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SECTION I

INTRODUCTION

The research described In this report was motivated by a need to

develoF improved simulation sources for IEMP studies. Specifically, the

risetime of the injected current pulse In previous work was excessive

(50 ns) and improvements In this area were required. Also, to have the

capablty of Irradiating very large cavities It Is necessary to be able

to synchr~nously switch several parallel machines. Therefore, the main

thrust of the program as originally structured was tomodify the SPI-

PULSE 6000 machine with a low jitter, multi-channel switch to both Improve

the machine rlsetime and demonstrate the capability for synchronous switching.

In parallel, another experimental program was designed to study parametrically

the phenomenon ot onhanced cavity current transport when dielectric surfaces

are present.

During the course of this contract It became apparent that certain

experiments in support of other IEMP programs were required. Specifically,

a thorough calibration of the SPI-PULSE 5000 diode diagnostics was carried

out. Once completed, this information was used to define injected beam

parameters for a series of benchmark experiments In which pressure and

cavity geometry effects on the transport of electron beams were studied.

The following sections detail these various efforts.

9 -
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SECTION II

DIAGNOSTICS CALIBRATION

2.1 INTRODUCTION

To provide meaningful experimental data for comparison with IEMP code

results, It is necessary that the beam paratieters be known as accurately as

possible. tn particulTr, a knowledge of the true voltage and current of the

beam-forming diode Is necessary for calculating the Injected beam energy In

cavity experiments.

In this section a review is given of the techniques used to calibrate

the voltage and current monitors of the SPI-PULSE 5000 when configured for 12"

diameter beam experiments. A schematic of the monitors is shown in Figure 2.1.

They consist of a capacitive divider voltage monitor and a low resistance

current shunt. The operating principle of the current monitor will be dis-

cussed In a later section. For the capacitive divider, the relation between

the actual voltage Vs (t) on the cathode shank at the position opposite the

voltage monitor and the voltage monitor output VM(t) Is given by the equation

dV5 dV1s G VM + V (2.1)7" " [ d- +

whore

' , (R + Z) (Cl + C2

(R + Z) (CI + C2 )
G 1  2 I

C, capacitance linking the shank to the voltage monitor band.

C2  capacitance linking the voltage monitor band to ground.

10
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The solution of equation (2.1) is

tTh olto o quto (2.'),i

(t)V(t) + VM (t) d t (2.2)
s0

One normally designs T to be very much greater than any pulse length of

Interest, so that to a good approximation the Integral term can be neglected.

Then the determination of the voltage monitor coefficient - Gv - Is all that

Is required to calibrate the capacitive divider.

2.2 VOLTAGE MONITOR CALIBRAfION

Six experimental methods were used to determine Gv. They consisted

of both low voltage and high voltage techniques:

Low Voltage

Step Function Voltage
RC Decay Time

Capacitive Bridge

Matched Transmission Line

High Voltage

Matched Resistive Load

Time Resolved Magnetic Spectrometer

Each method will be considered separately.

2.2.1 Step Function Voltage Measurement

In this technique the step function voltage output of a SPI-PJLSE 25

transmission line pulser Is split with an unmatched "'T". One output Is

applied to the cathode shank, which quickly charges up to a voltage Vs. The

other IT" output Is sent to an oscilloscope. This oscilloscope trace then

gives the static charging voltage - Vs  on the shank.

12
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Another oscilloscope is used to monitor the capacitive divider out-

put -V M* From equation (2.2) It follows that for a step function voltage

= G -t/T (2.3)I S
Thus, by measuring the two oscilloscope outputs at tlmf.% very MUCh less than

T the coefficic't G is determined. Experimentally, this ratio is

V

SGv= 9.0 KV/V

2.2.2 RC Decay Time Measurement

From equation (2.3) It is clear that the decay of the capacitance

divider output, when driven by a step function, determines the time constant

T. This was measured to be

T 2.1 + .1 Psec

Then since Z Is known,

= 42 KV
G 42 V (2.4)
V C I (pF)

The capacitance CI can be estimated from the coaxial line relation

2ir o I

C= 0 (2.5)In ro/r
0 1

which, from the dimensions given In Figure 2.1, gives

C= 4.31 pF

and

G v  9.7 K V
GV

13
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2.2.3 Capacitive Bridge Measurement

Since the desired voltage monitor coefficient is given by

(R + Z) (CI + C2 ~ (R + Z) C2GV z IZ C 2 C (2.6)

then since R and Z are known, and CI has been estimated, a determination of

C, Is all that is required. This was measured using a calibrated GR capaci-
tance bridge, The result was

C2  12,000 pF

From this, Gv 10.1 KV/V.

This bridge measurement was made at I khz frequency, whereas typical

SPI-PULSE 5000 pulse lengths correspond to greater than I Mhz frequency. The

frequency dependonce of the dielectric material used to Insulate the voltage

monitor band is such that C2 would be lower at the higher frequency. There-

fore, the value of G computed above Is probably high.
v

2.2.4 Matched Transmission Line Measurements

The cathode shank diameter of Figure 2.1 Is reduced to 3.5" to make the

wave Impedance of the coaxial line feeding the load equal to 50 ohms. Thus any

wave launched onto it from a 50 ohm source will propagate without reflections

if It is terminated In a matched load. Figure 2.2 shows schematically the

apparatus used. Pulses from the SPI-PULSE 25 (1000 volts, I ns rise, square

wave generator) are fed via 50 ohm cable Into a 50 ohm biconic transmission

line which matches Into the 3.5" diameter shank. Another biconlc line takes

the pulse which has passed the voltage (and curreni) monitor into another 50 ohm

cable which goes to a 7904 oscilloscope. Figure 2.3 shows the measured Input

pulse to the calibration system and the pulse which has passed through the

system. Their equality Indicates that the entire structure is very nearly 50

ohms throughout.

14
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Figure 2.2 Voltage and Current Diagnostics Calibration Using
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Input Pulse 50 V/dIv., 20 ns/dlv.

EON

m

Transmitted Pulse 50 V/div., 20 ns/dlv.

Figure 2.3. Input and Output Pulses for 50 ohm Transmission
Line Geometry using I kV Rep. Rate Pulser
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input Pulse 100 V/div., 50 ns/div.

Voltage Monitor Output 10 mV/div., 50 ns/dlv.

Figure 2.4. Voltage Monitor Response with 50 ohm Transmission

Line Geometry using I kV Rop.Rate Pulser
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Figure 2.4 shows the Input voltage pulse and the corresponding output

signal from the voltage monitor. Taking peak values, the resulting calibration

coefficient Is

KV
V=1!,6 i T

To obtain thp relevant value for the 4" shank configuration, the change In CI

must be accojnted for. When this Is done usirg equation (2.5), the value

obtained Is

V Volt

2.2.5 MAltched Resistive Load Measurements

As Indicated in Figure 2.1, energy flowing towards the load passes the

voltage and current monitors on a coaxial trarsmission line which has (for a

4" diameter shank) a wave Impedance of 41.5 ohms. If the load is a pure re-

sistance equal to 41.5 ohms, no reflections will occur and the voltage and

current recorded by the monitors will be Identical to the voltage and current

of the resistor.

A 41.2 + .4 ohm copper sulphate load was placed on the end of the 4"

shank extension of the SPI-PULSE 5000 and data obtained by charging the

machine to 150 KV. Because the pulse forming line (the dielectric energy
store) has a wave impedance of only about 2.0 ohms, the load is highly over-

matched to the machine and the peak output voltage will be nearly 150 KV. The

519 oscilloscopes used to record the voltage and current monitors were calibrated

using the SPI-PULSE 25 with the following results:

e Voltage Monitor Oscilloscope Sensitivity

10.1 Volts/division

* Current Monitor Oscilloscope Sensitivity

9.4 Volts/division

'I4



Figure 2.5 shows the voltage and current monitor traces obtained for

a machine charging voltage of 150 KV. The ratio of the voltage monitor signal

to the current monitor signal was measured to be cons+ant to within -_ 3%

throughout the duration of the signals recorded. Letting

A = voltage amplitude of current monitor signal

A = voltage amplitude of voltage monitor signal

G = current monitor calibration In amps/volt

then A1

Gv 1.2 G I A I

Using measured values ior A I and A and the known value of G,, there results
I KV

Gv a 9.84 '1t
9.4Voltj

2.2.6 Time Resolved Spectrometer Measurements

The time resolved spectrometer, described in the next section, was

pr marily Intended for making direct measurements of the Injected electron

beam energy and angular distribution. However, from the data obtained it

is also possible to Infer the voltage monitor coefficient.

Figure 2.6 shows a comparison of the spectrometer output and the

diode voltage. The upper curve shows the diode voltage as computed from

the voltage monitor output usin the coefficient

G = 9.7 KV
VoIT

A

19
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Voltage Monitor Output 10.1 V/div., 20 ns/div.

Current Monitor Output 47 V/div., 20 ns/div.

Figure 2.5. SPI-PIJLSE 5000 Diode Voltage and Current Waveforms
w ith 41 ohm Res Ist ive Dummuy Load at V 0=150 KV
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and Including an Inductive correction for the voltage drop along the shank

between the monitor 5nd the load (see Section 2.4). Because of the finite

probe and collimating slit 4idths, each spectrometer probe has a finite

energy acceptance range; e so there Is a small energy overlap between adjacent

probes. The energy accepi ice range, and corresponding time phasing, of each

probe is Indicated by -ie ectangular boxes on the upper curve. The 0.25 mul

thick Mylar window used in this case causes negligible energy degvadation for

the beam energies Indicated, so this correction has not been included.

The lower part of Figure 2.6 shows the measured time phasing of the

four highest energy spectrometer probes. The time overlap between adjacent

probes Is in excellent agreement with that predicted by the voltage monitor

output. Based upon this, it can be Inferred that the voltage monitor co-

efficient given above Is consistent with the spectrometer data.

2.2.7 Summary of Voltage Monitor Calibrations

The results of all voltage monitor coefficient measurements Is

summarized In Table 2.1.

Table 2.1 Voltage Monitor Calibration Values

Calibration Technique Results (KV/V)

Step Function Voltage 9.0

RC Decay Time 9.7

Capacitive Bridge 10.1

Matched Transmission Line 9.65

Matched Resistive Load 9.84

Time Resolved Spectrometer 9.7

AVERAGE VALUE 9.7

The average value has been rounded to the first decimal place; the estimated

accuracy of the average value Is + 7%.

21
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Figure 2.6 Comparison of Time Resolved Spectrometer Output and Measured

Diode Voltage (Corrected for Inductive Component) for
T- 100 ns (fwhm)
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2.3 CURRENT MONITOR CALIBRATION

The other Important diagnostic tool used for characterizing the electron

beam is the resistive current shunt. As indicated in Figure 2.1, this con-

sists of a low Impedance resistor Oand placed In series with the outer con-

ductor of the coaxial line feeding energy to the load. The voltage generated

across the band Is monitored with a Tektronix 519 oscilloscope. Any current

pulse flowing on the cathode shank will induce an equal and opposite current

In the outer conductor. This Is a general property of transmis ' n lines,
and is physically caused by the fact that the magnetic field - Be  associated
with the current flow on the shank induces current flow In the outer wall.

From the known number of resistors In the current monitor, Its

calibration can be easily calculated to be

G 211
I 2q 1 3 63.9 amps/volt

This section reviews the two techniques used to verify this.

2.3.1 Resistive Bridge Measurement

Using a calibrated GR resistive bridge, It was possible to directly

measure the resistance of the current shunt. The value determined was

R = 16 x 10-3 ohms

However, the lowest bridge sensitivity is + I x 10-3 ohms; therefore the

current monitor coefficient is

C 1  62.5 + 3.7 amps/volt

2.3.2 Matched Transmission Line

Using the 50 ohm transmission line geometry described in Section 2.2.4,

It is also possible to calibrate tIe current monitor. Since the amplitude

23



of the voltage pulse - V - on the lina Is known, and no reflections occurP

in the matched 50 ohm system, the current flowing both on the Inner coaxial

line and through the current monitor Is

Ip = Vp/Z = 0.02 Vp

By measuring the voltage - VI - Induced across the current monitor, the co-

efficient

I

can be determined. Figure 2.7 shows measured waveforms; from these there

results

G 60.6 + 4.2 amps/volt

2.3.3 Summary of Current Monitor Calibration

Table 2.2 summarizes the current monitor calibrations determined by

three techniques.

Table 2.2 Current Monitor Calibration Values

Measurement Techniques Result (A/V)

Number of Resistors 63.9

Bridge Measurement 62.5 + 3.7

Matched Transmission Line 60,6 + 4.2

AVERAGE VALUE 62.3 + 2.2

One furthr consideration of the current monitor is warranted. Because

of Its physical construction the resistor band is shunted by a capacitor C.

The equivalent monitor circuit Is a parallel RC network driven by a current

24



Input Pulse 50 V/dIv., 100 ns/div.

Current Monitor Output 20 mV/div., 100 ns/div.

F!gure 2.7. Current Monitor Calibration for 50 ohm 1ransmission
Ling Geometry using I kV Rep. Rate Pulser

25



source. The voltage -V1  across the monitor is then described by the

equation

V Mt I e (t) I (t) dt (2.7)

0

where

Equation (2,7) can be Integrated by parts *o give

I (1 t)I(-t d

To estimate the magnitude of the Integral term, assume a current ramp of the

torm

Then

(t)M M t/t M** tr -e t ) (2.10)

The estimated value for the shunting capacitance Is

C -12 pF

The time constant is then

T= 0.2 picoseconds

I The capacitor clearly has a oeglIgible effect on the measurement.

1 26
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2.4 INDUCTIVE VOLTAGE CORRECTION

Referring again to Figure 2.1, the voltage and current diagnostics

used actually measure VM and I on a portion of the coaxial transmission line

which Is some distance removed from the actual electron beam load. Since the

effective load resistance is typically much less than the wave impedance of

the transmission line, voltage reflections occur which constitute part of the

voltage monitor signal. In general, the voltage monitor does not uniquely

determine the load voltage.

Since typical current pulses rise in several tens of nanoseconds, the

short length of transmission line between the monitors and load is usually
represented by an equivalent lumped Inductance. If the length of line segment

Is L, then the equivalent Inductance Is

L (2 x 107 In -) X (2.11)

where ro and rI are the outer and Inner radii of the transmission line. *rhen

the load (diode) voltage is

dl i

VD (t) VM (t)- L -t  (2.12)

To verify the validity of the Inductive correcticn, the transmission

line code was used to model the SPI-PULSE 5000. The code was set up to

print out the voltage and current waveforms at the position of the actual

monitors. In addition, the actual load voltage was printed out. The computer

generatud voltage monitor signal was corrected for the Inductive drop, using

the computer generated current monitor signal, by employing a simple three point

differencing scheme to compute the current derivative. Figure 2.8 summar;zes

tho results. The solid line shows the actual load voltage, while the dot-dash

line ccrresponds to the voltage monitor output. The dashed curve is the result

of applying the inductive correction to the voltage monitor signal. It Is

clear that this technique reproduces the actual load voltage quite well; the

small oscillations about the true value largely reflect numerical Inaccuracies

In computing the current derivative.
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Based upon this study, it can be concluded that the inductive voltage
correction Is sufficient to compute the true load voltage.

2.5 SUMMARY OF CALIBRATION RESULTS

Based upon a thorough study of the SPI-PULSE 5000 diagnostics, the

following results apply for the 12" diameter diode configuration:

9 the voltage monitor coefficient is

9.7 + 0.6 KV/V

9 the current monitor coefficient is

62.3+ 2.2 amps/volt

* a simple Inductive voltage correction ascurately determines

the true diode voltage.

* because of the agreement between low voltage and high voltage

measurements of the voltage monitor cotfficient, it can be

concluded that if shank emission of electrons is occuring

It has a negligible effect on the voltage monitor output.

i

I
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SECTION III -
CAVITY TRANSPORT - BENCHMARK EXPERIMENTS

3.1 INTRODUCTION

An experimental program was carried out to provide data, for fixed

cavity geometries, which could be compared to IEMP transport code predictions.

major requirement of 1the proyram was that the injected beam parameTers be

accurately determined. In this section the techniques used are described and

the data resulting from the measuraments presented.

3.2 EXPERIMENTAL CONFIGURATION AND TEST MATRIX

The equipment used is shown schematical!y n Figure 3.1. The SPI-

PULSE 5000 accelerator served as the Injected electron source. The machine

charging voltpge was held constant at 250 kV and the gap between the 30 cm

diameter cathode and tungsten mesh/0.25 mil aluminized Mylar anode set at

1.5 cm. To produce a short injected puisewidth. the diode pressure was

maintained at 40 j.(alr).

The cavity Itself consisted of a 30 cm diameter right cylindrical sleeve

mesh/mylar anode through which the electron beam was injected served as one

end of the cavity. The other end of the cavity was defined by a moveable

aluminum current collector plate. This plate was electrically isolated from

the cavity side wall by a low Impedance resistor band. The voltage Induced

across the band is then directly proportional to the net current transported

through the cavity. The wall current monitor was not used during these runs.

The experiment was designed to assess the dependence of current transport

on two variables: cavity depth and residual gas pressure in tne cavity. The

.... te test -.atrlx is shown in Table 3.1. Because of time limitations, only

a portion of the data nas been reduced.
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3.3 INJECTED BEAM PARAMETERS

In order to obviate any problems In computing cavity parameters because

of erroneous Input data, It was necessary to very carefully determine the time

dependent beam Injection parameters. Specifically, these are energy, current,

current density distribution, energy spread and electron angular spread. The

following sub-sections consider each In detail.

3.3.1 Diode Measurements

From the results described In Section 2, It Is possible to calculate

the actual diode voltage and current. Figure 3.2 shows typical data; the

upper curves show the observed voltage monitor and current time dependance.

The voltage curve has been corrected for the Integral term In equation 2.2

to give the cathode shank voltage. Using the Inductive correction described

previously, with an inductance value of 21 nH, the lower curve results. This

gives the time history of the main accelerating voltage In the anode/cathode

gap.

3.3.2 Injected Current

Determination of the Injected beam current was found to depend

critically on where It was measured. Referring to Figure 3.1, the cavity

side wall was positioned 1.0 mm away from the Injection plane. Because the

moveable back current collector was not perfectly perpendicular to the cavity

axis (the collector was cockeo by + 0.5 mm), the closest spacing was 1.0 mm.

Measurements made at this location and at succeedingly greater spacings, are

shown In Figure 3.3.

The results, which were quite reproducible, show a strong dependence

of transmitted current on cavity depth for times greater than 50 ns. The

current density is roughly 5 amps/cm2 at that point; from Figure 3.2 the beam

energy Is less than 40 keV. Since
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TABLE 3.1 IEMP BENCHMARK EXPERIMENT DATA STATUS AUGUST 1975

NOM I NAL BEAM CHARACTER I ST I CS

Pulse Width = 35ns (FWHM)
2Injected Current Density (peak) 3.0 amps/cm

Injected Beam Energyy (average) l00 keY

FIXED DIODE PARAMETERS FIXED CAVITY PARAMETERS

Cathode Diameter = 30 cm. Cavity Diameter = 30 cm

Anode = 65% transparent mesh

and 0.25 mil Al-Mylar

Anode/Cathode gap = 1.5 cm

Diode Pressure = 40 11

TEST MATRIX

CAVITY DEPTH, CM

.1 I 2 4 710 5 20 30

.I X X X X X X X X

I X X X X

5 X X X X
-o x x - x
10 X X >1 X

20 X X X X

') 30 X X X X

50 X X X Xx7x x x
I I II Ix100 X X X X

200 X X X X

350 X X x X

500 X X X

1000 X

MEASUREMENTS

Diode Voltage and Current vs. Time

Transmitted Cavity Current vs. Time
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2J I

2.34 x 10-6 V
3/2  25

it is surprising that strong space charge limiting should be observed. This

may be due to the annularity of the beam as will be described. The current

prlse measured I mm from ne injection plane is taken to be the actual

Injected beam current.

3.3.3 Angular and Energy Spread

Because a Mylar pressure diaphragm was used at the Injection plane,

electrons traversing It will be degraded in energy and have their direction

of Injection randomized. To study this, a Monte Carlo transport code -

ELTRAN (2 ) - was employed. For a given electron energy Incident on the Mylar,

the Injected beam was characterized in the following way:

9 the energy loss Incurred by 25% or less, 50%

or less, and 75% or less of the electrons.

o the polar angle deflection Incurred by 25% or

less, 50% or less, and 75% or less of the

electrons.

The energy loss curves are shown In Figure 3.4; Ve values given should be

subtracted from the Initial energy to give the Injected energy of the corre-

sponding part!cle group. The corresponding curves for polar angle deflection

(assumed to be azlmuthally symmetric) are contained In Figure 3.5.

3.3.4 Magnetic Spectrometer Measurements

In order to directly measure the Injected electron beam energy, or

energy distribution, at each Instant of time, a time resolved magnetic spectro-

meter system was designed and built. Table 3.2 summarizes the spectrometer

measurement test matrix. Reference to long pulse width spectrometer data was

made In Section 2. In this section, a discussion is presented of the spectro-

meter design and calibration. This is followed by considerations on the short

pulsewidth benchmark beam results.
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Table 3.2 Time Resolved Spectrometer Measurements Summary

LONG PULSE - 100 ns

2 mm Drift I cm Drift
O. Ili 0.11

0- 300 45 6 0o  300 450 6
z x x
0 Ocm X X X X X X

12.7 cm X I
-I~~ Li 1.

10 cm Drift
0•

OcmiXO

-j 12.7 cm X X

SHORT PULSE -35 ns

2 mm Drift I cm Drift
0.1 0.1

0°  300 450 60* 0°  30* 45o 60*

S cm X X X X

12.7 cm
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3.3.4.1 Spectrometer Design

The 180* magnetic spectrometer utilizes a permanent magnet array to pro-

vide a uniform field between two 6 Inch diameter semicircular pole plates. Figure

3.6 shows the spectrometer to scale in two views. The probe configuration shown

was designed to provide ten channels of tlme-resolved Information. A miniature

coax angle connector Is located directly behind each probe on an aluminum mount-

Ing plate which, with the peripheral band, provides an RF tight enclosure. This

peripheral band also serves to hold the pole plates at I cm separation. The

probes, approximately I cm2 In area, are made of copper. The probes and the

second slit are recessed from the edge of the pole plates a minimum of I cm In

all directions to Insure a normal field to the electron velocity at all points.

The slit assembly consists of an aluminum mounting piece for good electrical
grounding, with slits and sides of high permeability mu metal to eliminate any

fields In the slit area. The slit separation Is 2.5 cm. Slits of several dlmen-

slons were made to provide maximum resr;utlon for a range of Incident current

densities.

The circumference of the pole plates has thirteen machined flats -3/4 inch

wide to accommodate the permanent magnets used to provide the field. The 3/4 x
I 5/16 inch magnets were also ground flat to provide maximum contact with the pole
flars. Both pole plates and magnets were nickel plated to eliminate any oxidation.

Four sets of thirteen magnets were made. Each set, having a different strength,

was color-coded and numbered to reproduce configurations easily. Small plastic

rectangular slabs, epoxled to the magnets, provide a press fit between the pole

plates and secure the magnets In position.

Fields obtainable range from approximately 50 to 500 gauss. A Hall effect
gaussmater with a 1/8 x 3/16 Inch probe was used to measure the field uniformity at

various locations within the pole plates. A uniformity of + 2 was easily obtain-

able. At the same time, the field within the slit assembly was shown to be <2 gauss,
I.e. no Indication on the gaussmeter at higher sensitivity.

~3.3.4.2 Spectrometer Probe Energy Resolution
From the average fslod value a calibration curve of electron energy versus

arc diameter was calculated using the basic equation
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I 1

where

T = electron kinetic energy in keV

MoC  = electron rest energy 511 keV

X = arc diameter in cm0

B = magnetic field In gauss.0

Also with the probe locations known with respect to the silt and given

Wp a probe width In cm

W s  = slit width In cm

Ss  a silt separation In cm

the energy acceptance for each probe could be calculated from the equations

T M I Q + (I P W s) ~~2 (3.2)

MIN 2 XXo4 o16

and

T M C2 2 _ 2

TI+. Ic2  S IN-  (3.3)

where

% = tan" 1 (Ws/Ss )
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3.3.4.3 Spectrometer Calibration

An Internal conversion beta source, Cd-109, with transition energies

of 62.2 and 84.2 key was used to verify the calculated calibration. A strip of

Kodak Type AA Industrex X-ray film was placed at the probe plane with the source

colilmated by the narrow slits of the spectrometer. The film was exposed at

two locations according to the energy of the betas In the form of a thin slightly

blurred line. Figure 3.7 shows the calculated calibration curve with the position

of the experimental lines indicated on the X-axis. The corresponding energies ca

can be seen to agree to within 2% of the known values.

3.3.4.4 Thirty-Five ns Pulse Results

The work presented here was carried out about six weeks prior to per-

forming the benchmark experiments. Because of a change in the Instrument used

to monitor diode pressure, the pulse length of the beam studied with the spectro-

meter was somewhat shorter than that used for the benchmark series of experiments.

Nevertheless, the general conclusions reached are applicable to both cases.

Measurements were made approximately 2 mm beyond the Mylar pressure

diaphragm. Figure 3.8 Indicates the measured voltage monitor and current monitor

waveforms. Using this data, correcting for the Inductive voltage drop, and

using the mean (50%) energy loss curve (Figure 3.4) the Injected energy curve

shown In Figure 3.9 was calculated. The energy/time acceptance of each spectro-

meter probe is indicated by a rectangular box. The lower graphs show the measured

probe waveforms, with the spectrometer positioned to accep+ only klectrons

coming out normal to the anode.

The general agreement between the derived Injected energy curve and
spectrometer probe output is good; each probe signal peaks at essentially the

center of its energy/time acceptance range. The early time tail of each probe

can be accounted for by scatter from the edge of the entrance slit. Referring

to equation (3.3) for the maximum energy acceptance of a probe, slit scatter

can ine.rease o and thus Increase the real energy acceptance of a probe. The

late time tail cannot be accounted for by the same mechanism. While Its origin
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Is not definitely known, It is ilkely that it is a result of secondary electron

emission from the surface of the copper probes. Higher energy secondaries (a
few keV enei y) are bent by the magnetic field in such a way that they tend to
strike higher energy probes. While not shown on Figure 3.9, all of the lower

energy probes (I through 5) have long early time tals which start at about

15 ns 'nto the pulse.

Finally, another measurement was made with the spectrometer set to

sample that portion of the Injected beam scattered 300 to the anode normal.

By Integrating the output of each probe, the energy spectrum shown In Figure

3.10 was obtained. From Figure 3.5, one would not expect much of the beam to
be scattered Into this large an angle until the energy is well below 100 keV.
The data substantiates this.

3.3.5 Injected Beam Parameters - Benchmark Experiments

DurIng the series of measurements made to fill In the test matrix shown

In Table 3.1 it was cbserved that the peak vol tage monitor output varied by

about + 5% and the Injected beam current varIled by + 10%. Therefore an average

set of waveforms was used to characterize tho beam. These are shown in Figure

To make code Input convenient the beam variables were digitized every

two nano econds, with the zero time ahlfted to correspond to the beginning of

Injected current. The beam energy was characterized by a two group distribution;

the 25% and 75% points. A similar characterization was used for the Injected

beam polar angles. The Monte Carlo calrulations described earlier were used

to generate this grouping. It might be argued trat the spectrometer data should

have been used to determine the appropriate energy grouping; however, because

of the effect of slit r it was not possible to determine the real energy

spread at each tIme. Therefore, It was felt that use of the computer energy

spread was a better appraoch.

Table 3.3 summarlzes the Injected beam parameters in digital form.

47



5

V =250 KV
38 CM DIA. CATHODE

4 1.5 CM GAP
FD a40,p
B= 210 GAUSS

SHOT #6480

3

2

0

0 25 50 75 100 125 150

ENER~GY, KEY

Figure 3.10 Measured Time Integrated Spectrum~ at 30*

48



200

180

160

140

w 120

o

6 - 60

10

20

60 
-

0 1 0 20 30 40 50 60 70 80

TIME, NS

I
B

00 1 0 20 30 40 50 60 70 80

TIME, NS

*6

Figure 3.11 Representative Injected Beam Ch, racteristics
for tEMP Benchmark Experiments

zI15

S49

31



TABLE 3.3. INJECTED BEAM PARAMETERS - BENCHMARK EXPERIMENT
5

INJECTED MEAN ENERGY ENERGY ANGLE ANGLE
TIME, CURRENT, ENERGY, BIN #1, BIN #2, BIN #I, BIN #2,
NS K/APS KEY KEV KEV DEGREES DEGREES

0 0.0 0.0 0.0 0.0 41.4 75.5
2 0.11 38.1 39.2 36.3 '1.0 40.2
4 0.26 122.9 123.3 122.3 4.5 14.3
6 0.45 176.7 177.1 176.2 2.6 9.6
8 0.53 159.4 159.8 158.9 3.0 10.8
10 0.55 144.2 144.6 143.7 3.7 12.0
12 0.61 129.4 129.8 128.8 4.4 0.5
14 0.86 121.7 122.1 121.1 4.6 ;4.4
!6 1.05 111.1 111.5 110.5 5.5 5.7
18 1.18 109.2 109.6 108.5 5.6 16.0
20 1.32 107.7 108.1 107.0 5.7 16.2
22 1.52 107.8 108.2 107.1 5.7 16.2
24 1.74 104.1 104.5 103.4 6.0 16.8
26 1.96 102.6 103.0 101.9 6.2 17.0
28 2.19 96.6 97.0 95.9 6.8 18.0
30 2.43 90.1 90.6 89.3 7.5 19.2
32 2.68 89.7 90.1 88.9 7.6 19.4
34 2.97 76.2 76.7 75.2 9.5 22.4
36 3.26 72.1 72.7 71.2 10.3 23.6
38 3.61 66.5 67.1 65.5 11.1 25.7
40 4.01 63.6 64.2 62.5 11.8 26.9
42 4.52 54.0 54.8 52.7 13.5 31.2
44 4.96 47.0 47.9 45.5 15.0 34.9
46 5.23 39.5 40.5 37.7 16.6 39.4
48 5.38 33.9 35.1 31.9 18.0 42.7
50 5.44 30.9 32.2 28.8 18.9 44.5
52 5.44 24.5 26.0 22.0 21.5 -;9.3
54 5.AO 17.1 18.7 14.4 25.4 55.8
56 5.30 6.5 7.9 4.2 33.8 67.2
56 5.11 5.3 6.5 3.3 34.8 68.6
60 4.81 4.0 5.0 2.3 36.4 70.1
62 4.37 3.0 3.8 1.6 35.0 71.4
64 3.77 3.0 3.8 1.6 35.0 71.4
66 3.08 2.0 2.6 1.0 38.6 72.7
68 2,39 1.6 2.1 0.7 39.2 73.3
70 1.57 1.1 1 1.4 0.4 39.9 74.0I72 0.89 1.0 1.3 0.4 39.9 74.0
74 0.40 0.5 0.7 0.2 40.7 74.6
76 0.0 0.0 0.0 0.0 41.4 75.5

Il
50

Q

imi i ll ii



3.3.6 Injected Current Density

Initially, for long pulse work (i.e. t 100 ns fwhm) thin film blue
(3)cellophanc, dosimetry could be used to determine the time integrated elec-

tron current density distribution. Invarably (4 ) the measured distribution

was quite flat, I.e. 1 15% under these conditions. As the technique for pro-

ducing shorter electron beam pulses evolved, l+,was no longer posslDle to use

blue cellophane for mapping because the total integrated dose was too low.

Uniformity was assumed to hold true there as well.

During an experimental program (5 ) employing a 30 ns fwhm pulse, mul- j
tiple concentric rings used to measure Injected current density showed that f
the beam was annular. Further measurements, made with the Faraday cup array

of Figure 3.12 placed 2 mm from the window, agreed with this result as indicated

by the total Integrated charge values containod In each probe. A cross section

of this current density map Is presented In Figure 3.13. It shows the current

density distributlot to be generally hollow with approximately 2.3 times more

current in the outer annulus.

Subsequent to these measurements a radiographic technique was developed

for beam mapping. This consists of allowing the electrons To Impinge upon a

thin, 0.001 inch, tantalum foil over a film cassette therebV ,.reatIng brem

sstrahlung radiation and expong the film. Although a precise comparison of

film expos,,re and current density has not yet been made, beam ,jnlformlty ,

distributions qualitatliely agree.

Using this technique a series of measurements was made to determlie thu

cause of the non-uniformity observed and to make corrective modifica+lnf. The

results were that when a 1/2 inch radius of curvature Is used on the !4 inch

diameter emitter (reducing the emission surface to II inch diameter),uilform

emission occurs. Future experiments will be performed with these urif-,rm beams.
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3.4 BENCHMARK EXPERIMENT RESULTS

Throughout the axperimental series the cavity pressure was monitored with
an .iphatron gauge, estimated to be accurate to better than + 10%. At fixed

cavity depths, the pressure was scanned fro;i less than 10 torr to I torr.

Figure 3.14 Is Indicative of the general results.

At low pressures the transmitted current falls off rather rapidly with

cavity depth. As the pressure is Increased above 3 x I0-2 torr, there Is an

abrupt Increase In transmitted current, Indicating that space charge neutraliza-

tion Is occurring. The transmitted current peaks at about 0.08 - 0.1 torr, and

then falls off gradually up to 0.3 torr. Beyond this It gradually Increases.

Figure 3.15 shows the time dependence of transmitted current at three

representative pressures. The cavity depth Is 15 cm. The main feature is the

late time (> 50 ns) tall at .05 and .2 torr. This Is presumably due to the

formation of a highly conducting plasma, which attempts to maintain a constant

magnetic field. Note also that the barrier dissipation time can be estimated

as roughly 15 ns Into the pulse at 50 microns and 5 ns for 200 microns. At

these times there Is a marked Increase In current compared to the case at 0.1

microns. This Indicates that the dissipation time Is scaling roughly Inversely

with pressure, as expected from simply primary Ionization arguments.
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SECTION IV

DIELECTRIC ENHANCED CAVITY TRANSPORT

4.1 INTRODUCTION

It has previously been shown(6 ) that the presence of dielectric surfaces

within evacuated (10- torr) cavities can significantly enhance the transport of

electron beams through the cavity. Under situations in which the beam would

normally be strongly space charged limited, current enhancement by factors greater
than ten has been observed. In this section a review is given of a program which

studied the parametric dependence of this effect on dielectric thickness and

geomeiry.

4.2 EXPERIMENTAL CONFIGURATION

In the experimental program the cavity geometry used consisted of a right

circular cylinder with the cylinder side wall lined with a thin sheet of dielec-

tric material. Figure 4.1 Indicates schematically a typical set-up. The SPI-

PULSE 6000 electron beam accelerator was used to Inject electrons through one

end of the cavity. A high transparency metal mesh served to define a ground plane

at the Injection end while ensuring that a large fraction of the Initial beam

entered the cavity. The other end of the cavity was defined by an aluminum plate

current collector which was electrically connected to the cavity side wall through

a low Impedance (-0.02 ohm) resistive shunt. T:ie voltage Induced across this

shunt (less than 300 volts) was monitored to provide a measurement of the current

transmitted through the cavity.

Another resistive shunt, located near the Injection plane, electrically

connects the cavity side wall to the electron Injection source ground. This

monitor was used to measure the sum of the Injected current striking the side wall

plus the current transmitted to the back of the cavity. When the side wall was

lined with dielectric this monitor indictted the current striking the dielectric
plus transmitted current; the current striking the dielectric and becoming trapped
in it is capacitively coupled to the cavity side wall and the induced current flow-

ing through this capacitive link is equal In magnltuue to that striking the

dielectric.
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The cavity was housed within a vacuum chamber which was evacuated to less
-3(7

than 10 torr pressure in all cases. Previous experimental work (7 ) in this

pressure regime has shown that no enhanced current transport occurs due to space

charge neutralization by ionization of the ambient gas. The current enhancement

that Is observed is therefore attributable to the presence of dielectric material

within the cavity.

4.3 CONSTANT CURRENT EXPERIMENTS

In this set of experiments three different cavity diameters (10, 15, and

30 cm) were used. In conjunction with a range of cavity depths, the cavity di-

ameter to depth aspect ratio was varied from approximately 0.7 to 2.0. For each

aspect ratio the dielectric thickness was varied to determine the dependence of

current enhancement on this parameter. For each cavity diameter, the SPI-PULSE

6000 electron beam forming diode was modified to keep both the mean Injected I
electron energy and peak injected current approximately constant. In all cases

the Injected beam diameter was equal to or slightly smller than the inner cavity

diameter.

Figure 4.2 shows a representative set of data obtained for a 30 cm dia-

meter by 15 cm deep cavity. The upper graph gives the time dependence of the

Injected electron energy. Since the thickness ot the mesh material used at the

Injection plane was much greater than an electron range the Injected beam was

essentially mono-energetic at any instant of time. The lower graph is composed

of three waveforms. The upper curve shows the current that would be transported

across the cavity if there were no space charge limiting or beam blow up. It was

obtained by positioning the back plate current collector one millimeter behind

the mesh anode. The lower curve Indicates the measured transmitted current for

an evacuated cavity with no dlelbctric present. The Intermediate curve Is

obtained when 0.025" of Mylar dielectric is placed on the cavity side wall.

Several features are apparent:

I) With no dielectric present there is heavy space charge

limiting and only a small fraction of the Injected

current is transmitted. As shown in Figure 4.3, the

r59



150 .

100

> MEAN ENERGY 77 KEV

~50
z

0 50 100 150 200 250
TIME,NS

(A) Time Dependence of Injected Bem Energy

, 13

30 CM DIA. x 15 CM DEPTH
CAViTY

PC 0.1 I.&

1 0 INJECTED CURRENT
(100 ns fwhm)

.02M 1ylar

VACUUM

0 50 100 180 200 250
TIME, NS

(B) Injected and Transmitted Current Profiles

Figure 4.2 Diode Voltage, Injected Current Pulse and Comparative
Transmltted Current Traces with and without Dielectric
Wall at Low Pressure

60



4t

100

60 CAVITY DIAMVETER

40 0 10 CM

40 am 15 CM

CAVITY PRESSURE 4103 TORR A

w 10

4

.1 .2 .4 .6 .8 I 2 4 6 8 10

CAVITY DIAMETER TO LENGTH ASPECT RATIO, A

Figure 4.3 Peak Vacuum Transmitted Current
Dependence Upon Cavity Aspect Ratio

I 61



4

amount transitted scales as the square of the cavity

aspect ratio over a large range of cavity diameters

and cavity lengths.

2) With dielectric present, therd Is a delay period to the

onset of current enhancement. During this delay the

transmitted current stays at the same level as observed

in the no dielectric case. As shown In Figure 4.4,

the duration of this delay scales linearly with cavity

length.

3) Following the onset of enhanced transport the transmitted

current climbs to a value which Is a large fraction of

the Injected current.

4) Late in time the transmitted current shows a long tall,

even after the corresponding Injected current pulse has

gone to zero. This Is reminiscent of Induced plasma' (8)
currents observed In gas neutralization experiments(8

Figure 4.5 shows the measured dependence of peak enhanced current on

dielectric thickness. It should be kept In mind that In these measurements the

total Injected current was held constant. The upper gr. h shows results for two

different cavity diameters with a fixed depth of 15 cm. For no dialectric or

very thin dielectric, the peak transmitted current Increases with Increasing

aspect ratio. However, for thicknesses greater than 0.005" of Mylar there Is

no significant difference, The lower graph shows similar results for two other

cavity diameters and a different cavity depth. For the early portion of the

Injected beam pulse the beam energy is roughly constant at 110 keV; the arrow

on the upper graph Indicates the extrapolated range for this electron energy In

Mylar. If the data for 0.005" and thicker Is plotted on a log-log scale, the

dependence of peak transmitted current on thickness Is to the 1/4th to 1/5th

power.

Corroborating evidence for the delay to onset of enhanced transport was

also seen In the wall current signal. Figure 4.6 shows data obtained for a 15 cm

diameter by 10 cm doep cavity. Again the curve marked Injected current, measured
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I mm beyond the injection plane, is what would be seen If there were no space

charge limiting. The lower curve Indicates the vacuum cavity situation. Since

less than 1.0 kamp of current is transmitted through the cavity, this curve In-

dicates the current striking tht side wall. Roughly one-third of the Injected

current Is returned to the Injection plane. With dielectric present there Is

again a delay to onset of enhanced current, equal to the delay observed in the

transmitted current pulse, and then an abrupt rise In wall current due to trans-

mitted current enhancement. Similar results were seen In the the 10 cm and 30 cm

diameter cavity experiments.

Finally, measurements were carried out to assess what influence the type
of dielectric material might have on current enhancement. Figure 4.7 shows data

obtained for Mylar, polyethylene, and polyvinyichlorlde (PVC). There did not

appear to be significant differences in the delay to onset of enhancement, but

there were differences In the rate of current rise (dl/dt) to peak enhanced

current.

4.4 CONSTANT CURRENT DENSITY EXPERIMENTS

In this series of experiments the Injected current density was held

constant; three different cavity diameters (10 cm, 15 cm, 30 cm) were used with

a fixed cavity depth of 15 cm. Figure 4.8 Is Indicative of the results obtained.

The upper graph shows results for a 30 cm diameter cavity, while the lower graph

Is for a 15 cm diameter cavity. In both cases the onset of enhanced current

occurs at approximately 50 ns into the pulse. The total charge Injected through

the entrance plane was 0.4 + 0.05 pC/cm

4.5 PULSE WIDTH VARIATION EXPERIMENTS

Another set of experiments kept the cavity/dielectric geometry constant,

and varied the time duration of the Injected pulse. Figure 4.9 shows the general

behavior observed as the pulse width decreases; rhe upper graph shows strong

enhancement for an injected pulse width of 82 ns (fwhm), The Intermediate graph

is for a pulse width of 75 ns (fwhm) and shows a moderate amount of enhancement.

The lower graph shows a small enhancement with a 63 ns (fwhm) pulse. In all

cases the beginning of Increased current transport o-cured at 50 ns.
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4.6 ION DETECTION EXPERIMENTS

Because the Injected beam is heavily space charge limited, the most

obvious explanation of the observed enhanced transport Is that barrier dissipation,

that is. space charge neutralization, occurs. This Is accomplished by positive

Ioos. As noted earlier, the long tall observed on the transmitted current pulse

is reminiscent of Induced plasma currents. Experiments were carried out to detect

the presence of Ions.

The side wall of a 10 cm diameter by 15 cm deep cavity was lined wit

a thick (-5 mm) tube of Lucite. An apertured plate terminated the cavity, 'he

aperture being 3 cm in diameter. A permanent magnet was positioned behind the

aperture to sweep out both primary and secondary electrons. The magnetic field

(-30O gauss) was low enough to produce minimal deflection of any Ion greater

than 10 Kev energy. Detection of positive charge flow was done with a 2 cm

diameter charge collector which was connected to a 50 ohm rable.

Late time (> 300 ns) positive charge flow was detected; by moving the

charge collector further away from the magnet a time of flight determination

of the velocity of the positive Ions could be made. The result was -10 8 cm/sec.

The amplitude of the detected current scaled as the Inverse square of the

detector distance from the aperture. The extrapolated positive Ion current

density at the back of the cavity Is about 0.5 A/cm2 ; the pulse duration Is

- I isec (fwhm). Since the presence of the magnetic field prevented lower

enerqy ions from being detected It is certainly possible that the actual current

density was igner.

From the above measurements an estimate can be made of the ion density

In the cavity. Since

i n=J
ev

then the Ion density was at least 3 x 10 IO/cm3 . This Is low compared to the

primary electron beam density of -10 I2/cm3 Assumfng that the magnitude (-500 A)
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of the late time tall on the transmitted current pulse Is more representative of

the real current density (including lower energy components), then in fact the

Ion density works out to be ol2 /cm3

At the ambient chamber pressure used (10 torr), ionization of the back-

ground gas by primary beam electrons could only produce about 10 /cm of ion

density. Thus the Ions detected are most probably associated with the presence

of dielectric on the cavity wall.

In some Instances It was observed that puncture of the dielectric had

occurred, presumably by electrical breakdown In volume. However it was no+

observed In all cases. Surface flashover Is another electrical failure mode of

dielectrics. To detormlne whether this was occuring, open shutter photographs

were made with the camera focused on tho portion of the dielectric near the In-

jection end. Figure 4.10 shows a photograph obtained using neutral density

filtering to reduce the ,ight Intensity. It Is clear that a great deal of flash-

over is occurrlng, fairly symmetrically, near the in~ectlon end of the cavity.

Since the light emitted by flashover is due to radiation from a hot, ionized gas -

equivalent to the light emission from an electrical sprrk - It Is evident that
this Is a likely candidate for explaining the c,-Igln of the observed Ions.

4.7 INTERPRETATION

From the experimental data it Is possible to construct a model of what Is

happening within the cavity. The beam is Initially heavily space charge limited,

and most of the current strikes the side wall of the cavity. The charge Is

trapped In a surface layer of the dielectric; the Induced transient conductiviry (
9 )

Is too low to allow the charge build-up to leak off. The accumulated charge

therefore generates a strong electric field; near the Injection plane this field

will have a large component along the surface of the dielectric. This Is due to

both the presence of the Injection plane ground and non-uniformity In surface

charge density. Martin ( 10 ) has empirically developed a formula 'or predicting

the time required to Initiate flashover; a stress of 200 kV/cm Is sufficient to

cause breakdown In 10 ns. It thus seems likely that early in the Injected pulse
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flashover occurs and either a thin surface layer of the dielectric is sublimated,

or adsorbed gas is released and lonized( 11 ). These ions are then accelerated into

the body of the beam by space charge electric fields.

Figure 4.4 indicates that, even if the cavity Is very short, approximately

10 ns Is required to see enhanced transport. Assuming that the Ions are

generated essentially instantanesouly, this would correspond to the time It

takes for ions to neutralize a significant portion of the beam. Near the

cavity side wall the radial electric fields are of order

E - V8R

where

VS = beam voltage (kinetic energy in volts)

R = cavity radius

Then.

I VB c t2

AR x 7  - R

q

is the extent of the Ions radial motion during the tr'e period, t. Here

M!= Ion rest mass per charge stateq

9
=10 volts

Using t 10 nsec, one obtains for VB 10 volts

AR z Icm

Thus, In the first 10 ns of the pulse the outer portion of the beam can become

charge neutral; since there is local barrier dissipation that portion of the
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beam can propagate further down the cavity, strike the dielectric, and cause

further flashover. Ions from the first reglon will continue to charge neutralize

more of the Injected beam and allow more current to flow further into the cavity.

The net current flowing to the wall would not necessarily Increase; only the

distance Into the cavity It propagates changes.

Again from Figure 4.4 It can be Inferred that the rate at which the

current front propagates down the cavity Is about 3 x 108 cm/sec. Once the

end of the cavity Is reached, further enhancement ensues as the ions neutralize

more of the beam. If the pulse duration Is long enough, almost all of the In-

jected current Is ultimately transported. Based on the constant current density

experiments it can be concluded that 0.4 =C/cm2 of Irijcted charge Is an upper

limit on the amount of charge required to initiate enhanced transport for the

beam parameters and cavities studied.

4.8 CONCLUSIONS

It Is apparent that even very thin layers of dielectric can have a signif-

icant Influence on current transport through evacuated cavities. For short (-20

ns) pulse situations, current densities less than 40 A/cm2 are sufficient to

* cuase enhanced current flow, Although the effect will not propagate an

appreciable distance beyond the Injection plane, It will nevertheless significantly

modify both the amplitude and the spatial extent of the electric and magnetic

fields near the injection plare. As an example, rates of rise of current of

5 x l0l A/sec have been observed; within a 30 cm diameter cavity the correspond-
10Ing rate of rise of magnetic field is 3 x 10 gauss/sec. Inductive electric

fields can be significant and can drive large skin currents In neighboring

structures.
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SECTION V

SPI-PULSE 6000 MODIFICATION

5.1 INTRODUCTION

A redesign of the SPI-PULSE 6000 was carried out to achieve faster

current risetime -.d low jitter switching for synchronously firing several

machines in parallel. Specifically, multichannel triggering with a lower

Inductance front end design was attempted. This section describes these

modifications and the results.

5.2 RISETIME CONSIDERATIONS

5.2.1 Machine Design Modificaflons

In order to Improve the current risetime of the machine It was necessary

to reduce the front end Inductance. This Inductance is made up of two compon-

ents: a fixed Inductance associated with the geometry and switch Inductance.

A complete redesign of the SPI-PULSE 6000 output section was therefore per-

formed. A reduction In all stray Inductance components, not just that asso-

ciated wlth the output switch, was necessary. We review here the modifications

made.

Figure 5.4 shows schematically the new front end configuration. Major

changes consist of:

o shortening of the solid dielectric energy store flashover

length to 7 Inches. It was demonstrated experimentally

that charging voltage In excess of 400 kV can be achieved

with this shorter length.

e use of parallel plate switching domes with a 0.75 inch

spacing. With 30 psig Freon as Insulator, this gap can

support 400 kV d.c. charging voltage.

* an increase In the diameter of the switch housing and

output tube, as well as shortening of the housing and

tube length.

o Increase in the cathode shank diameter and shortening

of its length.
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5.2.2 Risetime Analysis

For design purposes, the output risetime an be computed as the algebraic

sum of the resistive phase time constant and the inductive phase risetime.

Martin (13 ) has shown that the resistive phase c-,, be calculated from the formula

88 p 112
TR Z/3E4/3 0) (ns)

where

E = average gap stress in units of MV/meter

Z = impedance of source supplying energy to the trigger

channel, In ohms.

p = density of gas used as switching media.

po= density of air at NTP

For a single channel switch, the source Impedance Z is equal to the energy store

impedance Zo (equal to 2 ohms for the SPI-PULSE 6000). For multi-channel switch-

Ing with n channels, only one-nth of the store can feed an Individual channel.

Thus, Z must be equal to nZo . With the new front end design, we have the follow-

ing parameters:

E < 20 MV/m

Zo= 2 ohms

-= 13

which gives

4.64T R  -713 nsec

n

Ths Inductive phase risetime is given by:

TL 2.2 L
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~~where '

L = total stray Inductance

Zo = energy store Impedance

RL = load resistance

Assume a matched-load case, RL = Z 0 . The Inductance is composed of two

components; the fixed Inductance associated with the switch housing, output

tube, and cathode shank plus the Inductance of an n-channel output switch.

For the new design, the fixed Inductance Is calculated to be 13.85 nH. The

multi-channel switch Inductnace is given by the formula

L 2Inr° + ]" Inn nrn I

L(ifr n inhr 4nf

where

I a switch gap length •2 cm

= ground return radius 26.675 cm

rI a radius of switching circle a 12.7 cm

Ar = spark channel radius 0.05 cm

Combining all of these factors, the output risetime Is given by the relation

T TR+T> 9.?S+4.64 ITT m T + Te 9.25 +v+ are 0.25 + In 2)

The computed values are shown graphically In Figure 5.2. It is evident that at

least 4 channels are required to achieve the desired risetime performance. We,

in fact, decided to employ six channels to Insure that at least four will have

good current sharing and produce a fast rise.

5.2.3 Effect of Non-Linear Diode

In practice, the diode risetlme will be slightly different than that

computed above beeauso the diode is a non-linear load. Assuming an ideal

Child-Langmuir behavior, the diode voltage is related to the current flowing
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In it by the relation

V = K 2 /3

where K Is a constant depending only on the diode geometry. For an Ideal

resistive !oad, the relation Is

V D = R L 1

The simplest model onw can assume to study this non-linearity Is that of an

Ideal transmission line driving the load through an Inductor, Defining

L = inductance

Zo 0 x line Impedance

Vo  = charging voltage

To  = LL/Z

0
Imax 00V/Z

a = t/To

f = D/I max

then the equation describing either the linear (resi-':ve) or non-linear (Child-

Langmulr) case during the first double transit time of the line Is

df I - f fY

where

R L /Zop resistive case

= K

zomax /3, non linear-case
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and

I I, linear case
Y

2/3, non-linear case

The linear case Is easily solved to give

I I
= ( In I" (I+a) f

For the non-linear case the formal solution is

fdf'

I - (f, + f'l/3:

0

which cannot be solvej analytically. However, for early times (f << 1/2)

the denominitor can be expanded In a power series and Integrated term by

term. The result is

I f5/3 n+I f

Y = In l + 3+ fnln=o

+ 302 f7/3 ! 8 fn +tx~f3 E bfn +-..
n n

nuo n=o

A numerical comparison was made between a matched-load resistive diode
•, 1/3 .

and a non-linear load which gives the sa,,e peok current (cs i/2 In this

case, the late time behavior can be approximated by

f = 1/2 (I -
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and

df =- dE = - 112(0 - - 1/2 (1 -

I12 +7- 1/2 (I -E)2/3

Using a power series expansion, this gives

5 d(- +2 E+--

Fo. £ < 0.1 the term in parenthesis Is only a 2% correction or less and can

be Ignored. Then

and

f = 112 (1 _-7/a

Figure 5.3 shows both the linear solution and the two limiting solutions

for the non-linear case. Note that peak current occurs at f 1 !/2. It Is

apparen., that the current rlsetlme In the non-linear case is longer than for

an l aal load, the Increase being about 23%. This effect Is not normally

cccouv;tv1. or, and clearly has an Influence on risetime calculations. More

sublle effects, an example being the flute cathode turn-on time, are harder

to assess.

5.3 TRIGATRON SWITCHING

5 3.1 Trigatron Approach

Trigatron switching was chosen as the basic approach because of the

success that it has had in similar gas insulated high voltage systems. With

trigatrons It was felt that + 1.5 nanosecond jitter could be cchleved which
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is quite adequate for synchronously firing two or more machines. In addition,

it had been shown (12) +hat even less jitter between switches could be expected

when driven simultaneously by the same power source. Multiple channel switching

of a single machine could therefore be accomplished which would reduce machine

front end inductance and thereby decrease risetime.

5.3.2 Trlgatron Design Analysis

Since multiple parallel switch channels would be required to attain the

desired risetime, It was necessary to determine the best design for feeding

in the trigger signal. The simplest approach would have been to use a single

input cable and then tap-off from It to each trigatron. Alternately, a

separate cable could feed each trigatron. In either case, an isoiation resistor

Is required for each cable to prevent the main output voltage pulse from

trsv-'Ing back to the trigger S .erator.

A scheme+ic of the electrical circuit for each cable is shown in Figure

5.4; time Isolation Is provided by the trigger cable length with the source

Input - Vo(t) - being at one end. The return path to cable ground is provided

by the capacitance between trigger pin and trigger housing in series with the

capacitance between trigger housing and machine ground. Using Laplace trans-

form techniques, the trigger voltage can be shown to be

-ST 
2

~0 e1 +t I) SVoTRIGGER =sZoCI  e .+ (a-- e- ST

(+I

where

T..
- one-way transit time of cable

C trigger pin to trigger housing

C2 = trigger housing to ground capacitance

R, = isolation resistance

Z = cable wave Impedance0
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I + s R Cef f
SZoCeff

Ceff C + C2

The multiplicative exponential can be Ignored since It simply gives a time

shift. If the input voltage pulse risetime is less than the double-transit

time of the cable, then

2 0 o
TR = _ szoC _

1 /2 sWV

where

1 I/(R + Z0 ) Ceff

Using the convolution theorem,

( 2 V(u) (t u) duVTRIGGER iC/C2  0

0
where

g (t) sL W

=w I eWIt
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I f

Vo (t) M = Constant

then

2V(t) o -Wt)
VTRIGGER I + C / 2  0 e-W

This Indicates that:

o to get voltage doubling It is necessary that C << C2

* to get good rsetime (RI + Zo ) Ceff < Ins

(RI + Z 0 C.
or I + C 2 < I nsec

It Is clear that the best performance can be obtained when each trigatron has

Its own cable. If a single cable were to drive n channels, then

C --o n CI I

and the Inequalities above are harder to satisfy.

Capacitarce estimates for the design chosen - each trigatron driven

by Its own cable - Indicate that the above inequalities are Indeed satisfied

and It can be expected that the trigger pulse risetlme is determined by the

trigger generator Itself.

A further objection to the single cable feeding n channels approach Is

that If one gap closes early then it will short out the other channels and in-

hibit multi-channel operation.

It Is expected that the jitter Inherent in the trigatron gaps them-

selves will be very small (less than one nanosecond). The criteria for multi-

channel operation Is that the jitter in closing the high voltage gap for each
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channel be less than the resistive phase time constant. Typically the jitter

is a few percent of the streamer crossing time - that Is the time to cross the

high voltage gap. For a positive point-plane gap, the streamer transit time can

be estimated from the formula(1
3)

F t1/
6 d1/ 10  K pn

where, for Freon,

K = 40

n 0.4

and

F z gap field In KV/cm - 200

t - breakdown time (transit time) in Usec

d = gap spacing (=2 cm) in cm

p = pressure In atmospheres

Then

tstreamer = 0.7 ns

so that an) jitfer In this quantity will be negligible. Therefore, since the

combined trigatron gap jitter plus streamer transit jitter Is less than the

resistive phase time constant (2-3 ns), It Is anticipated that satisfactory

multi-channel formation can be realized.

5.3.3 Trig~tron Design

The trigatron de-lgn, shown in Figure 5.5 was arrived at after evaluating
(14)a number of previous designs 1 . It consists of a high voltage cable (Belden

8870) whi h attaches to a copper electrode through a high voltage feed. The

opper eletrode is housed in a ceramic Insulator and attached to the trigger

dome. A high voltage pulse from the cable Initiates a !,park from the copper

electrode, across the ceramic, to the grounded switch dome. This spark then

initiates the formation of a breakdown channel from the low voltage dome to

the high voltage surface which Is parallel to the dome. The critical dimensions

of the trlgatron are the electrode to dome gap and the electrode recess.
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Associated with the trigatron Itself Is an Isolation resistor gap.

This gap, shown in Figure 5.6 prevents the high energy store of the SPI-PULSE

6000 from discharging through the trigger cable.

5.3.4 Trigger Voltage Source

The SPI-PULSE 2500 was chosen as the voltage source for driving the

trigatron switches. The SPI-PULSE 2500 Is a D.C. charged, solid dielectric

energy store capable of storing 150 joules and discharging this energy in a

pulse of typically 150 nanoseconds duration and 50 nanoseconds risetime. Peak

diode voltage is in excess of 80 kV.

The front-end assembly Is shown In Figure 5.7. Standard hardware con-

sists of the pumping chamber, diagnostic chamber and shank. Special hardware

designed for switch purposes Included the cathode shank head, extension chamber,

variable load resistor and end plate.

Norrsl operation of the SPI-PULSE machines utilizes a cathode mounted

on the shank head and a transmitting anode separated by a few millimeters.

In this program the diode consists of the load resistor and cables connected

directly to the shank. The cables are stripped of their ground shield Inside

the chamber for seven Inches to prevent flashover.

Since SOI-PULSE machines operate normally with two to ten ohms diode

Impedance and the number of switch cables was variable, the CuSO4 load resistor

was used to match the load to the generator.

5.3.5 Trigatron Switching Checkout

Trigatron checkout w~s performed using the apparatus shown In Figure 5.8.

The trigatrons were mounted In a circular array in a high pressure test

chamber. The corfiguration was similar to that used In the SPI-PULSE 6000 front

end. IMoebius loops were placed near each trigatron spark gap in order to

detect when It closed.
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Figure 5.7 Front-end Assembly for SPI-PULSE 2500
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These bench tests established that the jitter associated with one switch

firing was < I ns and between simulataneously pulsed switches was < 0.5 ns.

This configuration was then incorporated Into the SPI-PULSE 6000 front end.

5.4 MODIFIED SPI-PULSE 6000 TESTING

5.4.1 Machine Final Switching Configuration

After a number of deFgn Iterations the final machine front end and

switching configuration Is as shown In Figure 5.9. The circular array of six

trigatrons are housed in an enlarged diode cap at machine ground. The high
voltage trigger cables frore the SPI-PULSE ?500 come through feed-throughs In

the vacuum coax chamber and then through CuSO 4 resistors and Isolation gaps

Into the caihode shank. The cables then connect to the center electrode of

the trigatrons as In the configuration used for bench testing. Since the

trigatrons are in 30 psi Freon, they are attached to the tube cap with a high
pressure/vacuum seal.

It was determined, early In the test program, that a positive SPI-PULSE

2500 trigger pulse was more effective In switching than was a negative pulse.

All final testing was therefore done with a positive ij'ise.

5.4.2 SPI-PULSE 6000 Delay and Jitter Measurements

Delay Is defined as the time between the SPI-PULSE 2500 diode (i.e.

high voltage bushing) voltage signal and that of the SPI-PULSE 6000 diode

voltage. Initially, delay was determined as a function of SPI-PULSE 6000

charging voltrage. Figure 5-10 shows this data as delay vs. percentage of

self breakdown voltage. Delays ranged from 100 to 150 nanoseconds.

In order to get acceptable jitter, it was necessary to operate the

machine at greater than 85% of the self br',kdown voltage. Representatl\,e

jitter data can be seen in Figure 5.11. Ten successive diode voltage traces

are overlayed on this traced osclliogram. Table 5.1 contains the time for

the start of each trace from a standard reference. It shows the mean firing

time from this reference to be 6.9 ns with a standard deviation of + 1.7 ns.
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This result Is well within the requirement for synchronously firing two or

more SPI-PULSE machines.

TABLE 5. I SUMMARY OF J I TTER MEASUREMENT

TRACE TIME OF PEAK
(Relative) (ns from reference)

1 4.7

2 4.8

3 5.7

4 6.5

5 6.5

6 6.9

7 7.5

8 7.7

9 7.8

10 10.6

Mean Firing Time (ns); 6.9

Deviation - Jitter (ns): + 1.7

5.4.3 SPI-PULSE 6000 Risetlme Measurements

Because of mechanical difficulties, only three trigatron units were

operable during the testing phase In which Jitter and risetime measuremeitts

were made. The problem was caused by cracking of the thin ceramic Insulator

sleeve on three of the trigatron trigger pins; the time required to fabricate

new sleeves did not allow replacement. Therefore, the results of this and the

previous section apply to a three channel switch only.

Initial risethme measurements were made using a 3.5 ohm copper sulfate

resistive load. This removed any ambiguities associated with the finite
turn-on time and non-linear nature of a cold cathode diode. Tests were made

using one, two, and three trigatrons. The results are summarized in Figure 5.12.

The SPI-PULSE 6000 charging voltage was 160 KV, and the trigger source (SPI-

PUL3E 2500) charging voltage was 90 KV. It is apparent that there is little
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change in risetime between the cases of one or three tr:gatrons. The Indica-

tions are that multi-channel operation Is being achieved; this will be considered

later.

The next set of measurements was made using the cold cathode diode.

The cathode was 30 cm in diameter, and a 1.5 cm gap was used. Again the charg-
ing voltage was 160 KV, and the trigger source voltage 90 KV. Figure 5.13

shows the resulting d1-de current waveform, The Initial current rise to one-

half of peai( value Is very fast (4 ns); thereafter the pulse front slows down.

The 10% - 90% risetime is 23 ns, and the pulse width Is 78 ns (fwhm). The

peak (iode voltage in this case was approximately 85 1W.

The observed risetime Is comparable to thet expected for single channel

switching (cf. Section 5.2). Since ihe resistive load results Indicated that

in fact three channels were probably operating, the discrepancy must arise

from some effect not previously cons'dered.

In order to interpret the experimental results, use was made of the

trcismission line code ( I ). The modeling of the modified SPI-PULSE 6000 con-

sisted of the fol;owlng elements:

I) the prime energy store

2) the high voltage spinning

3) the multi-channel switch

4) the switch housinq

5) a short Inductance representing that portion of the

cathode shank inside the output tube

6) a capacitor-shunting the above inductance -

representing the output tube capacitance to

ground

7) a coaxial line representing the shank teeding

the load

8) either a resistive or diode load
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In the resistive load case, the resistor also has a rather large in-

ductance (35 nH) associated with it. The effect of the inductance associated

with the resistive load Is to increase the risetime. The faster the risetime

becomes with more switch channels, the greater tho effect. As a result,

the difference between one and three channels, being six ns theoretically,

Is reduced to about 3 ns, which agrees with the experimental results shown in

Figure 5.12. This was diso included in the model. Figure 5.14 shows a com-

parison of the computer generated diode current compared to the experimentally

measured value. Because the experimental peak current was only 70% of the

computer value, the curves have been normalized to provide better comparison.

The values correspond to single channel switching only; generally there is

good agreement between the two waveshapes. The computer risetime is about 4 ns

faster than the measured one; given the uncertainties Involved in choosing

the elements for the computer model, the results Indicate that the machine

Is operating about as can be expected. It should be pointed out that If the

resistor tnductance were not present, the risetime would have been more

nearly 20 ns.

Figure 5.15 compares diode current waveforms both computed and measured

when a 30 cm diameter cold cathode diode was used. The computer-modelled diode

current exponentially rises to peak value with a 4 ns e-folding time. In

both the computed and experimental cu-ves three trigatron channels were assumed

to be operating. Again, the agreement is quite good. It Is expected that

improvements in the turn-on time of the diode (cathode plasma formation line)

would lower the risetIme to 13 ns.
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SECTION VI
SUMMARY

This final report has reviewed the work performed In the develop-

ment of an electron beam IEMP Simulation capability. The techniques used

for calibrating these electron beam environments have been discussed and

representative IEMP cavity data presented.

The data of IEMP cavity currents for various pressures and simple

cavity geometries shows the value of the electron beam technique for

ienomenology studies. An extension of this capability Into more complex

"system-like" cavities containing cables and electronic boxes is now a

straightforward matter.

The eftect of dlelectrically lined cavity walls were evaluated.

Un!ike gcs neutralization for Instance, the existence of this phenomena

was not evident through analytical studies. That this effect could be

demonstrated and characterized in some detail Is further evidence of the

utility of this sImLIation approach.

Modifications made to the SPI-PULSE 6000 were described in detail.

The front-end changes along with the incorporation of multichannel low

Jitter switching has significantly Increased the risetime of the current

pulse allowing a broad range of electron beams to be produced, extending

the simulation capability. For instance, a 5 ns wide (baseline) pulse

of 18 keV average electron energy at 10 amps/cm2 over 620 an2 has been

developed.

In addition, the low Jitter switching (Q 1.7 ns) now makes it

possible to produce very large emlssjon patterns by synchronously firing

multiple machines In stacked configurations.
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In addition to complex cav!ty IEMP studies, an experiment which

addresses aspects of SGEMP phenomena is planned. Thia experiment, Illus-

trated in Figure 6-1, .onsists of Injecting an electron beam Into the center

of a large vacuum chamber and monitoring the flow of electrons about this

disc-shaped "emission" source. With the previously described 5 ns baseline

pulse, current can be characterized In a time frame short compared to chamber

wall reflected wave Interference times.

Depending upon requirements, even further advances In pulsed electron

beam simulation of IEMP/SGEMP phenomena can be envisioned. For Instance,

In addition to flat disc emission, other Irregular shapes and surface

structures can be made to emit with existing technology. Also, multi-

energetic electron spectra can be produced simultaneously with advanced

"chromecolor" window techniques and electron angular distributions can be

tallorod to particular requirements.

('
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ATTN: Jams L. Burrows Texas Tech University
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