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PREFACE

Ionization phenomena of various and sundry sort have been studied

for many years. Sir J. J. Thomson in his Conduction of Electricity

Through Gases (1928) (1) quotes references dating well back into the

19th Century. This is understandable since such phenomena, generally
speaking, exhibits striking effects. One finds literally reams of
literature relating to detailed observations of the glow seen in gaseous
discharge tubes, and I must admit that even after working with ioniza-
tion cells for a period of three years there still exists an aura of
excitement at the instant in an experiment when the glow first appears.
This area has long been very much the exclusive domain of the experimen-
tal physicist, but fortunately for the rest of us recent advances in
technology, the exploration of space, and increasing concern with the
conservation of the earth's dwindling sources of energy have all given
the study of ionization phenomena a practical significance which it did
not previously enjoy. With the promise of practical and economic
benefits to be ultimately obtained, the engineer gains his excuse, and
with luck, the money necessary for entering this exciting and extremely
complicated field.

This thesis attempts to present an engineering orientated study,
for which the incentive came from fuel cell research, of the jonization
properties of hydrogen in the presence of a relatively strong magneto-
static field with rf excitation. It cumulates in the presentation of an

Optimum Magnetic Intensity Mapping of Hydrogen. Here, the optimum
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magnetic intensity is that Vélue of applied magnetostatic field which
allows a minimal degree of ionization to be continuously maintained in
the gas with the least magnitude of rf excitation. The mapping pre-
sented in Chapter V of this thesis covers the measurement of optimum
magnetic-intensity throughout the range of 2 to 30 MHz in excitation
frequencies as a function of the pérameters pressure, applied voltage,
and current through the ionization cell. All measurements were
performed at reduced pressures, varying approximately from one to six
millimeters of mercury. It is hoped that this information may aid in
the conception of new and improved methods of energy conversion.

I wish to express my gratitude to my thesis adviser, Dr. Wm. L.
Hughes, for his invaluable assistance and guidance during my doctoral
studies. I also wish to thank Mr. Louis Long of the U. S. Army Reseaxch
and Development Laboratories for his advice and support in the form of
a contract. Thanks and gratitude are also due the other members of my
advisory committeej; to Dr. E. E. Kohnke for his many illuminating
discussions and guidance in areas of physics, and to Professcr P. A.
McCellum for his instruction and assistance in the use of computers.
Others who have helped me were my co-workers; Russell Lawson during the
formative stages of the study, and Cheng-I Chen, who took much of the
later data and accomplished the greater portion of the computer plotting

given in Chapter V.
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CHAPTER I
INTRODUCTION
Townsend 's Theory of Ionization

Interest in ionization became strong at about the turn of the
century in connection with investigations into the basic structure of
matter. One of the earliest investigations, and one which set a
pattern for the interpretation of. results which is employed to this
present day was reported by J. S. Townsend1 in 1900, Townsend conducted
his experiment with air in an evacuated glass tube at pressures of
2 and 8 mm Hg in which parallel plane electrodes had been installed,

somewhat as shown in Figure 1 below. Townsend observed that at these

Figure 1. Townsend's Experiment

J. S. Townsend, Nature, 62:340 (1900),.



pressures and with applied electric intensities, V/d, up to about 10
volts per centimeter, the total current measured w#s due to the electrons
produced through ionization by the X-rays. At greater applied electric
intensities, Townsend observed that the current increased and he based
his explanation of this phenomenon upon an argument of essentially the
_following nature.

Suppose that n electronf in moving a distance dx in the gas produce
& ndx others, where ¢ is a cogétant depending upon the applied electric

intensity and pressure.

Then,

dn = ondx, (L.
or

%E<= odx (1.2)
which integrates to give

n = Ke™ (1.3)

where ¢ is the base of natural logarithms. At x = 0, the number of
electrons will be those produced by the X-rays, say n,e Inserting this
initial condition, Equation (3) is written

n. = noe:ax (1.4)

and the total number of electrons produced in traveling the distance

between the electrodes, d, will be:

d ox 2 od
N = f o B¢ dx = Gg (e ~-1). {1.5)

The total number of electrons produced by the X-rays alone is obtained
by setting o = 0 in . the above integral, in which case integration gives
’=nd .6

N o, (L.6)

and we may combine Equation (5) and (6) to write:



=Z=

, = }E (- 1y. | (1.7

Now, assuming all of the carriers to have the same charge and travel
with the same velocity, which would be the case for electrons in the
absence of a space charge, Equation (7) may be written as

== ™. (1.8)

i
i
o)
in terms of current. Townsend based his interpretations upon an
equation of the form of (8) above. However, in more modern work it is
customary to note that Equation (8) approaches the limit
. . oad
i=1¢ : (1.9)
o,
as the separation, d, between the electrodes becomes very small. As
this is, of necessity (i.e., in order to obtain the desired degree of
uniformity in the applied electric field), sufficiently close to the

. . 2,3.,4
usual case in practice, most references

refer to Equation (9) as
Townsend 's equation. The constant o is called the Townsend ionization
coefficient, or simply ionization coefficient. It is usually measured
by vérying the electrode spacing and pressure in such a manner as to
maintain a constant ratio of electric intensity to pressure, E/P.

The ionization coefficient is then determined as the slcpe of the curve
obtained by plotting the logarithm of the measured values of current
versus the electrode spacing at a specified value of E/P.

In a broad sense, Townsend's equation is generally considered to

apply up to the point where the gas breaks down, although the equation

zMo A. Harri¥%on and R. Geballe, Phys. Rev., 91:1 (1953).

3D. 7. Rose, Phys. Rev., 1041273 (1956).

4D° J.DeBitetto and L. H. Fisher, Phys. Rev., 104:1213 (1956).



requires modification5 if the finer details are to be taken into

account. Contemporary studies6 with crossed static electric and magnetic
fields also follow this basic pattern, with the addition of a constant
magnetic field to pressure ratio, H/P. Apparently, the Townsend

equation with extensions and modifications can be used to accurately
predict the point of breakdown, the so~called sparking potential, of

some gases.7 Basically, however, it is to be considered as an adequate

description of phenomena observed prior to breakdown.
The Franck and Hertz Experiment

Another experiment of historical interest which has continued to
influence the pattern of ionization research to the present day is that
performed with a triode gas tube by Franck and Hertz8 in 1914. These
investigators constructed a triode gas tube filled with mercury vapor
as shown in the schematic diagram of Figure 2. The vapor pressure in
the tube and the distances between tube elements were adjusted so that
the mean free path was considerably smaller than the distance between
cathode and grid and somewhat greater than the distance between grid
and anode. As shown in the figure; the grid was made slightly

positive, e.g., 0.5 volts, with respect to the anode so as to produce

5D. J. DeBitetto and L. H. Fisher, Phys. Rev., 104:1213 (1956).

6S. C. Haydon and A, G. Robertson, Proc. 5th International Conf.
on Ionization Phenomena in Gases, 75 (1961).

7
D. J. DeBitetto and L. H. Fisher, Phys. Rev., 111:390 (1958).

8

J. Franck and G. Hertz, Phys. Ges., 16:12 (1914); Fhys. Zeits,
17:409 (1916); also discussion in H. E. White, Introduction to Atomic
Spectra, McGraw-Hill (1934), p. 92.
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Figure 2. The Franck and Hertz
' Experiment

a negative potential gradient in the region between the grid and the
anode. Then, for small values of Vg’ few of the electrons emitted by
the cathode could reach the anode because the energy they had acquired
in traversing the region between the cathode and grid was too low,
consequently the anode current, ip, was small. For large ng many
more of the electrons were able to reach the anode due to the greater
energy acquired in traveling between cathode and grid, consequently
.ip was large. As the grid voltage, Vg, was increased, Franck and Hertz
measured a plate current, ip’ as shown in Figure 3. 1In the region
labeled O to A on the éurve, ip increased as would be predicted on the
basis of the increasing energy acquired by the electrons. In the
region labeled A to B some of the electrons (i.e., those emitted from
the cathode with greater energy) had acquired suffiéient energy to

collide inelastically with Hg atoms near the grid, giving up all of
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Figure 3. Sketch of the Measured Results of
Franck and Hertz

their energy and consequently were unable to reach the anode, hence
i decreased. In the region B to C the electrons acquired sufficient
energy aftér collision to reach the anode and ip increased. 1In the
region G to D the electrons have collided with the Hg atoms both well
in front of the grid and then near it, consequently could not reach
the anode and ip again decreased. Throughout the remainder of the
curve the proceés described above was repeated with additional
collisions in the region between cathode and grid.

The esgéﬁtially constant potential difference between successive
peaks Qf the curve demonstrated that the Hg atoms absorbs energy conly
in. specified amounts. This potential difference is the amount of
energy, in electron volts, required to raise a valence electron from
the ground state to the next higher'level and is ¢g11ed the first

excitation potential. A more refined apparatus than that employed by



~J

Franck and Hertz allows one to determine the energy required to com~
pletely strip an electron from a nucleus giving the first ionization
potential. Contemporary apparatus9 uses refined electrode systems such
as electron~guns, etc., but the principle remains the same as that

employed by Franck and Hertz.

The Engineering Need for Further Studies

in Tonization

As stated previously, the experiments of Townsend and-Franck and
Hertz have set the basic pattern for the investigations into the nature
of ionization pheﬁomena which followed. Each of these is a collision
experiment, however, the respective results apply to different realms
in the subdivisions of matter. As determined by experiment, the
Townsend ionization coefficient is essentially.a macroscopic idea; it
describes the pre~breakdown growth of ion formations in an aggregate
of molecules constituting a gas. On the other hand, excitation and
ionization potentials are microscopic in character, apply to single
atoms and molecules, and are very closely related to atomic structure.
As Qvidenced by the references quoted up to this point, there is a
wealth of Townsend ionization cpefficient data available in the litera-
ture, apnd virtually any physics handbook will give ionization and
excitation potentials for the elements and many compounds. However,
in the engineering considerations related to non-conventional and
esoteric energy sources where ionized gases are involved, ionization

data of a different nature may be desired. Here the concern may not

T

SSee, for example, E. W. Rothe, et. al, Phys. Rev., 125:582 (1962).



be primarily with the fundamental structure of matter, nor with condi-
tions leading up to breakdown in the gas, but rather with the problem
of economically producing ions.in the gas at some steady rate in a
specified environment. Of course, ionization potentials, Townsend
coefficients, etc., should relate rather directly to this problem, but
as this environment becomes more complicated it becomes increasingly
more difficult to determine the nature of such relations. Almost
invariably reactions with external force fields are involved and this
would appear to place such considerations in the realm of that which is
called plasma physics. .Indeed, the general :subject matter of plasma
physics does treat the interactions of ionized gases with external
force fields, especially electromagnetic fields, in great theoretical
detail, but this treatment appears to be normally carried out largely
neglecting any experimental necessity to excite the gas. Of course,
this is natural in that the plasma physicist is usually treating, at
least tacitly, aggregates of ionized particles which have been inadver-
tently created (i.e., so far as man's intentions are concerned) by

the forces of nature.

The ionization study to be discussed on the following pages of
this report arose out of attempts to comnstruct a gaseous fuel cell in
which a magnetostatic field was to replace the electrolyte. . This con=~
sideration fixed both the gases to be investigated and the environment
in which ionization was to be maintained. In the fuel cell application,
the gases of interest are/hydrogen and oxygen. The simpler gas, hydro-
gen, was selected to initiate the study and the remainder of this paper

will be devoted to the discussion of the findings with this gas.



CHAPTER II
ANALYSIS

The Initial Assumptions and Solution

of the Lorentz Force Equation

Fram the published results1 of mass spectrographi¢ analysis of
Linde commerical tank hydrogen, i.e., 99.6 per cent H2, which is the
gas employed in conducting this study, one mﬁst conclude that the
hydrogen phenomena is intimately associated with the physics of the
hydrogen molecule. The hydrogen molecule, considering that it is the
simplest of all molecules, turns out to be remarkably cémplex,2 Con-
sequently, the quantum mechanics of the molecule has been discarded in
an initial attempt at analysis, using its literature2 only as a guide
to the type of ions to be expected, and taking resort to a much simpler
-form of theory. This approach has severe 1imitations, of course, in
that the simpler theory can never be completely, or for that matter
even satisﬁactorily, descriptive; but it is hoped that the knowledge

gained in continuing the analysis will eventually lead to the incorpora=-

-

1D. J. Bitetto and L. H. Fisher, Phys. Rev., 104:1213 (1956).
ZE. Teller, Z. Physik, 61:458 (1930): W. Hettler and F. London,

Z. Physik, 46:47 (192"7.,)“_5 47:835 (1928), 51:805 (1929); S. C. Wang,

Phys. Rev., 31:579 (1928); A. S. Coolidge and H. M. James, J. Chem.
Phys., 1:825 (1933); C. A. Coulson, Trans. Faraday Soc., 33:1473 (1937);
also, for an over-all summary account, see J. C. Slater, Quantum Theory
of Matter, 1951. ’
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tion of enough of the quantum mechanical ideas to build a sufficiently
desériptivevtheory.

Starting with the common assumption3 that inelastic collision of
charged with unéharged particles is the primary mechanism of ionization
produced in a gas under the influence of an applied electric field, the
motion of charged particles in an environment more or less approximating
the physical conditions inside the ionization cells employed in this
.investigation will be studied. Neglecting the flow of gas through the
cell, it is assumed that the motion of an average charged particle in
the absence of any collisions will obey the Lorentz force equation,
i.e,, assuming non-relativistic motion |

dv_

-a—t*-’—‘»% (E+-\7 X-B-) (2.1)

(o)

where E is the electric intensity, B 1is the magnetic intensity, and

Vo is the velocity of an average particle of mass m and charge q.
Consider the case where B is uniform, independent of time, and E is
uniform and alternating with angular frequency w,
= eJLUt.

E=E 2.2)
(o]

So long as non-relativistic motion is assumed, the effect of the induced
magnetic intensity may be neglected with respect to that of the applied

electric intensity since for a plane wave in free space the ratio

E
Vx3B

= cfv

wheré c is the velocity of light and Iﬂ = p 1is the velocity of a

3M A. Harrison and R. Geballe, Ph 2 Rev., 91:1 (1953); L. Gould

and L. W. Roberts, The Breakdown of Air at Mlcrowave Frequenc1es, Micro-
wave Assoc., Inc., MA-1 (1955);L. Gould NAVSHIPS INDEX NO, NE-111616 (1956)
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charged particle under the influence of the fields. Resolve the
electric intensity vector into components parallel and perpendicular

to the applied magnetic intensity. Denoting the components,

E parallel to B as Ell’ and

E perpendicular to B aS’El,
and substituting Equation 2.2 into Equation 2.1, the equation

Vo g g %, % 5 o8 25 47 x5

It "o (Eoe + Vo x B) = - (E11 + E1 + Vo x B) (2.3)
is obtained. Guided by the knowledge that the equation

d — — ) .
T=31vxs, o (2-4)

=

where B is uniform, independent of time, has solution

Qxr (2-3)

-,
V=, .

where 5 = -q/m E is the vector angular velocity, ;g is the radius of

gyration, .and ,5 l = u%, the frequency of gyration, assume a solution

to Equation (3) of the form

Vo = a E11 + a; E1 + a, El x 0. {(2-6)
Here, in general, the a's are functions of time. BSubstituting Equation

2.6 into Equation 2.3 one obtains the following set of simultaneous

differential equations in time for the solution of the coefficients:
a +jwa = q/m

;l + i ow a; ~wg2 a, = q/m (2=7)

a, + i Ww a, + a; =0
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cb C .
Delcrojx gives the following integrations for Equations 2.7, which,

of course, may be readily checked by direct substitution.

Case 1, w=0

- BN
% ( m ) ¢
al =0

- . 2
3, q/m wg

Case 2. w#0 and w # u%

a_ = =(a/m) j/w

4J. L. Delcroix, Introduction to the Theory of Ionized Gases,
Interscience Publishers, 1960, Chapter 5.

No constants of integration appear in these solutions due to the
method of obtaining the complete solution. Delcroix derives a super-
position theorem considering V as the total velocity of a particle
obeying the Lorentz force equation. Then it is assumed that V =
Vo + ¥y, where V_ is the average velocity of a group of particles, all
of charge q and mass m. The velocity V., is added to account for the
particular particle in question. Delcroix breaks this system down into
two vector differential equations,

v o
———=§(E+_v x B)

dt o

v

[#9
—

- =37 x3
m

:

1

Initial conditions for a particular particle are contained in the
integration of this latter equation. An estimate of gas flow velocity
based upon the hydraulics of the system is of the order of 10 meters
per second, As we shall see in Chapter V, calcu%ated particle
velocities range from approximately 10 to 10 x 10" meters per second;
and it is believed that the important phenomena is associated with

the higher particle velocities. For this reason, it is assumed that
initial conditions may be neglected here.
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o
#

R RCTORITORER"S

5 -(q/m)/(wg2 - wz)

o
]

Case 3. W=Ww

&
a = =-(g/m) j/w
a =

L = (@/2nw) (ut = §)

(q/2mw) jt

[
L}

The above form of analysis is extremely limited since among the
many aspects of the phenomena which are neglected, no accounting is
made for the effects of presgure or collision frequency. Nevertheless,
much of the observed phenomena appears to be qualitatively deducible
in terms of ;he solutions obtained above, This is discussed below in
terms of Cases 1, 2, and 3 and related to the experimental data of
Chapter V. Furthermore, it appears that, to a first-order approximation
at least, the collision frequency (or mean free path) effects may be

inserted into the calculations as an "afterthought.'

Development and Discussion of the

Solutions for the Various Cases

Case 1. (w= 0): For this case with static applied electric
intensity, from the solution for as charged particles are uniformly
accelerated in the Ell direction with opposite directions for electrons

and positive ions. From the solution for a, there is no motion in the

1

direction of E However, there is motion in the direction of E x B.

1.
Denoting this by v , for drift velocity,
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L LE =T
vy = a, El ¥ Q0= (q/m) 5 (2.8)
w
g
and since , = q/m | B |, Equation 2.8 may be written as
-~ _EXB
= —— .9
p= T2 (2.9)
B
where 2= B . B. .This velocity is independent of the quantity g/m

B

and will, therefore, be the same for both the electrons and ions. Then,
if ionization is produced primarily by a collision process, it is seen

that the application of El alone would require the same energy to

1
maintain ionization as when there is no B applied because the motion is
not affected by B in this case., If E1 alone were applied, the movement
. 0f electrons and ions in the E x B direction would, in general, be in a
direction parallel to the electrodes and, consequently, might not be so
rapidly removed from the cell by the electrodes as in the usual case of
no applied B, For this reason the.El-orientation might require less
applied E in order to maintain ionization in certain circumstances.
However, the static E case is of lesser interest in this investigation
. co 5 . .
since it is a generally accepted fact that ionization ocgurs much more

readily under the influence of rf fields.

Case 2. (w# 0, w# ug): This is the case which is more generally

applicable to the measured data presented in Chapter V of this report.
Delcroix6 discusses this case in terms of tensor mobilities and tensor

copductivities, but it appears to more aptly suit the purpose at hand

5See, for example, A. B, Gambel, PlasmavPhysics and Magnetofluid-
‘Mechanics, McGraw-Hill (1963), p, 92.

6

J. L. Delcroix, Introduction to the Theory of Ionized Gases,
Interscience Publishers (1960) Chapter 5.




to avoid this nuisance by‘considering first E

15

11 only and next E1 only

as the directions of applied electric intensity,

A:(a)

®)

E

11 only: The solution becomes:

(2.10)

There -is movement in the Ell direction alone. . Suppose there

was no applied E. The Lorentz force equation becomes

4v .
0 - = | Jut
T q/m E e (2.11)
and integrating, the solution
Vo=a/mE, [ I®4¢ = -1 q/mw E + K (2.12)

is obtained. It is seen that in the case of Ell the applied
E has no affect upon the motion. Consequently, one would
expect the same energy‘to be required in order to maintain
ionization as when no E'is applied. The experimental evidence
indicates that it is at least as difficult to maintain
ionization with Ell

application of E renders ionization more difficult to perform.

as when no Evis applied, and perhaps the

El only: This represents the normal orientation employed
throughout the study and is experimentally found to be that
in which ionization is most easily maintained, The solutions

become:
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V11 = aO Ell =
V. =a E = jug/m/w? - o) E (2.13)
1 171 g 1 ) :
_ _ 5 ’El X B
Vp = 2, By x Q= (q/m) 72

(W™ - w)

g
Now, if.u%2'>> w?, then Equations 2,13 become
'\71 = j w/w (q/m) E
_ zfle 'E-xi
an(q/m) 5= 7 . (2.14)
. W, )

2 2 »
On the other hand, if u% << w , then Equations 2.13 become

.\71 = -j/w (q/m) El
- E. B
VD 2= - (gq/m) u)z . (2.15)

Now, from a consideration of the 1iterature‘7 of the hydrogen molecule,

it may be presumed that three types of charged particles are present in

the cell‘when ionization is taking place; namely, these are negative

electrons e, positively ionized hydrogen atoms H+, and singly ionized

hydrogen molecules H+. In addition, there.is the reaction H2+ + H2 -~
+

H3 + H which frequently occurs between a slow molecular ion and the

+ .
hydrogen molecule, so that H, may also be present, The angular

3

frequency of gyration, u%, for all particles is given by the equation

7E Teller, Z. Physik, 61:458 (1930): W. Hettler and F. London,
Z. Physik, 46:47 (1927), 47:835 (1928), 51:805 (1929); S, C. Wang,
th ..Rev., 31:579 (1928); A. S. Coolidge and H. M. James, J. Chem.
Phys., 1:825 (1933); C. A. Coulson, Trans. Faraday Soc., 33 1473 ( (1937);
also_for an over-all summary account, see J. C. Slater, Quantum Theory
of Matter, 1951.
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W, = q/m|B| . (2.16)

- Upon substitution of the applicable values for q and m, Equation 2.16
becomes: |

(i) for an electron, e:

u%’ = 17.6 % 104 IE (kg)| mega-radian/sec., (2.17)
e
or _ v
fge~= 28.| B (kg)}cnz (2.18)
(i1) for H':
u%H+ = 9.6 ]E (kg)| mega-radian/sec., (2.19)
ar _
f +=1.5 ‘ .20
ofl 318 (ke) M, (2.20)

(iii) and for‘H2+:

ng2+ = 0.77 | B (kg)] MH, (2.21)

From Equation 2.17 it is seen that Equations 2.14 should always hold

for the electron throughout the frequency range of this investigation.
However, as B and the frequency are varied, conditions for the ions

H+ and Hzf will rangé through Equations 2.13 ta 2.15, with the "exact"
Equations 2.13 being thé more generally applicable. From Equations

2.13 (approximations 2.14 and 2.15 also give the same result), the ratio

of magnitude of drift to perpendicular velocities 1s found to be

L) U By
=" = | B . _ (2.22)

D
\

1

Upon substitution of the applicable values for q and m, Equation 2.22

may be written:
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(iv) for e;

4 .
2.8 x 10" (= |
F XMHZ) IB (ke)|, (2.23)
(v) for H':
v
1.53 =
%g = Tamy | B Gl (2.24)
1.+ z
H
b(vi) and for H2+;
V.
D . 0.77 =
%— * ¥ (MHZ) IB (kg)‘ . ‘ (2.25)
1
" +
2

Reference to the experimental data (presented in Chapter V)
showsbli ]values ranging from approximately 0.6 to 5 kilogaués and

£ (MHZ) ranging from 2 to 30. Then, the minimum ratieo for an electron,

65/61 ], ranges from approximately 104 to 103; and it is concluded that

Eb,vwithin the attending assumptions in its derivation, should be the
ruling velocity so far as concerns electrons (ratio of diameter to
spaqing of the electrodes in the cell is approximately 10). This is
not, héwever, the case with the ions H+ and H2+. As seen by Equations
2.24 and 2,25, the frequencies and applied magngtic intensities employed
in the experimental investigation are of such magnitudes as to

sensitively affect the [VD/V ratios for the ions. 'On this basis, one

n
would predict that observed phenomena which is essentially independent
of frequency and magnetic intensity must be due to an electron=-atom,

and/or molecule collision mechanism, while that phenomena which is
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sénsitive to variations in frequency and/or magnetic intensity must be
the result bf an ion-atom, and/or molecule collision mechanism,
Again; refer to Chapter V, ‘It is noted that the data for the lower
'values of OPtiﬁum magnetic intensity is.essentially independent of
frequency and is nearly constant in magnetic intensity. Further, an
effect not explained by this simple theory, this data is essentially
constant with-:espect to mass flow and cell pressure. One concludes
that this data éerhaps represents the effect of an electron-~atom,
-molecule coliision mechanism and that the collision frequency for
electrons may tend to remain constant over the range of pressures
employed. On the other hand, the data for higher values of optimum
magnétic intensity varies-radicélly with both frequency and pressure;
magnetic intensity is no longer an essential coﬁstant. Then, one
éohcludes that this data probably represents the result of an ion-
atom, molecule collision'mechanism,and that the collision frequency

for ions is 1ike1y more affected by the pressure.

Case 3. (w= ug): This is the condition of gyromagnetic

resonance, Equation 2.13 would indicate infinite perpendicular and
drift velocities for this condition; but, going back to the solutions
for the a's determined for the special case of resonance, one finds

that this is not strictly true.



(a)

(b)
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E11 only: The solutions become;

V1 = 3 By = -a/m j/w gy,

| (2.26)
Vi

=V, =0

and ng effgct is observed due to the applied E. As a matter
of fact, Equations 2.26 are identical tp_Equations 2.10, this
case when W # u%, so that one would predict no gyromagnetic

resonance effects when the electric intensity is applied in

the parallel direction.

E only: The solutions become:

1

V11 =0

<1
(]

q/2wm (Wt - 3) El . ' (2.27)

<3
1

-3 (a/m)? t/2WE x B

and it isg observed‘that the velocities become infinite only

as t approaches infinity. 1In cases %bere particle and/or
other collisions do not severely limit the grow;h of these
velocity components with fime, relativistic effects would soon
become important thereby nullifying the initial.assumptions

in this analysis.



CHAPTER TIT
EXPERIMENTAL SYSTEM AND EQUIPMENT
The General Nature of the Experimental Syétem

The general nature of the experimental system is illustrated in
the block diagram of Figure 4. Linde commerical tank hydrogen is
inletted into.the system as shown at the bottom of the figure. The gas
passes through a mass flow transducer for a measurement of mass. flow
(Hastings model LF-300 Mass Flow Metef) on to a servo-driven variable
leak (Granville Phillips Series 213). The variable leak is controlled
s0 as to maintain constant pressure in the system by means of a
Granville Phillips Company Automatic Pressure Controller with its feed-
back loop connected to a modified Pirani Gaugé (Consolidated Vacuum
Corporation type GP-llO). From the variable leak, the gas flows into
tﬁe cell, which contains the electrodes for producing ionization, and
then on te the vacuum pump (Welch Scientific Company Model 1397) from
which it is exhausted into the outer atmosphere. Gauge tubes No, 3
and 4 are symmetricaily iocated at approximately 18 inches, respectively;
from the outlet and inlet to the cell, The mean of these two gauge
tube readings, as indicated 5y the Qacuum gauge (Hastings type VI-4
and/or type VI-6), is taken to be the pressure inside the cell. The

function of’gauge tube No. 1 and its associated vacuum gauge (Hastings
type VI-4 and/or type VI-6) is to provide an indicétion of the vacuum

system performance.

21
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As shown in the diagram, the cell is located between the pole
pieces of an electromagnet (Harvey-Wells Corporation Model L-76V), the
magnetic intensity of wﬁich can be varied by means of varying the out~-
put current of the magnet power supply (Harvey-Wells Corporaﬁion Model
UR1050)., The electromagnet is calibrated for the applicable gap by
méans of a Radio Frequency Laboratories Model 1295A Gaussmeter.

In the early stages of the study an E. F., Johnson Company Viking
_IT amateur transmitter was employed as the rf supply and is referred to
in this paper as the "old rf supply." However, due to its limitations,
it was replaced by the combination of a Technical Material Corporaticn
PAL-1KW Linear Amplifier and a Hewlett-Packard Company Model 606A HF
Signal Generator. This combination gives continuous coverage of the 2
ta 32 MHz frequency range with continuously variable output up to one
KW maximum. From the transmitter, the rf power is fed through a coaxial
cable to the electrodes of the cell. Samples of the rf voltage applied
to the electrodes and rf current through the cell are picked up through
rf probes and displayed on a dual-trace oscilliscope. A camera may be
used to record the oscilloscaope traces of voltage and current.

A photograph of the system described above is shown in Figure 5a.
From left to right the equipment shown: dual-trace oscilloscope with
camera; magnet with cell in place and magnet pbwer supply immediately
below, Has;ings vacuum gauges, gauge tube switch gear, variable leak,
and mass flow transducer are mounted in the black rack; the largeré
cabinet in front of the black rack is the automatic pressure controller,
the smaller cabinet on top is the mass flow meter, and the other cabinet
~on top is the Pirani gauge; and the rf power source is shown adjacent

to the table in the extreme right of the picture. A close~-up of a
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Figure 5a. Photograph of the Over-All System

Figure 5b. Cell in Operation

Figure 5. Photographs of the Experimental System
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"typical" cell {the aluminum cell with secondary electrodes discussed

in the fellowing paragraph) in operation is shown in Figure 5b.
Evolution of the Ionization Cell

The ionization cells passed through several stages of development
before satisfactory cells were produced. The difficulties inherent in
the design were manifold, but were chiefly concerned with the problem
of obtaining a suitable combination of electrical and mechanical
properties along with the capability of maintaining the required vacuum.
The dimensions and properties of the Harvey-Wells Corporation electro-
magnet used in the study necessarily limited the geometry of the ioniza-
tion cells employed° The pole faces are 6% inches in diameter which
means that the dimensions of the cell must be somewhat less than this
in order to obtain the desired uniformity of field. Alsc, for this
same reason it is essential that the cells be constructed entirely of
non-ferrous materials. As can be seen by referring to Figure 85, in
the Appendix, pole gaps of the order of 3% inches allow the magnet to
attain a magnetic intensity in the vicinity of 5 kilogauss, consequently
this dimension was taken as an approximate parameter. When vacuum joints

iand fittings are taken into account, this selection restricts the
electrodes in a éymmetrical plane electrode geometry to circular discs
of approximately 1 3/4 inches in diameter. This in turn limits the
electrode spacing to something of the order of 0.2 inch, or less, in
order to obtain a reasonable degree of uniformity in the applied electric
field.
Cell bodies of plexiglass were tried early in the study. The

appearance and construction of one c¢f these cells is shown in the two



Figure 6a. Assembled Cell

Figure 6b. Disassembled Cell

Figure 6. Photographs of an Early Model
Plexiglass=Bodied Ionization Cell
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photographs of Figuré 6. This form of design proved to be unuseable

for several reasons. First, as shown in the photographs, the electrodes
were balanced fed which led to a severe balance to unbalance transfor-
mation problem in operating the cell. However, this defect was not so
apparent at this stage of the study because the plexiglass cell bodies
failed so rapidly in operation due to the heat generated inside the

cell with ionization taking place that its full effect was not realized.
Another defect in this design was the use of "0" rings to obtain the
vacuum seal, as shown in the photograph of Figure 6 b, While these

were totally satisfactery for the purpose of obtaining the seal, the

"0" rings, being compressible, made it virtually impossible to either
maintain a precise positioning of the electrodes or to detérmine
accurately the spacing after assembly. The immediate problem being the
failure of the plexiglass cell bodies to withstand the heat of operation;
it was decided to construct the cell body from teflon. The previous
electrode dimensions and material (approximately 1.70 inch diameter
brass discs) were retained, as was the balanced feed geometry, but the
"0" ring seals were discarded. Instead, the mating surfaces were
tediously ground together with rottenstone (decomposed siliceous lime=-
stone) and water to form a vacuum tight joint. Although this procedure
required considerable painstaking effort, the results proved superior

in operation in every way to the use of the "O" rings. This cell,
referred to elsewhere in this paper as the '"old teflon cell', is shown
in the two photographs of Figure 7. 1% proved to be Wholly satisfactory
from the mechanical standpoint, but left much to be desired in the way

of elect;%cal design. The principal source of electrical difficulties

in the design was the balanced feed geometry. The radiation from
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Figure 7a. Assembled Cell

Figure 7b, Disassembled Cell

Figure 7. Photographs of the 0ld Teflon Cell,
Scale Shown is a 6-inch Engineer's
Scale
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unbalanced currents on the parallel two-wire transmissionvline feediﬁg
the cell was so severe as to preclude data taking at frequencies above
7 MHz' An air-core balun transformer was constructed and found to
satisfactorily reduce the stray radiation from the transmission line,
but its use prevented the direct measurement of the phase relationshib
between the applied voltage and through the cell. Consequently, the
next step in cell development was to redesign so as to have coaxial

rf connections to the cell, thereby eliminagting the parallel two-wire
line.

The cell resulting from the wodification of the "old teflon cell"
to incorporate coaxial rf connections is shown in the exploded view of
Figure 8, The dimensions of this cell, hereafter referred to as the
"teflon cell", are shown in the shop drawing of Figure 9. The
secondary. electrodes for sampling drift components of current, as
discussed in the following chapter, were added to the cell at this stage
of evolution. The primary electrodes were, as in the previous cells,
1.70 inch diameter brass discs. The teflon cell, as shown in
Figures 8 and 9 and also in the photograph of Figure 34 in the following
chapter, was the first reasonably successful ionization cell produced
during the study. Its use figured prominently in the conceptive stages
of the experimental study; however, there were still troublesome
deficiencies in the electrical design. The "open' nature of the design
did not offer complete rf shielding so that again there was trouble
from stray rf currents at the higher frequencies, sgy 15 MHz aqd
above. This difficulty was eliminated at last in the final stage of
development which resulted in the aluminum-bodies cell, hereafter

referred to as the "aluminun cell", shown in the shop drawing of
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Figure 8. An Exploded View of the Teflon Cell
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Figure 10. In addition té totally enclosing the cell within an
aluminum shell, this design offers the additional feature of a guard
ring structure around the electrodes which insures a greater uniformity
invthe applied electric intensity. The cpnstruction of the insulating
parts, which also must function as vacuum seals, around the electrodes
in this cell constituted something of a problem. Teflon was tried
initially, but it was difficult to machine the parts so as to obtain
the essential vacuum tightness. vFurthermore,bthis material had a
tendency to break down in the intense field regions inside the cell,
especially around the guard ring structure, and cause severe etching
of electrodes and cell body. After some experimentation, g casting
resin (Emerson & Quming, Inc. Stycast 2662) was found to offer a
satisfactory solution. Two of the aluminum-bodied cells were
constructed to almost identical dimensions, except that one 6f these
carried secondary electrodes similar to those of the teflon cell shown
in Figure 8, while the other one did not have these additional
electraodes. Thevprimary electrodes were, in all of the above cell
designs, 1.70 inch diameter dis¢s of brass and the spacing between
electrodes varied, as listed in Chapter V, from approximately 2 to

6 millimeters.



CHAPTER IV
GENERAL NATURE OF THE OBSERVED PHENOMENA

General Experimental QObservations

Certain effects are observed experimentally with hydrogen in the

system and the cell in operation. These are as follows:

(a)

(b)

(¢)

In general, the rf energy available is not sufficient to
produce deionization glow (and consequently ionization or
excitation) with no static magnetic field applied.

Application of the magnetic field in a direction parallel

-to the rf electric field has no apparent effect, but

application in the perpendicular direction has the

striking effect described below.

With the rf field applied and applying the static magnetic
field in the perpendicular direction, one observes a
vélue of magnetic field intensity at which a glow appears
in the window of the cell. Increasing the magnetic
intensity while holding the rf voltage fixed will cause

the glow to become more intense to a point, after

‘which further increasing. the magnetic field causes the

glow to become in¢reasingly faint until it is finally

extinguished. Within the range of the magnet's

capability, further increasing the magnetic intensity

causes the glow to appear again with the above observations

34
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being repeated. Values of applied magnetic field such
that glow intensity is é maximum for a fixed rfvfield
will hereafter be referred to as the optimum magnetic
field intensity.
(d) As the rf electric field intensity is varied, the values
of optimum magnetic field intensity will shift somewhat
but are quite evident so long as the glow is maintained.
Under the condition of the minimum rf field intensity which
will maintain a steady glow, current and voltage traces
as viewed on the oscilloscope are essentially sinusoidal
and displaced*in phase by 90 degrees. A photograph of
typical traces under these conditions is shown in Figure
11 (photograph shown was taken at f = 3.5 MHz’ MF = 30
- std, cc/min., B = 0.85 Kg). As the output of the rf
source is incteased, the glow becomes more and more
intense, and the current trace becomes nonsinusoidal as
‘'shown in the photograph of Figure 12. As shown, the
voltage waveform remains sinusoidal under both conditions.
As a consequence of these observations, an experimental mapping of
the optimum magnetic field under the condition of a minimum steady de-
ionization glow (i.e., ideally, minimum rf applied electric intensity
required to maintain ionization) as a function of pressure, magnetic
intensity,'appliéd rf voltage, and applied electriec intensity was
initiated. The results of this undertaking are presented in detail in

the following chapter of this paper.



Figure 11. Typical Oscilloscope Traces with
Cell Operating Under the Condition
of Minimum Deionization Glow

current ,,--voltage

Figure 12. Typical Oscilloscope Traces with
Cell Operating Under the Condition
of Intense Deionization Glow
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Essential Nature of the Measured Data

The essential nature of the measured data is displayed in the
three~-dimensional plot of Figure 13. Figure 13 shows a three~dimen-~
sional plot of the electric intensity values versus optimum magnetic
intensity and the cell pressure. The measured current through the
cell is also shown. Due to its essentialily total reactive character,
Hereafter the cell current in this measurement will be referred to as
the charging current. Now as viewed in Figure 13, the electric
intensity and charging current values lie in planes of intersection
defined by curves of cell pressure versus optimum magnetic intensity.
These curves can and probably should be idealized by straight lines.
Figure 14 shows such an idealization of the cell pressure versus
optimum magnetic intensity data given in Figure 13. Along each of
vthese lines a new variable has been defined; Yl along the line of
lower optimum magnetic intensity values and Y2 along the line of
higher optimum magnetic intensity values. ©Note that the same linear
scale has been picked for Yl and Y2 as 1s used in plotting magnetic
intensity and pressure, and the zero pressure axis has been selected as
the reference for defining Yl’ Y2 equal to zero. Although little use
of this technique is made in this paper, one can easily convert the
scale of the y-values to either optimum magnetic intensity or cell
pressure readings by writing the equations for the y-lines. For

example, in the case at hand one finds by graphical analysis:

(a) Along the Yy line:
B (Kg) = 0.52 + 0.43 v, (4.1)

P (mm. Hg.) = 1.066 v, (4.2)
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(b) Along the YZ line:
B (Kg) = 1.50 + 0.45 Y, (4.3)

P (mm. Hg.) = 0.90 Y, (4.4)

Then it appears that the three-dimensional nature of the measured, as
well as calculated, data can be better displayed on two-dimensional
charts by plotting values relative to the lower optimum magnetic
intensity versus Y1 and values relative to the higher magnetic intensity
versus Y2° Then equations like Equatiomns 4.1 through 4.4 above can be
employed to translate specific Y values into magnetic intensity and
pressure. Figure 15 shows such a plot of electric intensity and
charging current versus Y1° Note that if these values were plotted
against the magnetic field intensity, all points would fall nearly
together. On the other hand, a plot versus pressure would be nearly
equivalent to the graph shown. Again, a plot versus mass flow results
in a nonlinear distortion of the abscissa due fo the nonlinear relation
between mass flow and pressure. Figure 16 shows a similar plot of
electric intensity and charging current corresponding to the higher
optimum magnetic field values plotted against Y2° Nete that in this
case, ielative to the graph shown, plotting against mass flow, pressure,
or optimum magnetic intensity would distort the figure, - This method

of presentation will be further applied to computed data in Chapter

'V of this thesis.
Secondary Electrxode Measurements

As indicated in Chapter II of this thesis, applied field values
are such throughout the measurements that the drift component of

velocity of the electrons should be governed by the equation
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In the experimental system, values of the magnetic intensity B are

always such that the minimum iVb/V ratio for the electrons is of

1 I
the order of 103 to 104; i.e., it is predicted that the electron motion
is essentially in the direction perpendicular to the plane containing
E and E. Further, Equation 4.5 indicates that the magnitude of this
velocity should be ﬁearly_independent of frequency. Howevér, these
conditions do not apply to the ions. The experimental values of W
and B are such as to indicate velocity directions and magnitudes which
are, generally speaking, somewhat sensitive to variations in both
E and w.

In view of the above considerations; it appeared that information
of very pgrtinent character concerning the ionization processes could
be found by sampling the drift velocity components. These cannot be
measured directly, of course, but it was reasoned that measuring the
voltage buildup due to particle bombardment on electrodes placed in
the direction of the drift velocity components should give relative
data, This was the purpose of the secondary electrodes as shown in
the exploded view of the teflon cell in Figure 8. A pictorial diagram
of the electrode and applied field configurations is shown in Figure
17. The secondary electrodes are of brass, approximately 3/16-inch in
diameter, and are threaded into the teflon body of the cell as far as
.is feasible without running the risk of electrically shorting the
primary électrodes. As recorded previously, the primary electrodes

to which the rf voltage is applied are also of brass, approximately

1.70 inches in diametér. For the case of the secondary electraode
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measurements discussed below, the primary electrode spacing was 0.169
inch. 1In Figure 17 this spacing between primary electrodes has been
shown greatly exaggerated in order té be able to indicate the appro-
priate field and velocity directions. Actually, the diameter of the
secondary electrodes is slightly greater than the spacing between
primary ele@trodes.

Since experimental data taken with two primary electrodes at
7 MHZ had been the more extensively analyzed and discuésed in previous
reports, this frequency was selected for the initial measurements taken
with secondary electrodes in order to enable comparison with the
results of the previous work. The exﬁerimental system was exactly
the same as that shown in.Figures‘4 and 5, with the exception of the
addition of equipment to view and measure the potentials developed
on the secondary electrodes, The electrical connections are shown in
Figure 18. vReferring to Figure 17, note that the secondary electrode
labeled "front" is located adjacent to the hydrogen inlet while the
one labeled '"back' is located adjacent to the hydrogen outlet. That
is, the gas flow velocity is directed from the front toward the back
secondary electrode. In Figure 18, two vacuum tube voltmeters are
shown connected so as to measure the respective secondary electrode
voltages with respect to ground, and a dual trace oscilloscope is
connected to enable one to view the nature of the voltages developed.
Under the condition of optimum applied static magnetic intensity with
minimal rf excitation, these voltages were always found to be as
nearly pure dc as could be ascertained from the traces displayed on
the oscilloscope. Their essential character remained dc¢ at all other

levels of rf excitation and values o¢of E investigated, but when
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conditions were such as to produce an observed flicker in the deioni-
zation glow, this would result in an apparently ﬁeriodic trace of widely
varying waveforms superimposed -upon the dc. The levei of this "flickef
trace'" was generally considerably lower than that of the‘dc, its wave-

bform never approached anything remotely similar to a sinusoid, and its
period was always observed to be considerably greater than that of the
applied rf frequency.

The dc potentials, as obsérved on the two vacuum-tube voltmeters,
prove to be effective indicators of the optimum magnetic field intensity.
With the rf level held constant, the dc voltages developed on the
secondary ¢lectrodes peak quite sharply as the magnétic field is
varied through its optimum value as indicated by observing the glow
intensity. That is, as near as one can determine with the present
experimental setup, the points of maximum deionization glow and the
peak dc levels developed on the secondary electrodes coincide.

This data at 7 MHz was taken in the manner of that reported
previously, with the addition of the secondary electrode measurements.
A plot of the cell pressure versus the optimum magnetic intensity
is shown in Figure 19. This plot follows the procedure established of
idealizing this data tobyl and Y2 lires. Figure 20 shows a plot of
vthe dc voltages measured with respect to ground on the secondary
electrodes along the Yy line. The Y; line corresponds to the lower
values of optimum B. As the cell is operated, the secondary electrodes
blacken slightly on portions of their surfaces. Since this discolora-
tion requires some effort with metal polish to remove, it is believed
to be the result of a slight oxidation rather than the deposit of

foreign matter. Reference to the point in Figure 20 where the
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electrodesvwere cleaned vividly illustrates the effect. The dc voltages
vdeveloped on the secondary electrodes are greatly reduced by any amount
of discoloration, no matter how faint. Consequently, this data is
impossible to repeat unless one insures that the secondary electrodes
are aiways maintained in the same condition. This would appear to
necessitate cleaning and polishing these electrodes prior to each
measurement, a procedure wﬁich the construction of the cell would not
tolerate, For this reason, the data was taken by émploying the scheme
of alternately measuring successive points along the Yl and YZ lines

so as to obtain comparative data., The plot of the voltages measured

on the secoﬁdary electrodes along tﬁe Y2 line is shown in Figure 21.

In Chapter II, as a result of the analysis, it has been proposed
that an electron collision mechanism is primarily responsible for the
ionization at lower values of optimum E, i.e., along the Yl line, and
that an atomic ion, H+, collision mechanism is the principle mode of
ionization at the higher optimum B values, i.e., along the Yz line.
while this experiment cannot identify the ionization mechanisms,
reference to Figures 20 and 21 does establish that ionization along
the Yl line is a phenomenon which is distinctly different from that
produced along the YZ line. The higher dc voltages developed at the
secondary electrodes along the Yl line, as shown in Figure 20, would
tend to indicate a mechanism associated with the more mobile particles,
i.e., the electrons with their high q/m ratio. The higher potential
developed at the back electrode can be explained by its location; it
is adjacent to the hydrogen outlet. Hence, the gas flow velocity
would tend to direct the larger number of charged particles in its

direction. OQur simple theory does nqt, however, explain why the
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potentials should be of opposite polarity, i,e., the potential
developed on the front electrode positive‘and that on the back electrode
negative with respect to ground everywhere along the Y; line. . Refer
to Eqpations 2.13 in Chapter II for the drift velocity. Along the Y,
line the angular frequency of gyration for the electron is many times
greater than that of the applied rf,vbut the opposite is the case for
the atomic and molecular ions so that Vb for the ions in the system
is in the opposite direction to that for the electrons. A like
condition exists for the perpendicular velocity components (again,
see Equations 2.13 in Chapter II). That this effect may influence the
situation with respect to the sign of the secondary ele¢trode potentials,
is substantiated by reference to Figure 21. Here; along the Y, line,
the conditions described above still apply to the electrons and molecular
ions, but the atomic ions undergo gyromagnetic resonance, Prior to
resonance, their velocity components are directed opposite to those of
the electrons, but after resonance the directions are reversed. In
Figure 21, we note that a potential reversal occurs on the front
electrode and that the potentials remain opposite from that point on.
This occurs in the vicinity of the predicted gyromagnetic resonance
of the atomic hydrogen ions.

The problem of contamination precluded the possibility of making
extensive_meahingful measurements with the secondary electrodes.
However, their use in the measurements decribed above, coupled with
periodic monitoring of the potentials developed on them as the
experimental optimum magnetic intensity mapping progressed did aid . in
establishing a définite conclusion with respect to the minimum

deionization glow condition. The basic experimental observation is
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that with deionization glow present in the celi, dc potentials are
developed on the secondary electrodes, This is true no matter how
weak the glow intensity. However, in the absence of any glow there
was never any observable secondary electrode‘potentials irrespective
of any other conditions. On the basis of these observations it was
concluded that the presence of the glow is essential to establishing
any substantial ordered motion of charge carriers. In these terms,
the minimum gloﬁ condition described at the beginning of this section
may be interpreted as the result of the minimum rf excitation which
.will maintain ordered motion of carriers. All of the optimum magnetic

intensity data presented in this paper was taken .under this condition.
Effects of Variations in Primary Electrode Spacing

An effort was made to correlate the measurements made employing
the teflon cell with those taken with the aluminum cell. The data
was taken with different primary electrode spacings in the two cells,
but with careful attention to insure that the frequencies were the
same. The electrode spacing for the aluminum cell was 0.002794 meters,
and it was 0.00208 meters for the teflon cell, Refer to Figures 22
and 25. We note that the Y lines as determined for the two cells at
a frequency of 7 MHZ fall at essentially the same place. Now, refer
to Figures 28 and 31. Here we note that the‘Yl lines fall in
essentially the same place, but there is a substantial deviation in
the slope of the Y2 lines. 'Fprther, note that the Y lines forvthe
aluminum-bodied cell at 8 MHZ have remained practically the same
as at 7 MHZ. In other wordé; only thevY2 line for the teflon-bodied

cell has radically shifted in going from 7 to 8 MHZ. One would
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expect the field structure in the teflon~bodied ¢ell to be more
subject to change with frequency than that of the aluminum-~bodied cell.
This is because the teflon~bodied cell is of more 'open" design, while
the aluminum-bodied cell is carefully shielded and incorpofates a
guard ring structure. On the basis of these observations it is
concluded that these deviations are probably due to a small frequency
difference in the two sources. It also became evident that larger
variations with respect to frequency are to be expected in an '"open'
structure like the teflon-bodied cell.

Refer to Figures 23, 24, 26 and 27. Note that at 7 MHZ the values
of applied voltage and charging current are essentially the same for
the two cells despite the difference‘in electrode spacing. The
applied electric intensity is calculated by dividing the applied
voltage by the electrode spacing. Consequently it appears at quite
‘different levels for»the two cells. This would infer, on the basis
of the previously presented theory, that while all other things were
nearly equal, the particle velocities in the teflon-bodied cell were
much larger than in the aluminum-bodied cell. This, of course, is
not reasonable. Now, refer to Figures 29, 30, 32 and 33. At 8 MHZ
we noted above that the slopes of Y2 lines were quite different for
the two cells, and here we see that this evidently implies quite
different applied‘voltage and charging current characteristics.

Again, refer to the 7 MHZ curves, Figures 22 through 27. The
Y line, applied voltage, and charging currentﬁdata for the two cells
are essentially the same despite the fact that the electrode spacings
were considerably different. Since the data is taken under conditions

where the applied voltage and current through the cell are 90 degrees
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the Electromagnet

Figure 35. A Photomacrograph Showing the Darkening Jhich
tppeared on the Secondary Electrode Surfaces
(Actual Size is 3/16 Inch Diameter) Upon
Remaval from the Teflon-Rodied Cell
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Figure 36. A Photomacrograph Showing an Enlarged View of
the Back Secondary Electrode Alone

Figure 37. A Photomacrograph Showing the Deionization Glow
as it Appears in the Cell Window
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out of phase, so far as can be determined by the dual—trace oscilloscope,
and hence we refer to this current as the charging current, the ratio>
of applied voltage tao charging current represents the capacitative
reactance of the cell. The indication from the 7 MHz data is that this
.reactapce, and hence the capacitance of the two cells, did not change
with electrode spacing. It is believe that this effect can only be
explained in terms of a space-charge layer, or layers, lying in the
region between the primary electrodes which tend to become thicker
with increased electrode spacing. Velocity computations and the
photomacrographs of Figures 36 and 37 tend to support this view.
Velocity computations based upon the previously reported theory and

the applied electric intensity computation have consistently given
lower kinetic energies than required to produce ionization by
collision, This could be justified in terms of space chargeg\ Figures
36 and 37 Suggest the nature of such a space charge. Figure 36 is

a photomaprograph of the face of the back electrode (3/16 inch diameter
actual size) as it appeared upon removal from the teflon~bodied cell

at the conclusion of the data taking. This is the secondary electrode
which is least disturbed by adjacent attachments to the cell. Note
that the darkened portions of the surface, which indicate regions of
particle bombardment, tend to describe two lines separated by a region
in which no darkening occurred. This indicates layers of ordered
particle activity parallel and adjacent to the surfaces of the primary
electrodes and that these layers are separated by a central 1ayer'in
which no such ordered activity occurs. It is believed that this central
region represents the space-charge region. Figure 37 is a photomacro-

graph of the deionization glow as viewed through the cell window,
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Much difficulty was experienced in obtaining this photograph due to
vibrations and mechanical restrictions; consequently, it leaves much
to be desired in clarity. However, note that the glow fades out tog
give two dark layers which are a fraction of a millimeter in thickness
at the surfaces of the primary electrodes. These dark layers

- correspond at least approximately to the darkened lines shown on the -

surface of the back secondary electrode in Figure 36.
Voltage and Current Traces at 2 MHZ

In the previous paragraphs of this Chapter, much mention has
been made of the fact that the applied voltage and current through the
cell wefe.both linear and 90 degrees out of phase (so far as could be
determined by the methods employed to measure) under the minimum -
glow condition where data was taken. However, this condition did
not quite hold true at 2 MHZ. An example of the phenomenon observed
at this frequency is illustrated in Figures 38 and 39. Figure 38
shows that voltage and current Qaveforms were linearvand 90 degrees out
of phase with no gas in the cell. Figure 39 shows the voltage and
current waveforms with gas flowing into the cell at 20 std. cc/m and
under the best minimum glow condition which could be obtained. Note
- that although the phase displacement appears to be essentially the-
same as before, a non~linearity has been introduced into the current
waveform. This condition tended to become slightly more prominant
with increasing mass glow. All of the 2 MHz data presented in the
following section was taken under the condition described above.
However, this effect disappeared quite rapidly with increasing frequency,

The data at 8 MHz and above was taken under the prevjously described



conditions with current and voltage waveforms as illustrated in

Figure 11.
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Figure 38, Voltage and Current Traces as
Observed at 2 MH with no Gases
in the Cell

Curr“em \/olmge

“ N 1LY
, Ehf“'l o

o
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Figure 39. Voltage and Current Traces as
Observed at 2 MH Jith a Mass
Flow of 20 std. LC/mln Under
the Condition of Best Obtain-
able Minimum Glow
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CHAPTER V
AN OPTIMUM MAGNETIC INTENSITY MAPPING OF HYDROGEN

This chapter presents the optimum magnetic intensity mapping of
hydrogen discussed in the preceding chapters of this thesis, The
results of all meaéurements taken throughout the course of the study
are given, listed by frequency, starting at 2 MHZ, in chronological
order, This approach adds considerable bulk to the thesis, however,
after much thought was deemed essential in order to show as clearly
a§ poésible the true nature of the measured phenomena and the
extent to which agreement was and was not found with the predicfiéns
of the analysis. For example, reference to the 3.5 MH, data contained
in Figures 44 through 46 gives a comparison Between the old teflon
cell, with its relativeiy unshielded 6pen structure and bélanced
feed geometry, and the fully shielded, coaxially fed aluminum cell
with a guard ring structure. It is seen that there is relatively>
little difference between the results from fhe two cells at this low
frequency, so long as the electrode spacing is nearly the same;
consequently one might assume a relative freedom from precise geometric
considerations in the design of some device employing these results
in this frequency region. The extensive data presented.forv7 MHZ

also serves a like purpose., Comparing Figures 53 and 54 with

"Figure 55, one notes a much more pronounced difference between the

ﬁata obtained from these two cells even though the electrode spacing

!
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is nearly the same. Ihig would indicate the need for more care in

the geometric design of devices operating in this frequency region.
Also, the effects df.varyipg the electrode spacing are more thoroughly
.investigated at the 7 MHz and 8 MHz frequencies. And so the list
continues. ﬁhere the objective of a study is to determine the
experimental bases of devices not yet conceived, one is quite helpless
in deciding which data are superfluous.

Iﬁ obtaining the data presented in this chaptef the optimum
magnetié intensities were.determined by exﬁerimental observation, as
discussed in Chapter IV, while holding the cell pressure at some
constant value. After the optimum magnetic intensity was determined
at minimum glow, this condition was held while the applied voltage
and chargingbcurrent measurements were.made. This raw data was then
processed on the IBM 7040 digital cdmputer as discusséd in the Appendix.
At the same time, computations of fhe charged partic¢le velocities were
made in accordance with the analysié.of Chapter II, Equations 2.13
through 2.21. This computer program is given.in TablekI of the
Appendix. All of the graphs shown in this chapter were drawn by a
combination of the IBM 1620 digital computer with disc storage and
the Calcomp 565 automatic plotter with liquid ink conversionf It was
found essential tb use india ink in order to obtain satisfactory
‘photegraphic reproducﬁion., The y-lines of the graphs shown invthis
chapter were all computed as a least squares fit to the appropriate
sets of points by the IBM 1620 as a portion of the plotting program,
Slightly over 40 hours actual qomputer time was required in order to
plot the graphs, This program is given in Table III of the Appendix.

The caption information listed on the graphs employs the following
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key:
D - is the.primary electrode spacing in meters.
Aluminuﬁ Cell - fefers to the Aluminum Cell as shown in the shép
| drawing of Figure 10,
Aluminum Cell No. 2 - refers to the nearly idenfical cell with
secondary eiectrodes._ |
0ld Teflon Cell =~ refers to the first model teflon-bodied cell
with balanced-line fed primary electrodes,
Teflén Cell - refers to the Teflon Cell as shown in Figures 8§
Cand 9. - |
0ld rf.SOQrce’n‘refers to the E. F, Johnson GCompany Viking 11
~ amateur transmitter employed early in the study.
Where nO»mention'iS made with respect to the rf sourée, the combination
of the Technicél Material Corporation Pal - 1KW Linear Amplifier and
Hewlett~-Packard Company Mo&el 606 A HF Signal Geﬁerator was used.
The greatervcredibilify is ﬁo-be given to data taken with either of
the Aluminum . Cells ahd the linear amﬁlifier - signal generator

combination,
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CHAPTER VI
DISCUSSION AND CONCLUSIONS

‘Asvillustrated in Figures 40 through 62, pages 76 through 184
of the preceding chapter, the measured data up to approximately 9 MHz
appears to fit the simple analysis presented in Chapter II to a
reasonable degree. This is evidepced by the velocity plots, where it
is seen that the electron velocity components Ve and»VDe are substan-
tially'greater than the other components along the Yl—line, while
the VH+ components and/or the VH; components are the larger along
the Yé-line. A feature of these graphs which is not explained by
“the theory jis that the molecular ion, H +

2

ion, H , is in the vicinity of gyromagnetic resonance along the

, rather than the atomic

erline at the 3 and 4 MHz frequencies. The vicinity of gyromagnetic
responance is indicated by a steep slope at high values on the velocity
curve, e.g., Figure 45 e,, page 99. The computer, of coursg, cannot
compute an infinity, so the facility for truncating the poles in the
velacity curvesnwas built into the program. Then, polés indicating
gyromagnetic resonance appear és triangular spikes in the curves,

such as V_+ in Figure 54 e., page 144. At 5 MHZ we see the indication

H

of a transition from H + to H+ in Figures 49 e. and 50 e., pages 119

2

and 124. Here, the indication is that H t is the higher velocity

2
. particle at lower values of B and pressure while H 1is the faster

at higher values of Evand pressure. At 6 MHz’ this transition appears
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to be_complete, since as indicated by Figures 51 e. and 52 e., pages

129 and 134 respectively, H is the higher velocity particle. We

know of novreasoﬁ why one should predict that the gas would behave in
this manﬁer. However, the above observations from the velocity plots
does appear to cleaf up what was previously thought to be a discrepancy
in the theory. Assuming the‘Y2~1ine to aiways be due to the B particle,
one would predict on the basis of Equations 2,13, 2.18, and 2.20 of
Chapter IT that the y~lines should become increasingly farther apart
with increasing exéitation frequency. However, as Figures 40 a., 41 a.,
42 a., . . 4 . ., 52 a.; indicate, this is not the case, This may

well be due to inapility to distinguish between a Yz—line brought

about by a H+ collision mechanism and a Y3-1ine brought about by a

H +

9 collision mechanism in this frequency region because of sensitivity

‘ limitations in the measuring apparatus. On the other hand, it is
equally possible that the two collision mechanisms are so intermingled
here that no clear cut distinction can be made. At any rate, a
study of the velocity plots doeg appear tp explain why the y-lines
tend to become closer rather that farther apart with increasing
frequency,

The effects of primary electrode spacing were discussed in
.Chapter IV and attributed to space charge, which has been neglected
in the theory. One may view the effect upon the velocity computations
well in thé 7 MHZ plots, Figures 53 to 59, pagés 135 to 165, where
~ measurements were performed with a variety of electrode spacings. Feor
spacings up fo about 4 millimeters, the gyromagnetic resonéncevof the
H+ particle appears on the yzéline, as indicated by Figure 52 e,,

page 134, However, at spacings of approximately 6 millimeters the
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electron is compﬁted to be the fastgr particle on the yé~line, as
indicated by Figure 59 e., page 169, Several effects not accounted
for in the computations are possibly coming into play here. First,
the presence of a space charge would make the true value of electric
inﬁensity much different than the computed value used in the velocity
computations. . Further, it may be that the character of the space
charge, such as stratification, etc., changes with electrode spacing
so that even relative comparigons of velocity changes with electrode
'spacings cannot he madé. Then, there is the question of the uniformity
of the applied electric intensity. Increasing the electrode spacing
will naturally affect the uniformity of the applied electric intensity
in an adverse manner, but we have no way ¢0f determining to what

degree and, in addition, no estimate as to what effects to expect with
~ field non-uniformities. It is problematical as to whether this is a
true indication of changes in the velocity patterns with change in
electrode spacing, or merely a failure in the mathematical model to
take a sufficient number of variables into account.

At 9 MHZ we begin to again observe a transition between H+ and the
electron along the Yz-line, as indicated by Figures 63 e. and 64 e.,
pages 189 and 194. Here, the H+ velocity is computed to be the
larger for the lower values of B and pressure while the electron
velocity is greater for larger values of B and pressure. Since this
oceurs at the approximate 2 millimeters electrode spacing, we have
-more faith in the indication here than the similar effect at 7 MHZ
discussed above. The 10 MHz data, Figures 65 e. and 66 e., pages 199
and 204, shows this same characteristic along the Yz-line. At 11 MHZ,

Figures 67 a. to 68 g., pages 215 to 216, we begin to pick up a third
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Y-line. This appears at the extreme limit of the magnet's capability
and, consequently, was missed in taking the first set of data, so it
does not aéfear in Figure 67. The points shown on the ys*line'in
Figure 68 a."arevmuch in doubt due to the limitations of the magnet
and the slope of the line is to be taken as definitely in error. At
12 MHZ' Figures 69 a, to 70 g., pages 217 to 230, the Y3-line is
well established. The computed indication is that the electron velocity
is larger throughout these measurements with the H+ velocity being
nearly as great on the'Y3-line. This is somewhat diverse to what would
be expected in the way of charged particle velocities in terms of the
" theory,

As the excitation frequency increases, we begin to lose Y-lines
within the‘range that data can be taken with the present system. At
13 and 14 MHZ, Figures 71 a, to 75 c., pages 231 to 249, we begin to
‘lose the Yl-line; This-is thought to be due to the insensitivity
of the magnet to small changes at very low values of supply current.
At 15 MHZ, Figures 76 a. to 77 e,, pages 250 to 257, we tend to lose
both the Yl‘and Y3#lines. This trend continues for the remginder of
. the data, out to 30 MHZ, and is thought to be due to limits in range
and control of the ﬁagnet at both the high and low extremes of its
scale, The electron velocity is computed to be the larger throughout
this range in excitation frequencies. An exception to this velocity
pattern is found in the data taken at 20 MHZ. The data taken at
approximately 3 millimeter electrode spacings, Figures 78 a. to 79 Cos
pages 258 to 263, does fbllo& the general pattern described above,
but upon increasing the spacing to about 6 millimeters, Figure 80,

pages 264 and 266, the data appears to be in the form of a Yl-line.
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Note also that the electron velocity is substantially greater than
‘thét computed for the datg at the lesser electrode spacing which
conforms to the notion of a quline.
On the basis of the observations discussed above, it is concluded

. that the simple theory presented in Chapter II is more applicable to
the lower excitation frequencies and lesser primary electrode spacings.
At frequencies up to about 9 MHZ, the computation of applicable
frequencies of gyration does give a reasonable indication of the optimum
values of magnetic intensity. However, at the higher excitation
frequencies, 9 MHz and above, the gyration frequencies cannot be
construed to give anything more than a coincidental indication of
optimum magnetic intensity., As discussed in Chapter IV, it is believed
that the neglection of any space charge is the most serious defect

in the theory. Efforts have been made to correct this defeat, but

the theoretical problem appears to be most difficult and experimental
methods for probing the region between the primary electrodes, other
than the rough secondary electrode measurements discussed in Chapter
IV, are not feasible due to the restrictive dimensions of the cell
geometry, It has been suggested that this discrepancy at the higher
frequencies might be due to the excitation frequency becoming
.sufficiently close to the plasma frequency as to instigate another
-resonaﬁce phenomenon. However, assuming that the degreé of ionization
is of the order of 10—4, a typical value for a slightly ionized gas,
one estimates an electron plasma frequency in the vicinity of 9 GHZ
and above for the pressures employed in this study. On the same
basis, plasma freqﬁenpies for the positive ions H+, H2+, and H,' are

3
estimated to range from 100 to a few hundred MHZ, Since the degree of
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ionjzation would have to be very much less than the above assumption
in»order to bring‘the plasma frequencies down to the vicinity of the
excitation freguencies, it is considered unlikely that plasma frequency
plays an iﬁportant part in these measurements.

Despite.the limitations in the theory it is believed to be
sufficient, when taken in cdnjunction_with the measured data, to be
of ﬁqch aid in the formative stages of conception of non-conventional
energy sources. Such devices would naturally employ their own pecgliar
electrode and field structures which could deviate considerably from
the geometry of the ionization cells employed in this study, = For
this reason, it is recommended with one possible exception that further
studies of this pature of the ionization properties of hydrogen should
follow rather than precedé the conception of such an appligcation. 1In
this way, the more detailed theory and data could be closely tied to
the application. The complexities of the ionization processes are such
~as to lead one to believe that this would generally be found essential
to success., .The exception to this recommendation is as follows;
It might be»found profitable to con&uct an experimental study in the
microwave region of excitation frequencies where one coﬁld feasibly
create a "super;resonant" condition with the excitation, gyration,
and plasma frequencies all being the same. The argument against
this propoéal is that microwave power is more difficult and extremely
expensive to generate, consequently it is difficult to see any appli-

‘cation of such a study to the field of energy conversion.
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APPENDIX
COMPUTER PROGRAMS

The velocity computations and all plotting of the Optimum Magnetic
- Intensity Mapping displayed in Chapter V was accomplished by means
of digital coﬁputérs. The raw data was first processed by the IEM
7040 to obtain listings of optimum magnetic intensity, pressure,
applied voltage and electric intensity, charging current and the
‘various charged particle velocities. This program is very much
routine, based on Equations 2.13 thfough 2.25 of Chapter II. The
principal problems experienced were in programming the magnet calibra-
| tion‘and the correction of vacuum gauge readings to true pressure for
hydrogen, Polynomial curve fitting techniques were employed to program
the magnet célibracion, using the library programs available. . The
results obtained in fitting the calibration curve for a 8.5 cm gap
are shbwn in Figure 86. Referring to Figure 87, it is séen that the
fifth power polynomial gives the closer fit to the measured calibration
curve over the entire-range of interest. Greater and lesser powers
give greater deviations from the measured curve, so the fifth power
was used in writing the computer program. However, the polynomial
ceurve fitting techﬁiques failed to suffice for.the correction of
Vacuuﬁ gauge readings. ,Fiﬁally, it_was discovered that the pressure
correction nomogram supplied with the instrument plotted as essentially

straight lines on a log-log graph. Then,'writing the logarithmic
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equations of the straight 1ines and prpgramming these into the computer
resulted in the degree of fit indicated in Figure 87. Undoubtedly,
additional effort using the computer could increase the degree of fit
of the magnet calibration and.pressure correction curves over that shown
in Figures 86 and 87, but the accuracy of the experimental data was not
gonsidered sufficient to justify this efforf.
The complete computer program for processing the raw daté is

ﬁgiven on the five sheets of Table I. A sample readout of an output
from this program is shown in Table II. The first block of entries

in Table TI, starting with the third card, is the input data to the
program. This is in the following order; excitation frequency in

MHz’ primary electrode spacing in meters, resistance of the rf load
(current sampling resistance) in ohms, the control numbér 0.0, the
number of data points, and the number §. The following card lists the
.B, for the 5th power polynomial fit of

g2 ¢ =+ v By
the magnet calibration. 1Its format is 6F1@.6. The fifth card in

coefficients Bl’ B

this listing contains the powers and coefficients for the pressure
correction. The format is 4F10.8 and the numbers read in are PO,

P10, CH and C10, where for Pr < 10 mm Hg,

ead

Pcorrected = (1‘0/C¢)*(Pread)**(1.O/?ﬁ).

For Pre > 10 mm Hg, the form of the equation remains the same, but

2 ad
the coefficients Cl¢ and P1¢ are used in place of CP and Pd. The
remaining cards list the data taken during the operation of the

ionization cell. The format is_6F1¢.¢ and the values read in are;

magnet current in amperes, the pressure read on gauge tube no. 4 (see

Figure 4) in mm Hg, the pressure on gauge tube no. 3 in mm Hg, mass
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$1BJOB DKNAME NODECK

TABLE I
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IBM 7040 PROGRAM FOR PROCESSING THE RAW DATA

A-0001 C CHEN
C CHEN

$IBFTC DKNAME NODECK

Ve w

15
19
20
21

23
24
25
26
27
28

35
4y
45
50
55
6uU
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155

160.

165

DO 630 N=1s2

READ(5+220) FsDesRsGaMsK

READ(59221) Bl1sB2+8B3+B4+85,B6
READ(59222) POsP10+sC0OsC10

DIMENSION A(504+30)

K=K+1 . ‘ '
READ(5+225) CURB#XX13XX2sFLOWSICURSV

7303-51000

B= 31*(CURB**5)+82*(CURB**4)+83*(CURB**3)+Bb*(CURB**2)+BS*CURB+86

Y= 140/P0

Z= 1.0/P10 ,
IF(XX1-10e0) 22522524

XX1C= ((140/CO)*XX]1)#*#Y

GO TO 25

XX1C= ((140/C10)%#XX]1)*%Z
IF(XX2-10.0) 269 269 28

XX2C= ((140/C0O)%XX2) *#xY

GO TO 30

XX2C= ((1,0/C10)%#XX2)%*Z

P={XX1C+XX2C) /240

E= (V/D)*0.3536
CURTX= (3534.6%CUR) /R
W=2e0%(3.1416%F)

WGE= (17.6%(10s%%4)%8)

" WGH1= 9.6%*B

WGH2= WGH1/240 ;
BWEB= B/1040 '
VDE=E/BWEB .
VIE=VDE®(F/(2.8%#(1040%%4)))%(1,0/B)
VETOT= SQRT((VDE##2) + (VIF#%2))

ENEE=z Oe5% (VETOT##2)%#9,11/(10,0%#31)
AMIS= ((WGH1*#%#2)/(W%%¥2))=140 ‘
AB= ABS(AMIS) '
IF(AB=((2.0%B)/ (W¥%2))) 125+125+105%
ViHl= {(15.3/F)*(E/AMIS)

VDHLI= VIH1*(.77/F)*8

VH1TQO= SQRT((VDH1*#2) + (V1H1*%*2))
ENEH1= o5#(VHITO®%2)%#1,6733/(10.0%%27)
C= ((WGH2%#%2)/(wW¥%2)) =140

CB= ABSI(C)

IF(CR=(B/2.0)%(1,0/W%2)) 1654516545140
VIH2= (TT7/F)*(F/C)

VDH2= VIH2%#(.77/F)*B

VH2TO= SQRTU(VDH2#%#2) + (VIH2#%2))
ENEM2= 5% (VH2TO®%2)#2,3466/(10.0%%#27)
1=K '

Al(ls1)=F



170

175
180

185
190

195
200

205
210

218
26%
256
260
265
270
275
280
285
290
208

I (Continued)

All+2)=B
All+3)=F
All 94)=P
A(l1+5)=FLOW
All+6)=CURTX

AT T)=F

A(]+8)=8B
Al1s9)=ENEE
A(l+10)=VETOT
Alls11)=V1E
Al1s12)=VDE

- IF(AB={(2,0%B)/(W¥%2))) 180+180+190

All,13)=G
All»14)=F
Alls»15)=8B
AlT516)=WGH1
A(T+17)=AMIS
A(1+18)=G
GO TO 195
AlT1s13)=F

- Alls14)=8

A(ls15)=ENEH]
A{l+16)=VHITO
AlT»17)=VIHI1
A{1+18)=VDH1

TF(CR=(B/2.0)%(1,0/W*%#2)) 2004200210

AlT1+19)=0G

A(1+20)=F

A(1,21)=8B

A(]1+22)=WGH2

Al{ls23)=C

Al1+24)=G

GO TO 215

A(]s+19)=F

All1,20)=8"

Al(1+21)=ENFH2

Al1922)1=VH2TO

Al1s23)1=V1IH2

A{1+24)=VDH2

TE(KGNF M) GO TO 7

1=0

I=1+1

DO 298 J=1,43

MY= 5+ (6%*J)

MYES= 6+(6%J)

IF(A(TI MYES)eEQaG) GO TO 298
ANGLE= ATAN(A(T ¢MY)/A(LTHIMYES))
L=24+J

TFLALT aMY)=~0e0) 29542955297
AllslL )= ANGLE+3.1416
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296
297

98 -
299

400
405
410

415

420
425
426
430
4135
440
445

' 450

455

460

461

465
470
475
480
495

500
505

310

515

516

525

I (Continued)

GO TOQ 298

~ A(lsL)= ANGLE

CONTINUE o

IF(I«NEsM) GO TO 256

WRITE(7+325)

WRITE(7+315)

WRITE(7+376) Allsl)

WRITF(7+380)

WRITE(7+335)

L=0

1=0

I1=1+1

L=1+1

WRITE(79300) A{Is4)sA(195)sA(1+2)sA(T1s3)sA(146)
IF(A(1+4)4GTaA(Ls4)) GO TO 600

IF(L+NE«M) GO TO 420 _

WRITE(79+300) A(Ls&4)sA(Ls5)sA(Ls2)sA(Ls3)sA(Ls6)

‘WRITE(7+310)

WRITE(7315) v
WRITE(79375) A(lsl)
WRITF(75316)
WRITE(75380)

T WRITE(7+320)

L=0

1=0

1=1+1

L=1+1 :

WRITE(79305) A(Is4)sA(TIs10)sA(I925)sA(1911)3A(1312)+A(1+9)

CIF(A(T34)4GTaA(Le4)) GO TO 610

IF(LeNEsM} GO TO 455

WRITE(79305) A(Lo&)sA(Ls10)sA(L925)9A(Ls11)sA(LI]12)9A(LF)
WRITE(7+310)

WRITE(7+315)

WRITE(75375) A(lsl)

“WRITE(T7s317)

WRITE(7+380)

WRITE(7+320) -

L=0

K=0

K=K+1

L=K+1

IF(A(Ks13),EQeG) GO TO 525
WRITE(7+305) A(Ks&)sAlKs16) sA(KI26)9sA(Ks1T)sA(Ks18)9A(Ke15)
IF(A(Ks4)eGTeA(LSs4)) GO TO 615
TF(L+ENeK) GO TO 535
IF(L.NFEsM) GO TO 505

K=L

GO TO 510

WRITE(75340) A(Ks4)sA(Ks14)sA(Ks15)sA(Ks16)sA(Ks1T)

IF{A(Ks4)eGTeA(Ls4)) GO TO 615
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530
535
540
5495
550
55%

560
565

570
575

576

585

590
600

610

61%

620

630

340
220
221
222
225
300
305

I (Continued)

IF(L«FQeK) GO TO 535
IF(LsNEsM) GO TO 505
K=L

G0 TO 510

GO TO 505

WRITE(7+310)

WRITE(T7+315) ,
WRITE(T7+375) Allsl)
WRITE(7+318)
WRITE(7+380)
WRITE(7+320)

L=0

K=0

K=K+1

L=K+1

IF(AIKs19)4FQeG) GO TO 585

WRITE(T7+305) A(Kesb4)sAlKs22)9A(Ks2T)sA(K923)sA(Ks24)9A(Ks21)
IF(A(K»4)sGT4AlLS4)) GO TO 620 . :

IF(LsFQeK) GO TO 630

IF(L.NFeM) GO TO 565

K=L :

- GO TO 570

WRITE(79340) A(Ks4)sAlK20) sAlK21)92A(K22)9A(Ks23)
IF{A(Ks4)eGTeA(Ls4)) GO TO 620
TFIL.FQeK) GO TO 630 ‘
TF(LeNE«M) GO TO 565

K=L

GO TO.570

GO TO 565

WRITE(7+381)

WRITE(75335)

GO TO 426

WRITE(T7+381)

WRITE(7+320)"

GO TO 461

WRITE(7+381)

WRITE(7+320)

GO TO 516

WRITE(7+381)

WRITF(7+320)

GO TO 576

CONT INUE

CALL EXIT

FORMAT (5H POLEs3F10e34+2E17.7)
FORMAT (4F104002110)

FORMAT (6F10.0)

FORMAT (4F10.0)

FORMAT (6F10.0) _
FORMAT(4X F10e29F12e23F12e39F15429F10.2)

FORMAT (F6423F12e¢1aF11a3sF12e19sFltialsE1545)
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I (Continued)

FORMAT (18X 37H VELOCITY AND ENERGY COMPUTATIONS FORY/)

310 .

315 FORMAT (31X 9H HYDROGEN /)

316 FORMAT (23X 26H CALCULATIONS FOR ELECTRON ///)

317 FORMAT(23X 28H CALCULATIONS FOR ATOMIC ION 7//)

318 FORMAT(21X 31H CALCULATIONS FOR MOLECULAR ION ///}

320 FORMAT (2X 2H Ps6X BH V TOTAL X 6H ANGLE+5X 8H V PERPe»
25X 8H V DRIFTs6X TH ENERGY)

325 FORMAT ( 265X 22H EXPERIMENTAL DATA FOR /)

335 FORMAT(TX 9H PRESSURE2X 10H MASS FLOW-SX 2H Be13X 2H Eo
26X BH CURRENT)

375 FORMAT(28X F6s3s11H MEGACYCLES /)

376 FORMAT(2BX F6e3+11H MEGACYCLES ///)

380 FORMAT (23X 17H GAMMA-ONE VALUES /)

81 FORMAT(/ 23X 17H GAMMA-TWO VALUES /)

~ END '
$ENTRY

$1BSYS
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TABLE II

SAMPLE READOUT OF OUTPUT FROM RAW DATA PROCESSING PROGRAM

1 10 4
DATA TAKEN JULY 9 + 1966 AL CELL R=352,0 OHMS D=,002794 METERS
6.0 e002794 52.0 0.0 14 -0
+00 00000034 ~,00004922,00134888 211554310 +06476900
1425 8,35 1e48 «0000273
645 24 155 10,0 640 730,60
5.5 4ol 2¢5 20,0 5.8 " 71040
55 6.1 3,5 30,0 S5¢7 700.0
55 8¢5 Ge6 4040 56 690,40
5¢5 9.0 560 5040 56 690,0
5.7 20,0 70 7040 5e¢6 69040
57 33,0 10.0 10040 58 710.0
548 5760 1740 150,40 59 710.0
6e2 83,0 24.0 20040 6.0 720.,0
6e2 18040 43,0 30040 6.1 740,0
2245 2e4 1¢55 10,0 4e2 53060
30,0 41 2.5 2040 408 600,0
40.0 601 3.5 30,0 562 64040
45,0 845 4e¢5 40,0 55 680,0
EXPERIMENTAL DATA FOR
i HYDROGEN
64000 MEGACYCLES
GAMMA~-ONE VALUES
PRESSURE MASS FLOW B8 E CURRENT
1e25 1000 0860 92386454 40,80
1.89 20000 00733 89855,40 39.44
2455 30.00 06733 88589,83 38.76
3.26 40400 0.733 873264,27 38,08
3444 50,00 00733 87324.27 38,08
4425 7000 06758 87324427 38,08
498 100,00 0.758 89855440 39,44
5433 150,00 . 06771 89855,40 404,12
556 200000 0822 91120.97 40.80
597 300.00 Ve822 93652411 4]1.48
GAMMA~TWO VALUES
PRESSURE MASS FLOW B £ CURRENT
1.25 10,00 2874 67075416 28.56
1,89 20,00 34692 75934,4,14 32.64
2455 30400 44565 ‘ 80996 .42 354,36

3e24 40400 44905 86058.,70 37440



p

1.25
1489
2455
3.26
.44

4625

4098
5e¢32
556
5697

le25
1,89
2455

3.24

1425
1.89
2655
3426
344
4425
4498
533
5056
597

1,25
1,89
2455
3,24

v TOTAL
1074413,1
122555442
1208292.9
119103146
1191031,6
1151376.8
118475040
116532349
110885247
1139654,.2

v TOTAL

23339842

20569942
177428.4
17546046

vV TOTAL
24895240
23845544
23509648
23173843
231738,.3
232397.7
239133,.8
23948345

- 2644346.8

25113442

v TOTAL
392521,.9
184175240

. 681325,1
. 46308945

IT (Continued)

VELOCITY AND ENERGY COMPUTATIONS FO

HYDROGEN

6000 MEGACYCLES

CALCULATIONS FOR ELECTRON .

~ GAMMA-ONE VALUES

ANGLE
0.000
0.000
0.000
0.000
0,000

0,000 -

0.000
0.000
0.000
0.000

V PERP.
26767
35842
353,1
348.1
348,1
32543
33447
323.8
289.1
29742

GAMMA-TWO VALUES |

ANGLE
0000

0,000

0.000
0.000

V PERP.
174
1149

B3
Te?

VvV DRIFT
1074413,0
1225554,.2
1208292.8
119103145
1191031,5
115137647
1184750.,0

1165323,.9

110885247
1139654.1

V DRIFT
233398,2
20569942
177428,4
17546046

VELOCITY AND ENERGY COMPUTAT!ONS FOR

HYDROGEN

64000 MEGACYCLES

CALCULATIONS FOR ATOMIC ION

GAMMA-ONE VALUES

ANGLE
46602
44619
40619
44619
44619
4¢615
44615
46614
44607
44607

V PERP.
-24T7449,9
-2374064.8
~234063,0
=-23071943
~230719.3
-23130446
-238009.1
-238319.5
-24299942
‘2“974902

GAMMA-TWO VALUES

ANGLE
44359
44270
1,041
1.009

V PERP,
~368273,6
~166442243
587870.8
39191540

V DRIFT
~2730644
~22338,0
~2202344
=21708.8
-21708,8

~-22513¢4

~2316640
-2358249
~2562645
-263384.3

vV DRIFT
-135823,3
~788510,46

34440048
246687.1

300

ENERGY
0+52581E-18
0.68415E~18
0.66502E~-18
0.64615E-18
0e.64615E~-18
0.60384E-18
0+63935E-18
0.61856E~18
0.56006E~-18
0.59161E-18

ENERGY

 0424813E-19

0e¢19273E~-19
0.14340E-19
0414023E-19

ENERGY
0.51853E~16
0.47573E-16
0s46242E~-16
0+44930E-16
0e444930E~-16
0,45186E-16
0.47844E-16
0+47984E-16
0+49952E-16
0¢52766E-16

ENERGY
0,12891E-15
0.28380E-14

-0+38838E~15

0¢17942E~15



p
125
1.89
2455
3.26
340
4e25
4098
5033
556
5.97

1425
l.89
2.55

3.24

V TOTAL
120729.6
116842,0
11519643
11355047
113550.7
11365546
116949,9
117005.4
11888846

12219140

V TOTAL
105930.5
13840746
181932,9
213927.8

II_(Continued)

VELOCITY AND ENERGY COMPUTATIONS FOR

HYDROGEN

64000 MEGACYCLES

CALCULATIONS FOR MOLECULAR ION

GAMMA-ONE VALUES

ANGLE
44602
44619
44619
40619
He619
4615
40615
4eb614
44607
4607

V PERP.

~120001,1
-116328,2
"11468907
=-113051.3
-113051.3
-113121,0
-116399.9
-116436,7
-118232,.9
=121517.2

GAMMA-TWO VALUES

ANGLE
44359
44270
44182
44151

V PERP.

~9938646
~125081.3
-156977.9
-181048,1

V ORIFT
-13242,3
~10945.5
~10791,.3
~10637.2
-10637.2
-11010.3
-1132945
~11522.0
=1246847
-12815.1

VvV DRIFT
- =36654,9
=5925645

-91964.6

~1139594.0

301

ENERGY
0.17102€E-16
0.16018E~16

- 0e15570E~16

0.15128E-16
0.15128E~16
0¢15156E-16
0,16048E~16
0.16063E~16
0+16584E-16
0.17518E-16

ENERGY
0e13166E~16
0.22477E-16
0.38836E-16
0¢53696E~16
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»flow‘in std. cc/min., peak to peak value of the waveform across the
éurrent sampling resistance in volts, and the peak to peak §a1ue of
the applied voltage in volts. The separation into Y~line values is
accomplished by the arrangement of these data cérds. They should
tegin with the low magnet current and low mass flow readings and progresé
ﬁhrough the highest mass flow readings before intrbducing the upper
magnet current values. The program employs a DO loop to allow the
running of any.number of data sets at one time. This is controlled
by appropriately indexing in statement no. 3 of the program.
Theloutput from the raw data processing program is divided into
four parts, as éhown in Table II. .The first part groups the processed
experimental data in acéordance with the y-lines. Cell pressure is
listed in mm Hg, mass flow in std., cc/min., optimum'magnétic intensity
B in kilogauss, applied electrié intensity E in volts per meter and
charging current in milliamperes. The optimum magnetic intensityv
and applied. electric intensity values are appropriately substituyted
into equations 13 through 25 of Chapter II to order to compute the
charged particle velocities shown ipn the rémaining parts of Table II.
These_following three parts group the velocity computations for.the
eleétron, the atomic ion, and the molecular ion respectively in
accordance with the y-lines. The velocities are listed in meters per
second and minus signs are used to indicate that the direction of
a particular velocity component is‘opposite to that of the same .
compenent for an electron. The angle of total velocity is measured
in radians wifh,respect to the electron drift velocity componenﬁ,
VDe, and energies computed on Fhe basis of %mv2 are listed in Newton-

meters. The discovery, discussed in Chapter IV, that the applied
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voltage tends to a constant independent of the electrode spacing
-largely destroys any significance that this later conputation may
have had othefwise and consequently, it was ignored in plotting the
data,

All of the graphs shown in Chapter V were drawn by a combination
of the IBM 1620 digital computer with disc storage and the Calcomp
>565 automatic plotter with liquid ink convefsion. The liquid ink
conversion proved to be essential in order to -obtain satisfactory
photographic reproduction. The prdgram for making the data plots is
given in the eight sheets of Table III and consists of five linked
sub-programs which were stored on the disc. The total output ffom
the IBM 7040 raw data processing program, as shown in Table II; for
example, constituytes the input data to this program. The essential
steps written into the program of Table III are ae follows: (1) read
in the data, (2) plot cell pressure versus optimum magnetic intensity
_and then compute least squares fits to these points so as tolform the
Y-lines, (3) scele off the y-lines to form the abscissa of the
following graphs, (4) plot applied voltage, electric intensity, and
charging current as a function of the appropriate Y-~variable, (5)
scale. the eomputed velncity eemponents logarithmically and plot as a

function of the appropriate Y-variable.
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‘TABLE III
IBM 1620 PROGRAM FOR LEAST—SQUARES FITTING THE

Y'LINES AND DATA PLOTTING

3400032007013600032007024902402511963611300102
22408
ZZFOR
#LDISKPROG1
. _ODIMENSION IND(II)-A(IS)oB(lS)oC(lS)oD(ls)oE(lS)oGXX(Z);HXX(Z)g
1DISTO(15)sDISTT(15)
COMMON N1+N2 > INDsGXX sHXXsDISTOSDISTT |
READ 101 INDEXsN1sN2
READ 102+ DUMMYsDUMYYsDUYYY sDYYYY »¥YYYY sDDDDD s DUDUD s UUUUU
PRINT 102s DUMMY sDUMYYsDUYYYsDYYYYsYYYYYsDDDDD»DUDUD s UUUUU
DEFINE DISK (10,70) . ' ‘
FIND (TNDEX) '
DO 2 I=1s3
2 READ 102s DUMMY
“IND(1)= INDEX
RECORD (INDEX) N1sN2
TIND(2)= INDEX
C READ AND RECORD VOLTAGES
DO 10 I=1,N1
10 READ 106s A(I)
'RECORD (INDEX) (A(I)sf= 1sN1)
IF (N2) 16516912
12 D0 14 1= 1,N2
14 READ 106s A(I)
IND(3)= INDEX :
~ RFCORD (INDEX) (A(I)s I= 1, N2)
16 IND(4)= INDEX '
DO 18 T=1»11
"~ 18 READ 102» DUMMY L
C READ AND RECORD PRESSURE MASS FLOW B E CURRENT
. DO 20 I= 15 N1
20 READ 109s A(T)sB(I)sCLIIsD(I)sE(T)
RECORD (INDEX) (A(T)sB(I)sC{IysD(I}sE(T)s]= 1sN1)
© IF {(N2) 30,30,21
21 DO 22 1= 14
DO 22 1= 1s4
22 RFAD 102 DUMMY
24 IND(5)= INDEX
DO 26 T=1sN2
26 RFAD 109s A{T)sB(I)sCUI)sD(L)sELI)
RECORD (INDEX) (A(I)sB(I)sC(I)sD(I)sEC(T)sI=1sN2)
30 DO 50 M=1,3 " ‘
MM= 2#M+4 ‘
IND(MM)= INDEX
DO 31 1=1,13
31 READ 1025 DUMMY
DO 32 I=1sN1
32 READ 1125 A(T)sB(I)sCAI)sD(I)E(T)
RECORD ( INDEX) (A(I)vB(I),C(I)nD(I)oE(I)oI=1’N1)
IF (N2) 50550,33
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III (Continued)

DO 34 I= 144

" DO 34 1=1.4

34
36

18

50
101
102
106
109

‘112

READ 102s DUMMY

MM= 2%#M4+5

IND(MM)= JNDEX

DO 38 I= 1sN2

READ. 112+ A(I)WBII)sC(I)sD(I)sFEL(])

RECORD (INDEX) (A(T)sB(I)sC(INsD(I)sE(TI)sI=19sN2)
CONTINUE '
FORMAT(5Xs1593X91293Xe12)

"FORMAT(20A4)

FORMAT (25X 25X eF10e4)

FORMAT (4XsF10e23F12e¢29F12433F15629F1062)
FORMAT (6XsF12e19F11e39Fl2410 F14.1’515 5)
CALL LINK(PROGZ)

END
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ZZFOR
*t.DIS

20

50

60
70

82

30

11

40
41

42

IIT (Continued)

KPROG2

306 .

ODIMENSION lND(ll)oA(lSioB(lS),C(IS)oD(IS)oE(15)oGXX(Z)oHXX(Z)y_

1DISTO(15)+sDISTT(15) ,

COMMON N19N2'lND9GXX,HXX9DISTOoDISTT

DEFINE DISK (1070}

~FINDCIND(L))

CALL PLOT, (20100.007.007 0376090, Oo7-007-097.0)
M= 1

J= N1

PS= 0.0
BS= 0.0
PQ= 0.0
PB= 0,0

IF(M=1) 50550560
INDE= IND(4&)

GO TO 70

INDE= IND(5) ’ ,
FETCHUINDE) (ACT)oBUI1sCUI) oD sE(T)sT=1s)
DO 22 I=1sJ

CALL PLOT (0sC(I)sA(T))

PUNCH TAPE 82 '
FORMAT(23H96601111333355557777922)

PS= PS+A(1)

BS= BS+C(1)

PQ=PO+A(T) #%2,

> PR= PB+A(1)*C(1)

AN=J

DE= AN#PQ-PS*#2, .
H= (BS*PQ-PS*PB)/DE
G= (AN¥PB-BS#PS)/DE
BEND= T70#G+H

PEND = 7.0
IF (BEND-=7.0} 31+31+30
BEND = 7.0 .

PFND= (7.0-H)/G

CALL PLOT (0sH+0.0)
CALL PLOT (9+sBFNDsPEND)
GXX (M= G

HXX (M)= H

GO TO (40+42) M
IF{N2=2) 42+41441

M= 2 '

J= ‘N2

GO TO 20

CALL PLOT (99)

CALL PLOT (99040+0.0)
CALL LINK(PROG3)

END



ZZFOR
#L.DIS

12

50

60
70

82
51

61
20

21
22

23

102

III (Continued)

KPROG3
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ODIMENSTION IND(ll)vA(lS)’B(15)’C(15loD(lS):E(IS)nGXX(Zl'HXX(Z)n

1DISTO(15)sDISTT(15)
COMMON Nl'NZ’INDoGXX’HXX'DISTO’DISTT
DEFINE DISK (10+70)

M= 1
J= N1
G=GXX (M)
Hz HXX{M)

ABC= 1.0+ G*¥2,

RV= 1.0/SQRTF(ABC)

RH= G*RV

CALL PLOT (201+00037e097¢0974090, 097 0.7.0.7.0)
IF (M=1) 50+50+60

INDE= IND(4) .

GO TO 70

INDF= IND(5) : '
FETCH(INDE)(A(I)oB(I).C(I).D(I).E(I).I=1,J)
DO 20 1= 1,J

8B = G*(G*H-A(I))+C(I))/ABC
PP=(G*(GHA(T)+H-C(T1)))/ABC
"DISTN= SQRTF((C(I)-BB)**2.+(A(I)-PP)**2.)
PPROJ= DISTN#*RV

BPROJ= DISTN#RH+H v

CALL PLOT (90+sBPROJsPPROJ)

PUNCH TAPE 82 ‘

FORMAT (10H0337777339)

IF(M=1) 51951961

DISTO(I)= DISTN
GO TO 20
DISTT(I)= DISTN
CONTINUFE

GO TO (21923) M

IF (N2-2) 2322422
M= 2

J= N2

GO TO 12 . :

CALL PLOT (T)
PRINT 102

FORMAT (20HNEW PAPER THEN START)
PAUSE ’

CALL LINK(PROG4)
END



ZZFOR
*LDIS

IITI (Continued)

KPROG4
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"ODIMENSION IND(11)0A(15)0B(15)0C(15)9D(15)0E(15)9GXX(2)9HXX(2)9

IDISTO(15)sDISTT(15)

COMMON NloNZo!ND.GXX:HXX.D[STO»DISTT

DEFINE DISK (10,70)

CALL PLOT (201+0609+12¢0+12+0+124040

oOo7 097e¢09760)

C READ IN DATA OF E AND CURRENT FOR GAMA ONE OR TWO

.70
C SC

51
10

61

71

84
14

85
16

M=1
J=N1 :
INDE=IND{4)

FETCH (INDE)(A(I);B(])0C(l)0D(!)-E(I)0I I;J)

ALE THE DATA AND PLOT
DO 1 I=1sJ

IF (D(1)-80000.0) 1s1,2

CONTINUE

GO TO 4

DO 3 I=1sJ

D(I)= D(I1)=-40000.0
PRINT 103

DO 5 I= 1,J .
IF (E(1)=~8040) 54546
CONT INUE '
GO TO 8

DO 7 I= 1lsJ
E(1)=E(1)=4040

PRINT 104

IF (M=1) 5151461

DO 10 1=1,J _
A(1)=DISTO(1)

GO -TO 71

DO 12 1=14J

A(T)= DISTTI(I)

DO 14 1=1,J
D(1)Y=D(1)/710000,
CALL PLOT (O,D(I)-A(I))
PUNCH TAPE 84

FORMAT(44H96666011111111333333335555555577777777922220)

CONTINUE

CALL PLOT (99)
DO 16 1=1sJ
E(I)=E(1)/10Q.

CALL PLOT (OsE(1)0A(T))

PUNCH TAPE . 85

FORMAT (36H977701111143#34434676676761111193330)

CONTINUE
CALL PLOT (99)

¢ READ IN DATA OF VOLTAGE FOR GAMA ONE OR TWO

52

IF (M-1) 52452462
INDE=" IND(2)
Go To 72



IITI (Continued)

62 INDE= IND(3) v
72 FETCH C(INDE) (A(T)al1=1sJ)
SCALE THE DATA AND PLOT
DO 91 1= 1sJ
“IF (A(1)-80040) 91591492
91 CONTINUE :
.GO TO 9
92 DO 93 I= 1,J
93 A(I) =A(1)=400.0
PRINT 105
103 FORMAT (12HE SHIFTED 40 )
104 FORMAT (1BHCURRFNT SHIFTED 40)
105 FORMAT(18HVOLTAGE SHIFTED 40)
9 IF (M—=1) 53+53,63
53 DO 20 1=1,J
20 B{I1)= DISTO(I1}
GO TO 73
.63 DO 22 1= 1.J
22 B(I)= DISTT(I])
73 DO 24 I=1sJ
All)= A(I)/100.
CALL PLOT (0sA(I)4B(I))
PUNCH TAPE 87 -
87 FORMAT (42H977777012123233434545565676778781819333330)
24 CONTINUE . '
CALL PLOT (T)
PRINT 102
102 FORMAT(20HNEW PAPER THEN START)
PAUSE
IF (N2=2) 36432432
32 IF(M=1) 34,344+36
34 M= 2
J= N2 . ,
CALL PLOT (2019060+1240512¢0912¢0+Ge0976037+05740)
INDE= INDI(5) g :
GO TO 70
36 CALL LINK(PROGS)
END



Z2ZFOR
*L.DIS

200
10

60

20

62

22

64

24

41
201

42
202

310

III (Continued)

KPROGS 4 _ . : _
ODIMENSION IND(11)sA(15)9B{15)sC{15)sD(15)sE(15) +sGXX(2) sHXX(2)
IDISTO(15)sDISTT(15)

DEFINE DISK (10,70) o
COMMON N1 oN2 s INDsGXXsHXXsDISTOSDISTT
M= 1

J= N1

MM= 6 .
CALL PLOT (2019040912629862391262+040974014¢385,+740)
PRINT 200 . . '

FORMAT(8HBLUE PEN)

INDE= IND(MM)

FETCH (INDE) (ACI)sB(I)sC(I)eDI1)sE(I)sI=1eJ)

PAUSE

CALL PLOT (99)

DO 20 1= 1l.J ’

A(l)= ABSF(A(I))

AlT)= A(1})/10,0

IF (A(T1)=1,0) 20460560

A(T)= LOGF(A{I))

CALL PLOT (OsAlTI)eDISTO(I))

PUNCH TAPE 150

CONTINUE

CALL PLOT (99)

DQ 22 1= 1l.J

C(I1)= ABSF(C(I))

C(l)= C(1)/10.,0

TF(C(1)=1.0) 22462462

C(I)= LOGFI(CI(I))

CALL PLOT (0sC(I1)sDISTO(I))

PUNCH TAPE 151

CONTINUE

CALL PLOT (99)

DO 24 1= 19+J

D(1)= ABSF{(DI(I}}

D(T1)= D(1)/10.0

IF (D(T1)=140) 24464964

D(1)= LOGF(D(I1))

CALL PLOT (0OsD(I1)sDISTO(IY}))

PUNCH TAPE 152

CONTINUE

CALL PLOT (99)

GO TO (4194243 9444+45) M

PRINT 201

FORMAT(9HBLACK PEN)

M= 2 '

MM= 8

GO -TO 10

PRINT 202 .

FORMAT (7HRED PEN)



43
50
55

102

30

44

45

150
151
152
8888

IIT (Continued)

M= 3
MM= 10
GO TO 10 s
IF(N2-2) 8888+50+50
IF (MM-11) 55+8888+8888
= 4 .
MM= 7
CALL PLOT (T)
PRINT 102
FORMAT (20HNEW PAPER THEN START)

"PAUSF

J= N2

DO 30 1= 1,J

DISTO(I)= DISTT(I)

GO TO 9

M= §

MM= 9

PRINT 201

GO T0O 10

MMz 11

PRINT 202

M= 3

GO TO 10
FORMAT(34HOT7TT7T77022222444454666668R88889333330)
FORMAT (34H966T08112132334354556576T7787192220)

FORMAT(44H96666011111111333333335555555577777777922220)

CALL PLOT (7) v ‘
CALL EXIT
END

{
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