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Abstract

EXPERIMENTAL STUDY OF RUNAWAY ELECTRONS AND PLASMA
RESISTIVITY IN A PLASMA BETATRON
by

Mark W, Grossman
Advisor: Professor lLawrence A, Ferrari

A plasma betatron has been constructed to study runaway
electrons and plasma electrical resistivity in a magnet-
ized toroidal plasma, The 40KHz betatron induction field
has a maximum amplitude which can be varied from 1,5v/cm to
12,5v/cm, The azimuthal magnetic field has an amplitude in
the range of 300 gauss to 2000 gauss and is essentially con-
stant during the time of plasma formation and application
of the betatron field.

Argon and hydrogen discharges are formed with the use of
a small co-axial plasma gun., The plasma gun was developed
for use in the betatron. In both types of plasmas the
typical temperature and density are 15ev and 8:11012cc'1
respectively, Discharges with current maxima as high as
2.5 kiloamps and as low as 5x10'2 kiloamps (for the same

cycle of the betatron field) have been studied in hydrogen



discharges, The current range in argon discharges is
restricted to values of around 1 kiloamp for rapid plasma
formation,

Energetic X-rays, 75 Kev, are observed before the end of
the initial acceleration cycle in hydrogen and argon
plasmas, At low enough currents in hydrogen, energetic
X-rays appear at every cycle, The calculated energy of
freely accelerated electrons, so called runaways, would be
79 Kev, Thus the energetic X-rays are Bremstrellung
emitted by runaways hitting the vacuum chamber wall, To
within the experimental error, the X-ray emission time
depends inversely on the maximum electric field strength
and is independent of the azimuthal magnetic field
strength. This corresponds to a, so called, resistive
instability in which the equilibrium orbit of the runaways
is displaced into the vacuum chamber wall due to the
presence of a large conduction current, When X-rays are
not detected the equilibrium orbit lies initially out of
the vacuum chamber, Calculations show that when this is
the case, the runaways reach the vacuum chamber wall with
energies of about 2 Xev, The X-rays which are emitted
by these runaways are too low in energy to be detected with

our X-ray equipment,
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The measured plasma conductivity in hydrogen and argon
is about 100 times smaller than predicted by the Fokker-
Planck T"&aw ( 7 is the electron plasma temperature), It
is shown that this anomolous conductivity may be due to the
growth of ion acoustic waves with wavenumbers less than an
inverse Debye length. The plasma conduction current has,
typically, a non-linear form, which becomes more non-linear
as the conduction current is lowered. Different computer
models were developed to try to predict the current ampli-
tude, current column size, plasma temperature, phase between
the electric field and current, and the overall non-linear
wave form, For large currents, where the wave forms are
near linear in appearance, a linear circuit model of the
plasma betatron gave good quantitative estimates for the
plasma temperature and column size corresponding to meas-
ured phase difference and current amplitude, A non-linear
circuit model using a phenomenological time dependent
plasma resistance term, qualitatively predicts the ob-
served non-linear current forms,

Jonization rates by runaways were studied by the direct
summation of the number of electrons produced in an ioniz-
ing cascade, Also, certain parametric relations among

the external fields and the total runaway current are found,
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CHAPTER I
INTRODUCTION

The toroidal magnetic field configuration is one of
the classic magnetic field shapes used for fusion

research, Experiments related to fusion research such as

turbulent heating.i'z’3

5

anomolous resistivity.u'5 and
Tokamak experiments- utilize toroidal magnetic fields in
order to prevent the plasma from coming into contact with
the vacuum chamber walls, However, this configuration is
inherently a non-equilibrium one due to the fact that the
magnetic field pressure will be larger on the inner surface
of the toroidal plasma than the outer surface.7 Also,
particle drifts will cause plasma loss. To provide for
plasma column stability the toroidal magnetic field must be
twisted into a helical configuration. This is accomp-
lished in the Stellarator class of devices by a suitable
arrangement of external conductors which provide the
helical magnetic field. In Tokamak devices large toroidal
currents provide a poloidal field which in addition to the
toroidal field results in a helical magnetic field, From
the point of view of a single particle, the gradient in the

toroidal magnetic field produces a particle drift across

the lines into the vacuum chamber walls, The additional



twisting of the magnetic field lines, as measured by the
rotational transform, causes the drift motion for a certain
portion of the plasma particles to be directed toward the
center of the vacuum chamber rather than in a constant
vertical direction,

In order to heat the plasma large currents are
employed in Tokamak devices. To provide for stable
equilibrium of the current column two schemes have been
employed, The first method uses good conducting walls
surrounding the toroidal vacuum chamber. Image currents
produced in these walls provide the needed restoring forces
to maintain the current ring within the vacuum chamber.
A second equivalent method employs a vertical magnetic
field with the proper magnitude and field index for stable
equilibrium, For stability in the vertical direction the

field index, m , defined by M = '3’33‘2 must be greater

than 0 and for stability in the horizontal direction the
field index must be less than 3/2.8

As Tokamak studies have progressed a standard region
of stable operation has been established.9 This region
is bounded by a maximum and minimum toroidal current
region and an upper and lower plasma density region,
The first three regions are related to the Xruskal-
Shafranov 1limit. This limit defines the maximum possible

toroidal current for a given toroidal magnetic field.



Beyond this maximum the plasma column becomes kink
ungtable, To avoid this 1limit the q-factor must be greater
than 1, This factor is the ratio of the toroidal minor
diameter to the toroidal major diameter times the ratio of
the toroidal field to the poloidal field. At the lower
plasma density limit very energetic electrons are produced.
These runaway electrons carry most of the longitudinal
current, Associated with the runaway electrons is a dis-
ruptive instablity which may be related to the runaway
electron production.

The experimental device employed in this study
resembles a Tokamak, It has been designed to provide
suitable conditions for plasma confinement and production
of runaway electrons. A Pyrex toroidal vacuum chamber is
used and conducting coils encircle the vacuum chamber
minor circumference in order to provide the toroidal
magnetic field. Pairs of co-axial conducting loops whose
planes are parallel to the toroidal plane are located
above and below the toroidal plane., These loops produce a
betatron-type field. The induced voltage is in the
toroidal direction while the associated vertical magnetic
field provides stable equilibrium orbits for freely
accelerated electrons. The position of the coils is
ad justed as is the coil current distribution so that the

betatron equilibrium condition is satisfied and so that



the field index is between 0 and 1 over a large portion
of the vacuum chamber, The basic difference between the
plasma betatron and the Tokamak is that in Tokamaks the
vertical stabilizing field and the toroidal ohmic heating
electric field are independent of each other while in the
plasma betatron they are not independent. The Tokamak
fields are designed to stablize the conduction current
column while the betatron is designed to stablize the
runaway current in phase with the betatron magnetic field.
The "classical" plasma resistivity found from an

analysis of the Fokker-Fls'.ck equations yields the well

10

~3
known | formula, This formula has been used to

predict electron plasma temperatures from measured

resistivity. Experimental and theoretical studiestl 12,13

have shown that for large enough electric fields applied to

the plasma, the plasma resistivity can be much higher than
T % 14,15

predicted by the Fokker~-FPlanck formula, In

16,17 resis-

addition other experimental conditions give
tivity values which do not follow the T ™ law. This
anomolous resigtivity is caused by the enhanced scattering
of electrons from excited plasma waves produced in an
unstable plasma, Our experimental studies suggest the
exlstence of anomolous resistivity under certain exper-

imental conditions due to the existence of ion acoustic

waves., Some aspects of the experimental resistivity



results agree with known theoretical results.

Runaway electrons can be produced when a large
enough electric field is applied to the plasma. Above a
critical electric field strength the plasma resistance
is drastically reduced due to the inverse velocity
cubed dependence of the electron Coulomb collision
frequency. In this regime the Fokker-Planck equation is
no longer obeyed since the dynamical friction does not
balance the eleetric force, The critical fiehﬂ,Ec,
needed for this runaway condition is prorortional to the
ratio of plasma density to electron plasma temperature,
that is, Eé:\gz ;Es o« Due to Joule heating, electric
fields much less than the critical field may eventually
produce runaway electrons.

Previous runaway electron experiments have
shown the disruption of the runaway beam before the end of
the acceleration cycle even though the vacuum fields should
have provided for stable equilibrium orbits. In our study
of runaway electrons we have observed a particular depend-
ence of runaway disruption time on experimental parameters.,
This dependence has not been previously reported.

In summary, this study deals with an experimental

investigation of plasma resistivity and runaway electron

production in a low beta toroidal plasma, The major



experimental findings are discussed within the framework
of existing theories and with respect to previous exper-
imental results. Certain experimental data are expressed
and discussed in terms of typical Tokamak fusion reactor
parameters, Chapter II discusses the theories which are
relevent to this experimental study. They include the
single particle theory, the guiding center theory,
magnetohydrodynamic theory, and kinetic theory. 1In
chapter III a description of the experimental apparatus is
given as well as some of the fabrication details, Chapter
Iv describes the measurements of the external fields and
the results of these measurements, Also a description of
the technique used to shape the betatron field is
included. Chapter V covers the variovs plasma diagnostics
used and the basic mathematical relations needed for the
use of these plasma diagnostics, In some cases a detailed
description of the construction of the diagnostic instru-
ments is given. Chapter VI reviews the results of the
diagnostic measurements and in chapter VII two theoretical
models are developed. The first model deals with ioniz-
ation by runaway electrong while the second deals with the
plasma conduction current, In chapter VIII the measurements

are discussed and the principal findings are summarized,
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CHAPTER II

THEORY

In this chapter different descriptions of the plasma
state will be applied to the phenomena relevent to this
study. In particular, the single particle theory and
guiding center theory are used to predict runaway electron
orbits in the plasma betatron, The guiding center theory
is also used to discuss particle trapping. A one compon-
ent fluid theory is used to discuss plasma stability and
some reference is made to parameters important in Tokamak
stability., The Vlasov equation, i, e., kinetic theory, is
used to derive the ion acoustic wave dispersion relation
and growth rates. In a more general way kinetic theory is
used to describe previous results of theoretical and exper-
imental investigations of plasma resistivity. In chapter
VII a two-component plasma is studied by taking moments of
the Fokker-Planck equation for ions and the Fokker~-Planck
equation for electrons,

Conslider the motion of a single charged particle in a
combined betatron magnetic field (B4,0,B,) and azimuthal

1,2

field (O, B¢,0) as shown in figure 1, Both fields are

cylinderically symmetric and symmetric with respect to the
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Z=0O plane, or median plane. The particle motion is
considered in a region in which the sources of these

fields are abgsent so that the relevent Maxwell's equations

ares ¥*B=0
v-p=o

The non-relativistic equations of motion are

) d 1 -

R- _\t/. -&CVQB,_z.-.'g.’.‘ 2 B¢

B+S VeBp =S RBy

V¢ = PJQ

where a dot indicates differentiation with respect to time,
m is the mass of the particle, ¢ is the speed of light,
At 220 and R:R, Be satisfies the equilibrium equations

2
’_:Zﬁ = ~£ U4
7 < % Bro
These equations are relativistically correct when ™ is the

relativistic mass and one considers small energy per turn
gains, Let Xx=R-R, , We expand the components of the

magnetic field about the points 2=© and *»=0
= o8 b
Be= 8y + 3_:):( + _S%n) z

By = Bao + 3$¢)x ~ ej;b) 2

B}o* ->BE % -\-332)?-

B
2 Sx %

Using Maxwell's equations and symmetry conditions we have
. OB Oka
B 3_::;).* * _5;)03
BQ 3 Bgo - 2”
B. = < 35;){

Using the following definitions
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N= —Re. b ) Fie\d Taden
830 R /e
S, 2 3_5_00
™mc (,3‘\0'* con gfi\\)“““‘

we may write the external fields and the equations of motion
near the 2-o, R=R, region as follows:
Bo= "R B ®
B« Bro (%)
It is noted that Ampere'’s law is not satisfied by the
betatron fields in the approximation used, but the form is
a good approximation.
Bg:= Beo 3&
K+ wix (-m) = =V 2
4 n i0e = WX

Assuming solutions to these equations of motion of the

{wi
form Xe » the two possible values of w  are

()1 §1e el o §

We see from the linearized equations of motion that theBp

field has the effect of coupling motion in the x and 2
directions, For strong enough values of B¢ the motion
about the equilibrium position (2=o, R=?.) is composed of a
rapid gyration about the guiding center superimposed on a
slower elliptical drift of the guiding center as shown in
figure 2, The ratio of the length of the major axis to the
length of the minor axis is \JT-Q;{ . We note that the
solutions to the equations of motion are harmonic if m

satisfies the condition oLnLy
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Whether the orbit of an electron is stable or not can
be investigated by considering the equation of motion
expressed in terms of the vector potential A(Ag 4e,4:),

The equations of motion can be written a53
e 2 T .
x + l D_A_Q = - u)c%
r .23 Sy
2 0+ a® oA - WX
T D

For ®e=0 the condition for stability, to first order in
X, is that A¢ has a minimum at X:o and 2:0, When Be is
not equal to zero, the condition for stability is that the
vector potential has an extremum. The above equations are
relativistically correct as long as the energy gained per
revolution is small and -m is replaced by the relativistic
mass,

Runaway electron experiments using a toroidal device5
have indicated a parametric dependence of beam disruption
time %x on external fields., The following mechanisms
are dependent on the external fields and have been con-

sidered responsible for runaway beam disruption:

s L oosa Tt By
Negative mass instability6 ;x E:‘ﬁh“
7 . {222 bm >/2
Loss of vector potential minimum Ex ( AAJUT) .éL\
- 3
Resistive current instability3 Fx = A B e

V2
Field-Fried ion acoustic wave instabilltyet‘ (nstQ\_,Ast.)

where
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w= frequency of the betatron field
b= azimuthal magnetic field
4= azimuthal electric field
I= maximum azimuthal current
B = maximum betatron magnetic field at the equilibrium

orbit
M= field index
b= minor radius of the vacuum chamber
~= major toroidal radius of the equilibrium orbit
L= plasma current inductance
T= plasma temperature
m= electron mass

The resistive current instability appears to play an
important role in the observed absence of runaway
electrons during the large current discharges; therefore,
the details of this effect will now be given. In addition
to the runaway current, there will be current due to
electrons out of phase with the betatron magnetic field.
This conduction current produces a shift in the position
of the equilibrium orbit.

The displacement of the equilibrium orbit due to the

conduction current can be found in the following way:3
B; =1 _.)_(’LAQ)
N oOn

28¢ . B, - Ae
on

or n



(]
and By = Bao(ﬁ‘) = Beo (1-%,)
JAe _ - A
so that 5! = Bgo () %‘X_.)_ }_La

Agcan be expanded about the equilibrium orbit
A= A8 + =1 2Ae) 2

SRt /e

where 'DJA;: ),=o

The term %:f‘ )o can be evaluated by considering
2 5 dAe _ g -&3
dn | on 2 x o

SRR )

nr /g On

= 'NB” + Bzo
Ne o
=g T,
where one uses A3y . ,B,) - 2300 )°= Byo 20
Thus Aq,(’t) z NeBrety _;‘;_:,_9 ("‘sz
to second order in X.
To first order in X Ap= neBao
and %%‘ = By (‘-‘-‘-_,—’E)-Bao(“%,)
A
or %%0 = By ;_—o(n-:)
For the vacuum fields 2Ae = B, (-m)%
on Ne
while for the fields created by the current flow
Ky = £
N

where ¢*=1L1 , T= total current flow, L= inductance of

the current column,

ONe . =@ 4L 28

Thus Sn MR Madn

The runaways experierlce a vector potential given by
A‘ = AbQ + AQ

14
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2A )
where 3;:):0for stable orbits. At the equilibrium orbit
the self field will be zero provided that the current is
uniformly distributed about the equilibrium orbit and

toroidal corrections are neglected.

s oL (3&’) 2o
W ann, N 22 o . L

I
IS\ W S

(1}

Thus near the equilibrium orbit %éf

_ X _ LI
and O = Bao (-™, ZzAt

LI
or X = 2Tin, Baolt-n)

which represents the displacement of the equilibrium
orbit,

The vector potential well depth, 6 y, allows one to fix
the values of X and m .9 Since " must be between 0 and
1, an estimate of Q for stable orbits within the vacuum

chamber walls can be made,
S = Al — Ag(re)
= A ()

Thus from the expression for Aaq() derived above

1 2 Be g,
S= X w0 _ oA sE (-n
LoBo - % T
In this experiment
X= 2.5¢cen
N VA um

and we wish ~ to be T o.5

Thus & 237 .

The measurement of & is discussed in chapter IV,
In the presence of a strong toroidal field, the

guiding center approximation predicts the same motion as
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does the single particle theory. The guiding center
approximation considers particle motion to be made up of a
rapid gyration about the magnetic field lines plus a
slower drifting of the center of gyration. The veloclity
of the guiding center perpendicular to the magnetic field

is given by W, = % giﬁésl
where [f. is the force perpendicular to B ., Motion
parallel to the magnetic field is

LI

For freely accelerated particles in a combined betatron

plus azimuthal field the drift veloclty is given by
X = won 2

z--wo(t nNX 4+ 2.75"\3:
The % drift and the term linear in X in the =2 drift are

due to the betatron restoring forces. The second term in
the 2 drift is due to the gradient B-drift, The
characteristic length of the gulding center, the cyclo-
tron radius, is the distance between the center of
gyration and the charged particless; the cyclotron radius
is Re = T+

The characteristic time scale is one over the cyclotron

c®

W,z
< e

frequency

The magnetic moment of the gyrating charged particle is
L= gV

With respect to slow changes in the magnetic field, the

magnetic moment is constant, i.e., an adiabatic invariant,
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Plasma particles in the same external fields may have
very different modes of motion due to the trapping of
particles in external magnetic field wells. In the
toroidal configurations of this study one can distinguish
between trapped particles and untrapped particles.
Particle trapping occurs along the longitudinal direction.
This can be due to wells caused by the finite number of
azimuthal field coils or by the gradient in the helical
field lines which are produced by the azimuthal field plus
the poloidal field generated by the plasma current flow,

A toroidal field can be viewed as consisting of two
regions.15 The inner region is composed of continuous
magnetic field lines which do not branch and which may be
followed along the toroidal axis for an unbounded number
of turns. These lines do not intersect the chawm‘er walls,
The external region, not having these properties, is
separated from the internal region by the separatrix sur-
face. Since in magnetohydrodynamic equilibrium the
pressure is constant along magnetic field lines, the
inner region of a toroidal field is important for plasma
confinement. This is the region to be considered in the
following discussion,

Figure 3 shows a plane P perpendicular to the toroidal
axis inside the toroidal volume. A field line intersects

the plane P at a point which is called an image point. A
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field line may close on itself after n circuits about the
torus producing n image points or never close on itself
producing an infinite number of image points., For sym-
metric fields the image points lie on a closed curve in the
P plane., A magnetic surface is that surface where a mag-
netic line of force passes arbitrarily close to any point
on the surface, For small perturbations of the symmetry
only part of the lines of force form a magnetic surface.
The magnetic axis is that line of force which is surrounded
by a magnetic surface and transforms into itself each time
around the torus. A given magnetic field configuration
can have more than one magnetic axis,

The rotational transform, ! , is the angle of rotation
of an image point after one toroidal rotation. A given
magnetic surface is seen to be composed of closed field
lines if ;% is a rational number., One defines the
longitudinal flux P and the azimuthal flux X as the mag-
netic flux through a toroidal section transverse to the
major plane (constant b ) and the magnetic flux through
the region bounded by the magnetic axis and the line & =
constant ( © is the poloidal angle) respectively. The
rotational transform may be written in terms of the long-
itudinal flux and the azimuthal flux = 27r5§§- . For

the ratio of the toroidal minor axis to toroidal major

axis much less than 1, a cylindrical geometry is often
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used to approximate the toroidal geometry. For the case
of a straight circular cylindrical conductor of length L
carrying a uniform current along a uniform axial magnetic
field, B, , X can be easily evaluated, The azimuthal mag-
netic field is By= Ba o , where ®. is the magnetic
field at the outer edge of the current column, Integ-

rating over the azimuthal flux between =0 {0 n=oa

and 2=0 +to 2-=L for a fixed ® we have the azim-

: B, A

uthal flux given by X = B4 o

The longitudinal flux is given by @ =Tra® By
[

Thus - = e

For L=2TWR | R ig the major radius of the toroidal
field, for ©/R %1 | and for a uniform current
flowing parallel to a uniform toroidal field we have that
L= 2T % %:
Since the circular azimuthal magnetic field lines and the
longitudinal magnetic field lines must lie on magnetic
surfaces, these surfaces will be coaxial and circular in
cross section. Thus one expects a toroidal field to be
of this nature. The effect of ¢/R being greater than O
is to shift the centers of these surfaces.19
The existence of particle trapping by a corrugated
magnetic field represented by ©= B, (I- Ecosks) ig
easily shown. For no electric field, the guiding center

z -
motion parallel to B is ~m—zv'-'+““'3°(‘-€“°‘s»‘s>' E.
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Here E 1is the constant energy along the field line, %%;is
the wavelength of corrugation, € is the depth of corr-
ugation, and S is the distance traveled along the field
line, Particles are trapped if their parallel velocity is
zero at any magnetic field strength up to the maximum
value. This gives a relationship between the depth of
corrugation and the maximum velocities in the parallel and

perpendicular direction for trapping to occur,i.e.,
V“ o) ya Eé-

—

Vitey /I-€
A toroidal field, composed of a longitudinal field
plus a weak poloidal field, has the approximate form
B= B, (1-F) = B, (- g°s©) = B, (1-E(es®)

provided that 3% is much less than 1. Let the z-axis be
along a toroidal magnetic field line. After one circuit
the angle the field line rotates is denoted by R , the
rotational transform, Let S denote the angle the field
line rotates after traveling a distance S . Then one

s
obtains the equation S' P

- 2MR
R  has been evaluated for this situation, Thus
6= %, 9
L BO .
where R Ba is the

safety factor. So when B is viewed along the z-axis one
may write B= %o (_\' 6(058) < Bo( 1= ECO:’&OQ)
where R, = q_LR This means a

toroidal field of the type being discussed is corrugated
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and therefore particle trapping can occur., The projection
of these trapped orbits on a plane transverse to the
toroidal plane has a banana shape, explaining why these
are called banana orbits, These trapped particles diffuse
at a different rate than untrapped particles due to the
different step sizes in their motion, that is, the diff-
erence between the width of a banana orbit and the width
of a cyclotron rotation.

The second method of describing a plasma is through a
fluid or macroscopic model. The plasma is considered to
be a conducting fluid. The first and second moments of
the Maxwell-Boltzmann equation give rise to fluid-like

equations for the plasmau of the form

_:.ff Y- lpy)=0

P 3‘—:‘{ = -9gp+f
e is the fluid density, v the velocity, P the pressure,
and _f the external force acting on the fluid, Since
plasmas generally have very high electrical conductiv-
jties, it is a common approximation to neglect the dis-
placement current with repect to the plasma conduction
current and assume that the space charge inside the plasma

is zero. The additional equations used to describe the

plasma fluid are

wvxp- 407 v-E=0O
T = (E*.Z—KQ
UxE 2_%.35 J= 6 g~ )
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y-gro  gslyse
For an infinitely conductive plasma and an isolated plasma
one can show that the energy of the plasma fluid, E , is
1 2 B* -
gzev FET tem)aT = E
and E is a constant. Here one assumes an adiabatic
equation of state given by Pé’: covs tant .
Ay .
For plasma fluid equilibrium e = =0
or ¢ 3«2 =Yp
In a region in which B-=0, YpP*Oor P is a constant.
If Y P is not equal to zero than for systems in equilib-

rium -gp=0©

ey

.YP =0

which means that the constant p surfaces are also
surfaces of constant magnetic field. Using Ampere's law
and the relationship between J , B and p in equilib-
rium one obtains vip *_%:.) = "Ln(?.‘l)? .

One can easily show that a toroidal plasma of infinite
conductivity cannot be in equilibrium in the presence of
only a longitudinal %{ magnetic field. For this case
the magnetic field vanishes inside the plasma so that

YP=0 for equilibrium everywhere inside the plasma.
In particular, on the inner surface where R is smaller
and on the outer surface, where R is larger, P is the

same, The term(t};y)g is zero since we assume B is

B
cylindrically symmetric., Thus Y(p+aw)=0
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along the plasma surface if it is in equilibrium. Since
VP 1is zero the gradient of -4—57-;' must be zero, but b
varies as -& so that equilibrium is not possible with a
longitudinal field alone,

A toroidal plasma which is conducting a current
cannot be in equilibrium unless a magnetic field perpen-
dicular to the plane of the current ring is present.16

The magnitude of the required field is
- Ip gR -1

where A= 4 (( Lpa7+ <pa?) e
BI.
I LY
Bt\:"zc_o'l

& = minor plasma radius

R = major plasma radius

Ip= longitudinal current flow .
R¢ = internal inductance per unit length = J%f
Bo = poloidal magnetic field = Ba (1+ A cose)

If one knows the azimuthal magnetic field, an estimate of
the plasma pressure is seen to be possible,

The radial force acting on the current ring is given by

F= —20Rle (8,-80)

Knowing B‘L as a function of time, one can compute the
distance a8 a function of time that the plasma ring moves
due to the mismatch between B, and B,o .

In order for the plasma column to be stable against

displacement in the vertical and radial direction the
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field index M must have a value oc¢m <% , 1In order to
maintain the proper shape of the magnetic field surfacesl7
the poloidal 8 , 8 , must satisfy the condition

8o = ch(T,;'t:) < Ry
To avoid kink instabilities (;hd other magnetohydrodynamic
instabilities) the so-called safety factor,q, must be

greater than one for all values of the poloidal 2

_ % n
1@z g 7L
(]
The particular minimum value of q(») depends on the exact
17

nature of the current distribution.
Kinetic theory is a microscopic approach to plasma
phenomena which is very suitable for studying collective
effects., Here a brief outline of the linear theory of the
growth of ion-acoustic waves is presented. The linearized
Vlasov equation for electrostatic perturbations in the

absence of magnetic fields may be written a318

%%%'+ XY = -;gi,én'SLiko
Each charged particle species in the plasma (represented by
a different X ) obeys the Vlasov equation, The distrib-
ution function is £= $ *'F; . -Fo is the
initial equilibrium distribution function and 'F, is a

small departure from f; . E, is the electric field

\

produced by the perturbation in the plasma., One notes
= -V

that E Y&

and V', = - 4w é‘ﬁ ‘\ogg'&\\ Ay
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The plasma waves that are generated are periodic varia-
tions in ¢, . By taking the Laplace transform and

Fourier transform of the Vlasov equation one arrives at
the condition that the dielectric function, D(X%, %) ,

must be zero for solutions. This gives a relationship
between w and R . For a one dimensional plasma com-
posed of a stationary ion background on which is superim-
posed a drifting Maxwellian distribution of electrons, one
finds that the normal modes of oscillation are ion sound
waves and electron plasma waves, These modes will grow
provided that 4e/Ve and Te¢/T({ are large enough. The
sufficient condition for growth of ion acoustic waves is
Te>”T. and M.,>Cs, For #4,”Ve electron plasma waves
are unstable over a wide range of temperatures., The equil-

ibrium distribution functions are of the form

fou - (20';:{-)/ "T% mo‘%

Vo

Me -
foe: (ZT\!ETe “?% mz,_(“:—:\‘,) g
In order to be able to analytically evalug}e the
3‘:-40
dielectric function D(R,w)= |+ Z ——ﬂ’-‘j Ao
( T
one must consider waves of frequencies such that
w a3 - 0\
= I and el )r

The effect of these conditions, as seen by inspection of

$w~ \ADJ'L
figure 4, is as follows: For ions S.. =© when Z_*z

so that (;'!.:)&N“‘i;/&?u/&,) and for the electrons

> R .
when /'4'—);, so that U'—_—:xt_’;l‘k_(-”,ew . This gives the

:_i'eo :—_VO
D aa-
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following expressigqs for W, and W

was P,
Me (1_Ue Y
and W= -lw,._{" (/#)}2‘ /.§ xe r(T‘m, :(l E;JH&;")g

iy
‘ln: T . W. represents the imaginary part of

where
the wave frequency. The 4?5J::Fiilterm represents a wave
growth term. This competes with the other terms which
cause wave damping. The application of this analytic
result to experimental findings of this study will be made
in chapter VII,

In a very weakly ionized plasma, the plasma electrical
resistivity is due primarily to electron neufral collisions.
Runaway electrons do not occur since the scattering cross
section, G; , is independent of the electron velocity. 1In
this cage the collision frequency, ﬁ7 , is given by

’)’)3 MGy Vv
where M is the plasma density and V is the electron
velocity. Assuming hard sphere scattering in hydrogen

%2 and a plasma temp-

with a neutral density of 1x10
erature of 20 ev, one obtains a collision frequency of
v = 4x103. For a fully ionized plasma a Fokker-

Flanck collision terml’2

is used to evaluate the resis-
tivity due to electron-ion encounters. Since the Coulomb
gcattering cross section decreases as Yfv s , the Coulomb
collision frequency will decrease as Yv®, Thus for

strong enough electric fields the drift velocity is not



balanced by collisions and the collision frequency
approaches zero. The Fokker-Flanck treatment of electri-
cal conductvity including effects forelectron-electron

interactions yields the following expression for electri-

e /2
1.4 =10 -‘-(l‘)

s L —— eV

S A
[ 4
. 1D TE"“)
provided that ["4¢1 where ['= %;fL-E‘ji(/
[ 4
LA (TN NE
and N= zza‘é‘ Tine
The condition that r1 is much less than one allows the

cal conductivity C

Class

definition of a critical field strength, | For

cemcaL’

electric field strengths close to the critical field
strength, the classical conductivity formula is invalid
due to the generation of runaway electrons.3 Setting "

equal to one gives the definition of the critical field
| oY -t
strength E 5\ e (cc™)

rRipical '3 _
(4 '\;/tm) 6.6 X\D Vex®)

Only for electric field strengths well below the critical

field strength does one expect the value of the classical
conductivity to agree with observed conductivity. (See
reference 15 in chapter I.) For electric field strengths
near or above the critical field one expects free elec-
tron acceleration and a resulting increase of plasma
current with time, It is noted that in a partially ion-
ized gas one must take into account electron-neutral
interactions in order to compute the classical resistivit

correctly.u
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Flasma reslstivity has been studied in devices in which
plasma currents are formed by external electric field
strengths in excess of the critical field strength. The
resistivity is observed to be one or more orders of mag-
nitude higher than predicted by the classical T:whlaw.
Consistant with this is the apparant lack of runaway elec-
trons and observed disruption of runaway streams in some
experiments. The decrease in conductivity is due to an
enhancement of the electron momentum loss through wave-
particle interactions as, for example, in the generation
of ion acoustic waves.5

Anomolously low electrical conductivity has been ob-
served in various toroidal devices in which the applied
electric field is greater than the critical field. 1In
these cases a longitudinal magnetic field is used to
restrict plasma transport to the vacuum chamber walls,
Demidov, et al.,6 showed the presence of an anomolously
low conductivity plateau for a one electron volt plasma
electron temperature, a density of 1x1012 cc‘l, and an
electric field strength between 0.4v/cm and 20v/cm. For
an electric field larger than 20v/cm a continued fall off
of conductivity was observed. These measurements were
performed in a hydrogen plasma formed by plasma gun

injectors. Hamberger and Friedman7 studied the variation

of conductivity for field strengths from O.4v/cm to
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300v/cm, Their results did not show the Demidov, et al,,
plateau though their conductivity values appeared to
agree, within a factor of two or three, with the Demidov,
et al., value near the plateau region. The Hamberger and
Friedman conductivity decreased monotonically with elec-
tric field strength until the electric field strength
reached 100v/cm and then a second plateau was reached,
Hamberger and Friedman claimed that the conductivity
scaled as (ggifSQ“', where ™:¢ = ion mass, ™Me = elec-
tron mass, and m = plasma density. This agrees with the
conductivity that would result from a two stream electron-
ion interaction.8 Vah, et al..9 studied anomolous resis-
tivity for electric field strengths in the range of 38v/cm
to 71v/cm. They found values which decreased with
increasing field strength, as did Hamberger and Friedman,
but their numerical values seemed to agree best with the

10 provided they chose the inverse of the

theory of Dupree
ion acoustic wave number to be equal to one Debye length,
The dependence of the observed resistivity on the applied
electric field strength was not explained. In the exper-
iment of Hamberger and Jancarik11 conductivity for field
strengths from 100v/cm to 500v/cm were studied., Here

regimes corresponding to two stream instability and ion

acoustic instability were found depending on the ratio of
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electron drift velocity to ion acoustic speed 4%f and
the ratio of electron drift velocity to the average
thermal velocity '%f . For “w4$7l and /7 <\ ion
acoustic waves were believed responsible for the measured
resistivity, For ./y,> | the conductivity was found to
agree with the results of Hamberger and Friedman, Table 1
summarizes these experimental results,

Theoretical estimates of plasma resistivity have been
made for electric fields greater than the critical field.
The electron-plasma wave regime, or two stream instability
regime, has been investigated by Buneman12 and Sizenenko
and StepanoviB. Their expressions for conductivity are

Woe ) [ AL /s
Bunemant G= “Ft3 (-;,;‘)
Sizenenko and Stepanov: (= whe
2T Wwpe
where “». and \Wp: are the electron plasma frequency and ion

plasma frequency, respectively. The electron-ion acoustic

wave interaction has been investigated by Sagdeev,11
Dupree,10 and Sizenenko and Stepanovlu. The expressions
for conductivity in these cases are given by
- P Ve w

Sagdeev: G= 10 T ::-_‘ a_."[‘
Sizenenko and Stepanovs G = Wpe m

8 e
Duprees C= (32)* wpe

xrA

]
where Ao is the Debye length and _k is the ion acoustic

wave number of greatest growth rate,
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EXFERIMENTAL RESULTS OF OTHER RESEARCHERS
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f§¢ 0.4 tok0 0,7 to200 38,50,71 100t0500
V/OW\
n o | 10ot? 10ll4010!3 | 3x10!?  [10'lto10%)
cC
Other re-| 10°MHz plasma col-| TeTi for |wave spec-
ported umn size first part |trum using
easure- of trial high freq-
ments uency
probe
G not meas- 7.5x1011at 1.1x101f, 5; =25t05
a3 urable plateau 5.4x10y7, Pe
esvV 1.1x10
G£P~3’\ 2.8x1012 5x10i§to not report-|not report
es at plateau | 3x10""at ed ed
plateau
ssumed electron- Buneman Dupree Different
heory to jon acous- | 2-stream regimes
it data tic found

#*Hirose, et al..(1970)20

200 MHz,

measured plasma fluctuations near



FIG. |

field
(Q,84,0)

33



Fi6.2




F\G. 3

35



FIG.4



10,
11,

12,

37

REFERENCES

CHAPTER II

L. A. Ferrari and M, S. Zucker, Particle Accelerators
2, 121 (1971),

J. G, Linhart, Plasma Physics (North Holland Fublish-
ing Company, Amsterdam, 1960),

L., A, Ferrari and M. S. Zucker, The Physics of Fluids
12, 1312 (1969).

G. Schmidt, Physicg of High Temperature FPlagmas
(Academic Press, New York, 1966),

L. A, Ferrari and K, C. Rogers, The Physics of Fluids
10, 1319 (1967),

R. W, Landau, The Physics of Fluids 11, 205 (1968).

L. A, Ferrari, The Physics of Fluids 12, 2203 (1969),
E. C, Field and B, D, Fried, The Fhysics of Fluids 7,
1937 (1964),

L, A, Ferrari, Fh, D. Thesis, 1965 Stevens Institute
of Technology, Hoboken, New Jersey.

T. H. Dupree, Fhysical Review Letters 25, 789 (1970),.
S. M, Hamberger and J., Jancarik, The Fhysics of Fluids
15, 825 (1972),

0. Buneman, Physical Review 115, 503 (1959).



13,

14,

15.

16,

17.
18,

19,

20,

38

V., L, Sizenenko and K, N. Stepanov, Plasma Physics 13,
1033 (1971).

V. L. Sizenenko and K, N, Stepanov, J.E.T.P. Letters, 9,
282 (1969).

A. L. Morozov and L, S. Solov'ev, Reviewg of Plasma
Phygics, M. A. Leontovich, Editor, (Consultants
Bureau, New York, 1966), Volume 2.

V. D. Shafranov, Reviewg of Flasma Fhysics, M. A.
Leontovich, Editor,(Consultants Bureau, New York,
1966), Volume 2,

L. A. Artsimovich, Nuclear Fusion 12, 215 (1972),

N. A, Krall and A, W, Trivelpiece, Principleg of
Flasma Physics (McGraw-Hill Book Company, New York,
1973).

J. M, Greene, J. L. Johnson, and K. E, Weimer, The
Physics of Fluids 14, 671 (1971),

A, Hirose, et al,, Physical Review Letters 28, 1185

(1972).



39

CHAPTER III
EXPERINENTAL APFARATUS

The apparatus used1 is shown in figure 1 and consists
of a toroidal vacuum chamber made from two Pyrex semi-
circles, These sections were bent from standard 5,08cm
inner diameter Pyrex tubing. The major diameter is thirty-
eight centimeters. Two 3.8icm inner diameter straight
sections of Pyrex tubing are connected through the walls
of the torus and serve as access ports. The semicircular
construction was necessary in order to sllow for twelve
coils, six on each semicircle, to be placed around the
minor circumference of the torus. The coils of 15.2cm
outer diameter, 10.0cm inner diameter and 3.40cm thickness
have a 2,87 microhenry inductance and supply an approx-
imately six millisecond wide longitudinal magnetic field
pulse, Field strengths in excess of two kilogauss have
easily been obtained,

The coils were constructed by first winding 160 turns
of number 12 A, W, G, single cotton, single polythermalize
copper magnet wire on a spindle. The wound coil was then
placed on a form which was filled with epoxy., This was

placed into a vacuum oven which was slowly evacuated to



Lo

allow any air bubbles to escape from the epoxy. Heating
the epoxy decreased its viscosity helping it to flow
between the wire layers and decreasing the curing time,

The longitudinal magnetic field coils are held in
place by two sheets of Benelex (61.0cm x 61.0cm x 2,S54cm)
with concave wells machined into the sheets, The plane of
the sheets are parallel to the toroidal plane and are held
in place by twelve 2.54cm plastic rods, twelve tubular
spacers and nuts, The toroidal glass chamber was sealed
by wrapping the joints in fiberglass cloth and applying
successive layers of epoxy.

Two coaxial loops of Litz wire are embedded into each
sheet of Benelex. The inner loop has a major diameter of
24,0cm and the outer loop has a major diameter of 52,0cm.
The inner loop is made up of seven bundles of fifty-nine
loops of number 36 wire wound 80.5 times around a quarter-
inch Teflon rod in the form of a helix. The outer loop is
composed of seven bundles of sixty loops, each of number
L0 copper wire. With these coils we expected a current
division of 1,000 to 0.775 between the current in the
inner turn and the outer turn,

Using the analytic form for the magnetic field due to
a circular loop of wire2

B. = 2 T . [: Ky R L - EL: E(&")J
2 2 4 R.'L)‘ -+ 1‘3 ‘2 (R;'I[)‘*l
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4R, n . - s
—n R = /e rad;es
X = (R, +n)ie2’ ) o™ 1P

and using the polynomial approximation formulas for ellip-
tical integra183 one can calculate the magnetic field,
vector potential, and field index »m at any point within
the toroidal vacuum chamber, Figures 2 and 3 show the
calculated variation of the vector potential as a function
of position and the calculo.ted variation of the betatron
magnetic field as a function of position, The computed
value of the field index m near the vector potential
minimum is 0.36, The coil dimensions were originally
computed by Skarsganrd and Gore1 for a similar experi-
mental device,

The plasma is formed by the use of a plasma gun,
Several types of plasma injection devices were investig-
ated. The first type studied is a single element gun as
shown in figure 4, A number 18 copper wire is placed
through a lavite cylinder placed in the center of a brass
plate. The plate fits onto a three inch Pyrex pipe
assembly which is evacuated by a diffusion pump, Back-
ground pressures in the 10'6 Torr region are attained., A
spark forms between the copper wire and brass plate when a
capacitor is discharged through the gun, This causes a
plasma to be ejected down the Pyrex pipe. A double

Langmuir probe3 was built to try to measure the plasma
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density and temperature but could not be succesfully used,
A possible cause of difficulty was the lack of D. C,
isolation between the gun and probe circuits, This
apparently resulted in direct conduction of charge from the
capacitor to the ground of the probe circuit.

A second type of gun that was built is a button gun.u
Farallel wires were inserted into a cylinder of Lavite as
shown in figure 5. Again the Lavite was mounted into a
flange and attached to a Pyrex tube assembly., A spark
forms between the two wires ionizing some of the wire and
propelling plasma forward, Both tungsten and copper elec-
trodes were used. Designs having different wire diameters
and different spacings of the wires were tested. All
designs lasted not more than 50 to 100 discharges., A diff-
erent design was required which would last for many more
discharges,

A third type of plasma gun that was built was a small
coaxial gun, Figure 6 shows the final gun design used.
The gun is similar to that of Fuentes and Forsen.5 A
ma jor difference is that instead of using an occluded
hydrogen electrode a copper electrode was first used. It
was found that gun breakdown would not occur with back-
ground pressures below 101:10"3 Torr of argon., Feeding gas

through the gun into the vacuum chamber did not improve
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this performance appreciably, However, when a stainless
steel screw is inserted through the outer copper tube and
placed 0.013cm from the inner electrode regular breakdown
occurs at neutral pressures as low as 31:10"6 Torr. (The
limit of the diffusion pump.) With the first working
model only about 500 discharges were created before the
center electrode came loose due to insulation failure of
the epoxy seal, The coaxial gun design was modified to
prevent the ejection of the center electrode. The gun
cable was also bent about 45 degrees so that the injected
plasma would be traveling parallel to the longitudinal
axis rather than perpendicular to it as in the first
coaxial design. Both copper and hydrogen occluded titan-
ium center electrodes are used, The useful gun life is
very long, After several thousand discharges the starting
screw may be reset, the gun cleaned out with a solvent,
and reused,

The hydrogen occluded titanium gun injected large
amounts of plasma into the toroidal vacuum chamber for the
first several hundred discharges, Two guns mounted in
each access port were initially used to try to inject a
uniform amount of plasma into the vacuum chamber. Ob-
serving microwave transmission cutoff we could estimate
the speed and density of the injected plasma, The injec-
ted plasma traveled with a longitudinal speed of about
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2x106 cm/s and diffused to the vacuum chamber walls after

30 microseconds, The rapid diffusion may be exrlained by

an analysis of the guiding center motion of the ions.8 Due

to the drift motion of the injected plasma‘'s electrons and
ions in the curved longitudinal magnetic field the ions

travel to the vacuum chamber walls with a radial velocity

_A_\.ll- = \/n2 * V.:-/Z
Ak R
where R is the major toroidal diameter, V. is the

given by

longitudinal ion speed, Vg is the radial ion speed, andV,

is the ion motion perpendicular to the longitudinal mag-

r A
netic field, IfVv,«v, than 2R M and the
Ax R X

V
N . . . < £ N
plasmoid is confined to circular motion. However, if >

2
is comparable to V), , then the plasmoid has an accel-
2
eration which is greater than %%- and will move toward
the vacuum chamber wall across the magnetic field lines,

The radial acceleration is given by

A% Vi Vi
X ® IR
and .%,,K: = RT

Thus we can estimate the required ion temperature needed to
produce the observed diffusion time, This turns out to be
of the order of 0,5 electron volts, So one would expect
the rapid diffusion of the injected plasma to occur for an
jon temperature of about 0.5ev,

Capacitors were discharged at different times in order
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to provide the betatron field, azimuthal magnetic field,
and gun discharge. The timing of the discharges is shown
in figure 7. Ignitron switches are used to activate the
capacitor discharges., In order to provide the several
hundred volt pulse needed to close these switches, ampli-
fying networks were used consisting of a pulse generator, a
Schmidt trigger circuit, and a hydrogen thyratron circuit,
Figure 8 shows a schematic diagram of the triggering net-
work, There was considerable difficulty in obtaining a
consistent sequence of firing of these circuits. Isolat-
ing the individual circuits as much as possible rather
than using a common ground seemed to provide a more re-
liable firing sequence, Isolation transformers were used
between the pulse generators and Schmidt trigger circuits
and between the thyratrons and ignitrons. The particular
choice of 120v a, c¢. outlets used and whether the a. c.
grounds were floating or not affected the sequence of
firings. Also the reliability was variable from day to
day even though no changes were made in the system, After
the equipment hookups were arranged to minimize incorrect
sequences of discharges it was found that by building more
efficient transformers between the thyratrons and igni-
trons a reduction in the thyratron capacitor voltage was

possible. This appeared to reduce errors in the timing of

the discharges.
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FIGURE CAPTIONS

Figure Fage Caption

1 b7 Diagram of Plasma Betatron

2 L8 Computed A4 as a Function of R
and 2 .

3 b9 Computed ®32 as a Function of R
and 2 .

Y 50 Single Element Flasma Gun

5 51 Button Flasma Gun,

52 Coaxial Plasma Gun Used For

Measurements,

Vi 53 Timing of Discharges For Plasma
Betatron,

8 sk Discharge Timing Circuit Schematic,
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CHAPTER IV

MEASUREMENT OF EXTERNAL FIELDS

From the calculations discussed in chapter III, it is
known that in order to attain the properly shaped betatron
field the current division between the inner coils and
outer coils should be 1,000 to 0.775. Figure 1 shows the
circuit used to try to determine the current distribution
between the inner coils and outer coils, An external re-
sistance, Ry , is placed in series with the outer coil,

Lo . Similarly Ri' another external resistance, is
placed in series with the inner coil, L. Using an
approximately 100 KHz oscillator signal and measuring

the voltage drops across Ri and Ko one obtains
L. Vi A

To Vo R¢

From this measurement it is found that
i _ /.-000
"j_—: = o.v000

This is in agreement with the apparant lack of a vector
potential minimum as measured by a radial probe(to be
discussed later in this chapter). In order to redistrib-
ute the current, small inductive coils are placed in
series with the outer loops. The needed coil induction

size is estimated to be approximately 0.1 microhenries,
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The correction coil dimensions are 1.27cm long and 0,64cm
in radius., Coils with four turns, six turns, and eight
turns are constructed and tested with respect to achieving
a vector potential minimum. Figure 2 shows the circuit
ugsed to measure the coil inductance. A known resistance,

R , is placed in series with a vari able frequency sine-
wave generator and the coil to be tested, The coil imped-

v.i
ance is given by oo = -ji' R . By plotting
T
Z,ﬁ. against the oscillator frequency squared (or 2.,

versus frequency) and determining the slope of this
straight line, the coil inductance can be found. Freq-
uencies from 0,1VMHz to 2,0MHz are used, It is noted that
any change in amplitude of the oscillator voltage is comp-
ensated for in this measurement. The measured inductance
of the eight- and six-turn coils are approximately 0.42uh
and 0,17uh, From this we can estimate the four-turn coils
to have an inductance of about 0.l1uh, The inductance of a
single coil making up the betatron primary is approximately
luh,

The experimental determination of AyRand B, (R) is
carried out by two methods, The first method uses a radial
probe. The ¢ (azimuthal) coordinate and Z (vertical)
coordinate are fixed ( 2°°is taken to be at the median
plane, while ¢ is varied for different sets of radial

measurements)., The radial probe is composed of a .64cm
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square nylon form wound with 100 turns of number 40 wire.
This is mounted on a plexiglassruled rod, which slides on a
wood track. The assembly is designed so that the center of
the pick=-up loop is in the medisn plane,

In order to measure the field configuration, a large
enough current must be sent through the betatron coils.
Both a variable frequency oscillator and a power amplifier
are used to produce a high frequency (50 KHz and 116 KHz)
current of suitable amplitude. The probe voltage was
first measured by means of Techtronix 551 oscilloscope
using a Differential Comparator Amplifier-Type W plug-in
unit, PR, was sampled at 1.00cm intervals from the
common axis of the betatron coils and in the median plane.

The value of By averaged over the area of the pickup

- E
loop, By, is Ba * SAN where &€ is the
induced probe voltage, w is the driving frequency, A is
the probe loop area, and N is the number of turns in the

probe. A¢ and Bz are related as follows:

yxA = B
Integrating this equation over the area of the median
plane of radius K , j,?"‘,é dA = f.?"!..A
or [aad s J 3, 4A

Since ’6 is azimuthaly symmetric and the total flux is § >

we have that As= 7=

One can calculate & from the —B.g measurements by
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dividing the area TR* into circular strips and cal-
culating the average flux through each strip. The average
flux through each strip is proportional to
LY k 3

( B "biu) (R - Rc)

and the total flux up to radius Rj is
a
5(1533 % % (31‘.Bi4\)(kiﬂ'ni)
Lt=0

and Agp(Ry): i"is ‘%:0( Bor Bin) (R‘m - R‘;)

When this was first attempted it was found that Bl could
not be determined precisely enough using the differential
comparator, This was due to the drift of the oscilloscope
trace and amplitude fluctuations of the signal oscillator.
The amplitude fluctuations were, in practical terms, elim-
inated by the use of a voltage line regulator connected
between the power amplifier and the 120 volt a, c, line,
The oscilloscope drift could not be eliminated, therefore
two vacuum tube volt meters (V.T.M.) were used instead,
One V,.T.M. measures the induced voltage on a probe coil
fixed near the center of the betatron, thereby monitoring
any changes in the power amplifier output. The other
V.T.¥V. is connected to the radial probe. These measure-
ments allow determination of changes in A4 to several
tenths of a percent, It is found that the presence of

the B¢ coils affect the shape of A¢ . Figure 3 shows
the radial probe measurements of A¢$ with all the BQ

coils in place for different size correction coils and at
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two frequencies of the betatron field., Several different
azimuthal positions are selected and the vector potential
is remeasured. The vector potential dependence is found
to be very similar, Using the radial probe measurements,
the M values for the eight-turn correction coil are
shown as a function of radial position in figure 4. One
shortcoming of the radial probe technique is the fact that
only regions between the azimuthal field coils can be
sampled.

One can measure A4 more directly by constructing
circular loops of wire which lie in the median plane. The
loops enclose magnetic flux, § y, in an area of TR* and
Ay = %%1 . The circular probe is constructed by milling
out seven circular concentric grooves in a sheet of
plexiglass and placing five turns of number 40 wire in each
groove, The radii are 16cm, 17c¢m, 18cm, 19cm, 20cm, 21cm
and 22cm, Using a V,T.M. and a high gain differential
amplifier, the shape of the vector potential can be found
by the following procedure:s The voltage across one loop
is used as a reference potential, The potentials across
the other loops are subtracted from this reference poten-
tial, and from these differences and the reference poten-
ial value the shape of Ag (R) can be determined. One has
Ag(Ry- gD | Ei and  Ag (RY: 2

LA N 2N WR(
where the subcript o refers to the reference potential, w
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is the signal frequency, & is the induced probe voltage,
and R is the radial position. The change in A4 from

R. to R: is AAGRY: AeLR - Ae(®i) = b, (€éisZ &)
The relative changes in A¢ , as measured with respect to
the reference value, %e%%:, are plotted in figure 5. Data
for the eight-turn and four-turn correction coil taken at
116KHz with the circular probe are shown. It is noted
that the vector potential measurements using the eight-
turn correction coil when carried out with the radial
probe agree, qualitatively, with those done with the cir-
cular probe. The four-turn correction coil measurements
appear to be in disagreement in that the radial probe
measurements indicate a lack of vector potential minimum,
while the circular probe indicates the presence of a min-
imum., This disagreement may be due to the changes in the
vector potential created by the presence of the azimuthal
coils and by the measurement error in the circular probe
method.

The value of the azimuthal magnetic field at the
equilibrium orbit is determined by using the same radial
probe as in the vector potential measurement. The center
of the probe is positioned at the equilibrium orbit
position (assumed to be 19,0cm) with all the B¢ coils in

place and connected to a 54uf capacitor. The capacitor

is charged by a high voltage power supply and then dis-
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charged by means of an ignitron switch., The induced probe
voltage is integrated and displayed on the Techtronix 551
oscilloscope. The oscilloscope trace is photographed and
from the measured voltage and probe dimensions it is deter-
mined that the B& value is

| Bal = ©-68 Kgavss /Kiort
so that a 1,0kilovolt voltage across the capacitor gives
an equilibrium orbit ©é of 0.68 kilogauss. The measured
half period of the B¢ field is apprcximately 6 ms,

In a similar fashion the betatron magnetic field
strength in the z~-direction is found. Here a 10 uf cap-
acitor is used. Utilizing the same 100-turn radial probe
as above, it is found that the peak value of B3 at the
equilibrium orbit is

| Bl = 25.0 3-.».;/;../*
to within about ten percent., A ten-turn loop gives the
value of 23,1 gauss/Kv, but this determination is not
congidered to be as precise as the above value due to the
relatively large area subtended by the probe leads in the
ten~turn loop compared to the 100-turn loop. A single
loop of wire parallel to the azimuthal direction is also
used, In this case the integrated induced voltage is
proportional to the average magnetic field over the
entire area of the equilibrium orbit. Half of this value

is equal to the value of the betatron magnetic field at
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the equilibrium orbit, These results are in approximate
agreement with the radial probe results,

The time dependence of the vertical betatron field can
be obtained by analyzing the induced voltage across the
radial probe. One assumes that the primary circuit of the
betatron (figure 6) is composed of a capacitor, < ;
charged to an initial voltage, Vo ; a resistor, R ; and
an inductance, L , When the switch, S , is closed, a
current, I , flows in the primary, The mutual inductance,

M , links the primary circuit to the secondary circuit
which consists of the total plasma inductance, R , and
the total plasma resistance, -~ , The total plasma current

is A ., The coupled circuit equations are (figure 6)
Qe + IR+ L%+ MmM4% =0

. i 4™ &l =0
secondary *~™ v X S /at

primary

where QQ = CV  ig the charge on the primary capacitor,

The coupling constant, % is defined as
WA

X: o

and is a measure of how much of the primary flux passes
through the secondary circuit, For two overlapping
circuits occupying the same region of space R~ would be
1, We see that the “\-§%f term in the secondary circuit
equation is equivalent to a driving voltage term. By
determining the electric field in the region of the equil-

ibrium plane, as is described above, one can calculate the
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the mutual inductance of the circuit by knowing "%/f
From the L of the entire betatron circuit and the calcu-
lated R of the plasma column the coupling constant can be
estimated. When no plasma is present the primary circuit

obeys the equation1

Assuming Q- Q. one finds that p= -¥? Lw

where ¥ = R/2L and w = W

Thus Q= "2#-‘”“‘”"” where K=Cl, —ﬁ—:;‘:: and 1o ¢=%
This gives Tge k'e ™ coscwt-0)

where 'z (waEP)E and @' ¢—g z '55.'

The expression for ¢’ ugses the fact that ¥ <<w | as

will be shown,

As mentioned above, the integrated induced voltage
acrogs the radial probe is proportional to ¥4 , which
in turn is proportional to "IA\} . Therefore, by plotting
log €E¢ as a function of time for the peak ¢ values

i(i‘___lt)=¢> ), one can determine ¥ ., The frequency is

( at "o
obtained by averaging the zero crossing times. From this

one gets w=2.52 x'O{*o.oSnor_.'_;:‘! and K< r085%0'% °‘°5"’°45$m\
Thus one computes L and AR to be

L = 3.21{10"6 henries and R = 0,077 ohms.
Using a bridge circuit it is found that the d.c. resistance
of the four betatron coils alone is 0.052 ohms, To esti-

mate the mutual inductance it is assumed that
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V= N:‘\_’; = Vocoswrt where Vo= I oM™
Referring back to figure 6, one sees that when S is
closed, C can be considered as a voltage source for L
and R , In general, the current and voltage in the
cittuit can be represented as Fourier integrals2

Ty & [T &30 and \/(;)z_zL“Svu,{“”‘ A w
Fourier analysing the circuit equation

V: IR+ L %5
and noting that IT:0 at A =9 one finds that
Vo2 2wXo where Zw® R+jwl

In this case it is assumed that I(#) andV(*) are com-
posed of one Fourier component, that is, the primary
circuit is nearly sinusoidal, For Vo= 6.05x103 volts
and Z=Jo'W ¥R | = 0,81 ohms one gets I_= %
= 7.l+x103 amps. The measured electric field strength is
7.0 volts/em, Thus the induced voltage in the secondary is

Vs * §§*—§‘ = 2Tk, E = 8,4x10% volts
The mutual inductance is found to be ™ = 4,5x1077 henry
and the coupling constant is X2 = 0,34, The value of the
secondary inductance is found from the expression2
R, = 4“\0(\‘38—,}"% . Assuming that the secondary
current column has the following dimensions:

b = major radius = 19,0 cm and A = minor radius =
2,50 cm, It also must be assumed that the current is

uniformly distributed through the vacuum chamber,
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CHAFTER IV
FIGURE CAFTIONS

Caption
Circuit Used for Current Distrib-
ution Measurements
Circuit Used for Coil Inductance
Measurement
Measured Variation of AQ Versus
Radial Position via Radial Probe
Field Index in Median Plane as a
Function of Radial Position
Relative Vector Potential Versus
Radial Position via Circular Probe
Equivalent Circuit For Flasma

Betatron
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CHAPTER V
FLASVMA DIAGNOSTICS

In this section those techniques used to measure
plasma parameters are discussed. Langmuir probes1 have
been designed and constructed to measure the density and
temperature of the plasma formed in the toroidal vacuum
chamber, The probes are also used to find the plasma
density as a function of radial position, that is, the
density profile., These measurements are averaged over
several cycles, This is necessitated by the shot-to=-shot
variation in the discharges. Because the betatron uses a
glass vacuum chamber, the chamber wall does not act as a
good reference potential; therefore, instead of using a
single element Langmuir probe, a floating Langmuir probe
is used in which two electrodes are placed into the plasma,
A potential difference is placed between the two electrodes
and current is drawn through the probe. The current drawn
depends on the applied voltage and the number of charged
particles approaching the electrode surface, The latter
depends on the probe area, the plasma density and the

plasma temperature, Figure 1 shows a cutaway view of a
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typical Langmuir probe used. Both Nichrome and tungsten
wires are used for the electrodes., Double bore alumina
(re-cyrstalized aluminum oxide) is used to hold the elec-
trodes in place. The electrode area exposed to the plasma
is approximately 0.Olcm2. The smallest electrode sep-
aration used is 0,013cm while the largest is approximately
0.076cm,

In order to measure the current drawn by the probe
when a voltage, \4 , is applied between the electrodes, a
resistor is placed in series with the probe electrodes as
shown in figure 2. The voltage, V, , is supplied by a
Suf capacitor, (C , charged from -200v to +200v by means of
a 240 volt Eveready number 241 dry cell., The voltage
across the 2.2x102 ohm resistor is determined by the use of
a one-to-one isolation transformer and an oscilloscope
terminated by a 1000 ohm resistor. The purpose of the
isolation transformer and the battery is to avoid direct
conduction from the gun discharge through the probe ciruit,
Several pulse transformers2 were designed and tested. The
response to a square wave pulse of height, \V/ , has been
observed in testing the different transformers that were
built, Little droop is required for about a 100usec pulse
width, while rise times of 1 usec or less with little over-

shoot is also required., A 5.04cm by 3.49cm lamenated core
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(Arnold Engineering number A12) is used. Eighty turns of
number 40 copper wire in both the secondary and the prim-
ary are first wound onto a paper form ( a section of a
computer punch card) which than fits snuggly onto the core,
It is found that the turns should be as close to each other
as possible and that each turn has to be placed adjacent to
the next turn rather than wound in an overlapping manner,
This technique permits the construction of a fast rise time
(1 usec) and efficient (greater then 90 percent efficiency
for 160 usec wide pulses) pulse transformer. The overall
distortion of the calibration square wave is small.

The 1000 ohm terminator is found to give the best per-
formance characteristic of the transformer circuit with
respect to the square wave calibration pulse., The relation
between the voltage across the probe, V , and the probe
circuit current, L , is V=Vo-IWR where V., is
the voltage applied by the battery., The voltage drop, TR,
is measured by the oscilloscope and shown as ‘VQ in figure
2. A less than ten percent correction must be made for the
transformer efficiency. By plotting I versus V , a
so-called Ir V characteristic is obtained. The
electron temperature is f?rnd from
where el is the electron temperature, € is the elec-

tronic charge, :[+ is the ion saturation current, and(%%l
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is the slope of the I-V characteristic at the origin,

The plasma density is given by
X

mn ¥ a'-_T.T\_:—E:“TT‘)V‘
where A 1is the electrode area and W™\ is the ion mass,
If one assumes that the plasma temperature is approximately
constant, than m= KL, where K is a
constant, For large enough probe voltage, \/c, which is
about 150v for these experiments, the measured I is just
Y. which is proportional to M , Thus by maintaining
Vo at one value and placing the probe at different
radial positions, a relative density profile can be
obtained. In a similar manner the Langmuir probe ion sat-
uration current signal can give a picture of the relative
density as a function of time at one point in the plasma.
When using one probe for this type of measurement it must
be assumed that the plasma column is stationary (or that it
is moving in a known way) and that the temperature is
constant (or that it is changing in a known way). Clquf &
showg typical ion saturation curves. It is noted that a
low frequency band pass filter is used to clarify the low
frequency time dependence of the ion saturation curve,
Higher freqency components can also be observed,
The plasma density averaged over the radial cross

section of the plasma column can be determined by means of
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a microwave interferometerB. A microwave beam, transported
by a rectangular waveguide, is split into two beams. One
beam passes through the vacuum chamber and recombines with
the other beam, called the reference beam, When no plasma
is in the vacuum chamber the phase of the two beams is

ad justed so that they recombine and produce a minimum in-
tensity at the detector position. The introduction of a
plasma, with density'n(“0 , into the vacuum chamber pro-

duces a phase shift, , between the two beams given

by Ad= f /- (/- mu.,)) f_—d‘"'

This neglects refraction and reflection effects,

Consider a plane wave of frequency W , with wave
vector -R perpendicular to the external field, B9 ,
The wave passes through a plasma in which the collision
frequency is small compared to w and the electron thermal
velocity is small compared to “ﬁ/\%}\ . Then the index

of refraction, 4A(»r), is given b
wag ()
alndz=yf/ - -;2.:"

where “9? is the electron plasma frequency given by

u)P = _{zf_g_s_z reg-9>

Me

The critical density, mMe , occurs when m increases

to such a value that W =wp or msm.s ;“”i;il"‘ .

The total phase shift, A(} , depends on the signal



79

free space wave length, A » the length of the plasma
traversed by the microwave beam, \_ , and the density dis-
tribution, By assuming certain functional forms for m(xn) ,
one can predict the maximum phase shift that can be ob-
served, If mM,(#) is the maximum density reached, for a
symmetric distribution of rectangular, triangular, para-
bolic, and trapezoidal form, the phase shift is

& ¢ixde AT (L-19)
where T (t) depends on the particular distribution. The
values of L(}¥) corresponding to these distributions are
rectangular To#)= L (/- "eltdfn, Y/

A
triangular T, (¢) = LD ( Al € n.m) )

Mg (4)

parabolic Ipl4) < i/”/—_' —-I) Lo [14/7!—-']3
trapezoidal Zeatd = L30-2)3% m[l- (/‘-2%?-)”‘]4q(\-5’_‘?2j’t
where & is the length of the flat top in the trapezoid
distribution, At cutoff the phase shift is a maximum. The

values of A® in that case are

rectangular Ay = 1V v/a
triangular A g = 2%/
parabolic 5 &g = 20 Y-/

- 204- L
trapezoidal B ben = 2wV 30 *7_)] /2

When the two microwave beams are recombined and the
initial phase is adjusted for a minimum, the relationship

between the time average intensity of the combined beams,
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{IW) 7, the time average intensity of the transmitted beam,
(%Jﬁp, the time average intensity of the reference beam,
{7 (which should be the value of {Tt)> at cut-off), and
the phase shift A®®), is
LIy = {Ig7+ LI*“))—;JC&)(I((Q) cosfodie]
The quantities<1(07 and C{&>7are measured as a function of
time, {Ig/ is found from the cut-off value of {X)7 ., 1In
order to determine the average intensities, silicon diodes
are used, The voltage output of the diodes must be cal-
ibrated as a function of input power., A thermistor is used
to measure the input power level,
The total azimuthal current is measured by means of a
Rowgoski coil, which is a solenoid bent into the shape of
a circle, The current to be measured passes through the
inner part of the coil. The current size is related to the
major cicumference,u the area of a single turn of the solen-
oid, A , the number of turns, U , and the flux passing

through the windings, js , as

. < s3
L« IT WA

It is assumed that the coils are evenly spaced and that
the magnetic field strength variation across each coil is
small, By using an integration network, the induced volt-~
age across the Rogowski coil, which is proportional to
éx; , can be used to determine §' . Knowing the coil

dimensions, I , can then be found.
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A seventy-turn Rogowski coil was constructed using
number 36 copper wire., The major radius is 3.8lcm while
the minor radius is 0.081cm. The loops of wire are wound
on thin tubing (wire insulation). The loops are formed
into an evenly spaced helix by a second tube placed over
the thin tube. The outer tube has a helical groove cut
through it so that the loops of wire are held in place by
the sides of the groove and the top surface of the thin
tubing. The coil is mounted around the minor diameter of
the Fyrex vacuum chamber and aligned to minimize pickup
due to the 5-2 field, The sensitivity of this coil,
with the integration network used, is

14 am?S /o

A second Rogowski coil was constructed to help subtract
the betatron field pickup. Currents as small as 5 amperes
can be readily measured by amplifying the operational amp-
lifier output and enlarging the oscilloscope trace photo-
graphs, A limitation to the measureable output voltage
has been due to the lack of a more precise location of the
voltage null of the operational amplifier which is due to
a drift in the operational amplifier output signal. The
measured inductance and resistance of the Rogowski coil
plus bucking coil were measured to be 1.6uh and 0.8ohms,

respectively,.
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The measurement of the vacuum electric field was

described in chapterlV, To follow the time dependence of
E when an azimuthal current is present, a small Rogowski

coil is placed around the cable which carries current to
the betatron coils., This allows elimination of pickup due
to the azimuthal current flow caused by the small size of
the coil and its relative distance from the vacuum chamber,

The neutral pressure of the gas is measured by means of

5

a Bayard-Alpert ion gauge tube” and a thermo-couple gauge
tube, Since the pressure gauges are normally located near
the vacuum pump, it is necessary to determine the pressure
at other regions in the vacuum system. Gauges are placed
on the opposite end of the vacuum chamber and from the
combined measurements at each end of the vacuum chamber
estimates of the neutral pressure in the region of plasma
formation are determined. Correction for the gas molecule
type, due to differences in ionization efficiencies, is
also required., Using the thermocouple gauge is necessary
for neutral pressure measurements when hydrogen dis-
charges are being studjed. This results in a less accur-
ate neutral pressure determination (50percent versus 10
percent), Rather than relying on the thermo-couple gauge

reading, a calibrated leak (a gas inlet with known aper-

ature) is used to provide a constant neutral density for
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hydrogen,

X-ray emission is detected by using a sodium iodide
cyrstal as a scintillator and a photomultiplier as a
scintillator detector and photon<o-voltage converter, The
first photomultiplier +tube used for X-ray emission time
studies was a R,C,A, 6810-A which has a sensitivity of
Z.bxloéamps/watt. The time between the start of the elec-
tric field and the start of the X-ray emission for the
first quarter cycle in argon and hydrogen is measured.

For hydrogen some measurements have been taken for X-ray
emission occuring at different cycles, The energy of the
X-rays is estimated by using different thicknesses of
aluminum in front of the photomultiplier.6 The X-ray
intensity, X , attenuates as T (x)= I, e
where I, is the initial X-ray intensity at X =0, X is
the thickness of the absorber, and e is the total
linear attenuation coefficient. By plotting the Rey -
versus X the value of .o can be found, Tables or
graphs are availatle which show ., divided by the
density of the absorber material as a function of the
X-ray energy corresponding to the mass attenuation coef-
ficient. A second photomultiplier tube, a R.C.A, 6342-A,
having a sensitivity of 2.5x10“amp/watt is used as a ref-

erence to measure X, for each measurement of T.(x) |,
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This helps to take into account the shot-to-shot variation
in I

try to collimate the X-ray emission.

. Various arrangements of lead bricks are used to

The radial distribution of the azimuthal current can be
determined by the use of a magnetic field probeu inserted
into the plasma current column. A small plexiglass form
is wound with 20 turns of number 40 copper wire., The loop
has a radius of 0,051cm, The coil fits snuggly, 0.25cm
from the capped end of a quartz tube of 0,325cm outer diam-
eter. A second coil is used to "buck out" the external

bl field. Additional corrections for stray pickup can be
made by subtracting, point by point, the pickup signal from
the observed signal. Again, the oscilloscope traces are
photographed and these photographs are enlarged by use of
an overhead projector. These enlargements are broken up
into a rectangular grid to determine the value of the
voltage at different times. A convenient way to do this is
to superimpose the enlargements on millimeter graph paper
by the use of a ground glass plate. A light is placed
behind the glass and the curves to be superimposed on the
other side of the glass, Using the light box and milli-
meter graph paper, it is easy to produce a 0,0lcm reso-
lution of the original oscilloscope scale.

The sensitivity of this probe and the integrating net-



86

where « is the radius of the current column and X is
the distance from the center of the distribution. An
estimate of the effect of the bending of the current col-
umn into a torus on the Be , x dependence,is ob-
tained by assuming the following: The bending causes a
fixed amount of magnetic flux, $_ , present in the cylin-
drical geometry to be compressed into a smaller area on
the concave side of the bend and thinned out on the con-
vex side of the bend. Figure 3 shows the geometry in the
median plane., Consider the magnetic flux in a ring of area
27 R4 R , $527R4R B(R) or B(R):= 5%7&
In particular, consider two points £, and R, ,
equidistant from the center of the current distribution,
Ro . That is, Ro-R, = B, -R, = /x/
It is assumed that #+ is the same in these regions but

the area is changed, i.e.,

. P
B(k,) s Z’;g, o B and 8(21.) = 272 A2
B2y _ 2
Thus 3CE) - 7——:'

Let B Dbe the magnetic field strength in the straight
cylinder geometry at the position /%] , It is further
agsumed that 8=/ (8c2) .,3(2‘_)) . Using this
expression, and the previous ratio of the magnetic field
strengths at R, ana Rz ,» one obtains

2R
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Letting R= R+ % one has Bg (x)> 8¢ (/— "/1’.)
where 8o = Zlf 15_4_ y 1X] Lo }
< Ay o 1xl Z

Here & 1is the minor radius of the current column, This
approximation is close to that of other authors7 who
evaluate Be outside of the current column by solving
for the magnetic potential #m , where Y-, =,Y¢a and

the equation Vzéa=° is solved. In this case, for a
uniform current distribution, one obtains the value of the
poloidal field, B;tu) at the current column boundary to
be Bo(a): 3o (/2%42) while in the approximation made
above 8o (@) =Bo(/2 as) . Since %/R is 0.13 in this
experiment, the difference between the two results is
only three or four percent., It is noted that the approx-
imation used neglects to include flux from other portions
of the torus,

Because of the shot-to-shot variation in the voltage
form induced across the single turn coil, it was not pos-
sible to obtain an estimate of whether changes in the
current distribution occur as a function of time, To
accomplish this a multiple coil probe is inserted into the
plasma column so that each coil will simultaneously sample

the poloidal flux at different radial positions. Each coil

has a corresponding *"bucking loop” to cancel out the
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external betatron field. Because of the lack of oscillo-
scope traces, only three of the four coils in the probe
could be used at one time, The individual coil sensitiv-
ities are calibrated with respect to each other by observ-
ing the induced voltage from the betatron field without
the bucking coils., The three coils used in the probe have
sensitivities differing by 8 percent or less and the over-
all induced voltage forms are very similar in appearance,
The multiple coil form is constructed from four com-
puter punch cards glued together, The same column of each
card is multipli-punched. The separation of the holes is
0.31cm while the hole length is 0.32cm, After the glue is
dry, the column is cut from the rest of the card by use of
a razor, Number 36 copper wire is wound six times around
the punched hole partitions (figure 4) to form the diff-
erent coils, The coils are wound in such a way that the
turns do nct overlap, but are ad jacent to each other., The
gsixth turn joins the two coil leads and the leads are
twisted, approximately, in the same manner. This form is
then inserted into a capped quartz tube with the coil
leads extending a few inches beyond the open end of the
quartz tube. The lengths of the leads are staggered to
allow for an even distribution of space taken up by the

splices made to four Microdot co-axial cables, These
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cables pass through a stainless steel tube which slides
over the splices and open end of the quartz tube, Low
vapor pressure epoxy is then applied to the joint between
the quartz tube and stainless steel tube to form a vacuum
seal. The quartz tube is long enough so that only the
quartz is in contact with the plasma,
Assuming a uniform current distribution, and neglecting

toroidal corrections, one can easily show that the center

of the current distribution, 2, , is given by

Vile) +ALGS)
. - ¢) vWale . Vite)=vite)
Rolt)=l(n,+n, mig) )Where mee)= ':I:T'j{:—
., and 2+ are the fixed positions of coils 1 and 2

located within the current column and V(¢¢) and “/(¢) are
the integrated induced probe voltages. The width of the
distribution can be estimated when one of the coils is
outside of the current distribution by ﬁLAU=VIzizgg§i
where X4 (%) is the radius of the distribution measured
from the center of the distribution and determined from
the value of 7.(£) , Because of the lack of oscilloscope
traces, one trace is not integrated electronically. The
integration is carried out by Simpson's rule and by the
Trapezoid rule8 to check the accuracy of the numerical
integration method. Both methods yield very similar
results for the data analyzed,

Because a comparison is made among different probe
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signals, one is interested in knowing the phase shift
introduced in the probe-oscilloscope detecting system.
More specifically, it is of interest to determine the phase
shift, ¢ » between the voltage detected by the probe, %3 ’
and the voltage displayed by the oscilloscope V,, . Figure
5 shows the circuit considered to comprise the probe-oscil-

loscope system, One has the following relations:

I Z,',, = Vm
Vi o Ze . [y 21 2Vl e4¢
_2’_ = Xc f‘.! an " Z 1 - P’ fcj' yL
m P.onXc .
- xe X t P,A\/lw\
Thus ¢ = Fan Ror Xe= XL Run? X Pf}
Typically X.= 100ohms, E':-':lohm, X, = 0.50nhms,
Ren = 103 to 10%0hms

~ -/ 27
Thus %, For ({"7[

and is typically 1x10'2radians. For a 40KHz signal this
amounts to a 0,03usec time delay which can be neglected in

comparison to the reproducibility of the waveforms observed.



Figure

1

Page
92

93
94

95
96

91

CHAPTER V

FIGURE CAPTIONS

Caption
Cutaway View of a Typical Langmuir
Probe
Langmuir Probe Circuit
Coordinates Used For Toroidal
Correction
Multiple Coil Probe
Equivalent Frobe-Oscilloscope

Circuit



Stainises
Steel Tube

L

T Electr
J R
Mlcr,;do' Douwble Bore
Coaxial Cable Alumina

FIG. |

92



Isolation
Transformer

FIG. 2

93



FIG.3



Quartz Tybe
,stgt_ﬁ

Coilj "7 / / Porwr

Form

FIG. 4

95



1
! T
, .j{“h T
—— h'—r———:————-l

FIG.S



97

CHAPTER V

REFERENCES

R. H.Huddlestone and S.IL, Leonard, Editors, Plasma

Diagnogtic Technigques (Academic Press, New York, 1965,
Chapter 4),

R. Lee, Electronic Trangformers and Circuits (John

Wiley and Sons, Inc., New York, 1955, Second Edition).
M, A, Heald and C, B, Wharton, Pl i With
Microwaves (John Wiley and Sons Inc.,, New York, 1965).
R. H, Huddlestone and S, L, Leonard, op, cit., Chapter

2,

G. Lewin, Fundamentals of Vacuum Science and Tech-
nology (MeGraw-Hill Book Company, New York, 1965,
Chapter 5).

R. D. Evans, The Atomjic Nucleus (McGraw-Hill Book
Company, New York, 1955, Chapter 25),

V. D. Shafranov, Reviews of Plasma Fhysics, M. A.

Leontovich, Editor, (Consultants Bureau, New York,
1966, Volume 2).

E. Kreyszig, Advanced Engineering Mathepatics (John

Wiley and Sons, Inc., New York, 1965).



98

CHAPTER VI
EXPERIMENTAL RESULTS

In this chapter a brief overview of the experimental
results is first given followed by a detailed description
of the results of the measurements., Figure 1 shows the
variation of the azimuthal field strength, E¢ , and the
total azimuthal current, T , as a function of time, This
is for a hydrogen discharge of initial neutral pressure of
4x10"3 Torr and peak E¢ , at the first maximum, equal to
6.9v/cm. The first large current peak is 970 amperes,

The evident nonlinear form of ZI(£) is characteristic, to
some extent, of all the discharges that have been studied
in this experiment, Figure 2 shows a superposition of the
electric field wave form (third peak) and the correspond-
ing current in an argon discharge for two different
neutral densities (5.4x10'uT and 8.2x10’uT). Typically,
as the neutral density is lowered the current form

becomes more distorted. At high neutral densities (about

°hT in argon) the current form becomes a near sinu-

10x10
soidal wave form with an increased inductive component,
Figure 3 is a superposition of the electric field wave

form and the azimuthal current in hydrogen for two
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different neutral densities. In the hydrogen discharges
the neutral densities could be lowered enough so that very
small peak currents are produced and yet the rapid density
build-up occurs during the first cycle. Figure 4 shows
the typical rate at which density build-up occurs during
the first electric field cycle in argon. Figures 5 and 6
show '*L7:h changes over the entire discharge in argon and
hydrogen, Here M is the plasma density and 7. is the
electron temperature.

X-ray emission (figures 21 to 27) is observed after
the start of the first acceleration cycle for certain
neutral densities of argon and hydrogen. At a low neutral
density in hydrogen, X-ray emission is seen to occur after
the start of the third acceleration cycle, As the neutral
density is lowered, still further, additional X-ray
emission is seen to occur after the start of every
acceleration cycle,

Several Langmuir probes were constructed in order to
determine the density and temperature of the plasma. The
first probe which was constructed is composed of a wide
alumina tube which supports the electrodes. This probe
gave the following density and temperature values for
different electric field strengths in argon:
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E;G&& 4&1"g:;) ZJZO JZimﬁgpﬁbn.

2,3 2,8 29 17
L,7 3.4 24 20
7.0 5.9 27 36
9.3 7.9 24 L7

The percent ionization is found by comparing the initial
neutral pressure, 5.1+l+x10"4 T = 1.67::1013cc-1 , to the
measured plasma density. The K~band transmission cut-off
occurs for all values of .57 during the first cycle.
For these measurements the cutoff density is ux10'%cet,
Therefore, a difference of at least a factor of two is
present in the Langmuir probe density determination and
the microwave measurement, A higher frequency interfer-
ometer will provide more information about the average
density as a function of time, Figure 7 shows the
characteristic obtained for the Z£¢ =9.,2v/cm case. The
method of obtaining the characteristic is to average over
several cycles of the electric field and to take an aver-
age of two or more discharges for each point plotted. It
is noted that in figure 7 the characteristic does not
appear symmetrical with respect to the V/ axis, This

occurs for all of the characteristics taken with this

probe, It is noted that more points near the charac-
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teristic origin should be obtained for an accurate deter-
mination of 4TAV), .

A second Langmuir probe was constructed which uses two
pieces of narrow diameter (0.094cm) double bore alumina
tubing with each piece holding one electrode. Figure 8
is the corresponding -V curve for argon with a
neutral density, M. = 2.15x1013cc'1. the peak E¢ =7.0 cm
and B¢ = 1.1Kg, Figure 9 represents a plot of points
near the origin for the Z-V curve shown in figure 8, One
notes the symmetry of the entire characteristic curve, 1In
determining 4Z@¥)o from figure 8 there appears to be at
least a factor of two possible error due to the scatter of
the points., The values of M., /e and percent ionization
obtained from this characteristic are 1.7x1013cc'1, 5.4ev
and 77 percent repectively. Figure 10 is an IV curve
for hydrogen, £¢= 9,3v/em, M, = box1012cc~! and 8y
= 1,1Kg. For this characteristic an attempt was made to
obtain more points near V' =0. The values of MNe , e ,
and percent ionization are e = 7.3x1012cc'1 , Jle =llhev
and 18 percent respectively.

Langmuir probes can also provide an estimate of the
relative density as a function of radial position and of
time, provided that the temperature does not vary appreci-

ably over the major part of the discharge, Figures 11, 12,
and 13 show different density profiles obtained with a
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Langmuir probe averaged over several cycles and discharges.
The extremes of the error bars along the density axis
represent the maximum and minimum range of the ion satur-
ation current measured, A trapezoid approximation to the
density profile seems warranted,

Figures 5 and 6 show how the Langmuir probe can be used
to estimate +the product of 'ﬂ,7lu‘ . By maintaining the
probe voltage at a fixed value in the ion saturation region
one can record a voltage proportional to /n,,7:"‘ . If T,
is assumed approximately constant, then these curves rep-
resent density as a function of time. Generally, by the
third or fourth electric field peak the ion saturation
curve levels off,

If Mft) could be measured by a method other than
the ion saturation curve one could estimate the variation
of 7Te as a function of time from the ion saturation
curve, To accomplish this a K-band (18.0GHz to 26,5GHz)
interferometer is employed to measure M (£) averaged over
the plasma column., However, in all of the cases studied
cutoff is reached before the end of the first acceleration
cycle, Thus the K-band interferometer can only be used to
indicate an average lower limit to the discharge and to
show the growth and decay of the discharge. Figure 4 shows
the growth rate of plasma density in argon for different

values of the peak electric field strength. The micro-
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wave frequency is 22GHz,

Shown below is the build-up time, Z4 , which repre-
gsents the time it takes for the plasma density to reach
6x1012 ¢t (microwave cutoff) in the initial cycle. As
shown in figure 4, X, varies with the peak electric field,

E. . The width of the plasma column, L , is assumed
constant in time, A uniform distribution is also assumed,
The phase shift data implies a width, L , for the differ-
ent cases shown in figure 4, B, , 4, , and L are

shown below,

E, (Vi) 2, (wase) L (em)
2,6 1.4 0.47
3.2 1.3 0.47
4.9 0.45 0,36
8.2 0.30 0.34

The neutral pressure in this case is 2.5x1013 cc™l., The
width of the distribution represents the minimum plasma
width at cutoff since the curves are based on a rectang-
ular distribution., A triangular distribution would give a
width at cutoff three times as large, as indicated in
chapter V.

The total azimuthal current flow is measured as a func-

tion of time by the use of a Rogowski coil, Figures 1, 2,

and 3 show typical current forms in hydrogen and argon,
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Figure 1 is an enlargement of an oscilloscope trace photo-
graph, Figures 2 and 3 are enlargements that have been
digitized. The numerical values are re-plotted in these
figures, The time scales for the current forms and the
electric field are accurate to within ¢ 1/4 usec, For
clarity only one cycle is shown in figures 2 and 3, How-
ever, the same curves have been extended over three cycles
and a fifth curve over five cycles. From the digital form,
plasma conductivity and the position of the equilibrium
orbit can be calculated as will be discussed in the eigsh
chapter, The precision of the relative current measurement
is limited by the determination of the current zero level.
The absolute value of current depends on the calculated
sensitivity of the Rogowski coil and thus, the precision
of this measured quantity depends on the calibration error
of the Rogowski coil. It is expected that the calibration
error is not more than 10 percent. The location of the
zero level has a much smaller effect on the measurement of
the current at all points in time except near the current
zeroes (where the relative error is large). The determ-
ination of the relative phase between the electric field
and the current is affected by the difficulty in determ-
ining the precise moment the electric field starts, when

the current trace is measured, and, to a lesser extent,



105

when the electric field trace is measured. A rough check
can be made by observing the pick-up on a poorly "bucked-
out” current trace.

Figure 14 shows a magnetic field profile of the current
column at peak values of the current for hydrogen discharg-
es , A single coil probe plus a coil, to subtract out the
betatron magnetic field, is used. The single coil is
placed into the plasma at different radial positions for a
fixed azimuthal position and in the median plane, The
experimental points are represented by the error bars,

The size of the error bars represent typical shot-to-shot
variations in the relative magnitude of & , the self-
field of the current column. Each value of Be plotted
is first normalized with respect to the total current flow
which is typically 500 to 1000 amperes. The current form
is shown in figure 1., The initial peak electric field is
6.9 v/em. The peak studied for each discharge corres-
ponds to the third electric field peak. Only the peak
value of B¢ (and the value of the total current corr-
esponding to the time of the ®& peak) is used in the
single probe experiment. When times other than the peak
time are considered, the shot-to-shot variation in the

current signals result in inconsistant profiles. Figures
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15 and 16 show typical oscilloscope trace enlargements used
in determining the magnetic field profile shown in figure
14, The top trace is the total current flow while the
bottom trace is Bg. A small amount of pick-up is present
in the Bs signal and total current signal. The vertical
lines represent part of the grid used to digitize the wave
forms, Each vertical line is separated by approximately
0.88 microseconds, It is noted that the total current wave
form has a similar form on a shot-to-shot basis. For elev-
en traces the current peak occurs at 28,08+ 0,27 usec after
the start of £¢ ., At least half of the error (mean
absolute deviation from the average value) in the time
measurement of the current peak can be attributed to the
difficulty in determining the precise time the discharge
begins and the exact time of the current peak. The varia-
tion in the peak current value is relatively much greater,
The average current value for the same cases is 7.5x1021
1.2x102 amperes, This large variation in the current peak
value cannot be attributed to measurement error but rep-
resents a shot#4o-shot fluctuation in those plasma param-
eters which determine the current maximum., Referring back
to figure 14, the solid curve represents a plot of the
approximate analytic value of B¢ (see chapter V) as a

function of X . Here the current column is assumed to
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have a radius of 2,00cm. A second plot, in dashed lines,
shows the analytic value of 8o versus X for a current
radius of 1,50cm., Because each experimental point is
obtained from only one or two discharges, it is felt that
on the average, the single probe coil measurements are
consistent with the existence of a near uniform current
distribution,

In order to better understand the shot-to-shot vari-
ation in the poloidal magnetic field and the time variation
of the current form, the poloidal field is measured at
several radial positions simultaneously, Figures 17 and 18
show the variation of B® as a function of time, in the
median plane, at three different radial positions. Measur-
ed from the center of the minor diameter of the vacuum
chamber to the center of each loop, the positions of the
three loops are 0.89cm, 1,.52cm, and 2,15cm, respectively,
The experimental conditions for these measurements are the
same as for the single coll measurements.,

Figure 18 clearly shows the motion of the center of
the current column across the 0,89cm loop. This is indi-
cated by the change in direction of the magnetic field
threading through the 0,89cm coil, The fact that the
other loop signals do not reverse in direction places

l1imits on the amount that the center of the column is
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displaced in this particular discharge and the approximate
6

velocity of displacement. In 10 -~ seconds the center moves
0.5cm which corresponds to a velocity of about 5x105 cm/sec,
Figure 17 shows a case in which the center of the distrib-
ution does not move far enough to produce a reversal in
signal, The distortions observed in the signals, as com-
pared to each other, for example, can be attributed to the
motion of the plasma column, Figures 19 and 20 show the
enlargements of the oscilloscope traces used in figure 17,
The loop 1 coil signal has a good deal of pick-up while the
loop 3 coil signal has a very small amount of pick-up and
the loop 2 coil signal has a negligible amount of pick-up.,
The residual pick-up is fairly easily removed by super-
imposing the enlarged pick-up signal photograph onto the
enlargement of the combined pick-up and EE} signal
photograph, The pick-up trace is then used as the new
baseline,

From figure 17 one can compute the size of the current
column and the position of the center of the current col-
umn as a function of time. Below are listed the values of
the position of the center of the current column, R,
with respect to the center of the vacuum chamber and the
radius of the current column, K, , as measured from

N . It is assumed that the current is uniformly
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distributed and the toroidal correction is neglected.
Awe0,5 1,0 1,5 2,0 2.5 3.0 3.5 4,0 4,5 5,0
n ey 86 .80 .65 .63 .55 .49 .51 .61 .52 ,17
R.um.66 .75 ,94 1,02 1,10 1,11 1,15 1,20 1,33 2,01
These results are consistant with the values of the current
column radius found from the signal coil probe measurements
which were averaged over many discharges,

From the observed motion of the center of the plasma
column (figure 18) one can hypothesise that the oscilla-
tions in the Langmuir probe ion saturation current traces
(figures 5 and 6) are due partly to the relative motion of
the current column with respect to the probe. Use of mag-
netic probes at more than one azimuthal position would be
helpful in trying to determine whether the current column
motion is due to a uniform radial motion or a traveling
wave structure in the plasma column., In chapter VIII the
possibility of a kink structure is discussed,

Figure 21 shows a log-log plot of the X-ray emission
time as a function of peak electric field strength during
the initial acceleration cycle in argon discharges, The
neutral pressure is 7.?x10'u Torr. 96 observations are
used for this plot, The emission time is given by

t, = k&S
and M is found to be ~ = ©.94rx0.06 . Figures 22

and 23 are additional trials taken with fewer data points.
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The respective values of #”L in these cases are 1.04+0,17
and 1.12+0,15, The plasma gun used in the measurements
shown in figures 21 and 22 employs a copper .center elec-
trode, while in figure 23 the center electrode is made of
hydrogen occluded titanium, The initial neutral pressure
in figure 23 is 5.’+x10"4 Torr. A similar dependence of

.Z; on i?¢ was found when a co-axial gun was used which
injected plasma perpendicular to 3/ rather than tangen-
tially as in figures 21 to 23. For hydrogen discharges the
same dependence of Zy on £¢ is found as is shown in
figure 24 ( m = 0,840.,2), Figure 25 is a plot of
versus B¢ for L¢ fixed at 6.9v/cm, 19 discharges are
analyzed. The error bars represent the maximum deviation
from the mean,

From the above experimental data one can conclude the
following concerning the dependence of . Lx on the external
fieldss First, Xx does not obey a fg'/" behavior and
second, £y does not follow a Bz'/z dependence. These two
points eliminate the Negative Mass Instability and the Loss-
of-Vector-Potential-Minimum (see chapter II) as explanatiorms
of the Zx dependence on £¢ and B¢ .

It is observed that X-rays appear only in the initial
acceleration cycle except for the special cases studied in

hydrogen discharges. This corresponds to the fact that the
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current peaks are lowest during the first cycle. Only when
the neutral density is decreased to such an extent in hyd-
rogen, so that the current peaks are 50 amperes or less do
X-rays occur on every cycle. These low currents are not
attainable in argon discharges. Within the experimental
uncertainty the resistive current instability yields the
correct E¢ dependence, i.e,, %y = A’E;’ ard
the correct dependence on B¢ |, ie., independent of

8¢ . The dependence of X-ray emission on the peak
current values is also consistant with the resistive
instability in the following way. For large enough curr-
ents the equilibrium orbit lies outside of the vacuum
chamber, Since the current is fairly resistive this means
that at the start of the acceleration cycle the equilib-
rium orbit lies outside of the vacuum chamber, In this
case the freely accelerated electrons strike the vacuum
chamber walls before their energy reaches a few Kev due to
the unbalanced NyR drift across the azimuthal mag-
netic field, The energy of the X-rays produced by these
electrons are too low to be recorded by our X-ray detectors.
On the first cycle the current is always considerably out
of phase with E’ so that this argument does not hold
true and the equilibrium orbit lies within the vacuum

chamber, In the very low current hydrogen discharges the
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current is low enough so that the equilibrium orbit is not
displaced out of the vacuum chamber, Thus the resistive
instability consistantly predicts the observed beam disrup-
tion time dependence on Ep and By and it does explain
the lack of runaway electrons in acceleration cycles other
than the first cycle as well as the appearance of runaway
electrons in the low current hydrogen discharges.

Figure 26 is a plot of X-ray pulse height versus alum-
inum absorber thickness for E¢ = 6,7v/cm and £¢ =
10,6v/cm in argon discharges. The least square fit value
of the slope yields, from the absorption coefficient, the
X-ray energy of 40 Kev (6.7v/cm) and 65 Kev (10.6), Fig-
ure 27 is the same type of plot for argon discharges and

£¢ =5,5v/ecm as in figure 26 but two photomultipliers are
used, One photomultiplier is the reference and is used to
help normalize the attenuated signal for variations in
X-ray flux, This yields a least square fit of 75 Kev,
Because of the V‘/Eg dependence of #£, , the predicted
runaway energy is 79Kev, independent of &g for e, 1,
For the &£¢ values considered here this is essentially
true, Thus the X-ray energy is consistant with the pres-
ence of freely accelerated electrons during the first

acceleration cycle,
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CHAFTER VII

THEORETICAL MODELS

In this chapter two theoretical models are considered.
The first describes the ionization of neutral gas molecules
by freely accelerated electrons and the resulting current.
The second describes the conduction current as a function
of time,

As discussed in previous chapters the plasma density
build=-up is rapid during the first acceleration cycle. It
is of interest to see the role that the runaway electrons
play in producing the ionization of the plasma, In the
model used to calculate the ionization the following assump-
tions are made:
1.The azimuthal electric field is given by Eg=£&, coscwrf .
2.The ionizing electrons are assumed to move along 4?,5 with
no scattering or energy loss during the ionization process,
3.Boundaries are neglected.

L ,Collisions without ionization are neglected.

5.The electrons are initially at rest.

With these assumptions one can calculate the rate of ioniz-
ation and the total current flow., The effect of a vertical

drift due to electrons created out of phase with the
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acceleration cycle is included in these calculations,
These electrons are produced in the ionization process,
The basic scheme of the calculation is to add up all

the electrons created by primary, secondary, tertiary, and

higher order ionization processes. A single electron will

produce the following number, AQ ; of secondary electrons
Iy

in time £ Ns (2= f-y-n?,

where A, = quarter period of &g (taken to be Lusec)

V = relativistic electron velocity

= neutral density

J
|

q; = jonization cross-section

The relativistic velocity is given by

CE.'£'~) . S‘Mh)j
[ 7 (5 )t ]

The ionization cross section is obtained, as a function of
1,2

1/:

V', from the experimental data of Tate and Smith,
For high velocities the empirical formula of Stuart and

3 is used. The integral for M(2) is evaluated

Gerjouy
by the use of the Trapezoid rule., The size of the integ-
ration interval was determined by decreasing the interval
until little or no change was observed in the integral
value., The range of integration is broken into ‘9/ inter-

vals and the following terms are defined:
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Mouz) AT (‘\/'-‘- Cd-" + V'ngm)

P,.~ e

J<
= the number of electrons produced in step < due to 1

electron created in step g where «£ > and

Vg’) = A S,.- .
L1+ 805 1

\/,_

AL = non-relativistic velocity at the end of the acceler-

ation cycle = <Eo/mw

*‘.,\ f-fa)ubt , 5’;-5,/'(1) , AT = size of the
time step.ﬂ7lﬁ) = the neutral density which decreases in

time,
278
The secondary ionization at the end of the < step is
. 2 .
<21 P_" = Po/.
.?(') P. . .

For example, 2 = [les is the number of secondaries
produced in time step 3 due to the electron created(in this
case a primary electron) in time step O, The total tertiary

ionization at the end of the <™ step is

au) },n)z Pa * P fs oi:_, P

-l

- % 2 PR E, ﬁ.f" Pt

mz 1 R=mé/

~“~ 2z 2

It is noted that each term in the sum arises from a second-
ary electron produced in the ’7n*‘time step by the orig-
inal primary electron,

The number of electrons produced by secondary electrons
from the «-! to «b time step is <3

(3) N P -
QY = LR £ % Pnke- £ £ FnTot

s/ Ramd/t
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<2 " o2 L~

= Ed'l B'-l < *mé' Ié’"?om?nl. -"2” 42._", Rom Bv{
3 ?o,s'q E-," + ..2.:,’ ?ob\ ?Mg
(» ! <! _ (e
Thus QR = 5‘ ?,,.?M,;: "2” P P

Just as each secondary electron produced tertiary electrons,
the tertiary electrons produced will create the next gener-
ation of electrons, It is assumed that all the Q«'w elec-
trons are created at the same time. Thus the total produc-

tion of fourth generatlon electrons per unit time is given

) ® .
by PO 0P 2, Tn 1 Rt @ e
<= A (')
?.“) = 2‘ z 0,., )
4 mz2 Rsme!

<=t (s)

Qf:0= 2 @m PM-\

For the next gneration one has

The general expressions for the cascade are as follows:
%4

total ionization by the end of the < L step due to the

E18 . .
1 generation A “ (n-?

man=-2 ks me/

. . +k
ionization between the «-/ and ~ steps due to the m
. () 2' Q(»"’ )
generation Q. = o mi
where <>/ and n> 2
2 (2> )
(For m = 2 B-’E and Q. = ‘fo¢ , <21 )

74
total ionization at the end of the VA time step due to

a11 generations (") Z
y Z ?I(n)* é P é 2”@‘ + %' Po ¢
T - »zs ns3 A <

<=7
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By computing the velocity for the electron produced at diff-
erent time steps a net current can be computed. One can
also include drifts due to the betatron restoring force and
the centrifugal drift. Assuming that the net azimuthal cur-
rent flow is given by the difference between the azimuthal
current and the drift current one can calculate the depen-
dence of the ionization induction current maxima on &g
and f%# .

Figure 1 shows the variation of the electron velocity
with time for a primary electron. The secondary ioniza-
tion per unit time (number of secondaries produced between
two time steps) and the total secondary ionization is also
shown for hydrogen. It is noted that the electron vel-
ocity becomes relativistic in about 0,3 usec. for the
maximum value of the electric field strength, &g , equal
to 20v/cm, Figure 2 shows the ionization of hydrogen gas
for different initial neutral densities and primary elec-
tron densities, Here £¥ = 2Kgauss and the maximum
electric field strength is 20v/cm. Figure 3 shows the
effect of different primary electron densities on the
time to completely ionize the gas within 1.0usec, Dif-
ferent neutral densities are used and 8¢ = 2Kgauss and

Eg = 20v/cm., Figure 4 shows the computed current

density as a function of time for B¢ =2 Kgauss and
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E¢ = 1,2, and 3v/cm for hydrogen. It is of interest to
see how the current reaches a maximum and then levels off
or decreases rapidly. It is observed that for higher &£¢
this trend continues, The magnitude of the maximum current
does not increase with increasing £¢ but from 1 to 20 v/mm
appears to be about constant (+10%), Figure 5 shows log-
log plots of the maximum current time, f,,versus Bg and

Eg . X.m shows the following approximate dependence on

/022 0.07 , ~/iSross

Ep and Bg | Ay Lk & and £,"%4 €4
In these cases the electron mass is used in the drift cur-
rent calculations which assumes free diffusion of the elec-
trons across the azimuthal magnetic field. ¥ instead, one
assumes that the electrons drift across the azimuthal mag-
netic field at the rate of the ions, which is roughly the
case in ambipolar diffusion, then one would calculate the
rate of ion drift for the purpose of finding the rate of
current loss., When the ion drift is considered to be
responsible for diffusion losses Km becomes independent
of Bf but having the same £4- dependence as above,
Tonization in argon has also been studied but to a lesser
extent than in hydrogen., Similar results occur,

Thses calculations show the rapid build-up of ioniza-

tion due to freely accelerated electrons, Also observed

is a parametric dependence of current maxima on external
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fields due to ionization and drift as well as a constant re-
sistivity, i.e., -Z ma independent of £¢ . The range of

E4 and Bp are 1v/cm to 20v/cm and 0,85Kgauss to 20.
Kgauss, respectively,

The conduction current exhibits anomalously high resis-
tivity and exhibits a non-linear wave form. The size of the
conduction current affects the position of the equilibrium
orbit and may affect the plasma temperature from the point
of view of resistive heating. It is of interest, therefore,
to have a better understanding of the dependence of con-
duction current on time, To do this the plasma betatron
is viewed as an air core transformer (see chapter IV) and
coupled circuit equations are used to describe the current
flow. This model must be used cautiously since.the plasma
resistance and inductance are not necessarily constants,

It is convenient for certain calculations to consider
the secondary circuit to be uncoupled from the primary
circuit, The plasma current, Y , the plasma resistance,

2, the plasma inductance, A , are related to the ap-
plied voltage (supplied by the betatron primary) by the
following: AR+ R i%— = W) s
If one assumes that V(¢) is given by W)=Y cosut €

The differential equation for A has the form

% + /Ze)x. = ()
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. -A A
and has the solution <= e [ je wolt+c ]

where h-= j‘fdi . For the initial condition that
L (®) =0 one finds that <(#) is given by:
- ¥4, k) (-Ser+ )t
PRIL i (n-xR) caswt ¢ whsimurf -n-¥Qe " *
e 2-82)* s (wt)®

where it is assumed the secondary resistance is constant.
One sees that of the five parameters which 4e(t) depend on,
vV, , ¥ ,w , 2e , and R the first three are deter-
mined experimentally and depend only on the primary circuit.
The secondary electron resistance is assumed to depend on
the cross sectional area of the current column and the
resistivity., If the resistivity is assumed to follow the
classical 7_—”1aw one can assign an electron temperature
and a current channel radius to fix the value of le ,
The secondary inductance is assumed to depend only on the
current column radius. This assumes an approximate uniform
current distribution and an approximate constant major rad-
ius. Thus the current depends on two plasma parameters
which are the plasma current column size and the electron
temperature. As discussed in chapter VI the current form
is digitized and compared to the electric field, For five
different cases, (called data sets 1,2,3,4, and 5), the time

of the third cycle current maxima is measured and compared

with the electric field maximum time as follows:
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Data ElectricArgon Argon H H H
set field 1 2 3 4 5
Zml{#®) 50,50 59.20 59.79 58.33 57.50 55.4k
T Cope) 1649 1487 2511 881,0 523.3

Measuring the phase difference between the current peak and
the electric field and making use of the current amplitude
one can use the expression for <e(t) to find the value of
the electron temperature 7. and current radius ® which

fits the above data, The results are

Data set 1 2 3 L 5
Yele) 50 135 3.9 2.2x10°  1.5x10%
R~y 0,19 0.10 1.2  0.0085 0.0015

It is seen that only trial 3 gives a temperature and rad-
ius consistant with measured temperature and radius, It is
significant that for this trial the current form is most
sinusoidal in appearance, This correspondence is what one
would expect since the resistance one uses for 1}7) has a
constant value implying a sinusoidal waveform. For a var-
iation of 0.25 usec in the relative phase of trial 1 with
respect to the electric field a change in the current rad-
jus of ten percent with a similar changein the electron
temperature occur, The sensitivity to variations in the
current is the same. Thus the results are gualitatively

the same within the accuracy of the measurement of the
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current maximum with respect to the electric field maximum
and within the current maximum measuring accuracy.

The same calculations are carried out using the coupled
circuit equations, Qualitatively the results are the same
Data set 1 2 3 4 5

Telev) 137 400 11.4 1.6x10" 5.5x10°

@m) o512 0.062  0.83 2,2x1070 1.1x10™"
It is noted that in addition to having temperatures and
radii not near the experimental values, trials 1,2, 4 and
5 must have drift velocities which are near the speed of
light or higher due to the small value of R . The drift
velocity for trial 3 is 1.2x107 cm/s. Also one requires
that the electron cyclotron radius be smaller than or equal
to the radius of the current channel, Trials 4 and 5 do
not fit this condition,

The uncoupled model for the electron current can readily
be used to estimate the effect of the finite rise time of

£4 on the position of the current maxima and their mag-
nitudes. Let <Xeg be the time it takes for &g to reach
its initial maximum value. The external voltage time depen-
dence can be divided into two regions

-9
Vs 4 x/2, e Acuvf ot X4 4,

Ve V‘ g-r/fcoswt A '2/{:‘
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In this case the solution for «<(g) is oot
~Juh ()
Lt = Vo e { o tcoswt *bfsonat- 4(’[(.-5 )casnrf n.u...ﬁje—h.-ue /
2 A

where X <4g . For X ZA4x one has the following:
- uuf *

ite o F fuck rbamt s CRTIET

where A=z a*abt ; a= -3 bzwl

SR s)”*
C'—)—t;“ e e 2 “ z’fﬂ {(a’-L’)msuf‘*Z-Lm%}

For the third current maximum and X% =1,0 usec the max-
imum time of the current and the current amplitude are
changed by less than 0.1 percent with respect to the

£g = 0 case. It is concluded that for the third and sub-
sequent cycles the finite rise time of V@*) has no signif-
icant effect on the time of occurence of the current max-
ima or the current amplitude.

For a high enough current (trial 3) it is seen that the
linear theory gives good agreement with experimental re-
sults, For lower currents, however, the linear theory
fails to show any agreement with the experimental results.
In order to account for the non-linear current forms the
electrons are assumed to diffuse out of the current stream
by ambipolar diffusion. In order to calculate the ambi-
polar diffusion rate the ion motion must be calculated as
a function of time. The transverse ion motion is given by

vpr ETAAe oy (T - phene)
Rq Bog Bog




153

where Y/- = ion thermal velocity perpendicular to
R = major radius of current column
By = quasi-static longitudinal magnetic field

V' = ion velocity parallel to Bep
BfY = betatron magnetic field
In order to find Vi¢ the ion current is first found.
From this an average drift velocity is found which is then
used to approximate Wy . In order to calculate the ion
current it is assumed that the ion current obeys the equa-
tion Al # X.’a—%; = Vi)
However, due to the presence of the electron current one
must assume a mutual inductance A/ between the ion current
loop and the electron current loop. Thus the current equa-
tions for the ions and electrons become
“oxr A g’? + ”:ej}f = K(t)
AeNne t )eﬁe + "/0(5"?‘1‘: Vo(fj

These equations are simplified due to the fact that

M" = Ve = Vv
2¢'= /9& =IP
”lc'="l.e =R

These last two equations follew from the fact that the ion
and electron current loops occupy the same space. Thus the
magnetic flux produced by the current flow passes through

the same region of space with the same spatial dependence
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for each loop., Since these are the factors which determine
inductance, the self-inductance will be the same for the
ions and electrons, Re= R;sR ., Also, Mi:9 , for the
same reason, the circuits overlap,

Taking the derivatives of the above current equations
with respect to time allows one to de-couple the ion
equation and the electron equation, One obtains the follow
ing equations for the electron current and ion current:

P P 5’;?“"? (773) = vie)

Vi)

Le Re + %;S,((If%-‘:.)
These equations hold for any overlapping two beam system,
In this case it will be shown that 2. >>)e¢ s0 that one

obtains the equations
Lone »rRA Al = Yir)

Ae e r2 5-';——" = l/éf}
Substituting L= 5 «x one obtains for
the ion equation Ne Zo +8 AL = V()

But this equation is identical to the electron equation
which means that the ion current is in phase with the
electron current but reduced in size by a factor of 2e/r/,
that is, L= 5%%-1e Thus one need
only consider the solution to the electron current equation

to find the longitudinal ion current as a function of time,

It is noted that these results hold true for any DQQQ).
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In particular \’aﬂ could depend on the secondary current,
as in a coupled circuit model of the plasma betatron, and
these results would still hold true,

g
One can derive the fact that i = me e

by con-
sidering some of the results obtained by Dreicer4 for a
fully ionized plasma. One considers the individual Boltz-

mann equations for the ions and electrons
. £ = [OA
e s Gh A(g)(ErzxR)Tule (37)&

5%

= (2R
OE sa-VhEr (2)(ErusB) TLF ‘),y
5%

Assuming that only small angle collisions are the ones of
importance, the collision terms are evaluated by the

Fokker-Planck approximation5 which gives

)2 é-;’. [F“ LB 2, \_)4,\ " [F (A‘xl-\u7.3
DA‘ 3

\»’

2k .

.)j‘ F 2x )g‘ -y
xx ¢t <A"'~x7d§‘ SHap , Lduclduy> = 22_§-%
e DA‘:)“J.

2,

Cuply, s t)" Jﬁm» 1) 4%
’ . 71 = 4”{ )l ‘]D)

w= [#-%1, o = fﬂé,“ ’% yZ

jp =Debye length, P, = average impact parameter for 90°

deflection. The current | is given by
~ 3
and Va = Z j#; ol
~ Ne ~
Taking the first moment of the Boltzmann equations for the
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ions and electrons yields

DL
MOV e £ o= 2 E A2 1) s e s
>x

The integrals in the above two equations represent the
average dynamic friction force acting on the electrons and
ijons. The sum of these two terms are zero as can be shown

directly. Thus by adding the two moment equations one has

o . .
me 2l - ~mi Ve or Mele = ~MUL
ot BYS

for appropriate initial conditions., This is just what one
expects in a steady state situation. Denoting 7& and Ye
as the effective collision frequencies for the ions and
electrons respectively, the collision terms may be written
as MeVe Yy = —M¢ Vo X2 . Thus ¥e=): or the

ion and electron collision frequencies for momentum ex-
change are equal in a fully ionized plasma in steady state.

The resistivity can be related to the electric field

in the following way

When each species is in a steady state
2Y/3p=e  ama 3=9p E

Thus _ )Lu
= Fn
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The ratio of the ion resistance to the electron resistance

ﬂ" - Pi - me )’C = m¢
is e = —e;— e Ve e « Thus

the ion resistance, in a fully ionized steady state plasma

is given by RL = ”":". e

If the plasma is not fully ionized, one expects that the
ion resistance is more affected by neutral collisions than
the electron resistance due to greater momentum transfer
between masses of nearly equal size, If the collision
frequency is large compared to the characteristic time

of a large change in Ae one expects the steady state
approximation to be a good one. Figure 6 shows the
approximately best fit obtained using the above ion drift
model for hydrogen ions. An electron temperature of 20ev
is assumed. The current column cross section is 2 cm and
the effective electron resistance is found to be 40 times
the classical resistivity. The ion drift is enhanced by
a factor of 10 to obtain this current form and the ion
temperature is 1/25 of the electron temperature,.

The last method used to calculate the conduction cur-
rent uses the coupled circuit equations and a plasma re-
sistivity given by = g ta,lt)

The “to is just a constant classical resistance determineal
by the plasma dimensions and electron temperature, -2, (%)
is a non-linear phenomenological term with a definite time

dependence related to the external fields or plasma current,
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Different functional dependences of %, (£) are used., When
»2,(#) is proportional to /2&; ()% or 1B:10)] qualitative
fits were found to occur between the calculated waveform
and the forms observed experimentally. Figure 7 shows the
experimentally observed current form and vacuum electric
field for an argon discharge. Figure 8 shows a calculated
wave form that resembles the measured one in shape, The
parameters used for this fit are 7e = 1,0ev and plasma
radius = 1,75cm., - is proportional to /B8,/%. Figure
9 shows a contracted time scale of figure 8 for several
cycles, The over-all current form is similar to that
observed experimentally., Figure 10 shows the experiment-
ally observed current and electric field for a hydrogen
discharge while figure 11 shows a calculated current form
and electric field. A )Bwl dependence is used for -,(%)
and a radius of 2,5cm and an electron temperature of 10ev
is used, With additional calculations it is felt a better
fit will be obtained between computed and measured current
for this current range.

Compared to the ion drift model, the non-linear resis-
tance model gives a better qualitative fit of all the
observed wave forms. However, the ion drift model
produces wave form distortions in a physically clear way

while the non-linear resistance model does not give clear
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insight into the physical mechanism for the non-linear cur-
rent form,

The results of the conduction current models can be
summarized as follows, The current form calculations have
shown that the plasma betatron conduction current can be
approximated by a linear circuit model for high enough
currents (about 2500 amperes in hydrogen). For lower cur-
rents the current form becomes too non-linear in form to be
egtimated by this model. A current made up of two streams,
an ion stream and an electron stream, in which the ion
resistance, “1¢ , and the electron resistance, e , are
related by -“2¢ ={;iﬂe is considered, The electrons are
assumed to diffuse in an approximately ambipolar manner, in
this way being eliminated from the electron current stream
and reducing the overall current flow, The ion drift is
calculated from guiding center drifts. This model gives
some qualitative agreement with observed experimental
results, Finally, a non-linear cicuit is used in which the
plasma resistance is composed of a constant term, calcu-
lated from the plasma electron temperature and plasma
column size plus a phenomenological term varying in time,
When the phenomenological term is proportional to lBgI or

szlz qualitative agrcement is found between all of the

meagured wave forms and those calculated,
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CHAPTER VII
FIGURE CAPTIONS
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Due to Runaway Electron Ionization
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tric Field in an Argon Discharge
Computed Conduction Current Using

the Coupled Circuit Model
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Caption
Contracted Time Scale of Figure 8
Measured Conduction Current and Elec-
tric Field in a Hydrogen Discharge
Computed Conduction Current Using

the Coupled Circuit Model
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CHAPTER VIII
CALCULATIONS AND DISCUSSION

Using the digitized current form and electric field
(chapter VI figures 2 and 3) the conductivity is calculated
as a function of time., Because of the non-linear wave
forms it is difficult to define the resistive component of
the current, What is done here is to assume that the
phase angle between the current amplitude 1:09 and the
current maximum I,,, is given by ¢z’ “"-"—;jf;tz . The elec-
tric field phase angle is given by &, * Sw‘“%%%i .
The phase difference between £¢ and I is #° %-Fr .
The resistive component of the current is then given by

Zg2R)os g
The real part of the conductivity is given byﬁfk'}—r:f cos ¢ ’
where K is one over the cross-sectional area of the
current column. The observed changes in current column
size (chapter VI) were not taken into account in the calcu-
lation of G} . Figure 1 shows the variation of Ge with
electric field in argon (chapter VI data set 1) as a func-
tion of time, Figure 2 compares the change in Gk, in
argon for two different neutral pressures (data sets 1 and

2). Typical conductivity values are seen to be 10x1012 esu
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near the current peaks., Figure 3 shows Gg plotted again-
st time for data sets 3 and 4 which are two hydrogen dis-
charges. As noted before, a much greater range in peak cur-
rent values is found in hydrogen than in argon discharges,
Figure 4 shows the argon conductivity extended to additional
cycles, Trial 5 follows the trend of trials 3 and 4 and

12 to 0.1x1012 esu, The

has a conductivity range of 4x10
apparant regular variation of conductivity with electric
field strength over one cycle has not yet been explained in
terms of a physical model, though the empirical computer
model (chapter 7) does reproduce the basic current forms
observed experimentally, The current column is assumed, in
all these cases, to have a radius of 2,0cm,

The conductivity measured at the current maxima is
considered in a series of measurements in both hydrogen and
argon discharges, The initial current ﬁaximum is excluded
due to high ionization rates during this time period. Four
values of peak electric field are used(2,3, 4.6, 6,9, and
9,2 v/em)., The neutral pressure in argon is S.bxlo'uTorr
while the hydrogen neutral pressure is abou't:’6x10'3 Torr.,
The hydrogen discharges are similar to data set 4, The
current column radius is estimated to be 2 cm, The con-

ductivity is given by G = :‘:':‘. where A is the
AL,
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current cross-sectional area, The real part of the con-
ductivity is reduced by <‘05¢ and this amounts to approx-
imately a .7 reduction in the computed G (3 usec shift
between the peak of £p and the peak of Z ), It is
found that in both the argon and hydrogen discharges the
conductivity showed little variation with electric field,
This is shown for argon in figure 5. The average value of
G obtained for this set of data (283 peaks) is

C‘A= 7.52/0 x10 tese
Similar results occur for hydrogen (56 peaks)

G,= 7202 4o w10’ tese
A third set of data was obtained to try to compare the
plasma density in hydrogen and argon as the conductivity
measurements are taken, Figure 6 shows the relative varia-
tion of the ion saturation current for different current
peaks in both hydrogen and argon discharges, It is noted
that nT* is very similar for both hydrogen and argon
in the trial, which is typical of the trials considered,
For 26 peaks the average value of ¢ in argon is

Gaz 727,94 10 wsu
and for 23 peaks the average value of in hydrogen is

G‘”: "3t ‘31‘/0,¢e‘y
Tabulated below are the measured density, electron temp-
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erature, peak electric field, and computed ion acoustic
speed, Cg , and the the rate of the electron drift velocity

to ion acoustic speed,

E A SR S S 7
argon 2.3 2.8 29 9.1 1.4 36
argon 4,6 3.4 32 9.8 1.5 68
argon 6.9 5.9 27 9.9 1.4 62
argon 9.2 7.9 24 9.2 1.3 56
hydrogen 4,6 5.9

hydrogen 6.9 6.6

hydrogen 9,2 7.3 14 8.3 6.4 9.4

The classical conductivity corresponding to lhev is
6.9x1014esu. The corresponding classical conductivity
temperature for & conductivity of 8.3x1012esu is 0,73ev,
When the phase difference between ZEg and Z is taken
into account Gk”= 6x1012esu and the corresponding
electron temperature is predicted to be 0,6ev, Using the
conductivity value of 1x1013esu obtained in the calculation
of CC%) one finds that the classical resistivity tempera-

ture is 0.,8ev, It is thus seen that the measured conduc-

tivity is anomalously low.
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As discussed in chapter II various theories have been
formulated to account for anomalously low conductivity,

12 -1

Assuming a density of 8x10 “cc the following conductivity

values (esu) are found for the theories mentioned for

hydrogen and argon plasmas:

theory 2-stream 2-stream ion-acous, ion-acous. ion-acous,

Buneman Sizenenko Sagdeev Sizenenko Dupree
A3,=1

gas
argon  3.3x10%2 6.9x10%% 4x10'3%m  4.1x10M% 1,6x10%2

hydrogen 9.8x10°1 1,1x10%2 ux10'%%4, 1.2x10'3 1.6x10%?
For the Sagdeev fomulation it is assumed that Vp = 5x105
m/s, Je = l5ev, M = 8x1012cc'1, Ve = 1.6x106m/s.
For the Dupree conductivity it is assumed that the fastest
growth rate is for ion acoustic wave numbers having -B= jé.
Hirose and Alexeff6 have found resistivities higher
than the Buneman resistivity in the case of a radial grad-
ient in the drift velocity. This value is higher than what
is measured in this experiment and a drift velocity grad-
ient is not observable with the measurements made, Other
formulations of conductivity involve analysis of power

spectrum and were omitted since relevant data has not yet
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been obtained,

These theoretical results do not show good numerical
agreement with the measured values of conductivity., The
values obtained by the Sagdeev formula are too low since

T /T cannot be expected to be much greater than 0,1,
Both two-stream formulations show too strongan ion mass
dependence as well as having numerical values which are
two low, The ion acoustic formulation by Sizenenko and
Stepanov is too high and shows too strong a mass dependence,
The Dupree formulation gives values which are too low
assuming the maximum growth rate of ion acoustic waves
occur for -*f' = one Debye length,

The Dupree formulation may be best suited for the
description of the conductivity measurements for the
following reasons:

1, Lack of ion mass dependence.

1,2 The measured

2, Possibility of electron trapping.
values of M. and Te are such that the observed dis-
charges occur in a regime in which electrons can hte
trapped in the periodic fields of the ion-acoustic
waves, (M,J:)v‘ 7{;’%)& . This results in the great-
er slowing of growth of short wavelength waves rath-

er than long wavelength waves thus decreasing the value
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of R that should be used in the Dupree formulation.
This increases the predicted value of ¢ ,
3. TefT, and Vo/¢s may be of such values that
the linear stability theory of ion acoustic waves
predicts faster growth rates for Rdp £! than for
X 13> ! thus increasing the predicted value of T
It will now be shown that for reasonable values of
7e/7: and observed values of Vp/c; the linear theory of
stability of ion acoustic waves predicts the maximum
growth of ion acoustic waves with wavenumbers A such that
the Dupree formulation fits the experimental results for
the average conductivity, It is assumed that for argon
Cs = 6.2x105 cm/sec and ¢s = 6.4x106 cm/sec for hyd-
rogen, With these values of ¢g¢ it is found that the
linear analytic solution is valid for 0.1 £ ‘b':‘b. £ 2
provided that Te/.“% 10 and for hydrogen "p,é,_é 40
while for argon V’/gf, 300, As noted before these are just
the range of values of V'p/cs observed experimentally,
Figure 7 shows wna as a function of wave number,
Figure 8 shows the values of Vb/g, for maximum growth
rates as a function of R for no Landau damping
( Te)7; Z 100). The value of w; is included next to
some of the points plotted. It is found that for -&T'

less than one Debye length the maximum ¢, is negative



181

indicating a damping of waves at these wave numbers. In
order to have smaller wavenumbers which represent growing
waves one must consider cases in which Landau damping is
not negligible, Figure 9 is a plot of w, versus & for
different values of Te/7¢ , One sees a maximum for w,
occuring at X' ¢dp ( Ap = one Debye length and Ap, =
$/)2-dp ). When Tefr; 2 11 for hydrogen and argon the
values of € computed from Dupree's formula agree with
the experimental values discussed above for equal argon and
hydrogen densities. The values of Xf' , W o, We o,

¥L (wave frequency in Hz), and T. (wave growth period)

for hydrogen and argon are shown below

“" wi wp £z Ta.'

(%) (sed (sec™) (MHe)  (asec)
argon  0.17  2.2x10° 5.5x107  0.88 28
hydrogen 0.2 2.5x107 3.2x10° 510  0.25

It is noted that the argon growth rate of 28 usec is too
high for agreement with experimental conditions. Also
the possibility of neutral collisions enhancing the re-
sistivity,3 particulary in hydrogen, makes the interpre-
tation of these calculations less clear, Because of the
possibility of electron trapping, however, the maxima of

the ®¢ curves for higher values of /e /7, may be
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shifted to lower values of o&-lpe . The obvious dependence
of conductivity, in hydrogen discharges, on plasma density
may be explained by assuming that the values of Y/eg and
Te/7: adjust to give the proper R values., This is an
experimentally verifiable point, It is also noted that at
lower conductivity values )h should increase, according
to the Dupree theory, and the corresponding W« increases,
too., This implies that the lower current discharges in
hydrogen would have a fast enough growth rate for ion-
acoustic waves of the proper wave number, Again, the
increasing number of neutrals tends to mask changes in Gﬁ. .

One notes several important tests of the Dupree
theory., A measurement of the plasma wave speCtrumu to
detect the presence of ion acoustic waves and their dom-
inate frequency, a measurement of Te/T. , and measuring

/M and the current distribution are important parameters
to determine the validity of the Dupree theory for this
experiment,

Figure 10 shows the variation of the equilibrium orbit
position with time for the argon data, trial 2, discussed
in chapter VII. This is calculated using the resistive
current instability formulation discussed in chapter II, A
field index of 0.5 and of 0,25 in the stable orbit region is

assumed, For the cycles shown it is seen that the equilib-
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rium orbit lies within the vacuum chamber (shift £ 0.025m)
for only a small period of time and when this occurs the
acceleration cycle is not in the proper phase in order for
betatron acceleration to occur, As was mentioned in chapter
VI the lack of energetic runaway electrons in cycles other
than the initial cycle is consistant with the resistive
current instability, The observation of X-rays in hydrogen
during cycles other than the first can be used to further
test this hypothesis by carefully measuring the threshold
current at which beam disruption occurs and how this thres-
hold varies with changes in the external fields. The meas-
ured dependence of X-ray disruption time on £¢ and B¢
during the first cycle can not be definitely attributed to
single particle effects ( resistive current instability)

or to collective effects, A collective effect which is
possibly occuring is a two-stream instability in which the
density builds up to such an extent that the growth rate,
which is proportional to the plasma frequency, becomes
somparable to the acceleration time, Rapid density build-
up is observed in all the cycles in which X-rays are pro-
duced. This is also consistent with the calculations in
chapter VII dealing with ionization by runaway electrons.
Again, it is necessary to observe the plasma wave spectrum

to see whether electron plasma waves of the appropriate



184

frequencies are being generated at the disruption time,

To prove that a collective effect is causing the beam dis-
ruption, it is also necessary to explain the &g depen-
dence of the disruption time though this may be related to
the ionization rate being a function of £4 ,

The non-linear current form may be related to particle
trapping effects., In Tokamak devices a type of particle
trapping occurs along the toroidal field lines due to the
rotational transform and the 8¢ gradient. In this ex-
periment these, so called, banana orbits are unlikely to
be significant in producing the non-linear wave form since
the current distortion is greatest when the current is
the smallest, Thus the banana trajectories become too
long to have a significant trapping effect. The regular
corrugation of B¢ , however, may be large enough to
produce trapping effects., Again one can consider single
particle phenomena in whieh a beam of electrons with drift
velocity Wit) is passing through the corrugated field.
If one assumes that the ion-electron collision frequency
stays constant, then by reducing the number of charge
carriers through trapping, the effective drift velocity is
reduced, Alternatively, or in addition to, the trapped

particles may interact with the free streaming particles
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producing a two-stream instability which enhances the plasm
resistivity. An effect like this may be applicable to the
low conductivity values observed at the current peaks.,

This effect has recently been reported in the literature5
though the results are inconclusive.

The measured current column size is consistent with
other measurements taken, Additional measurements should
be performed to try to better understand the apparant mo-
tion of the current column, According to the calculations
of the ion drift, the motion of the center of the current
column appears to be at least 10 times too fast to be
accounted for by ion drift in the external fields. 1In
addition, since the equilibrium orbit is far from the
vacuum chamber for most of the discharge the apparant
back and forth motion of the current column cannot be ex-
plained by the presence of restoring forces. These argu-
ments suggest that the observed oscillations in the
current probe signals (chaper VI figure 18) are due to a
kink structure in the plasma column. This may also explain,
in part, the observed oscillations of the ion saturation
current, The correlation between the kink structure (or
column motion) and the conductivity and X-ray emission is

an interesting relationship to investigate. From the
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measured B¢ profile as a function of time (figure 17

chapter VI) the q values, 2 B | can ve calculated
R Be

as a function of time, For 9| the plasma is unstable

to the
values
My =
to the
of n
column

ly the

kink instability. The table below shows computed

of 9 for the two probe positions wt, =,89cm and
1,52cm, These positions are measured with respect
center of the toroidal vacuum chamber, The values
used are calculated from the position of the current
center, e , as calculated in chapter VI, Similar-

values of R used are the major radius of the

current column,

P 4 Ro | % N, | 22 | R Bo, | Be,| 9/ | 7>
assc ] em il oem Lem | em | em | qeus | geuss

.5 ]0,6610,86 47 1,75]0,77
.0 10,7510,80 79 | 46l0,51
t.i 0,94/0,65 101],48] ,u48
p,0 ]1,02] ,63 123] ,40] ,40
P,5 11,10 .55 1 44 |,97 19,49 7,1 | 136!,52! ,40
,0 J1,11] .49 {,50 2,03 HQ,L9 55,9} 147] 46f ,39

.5 J1,15] ,51 | .48 },01 f19,51 {50,5] 136],53] ,41
,0 §1,

20] ,61 1,28 1,91 19,61139,8! 99],39] ,51

.9 11,

33} .%2 | ,37 19.52#25,1 62 | .84 ,91

0 12,

01 .17 1,72 19,17 115,61 39 12,7} 2,0
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Here X is the time measured with respect to the current
zero, It is seen that the ﬂ values are less than 1,
except at 5.0 usec, and the plasma column is kink unstable,
It is noted that these calculations are based on the

assumption of a uniform current distribution.
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CHAPTER VIII

FIGURE CAPTIONS

Caption
Conductivity as a Function of
Time Using Single Discharges
Conductivity for Argon Peak Current
Values Averaged Over Many Discharges
Density as a Function of Time
Using a Langmuir Probe
Ion Acoustic Frequency Versus
Wavenumber
Electron Drift Velocity Versus Wave-
number for Maximum Growth Rate of Ion
Acoustic Waves
Ion Acoustic Wave Growth Rate as a
Function of Wave Number
Typical Variation of Single Particle
Equilibrium Orbit Position as a

Function of Time
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CHAPTER IX
CONCLUSION

In conclusion, this thesis has discussed various exper-
imental and theoretical aspects of plasma resistivity and
runaway electrons in a magnetized toroidal plasma,

The existence of runaway electrons has been showr by the
observed agreement between the measured X-ray energy, 75Kev,
and the energy predicted for freely accelerated electrons,
79Kev., These X-rays are produced when the runaway electron
beam hits the vacuum wall. The X-ray emission time, 4tx ,
observed in argon discharges during the first acceleration
cycle has been found to have the following dependence on the
external betatron electric field,

it,, = K E}n ~ where »n=s0ro0.)
and independent of B84 .
This is consistent with the dependence predicted by the
resistive current instability. The fact that X-rays are
not detected in cycles other than the first cycle in argon
is also consistant with the resistive current instability.
Similarly, detection of X-rays in hydrogen occurs only in
cycles other than the first, when the conduction current is

small enough, This is also consistent with the resistive
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current effect, This follows from the fact that the equil-
ibrium orbit is shifted outside of the vacuum chamber when
the current is large enough., The time it takes for the run
away electrons to drift to the vacuum chamber wall is short
enough so that the X-ray energy is too low to be detected
with our experimental apparatus,

The observed plasma electrical conductivity was found to
be two orders of magnitude lower then predicted by the
classical 7'yhlaw obtained from a Fokker-Planck calculation,
For the measured temperature of ll4ev a conductivity of

14

6.9x10" "esu is calculated while in hydrogen a value of about

6x1012esu is measured. For the measured values of the drift
velocity and ion acoustic speed a value of Te/ Z 10 the
linear theory of ion acoustic wave instability is applicable.
For Tc,L,‘.g 11 the value of A Jdp = 0,2 gives the highest
growth rate of ion acoustic waves in hydrogen, The growth
period is 0,25 usec., Using Dupree's theory of anomalous
conductivity gives the measured value of the conductivity.
Calculations for argon yield similar results except that
the growth time is 28 usec, It is not clear what this
discrepency is due to, though the inclusion of electron
trappingin the calculations may shorten the growth time for
argon,

Using single and multiple coil probes, the plasma column
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center was observed to probably have a kink structure., This
is consistant with the fact that the measured q value is
less than 1 for the particular discharge studied.

The observed conduction current has a characteristic
non-linear wave form, This becomes particularly evident
at low neutral density, low current discharges8 in hydrogen.
The origin of this effect may be related to particle trapp-
ing in the azimuthal magnetic field. Different conduction
current models were studied to try to predict this non-
linear feature, A linear circuit model of the plasma beta-
tron gave good order of magnitude agreement between the high
current hydrogen discharge, which is the most linear in
appearance, By matching the measured phase shift between
the current maximum and electric fieldvmaximum and the
measured current amplitude to calculated current forms, the
electron temperature and plasma column size could be estim-
ated. For a hydrogen discharge of peak current of 2500
amperes in the third acceleration cycle, the calculated
plasma temperature is llev and the claculated plasma col-
umn diameter is 1,7cm, This is close to what has been meas-
ured experimentally (1lbev and 1.0to 4.0cm)., For the argon
and hydrogen wave forms of lower current, and also notice-
ably greater non-linear appearance, the linear model gives

values which are orders of magnitude in disagreement with
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measured temperature and column size. A phenomenological
model, however, using a non-linear resistance has been used
to qualitatively reproduce the observed non-linear wave
forms in the discharges observed,

The ionization by freely accelerated electrons has been
studied theoretically, It is shown that the ionization is
13 -1

cc

typically rapid for neutral densities of 1x10 and in-

1 oor higher, Using the

itial runaway densities of 103 cce
ionization model the net current produced by the runaways
is computed and the observance of current peaks for differ-
ent values of applied electric field and azimuthal magnetic
field is studied, For the parameter range used it was
found that the maximum current amplitude is independent of
é;d , to within + 10 percent, for £¢'= 1 to 20 v/cm,
In order to further explore the runaway phenomena, addi-
tional measurements,in hydrogen discharges, of the disrup-
tion time and X-ray energy are needed, The existence of
soft X-rays and the measurement of their energies during
high current acceleration cycles would support the idea
that the resistive current effect is responsible for beam
disruption in these conditions. MNeasurements of plasma
density during these cycles is also important in order to
determine the critical field strength during these cycles.

A higher frequency microwave interferometer is needed for
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this pupose. The effect of changing the vector potential
shape is also of interest and can be easily studied by
changing the size of the small correction coils on the
betatron field coil leads,

The apparant kink structure can be further explored by
changing the total current flow such that 9> 1 and
repeating the multiple probe measurements., Also, magnetic
field probes at different azimuthal positions can help in
distinguishing between a kink structure or motion of the

plasma column,



