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Visual observations made on a pulsed toroidal plasma indicate that
the current carrying plasma sheet breaks up into filaments parallel to the
direction of the current and perpendicular to the direction of the magnetic
field, This process involves the annihilation and fusion of initially opposite
magnetic flux lines and leads to a final configuration which corresponds to
a lower energy state. Such a state, however, would not be accessible in the
absence of dissipation since its attainment requires slippage of the plasma
across magnetic flux lines, The operating mechanism musi then be
associated with a resistive instabilily of the type first predicted by Furth,
Killeen, and Rosenbluth and also by Coppi, Greene and Johnson in Physics
of Fluids, Volume 6, 1953. Observations of resistive instabilities under
laboratory conditions is of particular interest because these modes are held
responsible for many astrophysical and geophysical phenomena such as solar

flares and auroras as well as anomalous diffusion rates in fusion devices.

The experimental setup coasists of a plasma filled ring-shaped
container of rectangular cross section, where s lischarge is induced by
means of an iron cored transformer. The time developm=nt of the current
distribution in the plasma is determined with the help of a combination of
magnetic probes and an S. T.L. Image Converter Camera. Optical spectro-
scopy is used to calculate the temporal variation of electron number density

and temperature.
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It is found that the plasma forms near the inner cylindrical wall,
where the primary winding is located, and moves radially outward as time
progresses. The radial speed depends on the mass density and magnetic
field associated with the plasma in accordance with the snowplow model.
Concurrently with the outward motion a resistive instability develops, which
breuaks the current sheet into separate rings. The wavelength of the
instability and therefore the number of rings depend on the geometry of the
pritmary winding and on the initial perturbation it introduces in the field
distribution., It was found that for a priniary winding having N equal segments,

the initially uniform plasma sheet split into N + ! rings.

Theory predicts that the "tearing" and "rippling" modes of a
resistive instability develop with an exponential growth rate that is a
_funciion of the resistivity, mass density, magnetic flux density, and plasma
taickness. The cxperiments confirm this functional dependence. Also
consistent with the theory is the influence of wavenumber on the growth rate

for the two modes mentioned above.
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GHAPTER |

INTROLUCTION

There are many reasons .Jor investiga*ing instabilities and the
confinement of plasmas. These problems are basic to various physicai
phenomena, proposed fusior devices, propulsion systems and MHD
gen=tators. At present, there is much interest in resistive instabilitics
sinc:: some plasma configurations which may be stable in the absence of
discipation becorne instable for finite electrical resistivities. In particular,
instabilities of the resistive tyne ar: held responsible for astrcphysical
and geophysical phenomena such as solar flares and auroras as well as

anomalous diffusion rates in fusion devices.

The first theoretical papers written on the topic of resistive
instabilities where written by Furth, Killeen, ard Rosenbluthl, and Coppi,
Greene, and .fl'ohnson2 ir 17{3, Experimental evidence of a resistive
instability in a theta pinch was reported by Bodin3 about the same time.
Bodipn's experin.ent showed the plasma breaking up into several filainecits,
Experimental and theoretical papers by Kvartskava4 and Koma-ov '’ b

respectively are interesting because they investigate spatialiy periodic

plasma structures which can arise from resistive instabilities.

It is recognized that there should always be a balance of theoretical
predictions and supporting expei1imental data if possible. It is often difficult
to design an experimert to isolate and examine a specific instability, how-
ever. Sn at the present time, material devoted to the thecory of resistive
instabilities fa> outweighs experimental evidence. As a matter of fact a
policy ;.‘aper7 by the AEC pointed this out and suggested that experimental
efiorts be intensified towards the isolation of types of instabilities. It is
with this viewpoint the thesis was conducted. This thesis is essentially

experimental and presents mainly data supporting the existence of resistive




inustabilities in a torotidal plasma composed of hydrogen at a pressure
of 500 microns. Aca much lower pressure, 50 microns, data supporting

the e si-tence of Rayleigh-Taylor instavilities is presented.

Cuservations made on a pulsed toroidal discharge at 500 microns
pressure indicate thit the current carrying plasma sheet, see Figure I-1,
breaks up into filaments parallel tc the direction of the current and perpen-
dicular to the direction of the magnetic field. This process involves tae
annihilatinn and fusion of initially opposite magnetic flux lines and lends to
a final configuration which corrusponds to a lower energy state. Such a state,
however, would not be accessible in the absei "= of dissipation since iis
attainment requires slippage of the plasma across magnetic flux lines. Thus

the operating mechkanism must be associated with a resistive instability.

At a much lower pressure, i.e. 50 microns, tue plasma moves
outward at a high radial speed in accordance with the snow plow model.
The acceleration of the interface between the magnetic field and the plasma
produces flutes along the surface of the plasma. See Figure I-2. These
fiutes may be interpreted as Rayleigh- Taylor instabilities, and the wave-

length of the flutes can be related to visccus damping 8 c

Chapter II presents some physical models that provide insight into the
theory of resistive instabilities. A derivation of Rayleigh- Taylor instabilities
for zero resistivity and ot the damping etfect produced by finite viscosity
follows. A description of the tor~idal discharge and method of excitation is
given in Chapter III. Chapter IV is concerned with instrumentaticn of the
experiment which includes voliage and current measurements, magnetic
probes, high speed photography, spectrograph, and scanning monochromater.
The experimental findings are given in Chapter V. These include data from
measurements ¢’ magnetic field, electron temperature, resistivity, electron
¢ensity, and photographs from which the growth rate o. the various

instabilities may be calculated.
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Chapter VI presents conclusions about the measurements of various
plasma parameters, the observations of both resistive 2nd Rayleigh-Taylor

instabilities and their relationship to respective theoretical predictions.
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CHAPTER I

THEORETICAL BEHAVIOUR OF THE INSTABILITIES

The experimental configuration is a toroidal current carrying plasma
whose cross-section is nearly rectangular or sheet-like. This configuration
is described in Chapter IIL. In any case the experimental plasma when approx-
imated as a ~heet pinch takes on the geometry as discussed by Furth, Kille n,
and Rosenbluth1 . The following physical interpretation of resistive instabil-

ities follows their treatment.

Shown first in Figure II-1 is a sketch of a sheet pinch indicating the
principal axis and magnetic field supported by the current carrying plasma.

The plasma sheet has a thickness characterized by a.

We start with Ohm's law, which is :

nJ=E +VxB 2.1)

and if we choose a frame of reference in which the electric field intensity

E vanishes (Bis time invarient) equation 2.1) becomes
nd =VxB 2.2)
The motor force, J x B, on n element of fluid is

Fm =J x B= B(Y'B) - VB 2.3)

n

It is seen from Figure II-1 and equatiun 2. 3) that only fluid motion
in the y direction results in a force and fur .hermore this force is a restor-
ing one. So equation 2.3) becomes
2 2 2
7 0 -
.\..B ~-XO XY(B) (ca)

Fm = ~=__ =~

= n 2.4)




¢c<<1l and €a is the thickness of a small layer about B=0 where B ~B'(aa),
and the prime - :iQy .Inspection of the equation above shows that the plasma
motion along the y axis, transverse to B, is hampered . In fact for %-0,
the plasma is '"frozen' to the flux lines. On the other hand, at a point where
B is almost zero we find that Fm is correspondingly weak so that the plasma
can diffuse easily. The region in which this happens we characterize by a

Jength of €a units,

For an instability to occur then, a force must be exerted of magnitude
|Fm| and opposite in direction to the restoring force. Also we expect that
the instability starts in the region €a. The power assorciated with the restor-

ing force is of the order

P~-V:‘Fm

v ¢ (8" (¢a)?
or p~ X - 2.5)

Any instability that cccurs will be observed in the xy plane. In
general, the wavelengtn of the instability (X = ZTTT )is much larger than
ca so that the direction of propagation of the instability is along the x axis
rather than the y axis. Therefore the instability is assumed to have the

following functional dependence .

Floy t) = Rly) o ™ 2.6)

The power associated with the instability is then

_d L2 _odrl o x o o20
instab, ~ dt (vax) T dt [2 o(ea Vy) J 2.7)

where \" \'
X - _Y
A

€a

since a. low velocities the plasma is practically incompressible,
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Simplifying equation 2. 7) and equating it to the restoring power we have

an ypo V2 vZ (8" (ea)?
y = Y

k%(c2)? n

Then the thickness of the unstable layer €a is given by the following :

€a -~ 4ﬂ2wgn 1/4] 2.8)
kZ(B')Z

In this experiment two specific modes connected with resistive
inatabilities are of interest. The modes have been termed the "rippling"
mode and the ''tearing' mode by F.K.R. The rippling mode has been
associated with the gradient in the resistivity that exists across the width
of the plasma sheet as shown in Figure II-2, Note that the positions of
minimum resistivity and zero magnetic flux density along the y axis are
not identical. Physically we can see the mechanism for the rippling mode by
examining "the three regions oi the plasma sheet in Figure II-2. Assume first
that a small element of fluid in Region 1 is given an upward velocity Vy .

This carries low resistivity fluid into a high resistivity region. Conscquently

a first order current density J, will flow into the plane of the drawing. A

1
motor force, 11 x B, is generated that opposes the upward velocity, Vy

It follows that this region is stable. Likewise examination of region 3 shows
that it is stable. Pushing a fluid element down in this region produces a J]
into the plane of the drawing. The subsequent ll x B is upward. In Region 2,
however, an element of fluid moving upward carries a high resistivity into
a low resistivity region creating a il that is out of the planc of the drawing.

Tke motor force is now found to be upward along the y axis. This region

is unstable,




Mathematically, we start with equation 2.2) and expand nand J

into zero and first order components.

+ = 0
nJ nio VxB 2.9)

The driving force for the rippling instability is

nl.‘loxg Y_BZ

xBs~- —/—— -
n

o o

Erippling - Jl

3

Since the above equation is valid for a small region €a about B=0, the
second term on the right is dropped. We now have

n, I xB
420 = 2.10)

F. .. =
=rippling n
o
The resistivity n is now assumed to obey the continuity equation
below.

M+ V-¥n =0
At

Expanding and retaining only the first order terms we have

+ - 2.11
wnl Vy no 0 )

Solving for ™ aad rewritting equation 2. 10) we get the following resuit .
1)
vn  J xB

F . . =X 0
=rippling n,

\v} =
But xB Mo I,
1
so we have J xB=—7xBxB
=oX= | 2x2
o)
and F z Vz”; YxBx B 2.12)
=rippling o - =
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The driving power for the mode is

V2w
’
P~ Vv.F . . = X..o BB
= = rippling Mg 0Ny

v, o 2
or - P ~ L2 (B')" (ea) 2.13)

rippling uom‘no

This power must be of the same order as the power given in

equation 2.5) in order to generate an instability at all. Therefore

2 v2 (B/)Z (ea)z

v "o 2
——=(B)” (ea) =
Mo rvﬂo no
n t
and ca ~ =2 2.14)
uow
o
Equating equations 2.8) and 2.14) we get an expression for w, which is
the growth rate of the instability,
- 1\4/5 2,.,.2 |15
w Ty 2 2.15)
U am n o
c o

The derivations of F, K,R. for resistive instabilities employ two

characteristic times to normalize the equations. They are:

2
B2
1., = resistive diffusion time =
R n
o 1/2
u, P
Ty S magnetohydrodynamic transit time = a - L
B

Equation 2.15) can be rewritten in terms os these characteristic times

as follows

2 2 / \&/5 2,2 N5
u 2 ua [n u (ka)” (B'/B) .l 2 1)

2 2 2
o o o 4 noa UOC/B J




11
combining terms
wal ua’ 2 2 ' ! 51 \esf 6 \1s
O m = | 1 —2 L (_a_ 2/5
2.1 2 k
s Ny a(uoo/B ) /2 n & 41 ke

T .2/5
2/5
or To w -~ (ka) / (%)

where the remainder of the normalized queatities is assumed to be in the
order of unity. This result 1s in agreement with the detailed calculations

of Fe K.R. For convenience we finally write the growth rate, normalized

to TR , in the following form.
_ a2/5 S2/5 2.17)
where P = TRpY
a = ka
T
-
"H

The ''tearing'' mode differs frorn the rippling mode principally
because the driving force for tearing is not concentrated in a region €a
about B = 0, but depends on the magretic field structure outside the region.
The mechanism for tearing can be understood from an examinaticn of
Figure II-3 and the discussion that follows. If an element of fluid is pushc 1
downwards, the magnetic field is perturbed 2s shown resulting in a time rate
of change for the first order magnetic field. Taking the y component of the

following equation,

VxE = - L,
- t
we have -jk Ez Y, = w By Y, -
Thus a first order electric field is generated that has the following form
P
-

2.18)
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The interaction of this electric field with the main mangetic flux
density produces a drift velocity downwards in the direction of the initizl

perturbation. This situation is unstable, so a tearing mode develops.

=x8,  eBy
Ve =->3"y
BZ _,kBo ’o
(o]

The electric field given by equation 2. 18) is complemented by a first

order current density, J Now “hm's law has the following character.

1"

v B
n J =E -~ VxB=-—2L 2 + VxB 2.19)
o =1 1x2 jk %o T I*2

Feor the instability to develop the first term on the right must dominate
the second terin,
w B

n J o~ _.X._‘ 2.20)
o | jK

The value Jl can be related to the magnetic field by

VxB = J

= =]
and v+.B =0
BIl
we find that J. ~ — and if B’ is approximated by the following
1 Jnok y
B B
B ~ L ~ 2.21)
y ea k(ea)

Then we find from substitution in equation 2. 20) that

n B v B

02 y . y
. jk
ju K (ea)

and solving for €a we have

2.22)
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Equating cquations 2.8) and 2.22) an expression for growth rate

of the tearing mode can be written,

rno 7.-L/S :’ k2 B')Z 1/5
B o IR e
UOk . O'ﬁ,o

Normalizing via the characteristic times as dcne before, the above equation

becomes,
2 2
U a u a _2/5 \2/5 -2/5 ) .25
0 } = 1" S } ..’ —-L——f 4 k a} .ﬁ}
'r,o i ’r]o d L a(uoo/BZ) L B
so - qo2E 52/5 2.23)

for the tearing mode where p, o, and S are given by the list urder equation

2.17) .

The secord part of this chapter will be concerned with the development
cf theoreticai growth rate for a Rayleigh-Taylor instability along a plasma-
vacuum irterface. The method of analysis follows that ¢  _senbluth and

Longmire 9

We shall assume an infinite plasma carrying current with a magnetic
field supporting the plasma against gravity. (Note that in >ur case the
acceleration of the plasma under the action of the magnetic pressure
generates an equivalent gravitational force.) It will be shown that if the
interface is perturbed slightly, an instability occurs. Figuic II-4 shows a

sketch of the situation.

‘The gravity produces a drift velocity of the following form

= mG x B 2.24

- — W

qBZ
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so that the ions and clectrons drift in opposite directions. When the inter-

face has a wavelike perturbation this driit results in charge separation,
This separation produces an electric ficld as shown in the figure. This

electric field produces a new drift velocity.

% B

- = 2,25
Yos == )

This velocity, Xr, is in the direction that tends to make the perturbation
grow. Inorder to evaluate the growth vate we assume that the perutrbation

is of the form

Ly = asinkx 2.20)
so that the change in charge density,? - is

£¢~=nqtly = nq 2oy Ex

' ax
or £~ = nqak coskx £&x 2.27)
&x
If KF = T then we have for £x the following .
miG
Z.28)

it

‘x=VF(:t- 4B

Here the electron drift nas been neglected since the ion mass is much

greater than the electron mass.

The time rate of change for the surface chargo density ~ (y) is

8- ™G
T ngak ——— cos kx
o - "'iakG
T 'é—t_ = —p  cos kx 2.29)

where 7. nm,
1 1
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For small perturbations and a very thin surface charge layer, ¢ may be

expressed as

~ = r coskx 2.30)
o

The electric field produces by this charge density in the static limit can pe

found by solving

7’~_E_:-
) :
\X—E"--At =0

The electric fields in the plasma are thus

fod
E = - sinkx e-ky
0 F 2.31)
E = = cr:,skxe-ky
v €
“F
where . = (¢ +——2
B

Ez ) ky
. B o o8l G

E

=

B

c

—E% sinkx e-ky

The Vy velocity gives rise to instability and at the boundary y = 0 causes

the perturbation Ay to grow as follows

ol
-4ty _ o .
Vy qt °B sin kx
diy | 4 . da
But at It (a sinkx) It sinkx

dt ¢B %o IB)




1€

Differentiating equation 2, 32) again we get

933 - L fl_g
2 e
a0 eB dt
d- £ akG
but Eo_ = '1—}3—- from equations 2.29) and 2. 30)
so that dza rikG o
— = = a 2.33)
dt B~

From equation 2, 33) we see that for the case of an instability, a has

the following form.

. 1/2
a = exp (— kc) t 2.34)
2
~B
2
_ € B
now '2= 12 'and—%' .- HB @z 0
B eoB d
1+ 7
So equation 2. 34) becomes
a = exp ~ kGt 2. 35)

where G does not necessarily have to be gravitational acceleration but
can be a result of magnetic pressure or curvature of a current carrying

plasma .

This theory neglects any damping mechanisms. One form of dampiin
can be a result of viscous triction resulting from motion of the plasma under-
going a Rayleigh-Taylor instability. The damping due to finite viscosity can

be calculated simply from the following equation,

where Vv is the viscosity .




The plasma conficuration is the same as siown in Figure II- 4,
We assume that ncar the interface the velocity has the forn

V—mt Cjky iQ-

vV =
- o

Substituting in equation 2, 36) we have

mV = vk V . 2.37)

. . . 2
Therefore the viscous damping constant is vk,

Therefore as the wavelength of the instability decreases, damping
due to finite viscosity increases so that there is a minimum wavelength
at which tie instability can grow. The approximate wavenumber, k,

corresponc 1g to this situation can be determined frem the following

equations,
1
vk® = (kG) 2 2.38)
Solving for k, we have:
1 -2/
k=G/3\)23 2.39)
and the minimum w=-_length is
l - 2
> min = ik— = g3 2. 40)

We see that although G is responsible for the Rayleigh-Taylor instability,
its influence on Amin is much smaller than that of v, and therefore 'min

is essentialiy a measure of the viscosity.
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CHAPTER 11l

ARRANGEMENT OF EXPERIMENTAL TOROID

The experiments were performed on an electrodeless toroidal plasn:a
of a type conceived by K, T. I_,ian10 for the purpose of high power switching,
The container for the plasma was a pyrex toroid having a rectangular cross
section, During the course of the experiment both narrow and wide bhottles
were uscd. Shown in Figure III-1 is a sketch of the wide toroidal bottle.

The narrow bottle also had a smazll glass pipe inserted radially and equi-
distant from the side walls of the toroid so that magnetic field measurements

in the core of the discharge region could be obtained.

The toroidal bottle was connected to a high vacuum system and baked
out for twenty four hours at 400° centigrade., Vacuum pressures cf about
10-8 mm, of Hg were achieved routinely between experimental runs. Hydrogen
was used for the experiment mainly and filling pressures varied between 50
microns and 500 microns of Hg depending on whether Rayleigh-Taylor or

resistive instabilities were being studied.

A plasma discharge was induced in the hydrogen by means of an iron
cored transformer. A hypersil core threaded the bore of the toroidal bottle
and a primary winding was placed between the core and the inner surface of
the glass envelope. The primary winding was energcized by a high voltage
modulator., When the hydrogen in the bottle becomes ionized, it becomes
a gaseous conductor that asswmnes the role of a secondary winding and load

on a transformer,

Figure III-2 shows the various primary winding configurations uscd
during the course of the experiment. The function of these ditffereat winding
arrangemeunts is to introduce a spatial periodicity in the electromagnectic
field., This causes an initial perturbation in the plasima that determines the

wavelength of the resistive instability that will develop., Copper strips are
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placed over the windinps along the major axis so that perturbations in tle
applied electric ficid are minimized, while the major perturbation is due tc
the magnetic ficld developed by the various windings., The uniform winding
gives rise to a plasma structure with two filaments; in general, if N is the
number of groups into which the primary winding is divided, the discharge
will break into N + 1 separate fila ments, The windings are fabricated so
that the amp.2re-turns of each segment are cumulative while at the same
time generating a spatial periodicity that causes the plasma to form the

appropriate number of filaments,

The high voltage pulse modulator is capable of delivering up to 20
megawatts power to the toroidal plasma configuration. Figure III-3 shows
a simplified schematic of the modulator. Initially the R-L-C combination
is impressed across the D.C. voltage power supply. The L-C elements
form a tank circuit and therefore the voltage and current are of an oscillatory
nature. Because of the diode shown in the circuit, only the first hzlf cycle
of oscillation is allowed and the voltage drop across the cagacitor at the end
of charging is double that of the D.C, voltage supply. The resistor, Rl'
serves to limit the charging current while RZ is adjusted so that the pulse

current to the toroid is essentially critically damped.

The current pulse is applied to the toroid by triggering the hydrogen
thyratron. A low energy pulse with a 60 Hertz repetition rate is applied to
a driver unit that amplifies the trigger and then drives the grid of the hydrogen
thyratron positive, thus firing it into a conducting state. The current pulse
has a duration of approximately six microseconds and its peak amplitude -
was adjusted between 4 kiloamperes and 7 kiloamperes during the course of

the experiment.

Preionization of the toroidal plasma was employed to insure that the
plasma was initially uniform in the axial direction before the large current
pulse from the modulator was applied. Energy for preionization is coupled
into the plasma capacitvely via the two copper sheets encircling the outer

circumicrence of the toroid as shown in Figure III-1, An overall schematic
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of the experiment is given in Figure 1II-4, In this figure is shown the R, F.
transmitter, which is tuned to 7 MHz, that supplies power to a tank circuit.
The inductance of the tank circuit is about 120 ph wound on a six inch coil
form and this is connected in parallel to the copper sheets that form the

capacitor mentioned above,

Also shown in the figure is the modulator that supplies the current
pulse to the toroid, timing circuitry, and varicus instrumentation. Included
in instrumentation are an S. T. L., image convertor camera for taking ultra
high speed photographs, monochromater and spectrograph for making optical
measurements of plasma electron temperature and density, and probes for
measuring magnetic field, plasma current, and modulating voltage. Elec-
trical outputs from the instrumentation are monitored on a Tektronix 555
dual-beam oscilloscope. Electrical timing of instrumentation, oscilloscope
and high voltage pulse modulator are accomplished by a 60 Hz clock driving
an S, T.L. pulse generator. This generator develops fixed and time delayed
pulsee that have rise times of 2 nanoseconds, The time delayed pulses can
be varied between 0 - 100 microsecond delay time in 10 nanosecond steps
with an accuracy of one nanosecond. This results in an ability to record
data with great precision and makes correlation of various data from the

instrumentation easier.
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CHAPTER 1V

INSTRUMENTATION

Scveral methods are employed to determine the properties that
characterize the toroidal plasma. Voltage and current measurements,
magnetic probes, fast photography with an image converter camera, and
spectroscopic determination of density and temperature are included in

the instrumentation methods,

A. Voltage Measurements

Voltage measurements are obtained with a Tektronix P6015 high voltage
probe, The prcbe is attached to a single turn of wire encircling the magnetic
core of the toroidal plasma bottle, The voltage measured, then, is equivalent
to the voltage drop for a complete circular path i1. the plasma ring,

The voltage signal is helpful for determining rapid inductive changes
in the system. For example, at breakdown of the gas, the initially high
voltage drops to a low value, Also changes in radial plasma motion can be

detected by the behaviour of the voltage signal,

B, Current Measurements

The current fed to the primary winding from the modulator is monitorced
by a current transformer, The current transformer consists of a permalloy
core about 1 1/2" in diameter and the primary of this transformer is a single
wire passing through the center of the core. This wire carries the modulator
current., The secondary winding consists of many turns coupled to a resistive
load of approximately a few ohms, The voltage developed across this resistor
is proportional to the miodulator current if the leakage flux of the transformer
is neglected.

Actually it is the measurement of plasma current that is of prime
interest. Although this current can't be measured directly, the difference
between primary current and plasma current can be, A core for a difference
current transformer is made of permalloy tape. This tape is threaded so

that it links both the primary winding and the plasma in the toroidal bottie
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The ampere-turns associated.with the primary winding and the plasma make
up the primary flux for the difierence current transformer. Again many
turns encircling the tape form a secondary winding and this is terminated
in a resistor of only a few ohms. Ideally the voltage developed across this
resistor should be zero; for this indicates perfect coupling between the
plasma and the primary winding of the toroidal bottle. However, if the
voltage is not zero the plasma current can be computed since the difference
current iransformer can be calibrated against the modulator current in the
absence of 2 plasma, and then the plasma current is computed as the

following: I =N . I . . =1,
plasma Primary primary diff, cur. xfmr,

C. Magnetic Probes

Both stationary and movable probes were constructed, The stationary
probes were mounted on two lucite disks. Each disk was positioned on a side
wall of the toroidal bottle, Immbedded on each disk are ten concentric loops
as shown in Figure IV-1, Their main purpose is to sample the axial com-
ronent of the magnetic flux density, Bz, and thus determine its time re-
solved variation of the radius, From this variation one can ascertain the
radial motion of the plasma current sheet., The symmetry and stability of
this motion is checked by four small probes mounted on each lucite disk
900 apart. These probes sample Bz also, Further examination of
Figure IV-1 reveals another set of small fixed probes that are orthogonal!
to the set of probes mentioned above., This last group of four probes are
also 90° apart and measure the symmetry of the radial component of magnetic
fl'ix density, Br.

The small movable probe is shown in Figure IV-2, Two such probes
were made, one to measure Br, and the second ‘(o measure Bz (Be-can be
measured by merely rotating this last probe 900). The probes consist of
a coil of 50 turns of #50 enameled copper wire wound on a 1—21,- inch bakelite
rod, These probes can be moved around and inside the glass envelope of

the plasma toroidal bottle allowing the magnetic field to be mapped. Appli-

cation of Maxwell's equations yields the current distribution,
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The leads from all probes were tw.sted to eliminate stray pickup
in addition the small movable probes incorporated both magnetic a-r
clectric shielding on the leads. Signals from the probes were electronically
incegrated with a RC circuit to obtain Br, Bz, and Be. The time constant of
the RC circuit was 80usec., which is approximately ten times the modulator

pulse length,

D. Fast Photography with a S, T. L., Image Converter Camecra

An independent sampling of the dynamics of the plasma discharge is
obtained with the help of a S, T. L., image converter carncra. This canicra
is fitted with two tubes, one with sensitivity peaking in the red and the other
peaking in the blue portion of the optical spectrum. Both tubes have a light
flux gain greater than 50 X each. It is thus possible to obtain a photograph of
the overall light emiscion of the plasma, and by using appropriate inter-
ference filters, to follow the space and temporal development of specific

spectral lines.

The camera can be operated in two modes: framing and streaking .
In the framing mode a sequence of nine pictures of the piasma discharge
can be taken with an exposure time of 50 nanoseconds typically and with a
time interval between pictures of 500 nanoseconds. When operating in the
streaking mode, the camera is uown.’ .« a lusec/ 10mm, writing speced.
However the camera can scan as slow as | usec/Smm. or as fast as 1 nanosec-
/1mr:, The camera is triggered by a variable time delay pulse from a S, T. L.
trigger delay generator. The same generator triggers the thyratron in the
modulator with a fixed pulse. Satisfactory time resolution in the photograph
sequence is assured, <ince the jitter 1n the time delay doesn't exceed 2 nano-

seconds .

Figures IV-3 and IV-4 show the camcra set up to take a sequence of
framing pictures along the z-axis and perpendicular to the z-axis respectively,
When taking streak photographs it 1s necessary to select light emission

whose rays are almost parallel, in other words, a small solid angle,
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Streak photographs taken of light along the radial axis require no auxillary
equipment since the camera must be far from the plasma bottle in order to
accept all radial light rays emitted along the z axis of the plasma discharge.
See Figure IV-5 . However streak photographs of zaxis light emission with
a radial distributior have a smaller field of view than in the previous case,
This requires the camera to be closer to the event which causes the solid
angle to increase. In this case a mechanical collimator with a 1/2° accept-
ance angle is mounted directly in front of the camera. This set-up is illus-

trated in Figure IV-6 .

E. Quantitative Streak Photography

Streak photographs are particulary suited for quantitative measuremenis
of variation in light intensity emitted by the plasma because this photograph
is a continuouas temporial record of either radial or axial distribution of
essentially parallel light rays. A major difficulty is the fact that the infor-
mation is stored logarithmically and a suitable calibration of the film must

be ma Je.

The method employed here is to reserve 2 small portion of the film
for making a calibration record. The plasma bottle is completely masked
except for a small pinhole. A cireak photograph of light emission from
pinho.e is recorded in the reserved spot. Next a photodiode, wkich has a
linear response to light intensity, is exposed to the pinhole . The photo-

dinde signal is fed to an oscilloscope and photographed.

A Wihtol microdensitometer and Brown Electronik recorder shown
in Figure IV-7 are used to analyse the film. First, the calibration record
on the film is scanned and plotted against the photodiode signal at identical
instants of time, This results in a calibraticn curve for the film. Then the
streak pictures of the plasma are scanned, each data point being unfolded

by the calibration curve to its proper value of light intensity.

This technique was used extensively for the determination of growth

rates for resistive instabilities .
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F. Spectrograph

A set-up employing a Baush and Lomb 1.5 meter spectrograph to
survey the spectrum emitted by the plasma discharge is shown in Figure
IV-8. Royal X pan film was used. An exposure time of approximately
15 minutes and development in Acufine was required to produce acceptable
results. The film was then microdensitometered in order to facilitate
interpretation of the spectrum for impurities. In addition the Balmer
series spectral lines or Hydrogen were examined and the nurnber density
calculated using the method of Inglis and Teller. In this technique tae micro
fields of both ions and electrons cause broadening of the higher energy levels
in the series. When the last distinguishable line has a width half the ''distance"
to the preceding line the relation between electron density and the last line

is the following

3 a n2 N2/3e2 1 e2 Z2
3,7 L om e = 4.1)
L[] Z - 3 L[]
a n
om
2/3 3
or N = & > 4.2)
€ 11.1n " a
m o
where a - Bohr radius

Z - ztomic number

n_ - total quantum number of last distinguishable line
e - electron charge

N - electron density

The electron density can thus be ascertained by identifying the last

distinguishable line.
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G. Monochromater

A 500mm. Baush and Lomb grating monochromater eouipped with
a photomultiplier tube was used to examine the iight emission in detail.
The monochromater was attached to a motor drive so that scans of 2.2/
second or 20 X/ second could be made. In addition, Hilger-Watts slits
(repeatability of less than 2 microns) were used to increase the systems
efficiency. Following C}riem,11 temperature measuarements were made
by comparing the ragio of the H6 line in the Balmer Series of Hydrogen to
the neighboring 100 A continuum. This measurement was performed at a
ZX/second grating specd, and since the plasma discharge is pulsed, a
Tektronix 151 plug-in was ussd to sample the photomultiplier tube output
at a particular instant of time. The output of the 151 plug-in unit drove a
strip chart recorder (see Figure IV-9) ., Thus, the plot on the chart was a

tirne resolved spectrogram. This set-up was prepared by R. Chimenti.

o
A planimeter was nsed tc measure the area under the H6 line and 100A

o

continuum so that the ratio could be caiculated. The curve of H()/IOOA

continuum versus temperature, taken from Griem, is shown in Figure IV-10.

A technique for measuring electron number density via examination
of Stark profiles described in a paper by Griem et. al. 12 appeared attractive,
In this method, the Stark profile is not measured per se, instead the mono-
chromater is set at the line core, and photomultiplier tube outputs are
recorded for narrow and wide slits. The ratio of narrow to wide exit slit
signals uniquely determines the number density and this measurement is
practically independent of temperature, Griem worked with Hb : however

in my experiment H, was selected as the optimum choice. The curve of

8
density versus the ratio of signals with . Imm exit slit and lmm exit slit

is shown in Figure IV-11,
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The agreement between the experimental line profiles and those due
to the general theory of line broadening set forth by Griem, Kolb and Shenl
is about 5% for “8 . Unfortunately the solutions for the theoretical line
profiles can not be expressed in closed form, so numerical tables have
been prepared by the authors which enable one to plot a particular line

for various electron densities and temperatures.

1
The Holtsmark theory,4 presented in 1919, yields a profile that
gives good agreement in the wings, and moreover predicts the correct

half width of the broadened line,

sian A

— GRIEM
——-—HOLTZMARK

AN

The sketch shown above illustrates the comparison between
Holtsmark's theory and that due to Griem et. al.13 Disagreement between
the two curves is pronounced in the neighborhood of the line core. Hc. -,
doppler broadening plays a greater role. This phenomena is nct taken into

account by the Holtsmark theory.

0
The following is an explanation of why the ratio of light flux for 1, 0A
o
and 16A wavelength bands centered at the line core of the Hq line results

in a unique determination of clectren density. First it is asserted that the

3
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o
effoct of doppler broadening is confined mostly in the 1. bA wavelength
o
band, and for larger wavelength bards, eg. 16 A  the Holtsnm irk theory is
a fair approximation to the a-tuzl line profile, S(£X) . We next assumec that

-he total line profil: is prescribed by the Holtsmark function given below

, 5 3
H(R) = Y2 a A exp - (8) A]

4, 3)
AN
where g = Cl;: and
ko
cee th ..
A)\k - shift in wavelength of k== line due to Stark effect .
Ck = constant depending con initial and final quantum numbers
involved in the transition for excitaiion of HB g

Eo = "average' electric field asscciated with the Stark

broadening cffect .

The light intensity distribution for the Stark broadened line is related to the
Holtsmark function by
°
I =—
Ck

K H(8) 4. 4)

. . th .
whece intens 'ty of unbroader=d k= line

1 %o

intensity of Stark broadened kt-l'l line.

Now equations 4. 3) and 4, 4) can be combined to yield

o
PR -
Ikzci% (tk)s/z exp [-(A)\k) 3/2] 4.5)
k CkEo CkE0
The average =lectric feld, Eo , is »~ally a function ot th2 electron
density. This can be demonstrated by first calculating the '~ verage"
separation butween ions for a density of ions equal to Ni . This is done by

solving the equatior be ow.

4 3
2y =1
3 ﬂt\o Ni 4. 6)
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where R0 = average separation , Ni = ion density . Now the average
electric field is
E = ———— 4.7)
4me R
oo

Substituting equation 4. 6) into 4. 7) we have

E = AN 2/3
o} 1

where A = constant
For nydrogen we have electron density equal to icn density, therefore

E AN 2/3 4.8)
e

(o]

where N electron density.

e

Tinally the substitution of equation 4. 8) into 4.5) results in

I AX -5 A -3,
= _L y (___lf.. ) /2 [:_ (__k “ 1 ‘
I 2 - N +.9)
ko Cp ékN % = C ) e
e k

olieE ék = AC,

Tne total light flux of the Stark broadered spectral line, H,, overa

wavelength band AX is the following:

A
A= (1A% d(ak)
p]
G
I =3
k e -
A = = exp [-(9;1)/ N 4.10)
C . e J
k C,

o )
If we now let A).l = 1. 6A wavelength band and A).Z = 16A wavelength

bsnd and form the ratio of light flux for the two bands - have :
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C\pp_ SR
ﬁ _ L Ek NeJ 4.11)
A~ [ /ax. \-3
2 exp | - __z_ /2 N]
L\ %k €

Simplifying,equation 4.11) becomes

A 3/2 3/ 3. \
1 2 2 2
o 8 o - - : 4,12
R = g exp C. N, M\l ax, ) )

Now the variation of the light fluv ratio, R, with electron density is
given by

3 -3 -3
dR Yo [ % h
axr - \ 4,13
IN (of Axl A)Z R )
e
We know that Ck>0
0<R<i

and Akl<£s}\2

z 1.<1'3/2 = A>\2-3/2 >0 .

The above implies that c%1<0 , or that R monotonically decreases as
Ne increases. This, in fact, is the behavior of Figure IV-11 which shows
Ne versus AI/AZ .

Electron density was also determined by inserting the obse.cved half

width of a line into an equation of the form

Ne = C aA 3/2 4.14)

where C is a quantum mechanical constant that is a weak function of

. . 15 . .
eiectron density. Such an expression =~ has its roots from the equation
given below, which relates the wavelength shift of a spectral line to ar

impressed electric field. This is the first order Stark effect.
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Lx ~ )\2 (nn_ - n'n_) E 4. 15)
F F
where n,n’ = p 'ncipal quantum nimbers
and Dps n! = electric field quantum numbers related to electric

dipole moment of atom and perturbing electric field, E.

From before, equation 4.8}, we have that

E = AN 2/3
e

where A is a constant.

Therefore, equation 4, 15) becomes

/s

2 /o
A ~ - r
Jay AT (n N H nF) ANe

3
or N -~ > ! AN /2 4.16)

and l:tting C = >

This last equation has the sarie form as equation 4. 14) . Values of C are

given in the book ""Plasma Spectroscopy' by Griem.
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Figure IV-1
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CHAPTER V

EXPERIMENTAL FINDINCS

This chapter precents the results that were obtained by the
instrumentation described in Chaptes IV. First, the measurement of
magnetic fields is given. Next the experimental results are presented for
measurement of electron density and temperature. The following section
gives the values of resistivity for various modulator voltages and plasma
currents. The last two sections are concerned with the observation and
measurement of growth rate for the Rayleigh- Taylor instability and the

resistive instability,

A. Measur:raent of Mapgnetic Ficlds

Detailed measurements of the magnetic flux density were carried
out on the narrow toroidal plasma bottie. The first measurements made
on this type of plasma structure was done by H., Friedman, te who compared
bhis data to a theoretical plasma model that consisted >f a current sheet.
Lat r, a more detailed study of the magnetic flux dunsity was undertaken
by J. Milleta.l7. He also compared the experimentally measured fields with
a model that represented the current carrying plasma as being comprised
of two rings. This model was a direct result of the examination of framing
photographs such a:. those given in Figure V-29 which show the plasma
structure in the narrow toroical bottle being comprised of two rings or

filaments.

The magnetic probes used were of two types, stationary and mcvable.
The stationary probes were mouu.ed on the gside walls of the plasma bnttle
and the movable probes had the facility of measuring magnetic flux density
both inside and outside the toroidal bottle. The prohes were arranged so

that ali three components of magpetic field, Br, 3®, and B. could be
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measured. Tle comglete description of the magnetic probes and their

position has been given in Chapter IV-C,

Shown in Figurcs V-1,2,3 are photographs of temporal variations of
Br, Be; Bz respectively for different radial positions equidistant from the
gide walls of the toroidal bottle. Alsc shown for reference purposes is the
primary current as a function of time. Detaiied magnetic prcbe measure-
ments were also made along the axial length cf the outer circumference of

the toroidal bottle.

These data for the three components of magnetic flux density are
functions of time and space. To aid in the interpretation of this large
amoun: of data, plots of flux lines were made at instants of time corres-
ponding to one, two, three, and four microseconds after the beginaing of the
current pulse, The plots were made for a cross-saction of *he torcidal botuc,
the r. z plune., Also shown in the plots, in out line form, is the perimeter of
the bottle, and zlso, the magnetic flux density vectors that were calculatel
from the experimental data. The plots depicting lines of flux for variors

instants of time are shown in Figures V-4 through V-7 inclusive.

Examination of these figures reveals two separate flux linkages,
which implies that the plasma structure consists of two current carrying
rings. Moreover, the two flux patterns shown for each instant of time are
not identical. This suggests that one plasma ring conducts more current than
the other. This observation is also consistant with the fact that one current
ring, the one with more flux linkages, has a greater outward radial motion.
This motion can be related to the well known ""magnetic piston'' argument
which stems from the J x B motor force. If the current in the ring is
larger, then the Jx B force increases,and the subsequent outward radial

motion is faster.
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Photographs also support the argument of separate filaments. Ia
addition *.: Figure V-29 mentioned previously, another frarning photo-
graph that shows radial motion is given in Figure V-8 ., In this figure, the
camera is looking along the z axis through an observation window in a side
wall of the toroidal bottle, The time sequence is given in the figure, Of
particular interest are the photographs for instants of time at 1.0, 1.5, and
2.0 microseconds. Here two rings can be seer, one of them being at a

smaller radial distance from the center of the toroidal bottle.

The current sheet model and the two ring model for the magnetic fields
in the toroidal plasma discharge both neglect the curvature of the torodial
structure and also assume that the radial dimension of the plasma is infini-
tesimally thin, A schematic of the theoretical models is given in Figure V-9,
Solutions for the Br and Bz cormponents of magnetic flux density using a

current sheet model are given as:
Br = [“o 1{t)/ 2nd] {Ln[rz +(z+d/2)2]/[r2 + (z-d/Z)Z]} 5.1)

Bz - r-uoI(t)/4'nd] {tan-l[(z +d/2)/r]-tan-lr(z-d/2)/r]} 5.2)

The total magnetic field is the superposition of the fields due to the plasma
current sheet and the primary current flus their image fields, where it has
been assumed that the magnetic transformer core is a semi-infinite magnetic

wall, A sketch of this appears in the bottom portion of Figure V-9,

The same prescription is followed for the calculation of total magnetic
flux density in the case of the two ring model. The equations for Br and Bz
components are given below. The distance ¢’ represents the axial separation

of the two rings. It is assumed that both rings conduct equal current.

Br

[uol(t)/4n] {(z-d'/?.)/r_r2+ (z-d'/2)1 + (2 +a‘/z)/rr2 +(z +d’/z)]} 5, 3)

Bz f—uol(t)/4ﬂ]{l/[r2+(z-d'/2)2] + 1/[r2+(z.+d'/2)21} 5. 4)
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The magnetic fields for both models are plotted for the followiag

.
B et VR

conditions :

modulator voitage =----- 12 kv

neutral gas pressure --- 500 microns Hq

plasma current ------- 3400 A; magnitude at 2 usec.

after beginning of current pulse.

Figres V-10 and 11 show the Br and Bz components due to the models.
Comparison with the flux plot for the time of two microseconds indicate
that the actual field iz not given in detail by eithcr of the models. However,
if the two ring model consisted of unequal currents in the rings, the differ-

2nce between model and actual ficld distribution would be less.

Of more practical interest for the purposes of instability calculations
is the value of the typical magnetic field , <B>, within the plasma. It was

found that this magnetic flux density, <B>, expressed by

<B> = 104u° <I>/2L (gauss) where 5.5)
L is the axial length of the plasma, matches the value of both model fields
and the actual field associated with the portion of plasma in the center of

the toroidal bottle.

The experiments on instabilitier of the resistive type indicated their
presence at times shortly before the peak of the current pulse, approximaterly
two microseconds. At this time, the variation of magneiic flux density
from outer plasit a-vacuum to inner plasma-vacuum interface was 110
gauss to 360 gauss, This represents an average field cf 235 gauss., For an
L=6cm. and an<I> = Z Ipeak, where ipeak = 3400A at two microseconds,

g
we find that <B> is as follows:

<B> = —_—
B> 10 U, L
<B> = 226 gauss

Calculation of the average modei field at two microseconds yielded a

value of 220 gauss.
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Therefore, when magnetic flux density is required for instability

calculations, the approximation expressed by equation 5.5) ~ill be used.

B. Measurement of Electron Densities

Electron densities were measured in the teroidal plasma by obser-
ving the effect of Stark-broadering on the Hydrogen spectral lines in the
Balmer Series. The theory of Inglis and Teller18 was used to calculate
der - frorn the experimental observation of line merging. Sevrral line
shapes were examined in detail, and comparison of these shapes with the

1
theoretical ones presented by Griem 3 yield the electron density.

The first measurement of electron density employed the spectrograph
set-up that is discussed in Chapter IV-F. In this measurement the density
was not time resolved, since the shutter of the spectrograph remaired rpen

for approximately fifteen minutes.

A portion of the microdensitometered film appears in Figure V-1.,
Line merging was considered to be significant after the line labeled n=10
because the wings of all succeeding lines overlap to a large extent., Using
the formula given in equation4. 2) of Chapter IV for density we have

2/3 )

N =
€ 11.1n° a
m

o N

where nm = 10, and aO = .53x10-8cm. Sotving, we have Ne = 5.7’x1015

part/cm3 . This data was obtained with the modulator set at 10kv and

with a neutral gas pressure of 500 microns.

Later, a time resolved scan of the spectrum was achieved using the
monochro:~ater set-up as discussed in Chapter IV-G. The photomultiplier
tube output of the moncchromater was strobed or sampleu at 4 microseconds
from the beginning cf the current pulse, while simultaneously, the mono -

chromater grating was being rotated by the motor drive. The resultant

.
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cutput is shown in Figure V-13, ‘ais [igere of course, i8 only a portion of
tne total spectrum. The scale is 15. 6;: /incu 2.1d only the lines with
vrincipal quantum number n=¢ 4Lrough n=10 are shown. Of interest is that
the line associated with n=10 is absolutely the last observable line; all
succeeditg lines are buried in the (ontinuum. For n=10, we have again
fr=m the Inglis and Telle~ technique a der.ity of 5. 7x lOlspart/cm3. Thie

value, however, is time resolved a2t 4 microseconds.

A more accurate determination of number density is to measure the
nalf width of a Hydrogenic spectral line or to plot the profile itself, these
measurements are then compared to the theory of Griem. The mon-chro-
mater is adjusted so that it is set at the line core of HB . Then the photo-
rmuitiplier tube ostpit is recorded with the exit slit set first at 0 lmm aid
the~ at 1.0mm. T. - vatio of outputs at these two slit openings represcnats

a unique electron density. Such a cu.ve is shown in Figure IV-11,

Data was taken for a range of neutral gas pressures ard inodulator
voltages. The oscilloscope photographs or photomulitplicr tube output show

gsignal variatior. with time.

It was noticed that, continuum radiation was very large for the first
microsecond, with its peak at about 1/2 microsecond. After cne micro-
second, continuum rzadiation was negligible when compared with the Ils
light output. For t.mes after ore microsecond, therefore, continuum is

neglected when computing density from the H_ profile. For sghorter times ,

8

the continunm radiation must be subtracted from the HB data.

Figure V-14 shows the following data: in photograph a are the
primary current and core voltage s a function of time; photograph b ;hows i
photomultiplier tube output with narrow slit, and photograph ¢ is taken with
a wide-slit., This tigure represents data from a torodial plasma driven at

a modulator voltage of 12 kv and neutral gas pre¢ ssure of 500 mi rons.
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Graphs depicting the electron density as a function of modulator voltage
and neutra) gas pressure for instants of time corresponding to two -~ ad four
microseconds after the beginning of the current pulse are shown in Figure

V-15 to 18 inclusive.

These data represent the average electron density along the z axis.
The ccmputation of both spatialiy and temporally resolved electror densities
is complicated since the plasma structure has motion and the electromag-

netic fields associated with it are time-varying.

Inspection of Figures V-15 to 18 reveals that the t>~nd is to increase
electron density as voltage is increased. At 500 microns pressure, how-
ever, the density is fairly constant at about 6.5 x 1015 part/cm3 regardless
ol voltage. Overall, there seems to be a general increase ir electron density
as time goes on. There is one exception, though, at 300 microns there is an
anomaly between 12 and 14 kv for the density. At other pressures, the data

>cdmMSs more consistant.

One other independent check of number density was made. The line
shapes and underlying continuum plots made for calculating temperature
in the next section were used *o measure the haif widths of HY and Hé .
See Figures V-19 and 20. These scans were made in a manner similar to
the scan show: in Figure V-13 except that the HY and Hb scans are to a
scale of 3,35A/inch on the chart. The half width of the spectral line is
measured at 1/2 the peak line intensity, taking care to correct for the
underlying continuum. Shown oa the graphs are the ''0' level, where mono-
chromater shutter is closed, and the level of continuum under the line.
This iast level is a computed average taken from the far wings on both

sides of the line. The calculated half width for HY and Hé are 14, ZK and
12.2 respectively.
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The electron density is calculated asing the following formula

from Griem.

N =C(N,T)'313/2 5.6)
e e s
where A)\s = half width ir angstroms
Ne = electron density in part/cm’

C(N , T) a coefficient that is only a weak function
€ of density.

14
For H , CIN,T) ~ 3.61x10  and for H, we have C(N_, T) ~ | 11x10'4
Therefore
N_ = 3. 61x10 % 14.2)%
Ne = l.'9x1016 pachm3 from I-IY
et N = L11x10' 2%
or Ne = 4.7::1015"3'1'%111\3 from Hé

The scans from which these densities were calculated were done at a
sampling time of 2,0 microseconds after the current pulse began. The
rrodulator voltage was 10 kv and the neutral pressure was 500 microne.
The electron density measured from HB- observations for these conditions

was 6. 7x lolspart/cm3.

The densities computed from half widths of H  and I-I6 are consistant
with those obtained from profile analysis of HB 2ince the theory fcr Stark
broadening of HY and H. is only accuratz within 30% whilec that for I-IB is
known to be on the order of 5% . The merging of lines at essentially the
same time yielded a Inglis - Teller calculation for electron density of

1
8. Tx 10“5part/cm3.

.
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Since there is agreement using independent checks, the measure-
ments of electron density done in deta‘. from observations of H8 should
be reliable. One last check was ma¢ , however, this was a check to see
if the plasma was optically thin, If this is not the case, then self absorption
i3 taking place and the line profiles are altered. A correction must be then

applied in order to calculate the correct electron Jensity.

Instead of the usual technique of placing a mirror behind the plasma
and then recording double the line intensity at the photomultiplier output
for optiéal thianess, the following procedure was employe:. A strobe larhp
was placed behind the plasma bottle in such a way that the strobe lamp light
output rassed through the plasma and into the monochromater setup . The
intensi.; of the strobe lamp was approximately thg same as the HB output
of the plasma. The strobe lamp output for a 1. 6 A band centered at HB was
recorded separately ar;d the HB ontput of the plasma was recorded separately
with the identical 1. 6A band. Then, both sources were recorded simultan-

eously. This is shown as Figure V-21, the top photograph is H_ output, the

middlc is the plasma and strobe lamp both emitting light, and t:e bottom
photograph is the strobe lamp oui:put by itself. The signals shown in the top
and bottom photographs when added together do result in the signal shown
in the middle one. Therefore the plasma is optically thin for HB g

C. Measuremnient of Temperature

A time resolved spectrogram of the Balmer spectral lines HY and Hb
and their surrounding continuum was made using a motor driven monochro-
mater and sampling oscilloscope. The oscilloscope output was fed to a strip
chart rrcorder. This experimental technique has been described in greater

detail in Chapter IV-G.

The spectragrains of HY and H, are given in Figures V-19 and V-20

6
0
respectively. The wavelength scale is 3,35A/inch, and the spectrum was
taken at two microseconds after the beginning of the current pulse. The
o

original spectragrams consisted of more than 100 A of continuum on either
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side of the spectral line, making the plot several feet long. In order to

presert the data in this thesis, the line wings and outlying continuum were
sliced off. However, the figures do shown the average value of continuum
under tae spectral line as calculated from the continuum magnitude 100 A
away from the line core. Also shown is the ''zero' level; the level on the

graph which corresponds to no light passing through the monochromater.

In Griem's book, '"Plasma Spe._troscopy'’, the relative line to contin-

uum ratio is given on page 279 as the following equation :

2 2 -
I 37 %1378 )" fgexp BEH - E) /kT;

c ZA AN g E(sﬂﬂ) (KT/E ) exp (EH/n'ZkT)

+ Z(gf.o/ns) exp (EH/nZkT)]

where £ = absorption oscillator strength of line
g = statistical weight of Jower state
EL = energy of Jower state
EH = ionization potential of Hydrogen

g. = statistical weight of ion ground state

= free-free Gaunt factor

free-bound Gaunt factor

Also n is summed from n=3 to at least n=/ for the Baln.er series. Then
n'=7 is used, according to Griemzo. The magnitude of II./ IC versus

temperature for HY and I-I6 were given as graphs in Figure IV-10 .

The spectruris shown in Figures V-19 and V-20 are linear plots.
Therefore IL/IC is found by comparing areas under the curves. This is
accomplished with a planimeter. First, the area under the curve extending

X 504 from the spectral line core was measured. This represents IL+ Ic

ket

.
AR
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D . 7
Next, areas that were 1004 wide and tangential to the first measured
area were computed. These last areas were averaged and labeled as IC o

The sketch below shows the situat on.

I4

) II+IZ
2
| —100 8 100 A—

I +1
//////b,t’//c

-

NN

\o~50A A; A#50A

Application of the above procedure for the spectragrams of HY and Hé
yield IL/IC ratios of 1.38 and . 363 respectively. Using Figurc IV-10 we
find a ratio of 1. 38 for HY corresponds to a 7.5ev electron temperature
and . 363 for the I-I‘5 spectrum yields 2n 8. 5ev electron temperature. The

agreement between the two calculations is approximately 12% .

Now we have to check to see if these tenperatures are meaningful.
First of all, are the measurements in error due to a failure to satisfy the
assumption of local thermodynamic equilibrium, (LTE) . Well according

21
to Griem , if the plasma were time-independent end homogeneous, an

1
8 _1 (kT \/2
‘ is required
n17/2 E‘H / E

electron density of

N > 7x101
e =

for a Hydrogen plasma so that LTE is satisfied to within 10% . For a
13 3
temperature of 8ev., then the electron density must be more than 10 part/cm

1 3
to insure LTE within 10%. Cur densities are on the order of 5x 10 Spart/cm .
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therefore the validity of the LTE assumption introduces negligible error

for a plasma structure that is time-independent and homogeneous.

Our plasma may be considered to be transient and inhomogeneous.
In that case more stringent requirements are set for the LTE assumption.
Treating the transient case first, what we requireis that the equilibrium
time for satisfaction of LTE bc about 10% of the plasma life time. In our
case the plasma has a lifetime on the order of 10 microaseconds, therefore

we expect that the LTE equilibrium time must be less than 0. 8 microseconds.

The foliowing equation given by Griem22 gives the equilibrium time fecr
partial LTE, that is, for all priacipal quantum numbers above some n there

can be total LTE. 1
7 I/Z 2E

4.5x10 ( kT ) e ( H ) Fec

4
n Ne EH n3‘<T

Now for LTE in a homogeneous and stationary plasma at 8ev only an
1
Ne = 10 3 was required. Substituting these values into the equation above

for all n>5, HY , H,, etc., we find that T, 5. 7x10-95ec. The conclusion

)
is that deviations from LTE between excited stat=s is not serious.

Our plasma is also inhomogeneous. In addition to the previous
requirements for LTE, we now must show that the gradient of electron
temperature is small over distances that a particle can diffuse23 in times
of the order of lo-aseconds as calculated in the previous section. For a
temperature of 8ev the electron thermal velocity, Ve is

1
7V o= ( ZkT)
e m
and Ve =1,68x lOacm/sec, Typical diffusior velocity in our plasma is

1x10° cm/sec. For a time interval of lO.8 seconds spatial motion due to

temperature is on the order cf lcm., while that due to diffusion is lo-zmm.
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Since the magnitude of tne temperature spatial gradient must be inversly
proportional to the characteristic path length, it appears that the spatial

requirement for LTE has been satisfied.

All in all, the experimental average electron temperature of 8ev. and
the determination of electron number density =~ 6 x lOlspart/cm. from the
previous section does not produce a paradox, or even a serious refutation
of the LTE assumptions that are prescribed by Griem in order to generate

theoretical working equations for calculation of temperature.

D. Determination of Resistivity

The magnitude of electrical resistivity associated with the plasma
exerts a strong influence on the growth rate of the resistive instability, which
has been observed in this experiment. The resistivity has been determined in
two ways. First, the voltage-current measurements were used. The initial
voltage across the modulator capacitors represents an electric energy source
containing % CV2 Joules, where C = modulator capacitance and V = initial
voltage across the capacitor . All this energy is assumed to go into ohmic
heating of the plasma and series resistor, Rext. The energy dissipated in
the plasma is represented by an equivalent resistor, having the value <R > .
Knowing the approximate geometry of the plasma, then the resistivity can

be calculated, given<R>.

g
-1
4

<R>
L

<N>-=

<n> = equivalent resistivity.
<R> = equivalent resistance .
L
A

mean circumference of plasma.

cross-sectional area of plasma.

The second meathod of determining resistivity stems from the temperature

. . . . . 24
measurements made in the previous section. In this case, Spitzer  has
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3
calculated an expression where na T (T is electron temperature) and

the resistivity is only a weak function of clectron density. His equation

is given below.

. 5.21x10'5LnA 5. 8)
32 .

T
32
10 T
1.55x10 2

N
e

where 1

resistivity in chm-meters

..;:S
"

temperature in electron-volts

3
electron density in particles/cm’.

Z
"

e

When the experiment was being conducted, the core voltage and
primary current signals were always displayed on a Tektronix 555 dual-beam
oscilloscope. These displays were recorded on Polaroid 3000 ASA film for
every modulator voltage setting and also for the various primary winding
configurations. Typical voltage and current data are shown in Figure V-22.
This figure shows data at modulator scttings of 8,10, 12, and 14 kilovolts.
The neutral gas pressure of the Hydrogen was 500 microns and the inner
primary winding had a uniform structure so that the current carrying plasma

sheet in the toroidal bottle broke up into two filaments,

As mentioned previously, to calculate resistivity from data represented
by Figure V-22 we equate electric energy of the modulator capacitor to nhmic

heating, This relation is given in the equation below.

1 .2 T2
> CV" = (<R>+ Rext) J, I"(t)dt 5.9)
C

un

modulator capacitor

\'

peak modulator charging voltage
<R > = average plasma resistance
R ext = external modulator charging ~sistor

I(t) = plasma current as function of tir. , t,
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The value of € is . 0334 uf and of Rext is 11.5 ohms. However when R ext is

reflected from the primary side of the transformer to the secondary side,

the plasma region, then we have an effective R ext of 1125 or .068 ohns,
n

where n represents a transformer turns ratio of n=13, The term I(t) is the
efective plasma current, which is n times the primary current. It was
observed that I(t) is very nearly equal to IO sinuyt for 0<wt<T according to
the experimental data. Substituting the approximate form of I(t) into equation

5.9) and integrating, we find the following expression for <R > .
W V\Z
<R>=;—T~C(I-:} - Rext 5. 10)

Application of equation 5. 7) results in an expression for the resistivity.

2
SAras VN
<n> = L[ m (IO/ Rext]
A C/V\2 7
or <“>=I['i~'\i;) -RextJ 5.11)

where A =~ 10-3 m2

L:e3x10-lm

T = length of current pulse in seconds of time .

The graph shown in Figure V-23 illustrates the bzhav.or of V versus
Io for different modulator voltages and primary winding configurations.
Examination of the graph indicated that the ratio, V/IO, decreases for
increasing V. According to equation 5.11) , we come to the conclusion that
<n>, the resistivity, decreases as V is made larger. Offsetting this relat-
ionship, however, is the dependence of T upon the modulator photograrhs.

Inspection of Figure V-22 reveale that T decreases for increasing V.

In any case, <> was calculated from equation £.11) for various
V/IO ratios and their corresponding T values. The results are shown in
Figure V-24 where V is the ordinate and <n> is the abscissa. An independ-

ent check for these values of <> can be made by using the measured values

e
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of temperature and electron density give~ in sections C and B of this
chapter respectively. These data can be used in Spitzer's formula,
equation 5.8), in order to cal-ulate <>, With a modulator voltage of

12 kv and neutral gas pressure of 500 microns, the =leciron density was
found to be 6. 7x iolspart/cm3 and the temperature due to line-continuum
ratios for H and H‘5 was calculated as 7.5 and 8.5 electron volts respect-

ively,

The resistivity according to the above data was found {o be the
following.
<n> = 2.2x10"° ohme-meters

H
Y

<n> = l.8x10-5 ohm-meters

H

These values are plotted on Figure V-24 for comparison purposes,
The difference between the average resistivities calculated by the two
techniques is less than 20% . Inclusion of inductive effects for equation 5. 9)
would decrease the calculated resistivity in the direction of that determined
from temperature-density measurements. The additional complexity for

a little better agreement did not appear justified at this time however .

E. Observation of Rayleigh-Taylor Instabilities

In this section, photographs are presented that indicate the onset of a
Rayleigh-Taylor instahility. The neutral gas pressure of the Hydrogen gas
in the toroid was 50 microns Hg. The photographs were taken in the framing
mode with the camera locking into the side-wall of the toroid along the major
axis,

To correlate the experimental observations with the theory presented
in Chapter II, the observed wavelength is compared with the predicted wave-
length. The predicted wavelength depends on the plasma acceleration and
the viscesity of the plasma, Viscosity depends on the ion density and temp-

erture. Since the system is in LTE, we can substitute both the electron

S Fotrngarc e
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density and temnperature. This data was presented in sections B and C of
this chapter. The plasma acceleration has been measured experimentally
and compared favorably to a snowplow model by K, Stuartzs. Both re-tang-
ular and cylindrical geometries were used as theoretical models and it was
found that the difference in their solutions was insignificant, The following
is a derivation of the snowplow model for both the rectangular and cylindrical
geometries,

The following equation is for a snowplow model having rectangular

geometry. A sketch of the geometry is shown below

PLAS' A

—¢ ¥ - 7
PRIMARY CURRENT SHEETlex

>x
>

The model assumes that all plasma is swept up by a "magnetic piston' and is

confined to a small region immediately ahead of this piston,

wol 4 (Mg-’f) 5.12)
5 dt dt '
where H=K

= Y + =
M (mc mi) nox pox

Substituting, we have the following,

2
vk 4 (, &) 5.13)
2p dt dt *e
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or uo t T 2
=2 JdTrK(E)d{5=x 5. 14)
P !
0O ©

with tae initial condition x| = 0

it

Now since the discharge current is very close to a sine wave for the
first half period the assumption is made that
Io
K(t) = Ko sinuwt = 1 sein wt 5.15)
Substituting equation 5. 15) into equation 5. 14) the solution shown below
results
2 Y
- u K ( 2.2 _a\
x [ ozo 2y t + cosut I)J 5. 16)
8w Do

The experimental paramn=ters of Ko = IOSA/m ' Py T l.(z?xlo.skg/m3 5

and w = 106 I/s were substituted into equation 5, 16) in order to obtain the

curve for the rectangular model shown in Figure V-23,

The cylindrical model is discussed next. Shown below is a sketch of

the plasma configuration .

PLASMA

PRIMARY CURRENT
SHEET =K




S S

e

T

e

The following is the snowplow equation for the cylindrical case.

= - A o -1
anr =5 at \M 5 > 17)
where H = K
M=prm (rz - Rz)
o
Equation 5.17) then becomes,
2
uoK _ 4 rZ_RZ o ;. 18)
P dt r dt )
o
The corresponding integrul equation with iritial conditicn of r| _°=R is
given belcw as
u t T r >
=2 Far [ K%eyae = [{y-B) ¢y 5.19)
T y
o ) [

R

By letting K(t) = Kosin wt as done in the rectangular model, equation

5.19) can be integrated into the following form.

/r‘z 2
-— _l K
\R) r uo 2.2
2 - L“(R) T2 2 (z‘” : +°°Sz"“'l) 5.20)
8w OOR

Since this is a transcendental eqaation, the left and right hand sides of

eJuation 5, 20) is set equal to some function, F.
2

i.e., (i)_-l

F= —= -Ln (r/R)

F =— (sztz +co.°2wt-l)
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g o
where Ko = lO’AA'n , w=106r/s , p°=1.67x10 & K%n3

and R = 2.5cm.

These two parametric equations are plotted in Figure V-26. Then for the
same value of F, the corresponding %l arnd t can be found. These values
are plotted in Figure V-25 and form the locus of equation 5.20) which is

the cylindrical solution to the snowplow model.

Figure V-27 shows a streak photograph of the plasma from which
the experimental parameteis used above were taken. The ordinate of the
picture is radial distance and the abscissa is a time base. The inside edge
of the plasma has been plotted on Figure V-25 to show correspondence with

the rectangular and cylindrical models.

The conclusions derived from Figure V-25 are two fold. First, the
difference between the rectangular and cylindrical solutions are insignificant.
Therefore use of the rectangular geometry for the toroid ie justified. This
is the geometry used in Chapter 1I for the derivation of the instabilities.
Second, the data taken from the streak photograph fit the inodel very well,
and so the experimental plasma must be undergoing 3ood snow plowing., For
early times, when the Rayleigh-Taylor instability is developing, the radial
trajectory is essentially quadratic. The acceleration, G, in this region is

about G 2x 1010"7152 .

The sequence of framing photographs shown in Figure V-28 show the
onset of Rayleigh-Taylor instabilities as evidenced by the scalloped appear-
ence of the inner edge of the plasma in the seccnd and third photos. The
exposure time for each photo was 50 nano seconds and the time interval
between photos was 500 nano seconds . Examination of these photos indicate
a wavelength of about A~lcm. with a growth rate for the instability less

than 0.5 microseconds.

26
We can use Marshall's expression for viscosity which ir
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2
_ 1, 89x1015 Tisl‘
- n, LnA

where = viscosity

v
Ti = Te = temperature in electron volts
n, = n_ = density in particles/cm3 .

Substituting Ti~8ev. and n. 5x 1015 part. /cm3 yields ves8. Using
equation 2.40) from Chapter II fcr the predicted minimum wavelength due
to viscosity damped Rayleigh-Taylor instabilities we can compare with the
observed wavelength.

o k]
1/3 VZJ- 10

Amin = 21 G where v=8, Gs2x10 .

Solving the above equation we get that

lmin= .93cm .

This is in good agreement with a value of 1 cm. fovnd in the experiment.

F. Observation oi Resistive Instabilities

Initially, experimental investigation of the toroidal plasma discharge
was directed towards tne radial motion. These first experiments were
performed on the nirrow bottle and the plasma was considered to be uniform
in the axial direction in order to ,implify the construction of a theoretical
model. The validity of the assumption mentioned above was checked by taking

framing pictures of the plasma ‘1 the r - z plane.

These photographs shown in Figure V-29 show a time sequence of 0.5
microsecond intervals. It is obvious that there are two filaments and their
separation increases as time progresses. The dark vertical bars appearing
in the photographs are the individual wires making up the outer winding on
the toroida. oottle. The modulator voltage was 6kv and gas pressure was
500 microns; the same values used when taking magnetic probe measurements

in Chapter V-A . Comparison cf magnetic flux mappings for various times
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presented in Chapter V-A with the framing photographs of plasma
luminosity prove that the luminosity coincides with the locatien of the

l plasma current filaments.

The breakup of plasma into separate rings and the axial behavior, in
general, was believed to be a type of resistive instability. Ir order.to
examine this phenomena in greater detail two major modifications were
made. First, the theory of resistive instabilities assumes a uniform sheet
of plasma in the presence of both a perturbing magnetic field and either a
uniform conductivity or a spatially varying conductivity across the thickness
of the plasma sheet. It is desirable to have an experimental plasma that is
initially uniform in keeping with the theoretical model. However, it was
noticed that the photographs i- Figure V-29 did not really appear to have a
uniform configuration at the beginning of the t.me segquence. This problem
was solved by the introduction of r.f, preionization as discussed in Chapter
III, The preionization of the toroidal plasma results in an axially uniform
plasma. Second, only two rings were abserved when conducting experiments
on the narrow toroidal bottle and it was thought desirable27 to excite more
than two rings in any way possible so that the data might be more com=re-
hensive. To this end a second bottle was constructed that was twice the width
of the narrow bottle, the maximum width of the second bottle being determined
by the dimensions of the transformer core. Also it was found that inserting
in the annulus of the toroidal bottle a primary winding with spatial periodicity,
the number of plasma rings that developed was a function of that peri- dicity.
(The details of primary wirding construction are given in Chapter IlI). It
was found that if the primary winding is divided into n identical coils placed
in succession along the axis, then the plasma would split into n+1 separate

rings of filaments.

\ Experiments conducted on thir second bottle were performed at
\ modulator voltages ranging from 8kv to 20kv but only data from 8kv to 14kv

was compiled since higher modulator voltages resulted in electrical noisc
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so large that the data was deemed unreliable, Neutral gas pressure was
varied between 1 torr and 100 microns. The manifistation of resistive
instabilities as filament formation was evident from 1 torr to about 300
microns. Below 300 microns radial motion becomes dominent and at about

150-100 microns evidence of Rayleigh-Taylor instabilities appear.

The data that follows consists of photographs depicting development
of either two, three, or five filaments from a plasma that is initally axiallv
uniform. The modulator volicge was varied between 6«kv and 14kv, and the

neutral gas pressure was 0.5 torr (500 microns) .

The first set of data are framing pnotographs of a plasma developing
into two filaments; this is shown as Figure V-30. Photographs showing three
and five filament development are given in Figure V-31 and Figure V-32
respectively. Modulator voltage was 12kv for the plasma phctographs just

menticned. Photographs were taken at other moduilator voltages also.

Of prime interest is the quantitztive determination of growth rate for
the instability that has been photographed. To accomplish this aim a model
has been devised that related the growth rate to the separation between the
filaments that were observed on the framing photcgraphs.

First of all, the theory predi~ted an exponential growth rate, e'”t

with w>0, for the instability. Also there is a characteristic wavelength
associated with the instability. Using the above information the plasma

current is assumed to have the following form,
I(z,t) = 1 -i (e -1) coskz 5.21)
’ o o .

where Io is tha plasma current in the absence of any perturbation, io is

the perturbation current, and k is the wavenumber of the instability ,
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> Z

L

Now let the light intensity emitted by the plasma be proportional to I2 where

i i 2 2
2 _ 2 o/ wt ) ( 0\ ( wt ) 2, .
I(z,t) = Io 1-2 I_o (e 1 Jcoskz+ _I ) -1) cos kz 5.22)

—

Let E be the position of I (E, t) = R2 where R2 is a constant and it denotes
the threshold light intensity which exposes the film. In other words, tke

uark area separating the filaments on the photograph was the result of light

intensity <R2 . In addition we define a function. F, with the following property:

"
-
'
oo

F{z,t)
where F(E,t) =

5.23)

it
o

Note: from the curve given above, £ is defined only if Rzlo - io (ewt-l) .
Using the chain rule we have

dF | AF | AF dt

dz = Az * ot dz 5. 24)
where
i
1 QF_ o o
. > Zk \e l/smkz [l \e -1)cos kz] 5. 25)
o
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and
1 AF 3 io ‘\2 t
—_— =2y = " coskz l-(-—,’ -\/eu" -l\,cos kz 5.26)
2 At I 4 % /
1 o o)
o
Now lim 02 =0 since F(%,t) =0 .
dz
z-£
. dz _ . AF/ At
Therefore lim rri lim - _—AF/Bz
Z--oE Z-‘E
io wt
2w T € cos kE
or a _ s . o 5.27)
Ck 15 (e® 1) sinke
2k —
1
°
and finally 0 o O, Sl 5.28)
(3 k -t
: (l-e )

We can integrate equation 5.28) to get € = E(t) .

5 W t[‘ dt

i tankndn = -l; S 5.29)

LE to l-e

o

Equation 5.29) integrates to the expression given below.
-t

cos k& -t o ;
s keo = | -ut- In(l-e ") |- -u,to-ln(l-e ) 5.30)

If to is the minimum time for € to be realizable, then we know cos k~’°: 1
since it corresponds to R = Io- io(ewto-l)

-wt

l-e
1 kE = - w(t- - ln ————— .31
n cos n(t to) nl sy 5.31)
-e
This can be writtenas
I -R wt I -R

o o
cos kf = =———————— where e -l =

., wt
-1
1°(e ) o
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o Io "R for t> t 5.32)

|-

wt
. -1
lo(e )

For the purposes of the experiment, we examine the photographs
and determine El and §2 at times t1 and tz respectively . A more useable
form of equation 5. 32), then, is a difference formula that yields w , the

growth rate.

L 1
e = i KE + 1
cos 1,2
[ Io-R 1
or wt =ln |1 +— 5.33)
1,2 10 cos kEl' 2
1 -R
we know Io >>R, Io>io and therefore >1
o
Also B 1 >1
E ’
cosk 1,2
Io-R 1
So "“'tl, 2 =REs i cos kE
o 1,2
cos kgl
and W ~ In -——mm——m—m 5.34)
tz-t1 cos k;!z

The equation above is then used for calculating growth rate from the values of
€ and t measured on the framing photographs. The time interval between
framing photographs is 0.5 microseconds, s0 tz-t1 will always be some
integer multiple of that time. The values of € are read from the photo-
graph using a 7 eye loop that incorporates a scale marked off in 0.1 milli-
meter divisions. The width of the bottle is 12 centimeters and the image on
the photograph is 28 millimeters, therefore all readings taken with the eye
loop should be multiplied by lz0/28 or 4,3 times. The following table, Table I,
lints the values of £ and t measured from photographs taken of the different

filament configurations for various modulator voltages.

o




kv

10
12
14

kv

10
12
14

lu
12
14
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Table I

- Two Filaments (k = .5cm -1)

&, (em)

1.25
1.75
1
1

S NN

7, (mm)
7.53
4.1
4.3
5,37

ﬁz(cm)

1. 75
2.25
2.25
2.0

Five Filaments (k =

(mm)

7.5
5.62
7.5
5.62

AT(usec)

— s
. e
QOO oW

[
.

Three FFilameuts (k = l.045cm-1)

AT (usec)

.
(SIS RS RS, )

l.6ecm™ ")

AT (usec)

—
.
o U\

@ X lo-s(sec- 1)

oy Wb
0 W ®

wx 10-5(sec- 1)

w NN W;m
(ot - JNEN I o2

wxlo-s(sec-l)

8

(oW E I L I
— b O
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Another method for obtaining the growth r~te of the instability is

to take streak photographs of the plasma instecad of framing photogra hs.

Then, a microdensitometer scan of the streak photograph yields the vari-

ation of light intensity generated by the pl2zsma directly. This method is
discussed in Chapter IV-E.

Streak photographs of two, three, and five filament configurations
were obtained for various modulator voltiges. Examples of such photographs
are given in Figures V-33, V-34, and V-35 for two, three, and five filaments
respectively. The modulator voltage in these last three figures was set av

8kv and then 10kv for each of the figures.

Shown in Figure V-36 is a calibraticn photograph of light intensity
obtained with a photodiode for the five filament case. Simultaneously a
streak photograph was taken. The microdensitometer trace for this last
photograph is shown in Figure V-37 and finally Figure V-38 provides the
calibration curve that is used to translate succeeding microdensitometer
scans of streak photographs to equivalent intensity plots. Separate calibration
curves are made for each filament configuration and in particular for each
experimental run to insure that variations in exposure time, development

time of film, etc. do not influence the data.

A typical data reduction procedure proceeds as follows. First thc
streak photograph is marked at known times along its time base. Then
scans are made at these times across the axis of the image. Typical scans
of a five filament streak photograph for a modulator voitage of 12kv are shown
in Figures V-39 to 41 inclusive and zcpresent scans one microsecond apart.
Attention is now fixed on one of the filaments and its peak percentage of
transmission and minimnum value of percentage transmission between two
filaments are recorded for each microdensitometer scan., These values are

then converted to relative ligkt intensity via the calibration curve. Next the

ratio of peak intensity to minimmnum intensity is formed. A ratio equal to one,
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of course, indicates growth has not yet begun. Rativos greater than on. are

the result of an instability growing. Table LI below illustrates a typical

calculation.

Table II

Five Filaments At 12kv

Time(us) 1 2 3__
% Trans. peak 3.6 2.0 2.6
min 3.8 2.2 3.2
Rel. Ampl, Time(us) 1 2 3
peak 2.37 ~1.4 3.8
min 3.8 ~l.4 { 2.75
Time(us) 1 2 3
ratio 1,065 |~1.0 1.38

Now to find the growth rate, which is supposedly exponential, the ratio

of the numbers in the last row of the table above is taken for the times of
two and three microseconds. Then 1.38 = ewt where t is one microsecond.

-1
Solving. the growth rate must be w = 3.17x 105 sec. This prescription

is followed for reducing the streak photographs for every filament configur-
ation and impressed modulator voltage. A summary of ‘uch calculations

is given in Table III as a listing of growth rate for different combinations.
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Table III

Growth Rate Determined Frorn Streak Pictures

Modulator Voltage Two Fil. Thre= Fil. Five Fil.
(kv) wx10"° 4x107° px107°
8 1.54 1.1 1.1
9 1.55 1.07 1.7
10 1.33 0.99 1.95
11 1.35 0.95 2.5
12 1.3 0. 9¢ 3.17
ls 1.75 1.1 2.51
14 1.6 0.938 2.87

In order to correlate th: observed g owth rates of the instability
with the ther reticai hehavior of rosistive insta’‘lities a graph is plotted
fromn the experimeniai data. The graph is « pDlot of p versus S where:

P=uTp

S=r_/7

R/ H

2

02
and =)
R” <n>

1
a(uo<p>) /’.
T T e—r——

H <B>

U

Values oi i as determined from framing and streak photographs are given

in Tables I and III respectively. The resistive diffusion time. R’ is cal-
culated for a plasma wioth of a .22 centimcters and various <n> that were
determined in section D of this chapter for different modulator voltages and
curren: cnnfigurations. Refer to Figure V-24. The parameters < p>=mi<ﬂ>,

where m, is the Hydrogen ion mass, has been evaluated in Chapter V-B for

<n> at a time of two microsecor1s. Since this is approximately the sam.




instant of time that y was evaluated, calculations of <p> are acceptable.
Values of <7i> are selected from the curve for 500 inicrons pressure.
Magnetic flux density, <B> , is calculated from equation 5.5) of section

A ir this chapter, For convienience, it is repeated below.

<I> Weber/m2

B> = u, 3L
2
where <I> = p= Ipeak

L = equivalent axial length of plasma

Table IV gives a tabulation of all the parameters mentioned above

together with the calculation of 1 S, and p for a plasma with two

-
R' H
filaments being generated. Similar information is given by Tables V and

VI for the three and five filament case respectively.
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We no* have p versus S for all the filament configurations and these
data are plotted in the graph shown in Figure V-42. The data taken from
framing photographs are plotted as curves distinct from those reduced from
streak paotographs since the method of analysis was different for the two
types of photos. For comparison purposes, a plotof p = SZ/5 is included.
This corresponds to the cuse of @ =1, Also inclnded is a curve calculated
by J.Wesson28 using a digital cornputer. He set a = 1 and did a numerical
analysis, making no approximations ror solving the basic set of equations
derived by F,.K. R, The asymptotic solution found by F.K,R, was, of course,

t a5 25

p ~0— for the vippling and tearing modes.
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B. Field - 136 gauss/box
radius 3. 656 cm.

B. Field - 136 gauss/box
radius 4.156cm.

B. Field - 136 gauss/box
radius 4. 656 cm

B. Field - 68 gauss/box
radius 5.156cm.

B. Field - 68 gauss/box
radius 5.656 cm.

B. Field - 68 gauss/box
radius 6. 156 cm.,

time scale - 2usec. /box A. Primary current 145amps. /box

B_ Magnetic Probe - Center of Discharge

Figure V-1
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B. Field - 68 gauss/box
radius 6. 656 cm.

B. Field - 34 gauss/box
radius 7.156 cm.

B. Field - 34 gauss/box
radius 7.5cm.

time scaie - 2 usec, /box
A. Primary current 145amps. /box

Figure V-1 Continued
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B. Field - 32 gauss/box
radius 3. 656 cm.

B. Field - 32 gauss/box
radius 4. 156 cm.

B. Field - 32 gauss/box
radius 4. 655 cm.

B. Field - 32 gauss/box
radius 5.156 cm.

B. Field - 32 gauss/box
radius 5.656 cm.

B. Field - 32 gauss/box
radius 6. 156 cm.

time scale - 2 vsec./box  A. Primary current 14 5amps. /box

Be Magnetic Probe - Center of Discharge

Figure V-2
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B. Field - 16 gauss/box
radius €. 656 cm,

B. Field - 16 gauss/box
radius 7. 156 cm.

B. Field - 8 gauss/box
radius 7.5cm.

time scale - 2 usec. /box
A. Primary current 145amps. /box

Figure V-2 Contirued




time scale - 2 usec. /box
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B. Field - 32 gauss/box

radius 3, 656 cm.

B. Field - 16 gauss/box

radius 4,156 em.

B. Field - 8 gauss/box
radius 4, 656 cm.

B. Field - 8 gauss/box
radius 5. 156 cm.

B. Field - 8 gauss/box
radius 5, 656 cm.

B. Field - 8 gauss/box
radius 6,156 cm,

A. Primary current 145amps. /box

Bz Magnetic Probe - Center of Discharge

Figure V-3
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B. Field - £ gauss/box
radius 3,656 cm,

B. Field - 8 gauss/hox
radius 7,156 cm,

B. Field - 8 gauss/box
radius 7.5 cm.

time scale - 2 usec. /box
A, Primary current 145amps. /box

Figure V- 3 Continued
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Time In Microseconds

0.0 1.5 3.0
0.5 2.0 3.5
1.0 2.5 4.0

Framing Photo_raph of Radial Motion

Figure V-8
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Figure V-9
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Figvre V-10
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Figure V-11
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current - 4KA /box
voltage - 1KV/box
time - 1 usec. /box

narrow slit
ampl. 0.5V/box
time 2usec./box

wide slit
ampl. 5V/box
time 2usec./box

Photomultiplier Tube Output Voltages

Figure V-14
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HB light from plasma

o
1.6 A band

both plasma and strobe
light radiating

strobe light output -
1.6A band centered at H

Measurement of Self Absorption

Figure V- 21




modulator voltage

8KV

10KV

Top Trace - core voltage - 200V/cm
Bottom Trace - plasma current - 1250A/cm

Time scale - 2microseconds/cin

Vcltage - Current Relationship

Figure V-22
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modulator voltage

12KV

14KV

Top Trace - core voltage - 200V/cm.
Bottom Trace - plasma current - 1256A/cm.

Time scale - 2microseconds/cm.

Figure V-22 Continued
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Framing Photographs of

Rayleigh- Taylor Instability

Figure V-28
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Figure V-29
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Two Filament Configuration

Figure V-30
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Figure V-3l
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Five Filament Configuration

Figure V-32
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Two Filament Streak Photographs

Figure V-33
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Figure V- 34
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Figure V- 35




Light Intensity via Photodiode Output

Figure V-36

Top Trace:
photodiode output

Bottom Trace:
primary current 150A/box

Time scale 2usec./box
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CHAPTER VI

CONC LUSIONS

Ir. this experiment on a Hydrogen toroidal plasma two types of
instabilities were investigated.
1. A Rayleigh- Taylor instability was found at neutral gas
pressures of about 50 microns of Hg. At this pressure there
w s significant radial acceleration of the plasma, Ga:leOlo"}/sz,
and the instabilities were observed withan S, T, L, image

convertor camera Jooking in the r - « plane .

2. Resistive instabilities were observed in the r - z plane as
evidenced by an axially uniform plasma breaking up into a set
of filaments. This type of instability was found for neutral
pressurcs above 250 microns Hg and detailed measurements

were undertaken at a pressure of 500 microns Hg.

In order to make quantative measurements of the instabilities, a
number of plasma parameters were measured. In short, magnetic field,
electron density and temperature, induced voltage, plasma current, resist-

ivity, viscosity, and the instablilty growth rate were found.

The magnetic field was measured both inside and outside the plasma
bottle. Comparison was made to theoretical models with moderate success.
In any ~vent the prediction for average magnetic field linking the plasma
agreed with measured values to an error of about 5% . Electron density was
measured using the Inglis- Teller method, line half-width relations utilizing
. All tke techniques

B 154

HY and Hé, and a sampling of the line profile for H
yielded electron density values ranging from 4.7x10 ccto 6,7x 1015#/CC

1
if the HY measurement is neglected (this gave Ne~ 1.9x10 6#/cc) .
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Resistivity was calculated from V-I probe measutrements and also from
temperaturc measurements. Und.r the same operating conditions, these

two techniques yielded values of resistivity within 20% .

Photographs taken of Rayleigh- Taylor instabilities resulted in a
wavelength of lem, compared to a prediction of 0.93cm. which is about 10%
in error. This value represents good agreement, when one consideres that
an idealized linear model was used to predict phenomena in an inherently
non-linear media, i.e. plasma. Coupled to the study of Rayleigh-Taylor
Instabilities was the study of radial motion. This resulted in the verification
of a rectangular snowplow model for the radial trajectory of the plasma

found by experiment.

Observations of growth behavior of resistive instabilities were two
fold, One set of growth rate data and macroscopic behavior was compiled
trom analysis of framing photographs. A more complete set of data was
reduced from quantitative streak photography using a microdensitometer.
Resistive instabilities with different wavenumbers were excited by changing
the spatial-periodicity of the primary windings. The graph shown in Figure
V- 42 shows all data: growth rate as determined by framing and streak

pictures for the two, three, and five filament configurations.

The curves obtained from framing photographs are grouped much
higher than those obtained by streak photograph analysis. The relationship
between the curves for different filament configurations is consistant
between the two photographic techniques however. One reason that the
framing data indicated larger growth rate may be causad by an insufficient
gray scale for Polaroid film. This means that the boundry region between
plasma and vacuum is more pronounced and makes the filaments appear to
bz more widely separated than they really aie. Examination of such a film
with apparent widely separated filaments results in a larger calculated
growth rate. On the other hand, data reduction of streak photographs
empioys a continuous calibration of light intensity versus film density so the

problem mentioned above does not exist for this case.
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The curves reduced from streak photographs have slopes that fall
between those curves due to F. K,R, and J. Wesson, Ia particular, the
magnitude of the experimental curve for three filaments fits between the
theoretical curves. The theoretical curves were fcr a normalized wave-
rumber of o = 1. Interestingly, from Table I of Chapter V-F we see that
the three filament case corresponds to k = 1.045cm. ! Since the plasma
width is about 2cm., we have for threc filaments a normalized wavenumber
of order @ ~ 1. Values of k for other filament corfigurations taken from
the same table yield normalized wavenumbers of @ ~ 0.5 and a ~ 1.6 for

two and five filament cases respectively.
According to the analysis of Chapter Il for resistive instabilities tie
growth rates of the two moducs considered are as shown below.

- (4
L g2ls g2

Tearing: a<l

Rippling: P ~ aZ/S 52/5 ;a>l, Info
A particular mode can therefore be identified most simply by inspection
of the inequality that @ must satisfyzg. Inspection of Figure V-42 shows
that curves for two and five filament configurations have larger growth
rates than the curve for three filaments (a~1). Since a~ 0.5 <1 for the
two filament case, this can be identified as mainly a tearing mode. Also,
the five filament case has ana~ 1.6>1 and is therefore associated with a

rippling mode rather than a tearing mode .

Again, the linearized theory appears adequate to describe the basically
non-linear behavior of a resistive instability. The magnitude and functional

dependence on 0 and S appear to be satisfied.
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