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ABSTRACT 

A high density, low temperature plasma source has been designed 

and built for COp laser propagation and plasma heating studies. The 

plasma is produced in a hydrogen filled Pyrex tube by a high current 

linear discharge in a strong axial magnetic field. A density minimum 

on the axis is produced by using ring-shaped discharge electrodes. The 

discharge current is crowbarred at the first current zero to improve 

the plasma stability. The major plasma parameters are measured using 

image converter camera photography,spectroscopy, and interferometry. 

An unfocused CO^ laser beam is sent through the plasma to illustrate a 

simple laser-plasma interaction. 
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DEFINITION OF SYMBOLS 

B^ = Vacuum quasi-static magnetic flux denstiy 

^min " ̂"'""̂"̂""̂  capacitance for linear discharge 

e = 1.60 x 10" C (electron charge) 

H„ = Hydrogen Balmer line (486.1 nm) 
p 

H ^ = Hydrogen Balmer line (434.0 nm) 

I = Linear discharge current 

L = Length of plasma column 

l^^ = Inverse bremsstrahlung absorption length 
-31 

m = 9.11 X 10 kg (electron mass) 
N = Number of fringe shifts 
n^ = Plasma electron density e ^ 

n^^ = Critical density, where v = v„ 
ec p Z 

p = Minimum impact parameter 

S(a) = Reduced Stark profile 

T = Electron temperature 

T = Plasma temperature 

t = Time 

V = Maximum voltage for linear discharge max ^ "̂  

V. = Thermal velocity of electrons 

W . = Minimum required linear discharge energy 
min ^ 3 3^ 

Z = Degree of ionization 

a = Reduced wavelength distance for Stark broadening profiles 

k = 1.38 X lO"̂ '̂  J/°K (Boltzmann's constant) 

vm 



e 2u v^ pg 

X^ = Laser wavelength 

u = Index of refraction 

v^ = CO2 laser frequency 

V = Plasma frequency 

T^g = Self collision time for electrons 

0) 

ce 
= Electron cyclotron radian frequency 

IX 



I. INTRODUCTION 

The generation of high temperature plasmas involves two major 

problems: heating and confinement of gaseous plasmas. A plasma must be 

heated to a temperature of millions of degrees to produce electrons with 

sufficient energy to emit radiation in the X-ray region. Since no 

structural material can withstand such temperatures, hot plasmas must 

be confined and heated using electromagnetic fields. One method for 

heating plasmas is the use of optical radiation. Lasers might be used 

to transfer large amounts of energy into the plasma quickly and 

efficiently. At least three methods have been proposed for heating 

plasmas using lasers. 

One method is to use very fast, focused laser pulses to heat a 

pellet of solid deuterium-tritium, or other material. The pellet is 

vaporized, ionized and heated by absorption of the laser energy. 

Surface plasma expansion and thermal pressure further compress and heat 

the pellet. Reaching high temperatures depends on being able to 

transfer enough energy into the sm.all volume of the pellet before the 

plasma expands and cools. Since, during the heat-^ng process, the plasma 

is confined by its own inertia,this method is known as inertial 

confinement. ' 

Another possible approach is to heat a plasma by inverse 
4 5 5 

bremsstrahlung absorption of laser radiation. ' ' A plasma is formed 

by a linear discharge, e-pinch, laser breakdown, dense plasma focus, or 

other means and is confined by a magnetic field. The magnetic field 

reduces radial particle losses and helps control the radial thermal 

1 



conduction. Focused or unfocused laser pulses of duration in the range 

of tens of nanoseconds to microseconds are used. The absorption length 

of a laser beam in a plasma is dependent upon the frequency of the laser 

and the plasma parameters. Efficient transfer of energy from the laser 

to the plasma requires long wavelength, powerful lasers and a dense, 

low temperature plasma. Also, a multipass scheme can reduce the 

effective laser absorption length. As the plasma temperature increases, 

inverse bremsstrahlung becomes less efficient. For further laser to 

plasma energy transfer we need some anomalous absorption mechansism 

that is less temperature dependent. The last approach to laser heating, 

described below, assumes such a mechanism. 

The frequencies of even molecular lasers are too high to 

interact efficiently with typical hot plasmas. It might be possible to 

excite plasma waves by nonlinear optical mixing of two different-

7 8 9 
frequency high-power laser beams. * ' The plasma waves would 

eventually be damped by some mechanism, such as Landau, collisional, 

or nonlinear damping, and some of the laser energy would be transferred 

into kinetic energy of the plasma. Such a scheme, known as beat 

heating, could use the 10.6 ym and 9.6 ym lines of a COp laser to 

produce a difference frequency which, being near the plasma frequency, 

would couple laser energy into the plasma. Since the olasma frequency 

is not a function of temperature, beat heating could more efficient 

than inverse bremsstrahlung at higher temperatures. 

These last two approaches to laser heating of plasmas, inverse 

bremsstrahlung and beat heating, both require a dense plasma. The 
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plasma source described in this report is designed to study laser-plasma 

interactions. Specifically, it is designed for laser propagation 

studies and to demonstrate inverse bremsstrahlung and nonlinear 

heating. 

In order to study inverse bremsstrahlung and nonlinear heating 

effects,the plasma source should have certain characteristics. A 

high density, low temperature, preformed plasma is needed to give a 
5 

short absorption length when studying inverse bremsstrahlung heating. 

For beat heating the plasma density needs to be such as to give a plasma 

frequency near the difference frequency of the two laser beams. The 

plasma column should have a density minimum in the center to prevent 

the laser beam from refracting outward. In other words, the plasma 

density profile is tailored to trap the laser beam. This is described 

more fully in the next chapter. A strong magnetic field reduces radial 

particle losses and thermal conduction, and stabilizes the plasma. 

A stable plasma is less likely to refract the beam out of the plasma 

and gives more understandable diagnostic results. Finally, the plasma 

should be repeatable for reliable experimental results. A linear dis

charge can produce a large volume, relatively stable plasma. A strong 

axial magnetic field helps to lengthen the plasma lifetime and, as 

will be seen, the radial density profile of a linear discharge can be 

controlled by the choice of the electrodes. 



II. THEORETICAL CONSIDERATIONS 

Linear Discharge 

A linear discharge can be used to produce a high density, low 

temperature, axially uniform plasma in a few microseconds. Considering 

the disassociation and ionization energies of hydrogen it takes only 

600 J of energy to ionize totally and heat to 2 eV one liter of 

hydrogen gas at 3 Torr. However, energy in the discharge circuit is 

lost due to gap, capacitor and wire impedances. There is also dissi

pation in the plasma itself due to recombination, thermal conduction, 

and particle losses. A typical linear discharge system might have an 

efficiency from 20 to 50%, depending on the above mentioned losses. 

A 20% efficient system requires a stored energy of 3000 J to totally 

ionize the one-liter hydrogen plasma in this experiment. Thus, we see 

that a moderate energy discharge system is required. 

Obtaining High Density 

To study inverse bremsstrahlung heating we need a short absorption 

length. The power absorption length (1/e length) for inverse 

11 12 bremsstrahlung is ' 
2 I, r ^3/2 ,, 2, 2.1/2 

I, =1.28x10^^ -^ ^ £ — ^ m (1) 
^̂  Z ng^ In A (v^) 

where 

and p is the value of the impact parameter to give 90^ deflection. 



Thus we see that approximately 

J 3/2 

ab , 2 2 ^^^ 

h "e 

where x^ is the laser wavelength. To absorb large amounts of energy 

we need a long, high density, low temperature plasma, and a powerful, 

long wavelength laser. The CO2 molecular laser is such a laser. The 

length of the plasma source is determined by limits imposed by the 

beat heating arrangement. Thus we must consider how to produce a low 

temperature, high density plasma. 

Beat heating requires the plasma frequency to be near the 
0 

difference frequency of the two laser beams. For a COp laser system 
operating at 10.6 ym and 9.6 ym the difference frequency is 

12 13 
2.95 X 10 Hz. The plasma frequency is given by 

n e^ '/̂  
- ^ ( 7 ^ ) = 8.97 nJ/2 Hz (4) 

0 e 
p ^TT ^£ m- e 

12 The density necessary to give a plasma frequency of 2.95 x 10 Hz 

is 1.08 X 10^^ m"^. 

In order to achieve a high density we need to fill the plasma 

tube with the correct amount of hydrogen and then dump enough energy 

into the gas to ionize it completely. The energy used for the linear 

discharge is determined by the capacitance, C, and voltage of the 

energy storage capacitor. In order to keep the size of the energy 

storage to a minimum we can also achieve a high degree of ionization 

by dumping the energy into the gas quickly, i.e. using a high d'scharge 



current. 

To obtain a high discharge current for a given energy stored we 

need a high Q, high frequency circuit. Thus, the current approaches 

an impulse when the circuit is switched on, and the energy is trans

ferred to the gas quickly. A high Q value is obtained by maximizing C 

and by minimizing R (the circuit resistance). A high frequency dis

charge is obtained by minimizing C and L (the circuit inductance). 

Minimum resistance is easy to obtain using good conductors and is 

limited by the resistance of the plasma, both in the source and in the 

trigger gap. The minimum capacitance is determined by the maximum 

reasonable voltage used to obtain the necessary energy. We have 

1 2 
^min " 2" ̂ min ^max ^̂ ' 

where W . is the minimum energy needed to totally ionize the gas, 
min 

including losses, and V is the maximum reasonable voltage available ^ max 

for the energy storage capacitor. The capacitance should be kept as 

low as possible to produce a high frequency discharge. Since the 

capacitance value must be a compromise between a high value for 

maximum energy, and a low value for maximum frequency, it is important 

to minimize the circuit inductance. There are four circuit components 

to consider when trying to keep the circuit inductance low. The ca

pacitor inductance is limited by what is available in commercial 

capacitors. The trigger gap inductance can be kept low by using a 

symmetric, large diameter gap. The inductance of the plasma discharge 

electrodes can be reduced by using a symmetric, segmented ring 

electrode. The inductance of the connecting cables can be minimized 



by using many low inductance coaxial cables in parallel. 

Density Minimum 

In order to obtain maximum heating from the laser beam it is 

necessary to assure that the beam is not lost due to reflection or 

refraction by the plasma column. The index of refraction of the plasma 
.^14,15 

_ (. 2, 2. 1/2 ,, , J/2 ... 
M = (1 - Vp /v^ ) ' = (1 - Hg/n^^) (b) 

where n is the critical density at which the laser frequency 

equals the plasma frequency, resulting in reflection of the laser 
25 -3 beam. For the CO^ laser operating at 10.6 ym n = 1 0 m In c ec 

order for the laser beam to penetrate the plasma without reflection 

it is necessary that n < n . From Eq.(6) it is obvious that the 
e ec 

index of refraction is less than one for n < n and will decrease 
e ec for large n . Light rays bend toward regions of higher index of e - ~ 

refraction, and thus toward regions of lower density. If the plasma 

column has a density maximum on axis the laser beam will be refracted 

to the outer edge of the plasma. In order to trap the beam and guide 

it down the axis of the plasma tube it is necessary to have an on-axis 
16 17 density minimum. ' An on-axis density minimum can be generated by 

a linear discharge if the discharge is initiated along the walls of the 
18 plasma container by ring electrodes. A strong axial magnetic field 

helps to maintain the initial radial density profile by reducing the 

effects of z-pinching and other turbulence, and by reducing radial 

diffusion. By reducing turbulence the laser beam loss due to 

refraction is minimized. Since the laser beam enters the plasma 
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axially, a ring electrode arrangement also minimizes blockage of the 

beam and allows end-on diagnostics. 

Magnetic Field 

A strong, axial magnetic field helps to reduce particle losses 

19 
by keeping radial-loss times smaller than the end-loss time. Also, 

radial thermal conduction is reduced and the plasma is stabilized. 

The magnetic field needs to be constant on the plasma time scale 

so as not to affect the plasma position or the laser-plasma interaction. 

For a slow, high energy field a large-capacitance, low-voltage bank is 

used. The limiting factor on the magnetic field intensity is the 

structural strength of the coil against the magnetic forces. To 

produce a more uniform field for the entire length of the plasma the 

axial field profile can be tailored by adding windings near the coil 

ends. The vacuum system flanges next to the coil ends are nonmetallic 

and radial slits are cut in the circular copper plates holding the 

electrodes. These steps were necessary to prevent large circulating 

currents and to reduce distortion of the axial magnetic field. 

Stability 

A stable, quiet plasma is needed for laser-plasma interaction 

studies. A turbulent plasma increases losses of the laser beam due to 

refraction and makes diagnostic interpretation more difficult. 

The major cause of plasma turbulence is due to the ringing dis

charge current. In order to reduce such turbulence it is necessary to 

eliminate or reduce the discharge current as soon as the plasma is 



fully ionized. There are two possible methods of stopping the discharge 

current. 

If some nonlinear damping element (such as tungsten wire or 

varistors) is included in the discharge circuit then, as the resistance 

of the element increases with an increase in current, the current is 

rapidly damped. Such nonlinear damping has been demonstrated. 

However, there are several disadvantages to nonlinear damping in the 

present case. The nonlinear resistive element must be able to handle 

over 100 kA. A nonlinear element reduces the efficiency of the dis

charge circuit by dissipating a large portion of the energy, thus 

requiring a larger energy storage capacity. Also, it is difficult to 

control the timing of a nonlinear element. A simple series damping 

element would not allow arbitrary control of the time of damping. 

The discharge current can be crowbarred by shunting the discharge 

current around the plasma source. A crowbarred system would be 

especially useful if the time of crowbar were easily controllable. 

Then, when the plasma reaches a maximum density the current could be 

shunted back to the energy storage capacitor. 

However, there are several problems with crowbarring this system. 

The plasma source is a very low impedance load and during discharge 

conducts a very large current. In order to shunt this current the 

crowbar circuit must have much lower impedance than the plasma source 

circuit. The crowbar gap must be well ionized by a strong trigger 

pulse to produce an alternate low resistance path. To obtain a low 

impedance the crowbar gap must also have very low inductance. Finally, 

since the plasma discharge current rings with a high frequency, the 
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crowbar triggering network must be fast and accurate. In summary^ the 

crowbar gap trigger must be adjustable with an accuracy of 0.1 ys for 

crowbarring at the correct time and should produce a wery fast rise-

time, high energy pulse to ionize the crowbar gap thoroughly. The 

crowbar gap must also be designed for the lowest possible inductance. 

Even with the optimum crowbar gap design the plasma source still 

conducts some current, as the crowbar circuit and plasma source are in 

parallel. A strong axial dc magnetic field further minimizes plasma 

turbulence. Also, to minimize plasma instabilities, time-varying 

magnetic fields must be reduced. The low inductance, symmetric 

arrangement of the coaxial feed to the discharge electrodes, and the 

shielded spark gaps help to reduce stray magnetic fields caused by the 

linear discharge circuit. 

Reliability 

A reproducible plasma is needed for the laser-plasma interaction 

studies. Some diagnostics, such as Stark broadening, require several 

data shots for one measurement. Thus, the shot-to-shot variation in 

the plasma parameters must be small. It is necessary to have a low 

jitter, linear discharge circuit so that the laser can be precisely 

timed relative to the plasma for optimum experimental results. Also, 

the crowbar circuit must have low jitter to give a stable, repeatable 

plasma discharge. 
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III. EXPERIMENTAL ARRANGEMENT 

The high density hydrogen plasma is produced by a linear discharge 

in a strong axial magnetic field. Figure 1 is a block diagram of the 

plasma source and Fig. 2 is a photograph of the equipment. The source 

description is divided into three sections: the linear discharge, the 

crowbar arrangement, and the magnetic field coil. 

Linear Discharge 

The plasma is generated by a linear discharge between two 

electrodes in a hydrogen-filled Pyrex tube. The tube is a 45 cm 

length of 5 cm ID Pyrex conical processing pipe. As shown in Fig. 3, 

a Pyrex glass tee is attached to each end of the plasma tube. The 

glass tees are separated from the plasma tube by 1.2 cm thick teflon 

feedthroughs for the electrodes. The ends of the tees are sealed by 

6.6 cm diameter, 5 mm thick optical quartz or by 3 mm thick KCl 

windows mounted perpendicular to the tube axis. The quartz windows 

are flat to about 150 nm and are used for optical diagnostics, whereas 

the salt flats are used for COp laser propagation studies. One tee 

section is used for pumping and is connected to a 5 cm oil diffusion 

pump and a mechanical roughing pump. The system is pumped down to a 

- E 
base pressure of 10 Torr. The other tee is used for gas fill and a 

mechanical pressure gauge. The plasma tube is filled with 99.999% 

research grade hydrogen through a fine metering valve. The gas is 

changed e^ery 2 to 3 shots to prevent buildup of impurities blasted 

from the electrodes, glass walls, and seals. The oase pressure is 
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Fig. 2. Photograph of the Plasma Source, 
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measured with an ionization gauge at the pump station and the filling 

pressure is measured with a 0.1 to 20 Torr absolute pressure gauge 

calibrated with a McLeod gauge. 

Each electrode is constructed from four 3.2 mm diameter 

molybdenum rods, as shown in Fig. 4. The rods pass through the teflon 

feedthrough, bend 90° to travel down the plasma tube 8 cm, and then 

curve along the glass to form a segmented ring. The ring electrode is 

segmented to prevent circulating currents that could be induced by the 

large, pulsed magnetic field coils. Also, since the segmented 

electrode is connected to the external feed at several points, the 

inductance is minimized. The two segmented ring electrodes have an 

ID of 3.6 cm and are 29 cm apart. The four molybdenum rods of each 

electrode exit the vacuum system through the teflon feedthroughs, 

which are sandwiched between the plasma tube and the tees, and are 

clamped to a split, circular, copper plate surrounding the feedthrough. 

Ten coaxial cables arranged in a cylindrical configuration, for low 

inductance, connect the two copper plates to the energy storage 

20 capacitor and start spark gap. The ten cables are held in place 

around the plasma tube by wooden field coil supports. 

The ten coaxial cables from the source connect to six larger 

coaxial cables, which plug into the top electrode of the main gap on 

the linear discharge energy storage capactor. One of these large 

coaxial cables with its machined ,9 mm diameter brass banana plug is 

shown in Fig. 5. The entire gap assembly" consists of two pressurized, 

12 cm diameter spark gaps immersed in an oil tank. Figure 5 shows a 
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sectional view of the main, or start gap, which, when triggered, applies 

voltage across the two plasma electrodes and initiates the plasma 

discharge. The main gap is a three-electrode, aluminum gap with 

molybdenum inserts in the center region of each electrode. The 

potential of the center electrode floats between the upper electrode, 

which is connected to one electrode of the plasma source, and the 

bottom electrode, which sits directly on top of the capacitor. A 

trigger pin, which is a modified automobile spark plug, extends 

through a 2 cm hole centered in the middle electrode. The spark plug 

trigger pin is connected to a trigger cable that goes to the charging 

and triggering circuitry. When the gap trigger pin is pulsed the spark 

from the trigger pin to the center electrode causes the center electrode 

to arc to the upper and lower electrodes. Thus the main gap fires. 

After each shot the gap is filled with large amounts of various 

contaminating gases as a result of the very large (100 - 120 kA) 

current. The gap must be flushed after e^^ery shot to assure shot-to-

shot reproducibility. The best solution was to flow dry air through 

the gap and thus continually flush the gap. For the conditions of this 

experiment the spark gap was pressurized to about 20 psig. This gap 

produces the very low inductance, low jitter, high current switch 

necessary to initiate the plasma discharge current. 

The linear discharge energy storage capacitor is a 60 kV, 1.96 yF 

capacitor capable of storing 3240 J. The internal inductance is 

0.024 uH, The capacitor is charged by a 0 - 50 kV, 10 mA dc power 

supply. The maximum voltage used for producing the plasma is 50 kV. 
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Figure 6 is a schematic cf the linear discharge charging and triggering 

circuit. The main gao is triggered by shorting a charged transmission 

line at one end with a trigger gap. It is triggered by a 350 V trigger 

pulse from one channel of a 2 channel time delay generator. When the 

trigger gap is "fired" a pulse propagates down the transmission line 

and produces a fast rise-time, voltage-doubled pulse at the trigger pin. 

The result is a low jitter, repeatable breakdown in the main gap. 

Crowbar 

20 The crowbar gap sits directly on the main gap in the oil filled 

tank on top of the capacitor. Figure 7 shows the relationship between 

the main gap, the crowbar gap, the start gap, the capacitor, and the 

plasma source. The tv̂ o outer electrodes of the crowbar gap are similar 

to those of the main gap, i.e. 12 cm aluminum electrodes with 

molybdenum inserts. The bottom electrode is an integral part of the 

top of the main gap. The top electrode of the crowbar gap connects 

directly to ground, the outside can enclosing the gaps, by means of 

eight copper braid straps. Figure 8 shows a cross section of the 

crowbar gap. The middle, or trigger electrode, is a tapered, 10 cm 

diameter, round, brass plate suspended in the center of the crowbar 

gap by means of a molybdenum rod. The rod is press fitted into the 

center of the brass electrode and passes through a 1 cm diameter 

threaded teflon feedthrough in the center of the top electrode. The 

brass electrode is capacitively biased between the potential of the two 

large electrodes. A small isolation gap connects the molybdenur; rod to 

a 5-stage, 100 kV Marx trigger bank. This configuration, with the 
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crowbar gap electrodes connected directly to the main gap and to 

ground, gives the lowest impedance possible in order to crowbar the 

discharge. Figure 9 is a photograph of the gaps assembled on top of 

the capacitor. The low impedance of the linear discharge makes the 

crowbar gap difficult to trigger. In order to achieve a low jitter, 

fast rise-time trigger pulse, the 5-stage Marx bank, charged to 20 kV, 

gives a large current, 100 kV pulse to ionize the air between the 

brass electrode and the two aluminum electrodes. Figure 10 is a 

schematic of the crowbar triggering circuit. The Marx bank is triggered 

by the other channel of the 350 V time delay generator which initiates 

the main gap. By varying (10 ns increments) the delay of the trigger 

pulse, the linear discharge can be crowbarred anywhere from the start 

to about the 3rd or 4th current zero, or approximately 15 ,iS after the 

start. Figure 11 shows the discharge current, as measured by an 

integrated Rogowski coil signal, for several crowbar cases. The 

discharge can be successfully crowbarred at the first current zero with 

a reliability of about 99%. The instant at which the crowbar fires 

depends strongly on the pressure of the crowbar gap. If the pressure 

is slightly too low the crowbar will not hold off the initial voltage 

and the crowbar gap triggers at the start, resulting in very low 

plasma current. If the pressure is slightly too high the gap crowbars 

too late or not at all. The pressure must be within 1 to 2 psig of a 

critical value which is determined by several other factors. The 

crowbar gap is dynamically pressurized, i.e. continually flushed, at a 

pressure from 10 to 25 psig. The time at which the crowbar fires is a 



24 

Fig. 9. Photograph of Linear Discharge Capacitor 
and Assembled Gaps. 
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function of the main gap pressure, the filling pressure of the plasma 

tube, and the number of shots betv/een gas refill. Reliable crowbarring 

depends upon good control of all of these variables. 

Magnetic Field 

The axial magnetic field is produced by a 43-turn coil around the 

plasma tube. The coil is 38 cm in length, has an ID of 7.5 cm and is 

wound with insulated 6.4 mm copper tubing. The coil is cooled by 

flowing air or water through the copper tubing. The coil is wound on 

a 3 mm thick epoxy and fiberglass cylindral core which is held from the 

plasma tube by Plexiglass spacers. Four additional windings to provide 

a longer uniform field region are added at each end. Then the coil is 

wrapped with 2 mm of fiberglass reinforced tape and the end coils and 

coil leads are clamped between wooden forms, which are then bolted to 

the table. Figure 12 is a cross section of the field coil and Fig. 13 

is a sketch of the coil and its leads. 

The coil produces a strong, axial magnetic field when a 50 kJ 

bank of capacitors is discharged through it. The bank is composed of 

15 each, 10 kV, 65 yF capacitors in parallel, giving a total capacitance 

of approximately 1 mF. The bank is usually charged to 1 - 6 kV to give 

a peak axial magnetic field of 0.7 to 4 T. The field bank is discharged 

with an ignitron which is triggered by a 2 kV pulse generator. 

Figure 14 is the schematic of the charging and triggering circuits for 

the magnetic field coil current. 

The field circuit, and thus the field, rings at a frequency of 

800 Hz. Figure 15 shows the magnetic field density in the center of 
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the plasma tube as a function of time. The linear discharge and laser 

heating experiments are triggered at the peak of the field, or about 

0.3 ms after the field bank is triggered. Since the frequency of the 

magnetic field is two orders of magnitude less than the linear discharge 

frequency (200 kHz), the field is considered to be constant for the 

duration of the linear discharge. The axial field profile is shown in 

Fig. 16. The dip in the profile toward one end of the plasma source is 

due to the space left in the windings for the diagnostic viewports. 

The field is radially symmetric and is constant across the plasma 

tube to within 7% (being the worst at the ends). 
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IV. DIAGNOSTIC TECHNIQUES 

The diagnostic system is designed to measure the plasma parameters 

and to detect laser-plasma interactions. The diagnostic techniques 

used include probes, image converter camera photography, interferometry, 

and spectroscopy. The probes consist of current transformers, Rogowski 

coils and magnetic probes, used to measure circuit currents and 

magnetic flux densities. Streak and framing methods of image converter 

photography are used to measure gross plasma formation and motion. 

Interferometry and spectroscopy techniques are used to obtain plasma 

electron densities and temperatures. Figure 17 shows the arrangement 

of the diagnostic equipment. 

Probes and Coils 

A Rogowski coil, acting as a current transformer on one of the 

21 
plasma source cables, is used to display the plasma current waveform. 

The current waveform is used for detecting the occurrence and quality of 

crowbarring; for timing the crowbar trigger, diagnostic equipment, and 

laser pulses; and for measuring the impedance of the plasma source. A 

Rogowski coil with a passive integrator, on the field coil wire, is 

used to display the magnetic field intensity, B. This waveform is used 

for field intensity measurements and for timing the linear discharge. 

A simple magnetic pickup coil, calibrated with Helmholtz coils, is 

used to map the magnetic field profile inside the plasma tube. 

34 
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Image Converter Cam.era Photography 

Image converter camera photography is used to view the gross plasma 

formation and motion. The photographs are taken with a TRW Model ID 

22 
image converter camera. A block diagram of the camera is shown in 

Fig. 18. The heart of the camera is an electronic image converter, 

which consists of (1) a photocathode, upon which the original picture 

is formed, releasing electrons proportional to the incident light 

intensity, (2) a gating grid, (3) high voltage acceleration electrodes, 

(4) focusing electrodes, and (5) a phosphor screen which converts the 

electron image back to a visual image. A polaroid film pack records 

the image on the phosphor screen. Streak plug-in units. Models 58 

and 8B are used to obtain continuous temporal resolution of an end-on 

view of the plasma with streak durations from 200 ys (200 ns resolution) 

down to 0.5 ys (0.5 ns resolution). High speed framing plug-in units. 

Models 26B and 68, record complete spatial photographs of the plasma 

with up to 5 frames per shot. The delay between frames is variable 

from 50 ns to 20 uS with exposure times from 5 ns to 500 ns. 

The magnetic field coil surrounding the plasma tube limits plasma 

viewing to end-on views. This limitation is acceptable since little 

information is gained by looking at the plasma from the side. It is 

assumed that the plasma is fairly uniform along the axis between the 

electrodes. End-on viewing, however, gives information about the 

radial density distribution and illustrates the formation and turbulence 

of the plasma discharge. The camera and its power supply were placed 

inside a brass screen cage to provide shielding from the electromagnetic 
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noise produced by the plasma discharge and its associated triggering 

circuitry. For the streak mode a 1 mm slit is placed across the end of 

the plasma tube and the camera is focused on the slit. For the 

framing mode the camera is aimed down the plasma tube and is focused 

at a point midway between the electrodes. 

Figure 19 shows some typical streak and framing pictures. The 

photographs show the effect of the ring electrodes in forming an 

annular plasma. The plasma motion caused by the ringing discharge 

current is visible, especially in the streak pictures. Also, the gross 

effects of the crowbar, the magnetic field, and the filling pressure 

can be studied from the image converter camera photographs. These 

results are discussed later. 

Interferometry 

Interferometry is used to make time-resolved electron density 

measurements over an axial path. By repositioning the axial beam 

detector a rough radial density distribution can be obtained. The 

interferometric technique used is a one-pass Mach-Zehnder type, which 

gives a measurement of the integrated refractive index along the 

. 23 
axis. 

When high frequency light, as compared to the plasma frequency, 

passes through the plasma, it undergoes very little attenuation or 

reflection. The light is phase shifted, and the phase shift is 

dependent upon the plasma charged particle density. The electron 

24 
density in a hydrogen plasma is related to the phase shift by 
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B = 3.4 T mrm^^mm-m^^'i-
(a) Framing with no crowbar. Plasma formation starts in upper 

right hand corner. Successive chronological shots are to 
the left. 

10 us/cm 

5 lis/cm 

2 us/cm 

1 MS/cm 

B = 0 B = 3.4 T 

(b) Streak with no crowbar. Start of the plasma at the far left, 

crowbar No crowbar 

(c) Streak with no field. 

1 ys/cm 

0 different 
exposures 

Fig. 19. Sample Streak and Framing Pictures 
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„ . _ 2.24 X 10^^ N -3 ,7X 

"e UTl ^ ^̂' 
where N is the number of fringe shifts observed when the light passing 

through the plasma is compared to a reference beam. The two beams are 

made to intersect at a small angle and cause an interference pattern, 

with successive intensity minima and maxima. By monitoring the 

detected intensity of the interference pattern as a function of time 

at one radial position, the time variation of the index of refraction, 

and thus the electron density, can be determined from the number of 
23 

temporal fringe shifts observed. 

The high density plasma results in a large number of fringe shifts. 

25 
A typical coupled (2 pass) interferometer using a HeNe laser 

(632.8 nm) would result in about 50 fringe shifts for a density of 

23 -3 
2 X 10 m . Since the plasma lifetime is short, the number of 

fringes that can be counted is determined by the resolution of the 

measuring and recording equipment, and by the amount of noise present. 

The maximum number with the equipment used is about 10 to 20 fringes. 

From Eq.(7) it can be seen that two factors affect the number of fringe 

shifts observed for a given density: the length of the plasma path 

and the wavelength of the light source. The magnetic field coil limits 

the interferometer to an axial view. In order to minimize the number 

of fringes a single pass scheme is used. Figure 17 shows the inter

ferometer setup, which is a Mach-Zehnder arrangement. The equipment 

consists of an expanded, collimated, coherent light source, two beam 

splitters, two flat mirrors and a detector. An argon laser, with a 
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wavelength of 514.5 nm, was used as the light source. The short wave

length was chosen to reduce the number of fringes further. A 1 mm 

diameter light pipe, enclosed in a length of copper tubing extending 

1 cm beyond the end of the light pipe, was used to pinpoint the radial 

position to be measured. A photomultiplier tube detected the light 

from the output end of the light pipe. A diffraction grating, placed 

between the light pipe output and the photomultiplier,was used to block 

out the plasma light. The output of the photomultiplier was observed 

and recorded with an oscilloscope and camera. High quality, flat, 

quartz optical windows were used on either end of the plasma tube. With 

the argon laser wavelength of 514.5 nm and a plasma length of .29 m 

Eq.(7) reduces to 

n^ = 1.50 X 10^^ N m"^ (8) 

23 -3 
A density of 2 x 10 m should then give about 13 fringe shifts. 

The interferometer yields the instantaneous density distribution 

integrated over an individual optical path length. By relocating the 

light pipe at various radial positions the density profile is determined. 

Large amounts of both light and lower frequency electromagnetic 

noise are produced by the plasma source. The light noise was minimized 

by focusing the interference pattern image through a pinhole and by 

using the diffraction grating immediately before the detector. Some 

error in the density measurement is caused by the plasma beyond the 

electrodes and the axial density variation of the plasma. Also, the 

accuracy of the radial density profile measurements is limited by the 
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shot-to-shot variation in the plasma parameters. 

The plasma turbulence and density fluctuations caused by the 

discharge make it extremely difficult to measure the electron density 

with an interferometer while the discharge is in progress. The 

ringing current actually causes the density to fluctuate at the same 

frequency as the circuit for the first few cycles. An inflection point 

in the temporal fringe pattern occurs when the plasma density passes 

through a maximum or minimum value. Fringes are counted between two 

adjacent inflection points to determine the change in density between 

the two points. During the plasma formation the inflection points can 

be as close together as 1 ys. It is far beyond the ability of the 

detection and measuring equipment to resolve 10 to 20 fringes in 1 ys. 

The plasma turbulence and density fluctuations are sufficiently reduced 

by crowbarring the discharge current and by using a strong axial 

magnetic field to improve the interferometric measurements. 

Figure 20 shows typical oscilloscope traces of the temporal fringe 

shifts. The maximum N is determined by counting backwards from t = « 

to the first inflection point, which occurs at an electron density 

maximum. This method is valid for a plasma with a mcnotonically 

26 
decreasing density. A time vs density plot is obtained by counting N 

from t = * to t = t for various values of t . 



43 

(a) No Crowbar 
B = 0 T 

V 

(b) Crowbar 
B = 0 T 

(c) B = 3.4 T 

(d) B = 0 T 

A 1- H 1 i 1 1 1 ' ' 
t(4/xs/div) 

I = plasma current 
P ^ 

V = photomultiplier voltage 

Fig. 20. Typical Interferometry Traces. 
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Spectroscopy 

Light is emitted by the excited hydrogen gas due to line emissions 

and continuum radiation. Spectroscopy is used to measure tine resolved 

electron density and temperature by correctly interpreting the light 

emitted by the plasma. The electron density, n , is measured from the 

Stark broadening of the H and the H line profiles.^^ Electron temper

atures are measured using relative line-to-line intensities, relative 

line-to-continuum intensities, and the Balmer discontinuity. ' 

Plasma spectroscopy is particularly useful because it is one of the few 

accurate diagnostic techniques which does not probe or perturb the 

plasma in any way. 

Stark broadening, or pressure broadening, becomes significant 

in a plasma when the charged particle density is greater than 1% of the 

21 3 

total density, and is greater than 10 charged particles/m . The 

interaction between,the radiating atoms and the electric fields from 

surrounding ions and electrons results in broadening of the line 

profiles. The broadening is a sensitive function of the electron 

density and not a function of the plasma temperature. Useful interpre

tation of Stark broadening requires only that the plasma exhibit low 

self-absorption for the line emission considered, and that the 

electrons have a Maxwellian distribution. For the plasma produced 

here the electron self-collision time, T , is much less than the time 

scale of the plasma lifetime; thus, the electron distribution can be 

considered Maxwellian. For Stark broadening to be useful it must be 

the predominant broadening mechanism. For the plasma source described 
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here natural line broadening, Zeeman splitting, resonance broadening, 

and instrumental braodening are all negligible. For the low temperature, 

high density plasma produced Doppler broadening is less than 1% of 

Stark broadening and can also be neglected. The measured line profiles 

of Hg (486.1 nm) and H (434.0 nm) are compared to the theoretical 

reduced Stark profiles, S(a), to obtain accurate measurements of the 

27 
line half-width. The line half-width is directly related to the 

average electron density. Calculated half-widths are reliable to 10% 

28 

for H and 5% for H , being limited by the accuracy of the theory. 

Three methods are used to measure electron temperatures. The first 

two involve line intensities and require the plasma to be in local 

thermal equilibrium (LTE). The third method is a measurement of the 

continuum discontinuity across the Balmer limit. 

In order to write simplifying equations for the observed radiation 

emitted when an electron makes a transition in the field of an atom or 

ion, we need a model of the plasma. Local thermal equilibrium (LTE) 

is established whenever energy levels exchange their population 

densities very rapidly by collisional processes." Although the plasma 

temperature and density may vary in space and time, the distribution of 

population densities at any instant and point in space depends entirely 

on local values of temperature and density. In other words, the plasma 

equilibrium is dominated by collisional processes. A plasma in LTE 

can be described using the Saha equation and the Boltzmann factors. 

Using the Boltzmann factors, the ratio of relative line intensities of 

H and H can be used to measure the electron temperature in a 
3 Y 
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hydrogen plasma if:^^ (1) the plasma is in LTE, (2) there is little 

self-absorption at the wavelengths of H and H , and (3) the excitation 

energies, statistical weights, and absorption oscillator strengths are 

known for the transitions. Using the Saha equation and the hydrogen 

continuum formulas- the relative line-to-continuum intensities can be 

used to measure the hydrogen electron temperature if the same conditions 

hold as in the relative line method. 

A third method, which is not yery accurate in our temperature 

28 
range, is used to check the LTE temperature measurements. By 

measuring the relative intensities on both sides of the Balmer dis

continuity due to the recombination edge, the electron temperature can 

be determined regardless of the LTE condition in the plasma. The only 

requirements for the Balmer discontinuity method are a Maxwellian 

electron distribution and an optically thin plasma. Thus, although 

this method is not very accurate for low temperatures,it can be used 

as a check against the LTE method. 

The light is viewed from the side of the plasma source in the 

approximate center of the coil with a 1 mm diameter light pipe. A lens 

focuses the light from the light pipe onto the entrance slit of a 

Jarrel Ash 0.5 m Ebert monochromator. Model 82-010. The slit width is 

set at 0.05 nm for Stark broadening and 1 nm for line and continuum 

measurements. The exit slit of the monochromator is fitted with a 

photomultiplier tube which produces a suitable voltage response 

proportional to the intensity at the set wavelength. The monochromator, 

photomultiplier, power supply, and oscilloscope are all enclosed in a 
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portable brass screen cage for shielding. Figure 21 is an example of a 

typical oscilloscope trace of a photomultiplier output along with the 

linear discharge current waveform. Since all spectroscopic measurements 

were relative, calibration of the light pipe, monochromator and 

oscilloscope was not necessary. The change in response of the photo

multiplier tube as a function of wavelength was taken into account. 

Figure 22a is an example of the line profile of H^ as measured by 

scanning the spectrum by varying the wavelength of the monochromator 

from shot-to-shot. About 40 to 60 shots were used for each profile 

plotted. Figure 22b is an example of a log-log plot of the measured 

relative intensity vs wavelength superimposed upon the theoretical 

28 curves derived by calculation (plotted from tabulated information). 

If the line profile of H^ could be determined in one experimental 

shot. Stark broadening gives a m.easure of the electron density with an 

27 error of less than 5%. However, due to the shot-to-shot variation of 

the plasma parameters the density obtained from the 40 or more shots 

used to measure the line profile is accurate to about 20%. The 

accuracy was determined by taking 15 to 20 shots at a given wavelength 

and calculating the mean and standard deviation for the variation in 

light intensity for several values. This method of estimating accuracy 

was used since finding the average density from several scans would be 

uneconomical. The Stark broadening measurements taken have no spatial 

resolution and result from the integrated electron density across the 

diameter of the plasma tube. 

The temperature measurements are dependent upon the intensity of 
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(a) B = 3.4 T 

(b) B = 0. 

Fig. 21. Typical Spectroscopic Data Shot 
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the radiation from the plasma. Although the radial profile of the 

plasma shows a density and probably a temperature minimum at the center, 

and a maximum in an annul us close to the walls, the plasma adjacent to 

the walls is cooled and undergoes recombination processes more rapidly 

than in the plasma interior. The atoms in the low temperature regions 

at the walls will produce the strongest emission line intensity since 

the recombination processes occur more often on the surface of the 

28 
plasma. Thus, the line intensities measured are dominated by the 

plasma surface, and the temperature obtained may be lower than the 

actual temperature in the interior of the plasma. For this reason the 

temperature measurements taken can be used as a lower bound on the 

actual plasma temperature. 



V. EXPERIMENTAL RESULTS 

The data obtained from the diagnostics on the completed plasma 

source is divided into three sections: the circuit parameters, the 

plasma parameters, and the laser-plasma interactions. The circuit 

parameters are important because they ultimately determine the type of 

plasma produced. It is necessary to know the plasma parameters in 

order to predict laser-plasma interactions in future studies. Finally 

a low power TEA CO^ laser was fired into the plasma column to illustrate 

a simple laser-plasma interaction. 

The magnetic field energy storage bank has a total capacitance of 

1 mF and when charged to 5 kV stores an energy of 12.5 kJ. The 43 turn 

coil has an inductance of 39 yH. When the field bank is discharged 

through the coil a current of 23 kA produces a peak field of 3.4 T. 

With a ringing frequency of 800 Hz the peak field occurs 0.3 ms after 

triggering. The plasma discharge is initiated during the peak field at 

0.3 ms. Figure 15 shows the magnetic field density in the center of the 

coil as a function of time. 

The linear discharge, 2 yF capacitor stores an energy of 2.45 kJ 

at a voltage of 50 kV. The linear discharge circuit has a total 

inductance of 300 nH and a resistance which varies between 60 and 

80 mfi. The circuit resistance was obtained from the decaying envelope 

of the current waveform, i.e. from measurements of the circuit Q. The 

resistance varies due to the varying resistance of the plasma. The 

discharge current reaches a peak of 115 kA at 1.1 ys, first current 

zero at 2.2 ys, and continues to ring for 8 complete cycles (40 ys). 

51 
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The total inductance of the crowbar circuit is about 98 nH, and a 

resistance of about 40 mfi is due primarily to the crowbar gap plasma 

resistance. After the crowbar gap is triggered the combined parallel 

impedances of the plasma source and the crowbar circuit give a total 

circuit inductance of 74 nH and a resonant frequency of 417 kHz. The 

crowbar circuit shunts about 85% of the current passing through the 

plasma source to ground. Thus, even after crowbarring, the linear 

discharge still conducts, with a peak current of 10 to 15 kA. 

Figure 11(c) illustrates this fact. After crowbarring, the remaining 

current rings for about 4 cycles or 8 ys. 

Plasma 

The plasma electron density was measured using spectroscopic and 

interferometric techniques as described in the previous chapter. Due 

to the turbulence and subsequent difficulty of reading the crowded 

fringes during discharge, interferometry was used only after 15 ys. 

Spectroscopy was used for density measurements from start to 20 or 

30 ys, or until the light intensity became significantly reduced. The 

spectroscopic and interferometric density measurements taken between 

15 and 30 ys agreed within the 20% accuracy of the spectroscopic 

measurements. Interferometry was used to measure the radial electron 

density profile. Figure 23 shows the radial electron density at 15 ys 

and 30 ys after start of the plasma discharge. With an axial field the 

profile has a density minimum on center as desired. Even without a 

field the profile starts with a density minimum on center as a result 

of the ring electrodes. However, diffusion to the center is caused by 
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Fig. 23. Radial Electron Density Profile, 
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the density gradients, by plasma turbulence resulting from the rapidly 

changing plasma current, and by possible Z-pinching resulting from the 

high plasma current. Figure 24 shows the effect of the axial magnetic 

field on the electron density. The axial magnetic field slows the 

ionization process, but increases the useful lifetime of the plasma 

2 to 3 times. Without a magnetic field, and after crowbarring at the 

first current zero, the plasma has almost completely decayed at 15 yS. 

Figure 25(a) demonstrates the effects of the time of crowbar on the 

degree of ionization of the hydrogen gas. With no crowbar, the gas is 

completely ionized at t = 8 ys. From streak photography and inter

ferometric measurements it is seen that crowbarring at the first current 

zero reduces turbulence, but the hydrogen gas reaches only about 50% 

ionization. Crowbarring at the 2nd current zero gives about 90% 

ionization, while crowbarring at the 3rd current zero gives about 99% 

ionization. The conclusion is that the first half-cycle of discharge 

current is not sufficient to ionize the hydrogen gas totally. 

Ionization processes take place during the first three half-cycles. 

Figure 25(b) shows that the degree of ionization is definitely a strong 

1 2 function of the energy stored in the discharge capacitor (2" CV ). 

The effect of the hydrogen gas filling pressure is shown in Fig. 26. 

For a crowbar at the 1st current zero a 1 Torr gas is 70% ionized, a 

3 Terr gas is 55% ionized, a 5 Torr gas is 48% ionized, and a 7 Terr 

gas is about 42% ionized. Thus higher electron densities can be 

achieved with higher filling pressures, at the expense of having a 

partially ionized plasma. We can see that there is a trade-off 
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between complete ionization and turbulence when using the crowbar. The 

maximum electron density at 3 Torr (99% ionized) is achieved without 

crowbar as seen in Fig. 24(a). If neutral atoms can be tolerated a 

higher filling pressure can be used to increase the electron density. 

Otherwise, to achieve a fully ionized plasma and keep turbulence to a 

minimum, more energy needs to be deposited in the plasma, with a 

minimum filling pressure (1.5 Torr). 

Stark broadening is not accurate enough to detect minor electron 

density variations. Basically, this is due to the slight shot-to-shot 

variation in the plasmas produced. Since Stark broadening requires 

several shots per measurement, the technique could not be used to its 

full potential of better than 5% accuracy. As mentioned before, the 

error for Stark broadening measurements was closer to 20%. Although 

not quantitatively measureable because of the uncountable fringes, 

interferometric data did indicate density fluctuations during the linear 

discharge at a frequency comparable to the discharge frequency. Also, 

definite light intensity fluctuations were evident from spectroscopic 

measurements and the image converter cairera photographs. This infor

mation together with the electron density measurements 'was used to 

plot the probable electron density as a function of time in Fig. 27. 

These graphs are not strict data measurements, but are more qualitative 

than quantitative, and show, the effect of the crowbar and the axial 

magnetic field on the oscillations caused by the ringing discharge. 

The magnetic field strongly suppresses density fluctuations, and 

crowbarring eliminates them. 
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Line-to-continuum ratios were used to determine the electron 

temperature of the plasma. The total line intensity of H, was measured 

for a 10.0 nm wide band centered on the line at 486.1 nm. The intensity 

of the continuum in this 10.0 nm band was determined by using the 

average of the continuum intensity measured at 40.0 nm on either side of 

the H^ line. The ratio of the total line and continuum intensities 

(in the 10.0 nm band centered at the H line) was compared to the 

theoretical ratio curves to obtain the temperature values. Theoretical 

uncertainties are wery small for H and the accuracy of the results is 

limited by the experimental error. Figure 28(a) shows that the crowbar 

does not affect the maximum temperature reached, but the uncrowbarred 

plasma remains hot longer. This is due to the continued heating effect 

by the plasma current. At higher filling pressure the gas is ionized 

less and also colder, as seen in Fig. 28(b). 

Figure 28(c) indicates unusual heating of the electrons in the 

absence of the axial magnetic field. This heating is probably due to 

the Z-pinch effect resulting from the high discharge current. At a 

plasma-magnetic field boundary the magnetic pressure must balance the 

plasma pressure for equilibrium 

B^ 

I = nkT (9) 

However, for a discharge current of 115 kA, the magnetic field in the 

0 direction produced by the current results in a radially inward 

magnetic pressure 10 times greater than the plasma kinetic pressure. 

The resulting Z-pinch was observed with the image converter camera. 
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The Z-pinch is probably the cause for the electron heating. 

Table I lists the measured plasma parameters and some calculated 

plasma parameters of importance."^*^'^^'^^ 

Laser-Plasma Interaction 

To demonstrate a simple laser-plasma interaction a small CO^ 

17 
laser was fired into the plasma source. The TEA CO^ laser operates 

at 10.6 ym. The 200 ns laser pulse contains an energy of about 15 J 

with a peak power of 40 MW. The beam is 3.2 cm in diameter. 

Figure 29(a) is a burn pattern on a photographic film target of the 

laser beam as it leaves the laser. After passing through the plasma 

the laser beam wa: difficult to detect due to refraction and absorption 

losses. Thus, a focusing mirror was placed at the exit end of the 

plasma tube to focus any exiting laser light onto a 4 to 5 mm spot. 

Figure 29(b) is the burn pattern resulting when the laser is fired 

without a plasma. Figure 29(c,e,g) are examples of the focused exiting 

laser light for several plasma cases. These will be described briefly. 

With a filling pressure of 3 Torr the maximum electron density is 

about 2 X 10^^ n'^. If the laser is fired through the plasma during 

the first 40 ys after plasma initiation no output beam is detected. 

The laser beam is totally refracted and/or absorbed before it reaches 

the end of the plasma column. Figure 29(c) shows the exit burn pattern 

when the laser is fired at about 45 -^s. Figure 29(d) shows the laser 

pulse and the plasma discharge current waveforms. At ^5 ys the 

23 -3 
electron density has decreased to about 0.5 x 10 m . 

In order to study the effects of the plasma current on the laser 
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TABLE I 

Plasma Parameters at 10 ys 

<ne> 

<T > 
e 

^z 

^p 

\ 

In A 

"ce 

(V,) 

.=10.6 ym 

= 2.1 X 10^^ m"^ 

= 2.3 eV 

= 3.4 T 

= 4.11 X 10^^ Hz 

5 
= 6.36 X 10 m/sec 

= 4.77 

= 0.046 m 

= 5.98 X 10^^ rad/sec 



64 

(a) (b) 

(c) 

Laser Output 

(e) 

(f) 

Spectro.Tieter Output 

Laser Output 

(g) 

^S 
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beam propagation the filling pressure in the plasma tube was reduced to 

1 Torr, giving a peak electron density of 0.1x10^^ m"^ and a density 

23 -3 
of 0.2 X 10 m at 40 ys. Figure 30(e) is a burn pattern of the 

output beam when the laser is fired at 43 ys. Comparing (c) and (e) 

shows that less laser energy is absorbed for the 1 Torr filling pressure 

case. Figure 30(f) shows the spectrometer output and the laser pulse 

for the 1 Torr shot. The slight decrease in light intensity in the 

spectrometer output, which occurs during the laser pulse, indicates a 

slight increase in electron temperature. 

As the laser is fired earlier and earlier for the 1 Torr case the 

output laser light shows defocusing and filamentation. Figure 30(g) 

illustrates the output laser beam when fired at 15 ys. All laser shots 

discussed were fired with a 3.4 T axial field. Without field the 

turbulence and short lifetime of the plasma prevented successful 

propagation of the laser beam through the plasma. 



VI. CONCLUSIONS 

The plasma source contructed and diagnosed was a prototype for the 

ultimate source to be used for laser-plasma interaction studies. 

Several changes and improvements should be made for the final experi

mental setup. For the beat heating experiment it will be necessary to 

add the focusing and guiding optics for two 10 cm diameter CO2 laser 

beams, and to increase the size of the vacuum system in order to house 

33 
the optics. Several 15 cm diameter, coated, copper mirrors are used 

for directing and focusing the 10 cm laser beams to the interior of the 

source. The mirrors must be adjustable to allow positioning of the 

focal spot within the plasma. Salt flats with a 15 cm diameter are 

used to seal the vacuum vessel at the beam entrance ports. An automatic 

system of flushing and filling the plasma tube with hydrogen will 

shorten the delay between shots and should improve the shot-to-shot 

reproducibility of the filling pressure. Some convenient method of 

discharge cleaning the system would be useful. In order to diagnose 

the interaction region of the two beams in the beat heating experiment 

laraer diagnostic ports will be added in the center of the plasma tube. 

This will create a large gap in the coil windings and greatly distort 

the axial magnetic field. The field needs to be carefully tailored to 

maintain uniformity by adding extra windings at selected locations. A 

computer algorithm to predict the magnetic field for a given coil 

arrangement would aid in optimizing the coil design. Also, the coil 

should be rebuilt to be stronger and more compact than in the present 

design. 

66 
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It may be necessary to go to a higher linear discharge energy to 

obtain the needed densities and maintain 100% ionization. This can be 

done with the present system by charging the linear discharge capacitor 

to 60 kV. The crowbar can be improved by further reducing the 

inductance of the crowbar circuit and by minimizing trigger jitter. 

The plasma source is well suited for single beam propagation 

studies. One important proposed experiment is to verify a computer 

program for laser-plasma interactions developed by Mr. Robert Druce of 

our laboratory. Inverse bremsstrahlung heating can be further 

studied, taking advantage of the relatively short absorption length 

in this plasma. A major purpose of the source is to demonstrate non

linear laser-plasma interactions (beat heating). Two CO^ laser beams 

(at 10.6 ym and 9.6 ym) will be focused in the plasma to generate a 

33 difference frequency near the plasma frequency. 

Improved and new diagnostic techniques will be needed to study the 

laser-plasma interactions. Diamagnetic loops will be used to detect 

plasma heating. The new diagnostic ports in the center of the plasma 

tube will allow side-on interferometry, resulting in fewer fringes, to 

give more accurate density measurements at the higher densities. Using 

Abel inversion techniques the radial density profile can be determined. 

The new diagnostic ports will also be used for holography and Thomson 

scattering to obtain temporal and spatial resolution of the plasma 

parameters in the interaction region. Mach-Zehnder interferometry can 

be used to give a single shot radial density profile by using some 

method to detect the complete spatial interference pattern. X-ray 
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diagnostics may be necessary to detect possible high energy radiation 

from the interaction region. The Stark broadening measurements can be 

greatly improved by developing a multichannel system to eliminate the 

need for many shots. Also some high-temperature spectroscopic methods 

may be needed. Finally, improved data reduction and analysis techniques 

need to be developed, especially for interferometry,spectroscopy and 

Thomson scattering. 
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