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DEFINITION OF SYMBOLS AND UNITS 

Symbol Definition MKS Units 

b Plasma tube radius m 

d Stripline separation m 
2 

d^ Foil thickness mg/cm 

e Electron charge C 

f Oscillator strength 

f Preheater resonant frequency Hz 
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k Boltzmann's constant J/°K 

£ Length of theta coil m 
i Arc length m a 

Jl Laser coherence length m 

£ Electron-neutral mean free path m 
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a. Ion-neutral mean free path m m 

£ Plasma length m 

£, Top thickness of switch package m 

ilg Bottom thickness of switch 

package m 

Jl™ Total switch package thickness m 

m Number of Marx stages m 

m^ Electron mass kg 
e ^ 

m. Ion mass kg 
ix 



_3 
n Electron density m 
/n \ Electron density averaged over ^^ 

^ plasma length along light path m" 

n Electron density of pellet cloud m 

n. Ion density m 
-3 

n. Ion density in ground state m 
-3 

n Neutral density m n -̂  
-3 

n Initial filling density m 
n Critical filling density for _-3 

unity beta m 
-3 

n Density of pellet cloud m 
r Radius of pellet m 
r Radius of arc m a 

r Radius of cloud m c 

r Plasma radius m 
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t Time s 

t Electron-neutral collision time s en 
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t Vaporization time s 

t , Time after plasma expansion s 
t Mean electron-electron collision 
ee . . 

time s 



t . Mean electron-ion collision 
time s 

t Equilibration time for electrons 

^^ and ions of different temperatures s 

t.. Mean ion-ion collision time s 

t Time of nth fringe s 

t Time of last vacuum fringe s 
V Acoustic velocity m/s ac 

V Electron thermal velocity m/s e 

V. Ion thermal velocity m/s 

V Velocity of corner mirror m/s mc -̂  

V Average implosion velocity m/s 

w Stripline width m 

A Soft X-ray geometrical factor 
2 

A Compensation coil area m 
2 

Plasma cross sectional area ' m 

o 

2 
m 

Â  One turn loop area 

(BS Average magnetic field T 

B^ Final magnetic field T 

B. Plasma internal magnetic field T 

B Magnetic field in general T 

B Time rate of change of magnetic 
field T/s 

B Implosion magnetic field T 

B , Magnetic field confining 
thermalized ions T 

Bl Mach Zehnder beam splitter #1 
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B2 

C 

^m 

^2 

Dl 

D2 

E 

E 
c 

E n 

V 

F 

F 
e 

F(r) 

G 

K 

K, 

Mach Zehnder beam splitter #2 

Capacitance F 

Marx bank series capacitance F 

Speed of sound in solid m/s 

Main capacitor bank capacitance F 

Preheater capacitor bank capacitance F 

3.39 ym detector #1 

3.39 ym detector #2 

Soft X-ray photon energy 

Cloud ionization energy 

Energy of excited state n 

Representative value of E 
n 

Specific vaporization energy of 
pellet 

Ionization energy 

Electric field induced at plasma 
tube wall 

Fringe shift at a point, AY/6y 

Plasma energy flux 

Fringe shift profile versus radius 

Surface vaporization rate 

Voltage attenuation factor 

Soft X-ray energy-dependent foil 
absorption coefficient 

Lorentz thermal conductivity 

Inductance 

eV 

J 

eV 

eV 

J/m^ 

eV 

volts/m 

watts/m' 

ions/s 

Jm -̂  *>K -̂  s"-̂  

H 

Xll 



L Arc inductance yH 
a 
L Theta coil inductance H 
c 
L Stripline inductance per unit 

length H/m 
L Marx charging inductance H 
m 

L, Main capacitor circuit inductance H 

L2 Preheater circuit inductance H 

Ll Mach Zehnder auxiliary lens 

L2 Mach Zehnder auxiliary lens 

M Plasma line mass kg/m 

M Value of M at maximum ({> kg/m 

Ml Mach Zehnder mirror 

M2 Mach Zehnder mirror 

M3 Auxiliary mirror 

M4 Auxiliary mirror 

M5 Auxiliary mirror 

MA Rear laser mirror 

MB Output laser mirror 

MC External cavity return mirror 

MD Auxiliary m.irror 

N Plasma line density m 
N Number of turns in compensation 

coil 
N Total number of electrons 
e 
N . Number of electrons available for 
e i • • J. • 

ionization 
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fb 

ff 

R 

RC 

S 

T m 

T. 
1 

Sh 

SH 

U 

m 
V 

Power radiated per unit volume 
from bound-bound transitions 

Power radiated per unit volume 
from free-bound transitions 

Power radiated per unit volume 
from free-free transitions 

Hydrogen gas filling pressure 

Soft X-ray flux transmitted 
through thin foil per unit 
plasma volume 

Radius of theta pinch coil 

Integration time constant 

Distance traveled by sheath 

Period of Marx charging oscilla
tion 

Electron temperature 

Final ion temperature 

Ion temperature 

Ion temperature after shock 
phase 

Electron energy 

Final ion energy 

Ion energy 

Ion energy after expansion 

Radial hydromagnetic oscillation 
period 

Velocity of evaporation wave 

Marx bank charging voltage 

Main capacitor bank charging 
voltage 

watts/m" 
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watts/m" 

watts/m' 

mTorr 
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m 

s 

m 

s 

''K 
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°K 

°K 

eV 

eV 
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V Voltage induced inside plasma 

tube volts 

V- Compensation probe signals volts 

Vĵ  Diamagnetic difference signal volts 

V- One turn loop signal volts 
V^ Maximum preheater capacitor 2m ,. ^ ,. voltage volts 

V y Maximum voltage across dielectric 

switch volts 

W Work done by plasma J 

X- Compression ratio of plasma at 
maximum B o 

X Compression ratio of plasma after 
initial implosion 

X , Compression ratio of plasma after 
expansion 

X(t) Compression ratio of plasma during 
implosion 

a Fraction of ionization 

6 Ratio of plasma pressure to magnetic 
field pressure 

V Ratio of plasma specific heats 

y Ratio of specific heats for electrons 

y . Ratio of specific heats for ions 

6 t Temporal vacuum fringe period s 

6Y Spatial vacuum fringe spacing m 

e Permittivity constant F/m 

e Angle between Mach Zehnder beams 
at film plane degrees 
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Xg Average penetration distance of 
electron into ionized pellet cloud m 

X̂  Average penetration distance of 
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X Laser wavelength m 

UQ Permeability constant of free 

space H/m 

v̂  Laser frequency Hz 
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tr 

^^^ Electron-neutral collision cross ^ 

\ 

s e c t i o n m 

^in Ion-neutral c o l l i s i o n cross 
s e c t i o n m 

2 
o Momentiom trans fer cross s e c t i o n m 
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Pg Density of solid kg/m 

^bb Bound-bound radiation decay time s 

T J Collisional ionization time s 

T̂ , Free-bound radiation decay time s 
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T, Plasma end loss time s 

4> Magnetic flux excluded by plasma Webers 
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AX Laser line width m 
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At Temporal fringe shift due to 
plasma s 

AY Spatial fringe shift due to 
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CHAPTER I 

INTRODUCTION 

Many years of basic plasma physics research and the 

solution of immense engineering problems have provided the 

ability to create, temporarily confine, and diagnose ther

monuclear fusion plasmas. The availability of dense, high 

temperature plasmas in the laboratory has created interest 

1 2 3 in the interaction of these plasmas with solids, ' ' 

4 5 

liquids, and neutral gas particles. 

This investigation is concerned with the engineering, 

the instrumentation and the diagnostics of a high tempera

ture plasma-solid interaction system. This interaction 

system is very useful for studying the plasma-solid inter

action as a radiation source and for experimentally study

ing the feasibility of refueling continuous fusion reactors 
1 2 with solid fuel pellets. ' The system may also be used 

for the possible development of diagnostic techniques of 

high temperature plasmas by observing the effects of specif

ic solids in the plasma. In addition it is useful for 
3 

evaluating the fusion torch concept of vaporizing materi

als into their basic elements, and for additional investi

gation of the plasma solid system formed when a solid is 



irradiated with an extremely intense laser pulse. 

The strong dependence of radiation from high tempera

ture plasmas on the ionic charge Ze and the discrete 

nature of electromagnetic emission processes provide a 

method for selecting the desired emission wavelength by 

choosing the solid or gas with which the hot hydrogen-like 

plasma interacts. Evidence of plasma energy being trans

formed into radiation due to the presence of high Z impurity 

7 8 9 

atoms is well documented. ' ' The most copious produc

tion of soft X-rays by a dense, high temperature plasma is 

in the dense plasma focus (DPF). ' ' The major por

tion of the DPF X-ray radiation results from the impurity 

ions which come from the electrodes and interact with the 
4 

hot, dense plasma. Similar situations occur in the linear 

Z pinch where a large amount of plasma energy is lost as 

impurity radiation because of ions from the discharge 
7 

electrodes. The energy lost as radiation when heating a 

plasma is very dependent upon the concentration of impurity 

ions. For example, one atomic percent of completely 

ionized oxygen in a hot deuterium plasma increases the rate 

13 of bremmstrahlung radiation energy loss by 77 percent. 

-2 

The DPF has an efficiency of about 3 x 10 % in con

verting stored electrical energy into radiant energy and 

about 0.4 - 2.2% efficiency in converting stored energy 

into plasma energy. ' In order to produce radiation 



from a plasma impurity interaction, it seems most efficient 

to create a clean, high temperature plasma, very rapidly, 

to minimize radiation energy losses during formation and 

heating, and then selectively introduce the impurities. 

Selected impurities have been introduced into a DPF by 

vaporizing a thin foil in order to enhance X-ray radia

tion. •''̂  

The theta pinch is well known for its ability to pro

duce extremely clean, fusion like plasmas through shock 

15 heating and subsequent adiabatic compression. The 

electrical efficiency of a theta pinch is vastly superior 

to that of the DPF in that up to 60% of the stored energy 

can be transferred to the plasma if the theta pinch is 

not crowbarred. Approximately 20% of the energy is trans-

17 ferred in the first quarter period of oscillation. The 

plasma parameters in a theta pinch are very consistent, 

predictable, and reproducible while other plasma radiation 

sources such as the DPF have very random plasma character-

18 

istics. Control of the plasma parameters and thus con

trol over the generated radiation flux is a very important 

characteristic of a radiation source. The placement of a 

solid impurity pellet in the center of a high temperature 

plasma is also facilitated by a theta pinch type system in 

that the plasma may be created and heated around the par

ticle and imploded upon it. 



Radiation from plasmas produced by irradiating small 

pellets with intense laser beams has also been studied in 

19 20 

other experiments. ' The linear theta pinch configura

tion facilitates irradiating a solid particle with a high 

power laser pulse either before or after the initial plasma 

solid interaction to increase the total radiation output. 

The linear theta pinch configuration also permits ease of 

access to the generated radiation. Laser irradiation of a 

pellet, before the plasma implosion from the theta pinch, 

could produce a small volume of low temperature plasma or 

neutral atoms available for heating by the hot plasma. The 

pre-plasma irradiation and vaporization of a solid by a 

laser thus enables a larger portion of the plasma energy to 

be converted to radiation instead of going into vaporiza

tion of the pellet. On the other hcoid, with post-plasma 

laser irradiation (after the initial pellet-plasma inter

action) the laser energy would be largely absorbed by the 

very dense, low temperature plasma cloud produced by hot 

plasma vaporization and ionization of the pellet. 

Although radiation generation was of particular in

terest in this investigation, the other areas of plasma-

solid interaction mentioned earlier are also very closely 

related. The interaction between a cold plasma (2eV) and 

liquid micro-droplets has, for instance, been used to de-
4 

termine the plasma electron temperature. 



The first interest in fusion-like plasma-solid inter-

1 2 

actions was expressed by Spitzer and later by Rose, both 

of whom were investigating the problem of refueling a con

tinuously operating fusion reactor with solid particles. 

Hypervelocity acceleration of solid fuel pellets instead of 

single atoms or atom clusters was found to be the best 

method of placing fresh fuel in the center of fusion re-
2 actors. 

Spitzer postulated that in the absence of secondary 

emission, a solid particle would charge negatively because 

of the higher plasma electron mobilities and thus produce 

an electrostatic shield from the large plasma electron 

flux. This shielding mechanism occurs in cool plasmas and 
4 

is used in the diagnostic technique mentioned previously. 

Rose, however, pointed out that in a fusion plasma the 

particle would not charge negatively because of secondary 

emission. Spitzer also mentioned the need for cooperative 

magnetic field-plasma interaction to resist dispersement 

of the pellet atoms from the intense energy flux. Rose pre

sented the theory that the pellet would form a 3 = 1, cool, 

dense plasma cloud which would expand faster along the 

magnetic field lines than perpendicular to them. This 

would result in a cigar shaped cloud shield and allow the 

pellet to push through the magnetic field lines. The cloud 

would also shield the solid pellet core from the large 



-3 -4 energy flux for 10 to 10 seconds. 

Rose also posed the question of pellet-cloud slowing 

due to the viscous drag of the pellet plasma on the sta

tionary field lines. The slowing of the pellet cloud sys

tem is manifested by a decelerating force that increases 

the plasma pressure in front of the accelerated pellet-cloud 

system. Thus an increased ablation rate occurs which may 

prevent the fuel pellet from reaching the center of the 

fusion reactor. More recent investigations of the fusion 

3 20 plasma-solid interaction ' suggest that the immense 

13 2 energy flux of a thermonuclear reactor, 10 watts/m , can 

provide sufficient energy to shock vaporize and ionize the 

16 2 solid, similar to the interaction of 10 watt/m laser 

pulses with solid pellets. ' ' A detailed theoretical 

24 study by Gralnick suggested that the large fusion reactor 

energy flux would be initially absorbed by the pellet in a 

-5 -12 
thin surface layer (10 cm) in 10 seconds. 

1 2 3 Many plasma-solid interaction ' ' studies have been 

based upon the assumption that the entire energy flux is 

incident on the pellet surface and absorbed, and that the 

evaporated material absorption and ionization is negligible. 

Gralnick's numerical results indicate that about half of 

the incident energy goes into evaporation, vaporization and 

ionization and the remainder goes into the kinetic and 

25 internal energy of the evaporated material. This large 



shielding effect of the evaporated material causes a reduc

tion of the evaporation wave speed in the solid. Gral

nick 's predicted evaporation wave speed is four orders of 

magnitude lower than the earlier investigations and thus 

the pellet life time is much longer. 
3 

The fusion torch concept relies upon the large 

thermal conduction and the large energy flux of a fusion 

reactor to shock vaporize and ionize all solid material 

into its basic elemental ions. Gralnick's work casts some 

doubt on this concept, but it has not been tested experi

mentally. 

Most of the previous work has been theoretical in 

nature. The few, published experimental investigations 

4 26 have involved relatively low temperature plasmas. ' 

The present investigation seeks to simulate more closely 

a fusion plasma environment for a solid pellet, for the 

purpose of producing radiation from the plasma-solid system 

and for observing the basic interaction characteristics. 

The interaction between solid polystyrene microspheres, 

.1 ram to 1 mm diameter, and the theta pinch plasma was in

vestigated with the available diagnostic system. The ob

jectives were to determine the optimum size of particles 

for plasma vaporization and maximum radiation production. 

The time dependent parameters of the pellet-produced cloud, 

such as size, shape, expansion velocity, magnetic field 
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interaction, density and temperature were investigated. 

The reverse effect, of the particle upon the plasma, was 

also studied. 

Both pre-plasma and post-plasma laser irradiation of 

solid polystyrene microspheres .1 mm to .5 mm in diameter 

with an unfocused and a focused 150 MW giant pulsed ruby 

laser were investigated with spectroscopy, plasma diamag

netic loops, and image converter photography to determine 

the properties of this radiation generation system in com

parison to the solid interaction with a plasma only. 

The engineering design, development and construction 

of a fast, reliable theta pinch system, including instru

mentation and control facilities, was a major part of this 

investigation. The plasma diagnostic system consists of a 

diamagnetic loop, a Mach Zehnder interferometer, soft X-ray 

detectors, an image converter camera, and a spectroscopic 

system. The theta pinch system, TeePee lA, produces a 

maximum magnetic field of 2.1 Tesla in 885 ns from a stored 

energy of 8.2 kJ. The theta coil has a 10 cm ID and is 21 

cm long with a 7.5 cm ID plasma tube. The plasma density 

21 -3 23 
can be varied, with filling pressure, from 10 m to 10 
_3 

m . The plasma electron temperature is in the range of 

200-300 eV. The corresponding energy flux is in the range 

of 10"̂ "̂  watts/m . There is only a small end-loss of par

ticles during the plasma formation and compression due to 



the fast magnetic field rise time. The energy flux of the 

theta pinch system used in this investigation is on the 

same order as in a fusion reactor. However, the electron 

temperatures and thus the plasma thermal conductivity is 

far below that of a fusion reactor. 

Preliminary observations of the plasma-solid inter

action in this system suggest directions for further re

search and diagnostics. The interaction of a solid pellet 

with a high temperature theta pinch has been observed in 

this investigation. The plasma thermal conductivity, al

though lower than that of a fusion reactor, is theoretic

ally sufficient to supply the energy necessary to vaporize 

a small solid and to ionize the vaporized material. The 

results indicate, however, that a small pellet is not 

vaporized completely and that the vaporized material re

mains neutral in the center of the hot plasma. 

The mean free paths for electron-neutral and ion-

neutral collisions are on the order of the neutral cloud 

dimension. Thus the energy transfer efficiency between the 

hot plasma and the neutral cloud is very low. The plasma 

does seem to have a small confining effect on the cloud 

that limits the cloud radius. Simultaneously the neutral 

cloud is excited and becomes luminous. Some neutral shield

ing of the solid may be evident because the pellet cloud 

volume remains constant after the initial interaction. 
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Radiation from the neutral cloud is enhanced by irradi

ating the cloud with a small ruby laser pulse. The small 

amount of laser energy absorbed seems to enhance the energy 

transfer from the plasma to the cloud of neutrals. This 

effect may be due to laser ionization of the cloud which 

decreases the mean free paths for collisions and increases 

the energy transfer. 

This investigation points out the need for other 

diagnostic techniques for plasma-solid interactions as well 

as the necessity for further experiments in plasmas with 

higher electron temperatures which closer simulate a fusion 

reactor plasma. 

During the course of this investigation, several com

ponents and testing methods were designed and developed. 

The engineering aspects of this project indicate the large 

amount of equipment and instrumentation necessary to study 

a solid pellet in a fusion plasma environment. 



CHAPTER II 

THEORETICAL CONSIDERATIONS 

The production of dense, high temperature plasmas by 

fast magnetic compression in theta pinches has been ex-

15 27 28 29 
tensively investigated in many laboratories. ' ' ' 

A theta pinch produces a rapidly rising current in a one 

turn solenoidal coil that surrounds a preformed, cool, low 

density plasma. The resulting magnetic field interacts 

with the plasma particles to produce shock heating and sub

sequent adiabatic compressional heating in the following 

manner. The cylinder of diamagnetic plasma under the theta 

pinch coil acts as a conductor and resists the penetration 

of the rapidly rising coil field. A surface current sheath 

is formed around the plasma cylinder. A radially inward 

(J X B) force on the plasma current sheath from the coil 

field forces the sheath inward, creating a compression in 

which most of the particles inside the sheath are trapped. 

After the initial compression and heating, sometimes called 

implosion heating, the plasma is further compressed by the 

still increasing magnetic field in an adiabatic manner. 

Comparison of Theta Pinches 

The strength of the shock wave that produces the 

11 
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initial implosion and heating depends upon the time rate of 

change of the magnetic field in the theta coil at t = 0. 

The time rate of change of magnetic field in a one turn 

30 solenoid driven by a capacitor is given by 

V 

ô = ~ T - ^ (̂ ) 
TrR'̂ d + X) 

where V is the capacitor potential in volts, X is the 

ratio of the parasitic inductance to coil inductance, and 

R is the coil radius in m. In addition, the plasma pres

sure should be as large as possible, and must be balanced 
2 

by the magnetic field pressure, B /2y where B is the 

magnetic field. The magnetic energy in the coil is given 

by the integral of the magnetic pressure over the coil 

volume. The coil shares the capacitor bank energy of 1/2 
2 30 CV with the parasitic inductance so that o 

2 

irR'Ad -f- X) 

o y C V 

where C is the bank capacitance in Farads and £ is the coil 

length in m. The product of B and B is used as a figure 

30 
of merit for theta pinches and is given by 

o y C V "̂  
B B 2 = - ° 2 . (3) 

° ° . V M I + X)2 
After the initial implosion, adiabatic compression continues 
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to heat the confined plasma but at a slower rate. The 

adiabatic compression must be rapid enough so that the ions 

will not undergo large angle Coulomb scattering and be lost 

out the coil ends before maximum magnetic field is reached. 

Experimental results indicate that more plasma is confined 

initially by a faster adiabatic compression field and that 

some plasma is lost out the coil ends even with magnetic 

31 field rise times of 1.5 ys. Thus a minimum adiabatic 

compression time is desired. These considerations were 

used in designing the prototypes of the theta pinch used 

32 in this experiment. 

Theta Pinch Heating Model 

In order to estimate the ion temperatures, the plasma 

densities, the implosion velocities and the implosion times, 

in terms of the theta pinch circuit parameters, a simple 

33 model, illustrated in Fig. 1, is used. The implosion 

phase can be modeled as a cylindrical current sheath 

separating the plasma from the increasing magnetic field, 

B . For this to be true, the ratio of plasma kinetic o ' 

pressure to the confining magnetic field pressure, defined 

as 3f must be approximately unity, or 

k„ (n T -I- n.T.) 
e = JL—^ i-^ . 1 , (4) 

V/2^o 



14 

Fig. 1. Schematic of Iheta Pinch Model 
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where n is the electron density, n. is the ion density, k_ 

is Boltzmann's constant, and T and T. are the electron and 

the ion temperatures, respectively. The plasma 3 depends 

upon the density and thus the initial filling density n . 
o 

The critical density necessary for a fast compression de-
O A 

vice to produce a high 6 plasma by implosion is given by 

_ 1.6 X 10^' -3 
"oc - •! „ 2 "> ' (5) 

b V^ 

where b is the plasma tube radius and V. is the initial 

voltage induced inside the plasma tube wall by the rapidly 

rising magnetic field. For filling densities below the 

critical density a poor sheath is formed. The magnetic 

field then penetrates the plasma producing a boundary 

region greater than or equal to the plasma radius. The 

plasma beta is then no longer approximately unity. 

The voltage V. is given by 

V. = 7rb̂  B , (6) 
t o ' 

where B is the time rate of change of the field at t = 0. 

The magnetic field is assumed to increase linearly with 

time during the implosion, or B = B t. The average mag

netic field during implosion is 

B t. 
B3 = ^ ^ , (7) 
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where t. is the implosion time, or 

t. = — , (8) 
1 V ' ^ ' s 

and V is the average implosion velocity. Using Eq's. (6), 

(7) and (8), the initial induced voltage becomes 

V^ = 27rb V B (9) 
t s s ^ ' 

and the initial electric field is then 

Eg = V^ B^ . (10) 

The cool plasma ahead of the imploding sheath is 

assumed to be completely ionized at a filling density n 

33 

and to contain no magnetic bias field. The initial fill

ing gas is only 15 to 50 percent ionized in most implosion 

heating experiments, but essentially all the particles are 
o C -if. 

swept inward with the imploding sheath. ' The remain

ing particles are ionized due to interaction with the shock 
37 front that precedes the sheath. Only the ions are assumed 

to gain energy from the imploding sheath while the elec

trons remain cool. The sheath moves radially inward with 

an average velocity, v . The ions reflect from the sheath 

33 

and are projected ahead at a velocity of 2v . The ratio 

of the plasma sheath radius to the tube radius during the 

implosion phase (t < t.) is defined by 
b - V t 

X(t) = ^ — . (11) 
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This model indicates that the initial ions projected 

from the sheath will hit it again after passing through the 

tube axis when the sheath is 1/3 of the tube radius. When 

the initial ions reflect from the sheath a second time, all 

of the ions are assumed to begin thermalizing. The con

tinual accelerating force on the sheath throughout the im

plosion gives the plasma particles a large momentum. The 

momentum causes the imploding plasma sheath to overshoot 

its equilibrium position with the driving magnetic field. 

The overshoot drives the sheath inward to a compression 

ratio X and the large density rapidly completes the 

thermalization of the ions. The ions push the sheath back 

to an equilibrium compression ratio X , doing work against 

the confining magnetic field and cooling to a temperature 

T , . Here the sheath is confined by a magnetic field of 

B , . The work done per unit plasma length by the ions on 

the magnetic field is equal to 

W = - ^ (.rb̂ ) 
2^0 

2 2 X , - X sh o (12) 

Conservation of energy per unit plasma length at this 

33 
point requires that 

^^' ^o^^ - ^o'^ ^1 ̂ (2v^)2^ = I .b^ n^ k^ T^^ 

B 2 -
. ,2 sh 
+ Tib 

2y_ 

2 2 X , ^ - X sh o (13) 
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The change in the sheath momentum per unit area is related 

33 to the driving field by 

B 
— = 2m. n V 
^o 1 o s 

(14) 

and a pressure balance after the piston heated plasma be-

33 comes quiescent yields 

B sh 
2y. B sh 

n 

"sh 

(15) 

Substituting Eqs. (14) and (15) into Eq. (13) gives 

'sh 5 
Bg 2 2 2 
(^)^(l - X^^) + X^^ 
ŝh ^ ° 

(16) 

Using Eqs. (14) and (15), and solving for the thermalized 

ion temperature gives. 

k̂  T , = 2m. V ^ ( ^ ) ^ X ,^ B sh 1 s B sh s 
(17) 

The implosion velocity can be found by combining Eqs. (10) 

20 and (14) and using n = .64 x 10 P where P is the fill-^ o o o 

ing pressure in mTorr for hydrogen, as 

1.25E^ X 10 6 
-10 

liv^ m^ P^] 
T72 m sec 

-2 
(18) 
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The relation for the shock heated ion energy then becomes 

2.5m,^/2 ( ^ ) 2 ( X ^ ^ ) 2 E 3 X 1 0 - 1 ° 

K3 ^sh = [ t ~ r ? 7 5 joules 
o o 

(19) 

and the implosion time can be approximated from 

, b [4y m. P ]'^^^ 
^i ^ ̂  = ""172 "" -5 ^^^ • (20) 
^ ^s 1.1 E / / 2 X 1 0 ^ 

After the implosion heating phase, the increasing mag

netic field adiabatically compresses the plasma further. 

The laws of heating a plasma by adiabatic compression are 

38 well known. The plasma behaves as an ideal gas. If the 

radial compression occurs on a time scale greater than the 

electron-electron collision time and less than the ion-ion 

collision time, the ratio of specific heats, y, is 2 for 

the ions and 5/3 for the electrons. Adiabatic compression 

requires that 

k_ T. X̂ ^̂ "-̂ ^ = constant (21) 
a 1 

or 

'^B'^sh^sh'^'"'^ =''B^f ^f'*'"" ' (22) 

where T,. is the final ion temperature and X^ is the final 

compression ratio. The final density n^, assuming no loss 
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of particles, is given by 33 

^f = ^o/^f (23) 

A pressure balance for the final temperature and final 

magnetic field, again considering only the ions, yields 

Br n 

I^ = ̂ B -. <^) (24) 

where B^ is the maximum value of the compression magnetic 

field. Dividing Eq. (24) by Eq. (15) and using Eq. (22) 

gives 

B 

B 

X 
l^ = r^^y = .f)^^"^ . (25) 
sh sh 

So lv ing E q ' s . (24) and (25) s i m u l t a n e o u s l y for k_ T^ y i e l d s 
B r 

"^B^f = 

2 
f sh 
2y n o o 

T-l 
Y k„ T , B sh 

1 
Y (26) 

in terms of the shock temperature given in Eq. (19). This 

is a very simple model that provides an estimate of the ion 

temperatures and densities produced in the fast theta pinch 

in terms of the applied magnetic fields, the initial 

electric field at the plasma tube wall, the plasma tube 

radius, the initial filling pressure and the plasma com

pression ratios. 
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Characteristic Plasma Times 

Consideration is now given to parameters of the plasma 

itself. There are several time constants that aid in in

terpreting the observed plasma parameters quantitatively. 

The first of these is the mean electron-electron collision 

39 time or 

(̂ Ê  A x 1/2 Tnl2 

e 1 
(27) 

The -mean ion-ion collision time is given by 
39 

m . , ,r, 
t.. = t (-i)l/2 
11 ee m 

e 
(28) 

while the electron-ion collision time is given by 
40 

n e" -1/2 , 

ei ^2' ^m z ' £n A ' 
e o 

(29) 

where A is a function of electron temperature and density 

39 given by 

A = 

12. e^3/2 ^,^,^,3/2 

71:77. 
(30) 

The time necessary for ions and electrons at different tem

peratures to thermalize through collisions is determined 

by 41 

2"̂ /2 m. m^ TT 
1 e 

-̂ /2 e 2 ^ y:^ T. 3/2 

eq ~T—T 
e Z n. SJi ̂ A 

o / 'B "e _!_ ' B ix 
m. ""i 

(31) 



22 

The previous characteristic times are useful for de

scribing a plasma in which a large majority of the parti

cles are ionized. The pellet cloud may be mainly composed 

of neutrals. In this case, the electron-neutral collision 

time, determined as the inverse collision frequency, is 

, 42 given by 

en V n a e n en 
(32) 

where v is the electron velocity, n is the neutral density e "̂ ' n -^ 
and a is the electron-neutral collision cross section, en 

Similarly the ion-neutral collision time is . 42 

m V. n o. 1 n m 
(33) 

where v. is the ion velocity, and a. is the ion-neutral 1 m 

collision cross section. 

Another time constant, important in linear theta 

pinches is the end loss time. For theta pinches without 
43 

mirrors, the end loss time is approximately equal to 

V 
(34) 

ac 

where v is the plasma acoustic velocity, given by 
ac 

39 

V. 
ac 

Z Y kn T^ + Y. k_ T. ' e B e 1 B 1 
m. 
1 

1/2 

(35) 

Here y is the ratio of specific heats for the electrons 

and Y- is the ratio of specific heats for the ions. 
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Plasma Radiation Parameters 

After obtaining the characteristic time constants and 

properties of the plasma itself, the radiation character

istics of the plasma are now investigated. The effects of 

plasma radiation are very dependent upon the ionic charge 

Ze. Radiation from a high temperature plasma takes three 

principal forms: bremsstrahlung continuum radiation from 

free-free electron transitions, recombination continuum 

radiation from free-bound electron transitions and line 

radiation from bound-bound electron transitions. 

The total power radiated in bremsstrahlung from a 

44 45 single ion species plasma is given by ' 

P.. = 1.5 X 10""26 n (T„)-'-/2 z^ n. W m"^ (36) 
rr e £j i 

where n. is the ion species density and Z is the degree of 

ionization. Similarly the recombination radiated power is 

, 44, 45 given by ' 

E 

•P^^ = 1.5 X 10"2^ ̂ e^^E^^"^^ ^^ T̂̂ ^ ""i ̂  """̂  ' ^^'^^ 
E 

where E^ is the ionization potential of the species. The 

ratio of P ^ to P^^ is given by 

^ff ^E 

This ratio indicates that bremsstrahlung radiation will 

dominate when the electron temperature is greater than the 
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ionization potential of the ions involved. 

The power radiated in the form of line radiation is 

given by^^' ^^ 

^bb = ^ ̂  1°'^^ ̂ e ^ig (̂ Ê ^̂ ^ ̂  ̂ ng ^^P ^ T^> ^ ^"^ (39) 
n E 

where n.^ is the ion density in the ground state, f is ig u ^ ' ng 

the oscillator strength from level n to the ground state, 

E^ is the excitation energy from the ground state to level 

n, and the sum is over all levels of excitation n. Equa

tion (39) may be simplified by assuming that a majority of 

the power is radiated in a resonance line with excitation 

energy E^, a reasonable oscillator strength of .5 and a 

ground state density approximately equal to the total ion 

density. The ratio of line radiation to bremsstrahlung 

45 radiation of that ionic species is then approximated by 

7 "^ 
p 2 X lo' exp [ =^] 

p ^ ^ r - ^ . (40) 
^ff (Tg) Z^ 

This relation implies that the relative power radiated 

due to bound-bound transitions decreases with increasing 

temperature but is much larger than free-free radiation at 

temperatures on the order of the resonance excitation 

energy. The line radiation energy is supplied to the ex

cited states in an optically thin plasma by collisional 
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excitation through free electron impact. The effective 

time to raise the average degree of ionization, Z, by unity 

, 43, 44 is given by ' 

T^_ = 4 X 10 cl 
12 Z^ E. 

N . n (T^) 
ei e E 

T77 exp (41) 

where E_ is the average ionization potential and N . is the 

number of outer shell electrons available for ionization. 

Higher degree ionization times are determined by adding the 

successive ionization times. 

In order to compare the collisional excitation time 

constant to the radiative processes, several radiation time 

constants are investigated. The characteristic free-free 

time constant is determined by dividing the total electron 

44 
thermal energy by the free-free power expression or 

ff 

1.6 x 10^ (T̂ )-'-/2 

Z n. 
sec (42) 

The free-bound time constant i s given by 

^fb = "ff (E^ )̂ ^^^ (43) 

and the bound-bound radiative time constant is given by 

^bb ~- 5 X 10 
-8 

"ff ^] 
„2 
Z exp sec (44) 
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Observation of the time constants and power expres

sions for the radiative processes involved implies that 

line radiation is the dominant energy loss mechanism when 

the excitation energy of the atomic species present is on 

the order of the thermal electron energy. 

Plasma-Solid-Laser Interaction Parameters 

The interaction of a solid with a hot plasma is a 

method of introducing the desired atomic species in the 

plasma. The evaporation of the solid surface without 

shielding from the evaporated material is characterized by 

3 25 the plasma electron energy flux ' 

k T 1/2 
F = 2k^ T n {^—-) . (45) e B e e ^2-n m e 

The initial result of the interaction is the absorp

tion of the energy flux in a thin surface layer of the 

solid. The absorbed energy drives a deflagration wave 

radially into the pellet at a velocity U^. A value of U^ 

greater than the speed of sound in the solid, C , produces 

a shock vaporization wave. If U < C , the surface is uni-

formly evaporated as the phase transition temperature is 

1 2 3 
reached. If, as theorized in earlier investigations ' ' 

the entire energy flux is absorbed at the solid surface, 
25 

the resulting evaporation wave velocity would be given by 

F 
U. = c—^~ . (46) 
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where h^ is the heat of evaporation of the solid and p is 

the solid density. Gralnick's numerical investigation de

termined that the evaporation velocity was four orders of 

magnitude lower than that of Eq. (46). 

The energy flux reaching the solid surface is attenu

ated by the shielding effect of the evaporated material. 

The surface vaporization rate that may be used for very 

early times, before the shielding can become effective is 

, 25 given by 

_ ^e ^ ̂ B '̂ e ̂ /2 T^ 2 
^ ~ T ("Tin ^ VT" ' ̂ ^ ^ ions/sec , (47) 

e ^ 
2 

where r is the pellet radius and W is a constant for 

hydrogen of approximately 36 eV when T_ > 200 eV. The 
tj — 

value of W^ was determined for a flux of 10 keV electrons o 

interacting with a hydrogen solid. The same number may not 

be applicable, however, for a polystyrene solid and elec-
2 

tron temperatures on the order of 10 eV. If the evaporated 

material is assumed to be very dense and completely ionized 
4 

with a temperature on the order of 10 ^K, the evaporated 

shell will expand at its thermal velocity until the large 

nk T product is balanced by the surrounding plasma nk T 

25 25 
product. Gralnick assumes that the shield plasma is 

completely ionized with the electrons and the ions at a 

single Maxwellian temperature because of the short collision 
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times. The electrons penetrate into the shield an average 
25 

distance given by 

12 e 2 (,̂  ,2 

ê = 4 ^ ^ (48) 
ZT Z^ e n Jin A 1 2 c 

where n^ is the ionized cloud density. The ions penetrate 

25 a distance of 

3 m 
î = -;;r-̂  ̂ ^ • (49) 
1 m. e 

Since the ions are effectively stopped at the surface 

of the shield cloud, the shield will expand until the ion 

pressure of the hot plasma balances that of the shield 

plasma. The electrons, however, penetrate much farther 

than the ions. The cloud is continually heated by the 

incident high energy electrons. Heat is transferred 

through collisions to the ionized cloud. The energy trans

ferred to the pellet cloud goes into ionization and excita

tion of the cloud particles and to further vaporization of 

the solid surface. Energy is also lost through radiation 

from the cloud. In order to ionize the cloud particles, 

the rate of collisional energy input from the hot theta 

pinch plasma must be larger than the energy loss rate due 

to radiation from the cloud particles. The ability of the 

hot plasma to supply heat through collisions depends upon 

the plasma thermal conductivity. The thermal conductivity 
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for a Lorentz gas is given by 

64 0 (2n)^/2 2 5/2 

KL = 1/2 4 ^ • <50) 
m^ '̂  e Z £n A 

The thermal conductivity for an actual gas is found by 

multiplying K_ by a constant less than one, that depends 

41 on the ionic charge. The constant for Z = 1, is 0.225. 

The extreme dependence of the thermal conductivity in Eq. 

(50) on the temperature should be noted at this point. 

There is also no density dependence. The thermal conduc

tivity is the major difference between a fusion reactor 

and the theta pinch plasma used in this investigation. 

The plasma energy available for vaporization and 

ionization through thermal conduction is determined from 
3 

the fusion torch model. The pellet is assxamed to absorb 

all the energy in a vaporization wave. The plasma thermally 

conducts the energy to the pellet along the magnetic field 

lines. The plasma electron energy necessary to vaporize 
3 

the pellet at the vaporization wave speed, U , is given by 

k_ T > B e 

-5 2 1/2 4 
4.6 X 10 "̂  r E„^ ^^ e Z jin A U 

1 
e o 

2/9 

joules , 

(51) 

where E is the specific vaporization energy and r is the 

solid pellet radius. Similarly, the time to transport the 

plasma electron energy necessary to increase the pellet 
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cloud ionization state by unity to the cloud from the plasma 

, 3 
IS given by 

t̂ = 
4.6 X 10"^ r^2 g 2 1/2 e^ z în A 

c c e 
n^ e ^ (k„ T )̂ /2 
e o B e 

sec . (52) 

Here r is the cloud radius and E is the necessary ioniza-

tion energy given by 

E^ = Ej n^ . (53) 

This formulation assximes a complete energy transfer with no 

loss due to radiation. If the energy transport time, t , 

is much smaller than the radiation time constants, then the 

plasma is capable of ionizing the cloud, assuming a com

plete energy transfer. 

25 

Gralnick's study indicates that the material evap

orated by a 10 keV electron flux is very dense and com

pletely ionized at a thermalized temperature of about 1 eV. 

The dominant energy loss mechanism, in this case, is bound-

bound radiation. The collisional ionization times, however, 

are much longer than the bound-bound radiative decay times. 

Thus, the bound-bound radiation intensity is small. One 

method to enhance bound-bound radiation from the ionized 

cloud is to disperse the cloud ions and atoms into regions 

of higher electron temperature and lower electron density 

by increasing the cloud particle thermal velocity. The 
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extra energy would supposedly be introduced through col

lisions in a continuous fusion environment. The theta 

pinch plasma duration, however, is on the order of micro

seconds and the introduction of extra energy in a short 

period of time is facilitated by a pulsed laser. The 

initial plasma-solid interaction occurs and the very dense, 

low temperature cloud is irradiated with a laser. 

The power absorption length of the laser radiation 

due to free electrons (inverse bremsstrahlung) is given 

1.28 X 10^^ V.2 T 3/2 ^P 2 
1 - (-^) 

1/2 

ab m (53) 
Z n^ in [A (v^)] 

where v is the laser frequency, Y is the plasma frequency 
£ P 

given by 

_1_ 
2TT 

n e 
e m e^ e o 

1/2 

(54) 

and 

A(v,) 
(k« T ) B e 

3/2 

1/i ^ 
m^ 27r v^ 

(55) 
Z e' 

The absorption length is the distance in which the incident 

power has dropped to 1/e of the initial value. As seen 

from Eq. (53), the high density, low temperature of the 
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ionized shield cloud is advantageous in absorbing the laser 

energy. A second method of dispersing the atomic species 

is to vaporize the solid pellet with the laser pulse before 

the plasma solid interaction. This type of vaporization 

and heating is common in laser produced plasma investiga

tions. Dispersing the cloud ions into regions of high 

electron temperature and low electron density will increase 

the radiative decay probability and decrease the collisional 

ionization probability. 

The models and the methods used to interpret quantita

tively the physical processes involved in creating a high 

temperature, theta pinch plasma and in its interaction with 

a solid pellet have been discussed. Initially, a figure of 

merit for theta pinches was determined. Then a simple 

model of the theta pinch plasma formation and heating re

lated the plasma parameters to the theta pinch circuit 

parameters. A review of several plasma characteristic time 

constants as well as the radiated power relationships and 

their time constants provided a means of determining the 

dominant energy loss mechanisms. In addition, a short 
25 

summary of some of Gralnick's numerical studies helped 

to determine the characteristics of the plasma-solid in

teraction system. A point determined from this survey is 

the necessity to disperse the impurity ions in the pellet 

cloud into the hot surrounding plasma in order to enhance 



33 

line radiation. The possibility of using a pulsed laser to 

increase the cloud thermal velocity and thus disperse the 

ions was discussed. 



CHAPTER III 

EXPERIMENTAL ARRANGEMENT AND 

DIAGNOSTIC TECHNIQUES 

Introduction 

A major part of this investigation was the engineering 

design and construction of the TeePee lA theta pinch system 

and the related diagnostic systems. The construction of 

the theta pinch circuit arrangement involved the develop

ment of new equipment and techniques including a low in

ductance, high current, high voltage dielectric switch, a 

rail spark gap, a low inductance capacitor measurement 

technique, and a .1 mm to .5 mm spherical pellet loading 

and releasing mechanism. A general description of the 

system is followed by a more detailed description of the 

development and operation of the separate components. 

Experimental Arrangement 

The physical arrangement of the TeePee lA theta pinch 

system is shown in Fig. 2, illustrating the relative loca

tions of the major components. A schematic of the major 

electrical circuit is shown in Fig. 3. Two prototypes, 

TeePee 1/4 and TeePee I were designed and constructed to 

gain experience in theta pinch pulsed power systems. 

34 
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The TeePee lA main capacitor bank, C^, consists of 

four Tobe Deutschmann ESC-249 (.86 yF, 90 nH, 120 kV) 

capacitors mounted in parallel within 5 cm thick aluminum 

header plates, as shown in Fig. 2. The main bank,located 

in large, trapezoidal header plates, is connected to the 10 

cm ID, 21 cm long, load coil with an aluminum strip line 

and a low inductance dielectric switch, as shown in Fig. 2. 

The preheater capacitor bank, C^i consisting of three Max

well S1184X capacitors (.18 yF, 20 nH, 100 kV) in a series, 

low inductance, configuration, is connected across the 

dielectric switch through a low inductance rail spark gap 

as shown in Fig. 2 and illustrated schematically in Fig. 3. 

The main capacitor bank is pulse charged from the six-stage 

Marx circuit, as shown in Fig. 4, through a 1.4 mH inductor. 

The charging Marx, which consists of six groups of two, 

parallel-connected Sangamo 15 yF, 40 nH, 20 kV capacitors, 

is switched with General Electric GL33228 ignitrons. The 

parallel capacitors are charged by a 0-20 kV, 150 ma power 

supply constructed for this purpose. 

The plasma tube and vacuum system are shown in Fig. 5. 

The plasma tube consists of a standard Pyrex conical proc

essing pipe section with 7.5 cm ID and 75 cm length. The 

vacuum system is completed with compatible 7.5 cm ID com

ponents. The .95 cm OD, .75 cm ID Pyrex tube fused per

pendicular to the large plasma tube in the center of the 
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theta coil serves as the solid pellet entrance port. The 

vacuum is roughed with a Varian VacSorb pump to a pressure 

— 6 —7 of 2 mTorr and evacuated to a base pressure of 10 to 10 

Torr with a Varian 140 liter/sec Vaclon pump. The pressure 

during roughing is monitored with a Hastings DV6M thermo

couple gauge system. The base pressure is determined by 

using a Vacuum Instruments Corporation ionization gauge 

tube and controller. The filling pressure of hydrogen gas 

is determined with a MKS Baratron differential pressure 

meter. The vacuum system is isolated from the plasma tube 

during operation of the theta pinch circuit with a Varian 

remotely controlled, pneumatically actuated valve. The 

valve is closed prior to firing the theta discharge to 

protect the pump system from a sudden pressure change in 

case of tube damage. A Consolidated Vacuum Corporation 

Magnevac gauge monitors the plasma tube pressure at all 

times. This gauge is used to determine the integrity of 

the plasma tube before opening the remote valve after the 

theta discharge. 

A close-up view of the theta coil in Fig. 6 illus

trates the relative positions of the RF preionizer straps 

and the pellet loading and release mechanism with respect 

to the theta coil and plasma tube. Pictures of the theta 

coil and the general experimental arrangement are shown in 

Fig. 7. 

The gas filling system consist of research grade 

hydrogen gas applied to a Granville Phillips precision leak 
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valve with a Hoke stainless steel diaphram regulator. The 

gas is admitted to the plasma tube through a port in the 

housing of a 7.5 cm gate valve on one end of the plasma 

tube as shown in Fig. 6. The gate valve is used to change 

diagnostic apparatus without exposing the main vacuum sys

tem to atmospheric pressure. The ends of the plasma tube 

are sealed with two, 2 cm thick 10 cm diameter quartz 

flats. The pellet mechanism is evacuated through the pel

let entrance to the main vacuum system. 

Operational Sequence 

The sequence of events is described with the assis

tance of Fig. 3. The ion pump is valved off with the sys

tem at base pressure and the desired pressure of hydrogen 

gas is admitted to the plasma tube. From the screen room, 

the remotely controlled pneumatic valve is closed and the 

Marx bank is charged. When the Marx bank completes charg

ing, an RF pulse is applied to the RF straps to produce 

preionization. The Marx bank is then erected prior to the 

end of the RF pulse. At the end of the RF pulse the main 

capacitor bank has charged to a voltage V and switch S2# 

the rail gap, is closed. This switching action causes C2 

to charge from C, through the theta coil, providing an ad

ditional amount of ionization or preheating of the hydrogen 

gas. After the preheater oscillation has decayed, the 

dielectric switch, S,, is closed to discharge the main 
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capacitor into the theta load coil to compress and heat the 

preformed plasma. The plasma dissipates after the current 

oscillation exponentially damps out. The system is evacu

ated to base pressure and the dielectric switch package is 

replaced to prepare for another shot. 

RF Preionizer 

The RF oscillator, used to preionize the hydrogen gas, 

produces a 40 kW, 14 MHz RF pulse of variable pulse length. 

A pulse length of 500 ys was chosen for this experiment, 

being sufficient to break down the hydrogen gas at filling 

pressures from 2 to 90 mTorr. The oscillator tank circuit 

is link coupled to a similar tank circuit near the theta 

coil through a 6 m, RG-8, coaxial cable to maximize the 

energy transfer to the RF straps on the plasma tube. Be

cause of the large change in tank load resistance due to 

the plasma break-down, a florescent light bulb is inserted 

permanently in the tank coil near the theta coil to provide 

a more constant load and a method of tuning the system. 

Pulse Charging System 

The pulse charging circuit of Fig. 4 provides a simple 

method of charging the main capacitor bank, C, , to a high 

voltage in a short time from a low voltage source. The 

parallel charged capacitors are switched in series and most 

of the Marx capacitor charge is transferred to C^ through 
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the charging inductor in a resonant oscillation. The cir

cuit of Fig. 4 has a resonant period of 

T = 27r m 

C- C 
L ( ±—JL_) 
m Ĉ- + C ' 

1 m 

1/2 
(56) 

and the main capacitor bank voltage is 

m V C 
V = m m 
o C, + C 1 m 

1 - COS (-̂ r-) 
m 

(57) 

where V is the Marx charge voltage, C is the series Marx 
m ^ m 

capacitance, L is the Marx charging inductance and m is 

the number of stages in the Marx bank. For the values of 

Fig. 4, the voltage across C^ is maximum at t = T/2 = 170 

ys with a value of V = 7.2 V . The Marx bank is usually 
o m "* 

charged to 10 kV to produce a main bank charging voltage 

of 70 kV. 

The Marx bank operates into the series combination of 

L and C^, which is a large impedance. This circumstance 

hinders the operation of the Marx action or voltage 

doubling across the ignitrons during switching as well as 

failing to provide sufficient initial current to keep the 

ignitrons in conduction. Figure 4 illustrates several 

methods of triggering. Ignitrons need approximately 8 to 

10 joules of trigger energy for repeatable performance. 

The first ignitron is triggered externally. The second 
ignitron is triggered by the firing of the first ignitron 
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which discharges a capacitor through a pulse transformer 

primary. The transformer secondary is connected to the 

second ignitron. This method could be continued and is 

easily constructed without high voltage coupling to trigger 

units. The R-C trigger networks shown on subsequent igni

trons operate by charging the small trigger capacitors 

through the ignitron trigger lead when the preceding igni

tron fires. The R-C method only operates properly when 

the Marx circuit output is initially clamped close to 

ground with a low load impedance. Without a low impedance 

load, both terminals of the R-C trigger capacitor are at 

approximately the same voltage and no trigger current 

flows. 

The charging of the main capacitor bank is initiated 

165 ys prior to the end of the RF preionization pulse so 

that the main bank is fully charged at RF termination. 

The preheating system is then employed. 

Preheater System 

The preheater system illustrated in Fig. 3, operates 

from energy already stored in the main capacitor bank. The 

preheater capacitor bank, C^, charges from the main capaci

tor bank, C,, through the theta coil with a resonant fre

quency of 

p̂ " 17 
C C 

(L, + L^ + L ) ^ ^ 
1 2 c' C, + C2 

-1/2 
(58) 
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where L^, L2f and L are defined in Fig. 3. All inductances 

in the preheater circuit were minimized to increase the 

resonant frequency, the maximum current, and the system ef

ficiency. Only a small amount of main bank energy is used 

for preheating since C^ << C,, but the maximum voltage 

across C^ becomes 

2 V C, 
V^^ = -—2--± ^ 2 V . (59) 
2m c, + C^ o 

Thus the maximum preheater capacitor voltage is about 140 

kV. 

During the construction of the preheater circuit, 

measurements of the energy discharge capacitor effective 

series inductance, ESL, and effective series resistance, 

ESR, were necessary. Several methods are available but 

somewhat complicated to analyze or to perform. A simpler 

method, developed during this project, is compared with 

other available methods and explained in Appendix A. 

The effective series resistance of the Maxwell S1148X 

capacitors when ringing at a frequency on the order of 

1 MHz is approximately .12 fi. This value is very large, 

but is common among low inductance, high energy density 

discharge capacitors due to the type of dielectric used. 

Several capacitor types were investigated and found to have 

about the same resistance at 1 MHz. The large source re

sistance of the preheater capacitor bank makes the ratio of 
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reflected plasma resistance to source resistance very small 

and results in a low ohmic plasma heating efficiency. 

Therefore, the inductance in the preheater circuit was 

minimized to maximize the preheater B and thus the shock 

heating. 

In minimizing the inductance, a rail spark gap was de

signed and constructed to minimize the switch electrode 

inductance. The rail gap, illustrated in Fig. 8 is similar 

to one manufactured by Physics International except for the 

method of triggering. The objective in using a rail gap is 

to reduce the electrode inductance as well as the arc in

ductance. The arc inductance is reduced by generating many 

parallel arcs which requires triggering at many places. 

This requires that the trigger pulse rise time be less than 

the arc formation time. Most rail gaps use a third knife 

edge trigger electrode mounted in-between the main rail 

electrodes with the sharp edge on the centerline. By 

changing the third electrode potential very fast, the 

electric field is distorted at the knife edge. Multiple 

arcs are formed when the rise time is sufficiently fast. 

This method of triggering requires precise machining and 

critical triggering. The rail gap designed for this appli

cation used a third rail trigger electrode mounted in the 

ground electrode. This method of triggering is easier to 

construct and operate. By applying a fast rise time pulse 
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between the trigger rail and the ground electrode, multiple 

trigger arcs occur along the rail at random positions. 

This action produces free electrons at several positions 

almost simultaneously and generates multiple arcs between 

the main electrodes. 

The trigger system for the rail gap is shown in Fig. 9 

with an enlarged view of the coaxial cable connection to 

the rail gap. The trigger bar is fed by four parallel in

puts to reduce the source impedance and decrease the rise 

time. A faster rise time would provide more trigger arcs. 

The trigger rise time is 10 ns to 30 kV, which is sufficient 

to produce an average of three parallel trigger arcs. 

After working well for some time, surface arcs developed 

along the housing wall. In order to prevent this erratic 

prefire condition, a antitrack insert, machined from .6 

cm polyethylene sheet, was inserted under the bottom 

electrode as shown in Fig. 8. The insert was sealed to 

the housing with silicon grease, solving the tracking prob

lem. The rail gap is pressurized with dry nitrogen to con

trol the breakdown voltage and is flushed after every 

switching. After several hundred firings, a black residue 

formed on the inside wall, which contributed to the track

ing problem mentioned earlier. In order to flush most of 

the residue from the gap, two automatic solenoid operated 

valves first closed the flush gas inlet, then opened the 
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exhaust outlet and let the contaminated nitrogen escape. 

The exhaust valve is then closed and new nitrogen is ad

mitted at the inlet to repressurize the gap. Information 

obtained at a later date implies that the black residue 

originated from incomplete combustion of carbon from the 

nylon housing. Using dry air which contains oxygen as 

well as nitrogen provides a means for completing the com

bustion and eliminating the black residue. 

The rail spark gap switches 70 kV at 30 kA with a de

lay of .05 ys and a jitter of .01 ys. The gap and low in

ductance trigger spark gap must be cleaned after 500 fir

ings to reduce jitter and delay. The number of parallel 

arcs is not consistent, varying from 1 to 4. Multiple 

arcs reduce the switch inductance but do not affect the 

overall system inductance appreciably because the change 

is less than 1% of the total circuit inductance. A faster 

rise time trigger signal is necessary for further improve

ment. 

The preheater circuit produces a maximum magnetic 

field of 1.5 kG in the theta coil at a ringing frequency 

of 1.4 MHz. The large resistance of the preheater capaci

tor bank causes the oscillation to decay rapidly, limiting 

the ohmic heating capability of the system, but the initial 

shock heating produces sufficient preionization. 

Main Capacitor Bank Discharge System 

An excellent method for switching large voltages and 
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high currents with very low inductance is the field dis

tortion, dielectric switch first proposed by Martin^^ and 

later extensively investigated by Dokopoulos. Most 

dielectric switches are dependent upon various operating 

conditions, including extremely fast rise time trigger 

systems, electrode surface conditions, switch package 

preparation, and high voltage surface arcing. The switch 

developed here uses a relatively slow rise time trigger 

pulse, operates well with pitted and scarred switch 

electrodes, produces multiple arcs through the switch 

package without meticulous switch package preparation and 

holds off approximately 1.5 times the switching voltage. 

The field distortion, dielectric switch is similar to 

a three electrode spark gap. The center electrode of the 

dielectric switch is an aluminum strip sandwiched between 

two layers of Mylar sheets, as shown in Fig. 10. The strip 

and Mylar layers form a switch package that must be re

placed after each switching action. The operational se

quence of the switching action is summarized with the help 

of Fig. 10. Initially, the top switch electrode is held 

at the source voltage, V = V , while the bottom electrode 

is grounded, V = 0. The initial third electrode or trigger 

strip potential is determined by the capacitive voltage 

division of Mylar layers A and B, shown in Fig. 10. Switch

ing action is initiated when the trigger system produces a 
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large negative voltage pulse with a finite rise time at 

point x. When the electric field between point x and the 

trigger strip exceeds the dielectric breakdown of Mylar 

layer B, an arc occurs in the following sequence. The 

trigger strip voltage rapidly drops to the potential at 

X with a rise time much less than that of the trigger sys

tem. This action causes a large, fast distortion in the 

electric field between the trigger strip edges and the top 

electrode. The dielectric breakdown of A is exceeded and 

arcs are formed between the trigger strip edges and the 

top electrode. The rise time of the trigger strip voltage 

must be less than the arc formation time to produce 

multiple punctures in the Mylar dielectric. Once multiple 

arcs have formed between the trigger strip and the top 

electrode, the trigger strip voltage rises rapidly to V , 

the top electrode potential. Now the source voltage ap

pears across dielectric layer B whose dielectric strength 

is exceeded and multiple arcs again occur between the 

trigger strip and the bottom electrode. The top electrode 

voltage drops toward that of the bottom electrode, com

pleting the switching action in a matter of nanoseconds. 

During the preheater oscillation, the voltage across 

S2/ the dielectric switch, reaches a maximum of 

^S2 = ^o 
max 

2(C^ + C2) L2 

^1 1̂ 1 ̂  ^2 ^ ^c 
(60) 
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or approximately 1.5 V^. This value, although slightly 

attenuated by the relatively large preheater capacitor re

sistance, is much larger than the switching voltage for 

the dielectric switch. This large overvoltage and the 

rough electrode surfaces require a larger thickness of the 

solid dielectric switch package to prevent switch closure 

from spontaneous arcing. A thicker switch package also 

requires a larger trigger voltage. 

Working diagrams of a dielectric switch that operates 

in the above sequence are shown in Fig's. 11 and 12. The 

electrodes are constructed of stainless steel plates, 2.5 

cm thick, 7.5 cm wide, and 20 cm long. The top electrode 

edges are rounded with a radius of .75 cm and the bottom 

is machined flat in order to make good electrical contact 

to the aluminum strip line. The bottom electrode is fitted 

into a well in one of the aluminum conductors as shown in 

Fig. 11. A firm electrical contact to the aluminum con

ductor is assured by switching under the pressure of the 

hydraulic jack. The top switch electrode is bolted to a 

specially designed, hinged aluminum conductor shown in 

Fig. 12. The hinge assembly has a high current, low in

ductance joint designed to make positive electrical contact 

under hydraulic jack pressure. The top switch electrode 

also makes electrical contact to the aluminum hinge as

sembly through hydraulic jack pressure. 
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The electrodes become pitted after several firings, 

but the craters have rounded edges that do not prepuncture 

successive switch packages. The electrodes are easily re

moved and are shown in Fig. 13 after 1000 switchings. One 

problem occurring from the switching action is the very 

large shocks produced. The stainless steel electrodes have 

been bent approximately .125 cm, the electrode separation 

being larger toward the outside edges, after 1000 switch

ings. This is due to the heat and shock forces produced 

by the arc which expand the arc side of the electrode and 

simultaneously destroy the electrode material's elasticity. 

(The switch used by Dokopoulos required new electrodes 

after each firing to prevent prepuncture of the switch 

package.) The switching region is submerged in transformer 

oil. The oil reduces switching noise, eliminates surface 

tracking and thus reduces switch package size and cost, and 

prevents arcing other than directly through the switch 

package. The switch plates are held together with a three 

ton hydraulic jack that is also responsible for completing 

several current carrying joints. The jack pressure is set 
2 

to 1500 lbs/in with a gauge installed in the jack housing. 

The switch package is a very important part of the 

switch performance. The layers of Mylar dielectric, A and 

B in Fig. 14 are of different thicknesses and composed of 

several sheets of .127 mm Mylar. For 70 kV switching 
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voltage and a negative 8 0 kV trigger pulse, five .127 mm 

sheets between the trigger strip and the top electrode and 

four .127 mm sheets between the trigger strip and the bot

tom electrode worked extremely well. The thickness of 

layers A and B are determined by the source voltage and 

the trigger voltage magnitudes. For this switch, the 

initial trigger strip voltage is 

where Z^ is the thickness of layer A and a^ is the thick

ness of layer B. The total switch package thickness must 

hold off the maximum voltage appearing across the switch 

electrodes. The relative thicknesses of A and B are de

termined so as to produce multiple initial breakdown in 

layer A. Dokopoulos determined an optimum ratio of ^^/^D 

= 6 . We determined an optimum value of ^^/^B ~ ^/^* 

Ideally, the total thickness m̂ = ^^ •'" ̂ R ^^°^^^ ^® ^^® 

minimum allowable one to hold off the maximum switching 

voltage in order to produce fast, repeatable switching. 

To avoid switch package prepuncture from rough electrode 

surfaces, we used about twice the necessary total thick

ness, which possibly accounts for the difference in the 

A./Jl_ ratio. The trigger electrode, or strip, consist of 

a .127 mm thick aluminum strip 1 cm wide and 23 cm long. 

The switch package construction is diagrammed in Fig. 14, 
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illustrating the placement of the trigger strip. 

Each sheet of .127 mm Mylar was dipped in transformer 

oil prior to constructing the package and placing it in 

the switch. This procedure is very crucial to proper 

switch action. Failure to coat the Mylar sheets with a 

thin oil film resulted in arcs that traveled between the 

Mylar sheets to the edges of the switch electrodes. These 

arcs are blown away from the switch by magnetic forces and 

are very loud and destructive. The oil film prevents 

tracking and the arcs always occur along the trigger strip 

edges, between the electrodes. Another important factor 

in the switch package placement is the physical symmetry 

of the trigger strip entrance into the electrode region. 

An unsymmetrical arrangement causes initial trigger break

down at the entrance of the trigger strip into the elec

trode region, also causing destructive magnetic blowouts. 

In addition, the trigger strip should not exit the elec

trode region opposite the trigger input, because of the 

inhomogeneous field situations created and the transmission 

line voltage doubling of the trigger pulse at the end of 

the switch trigger strip, which also causes switching out

side the central electrode region. Several used switch 

packages are shown in Fig. 15. 

The switch is triggered by a simple, fast erection 

Marx circuit, shown in Fig. 16. In order to reduce Marx 
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circuit erection times, especially for high impedance loads, 

it is necessary to trigger all switches simultaneously. 

When using spark gap switches, simultaneous triggering re

quires external circuitry and more expensive triggered 

spark gaps. An alternate method, often used, requires 

placement of all spark gaps in a common chamber so that 

ultraviolet radiation from the first spark gap photoelec

trically triggers all successive gaps. The first spark 

gap is triggered externally to initiate Marx action. The 

common chamber arrangement usually requires complicated 

spark gap design and construction. An extremely simple 

way of constructing a photoelectrically triggered spark 

gap chamber is shown in Fig. 17. This multiple gap is 

constructed of alternating sheets of .635 cm Plexiglas 

and 6.25 cm OD, 5 cm ID plexiglas cylinder sections. The 

sheets are machined to accept the cylinders and have a 

1.27 cm hole in the center to pass the ultraviolet radia

tion from chamber to chamber. The sheets serve to prevent 

surface tracking between successive spark gaps both inside 

and outside the spark chambers. The cylinders are drilled 

and tapped on each side to accept the threaded brass 

electrodes. Lock nuts are used to secure the electrode 

position. 

The sheet-cylinder units can be stacked in any number. 

The cylinders and sheets are glued together with acrylic 
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cement. The individual spark gaps can be simultaneously 

adjusted to the same electrode separation by placing a rod, 

whose diameter is the desired separation, down the center 

of the gap through the photoelectric trigger holes. The 

individual electrodes are adjusted until they touch the 

rod. Similarly, the electrodes can be cleaned without dis

assembling the gap or electrodes. The first spark gap is 

externally triggered and the resulting arc photoelectric

ally triggers the successive gaps, completing the Marx 

operation. 

The Marx cirucit of Fig. 16 produces a 80 kV, 50 

joule pulse with a rise time of less than 50 ns. The small 

arc between the knife edge (Fig. 10) and the trigger strip 

serves to decrease the rise time of the trigger strip 

voltage. Dokopoulos reported that a trigger strip voltage 

rise time greater than 4 kV/nsec was necessary to produce 

multiple arc channels in the dielectric. The Marx trigger 

circuit used in this switch produces a delay time from Marx 

initiation until switch closure of 0.1 ysec with an average 

jitter of 0.05 ysec. More sophisticated trigger systems 

such as a Blumlein type circuit that produce rise times of 

less than 10 nsec can reduce delay and jitter to less than 

10 nsec. 

The inductance of the dielectric switch is due to the 

electrode inductance, the arc inductance and the inductance 
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of the stripline conductors connecting the electrodes to 

the system. The electrode inductance is approximately that 

of a parallel plate transmission line which has an induc

tance per unit length, L , of 

y d 
Ljt = -V- H/"» ' (62) 

where d is the electrode separation and w is the electrode 

50 
width. The switch described here has a width of 20 cm 

and an electrode separation of .115 cm. The electrode 

length is 7.5 cm, which yields an electrode inductance of 

0.6 nH. Using similar calculations, the inductance of the 

stripline connecting the electrodes to the theta pinch 

system is approximately 11 nH. The arc inductance is ap

proximated by the inductance of a round straight wire given 

u 51 by 

4 £ 
L^ = .2 il̂ (2.3 log^Q ^-^^ " ''^^^ ^^ ^^^^ 

a 

where i is the arc length in m and r is the arc radius in a a 
-3 

m. Assuming an arc radius of 10 cm at 1 nsec and a 

length equal to the electrode separation of .115 cm yields 

an initial inductance of 1.24 nH. For an average number 

of 5 arcs, the total arc inductance is .25 nH. Since the 

radius of the arcs increase rapidly in time, the arc induc

tance will decrease further. The total inductance of the 
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dielectric switch is thus approximately 12 nH, most of 

which is due to the connecting stripline. 

The main capacitor bank, when charged to 70 kV and 

dielectrically switched, produces a maximum magnetic field 

of 2.1 Tesla with a rise time of 885 ns in the theta coil. 

The dielectric switch holds off a voltage of approximately 

110 kV and switches at a voltage of 70 kV carrying a maxi

mum current, from the main and the preheater capacitor 

banks, of approximately 500 kA. The main discharge circuit 

has an effective series resistance of 13 milliohms, indi

cating very low resistance in the dielectric switch and 

the current carrying connections. The dielectric switch 

has an inductance of approximately 12 nH and operates with 

an average delay time of .1 ys and an average jitter of .05 

ys. Several pictures of the dielectric switch are shown 

in Fig. 18. 

Pellet Injection Mechanism 

A mechanism that loads and releases .1 mm to 1 mm 

pellets is shown in Fig. 19. The pellet release mechanism 

consists of a 12 volt dc relay, fitted with a half-cup arm 

that is held against a vertical anvil by the relay spring. 

The relay is energized by discharging a 20 yF capacitor, 

charged to 500 V, through the relay coil with a 2D21 

thyratron tube. The current specification of the 2D21 tube 

is severely exceeded in this situation and the tube must be 
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Fig. 18. Pictures of Dielectric Switch 
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replaced every 100 operations. The cup walls are very 

steep so that the frictional normal force on the pellet 

during opening is small and the pellet falls vertically. 

The aluminum of the half cup and the anvil faces is 

polished to a mirror finish to reduce the friction f\ir-

ther. The pellets fall vertically into the bellows and 

glass tube leading to the center of the theta coil. 

The entire assembly is mounted in a vacuum container 

consisting of a 7.5 cm diameter, 15 cm long section of 

Pyrex conical pipe with end sections of 1.25 cm aluminum 

plate. The release relay cup is manually reloaded without 

breaking the vacuum, from the "plcinter box" arrangement 

shown in Fig. 19. The top of the two concentric, stainless 

steel disks has 24 holes, 23 of which can be filled with 

one or more solid pellets. The bottom disk has one hole 

that leads to the relay cup through a 3 mm ID stainless 

steel tube. The top disk is manually rotated from the 

outside of the vacuum container with a series of gears 

through an o-ring seal. The vacuum cover is removed after 

23 pellet operations and refilled. This operation requires 

about 30 minutes including pump-down. 

The pellet release mechanism has a jitter of about 1 

ms when using single pellets, possibly due to friction of 

the half cup. The jitter is insignificant when compared 

to the gravitational fall time to the center of the theta 
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coil. The velocity of the pellet at the center of the 

theta coil is approximately .25 cm/ms, so that the pellet 

is effectively stationary compared to the plasma formation 

and life times. The relay half cup sometimes imparts a 

horizontal velocity to a pellet upon opening. This may be 

due to electrostatic attraction and causes the pellet to 

strike the sides of the small tube leading to the theta 

coil. In this case, the pellet is not in the center of 

the theta coil when the plasma is formed. The "batting 

average" for imploding the plasma upon single pellets is 

approximately .500. Multiple pellets (3-10) were usually 

loaded into each of the top disk holes so that forming a 

plasma without at least one pellet in the center region 

was a rare occurrence. 

Several types of pellets were used. Spherical 

polystyrene pellets obtained from United Aircraft Corp. 

were used predominantly because of their availability. The 

sizes, ranging from .1 mm to 1 mm, were separated with im

provised screening devices so that approximate sizes could 

be separated. Polyethylene pellets obtained from the 

U.S.A.E.C. Laboratories at Oak Ridge, Los Alamos, and 

Sandia were also used. 

Diagnostic Techniques 

The diagnostic system was designed and constructed to 

determine the plasma parameters and the effect of the 
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pellet upon them. The techniques presented include dia

magnetic loop analysis, Mach Zehnder interferometry, 

coupled cavity interferometry, soft X-ray absorption meas

urements, image converter camera photography and basic 

spectroscopic observations. 

Diamagnetic Loop System 

The diamagnetic loop diagnostic technique is very 

common to theta pinches. It provides a wealth of informa

tion about general plasma characteristics such as line 

density, preionization characteristics and plasma shot to 

52 53 shot reproducibility in time resolved form. ' The 

diamagnetic loop is also one of the easiest techniques to 

apply. 

The basic arrangement of the diamagnetic loop system 

is shown in Fig. 20a. A one turn loop encloses the plasma 

tube in the center of the theta coil to measure the change 

in magnetic flux through the tube. This loop generates a 

large amplitude signal that is attenuated by the frequency 

compensated voltage divider shown in Fig. 20b. The other 

half of the diamagnetic loop system consist of a small 10 

turn, 1 mm diameter compensation coil placed between the 

theta coil and the plasma tube to sense the change in mag

netic flux outside the plasma tube. The two signals are 

passively integrated and then subtracted with a Tektronix 

lAl plug-in amplifier. With a vacuum in the discharge tube, 
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the difference between the one turn loop signal and the 

compensation signal is minimized and ideally nulled (by 

uncalibrating one side of the lAl). When a diamagnetic 

plasma is formed in the discharge tube, the effective area 

of the one turn loop is reduced, decreasing the one turn 

loop signal and creating an imbalance in the difference 

signal. The difference signal can now be related to the 

properties of the plasma, such as plasma cross sectional 

area, internal magnetic field, density and temperature. 

The integrated and attenuated one turn loop signal 

without a plasma is given by 

K A_ 
V = ii 
L RC 

d B K A B 

where A_ is the loop area, K is the voltage attenuation 

factor, and RC is the passive integration time constant 

Similarly, the compensation signal can be expressed as 

N A 
V = ^ ^ C RC 

d B N A B 

where N is the number of coil turns and A is the coil c c 

area. If the system is nulled without a plasma, N A = 

K A . Upon introduction of a plasma, the difference in 

the signals, assuming a thin plasma-magnetic field boundary 

layer, becomes 
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where B. is the plasma internal magnetic field and A is 
1 P 

the plasma cross sectional area. Assuming the plasma beta 

is approximately unity, independent of radius, implies that 

the internal magnetic field is negligible and that the dia

magnetic signal is proportional to the plasma area. This 

assumption also implies that the plasma density is uniform 

over the plasma cross section. 

The diamagnetic signal results from the increasing 

magnetic field and the decreasing plasma area. Initially, 

the signal rises from zero at magnetic field zero to a 

maximum value where the decreasing area contribution ex

ceeds the increasing magnetic field portion. The signal 

then rapidly decreases because of the implosion which re

duces the plasma cross section. The first minimxam corre

sponds to the implosion time. The maximum amplitude of 

the first peak can be related to the fraction of ioniza-
53 tion, a, ahead of the imploding current sheath by 

a = exp [n^ a^ S { (ri-) ̂  - 1} ] , (67) o m (!) ' 
o 

where n is the total number density of available particles, 

a is the momentum transfer cross section between the sheath m 

and the neutral particles, S is the distance the sheath has 

traveled at maximum diamagnetic signal, ^ is the excluded 

flux and (J) is the flux excluded by a completely ionized 

plasma. A value for the momentum transfer cross section 
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m 

The diamagnetic loop system must be calibrated to obtain 

reliable area data. Calibration was accomplished by plac

ing a copper pipe inside the plasma tube and recording the 

resulting diamagnetic signal. By using copper pipes with 

diameters of 1.6 cm and 4.13 cm, a calibration constant was 

determined relating the copper pipe area to the diamagnetic 

signal obtained. The accuracy of this measurement is esti

mated to be within 10 percent. 

The maximum amplitude of the diamagnetic signal and 

the maximum excluded flux occur when the sheath has moved 

1/5 of the tube radius, independent of the filling pressure 

or level of ionization. The maximum flux excluded is given 

, 53 by 

"1/4 

d) = A 
o p 

3 y M B ^ 
o o o 

TT 
(68) 

where M is the total mass per unit length in motion after 

the piston has moved a distance S = b/5 or 

2 
M = m. n S 27r r = 27r (.16) m. n^ b (69) 
O 1 o p 1 o 

and r = b-S. The actual diamagnetic information is ob

tained from two separate diamagnetic signals; one without 

gas in the plasma tube, or a reference signal and one with 

the desired filling pressure. The signals illustrated in 

Fig. 21b and c are graphically subtracted to give the true 
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signal of Fig. 21a. The applied magnetic field is also 

shown in Fig. 21a with arbitrary units. 

The momentum imparted to the imploding particles 

causes the sheath to overshoot the equilibrium radius po

sition determined by the heated plasma pressure and the 

confining magnetic field. The compression causes the 

plasma to thermalize and expand doing work against the 

magnetic field, again gaining momentum and overshooting 

the equilibrium position until being recompressed by the 

magnetic field. These radial hydromagnetic oscillations 

of the sheath are clearly evident in the diamagnetic sig

nals of Fig. 21. 

The period of oscillation, T , is related to the 

53 
plasma mass per unit length or line mass, M, by 

ni/2 

T = 2TT 
r 

M y 
o 

47r <B>2 
(70) 

where ^B) is the average magnetic field during the oscilla

tion period. This is a simple method of determining the 

mass gathered by the imploding sheath. For a completely 

ionized plasma, the line mass can be also determined by 

2 
M = Trb n m. . (71) 

o 1 

A comparison of the results of Eq. (70) and Eq. (71) 

provides a measure of the sheath compression efficiency. 

The period of the radial hydromagnetic oscillations can 
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also be related to the line density through the line mass. 

Consider a hydrogen plasma in which most of the total 

plasma mass is in the ions, the line density is then given 

by 

N = M/m^ . (72) 

Calculating the line density on successive oscillation 

periods provides a time resolved measurement of the plasma 

particle losses in the region of the diamagnetic loop. 

The diamagnetic loop system, as mentioned earlier, 

provides a wealth of information about the plasma shot-to-

shot reproducibility. In Fig. 22, the diamagnetic loop 

signal from a correctly formed, hot, pure, hydrogen plasma. 

Fig. 22a, is compared to several lower quality plasmas. 

Figure 22b illustrates the diamagnetic signal from a plasma 

with nitrogen and oxygen impurities creating lower frequency 

hydromagnetic oscillations because of the increased mass. 

The diamagnetic signal in Fig. 22c results when the pre

heater system is not used. A smaller first maximum and the 

higher frequency of hydromagnetic oscillations are due to 

the reduced ionization and thus reduced mass compressed by 

the imploding sheath. Figure 22d illustrates the differ

ent radial oscillation frequency for a standard 30 mTorr 

plasma. The diamagnetic signals present information con

cerning the plasma line mass, the particle end losses, and 

the plasma shot-to-shot reproducibility. The diamagnetic 
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Fig. 22. Diagnostic Diamagnetic Signals 
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loop system also is very instrumental in interpreting the 

image converter camera streak and framing pictures as well 

as other information with distinct time variations due to 

the plasma bouncing. 

The compensated voltage divider in Fig. 20b is com

pensated by means of an insulated copper shield surrounding 

the high voltage chain of two watt resistors. The high 

frequency components of the input signal are capacitively 

coupled to the shield instead of being shorted to ground. 

The shield is connected to the divider output through a 

500 ohm variable resistor that controls the amount of over

shoot. The divider is further compensated by placing a 

series combination of a capacitor and another 500 ohm 

variable resistor in parallel with the voltage divider 

output. The sag of the output pulse is adjusted by vary

ing the second variable resistor. This voltage divider 

reliably reproduces and attenuates a voltage pulse with a 

10 nanosecond rise time, 1 ys pulse length and voltages up 

to 30 kV. 

Mach Zehnder Interferometer System 

The spatial variation in plasma electron density per

pendicular to the theta coil axis was determined by using 

a Mach Zehnder interferometer.^^' ^^' ^^ Light passing 

through a plasma of this type is phase shifted with very 

little attenuation or reflection. The average electron 
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density along the path of light traversing the plasma is 

determined by differentially measuring this phase shift. 

Two coherent light beams from a common source are compared 

photographically after one has traversed the plasma. 

The Mach Zehnder interferometer arrangement is sche

matically illustrated in Fig. 23a. The monochromatic 

light source. Fig. 23b, produces an expanded, collimated, 

coherent light beam that is divided by beam splitter Bl 

into the reference beam that does not traverse the plasma 

and the plasma beam. The beams are recombined with mirrors 

Ml and M2 at beam splitter B2. The difference in optical 

path lengths B1-M1-B2 and B1-M2-B2 is minimized and must 

be less than the coherence length of the light source. The 

coherence length of a pulsed light source of wavelength X 

and line width AX is given by 
o 

58 

X 2 

o 

The two beams are made to intersect each other at a 

small angle, 0, on the film plane. The resulting inter

ference pattern, illustrated in Fig. 24a, has successive 

intensity minima, termed fringes, that are spaced a 

57 distance apart of 

6Y = X /sin e , (74) 
o 

where 6y is termed the vacuum fringe spacing. Without a 
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plasma in the tube, there is no fringe phase shift of the 

plasma beam relative to the reference beam and the inter

ferogram of Fig. 24a is photographically recorded. 

The fringe spacing and orientation is varied by ad

justing mirror Ml or M2. Introducing a plasma causes a 

phase shift, AY, in the probing beam cross section relative 

to that of the reference beam and the interferogram of Fig. 

24b results. The fringe shift at every point, F, is meas

ured from the photograph (Fig. 22b) by using the equation 

F = — (75) 

to form the fringe shift profile F(r). The fringe shift of 

every ray of light is related to the length of plasma, Z , 

traversed by the ray and the electron density averaged over 

that length, ^n /, by 57 

y V „ 2.24 X 10 „ -2 ,-̂ x 
<^e>^p = X ^ "̂  • ^̂ ^̂  

^ o 

Thus the /n \ i product can be determined for each point 

in the photographically recorded image to yield a spatially 

resolved measurement of the plasma electron density per

pendicular to the coil axis. The fringe shift profile for 

the interferogram of Fig. 24b is shown in Fig. 25a. 

Figures 25b and 25c illustrate another interferogram and 

the corresponding fringe shift profile, respectively. 

The average electron density profile can be determined 
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if the plasma length is known. A theta pinch plasma is 

usually cigar shaped. The changes in the fringe shift pat

tern due to end effects are neglected and an average plasma 

length determined. Thus the electron density profile at 

the plasma midplane resembles the fringe shift versus 

radius profile, F(r). 

The plasma length was estimated from image converter 

photographs as explained later in this chapter. The de

termination of the plasma length also enables a determina

tion of the line density. Using Eq. (76) and integrating 

over the plasma area, the plasma line density is given by 

N = 3.32 X 10̂ -̂  
i 
P 

rr 
P 
r F(r) dr m""*- , (77) 

where r is the plasma radius. The total number of elec-
P 

trons is found by multiplying the line density by the 

plasma length. Determining N versus time yields another 

time resolved measurement of the total end losses from the 
30 theta coil. The actual integration was performed 

graphically with a planimeter. 

Interpreting the fringe shift pattern shown in Fig. 

26a is more complicated than usual due to the enclosed 

fringe pattern. The shift of the standard fringes is de

termined as before. Then, proceeding from left to right 

along the horizontal axis in Fig. 26a, the fringe shift of 
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the first isolated and enclosed fringe is equal to the 

shift of the last fringe, plus one whole fringe. Continu

ing toward the center, the fringe shift of the successive 

enclosed fringes increases by one and the density-length 

profile of Fig. 26b results. 

Next, some of the experimental factors used in imple

menting Mach Zehnder interferometry are mentioned. The 

minimum value of ̂ n y i that can be determined depends 

upon the minimum fringe shift, F, that can be measured from 

the photograph. Assuming that the minimum detectable 

fringe shift is Ay/6Y = .1, then the minimum detectable 

/n \ £ product is 

[(n) Z ] . = ^ ' 2 \ ^ ̂ Q^^ m-2 . (78) ••N e/ p m m x ^ ' 
o 

In order to insure that a fringe shift of .1 is a valid 

plasma effect, the optical system must have all surfaces 

flat to at least X /lO. The Mach Zehnder front surface 
o 

mirrors and beam splitters were flat to 1/20 of a wave

length (blue). The quartz flats on the ends of the plasma 

tube were flat to 1/10 of a wavelength (blue). 

The theta pinch plasma of interest is transient in 

nature, lasting less than 2 ys with large density varia

tions on a time scale of 50 ns. In order to freeze the 

plasma motion on the photographic record, a pulsed light 

source with a duration on the order of 10 ns is desired. 
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The light source of Fig. 21b, a Holobeam Model 300 Q-

switched ruby laser with a light pulse half width of 50 ns 

was used for this measurement. The light pulse duration 

is somewhat large, but it satisfactorily froze the plasma 

motion except during the extremely fast implosion phase. 

The laser was operated in the TEM mode by using an 

output etalon to increase the beam temporal coherence and 

an intra-cavity pinhole to increase the beam spatial co

herence. The light output of the ruby laser in this con

figuration was about 20-30 millijoules which is sufficient 

to expose the recording film, but the mode selection 

methods reduced the cavity gain. The reduced cavity gain 

resulted in considerable light pulse time delay from the 

Q-switch initiation and a larger than desirable pulse 

width of 50 ns. The coherence length of the light source 

of Fig. 23b was calculated from Eq. (73) to be 24 mm. The 

20 -2 • I minimum d e t e c t a b l e v a l u e of / n \ il i s 3.2 x 10 m from 
\ e^ p 

Eq. (78). 

Other light source components include the alignment 

laser and the expanding and collimating optics shown in 

Fig. 23b. The ruby laser and the Mach Zehnder interfero

meter were aligned with a Spectra Physics Model 124B HeNe 

laser. The HeNe laser was aligned on the same axis as the 

ruby laser and illuminated the Mach Zehnder interferometer 

through the ruby laser cavity. Only the center portion of 
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the beam was used in order to obtain uniform illumination 

of the plasma tube. The collimation of the light source 

was checked by placing a 2.5 cm aperture at the source 

output. A Polaroid film was exposed to the rioby laser beam 

at the input and at the output of the Mach Zehnder inter

ferometer. If the developed exposures were of equal size, 

then the beam was sufficiently collimated. 

The Mach Zehnder mirrors and beam splitters are gimbal 

mounted with micrometer adjustments on top of a convenient 

base consisting of separate 600 lb capacitors, as shown in 

the pictures of Fig. 27. An annealed, extremely stable 

common mount for the optics was not needed as in many other 

Mach Zehnder operations due to the extremely short time 

scale in which the films were exposed. The vacuum fringe 

spacing did not vary radically over a period of several 

days. 

The photographic recording system at the output of the 

Mach Zehnder, Fig. 23, consist of a 12.5 cm diameter lens 

with a focal length of 110 cm, a 694.3 nm interference 

filter and a camera box with a Polaroid roll film camera 

back. The lens, Ll, is used to focus the plasma midplane 

onto the film plane in order to prevent light rays that are 

refracted by large density gradients from distorting the 

recorded image. The 694.3 nm interference filter prevented 

HeNe laser light and plasma light from exposing the film. 
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Fig. 27. Pic tures of Mach Zehnder Interferoneter 
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The camera box shown in Fig. 27 with the interference 

filter and the Polaroid film back was also mounted on a 

heavy capacitor for stability. Polaroid type 47 roll film 

was used to record the interferograms. 

The alignment of the Mach Zehnder interferometer was 

accomplished by orienting the mirrors and the beam split

ters at the proper corners of a rectangle and on a level 

plane through the plasma tube as shown in Fig. 23. The 

beam from the HeNe alignment laser is restricted with an 

aperture to a diameter of several mm. The beam splitters 

and mirrors are further adjusted until the beam passed 

through the center of each. The path lengths B1-M1-B2 and 

B1-M2-B2 are adjusted simultaneously with a tape measure 

until their difference is less than 1 mm. After the coarse 

physical alignment, mirror M4 and an alignment screen are 

placed as in Fig. 21. Mirror M4 is adjusted until four 

dots appear on the screen; one dot for each return path 

from M4. The beam splitters and the mirrors are fine ad

justed with the micrometer controls until the four dots 

coincide. At this time fringes should appear at the out-

59 
put and the Mach Zehnder interferometer is aligned. 

A quick check of the system alignment is made by 

placing a white card at the focal point of Ll. Only one 

focal spot should be observed if the system is aligned. 

If there are two focal points, adjustment of mirror Ml and 



97 

M2 until the focal points coincide will again align the 

system. 

The interferograms were analyzed by projecting them 

on a screen ten times the size of the plasma tube cross 

section. The fringe pattern was superimposed on the screen 

until the diameter of the tube image coincided with the en

larged tube image marked on the screen. Then the center 

of the plasma region was centered at the screen origin with 

the vacuum fringes oriented parallel to the horizontal 

axis. The fringe shift was determined at .1 cm increments 

along the horizontal axis to obtain the radial F(r) profile, 

The time resolved density was determined from numerous 

measurements of the spatial density at various times. The 

laser flash lamp was initiated prior to charging the main 

capacitor bank. The Q-switch Pockel's cell was triggered 

with a TRW Model 4 6A Trigger Delay Generator at the de

sired laser pulse time. The time of the light pulse and 

thus the interferogram with respect to the magnetic field 

was monitored with a ITT FW114 planar diode terminated in 

50 ohms. The light pulse signal was added to the B-probe 

signal to provide a distinct time reference. 

Coupled Cavity Interferometer System 

The plasma electron density after the preheating stage 

is much less than that after the compression phase. The 

plasma length in both cases is on the order of .2m, the 
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coil length. The final compressed plasma has an average 

22 -3 
density of 5 x 10 m and produces about 3 Mach Zehnder 

fringe shifts. A preheated plasma density on the order of 

20 -3 
10 m would produce .15 Mach Zehnder fringe shifts. 

This fringe shift is near the minimum observable limit. In 

order to determine the preheating density-length product 

more accurately, the doxible pass, coupled cavity interfero

meter shown in Fig. 28 was used. ' ' 

The coupled cavity interferometer determines the time 

resolved density-length product at one spatial (radial) 

point in contrast to the Mach Zehnder interferometer. Ad

ditional sensitivity is obtained by using a double pass 

arrangement and increasing the wavelength of the light used. 

The optical path length of the external laser cavity, which 

contains the plasma, is changed linearly with a corner 

mirror mounted on a rotating wheel. The corner mirror 

arrangement, using mirror MC, of Fig. 28 returns the laser 

light to the primary laser cavity as the corner mirror 

rotates. The returned light is alternately in and out of 

phase with the light emitted from the primary cavity in

creasing and decreasing the laser gain, respectively. De

tector Dl, Fig. 28, monitoring the total laser output 

through the rear mirror MA, detects a sinusoidal signal as 

the mirror moves. Without a plasma in the external cavity, 

the sinusoidal period between the detector signal minima, 
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i s re la ted t o the mirror v e l o c i t y , v , by 

6t = 
4v ' 

mc 

(79) 

which is termed the temporal vacuum fringe spacing. 

Introducing a plasma into the external laser cavity 

increases the period of the sinusoidal signal, producing an 

additional temporal fringe shift of At. The electron 

density averaged along the plasma length traversed by the 

laser beam can be related to the period of the sinusoidal 

signal at time t by 

t - t - n6t 
/n (t )\ £ = -JL. o 
\ e n / p 6t 

1.12 X 10 15 
m 
-2 (80) 

for n = 0 , 1, 2, 3, .... Here t is the time of the last 
o 

vacuum detector minimum (fringe) as shown in Fig. 29 and 

t is the time of the nth detector minimum (fringe) after 

t . The change in the sinusoidal period is related to the 

direction in which the rotating mirror is turning and to 

the density gradient. When the corner mirror is moving to 

increase the external cavity length as in Fig. 28, the sig

nal period increases with increasing density and decreases 

as the density decreases, as in Fig. 29. Similarly, when 

the wheel rotates to decrease the cavity length, the signal 

period decreases with increasing density and increases with 

decreasing density. 
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The former direction of wheel rotation was chosen to 

permit more accurate measurement of the fringe spacing dur

ing the initial stages of the preheating current, for two 

reasons. First, the laser gain is higher at the lower 

sinusoidal frequency and the signal amplitude is larger. 

This arrangement assists in determining the fringe period 

amidst the early, high frequency noise transients. 

Secondly, the density gradient is usually largest initially 

and the lower detector frequency aids in determining the 

density more accurately. Also, the higher frequency de

tector signal occurs when the density gradient is small 

and the transient noise has decayed. Equation (80) can 

also be written as 

<n (t )> i = ^ 
>> e n /̂  p 6t 

1.12 X lO-*-̂  

ô 
m"^ , (81) 

where At is the fringe shift other than that due to the ro

tating mirror. This form is similar to the relationship 

for the Mach Zehnder interferometer where AY/6y is replaced 

by At/6t. Assuming a minimum detectable temporal fringe 

shift of At/6t = .1, the minimum detectable density-length 

product is 

r/ \ « 1 1.12 X 10 -2 ,Q~x [\n^ > £ ] . = ^ m . (82) > e/ p-'mm X ^ o 

In order to detect low densities, the wavelength 
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of the laser used should be as large as possible, as seen 

from Eq. (82)• A Spectra Physics Model 115 HeNe gas laser 

was used for this measurement. The Model 115 lases simul

taneously at .6 328 ym and 3.39 ym wavelengths when the 

.6328 ym mirrors are used, which is very convenient for 

alignment. At a wavelength of 3.39 ym the minimum de

tectable density-length product is, from Eq. (82), 

I ^ O r̂.3n,ir, = 3.3 X lO-"--̂  m"^ . (83) N e/ p m m 

Also, in order to obtain good temporal resolution, the 

vacuum fringe period, 6t, must be on the order of 1/10 the 

density variation time scale. The limiting factor on the 

frequency of the vacuum fringes is the laser cavity fre

quency response. The cavity frequency response limit for 

.6328 ym is approximately 2 MHz, while that for 3.39 is 

6 2 
approximately 20 MHz. 

The system was visually aligned using the red .6328 ym 

beam while detecting at the 3.39 ym wavelength with Dl. 

Once the system was aligned by adjusting for maximum sinu

soid amplitude and quality, the .6328 ym mirrors were re

placed with the 3.39 ym mirrors to obtain a larger 3.39 ym 

signal. 

Mirror MA, Fig. 28, is curved with a reflectance of 

99.9% and Dl is a Judson Indium Arsenide detector with a 

maximum response at 3.4 ym. Mirror MB is a flat laser 
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output mirror with a reflectance of 60%. Mirror MC, the 

one that actually returns the laser probe beam is a front 

surface flat mirror. The corner mirror is very critical 

to proper operation of the interferometer. It is necessary 

to have both mirror sides perpendicular to the laser beam 

during the entire period in which the laser beam is re

turned to the primary cavity. Otherwise, the sinusoidal 

signal amplitude is randomly modulated due to the varying 

amount of light returned to the cavity. The rotating wheel 

was mounted on a heavy platform for stability and consisted 

of a 15 lb aluminum disk in order to maintain a constant 

velocity. Two large, 1.8 cm, pillow block bearings were 

used on the wheel shaft to incxease stability and reduce 

friction. 

Since the rotating mirror only intercepts and returns 

the primary laser beam for a small portion of one revolu

tion the theta pinch system was synchronized with the 

wheel system. A University Laboratories Model 200 HeNe 

laser and a Texas Instruments TIXL54 laser diode detector 

were used as a timing indicator to monitor the wheel posi

tion. The laser was aligned so that the corner mirror 

mount interrupted the timing beam when it was in the cor

rect position. The timing diode signal rise time was very 

slow due to the slow wheel velocity. The Schmidt trigger 

circuitry of a Tektronix 556 oscilloscope was used to 
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produce a repeatable timing signal. The resulting scope 

gate signal was then used to trigger the rotating wheel 

sync unit of Fig. 30. The wheel sync unit consist of a 

modified Tektronix 161 Pulse generator and is powered by 

a standard Tektronix 160 A power supply. The wheel breaks 

the timing laser beam every revolution and triggers the 

Tektronix 556 scope whose gate signal then triggers mono-

stable circuit No. 1 of Fig. 30. The wheel rotation is 

monitored in the screen room with an indicator light in 

monostable circuit No. 1. Bistable flip-flop No. 2 is set 

by a push-button in the screen room or by an automatic 

push-button in the Marx bank power supply upon completion 

of the Marx bank charging cycle. The next time the corner 

mirror is in the correct position, the mirror mount breaks 

the timing laser beam and a timing pulse from the wheel 

sync unit triggers the theta pinch master timing unit to 

produce the plasma. Simultaneously flip-flop No. 2 is 

reset so that subsequent wheel revolutions will not initi

ate the trigger circuits. In order to time the plasma 

event at the correct mirror position, the wheel sync unit 

has both a fine and a course delay control. A complete 

schematic is shown in Appendix C, Fig. Cl. 

Another method to increase the detector signal ampli

tude and make the system frequency response independent of 

the laser cavity response is illustrated in Fig. 28 by 
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dashed lines. The return mirror is then replaced with a 

partially transmitting mirror and detector D^ is used to 
mm 

detect the fringe signal. 

The coupled cavity interferometer was used in de

termining the performance of several preheater circuit 

configurations and components. The detector signal from 

D^ (Fig. 28) was extremely small, on the order of lO" 

volts, due to the low transmission properties of the back 

laser mirror, MA. This required amplification of the de

tector signals and posed problems with random detector 

noise. The second method mentioned above helps to elimi

nate the problems of detecting the small amplitude signal 

through the laser cavity. 

Soft X-ray Electron Temperature 
Measurement System 

The time resolved average plasma electron temperature 

was determined by measuring the soft X-ray intensities 

6 5 
transmitted through two thin aluminum foils. At electron 

kinetic temperatures above 100 eV in a pure hydrogen plasma, 

the emitted radiation is mainly bremsstrahlung. A thin 

metal foil will transmit a calculable percent of the inci

dent soft X-rays. The soft X-ray flux seen by a scintil

lator behind the foils is proportional to 

f<*> 

Q = A exp 

o 
- ( IE ;V ) - -E <̂f dE , (84) 
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where A is a constant that accounts for geometrical fac

tors, electron density, and the approximate Gaunt correc

tion. The factor K^ is the energy dependent absorption 

coefficient of the foil and d^ is the foil thickness. The 

integration is over the photon energy E. 

Values of Q can be calculated from the spectrum of a 

pure hydrogen plasma and the absorption spectrum of pure 

aluminum foils over the relevant photon energy spectrum. 

Several values of Q for different hydrogen plasma electron 

temperatures and various absorber thicknesses were numeric-

6 7 
ally calculated at Los Alamos Scientific Laboratory, and 

are listed in Table I. 

The flux transmitted through the thin foils is then 

monitored. The foils are backed with a thin sheet of 

plastic scintillator film to convert the transmitted soft 

X-ray flux to a visible spectrum. The thin scintillator 

also reduces the system sensitivity to hard X-rays. The 

light emitted from the scintillator is detected by a 

photomultiplier tube to yield a time resolved signal pro

portional to the energy flux seen by the thin foil. 

To determine the electron temperature with one foil, 

the detector system must be calibrated. In order to avoid 

calibration, dual foil and scintillator systems are ex

posed to the same plasma soft X-ray flux and the ratio of 

the transmissions used to determine the electron tempera-
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ture. The transmission ratios shown in Table I are 

graphed in Fig. 31. By comparing the measured transmission 

ratios to the computed values, the spatial average of the 

electron temperature can be determined with an accuracy of 

± 30%. 

The thin foil diagnostic arrangement is shown in Fig. 

32. The plasma center plane is imaged on two thin foils 

of aluminum with 1 mm pinholes located 72 cm from the 

plasma. Two thin aluminum foil filters backed with a .1 

mm thick NEI 201 plastic scintillator sheet are located 

as shown in Fig. 32. Since the soft X-rays cannot pene

trate the vacuum system walls, the foils and the scintil

lator are located inside the vacuum system. The visible 

scintillation light is transmitted from the vacuum system 

through quartz flats. Two light pipes are used to trans-

mitt the light to two RCA 1P28 photomultipliers inside a 

copper-shielded enclosure. Light pipes were used to dis

connect electrically the photomultipliers and their shield 

from the theta pinch plasma tube. The light pipes are also 

flexible and convenient in system assembly. The photo-

multiplier high voltage cable and the two signal cables are 

shielded with a copper pipe all the way into the screen 

room. Battery powered emitter followers were used in order 

to receive a reliable signal at the end of the long cables. 

The emitter followers will reliably reproduce a signal with 
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a rise time of 10 ns and an amplitude of less than 1 Volt. 

The emitter follower schematic is shown in Appendix C, Fig. 

C2. 

Another problem encountered in measuring the small 

signals was the amount of noise that leaked through the 

shielding. A method to detect electromagnetic noise leaks 

in a shielding system analagous to the helium leak detec

tion method for vacuum systems, was developed. The method 

is outlined in Appendix B. 

A .1 Tesla magnet was placed as shown in Fig. 32, to 

prevent the charged plasma particles that passed through 

the pinholes from perforating the thin foils. 

The relative calibration of the two-channel measure

ment system including the light pipes, the photomultipliers 

and the emitter followers was accomplished by interchanging 

the light pipes at the scintillator end. After several 

theta pinch firings, the light pipes were again switched. 

By averaging the results of the two light pipe positions, 

a calibration factor relating the relative channel sensi

tivities was determined. 

The pinhole plate and the foil detector assembly were 

removed by closing the gate valve to prevent the main 

plasma tube from being exposed to atmospheric pressure. 

The foils and the scintillator material could also be 

changed rapidly in this manner. The photomultiplier 
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signals from the two foils were monitored on a Tektronix 

556 oscilloscope. A typical set of signals and the cor

responding applied magnetic field are shown in Fig. 33a. 

A picture of the detector assembly and the photomultiplier 

shield are shown in Fig. 33b. 

After the initial plasma-solid interaction, the pel

let cloud was irradiated with a 150 MW ruby laser from the 

end of the plasma tube opposite the soft X-ray detector. 

A small fraction of the laser light was scattered through 

the pinholes, and was transmitted through the thin metal 

foils, producing a large, false X-ray signal. Thus the 

X-ray diagnostics were not used during the laser irradia

tion of the pellet plasma. 

Image Converter Camera 

A TRW Model ID image converter camera was used in both 

the streak mode and the framing mode to monitor, photo

graphically, the plasma formation and the plasma-solid in

teraction. The TRW camera with a high speed framing plug-

in. Model 6B, was used to monitor the imploding current 

sheath, the location of the pellet in the imploding plasma, 

and the resulting pellet movement. The streak plug-in 

unit. Model 5B, was used to determine the theta pinch 

plasma diameter versus time, the time varying size of the 

pellet plasma both parallel and perpendicular to the mag

netic field, and the length of the theta pinch plasma. The 
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image converter camera positions relative to the theta coil 

are illustrated in Fig. 34. The arrows indicate the direc

tion of the camera streak. The camera and power supply 

unit were placed inside a brass screen enclosure to provide 

shielding from the large amount of electromagnetic noise 

in the vicinity. 

The framing unit varies the time between successive 

pictures and the individual picture exposure time. The 

theta coil as seen from the camera in the framing position 

is shown in Fig. 34, position (a), with an example of the 

framing pictures taken and the time at which they occurred 

shown in Fig. 35a. The framing unit was also used simul

taneously with the Mach Zehnder interferometer, as shown 

in Fig. 23, to monitor the pellet location relative to that 

of the plasma. 

The streak mode was used as indicated in Fig. 34, po

sitions (b), (c) and (d). The streak photographs are taken 

through slits in the theta coil. The camera position with 

the slit oriented parallel to the magnetic field is shown 

in Fig. 34, position (b). This arrangement permits observa

tion of the pellet, the pellet cloud and the plasma-solid 

interaction parallel to the magnetic field. A representa

tive streak photograph of a pellet-plasma interaction is 

shown in Fig. 35b. 

The streak photograph, used to determine the time 
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resolved plasma diameter was taken from position (c). The 

photograph and the time span involved is illustrated in 

Fig. 35c. A narrow .5 mm wide, 10 cm long metal slit was 

placed over the larger coil slit for better resolution dur

ing the diameter measurement. The streak length on the 

photograph is 50 mm. The streak time is variable. For ex

ample, 2 ys gives a photograph time scale of 40 ns/mm. The 

streak camera position of Fig. 34, position (c) was also 

used to monitor the plasma-solid interaction. In this po

sition, the slit image is perpendicular to the magnetic 

field. The slit width was increased to 2 mm to observe 

more readily the solid pellet and the pellet cloud and 

their interaction perpendicular to the magnetic field. 

The plasma length was also determined with the streak 

camera in position (d) as shown in Fig. 34. The two halves 

of the theta coil are bolted together with an aluminum 

plate and separated by a 2 mm wide gap parallel to the coil 

axis. Fig. 34. A special plate 5 cm longer than the theta 

coil was drilled with sixteen 1 mm holes spaced 5 mm apart 

near one end. The camera was oriented to streak the image 

of the plasma, viewed through the holes, perpendicular to 

the coil axis. Figure 35d shows a typical streak photo

graph of the plasma light through the holes. 

Spectroscopic System 

Spectroscopy was used to monitor the light spectrum 
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emitted from the hydrogen plasma and the pellet plasma 

cloud. The results were qualitative in nature and were 

used to interpret the plasma-solid interaction process. 

The time varying intensities of several visible car

bon lines from different ionization stages were observed 

to determine approximately the pellet cloud temperature. 

As implied by Gralnick's work, the pellet cloud system is 

dominated by collisional processes that control the rela

tive population of the higher ionization levels. The pel

let cloud system can then be considered in coronal equilib-

68 
rium. The relative line intensities of subsequent ioni
zation stages of the same element can be used to determine 

the surrounding electron temperature if the radiating sys-

69 
tem is in coronal equilibrium. In this case, the ratio 

of the line intensities is independent of the electron 

density, being only a function of the electron temperature. 

The electron temperatures that result from equal line in

tensities of subsequent ionization stages of carbon were 
67 

calculated at Los Alamos Scientific Laboratory and are 

listed in Table II. The wavelengths of each ionization 

stage of carbon that were used in this investigation are 

also listed in Table II. 

A monochromator was used to verify the enhancement of 

radiation in the carbon line when using the laser as a 

catalyst. In addition, several lines of the hydrogen 
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TABU: II 

Electrcn Energies Determined 
from Bqufld Intensities of 

Subsequent Icnizaticn Stages of 
Carbcn 

Ionization 
Stage 

CI 

ai 

CIII 

dV 

CV 

cvi 

cvii 

1.05 

2 .5 

5.6 

8.2 

82 

110 

eV 

eV 

eV 

eV 

eV 

eV 

6006 %. 

4267 A 

5695 % 

4658 A 
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Balmer series were observed with and without the hydro

carbon pellets to obtain more information about the in

teraction system. 

The plasma-solid interaction region was viewed through 

the side of the Pyrex plasma tube in the center of the coil. 

A 1 mm diameter glass light pipe carried the plasma light 

to a Jarrel Ash 0.5 meter Ebert monochromator. Model 82-010, 

where a lens focused the light on the entrance slit. The 

exit slit was fitted with an EMI 9 558B photomultiplier tube. 

The monochromator, the photomultiplier tube, and another 

battery powered emitter follower were all enclosed in a 

brass screen shield. Because of the transmission proper

ties of the photomultiplier tube window, the light pipe, 

and the Pyrex plasma tube, the spectral measurements were 

limited to the visible range. 

Supplementary Techniques and Equipment 

The Holobeam Model 300 ruby laser was used in the high 

power mode to irradiate the pellet plasma cloud. The laser 

was used in the same fashion as in the Mach Zehnder ar

rangement without the expanding and collimating optics. In 

the high power mode, without the cavity pinhole and with 

the output mirror instead of the etalon, the laser pro

duces a 1 joule, 40 ns wide pulse. The beam was focused at 

the center of the theta coil with a 15 cm diameter lens 

with a focal length of 110 cm. The laser timing pulse was 
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monitored with the ITT FW114 planar diode. 

The magnetic field probes and their passive integra

tors were calibrated with suitable size Helmholtz coils. 

The Helmholtz coils were driven by a charged capacitor con

nected to the coil with a 2D21 thyratron tube. The capaci

tor was chosen to provide the same frequency of oscillation 

of the Helmholtz coil as the desired measurement signal. 

The Helmholtz coil current was measured with a Tektronix 

P6021 current probe and a Type 34 amplifier. 

All of the electrical measurements were recorded in a 

screen room. The signal cables are shielded with copper 

pipe sections from terminal boxes located near the theta 

coil to the screen room. The screen room is isolated from 

power line ground with a 5 kVA, 40 kV isolation trans

former and line filters are connected in series with the 

incoming power cables. Several other isolation transform

ers were used to prevent ground loops and to reduce the 

induced interference. 

To insure the safety of the operator, all of the 

capacitor banks are charged and discharged from a control 

panel within the screen room. All of the various capacitor 

banks and high voltage power supplies have automatic dis

charge mechanisms that ground the high voltage terminals 

and turn off the power in case of a power failure. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

The concept of forming a theta pinch plasma around and 

imploding it upon a small spherical solid was discussed in 

Ch. I. The experimental results obtained with the diag

nostic methods presented in Ch. Ill are now discussed in 

the light of the theoretical considerations of Ch. II. The 

theta pinch, designed and constructed for this experiment, 

is compared with other machines. Then the theta pinch 

plasma characteristics are obtained from the diagnostic 

measurements and later compared with the characteristics 

of the plasma solid system. Finally, the effects of using 

a pulsed ruby laser to augment the plasma-solid interaction 

are presented. 

Theta Pinch Circuit Parameters 

The TeePee lA machine is a small, fast theta pinch 

utilized with a stored energy of only 8.2 kJ for these in

vestigations. This system is compared with other theta 

pinch machines in Table III. 

Theta Pinch Plasma Parameters 

The TeePee lA plasma is preformed by the preionizing 

and the preheating systems. Then the main capacitor bank 
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TABLE III 

Theta Pinch Paraneters 
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Stored 
Energy 

B o max 

max 

Quarter 
Period 

2* 
B'^B o o 

Coil 
Radius 

Coil 
Length 

kJ 

T 

kV/m 
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TVS 
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T
e
e
P
e
e
 l
A
 

8.2 

2.0 

.92 

.89 

8.8 X 10^ 

.05 

.21 
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V
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1.0 
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90 

8.5 

1.33 

1.75 

5.5 X 10^ 

.05 

.20 

S
c
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l
l
a
 I
II
 

150 

6.7 

1.1 

2.5 

2.5 X 10^ 

.05 

.20 
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field implodes and further compresses the plasma while the 

radial hydromagnetic oscillations damp out. The plasma 

ahead of the sheath is between 12 and 50 percent ionized 

as determined from the diamagnetic loop data shown in Fig. 

36a. The wide range in the fraction of ionization for the 

same filling pressure is due to the 4th power dependence 

upon the experimentally determined excluded flux in Eq. 

(67). A measurement of the preheated density with coupled 

cavity interferometry on a similar, less efficient pre-

32 

heater systems is also shown in Fig. 36a. The diamag

netic measurements also indicate that without the preheater 

system, the fraction of ionization ahead of the current 

sheath is less than 0.1. 

The main compression field is delayed from the pre

heater field by 5 ys. This time was established experi

mentally to maximize the electron temperature as determined 

from the soft X-ray measurements. 

The current sheath radius, r (t), during the implosion 

and subsequent oscillation and compression was determined 

from the image converter camera photographs, the diamag

netic loop flux exclusion data and then checked against the 

Mach Zehnder interferometer data. The time resolved plasma 

radius data are given in Appendix D, Figures Dl through D5, 

for pressures from 30 to 90 mTorr. The r (t) measurements 

are very useful in evaluating the implosion and compression 
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model of Ch. II. The experimental implosion times are com

pared with those of Eq. (20) in Fig. 36b. The compression 

ratios were determined from the r (t) data and are shown in 
P 

Fig. 37a. The values of X^, X^^, and X^ indicate that 

there is only a small amount of adiabatic compression after 

the initial implosion due to the short quarter period of 

the theta pinch. The values of B , and B are plotted 

versus pressure in Appendix D, Fig. D6, and indicate a 

fairly constant value of - 2.5. Using this value of B ,/ 
sh 

Bg and X^ = 0.15 from Fig. 37a, the calculated value of 

X , is .27 which also agrees with Fig. 37a. 

The implosion velocity of the current sheath was de

termined from the streak photographs. The maximum velocity 
5 

at 30 mTorr is 2.4 x 10 m/sec. The experimental and the 

calculated velocities are shown in Fig. 37b. The model 

velocity, v , is an average velocity, accurate in de-

termining the implosion times of Fig. 36b. 

The r (t) data indicates that there are no hydromag-

netic oscillations at 15 mTorr. This is due to the pene

tration of the magnetic field into the plasma a depth 

greater than or equal to the plasma radius so that the 

plasma has a low beta. The calculated critical density, 
n , necessary for a high beta plasma in this theta pinch 
oc 

is 22 mTorr. A high beta plasma is formed at 30 mTorr 

showing that the calculated value of n^^ is reasonable. 
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The plasma length was also experimentally determined 

from streak photographs. There is a small amount of axial 

compression due to the self mirror effect of the plasma in 

the magnetic field. The length varies from 15 cm at 30 

mTorr to 17.5 cm at 90 mTorr for the time of maximum mag

netic field. The time resolved plasma lengths are shown in 

Fig. D7. 

The measured electron energies are shown in Fig. 38, 

curve a, together with the calculated ion temperatures. The 

maximum electron temperature at 30 mTorr is 300 eV. The 

actual measurements of the time resolved electron energy, 

shown in Figs. D8-D11, indicate a temperature greater than 

300 eV but the thin foil transmission ratio. Fig. 31, 

saturates at approximately 300 eV. Thicker foils are 

needed to extend the electron temperature measurements. 

The electron temperature rises approximately 200 eV 

in the 50 to 100 ns period immediately preceding the time 

that the imploding sheath reaches its minimimi radius. An 

initial maximum temperature is reached at the r (t) im

plosion minimum. The electron temperature then falls as 

the plasma expands. The plasma equipartition time is on 

the order of lO"^ sec for densities on the order of 10 

m~ and electron and ion temperatures of 300 eV and 600 

eV, respectively. Thus the electrons do not gain their 

energy through collisions but through a collisionless heat-
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ing mechanism. Similar results have been obtained in 

other experiments.^^ The effects of adiabatic compression 

on the electron temperature are shown in the time resolved 

soft X-ray data of Fig's. D8-D11 where the temperatures 

increase again for later times. 

There are four plots of ion energies in Fig. 38. The 

implosion energies, Tĝ ,̂ calculated from Eq. (19) using the 

model average velocity are shown in curve b. Values of T 
SH 

calculated from Eq. (19) using the experimental velocities, 

determined from the streak photographs, are shown in curve 

c. The final ion energies after adiabatic compression, 

Tj,, are calculated from Eq. (26). Figure 38, curve d, 

illustrates the T^ values calculated with the model values 

of Tgjj. The final ion energies, in curve e, were determined 

using the values of T obtained from the experimental 

velocities of curve c. The final energies are smaller than 

the implosion energies in this case. This is quite plausi

ble since the plasma radius at maximiom magnetic field is 

larger than the original implosion radius. Thus the plasma 

does not reach its previous value of n k_T . This is shown 
e B e 

in Fig. 38 which also indicates that T > T for high 

pressures but T_ < T for pressures less than 60 mTorr. 

The plasma radial electron density profiles, the time 

resolved line density, and the time resolved electron 

density were determined using the Mach Zehnder interfere-
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meter. Several radial density profiles for different 

pressures are shown in Figs. D12 through D15. The time 

resolved electron density for various pressures are shown 

in Fig's D16 through D19. The image converter data in 

Fig's. D16 through D19 were determined from the r (t) 
P 

curves of Fig's. Dl through D4. The time resolved line 

density was also determined from successive periods of the 

radial hydromagnetic oscillations through the diamagnetic 

loop data. The Mach Zehnder line density values were de

termined using Eq. (77) and graphically integrating the 

density profiles. The time resolved line density values 

are compared in Fig. 39 for different filling pressures. 

There is an end loss of particles as evidenced by a de

crease in the line density versus time, especially at the 

higher filling pressures. The experimental end loss 1/e 

time determined from Fig. 39 is 2.4 x 10 sec. 

The particle collection efficiency of the imploding 

sheath is indicated in Fig. 39. The maximum possible 

values of the line densities, calculated from Eq. (71) are 

indicated on the vertical axis of Fig. 39. A comparison 

with the measured line density values indicate the sheath 

collection efficiency is greater than or equal to 100 per

cent for all pressures. The calculated values of the line 

densities do not take into account the axial compression 

of the plasma and hence the experimental values are larger. 
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than the theoretical maximum but within experimental error. 

The time resolved electron densities for various filling 

pressures are shown in Figs. D16 through D19 in Appendix D. 

The values were obtained from the Mach Zehnder interfero

meter and the r (t) data. The density varies drastically 

with time due to the implosion and the subsequent radial 

hydromagnetic oscillations. The points that serve as 

maxima and minima for the electron density were obtained 

from 

Hg = (^)^ .64 X 10^° P , (85) 
m 

were r is a maximum or minimum value of r (t). The values m p 

of r^ used were those taken from the image converter streak 

photographs. The curves agree very well with the Mach 

Zehnder data. 

The values of electron density at the implosion peak 

and at the magnetic field maximum are plotted in Fig. 40. 

The Mach Zehnder photographs for a filling pressure of 90 

mTorr were blurred due to the refraction of the laser light 

by the high densities. Thus, there are no density profiles 

or line density values for 90 mTorr. 

The plasma time constants detailed in Ch. II are 

graphed in Fig. D20. Representative times for T^ = 300 eV, 
22 -3 

T^ = 500 eV, and N = N. = 10 m are listed in Table IV. 
I ' e 1 

The end loss 1/e time constant, T , calculated from Eq. 
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TABLE IV 

Characteristic Plasma 
Times 

t 
ee 

^ei 

t.. 
1 1 

t eg 

^L 

1.2 X 10 ^ s 

1.6 X 10 ^ s 

5 X 10"^ s 

2 .8 X 10~^ s 

0.8 X 10"^ s 

Tg = 300 eV 

^«22 -3 n = 10 m ^ 
e 
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(34) is smaller than that observed from Fig. 39. Most end 

loss measurements start after the radial (and axial) oscil

lations decay, which is not the case here. The extra long 

containment observed is possible due to these axial oscil

lations which interrupt the end loss particle flow or the 

self-mirroring effect of the plasma in the confining mag

netic field. 

Plasma-Solid Interaction 

The previously determined electron temperatures and 

densities are used in calculating the plasma energy flux 

shown in Fig. 41. The maximum energy flux occurs at the 

initial implosion, then drops as the sheath expands in a 

radial hydromagnetic oscillation. The energy flux, several 

plasma oscillations later, increases again to the lower 

values shown in Fig. 41 at maximum B . The electron energy 

flux for a fusion reactor, also shown in Fig. 41, indicates 

that the TeePee lA energy flux is of the same order of mag

nitude. There is one major difference, that being the 

thermal conductivity. The large energy flux of TeePee lA 

is due to a larger density and a lower temperature than the 

fusion reactor. 

As mentioned previously, the plasma thermal conduc

tivity plays a major role in supplying the energy necessary 

to vaporize and ionize the pellet material. The electron 

22 -3 
temperature at a density of 10 m , necessary to drive a 
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vaporization wave at 10 m/sec into a .2 mm diameter pel

let, is 300 eV, calculated from Eq. (51). This implies 

that this theta pinch plasma can supply sufficient energy 

to vaporize a small diameter solid pellet. The time 

necessary to transport enough energy to ionize a hydrogen 

pellet cloud with a radius of .4 cm and a neutral density 

of 10 m is on the order of 10~ sec from Eq. (52). 

Therefore the theta pinch plasma used here should be able 

to vaporize and at least ionize the pellet material assum

ing complete energy transfer. 

There are several basic observations, determined from 

the image converter photographs, that should be mentioned 

before investigating the interaction further. First, the 

pellet positions are not affected by the compressing sheath 

and magnetic field. It appears that a pellet just outside 

the compressed theta pinch plasma region passes through the 

imploding and oscillating plasma sheath with no problems at 

all. The pellet produces a luminous cloud as the sheath 

passes. The cloud is not diverted by the sheath or the 

magnetic field. Then the cloud luminosity decreases 

through radiation as the sheath passes. These observations 

indicate that the pellet cloud is not ionized. The pellet 

is not completely vaporized when it is in the center of the 

plasma. This is true for the pellet radii from .1 mm to 

1 mm used in this investigation. Although the energy flux 
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is as large as in many laser-solid experiments, the solids 

are not destroyed. The pellets seem to be ablated uni

formly and usually stick to the plasma tube, indicating a 

soft, warm surface, after interaction. 

The theoretical velocity of the evaporation wave, cal

culated from Eq. (46), is on the order of 10^ m/sec. Using 

this velocity the entire pellet should be completely vapor

ized in 1 ns. Obviously this is completely erroneous and 

points to a large shielding effect or a small amount of 

energy transfer to the pellet material. 

The pellet cloud luminosity radius was determined from 

image converter photographs. The time resolved radius of 

the pellet cloud luminosity when exposed to the theta pinch 

energy flux is shown in Fig. 42 for different pressures. 

Several things should be noted from these measurements. 

First, the maxima of the luminous cloud radius occur about 

20 to 50 ns before the minima of the theta pinch sheath 

radius. At the sheath minimiom radius, the luminous volume 

is reduced slightly from its maximum value. The minimum 

cloud luminosity radius occurs near the maximum theta pinch 

sheath radius during the hydromagnetic oscillations. This 

behavior can be observed in the image converter photographs 

of Fig. 43, especially the streak photograph of Fig. 43b. 

The luminous cloud appears to be generated from material 

vaporized from the pellet by the implosion. The region of 
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cloud luminosity expands as the plasma sheath compresses. 

The maximum luminosity radius seems to be relatively con-

stcmt and independent of the theta pinch plasma surrounding 

the cloud. The maximum luminous cloud radius increases to 

this limiting value after the first couple of plasma sheath 

oscillations. If the cloud is composed of neutrals and the 

luminous cloud radius equals the neutral radius only when 

the maximum plasma energy flux is applied to the neutral 

cloud, then the radius of the neutral cloud can, in theory, 

be represented by the dashed lines of Fig. 42. Using this 

model, the entire neutral cloud becomes luminous when the 

maximum plasma flux is applied to the cloud. The cloud 

luminosity decreases as the plasma sheath withdraws and 

the luminous region appears to shrink. 

The seemingly sharp, luminous boundary may not de

termine the neutral cloud boundary. The density of parti

cles at the outer perimeter of the cloud is sharply re

duced as the cloud expands. The decrease in particle 

density reduces the luminous density and simultaneously 

reduces the probability of further excitation through col

lisions. These two effects may combine to produce the 

sharp boundary observed by the image converter camera. 

The pellet cloud luminosity length parallel to the magnetic 

field was determined from image converter photographs. The 

length of the pellet cloud is shown in Fig. 44. The time 
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variation of the length, shown in the image converter 

photographs of Fig. 45, is similar to than of the cloud 

radius perpendicular to the magnetic field. The length 

dimension is smaller than the cloud diameter. This is 

possibly due to the smaller amplitude hydromagnetic oscil

lations in the axial direction as compared to the radial 

direction. The measured differences are within the meas

urement errors, however. 

The observed variation of the cloud luminosity radius 

with time may possibly be explained by a neutral cloud. 

The observed liominosity radius shrinks when the sheath 

radius grows. The neutrals are excited by electron impact 

and charge exchange and thus radiate intensely at maximum 

sheath compression. After the sheath has moved away from 

the plasma tube axis the luminosity decreases uniformly 

throughout the sphere. The image converter camera is 

viewing the luminous sphere from one side. The photo

graphically recorded intensity is equal to the sphere 

luminosity integrated along its path to the camera. The 

integrated intensity is largest in the center of the sphere 

where the cross section is largest. Thus as time pro

gresses, the luminosity radius appears to shrink, but the 

luminosity actually decreases uniformly throughout the 

sphere volume. 

Mach Zehnder interferograms were taken with the pellet 
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in the theta pinch plasma. The interferograms do not indi

cate the presence of a pellet cloud. Assuming a maximum 

unobserved fringe shift due to the pellet of 0.2 and a 

length of .6 cm from Fig. 44, the maximum pellet cloud 

electron density is approximately 1 x 10^^ m"^. (The Mach 

Zehnder interferograms will not detect the presence of 

neutrals in the cloud.) 

The plane of the diamagnetic loop was oriented so that 

the plasma-solid interaction region was in its center. It 

was hoped that the vaporized pellet mass would alter the 

radial hydromagnetic oscillation period. There was no ob

servable change in the hydromagnetic oscillation period as 

observed in the diamagnetic signal. 

The pellet cloud electron temperature is needed to 

determine more about the vaporized material. The ratio 

of line intensities of subsequent ionization states of 

carbon was used, as explained in Ch. III. The line 426.7 

nm of CII was monitored and indicated only a small in

tensity change during the plasma-solid interaction. Table 

IV indicates that the electron temperatoire of the pellet 

cloud is less than 1 eV. 

The effects of the ruby laser upon the cloud radiation 

are discussed in the next section. While using the focused 

ruby laser to irradiate the pellet cloud, the beam exiting 

the plasma tube after irradiating the cloud was monitored 
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by observing the burn pattern on developed, Polaroid film. 

The change in the burn pattern was indistinguishable from 

the vacuum case, even when the pellet was directly irradi

ated. This indicated that very little energy was being 

absorbed by the pellet. The small amount of energy ab

sorbed indicates that the absorption length is much larger 

than the pellet diameter. This is an indication of a low 

electron density in the cloud since the absorption mecha

nism depends on free electrons. The maximum energy ab

sorbed is probably less than 1/10 of the entire laser 

energy. 

In order to investigate the effect of the neutrals in 

the interaction, the electron-neutral and the ion-neutral 

collision times were determined. One must know the neutral 

density in order to determine these times. A value for the 

neutral cloud density is estimated by using the surface 

vaporization rate, G in Eq. (47), for a solid radius of 

1 X lO" m. The surface vaporization rate, G, was formu

lated for a hydrogen pellet and assuming no pellet shield

ing due to the vaporized cloud and incident electron ener

gies greater than 200 eV. The pellets used were hydro

carbons with an abundance of hydrogen so that the results 
-7 

may be similar. A vaporization time, t^, of 10 sec is 

chosen because it is on the same order as the time for the 

pellet radius to reach its limiting value (see Fig. 42). 
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The total number of neutrals in the cloud is found from 

G X t^. The neutral density that results from dividing 

the total number of neutrals vaporized from the surface 

in lO" seconds by the final cloud volume is 7 x 10^Vm^. 

This neutral density is an estimate from theoretical con

siderations and will be used to interpret the observed in

teraction further. 

The values of t ^ and t. are calculated and dis-
en in 

played in Table V. In addition the mean free paths for 

electrons, i , and ions, Z. , in the neutral cloud are 

also shown in Table V. They are determined by multiplying 

the collision times by the particle thermal velocities. 

The neutral collision times in Table V indicate that numer

ous collisions between the plasma ions and electrons and 

the cloud neutrals occur during the interaction times. 

The mean free paths, on the other houid, indicate that the 

electrons and ions freely penetrate the neutral cloud, 

possibly passing through without a collision. It should 

be noted that the collision times were calculated on the 

basis of an electron or ion entering a region of neutral 

particles much larger than the mean free path. 

An important point to mention at this time concerns 

transfer of energy from the electrons to the heavier cloud 

particles. In order for an efficient heat flow from the 

hot plasma ions and electrons to the cold pellet cloud 
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atoms to occur, the electrons and the ions must make many 

collisions. When the mean free path for the electrons and 

ions is of the same size as the cloud dimensions there is 

a very inefficient transfer of energy. 

The concept of the ions and electrons freely passing 

through the pellet cloud is supported qualitatively by the 

streak photographs. The radius of the plasma sheath does 

not change upon the introduction of a pellet. There are 

sufficient electron-neutral and ion-neutral collisions in 

the cloud to excite the neutrals and produce the observed 

cloud luminosity. The apparent confinement of the pellet 

cloud is difficult to explain when the energetic plasma 

particles freely penetrate the neutral cloud. The repeated 

hydromagnetic oscillations produce an inward directed 

electron and ion flux, with respect to the pellet, which 

may produce a net inward force on the pellet cloud through 

collisions. The pellet cloud expands initially because 

the mean free path for electron-neutral and ion-neutral 

collisions is much larger than the cloud dimension and the 

inward force is small. The flux may initially also serve 

to spread the neutral cloud through collisions. However, 

when the cloud expands the collisions produce a larger 

inward force on the pellet cloud particles. The cloud ex

pands until the net collisional forces from the plasma 

balance the neutral particles' initial velocity. 
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The concept of limited collisions between single 

energetic plasma particles and the pellet cloud may also 

explain the lack of energy transfer to the pellet and the 

pellet cloud. First, the pellet is not shielded as effec

tively by a neutral cloud as a fully ionized plasma cloud. 

The pellet, however, may be shielded sufficiently to pre

vent the electron flux from vaporizing a significant amount 

after the cloud radius becomes greater than the electron-

neutral mean free path. Secondly the large thermal con

ductivity of the theta pinch plasma should be sufficient 

to vaporize the solid and at least ionize the pellet cloud. 

The problem indicated seems to be due to the lack of energy 

transfer to the pellet cloud through collisions. The 

plasma electrons apparently lose only a small portion of 

their energy through collisions upon passing through the 

pellet cloud. 

In order to analyze the problem more completely, the 

radiation time constants must be considered. The equa

tions for the collisional ionization time, T^^, and the 

bound-bound energy loss time, T, ĵ , are listed again below 

to illustrate their density and temperature dependencies. 

12 2 
4 X 10 Z Ej 

^ei ^e ^^E^ 

^I 

^E 
(41) 
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E " 
r 

T E 
(44) 

The calculated collisional ionization times and the bound-

bound radiation energy decay times for carbon and hydrogen 

are listed in Table VI. The values of the ionization 

energies, E^, and the resonance line excitation energies, 

E f were obtained from Tables of Spectral Lines of Neutral 

71 and Ionized Atoms. The ion densities and the electron 

densities in Table VI were approximated as order of magni

tude values. Thus the values of T _, and i,, for carbon 
cl' bb 

and hydrogen are order of magnitude values. 

Plasma-Solid-Laser Interaction 

The absence of CII, 426.7 nm, radiation from the pel

let cloud indicates that the cloud is less than doubly 

ionized. Irradiating the pellet cloud with the ruby laser, 

from which less than .1 joule is absorbed, increases the 

426.7 nm radiation very dramatically. The intensity change 

of the 426.7 nm radiation and the ruby laser pulse are 

shown in Fig. 46a, indicating the relative time sequence. 

The laser pulse appears approximately 140 ns before the 

increase in 426.7 nm radiation. The radiation signal is 

delayed, by cable length and electronics, approximately 

140 ns compared to the laser pulse so that the laser ir

radiation and CII radiation increase occur almost simul-
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taneously. 

An image converter streak photograph of the plasma-

solid-laser interaction is shown in Fig. 46b. The streak 

photograph shows three pellets, one of which is irradiated 

with the laser pulse. The other two pellets are in the 

edge of the plasma region. When the laser scored a direct 

hit on the pellet cloud, there was a sharp increase in the 

426.7 nm radiation. When the pellet cloud was irradiated 

at an edge, the radiation intensity increased more slowly, 

but attained approximately the same intensity. As seen 

from the streak photographs, the pellet cloud increased in 

luminosity after the laser pulse. The intensity of 426.7 

nm radiation decreases slowly after the sharp increase. 

The laser pulse is either ionizing the carbon atoms di

rectly or enhancing the plasma-cloud energy transfer. The 

laser energy absorbed by the cloud is less than or equal 

to 0.1 joule. Since the absorption is due to free elec

trons and the cloud is neutral, the absorbed energy is 

probably much less. If .1 joule is absorbed, the energy 

per pellet cloud neutral is on the order of 300 eV for a 

22 -3 
neutral density of 5 x 10 m . The neutral density could 

be much larger which would also decrease the energy per 

particle. This order of magnitude calculation does, how

ever, imply that the cloud neutrals could be ionized by 

the laser if the energy is absorbed. The radiation decay 
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time of the 426.7 nm intensity in Fig. 46a is on the order 
-7 

of 5 x 10 sec. The calculated value of the bound-bound 

radiation time, Xĵ ^̂ , in Table VI for T = 2 eV and n. = 
21 

5 X 10 is on the same order as the observed time. Thus 

the radiation may be solely due to the laser energy. The 

persistence of 426.7 nm radiation after the laser pulse 

termination and the small bound-bound radiation times for 

higher electron energies from Table VI may indicate that 

the plasma is supplying energy to the radiating system. 

The value of x, , decreases exponentially with in

creasing electron temperature. If the electron temperature 

and density of the cloud increased due to the laser pulse, 

X, , would decrease below the observed decay time. In this 

case the plasma energy may be sustaining the radiating 

system through collisions. The average electron and ion 

penetration distances, after many collisions, into an 

ionized cloud, A and X., are listed in Table V for a cloud 

22 -3 electron density of 5 x 10 m . In the case of large 

cloud ionization due to the laser, the penetration distances 

are reduced, especially X., so that they are much less than 

the cloud dimensions. This situation could enhance the 

transfer of plasma energy to the cloud and possibly explain 

the observed radiation persistance. 



CHAPTER V 

SUMMARY 

The interaction of a hot, theta pinch plasma with 

solid hydrocarbon pellets has been studied. The informa

tion obtained, although qualitative in nature, indicates 

several unexpected results. The energy flux of the theta 

pinch plasma used in this investigation is on the same 

order as that of a fusion reactor. The corresponding 

thermal conductivity, however, is four orders of magnitude 

below that of a fusion reactor because of a lower electron 

temperature. The plasma energy flux and thermal conduc

tivity can theoretically supply sufficient power to vaporize 

a .1 mm radius pellet and at least ionize the evaporated 

cloud material, assiaming a complete energy transfer. The 

pellet is not completely vaporized, but only ablated uni

formly. The magnetic field does not affect the pellet's 

position or the evaporated cloud which indicates that the 

vaporized cloud material is not ionized, but is composed 

mainly of neutrals. 

The pellet cloud is very cold with an implied electron 

temperature of less than 1 eV. The interaction is not as 

energetic as expected because the cloud remains cold and 

159 
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un-ionized in the center of a plasma with sufficient energy 

flux and thermal conductivity to theoretically vaporize and 

ionize a small, solid pellet. These facts indicate a very 

poor energy transfer that may be explained by the electron-

neutral and the ion-neutral mean free paths. These mean 

free paths are the same order of magnitude as the cloud 

dimensions and thus the electron or ion makes very few 

collisions upon passing through the cloud, not having time 

to thermalize and transfer its energy. The neutral col

lisions with the incident ions and electrons, however, pro

duce excited atomic states that result in a cloud lumi

nosity that varies with radius and time depending upon the 

incident flux. 

There also seems to be a restraining force on the 

neutral cloud that limits its size, possibly through the 

neutral-electron, neutral-ion collisions. The energy 

transfer mechanism may possibly be enhanced by using a 

small pulsed ruby laser to irradiate the neutral pellet 

cloud. Although very little energy from the laser is ab

sorbed, it appears as though some of the pellet cloud is 

ionized. A sharp increase in C II 426.7 radiation that 

persists long after the 40 ns laser pulse possibly indi

cates that the plasma is supplying the radiation energy. 

The penetration distances for ions and electrons into an 

ionized medium are much smaller than the electron-neutral 
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and the ion-neutral mean free paths. Thus the distances 

that the energetic electrons and ions travel between col

lisions is, in this case, much less than the cloud dimen

sions. This situation provides for a more efficient trans

fer of energy from the plasma to the cloud. The dramatic 

increase and the continuing intensity of C II at 426.7 nm 

thus indicates that the plasma maintains the pellet cloud 

ionization and continues to transfer energy to the cloud. 

The fueling of a fusion reactor with solid pellets 

could be affected if a similar situation occurs. However, 

the much larger electron temperature of a fusion reactor 

might ionize the cloud material as it is vaporized from 

the solid surface. Then there would be a much better 

energy transfer. Alternately, a larger amount of material 

vaporized by a higher electron energy might produce cloud 

dimensions large enough to permit sufficient energy trans

fer. As a radiation source for soft X-ray radiation, the 

pellet cloud did not generate any observable intensity 

change. The electron temperature siirrounding the pellet 

material was much less than the ionization energy which 

implies that line radiation will be dominant. The lack of 

highly ionized, high Z, pellet ions in the plasma accounts 

for the lack of increased bremmstrahlung. 

The radiation data and the density data needed to be 

spatially resolved to regions with sizes on the order of 
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the pellet cloud sizes. A more sensitive electron density 

monitor, such as the coupled cavity interferometer, used 

perpendicular to the theta coil axis, through the plasma-

solid interaction region, would be helpful. 

The soft X-ray electron measurement system did not 

indicate a change in the theta pinch plasma temperature 

due to the introduction of the solid. Possibly, this is 

because the thin foils viewed the entire cigar shaped 

theta pinch plasma end on. The effect near the pellet was 

masked by larger, integrated plasma effects. The system 

should be oriented to view only the plasma-solid interac

tion region, possibly side on. A side-on configuration 

would also eliminate the problem encountered when irradi

ating the pellet cloud with the laser which caused large, 

extraneous signals in the soft X-ray monitor, 

A summary of the engineering aspect of this investi

gation includes the design and development of several new 

measurement techniques and switching devices. A low induc

tance high current, high voltage dielectric switch was de

signed and developed for this project. In addition an 

easily triggered rail gap was constructed for this experi

ment. A new method to measure the effective series re

sistance and the effective inductance of fast energy dis

charge capacitors was developed. The capacitor measurement 

method can also be used to determine the inductance of 
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cables, spark gaps, and other low inductance components. 

Also a simple method was developed to determine the loca

tion of electromagnetic noise leaks in a signal shielding 

system. 
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APPENDIX A 

DIFFERENTIAL MEASUREMENT OF FAST ENERGY DISCHARGE 

CAPACITOR INDUCTANCE AND RESISTANCE 

The capacitance (C), the effective series resistance 

(ESR) and the effective series inductance (ESL) of fast 

energy discharge capacitors are important parameters in 

pulsed power system design. The capacitance is easily 

measured, but the ESR and the ESL are sometimes difficult 

to obtain. The ESR is highly dependent upon the frequency, 

especially in the high energy density capacitors, but is 

expressed in terms of the loss factor at a frequency of 

only 1 kHz by most companies. Pulsed power systems that 

rely on low inductance, high energy density capacitors 

usually operate in the hundred kHz to MHz range. 

The ESL is not measured but estimated by most capaci

tor companies and is of major concern. There are several 

methods for determining the capacitor ESL. The standing 

wave method shown in Fig. Al, imposes a standing wave upon 

a transmission line terminated by the test capacitor. The 

frequency of voltage null at the capacitor terminals de

termines the self resonant frequency and thus the ESL. 

This method is valid until the capacitor plates begin to 
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act as transmission lines (ESL < 40 nH) resulting in in

ternal reflections which lead to erroneous results. 

The variable short method is used for extremely low 

inductance. The test capacitor is fitted with an adjust

able external short circuit and spark gap, as shown in 

Fig. A2. The capacitor is charged to a voltage V and 

discharged through the spark gap while dl/dt is monitored 

with a calibrated probe. The external circuit inductance 

L , is varied in exact increments and the maximum dl/dt -

V /L is plotted versus the external circuit inductance as 

in Fig. A3 to determine the capacitor series inductance, 

L or ESL. 
s 

The two RF methods require sometimes elaborate and 

powerful equipment as well as accurate measurement and may 

be invalid in the very low inductance range. The variable 

short method requires a well designed and machined, ad

justable short as well as careful measurement of the time 

rate of change of the current. The exact inductance of 

the external circuit and spark gap must be known to de

termine the ESL accurately. 

The differential method explained below is simple and 

accurate, but does not require exact machining or elaborate 

equipment. This method requires a low inductance external 

circuit with spark gap as shown in Fig. A4. The only re

quirement on the external circuit is that the inductance 
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be on the order of the capacitor inductance to be measured. 

Two low inductance capacitors C^ and Cr^, are connected in 

series in a low inductance arrangement as shown in Fig. A4a. 

The circuit is charged and discharged while monitoring the 

capacitor voltage or the current to determine the oscilla

tory waveform. Next the capacitor to be measured is re

moved and replaced by a direct short that duplicates the 

capacitor terminals as shown in Fig. A4b. The circuit is 

again charged and discharged while monitoring the voltage 

or current. The ESL of the removed capacitor is the dif

ference in the inductance of the two circuit arrangements. 

Assuming that the series resistance is negligible, the in

ductance, L^, of the circuit, shown in Fig. A4a., with two 

capacitors is 

C + C 
T - 1 2 
^2 - — 2 

0)2 C^ C2 

where 10̂  is the resultant resonant frequency. When the 

test capacitor, C,, is removed, the circuit inductance is 

"1 ^̂2 

and the ESL is defined by 

ESL = 1̂2 " ̂ 1' 

or 
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ESL = 1/C, 1̂ ̂  S 
0) 

Using the period of oscillation, T = 2Tr/a), the ESL can be 

determined by 

ESL = l/(4Tr̂  C2) 
C, 2 -̂1 

For identical capacitors, c, = C2 = C and 

ESL = l/(47r̂  C) (2T2^ - T^^) 

The ESR of the removed capacitor can be determined 

from the difference in the series resistance of the two 

circuits. The series resistance R , of a series RLC cir

cuit is given by 

^ = 

Q(t,) 

1̂ - 4 

where L_ is the total series inductance and Q(t^) and Q(t2) 

are the values of the measured quantity, voltage or current, 

at times t, and tj/ respectively, as shown in Fig. 4c. The 

ESR of the removed capacitor C, is given by 

ESR = ^2 ~ ̂ 1 

where R̂  is the circuit series resistance with two capaci

tors and R, is the series circuit resistance with one 
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capacitor. 

It is possible to increase the accuracy of this method 

by taking into account the change in inductance and circuit 

resistance due to the change in the skin depth at different 

frequencies, caused by removing the test capacitor, and 

measuring the capacitance of C^ and C2 at the resulting 

ringing frequency on an LC bridge. 

This method can be used to measure the inductance of 

any component such as cables, spark gaps, coils, etc. The 

item to be measured is placed in a circuit with a capaci

tor and spark gap. The difference in the oscillatory 

period of this circuit compared to that when the item is 

replaced with a short determines the item's inductance. 

The differential method determines the ESL of a low 

inductance capacitor exactly and the ESR at frequencies 

approaching the capacitor self-resonant frequency without 

using complicated external shorts, low inductance spark 

gaps, or marginal RF methods. 
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APPENDIX B 

ELECTROMAGNETIC LEAK DETECTOR 

In order to measure small, microvolt to millivolt 

signals accurately in the presence of large electromag

netic fields it is necessary to eliminate the noise leaks 

in the signal shielding system. These leaks are usually 

caused by ground loops, poor shielding connections or in

sufficient shielding materials. An electromagnetic leak 

detector can be used to determine the location of the 

electromagnetic leak in the shielding system, analogous 

to the vacuum leak detector. 

The shielding system must be completely enclosed. 

A probe coil or similar measurement device must be enclosed 

by a shield cap or box to complete the shield integrity. 

The shielding system under test and the leak detector are 

shown in Fig. Bl. An oscilloscope connected to the signal 

measuring terminals of the system is now used as the de

tector. The electromagnetic leak detector source is con

structed from an RF tank circuit connected to a long 

coaxial cable and driven by an RF transmitter (50 watts) 

tuned to the tank resonant frequency. The frequency can 

be chosen to coincide with a particular noise frequency. 
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The RF tank circuit is mounted at the end of an insulating 

rod or tube to form a wand. The location of the electro

magnetic noise leak is determined by monitoring the oscil

loscope, set to its highest sensitivity, while moving the 

wand along the shielding system perimeter. A maximum sig

nal at the oscilloscope indicates an insufficient shield 

or a poor shield connection. If the noise is not found by 

this method, then the noise is probably due to a ground 

loop or is being picked up by the measuring device (sensor), 

usually outside the shielding system. The leak detector 

method permits exact location of the shield fault and pro

vides a test of shield effectiveness. This method has been 

used to reduce the noise level to less than 0.1 millivolt 

in an environment with B = 10 T/s. Faulty shield connec

tions and thin shielding materials are easily located with 

an oscilloscope detector. A further extension of this 

procedure to the microvolt range involves using a tuned 

RF receiver as the detector, tuned to the leak source tank 

frequency. Two persons can leak test a large shielding 

system in a short time and determine the leak locations. 

When using a shielding system to reduce or eliminate 

electromagnetic noise, it is much easier to pinpoint the 

cause and the location of noise leak with the leak detector 

principle than the trial and error method. 
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