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Summary,
Summary

The VEBA high-current, relativistic electron ac-
celerator has been designed and constructed at NRL fo
application in the study of high-power microwave
sources, To meet the requirements of this study, the
accelerator was designed for operation in either a
short (60 nsec) or long (2.2 Wsec) pulse mode, The
short-pulse mode has been in operation for nearly two
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years and has proven to be an extremely reliable design,

The design of the 1ong-pulse mode is now complete and
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soon be underway,
The pulse-forming network in the short-pulse mode
is an unbalanced, water Biumiein with an output imped-
ance of 9,2 (2, The Blumlein is pulse charged by a 17
stage Marx generator which has a series capacitance of
29,4 nF. By transmission along a tapered coaxial line,
the output pulse is transformed to 20 () and the voltage
developed across a matched load increased to a maximum
of 2,35 W, The proposed conversion to the long-pulse
mede will require that the Blumlein and transformer
sections be removed and the diode assembly be attached
directly to the oversized Marx tank, The direct
coupling between the Marx and the Blumlein will then
be replaced by two, nested, water capacitors which are
shunted by spiral inductors, When coupled in series
with the Marx, this output filter will form a three=-
section, voltage-fed, Guillemin (type A), pulse-
forming network with a characteristic impedance of
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Introduction

The past several years have witnessed a rapid
expansion in efforts to exploit the unique attributes
of intense relativistic electron beams, Of those areas
in which this new technology has found application,
perhaps the most natural is in the production of high-
power microwave radiation, Indeed, the study of
relativistic processes which transform electron kinetic
energy into electromagnetic radiation in a wavelength
range extending from centimeter to submillimeter has
proven to be an interesting and productive field of
research, »*%

The expansion of high-power microwave research
at the Naval Research Laboratory necessitated the
design of an appropriate accelerator to support these

For this annlication
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the accelerator must

studies
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inject a magnetically confined relativistic electron
beam into an evacuated drift tube which functions as
the dispersive medium for the beam-wave interactions

of interest, To meet the program requirements, the
VEBA (Versatile Electron Beam Accelerator) was designed
for operation in either a short or long pulse mode,

The design objectives for the two modes are listed in
Table T

Table 1
Output Voltage Impedance Pulse Length
MV) ) (Hsec)
.75 to 35,C 2 ~0,08
0.5 to 1.0 "y ~2.2
The design concept developed to meet the objectiv
has been summarized above, In the remaining par
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graphs, the physical and operatiocnal characteristics
of the short-pulse mode are reviewed., The planned
design for the 1ong pulse mode is also descrlbed along
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Short-Pulse Mode

The generation of the output waveform in the VEBA
short-pulse mode was accomplished by coupling a con~
ventional, pulse~charged, water Blumlein to a tapered

roavial ma b
coaxial transformer, matched

impedance transition section between the transformer
and diode vacuum envelope was required to provide an
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appropriate equipotential contour behind the dielectric-

vacuum interface, A cross-sectional schematic of this
assembly is shown in Figure 1,

Maxx Generatorx

The VEBA Marx was designed with the intent of
producing a simple, reliable, and easily maintained
generator, The Marx consists of seventeen C,5 WF
Aerovox capacitors rated at 100 kV, These capacitors
are mounted approximately 5 cm above an acrylic table
using small pedestals to prevent intercapacitor flash-
over, The assembly is made rigid by attaching both
capacitor terminals to electrodes mounted on two,
rugged, UV-coupled, switch columns, To pulse charge
the Blumlein, a positive charge of up to 65 kV is

-1 A v <
placed on one Discharge

+rorminal of gcach canacitro
termina: 01 gacn capacitor,

of the Marx is initiated by sending a trigger pulse
to the trigaton switch which forms the initial spark

gap in each column,

The capacitors are charged by a DC power supply
through solid, 300 (), Carborundum resistors that are
mounted along the switch columns, The resistors are
positioned so that they not only provide a uniform
potential grading along the columns but also protect
the columms from excessive electrical stress, The
low-resistance coupling between capacitors combined
with the simultaneous triggering of both columns to
give a wide range of switch operation while using only
dry nitrogen as the fill gas,

When charged to 65 kV, the Marx stores 17.9 kJ,
A total of T70% of this energy is transferred to the
Blumlein in 0,93 psec, at which time the Blumlein

hna v»ancrhnd a mavdmem wvaldraonns AfF 1 C MU Amaluade
has reached a maximum voltage of 1,5 MV, Analysis
of the ringing frequency indicated that the Marx and
coupling leads to the Blumlein have a total induct-

ance of 10.8 uH,
Blumlein

The output pulse waveform for the VEBA short-

in a conmventional, unbalanced,

pulse mode is generated

water Blumlein, For convenience, the Lnner diameter

of the Blumlein tank was chosen to be 104 cm, a

dimension just equal to that of the output sections

of GAMBLE I and II, The 9.2 (I output impedance of

the Blumlein was achieved by setting the impedance

of the outer coaxial line at 3,4 { and that of the

inner at 5.8 (I, This degree of mismatch was required

to raise the breakdown voltage for streamers initiated

along the surface of the center conductor to 2,C MV,

To reduce the probability of breakdown from the output
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stress reduction ring was added to this edge., This
Blumlein configuration generates a 60 nsec pulse (FWHM)
and presents an 11,2 nF capacitance to the Marx during
the charge sequence,

The Blumlein discharge sequence is initiated by
closure of the over-volted water switch which termi-
nates the inner line, This switch is formed by the
hemispherical termination of the center conductor and
a 1,91 em diameter brass rod which projects axially
from the inmer surface of the intermediate conductor,
The switch geometry was carefully designed to provide
an equal probability of streamer initiation from
either electrode, With the small diameter rod fully
withdrawn, the switch will trigger at 1,7 MV to
eliminate the possibility of inadvertant over-charging
of the pulse-forming network,

To minimize the acquisition costs, the tanks in
the Blumlein, transformer, and transistion sectioms
were fabricated from 1,23 cm thick aluminum sheets,
The center conductor of the Blumlein and transformer
were similarly fabricated from 0,64 cm thick aluminum
sheets, The intermediate conductor in the Blumlein,
however, was constructed using 0,32 cm thick stain-
less steel to avoid any possible damage or deformation
which might result from the shock waves generated by
the transfer of a maximum of 12,6 kJ through the water
switch, To minimize electrode erosion, the active
contours within the water switch were protected by
Elkonite caps, Experience has shown that the ex~
tensive use of aluminum in the VEBA pulse line has
not presented a problem,

Transformer

Once beyond the intermediate conductor of the
Blumlein, the center conductor begins a long 2,18 m
taper from an initial impedance of 9.2 £ to a final
impedance of 2¢,3 Q, The voltage step-up ratio within
the transformer is therefore 1,49, At a distance of
70 em from the Blumlein, the center conductor of the
transformer is connected to ground by a 1,5 BH inductor
which limits the prepulse to less than 150 kV, Near
the transformer output, water breakdown is predicted
to occur at a voltage of 5.1 MV, Since the system
has been successfully operated at a maximum output
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Figure 1,
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voltage of 2,8 MV with no evidence of water breakdown,
the usual expression for breakdown would appear to be
valid inspite of the high degree of field nonuniformity
in this region,

Transition Section and Output Tube

The decision to use a high-impedance, water-di-
electric transformer in conjunction with the Blumlein
added a unique complication to the design of the out-
put tube, With wdter as the dielectric medium, a
20 O coaxial line has a large ratio of outer to inner
electrode radii, Such a configuration produces an
equipotential distribution which is poorly suited for
transition through the acrylic-vacuum interface of the
output tube, This complication was overcome by
including an oil-filled tramsition region between the
transformer and the output tube. The function of
this region is to 1ift the equipotential contours to
larger radii and still maintain an approximately 20 Q
impedance, This transition could not be accomplished
in water because the resultant capacitance would
seriously degrade the risetime of the output waveform,

The final selection of the center conductor
dimensions was based on the availability of standard
dished heads, The 61.C cm diameter head which was
used gave the cylindrical section of the transition
region a 21,6 Q impedance, A capacitive voltage
divider to monitor the output voltage was then located
midway through the transition region to take advantage
of the cylindrical geometry,

The center conductor within the transition region
is terminated at the output tube by a field shaping
contour which penetrates the planar acrylic insulator,
This contour was carefully tailored using a series of
computer calculations to optimize the electric field
distribution along the critical acrylic-vacuum surface
of the insulator. A plot of the calculated field
distribution along this interface, based on the final
electrode contours is shown in Figure 2, The upper
limit to the output voltage is defined by the sharp
rise in the field distribution near the anode triple
point, The peak field near the triple point corre-
sponds to 75 kV/cm with 1 MV on the tube, From
Milton's data®, the critical field for surface flash-

TRANSFORMER
\ TRANSITION DO3E

BLUMLEIN

A cross-sectional schematic of the VEBA short-pulse mode,



over on Lucite at large angles and with short duration
pulses should be in excess of 315 kV/cm, The VEBA

tube should, therefore, withstand short duration out-
put voltages on the order of 4 MV, The breakdown limit
of this design has never been tested since the maxi~-
mum output voltage attained to date has been 2,8 MV,
With a pulse duration of several microseconds, the
critical breakdown field is reduced to 197 kV/cm, In
the long pulse mode, the insulator should, therefore,
withstand veltages somewhat less than 2,6 MV,

Although the breakdown voltage predicted from the
data shown in Figure 2 was more than adequate for the
contemplated operation of the accelerator, the field
distribution is not ideal, An ideal design would
minimize the field distribution at both triple points,
In this case, a minimum at the anode triple point was
not possible because the anode contour on the vacuum
side of the triple point is defined by a standard,
stainless~steel dished head, Unfortunately, the inner
diameter of the best available head was slightly
smaller than the corresponding diameter of the tank
used in the transition region, To reduce the effects
of this mismatch a 9,5 mm spacer ring separated the
radiused edge of the dished head from the acrylic
surface, The field distribution shown in Figure 2 was
achieved by tapering the inner edge of the spacer ring
at 45% to the surface,
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Figure 2,

Operational Characteristic

For the production of microwaves, the output tube
is terminated in a magnetized injection diode which
accelerates a cylindrically symmetric relativistic
electron beam into the drift region, Since this diode
configuration does not require an anode foil, there
is no vacuum loss following each pulsed discharge,
Once the output tube, drift regiom, and microwave
antenna are evacuated, system operation can be con-
tinued for perhaps 100 to 200 shots before the
accumulation of debris on the tube insulator leads to
surface flashover, Given this advantage of a high
firing rate, the total number of accumulated shot on
the system is now approaching %,0C0, With the
exception of several initial difficulties which were
quickly identified and corrected, the VEBA has proven
to be quite reliable in its short-pulse mode, Major
Marx maintenance has been limited to removal of the
switch columns after approximately 2500 firings for
cleaning.

A typical set of output voltage and current
waveforms produced by discharging the system into an
injection diode are shown in Figure 3, For this shot
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a 4 cm diameter stainless-steel cathode was positioned
in the fringing fields of the solenoid at a distance of
3,8 cm from the entrance of the 4,76 cm diameter drift
tube, With a charging voltage of 48 kV on the Marx,
the pulsed voltage developed across the diocde had a
peak amplitude of 2,05 MV and a duration of 60 nsec,
The total current in the diode reached a maximum of

41 kA, Of the total electron flow, only 13 kA reached
the far end of the drift region., A large fraction of
this difference can be attributed to shunt losses in
the diode, With a fixed setting of the water switch,
the shot-to-shot reproducibility of the output voltage
has been approximately = 8%,

DIODE VOLTAGE DIODE CURRENT

20MV 40kA

——’l 100 ns p— T —={ 100 |

Figure 3. Typical voltage and current waveforms

generated in the short-pulse mode

Long-Pulse Mode
Proposed Design

As described in the introduction, the VEBA design
was required to incorporate a capability for easy
conversion to a long-pulse mode of operation, The
critical features of the proposed conversion are shown
in Figure 4, Comparison with the cross-sectional
schematic of the short-pulse mode (Figure 1) shows
that the pulse-forming network has been removed and
the diode assembly connected directly to the Marx tank,
The direct coupling between the Marx and the Blumlein
has also been replaced by an appropriate output filter,
This filter combines with the Marx to form a three-
section, voltage~fed, Guillemin (type A), pulse-
forming network which will deliver an output pulse
that approximates a flat~top waveform with parabolic
rise and full,

A simplified schematic of the three-section
Guillemin circuit is shown in Figure 5, 1In the
schematic, components Cm, Lm and Rm represent the

series capacitance, inductance, and resistance of the

fully erected Marx, The output filter is formed by

the two parallel resonant sections L - C and L ~C .
2

Appropriate values for these components were then
derived from the Guillemin theory which specifies
these values in terms of the characteristic impedance
o (ohms) of the network and the base-to-base duration
t (seconds) of the output pulse, The Guillemin
relationships for the three-section network are as
follows:

C = 0,432 t/2 = 26,0 uF
m o

L= G,17C Zez= 12,8 pH

m
Cl =C,%52 t/Zo
L =¢,0118 Z2 ¢
o
= 0,2%2 t/Z
c: ,232 tf -
L =0,0768 Z ¢
2 o]

In using these equations to design an output
filter, the capacitance of the Marx defines the slope
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of a linear relationship between the network impedance
and the output pulse duration, The Marx inductance
then limits the winimum admissible pulse duratiom,
values of the Marx parameters listed above are predi-
cated on the present Marx being upgraded to a total of
19 stages, This modification will be necessary to
obtain the desired 1 MV output, Provisions for this
modification were incorporated in the initial Marx
layout, With the modified Marx, the minimum pulse
duration will be 2,19 Hsec, Since the effective re-
sistance of the injection diode was in the range of 25
to 50 {0, the characteristic impedance for the planned
VEBA network was set at 40 {2, This selection yields a
pulse duration of 2,41 Wsec and will require the
addition of a 3.6 BH inductor in series with the Marx.

by L2
(0000 00000
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Figure 5. Simplified schematic of a taree-section,

voltage-fed, Guillemin (type A), pulse-
forming network,

Output Filter

The proposed configuration for the output filter
takes the form of two, nested, water capacitors
shunted by single-layer, radial inductors. The
cylindrical-hemispherical, capacitor geometry shown

The
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A cross-sectional schematic of the VEBA long-pulse mode.

in Figure 4 was chosen not only to achieve a compact
design but also to simplify the dimensional analysis.
Specification of the capacitor dimensions was deter-
mined by the combined requirements to match the
capacitances derived from the Guillemin theory and to
avoid water breakdown, As the network is discharged,
the voltage waveform developed across the water
capacitors is sinusoidal, The probability of water
breakdown is, therefore, highest when the inner
conductor within the hemisperical region is charged
positively with respect to the outer conductor, When
coupled with the additional requirement that the
probability of breakdown be equal within both capaci~-
tors, these conditions lead to the following set of
equations which determine the acceptable dimensions in
the water capacitor conductors,

£ r,r
C, (nF) = 0,08h5 | prr 5 v 2 -
2 N =2 2

L r r
=0 +
c, (nF) c,ouu5[———7——-&“ RNCR) —L——Lr — ]
4 3 2 3
Fg(ry) 0.3 (. -r)r
- = 2 A
n F(r ) 3
: 1 v t? (eme®)0-l ¢
1 1 1 2
F -
. (f;? _ 0.3 (r& rg) r
2 F (r % oy N0 )
3) Vz tz S ra) s
az =, and 0, 1

In the above equations, all physical dimeunsions are
measured in centimeter, the voltage in wegavolts, and
time in microseconds, The included parameters were
defined as follows:

4 - cylindrical length of the output filter

r and ¥ -~ inner and outer radii of capacitor C
1 2 1



r and r - inner and outer radii of capacitor C2
3 4

F (r) - threshold field for water breakdown in the
B hemispherical region of the water capacie
tors

F {r) - maximum electric field within the water
capacitors

V - maximum voltage developed across the
filter capacitors

t - effective time for water breakdown within
the water capacitors

n - water safety factor within the capacitors

For dielectric breakdown, the effective time has been
defined as that interval during which the electric
field exceeds 63% of its maximum value.

The voltage waveforms developed across critical
elements were calculated using the NRL transmission
line code (TEMP)S, To use this code, the lumped-
parameter network components were replaced by equiva-
lent transmission line segments. The results of this
calculation are shown in Figure 6 for the case of a
100 kV charge on the modified Marx and a 44 Q load
resistance,

o5
oy N i ey
5z ° 7 e
oz
=
gé-os N4
£5
<o -1.O—
32
i
! N 1 1 I I | ! L
3 o5
wE
-
.:u OVAW%W
[=]
>§_05 PR S SO VO T | PN WO S
>
nE
[V
g0 0 o
T e ~—
23
£-05
< R T L ) S S| 1 1 | J
5o
E
£z °
2
o8 05
Ea”
w -
o
28 4o
& R T S N WU NN SN N N
0 | 2 3 4 5

TIME (useQ

Voltage waveforms developed across critical
elements of the three-section, Guillemin
network,

Figure 6,

The geometrical equations provide a unique
solution for the capacitor radii once the cylindrical
length and the water safety factor have been specified,
The acceptable range for these independent parameters
is constrained by the following considerations, From
Figure L4, it can be seen that a continued expansion
in the radial dimensions of the output filter is
limited by an increasing probability for oil break-
down between the filter and the Marx tank, A
balanced solution would, therefore, require that the
water safety factor be set equal to that in the oil.
The physical length of the filter network is limited
by the intended function of the capacitors, If the
water capacitor is to respond as a lumped parameter

circuit element and not a transmission line, the energy
transit time along the capacitor must be short compared
to the period of oscillation within capacitor C ,

1

The effects of these constraints are plotted in
Figure 7 which shows the calculated solution of r as
4

a function of 4 for two values of the water safety fac-
tor; n= 1,0 and n = 2,0, The solutions for which n=m
(m is defined as the oil safety factor) are denoted by
the balanced design line, The vertical line at 4 = 90
cm corresponds to Tl/T ~ 20, Note that the region of

interest (m > 1, n > 1, and T << Tl) falls well within

the physical limits of the Marx tank, To provide a
useful figure merit, those solutions which store an
energy density € greater than 0,01 J/em® in capacitor
C2 fall to the left of the annotated line, This value

repregents an approximate practical upper limit to the
energy density that can be achieved in pulsed systems
using conventional dielectrics, To substantially
exceed this limit, the systems designer is currently
limited to a choice of either water or Mylar, As seen
from the figure, the design parameters selected for
the proposed system are rather conservative and corre-
spond to a balanced safety factor of 1,7. This is
equivalent to operating within 60% of breakdown,

The output waveform shown in Figure & would re-
sult if the modified Marx were charged to 100 kV and
then discharged into a 44 () resistive load, Under
these conditions, the output pulse has a maximum
amplitude of a 920 kV and a duration (FWHM) of 2,15
ksec, The energy delivered to the load 'uring the
TWHM of the power pulse is 39,8 kJ,
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dimensioning of the output filter,

Preliminary Diode Study

Prior to the asscmbly of the VEBA short-pulse
mode, a short series of long-pulse diode experiments
were completed by attaching the diode assembly direct-
ly to the Marx, To obtain a variable pulse duration,
the Marx output was ''crow - barred” by an over-volted
oil switch mounted in the Marx tank, Using this
circuit, a pulsed voltage of approximately 8GO kV
could be applied to the magnetized injection diode
which would later be used in the initial short-pulse
microwave experimentation,



Although the results of these experiments were
preliminary, they did show that the diode closure rate
in the foil-less geometry was slower than that experi-
enced in a conventional geometry, which included an
anode foil, With an anode-cathode separation of 4,4 cm
and an applied magnetic field of 10 kG, the diode did
not transition to a short until 2,6 ksec after the
voltage had first been applied, This would indicate
a closure rate of approximately 1,7 cm/Hsec, a result
which is consistent with the earlier observations of
Friedman and Ury.7
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