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ABSTRACf 

In the Plasma Edge Cathode scheme, a nearly stationary plasma cathode is 

formed by partially obstructing a well directed plasma with a material edge. 

Electrons are extracted in a direction normal to the flow of plasma. An electron 

current density of 100 A/cm2 is theoretically possible. In order to achieve this 

desired current density, certain temperature, density, and ionization levels are 

required in the plasma. 

The motivation for the work discussed in this thesis, is to determine how 

changes in the source parameters affect these plasma characteristics. The plasma 

source consists of an RC storage circuit charged to 20 kV and a triggered switch. 

When the switch is triggered, a surface flashover occurs over a coaxially arranged 

dielectric to produce the plasma. The source dielectric material and geometry, 

charging voltage polarity, and the charge circuit inductance are the parameters which 

will be varied. 

The emphasis in this work has been on the development of a triple Langmuir 

probe and the corresponding circuitry to diagnose the temperature of the plasma. 

Faraday cup probes and a time of flight mass spectrometer are also used as 

diagnostics to find the plasma composition and velocity of the various species. The 

data acquisition is automated by the use of an HP Vectra computer and three HP 

digital oscilloscopes. The program sets up the oscilloscopes to perform the 

measurements and then transfers the data to the computer for analysis. 

IV 



The resulting data are compared in order to better understand the optimum 

source arrangement for the Plasma Edge Cathode system. 
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CHAPTER I 

INTRODUCTION 

The plasma which has been studied in this work is generated by a surface 

flashover in vacuum. A triggered spark gap discharges stored energy from a 

capacitor bank across a coaxially arranged dielectric surface. The Plasma Edge 

Cathode (PEC) scheme [1,2,3] creates a stationary plasma cathode by partially 

blocking the flow of the plasma jet with a straight edged obstacle. A stationary 

plasma cathode is formed by blocking the flow of a well directed plasma with a 

straight edged obstacle. Electrons are extracted transversely to the plasma flow from 

the resulting cathode created by the stationary plasma edge. Current densities of up 

to 100 A/cm2 are theoretically possible [1,2]. The concept of the Plasma Edge 

Cathode is shown in Fig. 1. 

In order for the PEC to achieve the high electron current density which is 

promised by the theory, certain conditions must be met. First, the velocity of the 

plasma must be great enough to allow for a stationary boundary. With higher 

velocities, the plasma edge will exhibit less curvature over the axial distance. Second, 

the ion species should have a high mass to charge ratio. Heavier ions will have 

greater momentum, suffering less deflection behind the edge. Finally, the plasma 

must have a sufficient density to allow for electrons to be extracted and still maintain 

space charge limitations. 
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3 

The following relationship between the source limited current density, jmax' and 

the plasma density, n, can be derived [3]: 

(1.1) 

where k is the Boltzmann's constant, Te is the electron temperature, and e and mare 

the electron charge and mass, respectively. Thus, for a current density of 100 A/ cm2 

to be achieved at a temperature of kTe = 1 e V, the density must be 4 x 1013 cm-3
• 

The plasma boundary motion can be approximated in the moving reference 

frame by investigating a one-fluid, one-dimensional plasma expansion. The 

momentum conservation and the continuity equations describe the motion [2,3]. 

dv 
p - = -ll p 

dt 

an = -ll ( nv ) . 
at 

These equations can be written in one dimension as 

and 

dvx = -(1 + z) k Te y (_!!_)(Y - 2) a ( ;.) 
~ M. n ~ 

' 0 

an 
at = -v (an)- n (av.x) , 

X ax ax 

(1.2) 

(1.3) 

(1.4) 

(1.5) 
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where y = (2 + N)/N, with N being the number of degrees of freedom and z is the 

charge state. For adiabatic expansion, y is 5/3. The expression in Eq. (1.4) is of the 

form F =rna. Since distance can be related to acceleration by 

s = ! a t 2 

2 
(1.6) 

where s is the distance that the boundary expands in the transverse direction during 

the time t. With t written as D /vz, where D is the distance the particle will travel in 

the axial direction due to its velocity in that direction, vz, the following expression can 

be obtained. 

(1.7) 

From Eq. (1.7), it can be seen that as is proportional to one plus the charge state 

divided by the kinetic energy of the plasma. Thus, the higher the kinetic energy, the 

smaller the expansion. In order to make an estimate of required particle energies 

from Eq. (1.7), the half density point, or n/n
0 

... 5, can be combined with a typical 

temperature of kTe = 1 e V and 

ill. 1 
ax 1 em 
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Further, it is desired that as :s: .5 em and the travel distance can be taken as •5 em. 

With these assumptions, one can determine the minimum velocity that a particular 

ion species must have in order to successfully traverse the extraction gap. The 

minimum energy required is approximated by Eq. (1.8). 

_!_ M; v/ ~ (1 + z) (6.667 x 10-19) [.1] 
2 

(1.8) 

For 0 3
+, an ion typically found in this plasma, this expression translates to a 

minimum velocity of 1.41 em/ p,s. This requirement will be considered again when 

the velocities and species are known for each of the source configurations in order 

to make an assessment of the optimum set-up. 

The objective for this diagnostic work was to gather information about how 

changes in the source parameters affect the physical plasma parameters of interest. 

Specifically, the gun geometry, arc current polarity, and stored energy were varied. 

Probes for measuring density, temperature and plasma species were used which are 

based on particle flux measurements [ 4 ]. Biased Faraday cup probes were used to 

detect plasma density and velocity, a triple Langmuir probe was used to measure 

electron temperature, and a time-of-flight arrangement was used to determine the 

plasma ion species and their initial velocity [5]. The Faraday cup probes and the 

time-of-flight measurements will be discussed along with the overall system set-up in 

Chapter II. The triple Langmuir probe will be discussed separately in Chapter III. 

The experimental results will be discussed in Chapter IV. 



CHAPTER II 

EXPERIMENTALSETUP: PART! 

The plasma source system used in this experiment is identical to the PEC 

system which is being researched concurrently at Texas Tech University, with the 

exception of the time-of-flight measurement portion. An evacuated Pyrex chamber 

contains a plasma gun, a drift chamber, an accelerating gap, a second drift chamber, 

and a particle detector at the downstream end. As the plasma moves away from the 

source, it encounters diagnostic probes which are inserted into the vacuum through 

Cajon fittings. The probe and detector signals are recorded by a computer controlled 

Hewlett Packard digital oscilloscope. The structure is evacuated to a pressure of 1 

x 10-6 Torr with a Varian diffusion pump. The system arrangement is shown in 

Fig. 2. 

Plasma Gun 

Six parallel .05 f).F capacitors were arranged m a coaxial configuration 

between two aluminum plates. At the center, a solid copper rod holds a pressurized 

spark gap in line with a spark plug. The capacitors were charged to voltages between 

±30 kV by a Hippotronics high voltage supply. The spark gap, Physics International 

Model 670, is triggered using a Pacific Atlantic PT-55 Trigger Generator which 

converts a 300 V input pulse into an output trigger of approximately 50 kV. The 

source arrangement is depicted in Fig. 3. 

6 
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The source circuit can be analyzed as an RLC circuit. The current through 

the loop is given by 

l(t) = V(O) e -a.t sin(w t) 
L 0 ' 

(&)0 
(2.1) 

where W 0 is the ringing frequency and a is the damping factor. 

The ringing discharge was detected using a dB/dt probe terminated into 50 

ohms. The discharge is underdamped and the circuit inductance and resistance were 

calculated from the waveform. The resistance and inductance were calculated for 

each source configuration. The ringing frequency calculated from the measured 

curves remained the same for all charging voltages. Since, 

( 
1 ).s 

Wo= LC ' (2.2) 

for an RLC circuit, the inductance is constant for each source configuration 

considered. The damping factor was also constant for each set-up, indicating a 

constant resistance. 

As previously mentioned, the plasma source is a coaxially arranged spark plug. 

More specifically, the spark plug used is a Champion L76V with an insulator 

composed of 90% Al20 3, 7% Si02, and unspecified small percentages of MgO, CaO, 

and Zr. The outer conductor is made of carbon steel and the inner conductor is 

composed of 91% W, 6% Ni, and 3% Cu [5]. For geometry variation, a conical coil 

was attached to the outer conductor of the spark plug. A physical representation of 

the coil is shown in Fig. 4. It was indicated in experimental findings by C. Mendel 



10 

ol 



11 

that the coil could generate a faster and more directed plasma flow [6,7]. The coil 

used in this experiment consisted of 8 turns on a cone with a pitch of 15°. The 

spacing between turns was approximately .4 em for a total length of 3.2 em. 

Density Probes 

The two Faraday Cup probes used in this experiment were made of 1/2" 

copper tubing housing a brass center conductor rod held in place by nylon washers. 

The collecting aperture of each probe was 1 mm in diameter to allow the ions to 

enter the probe. A 4 mm diameter collector cavity is drilled in the brass rod. A 

BNC connector was attached to the end of the probe to allow for biasing and 

measurement connections. The bias voltage of the ion collector must be negative 

enough to repel electrons. In this case, -50 V was used and the probe dimensions 

and bias circuit are shown in Fig. 5. The 33 kO resistor insulates the current signal 

from the DC power supply. Also, the 1 p,F capacitor isolates the DC bias from the 

scope. The 50 0 termination together with the coupling capacitance, results in a 50 

p,s time constant which is sufficient for the duration of plasma in this experiment. 

The first probe was placed at 25.4 em from the source and the second at 131.4 em. 

The velocity can be determined by measuring the time the plasma takes to reach 

each probe. The ion density, n,, of the plasma is related to the collected current by, 
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I = n; z A e v , (2.3) 

where z is the charge state, A is the probe aperture, e is the charge of an electron 

and v is the velocity of the detected plasma. The plasma ions in this experiment are 

multiply ionized so a particular value of z cannot be used to represent the entire 

plasma. However, since n = ne = z ni, the equation can be rewritten as 

n = e 
I 

Aev 
(2.4) 

Plasma probes are somewhat inaccurate due to secondary electron ermss1on. 

Neglecting this occurrence results in a relatively small error, less than 20% [8,9]. 

Species Detection by Time-of-Flight Measurements 

The method chosen to determine the ion species was a time-of-flight mass 

spectrometer, which was adopted from a previous experiment [5]. At a distance of 

181 em from the source, the plasma ions encounter an acceleration gap. The gap is 

formed by two concentric cylinders (Fig.2). The inner cylinder is pulsed with a 

negative 3000 V pulse for a duration of 110 ns. A 13 m cable is charged to -6000 V 

in order to produce the acceleration pulse. A delay generator, which is triggered by 

a trigger monitor output located on the PT-55, discharges the stored cable energy 

through a KN-6B Krytron tube into a 50 0 load at the set delay time. In order to 

ensure that plasma ions and electrons do not reach the detector before and after the 

acceleration pulse, an electrostatic deflector is incorporated into the system. The 

open end of the -6000 V charged line is used to create an electric field between the 
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deflection plates behind the acceleration cylinders. The resulting qE force will 

deflect the plasma off center. During the acceleration pulse, the deflector is turned 

off and the accelerated ions pass safely. 

The detector is located 193.6 em away from the acceleration gap. The 

detector is an EMR Model510W -16-03900-M2 Particle Detector /Electron Multiplier. 

The output voltage from the detector is amplified by a factor of 12 in order to 

display the species induced spikes on the oscilloscope. 

Now that the species have been accelerated and detected, the signal must be 

analyzed to determine which ions were detected. The group of particles which are 

entering the acceleration gap at a given time, will all have approximately the same 

initial velocity, vi, and will be accelerated by the same potential. After acceleration, 

the time, t, it will take an ion with a mass, mi , and a charge, q, to traverse a given 

distance is 

t = L (2.5) 

where U is the accelerating potential. Since the particles in this case have different 

ionization states, the energy imparted to them will be proportional to their charge 

state. In other words, a particle will gain q U = ze U energy as it passes through the 

acceleration gap. One can replace m with M x amu. From Eq. (2.5) and the 

substitutions just mentioned, one can derive the mass to charge ratio as 



M e 2U 
= 

amu L 2 
2 - - v. 

t2 I 

15 

(2.6) 

The initial velocity is calculated from the delay time. By measuring the time the 

spikes are detected, the mass to charge ratio can be calculated. The travel time and 

output voltage are calculated and printed by the program that controls the 

oscilloscope. These data are then input into a program which allows the user to vary 

the initial velocity and the acceleration voltage in order to calculate the most 

accurate ratio. Neither of these quantities were varied by more than 1%. 



CHAPTER III 

EXPERIMENTAL SETUP: PART II 

Temperature Measurements 

In addition to density, velocity and composition, the plasma temperature was 

determined. The method of measuring temperature which was used was a Langmuir 

probe. A Langmuir probe is typically a wire biased negative with respect to the 

plasma. A sheath forms around the probe into which ions will enter [10]. If the 

probe surface area, A, is known and the ions are assumed to have a drift velocity ~ 

(kT e/MY'\ the ion current which will be collected is 

(3.1) 

where 1\ is the plasma density at the edge of the sheath. The sheath density is 

approximated by V2 n
0 

[10]. When this substitution is incorporated into in Eq. (3.1) 

the result is referred to as the Bohm current, or ion saturation current: 

1 (k Tel~ J ... -neA-- . 
B 2 0 0 M. 

l 

(3.2) 

For a single wire, the saturation ion current density to the probe (Eq. (3.2)) is nearly 

independent of the probe potential as long as the probe is biased negative with 

respect to the space potential. 

16 
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Most often, Langmuir probes are constructed with one or two electrodes. For 

a symmetrical probe two wires must have equal areas. With a floating double probe, 

one of the wires is biased negatively with respect to the second wire and the probe 

housing is allowed to float relative to the plasma. By varying the potential 

difference, v d, and recording the corresponding waveforms, a curve of probe current 

vs. potential difference can be obtained. From a semi-log plot of ln I vs vd the 

electron temperature can be calculated form the slope of the curve. Generating this 

curve requires a series of shots at each bias voltage. Since the plasma density varies 

from shot to shot, the measured current for several shots are averaged together for 

each potential difference. In order to get a smooth curve, the bias increment 

should be small. Typically, 100 shots are required to generate a smooth curve of 

averaged values. In addition, each of these shots must be measured at the same 

point in the plasma envelope. 

Since the idea in this project was to see how plasma parameters change with 

changes in the source configuration, it would be inefficient to take around 100 shots 

for each set-up just to get the temperature. In order to reduce this time consuming 

process, the Langmuir probe theory was extended to a triple probe method discussed 

by Sin-Li Chen [ 11, 12]. In the triple probe configuration, three parallel wires are 

placed into the plasma. The outer two wires are biased negatively with respect to 

the center wire at different potentials. The current signals on the outer electrodes 

are recorded on the oscilloscope. This is analogous to recording two points on the 

double probe curve simultaneously. This allows for the temperature to be calculated 
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from the data of a single shot with accuracy comparable to the double probe 

measurements. 

Triple Probe Theory 

The theory is similar to that of the double probe. Again, the probe areas are 

taken to be equal. The three electrodes were placed in a parallel orientation with 

separation between each wire on the order of 1 mm or less. The spacing turns out 

to be quite important to the measured results as will be discussed later. The 

arrangement is shown in Fig. 6. By placing negative bias voltages on the outer 

probes with respect to the center probe, the potentials of those probes will be lower 

than the floating potential. Thus, the currents which flow into them will be mainly 

positive ion current. On the other hand, the inner probe will collect electron current. 

Using the assumed current directions shown in Fig. 6 [p. 21] the following 

relationship is obtained 

(3.3) 

As usual with probe theory, the electron distribution in the plasma is assumed to be 

Maxwellian, the mean free path of the electrons is significantly larger than the ion 

sheath thickness as well as the probe radius, and the ion sheath thickness is smaller 

than the probe separation distance [11]. In this experiment, the probe radius was 

3.81 x 10-2 em. The mean free path was calculated to be 2.4 em and the ion sheath 

thickness is 7.4 x 104 em. These values make the aforementioned assumption valid. 



19 

The instantaneous probe currents flowing into the probes can now be written 

as [11] 

and 

where 

-[ 
1 

(3.4) 

(3.5) 

(3.6) 

(3.7) 

In the equations above, Je is the electron saturation current density, Ji is the ion 

saturation current density, and S is the surface area of the probe. As mentioned 

previously, it is assumed that the ion saturation current density is constant with 

respect to changes in the bias potential. In actuality, there is some error associated 

with this assumption. For an electron temperature measurement, the error is 

negligible for temperatures less than 10 eV [11]. Since it was known from Ref. 3 that 

the expected temperatures were on the order of 1 e V, the measurement should have 

little error. The measured results confirm that the triple probe measurement is 

within the expected temperature range. These results will be discussed in a following 

section. 
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By setting Eq. (3.4) equal to Eq. (3.5) and Eq. (3.6) and solving the two 

resulting equations for S, along with 

(3.8) 

the following relationship is found 

(-eo Vz) 
11 + 12 1 k Te - e 

= 
11 + 13 (-e0 V3

) 

1 k Te - e 

(3.9) 

Since the relationship is known between I1 and the outer probe currents, I2 and 13, 

the temperature can be determined from a measurement of any two of the three 

currents. In Eq. (3.9) Te cannot be solved for explicitly. A table look-up method was 

employed in the analysis program to match measured ratios with calculated ratios in 

order to find Te. Fig. 7 shows a graphed version of the table showing the correlation 

between Te and the left side of Eq. (3.9) for V2 =2.5 V and V3 =4 V. The analysis 

program is listed in the Appendix. 

Practical Considerations 

The probe dimensions are shown in Fig. 8. This probe was constructed in a 

similar manner to that of the density probes. The probe housing is, again, Yz''. Three 

tungsten wires were arranged in parallel and held in place with epoxy at the vacuum 

end of the probe. Since tungsten cannot be soldered to copper wire, crimp 

connectors were used to attach the wires to insulated copper wire for circuit 

connections. Instead of attaching a single BNC connector onto the tubing, an 
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aluminum box with two isolated BNC feedthrough connectors was used for scope 

connections. Isolated BNC's are required since the probe housing must be allowed 

to float with the plasma and not be grounded through the box. Each of the output 

terminals connects to another box which holds the current sensing circuit. The 

complete circuit is shown in Fig. 9. A 1:1 Mini Circuits T1-6T transformer was used 

to monitor the current collected by the probes. The bias voltage was generated by 

using a battery and a 50 kO potentiometer in parallel with a capacitor. The capacitor 

provides for a time constant of 27.6 p,s, with the 13.8 0 load, so that the bias voltage 

will be constant throughout the pulse. The transformers have a frequency range of 

.003 MHz to 300 MHz. The bandwidth was the most important consideration in 

selecting a transformer. The rise time of the plasma pulse is on the order of 100 ns 

and the pulse duration is generally 25 p,s at 25.4 em from the source. Thus, the 

necessary frequency range was 40KHz to 10 MHz. For the chosen transformer, the 

insertion loss is less than 1 dB for 20KHz to 50 MHz. 

When the probe was placed in the system for the first time, a significant 

undershoot was seen at the end of the pulse. It was suspected that the R/L time 

constant of the circuit was not long enough to allow the entire signal to be measured. 

By introducing a square current pulse, the transformer inductance was calculated by 

measuring the time that it took for V
0
/V to reach 1/e. The resulting inductance of 

the transformer was found to be 1.2 mH. Although, it was not possible to simulate 

a pulse exactly like that of the plasma pulse to test the transformer output versus the 

input, a square pulse would show the dependence of circuit performance on the load 



2 
I 

1 

3 
I 

9v
 

1 
: 1

 

I 
I 

I 

!II~
 

2
~
 

J 13
.8

 n
 

II: 
I 

...
...

., 
I 
I
"
-

._
 1

3.
8 

n 
2
~
 

I 
I 

I 
~
 .. 1 
: 1

 

Fi
g.

 9
 

T
ri

pl
e 

L
an

gm
ui

r 
P

ro
be

 C
ir

cu
it

 S
ch

em
at

ic
 

T
O

 C
H

A
N

 1
 

H
I•

 

T
O

 C
H

A
N

 2
 

1\
J 
~
 



25 

resistance. Using PSPICE, a simulation with a square input pulse as the probe 

current source was implemented to see how the output resistance affected the circuit 

output voltage. The results of this simulation are shown in Fig. 10. It is obvious that 

lower load resistances significantly reduce the undershoot. The lowest resistance 

which can be used in the secondary of the transformer, according to the Mini Circuits 

data sheet, is 12.5 a. So, two 25 a, 10% tolerance, resistors were placed in parallel 

as the load. The actual resistance value turned out to be 13.8 a. When measuring 

the temperature, it is important to remember that even though the undershoot is 

reduced, some information may still be lost towards the end of the pulse as the 

waveform decays. As a result, the measurement may be more accurate for the faster 

portion of plasma. Thus the most accurate segment of the measured current pulse 

is expected to be around 15 f.J.S, which will give an ample amount of temperature 

data. 

Another problem which was encountered in the first trial measurements 

involved the spacing of the probe wires. If the same bias voltage is established at 

each probe, they should each collect the same amount of current. Initial tests 

showed that this was not the case. By examining Eq. (3.2), the only variable which 

would likely cause different currents on symmetrical probes is the plasma density. 

In this case, the probes were separated by approximately 3 mm, resulting in a 

separation between the two outer probes on the order of 6 mm. In Ref. 5, D. 

Buraczyk found that the density 1 em from the center of the plasma jet was 80% of 
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the density at the center. With this type of gradient, the measured currents may also 

vary. For example, if the density across the probe is considered constant, typical 

currents of 24 rnA and 33 rnA would give a ratio of .9. For bias potentials of 2.5 V 

and 4 V, this corresponds to a temperature of 1.2 e V. If the density varies across the 

probes with the mentioned gradient, the probe located in the higher density could 

draw a current of 1.06 times greater. Likewise, the probe positioned in the lower 

density might draw only .94 times as much current. Using 24 rnA and 33 rnA as the 

currents for an ideal case and the numerical factors just mentioned, the new ratio 

would be .93. This value corresponds to a temperature of 1.02. Thus, the density 

gradient observed in this system could cause temperature measurement variations for 

probe separations approaching 1 em. When the spacing was reduced to 1 mm, the 

currents collected for identical biasing were equal. Since the triple probe method 

relies upon the ratio of the two measured currents, it is crucial that the probes be 

subjected to identical plasma conditions. A typical probe current measurement from 

the final probe is shown in Fig. 11. 

One important consideration with a diagnostic probe is reproducibility. Also 

in this case, it was necessary to make sure that the probes were really symmetrical. 

First, measurements were taken with the probe in an orientation transverse to the 

plasma flow and then the probe was turned 180° for a second measurement. The 

biasing potentials were left in the same spatial orientation as with the first 

measurement. For all cases, the calculated temperature was equal within < 5%, 

illustrating the symmetry of the probe. Fig. 12 shows two temperature curves, one 
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for each probe orientation. The values are close early in time and fluctuate later in 

time, as was predicted earlier. The variation observed from shot to shot was typically 

within 10 ± 2%. For another set the probes were left in place and the bias potentials 

were varied. The temperature was not dependent upon changes in the bias voltages 

for values between 2 and 4 V. Again, the agreement was good throughout the curve 

with the best consensus early in time. Finally, the orientation of the potential (right 

or left side of the plasma jet) was tested. It was seen that when the higher of the two 

bias voltages was on the right side of the jet, the calculated temperature was higher. 

The curves in Fig. 13 show this observation. Again, density gradients could account 

for this difference. The results of each of the mentioned tests were quite 

reproducible, indicating a systematic inhomegeniety in the plasma which was also 

observed in previous experiment [5]. 

For the temperature measurements which will be discussed in the next 

chapter, the bias voltages were 2.5 V on the right probe and 4 V on the left probe. 

This arrangement was not varied throughout the entire series of measurements, 

allowing for comparative analysis of the data. 
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CHAPTER IV 

EXPERIMENTAL MEASUREMENTS 

The goal of this experimental work was to gather information about the 

relationship between the plasma and the source parameters. The plasma parameters 

of interest were density, velocity, temperature, and ion species composition. The 

source parameters which were varied were charging potential, gun geometry, and arc 

polarity. The data acquisition involved the use of 54111D HP and 54200A HP digital 

oscilloscopes. The 54111D was programmed to record the time-of-flight signals for 

three shots at each delay setting. Next, the program prompted the user to change 

scope inputs to acquire temperature data. This process was repeated for each delay 

setting from 13 ps to 103 ps in increments of 5 ps. The program allowed the user 

to skip the temperature measurement after three such measurements were made for 

each source configuration. Three measurements allowed for reproducibility 

verification, and since the temperature does not depend upon the delay setting it was 

not necessary to record any more temperature information. The flux probe results 

were recorded on the 54200A The amplitude and time information of each peak 

was measured and then the traces were printed. Again, three flux measurements 

were made for the different source arrangements. The results were then graphed 

using QUATRO PRO. 

Density and velocity measurements made with the flux probes are included 

for all of the charging voltages which were used in the experiment. As the charging 

32 
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voltage was increased, the dominant effect on species measurements was that a 

greater particle flux was detected for each species. However, the actual composition 

remained the same. The detected plasma composition at various charging voltages 

results will be presented graphically for both positive and negative polarity without 

coil geometry. The species measurements will be discussed most completely for an 

example charging voltage of ± 24 kV. 

Density Results 

Typical flux curves for each source configuration are shown in Figs. 14 and 15. 

In these curves noticeable differences can be seen for the varying source 

configurations. The flux measurement for positive arc polarity shows three to four 

distinct peaks whereas the negative counterpart has only two peaks. In order to 

make comparisons, two of the four peaks were selected for measurements. The two 

peaks evident with negative polarity travel at approximately 7 to 8 em/ p,s and 4 to 

5 emf f.lS, respectively. The peaks chosen for the positive polarity, have close to the 

same velocities. The peaks measured for positive gun polarity occur earlier in time 

and are lower in magnitude than those measured for negative polarity. 

Equation (4.1) shows the relationship between the initial density at the source 

and the density at a selected distance from the source. 
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(4.1) 

where no is the initial density, n1 is the density at a distance r
1 

from the source and 

p is an exponent which determines how strongly the density decreases relative to the 

distance. For known densities at two different distances, Eq. ( 4.2) can be derived. 

(4.2) 

which can be rewritten as 

n 
log - 1 

p = n2 
(4.3) 

T 
log....! 

71 

Density was measured at 25.4 em and 131.4 em in this experiment. Typical densities 

at those two points are 1.06 x 1012 cm-3 and 1.04 x 1010 cm_3• respectively. From Eq. 

(4.3), p is calculated to be 2.81. Thus, calculations reveal that the density falls off 

with approximately 1/~· as the plasma moves away from the source. The cubic 

relationship can be illustrated by considering a sphere. As the sphere expands, the 

volume increases with the cube of the radius. For a spherically expanding plasma 

volume, the density, assuming no particles are added, will exhibit an relation between 

density and distance of, n oc 1/~. This requires that the plasma expand both radially 

and longitudinally. The longitudinal expansion can be clearly seen in the flux curves 

by comparing the pulse width of the curve at the two probe distances and is a result 

of the velocity spread. The time range of flux at 131.4 em, approximately 30 JlS, is 
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much greater than that at 25.4 em, approximately 15 JJ.S. The magnitude is smaller 

as well, which represents the effect of radial expansion. 

It was expected that the plasma flux would increase as the charging potential 

of the capacitor bank increased. Figs. 16-19 show the particle density for different 

charging voltages at the first two peaks for each probe. All measurements but one 

show an increase in particle density with respect to charging voltage. The density 

calculated from the second probe for negative polarity and no coil remains fairly 

constant for each voltage level. In general, the coil has a greater effect on density 

when the charging voltage is negative. For example, close to the source and early 

in the plasma envelope, the coil geometry creates a plasma which is 24% lower in 

density than that without the coil for negative polarity; see Fig. 16. However, Figs. 

17-19 show that the plasma density due to a negative gun is increased by as much as 

43% with the coil in place, most noticeably at the probe located farther from the 

source. With positive polarity, the coil geometry has more effect on early portions 

of the plasma than on the later. From Fig. 16, the density without the coil geometry 

is 59% less than that with the coil at + 24 kV. Farther away, the coil appears to have 

actually reduced the density. In Fig. 19, the density at 24 kV is 41% lower with the 

coil during positive arc polarity. These effects are not easily explained. Without 

further investigation of the plasma, no detailed explanation can be made. Since 

electrons in the PEC arrangement are extracted at a distance of 18 em downstream 

from the plasma gun, the density information calculated from the probe closest to the 

source will be more significant to further PEC research. At that location, in general, 
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the coil has a greater effect in early portions of the plasma, for both positive and 

negative polarity where the density for negative polarity is lowered and the density 

for positive polarity is increased. During the second peak, the effect of the coil is 

inconsistent. Negative polarity creates a more dense plasma than positive polarity 

regardless of whether or not the coil is in place. In conclusion, since the coil does 

not have a profound beneficial effect on a negatively charged gun, the best 

configuration with respect to density is the negative gun without the external coil. 

Velocity Results 

The velocity of the plasma is measured in two ways. First, the velocities of 

the fast and slow components of the plasma are determined from the flux probe 

information. By dividing the probe distance by the time the peak is measured, the 

velocity of the peak is calculated. It is known from previous measurements that the 

plasma is created early in the flashover, up to 2 p.s after the trigger. As a result, 

some error in initial velocity calculation may ensue by using d/t, since the flight time 

might not be equal to the measured time [5]. The farther from the source, the 

smaller this error becomes. This fact leads to the second type of velocity 

measurement used in this experiment. The acceleration gap is 181 em from the 

source, by measuring the initial velocity at this point, greater accuracy is achieved. 

Since the species which will be detected for a particular delay setting reach the 

acceleration gap at the given time, the initial velocity for the detected particles can 

be calculated by s
8
/td, where S

8 
is the distance from the source to the acceleration 
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gap and td is the delay time. By using both of these measurements, a general idea 

of overall plasma speed and specific ion species velocity can be obtained. 

Figs. 20-23 show the relationship between velocity and charging voltage for 

each source configuration. For each set of measurements, velocity does not seem to 

depend upon charging voltage. The highest velocity results when the gun is charged 

negatively without the coil geometry. It was mentioned in Chapter I that C. Mendel 

used the coil geometry as an acceleration device. Thus, a greater velocity would be 

expected. However, in this experiment the coil appears to slow the plasma down 

rather than accelerate it. The only condition in which the coil geometry produces a 

greater velocity is for positive voltage. Even for positive polarity, the late plasma is 

the only portion which shows and increase in velocity. Thus, it does not appear that 

the coil greatly affects the velocity for this type of plasma source. 

As mentioned previously, the delay setting of the acceleration pulse for the 

time-of-flight measurement was varied from 13 IJ.S to 103 !J.S in increments of 5 IJ.S. 

These delay settings correspond to initial velocities of 13.92 em/ !J.S to 1.76 em/ !J.S, 

respectively. For a negative polarity, species were detected with the early delay 

. . o6+ os+ o4+ o3+ oz+ AI6+ ct Ais+ settmg of 13 IJ.S. These detected species are , , , , , , an . 

With positive polarity, however, the species do not appear consistently until 23 to 28 

IJ.S delays. The most probable initial velocities of each species for the configurations 

with a charging voltage of ± 24 kV are shown in Table 1. The lower voltages exhibit 

generally the same velocities as 24 kV, again showing that the velocity is not strongly 
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dependent on the charging voltage. The most probable initial velocity was calculated 

from the delay setting where the greatest number of each particular species was 

detected. A corresponding 3-dimensional graph which also includes this information 

will be discussed in a later section. With the exception of positive polarity without 

the coil, no configuration provides significantly faster or slower ions in terms of initial 

velocity. The positive configuration without the coil yields slower ions by an average 

of 28%. 0 6
+ and Al6

+ are not detected for this configuration. 

In a previous chapter, an equation was derived which determined the velocity 

required for ions to traverse the extraction gap in the PEC. Table 2 shows this 

minimum required initial velocity for the different charge states of Aluminum and 

Oxygen calculated from Eq. (1.8). The most likely initial velocity of each species is 

high enough to satisfy the necessary condition. For positive polarity, o+, 0 2
+, AI+, 

and A12
+ are detected with a delay setting of as long as 103 psec, which indicates 

initial velocities down to 1.76 em/ ps. So, even for the slowest particles which are 

detected, their velocity exceeds the minimum which is required. This section focused 

primarily on the most probable initial velocity of each species. Figs. 24-31 show the 

current detected by the multiplier by the different species at various delay settings. 

Temperature Results 

The temperatures measured for the different source arrangements varied 

between .9 e V and 1.4 e V. As mentioned previously, four measurements were made 
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for each arrangement. For all configurations, the four temperature measurements 

resulted in the same values within ± 15%. The greatest differences appear towards 

the end of the plasma pulse. At the end of the probe measurement, the signal 

becomes smaller, decreasing the signal to noise ratio. In addition, the transformer 

circuit time constant has an adverse influence on the later parts of the measurement. 

Fig. 32 shows the four temperature measurements for one set of conditions to show 

the reproducibility and low measurement variation from shot to shot. 

With respect to charging voltage, the temperature had very little, if any, 

dependence. The temperature curves for each charging voltage are shown for the 

different source configurations in Figs. 33-36. The coil geometry affects the 

temperature more significantly than the other plasma parameters. The temperature 

measured when the coil was present is much more constant throughout the entire 

shot. Also, with the coil geometry, the measured temperatures for both positive and 

negative polarities are essentially equal. They are lower than that measured without 

the coil in place. Without the coil, positive polarity results in a slightly higher 

temperature than negative polarity. 

The best configuration with respect to temperature cannot be based solely on 

temperature. The temperature affects the maximum theoretical extractible current 

density, as shown in Chapter I. Temperature will also affect the transverse expansion 

behind the material edge in a PEC configuration. The extractible current density is 
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also proportional to the plasma density. By simply choosing the arrangement with 

the smaller temperature, a set-up might be chosen which has a lower than desired 

density. 

Time-of-Flight Results 

The most abundant species detected were various oxygen and aluminum ions. 

Since the insulator is made up of 90% Al20 3, the presence of these ions makes sense. 

In some shots ions from the electrode were detected. These were Ni, Fe, C and W. 

Of these ions only Ni was detected fairly consistently. Nickel, Ni, from the inner 

electrode, only appeared for positive polarity. Iron, Fe, and W, from the outer 

electrode, were detected when the polarity was negative. These materials seems 

to come consistently from the anode. 

As mentioned previously, the only dependence of the detected species on 

charging voltage was in abundance of the ions. The ions composition itself did not 

vary. Figs. 37-40 show the current detected, the ion velocity before the acceleration 

gap, and the mass to charge ratio of the oxygen and aluminum ions for the charging 

voltage of 24 kV. From these graphs, a similar effect to that mentioned in the 

section on density is seen with reference to the coil geometry. That is, the coil seems 

to have a greater effect on the positively charged arrangement. Without the coil, the 

time range in which the ions are detected is shorter but the magnitude is greater, 
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especially for slow ion species. The plasma seems to be more evenly distributed over 

time and, therefore, over velocity. For example, compare o2+ if Figs. 37 and 38. In 

Fig. 37 this species is detected only with delay settings of 33 p,s to 103 p,s. In the 

other graph 0
2

+ is seen at delays as early as 13 p,s. In effect, the coil appears to 

increase the speed of the lighter ions, which will benefit the PEC. This benefit 

results from the greater momentum that the lighter particles will have. As discussed 

in the section of velocity, the most probable velocity for each species was not 

increased due to the coil, but the velocity spread for many of the species increased. 

Also, the lighter ions are detected in greater abundance when the coil geometry is 

present. The effect of the coil for negative voltages is not as great. For this polarity, 

the magnitude of the detected species is smaller with the coil, but not as drastically 

as for positive polarity. For most species, the abundance is greater with the negative 

polarity. 

For each of the tested configurations, the main species detected were those 

which come from the insulator material. The greatest abundance of the heavier ions 

results from positive polarity without the coil geometry. The lighter ions are in 

greatest abundance for negative polarity in absence of the coil. 

The results discussed in this chapter must be carefully considered together, in 

order to make an assessment of which arrangements will benefit the PEC in the best 

ways. Density, velocity, temperature and species composition all affect the 

effectiveness of the PEC in different ways. It may be necessary to make further 
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measurements in the future to increase the understanding of the observed results to 

fully utilize the benefits of each configuration. 



CHAPTER V 

CONCLUSIONS 

The characteristics of a surface flashover plasma have been measured for 

various source arrangements. The most desirable plasma for the PEC has high 

density and velocity and is composed of ions with sufficient momentum to pass the 

extraction region. The plasma temperature also plays a role in determining the 

maximum current density which can be extracted from the plasma. 

The arrangement which results in the highest density, close to 1 x 1013 cm-3, 

at the desired distance from the source, is a negatively charged gun without the coil 

geometry attached. This configuration also produces the fastest plasma with the peak 

flux traveling at around 7 em/ p,sec. The coil does not have a significant effect on the 

density or the speed of the plasma. Perhaps the most noticeable effect of the coil 

can be seen in the species detection. The level of current measured in the detector 

is smaller for most all species when the coil is in place and the species appear to be 

more evenly spread throughout the plasma. Even though the coil does not increase 

the density or velocity, it might be desirable to have a plasma with a more consistent 

composition throughout the pulse. Further experimentation will have to be done to 

see if a benefit is achieved for the PEC in this respect. 

The temperature did not depend greatly upon the charging voltage level for 

each source configuration. Actually, the temperature averaged between 1 e V and 1.2 

e V for all configurations. A positive gun resulted in a higher temperature than a 
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negative gun. Also, the measured temperature was, in general, somewhat lower when 

the coil was in place. The temperature measurement in a single shot by use of a 

triple probe is one of the main accomplishments in this work. The agreement 

between the triple probe measurements made here and the double probe 

measurements by M. Grothaus [3] is good. For a positive gun and no coil, the 

double probe measured temperatures between .9 e V and 1.6 e V over time. The 

triple probe measurement results varied between 1 e V and 1.8 e V for the same 

configuration. Since, the triple probe method is reliable and saves a substantial 

amount of time in measurements and calculations, further development and use of 

this technique would be advantageous in future experimentation. 

In conclusion, the ceramic plasma source produces highly charged aluminum 

and oxygen ions, which have sufficient momentum to pass the extraction region with 

tolerable deflection, for all source configurations. The density and temperature 

measurement show values which approach those mentioned in Chapter I for 

theoretical current extraction of 100 A/cm2
• It was mentioned that this current 

density could be achieved with a temperature of 1 e V and a density of 4 x 1013 cm·3• 

Each configuration affects the plasma in different ways. The negative gun without 

the coil is the leading choice with the present knowledge. 
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600 IOATA 10 VOLTAGE liME PAIRS 
610 I 
620 IF A!f;,.,"y" THEN 

630 PRINT "/\QUIRING CHANNEL I Fl1011 c;coPF2 lOR SPECIES • 
6~0 OUTPUT <i'Sr.ope2,"WAV snc t1FI11 F!IIH1 worm IIEAO OFT EOI orr· 
GS0 Ch$="CitANI" 
660 GOSUB Sr.ope_selup 
670 MAT XI~ X 

680 OUTPUT @Scop~2t"WAV SRC 11EI11 ronr1 WOIHJ IIEAll OFF EOl OFF" 
690 OUTPUT @Scopc2;"0ATA1" 

700 TRANSFER @5cope2 TO @Ruff! ;COUNl 8192,WAIT 
710 ASSIGN @Buff! TO • 

720 P11INT "AQUIHIIJG CltANI~F:L 2 r-1101·1 SCOPI<' 1'011 SPECIES" 
730 OlJTF'tl T @Scopc2; "WAV SHC MEI1:-' FOHM Wllllll IIEAO orr EOJ orF • 
740 Ch$"' "CIIAN2" 
750 GOSUB Scopc_selup 
"/60 f11\T X2"' X 

770 OUTPUT @Scop~2!"WI\V SHC 11EM2 Form WUilll IIEAD OFF EOl OFF" 
780 OUTPUl @Scopc2;"DI\TfP" 
·190 TRANSFER taScone:~ TO @Ruff:~;COIJNI Hl9~ ,WAll 
800 ASSIGN @BuffZ TO • 
810 GOSUU Convert 
820 

830 !SET HALF OF ACCELFI!IHOR P\ILSF Wll>lll 1\S liME 7ERO REFERENCE 
840 ' 
850 PRINT "FINDING TII1E ZEI!O REFEHENCf" 
860 Find_ t l f'lle0: I 
1:170 I..,.,, I 

880 
890 
900 
910 
920 
930 
.9~0 

IF V2< I ,2 )'~-:' 1\NU U~! It I,:')(;' 1\NlJ \J~( l ~~ ,2 ><-~ TIIEN Calc_tiM~0 
601 0 FInd_ t. i f'llC0 

INPUT "00 YOU I..Jf\NT 1\ llflfHJCOPY OF SI'EClES INFORW\TION?" ,lkS 
IF lld-"N" !HEN GOIO I 100 

Calc_lif'lleVl: 

Tirte0-V2< I ,I )IS.~[-fl 
[)$ ..,VI\L $ < I i f'llf'0 > 

OUIPUI @5cope2t"Tit-l !ILL "1\U't. 

11\PPROX. HALF WJOTII OF PULSE 
ICONVfRl 10 Sli11NG$ 01\IA 

ISE l SCOPE lO 11115 OFLI\Y 
OUTPUt (tiPrirdr.r·;CIIR$<:'7>1\."< ... I!l";CIIIl't.(:'"l)I\."M IS" 
OUTP\11 liiPrinten"CIII\IlGINf1 VOLII\fiF IS ";Cv$;"EVOL15" 
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950 
960 
961 
970 OUIPUl taPrini.P-r·;"liME llrLI\Y or 1\I'I'IHIX. ";Su~~c$;" usrc·,· SIIOl I "dJ'S 



990 
990 

. 1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 

-1160 
1170 
1180 

. I 190 
1200 
1210 
1220 

-1230 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 

. 1350 
1360 

. 1370 
1380 

. 139Q! 
1400 
1410 
1420 
1430 
1440 
1450 
1460 I 

OUTPUT @Pr· i nl er 1 CIIIU < 10 I 1 CliP.$< 13 I 1 • T I HE!:! A Sf~ T 
OUTPUT @Pr·tnlN·;CIIR'Ii< I('II;CIIIHiC'"liP."r.IQIS" ·· "1 d$1" uSEC/OIV" 
WAIT 1 
CLEf\R (aScopn2 
OUTPUT ~Scopn2;"PRJNI" 
SEND 7;UNL UNT 
SEND 7 11_ I 5 TEN I 
SEND 7;Tf\LK 7 
SENO 7 1 OAT f\ 
CLEI\R SCREEN 

IPRINI OUT 
lA IIARUCOPY 
IOF lUE SCOPE 
ISCRHN ON TilE 
I TIIINV. JET 

PRINT TABXY<25,RI;"IIf\RUCOPY IN PHOGnESS ... " 

' IFINO SPIV.ES ANU LOCAIF. 50% POINI OH FRUI'Il OF SPH:E 
I 
CLEAR SCREEN 
PRINT "ANALYZING WAVErORH FOR 
TiMoi~VAL<Susec$) 

SPECIES lNOUCEU SPIKES" 
I U!iE IIFlf\Y TIME ENlfREO EI'IRLIER 
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Ve 11-. I • 81/ < T 1 Me I • I • F -G I 
T1Me2=1.9/Vell 

Calc_spile_ti,.,e: I 

z,...,z+l 

I 10 CALCULATE APPROX. PLASMt\ VELOCITY 
I f\NLI FlNll liME WHEN IT ENTERS lllE EMP 

IF Z>8100 HIEN EmJ_sptl c 
IF VI<Z,II>TiMcQHTiMe2 IHFN 

PRINT "Plf\SHf\ ENIFRS 1:1-lP f\1 ";VI<Z,I 1-l1Me0 
WAIT I 
GO 1 0 End_sp il: e 

END IF 
y,.z 

IF VHZ+15,2>-VHZ,n-.-::.BE-3 IIIF.N FinrJ __ h;df 
GOTO Calc_spl~e._ltMe 

Ftnd_half:! 
IF <VI<Z,I I-T1Mo01<2.E-f1 lllfN C;dc:_!ipil·e_liMn 
Y-Y+I 
K..-0 

FOR 1<-A TO llil 
IF VI<YH:,i)'•VI<YH:II,:'> lllf"N Find half 

NEX r I< 

CIIECK dV/dl 

SPIV.E IS TOO EARLY 
SO IGNORE IT 

MAKE SURE SLOPE IS 
! NEGt\T IVE \JNT JL A l OCf\L 
I MIN IS FOUND, THE~ 

IPRINT "l.OCf\IHI SPII<E f\T".~JI<Y,II-Tir•c0 
Vhal f"' < VI ( Y , 2 ) IV I < Z , ~ ) ) I? 

! TillS lS TH1E OF SPIKE 
I FINO 50t POINT OF SPIKE 

IF f\BS<VI<Y,n--VhL~Ifl'.lillil~!:; liiFN 
lqnon~: ! 

IPRINT "SPH:E JGNIIIHIJ" 
Goro Calc_~ptl o_tiMc 

END IF 
nm J.,.,.z 10 v 

IF VI<J,2><Vho\f lliFN C<'llr:_ltr•e 
NEXT J 

I lF SOI7. IS TOO SMALL. IGUORE SPIH 

I fiNO llHE CORRESPONUING 10 S0X 



.::~:~FILL 1\RHI\YS WllH VOLTI\GF TIME Pf\JnS or SPH:E t11N, t11\X, 1\ND 501. POINT 

1490 Calc_llMe: ! 

1500 IF VICY ,I l-VIC,J ,I l<I.SF-0 IIIHI 1~1non~ -1510 Jk,.,Jk+t 

1520 Splke<.H.,I,I 1=-VI<Z,I l-llMe0 
.1530 Spll-.e< Jl:. ,I ,2 >"'VI< Z ,2) 
1540 Spike(J~ ,2,1 >~VIC.J,1 )-llMe0 

.1550 SpHeC J•: ,2 ,2 )"'Vhal f 
1560 Spike(Jk,3,1 l=-V1CY,I >-Tit'le0 
.J570 Spikt!C Jl- ,3 ,2 >"'VI< Y ,:' > 

1 580 Z ,y 1 
I 5 I fiO I 0 011 I Ell 5 WE OF TliE SP H:E 

-1590 GOTO Cc:dc_spil·:e._llMe tl.OUI< FOR HIE NEXT SPH:E 
1600 End_sp H.e: ! 
1610 I 

1620 !OUTPUT SPII<E lli\Tf\ 10 lllf I'RINIFR 
.1630 ' 
1640 CLEI\R SCREF.N 

1650 PRINT Tf\HXYC10,Rlt"SIRH:E ENIER I<EY IF 111\IUJCOF'Y IS COMPLETE" 
1660 INPUT Null$ 
1670 PRINTER IS 7~1 
1680 PRINT 
1690 PRINT 
1700 PRINT 
1710 PRINT 

1720 PRINT " •••••••••••••••••••" 
1730 PRINT "SPiv.E MIN •• 50% •• 

MAX " 
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1740 PRINt "NUMBEU liME VOLtS ••liME VOLTS.. T 
IME VOLTS" 

1750 PRINT " •••••••••••••••••••" 
1760 PRINT CIIRS<2711'."8.1.~5" 
1770 PRINTER IS 7~1tWHHII 1~2 
1780 IMf\GE 4X .~: ,17X ,MO.DOliESZ7 ,OX ,t1U.UIIllE!ilZ ,1fiX ,MU.DUDESZZ ,BX ,MD.DUUESZZ ,19 
X,MO.OOOESZZ,RX,MO.UUUESZZ 
1790 FOR .JM-.1 10 .11 

1800 PRINT USING 17fJ0;.1M,!.ipile(Jr,,1,1 l,Spil.c(JM,I ,2l,Spll·e(JM,2,1 I,SpHeCJM 
,2 ,2) ,SpH:e( JM ,3, I l ,Sfli I r.< .IM ,.3 ,;~ l 

· 1 8 I 0 NEXT J M 

1820 PRIN·r CIIRS<27ll'."li.I:0S" 
1830 PRINT USING ·~.w· 

.1840 PIHNTF.R IS CJH 
1850 GOTO lORI 
1860 ELSE 
1870 GOTO 1081 
1800 END Ir 
1881 NEXT R 
I 908 PRINT "SE 1 riNG UP SCOPE ron 1 E11Prnn tunE t1fMiUUF.t1ENTS • 
I 9 I 0 INPUT "Hf\VE YOU Cllf\NGE£1 SCOI'F ltJPU I 5'1" ,C i !li 



1920 IF C1'5~"Y" THFN GOJU 19Bill 
1930 rR 1 N r .. Cllf)NGE scorr llll'tll 'i .. 
1940 6010 191~ 
1981() 
I 98 I 1<1.=0 
1902 I<J'"'0 
1983 l·:t~lll 

I 990 INTEGER F unc:?, < I : 10~0 l 1111rr Fn 
1991 INTEGER Funcii<1:100Qll !JIIIltn 

1992 f\SSIGN @Buff3 10 IIUFHil rune~< • >lrORI1f\l orr 
1993 f)SSIGN ~Bufrll 10 8UFI"Eil r unci!< • l1rOmlf)l Ort-
1995 OUTPUT ta!kope2 1 "llECf\LL 7" 
I 996 I NPll I "TEMPER() TUllE PIWRE I VOl I f)GF SE I I I NG?" ,PI 
1997 INPUT "1EI1PERf\TUHE PROIJG VOl IMiE SElliNG?" ,P::' 
1998 OUTPUT ~Scope2;"f)Cf) TYPF NOIHIIH:SO 7" 

1999 OUTPUT ~Scope21 "Wf)V snc 11EMI ,2 FOfH1 WOIUJ IIE()O orr EOI OFF" 
2000 OUTPUT ll'Scopr.:'I"DIG I ,2" 
2001 I 

201ll2 CLEf\R SCHEFtl 

2003 PRINT Tf)BXY<2S,7l,"f)F1Fil 11!1<71!U~ Iff)~ OCClJPPFD" 
2004 INPUT "KEEP 1111~; SIIOT'?" ,S$ 
;~005 IF S!li="Y" THEN fi010 illl07 
2VI06 IF S$="N" THEN GOIU 1 !J~lfl 
2007 PRINf Tf\IJXY<25,1n,"JNPUI DE';IIlFil 1111/lliV Hlu~i[C FOil lf:I1P" 
2008 INPUT Ut$ 
2009 OUTPUT @Sc:ope;~;"fll1 SEllS "&lll$r,"r-!J" 
2010 INPUT "OI<? (Y/N)",OI$ 
201 I IF 01·$-c"Y" lltEN 2017 
2012 IF Ok!li~"N" liiEN 
2013 
2014 
:~01 5 
2016 
201 '7 
2018 
~01 !l 
2020 

-202 I 
2022 

-207.3 
20211 
2025 
2026 
2027 
202R 
2029 
2030 
2031 

l:LE()fl SCREEN 
GOTO 2007 

ENU IF 
I 
INPUT "ENTER IJ[SIHED T I~IF IJ[l.f)Y IN uSE!:" ,De$ 
OUTPUT faScope2; "1 JM DLL "lt.llp,$1l,"E-G" 
INPUT "01-:? <Y!Nl" ,OL'$ 
Ir 01.2$,.,"Y" TIIFN ::'C-l:'S 
IF 01·2$="N" HIFN 

CLF()n SCfH-EN 
GOTO 2017 

END Ir 

' I"JR()NSFER TU1PEH()JUEHE Df)lf\ 
PRINT "f)CUUIRJNfi CIIAIJNrt I rrlll 1[111'EI~f)1\JTU:" 

OUTPUT @Sc:opc~; "Wf)V ~;He 1'11:1·11 rOnt1 ~JOIH> IIE()ll orr EOI orr· 
Ch$,."CIIf)N1" 
GOSUIJ Scopc __ sc lup 
Mf)T X3= X 

T @ ., "'I"':J S"C: MU11 roru-1 ~JOHn IIE()IJ OFF EOI OFF" OUTPU Scope .. ; v" " 

80 



2033 
2034 
2035 
2036 
2037 
2038 
2039 
2040 
2041 
2042 
2043 
.2044 
2045 
2046 
2047 
2048 
2049 
2051 
2052 
2053 
2054 

·2055 
2056 
2057 
2058 

. 205~1 
20G0 
2061 
2062 
2063 
2064 
2065 
2066 
2067 
2068 

OUTPUT @5cope2;"UI\TA?" 
TRAt~SFER @Scope:~ 10 @lluff3;COIINI lfli0~.WIJT 
ASSIGN ~Buff3 10 • 

PRINT "ACQUIHING CII/\NNI:l. ;.: I Oil lHIPlllf\IIII!E" 
OUTPUT ~Scope2; "WI\\J SHC I·IU1:~ I OHM t.JOIHJ lllf\0 OfF EOI OFF" 
ChS= "Cl II\N2" 
GOSUB Scope __ 5e lup 
MAT X4= X 

OUTPUT @Scope2; "WAV SHG t11:M2 FOHM WilfUl IIEAO OFF EOI OFF" 
OUTPUT ~Scope~;"fll\ll\?" 

'TRANSFER ~Scope2 Hl @Buffoi;COUNT 1~00,t.Jf\IT 
ASSIGN @Buff4 10 • 
GOSUH Cur-rent 
fiOSIIB TeMp 
OUTPUT mscope2&"LOC/'\L" 

PRINT "ADJUST W/'\VEr-OHI1 rem PIHIH ltiG. 1'11[55 ENTER I.JIIEU READY" 
I Nf'LIT Nu 1 I$ 
OUTPUT @Scope::?; "RH1lllE" 

INPUT "00 YOU Wf\tH A PfllNl IIIII Or lUII'fiHHlJHE WAVHOili'IS?" ,WS 
IF WS="N" flt[N GOTO :~r.:rtt 

OUTPUT @Pr·inler;CilR$('27)1\"(~I£1";Citll$1n)l\."11.1 IS" 

OUTPIII @Prinler;"PROBE II ";PI;" VOLIS. PIWUE 12 "1P~1· VOLTS." 
OUlPUT @Pr·inler;"TH1[ lllli\V or ";ll!l$;" uSEC";" SltOl I "1NS 
OUTPUT @Prtnler-;CIIfl$1 lfll);CIIH$(1Jl;"I1Mfi1ASE- ";Ots,· uSEC/DIV" 
OUTPUT @Pr·lnter·;CIIR$( 10 l;CIIII'Ii< -:.7 )1\,"1\1 vt:.• 
WI\ If 1 
CLEAR @Scope2 
OUTPllf @Scope2;"PHIN1" 
SEND 7;UNL UNI 
SEND 71 LISTEN 1 
SEND 7; TAU: 7 
SEND 7;01\TA 
CLEAR SCREEN 
PRINT TABXY<25,7);"11AHOCOPV 11'1 I'IHlr.nr:.ss• 

' 2069 !PRINT RESULTS 
2070 ' 
2071 INPUT "PRESS ENtER Wlll.N llAIWCOPV IS COt11'LEil" ,M 

2072 ' 
2073 PRINTER 15 701 
2074 PHINl 
~~075 PRINT 

PRINT 
PRINl 
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.2076 
2077 
2078 
2079 
2080 
2001 
2082 

PRINT " CllllRHil Rf\ ll US II. TEMPERATURES VERSUS T I ~IE" 
Nl =(( X3< 8 l-X3< 5) l/X3< I ll t X3<3) 
N2=((X4(8l-X4<5ll/X4< 1 lHX4(~) 
PRINT " IR 
FOil 1\==1 fO 105 STEP 3 

T lME" 



2083 
2Ql8" IMAGE IIX ,MO.OUO[SZZ, I~X ,f'ID.IIIIIJESU, 10X ,MO.UiliJESlZ 

PRINT USING ;'003;Jr-0:,2>,1<1:,;'l,Jr<l:,l l 
NEXT I< 
PRJNTER TS Clll 
GO TO End __ proq 
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2085 
2086 
2087 
2088 
2089 
2090 
2091 

II 111111111 II II II I I I I I I I I I I I I II I I I I I I I I I I I II Ill II II I IIIII I I II II I I Ill I I I I I I 
I SLIUIHIIII I Nf .. r, 
I! I I I I I! I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II II! I II 11 1 I I 1 1 I I II I I I 
I 

2092 Scope_setup: I LOADS 11·1 PAPM1ETERS fROM filE 0-SCOPE 
2093 PRINT "Pf'IRf'IMETFH:. TRf"ltJSflRRIN11 ... " 
209" OUTPUT @Scope2;"XINC?" 
2095 ENTFR @Scope2;XC I l 
2096 OUTPUT @Scope21"YINC?" 
-2097 ENTER @Scope2;X<~l 
2 I 00 OUTPUT @Sr.ope2 1 "Xll[f'1" 
2110 ENTER (115cope2!XC]) 
2120 OUTPUT @Scope2;"YREf?" 

2130 ENTER @Scope2;XCII > 

2140 OUTPUT @r.cope2; "Xflf!G?" 

ENTER @5copc2;X<S> 
OUTPUT li'Scope2;"YOflG?" 
ENT~R @r.copc~;X<G> 
OUTPUT @Scop~2;Ch$ 
OUTPUT @Scope21"flf"ING['1" 
ENTER @Scope2;XC7> 

ourruT @Scope~;"IJMEOASE" 
OUTPUT @Scope2; "lltl'7" 
ENTER @Scope2tXC0) 
RETURN 
I 

2150 
:2160 
2170 
2180 
.z 190 
2200 
2210 
2220 
2230 
22110 
2250 
2260 
2270 
2280 
n90 
:2300 
;'310 
~320 

·2::':30 
~~ 340 
2350 
2360 
:!370 
2380 
2390 

.2400 

I I I I I I I I I I I I I I I II! I I I I I! I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I II II I I I I I I I I I I I I Ill 
I 

Conver·l: I Cllii'J[ R f I) (I I A r 0 VOl. T 1\GE T I 11f PAIRS 
PRINT "CON'JEill JfJG TO VOl l(l(if' llllr Pf"lln!i ... " 
PH TNT " C:IIMII ..... 

FOR ~Jml 10 81~! 
VI ( I< l , 2 ) "' (( r 1111c I ( I< i ) - X I( -1 )) • X I C ;' )) I X I ( r; ) 
V I C 1\ i , I ) ~ ( ( I< i · X I ( :1 ) > • X I ( I ) > I X I < ~~ > 

NEXT 1<1 
PRTNI " Cllf"ltl~ ..• " 
ron l<r:"" 1 To n 1 !.1~ 

V2 ( K I . 2 ) m ( ( r II !If:~ ( 1·: I· ) .. X~ ( " ) ) I X~~ ( ;' ) ) ' Y. .' ( G ) 
V2CI<I ,I >~<O:I·X~<3»•X:'CI ))IX:'C!:d 

NEXT 1<1 

REllJRN 
~ 4PII Currem t: I 

21102 PRitH "COI·I\IERTINC; Uf"llf'l 10 CIHWFI~I f"lllnt'WS ... " 
2""'3 PRINT "CIIt1N1" 



2404 
2405 
240G 
2407 
2408 
2409 
2410 
2411 
2412 
2413 
2414 
2415 
2416 
2417 
241£1 
2419 
2420 
2422 
2423 
2424 
2425 
2426 
2427 

-2428 
2429 

-2430 
2431 
2432 
2433 
2434 
2435 
2436 
2437 
2438 
2439 
2440 

FOR Ki•l TO 1000 
T I= (( 1\ i-X ::H 3 ) ) • X J < I ) I 1 X .H !:d 
IF T I <X3< 0 I TIIEN liOTO ~~4"~1 
I I ( l<i , ~~ ) = ( ( ( ( F 11 nc :H I< i ) X :5 ( 4 I ) • X ."i< ;~ ) I I X J ( (, 1 ) ) 1 I J. ll 
II n: i , I ) = ( <l<i · X 3 t::i ) I • 0 I I I I 1 X] I ! . .> 
NEXI ~:t 

PR IN r "CIII'IN2" 
FOR K~=l 10 1000 
1 2 = ( ( V.l:- X 4 ( 3 ) ) • X 4 ( I ) ) t X 4 ( !:i ) 
IF T2 :x4 < 0 I lllfN GOTO :!4 I G 

I 2 O: I:. , 2 I=< ( < < F u nc 4 < IU I X 4 < 4 I > • X 4 < ~ ) > 1 X 4 ( r; ) I ) I I J • R 
121V.~ ,1 ) .. ((K~·-X4(J))•X4< I 1)1)(4(51 
NEXT IU 

NI=((X3181-X3(5)11X3< I I)IX.=H3) 
N2 = < < X 4 ( B l- X 4 < 5 I l I X 4 < I > )I X 4 < j > 
FOR Kj=l TO S00 
ON ERROR 6010 2424 

I r· I V. J , 2 ) = ( ( 2 • I I <Jo: .1 I N I , ~ I I I I :~II~ i II-J2 , 2 I I I I I I 0: j IN I , 2 I I( :! 1 12 ( V. J 1 N2 , 2 I I I 
Ir<l<j ,I >"'II o:.;~NI ,I I 
NEXT I< j 
RETIJRN 

Ter~p: I 
PRINTER IS CRT 
PRINT "CREATING IEMPEflf\IIJnE r!f\110 1\Uilf\Y" 
Z=.01 
ron G=l To 1500 
E I = ( 1 - ( E XP ( ( ···I • 6[ -· I !1•,., I ) I ( I Hi0ft'l• I . JOE- ;~:~I l ) ) ) ) 
E2= ( I - ( E XP ( ( ·-I . GE- I 9. r' 2 ) I ( I Hi00. I . 3()[ -:·:~I z ) ) ) ) 
R-=E I /E2 
Tr<G,II=Z 
Tr-<G,21=fl 
Z=H.01 
fJFXT G 
! 

PRINT "MIHCIIING Vf\LUF.S" 
r OR IJ= I 1 0 300 

~~441 ron Y= I TO I fi00 
2 4 4 2 IF J r < 1J , 2 I> I OR I r· < W , ::? I" I 1 liEN GO I 0 :~ 4 ~i0 
:~443 IF lr!W,21=Tr·<Y,:!I IIIEN GlHO ~4-17 
2444 Ir Jr(IJ,21<lr<Y.~> lJIU.J 0010 ;'4lili 
:~ 4 4 5 I F I I ( IJ , 2 H 0 Cln I ~ ( ~J , :• > ' 0 II IHI 170 £0 ~ Mi"l 
2446 GOTO 2453 
:~447 ·rcW,21-=Tr-<Y,II 
2440 TCW,I )=Jr-<W,I I 
;~449 GOTO 2467 
2450 TCW,21=··1.E--J 
2451 TCW,I 1-=lr<W,I) 
2452 Goro 24G7 
~453 I'I=TrC Y- I ,2 I 
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2454 
2455 
2456 
2457 
2458 
2459 
2460 
2461 
2462 
2463 
2464 
2465 
2466 
2467 
2468 
2469 
2470 
2471 
2472 
2473 
2474 
2475 
2480 

R=Ir<W ,2 > 
C=-Tr<Y,2> 
D= T r· ( Y -- I , I > 

F=ldY,I> 
lk=R-C 
Ac=t,-r. 
Df=O-F 
Ef,.,<Bc/1\c: >•llf 
E=Ef •F 
1 < W, 2 >=E 
T ( W , I >"' I r· < W , I > 
GOTO 2467 
NEXT Y 
NEXT W 
RETIJRN 

End __ Jlrog: I 

OtJTPtJT @Scone2;"LCICAL" 
INPUT "ANOTHER SIIOT?" ,Yr1$ 
IF Yn$="Y" THEN GOTO llt?Vl 
CLEAR SCREEN 

PRINT TABXY< 30,8 >; "TIIANI< YOtl" 
STOP 
FND 

84 


	31295007098964_0000
	31295007098964_0001
	31295007098964_0002
	31295007098964_0003
	31295007098964_0004
	31295007098964_0005
	31295007098964_0006
	31295007098964_0007
	31295007098964_0008
	31295007098964_0009
	31295007098964_0010
	31295007098964_0011
	31295007098964_0012
	31295007098964_0013
	31295007098964_0014
	31295007098964_0015
	31295007098964_0016
	31295007098964_0017
	31295007098964_0018
	31295007098964_0019
	31295007098964_0020
	31295007098964_0021
	31295007098964_0022
	31295007098964_0023
	31295007098964_0024
	31295007098964_0025
	31295007098964_0026
	31295007098964_0027
	31295007098964_0028
	31295007098964_0029
	31295007098964_0030
	31295007098964_0031
	31295007098964_0032
	31295007098964_0033
	31295007098964_0034
	31295007098964_0035
	31295007098964_0036
	31295007098964_0037
	31295007098964_0038
	31295007098964_0039
	31295007098964_0040
	31295007098964_0041
	31295007098964_0042
	31295007098964_0043
	31295007098964_0044
	31295007098964_0045
	31295007098964_0046
	31295007098964_0047
	31295007098964_0048
	31295007098964_0049
	31295007098964_0050
	31295007098964_0051
	31295007098964_0052
	31295007098964_0053
	31295007098964_0054
	31295007098964_0055
	31295007098964_0056
	31295007098964_0057
	31295007098964_0058
	31295007098964_0059
	31295007098964_0060
	31295007098964_0061
	31295007098964_0062
	31295007098964_0063
	31295007098964_0064
	31295007098964_0065
	31295007098964_0066
	31295007098964_0067
	31295007098964_0068
	31295007098964_0069
	31295007098964_0070
	31295007098964_0071
	31295007098964_0072
	31295007098964_0073
	31295007098964_0074
	31295007098964_0075
	31295007098964_0076
	31295007098964_0077
	31295007098964_0078
	31295007098964_0079
	31295007098964_0080
	31295007098964_0081
	31295007098964_0082
	31295007098964_0083
	31295007098964_0084
	31295007098964_0085
	31295007098964_0086
	31295007098964_0087
	31295007098964_0088
	31295007098964_0089
	31295007098964_0090
	31295007098964_0091
	31295007098964_0092

