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CHAPTER 1 
INTRODUCTION 

The High-power Microwave (HPM) facility at Texas Tech University 
provides a platform for research on a wide range of high-power microwave 
phenomena. At present the HPM facility is used to study the breakdown of 
microwave output windows. 

One factor limiting the effectiveness of high-power microwave generators 
is the amount of power which can be transmitted through windows which 
separate the vacuum from the atmosphere. Almost all high-power microwave 
generators use electron beams in the generation process. Electron beams require 
pressures around 10-̂  Torr. Therefore, the vacuum interface which maintains that 
low pressure is critical. Unfortunately, the interface is also the place which is 
most likely to break down as the microwaves pass through it When microwaves 
of high enough power pass through the dielectric interface and into free space, a 
plasma is generated on the atmospheric side of the window. This plasma is 
conductive and can absorb, refract, or reflect a large portion of the microwave 
power. Limiting the formation of this breakdown plasma should allow more 
microwaves power density to transmit through the window. By varying the 
materials, shapes and coatings, the research is aimed at determining what causes 
the breakdown and methods for preventing or reducing it 

This thesis details the diagnostic systems in use on an experiment 
designed to investigate the problem of dielectric interface breakdown. The 
research depends on quality diagnostics of all sections of the experiment 
Diagnostics on the machine provide information about the parameters which 
influence the microwave output as well as direct measurements of the microwave 
and breakdown quantities. 

The diagnostics consist of four separate electrical measurements, one 
optical measurement with temporal resolution, and two optical measurements 
with spatial resolution. The electrical diagnostics are two voltage probes, one 
current sensor, and one microwave antenna. The temporally resolved optical 
measurement is a light intensity measurement. The two spatially resolved optical 
measurements are cameras which take open-shutter photographs. 
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The voltage measurements are made using voltage dividing circuits. 
Because of the high voltages and powers involved, each probe uses a liquid 
resistor for its main drop resistor. The probe which measures the output of the 
pulsed power section, where the risetimes are in the nanosecond regime, is 
software compensated. The voltage probes were calibrated using different 
methods. 

The current probe is used to measure the output current of the pulsed 
power section. A slow-wave structure, operating as a current sensor was designed 
and constructed. The current sensor is one-sixth of a circle of the same diameter 
as the outer conductor of the switch section of the project Because of the coaxial 
geometry of the experiment the current sensor was calibrated in place. The 
sensor has sub-nanosecond risetime and gives an output linear with respect to the 
input for pulses less than seventy nanoseconds. 

The microwave diagnostic is a commercially available, calibrated 
microwave B-dot antenna. Microwave power is measured by passing the signal 
from the B-dot antenna through a microwave diode detector. The voltage out of 
the detector is proportional to the input power. The detector was calibrated using 
cw microwave sources. The frequency of the microwave signal is measured by 
removing the diode detector and capturing the microwave signal directly. 
Although the frequency of the microwave signal is beyond the bandwidth (factor 
of two) of the oscilloscope used to capture it, the frequency which is displayed is 
accurate. 

Open-shutter cameras are used to take time-integrated photographs of the 
inside of the microwave anechoic chamber. The first camera is used to observe 
the radiation pattern as fluorescent tubes arrayed along the back wall of the 
anechoic chamber are lit due to the microwave power. The second camera is 
placed to view the output window of the waveguide. The surface of the window 
is the location of the breakdown. The light intensity is measured by an optical 
fiber placed to view the breakdown at the window. The fiber optic line transmits 
the light to a photomultiplier tube which converts the light to an electrical signal 
proportional to the intensity of the light of the breakdown. Since the 
photomultiplier tube signal is to be used for relative measures only, calibration to 
a standard source was not required. 



With the obvious exception of the cameras, each signal is timed relative to 
the others to within one nanosecond. To provide a reliable method of aligning the 
signals, a timing mark generator places a spike on each trace at the same point in 
time. 



CHAPTER 2 
EXPERIMENTAL SETUP 

A basic overview of the experiment and the type of diagnostics that are 
required is given below. This chapter gives a brief description of the experiment. 
A detailed description of the project can be found in an earlier master's thesis 
written on the construction of the experiment'. 

In general, the experiment can be classified as a typical pulsed power 
machine. As with most pulsed power machines this involves energy 
compression. This project consists of four general systems: the primary energy 
storage (Marx generator), the secondary energy storage (pulse forming line and 
oil switch), the electrical load (vacuum diode), and the microwave load (anechoic 
chamber). Refer to Figure 1 for a schematic diagram of the overall experiment. 
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Figure 1. Overall diagram of the Texas Tech High-Power Microwave Facility. 

Marx Generator 

The fu-st stage of energy storage is the Marx generator. A Marx generator 

consists of a collection of capacitors which are all charged to the same voltage. 

The charging time of these capacitors is on the order of tens of seconds. A series 

of switches in the Marx generator are closed when the capacitors are charged to 



the desired voltage. When these switches close, the capacitors are connected into 
series and the resulting voltage is coupled to the next stage by an output switch. 

Pulse forming line and oil switch 

The voltage from the Marx generator is increased when applied to the 
pulse forming line (PFL). This happens because the Marx generator acts like a 
charged capacitor and the PFL acts like an uncharged capacitor connected 
together through the charging inductor. In effective, the voltage "sloshes" over 
into the PFL, charging it to a higher voltage than that of the Marx generator. The 
transfer of energy takes place in several hundred nanoseconds compressing it 
even further. This ringing up does not transfer all of the energy, however. 

The PFL is simply a large coaxial transmission line. One end of the 
transmission line is connected to the charging inductor and the other end is 
connected to the oil switch. The oil switch is two stainless steel hemispheres 
placed close to one another in a oil-filled chamber. One hemisphere is connected 
to the inner conductor of the PFL, the other is connected to the cathode of the 
vacuum diode. Figure 2 shows the details of the oil switch and diode regions of 
the experiment. 
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Figure 2. Oil switch and diode region. 



The oil switch operates as a self-break switch. The switch closes when the 
field between the electrodes exceed the breakdown strength of the oil. The 
cathode of the vacuum diode is capacitively coupled to the PFL and to ground 
and will charge up as the PFL voltage rises. In this case, the voltage across the 
oil switch would never become large enough to break down the oil. The prepulse 
voltage may also cause the cathode to emit electrons prematurely. To prevent the 
cathode section from following the PFL voltage during charging, resistors are 
connected between the cathode section and the outer conductor. These prepulse 
resistors hold the cathode section near ground potential as the PFL charges. 
There are six prepulse resistors, each with an impedance of around 3000 Q. The 
parallel combination of the prepulse resistors is 500 Q, a value low enough to 
prevent the cathode section from floating up with the PFL but large enough not to 
interfere with the diode current When the field between the electrodes becomes 
large enough, the oil breaks down and the voltage on the PFL is applied to the 
cathode. The amplitude of the voltage pulse is half of that of the PFL charge 
voltage. The length of the pulse is twice the transit time of the PFL. For this 
project, the transit time of the PFL is 12.5 ns, therefore the voltage gets applied to 
the vacuum diode 25 ns. The Marx generator and PFL/oil switch compress 
energy from the original charge time of tens of seconds to a delivered energy 
pulse just 25 ns long. 

Microwave Source 

From an electrical point of view, the vacuum diode is the load of the 
project The electrical energy is converted into an electron beam and the 
microwaves are generated from oscillations of this electron beam. The electrons 
eventually hit the walls of the system and are returned to the Marx generator via 
the outer conductor of the PFL. For the generated microwaves, however, the 
anechoic chamber is the final load. 

The vacuum diode consists of a cathode and an anode in a vacuum 
chamber. The cathode is an aluminum disc connected to the oil switch. A 
circular area of white dress velvet is attached to the cathode face. The velvet 
provides a surface from which electrons can be easily field-emitted. The anode is 
a piece of 70% transparent stainless steel mesh stretched over the end of a 



cylindrical pipe which is connected to the waveguide. The cathode velvet and the 
anode screen are placed close to and parallel with each other. 

When the oil switch closes, the voltage pulse from the PFL is applied to 
the cathode. Because the PFL is charged to a negative potential, the cathode 
velvet is exposed to a very high electric field which causes electrons to field-emit 
from the cathode velvet The electrons accelerate through the anode screen and 
decelerate on the other side and form a virtual cathode. Fields from the virtual 
cathode prevent more electrons from being emitted from the real cathode. The 
virtual cathode dissipates without additional electrons from the cathode and the 
real cathode again emits electrons. The virtual cathode then oscillates in space 
and time. Also, individual electrons oscillate as they reflex through the anode 
screen. Both of these oscillations cause microwave fields to propagate down the 
waveguide. For a much more precise description and theory of this so-called 
"vircator" see the chapter by Sullivan, Walsh, and Coutsias in Ref. 2. 

Anechoic Chamber 

The end of the waveguide is located in the anechoic chamber. The 
anechoic chamber is a box which is lined entirely with aluminum to prevent the 
microwaves from radiating into the laboratory. The inside of the anechoic 
chamber is covered with a type of microwave absorbing foam known as 
Echosorb. Echosorb is carbon-impregnated foam, formed into sheets of small 
pyramid-shaped cones. The pyramid shaping of the foam provides for broadband 
absorption of the microwaves. By lining the anechoic chamber with echosorb, 
outgoing microwaves are dissipated without reflecting back into the anechoic 
chamber. Since the waveguide is evacuated, there has to be an interface which 
allows the microwaves to pass through while maintaining vacuum integrity. It is 
this interface which is the focus of the research project. 



CHAPTER 3 
SYSTEM DIAGNOSTICS 

The diagnostic areas of the HPM facility can be divided into four major 
categories; Marx generator, diode voltage, diode current and anechoic chamber 
diagnostics. Each of the first three is self-explanatory, the last, anechoic chamber 
diagnostics, consists of the optical diagnostics as well as the microwave 
frequency and power measurements. Figure 3 is a schematic layout of the 
project, detailing the location of the diagnostics. 
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IIMIIIMWIMMIMillilli 
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Probe 

U&rx Voltage-
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Figure 3. Schematic layout of project diagnostics. 

Marx Generator Diagnostics 

The desired diagnostics on the Marx generator are the output voltage and 
current Because of the physical layout and wiring of the Marx generator, the 
Marx generator current cannot be measured easily or effectively. The voltage is 
measured using a liquid resistive divider that was part of the system when it was 
obtained from the Air Force Weapons Laboratory (now called Phillips 
Laboratory). 

The Marx voltage probe is not required to measure a very fast signal, 
however, it must be able to withstand voltages in excess of 1 MV. The simplest 
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method of reducing voltages to a level which they can be measured directly is the 
resistive voltage divider. The resistive divider consists of two resistors connected 
in series across the voltage which is to be measured. The divided voltage is 
measured across the bottom resistor (R2). A schematic of the resistive divider 
circuit is shown in Figure 4. 

out 

Figure 4. Resistive divider circuit 

The equation which relates the output voltage to the input voltage is: 

R2IIRL 
V 0 U t - r , . i i r , _ .r , ^{w R2IIRL+RI (1) 

where Rj and R2 are the voltage divider resistors, RL is the load resistance, Vput 
is the voltage across Rĵ , and Vjn is the voltage applied across the voltage divider. 
If R2 is much less than RL then the equation reduces to: 

Vout = 
R2 

R1+R2 in- (2) 

A common type of resistor used in pulsed power systems is the liquid 
resistor. Liquid resistors have the advantages of being able to dissipate large 
amounts of energy and are easy to construct for use in oil or other harsh 
environments. A liquid resistor is a plastic tube fitted with metallic end plugs and 
filled with a solution of a metal compound dissolved in water. Since the Marx 



generator probe was obtained with the Marx generator, the details of its 
construction are not known exactly. The main dissipation resistor (Ri) in the 
Marx generator probe is a water resistor made of a length (~4 feet) of flexible 
tubing with an inner diameter of approximately one inch. The dividing resistor 
(R2) is a water resistor constructed of a short plastic cylinder. The endcaps for 
both resistors are made of copper and both resistor tubes are filled with a copper 
sulfate (CUSO4) solution in water. 

The Marx generator voltage probe was calibrated using a commercially 
available spiral generator known as a PT-55. The output of the PT-55 has a 
sharp risetime followed by a ringing signal (Figure 5). The PT-55 is equipped 
with a 1000-to-l output monitor. By comparing the signal from the Marx 
generator voltage probe to the output monitor, the attenuation of the Marx 
generator voltage probe can be determined. 
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Figure 5. Typical waveform from the PT-55 spiral 
generator 

Because of the length of the Marx generator voltage probe, the calibration 

setup inu-oduces additional ringing into the voltage pulse from the PT-55. Due to 

this ringing, the PT-55 was fu-ed several times and the calibration was taken from 

a statistical average. These values are given in Table 1. 
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Table 1. Calibration Values for Marx Generator Voltage Probe 

PT-55 

^peak 

1.90 

1.89 

1.88 

1.85 

1.86 

1.84 

1.85 

1.87 

1.86 

Output Monitor 

x20,000 

^trough 

-2.49 

-2.46 

-2.48 

-2.42 

-2.43 

-2.41 

-2.41 

-2.45 

-2.42 

Marx 

^peak 

1.44 

1.43 

1.41 

1.40 

1.40 

1.42 

1.41 

1.41 

1.42 

Voltage Probe 

x4 

^trough 

-1.85 

-1.83 

-1.82 

-1.81 

-1.80 

-1.81 

-1.79 

-1.82 

-1.83 

PT-55 Output Monitor (Volts) 
Marx Voltage Probe (Volts) 

Peak Trough 

6597 6729 

6608 6721 

6666 6813 

6607 6685 

6642 6750 

6478 6657 

6560 6731 

6631 6730 

6549 6612 

Average 

6663 

6664 

6739 

6646 

6696 

6568 

6646 

6680 

6580 

Average 6654 

± 54 

The Vpgjjj refers to the voltage of the first peak of the waveform, while 
^trough refers to the first trough. The PT-55 peak and trough values are scaled 
by the attenuation value of 20,000 and then divided by the respective Marx 
voltage probe outputs. The results are the fourth and fifth columns. These 
columns represent the scaling factor of the probe. The peak and trough values are 
averaged to produce an average shot scaling factor. The average shot values are 
averaged to produce an overall average scaling factor of the probe. The plus-
minus error is the standard deviation of the average shot scaling factors. As seen 
in the table, the average calibration for the probe turned out to be 6654. This 
calibration value refers to Vjn^out' one must multiply the voltage out of the 
Marx generator voltage probe by this value to get the voltage which the probe is 

measunng. 
Figure 6 shows a typical Marx generator output voltage as measured by 

the Marx voltage probe 
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Figure 6. Typical output from the Marx voltage probe. 

Vacuum Diode Voltage Diagnostics 

The vacuum diode experiences a voltage pulse of between 300 and 600 
kV with a risetime of around 10 ns. The pulse length of the diode voltage is 
around 25 ns. Another resistive voltage divider is used for the diode voltage 
probe. One of the prepulse resistors was converted for use as the resistive 
divider. 

The prepulse resistors are water resistors constructed from 4040A Tygon 
tubing with an inner diameter of 0.75". The endplugs of the resistors are made of 
copper and the conducting liquid is deionized water with dissolved copper sulfate 
(CUSO4). Each prepulse resistor was adjusted to have a pulsed impedance of 
approximately 3000 CI. The impedance was adjusted by varying the 
concentration of CUSO4 dissolved into the water. The prepulse resistors are 
connected at one end to the diode side of the oil switch. The other end is attached 
to the outer conductor which is at ground potential. The ground end of the 
resistor which was modified to be the diode voltage probe was replaced with a 
modified endplug. See Figure 7. 

12 



Coax Output 

10 Tube 
Copper Electrode 

Tygon Tubing 

iinm(iiiiniijiiim 
mMm^^m^mk^m^^m 

1-Ohm Resistors (3) 

Nylon Bolts (3) Copper 
Sulfate 
Solution Bolting Tab 

Figure 7. Divider electrode of the diode voltage probe. 

This endplug was constructed out of two copper sections. One section is 
designed to fit into the end of Tygon tubing; the other section is mounted against 
the outer conductor of the oil switch section. Three 1 Q metal film resistors in 
parallel are connected between these two sections. The sections are held together 
with three non-conducting screws. A fiber-glass tube is held in the center of the 
sections by pressure from the screws. A fourth metal film resistor is connected at 
the endplug end and fed through the tube to the output coax. This resistor has a 
value of 50 Q and acts as a matching resistor for the rest of the measurement 
circuit. 

Because of the fast risetimes of the diode voltage, the resistive voltage 
divider was probably not a good choice for the diode voltage diagnostic. The 
resistors, either liquid or discrete always, add undesired inductance to the 
measuring circuit When the diode voltage probe was initially tested, it was 
substantially more noisy than could be tolerated. The introduction of a low-pass 
filter helped reduce the ringing due to the stray inductance. The filter was 
designed to have a cutoff frequency of around 175 MHz. This frequency was 
chosen because a good rule of thumb^ is. 
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trf=0.35. (3) 

where tj is the risetime and f is the frequency bandwidth of a system. For a 
risetime of 2 ns, the bandwidth is 175 MHz. A Butterworth filter^ with n=6 was 
constructed. The Butterworth filter requires the input impedance to be equal to 
the load impedance. This requirement is the reason for the 50 Q resistor placed in 
series with the load resistor in the measuring circuit A schematic for the 
Butterworth filter is shown in Figure 8. Testing of the lowpass filter revealed that 
it had a very flat response up to 220 MHz and then fell off very rapidly. 

RT 

L Butterworth Filter J 
= 0.33 Ohm Rjjj= 50 Ohm 

Lj = 49.43 nH 
Lg = 49.43 nH 
L5 = 24.12 nH 

RL = 50 Ohm 

Cg = 22.41 pF 
C4 = 15.51 pF 
dg = 3.30 pF 

Figure 8. Schematic of Butterworth lowpass filter. 

Figure 9 is a photograph of a spectrum analyzer output of the lowpass 
filter. The center frequency is 130 MHz with a horizontal scaling of 20 MHz/div. 
The vertical scale is uncalibrated but is linear. 

When the experiment was first fired with the diode voltage probe and the 
hardware filter in place, it became obvious that the diagnostic system still 
required some compensation. In many high speed probes, compensation is 
implemented using a network of resistive and reactive components. These 
components compensate for the undesired effects of the stray inductance and 

14 



capacitance in the measuring circuit Instead of compensating the diode voltage 

probe using hardware, a software compensation method was developed. 

Figure 9. Frequency response of the n=6 Butterworth 
lowpass filter. 

The transfer function is a well understood tool in communication theory^. 

By applying the transfer function methods to the diode voltage probe, 

compensation for any and all strays is accomplished. In general, the transfer 

function equations are: 

G(co) = F(a)) H((B), 

then 

H{(0) = 
0(0)) 
F(o))' 

(4) 

(5) 

where F(co) is the input function in the frequency domain, G(0)) is the output 

function in the frequency domain, and H(co) is the transfer function. Therefore, if 

one knows the transfer function of a system, such as the diode voltage probe, and 

the output function (signal out of the probe) in the frequency domain, the input 

function (signal into the probe) may be found in the frequency domain by: 
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0(0)) 

Then the input function can be transformed back into the time domain and the 
result is the compensated signal of the diode voltage probe. The effects of 
aliasing are minimized by the hardware lowpass filter before the signal is 
captured. 

Obviously before this method can be used, an effective way to transform 
to and from the frequency domain must be developed. A relatively simple 
subroutine can use a Fast Fourier Transform (FFT) to converted discretely 
sampled waveforms into the frequency domain and back. One such program was 
written by Steve Calico, a Ph.D. student also working on the project The 
program was written in 32 bit FORTRAN for speed. The program, called 
DFILT, allows the user to input any waveform sampled at uniform time steps to 
be padded at the beginning and end of the waveform with zeroes. Padding the 
data simulates the non-repetitive nature of pulsed power experiments. The 
DFILT program allows the user to filter the frequency domain waveform in a 
variety of ways, including dividing it by a pre-defined transfer function. Once 
filtered, the frequency data are converted back to the time domain. 

The transfer function is obtained by using a known signal to excite the 
voltage probe and recording the response of the probe. The input and output 
signals are transformed to the frequency domain. The frequency domain 
information includes a magnitude and phase for each frequency value. The 
transfer function is defined by dividing the magnitude of the output by the 
magnitude of the input for each frequency value, and similarly, the input phase is 
subtracted from the output phase. The result is the transfer function. 

A high voltage cable pulser was used for the excitation signal. A cable 
pulser provides very short risetime pulses. To maintain the short risetime of those 
pulses, the entire system must be matched in impedance. A test chamber was 
constructed (Figure 10) which would allow the diode voltage probe to measure 
the signal between the inner and outer conductors and still maintain the matching 
impedance. The test chamber consists of two tapered coaxial 50 Q sections 
joined by a short straight coaxial 50 Q. transmission line. 
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Figure 10. Coaxial 50 Q. test chamber. 

For a coaxial transmission line; 

^ o = - A / ^ l n ^ 
° 27C \ / e ^ 

(7) 

where ZQ is the characteristic impedance, jt and e are the permittivity and 
permeability of the dielectric medium, and b and a are the outer and inner radii, 
respectively. For a 50 Q air transmission line this reduces to; 

^ = 23 (8) 

therefore, for an inner diameter of 10", die outer diameter is 23". The angle of 
the taper section was constructed so that there would not be an sudden 
discontinuity in the impedance of the line. The wood supports used in the 
construction of the test chamber are too thin to have an effect on the pulse. To 
confirm this, the cable pulser was fired directly into a 50 Q termination and the 
voltage waveform at the termination was captured. The cable pulser was then 
fired through the test chamber into the same termination and the voltage 
waveform was acquired. When the two waveforms are compared, they overlay 
one another. Therefore, the test chamber is a perfect 50 Q transmission line. 
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The circuit used to generate and capture the input and output waveforms is 
shown in Figure 11. Both the input to the diode voltage probe and the output 
from the probe were captured. These waveforms are shown in Figure 12. 
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Figure 11. System for obtaining input and output waveforms for 
transfer function. 
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Figure 12. Input and output waveforms for transfer function. 

The resulting transfer function is shown in Figure 13. 
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Figure 13. Transfer function for the diode voltage probe 
measured using the tapered section test chamber. 

The effectiveness of the software compensation can be observed by 
filtering a signal for which the input is already known. The input and output 
waveforms from the transfer function provide an adequate test. The signal out of 
the diode voltage probe was filtered with the transfer function and the result was 
compared to the input to the diode voltage probe (Figure 14). 
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Figure 14. Filtered output versus input to diode voltage probe. 
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The diode voltage as it appears before software compensation is shown in 
Figure 15. Figure 16 is the diode voltage after software compensation. Notice 
the width of the pulses in Figure 16, this corresponds to twice the electrical length 
of the PFL, this shows that the software compensation is actually recovering real 
information from an unrecognizable signal. 
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Figure 15. Uncompensated diode voltage as measured by 
the diode voltage probe. 
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Figure 16. Software compensated diode voltage as 
measured by the diode voltage probe 
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Vacuum Diode Current Diapnnstirs 

The diode current is measured by a device known as a Rogowskî .? coil. 
A traditional Rogowski coil consists of a helical wire bent into a toroid through 
which the current to be measured is passed. The response of a traditional 
Rogowski coil is*. 

Rt dl(x) Rt 
dx, (9) 

where Vo(t) is the output voltage, R̂  is the terminating impedance, N is the 
number of tums of the coil, L is the inductance of the coil, and I is the current 
which is being measured. The traditional Rogowski coil is a good device to 
measure large currents in the microsecond regime. If the current pulse is longer, 
the R/L decay causes the pulse to droop. In normal practice, the Rogowski coil is 
placed in a conducting shield with a slit cut on the inside which allows only the 
magnetic fields from the current of interest to link the coil. For current pulse 
risetimes in the nanosecond regime, the capacitance between the windings and the 
shield have a significant effect and Equation (9) is no longer valid. 

Since the pulse risetimes that the sensor must measure on the HPM facility 
are in the nanosecond regime, the traditional Rogowski coil is not usable. When 
the effect of the winding-shield capacitance is taken into effect, the coil is known 
as a slow-wave Rogowski coil. A slow wave Rogowski coil operates as a 
transmission line. The standard model for a transmission line models the 
distributed series inductance and parallel capacitance as lumped inductors and 
capacitors per unit length, see Figure 17. 

The slow-wave Rogowski coil has the lumped elements from the standard 
transmission line model, but also includes voltage sources per unit length. The 
voltage sources are a result of the induced electromotive force from the linked 
time-changing magnetic flux, see Figure 18. 
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Figure 17. Lumped element model for a transmission line. 
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Figure 18. Lumped element model for the slow-wave Rogowski coil. 

The equations which hold for the lumped element model in Figure 18 are given 

by': 

^ ^ = -IZIi(x,t)-vi(t), 

(10) 
3i(x,t) 

dx = lYI v(x,t), 

where vi(t) is the induced voltage, Z is the impedance, Y is the admittance, all per 

unit length. The symbols v(x,t) and i(x,t) represent the voltage and current along 

the line. The induced voltage per unit length is; 
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„ rf̂  ^^O^ , dKt) 

where N is the number of tums of the toroid, a is the major radius of the coil, A is 
the cross-sectional area of the coil, and I(t) is the current which is being 
measured. Recall that, for a toroid, the inductance is given byi°; 

L = - ^ ^ (12) 

where r is the minor radius of the toroid. Then, the inductance per unit length 
(L") is given by; 

L"=y (13) 

where t is the length of the coil =27i;a. Then Vi(t) becomes; 

L? dl(t) 
vi(t)= T T - (14) 
^ 27CaN dt 

The output voltage^ • for a uniformly excited toroidal coil with a short at x=l and 

with Rj at x=0, is; 

I P R 

^o(t) = r - r : ^ — ^ [iw - i(t-2T) - p(i(t-2T)) 

+ p(I(t-4T)) + p2(I(t-4T)) + •••] (15) 

where T is the one-way transit time of the coil and p is the reflection coefficient 

from the coil to the terminating resistance and is given by; 

R f Ro 
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Therefore, for pulses of length less than twice the one-way transit time of the coil 
(t<2T), the output voltage becomes, 

I RoRt 

The sensitivity of the coil is described by. 

Vo(t) 
S( t )=-^^ . (18) 

The sensitivity becomes, for t<2T, 

I RQRI 

S= FTS"- (19) 
27i;aNRo+Rt 

Obviously, for t<2T, the sensitivity is not a function of time and the coil output 

voltage is linear with respect to the excitation current. 

The ideal place to locate a sensor for the measurement of the diode current 

would be in the vacuum chamber, situated so that the electron beam current 

would flow through it In practice, locating the Rogowski coil in the vacuum 

chamber would cause many other problems. The insulated wire and winding of 

the wire could cause virtual leaks in the vacuum system as they outgassed. The 

coil could be potted in epoxy to prevent outgassing, but that would not allow the 

parameters of the coil to be easily modified. The coil could also be located in the 

oil switch section. A slow-wave Rogowski requires the outer shield to be at 

ground potential. The coil would have to be as large in diameter as the oil section 

for the shield to rest against the outer conductor. In addition, a coil that large 

would have a transit time substantially longer than what is required. The solution 

came in the form of constructing a Rogowski section. The section is an arc of the 

proper diameter to fit against the outer conductor, but is only one-sixth of the full 

circle. Figure 19 is a schematic representation of the operation of a Rogowski 

section. 
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Figure 19. Rogowski section schematic. 

The electrostatic shield for the Rogowski section was constructed by 

cutting two 60° annular sections of 18 mm aluminum and bolting those on either 

side of two pieces of 6.35 x 12.7 mm^ aluminum stock which were bent to the 

proper radius. A slit was cut in the inner piece of aluminum stock to allow the 

magnetic flux to link the coil. The coil was formed by winding 15 gauge copper 

transformer wire onto a piece of 3/8"-16 nylon threaded rod. The choice of the 

wire gauge and the threaded rod was to insure that the windings would be 

uniform with essentially no gap between tums. The windings were held onto the 

threaded rod using a piece of shrink tubing. The coil was pressed into one side of 

the disassembled shield. One end of the coil was soldered to the shield to form a 

low-inductance short. The other end of the coil was attached to a Type N 

bulkhead connector which was mounted to the shield at one end. The shield was 

reassembled with the shrink tubing acting as an insulator between the windings 

and the shield. A drawing of the assembled Rogowski section is shown in Figure 

20. 

The physical parameters of the Rogowski section are as follows: core 

length, 379 mm; number of turns, 239; winding diameter, 10.7 mm; wire 

diameter, 1.44 mm; core, 3/8"-16 nylon threaded rod; coil OD without insulation, 

11.6 mm; insulation, 3/4" shrink tube; coil OD with insulation, 12.8 mm; major 

radius, 381 mm. 

25 



S h i e l d 
T y p e N 

C o n n e c t o r 

S h o r t e d E n d 
of Coi l 

S l i t t o Allow 
F l u x L i n k a g e 

Figure 20. Drawing of assembled Rogowski section. 

The electrical parameters were measured with a time-domain 
reflectometer (TDR). The TDR measures the electrical length and the reflection 
coefficient of any transmission line to which it is connected. The characteristic 
impedance of the transmission line can be calculated from the reflection 
coefficient by means of Eq. (16), which can be written as; 

Rt = -RQ 
£+1 

Lp-iJ 
(20) 

The Rogowski section was immersed in transformer oil so that the electrical 

quantities would be the same as when it is mounted in the oil switch section. The 

TDR returned a two-way transit time of 70 ns, and a reflection coefficient of 0.6. 

The TDR has a characteristic impedance of 50 Q, so from Eq. 20, Rt = 200 Q. 

When these values, along with the physical parameters are plugged into Eq. (16), 

the calculated sensitivity of the coil, for times under 70 ns, is; 

S = 26.5 mV/A 

The effect of dispersion on the response of the slow-wave Rogowski coil 

was detailed by Krompholz, Schoenbach, and Schaefer̂ . The dispersive effects 
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would cause an undesired ringing on the u-ailing edge of the pulse and they 
determined that for; 

h 
r = >/e=1.65, (21) 
'c 

where, r̂  is the inner minor radius of the shield and TQ is the mean minor radius of 
the coil, the dispersion effects are minimized. The geometry which they analyzed 
was one where the coil and the shield has the same cross-sectional shape. In the 
case of the Rogowski section, the coil has a minor radius of 4.63 mm and the 
shield has an inside square cross-section 12.8 mm on a side. By taking the 
average value of the distance from the center of the coil to the shield for r ,̂ the 
ratio for the Rogowski section is found to be. 

r^ 4.63 mm 

Therefore, the dispersive effects in the Rogowski section should be minimal. 

The Rogowski section was placed in the oil switch section such that the 

current measured would be after the prepulse resistors, as shown in Figure 21. 

The Rogowski section was placed on the bottom of the oil-switch section to 

prevent bubbles from being trapped in the electrostatic shield and forming areas 

of non-uniform dielectric constant. 

The Rogowski coU was calibrated in place. The oil switch section of the 

experiment was modified to act as a coaxial test chamber for the calibration 

(Figure 22). The center conductor of a coaxial line was connected to a copper 

cone which was attached to the diode side oil switch electrode. Flat aluminum 

plates connected the outer conductor of the oil switch section to the outer 

conductor of the input coaxial cable. The vacuum diode was replaced with a 50 

Q load formed from eight 400 Q resistors mounted in parallel on the edge of two 

copper discs. The copper discs had the same diameter as the cathode velvet to 

simulate the electron beam as closely as possible. 
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Rogowski Section 

Figure 21. Placement of the Rogowski section. 
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Figure 22. Rogowski section calibration setup. 

A 1 kV cable pulser was connected to the coaxial input of the oil switch 
section. The output of the pulser was monitored by a capacitive pickoff The 
pickoff is a Tektronix model CT-3 and provides ten-to-one pickoff signal division 
while passing 99% of the signal through to the load. To check the risetime of the 
Rogowski section, a fast risetime pulse must be sent into the test chamber. The 
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test chamber, however, is not a matched transmission line, it is, rather, a series of 
discontinuous transmission lines cascaded together. The sensitivity of the 
Rogowski section can be calibrated by sending pulses with risetimes slow enough 
as to not see the test chamber as a transmission line. The risetime of the cable 
pulser is slowed down by putting substantial lengths of coax cable between the 
output of the pulser and the test chamber. This delay line has a lossy medium 
which causes dispersive losses to attenuate the high frequency components of the 
short risetime pulse. 

An effective length of delay cable was arrived at by trying different 
lengths and noting the reflection noise on the first part of the pulse. Almost all 
reflections disappeared when a delay cable with an electrical length of 400 ns was 
used. Figure 23 shows the response of the Rogowski section when excited by a 
pulse much longer than twice the transit time of the coil. 

Rogowski Ouli)ut Cable Pulser Output 
500 

200 400 600 

Time (ns) 

Figure 23. Rogowski section output for 600 ns input pulse 
and 400ns delay line. 

The Rogowski section responds as predicted in Eq.(15). The output steps 

down for a continuing input pulse. The step amplitude is determined by the 

reflection coefficient between the Rogowski section and the terminating 

impedance. The step length is twice the transit time of the coil. 
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The sensitivity of the Rogowski section is hard to determine from the 
information in Figure 23. A pulse length of less than twice the transit time of the 
coil provides more information. Figure 24 shows the response of the Rogowski 
section for a pulse of 68 ns but with the same delay cable of 400 ns. The 
Rogowski output follows the input voltage almost exactly. The small deviation 
around 55 ns is due to the inductance of an imperfect short at one end of the coil. 
The excitation current is simply the pulser voltage divided by the termination 
impedance of 50 Q. Dividing the excitation current by the output voltage of the 
Rogowski section results in a sensitivity of, 

S = -27.3 mV/A. 

The sign difference between the calculated and measured sensitivities is due to 

the direction of the wire winding onto the core. Disregarding the sign, the 

measured and calculated sensitivities agree well. 
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Figure 24. Rogowski section output for 68 ns input pulse 
and 400ns delay hne. 

By removing all of the delay cable between the pulser and the test 
chamber, we can confmn the risetime of the Rogowski section. Figure 25 shows 
the response of the Rogowski section for a input pulse with a very fast risetime 
and pulse width of 68 ns. The noise at the front edge of the pulse is due to 
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reflections as the pulse encounters the mismatch of the test chamber. The 
risetime of the Rogowski section is at least as fast as the risetime of the excitation 
pulse, and is less than 2 ns. 
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Figure 25. Rogowski section output for 68 ns input pulse 
and no delay line. 

Figure 26 shows the typical output of the Rogowski section when 
measuring the diode current The waveform becomes unusable 70 ns after the 
start of the pulse. The Rogowski section output is linear with respect to input 
only for times less than twice the transit time of the coil. 

Anechoic Chamber Diagnostics 
The crux of the research is in the anechoic chamber. The breakdown of 

the vacuum window and its effect on the propagated microwaves has to be 
measured in some way. The breakdown is recorded by photographing and 
measuring the light from the breakdown. The propagated microwaves are 
measured by photographing an array of fluorescent tubes and by directiy 
measuring the magnetic field component of the microwave radiation. 
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200 

Figure 26. Typical Rogowski section response when measuring 
the diode current. 

The breakdown of the window and the illumination of the fluorescent 
tubes are recorded by open shutter cameras. The cameras are Graflex models 
which are fitted with a Polaroid film pack. The Graflex cameras are completely 
mechanical and therefore impervious to the microwaves in the anechoic chamber. 
Shutter release cables are connected to the cameras and passed through small 
holes in the wall of the anechoic chamber. The electrical integrity of the chamber 
is maintained by fitting the metal sleeve of the cables tighUy against the 
aluminum lining of the anechoic chamber. When the experiment is to be fired, 
the cameras are cocked with the anechoic door open. The door is sealed and the 
shutters are opened on the cameras via the shutter release cables. After the shot, 
the shutters are closed by again operating the cables. By this process, only light 
which is generated during die shot is recorded by the cameras. 

The fu-st camera is placed directiy under the waveguide. This camera is 
directed to focus on the opposite wall of the chamber, where tiiere are arrayed 
several standard four foot fluorescent tubes. Accordingly, this camera is referred 
to as tiie tube camera. The tubes are arrayed in a crossed pattern to maximize the 
coverage of die wall opposite the waveguide window. Figure 27 is a picture from 
die tube camera with the fluorescent tubes under microwave illumination. Note 
the hole in the middle of tiie light pattem in the tubes, this is indicative of the 
TMQI mode which is propagating down the waveguide. The other camera is 
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placed in the comer and is pointed at the vacuum interface window. The second 

camera is called Uie window camera. Figure 28 is a photograph taken from the 

window camera with the window breaking down. 

Figure 27. Photograph of the fluorescent tubes under 
microwave illumination. 

Figure 28. Photograph of the window breaking down. 

The light from the window is also recorded by converting it into an 

electi-ical signal and capturing die waveform on an oscilloscope. The light is 

33 



converted by a photomultiplier tube (PMT). The PMT we used is a Hamamatsu 
model R763. The R763 is designed for fast time response and wide spectral 
response. The anode response time is typically 1.9 ns with an electi-on transit 
time of 21 ns. The PMTs are notoriously susceptible to noise, especially 
magnetic. To shield die PMT from die noisy environment of the experiment, die 
PMT was placed in the screen room. A fiber optic cable was run from the 
anechoic chamber to the PMT. The fiber optic was attached to the edge of die 
window with die open end facing die center of die window. 

The PMT turned out to be very sensitive to die amount of light which it 
could accept before it saturated and die amplification became nonlinear. A series 
of tests with pulsed light sources and neuti-al density filters were conducted to 
find tiie limit of die PMT output before saturation. Neutiral density filters (NDF) 
are broadband light attenuators in the form of small squares of thin plastic. NDFs 
are numbered according to die amount of light which diey block. If an NDF is 
numbered n, then the percentage of light which is passed is 10'". For example, 
an NDF labeled 2.0 would pass 1% of the incident light An envelope was 
attached to the end of die fiber optic which would allow filters of different values 
to be placed to attenuate the light which is ti-ansmitted to the PMT. The tests 
revealed that for a power supply voltage of 1000 V, the output of the PMT could 
go as high as around 400 mV before it saturated. The value of NDF required for 
the different shots was determined by trial and error. Figure 29 shows the typical 
output of the PMT for a breakdown event in ambient air. The value of the NDF 
in Figure 29 is 1.7, which passes two percent of the incident light 

Microwave fields in the anechoic chamber are measured by a calibrated 
microwave B-dot probe. A B-dot probe is simply a loop of wire oriented to 
intercept the magnetic field component of the radiation. The time changing 
magnetic field induces a current in the loop which is proportional to the time 
derivative of die magnetic field. The B-dot probe was manufactured by Jaycor 
and has two half circle loops each with an effective area (Ag) of 0.55 cm2. 

The output of the B-dot probe is given by; 

Vo = A e f . (23) 
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where VQ is die voltage out of die probe and B is die magnetic flux density. 
Obviously for a sinusoidal B-field, VQ is proportional to B. 

0.2 

0.1 

I 
8 •"•' 

^ -0.2 

-03 

-0.4 
50 100 

Time (ns) 

150 200 

Figure 29. A typical waveform from the PMT widi ambient 
air on the window. 

The B-dot probe can provide two measurements; the frequency and the 
power density at the loop. The frequency can be measured directiy from the 
signal from the B-dot probe. The output from the B-dot will be oscillating at the 
frequency of the microwave fields, the attenuation of the coaxial cables becomes 
significant at these frequencies which are also beyond the bandwidth of the 
oscilloscope. If an external trigger is used, the signal may be captured and the 
frequency determined without regard to the amplitude. In order to capture the 
frequency of the signal above the bandwiddi of die oscilloscope, the horizontal 
time per division must be decreased. For our signal, die horizontal setting was 
placed at 2 ns/div, this reduces the width of the captured window to 20 ns. The 
microwave signal is at least 40 ns long, and to capture die beginning and the end 
of the signal an 80 ns window needs to be stored. Using the delaying time-base 
feature of die oscilloscope, several shots were taken and the captured window was 
delayed 15 ns each time. Assuming a reasonable repeatability, diese different 
signals could be concatenated to form a signal which represents the frequency of 
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the microwaves versus time (Figure 30). The absolute amplitudes of the signal in 
Figure 30 have no meaning in this representation. 
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Figure 30. Microwave signal showing frequency. 

By taking die Fourier u-ansform of die information in Figure 30, the 

frequency range of the microwaves can be determined. The specti-al information 

of the microwave signal is shown in Figure 31. As can be seen from the figure, 

the largest component of microwave power is located at around 2 GHz. The two 

peaks around 2 GHz show that the microwave frequency is not constant 

The amplitude of the signal out of the B-dot can be used to find the power 

density of the microwave radiation at the B-dot loop. However, the signal 

directiy out of the B-dot is too fast to record accurately. The power out of the B-

dot probe can be measured directiy using a microwave diode detector. The diode 

detector effectively rectifies the microwave signal which provides a unipolar 

output signal which can easily be recorded by a oscilloscope. The diode detector 

can be calibrated so that for any output voltage, the input power is known. Since 

the entire diagnostic system uses 50 Q. coax, the diode detector was calibrated 

into a 50 ft load. 
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Figure 31. Specti-al density of the microwave signal. 

A microwave source is set to operate at a frequency near the expected 

experiment microwave frequency. The output power of the microwave source is 

measured by a calibrated microwave power meter. The output of diode detector 

is measured with a digital voltmeter terminated with a 50 Q load. The output of 

the microwave source is increased in small increments and the reading of the 

digital voltmeter is recorded. These data are dien plotted on a log-log graph. A 

straight line results and can be approximated by an equation of the form; 

Pin = AV, out (24) 

where Vput is tiie voltage out of die diode detector, and Pjn ^̂  the power into the 
diode detector. Using any curve fitting program, die values for A and x can be 
found. The data taken for die diode detector and the curve fit are shown in Figure 
32. The curve fit of the data in Figure 32 is defined by die equation; 

Pin = 0.35674 Vout̂ -̂ l̂ ^̂ - (25) 

The power input to die diode detector must be limited to prevent damage 

to the detector. A high-power microwave attenuator was placed between the B-

dot probe and die diode detector to protect the diode detector. To find a relation 
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between the voltage output from the diode detector and the power density at die 
B-dot loop, we will need a series of equations. 

by; 
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Figure 32. Data points and curve fit for diode detector. 

The power into the detector is related to the power out of the B-dot probe 

M = 10 Logio 
Pob 

iPinj 
(26) 

where M is the attenuation of the high-power attenuator in dB, Pgb is the power 

out of the B-dot probe, and Pin is die power into the diode detector. Converting 

Eq. (26) to a useful form; 

let 

then 

Pin = PoblO-^^^«l 

N=io-(M/10)^ 

Pin = N Pob. 

(27) 

(28) 

(29) 

The average voltage out of the B-dot probe is; 
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^obrms = VPiivR' (^0) 

where R is the impedance of the system (50 Q). The peak voltage out of the B-
dot probe is; 

Vobp=>/2Vobnns- (31) 

Then, recalling; 

dB 
Vobp = Ae-^ , (32) 

where A^ is the equivalent area of the B-dot probe loop. If B is assumed to be a 

simple sinusoid, then; 

dB 
dt 

= coB, (33) 

where to is the frequency of the microwave signal in radians per second. For free 

space, 

B = ̂ loH, (34) 

where [IQ is die permeability of free space and H is the magnetic field 

corresponding to B. If we assume diat at die B-dot probe, die microwave 

radiation is a plane wave, die power density can be described as; 

S = A / — H 2 , (35) 
eo 

where EQ is tiie permittivity of free space. By combining die last several 

equations, we can describe the power density of the microwave radiation as a 

function of the voltage out of the diode detector, 
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2R 

By plugging in all of die constants; 

R = 50 Q 
Ae = 5.5x10-6 m2 

N = 0.1 

CO = 27rf = 2ji(2 Ghz) = 12.566 x 10^ rad/s 
£0 = 8.854x10-12 F/m 

Ho= 1-2566 X 10-6 H/m 

A = 0.35674 

x = 1.51958, 

Eq. (36) becomes; 

S= 178.18 xl06Vout^-^^^^^ (37) 

Using Eq. (37), tiie signal from the diode detector can be modified to 
provide tiie power density of the microwave radiation at the B-dot loop. Figure 
33 shows a typical voltage directiy from die diode detector. Figure 34 is die same 
waveform after being converted to power density. 

The total power can be calculated from knowledge of the radiation pattem 
and the power density at a location in that radiation pattem. The total power was 
calculated using a program which simulated the radiation from the waveguide for 
the different window shapes. A direct relationship exists between the magnetic 
field measured by the B-dot antenna and the electric field in the waveguide. By 
quantifying that relationship, the B-dot output can be calibrated to give the total 
microwave power in the radiation pattern. Due to the complex nature of the 
program and variables involved, the total power will not be calculated here. The 
reader is referred to a Ph.D. dissertation in which this method is described'̂ . 
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Figure 33. Typical waveform from the diode detector. 
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Figure 34. Typical waveform from die diode detector converted to power 
density. 
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CHAPTER 4 
DATA ACQUISITION 

The data acquisition system is considered here to be die equipment 
beyond die acttial diagnostic devices which is required to present die information 
from die diagnostics in a useful form. The signals must be ti^nsmitted from tiie 
diagnostics devices to a central location, recorded and displayed widiout undue 
interference from electiical noise. Each signal must be correlated in time widi the 
signals from die otiier diagnostics and should be able to be manipulated widi die 
other signals. 

Electrical Noise Protection 

The electiical noise which is generated by a pulsed power machine will 
comipt all but the most carefully guarded signals. Although most of the machine 
is built in a coaxial fashion, which minimizes extemal noise, the Marx generator 
is a source of high voltage and current transients which produce significant 
electromagnetic noise. 

The first line of defense against unwanted electrical interference is the 
screen room. A screen room is an electrically conductive box in which all 
diagnostic and sensitive equipment is placed. All signal lines which enter the 
screen room must be shielded with the shield attached to the screen where they 
enter. Power is supplied to the screen room via an isolation tiransformer and low-
pass filters. The isolation transformer prevents fault currents from flowing along 
the power lines. The low pass filters on the power lines prevent high frequency 
signals from entering the screen room along the power lines. 

The signal lines outside of the screen room are anodier place where 
electi-omagnetic interference can corrupt the diagnostic information. The signal 
lines are routed tiirough ti-enches in die floor. A system of coaxial lines enclosed 
in copper pipes terminated in boxes widi BNC feed-throughs at locations around 
die room provide well shielded signal lines from points near all of the diagnostic 
locations to tiie screen room. Semi-rigid foam coaxial cables are used to protect 
the signals on tiieir way to the feed-dirough boxes from the diagnostic locations. 
This cable has a solid outer conductor and is superior in noise protection to die 
braided outer conductor of standard coaxial cables. 

42 



Anodier potential source of electromagnetic interference is improper 
grounding. The PFL is constiucted from steel which is not a very good 
conductor. As current flow through the PFL outer conductor, the voltage at one 
end of die PFL could jump with respect to die odier end. To prevent die voltage 
at die diode end of die experiment from causing currents to flow in a ground loop, 
the diode end of the experiment is isolated from die building ground. By 
isolating die diode end of the experiment, no currents can flow on an undesired 
patii if the diode end voltage jumps up due to die high resistance of the PFL. 
Three single phase isolation tiansformers are connected to provide the required 
diree phase power to the diffusion and roughing pumps connected at tiiis end. 

An unresolvable ground loop exists in the diagnostics return to the screen 
room. The screen room is grounded at the designated point ground at the Marx 
tank. A ground loop is introduced by the diode voltage and current diagnostic 
signal lines. The outer conductor of the diode diagnostic coax lines are grounded 
at the oil switch section and also at die screen room, resulting in a ground loop. 
To correct the problem, any isolation method would have to provide nanosecond 
risetimes. Most type of isolation transformers could not provide that fast of 
response. Optical isolation is a viable solution and many systems exist for very 
high speed signals. The cost of such systems, however, is prohibitively high. 

Signal Timing 

The diagnostic system for the experiment must provide time correlated 

signals. For nanosecond time scales, transit times must be considered even for 

signals that propagate at die speed of light. All of the diagnostic signal lines have 

been adjusted to provide equal transit times within one nanosecond. 

To provide equal transit times for all diagnostic signals, a system was 

devised which allows the signal lines to be timed relative to each other. The 

output of a cable pulser was split one half going down a lengtii of coax which is 

shorter than die shortest signal line, the odier half is U-ansmitted down the longest 

diagnostic signal line. The signal line is connected to die vertical input of an 

oscilloscope, die other signal provides an external digger for the scope. The 

waveform is adjusted to show the risetime of the cable pulser output and is 

captured. By repeating die procedure for the other diagnostic signal lines, and 

adding coax until die wavefonn from the longest signal line overiays die 

43 



waveforms from the other signal lines, die tiansit times for all die diagnostics can 
be set equal. This setup is shown in Figure 35. This procedure takes into account 
all the different types of coaxial cables, the connectors and any anomalies. In 
addition, by using an exu-emely fast oscilloscope and a pulser with a very fast 
risetime, timing differences can be corrected down to less than half of a 
nanosecond. The timing signals are shown in Figure 36. 

Line under t e s t 

Os cilloscope 

In ^ rrig 

Power r 
SplitterL 

Cable 
Pulser 

Calibration Line 

Figure 35. Setup for timing of diagnostic signal lines. 

Additionally, die PMT light channel had to be timed relative to die other 

signals. A simple spark gap circuit was constiucted to provide both an optical 

and electiical signal which occur simultaneously. The end of the fiber optic line 

was placed near die spark gap and a wire loop was connected to an electiical 

diagnostic signal line which was already adjusted as mentioned above. The wire 

loop was placed the same distance from the gap as die fiber optic cable and was 

oriented to intercept the magnetic field from the current flowing through the gap. 

When tiie voltage on die capacitor exceeds die breakdown voltage of the gap, an 

arc fonns and the capacitor is discharged through die spark gap. 
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Figure 36. Results of the timing of the diagnostic signal lines. 

The light from the arc is ti-ansmitted back to the PMT through the fiber 

optic and is converted to an electrical signal. The signal from the wire loop is 

tiansmitted back to the screen room and is fed into one of the vertical inputs on 

an oscilloscope. The electiical signal from the PMT is fed into the other vertical 

input Two identical vertical amplifiers are used to provide equal timing delays 

within the scope. The oscilloscope is set to trigger off of the PMT signal and 

each waveform is captured separately. Then cable is added to the output of the 

PMT until the risetimes of each signal occur at the same point in time. To insure 

tiiat the vertical amplifiers are not having an effect on the timing, die signal lines 

are swapped into the opposite vertical amplifiers, and the signals are again 

captured. Figure 37 shows die waveforms of die optical signal from die PMT and 

the electrical signal from the B-dot loop after the length of the PMT signal lines 

has been adjusted. 

When die data from die diagnostic systems are manipulated, a positive 

reference to the timing between die various signals is required. A timing mark 

generator (TMG) was constiucted to provide the reference. The TMG is simply a 

device which outputs a small voltage spike after a digger signal is received. The 

spike could be split and, via cables of the same length, be put on all the signals to 

give a reference time for all the signals. 
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Figure 37. PMT signal timing. 

The timing spike is placed on the waveforms by putting it into die second 
vertical amplifier and placing die oscilloscope into an "add" mode. The add 
mode simply sums the two input signals and displays die result. If the TMG 
provides a single, nartow spike with very littie noise, die timing spike will not 
distort the information from tiie diagnostic. The only difficulty in implementiutig 
the timing mark generator for this system is that one of the diagnostic signals has 
a substantially different time scale. The Marx generator voltage probe signal is 
recorded at 200 ns/div. while the remaining signals are all recorded at 20 ns/div. 
If the a timing spike was added to the Marx voltage probe signal such that it was 
narrow enough not to interfere with the data but long enough to be visible, the 
same timing spike would distort a large portion of the remaining diagnostic 
signals. The solution was to provide simultaneous timing spikes with different 
widths. 

The TMG is implemented in standard TTL logic (Figure 38). The input 
tiigger signal is input into the clock of a standard D flip-flop. The digger forces 
the Q output high which lights a LED for confirmation of the trigger. The Q-not 
output goes low forcing the outputs of a series of 50 Q. line driver NAND gates 
high. A capacitor is placed across the output of each NAND gate. The capacitor 
passes only the leading edge of die signal from the NAND gate, resulting in a 
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spike. The output of die TMG is required to be terminated into 50 Q to maintain 
the proper decay time from die capacitor. For the Marx voltage probe timing 
mark, die capacitor value is increased to produce a longer spike which will be 
visible on die longer time scale. The clear input of the flip-flop is conti-olled by a 
momentary switch which resets die TMG. 

5on 

Ŵ , Vcc 

Reset 

2*1^° 3.9 pf 

3.9 pf 

o 
3.9 pf 

150 pf 

Vcc 

Figure 38. Timing mark generator schematic. 

Outputs 
(50 n) 

The trigger for the TMG is the diode current probe output. The diode 
current probe provides die cleanest signal with the most consistent pulse shape. 
The diode current is split into three separate signals. The first signal is sent to 
tiigger the TMG. The second is delayed through a length of cable and then split 
into four even lengths of cable, die cables are sent to the extemal tiiggers of the 
four oscilloscopes which are recording high speed signals. The third diode 
current signal is also delayed and then input to the oscilloscope recording the 
diode current. The delays on the second and third diode current splits are to 
allow for tiie intiinsic delay time of die TMG. The delay on the third split is 
included in the timing of the diode current signal line. The TMG output for die 
fast signals is split into four equal length cables which are sent to the second 
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vertical ampliflers of each of the fast oscilloscopes which are terminated in 50 Q. 
The slow TMG output is sent to the second vertical amplifier of die oscilloscope 
which is recording the Marx voltage. The timing of die slow timing mark is not 
crucial since tiie oscilloscope will be set too slow to observe such differences. 
Figure 39 gives the overall setup of the signal lines to die oscilloscopes. 
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Figure 39. Triggering and timing mark setup. 

The boxes along tiie right side of Figure 39 represent die five 

oscilloscopes. In the boxes, A and B stand for the two vertical inputs and t 

represents die extemal tiigger input In the figure, small circles widi multiple 

lines intersecting inside indicate power dividers and boxes on die lines are 

attenuators and filters. The line lengths are not to scale. 

Digitizing Camera Svstem 
The data is recorded from the oscilloscopes by means of a digitizing 

camera system. The digitizing camera system is manufactured by Tektionix and 

includes die camera, a card for the computer, software, and all associated cables. 
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The camera itself is a charge-coupled device (CCD) and associated optics and 
circuitiy fitted to an oscilloscope camera mount. The camera is connected to die 
computer card via a nine conductor cable. The card fits into any available 
sixteen-bit slot in a PC compatible computer. A video monitor is not included but 
necessary for reliable calibration and operation of die digitizing camera system 
(DCS). The video monitor provides direct visual feedback of what tiie camera is 
viewing. A 75 Q cable is connected from die computer card to die video monitor. 

A single computer may be used to contiol up to six digitizing cameras. 
However, for more tiian one camera, a few problems arise with the odierwise 
very straight forward system. Each camera requires its own card in the computer 
and these cards have a tendency to run extiemely hot When tiiree cards were in 
operation in die computer, difficulties were experienced with die operation of the 
system. The solution came by modifying die chassis of the computer and adding 
a second cooling fan. Additionally, when more than one camera is used, the 
software requires "Extended/Expanded Memory." It turns out tiiat die DCS 
software can only use expanded memory. This normally would not be a problem, 
there are several memory add-on cards available. However, when operating in 
VGA mode, there is no available memory address for the memory expansion card 
to access. For any system mnning with VGA graphics, the expanded memory 
must be available on the motherboard where a separate memory address is not 
required. In order to get the DCS operating properly, a 386SX computer was 
purchased with 1 megabyte of RAM on the motherboard. An expanded memory 
manager was installed to configure the additional memory properly. Once die 
faults with the DCS were repaired it proved to be a very valuable system for 
recording of waveform information. 

When die DCS software is triggered, the image from the camera is 
captured and is displayed on the video monitor until reset. Then the software 
processes the image into a waveform by determining die brightest point along a 
series of 512 vertical lines. The points are stored as a single column file with a 
constant value of time step between them. This file can be stored in either binary 
or ASCII formats for quick retiieval or input into other programs. 
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Data Acquisition Setup 

In the setup which was most common (Figure 39), five oscilloscopes and 
three digitizing cameras were used. All the oscilloscopes were analog Tektionix 
models. Three were 7834's, one was a 7944, and die last was a 7104. The 7834 
model is a 500 MHz, storage oscilloscope. The 7104 is a 1 GHz scope witii 
microchannel plate (MCP). The MCP provides very bright U-aces at even 
extiemely fast sweep rates. The 7944 is a 300 MHz oscilloscope. Each 
oscilloscope had at least one vertical plug-in which was die fastest available for 
that mainframe. Five signals were monitored from the experiment. The Marx 
voltage was displayed on the 7944 and recorded photographically. The 7104 
captured die diode voltage and had a dedicated digitizing camera. One 7834 was 
used to monitor the diode current and it also had a dedicated digitizing camera. 
The remaining two 7834's shared a camera to capture the microwave B-dot signal 
and the PMT output. The camera shared between the 7834's had to be moved 
very carefully so as not to disturb die calibration settings. While not the ideal 
way to use the system, sharing more dian one camera between storage 
oscilloscopes proved to be an effective method of extending our resources. 

Raw data from the DCS was initially processed by importing it into a 
spreadsheet program and performing the necessary manipulations. When several 
shots were taken each day, the procedure soon became extiemely lengthy and 
monotonous. A program was written by Steve Calico which would convert the 
one column data into a two-column format and provide the proper scaling for the 
amplitude. This program sped up the data processing substantially. Later, when 
more calculations involving multiple waveforms became necessary, this author 
wrote two more programs which would interpolate the data to predefined 
timesteps and shift die data in time to align the timing marks. Eventually, this 
author combined all three programs and added a subroutine which would apply 
the software compensation for the diode voltage. With the aid of these programs, 
the large amount of data manipulations required to extiact graphable data from 
the raw DCS output became a simple task. Data files representing the various 
measurements are easily loaded into a prepared template in a graphing package 
called Graftool. The template has four graphs printed on one page. 

In addition to the electionic data acquisition equipment, a system for die 
storage of all pertinent data was developed. For each shot, a program was 
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invoked which queried the user for information about all of the various 
parameters of die system. The program, called SHTFRM (for shot form), then 
printed a list witii all of the data regarding die shot. The printed page from 
SHTFRM and the page from Graftool are placed in a protective sleeve. All the 
Polaroid pictures are loaded into another plastic sleeve. All the sleeves are placed 
sequentially in a series of loose leaf notebooks. All raw digital data as well as all 
the stages of prepared data are kept on diskettes and labelled for future reference. 
With this system, any parameter from any shot, and the corresponding raw or 
manipulated data can be recalled with ease. 
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CHAPTER 5 
CONCLUSION 

A diagnostic system was implemented for the high-power microwave 
facility at Texas Tech University. Four separate electiical and three other types 
of diagnostic devices were installed and, where applicable, calibrated. A timing 
system was developed which would allow die time correlation between all 
quantitative diagnostics. A data acquisition method was developed which 
allowed presentable data to be extiacted from raw information with a minimum 
of effort. 

The diode voltage probe was calibrated in a frequency dependent manner 

using a fast Fourier program. For future work, another type of diode voltage 

probe could be installed which would not require the software compensation. A 

unique diode current sensor was designed and constincted. The Rogowski section 

proved to be a reliable and accurate method for measuring currents in a coaxial 

system. Microwave measurements were made with a commercially available B-

dot antenna and diode detector. The B-dot antenna was assumed to be calibrated, 

while the diode detector underwent extensive calibrations. The optical 

measurements were not calibrated for intensity nor was any really required. 

Each signal path was timed to within one nanosecond of the rest and a 

timing mark was added to each waveform to allow time cortelation between 

signals. The data acquisition system was designed around a commercially 

available digitizing camera system. While setting up the system, several 

problems, unknown to the manufacturer, were corrected. An extensive set of 

programs were written to simplify die data manipulation process. A system was 

developed to maintain complete records, both paper and computer, of each shot of 

the experiment. 

The diagnostic and data acquisition systems should provide a good basis 

for future research using die high-power microwave facility at Texas Tech 

University. 
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