

either clockwise or anticlockwise ma_mtic cir-

culation. How do they behave with each

other ? The completely reversed ones are either

corotating or contrarotating free vortices.

They are known to move together either against

or with the ma_letic field. The fact that, say,

the corotating vortices walk together does not

indicate that they have the slightest effect on

each other. On the contrary, whatever the

added fluid velocity would try to do, when one

vortex is close to the other one, the added mag-

netic field strength is intended to undo. And

so they walk together in complete disregard of

each other as long as any distribution of coro-

taring free ma_letohydrodynamic vortices is

separated from the contrarotating ones. The

same holds true as long as contrarotating vor-

tices are among themseh'es, the true meaning

of "co" or "contra" being only a magnetic sign

convention in the first place. The constant ve-

locity and the dull neulral stability of any

group of corotating or contrarotating free vor-

tices in separation are best known in an

arrangemeul of il_finltesimal strength along

lines perpendicular to the ma_letic field. (See

fig. 58-8.)

COROTATING CONTRAROTATING

Frn Fh

Bo _ ,,p=.=- Bo _ q

Fh Fm

MOVES WITH -B o MOVES WITH +B o

SIN6ULARITIES: _ _' _ 4----- v=±
'_t _) r'

ALFVEN WAVE

(COROTATING VORTEX LAYERS)

FIGURE 58-7.--Force-free combinations. FI(/VRE 58--8.--Alfv6n waves.
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Such an arrangement represents the shear
wave perpendicular to the magnetic lines and
travels according to its discoverer Alfvdn with

the so-called Alfvdn speed up or down the di-
rection of the given magnetic field.

COMPRESSIBLEPLASMAS

This free movement of the fluid in the shear

wave demonstrates two changes, one for eaeh of
the cooperating sciences. The clinging of
plasma to the ma_letic lines makes their usual
propagation speed, the speed of light, very much
slower. The structure added to the fluid by
being connected to magnetic lines gives rester-

• ing forces to deformations whict_ had none be-
fore. It also adds to the volume changes a new
pressure, the magnetic pressure difference, in
case the compressibility is considered and is not
applied to compressions in the direction of the
ma_letic lines. The plasma enters, with the
help of the ma,o'netie field, the mechanics of a
solid able to resist volume and shape changes

butr with a very obvious anisotropy according
to the line structure of the magnetic field.
Shear and compression waves of the Alfv6n

type, in combination with the acoustic waves,
form a pattern of two waves for every direction
with respect to the magnetic field direction.
Depending upon the strength of the magnetic

field, the given speed of a body moving through

the plasma can be subsonic or supersonic as well

as of either the sub-Alfv6n or super-Alfvt_n

types. At large Alfv6n speed (the body speed

being of the sub-Alfv6n type), the vortices cre-

ated by the body may get ahead of the body and

form the surprising forward wake predicted by

the theory. There are many new flow patterns

possible for the flow past bodies in magnetohy-

drodynamics. The sharp trailing edge, one of

the significant points in subsonic flow for con-

GNETOHYDRODYNAMIC$

trol of lift without large corrections on account
of the viscosity, lost its importance for super-
sonic speeds and is still a controversial factor
concerning its ability to control lift at sub-
Alfvdn speeds when a part of the shed vortices
march ahead of the body instead of staying
behind.

MUTUAL INTERACTIONS OF FREE VORTICES

By separating the two groups of corotating
and contrarotating vortices, a great simplicity
was gained since they ignored each other's pres-
ence within either of these groups. A last re-
mark about what happens when both groups are
together may give reassurance that whatever

has been suppressing the interaction between
the members of each group has doubled the
interest a member of one group takes in a mem-
ber of the other group. The interaction, how-

ever, is complicated by the fact that when two
members of the different groups are left. in the
vicinity of one another for any length of time,
creation of new vorticity of both kinds, the
corotating and the contrarotating, can be ex-
pected. (See ref. 2.) The other speakers will
introduce you to many more items of the mag-
netohydrodynamics and plasma physics field.

Seeing the future with the eyes of the aero-
dynamicist, I should like to conclude that there

is ,_ continuation for almost any phase of pure
aerodynamics, with great rariety already under
study at the very opening of the door to this
combined field. Many problems apparently
solved by a lmrely aerodynamic approach have
to be reconsidered either directly from the be-
ginning or, when higher Alfv6n speeds indicate
the predominance of the ma_letie field
strength, a _llO" may turn into a "yes" when

two partners cooperate who in spite of their

great similarity have opposite ideas about the
sign of forces.
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SUMMARY

The fundamental aspects of the interaction of

plasmas with electric and magnetic fields are treated

through specific examples from actual problems of

research. For instance, the dielectric behaviour of a

plasnm in a strong magnetic field which applies to

capacitive energy storage and Alfv_n waves is dis-

cussed. The equations of motion of electrons and ions

in a plasma including collisions and space charge ef-

fects are unified. The plasnm is treated as a single

fluid with velocity, current, and various transport

properties, such as electrical conduction. The single-

fluid approach is applied to a variety of methods of

steady plasma acceleration and to the acceleration of

ions in a plasma. Collision processes and electrical

conduction are given for fully nnd partit_lly ionized

plasmas with and without a magnetic field. Their

effect on voltage current characteristics of electrical

discharges in the presence of magnetic fields is dis-

cussed for a variety of experiments. Examples of

turbulent electrical conduction are given.
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INTRODUCTION

Textbooks dealing with the fundamentals of

plasmas in magnetic fields draw largely on ex-

amples from thermonuclear fusion problems,

where problems of leakage or diffusion of a

plasma across the confining mag-netic field are

of major concern. Since our major concern is

that of plasma acceleration for which the use of

electric fields crossing magnetic fields is im-

portant, our problems deal frequently with elec-

trical conduction across a magnetic field rather

than with diffusion. In this paper, an attempt

is made to present the fundamentals of plasma

physics up to the latest findings from this

viewpoint. It will turn out that problems of

anomalous, or "turbulent", electrical conduction

across ma_letic fields may be encountered, from

which comparisons may be made with anomal-

ous or "turbulent" diffusion processes across
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magnetic fields which are of prime concern to

the whole field of plasma physics.

The plan of the paper is to obtain a general

picture through a discussion of many specific

examples of plasmas interacting with electric

and magnetic fields. In a broad sense, one can,

however, distinguish between the pure kinetics

and dynamics of such interactions and the

plasma physics of actual electrical discharges in

magnetic fields.

SYMBOLS

An arrow above a symbol indicates a vector quantity.

Quantities are expressed in the rationalized inks system of

units.

magnetic flux density

speed of light,

mean thermal velocity

constants

diffusion coeffi(_ient

b(
)+v. grad( )

substantial derivative,

Debye length

electric field strength

electronic charge

magnetic intensity

current density per unit area

Boltzmann's constant

length

mass

particle density per unit volume

polarization

pressure

collision cross section

radius

displacement

temperature

velocity

turbulent coefficient

geometric factor

permittivity

mean-free path

permeability

density

collision frequency

conductivity

collision time, I/r

cyclotron frequency

x, y, z and r, 8, x refer to directions in Cartesian and

cylindrical coordinates, respectively

c coulomb

D drift

e electron

i ion

L Larmor

n neutral

0 free space

p plasma

i, e ion-electron

i, n ion-neutral

e, n electron-neutral

2. perpendicular to the direction of . . .

turb turbulent

osc oscillations in plasma

Superscript:

f finite electrodes

FUNDAMENTAL DIFFERENCES IN EFFECTS OF

ELECTRIC AND MAGNETIC FIELDS

The plasma contains approximately an equal
number of electrons and ions and is thus on the

whole electrically neutral. The electric field

exerts equal forces on the charged particles

whose directions of motion are, however, op-

posed. These forces cancel and, as a result, an
electric field in itself cannot exert a force on

the plasma as a whole. A magnetic field, on

the other hand, has the quality that when sta-

tionary, it cannot put energy into the plasma
but merely exerts forces on it for which reac-

tions can be measured on the magnetic coils.

Since a magnetic field exerts a force on a

plasma, a moving magnetic field can be expected

to do work on the plasma or put energy into it.

Because, however, it is actually the electric

field which puts energy into the plasma, the

magnetic field will put energy into the plasma

or its motion through the intermediary of an
electric field. It was established experimentally

by Faraday and from a broader point of view

by Maxwell and Einstein that a moving mag-

netic field is equivalent to a combination of sta-

tionary electric and magnetic fields.

h KINETICS AND DYNAMICS OF PLASMAS IN

ELECTRIC AND MAGNETIC FIELDS

Behavior of Electrons and Ions in Constant

Electric and Magnetic Fields

The most fundamental case to be discussed

deals with charged particles accelerated by a
constant electric field in the presence of a

constant magnetic field. The equation of

motion of the charged particle, for example, of

an ion, is then, according to basic texts such as
references 1 to 11:

--)

dv_ _ _ -_ -_
m_ -_----e_te (v,XB) (1)
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The first term on the right-hand side in equation

(1) is the well-known electrostatic force. Since

the magnetic force does not impart energy, it is
--)

normal to the velocity v of the particle and to
___)

tile magnetic field B. In order to absorb the

reaction to the force on the particles, the mag-
-} --_

netie field B has to be deformed. Then, B

designates the deformed field. First, an

even simpler problem is treated. Assume

that after the particle has attained a ve-

locity, the electric field is removed. Then,
--)

dv_ .
m_ -_ Is the centrifugal force which balances the

-_ -4

magnetic force e(v_XB) which, since it is always
normal to the particle velocity, produces a

curvature in particle path without change in its

absolute velocity and kinetic energy. From
this force balance

2

m, v,"-=etv, fB (2)
rL,_

the radius of gyration rL._ (sometimes called

Larmor radius) is obtained as is the angular

frequency _o_=vdrL,_ (sometimes called cyclo-

tron frequency)

rL, _-

eB (3)

The rotation of the negative electrons is op-

posed to that of the positive ions. The di-
rection of rotation is based on fundamental

experimental facts.

Suppose now that the electric field E is im-

posed. The following particle motion results

(fig. 59-1) :

A physical explanation for the particle drift

perpendicular to the electric and ma_letie field

can be given as follows. The electric field ac-

celerates ions and electrons in opposite direc-

tions and, as a result of the force balane% only

energT is put into the system. The positive

ions are attracted by lower or negatire poten-

tial, which would be at the cathode in a dis-

charge, and are accelerated in the direction of

the electric field; whereas, the negative elec-

trons are accelerated in the direction opposed

to the electric field. The ions thus reach their

maximum velocity on top and the electrons on

the bottom. As a result, their Larmor radii

are a maximmn in this region and a minimum on

the opposite side. This behaviour results in a

drift normal to the electric and magnetic fields.

The force exerted by the magmetic field has

thus accelerated both ions and electrons in

one direction normal to the electric field. The

magnetic field has thus converted the energy

input of the electric field, which acts in opposite

directions on the electrons and ions of the plas-

ma, into an unbalanced force in one direction.

While this description gives a good qualita-

tive physical picture, it does not. bring out the

great simplicity of the motion and does not

determine the value of the drift velocity.

When drift velocity is attained, the acceleration
-4 --)

of the particles normal to E and B is zero;
thus

--_ -4

-4 EXB
VD= B_ (4)

-4 -4 E

where for E perpendicular to B, VD=-_" An

observer moving with the drift velocity will
detect no electric field and he will see only

particles circling in the magnetic field.

GYRATION WITHOUT CATHODE
ELECTRIC FIELD

O O.,FT ELOC,TYL' W V- ,NELECTR,CF,ELO
ION (+}

MAGNETIC FIELD 'B '_ELECTRIC FIELD -_

0 y^AA^AAA. U

ELECTRON (-1
ANODE

FI(tVRE 59-1.--Graphical representation of motions of
electrons and ions.

Meaning of Simple Case for Practical Accelera-

tion of o Collisionless Plasma

It was shown that the acceleration to drift

velocity of particles gyrating in a strong mag-
netic field is due to different effects of the im-

posed electric field on each side of the circular

motion. The mininmm time for plasma aeeeI-

eration would thus be, on the average, the re-

ciprocal of the cyclotron frequency of the

666582 O--62--21 315
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heavier ions, whose mass predominates ill the

plasma. Correspondingly, tile nfiMmmn dis-

lance of acceleration is, Oil the average, of tile

order of a Larmor radius. The neglect of col-

lisions is justified for a plasma like the present

one, which consists of only charged particles;

that is, a fully ionized plasma, not only when

the density is low but also when the temperature

is high, as is discussed subsequemly. The eol-
lisionless cases discussed herein are not merely

playthings of the theoretician but are of great

importance for l_]asma interactions with mag-

netric fields in space and in therlnonuclear de-
vices. The above collisionless acceleration has

been approached in thermonuclear devices like

the Ixion (refs. 12 and 1.3, sections 1 and 2),

where the plasma is put into rotation in very

short, bursts. The use of such a system for

continuous, steady plasma acceleration does not
seem promising unless the losses of the highly

ionized plasma to the walls are kept small like

in the Ixion, where the electric and ma_letic

field configuration permits both confinement

and aceelerat ion of the plasma.

Collisionless Plasma Acceleration Described in

Terms of Energy Input

When the drift, velocity normal to the electric

and magnetic field is attained, no current will
flow in the direction of the electric field. As a

result, a steady electric field cannot, put. energy

into the plasma, since

Input Rate of EnergT Density=_" • E (5)

with
-4 ---) .4

j=ne(v,--v,)

Equation (5) indicates that for zero fthe in-

put ratio of energy density is zero. Of course,

energy can be put into a plasma with collisions

because, as is well known, collisions permit the

particles to break through the magnetic field.

It is also well known that energy can be put

into plasma with or without collisions by an
electric field alone without the presence of a

magnetic field. But in the presence of a steady
--)

magnetic field the electric field E must vary to

permit an energ3, input. As indicated at the

be_nning of this paper, a variation of magnetic

fields could also produce collisionless plasma

acceleration. The study of the acceleration,

however, of a collisionless plasma in a steady

magnetic field, aside from applying to the pres-

ent case, introduces many truly basic aspects

of plasmas in magnetic fields.

Dielectric Properties of Plasma in a

Magnetic Field

The current due to vari,_tion of Ein a steady

magnetic field can be obtained from a balance
.-) --)

of the jXB force per unit volume with the
-4

Dr.
accelerating force p -d--{' thus (from basic texts)

--)

DV -4 -_
p -f{----jXB (6)

-4

The field strength E is assumed to change
-q,

slowly so that v is at no time far removed from
-4 ,--)

EXB E±.
the drift velocity _-_ --_-, the subscript _1_

indicates perpendicular to the direction of drift

motion. Solving for j gives

_. p _, Dv p DE.L
3±=_ X--dt--B_ dt (7)

The quantity p/B 2 is the product of the per-

mittivity of free space times the dimensionless

susceptibility characterizing the dielectric.

Using B2/2_So as magnetic pressure and 1/u0e0

as the speed of light squared,

p PC0 P¢ 2

B 2- B 2 -=_-7 _0
-- 2_t0e0 --
2#0 #o

A better

noting

where

physical picture is obtained by

--) --) -4,

o E=nP=nel (8)

p=r_erae q- r_rrt _

and in a plasma n,_n_. Thus, the problem is

concerned with a polarization which equals a

charge times the average separation of a plasma

with n particles per refit volume. This polarize-

316



PLASMA INTERACTION WITH ELECTRIC AND MAGNETIC FIELDS

tion is to be distinguished from the more familiar

microscopic polarization of bound charges.

The average charge separation in this case is

limited to the sum of the Larmor radii, using

the drift velocity; thus, as noted especially in

reference 6,

rn_v_ rn_,_ m_+m_ E
rL. _+r_. _=-_- +_-ff---- e B 2 (9)

Since the mass of the ions is much larger than

that of the electrons, the displacement of the

ions predominates. Subsequently, space-charge

displacement effects will be shown in the plasma

without a magnetic field, with effects of elec-

trons predominant.
The existence of such dielectric effects of a

plasma in tile presence of an electric and mag-

netic field has very important practical conse-

quences. It becomes possible to store electrical

energy in motion, most conveniently in rota-

tion ; this energy is

_" 12=__pv_ (10)P
B _ 2 2

Such a device has been actually used as a "Hy-

dromaffnetic Capacitor" (ref. 14).
Perhaps even more significantly from a basic

viewpoint the existence of a dielectric effect
for a plasma in the presence of a magnetic field

introduces the possibility of waves in the

plasma. The electric field, of course, need not

be externally imposed but is related to velocity

perturbations. The well-known Alfv6n waves,

as is pointed out by Dr. A. I_usemann in paper

number 58 of this vohnne, can use the magnetic

field either for propagation of transverse waves

by using the ma_letic field lines as if they were

strings or for propagation of longitudinal

waves by using the ma_letic pressure instead

of the gas pressure. Existence of such waves

has gTeat practical influence in the behavior

of plasmas in a magnetic field, both in the lab-

oratory and in space. The possibility of ampli-

fication of such waves has played a _'eat role

in the stability consideration of magqmtically

confined plasmas and for the study of collision-

less shocks related to thermonu(:lear situations

or to the mechanisms for the onset of the effect

of solar storms on the earth's environment.

Simplified Analysis of Plasma Behavior Including

Collisions and Space-Charge Effects

It has been shown so far that the electrons and

ions have their displacement restricted in the

presence of a magnetic field and electric field.

But even without the magnetic field, restric-
tions on their motions exist. The most impor-

tant ones are those due to collisions with each

other and with neutral particles and the restric-
tion of motion due to attractive electrostatic

forces between positive and negative particles.
As a result of these restrictions to their motions,

the complicated particle motions in a plasma

can be lumped for many practical purposes as

those of a single fluid.
Since ordinary nonionized particles also have

collisions but not electrostatic attraction effects,

the latter will be treated in some detail. Their

importance for the understanding of plasma be-

havior cannot be overemphasized. The electric

fields built up by charge separation are given

by Gauss's law or Poisson's equation as given in
reference 15 :

__) .-_

div D=Eo div E=e(n,--n,) (11)

Putting numbers into equation (11) indicates
that differences of n_-_ of 109 particles/em s

in a plasma of 10 TM particles/era s will build up

very large electric fields which couple the par-
ticle motion. In the first very good approxi-

mation, it may thus be assumed that n_n_, and

use of Poisson's equation may be avoided,

whereas the electric fields produced in the plas-

ma by charge separation are considered.

With the foregoing physical picture in mind,
the equations of motion for the individual

particles are considered. The more fundamen-
tal equations of kinetic theory like the Boltz-
mann, Focker-Planck, and _qasov equations are

avoided; also, the collision terms are expressed

simply through a friction force which varies
linearly with the collision frequency v and with
the difference between the particle velocities.

The balance of forces for electrons and ions

are written as:

Electron force:

--)

Dr,. , -" _
n_m, Tit -t-graft p_ + n,,m_v (v_-v,)

-) --) --)

------n,e(E+v, XB) (12)
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Ion force:

--)

Dr,. "
n_m __/--t-graa

-_) --) -)

=n,e(E+v, XB) (13)

The friction force between ions and electrons

and electrons and ions is obviously the same.

This relationship is more evident, perhaps,

('Friction force'_
when written in the full form \- _m-e /

rn_me -_ -_
_n m,+ m-----_(ve--vd (14)

The reason for the appearance of r& is that

m,<<m, and thus in the center-of-mass sys-

tem of the colliding particles, the heavier ions
will be near to stationary with mainly the

electrons being influenced by the friction.
The motion of the plasma may be expressed

as a single fluid by defining the density p from
the mass balance

p=n,m_+n,m,=p_+ p_ (15)
.-)

and the velocity of the center of mass v from
the momentum balance

--) --) -_

(n,m,+n,rn,)v=_jn,v,+n_rn_v_ (16)

--)

Also, the current density j may be expressed as

---) -O ---)

j=e(_v,--n_v,) (17)
with

grad p=grad (p_+p,) (18)

Adding equations (12) and (13) and substitu-

tion from equations (15), (16), (t7), and (18)

gives the equation of motion

.-4"

DV _ --)

o-_-{=jXB--grad p (19)

Subtracting equations (12) and (13) with use

of equations (15) to (18) and neglecting for the
moment the differences in the time derivatives

of the velocities results in, since n_=n_,

-9. ---) --) --) -9 ---)

m_ j----ne(E+vXB)--jXB+grad pe (20)
e

This force balance can be written in the form

--_ --) --) "--) D --) --)

j=¢(E+vXB)+_ (graztp_--jXB) (21)

rbe _ .

where a=-- is the electrical conductivity;

equation (21) is often called the "generalized
Obm's law:"

It must be emphasized that the electric

field E is either externally applied or is built

up inside the plasma due to space-charge

separation. The measurement of the electric

field inside a plasma can be a very important

diagnostic tool in determining regions of

magnetic interaction. In reference 15 the
equations of motion of the neutral particles

are included and the importance of space

charge in plasma acceleration is emphasized.
Before equation (21) is applied to practical

cases, a few remarks about the neglected time

derivatives of the velocity are appropriate.
For simplicity, only the difference between the

partial time derivatives is considered because

this difference has more general significance.

In order to bring out the main effect, collisions

and other terms except the E term in the force

balance of equations (12) and (13) are ne-

glected; then,

-) rn_ 0j (22)
neE-- e _t

(23)
0t m,

--)

It is useful to remember that j is proportional

to a velocity which, of course, is the time

derivative of a displacement s. Thus, the

equation takes the general form (ref. 3)

--)

_s
me _=eE (24)

which is the equation for a free vibration with
--)

a restoring force eE. The electric fields due to

charge separation are in turn given by Poisson's

equation. The polarization per unit volume

due to charge separation can be obtained for

an oscillating electric field in the form

" (25)
n P=ne S= m _w_o._
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This leads to the natural frequency of oscilla-

tion (the so-called plasma frequency)

f ?_e 2 -_1/2

= (26)

For a collisionless plasma in the presence of a

magaletic field, in addition, the mean*free path

must be larger than both ion and electron gyra-
tion radii

),>r_. ,>rL., (28)

Note that in contrast to the Alfv6n waves, whel_

the oscillations of ions are predominant, in the

electrostatic waves the oscillations of the lighter

electrons are more important. For the propa-

gation of electromagnetic waves through the

plasma sheath discussed subsequently in paper

number 61 of this volume, these electrostatic

effects are essential in changing the dielectric

effect of free space but are neglected here and

with them the use of Poisson's equation. These

waves are, of course, also very important for

thermonuclear and solar phenomena and stabil-

ity considerations of plasma confinement. They

also play a part in possible plasma wave

amplifiers.
Now, it would be very convenient to express

what has been neglected in terms of length.

Such a length is easily formed by dividing the
mean thermal velocity by o_p

1/2 I/2 1/2

_-_p \rn,] \ ne2 ] \ ne_ ] d (27)

The Debye length d has many interpretations,

such as the distance where the thermal energ T

equals the electrostatic ener_-D" stored due to

charge separation. Of course, it is also inter-
preted as a sheath or a re#on near a plasma

boundary where large deviations from charge

equality occur. It must be emphasized that

this distance, while very useful, is not a magic

length, but. it has stood the test of time.

Since, in the plasma, charge equality is ap-

proximately preserved, equations (15) to (21)

describing the behavior of a plasma apply to
dimensions of ionized gases in excess of the

Debye length. In addition, the definition of

plasma requires that the dimensions charac-
teristic of processes in the plasma (like the

mean-free path and the gyration radii of elec-

trons and ions) are larger than the Debye length

It is frequently convenient to express this in-

equality in terms of cyclotron frequencies and

the reciprocal of the collision frequency v, that

is, in terms of the collision time r. The collision

time T is given usually by the ratio of the mean-

free path and the mean thermal velocity _'.

Thus, the product _r becomes, by using equa-

tion (3) for _ and the Larmor radius,

eBh X
_r_--==- (29)

mcr

As a result, the previously given inequality

approximately corresponds to

• (,o.),>(,,.-),>1

Acceleration of a Fully Ionized, Colllsionless

Plasma Produced by a Magnetic Piston

The rest of the paper is chiefly concerned with

examples using plasmas in steady electric and

magnetic fields. But first an example is given

that is important for unsteady acceleration.

The simplest case appears to be that of a

moving magnetic field pushing a highly ionized

collisionless plasma like a magnetic piston.
--) --4

Under such conditions the jXB force per unit

volume will be balanced by a pressure gradient,

grad p, which establishes itself at the boundary

of the plasma. This concept is a highly sim-

plified version of a traveling-wave accelerator.

The unsteady problem has thus been changed
into a steady equilibrium case in the reference

system of the moving magnetic field (fig. 59-2).
The equilibrium equation as given in basic

texts such as references 1 to 11

jXB=grad p (30)

.-)

can be solved for the azimuthal current fi,

which consists principally of electrons

and -_ BXgrad p (31)
3e= B 2
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Fmvaz 59-2.--Acceleration with moving magnetic
piston.

For the collisionless case, using the condition

that the velocity of the plasma relative to the
magnetic field is zero, the force balance version
of the "generalized Ohm's law" in equation (20)
becomes

--_ --) --)

neE-- j× B+grad p,=0

Using the previous equilibrium equation (30),
since

p_+p,=P
Then

.-.)

neE------grad p_ (32)

Thus, the ions are kept in the magnetic field
by space-charge electric fields due to electron
attraction. It should be noted that in a sta-

tionary reference system, fixed to the apparatus,
the electrons will pull the ions as the magnetic
piston moves by. Let us contrast this case

with constant magnetic field B and pressure
gradient grad p with the previously discussed

--) --_

case of constant B and electric field E. In the
latter case the electric field drives electrons and

ions in opposite directions and thereby estab-
lishes a current. In the presence of the mag-
netic field, both particles move, however, in
the normal direction to both fields, so that the
current in the steady state approaches zero.

In the presence of a pressure gradient the
particles, however, attempt to move in the same
direction. The magnetic field forccs them to
move normal to it and to the pressure gradient
ill azimuthal directions opposed to each other.

Thereby a steady current can be established.
Of course, the more precise counterpart to the
electric-field case is the situation where a moving
plasma stream is trying to cross a magnetic
field, and the charged particles are forced to
move in opposite azimuthal directions forming
an induction current. When the effect of

collision is small and magnetic-field strength is
assumed constant, the rate of input of kinetic
energy would equal the rate of work done by the
-) --)

jXB force in stopping the plasma. In this

case where a pressure gradient balances jXB,
the forces are already balanced. A discussion
of finer points in this problem are included in
reference 6, section 3.

Since the term "magnetic pressure" is fre-
quently used in connection with plasma confine-
ment, this term is discussed next. In order to

define magnetic pressure the Maxwell equation
(or Ampere's law)

j=curl H (33)

has to be introduced. This equation expresses
the magnetic field due to a given current.
Inserting equation (33) into equation (30)
yields, for magnetic lines of zero curvature,

--) -_

with B=_H

or

grad p+_ grad B2=0

B 2 / B2\

p+_-_=[kp-}-_),,, (34)

When the plasma is truly confined by the
external magnetic field the external pressure
must be zero, and

B 2 B 2

Steady Plasma Acceleration With Currents
Across Electrodes

For the sample cases of plasma acceleration
with currents across electrodes the electron pres-

sure gradients may be neglected and attention
is given to the currents which are predomi-
nantly due to electron nmtion. The general-
ized Ohm's law may then be written in the
form (see refs. 15 and 16 and eq. (21)):
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-) _ e 2 -_ _ -) -_

To put the equation into a more convenient

form, an expression for tile collision frequency

must be given. In the present approximation

it equals the ratio of the mean thermal velocity
c to the mean-free paths v-----_/X or the often

used collision time r=X_.

The generalized Ohm's law can be written
in the form

_(_),E* }

J== l+(_r)_

• _E_* _ =(_')_

3_=i + (_)_.

(40)

The x-component of the current is the so-
called Hall current. Note that neither the x-

nor y-components of the current actually con-

stitute a particle trajectory.

-* E* _r_ • B3 =_ (36)

eB
where _,=-- is the cyclotron frequency of the

m,

electrons in the magnetic field, and

--) .-) .-_ .-.)

E*=E+vXB

Solving this equation explicitly for j gives

o F _ (coT/ -> -)

B)

+ (#*.
__) .-->

For E* perpendicular to B the last term drops

out and the expression becomes

,=-I +-(_r)_ [E --_ (E*X B) ] (37)

In Cartesian coordinates, with z in the direction

of the externally imposed magnetic field the

x- and y-components become

and

• ff

j==_ [E*-- (wr),E*] (38)

ff

J_=l + (_r)_ [E*+ (_r),E*] (39)

It is a well established fact that two major

possibilities exist:

(a) The first possibility is illustrated on the

left side of figure 59-3. The current is per-

mitted to flow between theoretically infinite

electrodes; then no space charge will build up

inside the plasma as the charges are free to

flow. As a result, E*=0 arid

tb)

Jx=O

= (OJT) e (20) ;

(a) Long electrodes.
(b) Short and segmented electrodes.

FIGURE 59-3.--Plasma acceleration with currents
across electrodes.

(1)) The second possibility is shown on the

right side of figure 59-3. The current is not

permitted to flow in the x-direction, that is

j_=0, by making short electrodes or by seg-

menting them and connecting with separate

power supplies. The jXB force is now in
the x-direction.

and
3v--aEv

E_ = (<_,9,E,* (41)

Thus, an electric field due to space-charge

separation builds up in the flow direction. Its
function is to slow down the electrons which

want to move ahead and speed up the ions by

mutual space-charge effects so that both move

at the same velocity in the axial direction.

Details about this approach of plasma accelera-

tion with researchers and companies connected

with its development is discussed by M. C.

Ellis in paper number 62 of this volume.
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Influence of Collisions in Fully and Partially
Ionized Plasmas

If figure 59-1 is compared with figure 59-3(a),
it is seen that under the influence of collisions a

steady current is established at the angle whose

tangent is equal to (_r)_. The electrons have,

through collisions, established a steady motion

across the magnetic field. What has happened
to the ions?

Tile effects of the friction force on the ions

have been actually neglected in the equations
(12) and (13) for fully ionized plasmas. The

reason is that although tile ions and electrons

experience the same friction force, the effect of

friction on the light electrons will be much

larger than the effect on/lie much heavier ions.

In other words, since the ions are so much

heavier, the center of mass moves approxi-

mately with tile ion velocity and thus the

effect of friction on the ion motion is negligible.

The light electrons, on the other hand, can be
influenced to such an extent that the friction

force can balance the accelerating force in the

electric field, so that a steady electron current

is produced. The small magnitude of the
influence of the electrons on the ion motion is

also evidenced by the ratio

¢o_r_,, ___eB ?'re e me

We're I ll'_t eB m_

Since the collision time between ions and elec-

trons ri,_ must equal the collision time between

electrons and ions r_,_, the ratio equals that of

the cyclotron frequencies, which in tuma is

equal to the inverse ratio of the masses. In the

presence of neutral atoms, the friction forces
and collision times between electrons and ions

are no longer balanced and different results are
obtained.

As a result of this small influence of friction

on the motion of the ions in a fully ionized

plasma, the ions will follow their tendency
toward drift motion normal to electric and

magnetic fields more or less in the same fashion

as in the eollisionless ease in fi_lre 59-1. How-

ever, in view of the fact that the ion Larmor

radius is very much larger than that of tlle

electrons, it can be assumed that when the ion

Larmor radius is also much larger than the
distance between the electrodes, the ions move

essentially straight across the electrodes.

Under such conditions the steady electric field

can put energ 3, into the electrons, which
accelerate the ions by collisions and space-

charge effects. (See figs. 59-3(a) and 59-

3(t,).)
Now, a few brief remarks will be made on

the effects of collisions on partially ionized

plasma acceleration. Since neutral atoms have
about the same mass as the ions, the motion of

the ions can now be strongly influenced in con-

trast to that of the fully ionized ease. The

accelerating force and the friction force can

balance to give a steady ion velocity. W'hile an

additional equation has to be included (refs.

8, 15, and 17) to take account of the collisions

of ions and neutrals, there are no more funda-

mental fine points involved than those already

introduced in the fully ionized ease Briefly,

the influence of "ion slip" with respect to the

neutrals adds to the generalized Ohm's law in

equation (21) a term, for _rv,=cn_,

m _rte \ /

The loss due to this term is obtained from the
.-) .--)

scalar product with j. For j perpendicular to

B, this term becomes (ref. 15, eq. (A-4)) and

also ref. 8, eq. (6-28)):

Ion-slip loss Joule loss

2 r_-, j_Bn J-_ (42)

In contrast to the well-known Joule loss j_/a,

the ion-slip loss is thus proportional to the

square of the accelerating force per unit volume
..+ -..)

jKB. The ratio of Joule loss to ion-slip loss is

2w_r_, toa_r_,_ (43)

In view of the undesirability of these extra

losses for plasma acceleration, conditions are

usually tailored _ as to keep them small. This

can be done in a partially ionized plasma by

going to relatively high densities where _., be-

comes small, or by using a fully ionized gas

where r_., goes to zero because of a scarcity of

neutrals. Fully ionized plasmas are, of course,

more easily produced at low densities.

The so-called EM (electromagnetic) region

(refs. 18 and 19) is frequently nmntioned in con-
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nection with plasma acceleration. This region

applies to fully ionized plasmas and is defined

as that region where the ion I, armor radius is

larger than the dimensions of the apparatus.

The mean-free path is also assumed to be larger

than the apparatus dimensions so that even the

electrons cannot be influenced by collisions. The

ions can only be accelerated by space-charge
effects. The name EM thus refers to the case

where only electric and magnetic effects act in

the plasma acceleration. Evidently, it is im-

possible to have a steady acceleration under

precisely these conditions, since as previously

pointed out, no energy can be supplied to the

plasma for the collisionless steady acceleration.

However, from a practical viewpoint, a few
collisions will alleviate this condition.

The EM concept can, however, be applied

precisely to a time-dependent plasma accelera-

tion and, as will be shown subsequently, to the
acceleration in the direction of the electric field

of ions in a plasma in steady electric and maple-
tic fields.

by the writer in reference 20. Most of the

further experiment_fl and theoretical develop-

meats have been made in some ingenious ex-
periments and analyses at AVCO by R. Patrick

and W. Powers (refs. 21 and 22) and by person-

nel of the NASA Langley Research Center

(refs. 15 and 23). It should be emphasized that

figure 59-4(a) represents only one possible ver-
sion of this Hall accelerator. Others are dis-

cussed in paper number 62 of this volume.

An analysis of the ttall accelerator in figure

59-4(a) with emphasis on the physics of the

mechanism is given in reference 24.

In the acceleration method in figure 59-4(b)

the azimuthal Hall currents j_ are produced by

interaction of the axial electric field E_ and the

radial electric field B_. This magnetic field B,

together with jo provides the driving force per
unit volume. The acceleration is analyzed in

some detail in the next. section, as also are

details about the nlagnetic-field distribution in

figure 59-4 (b).

Acceleration Using Hall Currents

Two cases are shown in figure 59-4. Since

in case (a) the current has a horizontal compo-
---) --)

nent the jNB force will be partly against the

wall, and this effect increases with increasing

that current component. The question thus
arises whether one could not use the undesirable

Hall current component as the driving current

for the jXB force per unit volume. Two ways
of accomplishing this result exist and are dis-

cussed in paper number 62 of this volume by

Ellis. A discussion of a few fundamental ques-

tions in such arrangements is of interest. In

both cases the arrangement of electric and mag-
netic fields will be such as to have the Hall

current component in the azimuthal direction

with a radial magnetic field component to give

the j×B force per unit volume.

Briefly, in the first arrangement (fig. 59-4(a))

the Hall current j8 is produced l)y interaction

of a radial electric field E_ and an axial magnetic
field component B_; it subsequently interacts

with the radM magnetic field component B_
--) -4

to give the jXB force. This mechanisn_ of

Hall current acceleration was first discussed

(a) Plasma Hall accelerator.

(b) Ion ttall accelerator.

FIGt_.E 59-4.--Acceleration of plasma and ions in
plasma with Hall currents.

Several questions arise the answers to which

are extremely useful in clearing up the
differences in the actions of electric and

magnetic fields. First, how can the Hall

current which is actually a blind current corn-
-4 -4

ponent provide a jMB force? The answer

is that the current conlponent is called blind

only because it is normal to the axial electric

field through which energy is put into the
electron current in the direction of the electric

field. However, through the magnetic field

an electron current component in the azinmtbal
direction is produced. This component can

interact with the radial magnetic field to provide
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-_ -+

a jXB force per unit volume for acceleration.

The azimuthal component of the electron

current will, of course, also provide added

Joule losses. This effect is evident, by per-

forming a scalar vector multiplication with j
for the generalized Ohm's law (eq. (21)); then,

-4 _A* --) -4

with E*=E +vXB,

• (44)- ._-_ -_-j

where the last term is zero. However, it is the

total current density which provides Joule
losses. Detailed studies in reference 24 indicate,

however, that the efficiency of Hall accelerators

based on these simple effects should be as high
as that of the basic crossed-field accelerator.

If it is assumed in reference 24 for the

accelerator in figure 4(a) that current density

and magnetic field are the same as jo and B,
in the Hall current accelerator, then the Hall

current which provides the driving force is
higher than the current between the electrodes.
The Hall current accelerators offer further

possibilities of reduction in losses by plasma

containment away from walls by magnetic
fields as in a magnetic nozzle. This effect is

rather large in the configuration of reference 22

(sinfilar to that of fig. 4(a)), where bulging
current paths maintain a plasma in a supersonic

magnetic nozzle. The final design will probably
be a combination of Hall acceleration and

magnetic-nozzle effects. The low efficiencies

calculated in reference 25 are based on the

choice of a configuration of electrodes and

magnetic fields where in the limit of large
(wr)_ the current across the electrodes cannot

cross the magnetic field lines. Thus dissipation

rather than acceleration is mostly obtained.

With proper choice of configuration (ref. 24),

this problem can be avoided with resulting
higher efficiencies.

Theory for Acceleration of Ions in a Plasma
With Hall Currents

In the conventional ion accelerator, the ions
are: accelerated in tim absence of electrons and as

a result, according to Childs law, the ion current

is limited by space-charge effects. A discussion

of such acceleration is given in paper number

48(c) "Electrostatic Thrusters" by Warren D.

Rayle. One way to overcome tim space-charge
limitations for conventional electrostatic ion

accelerators is to accelerate the ions inside of a

plasma in the presence of electrons. Naturally,
as in the conventional ion accelerator, the ions

emerging from the accelerator must 1)e neutral-

ized by electrons.

The concept of ion acceleration in plasmas
was first described in the work of a A. Braten-

ahl, S. Janes, and A. Kantrowitz from AVCO

(ref. 26) as a means for boosting the accelera-

tion in a traveling wave accelerator through
superposition of an axial electric field. No
direct mention was made of the action of azi-

muthal Hall currents. The classification of this

system of ion acceleration under Hall current

accelerators has emerged only _oTadually. A.

Sutton in a review of plasma accelerators (ref.

!5) di_ussed a Hall current accelerator with

longitudinal electric field and compared its

efficiency with that of a conventional crossed-

field accelerator. The physical aspects of this

system as an ion accelerator and of the motion

of the electrons, however, were not brought out.
Detailed descriptions of the acceleration as a

steady Hall current ion accelerator with axial

electric field and radial magnetic field were

given at a meeting on magnetoplasmadynamics

held at the Langley Research Center in April
1962, where discussions of Hall current ion

accelerators were given by G. R. Seikel and E.
Reshotko from the NASA Lewis Research

Center, by G. L. Cann from Electro-Optics,

Inc. and by R. V. Hess, J. R. Sevier, and R. N.
Rigby from the Langley Research Center. At

a later date, results of their investigations ap-

peared as references .07 to o.29. F. Salz, R. G.

Meyerand, and E. C. Lary from United Aircraft

have performed fundamental experiments

coupled with analysis on such a system (refs.

30 and 31). So have Janes, Dotson, and Wilson

from AVCO (ref. 19). J. S. Luce and J. W.

Flowers from Oak Ridge National Laboratory

have discussed use of an energetic arc confined

in an axial ma_letic field for ion acceleration

in a plasma (ref. 3o). Some communications

from J. S. Luce, now with Aerojet General,

Nucleonics, point to certain common features
with ion IIall accelerating.
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The following analysis of the Hall current ion

accelerator is of a similar form as that given by

the writer and J. Sevier at tile meeting on

magnetophlsmadynamics held at tile Langley

Research Center, with added remarks con-

cerning the physical mechanism. Assuming

the use of a fully ionized gas and steady state

acceleration, that is E and B constant, the

"generalized Ohm's law" explicitly expressed in
--)

terms of the current density j (eq. (37)) is

j=_ *-- (E*X 1_) (45)

Expressing j in coordinate form yields

and

ff

j0=l+(_0r)_ [,,_Br--(oar)_(Ex--voB,)] (46)

ff

J*=l-k(cor)_ [(E_--veB,)+(oar)4',B,] (47)

--4 ---)

The jXB force per unit volume is

aB,
JeB'=l +(wr)[ [v_B_--(o_r)_(E_--veBO] (48)

It is indicated that in addition to the axial

nmtion v,, the possibility of a rotational motion

v0 exists. For the present purpose this rota-

tional motion is ignored by assuming that the
Larmor radius of the ions is much larger than

the length of acceleration. If this were not ttle
case, other methods would have to be tried to

prevent tile ions from going into azimuthal

drift, motion normal to E, and B,, since the
azinmthal Hall current would tend to be

sacrificed. The direction of rotation can be

reversed by making the ions travel through
reversing magnetic fields as indicated, for

example, in figure 59-4(b). The fiB, force

per unit volume is in the same direction for

reversed B,, since j, is also reversed. Use of

one to several magnetic field reversals through
arrangement of several solenoids to form a

series of magnetic cusps is discussed iu refer-

ences 19 and 27 to 29. The nature of accelera-

tion for large values of (_r)_ is of interest.

Then, assuming v0_0,

J°--)a k_ (-_r)_] (49)

and

• I- E_ v_B_ "1

L(-G)<+(Gg,)J
Using the expression

ne 2
0"_-- T e

_Tle

there results

(50)

je_--ne E_ (51)

and

j,=ne(v_.,--v,.,) =_ev_ (52)

Now v, is the velocity of the center of mass,

which for a fully ionized plasma is, as can be

seen from equation (16), essentially the velocity

of the ions. The current j, is proportional to
the difference in the velocities of ions and elec-

trons; thus,

j,----ne(vc,--v_.,)-->nev,._, thus v,._--)0 (53)

Also, since the ion velocity in the azimuthal

direction is assumed to be zero,

jo=ne(v_.o--v_.o)--)-nev_., (54)

For the sake of completeness the equation of

motion, which for the fully ionized plasma is

about the same as that for the ions, is given:

Dye., ,_.,, _, _ --joB, = neE, (55)

Let us summarize the results. The equations

of motion for the fully ionized plasma as a whole

and of the individual particles yield in the

collisionless limit of large (_r)_ and corre-

spondingly large (_r)_ wflues the following

results. The velocity of the electrons v_ in the

axial direction approaches zero (eq. (53)) and

the full drift velocity is attained in the azi-

muthal direction (eqs. (51) and (54)). The

magnetic field exerts a force per unit volume

--jeB_ (eq. (55)), which nearly stops the

electron motion; thus in the center of mass

system which moves with the ions this force

points in the positive direction. The axial
current is a pure ion current (eq. (53)'). The
acceleration of the ions is in tlle direction of the

areal electric field (eq. (55)).

Tile magnetic field by nearly stopping the

axial electron motion has performed tlle func-
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tion of unbalancing the equal and opposite

forces on the electrons and ions exerted by the

axial electric field. The electric field, which

usually puts only energy into the plasma, can

now put momentum in the plasma through thc
ions.

The very fundamental question arises as to

what is the true function of the magnetic field

and ttle jeB, force per unit: volume in providing

a thrust on the apparatus. Since a thrust con-

stitutes an integrated effect of the forces acting

in the system, it does not matter where the elec-

trons are stopped in the apparatus, as long as

they are being stopped so that the directed

energy of the ions can be used for thrust. To

bring out certain fundamentals, assume for the

moment that the plasma is fully ionized and

collisionless. If no magnetic field were applied,

a thrust would be obtained by having the axial
motion of the electrons stopped by the anode,

while the ions escape through the cathode.

Without a magnetic field the electrons can gain

very high velocities in the electric field and

would cause considerable energy loss and thus

a reduction in efficiency. The possibility, of

course, exists of using the anode as the ion

source so that the actual waste of energy is

greatly reduced, since the ions have to be pro-
duced somewhere.

The avoiding of a possible energy loss is,

however, only one reason for the use of the

magnetic field. Another lies in the fact that

without the magnetic field it is difficult to build

up a potential inside of the plasma, which is

necessary to accelerate the ions. The reason is

that since charge continuity must be preserved,

for electrons and ions,

T/,cC b'e = 0f 1

and

q'14eb'_ i _ _z

their respective charge densities will be high
when their velocities are low and low when their

velocities are high. As a result large differences
in charge densities will exist near the electrodes.

Thus the Debye distance d (eq. (27)) is small,

and the plasma beyond a reasonable nmltiple
of this distance will be shielded from tim volt-

age drop across the electrodes. In other words,

the voltage drop will be restricted to thin
sheaths near the electrodes and the ion aceelera-

tion, as well as the electron acceleration, occurs
inside the sheaths. As a result, the ions could
lose some axial thrust at the cathode.

The function of the magnetic field is to dis-

tribute the voltage drop over the whole plasma.

This is accomplished by slowing down the elec-

trons so that, according to the laws of charge
continuity, the charge density of the electrons

can build up. Thus, in a manner of speaking,
a sheath is distributed along the axial direction

of the accelerator furnishing a distributed

potential drop for accelerating the ions. This
distributed potential drop is not in conflict with

the definition of a plasma, where n_n, The

reason is that, as pointed out in the discussion of

Gauss's law (eq. (11)), only a ve_" small per-

centage of charge unbalance, as compared with

the total charge concentration, is necessary to

produce large electric fields inside of the
plasma.

Words of caution are necessary in relating
the stopping of the electrons in the axial di-

rection by the mag'netie field to the establish-

ment of a charge distribution, which in turn

yields the electric fields for ion accelerat ion in-

side of the plasma. If one were to state merely

that the charges are stopped without stating

how they are stopped, the law of charge con-
tinuity would offer no answer to the nature of

the charge distribution. A determination of

the ma_aetie field configuration to yield the

optimum charge distribution for ion accelera-

tion would require simultaneous solution of the

equations of motion of the ions, Gauss's law, and

the law of charge continuity.

The question has also been asked whether the

Hall ion accelerator is a jxB accelerator or an

electrostatic accelerator. For the collisionless

case where ._×/_ and n,_ are equal, this be-

comes a question of semantics. Of course, it

must be kept in mind that without magnetic

field, the electric field E would not be properly

distributed in the plasma.

Where collision loses, especially those due to

ionizing collisions, are included, the electro-

static effect will no longer be a direct measure

of ion acceleration, since the electric field or

the voltage drop across the electrodes must also

overcome these losses. The joB,. force per unit

326



PLASMA INTERACTION WITH ELECTRIC AND MAGNETIC FIELDS

volume will be a true indicator of the accelerat-

ing force on the system. The ]oases are

discussed subsequently in the section "Volt-

age-Current Characteristics of Hall Ion
Accelerator."

PLASMA PHYSICS OF ELECTRICAL DISCHARGES

IN MAGNETIC FIELDS

Thus far, the kinematics and dynamics of

plasmas in electric and magnetic fields have
been treated. In the sections that follow em-

phasis will be given to tlle effect of a magnetic

field on the electrical conductivity, ionization,

and complete discharge characteristics.

General Effect of Magnetic Field on Electrical

Conductivity

If the Hall current is permitted to flow (fig.

3(a)), the current between electrodes is given

by equation (40)

J"-_ 1 + (,oT) 2,

Tile conductivity is tbus effectively reduced

by tile factor silown in equation (40). Take

the case of large magnetic fields where (wr),> >1
and use. in the form

nee 2

my

without a magnetic field, where v=l/r. With

_=eB/mo then with a magnetic field,

_'1 e"rtev
¢,_x= B_ (56)

The current density in a strong magnetic field
is

• _eme _,

Thus the dielectric storage effect is again

found in a strong magnetic field (eq. (7)),

this time for the electrons and modified by
collisions.

It is evident, that in the presence of a strong

magnetic field an increase in collision frequency

v will help the electrical conduction 1)y reduc-

ing the dielectric storage effects, whereas with-

out the magnetic field an increase in v lowers the

conduction. In other words without collisions

the electrons would be forced to go into drift

motion normal to the electric and magmetic

fields and collisions help them to move in the
direction of the electric field.

Electrical Conductivities m Partially and Fully

Ionized Plasmas Without Magnetic Fields

The collision frequency in the electrical con-

ductivity _ can be expressed in the form

v=-=_(n_Q_, =+n_Q_. ,) (57)
),

where _ is the mean thermal velocity, X the

mean free path as defined in reference 10, page

105, n,, and ,n_ are the concentrations of neu-
trons and electrons, Q .... the collision cross sec-

t.ion of electrons with neutral atoms, and Q,,,
the collision cross section of electrons and ions.

The value of Q,,, is very difficult to determine

theoretically as it depends on the detailed elec-

tric structure of the atom. Since the positive

and negative charges are balanced in an atom,

the electron will have to approach very closely

to feel the presence of the atom• Analysis of

the interaction requires a quantum mechanics

approach which may become very complicated ;

thus one often relies on experiments. The elec-

trons and ions act as single poles and, as such,

they can also make fairly close collisions, but

the long-range effect of large-angle scattering

effects due to many small-angle scattering ef-
fects can become very important in a plasma

where many particles are present.

The elementary electrostatic laws inherent

to the short-range as well as long-range electro-

static interactions are next briefly discussed.

For the detailed pictur% see, for example, ref-

erence 7 (page 249), and reference 1 ; for a sim-

plified version, see reference 2. The force be-

tween two charges is inversely proportional to
the square of the distance and the mutual po-

tential is inversely proportional to the distance.

At the point of closest approach of the charges
their distance is of the order of the effective

radius of the charge influence. The collision

cross section is of course proportional to the

square of this radius. As a result the collision

cross section is inversely proportional to the

square of the potential energy. Expressing the

interaction in terms of thermal energy instead
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of potential energy yields the result that the
so-called "Coulomb" collision cross section

1 (58)Q_

is inversely proportional to the square of the

temperature. Since the mean thermal velocity

c is proportional to 7 '1/2 (eq. (97)), the collision

frequency for a given ionized particle density
_e is

ne

_ (59)

For a partially ionized plasma, when the col-

lisions of electrons and neutrals predominate,

for a given n,, and Q,v,,

_,,,_ n. T "_ (60)

The constancy of @,,, is thereby n carry-over

from the elastic-sphere approach of kinetic

t.heory. Actually, @,,, may decrease or increase

with temperature, in a temperature range be-

fore coulomb collisions become important (re-

lated for example to the Ramsauer effect, ref.

33, which requires a quantum-mechanics ex-

planation). For the present purpose Q .... is

assumed to be independent of temperature ; this
condition would also hold for the billiard ball

approach of classical kinetic theory.

It must be strongly emphasized that use of

the collision cross section Q,._ for fully ionized

plasmas does not necessarily imply that the

plasma has to be fully ionized. This is espe-

cially tram if a plasma tends to become ionized

at comparatively low temperatures and thus
the collision cross section between electrons

and ions begins to dominate when the percent-

age of ionization is very small.

The conductivity _ for Coulomb collisions is

Tt(,8 2
a_,=-- o: T :/3 (61)

_777:p

whereas, for collisions of electrons with neutral

atoms)

o-,,o_m--iT-,/_ (_)

For the Coulomb conductivity the concentration

of charged particles thus has cancelled out, ex-

cept for a weak dependence in a logarithmic

term related to the long range interaction ef-
fects, this term is not included here, but can

be found in the basic texts (r(!f. 1 to ll).

The fact that the Coulomb conductivity de-

pends only weakly on the part icle density is not

surprising if classical kinetic theory for a gas

consisting only of one species of atoms is con-
sidered. Their, the transport coefficients such

as viscosity or thermal conductivity are inde-

pendent of density but solely dependent on tem-

perature. It can be considered that for charged

particles or Coulomb interactions the particles

act ,_like in spite of their different masses be-
cause the interaction effects are based on (he

like charges of the particles.

Electrical Conductivity of Fully and Partially

Ionized Plasmas in Magnetic Fields

:ks shown in equation (56), the conductivity

of a plasma across a ma_letic field B is given

by
_q e_ev

aB±-- B2

For a fully ionized plasma, if v, is taken from

equation (59)

. n_= 1 (63)

whereas for a partially ionized plasma with v.

t'_ken from equation (60)

aB±)._-B_ (64)

assuming that the collision cross section Q,,, re-

mains constant with varying T. Note that the

coulomb conductivity across the magnetic field,

(aB±),, depends now also on the charged par-

ticle density. The magnetic field 1)y acting
differently on electrons and ions, has reduced

the effect of equality of particles with like

charges, on which was based the strong de-

pendence of m, on temperature.

Effect of Finite Extensions of Electrodes on

Electric Conductivity in Magnetic Fields

In AVCO's work (ref. 34) the interesting

result was shown that if the ma_letic fiehl
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lines are made to extend beyond the electrode

region, the cm'ren_s will not flow straight across

the magnetic field but will bulge in the direc-

tion of the magnetic field lines. Tlle bulging

of tile current is related to the fact that the

electrons like to move (in a corkscrew motion)

along the magnetic lines when there are com-

paratively few corresponding collisions, that

is (_,r), is considerably larger than 1. The

ratio of the azimuthal IIall current density to

the radial current density is as in the case of

infinite electl'(×les (eq. 40) )

J,

For the limiting case of very short electrodes,

the radial current density is credited to F. J.

Fishman in the appendix of reference .34.

(65)

for infinite electrodes. For very strong mag-

netic fields this implies

• aE_ ne ,;, (66)
3,--,_T =_

The electrical conductivity normal to the
magnetic field thus becomes independent of col-

lisions in this limit and is the same for fully

and palqcially ionized plasmas (using the su-
perscript / for finite electrodes).

(¢s±)I=_ (67)

• T_r/t e¢oE r

Then, y,=----B-v-, where the dielectric effect

in a strong magnetic field again makes its

appearance.
One shoul(1 be reminded that also for diffu-

sion in ma_mtic fields important effects are in-

troduced by finite dimensions of the apparatus,

related to the tendency of electrons to move

along magnetic lines for high values of (o_r)_.

This so-called Simon diffusion (for example,

refs. 9 and 22) has, however, different reasons
from those discussed here.

Conductivity and Voltage Current Characteristics

of Electrical Discharges in Magnetic Field

Tile development of the expressions for elec-

trical conductivity show that aside from its di-

rect dependence on the magnetic field it de-

pends also on the electron concentration n_ (or

on the ratio of n_./n,,, where n,, is the concen-

tration of neutral atoms) and the lemperature.
The form of the dependence, however, depends

oll the magnetic field.

No mention has been made of the possible

variation of these parametel_ under variation of

electric field. Such a constancy of the param-

eters can be enforced, for practical ca_s, by

introducing, into the crossed electric and mag-

netic fields, a plasma of a given ionization

whereby the function of the discharge is just to

keep the parameters constant. Furthermore, it
could be assumed that the cathode is thermion-

ieally emitting so that only slightly higher elec-

tric fields are required to produce the electrons

necessary for ionization.

From a practical viewpoint it is not only of

interest that these parameters are constant but

how much energy need be supplied by the elec-

tric field to keep them constant. Also, i_t is im-

portant to know how each parameter varies with

an increased energy input ; for example, it is of

great practical importance how the electron con-

centration n,: may be increased without exces-

sive increase in the temperature T.
5fueh useful information about the behavior

of a discharge can be gained from its voltage-

current characteristics. Since no attempt will

be made to develop a general theory on this in-

volved matter, examples from some recent re-

search developments at NASA and elsewhere

will be given.

Voltage Plateaus for Widely Differing Discharges
in Magnetic Fields

Experiments have shown that a large number

of arc discharges without magnetic fields have

negative voltage-current characteristics. This

result is due to the fact that when the discharge

just begins to become ionized, very rapid ioniza-

tion processes can occur; these processes increase

n, vel T rapidly so that tile discharge may re-

quire only a low temperature and low electric

field or voltage to furnish an increased current.
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As the ionization of the plasma increases and

the electrical conductivity changes from tlmt of

a partially ionized plasma (eq. (62))

to that of a more highly ionized plasma, where

the Coulomb collisions predominate (eq. (61))

O'c _: T 3/2

The voltage must increase, therefore, to increase

the current when the increase in temperature

is not large. The existence of a positive volt-

age-current characteristic for discharges with

predominant Coulomb collisions has been ob-

served in reference 35 at. atmospheric pressure

and in reference 21 at pressures from 10 to 100

mm Ilg at, very high curents. In view of the

fact that, in changing from a partially to a more

highly ionized plasma, the voltage-current char-

acteristie can change from negative to positive,

a voltage plateau can occur without a magnetic
field.

Arc discharges in fairly well ionized plasmas

of pressures from 1 to 100 nun Hg in magnetic

fields up to 13,000 gauss with currents up to __u

amperes have been produced i_1 experiments by

Yfr. Grossmann, .lr., at the Langley Research
Center. The electric field is in the radial and

the magnetic field in the axial direction. In

these experiments a constant voltage with in-

creasing current was observed. Measurements

by researchers at AVCO (ref. 34) and at Lang-

ley for a similar discharge indicate the existence

of Hall currents. For both experiments using

tungsten cathodes uniform disk discharges were

observed; more about these results are given

in paper number 62 of this volume by M. C.

Ellis. A report on the existence of the voltage

plateau and its possible interpretation was given

in a joint paper by "iV. Grossmann and the

writer (ref. _.9.3). In AVCO's work the existence

of a "voltage plateau" was not explicitly recog-

nized. It can, however, be obtained by replot-

ting figure 8 in reference 34. A brief analysis,

performed by Philip Broekman at the Langley

Research Center, using the assumption that a

large share of the power goes into rapid ioniza-
tion lms indicated this same result.

Since the plasma is fairly well ionized the

question arises: how can the ionization affect the

conductivity and tim voltage-current character-

istics, since the Coulomb conductivity without

the magnetic field shows only a temperature

dependence ? As indicated from the expressions

of the eonductivi.ty in a magnetic field in the

Coulomb range (eq. (63))

1

or for the finite electrode case (eq. (67))

in the presence of the magnetic field, an increase

in ionized particles can affect the conductivity.

Thus, a voltage plateau with increasing current

due to rapid ionization processes can occur.

It, should be emphasized that voltage plateaus

have been also observed under vastly different

conditions. For example, the well-known

Alfv6n-Fahleson voltage plateau (refs. 36 and

37) in an apparatus of similar geometry occurs

for very low densities under conditions where

the ion Larmor radius is smaller than the gap

between electrodes. As a result the ions per-
form azimuthal drift motion normal to the

radial electric field and the axial magnetic field.
The electron currents are assumed to be small.

The ions transfer their drift energy via the

electrons which in turn use it to rapidly ionize

the neutral atoms. Tim latter move slowly in

view of their collisions with the apparatus

wall. (See also analysis in ref. 38.)

The reason for the voltage plateau in the

present ease is vastily different since the ions are

not set into collisionless drift motion, the densi-

ties being nmch higher. The energy for ioni-

zation is fed into the plasma directly by the

electrons. A detailed analysis of this discharge

including radiation effects and possible non-
equilibrium ionization effects due to electron

temperatures in excess of atom temperatures is

being performed by II. IIassan at North

Carolina State College under contracts to

NASA. (For a discussion of such nonequilib-

rium effects, see ref. 39.)

The voltage plateau noted by both the

Alfv6_n-Fahleson research and by research at
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Langley are related to rapid ionization processes

in plasmas. The energy is fed rapidly into ioni-

zation, while the ionization is still too low to

put the plasma as a whole in rotation. Once

the ionization becomes high enough and begins

to be saturated, energy can be put into acceler-

ating the plasma with a resultant voltage in-

crease and the establishment of a positive

voltage-current characteristic.

Recently a voltage plateau was also reported

for a fully ionized rotating plasma in the Ixion

(ref. 1"2, part II). The reasons for this volt-

age plateau are vastly different. Apparently

the rotating plasma reaches a velocity limit
due to friction with the walls. As a result it

can no longer be accelerated and the voltage

reaches a plateau.

Voltage-Current Characteristics of Hall
Ion Accelerator

In the discussion of the Hall ion accelerator

a fully ionized collisionless plasma was assumed

corresponding to values (¢0r)c approaching

infinity. For practical situations, of course, r

is finite. To analyze the effects of collisions

one could adopt the viewpoint that the ionized

plasma has been freely provided and that not

much energy is required to maintain it. Since

the matter of concern here is with fully ionized,

almost collisionless plasmas for ion acceleration,

if possible with a negligible amount of neutral

atoms, the operation must be at considerably

lower pressures than 1 mm Hg. While it is

often easier to produce higher ionization at

low pressures just because there is less gas to

ionize, it is also more difficult to maintain it

because of greater losses to the walls unless, of

course, the plasma is kept away from the walls

with magnetic fields. In the basic experiment

performed by R. N. Rigby (mr. _9) of tile

Langley Research Center and continued by

R. H. Weinstein, a radial magnetic field was im-

posed across an axial discharge (with the use of
a flux concentrator in the center as shown in the

schematic drawing in fig. 59--4(b)). The pur-

pose was to see what happens when the jt_Br

interaction is optimized with a pure radial

magnetic field B,. with expected penalties in

losses. A similar configuration was used in

reference 31, however, without reversed mag-

netic fields along the axis.
From the previous discussion better under-

standing of the practical implications in relax-

ing the collisionless fully ionized state is

possible. For this case the only energy required

is that for accelerating the ions. No energy

is supplied by the axial electric field to the

azinmthal electron current js because without

elastic collisions and without requirements on

the electrons to perform ionizing or inelastic

collisions, they do not require an energy input

in the steady state. In order to provide steady

energ T for ionization an axial current will,

however, need to exist. Through it some

energy is also fed into heat, some of which is
lost to the wall.

In the experiments, which will be discussed in

more detail by M. C. Ellis (paper number 62

of this volume), an increase of voltage was re-

quired for a current increase. The slope of

the voltage-current characteristic increases with

increasing magnetic field and decreasing pres-

sure. The slopes are too steep to suggest the

effect of axial or azimuthal velocity (through

v_B_ or ve B,) responsible for the mtrin effect in

the increase of E, (see eqs. (46) and (47)). The

increasingly positive voltage-current character-

istic with increasing magnetic field can be ob-

tained from equations (63) and (64) for the

conductivity a by assuming that the electron

concentration nc and the temperature T do not

vary much as voltage and current are increased.

The important fact is that if approximately

constant values of n, and T can be shown to

exist over a wide variety of slopes of the voltage-

current characteristics, the slopes will be solely

a function of the magnetic field. (Of course
careful measurements of n, and T over a wide

variety of conditions are important.) Assuming

that the discharge covers the same cathode

area for increasing magnetic field, the electric
field-current density characteristic can be sub-

stituted for the voltage-current characteristics.
There follows, when no current bulging is pos-

sible as in the Hall ion accelerator, with (aBJ_),

h'om equation (63):
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Experiments in the low pressure range at
...)

high (_or)_ indicate a slope proportional to B.
This could be the result of current bulging

along the magnetic fieht lines, since using the

conductivity from equation (67) would result in

1
-----_Br

However, the experimental arrangement in

the Hall ion accelerator does not encourage cur-

rent bulging. Thus, there must be different
--}

reasons for the linear dependence on B of the

slope of the voltage-current characteristic.

They will be discussed in the following section.

First, a few remarks about the significance

of Hall current measurements are important.

As previously mentioned the voltage gradient
or electric field E_ along the axis of the device

is no longer responsible solely for the accelera-

tion of the ions but must also furnish the energ T

to overcome losses due to ionization or heating.

The electric field along the axis and the voltage

drop across the electrodes will thus be higher

than that required for acceleration. A meas-

urement of the voltage variation along the axis

will as a consequence not be an explicit measure

of the directed energy put into the ions. The
j6B, force per unit volume, however, actually

represents the true accelerating force. Meas-
urement of the ttall current in the azimuthal

direction thus is desirable for a knowledge of the

distribution of accelerating forces along the
accelerator. Measurements of both je and E_

can, of course, furnish important information

concerning the losses. Hall current measure-

meats have been performed by R. N. Rigby (ref.

29) and have been continued by R. H. Wein-

stein, ,1. Burlock, and T. M. Collier of the Lang-

ley Research Center.

Effect of "Plasma Turbulence" on Electrical Con-

ductivity and Voltage-Current Characteristics

in a Magnetic Field

The problem of "turbulent" or anomalous dif-

fusion has become one of the most critical prob-

lems of plasma physics. (It is noteworthy that

the turbuIence in pJasmas is not the same proc-

ess as in fluids). On its avoidance depends the

success of thermonuclear fusion. The prob-

lem is essentially that whenever deviations from

a quiescent plasma state occur, the tendency

exists for a diffusion more rapid across the mag-

netic field than that determined by the classical

result (see refs. 1 to 11)

D

D..=l + (_,_)_ (6s)

where D, the diffusion coefficient, say for elec-

trons, can be expressed by

D= C3_,_= C3X_ (69)

in the presence of a strong magnetic field by

making the proper substitutions

D 1 D (70)
Dnl =(ojr)_= erX_ -_=C3_,, v

It has now been found (refs. 1 to 11) that

for anomalous or turbulent diffusion, the diffu-
--)

sion is inversely proportional to B

(DB±) t_b=C, D (7])

instead of being inversely proportional to B z.
This relation is the so-called Bohm diffusion.

The reason for such behavior is, roughly, that

amplified oscillations occur in the plasma and

produce electric fields normal to the magnetic

lines; as a result a drift motion occurs across

the magnetic field. Since such drift motion is
.-)

inversely proportional to B (and proportional
--)

to E), a diffusion coefficient inversely propor-
--)

tional to B instead of B _ is established.

It has long been known that discharges across

magnetic fields can maintain much higher

currents than would be expected on the basis of

the classical law that suggests a conductivity in-

versely proportional to B _. The operation of

the PIG (Phillips Ionization Gage) discharge

at low pressures has shown such behavior (see

also refs. 40 and 41 for more recent work). A

study of a PIG discharge with radial electric

and axial magnetic fields was made at the Lang-

ley Research Center (ref. 15), and the mecha-

nism for oscillations was studied. In the axial

discharges with radial magnetic fields, oscilla-
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tions were observed by researchers at AVCO

(ref. 19), at United Aircraft (refs. 30 and 31),

and at the Langley Research Center (ref. 29).
For determination of the "turbulent" elec-

trical conduction in a discharge crossing a mag-

netic field_ the voltage-current characteristic

again offers a very useful tool. For turbulent
conduction oscillating electric fields can build

up in the azimuthal direction superposed on the

Hail current (refs. 15 and 42, for a possible

amplification mechanism), which together with

the radial magamtic field permit a drift of the

electrons along the axial direction. As a re-

sult the axial current is given by

with
L= Co'.±),°,bEx.,

(72)

ot_nee

(anz)tu,b---- _ (73)

This expression is found in reference 43 (see
--)

also ref. 44). (In these references B is ax'ial

and Eis radial.) In this expression the nature

of the drift is included by the inverse propor-

tionality of the electrical conductivity to Br.
The effect of the azimuthal electric field oscilla-

tions producing the enhanced conduction across

B, is included by a factor a; the factor

depends on the particular geometry.

Assuming that n,., _ and fl do not vary much

with increasing currents, the slope of the volt-

age characteristic is then

Ex oc Br (74)
3x

This fits the variation of the slope of the volt-

age-current characteristics in the Hall ion ac-

celerator for low pressures given in reference

29. Such fit was also found by researchers at

AVCO (ref. 19) and United Aircraft (ref. 31).

It thus appears that we are dealing with turbu-

lent electrical conduction.

The question arises of how to reduce this

turbulence. One way as pointed out in ref-

erence 19 is to use truly well-ionized plasmas.

Then the mag'nitude of axial electron currents

to maintain the energT input through the axial

electric field is reduced. The axial electric field

required to feed the ionization energT into the

plasma, feeds it also into the oscillations. Thus,

for proper injection of a fully ionized fast

moving plasma the possibility exists of keeping
the oscillations and the turbulence down. An-

other way is to operate a Hall accelerator at

higher pressures as is done for the Hall accelera-
tors with radial electric fields. Such an ap-

proach is also used for the Hall ion accelerator

by G. Cann (ref. 28) and in some of the con-

figurations used at the Langley Research Cen-
ter. Another possibility arises by using a time-

dependent reversal of the radial magnetic field

with resulting reversal of the azimuthal elec-

tron motion to delay the growth of instabilities.

This concel)t is suggested by recent experiments

in ref. (45), indicating that instabilities of a

magnetically confined discharge could be de-

layed by rapid current reversals; this, how-

ever, would be detrimental to propulsion. A

many-phase traveling ma_mtic field rotating
around the annulus would cut down the occur-

rence of zero magnetic field, but it may also

prevent the electrons from oscillating back and

forth if they are tied to the rotating magnetic

field. The use of externally imposed waves has

also been suggested.

Finally, attention should be drawn to the

coincidence that the slope of the voltage-current

characteristic for turbulent electrical conduc-

tivity (eq. (73)) is inversely proportional to

/_, but the slope for nonturbulent conductivity

with current fringing along the magnetic lines

(eq. (67))" is also inversely proportional to B,

but for vastly different reasons. In this con-

nection details of the experimental arrangement

in reference 43, for which turbulent conduction
and diffusion laws have been established, is of

interest. A highly ionized plasma is produced

in an axial discharge which is confined by an

axial mag-netic field. Perpendicular to this field

a small current is drawn to an auxiliary ring

electrode. Since the ring electrode is of finite

dimension, a slight possibility exists of some

current bulging in the direction of the magnetic

field lines, although the other electrode is the

long diacharge plasma. In references 43 and

44, however, the turbulent noise level is also

333



PLASMA PHYSICS AND MAGNETOHYDRODYNAMICS

checked and apparently the theory of turbulent
conduction or diffusion is well established. It

is also of interest that in reference 43 a current

actually drawn from the main plasma is used

to check the effects of plasma turbulence in the

presence of a magnetic field. The implication

is given that similar turbulent laws should ap-
ply to diffusion across the magnetic field. The

idea is that ,_lthough there exist differing mech-

anisms for the production of turbulence, the

actual effect of the fully developed turbulence

should Eve a voltage-current slope inversely

proportional to B. Since there are a variety

of macroscopic and microscopic amplification

mechanisms (see discussion on stability in ref.

7 and ref. 46) in the plasma with different indi-

vidual character, the final answer is not yet

quite clear although large-scale turbulence is

known to decay to small-scale turbulence.

FINAL REMARKS

The purpose of this paper is mainly to point

out that a profound knowledge of the deeper

implications of known aspects of plasma physics

or measurement techniques is necessary before

experimental results can be attributed to anom-

alous effects. The history of plasma physics is

full of such situations. On the other hand, once

new effects are discovered they can be found in

many situations; tlle field of plasma "turbu-

lence" is a good example. Oil both counts the

role of the university which combines teaching

with research is of great importance.
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SUMMARY

A theoretical study has been made of the electric

drag forces acting, as a result of the electric charge on

the sphere, on a spherical satellite in free-molecule

flow in the upper atmosphere. The analysis has been

applied to a 4-meter-diameter earth satellite at an

altitude of 1,500 kilometers. The calculations have

yielded charge-density distribution and potential dis-

tribution in the sheath, the ion trajectories, the in-

creased ion-impact drag, the ion-scattering drag, and

the induction drag due to the earth's magnetic field.

These three electric drags total about 3Vz percent of

the drag of the uncharged sphere for average condi-

tions between maximum and minimum of sunspot

activity. The percentage would be approximately

doubled at the maximum and approximately halved

at the minimum.

INTRODUCTION

This paper describes one of the applications

of plasma physics and magnetohydrodynamics

in space research.
One of the uses of artificial earth satellites is

the determination of the density of the upper

reaches of the earth's atmosphere. Explorer

IX (1961 Delta 1) is a satellite that was placed

into orbit by the :NASA in February of 1961

for the purpose of measuring the density of the

atmosphere. It is a 12-foot-diameter hollow

lightweight sphere that was constructed of two

layers of thin plastic and two layers of alumi-
num foil and was inflated after being placed in

orbit. This satellite is rather large, yet of small

mass, and its orbit is considerably affected by

the aerodynamic drag exerted by the atmos-

phere. From the observed effect of this drag

on the orbit, the density of the atmosphere at
least at the altitude of perigee, which is about

700 kilometers, can be inferred.

The upper atmosphere of the earth, however,

is a plasma, and electrostatic and electromag-

netic interactions can take place between the

plasma and the satellite, the outer layer of

which is a metal and carries a charge. These

interactions cause drags on the satellite that are

additional to the conventional aerodynamic

drag that occurs in an un-ionized environment.

Although these additional drags may turn out
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to be small, as they do in the present case, it
seems advisable to calculate them in order to be

able to take them into account in the determi-

nation of atmospheric density.

A number of papers are available on the sub-

ject of the electric drag of satellites (refs. 1 to

8). Some of the analyses apply, however, only

to charged bodies that are small compared to a

Debye length, and for an altitude of 1,500

kilometers (the altitude used herein as an ex-

ample) the Debye length is only 3 centimeters.

In some of the analyses the satellite is assumed

to be charged to many tens of volts, whereas in

the case to be considered herein the potential of

the satellite is only a fraction of a volt. Some

of the published works treat only one of the

three electric drags. In others, the concepts

themselves are erroneous. (A comprehensive

and useful review of the subject is given in ref.

9.) It therefore seemed advisable to perform

the analysis and computation in such a way that

the results are applicable to the average altitude

of Explorer IX. The present analysis applies

to satellites that are large compared to a Debye

length (a satellite diameter of 4 meters is used)

and that are at altitudes high enough that free-

molecule flow obtains (an altitude of 1,500

kilometers is used). A more extensive treat-

ment has been given in reference 10.

B

e
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J
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SYMBOLS

magnetic induction, webers/m 2

charge on singly ionized positive ion, coulombs

current, amperes

current density, ampcres/rn 2

BoItzmann's constant, joules/°K

length, m

mass, kg

n number density, m -3

Q charge, coulombs

r,#, ¢ spherical coordinates

T temperature, °K

U nondimensionalized potential, e¢/kT

v velocity, m/sec

x, y, z Cartesian coordinates

permittivity, farads/m

_" nondimensionalized length, r/)_D

transformed coordinate, log. _.y

)_D Debye length, k_/

a conductivity, mbos/m

4) potential, volts

Subscripts:

e electron

i ion

ambient

s satellite

DESCRIPTION OF ELECTRIC DRAGS

A satellite experiences electrostatic drags be-

cause it acquires a charge. At an altitude of

1,500 kilometers, the principal constituent of

the atmosphere is helium. For average condi-

tions over a solar cycle, one-fourth of the helium

atoms are ionized by radiation from the sun _n

the far ultraviolet. The number density of

electrons and of ions is equal and both are at the

same temperature. (See table 60-I, which

shows conditions at an altitude of 1,500 kilome-

ters.) The satellite velocity is greater than the

ion velocity; therefore, the satellite sweeps up

the ions. The electrons, on the other hand,

being of small mass and being tied to the lines

of force of the earth's magnetic field, spiral in

very snmll circles around these lines and, hav-

ing much greater velocity than the satellite,

impinge on the satellite at a higher rate than

TABLE 60-I.--Condition._ at an Altitude o/1_00 Kilometers

Mass density, kg/m 3 ................................... 2 X 10 -16

Number density, m -s .................................. 3 X 10 TM

Temperature, °K ..................................... 1,300

Magnetic flux density, weber/m2 ........................ 2.3X 10 -s

Debye length, m ...................................... 3 X 10 -2

Satellite velocity, m/sec ................................ 7 X 103

Thermal velocity, m/see ..............................................

Mean free path, m ..................................................

Radius of gyration, m ...............................................

Revolutions/collision ............................................... ;

Ions Electrons

7X 10_ 7X 10_

i, 300 1,300

3X lO s 2X 10 _

4X 10 _ 3X 1@

3 5X 10 -3

10 8X104
i
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the ions. The satellite therefore quickly builds

up a negative charge and a negative potential

of such magnitude that the rates of impinge-

ment of ions and electrons become equal. At an

altitude of 1,500 kilometers, charged particle

densities and velocities are such that this nega-

tive potential is 0.4 volt.

The ultraviolet portion of the sun's radiation
can also cause photoelectrons to be emitted

from the surface of the satellite, but because the

aluminum surface is not really clean and is

oxidized, the photocurrent at this altitude can

only reduce the equilibrium charge on the satel-
lite toward zero. In order to obtain a maximum

value for the electric drag, the effects of photo-

emission were neglected. This condition would

correspond either to a dirty surface or to the

satellite's being in the earth's shadow. The

calculations were therefore made for a nega-

tive potential of 0.4 volt on the satellite.

Three electric drag forces can act on a satel-
lite. Two of these forces are electrostatic in

nature and are identified herein as Coulomb

drags. The third is electromagnetic and is

termed the induction drag. One of the Cou-

lomb drags is due to the increase in the rate at

which ions impinge on the satellite (and thus

mechanically transfer momentum to it) because

of the Coulomb forces between the charge on

the satellite and the charges on the ions. This

phenomenon is illustrated in figure 60-1 for the

case of no magnetic field. Because of the nega-

tive charge on the satellite, the cross section for

ion impingement is increased. When, how-

ever, the satellite is crossing the lines of force

FIOLrRE 60-1.---Coulomb drags (without magnetic field),

SATELLITE IN UPPER ATMOSPHERE

of the earth's magnetic field, a voltage gradient

is induced in the satellite, which thus becomes

polarized. Thus, the increase in the cross sec-

tion for ion impingement is not symmetrical
about the satellite. This condition is shown in

figure 60-2.

FIOL'RE 60-2.--Coulomb drags (with magnetic field).

The second Coulomb drag is due to the fact

that ions whose trajectories are affected by the
electrostatic force but which do not actually

impinge on the satellite are deflected or scattered
and thus exert a force on the satellite. This

type of drag is illustrated in figure 60-1 for the

case of no magnetic field. The force between
the ion and the satellite varies in both direction

and magnitude but can be illustrated qualita-

tively by a single force as shown. The result-
ant of the forces exerted by all the scattered

ions is a force in the drag direction. _Vhen

the earth's magnetic field is taken into account,

the scattering is no longer symmetrical, as is

shown in figure 60-2. The resultant fprce vec-

tor due to scattering of ions can in this case be

resolved into two components, one along the

drag direction and one in the lateral direction.

Induction drag occurs only when a magnetic

field is involved and can be qualitatively de-

scribed as follows. (See fig. 60-3.) Ions im-

pinge preferentially on the portion of the front
of the satellite that is more negative, and elec-

trons traveling along the magnetic lines of force

impinge most copiously on the portion of the

two sides that is more positive. The positive

ions and the negative electrons have to combine,
so there is a flow of electrons in the satellite
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which is equivalent to a positive current as

shown. The well-known electromagnetic force

on a current in a magnetic field is the vector

product of the current density and the mag-
netic flux density j xB per unit volume. This

force has a component in the lateral direction

and a component in the drag direction.

b'ht_mE 60-3.--Induction drag.

CALCULATION OF SHEATH

The foregoing discussion indicates that, be-

fore these three electric drags can be calculated_

a knowledge of the trajectories of the ions is

required. The ion trajectories are found by

solving the equations of motion of the ions.

Solving the equations of motion requires in

turn a knowledge of the electric potential
distribution around the satellite. The electric

field of the satellite does not extend to infinity

but is limited to a few tens of centimeters by a
sheath that forms around the satellite. It is

the potential distribution in this sheath that is

required. To find it, ion and electron density
distributions in the sheath are needed.

Because the ions are very massive as com-

pared with the electrons, the ion density in the

sheath can, as a good first approximation, be

considered to be constant and equal to that out-
side the sheath. Most of the redistribution of

charge density in the sheath is made by the
electrons.

The electrons in the undisturbed atmosphere

can be taken to be in thermodynamic equi-

librium, as was verified by measurements takeH

with Explorer VIII (1960 Xi 1). Then if the

satellite surface were a perfect reflector of

electrons, the electxons in the sheath would be

distributed according to the Boltzmann law;

thus,

n,=n,, exp (e_)

But since the satellite surface is an almost

perfect absorber of electrons, those electrons

that initially have sufficient kinetic energy to
reach the surface are not reflected, and of course

no electrons come through the satellite from

the other side to replace them. The Boltz-
mann distribution must therefore be modified

near the satellite surface to account for this

deficit in the distribution of receding electrons.

The modification is effected in the following

manner. At any point in the sheath at which

the potential is ¢, the electrons that have
velocities toward the surface of the satellite

have a Maxwellian distribution with velocities

ranging from zero to infinity, but their number

density is reduced by the Boltzmann factor

exp

away from the surface, which are those that

have been reversed in direction by the

potential field, are reduced in number density

by the Boltzmann factor and have only that

part of a Maxwellian distribution that extends

from _/2e (¢--4)_) to zero. Those missing from
¥ me

the Maxwellian distribution were intercepted

by the surface. The electron density at the

point where the potential is 4) is then

¢a

I'm eVr_

__ exp \2kT] dv

_ 1 1
--[_+_ erf_j n_. 0, exp(_T )

The right-hand side of this equation is the

Boltzmann distribution modified by the ex-

pression in the brackets.

The potential distribution and the charge-

density distribution in the sheath were found

by solving Poisson's equation
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Dimensional quantities were made nondimen-
sionaI as follows: Distance from the center of

the satellite r was expressed in terms of Debye

lengths, potential in terms of temperature
(in volts), and number density in terms of ambi-

ent number density. Poisson's equation in
spherical coordinates then becomes

1 _) ( _)U\ 1 b( hUh_ v{'2 _)_- _2 sin )+ 2sine 0 o)-e

[1+1 erf_U--U,..n (v, XlcTB)r,cos 8_]--1

The ohmic voltage gradient j/a is not taken

into account in this equation because it is

negligible as compared with the polarizing

voltage gradient v_XB. The orientation of the
coordinate systems used for the calculation of

the sheath is shown in _gure 60-4. These co-

ordinate systems are fixed in the satellite. The
boundary conditions for the sheath are:

U---0 at _'= ¢o (actually used was _-----20)

U rT , (v_XB)r_
----_8-,n-r kT cos 8, at t'----_',

aU
-_-----0 at 6=0,_"

F_ov_v 60-4.--Spherical and Cartesian coorcIlnate
systems.

With this

becomes

This last boundary condition is based on the

assumption that the wake has a negligible
effect on the sheath on the front half of the satel-

lite and that the sheath can therefore be calcu-

lated as though it were symmetrical about the
z-axis. The region of the sheath, an area

bounded by circular arcs, was transformed into

a rectangular area by the substitution

n=log,

substitution, Poisson's equation

b_U 5U. 5_U, t-bU 2 2, f [-1

lerf_U--U,..n-(v'XB)r" L]--I}+ 2 k T cos

(The angle 8, is the angle defining the point on

the satellite surface which pro_ec_s along the

direction of the earth's magnetic field lines to

the point where the potential is U.) This

equation was written as a system of difference

equations which were solved simultaneously

for a network of 51 by 51 mesh points by an

iteration procedure on an IBM 7090 electronic

data processing system. One hundred twenty
iterations were found to be sufficient.

The results for the potential U in the sheath

are shown in figure 60-5, where contours of

constant U are drawn. It should be emphasized

that, since the radius of the satellite is so much

greater than the thickness of the sheath

(r°-----66.67XD), it was necessary, in order to be
able to sho_ the structure of the sheath, to use

vastly different distance scales for the two

regions, inside and outside of the satellite. The
ratio of the scales is 1 to 33.33. The results

for the charge density (n_--n,) in the sheath

are given in figure 60-6, which shows contours

of constant charge density. (Here again differ-
ent scales were used for the satellite and the

sheath.) It can be seen that the retarding

action of the negative charge on the satellite,

together with the absorption of electrons that

contact the surface, results in very much reduced

electron number densities very close to the
surface. The thickness of the sheath is shown

by figure 60-5 to depend on the local value of
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(NOTE DIFFERENCE IN SCALES INSIDE AND (NOTE DIFFERENCE IN SCALES INSIDE AND
OUTSIDE OF SPHERE) OUTSIDE OF SPHERE)

8='/T

t_= 72.67-

_71.67: -'_.,_-oU I

\
.3\ \

eF.e7

0=0

FIGURE 6()-5.--Contours of potential U in the sheath.

tile potential on the satellite surface and to

vary from about 0.8 to 1.5 Debye lengths, if the

edge of the sheath is taken to be the location

of 1/e of the surface potential. Since the sheath

on the front half of the satellite has symmetry

about the z-axis (the vertical axis in the plane

of the paper in figs. 60-5 and 60-6), three-

dimensional surfaces of constant potential and

constant charge density can be generated by

rotating these fgures about that axis.

CALCULATIONS AND RESULTS FOR ION

TRAJECTORIES

The trajectories of the ions were found from

a solution of the Lagrangian form of the

equations of motion,

___2__ sin _0 _2-1-e_n_" _" OU-_o

ni-n e

ni,cO

0.15

8=0

Fmunz 60-6.--Con,tours of constant charge density in
the sheath.

cos e sin e'n,,o
_m, _--0

_'_sin S 0 }=Constant

where the dots over symbols denote differ-

entiation with respect to time. The two

derivatives of potential (bU/b._ and bU/b0) that

appear in these equations had been calculated

and stored in the process of calculating the

potential and the charge density in the sheath.

They were used in solving these equations

numerically on the IBM 7090 electronic data

processing system. A fifth-order integration

routine that employed a fourth-order Runge-
Kutta method was used. Each interval was

computed by two complete half-interval steps

and comparison was made with the whole

interval step for accuracy agreement.
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Typical results are shown in figure 60-7 for
the most negative (-0.72 volt) and the least

negative (-0.076 volt) regions on the sphere.

The trajectories shown are in the plane _=

,r/2. It is only for this condition that the ion

trajectories are planar and are not unreason-

ably difficult to calculate. The trajectories

appe,_r to agree qualitatively with those cal-

culated by Jastrow and Pearse (ref. 1). For

the low satellite potential used herein, compar-

atively few ions are deflected from the sheath
into the wake. Again, this result is in general

agreement with the results in reference 1.

NEGATIVE END OF SATELLITE

r/k D
-I00

- 8O

FIOURE (hb--8.--Cross section for ion impact.

LEAST NEGATIVE END OF SATELLITE

FI_re 60-7. Ion trajectories.

CALCULATION OF COULOMB DRAG

On the basis of the results obtained in the

preceding section, the portion of the Coulomb

drag of a 4-meter sphere at 1,500 kilometers
due to ion scattering has been estimated and

shown to be not more than 0.05 of 1 percent of

the drag of the uncharged sphere. The portion

of the Coulomb drag due to increased ion

impringement is calculated from the effective
cross-sectional area of the satellite for ion

impingement. This effective area, obtained

from the calculated trajectories, is shown in

figure 60-8. It is 10 percent larger than the

projected area of the sphere. The degree of

ionization obtained from table 60-I is 23 per-

cent. Therefore the Coulomb drag due to

increased ion impacts is 2.3 percent of the drag

of the uncharged sphere.

The conditions in the atmosphere at an

altitude of 1,500 kilometers that were used

herein are presumably close to average con-
ditions over a cycle of sunspot activity. At

sunspot maximum, when the degree of ion-
ization is about twice as large as average, the

ratio of the Coulomb drag to the drag of the

uncharged sphere would be approximately

twice as great as at average conditions. At sun-

spot minimum, where the degree of ionization
is about half that used herein, the ratio of

Coulomb to uncharged-sphere drag would be

approximately half that shown here.

CALCULATION OF INDUCTION DRAG

The method used herein t[or calculating in-

duction drag is the following. First, the cur-
rent in the satellite normal to B must be ob-

tained; to obtain this current, the satellite is
considered to be divided into circular elements

or rings centered on an axis perpendicular to
the directions of both satellite velocity and

magnetic flux as shown in figure 60-9. From
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The net current flowing downward at each one

of the circular elements where the polar angle
is 0 is

0f2:ri= (j,-- j,)r, _sin 0 dCdO
,,.tO J O

=2n,,._evF,_(_ si420 )

FIGURE 60-9.--Ge(,metry for calculation of induction
drag.

the trajectories of the ions, the ion current to
the first element is obtained. The electron cur-

rent to that element is given by the well-known

kinetic-theory differential expression for the

flux of particles crossing a surface in one direc-

tion (with velocities normal to the surface be-

tween v and v+dv) integrated between the

kinetic-energy limits of -e¢_ and :¢; that is,

the electron current density to the spherical
surface is

t kT "/_ _e¢,_
j,=ene.¢. (2r-_,) sin Ocos ¢ exp

\kT]

The net current to the first element is then the

difference between the ion current and the elec-

tron current to that element. This net current

has to flow into the second element, from which

this net current plus the net inflow of ion and

electron current from the plasma into the sec-

ond element has to flow into the third element,

and so on. Any current flow in the plane of a

circular element can be ignored because, for it,

i×B is not in the drag direction. The total

induction drag is obtained by summing for all

elements the product i ( dl × B ) .

The magnitude of the induction dr_¢, was

found to change very little if, instead of using

the actual ion trajectories to determine the ion

current to the different elements, the satellite

is assumed to run into a stationary ion gas.

The ion current density to the spherical surface
is thus

j_= n_. ®ev, sin 0 sin _ 0 < _< lr

where

fo ° sin s # exp (a cos O)dO

eBrsv,
a= --_ _2.85

From this the induction drag is found to be

f i(dlXB)= f iBr, sin OdO

=Br,3 { n_,®ev, (rq -2)

" kT -,l_

From this expression the induction drag is

found to be 1.8 x 10 -D newton, or 1.2 percent of

the drag of the uncharged sphere. This is the

induction drag calculated for the velocity

vector v, and the magnetic vector B normal to

each other. In general, the angle between

these two vectors will be less than ,r/2 and the

induction drag will accordingly be less.

CONCLUDING REMARKS

The potential and the charge distribution in

the sheath on a 4-meter-diameter sphere and the

drag of the sphere resulting from its electric

charge have been calculated for an altitude of

1,500 kilometers. The results are perhaps more

accurate than any previously obtained.

The Coulomb drag due to scattering has been

shown to be essentially zero. The Coulomb
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drag due to increased ion impingement is shown

to be 2.3 percent of the drag of the uncharged

sphere at average conditions during a solar cy-
cle. The percentage would be approximately

doubled for the degree of ionization prevailing

at the maximum of the solar cycle of sunspot

activity and would be approximately halved at
the minimum. These values for Coulomb

drag are obtained without taking account of

photoemission. If photoemission has the ex-

SATELLITE IN UPPER ATMOSPHERE

per.ted effert for an aluminum surface, these

values would be decreased. They can there-

_ore be taken to be upper limits which occur

when the satellite is in the earth's shadow.

The induction drag due to the electric gener-

ator action of the satellite has been shown to be

1.2 percent of the drag of the uncharged sphere

for the orientation for which the induction drag

is a maximum.
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SUMMARY

The problem of radio-frequency attenuation due to
the interaction of an electromagnetic wave and a
plasma layer is reviewed with particular attention to
that aspect dealing with communications during the
reentry phase of space-flight missions. The need for
concerted effort on the problem is first brought out by
the projection of radio blackout data from current
missions to that of second-generation missions. The
electromagnetic plasma parameters are discussed in
relation to their influence on the wave propagation
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properties. It is shown that theoretical models of

wave-plasma interaction (absorption and reflection)

can be synthesized to approximate the reentry plasma-

layer problem, which ls interaction with relatively

dense plasmas having gradients of finHe extent with

respect to a signal wavelength. Comparison of flight

results with those obtained with a simplified concep-

tual model is presented. Finally, various means by

which the attenuation problem may be alleviated or

circumvented are reviewed and the capabilities for

laboratory and flight model tests are outlined.
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INTRODUCTION

Almost everyone is familiar with one radio
attenuation protflem associated with reentry

from space flight, this of course being the Mer-
cury-Atlas radio blackout, period experienced

by the Astronauts. It was observed in these
missions that, there was a period of a few
minutes in which communications both from

and to the capsule were totally obstructed by the
ionization layer formed about the body during
the reentry phase of the mission (ref. 1).
Although this was by no means the first time
such a phenomenon has been observed, it did
nevertheless serve to dramatically reemphasize

the importance of the problem and, indeed, to
substantiate the current factual as well as con-

ceptual thinking to a surprising degree.
It had been previously established, from

many tests of unmanned vehicles and from
evaluation of gro_ theoretical models of
the electromagnetic-wave---plasma interaction
problems, that radio interference effects can and
do exist in both the boost and reentry phases
and can compromise the operational, not to
mention the psychological, aspects of space

flight. The really disturbing pan about the
situation is that for the second-generation space-
flight missions, such as Apollo and other
planned space and planetary probes, these
effects appear to be greatly magnified in the
light of present technology, so that data systems
as well as monitoring and command systems
may be seriously impaired. In some instances,
however, tracking by means of radar may be
improved (ref. 9). It is well, then, to review
and examine the present, status of knowledge

and technology in regard to radio attenuation
with a view toward delineation of the problem
areas and avenues which might be pursued in
the hope for solutions.

The general flight blackout problem can be
briefly reviewed by first, examining the data
from Mercury space-flight missions. Figure
61-1 illustrates the relationship of the plasma
layer or ionization layer with respect to the
vehicle, its aerodynamic flow field, and the com-

munications system. The plasma layer is lo-
cated between the surface of the vehicle and

the main shock wave, and not only does it, com-
pletely surround the body but it may extend to

FIGURE 61-1.--Signal blackout d_le to plas'ma layer.

a distance of many body dimensions behind the
vehicle. The important point to be noted is

that the radio-frequency (RF) signals both
from the capsule and from the ground are re-
flected and/or absorbed by the plasma layer
which is thus acting as a shield to obstruct com-
munications from both directions.

Figure 61-9 shows the velocity-altitude spec-
trum in which this signal impairment is mani-
fested for the Mercury spacecraft VtIF voice
telemetry as well as the C-band radar-beacon
signal. The upper shaded region is an experi-

ence curve gained from a variety of other flight
experiments. A possible Apollo path is shown
by the dashed curve for comparison. The Mer-
cury beacon signal was not completely blacked
out but was greatly attenuated for the short
period shown. The Vtt-F signal was blacked
out completely for a few minutes, in which time
the capsule traversed a distance measured in
hundreds of miles. For the Apollo curve shown
in this figure, the beacon signal would be cer-

ALT.,
FT t_ SIGNAL BLACKOUT BELOW THIS REGION

400 tO3=
_FA-6 APO_

!

500

2oo ..-;

0 10 20 50 40xlO 3

VELOCIT% FPS

FIGURE 61-2.--Radio frequency blackout regions for
Mer(,ury-Atlas communications.
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tainly blacked out completely and the VHF

blackout period would be expressed in terms

of thousands of miles traversed by the capsule.

Lack of communications during such a lengthy

period could very well mean a greatly increased

requirement for the onboard navigation and

flight evaluation system, which in turn is meas-

ured in increased payload or decreased mission

capability, not to mention reliability.

SYMBOLS

B magnetic induction

co speed of light

E electric field intensity, rTjs

e charge on electron

f signal frequency

k propagation parameter, a+j_

k_ value of propagation parameter in uniform

plasma

m mass of electron

N concentration

n index of refraction

Q average effective momentum transfer cross sec-

tion for electron-particle collision

R amplitude of reflected wave

T amplitude of transmitted wave

r real part of E

s imaginary part of E

t time

V real part of (k/k0) _

W imaginary part of (k/ko) 2

w. mean thermal velocity of electrons

x,y,z space coordinates

a phase parameter

attenuation parameter

A thickness of shock layer

_. wavelength

v electron collision frequency

4, angle of incidence

¢o angular signal frequency, 2rf

eB
_db cyclotron frequency, --

me0

_. plasma frequency, [_] 'n

Subscripts:

b

e

i

0

P

H
.l.

1,2

dependent on B

electron

particle other than electron

in vacuum

plasma

E vector parallel to plane of incidence

E vector perpendicular to plane of incidence

semi-infinite homogeneous plasma with N_ dis-

continuous at boundary

designate particular values of y

CHARACTER OF PLASMA LAYER

In order to study some of the fundamental

aspects of the interaction of electromagnetic

(E.I_.) waves and plasmas, in particular, plas-
mas of the type associated with blunt-body re-

entl T into an earth or planetary atmosphere,

the reentry plasmas must first be defined or
characterized. It is necessary to know both the

magnitude and spatial extent of plasma prop-

erties during reentry. The determination of

the shock-layer flow field, and hence plasma

properties, about blunted bodies in hypersonic
flow is indeed a complex mixture of disciplines.

These disciplines include hypersonic aerody-

namics, high-temperature thermodynamics,

multicomponent chemical kinetics, and viscous

ablating flow, even for the simpler continuum-

flow concept of primary interest. Although

it is not within the scope of this presentation

to review these theoretical methods, suffice it

to say that only a very limited number of such
computations have been made for highly
blunted bodies and these are either restricted

to the nose region or are for thermochemical

equilibrium and/or inviscid flow (refs. 3 to 6).

Such results do, however, provide a good indi-

cation of the influence of the various flight

parameters on the plasma characteristics and

serve as inputs for first-order radio attenuation

estimates. There are few, if any, direct experi-

mental plasma measurements available for ap-

plication to this problem. The general charac-

ter of the plasma in the shock layer, as based

on present knowledge (ref. 3), is illustrated in

figure 61-3. The plots show the spatial varia-

tion of the electromagnetic plasma parame-
ters-free electron concentration and electron

coIIision frequency--along a path normal to the

body surface for an aft location on a blunted

body at a possible reentry flight condition.

Note particularly the nonlinear, nonmonotonic
variation of ,V,., the peak value of N_, and the

relatively constant value of v. It, might also be

noted that the only part of the layer which is

of particular consequence with regard to RF

attenuation is that part with a value of N_ high-

er than approximately 10 ° cm -3. The number

106 is of significance in that this is about the
maximmn electron concentration in the iono-

sphere (refs. 7 to 9) through which, of course,
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FIGURE 61-3.--Typical variation of electromagnetic
parameters in shock layer,

any space communications system must be capa-
ble of transmitting a priori.

Since the reentry plasma layer has been d_-

fined, at least in qualitative fashion, the prob-
lem of electromagnetic wave interaction with
this plasma can now be considered. Probably
the best way to do this is to look first at the

simplest type of an interaction, bringing out
the important plasma parameters and their in-
fluence on the wave propagation nature. It
should then be possible to consider the influence
on the propagation of the various nonidealities
which comprise the actual plasma-wave model
and, thereby, attempt to synthesize a more com-
prehensive picture of the problem.

PLASMA PROPERTIESFOR ELECTROMAGNETIC
WAVE INTERACTIONS

From a solution of MaxweWs equations for
the simplest interaction, that of a plane wave in
a uniform plasma, expressions can be derived

to show the pe_curbations on the electromag-

netic wave due to the presence of the plasma--
that is, propagation characteristics in the

plasma as compared, for example, with propa-
gation characteristics in a free-space medium.
By using also the equation of motion of an elec-

tron in an infinite uniform plasma undergoing

harmonic oscillation (the ions may be consid-

ered stationary for RF frequencies), it can be

further shown that there is a parameter known

as plasma frequency which defines a range in
the wave frequency spectrum in which these

perturbations are not small (refs. 8 and 10 to

13). It is this range--where 'signal frequency
is of the order of or less than the property called
plasma frequency--that is of particular interest.
Within this range, a significant part of the
wave electric energy can become transformed
into electron kinetic energy and thus alter the
wave characteristics. The result is manifested

by displacement currents and conduction cur-

rents in the plasma, depending furthermore
upon the rate at which electrons can collide with
other particles in the plasma and the strength
of any imposed magnetic field. (Radiation

damping due to electron oscillation is negligi-
ble for RF frequencies.) Therefore, the plas-
ma properties for wave propagation--that is,
the index of refraction and attenuation coeffi-

cient-are expressible in terms of the parame-
ters: plasma frequency, collision frequency,
and magnetic-field strength.

Since the plasma-frequency parameter is the
most important of the plasma properties, it is
discussed first. This parameter is also called
characteristic frequency and sometimes critical
frequency and is a convenient lumped param-
eter having the dimensions of frequency.
However, it is an inherent property of the
plasma. For example, consider in an infinite
plasma that some of the electrons are displaced
from their equilibrium position in the plasma
due to the application of some force on the elec-

tron. A restoring space charge field is then
created which, if the displacing force is sud-
denly removed, causes the electrons to oscillate
about their equilibrium at a frequency propor-
tional to the plasma frequency. The value of
the restoring field (and the plasma frequency)
is dependent exclusively on the free electron
concentration in the plasma--that is, the num-
ber of free electrons in a unit of volume. It is

intuitively obvious that, when the exciting fre-
quency (signal frequency) becomes equal to this
characteristic frequency of oscillation, the elec-
tromagnetic properties of a plasma may exhibit

marked changes, as indeed they do.

The other important plasma property is

called electron collision frequency and is repre-
sentative of the rate at which electrons interact

with other particles in the plasma. (See refs.

11 and 14 to 17.) This property indicates the
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lossy or dissipation properties of the plasma

resulting from the transport of electron energy.
These electron interactions may be binary with

neutral species or ions, or with several particles

concurrently, and may be elastic or inelastic,

all depending on the thermal and state proper-

ties of the plasma and the strength of the

electromagnetic wave.

It is well to point out that the reentry plas-

mas which are of importance to RF attenua-

tion generally fall into the category of weakly

ionized, dense gases---that is, most of the par-
ticles are neutral atoms and molecules and a rel-

atively small fraction are free electrons and

ions, but the density of electrons and rate of

electron collisions are relatively high.

StMPLE INTERACTION MODEL

The simplest type of wave-plasma interaction

is illustrated in figure 61--4 where a plane wave

propagating in free space is normally incident

upon a semi-infinite uniform plasma. The

boundary in this model is a discontinuous jump

from the free-space values to the plasma values

of the propagation parameters. After im-

pingement of the incident wave upon the

plasma, two waves are generated: one propa-

gated into the plasma (the transmitted wave)

and the other reflected away from the plasma.

The following properties of these waves may be

determined from the solutions appropriate to

this model (ref. 13) :

.c° [v+vv,+w, I'"
=W=L _ J

,c_z.=[.-,_ v+ ,_],,2
where

F( YT-"'V=I-- -- --
L\Wp/ \wp/_J

F(,,
,_ LX_p/ \cop/._1

R , (ao--a)'+(flo--/_) 2
= - (_.+_),+ (t_°+t_)_

¢0p----2_'(8970) _

_'=_e_,] N_Q_
!

e j(koy-(uf)
IN CI DEN--_"

Re-J (koy +r_t)

"REFLECTED

AIR SEMI-INFINITE PLASMA

k =ko =CONSTANT (REAL) k =k I = CONSTANT(COMPLEX)

Y2eum_ 61-4._Simple wave-plagma model (semi-in-

finite uniform plasma).

In these equations the propagation parameters,

index of refraction (or phase constant.) and the

extinction (or attenuation) coefficient, are seen

as functions of the plasma frequency and colli-

sion frequency at a given signal frequency. The
reflection coefficient for this semi-infinite type

of reflection is seen also as a function of the

plasma properties. For this wave-plasma model

only one reflection occurs, and the strength of
the reflected wave is constant in time and space.

The transmitted wave, however, is weakened

due to absorption in the plasma for each unit of

plasma thickness traversed. In each element of
plasma, a portion of the wave electric energy

is lost to electron kinetic energy which, when

equilibrated, appears as an increase in the
thermal energy of the plasma, although this

increase is of a thermally negligible amount.

The fractional loss of wave energ)', however, is

by no means negligible over a large portion of
the wave frequency spectrum as can be illus-

trated by a plot such as that shown in figure
61-5 which is similar to a sketch in reference

18. It is seen that, for wave frequencies

much less than the plasma frequency, the

plasm_ is highly reflective and almost all the

energy is reflected away. In such a case the

plasma acts like a conductor; penetration of

the wave into the plasma is smelt, and equiva-

lent displacement currents in the plasma act to

change only the index of refraction. At the

other end of the spectrum (_p) where the

signal fn_quency is very high, the plasma is

completely transparent to the wave (acts as a

good dielectric) and no consequential effects are
noted. In the intermediate frequency region,
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POWER

)ER UNIT DEPTH

REFLECTION
LOSS, DB

ITTED 40

POWER

COp

CASE I. z,'_w

Wp
CASE 2. y._,w

w

UNIT DEPTH 20

FIGURE 61-5.--Influence of parameters on wave
propagation.

however, the situation is quite mixed, depend-

ing, in addition to the plasma frequency, upon

the value of the electron collision frequency. In

this frequency regime, the plasma is like a lossy

dielectric and some of the wave energy is re-

flected back and the remaining energy is lost

by plasma absorption. The region where

¢0_p is frequently referred to as the cutoff

region. It is seen, therefore, from these results

that the most important plasma parameter for
determination of wave propagation character-

istics is the plasma frequency or, in the most ex-

plicit terms, the free-electron concentration.

Figures 61-6 and 61-7 show in normalized

form the explicit dependence of absorption per

unit plasma thickness and of the reflection on

the eleotromagnetic plasma parameters for the

simple wave-plasma model. To be noted in fig-

ure 61-6 (from ref. 19) is the interesting result

that for very low frequencies the absorption

loss falls off. If, therefore, the reflection losses

10-3

t0 3

10-4

t0-4 10-5 I0-2 !O-l/COpIcO I0 I0 2 I0 3

FIGURE 61_6.--Normalized plane-wave attenuation in

a uniform plasma.

10

0
.000) .O01 .0l , I I

W/Wp

FIGURE 61-7.--Signal loss due to reflection at semi-

Infinite plasma interface.

are not too great, the use of very low frequency

(as well as very high frequency) is suggested.

NONUNIFORM, FINITE-THICKNESS MODELS

It is interesting to consider the effect of re-

placing the abrupt change of properties at the

air-plasma interface with a more gradual and

continuous change. The general problem of

wave propagation at normal incidence through

a nonuniform plasma has been formulated by

John S. Evans of the Langley Research Center

(see ref. 90) and involves numerical integration,

through the plasma layer, of the following
equations:

d2r
Ty,+ko (rV-sW)=o

d_s __lco2(sV + rW)=O
dr'

where r and s are the real and imaginary parts,

respectively, of the electric vector. The nu-

merical integration of the propagation equations

is done by using the Runge-Kutta method on

an IBM 7090 electronic data processing system.

Such a program can be used to find the trans-

mitted and reflected wave strengths for any

pathwise variation of plasma properties

whether discontinuous or gradual, but, of

course, the number of integration steps is de-

pendent upon the magnitude of the gradients.

.4m analytical method (ref. 21) has also been

developed which is applicable to special types

of plasma property variations (linear ramps

and combinations of ramps and uniform plas-
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mas) for transmission at normal incidence.
Solutions are obtained in the form of complex

Airy functions and numerical evaluation per-
formed by a machine. Since the results of these
two programs are compatible, they are not
separately discussed but are used hereinafter to
illustrate effects of plasma nonuniformity.
Figure 61-8 shows such an effect on the reflected

wave strength for a linear variation of proper-
ties from free-space to plasma values. It is
seen from this figure that the reflected power

drops markedly from the discontinuous-jump
value when the ramp length (linear region)

increases to a fraction of the signal wavelength,

the effect being only weakly dependent on the

plasma absorptivity for the shorter ramp

lengths. It can be also shown that gradients
other than the linear ramp gradient produce ef-

fects generally similar to those shown in this

figure, but such details as these are not discussed
herein. With regard to the absorption prop-

erties, it can be shown that for gradients in the

plasma the absorption is generally closely evalu-

ated by summation or integration of the local

absorption coefficients along the propagation

path, the gradients not being of first-order in-

fluence (ref. 29).
The next aspect to be considered is the effect

of finite extent of the plasma (as contrasted to

the semi-infinite plasma) on the reflection

properties of the plasma. Since it was just

shown that gradients having dimensions greater

than 1/10 wavelength or so reduced the reflec-

tion significantly, there would naturally be the

1.00

N Ne ,

.75

I 15o
.25

O .5 I.O 1.5 2.0

Yl/_o

FIGURE 61-8.--Effect of plasma gradient on the semi-

infinite plasma reflection, n=0.5.

N
2.0

Fmva_ 61-9.--l!_ffect of finite extent of plasma on the

reflection. _=0.5 ; BCo = O. 1.

question of what happens when the plasma
thickness is comparable to the wavelength of

the signal. Figure 61-9 shows the effect of
plasma extent (i.e., layer or slab thickness) on
reflection for two types of plasma boundaries--
a discontinuous jump and a linear ramp gradi-
ent, each type occurring at both the forward and
rearward plasma boundaries. Although the in-
terferometer effect--that is, interference and re-
inforcement at fractional wavelength multi-

pies--might be expected, the fact that the

plasma absorptivity can be high also when the

refractivity is high would generally tend it

toward the highly damped case. However, to

illustrate most simply the effect of plasma ex-
tent on reflection, a weakly absorbing plasma is

shown here. It is seen for this plasma that the

reflectivity of the layer indeed varies peri-

odically with the plasma extent measured in

multiples of the signal wavelength. (The wave-

length in the plasma is not equal to the free-

space wavelength.) For high absorptivity,
such as the more usual reentry plasma case, the

rave cannot penetrate very far (i.e., fraction

of a wavelength) into the plasma before much

of its strength is dissipated, and the interfer-
ometer effect is then masked.

SIMPLIFIED ATTENUATION CONCEPT APPLIED
TO FLIGHT RESULTS

Since the plasma model at least grossly re-

sembles the actual plasma problem (compare

figs. 61-3 and 61-9) the situation for plane-
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wave RF transmission at normal incidence can

now be briefly summarized. When the plasma

is thick and _<_p, the effects of gradients on

reflection are unimportant, since the signal will

be nearly all lost by absorption anyway. When
the plasma is thin and _<_p, the reflection

problem may be the determining one, and the

signal losses will not be as high as those pre-

dicted by the semi-infinite, discontinuous model.

_rhen _>_p, there is no problem for any thick-

ness; when o_--_p, the magnitude of the prob-

lem for both reflection and absorption depends

furthermore on the value of _-that is, depends

on altitude as well as thickness. Of course, (op,

which is always the prime parameter, depends

on both velocity and altitude. To illustrate the

possible range of variation of the plasma

parameters Ne and v during reentry, plots of

the normal shock and equilibrium far-wake val-

ues calculated at the Langley Research Center

are shown in figure 61-10 for a blunt-body tra-

jectory such as Mercury. Note the strong in-

crease in plasma parameters in the early re-

entry period. The cases shown should be

representative of the most extreme and least

extreme values likely to occur in the shock

layer. Since rather large bodies will generally

be used for the manned space missions---that is,

plasmas of the thick variety--the problem can

be reduced to the simple question of when is the

maximum value of plasma frequency in the

shock layer higher than the signal frequency.
In order to assess the value of such an attentua-

tion yardstick, a study of figure 61-11 is of in-

terest. In this figure are shown, on a velocity-
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altitude map, the contours of plasma frequency

which might be characteristic of maximum

shock-layer values occurring at an aft location

on a large blunt body. These values were com-

puted at the Langley Research Center accord-

ing to the following simplified aerothermody-

namic flow model for a frozen flow, far wake.

It was assumed that the stagnation (or normal

shock) flow streamline reached a condition of

thermochemical equilibrium in the nose region

(all the reaction and relaxation rates infinite)

and then was expanded very suddenly (as

around the corner and into the afterbody re-

gion) to ambient pressure. In the expansion,
no chemical recombination was assumed to

occur, which means the composition was frozen

at the nose value (internal energy was allowed

to follow the expansion) and is analogous to a

flow model of very slow reaction rates. Such a

flow model is a gross oversimplification of the

actual finite rate, three-dimensional flow case

but is certainly more appropriate than other

simplified conceptual models---for example, the

normal-shock flow or equilibrium-wake flow

values shown in figure 61-10. (Note the ticks

at 260 mc and 5.5 kmc.) It is seen that, fortu-

itously or not, the points in the MA-6 flight

between which blackout occurred (>53-db at-

tenuation) correspond very closely to the points

at which the signal frequency equaled the com-

puted plasma frequency. For the C-band

beacon signal, actual blackout did not occur but

the signal dropped to nearly the noise level of

the receivers and was, in fact, highly attenu-

ated (approximately 37 db). It would, of

course, be dangerous, at this point, to consider
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such agreement as being indicative of general

applicability of such a concept to other bodies

or to other flight trajectories.

OTHER INTERACTION MODELS

Propagation at oblique incidence to the

plasma layer should be considered in the RF

attenuation problem since the look angle of

the wave path will not always be normal or

near normal, as for the models discussed so

far. Oblique propagation has not yet, however,
been worked out for the case of a dissipative

nonuniform plasma of small extent--that is,

where gradients occur in small parts of a wave-

length, as appropriate to the reentry pla._na.

The magneto-ionic (propagation through the

ionosphere) theories treat the oblique propaga-

tion from the standpoint of geometric optics, in
which the nonuniformities are assumed to occur

very gradually with respect to signal wave-

lengths. (See ref. 23.) To illustrate the quali-

tative nature of the actual problem, some

results obtained for a thin, lossy, uniform

plasma applied to propagation at oblique inci-

dence are presented in figure 61-12. These

results are from a program developed for the

IBM 7090 electronic data processing system by

Calvin Swift of the Langley Research Center.

For the oblique case, the wave propagation must

be shown in two modes, T Hx and T.l_ 2, since

the two modes will behave differently due to

polarization effects. The T II mode is that part

Y !./"-PLANE OF

l//OJp; 0 INCIDENGE

1.0 ....... ..................

5R
IT'12

% 40 20 0 20 40 II _

"-'- @, DEG

FIGURE 61-12.---Effect on tran._mlssion of signal inci-
dence angle.

355

RADIO ATTENUATION

of the transmitted E vector which is parallel

to the plane of incidence and the T_L mode is

that part which is perpendicular to the inci-

dence plane, as shown in the figure. The pe-
riodic nature of the transmitted power ratio

I T I 2 as a function of incidence angle is also

seen in the figure and is due to multiple reflec-

tions occurring at the two interf_es (indicated

in the sketch on the left). For the dissipative

case, this effect is washed out by wave absorp-

tion. The important result is that, as in the

case of optical refraction at oblique incidence,

there is a critical angle of incidence beyond

which no transmission through the medium is

possible because of complete reflection of the

wave,

The other interaction model which has not

as yet been discussed is propagation in the

presence of an imposed magnetic field. This

is a very important problem, since it offers the

possibility of providing "transmission win-

dows" in parts of the wave frequency spectrum

which would otherwise be opaque to RF trans-

mission (ref. 24). The effect may be briefly

explained as follows. In the presence of a

static magnetic field, a free electron describes
a circular motion about the field lines at a fre-

quency (the gyrofrequency) which is propor-

tional to the strength of the magnetic field

and with a radius of gyration which decreases
as the field increases. Since the electron motion

in the plane transverse to the magnetic field

is thereby altered, new propagation modes may

be introduced, depending upon the orientation

of the electromagnetic wave. For example, if

a wave is propagated parallel to the field lines

and the field is infinitely strong, then no elec-

tron motion can occur in the plane transverse

to the propagation direction and, hence, there

can be no interaction even when ,o<o,p. This

problem has been studied for the model of a

lossy, uniform, semi-infinite plasma for normal

incidence of circularly polarized waves prol_-

gating parallel to the field lines and for propa-

gation of electromagnetic waves transverse to
the field lines. The first case is of particular

interest since the location of the window is not

dependent upon the value of the plasma fre-

quency but only upon the strength of the mag-

netic field for a collisionless plasma. For a
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plasma with collisions the reduction of attenu-

ation becomes less significant as the collision

frequency increases. Figure 61-13 shows the

effects of varying ma_letic-field strength and

collision frequency on the absorption proper-
ties, and figure 61-14 shows the effects on the

reflection properties (in normalized form) of

a semi-infinite, uniform plasma for normal in-

cidence of right-hand circularly polarized

waves when the field lines are parallel to the

propagation direction. No results are yet avail-

able for nonuniform, finite-thickness plasmas.

There are a number of other interaction prob-

lems which may be of importance in certain

situations, and they are only mentioned since

there is considerable complexity and uncer-

tainty involved in their formulation and assess-

ment. (1) The near-field propagation problem
involves alteration of the field of the imtenna

due to proximity of the plasma and, near the

antenna_ the wave is not like a plane wave, as
was assumed for all the models considered.

(2) Mismatch of impedance and detuning of

the antenna, due to proximity of the plasma,

have the effect of reducing the efficiency of the

radiating system, and hence a signal degrada-

tion. (3) Voltage breakdown of the antenna

elements may occur for high-power levels or

low-density plasmas (resulting from field ion-

ization near the antenna) and may greatly re-
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duce the signal. (4) A nonplane plasma layer

(radius of curvature less than wavelength) may
introduce deviations from the plane-wave-slab
model.

MEANS FOR ACCOMPLISHING RADIO-

FREQUENCY FLIGHT COMMUNICATION

From the discussion of the wave interaction

problem for a plasma of the type to be expected

in flight, some feeling for the parametric de-

pendence of the problem has now been obtained.
It would be well then to enumerate and assess

the possible schemes which might be considered

for maintaining transmission through the

plasma during the critical part of the flight.

(1) Selection of signal frequency :

It has been shown that, for signal frequencies

higher than the plasma frequency, transmission

is possible. (See also ref. 25.) It can also be

shown that in some cases (depends also on v)
very low frequencies will permit transmission.

Because of the large investment in worldwide

communications systems, as well as other prob-

lems, selection of frequency is not practicable

outside of rather narrow limits. However, if

such was possible, the Mercury spacecraft would

require the X-band and the Appollo spacecraft

would require at least the Ka-band for continu-

ous transmission (see figs. 61-2 and 61-11), if

the concept in figure 61-11 applies. This, in

turn, introduce9 acquisition problems and at-

mospheric absorption problems, but neither of

these is insurmountable. Selection of very low

frequencies entails problems with atmospheric

noise and antennas and is of inconclusive value,

based on present knowledge.
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(2) Use of applied magnetic fields:
This scheme was, of course, not evaluated for

the actual reentry-type plasma model, but by
basing an estimate on the numbers from the uni-

form semi-infinite case and using peak shock-
layer plasma properties, required magnetic-field
strengths can be estimated. It would appear
from such an assessment that the scheme re-

quires magnetic-field producing systems of im-
practicaMy large size for the large manned
vehicles, even considering the cryogenic super-
conductors. For small vehicles, however, the

scheme offers very promising possibilities, since
the field strengths can still be high at the
smaller absolute distance out from the body
surface where peak _,poccurs.

(3) Aerodynamic shaping:
This scheme involves the use of small bodies

which might be mounted on the larger body to
protrude outside of the main plasma layer. If

the small body is the RF radiator, then the layer
obstructing transmission will be relatively thin.
It is certain that the absorptioa losses will be

reduced in such a scheme, but the change in re-
flection loss is inconclusive lacking numerical
evaluation of the actual case (scaling problem).
The scheme is certainly an attractive one, pro-
vided that the cooling problems associated with
the small probe and its mount are not too
restrictive.

(4) Material injection :
This scheme might be referred to as the brute

force scheme, since the material injection is for
the purpose of cooling and/or neutralizing the
plasma, as a means for reduction of the ioniza-

tion. The injection of material may act as a
heat sink (to lower the thermal state and, hence,
ionization) and/or be electrophi]ic (to reduce
the free-electron concentration by attachment).
(See ref. 26.) The result is, hopefully, to open
up a hole in the plasma layer for signal trans-
mission or, in the case of small-body nose injec-
tion, to eliminate the ionization layer entirely.
Also, selection of proper ablation products may
act to reduce attenuation if the mixing and dif-
fusion processes are great enough. On the other
hand, ablation may work against the scheme,
if the ablation products are easily ionizable.

(5) Miscellaneous schemes:

Other schemes which might be mentioned but
are not discussed due to the uncertainty in-

volved in the formulation and evaluation of the

ideas are as follows: (a) Use of the plasma

layer as an electromagnetic radiator by some
means of coupling the transmitter to the sheath;
(b) use of modulated electron beams to in-

troduce new propagation modes into the
plasma; (c) modulation of the plasma proper-
ties from within to accomplish a modulation on
a reflected continuous-wave signal from the
ground (similar to, or a variation of, the Lux-
emburg effect); (d) use of modulated laser;
and (e) finally, if there is no other resort or if

real-time telemetry is not absolutely required,
the storage and playback, or storage and recov-
ery, type of systems may be used for the va-
rious flight data. This is not a very happy
solution for manned flight.

OTHER FLIGHT RADIO-FREQUENCY
PROPAGATION PROBLEMS

A problem of much interest with regards
to tracking, detection, and discrimination of
hypersonic vehicles during reentry is that of
radar scattering from the vehicle and its plasma
layer, including primarily the wake or trail
plasma. (See refs. 2 and 27.) It has been ob-

served that the signal may be at times absorbed
by the gas cap (strong plasma layer around the
nose) of the vehicle or that the reflected signal
may actually be enhanced due to an apparent
increase in the vehicle size, which is actually an
increase in the radar cross section due to the

growth of the plasma into the wake. This wake
plasma may be very extensive at times and de-

pends on many uncertain factors, such as ioni-
zation of ablation products in the wake, frozen
recombination of the body flow-field plasma

when expanded into the wake, and action of dif-
fllsion and mixing processes in the wake and
ambient atmosphere (refs. 98 to 31). This is
analogous to the meteor trail phenomena to a
large extent but occurs at velocities lower than
the usual meteor atmospheric entry.

Another interesting problem which is of great

concern to communications and tracking from

the launch site is that of rocket plume attenua-
tion. In such a phenomenon, there is ioniza-

tion in the rocket exhaust products or at the

plume-air interface (again, due to the action of

some uncertain factors) which results in a per-
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turbation of the signal propagation through
the plume (ref. 32). These uncertain factors

may include chemi-ionization (nonequilibrium
ionization in a combustion process) in the plume
or at the interface, nonequilibrium expansion of
the rocket combustion products, or seeding of
the plume with ablated rocket-nozzle material.

A much less likely factor is that of equilibrium
ionization in the plume or plume-air mixture.

Another currently perplexing problem is that

of signal propagation during the entry of a
space vehicle into a planetary atmosphere, such
as Venus or Mars, in order to effect telemetry
of information about the planetary properties
before a hard landing. The primary difference
between this problem and an earth reentry com-
munications problem is in the definition of
the flow-field plasma properties resulting from
the different chemistry involved (different at-
mospheric constituency). Once the electromag-
netic properties of the plasma layer can be
specified, the wave propagation problem should
be no less tenable than another.

Finally_ the problem of plasma noise should
be mentioned, since this source of incoherent
RF radiation may be troublesome over a wide

frequency range. This radiation originates
from within the plasma and may be due to proc-
esses known as Bremstrahhng (free-free tran-
sitions) recombination, or from unstable plasma
oscillations due to electron density gradients.
Ill any case, a plasma noise level is added to the
communications system noise level, and this is
not desirable.

LABORATORY AND FLIGHT RADIO-FREQUENCY
ATTENUATION STUDIES

Generally, the type of tests which may be
carried out in the study of the RF wave-plasma
attenuation problem falls into one of the fol-
lowing categories : (1) Diagnostic studies
aimed at the experimental determination of
electromagnetic plasma properties in reentry
plasma layers, rocket plumes, and others, or the
study and development of techniques and

equipment for this purpose. Such techniques
may be direct or passive and may involve
probes, reflectometers, optical devices, and
others. (2) Interaction studies aimed at un-
derstanding the basic nature of particular wave-

plasma interaction mechanisms by comparison

of experimental determinations with theoreti-
cally evaluated results of tenable models (ref.
33). (3) Simulated flight tests in which con-
ditions are produced in laboratory configura-

tions which largely reconstruct or simulate the
particular flight communications problem and
thereby allow for bulk experimental data (at-
tenuation, VSWR, etc.) which might be repre-
sentative of the actual flight situation. Some
of the main difficulties in this idea are: (a) pro-
duction of very high kinetic energy air flow at

proper ambient conditions, (b) wave reflection
problems from the walls of the facility, (c)
interference from electrical equipment used in
the production of the flow or for equipment
power, and (d) the problem of scaling the re-
sults from small models to the full-size vehicle

(ref. 34). Involved primarily in the _aling
problem are the separate aspects of viscous-flow
scaling and scaling of the reflection effects, the
latter being very uncertain due to the opposing
aspects of electron density gradients (dNe/dy)

and extent of the plasma (X/Body scale) which
are in turn dependent also upon the viscous
scaling. (4) Actual flight communications
tests using models or portions of the space ve-
hicle under the flight conditions expected for
the vehicle. This technique is, of course, not

usually economical but may be necessary to es-
tablish necessary criteria otherwise indetermi-

nat% or for expediency. The cost can certainly
be far less than the actual space minion cost
since the payload, range_ and so forth, need not
be nearly as large. For small flight models,
the same scaling problems exist as for laboratory
models.

Various experimental pro_oTams are under-
way at a number of laboratories, which involve
one or more of the aforementioned approaches.
A shock tunnel program at Cornell Aeronau-

tical Laboratory (ref. 4) is used for simulated

flight studies and employs a fiber-glass nozzle
to permit microwave transmission to models in

the test section. At the Langley Research Cen-

ter a comprehensive program known as RAM

(radio attenuation measurement) is underway
which involves portions of each of the fore-

going categories (refs. 20 and 35) with flight

tests serving as verifications of the concepts
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developed from theoretical and experimental

ground studies.

CONCLUDING REMARKS

The problem of radio-frequency attenuation

due to the interaction of an electromagnetic

wave and a plasma layer has been reviewed with

particular attention to that aspect dealing with

communications during the reentry phase of

space-flight missions. The electromagnetic

plasma parameters have been discussed in rela-

RADIO ATTENUATION

tion to their influence on the wave propagation

properties. It has been shown that theoretical

models of wave-plasma interaction (absorption

and reflection) can be synthesized to approxi-

mate the reentry plasma-layer problem ; a com-

parisSn of flight results with those obtained

with a simplified conceptual model was pre-

sente_. Also_ various means by which the

attenuation problem may be alleviated or cir-
cumvented have been reviewed and the capabil-

ities for laboratory and flight model tests have
been discussed.
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SUMMARY

A brief summary is given of the role of plasma
acceleration in modern technology, including space ex-
ploration. The various types of plasma accelerators
which are described and for which the current research
statusand problemsare discussedincludecontinuous-
flow,direct-current,crossed-fieldaccelerators;con-
tinuous-flowacceleratorsutilizingHall currents;
acceleratorsutilizingtraveling-waveconcepts;and
pulsed,coaxialplasmaguns.

INTRODUCTION

Modern technology continues to seek, for

numerous objectives, means to accelerate gase-

ous media of greater density to higher and

higher velocities. Since this effort has mostly
concentrated on the conversion of thermal en-

ergy to kinetic energy, containment of the hot

gas and survival of the container has related

progress primarily to advances in high-temper-

ature and high-strength materials and to ad-

vances in wall-cooling techniques. Eventually,

however, radiation to the container walls from

the hot gas at values of density desirable for

many applications poses an upper limit on

storage of thermal energy. It is obviously de-

sirable then to seek means of adding directed

energy to the gas by means which minimize

the thermal energy added; use of electromag-

netic forces on charged particles offers this

possibility. An electromagnetic plasma accele-

rator avoids the necessity of containing a gas

at its full stagnation temperature and pressure
and alleviates the nozzle-throat heat-transfer

problem.
The use of electric fields to accelerate ion and

electron beams to velocities approaching that

of light is a well-developed and documented

science and art of the physicist; however_ the
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density of these beams is very low due to space-

charge limitations. Hence, the interest here

is in the possibilities of accelerating neutral

plasmas where, in principle, no such space-
charge limitations exist. Possible applications

of high-velocity plasma streams are as follows:

Efficient, high-exhaust-velocity thrusters for

distant space missions

Laboratory simulation of hypersonic flight

(with quenched ionization in test flow)

Plasma injectors in controlled thermonuclear
fusion research

Laboratory simulation of astrophysical

phenomena

Possible conversion of kinetic energy to radio-

frequency energy

Produce high-velocity plasma for other mag-

netoplasmadynamics, (MPD) research

(e.g., MPD generators)
Plasma acceleration studies increase basic

MPD knowledge

Furnishes primary exploitation of break-

through in superconducting magnets

As related to the primary and continuing ob-

jectives of NASA space exploration, electric

propulsion systems offer the promise of much

greater payloads than do chemical or nuclear

systems for the more distant space missions.

In the continuing effort to simulate, in the

laboratory, hypersonic flight or reentry from

orbital, lunar, and planetary flight, the attain-

able flight conditions are far in advance of the

simulation capabilities. Inherent limitations

of conversion of thermal to kinetic energy have

already been mentioned; Mach numbers in the

range of 15 to 18 appear as upper limits al-

though radio-frequency (RF) or inductive

heating of the supersonic stream may take this

somewhat higher. Shock tubes have provided

a wealth of data at real-gas conditions but sim-

ulate for very short times the flow only for blunt

bodies or near the stagnation point, whereas

study of flow around and behind the body is be-

coming increasingly more important. Use of

electric body forces for acceleration thus ap-

pears as an attractive means of attaining high-

velocity flows in the range of 26,000 to 60,000

feet per second. In contrast to plasma propul-

sion, where the efficiency of the thrust system di-

rectly affects the power system weight, efficiency

for the flow simulator is of secondary impor-

tance and running or test time need not be more
than seconds or minutes.

The other applications listed are self-explan-

atory except, perhaps, generation of high-

power RF energy. Most present means for

converting electrical energy to RF energy in-

volve electron streams in one way or another

and their energy-density is low, requiring large

volumes of apparatus for high power. High-

velocity plasma streams offer several possibili-
ties for resonant excitation and extraction of

RF radiation and, in addition, plasma instabil-

ities, which are a troublesome problem in both

controlled thermonuclear fusion (CTNF) and

plasma acceleration efforts, might be trained to

give up their "losses" as controlled RF energy.

The first application of plasma accelerators

was listed as electric propulsion so a word more

on this is in order to get an idea of the "fit" of

plasma systems into the mission picture. In the

analysis of reference 1, comparison has been

made among chemical, nuclear, and electric pro-

pulsion systems for some distant missions. One

aspect of this analysis is shown in figure 62-1.
The missions shown at the left are in approxi-

mate order of increasing difficulty or character-

istic vehicle velocity increment required. The

gross payload shown is that delivered at the mis-

sion objective, and it is considered that mini-

mum useful payloads are in the range of 1,500 to

2,000 pounds. Without going into such details

as trip times and weights in earth orbit_ the

analysis shows that for the more distant mis-

sions only the electric propulsion systems will

do the job. (The analysis of ref. 1 assumes ion

GROSSPAYLOAD,LB

VENUS PROBE o , , 50000 , I00.000
MARS PROBE
MERCURYPROBE-- _ _ i _ _ _ , .
EXTRA-Er,LIPTIC_I"__L_..., --
JUPITER PROBE- __NOVA i
MARS ORBIT i"
VENUS ORBIT-- If- t;"_ -:_- S_
SATURNPROBE-- _ ROVE__L
EXTRAo_/_ SPACECRAFT_ -"
MERCURYORBIT_- ,, j
SOLAR PROBE_-E_ -_-- STAGESAT. _-_
PLUTO P
SATURNORB
JUPITER OR
EXTRA-ECLIPTIC,45¢r-:-L ....

Fmurm 62-1.--Performance comparison of chemical,
nuclear, and electric systems. (From ref. 1.)
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thrust systems.) The final point is that tripling

the output of the electric power system gives

large gains in payload capabilities; therefore,

the necessity for development of large space

power systems is emphasized. These larger

powers will be necessary if the potential advan-

tage of higher thrust and shorter mission times

for the plasma systems is to be realized. Fur-

thermore, certain space missions call for vari-

able specific impulse during flight, for example,

from 2,000 to 40,000 seconds. (See refs. 2 and

3.) Magnetoplasmadynamic devices, at this

time, appear to have no fundamental limitations

on ability ,to vary exhaust velocity; thus, such

devices potentially can encompass this specific-

impulse range and at the same time offer high

thrusts per unit area.

SYMBOLS

B magnetic induction

E electric field strength

j current density

M Mach number

p static pressure

p t total pressure

T temperature

u, v, V velocity

x, z distance in axial direction

y distance in vertical direction

-y ratio of specific heats

p mass density

tr scalar electrical conductivity

r mean free time between collisions

cyclotron frequency

_ubscripts:

i, + ion

e, -- electron

in ion neutral

angle from x-axis

8 angle between ion and E/B direction or

azimuthal direction

n neutral particle

z longitudinal or axial direction

R radial direction

rot rotational

lran8 translational

oath cathode

Bar over symbol indicates vector.

PLASMA-ACCELERATOR CATEGORIES

Many possibilities exist for the compounding

of pieces and plasma principles to devise a

plasma accelerator. In any attempt to categor-

ize those that have been conceived or worked on,

one faces the dilemma that is illustrated in the

following list :

A given accelerator might be

(a) Continuous or

(b) Pulsed.

The device may use

(a) Electrodes or

(b) No electrodes.

The plasma may be generated

(a) Separate from accelerating region or

(b) As integral or initial part of accelera-

tion process.

Basic acceleration process may utilize

(a) Self-magnetic fields or

(b) Applied magnetic fields

Coupled with

(c) Applied current or

(d) Hall current.

Basic containment of plasma may be

(a) Magnetic or

(b) Aerodynamic.

Plasma may be closer to

(a) Collisionless or

(b) Collision dominated.

A given accelerator scheme or device might be

of the continuous-flow variety in the sense that

a steady source of gas (or propellant) is fed
in and accelerated in a continuum sense or it

may be pulsed in several ways. If the pulse

rate is sufficiently high to provide only small

fluctuations with time in the resulting flow

momentum, then it would be continuous. The

device may utilize electrodes to feed the electri-

cal energy in and the cathodes may be therm-

ionic emitters or field- or photo-emitters or

ion-bombardment emitters. Many forms of

electrodes are possible--for example, the hollow

cathode. If electrodeless, the accelerator may

take numerous forms, depending on the detailed

magnetic-field configurations and their varia-

tion with time. The plasma to be accelerated

may be generated separately from the primary

accelerating region, as in a seeded arc jet, or

the generation may be inseparable, in principle,

from the process of imposing directed electro-

magnetic forces on the plasma. The basic

acceleration process may utilize, for the mag-

netic component of the driving force, either the

field of the driving current or an applied

magnetic field, or both. The primary driving
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current can be the applied current or a Hall

current, or both may be utilized. The plasma

containment may be either aerodynamic or

magnetic. Aerodynamic containment depends

upon collisions to restrict, the diffusion rate of

particles toward the walls and magnetic contain-

merit depends upon the absence of collisions to

rest_'ain the motion of charged particles to mag-

netic field lines, hence, away from the walls.
The mean free time between collisions or in-

versely the mean free path of the electrons or

ions, coupled with the velocity of the particles

and the magnetic-field stren_h, may define an

(or domain of operation of a given acceleration

scheme. Although not listed, RF energy may

be used rather directly in the acceleration pro-

cess or for plasma heating or may be combined
in numerous fashions with other combinations

of items shown. Plasma conditions and MPD

principles force or restrict, certain combina-
tions; therefore, the choice of combinations is

limited but still large. The subsequent dis-

cussion is thus restricted to those types of

plasma accelerators which have been studied

most extensively and which are hopefully

farthest along toward their goals.

PLASMA ACCELERATION

The following table shows the general types of

accelerators to be discussed briefly :

Approximate number
under study

Continuous-flow, d-e, linear, crossed-field

accelerator .................................. 13

Continuous-flow accelerators utilizing

Hall currents ................................. 8

Accelerators utilizing traveling-wave concepts .... 9

Pulsed, coaxial plasma guns ...................... 24

TOTAl .................................... ,54

A Search of the l{terature on the subject of

plasma acceleration reveals the relatively large

number of devices under study as shown. Each

of these represents at least some experimental

as well as analytical effort and it is probable
that the list is not complete; it is obvious, how-

ever, from the numbers that there exists con-

siderable interest and competition toward

achievement of the apparent potentialities of

such devices. The engineer seeks to attain the

high velocities for his own uses whereas the

scientist is fascinated with an application for

this exploding science of magnetoplasmady-
namics.

CONTINUOUS-FLOW, LINEAR, CROSSED-FIELD

PLASMA ACCELERATORS

The basic concept of a continuous-flow, lin-

ear type of crossed-field, direct current (d-c)

plasma accelerator is shown schematically in

figure 62-2. The cathodes are shown in the up-

per wall, the anodes in the lower wall, and an

externally imposed magnetic field is normal to

and out of the plane of the paper; the electric

field is in the plane of the paper and directed

upward, perhaps at a slight angle for reasons

to be discussed subsequently. Since the gas
flow is ionized und is an electrical conductor,

the elements of an electric motor are evident,

and the electric-motor or Lorentz force per
unit volume on the current is

Y=_×Y
that. is, the cross product of the current density

and the magnetic induction. The device may

be considered analogous to a shunt-wound, d-c

motor, but the deceptive simplicity of the con-

cept fades as one begins to examine the details

of the acceleration process and the p,lrticle

motions. The concepts of operation, together

with results of analysis and experiments for the

accelerator as carried out by George P. Wood

and associates at the Langely Research Center

(refs. 4, 5, 6, and 7) are outlined in the follow-

ing comments.
As stated previously, the accelerator incor-

porates a magnetic field normal to the electric
field and uses the Lorentz force. Since the

force exerted by a magnetic field on a moving

ch'lrged particle is normal to the velocity of the

particle, no work is done on the particle by a

stationary ma_mtic field. The magnetic field

CATHODES7

_ ix§ ==:> _-FLOW'_
U ...... -x

Fi(waE 62-2.--Schematic of crossed-field accelerator.
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simply determines in part the direction of the

particle velocity. For the collisionless case, the

two-dimentional projection of the ion and elec-

tron paths would by cycIoids that lie along equi-

potential lines in a direction normal to both

electric and magnetic fields. Because of the

mass difference, the radii of gyration of the ions
and electrons differ and the sense of rotation is

opposite due to opposite sign of charge; how-

ever, the average drift direction and velocity

are the same, and the drift velocity is E/B.

In the present instance, there is no interest in

the low-density col]isionless case, and the ef-
fects and results of collisions mus[ be consid-

ered. From the macroscopic point of view, the

driving force is the Lorentz force on a current

in a magnetic field, j X B per unit volume, where

the current consists principally of a flow of

electrons. In the microscopic picture, it is de-
sired that the ions be accelerated in the electric

field, and then, by collisions, drive the neutral

particles along the channel. The microscopic

method is used to provide insight into the phys-

ics of the process and the macroscopic method

is used to provide quantitative results for use

in designing accelerators.

QUALITATIVE ANALYSIS FROM MICROSCOPIC

POINT OF VIEW

Because of the large difference in the masses

of electrons and ions, these two species behave
differently in crossed fields in a three-com-

ponent plasma ; that is, they have different mean

free times, different cyclotron frequencies, and

different velocity directions and magnitudes.

The desirable behavior on the part of each is
discussed first.

Because of its comparatively small mass, an

electron cannot impart much momentum at a

collision with a neutral particle. It is there-
fore not undesirable that the electron make

many cycles between collisions with neutral par-

ticles and thus have its velocity vector directed

essentially at random just before collision. On

the other hand, the ion should make, on the av-

erage, just a portion of a cycloid between col-

lisions with neutral particles. It is perhaps
well to reiterate here that the basic acceleration

process is considered to be first the acquisition of
additional momentum from the electric field

by the ion, then the transfer of this additional
momentum to a neutral particle by collision,

and then the equal distribution, on the average,
of this additional momentum over the more nu-

merous neutral particles. The portion of the

cycloid that it is desirable for the ion to tra-
verse is one for which, on the average, three con-

ditions are satisfied.

The first of these conditions is that, on the

average, at collision the ion velocity is a speci-

fied amount greater than the average forward

velocity of the neutral particle. Satisfying
this condition allows additional momentum to

be imparted to the neutral particle at a speci-
fied rate. Part of this additional momentum

goes into random motion of the particle and

tends to raise the temperature of the gas. On

the other hand, the cooling effect associated

with acceleration of the plasma tends to lower

the temperature; thus satisfying this condition

results in a partial control over temperature.
The second condition is that the collision

occurs when, on the average, the instantaneous
direction of motion of the ion is in the direction

of the axis of the channel. The reason for this

condition is that it is desirable to drive the

neutral particles axially along the channel and
not toward a wall.

The third condition is that the ion travels on

the average along the axial direction--that is,

in addition to moving axially at the time of

collision, the average velocity of the ion should

lie along the direction of the axis and not be
directed toward a wall where on contact with

an electrode the ion would be neutralized.

Some of these conditions are mutually con-

tradictory, but usually not seriously so. As

illustrated in figure 62-3, the ion path without

collisions is cycloidal; however, the wish is

that, on the average, the ion path will repeat

a small section of this cycloid (the section be-

tween the two dashed lines), and that the ini-

tial and final directions will be nearly the same

and will approximate a straight line.

In Wood's analysis (ref. 4), the first condition

has been adopted that, on the average, at colli-

sion the ion velocity is a specified amount

greater than the average forward velocity of

the neutral particle; further, constant static

temperature is assumed, so that the acceleration
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FIGUm_ 62-3.--Ion path with and without collisions.

neutrals may be directed along the axis. If it is

desired to direct the neutrals along the axis_

then the electric field may be tilted in such a

way that the x-components of ion and electron
velocities are equal as shown in figure 62-4_

thereby making the axial current zero. The di-

rection of the ions is tilted but the angle for

practical cases is extremely small.

QUANTITATIVE RESULTS FROM ANALYSIS FROM

MACROSCOPIC POINT OF VIEW

At. this point then, what do the results of

macroscopic analyses show in terms of geometry

and operating characteristics of such an acceler-

ator ? Figure 62-5 shows the Mach number as

a function of normalized length for the condi-

tions of constant cross-sectional area, constant

static temperature, constant applied magnetic

field, Lorentz force directed along the channel

axis, small degree of ionization, no friction and

heat transfer, and _/M 2greater than unity. The

rate is specified to be such that the decrease in

temperature due to acceleration is just compen-

sated by the increase in temperature due to

Joule heating. The second condition is adopte_t

in order that the driving force on the neutrals

may be directed parallel to the axis of the chan-
nel. A choice can be made between the second

and third conditions, that is, the ions or the

i

FmUaE 62_t.--Orientation of ion and electron
velocities.
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FIOVaE 62-5.--Math number as function of length.

curves shbw essentially the Mach number at a

given longitudinal distance x from the M=I
station as a function of the distance normalized

crB z

by the parameterp-_. Reference 4 takes into

account the Joule heating due to ion slip as well

as the conventional Joule heating due to resist-
ance and the three curves show the effect in

terms of (oTwhere _ is for the ions and ri_ is for

the ion-neutral collisions. Incr_sing _***,,

corresponds to increasing the heating due to ion

slip. The current, hence the acceleration, must

correspondingly be decreased at a given x-sta-

tion to preserve the balance between heating

and cooling' due to acceleration ; the accelerator
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length is then greater in order to reach a given
Mach number. The detrimental effects of ion-

slip heating on accelerator length can, however,

be overcome by the cooling effect of a slight area

expansion of the accelerator channel. Typical

values of _m, for the following experiments are

approximately 10 -s radian.

CROSSED-FIELD ACCELERATOR EXPERIMENTS

The elements of the early experimental ap-

paratus used at Langley to study crossed-field
accelerators are shown schematically in figure

62-6. The source of plasma is a seeded arc jet,

wherein the arc is magnetically rotated by the
coils shown around the outer chamber wall. A

typical mass flow of N_ is 2.6 g/sec with final

enthalpy of 8,860 Btu/lb and corresponding

temperature of 6,900 ° K. Cesium is fed at

constant rate through a resistance-heated vapor-

izer to the hot nitrogen flow after the arc. The

resulting plasma emerges from a Mach 2 nozzle

at the entrance to the EM acceleration region at

a temperature of 5,500 ° K with ionization levels

of 1- to 4-percent mole fraction corresponding

to nearly complete ionization of the cesium seed.

The accelerator channel, shown in the low-

pressure chamber, is 1 cm × 1 cm x 8 cm. Mag-

netic fields up to 11,000 gauss are imposed across

the channel through pole faces contacting non-

magnetic walls of the channel. As shown in

the schematic_ a total-pressure tube is shown at

the flow exit. Static-pressure orifices are also

incorporated along the channel walls. Figure

62-7 shows a cross section through the accelera-

tor indicating the components and the seg-

Fmu_ 62-6.--Schematic of apparatus.

FIGURE 62-7.--Longitudinal section through ac-
celerator.

mented electrodes. Cathodes used have mostly

been of thoriated tungsten. The current loop

through the gas between opposing electrodes is

closed separately for each pair through external

batteries, and voltage and current may be con-

trolled separately for independent pairs.

The significance of the pressure measurements

is indicated from the following equations :

Ap, 2_,M _ [ (_'-- 1)512J_']P, [2+(.y_l)M2]pu 2 jB 2_u j Ax

Ap _,M' [- (_'--I)M'Y27
-p---- (M2_I)0u_ L jB -_ .j

Ax

The equations show the relative change in

total pressure pt and in static pressure p. For
the two terms in the brackets of each equation,

the first is the effect of the Lorentz accelerating
force and the second is the effect of Joule heat-

ing; therefore, an increase in total pressure and
a decrease in static pressure (note negative sign

of static-pressure equation) indicates a win for

the accelerating force.

Typical results of several tests are shown in

table 62-I. The column headings show mass

flow_ total current flow across the channel, and

total pressures at the accelerator channel exit

for the cases of current flowing and no current

flowing. By sensing the change in total and

static pressure (latter not shown) due to

switching on the current flo% the fact that the

accelerator was truly accelerating could be

easily and directly observed. Typical runs are

shown for two sets of pressure or density in the
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TABLE 62-I.--Representath, e Data. for
1 c,r_X 1 cruX8 c_nAece_rator

Mass flow, glsec

1.37
1.37
1.37
2.74
2.74

2.74

Accelerator
current,

amp

66

110

114

160

125

144

p_, mm Hg

C_ren Current '

off on I143 214

145 245 1
136 260 "

342 520

325 460

357 501

_)on

50
69
91
52
42

40

channel and it is seen that for all cases an in-

crease in total pressure occurs; this increase
indicates that the Lorentz force exceeds the

effects of Joule heating in diminishing this
force. By using the equations with known

vahles of x, B, pu and M, estimated values of

y, and calculated values of % a calculated value
of the total-pressure change can be made. The

experimental values average between 50 and

60 percent of the calculated values and corre-

sponding velocity increases implied from the

measurements are about 30 percent. For this

small accelerator, efficiencies from measure-

meats are misleading mainly becau_ of the

losses associated with the large voltage drop
through the cathode and anode sheaths. For

larger accelerators this loss would be a far
smaller fraction of the total losses. If these

losses are ignored, efficiencies of conversion of

electrical to kinetic ener_o'y of about 70 per-

cent are indicated. Many other detailed
measurements have been made with the use of

this small accelerator and much has been

learned concerning, for example, electrode

materials, insulator materials, seeding tech-

niques, temperatttre measurements, accelerator

construction, and many other details. It is

obvious that the small size of the apparatus

greatly exaggerates wall losses and limits many

measurements, especially probing-type meas-

urements, and that a larger accelerator with

higher power and greater acceleration is tim

desirable next step. A larger accelerator has

been built at the Langley Research Center and

operation has just started; the principal fea-

tures of this larger facility are sho_l_ in the

FIatTRE 62-8.--Langley 1-inch-square plasma ac-
celerator.

photograph of figure 62-8. Unfortunately,

the accelerator channel and many details of

the arc chamber are bidden behind the large

electromagnet. The arc is at the left and the

low-pressure discharge pipe is at the right.

The characteristics of the arc plasma source

and estimated performance of the accelerator

are shown in table 62-II. In the table, a con-

TaBL_ 6"2-II.--Langley 1-Inch-Square
Plasma A ccelenator

Are plasma source:

Arc potential and current ........ 200 v, 2,500 amps

Arc-chamber pressure ....................... 1 atm

Gas flow rate ............................. 7 g/sec

Gas enthalpy ........................ 8,000 Btu/lb

Gas temperature ........... 7,000 ° K

Gas ionization (Cs seed) .............. 2 percent

.4,ccclerator:

Dimensions .................. 1 in. X 1 in. X 12 in.

Number of electrodes ..................... 24 pairs

Magnetic field ........................ 10,000 gauss

Power source ................... 400, 12-v battery

Potential across electrodes ............ 1.35 to 225 v

Current through plasma ............... 1,700 amps

Power into Joule heat ........... 70 kw ] 250 kw

Power into Lorentz force ........ 180 kw _ into gas

Pressure ............................... 70 mm Hg

Velocity at entrance .................. 2,000 m/sec

Velocity at exit ....................... 4,000 m/sec

sistent set of nominal operating conditions are

given; however, it is emphasized that the

potential of tbe primary api_'aratus will permit

still gTeater velochy increases than are shown

(o,000 to 4,000 m/see) ffs research progresses.
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Other Investigations of Crossed-Field

Accelerators

Other experimental work on crossed-field
accelerators is included in references 8 to 1'2.

The experiments of Demetriades (ref. 8) are

noteworthy in that he has achieved the highest

thrust and velocity increase due to the Lorentz

force and has reached an efficiency of 54 per-

cent,. His accelerator incorporates three pairs

of electrodes, and the whole assembly of

channel, electrodes, and magnet is mounted on

a thrust stand, separate from the arc-jet plasma

source; thus, direct measurements of fl_rust

due to electromagnetic forces can be made. He

reports thrusts up to 3.6 pounds at an acceler-

ation efficiency of 54 percent. Tile specific

impluse increment due to the plasma accelerat_)r

was reported to be 1,200 seconds, corresponding

to an addition of 300 percent to the specific

impluse of the arc jet used. In his experiments,

he has made systematic variation in the electric

parameters; for example, in tests where the

voltage and current were held constant and

thrust measured as a function of magnetic-

field strength, he shows linear increase as

expected up to a peak where the back electro-

motive force and Hall current predominate and
cause a decrease. He has also made extensive

study of electrode configurations, both flush

and protruding. All his experiments are fairly

short-time tests; thus, problems such as elec-
trode erosion and so forth still remain.

Hellund and Blaekman and their group have

carried out experiments on crossed-field accel-
erators and have concentrated on properties of

gases for use in such devices, especially as influ-

encing choice of propellant and use of their

nonequilibrium characteristics. (See ref. 9.)

Hogan (ref. 10) has carried out, short-dura-

tion experiments at high-power and high-

magnetic induction levels by the ingenious com-

bination of an ionized shock-tube flow, a trans-

verse magnetic field generated by the di_harge

of capacitor through a coil, and a transverse

electric field supplied by another capacitor sys-

tem. He obtained results which, although for a

small ll&-inch channel, tire for power inputs to

the gas up to 5 megawatts and show that, for his

range of conditions, deceleration due to eddy

currents in the gas as i_tleaves the magnetic field

were small, electrical energy chargeable as loss

to the boundary layer was relatively small

(snmller with increase in power), and that over-

all efficiencies up to 70 percent were realizable.

Problems and Future Research on Crossed-Field

Accelerators

For the crossed-field accelerator, the detail

problems and loss mechanisms deserving atten-
tion are numerous and have been elaborated re-

cently by several authors. Janes has discussed
the various loss mechanisms in an accelerator

channel which he believes to be crucial (ref. 13)

and implies from his summary and later com-

ments (ref. 14) that because of wall loss and

heating limitations of such aerodynamically

contained accelerators, magnetically contained

arrangements hold greater promise for the high-

est possible exhaust velocities. He has made

approximate analyses (ref. 13), considered sep-

arately, of thermal-leaving losses, frozen-flow

losses, electrical conductivity, propellant choice,

eddy-current effects, Hall current limitations,

ion-slip heat losses, wall effects, transport coef-

ficients in a magnetic field, electronic heat con-

duetion and thermal equilibrium, electrode

boundary layers, insulator boundary layers,

and Joule field evil losses. Obviously numbers

of these effects are so interrelated that they must

be considered simultaneously as pointed out in

reference 15; consequently, as pointed out in

reference 9, there is considerable doubt as to

the accuracy of such analyses in that, at best,

only trends can be indicated. One very im-

portant technological development subsequent

to most of these discussions of problems is that

of the superconducting magnet; Joule field coil

losses will be nearly nonexistent and magnet

weight will be very small.

In any ease, it is safe to conclude that much

more fundamental work, both theoretical and

experimental, is needed to study

(1) both macroscopic and particle charac-

teristics of basic gas and acceleration

processes,
(2) nonequilibrium gas effects for a variety

of gases that are potential propellants,

(3) highest possible velocities to uncover

limitations,

(4) electrode characteristics,

(5) insulator characteristics.
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A number of groups including Langley Re-

search Center are pursuing these studies with

optimism, at this stage, for the future of the
crossed-field accelerator.

Continuous-Flow Accelerators Utilizing

Hall Currents

The rectangular plasma accelerator dis-

cussed in the previous section used, as its plasma

source, the seeded, high-temperature gas from

an arc jet. This arc jet was a coaxial device in

which an externally imposed axial magnetic

field Bz and a radial current density jR com-

bined to exert a jRBz force/volume in the azi-

muthal direction as shown schematically at the

lower left of figure 62-9. This force rotates
a radial arc sector or disk as shown. In the arc

jet used as a high-temperature gas or plasma

generator, rotation of the arc serves to distrib-

ute the Joule heating of the gas and inhibit

electrode erosion by avoiding stationary arc

spots (or moving arc spots when a disk is

formed). The question naturally arises as to

whether it would be possible to use j_tBz to put

work into rotation of the gas and to convert ro-

tational energy directly to translational energy.

Such conversion can take place in a nozzle, as

shown in the figure, into which the rotating gas

moves and the centrifugal forces are balanced

by the wall reaction, converting angular to

axial momentum. In order to put the plasma

into rotation, it is generally more efficient to

use a uniformly distributed force derived from
a current distributed over an arc disk interact-

z

m

Fioul_ 62-9.--Plasma rotation and Hall current ac-
celeration.

ing with the axial magnetic field, rather than
the "line force" derived from the current con-

centrated in an arc spoke. Such a view then

gives a picture of a continuous azimuthal or
Hall current. The differential motion of elec-

trons and ions due to their different drift ve-

locities in the azimuthal direction normal to

both the radial electric field and the axial mag-
netic field constitutes a circular drift current

mainly caused by the motion of the lighter elec-
trons relative to heavier ions. It should be

emphasized that even for the arc spoke cover-

ing a sector between the coaxial electrodes, a
Hall current can exist within the spoke since

the current follows the streamlines formed by

the azimuthal components of the curved par-
ticle motion. Such components can then exist

if _r>0; however, the primary point of in-

terest for application to accelerators is to de-
termine all the conditions necessary for a uni-

formally distributed discharge and continuous
Hall current and these include not only the

_T values but other conditions such as emission

from the cathode.

Shown at the upper left of figure 62-9 is

schematic of an experimental apparatus at

Langley Research Center for producing plasma
rotation and conversion to translation. If the

magnetic-field coil is slid back, as shown at the

right, the magnetic field is no longer purely

axial in the region of the discharge, but is diver-

gent so that a radial component BR exists. The

second mode of operation of the accelerator is

then evident whereby the azimuthal Hall cur-

rent j 0 and the radial component of the magnet-
ic field BR produce a jsBR force/volume which

acts in the longitudinal direction. Conversion

of residual rotational energy to translation can

again utilize a mechanical nozzle and, in addi-

tion, the diverging magnetic-field lines can be

used for magnetic guiding or containment.

Both of these concepts of operation of this

coaxial scheme, that is, conversion of rotation

energy and Hall current operation, were first
described in references 16 and 17. Both modes

of operation have been the object of research

at Langley for the past 2 years. Results of
this research and those from studies of similar

devices at other laboratories will be discusssed

in subsequent sections.
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Experiments With Coaxial Hall Current Devices

An experiment, can be devised to show tlle

Hall current operation of this coaxial device.

For Hall current operation, the direction of

acceleration changes with the polarity of the

electric field which changes the direction of the

Hall current. For a given direction, the magne-

tic field enters as the second power; thus, its
direction does not affect the direction of accel-

eration. Experiments using an apparatus

similar to that shown in the upper right-hand

sketch (fig. 62-9) were made in which the

electric field was reversed. These early experi-
ments showed that the coaxial device can act

in a diamagnetic fashion (pushing the plasma

toward the weaker magnetic field) or in a para-

magnetic fashion (pushing the plasma toward

the stronger magnetic field).

One of the first objectives of study obviously

is to determine the nature of the discharge in

some detail, especially the conditions for a disk
or uniform discharge. Patrick and Powers find

experimentally that when _,_rc> 1, the discharge

is stable and the arc is uniform through the

channel (refs. 18 and 19). Experiments at

Langley in this range also give uniform dis-

charges; however, it has also been found that

the cathode temperature has a primary effect on

the discharge. The two photographs of figure

62-10 indicate the effect of cathode temperature,
where all other conditions are the same. The

photograph in figure 62--10(a) is from a film
sequence taken at 4,000 frames per second a_nd

is for a relatively cold cathode. For this con-

dition, the spokes (and possibly retrograde

motion) are evident. As the cathode is heated

to the conditions shown for the photograph in

figure 62-10(b), the discharge is uniform, since

at the Kerr cell shutter speed of 0.1 microsecond

for this photograph_ any probable spoke motion
would be resolved if spokes existed. It is to be

noted that at the temperature shown for the

tungsten cathode, thermionic emission is very

small but, even at this low valu% is very effec-

tive in uniformizing the discharge. Further

experiments on cathode conditions and materials

are in progress, including gas and alkali-metal

injection through the cathode.

Experiments on both modes of operation have

been made and are still in progress at both

Langley and Avco-Everett Research Labora-

tory. At Langley, concentration has l_en on

(a) Rotating spokes. Cold cathode. (b) Uniform discharge. T,,_h=2,360* K; expogure time, 0.1 /Jsee.

Fz(_vmc 62-10.--Effect of cathode temperature on coaxial discharge In Bz field.
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the discharge itself (refs. 20 and 21) as well

as the means of feeding lithium into the system
in such a fashion that it is vaporized in one step

(without contacting the walls) and enters the
accelerating region in a second step. Lithium
is a desirable propellant because of the low
frozen-ionization losses in the density range in
which these devices operate and because it will
permit higher power inputs. A Hall current
acceleration device with a 50,000-gauss solenoid
is nearing completion at the Langley Research
Center.

Results of detailed measurements at Avco-

Everett Research Laboratory for both modes
of operation of the coaxial accelerator are given
in reference 19. For the case in which rotation

is converted to translation by means of a shal-
low nozzle (20 °) , a thrust, of 0.7 pound was pro-
duced with an overall efficiency of 15 to 20
percent. These results led the investigators to
a wide angle (50 °) nozzle seeking to convert
azimuthal motion more rapidly to axial motion.
Figure 6o9,--11(taken from ref. 19) shows sche-
matically the geometry and configurations of
fields and currents that might be expected.
Since a magnetic field with a large radial com-
ponent could be produced in this nozzle, full
advantage could be taken of the possible large
Hall currents to produce additional body forces
in the axial direction. In such a configuration,
for ¢0_->1, current lines are pushed out of the
annulus and are forced downstream by the Hall
effect. In the arrangement shown, the interac-

CURRENT LINES7 ./
/,,7 /

,>f /7 JHALL

--.--Ii,.B .... .. :-/"TFLOW
_(-)CATHODE _____ I l

FLOW --_ ---- _ _._ iL

ANODE WALL-'_

FIq, URE 62-11.--Magnetic annular arc. (From ref.

19.)

tion of the Hall currents and both components
of the magnetic field provide both acceleration
and containment; that is the j×B forces can
be largely in a direction which accelerates the
plasma away from the channel walls and in the

thrust direction. They made very detailed
pressure, mass-flow rate, velocity, and electric-
probe surveys of the flow field for both the

shallow and wide angle nozzles and found that
the basic concepts were realized ; however, large
plasma-swirl effects were predominant, more so
for the narrow nozzle. An average exhaust
velocity corresponding to a specific impulse of
600 seconds was attained with an overall thrust

elTi('iency of 25 percent for the 50° nozzle.
In general, for these coaxial devices in th$

"high-density plasma" range, principles have
been proven and much progress has been made
in studies of detail flows and mechanisms. The

primary advantages this coaxial arrangement
has in comparison with other devices are its

combination of arc jet with the accelerator por-
tion and the possibilities of magnetic contain-
ment of the plasma. The principal problems
that must be studied arise from the nonuniform-
ities in the flow which stem from the rotation of

the jet. It appears that rational choices or
compromises must be made between the require-
ments for best conditions for MPD acceleration

and magnetic containment or nozzle require-
ments. For example, in figure 62--11, the cur-
rent lines close back almost along magnetic field
lines, this case being ideal for containment,;
however, these conditions are dissipative as far
as acceleration is concerned. For best M-PD

acceleration, the desire is to cut the current lines
with the magnetic field lines as near normal as
possible. One way of doing this is to provide
a series of segmented electrodes in the center
cathode and the outer wall. In the latter case,

however, the magnetic nozzle is lost. Another

advantageous factor in these accelerators stems

from the fact that the azimuthal driving cur-
rent is larger than the radial current between

electrodes; the direct losses to the electrodes
because of the lesser thermionic emission re-

quired should thus be smaller than in the linear

crossed-field accelerator. In continuing studies

to improve these coaxial dew-ices, it, is desired to

have available large variations in magnetic-
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field configurations. The solenoidal coil is

readily adaptable to produce wide variations in

field geometry; however, most important are

the high field strengths that can conveniently

be obtained with superconducting solenoids.

Low-Density Longitudinal Electric-Field Hall
Current Accelerators

Several investigators have studied coaxial

arrangements incorporating radial magnetic
fields and longitudinal electric fields. (See

refs. 22 to '27.) A class of these low-density

devices may be considered to be nonspace-charge

limited ion accelerators, wherein by a suitable

choice of electric and magnetic fields, ions are

electrostatically accelerated in a plasma in the

presence of trapped electrons.

The apparatus described in reference 26 was

designed at the Langley Research Center to

study the basic phenomena in an axial electric

field or discharge and a predominantly radial

magnetic field. A cross-sectional view of this

apparatus is shown in figure 62-12. Note the
iron core which concentrates the field lines from

the solenoid to make a predominantly radial

magnetic field where the field strengths are

highest. The iron core is laminated to prevent
radical distortion of the electric field and is in-

sulated from the discharge by an enclosing

glass tube. The experiments with this appara-

tus covered a range of pressures from 15 to 150

microns of mercury, arc voltages to 700, cur-

rents to 80 amperes and average radial mag-

netic-field strengths to 450 gauss. The impor-
tant distinction of these conditions from those

of the Hall accelerator of the previous section

is that it operated at high-density, small ion-

MEASURED _--_ COIL

ANODE B UNES _ CATHODE

IRON DISKS

FmURE 62-12.--Ion acceleration in a plasma using
Hall currents.

slip, and low ionization. In this case operation
is at low density, small ion-slip and high ioniza-

tion. In terms of the pertinent plasma param-

eters in the experiments here, both the ion

gyro radius and ion mean-free path are large

compared with the apparatus size, the electron

gyro radius is small compared wifll the appara-
tus size and the electron mean-free path. Un-

der these conditions, the ions may be accelerated

in the electric field in the presence of electrons

trapped in rotary E/B motion about the axis
with small drift in the axial direction. As

mentioned in reference 27 the j× B force/vol-

ume is produced by the azimutha] Hall current

and the radial magnetic field. For low density,

highly ionized plasmas having few collisions,

the j×B force equals the electrostatic force
from the electric field on the ions.

The apparatus shown represents an element
of such an accelerator wherein studies of the

plasma conditions have been made in terms of

arc voltage and current, charge particle distri-

bution and density, potential distribution, and

Hall current. These experiments have gener-

ally indicated that the device operates as ex-

pected, but have, of course, brought out many

problems requiring further study. Briefly the

experiments gave the following results:

(1) A positive slope volt-ampere character-

istic was observed; the slope increased

with increasing magnetic field or de-

creasing pressure.

(2) Approximate values of the Hall current

were observed by using a technique

wherein a ballistic galvanometer sensed

the Hall current by switching off the

discharge with the magnetic field left

on. Hall current values agreed "order-

of-magnitude-wise" with those pre-
dicted. Ratios of Hall current densities

to axial-current densities in the range
of 10 to 15 were observed.

(3) The pressure at the cathode was observed

to increase depending on the direction of
the electric field or ion motion.

(4) At the lower pressures, anomalous dif-

fusion effects became more pronounced,

as expected, for fewer collisions.

An apparatus using the same principles as just

outlined has been investigated by Janes, Dotson,
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and Wilson (ref:22). Their accelerator shown

in figure 62-13 does not have the oppositely ro-

tating Hall currents that are in the apparatus

at Langley. in their apparatus, ionization is

produced by a Phillips Ionization Gage

(P.I.G.) type discharge occurring between the
ionizer filament and anode. Ion acceleration

takes place in an electrically neutral region im-

mediately below. The filament at the exit only

serves to release electrons which are necessary

to neutralize the outgoing plasma. Results

with this apparatus have not yet been reported ;

however, extensive measurements using a

cusped-field arrangement with predominantly
radical fields have been made. A device simi-

lar to the one shown in figure 62-13 but smaller

has been used in reference 28. Also, in this

accelerator, no ionizer filament was included so

that ionization had to be provided by the nor-

mal collision mechanism resulting from axial

leakage of electrons. In all of these devices it

is intended that the axial mobility of electrons

will be sufficiently restricted by the magnetic

fields to permit the plasma to sustain a signi-

ficant voltage associated with the electric fields

necessary to accelerate the ions as current car-

riers. Electrons produced near the anode are

carried to the exit through an external circuit
and there emitted from a hot filament to ob-

tain an electrically neutral plasma-exit beam.

The cusped-field apparatus shown in figure 62-

14 has been used in the experiments of reference

9,2. For moderate magnetic fields (and specific

impulse values) it was found (ref. 22) that

specific impulse [,p first increased linearly as a

function of B but flattened out at a value of l_p
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FmuaE 62-13.--Annular two-stage E.M. region d-c
plasma accelerator. (From ref. 22.)
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Fi(maE 62--14.--E.M. region d-c cusp plasma acceler-
ator. (From ref. 22.)

of 1,200 at the highest magnetic fields. This

apparent saturation in the observable specific

impulse was probably associated with decrease

in ratio of ion gyro radius to tube radius well

below a value of 1.0. The use of stronger mag-

netic fields to produce greater I,p produced dif-

ficulties in detachment of the plasma from the

magnetic field at the exit; this difficulty was

partially circumvented by sloping the magnetic

field at the exit to provide a gradual decrease

in strength--that is, a magnetic nozzle. (See

ref. 22.) Also, at the higher magnetic-field

strengths, high localized wall heating was ob-

served at the radial cusp points. At high val-

ues of the magnetic-field strength, large

oscillations appeared in the anode to cathode

voltage, of order 100 kc and of amplitudes ex-

ceeding several hundred volts. This experi-

ment was modified to include a plug in the center

of the tube in order to separate electron leakage

arising as a result of the null point in the mag-
netic field from electron leakage associated with

diffusion of electrons across magnetic-field lines.

The plug greatly reduced the backstreaming of
electrons.

On the basis of the experiments of references

"22 and 28, it was concluded that electron dif-

fusion rates were 100 to 1,000 times the currents

predicted by classical diffusion theory but

obeyed fairly well the anomalous diffusion law
of Bobm as discussed in reference _o7. Further-

more, the voltage across the discharge is pro-

portional to B rather than B 2. The turbulence

responsible for the enhanced diffusion observed
is not well understood, and the large voltage

oscillation observed may be associated with this
turbulence. Similar oscillations were observed

,_nd the diffusion meelmnism was discussed in

some detail in 'connection with the studies of the

Hall accelerator discussed in reference 17.
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The potential engineering advantages of

"EM region" d-c plasma accelerators are listed

by Janes as follows (ref. 22) :

(1) Freedom from space-charge limitations
of conventional ion rockets

(2) Magnetic containment possibilities.

(3) High acceleration voltages which de-

pend only upon the specific impulse rather than

upon the instantaneous power level, thereby

minimizing arc-voltage-drop problems

(4) A readily variable specific impulse and
power level

(5) Extreme simplicity in the associated

electrical circuitry

(6) Convenient physical size together with

moderate power levels, electrostatic voltage gra-

dients, magnetic-field strengths, and heat-trans-
fer rates

The principal study on these devices at the

present time is directed toward an understand-

ing of electron-diffusion mechanisms. If
means cannot be found to reduce or circumvent

the high diffusion rates indicated thus far by

the experiments, the overall performance of
these devices will be limited.

PULSED PLASMA GUNS

Perhaps the most extensively studied of all

plasma acceleration ideas is that of impulsively

creating and accelerating a blob of plasma using

simple geometric devices such as a pair of rail

electrodes or a coaxial arrangement of elec-

trodes. The problems and progress of such

devices can be conveniently discussed by con-

fining oneself to the coaxial arrangement. Lov-

berg has recently written an excellent summary

paper (ref. 29) on his views and experiences in

research with coaxial plasma guns and some

of the following remarks and illustrations are

drawn from his presentation.

The simplest embodiment of an impulsive

plasma accelerator is the "rail gun," shown

schematically in figure 62-15. It is nothing

more than a pair of parallel conductors en-

closed in a low-pressure system connected to a

charged capacitor. When a gas is admitted to

the region between the rails, electrical break-

down occurs, and current is conducted around

the closed contour. Since it is a general prop-

FIGURE 62-15.--Raft-gun plasma-accelerator concept.

erty of unconstrained inductive circuits to move

toward larger inductance and particularly of

current loops to expand, this particular current

loop will seek to expand through a motion of

the conducting plasma toward the gun muzzle

at the right. In perhaps more fundamental

terms, the plasma current interacts with its self-

field to produce a j × B force toward the right.

In figure 69.-16 the two rails have become a pair

of coaxial cylinders in order that complications

associated with the side forces on the plasma

arising from the free edge interacting with the

magnetic field may be avoided. Such essential-

ly simple devices show fair promise as efficient

propulsion units.

The development problems associated with

making a plasma gun into an efficient propulsive

device fall into two categories; those having to

do with the physical processes in an accelerated

plasma and those concerned with engineering

questions involving components such as capaci-

tors, switches, valves, insulators, electrodes, and

so forth. Lovberg has said that a long road

of fairly fundamental plasma physics still lies

ahead before the plasma engine has reached the

state of development of ion engines.

Some of the problems in coaxial plasma-gun

development and requirements that may be

Fic, t_P_ 62-16.--Evolution o.f rail gun into coaxial
accelerator, (From ref. 29.)
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dictated by certain of these problems might be
as follows:

(1) Fairly high electron temperatures, al-
though a nonpropulsive energy loss, might be
tolerated; however, high ion temperatures mean
transverse thermal speeds which can be very

effective in moving ions into electrodes where
they lose their entire kinetic energy. Ordi-
narily, the presence of magnetic fields inhibits
these thermal drifts; nevertheless, for long
narrow accelerating channels, the electrode loss
for even slow transverse speeds can be intoler-
able. The requirement is thus made that the

channel be limited in length compared to diam-
eter so that the acceleration is over before the

ions have had time to move transversely a
significant amount. (At Langley, analysis has
been made of the role of the attainable or limit-

ing velocity of a plasma gun and it is indicated

that a primary factor may be the axial compon-
ent of momentum lost at the electrodes by the
ions associated with the current.)

(2) Instabilities of the plasma configuration
arise from the previously stated theorem that

if any part of a circuit is unconstrained, it will
seek out the configuration of highest possible
inductance. The propulsion purpose is achieved

if the fluid can be coerced to move smoothly
along only one possible avenue of inductance-

increase toward the muzzle of a coaxial gun.
The system, however, usually finds all such
avenues, most of which are destructive to the

goal. The discharge in a coaxial system not
only moves axially, but tends to lose its initial
azimuthal symmetry and gather up into a sin-
gle spoke on one side of the tube as shown in

figure 62-17. When this occurs, the discharge
is no longer effective in imparting axial momen-
tum to the gas. The spoke also develops violent

instabilities of its own, and absorbs field energy,

much like a resistor. Recognizing these insta-

bilities (which occur also in a wide variety
of accelerators), the requirement is made that

conditions be found, if possible, to avoid them

or to provide conditions such that their growth

rate is small compared with the linear accelera-
tion rate.

(3) The beam energy should be as close as

possible to stored energy in the capacitors and

the plasma should have absorbed this energy

I !

BEFORE INSTABILITY

,,,
Et
its t,7 _ "-,3"_',,-_ t t--t

- AFTER SPOKE FORMATION

FzGuag 62-17.--Symmetric and spoked current dis-

tribution in pulsed coaxial accelerator. (From ref.
29. )

by the time it emerges from the gun. It can
be shown that very low inductance energy
sources will correspondingly be required for
efficient engines.

Lovberg and his associates have built and
carried out experiments with a number of co-

axial plasma-gun arrangements. They have
made extensive interior diagnostics of the dis-
charge with probes which measure the electric
and magnetic fields inside the plasma. Through
data obtained with these probes they are able
to make inferences of several important pa-
rameters, for example, ion density and directed
ion velocity. Highlights of their observations
(ref. 29) are briefed as follows:

(1) A distinct layer of radial current was
accelerated toward the gun muzzle at about
10' cm/_ sec (/,_= 104 sec) ; however, the plasma
ions were not accelerated to anything like the
current layer speed. It was concluded that the

accelerating current layer does not necessarily
act as a piston as has been generally supposed.
It has the character of a strong ionizing shock
which does impart momentum to the propellant
but at a speed which has to be determined by
other means. They found, by using time-of-
flight techniques that in some cases, the plasma
and current layer move nearly together.

(2) A primary source of losses was attrib-
uted to a tendency of the gun to "crowbar,"
that is, set up a secondary discharge near the
insulator after about one-half cycle of the oscil-
lating gun current. This energy is sealed off
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from the plasma and lost. Efforts to overcome

this problem have not yet been successful and

it continues to be a source of worry.

(3) The efficiency of transfer of field energs_

to the plasma was good, that is to say, losses
associated with drift into the electrodes or

plasma radiation do not appear to be ruinous.

(4) Heat transfer from electrons to ions is

slow, that is, over the time of the total gun

pulse, ion heating is small.

(5) Extensive surveys of conditions under

which spoke instabilities are troublesome are

not conclusive, however, "good" conditions to

avoid these can be met. However, small de-

partures of pressure, propellant, and voltage

from values giving "good" condition could re-
establish detrimental instabilities.

(6) Distribution of propellent gas in the bar-

rel just prior to breakdown has a major influ-

ence on crowbarring at the insulator.

At Langley, extensive experiments have been

made with various coaxial plasma-gun arrange-

ments, and one development that has been made

in reference 30 is schematically shown in figure

62--18. The gun is connected directly to a 50-

kilojoule capacitor bank without a switch in the

line; however, the gas pressure in the gun is

sufficiently low that, for the standoff voltage and

electrode spacing, breakdown does not occur.

When the coil is switched on, an axial magnetic

field is imposed between the electrodes, and for

the desired electric and magnetic conditions, a

breakdown occurs in a very short time interval.

Part of the conditions are that the ion cyclotron

radius is much larger than the electrode spac-

ing, as indicated in the Iower sketch, the elec-
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FmvaE 62-18.--MagneticaUy ignited

charge.
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tron cyclotron radius is smaller than the spac-

ing and smaller than the mean-free path. The

electrons will perform cycloida] motions in the

crossed fields between collisions and_ at each col-

lision, the electron takes up a new cycloid closer

to the anode by about one cyclotron radius. The

avalanche progresses by the production of

enough ion pairs on collisions with neutrals so

that breakdown occurs very rapidly. Another
view is that the electron transit distance is too

small to produce collisions in the electric field

alone and that the greatly increased transit dis-

tance in the crossed fields makes enough col-

lisions possible. The theory for this breakdown

process has been developed and experimentally

proven. With a 36-microfarad bank charged to

48,000 volts, a peak current of 1,300,000 amperes

was achieved with a current rise time of only 2

microseconds. Advantages of maguetic-igni-
tion are: Iosses associated with externaI switch-

ing are avoided, the high rate of discharge

generally means efficient energy transfer to the

plasma, and the gun can be operated at ver:_ _low

pressures where many difficulties are avoided.

It may be somewhat puzzling that low-pres-

sure operation is listed as an advantage for the

coaxial plasma gun; however, many problems

encountered at higher pressures can, in fact, be

avoided. At Langley, a coaxial plasma gun was

operated in this low-pressure region (10 -_ mm
Hg) with magnetic switching, and the follow-

ing general findings were noted: conversion

efficiency of electrical to beam energy of 50

percent was attained, no crowbarring or insta-

bility was observed, and the plasma is almost

entirely electrode material; however, it is not

inconceivable that a propulsion device could
utilize consumable electrodes.

Other research at Langley has included devel-

opment of a new approach to determination of

the limiting velocity of plasma guns wherein

the primary factor is that the axial component

of the ion current is lost at the electrode (mr.

31). Estimates based on this approach check

experimental values; however, the detail

mechanisms at the electrodes require much fur-

ther research. Also, spectrographic observa-

tions of the plasma show large contamination

by electrode material; thus, a study of electrode

conditions is being made. In all experimental
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studies of plasma guns, the short duration of

observation demands ever improved diagnostic
techniques; at Langley a new type of magnetic
probe has been developed recently (ref. 32).

TRAVELING-WAVE ACCELERATORS

There is great attraction, in principle, to ac-
celeration schemes which avoid electrodes, since
in all the devices so far discussed electrodes are

used and present energy-loss or survival prob-

lems to varying degrees--worst probably for
the plasma guns with their very high initial cur-
rent concentration at the electrodes. Charac-

teristically, the electrodeless devices make use of
time-varying magnetic fields which induce cur-
rents in the plasma; these in turn interact with
the magnetic field to produce acceleration. In-
variably, one is led to the idea of traveling
magnetic fields or magnetic "traveling waves"
so that the plasma may be effectively continu-
ously accelerated or accelerated in magnetically
contained plasma"bunches." Reduction of wall
losses by magnetic containment is also a desir-
able advantage offered by these concepts. A
fairly large variety of traveling-wave schemes
have been conceived and studied extensively
(see bibliographies of refs. 33 and 34 and ref.
85). Description and distinction of the shemes

from each other can become exceedingly in-
volved in detail; thus, this brief summary seeks
only to point out some broad categories.

Probably the simplest concept of an induc-
tion accelerator, which might constitute one
stage of a traveling-wave scheme, is the so-
called ring accelerator. In one form of this

scheme, a capacitor discharge (or RF) is fed
into a single loop of conductor around a tube
containing low-pressure gas. The varying
magnetic field associated with this loop induces
an azimuthal electric field in the gas of sufficient
intensity to ionize the gas. The resulting azi-
muthal current in the gas interacts with the
magnetic field to produce a Lorentz force radi-
ally inward and axially away from the coil.
This single-coil scheme can provide large in-

stantaneous forces, but the short range of mag-
netic forces makes it inefficient. One is led

immediately to a phased string of coils down the

tube as shown in the lower part of figure 62-19.

These coils might be single turns with properly

| B

_I / / _"'_-I_ SHOCK

J TRANSMISSION LINE

_i- POLYPH_E _ILS '_ LPLASMA --

II _SED COl LS_

Fioum_ 62-19.--Traveling-wave plasma-accelerator
concepts.

timed discharges from a series of capacitors fed
to each coil, or multiturn coils properly phased
with the plasma velocity or with the coil spacing
increasing with plasma velocity as shown. For
these staged arrangements, the coils are not
inductively independent and are effectively a
transmission line. This arrangement has been
called a timed-sequenced device in which it is

sought to synchronize the driving currents with
the plasma position.

Tho upper part of figure 62-19 shows a trans-
mission line arrangement which gives more re-

gnIar fields. A traveling magnetic piston
drives the plasma down the tube; the shock

wave preceding this piston ionizes the gas.
With lumped capacitors, large amounts of en-

ergy can be stored for pulsed operation. How-
ever, repetitive operations imposes switching
and capacitor problems. Another variation of
the arrangement shown is to provide an RF
generator instead of the switched pulses, and
the device becomes a continuously operating
transmission line; thus the high voltages and
currents of the pulsed device are circumvented.

A number of persons have studied a variety
of traveling-wave schemes. For the single-coil
arrangements, very high velocities have been
obtained, but at effleiencies of only a few per-
cent. Penfold (ref. 36) has studied and oper-
ated a pulsed device which accelerates plasma

toroids by means of an arrangement incorporat-
ing 19 one-turn coils spaced 1 inch apart along
a 6-inch-diameter pyrex vacuum tube. The

velocity of the magnetic field at the end of this

this sequenced array of coils was 11 cm/t_sec

and experimental observations with microwave
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and photomultiplier techniques indicated that
the toroids were, in fact, achieving this velo-

city. He has made extensive diagnostic meas-
urements with the device.

One of the most extensive investigations of a

traveling-wave device has been made by Janes
(ref. 22) and is shown schematically in figure
62-20. The conditions of his operation are

FIGURE 62-20.--E.M. region RF traveling-wave plasma
accelerator. (From ref. 22.)

shown in the figure. With this apparatus, he
has made measurements of mass-flow rate, RF

power absorption in the plasma, local and inte-
grated wall heat-transfer rates, and integrated
axial voltage gradients. He also measured dis-
tribution of the local momentum flow with a

quartz thrust plate. From these and extensive
Langmuir probe measurements of ion flux,
plasma potential and electron temperatures he
found that the E.M. region accelerating mech-

anism was remarkably effective, the most strik-
ing feature being the appearance of strong elec-
trostatic fields which were closely correlated
with the ion accelerations. Specific impulses

of 2,600 were computed from the measurements
corresponding to two-thirds of the phase veloc-

ity of the cusps. His observation suggested
that an external axial voltage be applied and ex-
periments with such an axial field indicated the

mean plasma velocity could be about doubled.

His experience with this device |ed him to stud-

ies with the E.M. region steady-flow plasma ac-
celerators previously mentioned.

Most of the traveling-wave schemes consid-

ered operate at high conductivities because of
the moderate magnetic fields available, and at

low densities, implying low thrusts. At low
densities, diffusion losses to the walls are im-
portant; these could be reduced by longitudinal
bias magneteic fields, but it has been found that
this decouples the driving fields from the plasma

and prevents acceleration.
It has been questioned whether traveling-

wave devices can ever reach reasonable efficiency

unless some way of .using magnetic fields or
other means to reduce losses are found. Even

if this were so, their use as a laboratory device
such as a hypersonic wind tunnel would still be
attractive, especially if seeding could be avoided

and exiting ionization quenched.

CONCLUDING REMARKS

It is emphasized that in this presentation, it
has not been possible to cite all the important
contributions to plasma accelerator research,
which field has now reached such proportions

that one type of accelerator alone has recently
been the subject of a several-day meeting. The

purpose here has been to show the broad possi-
bilities of plasma acceleration schemes and to
mention a few of the problems arising from ac-
tive research. Accomplishments in the field of
sufficient dramatic impact to impress those out-
side are few; however, the growing bulk of

knowledge from many detailed findings lends
increasing encouragement and full expectation
that practical plasma-acceleration devices will
be a reality in the very near future. Perhaps
the greatest encouragement stems from the fact
that a large number of outstanding scientists
are working in the field. These numbers in-
clude those working towerd controlled thermo-
nuclear fusion, which research effort feeds much

basic plasma physics information into the

plasma acceleration efforts and vice versa.
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