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SECTION |
INTRODUCT ION

The research described in this report was motivated by a need to
deveiop improved simulation sources for IEMP studies. Speclfically, the
risetime of the injected current pulse in previous work was excessive
{50 ns) and improvements In thls area were required. Also, to have the
capabliity of Irradiating very large cavities It Is necessary fo be able
to synchr nously switch several parallel machines. Therefore, the main
thrust of the program as originally structured was to modify the SPi-

PULSE 6000 machine with a low jitter, multi-channel switch to both Improve
the machine risetime and demonstrate the capablility for synchronous switching.
in parallel, another experimental program was designed to study parametrically
the phenomenon ot onhanced cavity current transport when dlelectric surfaces
are present.

During the course of this contract it became apparent that certaln
experiments In support of other |EMP programs were required. Specificaily,
a thorough calibration of the SPi-PULSE 5000 diode dlagnostics 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 studled.
The following sections detail these various efforts.
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SECTION 11 k
DIAGNOSTICS CALIBRATION

2.1 INTRODUCT I1ON ]

To provide meaningful experimental data for comparison with IEMP code
resuits, 1+ is necessary that the beam paraneters be known as accurately as
possible. In particulzr, 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 callbrate
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 monltor and a low resistance
current shunt., The operating principle of the current monitor will be dls=
cussed in a later section. For the capacitive divider, the relation between
the actual voltage Vs(+) on the cathode shank at the position opposite the
voltage monitor and the voltage monitor output VM(*) Is given by the equation .

st dVM i
W’Gv EIT+?VM (Z2.1)

»

where

L]
%

R+ 2) (C' + Cz)

(R+ 2) (C' + Cz) 1
G, = = A
v X, X, :

capacitance {inking the shank to the voltage monitor band,

0
]

C., = capacitance |Inking the voltage monitor band to ground. s

»
)

R S
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MONITOR
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VAL =
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CAPACITIVE VOLTAGE MONITOR BAND

8.o"

INSULATOR

R = 132 + 2 OHMS

§ VOLTAGE
MON{ TOR

7 = 50 OHMS

Figure 2.1 Schematic of SPI-PULSE 5000 Diode Dlagnostics
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The soiutlion of equation (2.1) is
1-

' ] '}
g, {va +d f Vy (1) d t (2.2)
Q

VS(T)

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 bs neglected.
Then the determination of the voitage monitor coefficient = Gv - {s afl that
Is required to callbrate the capacitive divider, '

2.2 VOLTAGE MONITOR CALIBRATION

Six experimental methods were used to determine GV‘ They consisted
of both fow 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 Spactrometer
Each method will be consldered separately.

2.2.1 Step Function Voltage Measurement

In this technique the step functlion voltage output cof a SPI-PULSE 25
transmission line pulser is split with an unmatched "T". One output Is
appllied to the cathode shank, which quickly charges up to a voltage Vs' The
other "T" output is sent to an oscilloscope. This osclliloscope trace then
alves the static charglng voltage - VS - on the shank.
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Another oscilloscope is used to monltor the capacitive divider out-
put - VM. From equation (2,2) it foilows that for a step functlon voltage

v
VM = 6 -1 e~T/T
v
s

(2.3)

Thus, by measuring the two oscilloscope outputs at times very much less than
T the coefficlic t Gv Is determined. Experimentally, this ratio is

G, = 9.0 KV/V

2.2.2 RC Decay Time Measurement

From equation (2,3) it is clear that the decay of the capacltance
divider output, when driven by a step functlon, determines the time constant
T. This was measured to be

T=2.12% .l usec

Then since Z Is known,

R S ' K
GV = ZCT W v (2.4)
The capacitance C’ can be estimated from the coaxial I|lne relation
2ne |
C = —= (2.5)
In rolrI

which, from the dimensions given in Figure 2.1, glves

C, = 4.31 pF

and
KV
GV = 9.7v-'
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2.2.3 Capacitive Bridge Measurement '
Since the desired voltage monitor coefficient Is given by
A
(R+2) (C, +C,) (R+2) C
G, = - 2 (2.6)
v Z c Z C *

. i !

then since R and Z are known, and C’ has been estimated, a determination of
C. is all that Is required. This was measured using a calibrated GR capaci-
tance bridge. The resuit was

C, = 12,000 pF

From this, G, = 10.1 KV/V,

V
This bridge measurement was made at | khz frequency, wherzas typical
SPI-PULSE 5000 pulse lengths correspond to greater than | Mhz frequency. The
frequency dependunce of the dlelectric materlal used to Insulate the voltage
monitor band Is such that C2
fore, the value of Gv computed above Is probably high.

would be lower at the higher frequency. There-

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 llne 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 torminated In a matched load. Figure 2.2 shows schematicalily the
apparatus used. Pulses from the SPI-PULSE 25 (1000 volts, | ns rise, square
wave generator) are fed via 50 ohm cable into a 50 ohm biconic transmission
|ine which matches Into the 3.5" diameter shank. Ancther biconic line takes
the pulse which has passed the voltage (and curreni) monltor Into another 50 ohm
cable which goes to a 7904 oscllloscope. Figure 2.3 shows the measured input
pulse to the calibration system and the pulse which has passed through the
system. Thelr equallty Indicates that the entire structure Is very nearly 50

ohms throughout.
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7904
SCOPE

VOLTAGE
MONITOR

BICONIC LINE/—‘

-

. ’ CURRENT SHUNT

U
| MODEL 25 SCOPE

Flgure 2.2 Voltage and Current Dlagnostlcs Callbration Uslng

Matched 50 Ohm Transmlsslon Line Section and | kV
Rep. Rate Pulser
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Input Pulse 50 V/div., 20 ns/div.

|
|

e ———

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

i Figure 2.3, input and Output Pulses for 50 ohm Transmission
Line Geometry using | kV Rep. Rate Pulser
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Input Pulse 100 V/div., 50 ns/div.
1
;
'
t
e
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E ik e ‘ T.."'*V‘.T‘,
Voltage Monitor Output 10 mV/div., 50 ns/div.
b f Figure 2.4. Voltage Monitor Response with 50 ohm Transmission

Line Geometry using | kV Rep.Rate Pulser
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Figure 2.4 shows the Input voitage pulse and the corresponding output

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

. KY
GV 11.6 ToTF
To obtain the relevant value for the 4" shank configuration, the change in Cl
must be accounted for. When this Is done usirg equation (2.5), the value
obtained is

G, = 9.65

v Voit

2.2.5 Matched Resistive Load Measurements

As Indicated in Figure 2.1, energy flowing towards the load passes fhe
voltage and current monitors on a coaxlal trarsmission line which has (for a
4" diameter shank) a wave Impedance of 4/.5 ohms, |f 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 identicai 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 obtalned by charging the
machine to 150 KV. Because the pulse forming {Ine (the dlelectr ic 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 oscliloscopes used to record the valtage and current monitors were callbrated
using the SPI-PULSE 25 with the followling results:

® Voltage Monitor Oscliloscope Sensitivity
10.1 Volts/division

e Current Monitor Osclliloscope Sensitivity
9.4 Volts/dlvision

ke R AN 15 b KR T S A AR S TRt e
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Figure 2.% shows the voltage and current monitor traces obtained for
a machine charging voltage of 150 KV. The ratlo of the voitage monitor signal
to the current monitor signal was measured to be constant to within * 3%
throughout the duratlon of the signals recorded. Letting

>
"

voltage amplitude of current monitor signal

>
1]

voltage amplitude of voltage monitor signal

current monitor calibration in amps/vnlt

@
"

then
. A
Gv 41,2 Gl ﬂl
v

Using measured values vor A| and Av and the knovn value of G', there results

= 9.84 ¥

Gy Voit

2,2.6 Time Resolved Spectrometer Measurements

The time resolved spectrometer, described in the next section, was
primarily 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 volitage monitor coeffliclent.

Figure 2.6 shows a comparison of the spectrometer output and the
diode voitage. The upper curve shows the diode voltage as computed from
the volitage monitor output using the coetficlent

G, = 9.7 KV

v Volir
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Voitage Monitor Output 10.! V/div., 20 ns/div.

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

Figure 2.5. SPI-PULSE 5000 Diode Voltage and Current Waveforms
with 41 ohm Resistive Dummy Load at VO = |50 KV

20
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and including an inductive correction for the voltage drop along the shank
between the monitor and the load (see Section 2.4). Because of the finite
probe and collimating slit #ldths, each spectrometer probe has a finite

energy acceptance range; 2 so there Is a small energy overlap between adjacent
probss. The energy accept ice range, and corresponding time phasing, of each
probe is indlcated by 17e woctangular boxes on the upper curve., The 0.25 mil
thick Mylar window used In thils case causes negligible energy degi-adation for
the beam energles indicated, so thils 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 excelient agreement with that predicted by the voltage monitor
output, Based upon thls, it can be Inferrad that the voltage monitor co-
efficlent glven above s consistent with the spectrometer data.

2.2.7 Summary of Voitage Monitor Callbrations

The results of all voltage monitor coefficient measurements Is
summarized in Table 2.1.

Table 2.1 Voltage Monitor Cailbration Values
Cal Ibration Technlque Results (KV/V)
Step Function Voltage 9.0
RC Decay Time 9.7
Capacitive Bridge 10.1
Matched Transmission Line 9.65
Matched Reslistive 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%.
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2.3 CURRENT MONITOR CALIBRATION

The other Iimportant dlagnostic tool used for characterizing the electron
beam [s the resistive current shunt, As indicated in Figure 2.1, this con-
sists of a low Impedance resistor band placed in serles with the outer con-

ductor of the coaxlal llne feeding energy to the load. The voltage generated
across the band is monitored with a Tektronix 5i9 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 transmisw on |ines,

and Is physically caused by the fact that the magnetic fleid - B0 - assoclated
with the current fiow on the shank Induces current flow In the outer wall.

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

callbration can be easlly calculated to be

G, = % = %%% = 63,9 amps/volt

This section reviews the two techniques used to verify this.

2.3.1 Resistive Bridge Measurement

Using a callbrated GR resistive bridge, It was possible to directly
measure the reslstance of the current shunt., The value determined was
3 o

R=16x 10" ohms

However, the lowest bridga sensitivity Is + | x T

current monitor coefficlient Is

ohms; therefore the

¢, = 62,5 + 3.7 amps/volt

f ) 2.3.,2 Matched Transmission Line e
?‘ . Using the 50 ohm transmission |line geometry described in Section 2.2.4, ;
i it Is also possible to calibrate the current monitor. Since the amplitude 3
z
P 3
;;E 23




of the voltage pulse - Vp - on the 1ina Is known, and no reflections occur
in the matched 50 ohm system, the current flowing both on the Inner coaxial
ine and through the current monitor is

=y = 0,02V
lp p/Z 0 p

By measuring the voltage - V' - Induced across the current monitor, the co-
efficient

I
G|=v1"-

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

G, = 60.6 t 4.2 amps/vol t

2.3.3 Summary of Current Monitor Callbration

Table 2.2 summarizes the current monitor callbrations detsrmined by
three techniques.

Table 2.2 Current Monltor Callibration 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 further consideration of the current monitor |s warr-anted. Because

of its physicat construction the resistor band is shunted by a capacitor C.
The equivalent monitor circuit Is a paralle! RC network driven by a current

24
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source, The voltage -~ V

equation
iy |
| ~(+-th ol
v, (1 =4 J/. o LDy (th o
[«
where
T=RC = g

|

Equation (2,7) can be Integrated by parts *o glve
-r

|
_ 1 -(1=t')  dl I
V() = - 2 .}f o =~ = dt
| I g dt

| - across the monitor Is then described by the

(2.7

(2.8)

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

torm
L) = 0yt
Then
V. (1) = L tt - LI q - et
A T

The estimated value for the shunting capacitance Is

C=12 pfF

The time constant is then

T = 0.2 plcoseconds

The capacitor clearly has a negligible effect on the measurement.

26

(2,9

(2.10)

R R R

APy o S U e,

S B SR 8 R R S L, 80 R s, W N T i

.-

e Rt e ey e Anh o

. ae



2.4 INDUCT IVE VOLTAGE CORRECTION

Referring again to Figure 2.1, the voltage and current diagnostics
used actually measure VM and IM on a portion of the coaxlial 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 reflectlions occur which constitute part of the
voltage monitor signal. In general, the voltage monitor does not uniquely
determine the load vo!tage.

Since typical current pulses rise in several tens of nanoseconds, the
short length of transmission {Ine between the monitors and load Is usually
represented by an equivalent lumped Inductance. If the length of line segment
Is £, then the equivalent Inductance Is

r
L =2x 1077 In-2) ¢ (2.1
1
where o and r, are the outer and inner radil of the transmission line. Then
the load (dlode) voltage is

Yo (ty= v, (t) - L e (2.12)

M
To verify the valldity of the Inductive correcticn, the transmission
12 was used to modei the SPI-PULSE 5000, The code was set up to
print out the voltage and current waveforms at the position of the actual

line code

monitors. in addition, the actual load voltage was printed out. The computer
generatued volitage monltor 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 summarizes
tho results, The solld line shows the actuat load voltage, while the dot-dash
line corresponds to the volitage monitor output. The dashed curve Is the result
of applying the Inductive correction to the voitage monitor signal., It Is

clear that thls technique reproduces the actual load voltage quite weli; 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

P LA R et SR

s

correction Is sufficient to compute the true load voltage.

2.5 SUMMARY OF CALIBRATION RESULTS

Based upon a thorough study of the 5P1-PULSE 50C0 diagnostics, the
following results apply for the 12" diameter dlode configuration:

e the voltage monitor coefficient Is
9.7 + 0.6 KV/V

e the current monitor coefficlent Is
62.3 + 2.2 amps/volt

e a simple inductive voltage correction azcurately determines
the true dlode voltage.

o because of the agreement between low voltage and high voltage
measurements of the volitage monltor coefficient, it can be
concluded that 1f shank emission of electrons is occuring

. it has a neglligible effect on the voltage monitcer output.
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SECTION 111
CAVITY TRANSPORT -~ BENCHMARK EXPERIMENTS

3. INTRODUCT {ON

An experimental program was carried out to provide data, for flxed
cavity geometries, which could be compared to {EMP transport code predictions.
A major requirement of the proyram was that the injected beam parameters be
accurately determined. In thls section the techniques used are dcscribed and

the data resulting from the measuraments presented.

3.2 EXPERIMENTAL CONFIGURATION AND TEST MATRIX

The equipment used Is shown schematically in Figure 3.i. The SP|-
PULSE 5000 accelerator served as the injected electron source. The machine
chargling voltage 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

malntalned at 40 u(air).

The cavity itself consisted of a 30 om diameter right cylindrical sieeve

T . T | ol L
o d on inscloting supperts Inclde o lar

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 3 low Impedance resistor band. The voltage Induced
across the band is then directly proportlional 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

n two varlables: cavity depth and residual gas pressure in tne cavity. The
hown In Table 3.1, Bscause of time limitations, only

o

30

R s skt S et el A N S e SO b a o e
2 SR SRR e LT

e L . U

s

B e D el S SRR Nt Y S ERar e e

S e e T

W ot DGR S

R

'



PRSI AR, N e 5 B

sjuswpsadxy dewyoueg dwW2i 404 uoijeunbijuog jedidA) o djpeweyss “j°¢ 8anby g

- IYNOIS
Ewmm:u G311 IWSNVYL
Snovn —==
300NV ,
Y TAW/HS IN / \
zmwmuw ~ 3OV4uNS
_ \! 3A0HLYD 0005 -
hp—- 301231700 ERRN T
INTHAND -{d5
! OFLLIWSNYHL
Tivm 301S ALIAVD
N =
r Y. — I
ATGW3SSY MYHL-(334 INNHS INTEHND INAHS JAILSISTHY
TVOIYLIITI/WNNIVA ONYE ¥01S1S3Y 1(\\ IN3END TIvM
AT SRRV DR HAA ey » | B, AR, PR i Sl e - WL UL . - + St MRS 1 CHONS e 18 B s




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-sactions consider each in detail.

3.3.1 Diode Measurements

From the results described In Section 2, I+ is possible to calculate
the actual dlode 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 voitage. Using the Inductive correction described
previously, wi+h an Inductance value of 21 nH, the lower curve results. Thls
glves 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
axls (the collector was cockea by + 0.5 mm), the closest spacing was 1.0 mm,
Measurements made at this location and at succeedingly greater spacings, are
shown |n Flgure 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 |EMP BENCHMARK EXPERIMENT DATA STATUS AUGUST 1975

‘ NOMINAL BEAM CHARACTERISTICS

Pulse Width = 35ns (FWHM)
Injected Current Density (peak) = 3.0 amps/cn?
Injected Beam Energy (average) = 100 keV

< Lo ite O Y eI AU TN S 1 s i F e Arv

FIXED DIODE PARAMETERS FIXED CAVITY PARAMETERS
Cathode Diameter = 30 cm. Cavity Diameter = 30 cm
Anode = 65% transparent mesh
and 0.25 mi{ Ai-Mylar
Anode/Cathode gap = 1.5 cm

PR R ey

Diode Pressure = 40 u
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J 2 .

= 1
2.34 x 1076 v>/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
ptise measured | mm from .ne injectlon 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 thelr direction
of Injection randomized. To study this, a Monte Carlo transport code -
eLTRAN'?)
the injected beam was characterized In the following way:

- was employed., For a given electron energy inclident on the Mylar,

e the energy loss Incurred by 25% or less, 50%
or less, and 758 or less of the electrons.
e the polar angle deflaction incurred by 25% or
iess, 50% or less, and 75% or less of the
electrons.
The energy loss curves are shown In Figure 3.4; ]ﬁe values given should be
subtracted from the initial energy to give the injected energy of the corre~
sponding particle group. The corresponding curves for polar angle deflection
(assumed to be azimuthally symmetric) are contained in Figure 3.5,

3.3,4 Magnetic Spectrometer Measurements

la order to directly measure the Injected electron beam energy, or
energy distribution, at each Instant of time, a time resolved magnetic spectro-
metsr system was designed and bullt. Table 3.2 summarlzes 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 | ¢m Drift
0.1y 0.lu
0°__30° 45° 60" Q*_30° 45°  60°
& oem | x| x| x X | x X
=
§§ 12,7 cm X X
-d
<
=)
-]
10 cm Dritt
00
= Oom| X X
- 2 12,7 em} X X
o
. 2
SHORT PULSE - 35 ns
2 mm Dritt | em Orift
0.t 0.1
z 0%  30° 45*  60° 0* 3p° 45° 60°
=  Oem} X X X X
[72)]
g
2 12.7 cm
“ o
-3
E ]
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3.3.4.1 Spectrometer Design

The 180° magnetic spectrometer utillzes a permanent magnet array to pro~
vide a uniform fleld 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 time-resoived information. A miniature
coax angle connector is located directiy 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 hoid the pole plates at | cm separation. The
probes, approximately | cm2 in area, are made of coppsr. The probes and the
second silt are recessed from the edge of the pole plates a minimum of | cm In
all directlons to insure a normal fleld to the electron velocity at all polnts,
The slit assembly conslsts of an aluminum mounting plece for good electrical
grounding, with slits and sides of high permeabl!ity mu metal to eliminate any
flelds In the siit arna. The slit separation Is 2.5 cm. Silits of several dimen-
slons were made to provide maximum resc.ution for a range of Incldent current
densities.

The clrcumference of the pole plates has thirteen machined flats ~3/4 Inch
wide to accommodate the permanent magnets used tc provide the fleld. 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 nicke! plated to eliminate any oxldation.
Four sets of thirteen magnets were made. Each set, having a different strength,
was color-coded and numbered to reproduce conflgurations easlly. Smalil plastic
rectangular slabs, epoxied to the magnets, provide a press fit between the pole
plates and secure the magnets In position.

Flelds obtalnable range from approximately 50 to 500 gauss. A Hall effect
gaussmeter with a 1/8 x 3/16 Inch probe was used to measurs the field uniformity at
various locations within the pole plates. A uniformity of :.25 was easlly obtain-
able. At the same time, the fleld within the siit assembly was shown to be <2 gauss,
l.e. no Indication on the gaussmeter at higher sensitivity,

3.3.4.2 Spectrometer Probe Energy Resolution

From the average fleld value a callibration curve of electron energy versus
arc diameter was calculated using the basic equaticn
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2 xoBo 27
TO = MOC |+ (firﬁi) -1 (3.1)
where
To = electron kinetic energy in keVv
MOC2 = eglectron rest energy = 511 keV
Xo = arc diameter in cm
Bo = magnetic field in gauss.

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

W = probe width in cm

p
ws = slit width In cm
Ss = slit separation in cm

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

2 X B \2
= M2 Wt 201 |
TMIN MOC 1 + (! 5 s) (Sdid) | (3.2)
o
and _
, 2 X B 2"
W +W 00
T =MC L+ fI+ s ( -4 (3.3)
MAX [} —g—-——~ 3410 )
ZX
cos a
where
- - |
a, tan (ws/Ss)
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3.3.4.3 Spectrometer Callbration

An Internal conversion beta source, Cd-109, with transition energies
of 62.2 and 84,2 keV was used to verify the calculated calibration. A strip of
Kodak Type AA Industrex X-ray film was placad at the probe plane with the source
coliimated by the narrow silts of the spectrometer. The flim was exposed at
two locations according to the energy of the betas In the form of a thin slightiy
blurred line. Figure 3.7 shows the calculated calibratlon curve with the position
of the experimental |ines 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-Flve 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 serles of experiments,
Nevertheless, the general concluslions reached are appiicable 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 indlicated by a ractangular box. The lower graphs show the measured
probe waveforms, with the spectrometer positioned to accep* only ejectrons
coming out normal to the anode.

The general agreement between the derlved Injected energy curve and
spectrometer probe output Is good; each probe signal peaks at essentiaily the
center of Its energy/time acceprance 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 In.rease a, 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 iikely 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 fleld 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 tails which start at about
I5 ns into the pulse,

|
|
|

Finally, another measurement was made with the spectrometer set to
sample that portion of the Injected beam scattered 30° 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,

SR SR G

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 voltage monitor output varied by
about + 5% and the Injected beam current varisd by + 108, Therefore an average
set of waveforms was used to charactorize tho beam, These are shown in Figure
3.0t

To make code Input convenient the beam variables were digitized every
two nanoseconds, with the zero time shifted to correspond to the beginning of
Injocted 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 calnulations described earilier wera 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 wac felt that use of the computer energy
spread was o better appraoch,

Table 3.3 summarizes the Injected beam parameters in digital form,

. A P o0, i
SRR
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TABLE 3.3. INJECTED BEAM PARAMETERS - BENCHMARK EXPERIMENT
INJECTED MEAN ENERGY ENERGY ANGLE ANGLE
TIME, CURRENT, ENERGY, BIN #1, BIN #2, BIN #1, BIN #2,
NS KAMPS KEY KEV KEV EGREES DEGREES
0 0.0 0.0 0.0 0.0 41.4 75.5
2 0. 38.1 39.2 36.3 17.0 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 13.5
14 0.86 121.7 122.1 121.1 4.6 14.4
{ 1.05 H. .5 110.5 5.5 5.7
18 .18 109,2 109.6 168.5 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 1.96 102.6 163.0 101.9 6.2 17.0
26 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. | 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 N 25.7
40 4,01 63.6 64.2 62,5 1.8 26.9
42 4,52 54,0 54.8 32,7 13.5 3t.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, 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 5.40 17.1 18.7 14.4 25.4 55.8
56 5.30 6.5 7.9 4.2 33.8 67.2
56 5.1 5.3 6.5 3.3 34.8 68.6
60 4.81 4.0 5,0 2.3 36.4 70.1
62 4.3 3.0 3.8 1.6 35.0 71.4
64 3.1 3.0 3.8 1.6 35.0 7i.4
66 3.08 2.0 2,6 .0 38.6 72.7
68 2.39 1.6 2.1 0.7 39.2 73.3
70 1.57 1o l.o4 0.4 39.9 74.0
72 0.89 1.0 1.3 0.4 39.9 74.0
74 0.49 0.5 D.7 0.2 40.7 74.6
76 0.0 0.0 0.0 0.0 41.4 75.5
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3.3.6 injected Current Density

Initially, for long pulse work (i.e. ¥ * 100 ns fwhm) thin film blue

(3) to determine the time integrated elec-

(4)

cel lophane. dosimetry could be used
tron current density distributien. Invariably the measured distribution
was quite flat, i.e. + 15% under these conditions. As the technique for pro-
ducing shorter electron beam puises evolved, it was no longer possiple to use
blue cellophane for mapping because the total integrated dose was too low,
Uniformity was assumed to hold true there as well.

5 employing a 30 ns fwhm pulse, mul~ ;

During an experimental program
tiple concentric rings used to measure Injected current density showed that
the beam was annular. Further measurements, made with the Faraday cup array
of Figurs 3.12 placed 2 mm from the window, agreed with this result as indicated
by the total Integrated charge values containad In each probe, A cross section
of this current density map Is presented In Figure 3.13., [t shows the current
density distributior o be generally hollow with approximately 2.3 times more

current in the outer annulus.

Sulisequent to these measurements a radlographic technique was developed
for beam mapping., This consists of allowing the electrons 1o impinge upon a
thin, 0.00! inch, tantalum foil over a fiim cassette thereby .reating brgn»
sstrahiung radiation and expu: 'ng the #iim, Although a precise comparison of
flim expos.re and current density has not yet been made, beam uniformity

e TS

distributions qualitatisely agrea.
Using this technique a series of measurements was made to determiie thu
cause of the non-uniformity observed and to make corrective modificativne, The

5+

results were that when a 1/2 inch radlus of curvature is used on the '. inch
diameter emitter (reducing the emission surface to Il Inch dlameter) 'ualform
emission occurs, Future experiments will be performed with these urifurm 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 frorr less than IO"3 torr to | torr,
Figure 3.14 Is indicative of the general results.

At low pressures the transmitted current falis off rather rapidly with
cavity depth, As the pressure Is Increased above 3 x I()“2 torr, there is an
abrupt increase in transmitted current, indicating that space charge neutraiiza-
tion Is occurring. The transmitted current peaks at about 0.08 - 0.{ 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 |5 cm. The main feature Is the
late time (> 50 ng) tall at .05 and .2 torr., This Is presumably due to the
formation of a highly conducting plasma, which attempts to malntain a constant
megnetic fleld. Note also that the barrier dissipation time can be estimeted
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.l
microns. This Indicates that the dissipation time Is scaling roughly inversely
with pressure, as expected from simply primary lonization arguments.
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SECTION 1V
DIELECTRIC ENHANCED CAVITY TRANSPORT

4.1 INTRODUCTION

It has previously been shown(s)

that the presence of dlelectric surfaces
within evacuated (IO"4 torr) cavities can significantly enhance the fransport of
electron beams through the cavity, Under situations In which the beam would
normally be strongly space charged |imited, 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 dlejectric thickress and

geometry,

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 dlelec-
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 piate
current collector which was electrically connected to the cavity side wall through
a low Impedance (~0,02 ohm) resistiva shunt. The 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
tined with dielectric this monitor indicated the current striking the dlelectric
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 Iink Is equal In magnituue to that striking the
dielectric,
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The cavity was housed within a vacuum chamber which was evacuated to less
than 10-3 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 conjunctlon with a range of cavity depths, the cavity di-
ameter to depth aspect ratlo 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 sach cavity diameter, the SPI-PULSE
6000 electron beam forming diode was modifled to keep both the mean injected
electron erergy and peak injected current approximately constant. In all cases

the injected beam diameter was equal to or slightly smaller than the inner cavity
diameter,

Figure 4.2 shows a representative set of data obtained for a 30 cm dia~
moter 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 s composed
of three waveforms. The upper curve shows the current that would be trarsported
across the cavity if there were no space charge limiting or beam biow 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 dlelectric present. The Intermediate curve Is
obtained when 0,025" of Mylar dislectric Is placed on the cavity side wall.
Severa| features are apparent:

1) 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
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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, theré Is a delay period to the
onset of current enhancement. Ouring thls 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 tail,
even after the corresponding injected current pulse has
gone to zero. This Is reminiscent of induced plasma
currents observed in gas neutralization experlmenfs(e).

Figure 4.5 shows the measured dependence of peak enhanced current on
dlelectric thickness. |t should be kept in mind that In these measurements The
total injected current was held constant. The upper gr.oh shows results for two
different cavity dlameters with a fixed depth of 15 cm, For no dleiectric or
very thin dlelectric, the peak transmitted current increases with Increasing
aspect ratio. However, for thicknesses greater thain 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 puise the beam energy is roughly constant at ([0 keV; the arrow
on the upper graph Indicates the extrapolated range for this electron energy In
Mylar, |f the data for 0.005" and thicker Is plotted on a log-log scale, the
dependence of peak transmitted current on thickness Is tc the 1/4th fo I/5th
power.

Corroborating evidence for the delay to onset of enhanced transport was
also seen In the wall current signal. Fligure 4.6 shows data obtained for a |5 cm
diameter by {0 cm doep cavity. Agaln the curve marked injected current, measured
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| mm beyond the injection plane, is what would be seen if there were no space
charge Iimlting. The lower curve indicates the vacuum cavity situation. Since
less than 1.0 kamp of current |s transmitted through the cavity, this curve In-
dicates the current striking the side wall. Roughly one~third of the Injected
current Is returned to the injectlion plane. With dielectiric present there Is
again a delay to onset of enhanced current, equal to the delay observed i the
transmitted current puise, and then an abrupt rise In wall current due to trans-
mitted current enhancement, Similar results were seen In the the [0 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 tor Mylar, polyethylene, and polyvinyichioride (PVC). There did not
appear to be significant difterences 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 serles of experiments the Injected current density was held
constant; three different cavity diameters (10 om, |5 cm, 30 cm) were used with
a fixed cavity depth of 15 cm. Fligure 4.8 Is Indicative of the resuits obtalned.
The upper graph shows results for a 30 cm diameter cavity, while the lower graph
Is for a 15 cm dlameter 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 wc/cn?,

4,5 PULSE WIDTH VARIATION EXPERIMENTS

Another set of experiments kept the cavity/dielectric geometry constant,
and varied the time duration of the Injected puise. 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 occured at 50 ns.
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4,6 ION DETECTION EXPERIMENTS

Because the injected beam is heavily space charge |Imited, the most
obvious explanation of the observed enhanced transport is that barrier dissipation,
that 1s, space charge neutralization, occurs. This is accomplished by positive
lons. 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 lons,

The side wali of a 10 cm dlametar by 15 cm deep cavity was |ined with
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
sperture to sweep out both primary and secondary electrons. The magnetic fleld
(~300 gauss) was low enough to produce minimal deflection of any lon greater
than 10 Kev energy. Detection of positive charge flow was done with a 2 cm
dlameter charge collector which was connected to a 50 ohm cable.

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 ~I08 cm/sec.
The amplitude of the detected current scaled as the inverse square of the
detector distance from the aperture. The extrapolated positive lon current
density at the back of the cavity is about 0.5 A/cmz; the pulse duration is
~ | psec (fwhm). Since the presence of the magnetic flield prevented lower
energy lons from being detected It is certainly possible that the actual current
density was igner,

From the above mgasurements an estimate can be made of the lon density
In the cavity. Since

then the lon density was at least 3 x IO'O/cms. This is low compared to the
primary electron beam density of ~I0'2/cm3. Assuming 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 enerqy components), then In fact the

lon density works out to be ~IO'2/cm3.

At the ambient chamber pressure used (IO'4 torr), lonization of the back-
ground gas bv primary beam electrons could only prouduce about lOg/cm3 of ion
density. Thus the lons detected are most probably assoclated 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,
observed in all cases.

However 1t was no*
Surface flashover Is another electrica! fallure mode of
dielectrics. To detormine whether this was occurling, 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
tiltering to reduce the .lght intensity. It Is clear that a great deal of flash-
over is occurring. falrly symetrically, near the In ection end of the cavity,
Since the light emitted by flashover Is due to radiation from a hot, ionized qas -
equivalent to the light emission from an electrical sprrk - It is evident that
this Is a likeiy candidate for explalining the crigln of the observed lons.

4.7 INTERPRETATION

From the experimental data It Is possible fo construct a mcde! of what is
happening within the cavity, The beam Is Initially heavily space charge |imited,
and most of the current strikes the slde wall of the cavity. The charge is
trapped in a surface layer of the dlelectric; the Induced transient conductiviry
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
wiil 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. Marf!n('O) has empirically developed a formula for predicting
the time required to Initicte flashover; a stress of 200 kV/cm 1s sufflicient to
cause breakdown in 10 ns.

(9

1+ thus seems |ikely 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 ionlzed(l'). 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 s very short, approximately
10 ns is required fo see enhanced transport. Assuming that the lons are
generated essentially instantanesouly, this would correspond to the time 1+t
takes for lons to neutralize a significant portion of the beam., Near the
cavity side wall the radlal electric fields are of order

£~ '
R
where
VB = beam voltage (kinetic energy in volts)
R = cavity radlus
Then:
i '8 242
Rx 7 = R
L=
q

is the extent of the lons radial motion during the tire period, t. Here

2

ﬂ%— = jon rest mass per charge state

9 voits

= {0
Using + = 10 nsec, one obtains for VB = !05 volts

AR = | cm

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. lons from the first region will continue to charge neutralize
more of the injected beam and allow more current to fiow 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 |t 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 lons neutratize
more of the beam, If the pulse duration Is long enough, almost all of the in-
Jected current |s ultimately transported. Based on the constant current density
experiments It can be concluded that 0.4 uC/cm2 of injacted charge Is an upper
{imit on the amount of charge required to inltiate enhanced transport for the
beam parameters and cavities studlied.

4.8 CONCLUS IONS

I+ is apparent that even very thin layers of dielsctric can have a signlf-
Icant Influence on current transport through evacuated cavities. For short (~20
ns) pulse situations, current densitles less than 40 A/cmz are sufficlent to
cuase enhanced current flow, Although the effect will not propagate an
appreclable distance beyond the injection plane, It will nevertheless signiflcantly
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 co" A/saec have been obsorved; within a 30 cm dlameter cavity the corraspond-
ing rate of rise of magnetic fleld is 3 x IO'0 gauss/sec. Inductive electric

flelds can be significant and can drive large skin currents in neighboring
structures.
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SECTION V
SP1-PULSE 6000 MODIFICATION

5.1 INTRODUCTION

A redesign of the SPI-PULSE 6000 was carried out to achleve faster
current risetime -d low jitter switching for synchronously firing several
machines In parailel. Specifically, mulitichannel 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 Desiyn Modifications

in order to Improve the currant risetime of the machlne it was necessary
to raduce 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 raduction in all stray inductance components, not just that asso-
clated wlth the output switch, was necessary. We review here the modifications
made.

Figure 5,1 shows schematically the new front end configuration. Major
changes conslist of:

e shortening of the solld dielectric energy store flashover
length to 7 inches, |t was demonstrated experimentally
that charging voltage In excess of 400 kV can be achleved
with this shorter length.

e use of paraliel plate switching domes with a 0.75 inch
spacing, With 30 psig Freon as insulator, this gap can
support 400 kV d.c. charging voitage.

® an increase in the diameter of the swiftch housing and
output tube, as well as shortening of the housing and
tube length.

e Increase in the cathode shank diameter and shortening
of Its length.
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Flgure 5,1 SP|~-PULSE 6000 Redesigned Low Inductance Front-end
Showling Inner and Outer Conducting Paths
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5.2.7 Risetime Analysis ]

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

sum of the resistive phase time constant and the inductlive phase risetime.
Marfin('j’ has shown that the resistive phase c.n be calculated from the formuia

1/2
o= msars (5) |
p R Z| 354 o5 (ns) ,

!

where

average gap stress In units of MV/meter

1"

impedance of source supplying energy to the trigger
{ channel, in ohms,

density of gas used as switching media.
Ps® density of alir at NTP

g For a single channel switch, the source impedance Z Is equal to the energy store

: impedance Z (equal to 2 ohms for the SPI-PULSE 6000). For multi-channel switch-
' th

; Ing with n channels, orly one-n =~ of the store can feed an Individual channel.
i ’ Thus, Z must be equal to nZo. With the new front end design, we have the follow- !

ing parameters:

E < 20 MV/m
} Z°= 2 ohms
5 -

o 13

0

rar

which glves

e,

4.64 E

TR ?_ ;‘m nsec

Tha iInductive phase risetime Is given by: !

' L
T = 2,2 oee—
|
L ZO + RL

PRV A

o
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where &

L =
2

total stray inductance

B

energy store impedance

i

RL load resistance

Assume a matched-ioad case, RL = Zo. The inductance is composed of fwo
components; the fixed Inductance assocliated 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

r [
- L .1 I
L an *n”HNWJ'

where

—
L

switch gap length = 2 ¢m

ground teturn radius * 26.675 cm
radius of switching circle = 12.7 cm
Ar = spark channe! radius ~ 0.05 cm

P
n

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

] 464, 1.1 25
T ise %*Ki*”*jﬁ*n(m”*”n)

The computed values are shown graphically In Filgure 5.2. It Is evident that at
least 4 channels are required to achleve the desired risetime performance. We,
in fact, declided 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 dlode risetime will be slightly different than that
computed above because the dlode is a non-linear load. Assuming an ideal
Child~Langmuir behavior, the diode voitage Is related to the current flowing
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in it by the relation

2/3

v D

D= Ki

where K is & constant depending only on the diode geometry. For an ldeal
resistive load, the relation is

The simplest mode! one can assume to study this non-linearity Is that of an
Ideal transmission line driving the load through an Inductor, Defining

L = Inductance

Zo = |ine Impedance
Vo = charging voltage
To = L/Z°

'mux = VO/Zo

o = ?/T0

f = 'D/!max

then the equation describing either the linear (resi-::ve) or non-iincar (Child-
Langmulr) case during the first double transit time of the line Is

%g = |~ f=-aq Y

where

RL/Zo' resistive case

K
E -T——-Rff, non |inear-case

0o max
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and

|, linear case

2/3, non-llinear case

The |inear case Is easily solved to give

|
- (I +a)f

In

I +a

For the non-!Iinear cass the formal solution Is
f

.. f gt
|- (f1 +aft1/3:

°

which cannot be soived analyticaily. However, for early times (f << 1/2)
the denominator can be expanded In a power serles and Integrated term by
term. The result Is

ag=ln T-é—-—— +3 af5/3 f -JL{E—- n

|
f
f n=o 3In+ 5

+ 32 ¢3¢ a f"+ ot ¥ b t" +- - -
n¥o0 n=0

A numerical comparison was made between a matched-load resistive dlode
and a non-linear load which gives the sawe peak currant (a = i/2|/3). In this
case, the late time behavior can be approximated by

f=1/2 ¢ -¢€)

8l

e SRR
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and

L= 1720 =€) = 172 (1 - e)¥/3

&l
n

ol

g
"

"

:/z+§--|/2<|-e>2/3

Using a power series expansion, this gives

de -5 2 2
a‘a““‘g E""g"e « v e
-5 (1 +3 e4-a)
3-35: i5

Fo. € £ 0.1 the term in parenthesis is only a 2% correction or tess and can
be ignored. Then

LTS

and

f=1/2 (1 - /3

Figure 5.3 shows both the |inear solution and the two limiting solutions
for the non-i{inear case. Note that peak current occurs at f = /2, |t Is
apparen’ that the current risetime in the non~iinear case is longer than for
an ieaal load, the Increase being about 23%., This effect Is not normatly
zecousted for, and clearly has an Influence on risetime calculations., More
subtie effects, an example being the fiilte cathode turn-on time, are harder
to assess.

%3 TRIGATRON SWITCHING
5 3.1 Trigatron Approach

Trigatron switching was chosen as the bacic 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 jltter could be cchieved which
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is quite adequate for synchrunously firing two or more machines. 1In addition,
it had besn shown('Z)
when driven simultaneously by the same power source. Multiple channel switching

t+hat even less jltter between switches could be expected

of a single machine could therefore be accomplished which would reduce machine
front end inductance and thereby decrease risetime.

%5.3.2 Trligatron Design Analysis

Since multiple paralie! switch channels would be required to attaln 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 elther case, an isciation resistor
Is required for each cabie to prevent the main output voltage pulse from
trave!!ng back to the trigger ¢ .erator.

A schema*ic of the electrical clrcuit for each cable Is shown In Flgure
5.4; time isolation Is provided by the trigger cable length with the source
Input - Vo(f) - being at one end. The return path to cable ground is provided
by the capacitance between trigger pin and trigger housing In serles with the
capacitance between trigger housing and machine ground. Using Laplace trans-
form techniques, the trigger voltage can be shown to be

v -sT 2
v . .0 o Vi a+ |
TRIGGER s OC‘ | + (o - 1) o ST
@+ 1)

where

%' = one-way transit time of cable

C‘ = trigger pin to trigger ﬁbuslng

C2 = triggar housing to ground capacltance
R! = jsolarion resistance

Z0 = cable wave Impedance

£4




e v e e 2wt
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v, fﬂ—-O D adl
 J k4

Cl = TRIGGER PIN TO TRIGGER HOUSING CAPACITANCE
02 = TRIGGER HOUS ING TO GROUND CAPACiTANCE

Flgure 5.4 Electrical Clrcult for Trigatron Trigger
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AL eermin pe s s

.- | +s R!Ceff
szoceff
o e %
eff C, + C2

The multiplicative exponential can be Ignored since it simply gives a time
shift, 1f the input voltage pulse risetime is less than the double-transit

time of the cable, then

. v
= —_—2—-— o
VTRIGEER * &+ A
- 2 lvo
T¥C, 7T, W

where

dl = l/(R' + Zo) Ceff

Using the convolution thecrem,

)

where

-1 "
g (t) =1L [;ﬁ;-wr]
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e, SRR

i f
Vo {(t) = V° = Constant

then
o 2V, (0 - D)
TRIGGER | + 0'702

This Indicates that:
e to get voltage doubling it Is necessary that C' << C2
e to get good risetime (Rl + Zo) Ceff <1ns

(Rl * Zo CI

I+ C| C2

or < | 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' -t N C|

A

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 inequallities are indeed satisfled

and It can be expected that the trigger pulse rlsetime ls determined by the
trigger generator itself.

A further objection to the single cable feeding n channels approach is 1
that if one gap closes eariy then it will short out the other channels and In-
hibit muiti-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

W m b
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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 posltive point-plane gap, the streamer transit time can

be estimated from the formula('B)

F 4176 4110y o

where, for Freon,

K= 40
n=0.4
and

[

gap fleld In KV/cm ~ 200
breakdown time (fransit time) In usec

u

i

gap spacing (=2 cm) in cm
pressure In atmospheres

~=
i

Then

fs‘rreamer * 0.7 ns
so that any jlitter in this quantity will be negliglible., Therefore, since the
combined trigatron gap jitter plus streamer transit jitter 1s less than the
resistive phasa time constant (2-3 ns), it is anticipated that satisfactory

multi-channe! formation can be reallzed.

5.3.3 Trigatron Design

The trigatron de-lign, shown In Figure 5.5 was arrived at after evaluating

a nunber of previous deslgns(|4). It conslists of a high voltage cable (Beiden
8870) whi¢h attaches to a copper electrode through a high voltage feed. The

copper electrode Is housed in a ceramic Insulator and attached to the trigger
dome. A hiyh voltage pulse from’The cable initiates a wpark from the copper
alectrode, across the ceramic, to the grounded switch dome. This spark then
initlates the formation of a breakdown channel from the low voltage dome to

the high voltage surface which is parailel fo the dome. The critical dimensions

of the trigatron are the electrode to dome gap and the electrode recess.
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Flgure 5.5 Trigatron Assembly
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Assoclated with the trigatron itself 1s 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, solld dielectric i
anergy 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.

Standard hardware con-

The front-end assembly |s shown in Figure 5.7,
Speclal hardware

sists of the pumping chamber, diagnostic chamber and shank.
designed for switch purposes Included the cathode shank head, extension chamber,

variable load resistor and end plate.

Norrial operation of the SPi-PULSE machines utillzes a cathode mounted

cn the shank head and a transmitting anode separated by a few mlilimeters.
In this program the dlode consists of the load resistor and cables connected
The cables are stripped of thelr ground shield Inside é

e

directly to the shank.
the chamber for seven inches to prevent flashover.

Since SPi~-PULSE machines operate normally with two to ten ohms diode
Impedance and the number of switch cables was varlable, the CuSO4 load resistor

was used to match the load to the generator,

5.3.5 Trigatron Switching Checkout

Trigatron checkout was performed using the apparatus shown In Figure 5.8.

The trigatrons were mounted In a clrcular array in a high pressure test i j
The conflguration was similar to that used in the SPI-PULSE 6000 front

chamber.

end. Moebius loops were placed near each trigatron spark gap In order to

detect when it closed.

we Wby
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L-Tube Voltage Monitor
lnsulator
n‘»—-—-—-CurrenT Monlitor
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r ] Spacer
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e -1 J Resfsfor
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Flgure 5.7 Front-end Assembly for SP}-PULSE 2500
When Used as a Power Supply Trigger Source
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These bench tests established that the jitter associated with one switch
firing was < | 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 & number of des.gn iterations the final machine front end and

switching configuration is as shown in Figure 5.9. The circular array of six :
i trigatrons are housed in an enlarged diode cap at machine ground. The high '
voltage trigger cables from the SPI-PULSE 2500 come through feed-throughs in

| the vacuum coax chamber and then through CuSO4 resistors and isolation gaps
into the cathode 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 at*ached 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 pvise,

‘ 5.4.2 SPI-PULSE 6000 Delay and Jitter Measurements

{ Delay s defined as the time between the SPI~PULSE 2500 diode (i.e.
high voitage bushing) voltage signal and that of the SPI{-PULSE 6000 diode
voltage. Initially, delay was determined as a function of SP!-PULSE 6000
charging volrage. Fligure 5-10 shows this data as delay vs. percentage of
self breakdown voltage. Delays ranged from {00 to {50 nanoseconds.

{ in order to get acceptable jitter, It was necessary to operate the

machine at greater than 85% of the self breokdown voitage. Representative
jltter data can be seen In Figure 5.11. Ten successive diode voltage traces

are overlayed on this traced oscliiogram, Table 5.1 contains the time for
the start of each frace from a standard reference. 11 shows the mean firing
time from this reference to be 6.9 ns with a standard deviation of + {.7 ns,
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This result Is well within the requirement for synchronously firing two or

more SPi~PULSE machinss.

TABLE 5.1 SUMMARY OF JITTER MEASUREMENT

TRACE TIME OF PEAK
(Relative) {ns from reference)
| 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 Risetime Measurements

Because of mechanical difficultles, only three trigatron units were
operabie during the testing phase In which JItter and risetime measurements
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 appiy to a three channel switch only,

inltiai risetime measurements were made using a 3.5 ohm copper sulfate
resistive load, This removed any ambigulties associated with the finite

turn~-on time and non-|inear nature of a cold cathode dlods.

using one, two, and three trigatrons. The resuits are summarized in Figure 5.12.
The SPI-PULSE 6000 charging voltage was 160 KV, and the trigger source (SPIl-
It Is apparent that there is little

PULSE 2500) charging voltage was 90 KV,
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change in risetime between the cases of one or three trigatrons. The Indica-

+ions are that multi-channel operation is belng achieved; this will be considered
later.

The next set of measurements was made using the cold cathods diode.
The cathode was 30 cm ipn diameter, and & 1.5 cm gap was used. Agaln the charg-

Ing voltage was 160 KV, and the trigger source voltage 90 KV. Figure 5.13
shows the resulting d'-de current waveform, The inltlal current rise to one-
half of peax value is very fast (4 ns); thereafter the pulse front siows down.
: The 108 - 90% risetime Is 23 ns, and the pulse width is 78 ns (fwhm), The
peak dlode voltage In this case was approximately 85 iV,

The observed risetime is comparable to thzt expected for single channel
switching (cf, Sectlion 5.2). Since 1he resistive load results indicated that

in fact three channels were probably operating, the discrepency must arise
from some effect not previously cons'!dered.

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

tronsmission line code'!’. The modeling of the modifled SPI-PULSE 6000 con-
sisted of the foliowing elements:

1) the prime energy store

2) the high voltage spinning

3) the multi-channel switch

4) +the switch housing

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) eilther a resistive or dlode load

100




DIODE CURRENT, KA

5 ' T T T
10 - -
5 F -
0 ] 1 1 L
0 20 40 €0 80
TIME, NS

Figure 5.13 SPI=PULSE 6000 Dlode Current Waveform With

30 cm Dlameter Cathode and Three Trlgatron

Switching

101




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 the 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 also Included In the model. Figure 5.14 shows a com-
parison of the computer generated dlode 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 atout 4 ns
faster than the measured one; glven the uncertainties involved in choosing
the elements for the computer modei, the results Indlcate that the machine

Is operating about as can be expacted. It should be pointed out that 1f 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 dlode was used. The computer-modelled diode
current exponentially rises to peak value with a 4 ns e-folding time. In
bocth the computed and experimental cuvves 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 |ine)
would fower the risetime to {3 ns,
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SECTION Vi
SUMMARY

This final report has reviewed the work performed In the develop-
ment of an electron beam |EMP Simulation capablliity. The techniques used
for calibrating these electron beam environments have been discussed and
representative |EMP cavity data presented.

The data of IEMP cavity currents for varlous pressures and simple
cavity geometries shows the value of the electron beam technique for
+ lenomenology studies. An extension of this capability Into more complex
"system-|lke" cavities containing cables and electronic boxes is now a
straightforward matter,

The eftect of dielectrically lined cavity walls were evaluated.
Un!ike ges neutralization for Instance, the existence of this phenomena
was not evident through analytical studles. That this effect could be
demonstrated and characterized In some detal!l Is further evidence of the
utility ot this simulation approach.

Modifications made to the SPI-PULSE 6000 were described in detall.
The front-end changes along with the Incorporation of multichannel low
Jitter switching has significantiy increased the risetime of the current
pulse aflowing a broad range of electron beams to be produced, extending
the simulation capabliity. For Instance, a 5 ns wide (baseline) pulse
of 18 keV average electron energy at 10 amps/cm? over 620 cm? has heen
developed.

In addition, the low jitter switching (+ |.7 ns) now makes it

possible to produce very large emissjon patterns by synchronously firing
multiple machines in stacked confligurations.
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in addition to complex cavity I|EMP studies, an experiment which
addresses aspects of SGEMP phenomena is planned. This experiment, i{lus~
trated In Figure 6~1, consists of injecting an electrorn 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 char.ucterized in a time frame short compared to chamber
wall reflected wave Interference times.

Depending upon reyulrements, even further advances In pulsed electron
beam simulation of |EMP/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, muiti=
energetic electron spectra can be produced simyltaneocusly with advanced
"chromacolor" window techniques and electron angular distributions can be
tallored to particuiar requirements.
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Flgure 6-1. SP1-PULSE 6000 in SGEMP Confliguration
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ATTN: L. H. Pinson, 7B-41
ATTN: Donald J. Stovens, FA-70
ATTN: George C. Mesmsugor, FB-61
ATTN: James E. Bell, HA-10

Rockwell lmternational Corporation
ATTN: John F. Roberts

Rockwell International Corporstion
ATTN: T. B. Yates

Sanders Associates, Inc,
ATTN: Jumes L. Burrows
ATTN: R. G. Despathy, 8r,, PE, 1-6270
ATTN: Moe L. Altel, NCA, 1-32368
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Science Applioations, Inc,
Huntsville Division
ATTN: Noel R. Byrn

Scic ace Applications, Ina,
ATTN: J. Roger Hill

Science Applications, Inc,
ATTN: Charles Stevens

Science Applications, Inc,
ATTN: William L, Chadsey

Sidney Frankel & Associates
ATTN: Sidusy Prankel

Stmulation Physios, Inc.
ATTN: Roger G, Little
ATTN: John R, Uglum
ATTN: Seven H. Faca

The Singer Company
ATTN: Irwin Goldman, Eng, Management

fperr; Flight Systems Division
Sperry Rand Corporation
ATTN: D. Andrew Schow

Sperry Rand Corporation
Univac Division
ATTN: James A, Inds, M.8, 41T25

Sperry Rand Corporation

Spervy Division
ATTN: Paul Marraffine
ATTN, Charles L, Cralg, EV

Stanford Research Institute
ATTN: Arthur Lee Whitson
ATTN: Mel Bornstein
ATTN: Philip J. Dolan
ATTN: Setsuo Dairiki
ATTN: Robert A, Armistead

Stanford Research Institute
ATTN: MacPherson Morgan

Sundstrand Corporation
ATTN: Curtis B. White

Systems, Science & Software
ATTN: David A. Neskun

Systems, Scisnce & Sofiware, inc.
ATT!: Andrew R, Wilson
ATTN: Ira Katz

Systron-Donner Corporation
ATTN: Harold D, Moiris

Texss Insruments, Inc.
ATTN: Donald J. Mmus, M.8. 72

Texas Tech University
ATTN: Travis L. S8impeon
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

TRW Systems Group

ATTN:
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:

Dunald Jortner

Paul Molmud, R1-1196

Aasron H, Nareveky, Ri-2144
Richard H, Kingsland, R1.2154
Jorry 1. Lubell

Philip R, Carder, R1-1028
Lillian D, Singletary, R1-1070
Roberi. M, Webb, R1-1150
Tech. info, Ctr,, S-1930
William H, Robinette, Jr,

TRW Systems Group
San Bernardino Operations

ATTN:
ATTN:

Earl W. Allen
J. M, Gorman
John E, Dahnke
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

TRW Systems Group
ATTN: Donald W, Pugsley

United Technologies Corporation
Norden Division
ATTN: Conrad Corda

Westinghouse Electric Corporation
ATTN: Henry P, Kalapaca, M.S. 3525
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