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ABSTRACT

An electrical wind can be generated in an ionized gas by means of sev-
eral different principles. Three of the most effective of these principles are:
(1) The "motor" force exerted on an ionized gas which is conducting current
transverse to a magnetic field; (2) electric field acceleration of lons in a re-
gion in which space charge is reduced by the presence of magnetically trapped
electrons, as in a high-density ion source; and (3) the force due to thermal
expansion when a gas 1s heated to an extreme temperature by an electrical dis-
charge.

The laboratory work described in this report has been concerned pri-
marily with the "motor" force produced by an electrical discharge in "crossed"
electric and magnetic fields. This experimentation has involved power levels
of five to ten kilowatts, and magnetic field strengths of three thousand to
four thousand gauss. In most cases the gas pressure was in the range of five
to one hundred microns (0.005 to 0.1 mm of Hg).

It is important, for the purpose of this investigation, to be able
to determine the temperature and velocity of a stream of high-temperature ion-
ized gas. A substantial part of the present work has been devoted to evalu-
ating existing methods of instrumentation, and in devisirg new techniques of
measurement. Significant progress in this direction has been made, but a
great deal remains to be done.

Xi
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ELECTRICAL WIND PHENOMENA

INTRODUCTION

There are various methods by which a very high velocity wind
may be produced at low gas densities through the agency of an electrical
discharge. An investigation of certain aspects of this phenomena is be-
ing conducted as a University of Michigan research project sponsored by
the Office of Ordnance Research. This project is administered through
the Engineering Research Institute of the University, and utilizes the
facilities of the Department of Electrical Engineering.

The study of wind effects has involved experiments with gas
discharges at unusually high electric and magnetic field strengths and
power levels, and as a result, heretofore unreported phenomena have
been observed. Electrically-produced forces in a gas are of significance

from the standpoint of basic science, since they introduce new analytical
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relationships among fundamental variables. A study of the origin of pres-
sure gradients relates the densities, velocities, and mobilities of ions
and electrons which are moving through a plasma. The measurement and

the interpretation of these effects promise to establish a new tool for
obtaining fundamental information regarding charged-particle behavior.

This investigation is an outgrowth of a series of experiments
made at the University of Michigan in the early part of 1949, in which
a magnetically-driven arc was caused to rotate inside a cylinder and
thereby generate a wind (Appendix III). These preliminary tests were
made at gas pressures above five hundred microns (0.5 mm of Hg). The
recent experiments in connection with the present 0.0.R. contract have
been conducted at pressures below one hundred microns. At these lower
pressures the wind velocity associated with a given amount of electri-
cal force is significantly increased, and certain aspects of the force-
producing mechanism can thereby be studied more advantageously.

The first section of this report consists of a survey of a
number of different principles by which directed momentum is imparted
to the neutral molecules in an electrical discharge. This survey is
primarily theoretical, but a limited amount of empirical verification
has been performed. It is believed that this survey is reasonably com-
plete; however, if any important force-producing mechanism has been
omitted, the authors of this report would appreciate having it brought

to their attention.
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The second part of this report is concerned with the investi-
gation of the wind effects associated with a low-density discharge in a
strong transverse magnetic field. The choice of this particular objective
for the experimental program was a difficult decision, since several of
the alternatives mentioned in the survey looked equally attractive as
topics for laboratory study.

The analytical interpretation of a new type of physical phe-
nomenon requires an adequate amount of quantitative data. In the pres-
ent instance, data of sufficient accuracy have been very difficult to
obtain, so that considerable emphasis has been given to problems of
instrumentation. A large part of the experimental work during the past
year has been concerned with the problem of measuring the velocity and
temperature of a low-density high-temperature stream of ionized gas.
Encouraging progress has been made recently in the development of new
measurement techniques. In the course of further work, information
will become available which will provide a basis for a more analytical

study than is now possible.
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SURVEY OF MECHANISMS FOR PRODUCING WIND IN AN IONIZED GAS

There are a number of different principles by which directed momentum
can be imparted to the neutral molecules in a gas discharge. These principles
can be classified according to three basic methods by which the force or pres-
sure gradient is produced., The three types of forces are: electrostatic force
on charged particles in an electric field; magnetic force associated with the
motion of charged particles through a magnetic field; the force associated with
the thermal expansion of a gas which is heated by an electrical gas discharge.

This survey is intended to convey an impression as to the relative ef-
fectiveness of various electrically-produced mechanisms for accelerating a stream
of gas. For this reason, the discussion will be accompanied by a number of
numerical calculations which indicate the order of magnitude of the effects

which are involved.

Re Electrostatic Forces

In the usual type of steady state gas discharge, the net electrostatic
force on a neutral plasma is zero. The directed momentum transferred to the
gas by the ions is equal and opposite to that transferred by the electrons.

Since it is often assumed that the ions transfer more momentum than
the electrons, the reason for the equality of momentum exchange will be illus-
trated in the following: Consider the forces on a volume element of a homo-
geneous conducting plasma, If this volume is surrounded by a region sufficiently
large so that boundary effects can be neglected, then both ions and electrons
will be moving through the gas with steady state terminal drift velocities. All

of the force which the electric field exerts on the charged particles is
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continuously communicated to the gas as a whole. In this case, the total
electrostatic force on all of the positive ions in a unit volume is NiqiE,
where Ni is the ion density, oh is the charge on the ion and E is the electric
field strength. The net force on all of the electrons in the volume is -Nequ,

where Ne is the electron density and 9, is the electron charge. Since Ni=Ne

and Iqe' = lqi', the two forces are equal and opposite. Therefore, the total

momentum imparted to the gas by the electrons is equal and opposite to the

momentum imparted by the ions.

There are some exceptions to the above generalization, particularly
when a magnetic field is involved, but in most situations the comparatively
small mass of the electron is completely compensated for by its higher velocity

and collision rate.

Force Produced by Ion Beams

A number of devices have been described in the literature, by which
high velocity ion beams can be produced. A beam of ions is not exactly a
"wind" in the usual sense of the word, but the principle by which an ion beam
is produced represents an effective mechanism for obtaining directed momentum by
means of electrostatic forces. The momentum of an ion beam might be utilized
to obtain a wind of neutral molecules, either by deionizing the beam by
recombinations, or by an interchange of momentum with neutral particles.

A numerical example will illustrate the magnitudes involved in a
device of this type. Ion currents as high as one ampere per square centimeter
have been reported.(g) Suppose such a beam of nitrogen ions, having a kinetic
energy corresponding to 1500 electron volts per particle, were transformed by
recombination into a beam of neutral molecules., The resultant stream would

have a velocity of 10 cm per second and a density of 6 x lOll molecules per

p)
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cms. This molecular density would correspond to a gas at room temperature at
a pressure of 2 x 1072 mm of Hg.

Some idea as to the effectiveness of the ion accelerator in exerting
the accelerating force on its beam, may be gained from the fact that the momen-
tum created per second to produce such a beam is 3000 dynes per square centimeter
of beam cross-sectional area. This magnitude of force is significantly high
compared to other methods described in this survey.

Some of the possibilities associated with an ion beam wind generator
can be illustrated by discussing the proposed design shown in Fig. 1. The posi-
tive ions are produced in a Phillips Ionization Gage (P.I.G.) type discharge
apparatus, having a hole in the cathode. The mechanism of this type of dis-
charge is described in a later section of this report. The fundamental prineci-
ple involved is that the magnetic field acts as a sort of "cage" in which elec-
trons are trapped. These trapped electrons oscillate back and forth, moving
parallel to the magnetic field, between the two cathodes, and by their presence
neutralize the space charge produced by the high positive ion current to the
cathodes. This type of apparatus would be most effective below perhaps 1 micron
of mercury pressure. If a hole is present in one cathode, an ion beam can be
brought out through the hole.(z) Such a high intensity ion beam has a strong
tendency to disperse, due to its own space charge, although the magnetic field

tends to collimate the beam and restrain the dispersion.

It is necessary either to neutralize or to de-ionize the beam before
excessive dispersion has occurred. One method of neutralizing the beam might
be to increase the energy of the oscillating electrons in the P.I.G. discharge
with an r-f field, so that part of them would have enough energy to escape from
the potential trap between the cathodes and pass out of the hole along with the

ion beam. This process would result in the production of a high velocity beam

6
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of neutral plasma, but since volume recombination of ions and electrons is very
ineffective at these low pressures, the plasma beam could not be expected to
de-ionize itself into a wind of neutral particles.

A possible method of producing a beam of neutral molecules, might be
to arrange a source of negative ions so that these negative ions could be
injected into the positive ion beam. Volume recombination between the positive
and negative ions would take place and a neutral beam would result. In this
case, the most difficult problem is to produce a source of negative ions of
sufficient intensity.

Another method of transforming an ion beam into a molecular bean is
to utilize collision processes., This mechanism is discussed in the next sec-

tion of this report.

Re Transfer of Directed Momentum Between Chagggd Particles and Neutral Molecules

Several of the methods of producing wind, ta be considered here,
depend on a collision mechanism by which an electric force exerted on charged
particles, results in a stream motion of neutral molecules. An efficient
momentum transfer of this type requires that the neutral molecules receive a
maximum of momentum in the direction of the force, and a minimum of momentum in
random directions. A kinetic theory analysis, based on elastic spherical
molecules, shows some significant facts regarding the nature of this mechanism.

One case of special interest involves a collision between an ion
and a neutral molecule of the same mass. Suppose this ion is moving in the "x"
direction and collides with a stationary molecule. Since the exact "head on"
type of collision is rare, most of the collisions will be at various glancing

angles. In reference 9,and also in Appendix I, dealing with the persistence
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of forward motion, it is shown that, on the average, a spherical molecule will
receive half of the original "x" directed momentum of the ion, vhich means that
the average ion retains half of its original "x' directed momentum. On the

n_n

basis of energy exchange, the average resultant "x  directed motion of the
molecule represents 1/3 of the original ion energy; the average "x" directed
motion of the ion also represents 1/3 of the original energy. The remaining
1/3 appears as energy due to the lateral motion which is on the average, shared
equally between the two particles. These relations imply that a substantial
part of the original energy of the ion is converted to random thermal energy.

It would thus at first thought appear that a wind produced by this
type of momentum exchange would necessarily be associated with a high gas
temperature,and therefore a low molecular velocity ratio (i.e., stream velocity
divided by characteristic thermal velocity).

A molecular beam, nearly homogeneous as to velocity, may be obtained
by self-elimination of the molecules having incorrect velocities., To consider
this possibility, refer to Fig. 2 which illustrates a possible means of con-
verting an ion beam into a high velocity molecular beam. This could be ac-
ocomplished by introducing laterally a supply of low velocity neutral molecules
into the path of the ion beam. The ions are collected electrically after they
have delivered momentum to the "wind" of neutral molecules which results.

In the region where the collisions are taking place, the randonm
motion is of the same order of magnitude as the "wind" motion. The term
*molecular velocity ratio" is not applicable in this region since the random
velocities are not Maxwellian. It can be shown that if the neutral molecules
in this region were to collide among themselves so as to establish a Maxwellian

distribution, the molecular velocity ratio would have a value of V 3/2.
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In the region at "A" (Fig. 2) vhich is some distance removed from the
location of the collisions, the molecules are moving as a beam because the
molecules with transverse motion have been eliminated. This type of molecular
beam would differ in two significant respects from a molecular beam obtained by
allowing molecules to escape from a furnace through collimating apertures; as
has been done at the University of California. The first difference is that
the velocity of the molecules could be made very much higher than is obtainable
from a furnace. The second difference is that the beam could be made nearly
homogeneous as to velocity. The uniform velocity condition might be obtained
as follows.

The ion beam can be made nearly homogeneous as to velocity because
all the ions can be accelerated through the same potential difference. All the
neutrals which are hit "head on" by the attacking ions will all receive the

same momentum and proceed in the same direction as the ion beam. Since the

ionic and the molecular masses are assumed equal, these molecules will pro-
ceed with the same velocity as the attacking ions. Molecules which have glanc-
ing collisions from an attacking ion will be deflected away and removed from
the axis of the ion beam. If the region along the extended axis of the ion
beam is to consist mostly of molecules which have had "head on" collisions, it
is important that most of the ions experience not more than one collision be-
fore being collected. An electric field and/or a magnetic field could be used
to effectively remove all ions from the path of the molecular beam. By proper
adjustment of the density of neutral molecules in the collision region it would
presumably be possible to meet approximately the "not more than one collision

per ion" requirement.

11
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It thus appears theoretically possible to produce homogeneous beams

of neutral molecules having extremely high velocities.

Force Due to Discharge in Crossed Electric and Magnetic Fields

An electric current through a conducting gas in a transverse magnetic
field produces a force in the?g:<;? direction. Much of the experimental work
during the past year has involved this principle. Various considerations as to
the effectiveness of this method of producing wind will be discussed later in
this report.

From an overall macroscopic standpoint, the total force developed on
the gas equals (magnetic field strength) x (current) x (electrode spacing).

This relation implies that the only limit on the amount of accelerating force
which can be developed, is the amount of current which can be passed between the
electrodes. This maximum current limit is very high. Experiments have been
performed with d-c currents up to 30 amperes and pulsed currents from capacitor
discharges up to 1,000 amperes, and the voltage drop across the discharge has
not significantly increased.

These high currents are associated with extremely high gas temperatures
vhere the density of the gas becomes low and the viscosity becomes very large.
If any confining walls are present, the loss of momentum to these walls sets
a limit to the stream velocity which can be achieved. The loss of momentum to
the walls might be eliminated, if the accelerating force were applied while
the gas was passing out of a nozzle into a large vacuum chamber.

An illustrative numerical calculation regarding the force produced
in this manner must be based on a very arbitrary assumption as to current. In
one particular experimental situation, the gas pressure was 0.5 mm of Hg, the

current was 20 amperes, the spacing between the electrodes was 10 cm,and the

12
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magnetic field was 5000 gauss. This produced a force on the air stream of
100,000 dynes. The cross-section of the air stream was approximately 100 em”

2
and the accelerating force was approximately 1C00 dynes per cm .

Force Due to Thermal Expansion

One method of producing a high velocity stream of gas by means of an
electrical discharge, is to utilize a principle similar to a rocket motor;
except that instead of heating the gas stream by chemical combustion, an elec-
trical discharge could be used to heat the expanding gas. Experience gained
in connection with the present investigation has shown that the maximum gas
temperatures obtainable from an electrical discharge can be greatly increased
by utilizing a magnetic field. If an air stream were heated, in this manner,
to an extremely high temperature and allowed to expand through a nozzle, very
high stream velocities could be produced. The only apparent limit to these
temperatures and velocities is the melting point of the materials exposed to the
heat of the gas. This limitation could be alleviated by pulsed or intermittent
operation.

Consideration of these melting point limitations led to the conjecture
that the thermal expansion of an ionized gas might be converted into a stream
or Jet without the need of walls and nozzles, and the streaming action might
be achieved by means of a magnetic field. Since the mobility of charged parti-
cles is far greater in directions parallel to the magnetic field than cross-
wise to the field, the diffusion of ions and electrons out of the discharge
tends to be parallel to the flux lines. This flow of ions and electrons and
the resultant collisions could be expected to produce a motion of the zas as
a whole. Furthermore, if the random motion of an ion is approximately equally

distributed among the three translational degrees of freedom, (motion in the

13
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x and y directions while spinning around the flux lines, and motion in the z
direction vhile travelling parallel to the flux lines), then, if the ions are
dlowed to do work while expanding in the z direction, 'there should be a con-
version of thermal energy into streaming action. This hypothesis would predict
that a discharge in a magnetic field would be characterized by neutral air
molecules moving in towards the discharge transverse to the magnetic field,

and being "pumped out" of the discharge parallel to the field due to the higher
mobility in this direction.

This hypothesis was tested with the apparatus shown in Fig. 3 . The
electrode geometry is the same as in the revolving plasma except that the
diameter of the anode ring was reduced to the point where rotational wind ef-
fects were not prominent. Thin slivers of pica were used as wind indicators and
were placed around the discharge and over the hole in the end vplate, where it
was expected there would be a wind blowing.

The tests were made at 3000 gauss and at pressures from 1-50 microns.
Not the slightest trace of any wind could be consistently detected. When the
current to the electrodes was pulsed by discharging a lcmfd, 3000 volt capacitor,
there was a strong blast of wind through the hole., Also there was a visible
blast of luminous gas through the hole, but the luminous plasma did not spread
out perpendicular to the field. This was some indication that the desired ef-
fect did exist on a transient basis, However, the steady state effect did not

promise to be a potent method of generating wind.

Force on a Gas Discharge Caused by Momentum Transfer to Walls

When a gas discharge takes place inside a confining tube, a force is
exerted which tends to make the pressure at the anode end greater than the pres-
sure at the cathode end. This differential pressure can be employed tc create

14
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a wind, provided proper provision is made for the return air flow.

The pressure gradient is caused by the ambipolar diffusion of ions
and electrons to the walls of the tube. Since the wall of the tube is a di-
electric, the diffusion current consists of equal numbers of ions and electrons.
When an ion strikes the wall, it has on the average, a component of velocity
towards the cathode end of the tube, which is given to the wall on impact. Sim-
ilarly the electrons give up to the wall a component of momentum towards the
anode. However, the ions have a larger drift momentum (in spite of a lower
velocity) and the net result is a force on the wall parallel to the wall surface
and in the direction of the discharge axis. The approximate relative magnitudes
of ion momentum as compared to electron momentum can be seen by means of

Compton's mobility equations, which are:

Q Ls

VR e Bk (1)
1 )nmia-
i
!

v, - Leep | (2)
)nme Ce

where 9, Wy, Ii, Ci are respectively the ionic charge, mass, mean free path
and average total velocity; and Aoy My £g, Eé are the same quantities for the

electrons.

The ratio of momenta (due to drift velocities) of the ions and elec-

m.v, li Ee
S

The ratio of mean free paths for ions and electrons is dependent on field

trons is:

strength and other variables but an order of magnitude value is.
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The ratio of average thermal velocities is:
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In some low pressure discharges the electron temperature may be of the order
of 50,000°K, while the gas temperature may be of the order of LOO°K. If these

approximations are substituted in Eq 3, then

mivi 1 [50,000
MeVe V2 ING?J oc - 2

It thus appears reasonable, that under certain conditions, the average longi-
tudinal momentum of the ions striking the wall is several times larger than that
of the electrons striking the wall. When these particles strike the wall they
deliver all their tangential momentum to the surface and are re-emitted in a
random manner. Hence there is a net force developed, tending to push the wall
towards the cathode and a corresponding reacting force on the gas in the opposite
direction. Since the net electrostatic force on the plasma is essentially zero,
a pressure gradient is developed which tends to move the gas toward the anode.

The pressure gradient produced in this manner has been shown to be
of significance in small capillary tubes where wall effects are prominent, but
the action is not significant in larger diameter tubes.

A rough calculation of this effect in a typical low pressure discharge
is of interest as an illustration of the magnitudes involved. The numerical
values used,are known to be representative values for a particular set of

experimental conditions.

17
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A mercury vapor discharge takes place inside a long hollow glass

tube 6 cm in diameter. The conditions are as follows:

gas pressure = U8 microns

total current = 10 amps

longitudinal voltage gradient 0.4 volts/cm

ion current to wall = U4 x 1072 amps/cm2
gas temperature = T00°K
ionic mean free path = 0.15 cm

ion drift velocity = 13,000 cm/sec.

For simplicity, the electron momentum carried to the wall will be neglected and
the average drift component of ion momentum delivered to the wall will be

considered as equivalent to the force developed in the gas.
Wall force/cmg = (no. ions/sec.) x (average drift velocity) x (mass)

Substituting the experimental values,

% 1072
force -h_‘.{_.io_._

]

x (13,000) x (3.3 x 1072°)
1.6 x 107%9

0.107 dynes/cmg-of wall .

If the discharge tube were a meter long the total force developed
would be only about 200 dynes.

This phenomenon would be of much greater magnitude in discharges
involving a transverse magnetic field, where the drift velocities and the
random ion currents are very much larger. Several experiments were made in

an attempt to confirm this, but the action was completely overshadowed by other
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effects due to the magnetic field. A more complete investigation of this effect

appears warranted.

Electrostatic Accelerator

The most obvious method of generating an electric wind is by injecting
ions, (either positive or negative ions, but not both), into a gas in the
presence of an electric field. This is the basis of the "corona breeze" effect
which is associated with the partial breakdown of air around a pointed electrode.
This method is both simple and straightforward, but the forces which can‘be
produced in this manner are very small compared to the forces which can be pro-
duced by other methods.

The essential difficulty with an ion accelerator is the severe limi-
tation of the ion density due to space charge. Since the ions are all of the
same sign, any appreciable concentration throughout a volume develops a high
potential. As an illustration of the severity of this space charge problem,
consider the following numerical calculation based on the situation shown in
Fig.4 : An air stream charged with positive ions is blowing through a cylin-
drical glass pipe. The magnitude of the radial electric gradient caused by
a relatively small space charge density may be evaluated easily. Assume that
the tube is long enough so that end effects can be neglected. Also assume that

8

the tube is 20 cm in diameter, and contains a uniform ion density of 6 x 10

-10

ions per cmp, vhich is equivalent to a charge density of 10 coulombs/cm5.

Poission's equation in cylindrical coordinates is

12(-5)--¢

If the space charge density, @, is assumed constant, this equation
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is easy to integrate

2
r
v = -é2~ + C logr+ C .
° N 1 2

At the axis of the cylinder, r = O and dv/dr = 0; let us also set V = 0O at
r = 0. With these boundary conditions, it can readily be shown that

c, =0, C, = 0.

1 2
Therefore: .
P r
Vv = -~ s
€, F
o . P r
dr 6(3 2

Substituting F = lO"l'L coulombs/m3, r = 0.1 meter. Then at the wall of the tube,

vV = - 28,000 volts
%% = -5.6x lO5 volts/meter .

If this uniform ion density were to exist in the tube, the wall would be at a
potential 28,000 volts- lower than the axis, and the radial potential gradient
at the wall would be 5600 volts per cm. :iny tendency that the ions would have
to move along the tube would be completely masked by the radial dispersive force
outward. Furthermore, this radial gradient would greatly exceed the breakdown
strength of the low density air in the tube. Conceivably, this radial gradient
difficulty could be alleviated somewhat by some trick involving wire screen
grids, but a workable scheme for doing this without excessively impeding the air

flow appears unlikely.
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If a longitudinal electric field of 100 volts/cm were applied to

accelerate the ions, the force exerted on the gas = Niqi E newtons/ms'f

1 newton/m5 or lO'l dynes/cm5. This accelerating force is quite small compared:

to forces produced by other methods.
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INVESTIGATION OF DISCHARGE IN CROSSED ELECTRIC AND MAGNETIC FIELDS

General

Much of the experimental program during the past year has been con-
cerned with discharges in crossed electric and magnetic fields. These experi-
ments are very unusual in that they involve a combination of low gas pressure,
strong magnetic field and a high power level. Some very interesting phenomena
have been observed which have not been reported anywhere in the literature.

The study of wind effects promises to be a new tool for finding out basic infor-
mation regarding the mechanism of gas discharges.

In order to achieve significant wind effects, the experiments were
conducted at power levels of five to ten kilowatts. The heat generated by this
high rate of energy input created experimental difficulties, but operation at
this power level was essential since the production of high air velocity--even
at very low air density--requires substantial amounts of energy. As an illus-
tration of power requirements, the acceleration of the ion beam described on
page 5, requires 1.5 kilowatts of power per/cm? of beam cross-sectional area.

Most of the experiments were conducted at gas pressures of 5 - 100
microns. The choice of this pressure range was dictated by the fact that the
accelerating force which could be exerted on the gas stream was of the order of
a few ounces. Calculations as to momentum and viséosity relations indicate
that air densities in this range, or lower, are necessary if high stream vel-
ocities are to be obtained from this type of wind generator.

As a convenient means of studying the "crossed fields" type.of dis-
charge, an experimental arrangement called the "revolving plasma" was employed.

One type of electrode geometry for producing the "revolving plasma" is
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illustrated in Fig. 9. The discharge takes place between the center cathode
post and a surrounding anode ring. An axial magnetic field produces a "motor"
force on the gas which causes it to revolve. This electrode arrangement was
very suitable for studying cathode phenomena, instrumentation problems, and
determining various experimental facts. As a wind generator, the velocity is
limited by the high gas temperature (and the resultant high viscosity) and
centrifugal force. Present information indicates that some aspects of the
"erossed fields" type of wind phenomena can be studied more advantageously with
the linear flow arrangement which is described later in this report.

The number one problem in this investigation has been the development
of instrumentation to determine quantitative data about the magnitude of the
effects which are observed. The experimental conditions are so unrelated to
other types of gas discharges (or wind tunnels) that all attempts to adapt
existing instrumentation techniques have been unsuccessful. At the present
time new methods of instrumentation are being developed and it is expected that
especially significant quantitative information will be obtained in the course

of further work.

Equipment

Fig. 5 is a general view of the experimental equipment which was
assembled for the experiments with the revolving plasma. In the foreground is
the electromagnet with an aluminum (nonmegnetic) vacuum box placed between the
pole pieces. The electromagnet is designed for intermittent operation at a low
duty cycle, and, as a result, much higher field strengths are produced than
could be obtained otherwise from a magnet. of this size. The aluminum vacuum
box has inside dimensions of 9" x 24" x 28". The entire front end is covered

with a removable thick glass window through which the discharge may be observed.
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On the rack above the electromagnet are mounted the alphatron and thermocouple
vacuum gages and the booster-pump controls. At the extreme left is a cylinder
of dry nitrogen which is continuously bled into the system to maintain any
desired pressure. In the background to the right may be seen the two high-
voltage rectifier power supglies. The lower unit is a converted RA-38 variac-
controlled power supply which will deliver currents up to 1 ampere at voltages
up to 15,000 volts. The upper unit consists of a "pole" type distribution
transformer and four type 869B mercury-vapor rectifier tubes which can produce
10 amperes of current at 2,000 volts.

Fig. 6 is a rear view of the magnet and vacuum chamber, and shows the
vacuum pumps and the magnet power supplies. The vacuum system consists of a
Kinney type CVD 556 forepump used in conjunction with a Distillation Products,
Inc. type MB 100 vapor booster pump. These pumps provide usable working pres-
sures of less than 1 micron and a pumping speed of 100 liters/sec. This high
speed is very desirable, since it permits an equilibrium pressure to be main-
tained, even when nitrogen is bled into the system at a fairly rapid rate.‘
Such a continual exchange of gas helps to reduce contamination due to outgassing
of the dielectric surfaces. Most of the tests were made in dry nitrogen. Air
could not be used because the presence of the discharge caused chemical combin-
ation of the nitrogen and oxygen. These nitrogen compounds caused rapid deter-
ioration of the oil in the vacuum system.

The magnet power is supplied from two war-surplus "turret trainer"
d-c power supplies, which can be seen in the background of Fig. 6. They can
supply up to 400 amperes of current.

Fig. 7 is a plot showing the variation of magnetic field across the

vacuum chamber. This plot was taken with a magnet current of about 200 amperes.
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The pole pieces were 12 inches in diameter and the flux gap was 10 inches.
Most of the experiments were conducted with this approximate value of field
strength. By increasing the current to 400 amperes and decreasing the flux

gap to 7 inches, fields up to 5,000 gauss could be obtained.

Description of "Revolving Plasma"

Fig. 8 is a photograph taken through the glass window of the vacuum
chamber which shows the apparatus of Fig. 9 in operation at a gas pressure of
80 microns. In this photograph the luminosity is greater than normal because
of the cathode sputtering which was coloring the discharge. The discharge in
pure nitrogen gas is pale blue and quite transparent, especially at lower pres-
sures. The barrel-shaped region of greatest luminosity is defined by the anode
ring and the magnetic flux lines which fringe outward between the pole pieces
of the magnet. The tendency of the discharge to collimate along the magnetic
flux lines is quite pronounced in any region where the transverse electric
gradient is not too large.

At gas pressures below about 100 microns the luminosity spreads uni-
formly over the region between the top and bottom plates. This is in contrast
to the behavior at pressures of 500 microns and above where the luminous region
resembles a disk about 1/2 inch thick which is located midway between the top
and bottom surfaces of the chamber.

Due to.the large amount of power dissipated in the discharge, water
cooled electrodes were necessary. Electric wires were insulated with glass
tubing. Due to the poor dielectric strength of air at low pressures, any crack
or poor Jjoint in the tubing would result in a short circuiting electric arc.
Mycalex plates were used as insulation in some locations, while in other loca-

tions exposed to columns of ambipolar diffusion, Vycor glass (which is nearly
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pure quartz) was used. While the discharge was operating, the dielectric sur-
faces heated very rapidly. Much of this heat was due to the recombination of
ions and electrons on the surfaces.

The heating of these dielectric surfaces caused pressure conditions
in the box to change due to the liberation of gas. For this reason, the power
was ordinarily turned on for intervals of a few seconds to a minute at a time.
In taking data regarding electrical conditions, readings which were taken after
the discharge was turned on for 3 to 10 seconds gave reasonably reproducible
results. Pressure measurements were much less satisfactory because the re-
sponse time of the vacuum gage was ordinarily too slow to keep up with the
changing pressures in the discharge. This equipment could be set up for con-
tinuous operation, but much more elaborate water cooling provisions would be
required.

The discharge is characterized by violent plasma oscillations which
cover a wide range of frequencies. When the power supply voltage is maintained
constant the current will fluctuate, and when the current is maintained con-
stant (with chokes and/or pentodes) the voltage will fluctuate. Plasma probe
measurements are related to the time average values of the noise voltages

which have high frequency fluctuations as large as the average value.

The Phillips Ionization Gage (P.I.G.) Discharge

The revolving plasme resembles the Phillips Ionization Gage type of
discharge in certain respects. Further, the P.I.G. mechanism was used as a
cathode for the revolving plasma apparatus, in a number of experiments. Thus,
a review of the essential characteristics of the P,I.G. discharge is pertinent
to a discussion of the revolving plasma. The electrode geometries of these two

devices can be compared in Fig. 10(a) and Fig. 10(Db).

ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —;
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A significant difference between the revolving plasma and Phillips
Ionization Gage, as shown in Fig. 10, is that the revolving plasma apparatus
has an anode of much larger diameter.- This means that the discharge current

—_ -
has a longer radial path length, and thus the force in the E x H direction
is much greater. Another difference is that the revolving plasma has dielec-
tric end plates, so that the diffusion current to these walls removes equal
numbers of ions and electrons. In the Phillips Ionization Gage the end plates
are just the cathode surfaces; therefore, only positive ions are removed at
these surfaces.

The P.I.G. mechanism permits a cold cathode glow discharge to be
maintained at gas pressures far lower than is otherwise possible. The magnetic
field acts as an "electron trap", and greatly reduces the mobility of the elec-
trons in directions perpendicular to the field. The electrons in the discharge
oscillate back and forth between the cathodes while slowly draining off later=
ally to the anode. This greatly increases the path length of the electrons.
Hence, the probability of an electron having an ionizing collision before
reaching the anode is greatly increased, and the gas density required to sustain
the discharge is reduced by a large factor. The emission of electrons from the
cathode by positive ion bombardment is not necessarily an important factor in
sustaining the discharge. Ordinarily the cathode current is almost entirely
positive ion current.

The current density of positive ions to the cathodes can be surpris-
ingly high. This is because the electrons oscillating in the "magnetic trap"
tend to neutralize the space charge, especially near the cathodes, thus per-

mitting a high density of ion current without the usual space charge limitation

Measurements of the energy with which the positive ions strike the cathode,
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reference 2, page 352, indicate that the average energy is approximately the
same as the total voltage across the discharge. This suggests that the ions

originate in a plasma which is at about the same potential as the anode.

Cathodes

A high current discharge in a strong magnetic field presents a very
difficult cathode problem. At gas pressures above a couple of hundred microns,
the cold cathode glow mechanism is quite effective and almost any piece of metal
of any shape will serve as a cathode; however, the sputtering is usually quite
objectionable, A cylindrical post of copper or aluminum, 2 inches in diameter
and 5 inches high, will provide a discharge current of many amperes. At lower
pressures, the secondary emission mechanisms of glow cathodes become less and
less effective, and other types of cathodes have to be used. In the pressure
range of 20 - 100 microns a glow cathode will operate only as long as a film
of corrosion or oxide is present. As this film is sputtered away, the voltage
required to sustain the discharge increases until many thousands of volts are
required to maintain a very small current. A cathode suitable for operation
under these unusual conditions had to be obtained before the experimental

program could be continued.

Thermionic Cathodes

Thermionic cathodes have certain significant advantages, but when op-
erating in a strong magnetic field several difficulties are encountered. Heated
tungsten cathodes will emit well in nitrogen or other inert gases for a wide
range of pressures, including pressures too low for other types of cathodes.

The cathode fall of potential is also less for thermionic cathodes than for any
other type. This type generally has proven most suitable for pressures below

20 microns.
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The difficulties with the thermionic cathodes are caused by the
strong ion bombardment and high currents required to heat them. The thoriated
or oxide types cannot be used because of the heavy ion bombardment, and rela-
tively heavy pure tungsten wire is required. A heavy tungsten filament requires
a large amount of heater power to maintain its emitting temperature. This
causes excessive heating of the surrounding gas and dielectric surfaces. One
filament which was tested consisted of a circular loop of 30 mil tungsten wire
about 3 inches in diameter. This wire required 500 watts of power at close
to 30 amperes of current to maintain an emitting temperature.

Another difficulty with heated cathodes is the interaction between the
heater current and the magnetic field. The filament wire must be very carefully
supported in order to withstand the strong mechanical force which results from
this interaction. If the filament is heated with alternating current, the
vibration is quite severe and will fracture the wire at any weak spot. Even
when direct current is used many supports are necessary, and there is the added
problem of providing a high current d-c filament supply at a high voltage with
respect to ground potential.

Recent experience has shown that the operation of a thermionic fila-
ment is much improved when it is mounted close to metal plates which act as
ion collectors. The reason for using this combination can be explained as
follows: consider the situation where the cathode is only a tungsten filament
and the top and bottom of the discharge are bounded by dielectric walls. The
filament is negative with respect to the plasma so that it is surrounded by a
positive ion sheath. The ratio of electron current to ion current across this

J mi

sheath is approximately given by the relation 3? =N where m; and m, are
i e

the masses of the ion and of the electron. This is true provided the filament
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emission and the plasma random ion density are high enough so that both currents
across the sheath are space charge limited. This ratio of Je/Ji is about
200:1 so that the filament removes relatively few ions from the discharge.
However, a sizeable fraction of the drift current in the plasma is due to posi-
tive ions. These ions are not collected at the filament, but the filament does
provide an ample supply of electrons to neutralize the space charge of the ions
as fast as they arrive in the vicinity of the filament. Since volume recom-
bination is not an effective process at these low pressures, the ion and elec-
tron densities build up. This results in a high concentration gradient which
produces a high density ambipolar diffusion current to the walls. This diffu-
sion stream is strongly collimated by the magnetic flux lines so that the
regions of the wall on which these flux lines terminate are subjec?ed to-ter-
rific heating from the recombination energies. This action is potent enough
to "drill" a hole through a one-quarter inch quartz plate in less than a minute.
A tungsten filament cathode in combination with metal ion collectors
has been tested in connection with the linear flow air accelerator, Fig. 31
The metal cathode plates above and below the filament remove the ions but tend
to reflect electrons back into the plasma as in the P.I.G. discharge. ©So far,
this cathode has operated satisfactorily (aside from problems associated with
power dissipation and interaction effects). All of the reasons for its suc-

cessful operation have yet to be thoroughly investigated.

P.I.G. Cathodes

The Phillips Ionization Gage mechanism provides a suitable cathode
for pressureé between 0.1 and 20 microns. It is capable of furnishing more
current for this pressure range than any other type of cathode except the

thermionic. The chief limitations of the P.I.G. cathode are its high cathode

37




—  ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN =

fall of potential and the resulting high rate of sputtering. The cathode fall
of potential is typically 400 - 500 volts. If the discharge is running at 6
amperes, this represents several kilowatts of power loss. The heat generated
on the cathode surfaces can be removed by water cooling, but the heat generated
in the gas is much more objectionable because this increases the gas temperature
and visocosity. The sputtering is objectionable since it produces a metal vapor

of unknown properties. This tends to confuse experimental results.

Secondary-Emission Cathodes

At gas pressures below 100 microns, the glow discharge type of cold
cathode has two limitations: 1) The current density available becomes too small
since the secondary-emission mechanism of a glow type cathode results in a cur-
rent density which varies directly as the square of the pressure. 2) The high
cathode fall of potential causes very rapid sputtering of the cathode material
and represents a large power loss in the form of heat. An investigation of
secondary-emission cathodes was undertaken in the hope that a material could be
found which would not have these limitations. Cathodes have been developed for
use in flash tubes which have a high resistance to sputtering. They consist of
sintered tungsten, impregnated with a low work function material such as barium
oxide. Unfortunately these cathodes have been made only in very small sizes
for experimental purposes (by Germershausen and Edgerton at M.I.T.), and are
not available commercially.

Efforts were made to try to devise cathodes of this type. One test
involved a piece of very porous tungsten which was impregnated with barium
oxide. Another cathode, which showed some promise at first, was a sintered
mixture consisting of tungsten powder, barium oxide, and a binder. Various

mixtures were tried containing 2 to 10 per cent barium oxide with about 5
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per cent copper powder as a binder, the remainder being tungsten. This mixture
was pressed into slugs 5/16 inch in diameter by 5/8 inch long under a pressure
in excess of 20 tons per sq. in. The slugs were then fired in a hydrogen atmos-
phere furnace at 1300°C.

None of these cathodes were very successful. Some of them showed re-
sistance to sputtering, but they exhibited a strong tendency to form small arc
spots which were very erratic and irregular and released foreign vapors into
the discharge. The presence of an arc spot caused a strong diffusion column
along the magnetic flux lines which would burn holes in the dielectric plates,
in the same manner as the thermionic filaments previously described.

One secondary-emission cathode which did prove relatively successful
for certain tests consisted of a chunk of magnesium alloy. This cathode had a
tendency to form a great many tiny arc spots which were constantly dancing over
the surface, creating the effect of a relatively uniform current distribution.
The emission was quite satisfactory as long as the surface was coated with oxide,
but as this oxide gradually disappeared from the surface the voltage drop greatly

increased.

Hybrid Cathodes

Several types of cold cathodes were tried which utilized the "electron
trap" action of the magnetic field but were not otherwise similar to the Phillips
Gage.

One of these cathodes was a cylindrical post shown in Fig., 11. The
electric field at the cathode surface is radial, but because of the presence of
the vertical magnetic field, the electrons emitted from the cathode revolve
around the cylinder in cycloidal paths. The electrons are thus retained in the

vicinity of the cathode. The effects of positive-ion space charge and sheath
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formation which are troublesome with other geometries of secondary-emission
cathodes, -are greatly reduced as a result of this trapping or constraining
action,

With this cylindrical cathode, there is an additional emission mech-
anism which may be important. This geometry is similar to that in a magnetron,
where the back-bombardment of the cathode by electrons is a significant factor
in obtaining large cathode emission. This back-bombardment mechanism of the
magnetron cathode is very effective in liberating electrons, quite aside from
the heating effect. In the analogous "revolving discharge" situation, there
are strong plasma oscillations which seem capable of causing electrons to back-
bombard the cathode with considerable energy. |

The experiments with the cylindrical-post cathode have been inconclu-
sive as to the importance of the back-bombardment mechanism. In one particular
experiment, at 30 microns pressure, a cathode was tested which consisted of a
tungsten rod about 1/2 inch in diameter and 4 inche; long. This provided several
amperes of emission when oriented parallel to the magnetic field, but the emis-
sion dropped to a fraction of an ampere when the cylinder was turned crosswise
to the field.

Fig. 12 illustrates a cylindrical-post cathode to which end plates
have been added. These end plates are a definite improvement since they serve
to reflect electrons back into the discharge as in the P.I.G. mechanism. These
electrons, which would otherwise be lost due to ambipolar diffusion, help to
neutralize the positive-ion space charge. This arrangement combines the function
of the Phillips Ionization Gage type of cathode and the cylindrical-post cathode
mentioned above.

The "totem pole" cathode illustrated in Fig. 13 has special advantages

at higher pressures where the mean free path is so short that the P.I.G.
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arrangement of Fig. 10 is less efficient. The rings on this cathode are made

of magnetic material, and the magnetic field fringes out between them as shown
in the figure. The electrons oscillate back and forth along these fringing flux
lines and produce ionization. The iron rings thus act as a series of P.I.G.
cathodes. Since the area for collecting positive ions is effectively increased,
the current density of positive ions and the cathode fall of potential are cor-

respondingly decreased.

Total Voltage-Current-Pressure Relations

A theoretical interpretation of the basic mechanisms associated
with electrical wind effects requires quantitative experimental data. In the
present investigation, certain types of data have been particularly difficult
to obtain because of instrumentation problems. As a result, the analytical
explanation is handicapped by a lack of experimental facts. The voltage-
current-pressure relations associated with the revolving plasma are an excep-
tion in that they can readily be obtained in a consistent and reproducible
manner. The over-all voltage is a summation of several different effects, and
does not indicate the relative magnitudes of the various components. For
instance, the total voltage between the electrodes is the sum of the cathode
fall of potential, the plasma drop and the anode fall of potential. The
relative contribution of these individual components can be expected to vary
as the conditions are changed. Therefore, this data is not as meaningful as
might be desired. A number of significant facts can be obtained from it, how-
ever, and it constitutes a means of cross-checking the validity of other types
of measurements, such as some of the plasma probe data given in the next
section. The quantitative interpretation of the overall voltage curves will be-

come more meaningful as more analytical information becomes available.

L3
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The relations involving the total potential drop are given
in the following figures:
Fig. 1k Voltage drop vs. amperes, for
different values of pressure "totem pole'cathode,
nitrogen gas
Fig. 15 Voltage drop vs. pressure for
different values of current
Fig. 16 Voltage drop vs. pressure for
different values of current
(nitrogen gas.)
"P.I.G." type
Fig. 17 Voltage drop vs. pressure cathode
for different values of pressure
(hydrogen gas.)

The voltage-current-pressure relations in Figs. 15, 16, and 17
were plotted on the coordinates of potential drop vs. pressure, since this
method of presentation illustrated the trends more clearly. Another reason
for using these coordinates is that the more conventional plot of current
vs. voltage causes many of the curves to lie on top of one another at some
constant slope. This tendency can be seen in Figure 14 for pressures above
80 microns.

These curves demonstrate several interesting facts. There is a
large voltage drop at very low pressures and an approach to a constant voltage
condition at high pressures. At high pressures an increase in current
requires a smaller proportionate increase in voltage than is required at low
pressures,

A comparison of the total voltage drop under the same conditions
of current and pressure, provides an excellent means for evaluating the
various types of cathodes described in the previous section. Fig. 15 and

16 are examples of this type of comparison between the "totem pole" and

P.I.G. cathodes. Examination of these figures shows that the P.I.G.

Ly
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arrangement is more effective at low pressures, while at pressures above
100 microns the voltage drop with the "totem pole" is about 350 volts

less than with the P,I.G.. Other cathodes were compared in this same way.
Most of the secondary-emission and hybrid types described previously, gave
overall characteristics very similar to those of the "totem pole", except
that the overall voltage drop was, in general, somewhat greater.

Fig. 17 is a plot of the overall voltage relations when
hydrogen gas is substituted in place of the nitrogen usually used. Although
tre data for hydrogen gas is incomplete, it is interesting to note that
there 1s a crossover in these curves which does not appear when nitrogen is

used.

L5
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Plasma Probe Measurements

El-_.trical probe measurements were taken to obtain specific
information about the voltage gradients and the variation of potential
throughout the discharge. The interpretation of probe data is much more
difficult when a magnetic field is involved. However, much useful infor-
mation which does not require a complete analysis can be obtained from

such measurements .

Description of Probe and Circuit

The probe data was obtained by means of the planar probe

shown in the sketch in Fig. 22, It is made of 50 mil. tantalum ribbon,
and has an area of 1.8 cm2, The probe was supported at the end of a glass
tube, and the surface of the exposed area was always oriented perpendicular
to the electric field. Data was obtained for probe positions along a
radial line. For all of these measurements a P.I.G. cathode was used.
The type of cathode has little bearing on the radial plasma gradient or
the anode fall of potential, but the gradients in the cathode region,
of course, depend on the type of cathode.

The electrical circuit used in comnection with the probe is shown
in Fig. 18. All voltages were referred to the anode potential (ground)
purely for convenience of instrumentation. In plotting potential distribu-
tion curves, "floating probe" (zero probe current) potentials were used.
This was the voltage read on the voltmeter when the potentiometer shown in
Fig. 18 was adjusted for zero current as indicated by the ammeter. The

significance of these potentials and the use of the 0.%/Lf capacitor will

be discussed later.
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Probe Current-Voltage Curves

In order to interpret the data obtained from these measure-
ments, it was necessary to determine the relation between the probe voltage
and the current to the probe. Figs. 19 and 20 show the current-voltage curves
obtained at different gas pressures. For these tests the probe was located
midway between the cathode and anode. The probe voltages were originally
recorded with respect to the anode or ground potential, but in plotting the
curves, the "zero current" or "floating" potential was used as a reference
voltage. This method of presenting the data provided a better comparison of
the effect of changing pressures than was the case when the anode potential
was taken as a reference.

The probe characteristics (Figs. 19 and 20) have the same
general form as those obtained in a discharge in the absence of a magnetic field
The outstanding difference is that when the field is present the probe
current increases more gradually for positive probe potentials and shows no
rapid rise in current,as is usually the case, when the probe reaches plasma
potential. The Langmuir type of probe analysis is not applicable when a
magnetic field is present, since other factors become prominent which far
overshadow the usual effects. The most important of these factors is the
presence of plasma oscillations. A study of these oscillations is quite
involved; however, a qualitative consideration of these fluctuations is
important for a correct interpretation of potential distribution plots.

The characteristics presented in Fig. 19 and 20 represent time averages of

these rapidly varying voltages.
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Equivalent Circuit of Probe

The interpretation of probe data is facilitated by substituting
an equivalent circuit for the probe and plasma, which will simulate the
observed behavior. One possible circuit for this purpose is shown in Fig.
21. The elements inside the dotted box represent the probe and plasma.
Since the current-voltage relations of Figs. 19 and 20 resemble diode charac-
teristics, the essential feature of the equivalent circuit is a diode-
rectifier. The resistances Ry and Ro are merely details which enhance the
equivalence. R; determines the slope of the curve for negative probe
potentials, and Rp influences the slope for positive probe potentials. The
capacitor, C, outside of the dotted box)represents the stray wiring capa-
city of the probe lead and extra capacity which was, at times, added to the
circuit, such as the 0.5/»f capacitor shown in Fig. 18. I, and Vg, corres-
pond to the current and voltage read on the meters shown in Fig. 18, In
the presence of plasma oscillations (noise), this circuit acted as a peak
charging rectifier. If V, was adjusted so that the average probe current,
Iy, was zero (floating probe), then Vo was the average voltage across the
capacitor C. If the capacitor was very small, V, approximated the average
plasma potential. If, on the other hand, C was quite large, Vo, was some

average value of the peak negative plasma fluctuations.

This effect was strikingly demonstrated by placing a O.?ﬂf
capacitor between the probe and ground. This caused the floating probe
potential to be about 75 volts more negative than when no capacitor was used.
Thus, it is reasonable to assume that the noise amplitude was somewhat greater
than 150 volts peak to peak. This was roughly the same order of magnitude as

the average potential with respect to the anode. These results were

25
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confirmed by oscillographic observations. The relation between the
plasma potential and the floating probe potential is influenced much more
by plasma oscillations than by the electron temperature,which is usually

the case.

Potential Distribution Curves

An interpretation of the floating probe potential distributions
shown in Figs. 23 and 24, can be made on the basis of the above considera-
tions. If the stray wiring capacity of the probe circuit is small, the
floating probe potential will be slightly negative, but not very different
than the average space potential. A comparison of floating probe potentials
for different locations, pressures, and discharge currents is meaningful,
provided the effect due to the noise is relatively constant from one
situation to the next. The error introduced by neglecting the changes in
the character of these fluctuations, thereby assuming a constant "correction
factor" , is small compared with the voltages and gradients being measured.

Fig. 22 is a cross section through the discharge and shows the
positions in which the probe was placed for these measurements. Fig. 23
is a plot of potential versus probe position. The values obtained for four
different pressures can be seen directly below the corresponding probe
positions of Fig., 22. Fig. 24, which is similar to Fig. 2%, is a comparison
of the potentials for two different values of discharge current.

The anode fall of potential can be seen in the extreme left of
Figs. 23 and 24 (between the anode and the probe position "F.") The indi-
cated voltage drop is probably greater than actually existed, since the
voltages measured by the probe were more negative than the average plasma

potential for the reasons given above. One interesting feature of this
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gradient adjacent to the anode is its variation with pressure. In some
cases, the variation of anode fall of potential is sufficient to account
for the change in total discharge voltage, observed in the voltage-pressure
characteristics (Figs. 15 and 16) for pressures above the minimum potential
point.

The radial plasma gradient for various pressures and currents
is shown in Figs. 23 and 24. This is probably very close to the true pic-
ture since the effect of the noise should be relatively constant for
different probe positions. The magnitude of this gradient‘is important
in connection with the discussion in the following section. This electric
field strength is related to the power input per unit volume of the
discharge and thus is an indication of the power used in generating wind.
It is interesting to note that this gradient is substantially constant
over a wide range of pressures. As is to be expected, the gradient in-
creases with increasing current.

The plasma gradients parallel to the magnetic field from the
mid-plane of the discharge toward the end surfaces were also observed. Mid-
way between the cathode and anode this gradient was about 1 to 1.5 v/cm.
Thus an equipotential surface in the plasma has a roughly cylinderical shape.

The cathode potential is not shown in Figs. 23 and 24. Because
of the geometry of a P.I.G. cathode, this feature is difficult to show in

this type of potential profile.
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Trajectories of Ions and Electrons

The potential distribution curves presented earlier, tend to convey
the impression that the drift motion of the ions and electrons is determined by
steady state, constant, potential gradients. Actually,‘the random "noise"
voltage which is picked up by a measuring probe, has about the same magnitude
as the d-c voltage. The presence of fluctuating plasma voltage gradients makes
an analysis of particle motion very difficult.

A good deal of useful information can be obtained by ignoring the ran-
dom fluctuations,and considering the behavior of a charged particle when it is
in a vacuum; also, when it is in an environment of only neutral molecules. A
study of the motion of ions and electrons on this basis, furnishes valuable
qualitative concepts and explains a number of experimental facts. As soon as
better methods of instrumentation have been developed, more quantitative studies
will be possible.

The following numerical calculations of charged particle behavior are
based on typical values of the electric and magnetic field strengths associated
with the revolving plasma experiments., It is assumed that the charged particles
are in a uniform electric field between parallel plates (instead of the cylin-

drical geometry of the revolving plasma).

Magnetic field strength 3000 gauss = 0.3 weber per sq. meter

Electric field strength 5000 volts per meter

Velocity with which a charged
particle (electron or ion),
moves transverse to electric
field (in the absence of col-
lisions)

1.67 x lOu meters/sec

"
| =
i
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Kinetic energy of an
ion when moving at a
velocity of E

4O electron volts

Kinetic energy of an
electron when moving
at velocity of &

I

7.8 x lO—h electron volts

B
Angular velocity of the Bq. 6
rotational motion of an = —= = 1.0% x 10 radians/sec
ion in magnetic field my

Angular velocity of the

i i Be 10
rotatlona} motion of.an - = 5.3 x 10 radians/sec
electron in a magnetic m,
field

The motion of an ion or electron in the presence of crossed electric

and magnetic fields,and in the absence of collisions, is characterized by:

(1) A velocity component transverse to the electric field equal to %,
where E is the electric field strength and B is the magnetic field
strength.

(2) A rotational component which takes place at the "cyclotron fre-
quency" defined by g; %%, where q is the electric charge and m is
the mass. The radius of the rotational orbit is dependent on the
initial conditions and the kinetic energy with which the particle
started its motion.

(3) A motion parallel to the magnetic field which is not affected by

the magnetic field,

Fig. 25 is an illustration of the cycloidal trajectories of an ion in

electric and magnetic fields. These trajectories are drawn to scale and are
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quantitatively representative of the field strengths used in the revolving
plasma experiments. Curve "A" represents a nitrogen ion which starts from rest.
It has a component of velocity of 1.67 x th meters/sec in the "E cross H"
direction (perpendicular to both E and H),and a rotational velocity of 1.67 x
lOu meters/sec. Curve "B" represents an ion with a rotational velocity twice

as large or 3.33 x lOu meters/sec. In curve "C" the rotational velocity is
five times as large as in curve "A",or 8.33 x th meters/sec., In all three
cases the velocity in the "E cross H" direction is constant.

The electrons tend to follow cycloidal trajectories along equipoten-
tials in the same direction as the ions, but the radius of rotation is very
much smaller. In the case of an electron starting from rest, the radius of ro-
tation is 3.2 x lO—5 cm, If the electron has six electron volts of energy, the
radius is still only 2.8 x lO'3 cm, and the electron makes 5050 orbital revolu-
tions while moving one centimeter in the "E cross H" or transverse direction.

In a vacuum,the net motion of an ion or an electron is entirely trans-
verse to the electric field. In an actual plasma, the presence of collisions
and plasma oscillations permits a component of motion in the direction of the
electric gradient. In all cases, a net drift motion or "drain" parallel to the
electric field is associated with a mechanism for the dissipation of energy.

In the case of electrons, the transfer of energy by collisions is
very much less effective than for ions. Part of the energy loss associated
with electron "drain" is utilized in producing excitation and ionization. There
is not enough information available as yet, to evaluate the magnitude of the
electron "drain" in the revolving plasma. However, it does appear that a sub-
stantial fraction of the total electrode current is due to electron motion

parallel to the electric field. (This statement is supported by the fact that
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there is no large anode drop of potential,as there would be if the positive
ions were the only important current carriers.)

In the case of ions, the energy loss at each ¢ollision is so large
that the explanation as to where the ion energy is dissipated, is more amenable
to mechanistic interpretation. An approximate calculation as to the relative
magnitudes of the two components of ion drift motion can be made by means of
two simplifying assumptions. 'This calculation will be pertinent to a subse-
quent discussion of tangential current flow and radial pressure variation in

the revolving plasma. The two assumptions are:

(a) The average ion velocity is very high compared to that of neutral
molecules, so that the neutral molecule is relatively stationary by
comparison. Then, on the average, the ion looses half of its kinetic
energy at the end of each mean free path.

(b) The radius of curvature of the ion path is sufficiently large so
that one mean free path is only a fraction of one cusp of the cycloid,

and there is no important change in the direction of motion between

collisionms.

These conditions can be evaluated by means of Fig., 25. Let us assume
that the mean free path is 2 cm. Then the average ion energy, even when start-
ing from rest, is many electron volts compared to a fraction of an electron
volt for the average neutral molecule. Also, 2 cm, corresponds to a small frac-
tion of one rotation. On the basis of these approximations, it is believed
that the ion drift in the direction of the electric gradient can be calculated
roughly, by neglecting the effect of the magnetic force. The ion drift velocity

towards the cathode, in the absence of a magnetic field, can be computed by
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means of a relation given in Reference (1), page 484. According to this refer-
ence, when the velocity of the ion is large compared to the thermal velocity of

the gas, the ion drift velocity is approximately given by the relation
107
v, ¥ 225x107 x0.59 VEL_ meters/sec.
1 ,/mg7me g
where mg/me is the ratio of the masses of the ion and electron;

lg is the mean free path.

For a nitrogen N2+ ion, this relation reduces to

n

i 1550 ‘[Elg meters/sec .

The average magnetic force on this ion which causes a drift in the

"E cross H" direction is

quvi = 1550 qu JE!g

where q; is the charge of the ion.

The force due to the electric field which causes a drift towards the
cathode is qiE. It is reasonable to assume that the flow is viscous in nature,
go that the ratio of the drift velocities is approximately equal to the ratio of

the forces. Hence,

V(electric) o a3 o~ E
v(E cross H) 1550 qul\/ Elg 1550 BQ’lg

In the conditions associated with the revolving plasma experiments, a
value of 0.02 meters for lg in the above relations makes the two components of
drift velocity approximately of equal magnitude. This value of lg corresponds

to nitrogen gas at 2000°K and 18 microns pressure, and is roughly equivalent to

the experimental conditions previously 6r7eported.
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This calculation indicates that the component of ion drift velocity
in the direction of the electric field produces a force in the gas towards the
cathode which has, in some cases, the same magnitude as the force exerted by

the ions on the air stream.

Efficiency of "Crossed-Fields" Discharge as a Wind Generator

The efficiency with which electrical energy is converted into kinetic
energy of mass motion of the gas stream can be approximately evaluated. This
calculation indicates the order of magnitude of the maximum efficiency of the
fundamental electrical process. If the approximate efficiency is known, the
molecular velocity ratio can be estimated.

The following discussion will be based on the type of experimental
situation shown in Fig. 26, where the force due to the discharge is used to
accelerate air in a linear manner, into a vacuum chamber. In this situation,
it is obvious that the heating of the air, while it is expanding out of the
throat-shaped electrodes, will have an important thermodynamic effect on the
conditions in the air stream. The overall efficiency is closely dependent on
the velocity and density of the air entering and leaving the region of the dis-
charge. In order to keep this present discussion as general as possible and to
avoid arbitrary assumptions as to the thermodynamic effects, it will be conven-
ient to consider only the electrical factors which are operating inside a small
volume, Ax Ay Az, which remains stationary with respect to the electrodes. This
volume element is small enough so that the percentage changes of velocity and
density across it are quite small, However, in describing the effects inside
this small volume, it will be convenient to use dimensions as if it were a unit
volume, but it must be noted that the volume element is very much smaller than a

cubic meter. In this simplified analysis, the stream velocity, U, is independen-

tly determined by factors outside the volume element.

68



INIWIONVIYEY 3goy 12313 LMO3- —-yv3aNI1,, 3H1
sQ1314—Q3SS0¥I , 3H1 ONISN ¥OoL1vy31303V yiv 40 N91s3d 92 913

aNy 39dVHISIA

S
‘ 3QOHLVD
-— /;
/ \\\ 17
2V AV %XV \\\ \\ INEL A ALE!
1N3IW313 3WNT0A , ﬁ J—
dWNd NNNOVA OL aNIM % W SV9
/2 3
//M////
N\
S————— //ﬂ// 300NV

Ss1vm 2181031314




—  ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

The efficiency of the electrical processes within this unit volume

can be defined as:

(force on air stream) x velocity of stream)

(electric power input)

The magnetic force exerted on the air stream is given by
F = B J newtons

where B is flux density in webers/m2, and J is current density in amperes/mg.

The electric power input is

Pin = E J watts

where E is the electric gradient.
The useful power delivered to the air stream is equal to the product
of force and stream velocity

PS = B J U watts

where U is the stream velocity.

Hence, the efficiency is

BJU U
E/B

=
I

=

oy
I

The ratio E/B is the velocity with which the ions and electrons move
in the "E cross H" direction, in a vacuum. In a low density stationary gas ,the
ion velocity is less than the E/B value in a vacuum, but mobility calculations
indicate it is usually a substantial fraction of the limiting E/B value; of the
order of 30 to 50 percent. When E/BYYU, the neutral molecules are relatively

stationary compared to the ioms. Since the denominator of the expression for
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efficiency is relatively constant for all small values of U (as is indicated
by the experimental data))the efficiency is proportional to the stream velocity.
If the stream velocity U is observed to be substantially increased,
then the value of E/B must also have increased because Amperé% law requires
that the passage of current through the volume be accompanied by a magnetic
force. The only way this force can be exerted is for the voltage to rise high
enough so that the ions and electrons have sufficient velocity to deliver momen-
tum to the stream. It would thus appear that in the expression for efficiency,
there is some limiting maximum efficiency, above which any increase of U in the
numerator is accompanied by a corresponding increase of E in the denominator.
Experimental values of E/B are of the order 1.7 x lO)+ meters /sec.
If the stream velocity is 1700 meters/sec, the value of efficiency as derived
above, is 10 percent., This implies that the molecules of the stream are re-
ceiving nine times as much random thermal energy as directed kinetic energy due

to mass motion.

Tangential Current

In the study of the revolving discharge, there is one type of experi-
ment which would furnish very important information regarding the drift motion
of the charged particles. This experiment involves a measurement of the net
current flowing in the "E cross H" direction. The ion and electron drift
motions perpendicular to both the electric and magnetic fields are both in the
same direction; however, since these particles carry charges of opposite sign,
the two types of current tend to cancel, and the net transport of electric
charge depends on which component is predominate. The volume densities of
positive and negative charges are very nearly equal, so that it might appear
that the (presumed) higher mobility of the electrons would result in a pre-

dominance of electron current. Perhaps this is the case, but it can also be
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mentioned that the electron motion is almost entirely in the form of orbital
rotation, so that the drift motion between collisions is severly restricted. A
measurement of the net current which is flowing transverse to the electric field,

would be of considerable help in explaining the basic mechanisms.

In the revolving plasma, this net transverse or "tangential" current
is of special significance,because it is related to factors which produce a
radial force or pressure on the gas. This radial pressure may be an important
factor in counteracting the centrifugal force which tends to throw the neutral
molecules out of the revolving discharge. The existence of the radial pressure
can be explained either on the basis of a macroscopic or a mechanistic point of
view,and the conclusions are the same.

From the macroscopic standpoint, the flow of a net current through the
gas in a tangential or circumferential direction reacts with the magnetic field
to produce a force. If the cathode is at the center and if the tangential cur-
rent due to electrons predominates over that due to ions, the result is a force
toward the cathode.

The mechanistic explanation is as follows: The movement of ions to-
ward the cathode transfers momentum to neutral molecules, while the motion of
electrons toward the anode transfers momentum in the opposite direction. It
was shown on Page 4 that, in the absence of a magnetic field, the momentum due
to these two types of motion is usually equal and opposite)and the net force is
zero. However, it is unlikely that this is the case when a strong magnetic field
is present. It seems reasonable that the proportion of ion current to electron
current is substantially larger when the magnetic field is present and the mo-
mentum given to the gas in the direction of the cathode is greater than the momen

tum toward the anode.
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Experiments were undertaken to simultaneously measure the pressure in
the center of the discharge and at the circumference to determine the magnitude
of the radial pressure gradient. The measured pressure at the edge was approx-
imately twice the value at the center. When the electrical polarity was rever-
sed so that the anode was in the center, there was no definite indication of a
change in this pressure ratio. Hence, the experiments do not yet confirm the
hypothesis of a force toward the cathode. The experimental measurements however,
involved uncertainties due to temperature gradients which are discussed in the
section under instrumentation.

During the past year much time and effort have been spent in attemp-
ting to obtain an electrical measﬁrement of the tangential current. Although
these tests have not been successful a description of some of the problems en-

countered may be of interest to other workers in this field.

Experimental Measurement of Tangential Current

In the revolving plasma the tangential current can be considered as
flowing in a closed loop inside a torus or doughnut-shaped region. An obvious
method of measuring this current is to utilize some magnetic effect such as
inductive coupling. Of several schemes that were considered, the most satis-
factory method involved the use of a pickup coil surrounding the discharge, and
arranged in such manner as to produce a maximum amount of inductive coupling
with the tangential component of current. The voltage induced in the pickup coill
is related to the tangential current by the equation e =M di/dt, where M is
the coefficient of mutual inductive coupling, and di/dt is the rate of change

of current.

5



ENGINEERING RESEARCH INSTITUTE -+ UNIVERSITY OF MICHIGAN —

The experimental procedure involved two separate measurements as
follows:

(1) a measurement of the value of M between the plasma and the pickup

coil;

(2) a measurement of the induced voltage as the tangential current

was varied.
The value of M was determined by a separate calibration experiment in which a
solid conductor was substituted for the gaseous plasma. The mutual inductance
between this solid conductor and the pickup coil was then determined in a con-
ventional manner. The second measurement could not be carried out in a straight
forward manner since the tangential component of current could not be controlled
directly. The current to the electrodes (radial current) could be controlled
easily, but the relation between radial and tangential currents was not known.
It was assumed that this difficulty could be avoided by turning the discharge
current completely on or off while observing the induced voltage pulse on the
oscilloscope. Then, if the induced voltage waveform were integrated over the

{ime interval, the steady state value of tangential current could be calculated.

Experimental Apparatus

Fig. 27 is an illustration of the apparatus which was assembled to
investigate the measurement of tangential current. The anode for the discharge
was a copper cylinder. Apickup coil of ten turns was wound around it. In
order to prevent this cylinder from acting as a short circuiting turn, it was
split lengthwise and an insulating segment of mica was inserted, as shown in
Fig. 27. The electrical connections to the anode and cathode were brought out
together, at a point opposite to the split in the anode. This was done in

order to minimize any extraneous pickup from currents flowing in these leads
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and in the cylinder. The voltage generated in the pickup coil was observed on
a Tecktronix type 513-D oscilloscope.

Tt was also necessary to observe the electrode current (radial current
component) on the oscilloscope, and to modulate this current in a known manner,
A two-ohm shunt or "current viewing resistor" was placed in the ground return
from the vacuum box, and provided a convenient means for monitoring the radial
current. This current was controlled by varying the grid bias on two type 313
pentode tubes. These were placed in the high voltage lead between the power
supply and the cathode, so that the current could be turned on or off, or mod-
ulated in any desired fashion. Pentodes were used for this purpose becauée of

their desirable constant current characteristics.

Measurement of Mutual Inductance

The tangential component of current can be regarded as consisting of
many individual ring-shaped current elements distributed throughout a doughnut-
shaped region. It is obvious that these elements will not all be equally effec-
tive for inducing a voltage in the pickup coil. This variation in coupling was
investigated by placing a single-turn loop of copper wire inside the anode
cylinder, and measuring the mutual inductance, M, between this loop and the
pickup coil as the diameter and position of the loop were changed. For the
pickup coil shown in Fig. 27, there was very little change in the value of M
when a particular loop was moved about, except when it was at the ends of the
cylinder where the value of M dropped by about 20 percent.

The values of M for this arrangement were determined experimentally
by measuring the voltage induced in the pickup coil for a known current in the
primary loop. An audio oscillator and a high fidelity audio amplifier were

used to produce a sinuscidal current in the primary. The voice coil terminals
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of the amplifier provided a low impedance source and furnished a current of
several amperes at frequencies as high as 100 Kc.

Another method for measuring M, which did not prove satisfactory,
involved an exponential decay of current in the primary loop. This produced
an abrupt change in the induced voltage at the start of the exponential, which
resulted in "ringing" in the pickup circuit. This "ringing" was a consequence
of the inductance of the pickup coil and the input capacity of the scope, and
could be eliminated only by considerable damping resistance.

The experimental values of M derived from these experiments ranged
from 1.0 to 1.5 microhenrys for the ten-turn pickup coil. The smaller values
were at the higher frequencies. This value of M was smaller than the value
obtained when the measurements were made outside the vacuum box. In order to
minimize the shielding or short-circuiting effect of the metal box, the anode
cylinder and pickup coil were positioned midway between the top and bottom

of the chamber.

Experimental Results

Before any attempt was made to analyze the voltages induced in the
pickup coil, careful observations were made as to the fluctuations of the cur-
rent and voltage. When the power supply employed an IC filter, which would
simulate a constant voltage power supply, it was found that the current would
fluctuate wildly. Similarly, when an RL filter combination was employed, to
simulate a constant current power supply, the voltage would then fluctuate in
the same random manner. For this experiment, it seemed more desirable to
obtain a constant current condition for the discharge (radial) current. The
most satisfactory results were achieved by using two type 813 pentodes in

parallel, which were connected in series with the power supply. With these
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tubes it was poséible to obtain a steady discharge current of over an ampere,
which had less than 50 milliamperes of 120 cycle ripple and less than 25
milliamperes of random "noise".

The voltages induced in the pickup coil were observed on the oscil-
loscope while the discharge was running with the current maintained relatively
steady by means of the pentodes. Even with this constant radial current, there
was a large amount of "noise" or "hash" induced in the pickup coil. The "noise"
was quite random and contained a wide range of frequencies and amplitudes, in-
dicating that the tangential current is not directly related to the radial cur-
rent, but is subject to the random fields or "plasma oscillations" known to be
present. Evidence given in the literature(g) substantiates that this type of
discharge contains plasma oscillations of large amplitude and thus is a potent
source of nolse. The presence of this unavoidable and excessive noise presents
a serious problem for the successful measurement of tangential current.

Attempts were made to measure the tangential current in the hope that
the desired induced voltage might be of greater amplifude than the "noise". In
one series of tests, the radial current was interrupted by abruptly biasing the
grids of the pentodes below cutoff. A small condenser was placed across the
switch contacts so that the radial current decayed to zero exponentially.

Fig. 28 is a sketch of the waveforms of the radial current and also the voltage
induced in the pickup coil, as observed on the oscilloscope. The same difficul-
ties existed here as in the case of an earlier use of an exponential decay of
current for measuring M. "Ringing" in the pickup circuit in addition to the
excessive "noise" made these measurements of dubious value. If the observed
effects were truly due to the tangential current, the values given in Fig. 28
indicate that the tangential current has roughly the same order of magnitude as

the radial current.
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Measurements were made with a sine-wave modulation of the radial cur-
rent, but these were only slightly more meaningful. With this method, an oscil-
lator and amplifier were used to drive the grids of the pentodes. The amplitude
of drive was adjusted so as to bring the radial current to zero on the negative
half cycles. It was desirable to use as high a frequency as possible so as to
make the value of the induced voltage large. However, too high a frequency
would presumably not permit the tangential current to "slow down" completely
to zero during the negative half cycles, because of inertia effects due to the
momentum of the ions and the gas. Rough calculations based on momentum consid-
erations indicate that this "decay time" has an order of magnitude of about 100
microseconds.. Fig. 29 shows sketches of the waveforms observed when the radial
current was modulated at a frequency of 10 Kec. The experimental values illus-
trated in this figure indicate that the tangential current is about half of the
radial current. In view of all of the uncertainties and extraneous effects
known to be present, this figure is an indication of the order of magnitude
only.

The amplitude and character of the noise were considerably affected
by the pressure in the box and by the strength of the magnetic field. Above 20
microns of pressure, the magnitude of the noise became so great that it was
impossible to make any measurements. The wave forms shown in Figs. 28 and 29
were taken at pressures between 10 and 20 microns. Increasing the magnetic

field strength also increased the amplitude of the noise.

Suggestions for Further Work

Certain improvements would be necessary in order to obtain a quanti-
tative measurement of tangential current. A more effective method of control-

ling and modulating the radial current would be essential. The use of pentodes
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is probably the right answer but considerable effort should be made to optimize
the conditions in this circuit. Sine-wave modulation should be used, and a
sharply peaked bandpass filter, tuned to the modulation frequency should be
employed in the pickup circuit. Much of the "noise" and "ringing" which causes
the present trouble could be eliminated with this filter. The time and expense
necessary to carry out these modifications did not seem warranted, especially

as the outcome was subject to considerable doubt.

Limitations of the Wind Velocity Produced by the Revolving Plasma

The revolving discharge is a convenient experimental arrangement for
studying discharges in crossed fields, and the resulting wind effects. The wind
velocities which are attainable are limited by factors related to the rotational
motion of the gas. The "linear flow" arrangement shown in Fig. 26, appears to
be a much more promising method of producing very high wind velocities. In
discussing 'the various factors which limit the wind vélocity of a rotating gas,
it is necessary to consider the situation at different ranges of gas pressure.

At very low pressures, where the mean free path has the same magni-
tude as the dimensions of the apparatus, the behavior is analogous to a "smooth
bore" magnetron. Both ions and electrons revolve around the cathode at a vel-
ocity of approximately E/B. The percentage of ionization is very high since
neutral molecules tend to be thrown out of the discharge in a tangential direc-
tion. The voltage gradient is also very high, since there are not enough col-
lisions or plasma oscillations to permit the charged particles to move rapidly
in the direction of the electric field. The large increase in voltage at the
lower pressures can be seen in Fig. 15.

At intermediate pressures, where the mean free path is of the order of

a centimeter, the voltage drop is less because of the increased number of
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collisions, and consequently the magnetic force required by Ampere's rule
can be exerted more readily. The velocity is limited by the fact that the
molecules are continually losing their momentum to the walls or boundaries of
the discharge. In order for the neutral molecules to circulate around the ca-
thode, they must continually receive momentum in a radial direction toward the
center. A substantial fraction of the total mumber of molecules will, on the
average, lose all of their circumferential momentum to the walls at the end
of each mean free path. When these conditions are present, the wind velocity
can be estimated by means of a calculation involving the electrical force on
the discharge and the rate at which tangential momentum is lost to the walls
by the impinging molecules. Unfortunately, this calculation requires that the
gas izmperature be known, and this has not yet been measured.

At the higher gas pressures, where the gas behaves as a fluid, the
effects due to centrifugal force and turbulence are very important. These
effects will be considered separately.

Turbulence

The rotational motion of a fluid inside a stationary cylinder is
inherently an unstable type of motion. This has been demonstrated both math-
ematically and empirically.(ll) Above a certain critical velocity, the flow
breaks up into whirlpools and eddies which greatly increase the driving force
necessary to maintain the rotation.

In the cylindrical geometry of the revolving discharge, this same
type of turbulence is undoubtedly involved whenever the mean free path is
short enough for the gas to behave as a fluid. Experimental observations have
been made (at pressures of 300-500 microns), in which small flags were used to
indicate the direction of the wind in various parts of the discharge. These

flags do not prove conclusively that the motion is turbulent, but they do
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indicate a circulation of the gas due to the slower rate of rotation near

the top anc bottom of the cylinder. This slower rate of rotation is caused
by the viscous drag of the gas against the two end surfaces. The fastest rate
of rotation is in the region midway between the two end surfaces of the cylin-
der and the centrifugal force is also greatest in this region, so that the air
moves radially outward in the middle and returns near the ends. This cir-
culation results in a loss of rotational momentum.

Centrifugal Force Limitations

A rapidly revolving mass of gas experiences a centrifugal force
which causes the density and pressure to increase at the larger radii. When
a gas is revolving with uniform angular velocity, this variation is expressed
by the relation

P/PO = exp (MmQrE)/(ng)

where M is the molecular weight;

w 1s the angular velocity;

P, is the pressure at the axis of the cylinder; and

P is the static pressure at any radius r.
For a given w, this equation predicts a large variation of pressure with ra-
dius, since the factor re appears in the exponent. Fig. 30 is a curve show-
ing the density ratio p/po (or the pressure ratio P/PO) as a function of wr
(the tangential velocity at any radius). It is to be noted that this ratio
depends only on the velocity at the point where the pressure is measured.

This curve can be used as an order of magnitude estimate as to
the wind velocity associated with the experimental conditions described in
this report. In one typical experiment, a pressure at the center of the
discharge of 30 microns was recorded simultaneously with a pressure of 60

microns at the circumference. If the gas temperature is assumed to be
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2000° K, and if the angular velocity is assumed to be constant with

radius, the tangential velocity was 900 meters/sec. This measurement

of the pressure ratio was subJject to error due to temperature gradients

at the end of the glass tube which measured the pressure near the cathode.
According to the curve of Fig. 30, a rotational velocity of

3600 meters/sec at the circumference of a cylinder would result in a

pressure ratio of 40,000:1. A pressure of 20 microns at the axis would

then correspond to atmospheric pressure at the circumference. Air of this

density can not be effectively circulated by electrical forces.

Linear Flow Electrode Arrangement

Experience gained during the past year has shown that further
investigation of the wind effects due to the crossed-fields discharge,
can be carried out more advantageously when the electrodes are arranged so
as to accelerate the air in a straight path. This arrangement not only pro-
duces higher wind velocity, but it is believed that many measurements in
which the wind effects were confused by the circular symmetry of the
revolving plasma can be studied more advantageously with this type of
discharge.

Preliminary tests have been made to determine the problems
associated with this type of electrodes. Fig. 31 is an arrangement which
has been quite successful in these intial experiments. The electrodes
consist of copper sheets set in the form of a dihedral angle. The tungsten
filament is at the end of the cathode where the air stream enters the
discharge. The emission from this filement acts as a "tickler" to produce
ionization in the air stream, and pfevents the magnetic field from "blowing

out" the discharge in the manner of a magnetic circuit breaker.

—
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Fig. 32 shows the longer vacuum chamber which will be necessary
in order to accelerate gas in a rectilinear manner. This vacuum box is 60
inches long and has removable glass windows both on the front end and on the
top of the rear section, in order to provide accessibility and visibility.

It is expected that most of the tests will involve a gas stream of small
enough cross section so that the gas can be re-circulated within the box.

In order to discharge the air flow into a vacuum system, as indicated in Fig.
26, a much larger diffusion pump and fore pump would be required.

As an illustration of the momentum requirements involved in
accelerating an air stream with a force produced by a gas discharge, the
following numerical calculation is of interest. This calculation considers
only the force and momentum relations due to the action of the gas discharge.
It neglects the nozzle effect tending to accelerate the stream and the viscous
effect tending to retard it.

On page (12) a simple relationship was given to demonstrate
that a force of 10 dynes could be exerted on an air stream. Let us assume
that this accelerating force is independent of stream velocity. Suppose that
the rate at which air enters the accelerating section is adjusted so that the
mass flow is 0.2 gms/sec. Then the accelerating force is equal to the momen-
tum imparted to the air stream per second, or

force = (mass flow/sec) x (change in velocity).

For a force of 100,000 dynes»and a mass flow of 0.2 gms/sec the
velocity would be 5,000 meters/sec.

If the cross~-sectional area of the air stream is assumed to be
1000 cme, then the mass flow relationship requires that the air stream have a
density of 4 x lO'lO gm/cc. This density corresponds to air at room tempera-

-b

ture, having a pressure of 2.5 x 10" mm of Hg.
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INSTRUMENTATION FOR MEASURING PROPERTIES OF AIR STREAM

The experimental investigation of electrical wind effects involves a
number of very unusual problems in instrumentation., An essential requirement
for studying wind phenomena is a method of determining the velocity, temperature,
density and pressure of the stream of gas. Of these four quantities, only the
static pressure can be measured in a conventional manner. Because of the very
low air density and partial ionization, none of the ordinary wind tunnel tech-
niques are applicable to this problem. Neither are the techniques ordinarily
used with gas discharges, because of the high wind velocity and the lack of
thermal equilibrium.

This instrumentation problem is in some respects analogous to the prob-
lem of developing rocket-borne apparatus to measure the pressure, density and
temperature of the upper atmosphere. The authors of this report have been in-
volved for a number of years in this type of rocket instrumentation for use at
high altitudes,where the pressure is of the same order of magnitude as in the
wind generator. However, in the rocket case the velocity is known with fair
accuracy, which is a great advantage. Some of the successful principles which

have been used in rocket work are:

1. Sinultaneous measurement of ram pressure and cone wall pressure
2. Velocity of sound data obtained by firing grenades

3. Anomalous sound propagation methods

4. Light scattering methods

5. Measurement of the Mach angle of a shock wave

6. Paschen law spark breakdown

None of these principles could be adapted to the wind generator problem.
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A number of attempts have been made to measure velocity directly
without determining density. These tests have not been encouraging; hence re-
cent work has all been directed toward the development of the molecular effusion
method of measuring density and temperature. It is now believed that this
measurement can be made in a manner that will be essentially independent of
the stream velocity. Before describing the molecular effusion method, some of

the other measurement methods will be reported.

Static Pressure Measurement

The static pressure of the gas stream can be measured by means of a
vacuum gage, provided care is taken to avoid errors due to thermal transpir-
ation. This type of error results when a temperature gradient occurs near the
opening of a pressure measuring tube, unless the diameter of the tube is suf-
ficiently large compared to a mean free path. Data for estimating the magni-
tude of this type of error is given in Reference (7), page 65. In most experi-
mental situations, it is possible to measure static stream pressure at locations
where large tube opening are no problem. Since measurement of impact pressures
requires small tube openings and results in errors due to large and unknown
thermal gradients, no particular significance has been attached to the results

of such measurements.

Mica-Disk Experiments

If a small sphere or disk is mounted in the center of a whirling gas,
and if the friction of the supports is sufficiently low, the viscous drag of
the gas tends to cause the object to revolve at approximately the same speed as
the gas. The velocity of rotation can easily be measured with a strobotac.

This approach to the problem was investigated experimentally and a

variety of mica disks and metal spheres were tested. Needle point bearings

91



—  ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN

and magnetic suspension were both tried and found to have sufficiently low fric-
tion at low speeds, but at high speeds vibration or other types of dynamic insta-
bility always developed.

The most successful tests involved a 2-inch diameter mica disk with a
tiny metal hub which was supported by a needle bearing. This was mounted on top
of a shortened cathode "post" in the center of the cylindrical discharge region.
This disk would accelerate from O to 20,000 rpm in 30 seconds and would require
3 or b minutes to decelerate after the power was turned off. Evidently the gas
was revolving at a velocity considerably higher than the maximum disk velocity.
If the gas were assumed to rotate at a constant angular velocity, and if the
rate of gas rotation were 40,000 rpm, this would correspond to a circumferential
velocity of 2100 feet per second. However, the assumptions which were required
in order to interpret the data could not be justified, and for this reason these
tests were not continued.

A type of measurement somewhat related to the revolving disk experiments
has recently been suggested by Dr. Newman A. Hall of the Office of Ordnance Re-
search. He suggests that the wind velocity might be determined by a device
resembling an axial flow type of gas turbine. If the pitch of the blades of
such a device is properly adjusted, a relatively slow rate of spin of the turbine
corresponds to a very high stream velocity. Such an arrangement might avoid the
mechanical difficulties associated with high rates of rotation, and permit the
velocity of the gas stream to be approximately determined. .

This proposed method will be investigated further.

Nitrogen Afterglow

Wind tunnels operating at static gas pressures of 2-3 mm of Hg have

successfully used nitrogen afterglow as a method of visualizing air flow and
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shock waves.lo The use of active nitrogen as a method of determining air vel-
ocity looked very attractive since it offered the possibility of intermittently
"tagging" the gas as it passed through a small spark gap and then stroboscop-
ically observing the time lag required for it to move downstream.

Tests in a bell jar indicated that afterglow, of significant intensity,
could be produced at pressures as low as 20 microns, by using high current pulses|
from capacitor discharges between tungsten electrodes. However, when the same
spark-gap and circuitry for exciting the afterglow were tried in connection with
the wind generator, the afterglow was too weak to be useful. It is presumed
that the decrease in the afterglow under these conditions may be related to the
higher gas temperature, or to -contamination from the copper electrodes.

Another experiment was made to see if the excitation processes in the
revolving plasma discharge were capable of exciting sufficient afterglow in the
gas. (In the photograph of Fig. 8, a luminosity due to active nitrogen can be
seen scattered throughout the vacuum box.) The electric current to the dis-
charge was "chopped" or continuously interrupted at regular intervals, and
during these intervals the discharge region was viewed through slots in a syn-
chronized revolving disk. It was hoped that the afterglow, visible during these
intervals, would be of sufficient intensity to permit visual observation of the
flow of the gas; but the maximum intensity which could be obtained was too weak
for this purpose. If the afterglow had been of sufficient intensity, a method
of measuring velocity could undoubtedly have been devised.

A trip was made to Langley Field, Virginia, to discuss these experi-
ments with J. M. Benson, who has had considerable experience with flow-visual-
ization techniques utilizing nitrogen afterglow. His work, however, involved
gas pressures, and was concerned with density variations which did not relate

directly to the velocity measurement problem.
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The work with nitrogen afterglow was discontinued when it became
evident that the intensity of the afterglow was too weak for adequate observa-
tion during the very short time intervals when an optical shutter would be
open. Also, a shutter was required which would have an exposure time of less
than 100 microseconds. The development of such a shutter of either the mech-
anical or the Kerr Cell type would involve a considerable amount of time and

expense.
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J

Wind Pressure on Wire Vane

One method of instrumentation which was investigated, involves the
measurement of the wind pressure on a wire vane mounted in the air stream. This
investigation so far has been mainly theoretical. The experimental work has been
carried only far enough to demonstrate that drag forces of sufficient magnitude
for quantitative measurement,are exerted on the wire. In one experiment, a
force of the order of § dynes was developed on a 4 cm length of 0.004 tungsten
wire,

Theoretical analysis indicates that information obtained from drag
force measurements can be combined with independent pressure measurements, and
the density, temperature and velocity of the gas stream can be calculated. Such
a calculation is subject to a possible error due to a lack of available informa-
tion regarding the magnitude of the accommodation coefficient, or even the exact
meaning of the term.

The proposed method of interpreting the drag force data can be outlined
in a few paragraphs. The diameter of the wire vane is assumed to be small con-
pared to the mean free path, and the forces acting on the wire will be analyzed
on the basis of free molecule flow theory. The pressure on the back side of
the vane need not be considered in this discussion, since this effect is not
large and a correction can be made in a complete analysis.

The momentum imparted to the front surface can be conveniently sepa-
rated into two components:

1) a contribution due to the stream of molecules striking the

surface;

2) a contribution due to the stream "re-emitted" from it.

The first contribution can be calculated by summing over all the molecules

striking the surface. To calculate the momentum due to the re-emitted molecules,
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some assumptions must be made regarding the manner in which the molecules are
scattered. In general, it is reasonable to assume diffuse scattering: all the
molecules upon striking the surface lose their previous history of motion, and
on re-emission, emerge with a Maxwellian velocity distribution characteristic of
a temperature T,.. This temperature may or'may not be the temperature of the
surface. It is closely related to the accommodation coefficient of the momentum
and energy exchange that takes place at the surface.

A kinetic theory analysis of the momentum given to the surface by the
incident molecules is presented in Appendix II. This analysis assumes that the
surface of the vane is flat instead of cylindrical and the mathematical expres-
sions are thereby considerably simplified. A flat surface could be achieved
in practice by means of a thin ribbon. The more involved solution of the cylin-
drical case is given in Reference (4).

For normal incidence on a flat surface

2
U

- = 2
Force due to - No a? Y . U\|, Ima . U
mU e + JE.& 1+ erf + I 1+ erf a

incident molecules ols a

This expression contains several unknown quantities which would have to be
evaluated)such as: @, the characteristic or most probable molecular velocity,
U, the stream velocity and N the number of molecules in the stream per cm5. I
order to determine these quantities, two types of drag measurements would be
required, as follows:

(a) a measurement with the vane transverse to the stream;

(b) a measurement with the vane parallel to the stream.
This information would then be combined with a static pressure measurement to

obtain a complete solution.
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Wire Vane Transverse to Stream

The wind pressure on the transverse wire would be measured as a func-
tion of the temperature of the wire. This could be accomplished by heating the
wire electrically to a temperature Tv, and at the same time using it as a
resistance thermometer to determine T,. Information would be obtained as to
the value of Tv which makes the average energy of the re-emitted molecules equal
to the average energy of the incident molecules. This condition exists when
sufficient electrical heat is being generated in the vane to compensate exactly
for the heat lost by radiation. Under this condition, Tv would be expected
to remain the same, whether the wire was surrounded by a vacuum or by the air
stream. Calculations indicate that this equilibrium TV would be approximately
2250°K, if the static stream temperature were 1000°K and if the molecular
velocity ratio, §;= JE-. Measurements taken at this value of T, would be less
affected by uncertainties regarding the accommodation coefficient than those
taken at lower temperatures.

An expression for the predicted variation of drag force with Tv can
readily be derived. Preliminary to this derivation, it should be noted that
the rate of arrival of incident molecules, and the momentum which they deliver,
are independent of T,. The rate of re-emission is also independent of Tv’ but
the velocity and momentum of re-emission do depend on T,. Hence the variation
of drag force due to a change of TV is due only to changes in the momentum given
to the re-emitted molecules.,

Let us assume that: (1) The wire is near the equilibrium temperature,
for which the incident energy input per second equals the re-emission energy
output per second. (2) The velocity distribution of the re-emitted molecules

is Maxwellian and characteristic of the same temperature as the wire. These
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two assumptions are equivalent to saying that T, and Tr are the same.
It is shown in Eq 7, Appendix I, also Reference (1), page 377, that

in a stationary Maxwellian gas, the molecules which strike a surface have an

Lx

average velocity normal to the surface equal to 5

istic or most probable velocity. The same expression applies for a Maxwellian
type of emission from a surface. If there are[—;\I molecules emitted per second

per cm?‘, each of mass m, the force Fr due to re-emission is:

r-g_{[;ngf;m/%?-=ﬁq,’%g d;ynes/cm2

eS|
i

and

Q)
]
e B
i
o
Rl

F
If the experimental value for a—‘ITI: were substituted in this expres-
v

sion, it could be solved for the number of incident molecules per cm2 per

N’
second. A cross check on this value of FN might also be obtained by using
energy, instead of momentum relations.

The mass of the incident molecules per second, mFN’ is approximately
equal to fU, where f is the stream density, provided that the molecular velocity
ratio g— is 2 or more. (c.f. Appendix I.) When this ratio is less a correction
can be applied.

Thus the measurement of the force on the transverse wire provides

a numerical value for the product f’U.

Wire Vane Parallel to Stream

Additional data can be obtained by measuring the viscous drag force

when the wire is oriented parallel to the air stream., In this position’the

¢, where @ is the character-
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rate at which molecules strike the surface is determined by the transverse com-
ponents of thermal velocity)and is independent of stream velocity. The mass
striking unit area per second is 1/1+f’;r. )where v is the average molecular velocity.
The stream momentum delivered to é unit area per second is l/h}PU;‘ The net
force due to re-emission is zero. (This assumes complete absorption before
re-emission and hence no persistence of tangential momentum at the surface.)

If the value of PU from the previous transverse vane experiment is
substituted in the above expression)the value of v can be obtained, and the
static stream temperature, density and velocity can then be calculated, provided
the value of static pressure p = nkT is known from an independent measurement.

At the present time, the "molecular effusion" method of instrumentation
appears to involve less elaborate experimental apparatus than the "wind pressure
on vane" method and is therefore more attractive., However, if the molecular
effusion experiments should run into serious difficulties, it might be advanta-

geous to revive the "force on vane" investigation.

Molecular Effusion

One method of determining the state of the gas in a very low density
air stream, which is currently being investigated, utilizes the rate of molec-
ular effusion through a small hole. At atmospheric pressure such a method of
measurement is not feasible because of the short mean free path. At much lower
pressures, where the mean free path is a centimeter or more in length, a much
more precise measurement is possible. This method is based on the kinetic
theory relationship that the rate at which the molecules of a stationary gas

arrive at a surface is given by the relation:

[: = 1/k Nv
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where N is the number of molecules per unit volume, and v is the average molec-

ular velocity. The mass of gas arriving at a surface per second is

- RT
r = l l}. = ﬁ = —L
n [ ov ° Yen J2rRT

where p is the density, T is the absolute temperature, p is the pressure, and
R is the gas constant per gram.

These relations also define the rate at which gas effuses through a
small aperture, on the tip of a hollow probe, provided certain conditions are
maintained.

In utilizing the effusion rate relationship to determine the state of
a stream of gas, two separate measurements are required as follows:

(a) a measurement with the aperture parallel to the air stream ;

(b) a measurement with the aperture perpendicular to the air stream.
This information would then be combined with an independent determination of

static pressure, and the temperature, density, and velocity could be calculated.

Aperture Parallel to Stream

Consider the gituation shown in Fig. 33. The aperture consists of
one (or more) holes in the tip of a probe which projects into the gas stream.
In this position, the number of molecules entering the aperture presumably can
be made essentially independent of stream velocity, and the effusion rate is
determined only by the static temperature and density of the gas. In order to
achieve this condition, a number of requirements must be met. These may be
listed as follows:

(1) The diameter of the aperture must be small enough so that the
drain of molecules through the hole)does not appreciably affect the conditionms

in the region where the molecules that enter the hole,have had their last col-

lision.
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(2) If the number of molecules entering the aperture is to be inde-
pendent of stream velocity, the plane of the aperture must be parallel to the
direction of flow, so that only the components of thermal velocity which are
transverse to the stream,will determine the number of molecules entering the
aperture.

(3) The molecular velocity distribution must consist of a Maxwellian
distribution superimposed on a stream velocity.

(4) The thickness of the metal wall must be small compared to the
diameter of the hole,so that the proportion of the entering molecules striking
the edges of the hole is minimized.

(5) The surface surrounding the aperture will have a different temper-
ature than the gas being measured. This effect is reduced by locating the aper-
ture on the end of the probe, as in Fig. 33, so that the presence of the probe
creates a minimum disturbance,in the region of the gas where the entering mole-
cules had their last collision.

(6) If the molecules entering the aperture are not removed rapidly
enough to provide unidirectional flow,then a proper correction for the molecules
returning to the air stream requires information as to the temperature, density
and pressure of the air inside the probe. In many cases, this will be the same
as the wall temperature. However, if the stream velocity is large compared to
the thermal velocity, there is some uncertainty as to how much effect the enter-
ing molecules might have,in raising the gas temperature inside the enclosure
above wall temperature.

If the above requirements are met, then a numerical value for pv
can be obtained which, combined with the value of pVQ obtained from a static
pressure measurement, enables the state of the gas to be calculated. Additional

information is necessary in order to determine the velocity.
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Aperture Perpendicular to Stream

The rate at which molecules arrive at a surface (which is small com-
pared to a mean free path),is derived in Appendix II, Eq. (3). The mass of
arriving molecules per unit area per second, r;, is shown to be approximately
equal to pU, provided g-z 2. Bince p is known from the previous measurement,

the measurement of pU determines the stream velocity.

Method of Measuring Rate of Flow Through Aperture

There are two methods by which the rate of effusion can be measured:

(1) One method requires that the pressure inside the probe be kept
low enough (by means of a vacuum pump)’so that the flow through the aperture is
unidirectional.

(2) The other method allows the molecular density inside the probe to
reach an equilibrium,so that the rates of flow through the aperture in both
directions are equal.

In the case of the unidirectional flow,it is necessary to determine
the rate of flow from the probe into the vacuum system. The pressure gradient
in the connecting pipe between the probe and the vacuum.pump,would be measured
by means of ion gages. The relation between this pressure gradient and the
rate of flow, can be determined by means of a separate calibration experiment.

It is anticipated that the experimental procedure will involve the
following approximate pressure ranges: Suppose the gas being measured has a
pressure of 1072 mm of Hg. If the pressure inside the probe were of the order
of 2 x lO'hmm, the unidirectional flow condition would be approximately met.
The pressure at the entrance to the vacuum pump could be maintained at lO"5 mm

L

or less, and a pressure drop of the order of 2 x 107 mm would thus be present

in the connecting line. This pressure drop would be calibrated in terms of
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mass flow. Apparatus for carrying out this differential pressure measurement
has been assembled and tests are in progress.

The other method of determining the mass flow utilizes the equilibrium
condition,where the flow through the aperture is the same in both directions.
Suppose the probe in Fig. 3% is connected only to a pressure gage (without the
vacuum.pump))and the flow through the aperture is allowed to continue until an
equilibrium condition is reached. Let us assume that the gas inside of the
probe has the same temperature as the wall of the probe,and this can be measured
with a thermocouple. Let pq, Tl, N, represent the state of the gas in the
stream and P, TE’ N2 represent the state of the gas inside the probe. Then,
in the steady state,

1% 1)

VY 2RI,y 2xRT,

hence,
T
o
Po To
and

An independent measurement of the static stream pressure Py will thus determine
Tl'

When the probe is in a high velocity stream, the mass motion of the
gas past the end of the probe tends to minimize any effect on the gas due to
the presence of the probe. If the gas is stationary or is moving at low vel-
ocity, the lowering of the gas temperature caused by the lower temperature of

the probe can be minimized by heating the probe electrically until Py = Poj

which means that 'I‘l = T2 and the probe is in thermal equilibrium with the gas.
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This heating procedure would introduce temperature gradients, and possible
pressure gradients, in the pipe connecting the probe to the pressure gage.
These temperature gradients need not, however, introduce errors in the measure-
ment of probe pressure, because these effects can be accurately determined by
auxiliary experiments, so that the correction factors for various probe temper-

atures will be known.

Experimental Tests of Molecular Effusion

Experimental data regarding molecular flow through an aperture is
given in the literature.”’ In order to gain familiarity with the experimental
problems involved and the sources of error, a series of measurements were made
with a stationary gas in which all variables were known with reasonable accuracy
These tests were primarily concerned with the requirements as to aperture size
and the permissible thickness of the metal surrounding the hole. It was more
convenient to measure the mass flow before the air passed through the holes in
the diaphram instead of afterwards, as would be required when measuring an air
stream of unknown density. The apparatus is shown in Fig. 34. The pressure
was measured with an Alphatron which was calibrated against a McLeod gage. An
0il-filled manometer was used to measure the volume of atmospheric air which
was bled into the system during a 5-minute interval. The reverse flow through
the diaphram was assumed to be zero,since the back pressure on the diaphram was
less than 1% of the forward pressure.

Tests were made with different pressures, and sizes and numbers of
holes. Fig. 35 is a plot of some of the experimental data taken during the 5-
minute runs, and Fig. 36 is a tabulation of the comparison between observed
values and calculated values. The only serious discrepancy is in the case of

the test with the smaller holes which were 0.0101" in diameter in a diaphram
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0.001" thick. This error is probably related to the much lower flow rate and a

greater error due to gas liberated from the walls of the apparatus.
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APPENDIX I

The statistical average value of energy and momentum transferred from
a high speed ion to a stationary molecule, thrqugh a collision,can be calcula-
ted in the following simplified case. Let us assume that the ion and the mole-
cule have the same mass, and that the collision is of the same nature as between

two force-free elastic spheres. And let us write,

VO = velocity of ion before collision
Vl = velocity of molecule after collision
V2 = velocity of ion after collision.

It is evident that Vl must be in the direction along the line joining the cen-
ters of the two particles at the instant of impact, since the only effective
force during the impact is along that direction. The conservation of energy

and momentum requires the following relations:

2 _ 2 2
A (1)
V, = V, cos @+ V, cos 6 (2)
0 = V, sin ¢ - V, sin @ (3)
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Squaring both sides of egs. (2) and (3), adding and then subtracting eq. (1),
we get

cot® = tan @, 6+ ¢ = =x/2 (4)
Substituting this relation into eqs. (2) and (3), we see that

\' = V sin ©
o)

V_cos @
0 °F } (5)

V cos ® = V_sin ¢
0 ¢

<
I

If the molecule is in the path of an ion beam of uniform density, the
total collision cross-section of the molecule for the beam is evidently nd2,
where d is the distance between the centers of the particles at impact, i.e.,
the diameter of the molecule (or the ion). The differential cross-section for
collisions of such a nature that the line Jjoining the centers of the particles
makes an angle between § to ¢ + df with V , is equal to the cross-section of
the ring-shaped area defined by the limits @ and @ + d@, on a sphere of radius
d ,(as shown in the figure, also p. 12k, Ref. 8) i.e., 21d° sin @ ag « cos @.

The ratio of the differential to the total cross-section represents the fraction
of the total number of collisions which are characterized by the angle ¢, i.e.,

the probability for such collisions.

P(¢) d¢ - ond2 sin izcos¢ ag = sin 2¢ d¢ (6)
7

The momentum acquired by one molecule in a collision is, according to eq. (5),
mV cos @ in the direction @. To calculate the average value of this momentum,
we multiply this expression by the probability given by eq, (6) and sum vector-
ally over all possible collisions. Because of the geometrical symmetry, however
it is evident that the resultant will be in the forward direction, i.e., in the

direction of VO.
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