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ABSTRACT

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/cm? is theoretically possible. In order to achieve this
desired current density, certain temperéture, 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.

v



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 1

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/cm?’ 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.



[¢] spomie)) 95pg 'wse|q © jo 1d9dU0)
151

) - L3 VINSV'Id

VINSYId 4 NND VINSV1d
IVIXVOD
anid
NOLLDVILXE
YYyvyyYyrvyyy
Wvad
NOYLOTTH

S TDVISEO

ONILSVO-MOdVHS



3

The following relationship between the source limited current density, j,,,, and

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

nzj‘““( kT, ]% , (1.1)

e (2 nmm,

where k is the Boltzmann’s constant, T, is the electron temperature, and e and m are

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

to be achieved at a temperature of kT, = 1 eV, the density must be 4 x 10 ¢cm?,
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 (12)
av _ 4
P = p
o _ A . (1.3)
o

These equations can be written in one dimension as

9l
adv,. -(1+2kT, ( n ](Y -2 n, (1.4)
Y |—
no

and
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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=ma. Since distance can be related to acceleration by

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/v,, where D is the distance the particle will travel in
the axial direction due to its velocity in that direction, v,, the following expression can

be obtained.

1+2kT, 167 1

2
Asel- 2| (D . (1.7)
M, 1072 v

4

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, ~ .5, can be combined with a typical

temperature of kT, = 1 eV and




5

Further, it is desired that As < .5 cm and the travel distance can be taken as ~5 cm.
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, v2?> (1 +2) (6667 X 10 [] (1.8)

For O*', an ion typically found in this plasma, this expression translates to a
minimum velocity of 1.41 cm/us. 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 curreﬁt 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 11

EXPERIMENTAL SETUP: PART I

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 wﬁich 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 Torr with a Varian diffusion pump. The system arrangement is shown in

Fig. 2.

Plasma Gun
Six parallel .05 uF capacitors were arranged in 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.
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The source circuit can be analyzed as an RLC circuit. The current through

the loop is given by

V(0)

I(r) = o, L e sin(ow, 1 (2.1)

where w, is the ringing frequency and « 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,

s
o, - (L_IC) , (22)
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% Al,O,, 7% SiO,, 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
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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 cm for a total length of 3.2 cm.

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 kQ resistor insulates the current signal
from the DC power supply. Also, the 1 uF capacitor isolates the DC bias from the
scope. The 50 Q termination together with the coupling capacitance, results in a 50
us time constant which is sufficient for the duration of plasma in this experiment.
The first probe was placed at 25.4 cm from the source and the second at 131.4 cm.
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=nzAev , (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 = n, = z n, the equation can be rewritten as

I

n = —
¢ Aev

2.4)

Plasma probes are somewhat inaccurate due to secondary electron emission.

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 cm 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 Q 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 cm away from the acceleration gap. The
detector is an EMR Model 510W-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, v,, and will be accelerated by the same potential. After acceleration,
the time, t, it will take an ion with a mass, m, , and a charge, q, to traverse a given

distance is

- L ™ , 2.5)
2q U+ m v}

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 qU = zeU 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
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M _ e 2U
z amu L2
7

e (26)

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 111

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,/M,)", the ion current which will be collected is

kT \1
I=ne A (M‘)z , (3.1)

i

where ng is the plasma density at the edge of the sheath. The sheath density is
approximated by ¥2 n_ [10]. When this substitution is incorporated into in Eq. (3.1)

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

kT,
I - % n,e, A ( M‘)’ : (3.2)

i

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, vy, and recording the corresponding waveforms, a curve of probe current
vs. potential difference can be obtained. From a semi-log plot of In I vs v, 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

IL=L+1I . (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% cm. The mean free path was calculated to be 2.4 cm and the ion sheath

thickness is 7.4 x 10* cm. These values make the aforementioned assumption valid.
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The instantaneous probe currents flowing into the probes can now be written

as [11]
e,V
(' k Tfl) (3.4)
I =-SJ, e + 5T (V)
e, Y
) ( ; {') (3.5)
L=-SJ, e + 84, (Ve)
and
_‘o VPJ
L =-SJ, e( * T ) + ST, (Vo) G6)
where
kT \2
J = — |2 37
e = M (2 7 m‘) (3.7)

In the equations above, J, is the electron saturation current density, J; 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 eV, 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
Ve = Ve =Vyyand Vyy -V, =V, (3.8)

the following relationship is found

(=)
Il + 12 1 - e ch

= . 3.
Il + 13 _eo VS) ( 9)

l—e( ET,

Since the relationship is known between I; and the outer probe currents, I, and L,
the temperature can be determined from a measurement of any two of the three
currents. In Eq. (3.9) T, 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 T,. Fig. 7 shows a graphed version of the table showing the correlation
between T, and the left side of Eq. (3.9) for V,=2.5 V and V,=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, 12". 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 kQ potentiometer in parallel with a capacitor. The capacitor
provides for a time constant of 27.6 us, with the 13.8 Q 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 us at 25.4 cm from the source. Thus, the
necessary frequency range was 40 KHz to 10 MHz. For the chosen transformer, the
insertion loss is less than 1 dB for 20 KHz 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,/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
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| 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 Q. So, two 25 Q, 10% tolerance, resistors were placed in parallel
as the load. The actual resistance value turned out to be 13.8 Q. 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 us, 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 cm 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 mA and 33 mA would give a ratio of .9. For bias potentials of 2.5 V
and 4 V, this corresponds to a temperature of 1.2 eV. 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 mA and 33 mA 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 cm. 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 us to 103 us in increments of 5 us. 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
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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 cm/us and 4 to
5 cm/us, 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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0.00 s 100.00 ses 200.00 ses

Ch. 1 = 300.00 mVolis/div Offset = 450.00 mVolts
Ch. 2 = 4.00 mVolts/div Offset = 6.00 mVolts
Timebase = 20 ysec/div Delay = 0.0 scc

(a)

0.00 s 100.00 ps 200.00 s
Ch. 1 = 300.00 mVolts/div Offset = 450.00 mVolts
Ch. 2 = 4.00 mVolts/div Offset = 6.00 mVolts
Timebase = 20 usec/div Delay = 0.0 sec
(b)
Fig. 14

Typical Flux Probe Mcasurements for Positive Gun Polarity
() No Coil (b) With Coil
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0.00 pes 25.00 ps 50.00 us
Ch. 1 = 4.00 Volts/div Offset = 4.00 Volts
Ch. 2 = 10.00 mVolts/div Offset = 10.00 mVolts
Timebase = 5 psec/div Delay = 0.0 sec
: (a)

0.00 us 25.00 pus .00 ses
Ch. 1 = 4.00 Volts/div Offset = 4.00 Volts
Ch. 2 = 10.00 mVolts/div Offset = 10.00 mVolts
Timebase = S usec/div Delay = 0.0 sec
(b)
Fig. 15

Typical Flux Probe Mcasurcments for Negative Gun Polarity
(a) No Coil (b) With Coil
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n,=n rp?, (4.1
where n, is the initial density, n, is the density at a distance r, 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.

n r? =nnp (4.2)
which can be rewritten as
n
log =
n
p= z, (4.3)
T
log =
r

Density was measured at 25.4 cm and 131.4 cm in this experiment. Typical densities
at those two points are 1.06 x 10" cm™ and 1.04 x 10" “™-3: respectively. From Eq.
(4.3), p is calculated to be 2.81. Thus, calculations reveal that the density falls off
with approximately 1/r* 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 =< 1/r’. 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 cm, approximately 30 us, is
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much greater than that at 25.4 cm, approximately 15 us. 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
439% 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 cm 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 us 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 cm 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,/t,, where s, is the distance from the source to the acceleration
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gap and t, 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 us to 103 us in increments of 5 us.
These delay settings correspond to initial velocities of 13.92 cm/us to 1.76 cm/us,
respectively. For a negative polarity, species were detected with the early delay
setting of 13 us. These detected species are O°*, O, 0%, O**, 0**, Al**, and AP*.
With positive polarity, however, the species do not appear consistently until 23 to 28
us 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%. O°* and AI®* 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*, O**, Al*,
and AI** are detected with a delay setting of as long as 103 usec, which indicates
initial velocities down to 1.76 cm/us. 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 eV and 1.4 eV. 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 1. 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% ALQ,, the presence of these ions makes sense.
In some shots ions from the electrode were detected. These were Ni, Fe, Cand 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 O?* if Figs. 37 and 38. In
Fig. 37 this species is detected only with delay settings of 33 us to 103 us. In the
other graph O’* is seen at delays as early as 13 us. 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 10** cm?,
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 cm/usec. 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 eVand 12

eV 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 eV and 1.6 eV over time. The
triple probe measurement results varied between 1 eV and 1.8 eV 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 1 for
theoretical current extraction of 100 A/cm® It was mentioned that this current
density could be achieved with a temperature of 1 eV and a density of 4 x 10 em™.
Each configuration affects the plasma in different ways. The negative gun without

the coil is the leading choice with the present knowledge.



10.

11.

12.

REFERENCES

Zieher, KW "A Plasma Edge Cathode Scheme," 1986 IEEE Intl. Conf. on
Plasma Science, May 19-21, IEEE Cat. No. 86CH2317-6, p.12.

Zieher, K.W. "Proposal of a Simple Plasma Edge Cathode,” University of New
Mexico, IAPBT 85-2, 1985, (unpublished). Y

Grothaus, MG "Experimental Investigation of a Plasma Edge Cathode
theme for High Current Density, Long Pulse Electron Extraction," Phd.
Dissertation, Texas Tech University, Lubbock, Texas, May, 1990.

Swift, J.D. and Schwar, M.J. Electrical Probes for Plasma Diagnostics, Am.
Elsevier Pub. Co., N.Y., 1969.

Buraczyk, D. "Mass Spectrometry of a Fast Plasma Jet," Master’s Thesis, Texas
Tech University, Lubbock, Texas, May, 1990.

Mendel, C.W., Zagar, D.M,, Mills, G.W., Humphries, Jr., S., and Goldstein,
S.A. "Carbon Plasma Gun," Rev. Sci. Instr., 51(12), Dec., 1980, pp. 1641-1644.

Humphries, Jr., S., Mendel, C.W., Kuswa, G.W., and Goldstein, S.A. "High-
Intensity Carbon Ion Injector,” Rev. Sci. Instr,, 50(3), Aug., 1979, pp. 993-996.

Baumhakel, R., "Elektromemenission von Intermetallischen Verbindungen bei
IonenbeschuB," Zeitschrigt fur Physikk, no. 199, PP. 41-55, Sept. 1966.

Chung. P.M,, Talbot, L., and Touryan, K.J. Electric Probes in Stationary and
Flowing Plasmas: Theory and Application, Springer-Verlag, N.Y., 1975.

Chen, F.F. Introduction to Plasma Physics and Controlled Fusion, 2nd Ed.,
Plenum Press, N.Y., 1985.

Chen, Sin-Li, and Sekiguchi, T. "Instantaneous Direct-Display System of
Plasma Parameters by Means of a Triple Probe," J. Appl. Phys., 36(8), Aug.
1965, pp. 2362-2375.

Kunieda, S., Kawashima, N. and Mori, S. "Research Notes: Electron
Temperature Measurement of a Plasma from a Plasma Gun by Means of a
Triple Probe," Journal of Nuclear Energy: Part C, Vol. 7, pp. 175-177.

74



APPENDIX

COMPUTER PROGRAM LISTING

75



10 ‘.ll!.ll'll'llllll!lllllllllll!l

'llIllII'.II!IIIII.'II'I'IQII'.!l.llll..l'
20 EEXERE

30 Fasunoe DATA ACOUISITION PROGRAM

AQ IEXEEEY) . ss9s v
50 'll'...ll.llllllllI'l'lI'llll'Illllll'Ill'l'lllllIIll"l.'.ll'lll"""'.‘
60 PRINTER IS CRY

70 !

80 TOTMENSTON ARRNAYS AMD SET UP PATIE NANLES

.90 |

100 FOR R=1 10 3
101 CLEAR SCREEN
110 OPTION BNSE 1|

120 DIM v1<0t92,2),v2(0192,:),x|(|:0),xz<|:0)_x<1:9),x3(|:e),x4(|:n)

130 DIM II(l@ﬂO,Z),l?(l%ﬂﬂ,?),lr(SQﬂ,Z),1r(lSﬂﬂ,Z),1(30ﬂ,2),Snlke(|5,3,2)
-140 INTEGER Func!1(1:8192) BUFIER

150 INTEGER Func?(1:8192) PUITER

180 JF=0
19@ 19
200 71=9

210 NSSIGN ®Bufft 10 BUFFER Fancl Co)sFORMND OFF

220 NSSIGN BBuflf? 10 BUFFER Func2C« )y ;8 ORMAL OFF

250 NSSIGN RScope? 10 707

270 ASS1GN BPrinter 10 701

280 !

281 INPUT "DO YOU WANT 10 NCQUIRE SPECIES DATA?"  SdS

2872 IF Sd$="N" THEN GOT0 1908

90 ISET UP SCOPE 10 DO MEASUREMENITS

300 |

310 INPUT “ENTER CHNARGING VOLINGE" Cvh

320 INPUT "ENTER SHOI NUMBER" N%

330 PRINT "SETTING UP SCOPE 10 DO COMPOSTTION MEASUREMENTS™
340 CLENR 707

259 OUTPYT BScope?s"SioP*

360 ouTPUT BScope?; "RECHALL A"

370 INPUT “DELAY SFTTING IN USEC fOR SPECIFES DETECTION? " ,Susec$%
380 U$~Susect8"E-G"

390 OUTPUT @Scope; " T1M DEL "&U

400 OUTPUT @Scopel;"NCO TY'E NORHM RESO 5*

410 OUTPUT BScopel;"WNAY SRC MEMTE Y FORM WORD HEAD OFF FOYI OrF-
420 OUTPUT @Scope2:;"DIGI 2"

430 CLEAR SCREEN

440 PRINT TABXY(25,7) ,"AFIFR IRIGGER HAS OCCHURRED "V ADJUST

450 PRINT TARXY(2S,8)," [IHPUT TIME/DIV IN USEC” I TIME PER
460 OQUIPUT BScopels"1IM SENS S0-R" ! UlVlSlON
470 INPUT 1ds% I NS NEEDED
180 OUTPUT @Scopel? s TIM SENS "REdsSR "I -6 1 T0 VIEW

490 INPUT "OF7?7 (Y/N)"  1dyns%®  OUIPUT IN



500
519

520
530
540
550
560
570
580
590
600
610
620
G30
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
819
820
830
849
850
860
070
880
890
‘900
910
920
930
940
950
960
961
970
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IF Tdyns8="Y" THEN 560

IF Tdyns$~"N" THEN ‘ g%ggIBLE
CLEAR SCREEN ' FASHION
60TO 450

END IF

GOTO 450

INPUT "SAVE SPECIES DATNA7 Y/t nw
CLENAR SCREFN
|
ITRANSFER DATA NN PARNMETERS ROM S(
10NTA 10 VOLTAGE 11ME PNIRS
|
IF As="Y" THEN
PRINT “AQUIRING CHANNEL 1 FRON SCOPE2 FOR SPECIES *

QUTPUT @Scope2; WAV SRC MEMI FORM WORD HEND OFF EQI OFF*
Ch®="CHANI "

GOSUB Scope_setup

MAT X1= X

OUTPUT @Scope?2; "WAV SRC MENMI FORM WORD HEND OFF €01 OFfF "
OUTPUT BScope?;"DATA?"

TRANSFER ®Scope? TO @Buff1;COUNT 8192 WNIT

ASSIGN @Buffl 1O »

PRINT "AQUIRING CHANNFL 2 FROH SCOPEY? FOR SPECIES®

OUTPUT @Scope2; "WAV SRC MEM? FORM WORD HEAD OFF EOI OFF*
Che="CHAND "

GOSUB Scope_setup

MAT X2= X

OUTPUT ®Scopel;"WAV SRC MEMZ FORM WORD HEAD OFF EOIL OFF "
OQUTPUT @Scopel;"DATA?"

TRANSFER @Scope 10 @Buff2:COUNI 8192 WL T

NSSIGN BBuff2 TO

GOSUB Convert

|

iSET HALF OF NACCELFRATOR PULSE WIDIH NS TIME 7ERD REFERENCE
!

FRINT "FINDING TIME ZERO REFERENCE"

OPE TO BUFFERS ANU CUNVERTS

Find_time®:!

I=141

IF V2C1,2)<-2 AND U2CH) 2040 AND V2(1+2,2)<¢=2 THEN Calc_tim=0
G010 Find_time® ! .

INPUT "D0 YOU WANT A HARDCOPY OF SPECIES INFORMATION?" Hc$

IT Hed="N" THEN GOIO 1100

Calc_timed: |

Time®-VU2(1 1 )15.2(-8 INPPROX . HALF WIDTH OF PULSE
OF-=-UALS(Time®) TCONVERT 10 STRINGS DAIN
OUIPY1 @Scopel:t”"TIM OLL "R0% ISET SCOPE 10 ITHIS DELANY

OUTPUT @Printer iCHRF(Z7IB" (518" ;CHRF(DTIB"RI IS” )
QUTPUL ®Printer; "CHARGING VOLINGE 15 ";Cv$: HVOL]S‘ . e e
OUTPUT @Prinbter;"TIME DELAY OF APPROX. "3Susec$:” uSICTy SHo tH!



980
990

-1000
1010
1020
1030
1040
1050
1060
1079
1080
1090
1100
1110
1120
1130
1140
11509

1160
1170
1180

1190
1200
1210
1220

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

1350
1360

-1370
1380

<1390
1400
1419

1420
1430
1440
1450

14601

ouUTPULTY @Pr‘intf.‘.r‘lCHR!ﬁ(lO) C
oOUTPUT OPrinter ; CHRE( | ‘F

WATIT

CLEAR ®Scope?

OUTPUT @Scope2;"PRIMT"
SEND 7;UNL UNT

SEND 7:LLISTEN

SEND 7:TALK 7

SEND 7:0NnTA

CLEAR SCREEN
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HREC13) 4" TIMEBNSE ~ "+Td%$+" uSEC/DIV"
PYCHRBC27 8" 61 AG "

"PRINT QUI

'n HARDCOPY
10F THE SCOPE
'SCREEN ON THE
VIHINK JET

PRINT TABXY (25,83 "HARDCOPY IN PROGRESS ., ., "

|

CLENR SCREEN

PRINT "ANALYZING WAVEFORM FOR

Timol=VAL(Susecs)

Vell=1.81/(Timel*l.E-B)

Time2=1.9/Vel |

Calc_spite_time: |

I1=1+1

IF 72>8100 THEN End_spile

IF UICZ 1) Time@4Time2 THFN
PRINT "PLASMA ENTERS EMP nl
WNAIT
6010 End_spike

ENOQ IF

Y=7

IF VI(Z+1S5,2)-V1(7,2).-7 . BE-3

GOTO Calc_spike time

Find_half: |

IF (VI1(Z 1) -Time@)“2.E~-F THEN

Y=Y+|

¥-0

FOR ¥-0 T0 10

IFIND SPIKES AND LOCHIF S@% POINT OM FRONT OF SPIKE

SPECIES INDUCED SPIKES®

' USE DFLAY TIME ENTERED EARLIER
! 10 CALCULATE APPROX. PLASMA VELOCITY
I AND FIND TIME WHEN 1T ENTERS THE EMP

"sVICZ 1 )-Time0

THEN Find_half } CHECK dv/dt

Cale_spile_time ' SPIKE IS T0O0 ENARLY
! S0 IGNORE IT

t MAKE SURE SLOPE IS

IF VICYHE 2 V1Y HEN T ,2) THEN Find hal f I NEGNATIVE UNTIL A LOCAL
NEXT K ! MIN IS FOUND, THEN
IPRINT “LOCATED SPIKE AT* UI(Y 1)-Time@ ! THIS 1S TIME QF SPIKE
Vhal f=(Vi(yY 20102 .20 /7 I FIND S@% POINT OF SPIKE
IF ABSCVICY ,2)-Vhall) .0075 1HEN I IF 50% IS T00 SMALL, 1GNORE SPIKE
Ignore: |

IPRINT "SPIKE TGNORFD™
GOT0 Calc_spile_time
END IF
FOR J-7 10 Y

IF UIad ,2)<Vhalf HIEN Cale_time ' FIND 1IME CORRESPONDING 10 S0%

NEXT J



::gngILL ARRAYS WITH VOLTAGE TIME PAIRS OF SPIKE HIN, MAX, AND S0% POINT
1499 Calc_time: |
1500 IF Vl(Y,l)—Vl(J,I)fI.SF—G THEM  Tgnore

1519 Jh=Jk+1
1520 Splke(Jk,l,l)=Vl(Z,|)-llmeﬂ
1530 Splke(Jk,l,2)=Vl(Z,2)

1540 Snlke(Jk,Z,l)=UI(J,I)—llme0
1650 Spikte(Jk ,2,2)=Uhalf

1560Q Spike(Jk,B,l)=Ul(Y,I)-Time0
1570 Splke(JP,3,2)=Vl(V,?)

1580 1=Y115

.1590 GOTO Cale_spike time

1600 End_spile:!

16O 10 OTHER SIDE OF THE SPIKE
"'LOOK FOR THE NEXT SPIKE

16190 |

1620 TOUTPUT SPIKE DATA 10 THE PRINIER

1630 !

1640 CLEAR SCREFN

1650 PRINT TNABXY(18,8);"SIRIKE ENIER KEY 1F HARUCOPY IS COMPLETE"

1660 INPUT Null®
1670 PRINTER 1S 701
1680 PRINT **

1690 PRINT "

1700 PRINT **

1710 PRINT **

1720 PRINT * PuenRneIIRRERERBENOS"

1730 PRINT "SPIKE MIN e 50% "
MAX "

1740 PRINT "NUMBER IME VoL 1S v | IME VOLTSs s

IME voLTS”

1750 PRINT "TRasNoENRBERIRANEP R

1760 PRINT CHR®(27)R"&L25"
1770 PRINTER IS 701:WIDFI 142

79

1780 IMAGE  AX K 17X MD.DNDESZ7 ,8X ,MD.DDVESZ2Z 16X ,MD.DDDESZ7 ,8X ,MD.DDDES2Z ,18

X ,MD.DDDESZZ ,8X ,MD.DDDFSZ2
1790 FOR Jm=1 T0 Ji

1800 PRINT USING 178@;.0m ,Spitetdm, 1 ,1) Spitetdm 1 ,2) Spitetdm 2,1) Spite(Im

,2,2),8pikeldm,3,1) Spileldm,3,)
1810 NEXT Jm

1820 PRINT CHR&(27)8"81:06"

1830 PRINT USING "@ #"

1840 PRINTER 1S CR1

1850 GOTO 1881

1860 ELSE

1870 GOT10 1881

1880 END 1IF

1881 NEXT R

1908 PRINT "SEITING UP SCOPE MOR TEMPERATURE MEASUREMENTS®
1910 INPUT "HAVE YOU CHANGED SCOPF TNPUTS?" Ci%



1920 IF Ci$="Y" THEN GOTO 1980

1920 PRINT “CHANGE SCOFF  [tpure»
1940 6010 1910

1980 |

1981 KI.=0

1982 Kj-0

1983 HKi-0

1990 INTEGER FuncZ(1:1000) BUITER

1931 INTEGER FuncA(1:1000) pUITcR

1992 ANSSIGN @Buff3 10 BUFFER Func3Ce ) sFORMUNT OFF
1993 NSSIGN @Buff4 10 BUFFER funcAdCe ) yFORNAT OF
1995 OUTPUT BScope?; "RECALL 7

1996 INPUI "TEMPERATURE PROBE | VL TAGE SETTING?" P
1997  INPUT "TEMPERATURE PROBE? VOUINGE SETTING?" P2
1998 OUTPUT @Scope?; "NCH TYPE NORMN RESO 7"

1999  OUTPUT @Scope2; WAV SRC MEMT 2 FORM WORD HEND OFF EQL OFF"
2000 OUTPUT ®Scope? “DIG | 2"

2001 )

2002 CLENAR SCREFN

2003 PRINT TABXY(25,7),"AFIER IRIGOGER HAS ocecupRFo”
2004 INPUT “KEEP THIS GHOT?7" S

2005 IF S$="Y" THEN 6010 2007

2006  IF S$="N" THEN GOIQ 1990

2007  PRINT TABXY(25 8) ,"INPUT DESTRED TIM/DIV N uSEC FOR 1eEmMp-
2008 INPUT DLt%

2009 OUTPUT @Scopel:" 1M SENS "&DUSA"F -G"

2010  INPUT "OK? (Y/N)" 0%

2011 IF OF%="Y" THEN 2017

2012  IF OkK%-="N" THEM

2013 CLEAR SCREEN
2014 GOTO 2007
2015 END IF

2016 |

2017 INPUT "ENTER DESIRED TIME DELAY IM uSEC" ,De®
2018  OUTPUT ®ScopeZ:"1IM DEL “RDe®k"E-G"

2019 INPUT "OK? (Y/N)" 0k7%

2020 IF OLZ2%="Y" THEN 2005

-2021  IF OL2%="N" THFN

2022 CLEAR SCREEN
2023 GOTO 2017
2024  END IF

2025 |

2026 VIRANSFER TEMPERATUERE DNIN

2027 PRINT "ACQUIRING CHANMEL | FOR TEMPERNIURE "

2028  OUTPUT @Scoapel; "WAY SRC MIME FORM WORD HEAD OFF EOL OFF"
2029 Chs="CHANI"

2020 GOSUB Scope_setup

2031 MNAT X3= .
2032 OUTPUT @Scopel: "WAY SRC MEMIL FORM WORD HEAD OFF EOTD OFF



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
2059
2060
2061
2062
2062
2064
2065
2066
2067
2068
2069
2070
2071
2072
2073
2074
2075
2076
2077
2078
2078
2080
2081
2082

OUTPUT @Scope?; "DATAT"

TRANSFER @Scope? 10 OBUFF3;COUM
ASSIGN WBUfF3 10 »

PRINT *

OUTPUT @Scopel; "Wny SRC
Chs="CHAN2"

LAOG unlT

ACQUIRING CHANNEL FOR TEMPERATURE *
HEM2 FORM WORD HEAD OF F EQI OFfF*

GOSUB Scope_setup
MAT X4= X

OUTPUT @Scope?; "Wny SRC Mi:M2

ouTPUT

TRANSFER @Scope?

ASSTGN

FORM WORD HEAD OFF EOI OFF "
BScope; "DATA?"

2 10 BBuffa;COUNT 1000 UniT
BBuffa 10 »

GOSUB Current
605UB Temp

ouTPUT
PRINT

INPUT Nulls

ouTpuT

@Scope2:”l.OCAL"

ADJUST WAVEFORM FOR PRINTING. PRESS ENTER WHEN READY"

®Scopel; "REMOIE"

INPUT DO YOU WANT A PRINI OUT OF TEMPERATURE UNAVEFORMS? " U

IF Wg="
ouTPUT
ouTPUT
OUTPUT
ouTPuT
OuUTPUT
WAILT

N" THEN GOTO 207
@Printer;CHR$(27)&"(5|U";CHR$(?7)&"&|IS"

@Printer; "PROBE #1  ";P1;" VOLIS. PROUVE %2 ~¢P2¢" VOLTS."

OPrinter;"TIMC DILAY OF "iDhe®s " uSEC"5"  SHOT 8 " NS
@Printer iCHRS(1O);CHRS(12) ;" 1 IMCBASE - "sDtEs " WSEC/DIV"
@Printer ;CHRSCIA) sCHRS( 2R "RI 06"

CLEAR @Scope?

ouTPLT
SEND 7;
SEND 75
SEND 7;
SEND 7;

@Scope2"PRINT"
UNL UNT

LISTEN

TALE 7

DATA

CLEAR SCREEN

PRINT T
|
'PRINT
|
INPUT *
!

ABXY (25 ,7); "HARDCOPY IN IPROGRESS®
RESULTS

PRESS ENTER WHEN HARDCOPY IS COMPLEIL" A%

PRINTER 1S 701

PRINT *
PRINT "
PRINT "
PRINT ™
PRINT *

N2=( (X4
PRINT ™
FOR K=1

81

CURRENT RAT10S & TEMPERATURES VERSUS TIME"
NI=((X3(B)-XI(5))/X3(1))1X3(3)

(B)-X4(5))/XA4C1))4X4(2) .
IR 1 TIME
T0 105 STEP 3



82

2083 IMAGE AX MO.DLDESZ7 FOX MDD . DODES p
Y PRINT USING 2005 3¢ HDLD DESZ7,10X MD.ODDESZ7

PleCR 2y ran 2y e e )
2085  NEXT «

2086 PRINTER 15 CRi

.2087 GOTO End_proqg

2088 l|||lllll||l9|'lllllllllllIllllllllllll!ll

R R RN AN RN RN RN R RN
2089 | SUBROUT INES

2090 I!lllll!Ill!l!lllllllillllllllllllllllllll!l!lllllllllll!lllllllll!lll0|H
2091 |

2092 Scope_setup: I LOADS TN PARNMETERS FROM THE 0-~SCOPE
2093 PRINT "PNARAMETFRS TRANSIERRING, . "

2094 OUTPUT ®ScopeZ:i"XINC?"
2095 ENTER ®Scopel;X(1)

2096 OUTPUT ®Scopei"YINC?"
2097 ENTER @Scope?iX(])

2100 OUTPUT ®Scopel y "XREF?"
2110 ENTER @ScopeliX(3)

2120 OUTPUT @Scope?;"YREr?"
2130 ENTER @Scope2;X(4)

2140 OUTPUT @Scope?; "YONG?"
2150 ENTER ®Scope?iX(5)

216@ OUTPUT @Scope?;"YORG?"
2170 ENIER ®Scope?:X(G)

2180 OUTPUT BScope2;Chs
2190 0UTPUT BScopels "RANGE?"
2200 ENTER ®Scopel;X(7)

2210 0UTPUT @Scope?; " 1IMERNSE "
2220 OUTPUT ®Scope?; "DEL?"
2230 ENTER @ScopeiX(f)

2240 RETURN

2250 |

2260 R R R NN NN RN NN R R AR RRRRRRRRRRRRD
2270 |

2280 Convert: I CONVERT DAEN TO VOLTAGE TIME PAIRS
2290 PRINT "CONYERITING T0 VOIL IAGE HIME PAIRS. .. "

2300 PRINT * CHANL . ..

S310 FOR Ki=1 10 8192

2320 VICKL ,2))=CFunc I (i) -X 1A AT NIXICR)

2330 VECKE 1) =000 XT3N X1 Y nxXies)
2340 NEXT I}

2350 PRINT * CHAND .. "
2360 FOR Kk=t T0 B19)
2370 V2KL L 2)=((Munc2KE ) =X (A ) e X021 X0 (6G)

2380 V21T, E)=CCRE X203 D)X 0 XD (h)

2390 NEXT K1

2400 RETURN

2401 Current: |

2402 PRINT "COMUERTING DNATA TO CURRENT NRRAYS..."
2403 PRINT "CHAN1"



2404
2405
2406
2407
2408
2409
2410
2411
2412
2413
2414
2415
2416
2417
2410
2419
2420
2422
2423
2424
2425
2426
2427
.2428
2429
2430
2431
2432
2433
2434
2435
2436
2437
2438
2439
2440
2441
2442
2443
2444
2445
2446
2447
2448
7449
2450
2451
2452

2453

FOR Ki=1 TO 1000
Tl=((Ki-X3(3))IXS(I))IXJ(B)
IF T1<X3(8) THEN GOTO 2409
TI(Ki v ) =CCCFune 30§ Y X34 ))lXﬂ(Zf))IXJ((,)))/I3.U
TV (K& I Yo COK - X305 yuX 304 YIKB(L)
NEXT ki
PRINT “CHANZ"
FOR Ki=1 10 1000
12=((Kt—X4(3))IX4(I))|X4(S)
IF T2{X4(8) THEN 6GOTO 2416
IZ(Hk,2)=((((FunC4(Kl) X4(4))lX4(2))lX4(ﬁ)))/l3.9
lZ(Kk,l)=((Kk~X4(3))'X4(I))lX4(5)
NEXT Kk
NI=((X3(8)-X3(5))/XZ(1 PIEXZ(3)
N2=((X4(B)—X4(S))/X4(I))!X4(3)
FOR Kj=1 TO %00
ON ERROR GOTO 2424
Ir(KJ,Z)=((2III(HJINI,2))II3(Mi|N2
Te (K, 1)=THKjaINT )
MEXT K j
RETURN
Temp: |
PRINTER 1S5 CRY
PRINT "CREATING TEMPERATURE RALTO ARRAY "
1=.01
FOR 6=1 TO 1500
El=(l—(EXP((~l.5E"19'PI)/(IlGOM-l.JOE-HS'Z))))
2=(l—(EXP((ml.SE-IﬂlPR)/(llBﬁﬂ-l.SUF—ﬁS'Z))))
R=El1/E2
Tr(G,1)=2
Tr(G,2)=R
7=7+.01
NEXT 6
|
PRINT "MATCHING UNL.UFS*
FOR W=1 10 300
FOR Y=1 T0 1500
IF Ir(W, 2051 OR Ie(W,2)=1 THEN GO10O 2450
IF IrdW,2)=Tr(Y ,2) THEN GOTO 2447
IF TrdW,2)<Tr (Y, 2) THEN GOTO 2A6G
IF T1(W,2)40 OR 12¢W, 20 NIEN GOTO 2467
GOTO 2453
T(W, 2)=Tr(Y
T(W, 1 )=Tr(W
GOTO 2467
T(W,2)=-1.E-1
T(W, 1)e=1r(W, 1)
6GOTO 2467
A=Tr(Y-1,2)

,2))/(ll(KjONl,Z)O(B'IZ(KJON

)
1)

7?2 "

[y

)



2454
2455

2456
2457
2458
2459
2460
2461
2462
2463
2464
2465
2466
2467
2468
2469
2470
2471
2472
2473
2474
2475
2480

B=Ir(W 2)
C=Tr(y,?
D=Tr(Y-1,1)
F=Tr(Y, 1)
Bc=B-C

Ac=Nn-C

Df=D-F
Ef=(Bc/hc ) DF
E=Ef+F
T(W,2)=E
TCW, E)=Tr(W, 1)
G010 2467
NEXT Y

NEXT W
RETURN

End_prog: |

OUTPUT @ScapeZ;"LOCAL"
INPUT "ANOTHER SHOT?" Yo%
IF Yn$="Y" THEN GOTO 100
CLEAR SCREEN

PRINT TABXY(30 ,8); "THANE YOU*

sTopP
END

84
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