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FOREWORD

The activities of this program were under the overall direction of
R. D. Cheever who acted as Program Manager and also made important technical

~ contributions to the design of the solid line, vacuum flashover and electron beam .

diode experiments and particularly to the energy flow analyses (section 2.1),
J. R. Uglum was responsible for the task of Energy Flow/Diode

- Studies in which he was assisted by H. Wilhelmsen, who made most of the

“laboratory modelling experiments (section 2,2) and R. Crocker, who did the

computer modelling work (section 2.3). Valuable assistance was provided by
S. Grayblll during the electron beam diode experiments. _ |

The Solid Dielectric Studies were superv1sed by W. Bell, who did
the bulk of the work with some assistance from F. Tse.

H. Milde was responsible for the Water Line Studies in whlch he
was ably assisted by N, Harrls who supervised the realization of the Neptune B
modifications, G, Slmcox was consulted during the design of the modifications.

J. Hipple did much of the trigger generator development work and G. Cooperstein

‘performed the beam dlagnostlcs on .the completed Neptune B system in consulta~

- tion with S. Graybill.

Needless to say, the accomplishment of the experimental work de-

~ pended heavily on the efforts of a number of engineering aides and technicians,

including R. Lutz, C. Litchfield, R. Parsons and G. Aliengena, D, Bryant,
G. Guse, D. Rumson and A, Selin.
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ABSTRACT

~~ This report describes work done in support of the low impedance
pulsed electron beam generator development goals of the Defense Atomic Support
Agency. The purpose of the work was the development of new technology upon
which the design of future low impedance simulators can be based. Of particular
interest are the results obtained using gas trigatron switches with a coaxial |
Water-insuiated pulse forming network (PFN) to drive an electron beam diode,
The low prepulse ahd repeatable switch characteristics resulted in very repro-
ducible and predictable electron beams. Transitions connecting beam diodes to
PFN's were studied experimentally and analytically in an attempt to obtain
improved energy flow. Computer modelling work is described and laboratory
measurements on scale models are reported. The time development of the
beam diode impedance has also been measured for a few combinations of
cathode/anode materials and geometry, Some work with several solid dielectric
materials, candidates for use as PFN and transition (tube) insulation, is reported
including results of dielectric strengthened flashover (in high pressure gas) tests
and vacuum flashover experiments in a low impedance (5 Q) transition/diode -

~design driven from a water-insulated, tapered-line transformer.
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SECTION 1
INTRODUCTION AND SUMMARY

The purpose of these simulator studies has been the development of
new technology upon which the design of future low impedance simulators can be
based. The program was divided into three parts.

Energy Flow/Diode Studies were concerned with analytical and ex-

‘perimental approaches to the determination of the effects of output geometry on

accelerator performance and of the factors influencing the behavior of very high
current vacuum diodes. In particular, answers were sought to the questions of
how great an impedance dist:ontinuity can be allowed near the tube insulator to
obtain better vacuum flashover perfdrmance (high output current) without serious
loss of risetime, and of what role diode closure mechanisms play in determining
or limiting beam fluence. The overall aim of these studies was the develop'ment
of techniques for the prediction of simulator performance, to be used as design
tools,

Solid Dielectric Studies have been aimed to provide design data and .

develop fabrication techholog*y for solid dielectric materials for use both as

transition/tube insilla;tors and as the energy storage medium in a dc-charged,

- low-impedance coaxial line store. All present day types of simulators require

solid insulation in the output section to separate the prime ehergy storage
medium from the vacuum necessary in the electron beam diode. The reason.
for the solid line is the prospect that it may provide output power comparable
to a water line with the predictability of the gas line. The predictability results
from the absence of prepulse and the use of a single (gas) switch rather than a
sequence of switches,

Water Line Studies were intended to improve the predictability of

the output pulses from water lines, through the use of triggered rather than over-
volted switching, and the suppression of prepulse. The IPC Neptune facility was
modified and renamed Neptune B. This is described in section 4,1, The Neptune
B system will itself serve as an experimental tool in further energy flow and
diode investigations and provide high v/y beams for continuing studies of energy
transport by electron beams. .
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The studies have been generally successful. In particular, the
performance of Neptune B using trige,tron gas switches has been gratifying. The
original intention of using a mid-plane water switch was abandoned in view of the
severe dificulties others have experienced in the use of this type of switch. The
gas trigatron, although mechanically more complicated, has worked well both
as a switch and as a prepulse isolator.. 'The resultant output pulses from the
Neptune B system are very reproducible. Near the end of the program some
effort was spent in characterizing the beam from Neptune B to confirm the re-
_producibiiity under operational conditions.

The dielectric work has had mixed success. The resulis encourage
the view that a coaxial, gas-insulated, solid line could be built up out of sections
of manageable size. Tests have shown that surface flashover can be discouraged
by ﬂaring the ends of the tubular sections, which are then butted together one '
after another to form a storage line of the desired length. Unfortunately, ex-
tensive testing showed the dielectric orginally intended for use in such a line, a
castable filled epoxy, to have inferior dielectric strength and so the fabrication
of a prototype line was abandoned. However, later tests on other dielectrics
showed very good results with a high quality polystyrene material which can be
molded to shape by the supplier or purchased as thick-wall tube and machined
to shape, The coaxial line conductors should probably be formed by metallizing
the plastic surfaces since the results with cast-in electredes using epoxy were
not encouraging. The polystyrene material is relatively expensive so that the
cost of a solid line made with it would be greater than had been originally

envisioned with the cheaper epoxy.

Toward the end of the program, some vacuum flashover experiments |

were performed using polystyrene and lucite tube insulators in a front end
especially designed for smooth energy flow and even field distribution along the
soiid/vacuum interface. The driving impulse was provided by an FX-25 machine
connected via a tapered water line transformer having a 5 output impedance. _
T}_ius, ﬂashover was studied in a low impedance configuration wherein energy
flowed from water through a solid into vacuum - an arche typical situation. The

results were encouraging in that very high peak stresses were supportable in
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the interface region, but disappointing in that beam voltages achieved were ot
as high as expected. This apparent contradiction arose from the fact that the
driving pulse rose much more quickly (<5 ns) than the cathode could turn on
(~10 ns) so that it was reflected as if from an open circuit with the attendant
voltage ddlibling. Thus, the peak stresses were a factor of two higher than ex-
pected. It x)vould be interesting to redo these experiments with a slower driving
pulse to see if higher beam voltages are then achievable, but time did not allow
this during the present program,

Effort spent in considering the problems of energy flow at the front
end of low impedance simulators shows up primarily in the design of the flashover
experiment described above and, to a lesser degree, in the design of Neptune B.
Since the constraints of time and the existing hardware left little room for
maneuver in Neptune B, it was not feasible to do anything startlingly original
but rather only to confirm in advance that the rather straightforward front end
design would be adequate. This was done through experiments performed on a
half-scale model. An attempt to devise a combination transmission line-lumped
circuit element model to enable calculation of front end performance by computer
was only partly successful, useful results haiving been obtained for some cases.

Of particular interest to future simulation work were the measure-
ments of the time development of beam diode impedance for various cathode/
anode materials and geometries. This work, which was greatly facilitated by
the ability of IPC gas line FX machines to reproduce experimental conditions,
is only a beginning since only a few possibilities were investigated, Many more
materials and geometries should be studied in order to determine optimum con-

figurations for low impedance simulator applications.
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SECTION 2
ENERGY FLOW/DIODE STUDIES

2.1 Summary

The objective of this program was to study the problems of energy
flow in the front end section of pulsed electron accelerators, By front end is
meant both the tube /diode structure used to produce the electron beam and also
any transmission line 'Sjcructure which is used to focus the energy into the tube/
diode regidn. Since the performance of any system can be limited by a poor
design of the output section, it was felt that a thorough study of it was required.

' The program was broken down into three sub-tasks, each of which

examined a specific aspect of front end performance. They were:

(1) System Modelling
(2) Energy Flow
(3) Diode Studies
Each is _described. below and the main results summarized. A detailed discus-

sion of each task is then presented.

System Modelling

Two _modélling experiments were carried out in this task, One ex-
perimental program consis_téd— of studying a one-half scale model of the front end
design of Neptune B. Parametric studies of risetime versus number of switch
channels and switch channel length were performed. The effect of varying the
water /vacuum interface was also investigated, and pre-pulse amplitude measure-
ments were made. The 28 ns risetime predicted from the modelling data agreed

very well with the results obtained on the final system, The measured pre-

pulse amplitude of 3% indicated that the design did in fact minimize the capacitive _

coupling between the coaxial pulse forming network (PFN) and the output section.
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A complete description of the modelling work can be found in section 4.9 of this
report describing the Neptune B program.

Another experimental modelling program consisted of a parametric
study of the transit time and risetime degradation in capacitively graded seg-
mented tubes. These results were intended for use in developing a physical
model for the tube which would be convenient for numerical calculations.
_Although it was origina,lly thought that a tube's insulating dielectric would make
it look like a slow wave structure, the experimental results showed otherwise.
In fact, the wave velocity through the tube models was close to the speed of
light in vacuum. The risetime degradation appears to be a combination of the
RC time constant associated with the stray capacitance to ground and the L/R
time constant associated with the coaxial shank feeding the load. Efforts to
develop a satisfactory model to explain the results were unsuccessful. Details
of the experiment and the results can be found in section 2, 2.

Finally, a computer code was written which models a pulsed accel-
erator as a coaxial line feeding a front end which is represented by lumped circuit
elements. The code was checked out against experimental results obtained dur-
ing the diode studies, and it was found that for the higher impedance flash x-ray
machines feeding a load which is matched or undermatched, the model works
quite well. For over-matched loads it is necessary to deal with many reflections,
and the model seems to break down after two reflections. The reason is ap-
parently that the cumulative effects of many small sy'stem discontinuities, which
are not included in the model, show up in later reflections. Details of the code

can be found in section 2.3,

Energy Flow

Analyses have been made of several problems of energy flow in
coaxial systems. The results were useful in the design of Neptune B and some

are of sufficiently general interest to warrant their being summarized here,
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For a fixed load voltage, Vi, , it can be shown that the energy flow
(power) from a coaxial store of outer radius b is maximized when the inner

radius, a, satisfies the transcendental relation

where E is the maximum electric stress which may be safely sustained on the

inner conductor. The store voltage is

_ b
V0 = Ea.gn 3 - EaVL s
whence it follows that
v
b . L
in a2 - v < 1.
o

Thus, the optimum store impedance is always less than that for maximum store
voltage (at which ¢n -;3 = 1) and is given by the relation

, . 60 /YL
0 JT Ea ’

where ¢ is the relative permittivity of the storage dielectric (the relative per-
meability is assumed to be unity). The corfesponding value of the load im-

pedance is
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L Ve Ea ( VL)

Ea

Note that for fixed VL’ the greatest load power is achieved with the smallest

load impedance which in turn results from choosing the store dielectric having

the largest value of e E, This expression can therefore be taken as a figure of i

merit for storage dielectrics. Among the materials of interest in pulse-power
applications, it is interesting that oil and gas have figures of merit near 40 MV /m,
while water is far superior at 180 MV /m and the polystyrene examined in the
dielectric studies reported in section 3 is far better yet at 540 MV/m (for
1000 shot lifetime; perhaps 360 MV /m for greater than 10, 000 shots duty).
These figures of merit are generally valid independent of store geometry,
whether coaxial, strip, or whatever. |

When efficiency is maximized in coaxial systems, the store and load

impedances turn out equal (matched) in case

which is also the condition for maximum energy storage. Thus, for a given load
voltage, VL , and dielectric strength, E, there is a particular store radius,
bo’ for which the energy storage and transfer efficiency to the load are simul-

taneously maximized. This optimum store size is characterized by

| Larger stores must be overmatched to the load (Zo > ZL)’ ‘and smaller ones

~ undermatched, in order to maintain the load voltage at VL, and in either case

e
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the load power is greatest for a store impedé,nce different from that giving maxi-
mum energy storage, as noted previously.

| Of course, the use of tapered line transformers, which is not un-
common with water dielectric, theoretically enables the optimum matching of
any size store to the load. However, it is well to note that even large mismatches
between store and load result in only modest losses of energy transfer efficiency
(4:1 corresponds to 65% efficiency), and that the stored energy varies but weakly
as the store impedance is varied from that of optimum energy storage. Thus,
in many cases it may be cheaper to operate mismatched with somewhat increased
stored energy than to build a transformer.

It has been widely appreciated for some time that mismatches ar~ :
even desirable when using electron beam loads. In order to confine the elec ‘“q
flow to desired regions of the vacuum fube, it is necessary that the impedané_
of the tube outside of the beam region be higher than the beam impedance. W
this is so, the magnetic field of the beam current inhibits electron flow in the
rest of the tube, cutting it off entirely when the mismatch exceeds a critical
level depending on the tube geometry and beam voltage. For example, in the
case of a coaxial tube at 1 MV, a mismatch of about 1.3:1 is required according
. to crude calculations. At lower beam voltages, even greater mismatches are
necessary.

Another reason for mismatching arises out of consideration of
vacuum flashover along the insulator separating the vacuum of the electron beam
tube from the dielectric of the transition connecting the tube to the store. Break-
down of this interface is, no doubt, one of the factors limiting the power levels
attainable in simulators which depend on generation of electron beams. In
general, it is desirable to make the interface as long as possible to discourage
flashover, and clearly this end is promoted by making the impedance of the
transition as high as possible since higher impedance corresponds to larger
radial separation of the coaxial conductor pair, The arguments of this and the
last paragraph suggest that a front end design satisfying

Ztransition > Ztube z Zbeam
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with, perhaps, a 2:1 overall mismatch from transition to beam (more at lower
beam voltages) is desirable. Recalling the derivation of conditions for maximum
load power, note that a sudden transition from source impedance to load im-
pedance was assumed. If the two are separated by an intervening transmission
line, the result is unchanged if the line has either the load or the source im-
pedance and varies hut little for intermediate values, Showing, in fact, a weak
optimum for the geometric mean impedance \/m . Thus, the steadily rising
impedance level from beam back to store proposedabove actually enhances
energy transfer to the load and provides the additional advantage that the store
output switch operates into the higher input impedance of the transition (generally
equal to the store impedance) rather than the lower lbad impedance and thus
achieves a better L/Z risetime, | | '

Continuing the discussion of vacuum flashover and its role in limiting
energy flow, it is worth noting that improved performance is also obtained by "
placing the solid/vacuum in’térface at the greatest possible radial distance, since
the increased conductor sej)aration allows longer ﬂashover length., Flashover
length also increases as th.e dielectric constant of the transition insulation in-
creases (for fixed transition impedance) so that water is particularly good in
this respect. This raises the question of what happens in the flow of energy from
water through a solid insulator into vacuum, with substantial disparities in di-
electric constant among the three media, Fundamental considerations lead to
the conclusion that, as long as the thickness of the solid corr-esponds foa
pi'opagation time short compared to the risetime of the incident puiSe, the
discontinuity has no noticeable effect on the energy flow., It is obVious that this
is the usual case. In addition, further consideration leads to the conélusion
that, if all dimensions of a dielectric interface correspond to propagation times
short compared to the risetime of an incident pulse, the pulse proceeds through
the discontinuity quasi-statically so that the local electfic field at any instant
in the region of the interface is a solution of Laplace's eqliation. Thus, the
"refraction' of the wave at the discontinuity obeys the electrostatic relation

€ tan® = ¢, tan 8
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rather than the familiar Snell's law of optics

J€ Sin® = ‘\/—Smg ,

where 6 and @ are, respectively, the directions of the incident and‘transmitted
waves relative to the normal at the surface of discontinuity and the €; are the
respective relative permittivities,

Since the transmission line conductors are parallel to the direction
of propagation of a TEM wave, it follows that the first of the above relations
also describes the discontinuity of the transmission line which is appropriate
to the dielectric interface. The importance of this is that, if the conductors are

bent accordingly, the electric field in the interface is uniform (in a stripline;

it is, of course, slightly greater at the inner conductor in coaxial geometry).

This in turn, is desirable for achieving good vacuum flashover performance,

If the conductors are not bent accordingly, the electric field is intensified at

one or the other end of the dielectric interface, promoting breakdown. Since

the field distribution obeys Laplace's equation, it is clear that electrolytic

tanks may be used to aid in the design of solid/vacuum interfaces in real cases
where practical constraints prevent the realization of the simple, ideal configura-
tions.

Furthermore, as is well known, vacuum flashover performance is
enhanced if the electric field at the solid/va.cuum interface is directed away
from the surface into vacuum. This draws electrons out, thus preventing their -
skipping down the surface generating an avalanche of secondaries which can lead
to flashover. This condition is met if the angle between the negative polarity
conductor and the interface is acute (< 90°). In all cases of interest here, -
€4 > €4 S0 that d>06. For 6 = 0° @ = 0°and the interface is normal to
the transmission line conductors. The impedance on the vacuum side of the
interface is greater than that in the solid insulation. As the angle of incidence
is increased by angling the interface rélative to the conductors (tilting toward

the negative conductor), the interface length increases, the impedance of the

2-7



vacuum line decreases and it becomes inclined to the solid line by the angle
¢ - 8. At the so-called Brewster angle of incidence, BB’ given by

tan GB = | = ,

the line impedances on both sides of the discontinuity are equal so that there is
no reflection. At the Brewster angle, the electrostatic and optical relations
given above are both satisified by the same angle ¢ of the transmitted wave.
For angles of incidence greater than the Brewster angle, the flashover length
of the vacuum/solid interface increases and the impedance of the vacuum line
becomes lower than that of the solid line. As discussed prevmusly, this kind
of mismatch is desirable from a vacuum flashover standpoint.

The opt1ca1 relation predicts a transmitted wave angle of 90 ° (total
reﬂect1on) at the so-called critical angle which is just beyond, and quite close
to, the Brewster angle. If Snell's law actually governed the energy flow across
the interface, it would be extremely difficult to design it so as to avoid total
reflection over portions of it. This could only be achieved by deliberately mak-

ing the vacuum line higher in impedance than the solid by keeping to incidence

angles well below the Brewster and critical angles. The electrostatic relation
‘which governs the energy flow across the interface in the quasi-static approxi-

mation exhibits no such catastrophe as a critical angle close to the Brewster
angl.e, yielding a 90 ° transmission angle only for a 90 ° incidence angle. It is
thus feasible to design the interface so that the vacuum line is undermatched to
the solid line. Note, however, that a very fast-rising incident wave may
violate the quasi-static condition (risetime >> propagation time along 'the
interface) and in this case, the highest frequency components of the wave may

be governed by the optical relation. These components would, in general, be
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totally reflected from the interface, which thus acts as a low pass filter. The
transmitted wave would show a degraded risetime as a result. Another way of
stating this is to say that a solid/vacuum interface designed near or beyond the
Brewster angle limits the risetime of the transmitted pulse to values large
compared to the propagation time along the interface. This is not a serious
limitation in systems of immediate interest.

It seems appropriate to close out this discussion of energy flow with
some further observations on the effects of discontinuities. One which is easily

overlooked is due to the turn-on delay of the cathode. As reported later, this

~can be as much as 10ns, during which time the beam load impedance is much

higher than the generator impedance, resulting in an in-phase reflection. If
the pulse risetime is short compared to this turn-on time, the reflection may
lead to voltage doubling at the front end of the system which could overstress
the tube insulatof and induce vacuum flashover. This phenomenon was in fact
observed during the vacuum flashover tests reported in section 3 which used a
very fast rising (<5 ns) incident pulse.

This leads naturally to the general observation that the time length
of any discontinuity should be short compared to pulse risetime to avoid tran-
sient voltage doubling {or reversal in case of low impedance discontinuities).
In high dielectric constant (HDC) media, such as water, physically small and
seemingly inconsequential discontinuities can have relatively long time lengths
because of the low propagation velocity. On the other hand, risetimes in such
media tend to be longer anyway because discontinuities have large associated
stray capacitances which degrade rapidly an initially fast-rising pulse, - These
discontinuities steal energy from the pulse both dynamically through transient

reflections and statically through the energy required to charge the stray

~ capacitances to the pulse voltage. The latter is recovered as a tail at the

end of the main pulse. However, since many HDC systems have overall time
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length much greater than pulse length, reflections from discontinuities are
effectively lost because their eventual arrival at the load, after re-reflection,
occurs long after the main pulse is over, This can be a serious source of
energy loss, particularly in view of the large stray capacitance discontinuities

inevitable in HDC systems.

Simple calculations show that, in addition to the usual TEM re-
flections, large diameter coaxial HDC systems can also support higher order
modes which are excited at discontinuities. For example, Neptune B will
propagate TEI, 1 and TEZ, 1 modes at the frequency of the secqnd harmonic
in its output pulse (the second peak in the Fourier spectrum) so that substantial
amounts of e:icitation power are available.r In addition, the four-channel ver-

~sion of the output switch (Switch III) has exactly the electric field symmetry of
the TEZ, 1 mode, which must therefore be strongly excited. The wave impedance
for this mode is about fen times the impedance for the TEM mode so that it can
conceivably constitute a small but significant power drain. It is a drain because
the mode will not propagate through the smaller diameter transition into the tube
and so cannot carry energy into the beam load, but rather saps it away into |

trapped oscillations,

The chief conclusions to be drawn from the last paragraphs on the
influence of discontinuities on energy flow in HDC media is that systems using
such media will tend to exhibit poor energy transfer efficiency and poor rise-
time unless great care is taken in their design. The significant thing is'.that

such results are probably inherent in the use of HDC media.
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Diode Studies

Time-resolved voltage and current measurements were used to
parametrically study diode impedance as a function of diode geometry and
cathode/anode material. Optimization of diode design is important in obtain-
ing the maximum energy transfer efficiency in a pulsed accelerator. Ideally,
the diode should tu}'n on as quickly as possible and hold a constant im-

pedance without closing (shorting) during the pulse,

- The results of the experiments can be summarized as follows:

(1) Cathode turn-on time for flat metal cathodes is
| approximately 10 ns. Flat carbon cathodes ex-

hibited a turn-on time of about 5 ns,

| (2) Time to gap closure is dependent on the anode
material.  Specifically, carbon anodes show a
much longer time period of constant impedance

before gap closure.

(3) For the diodes studied, Child's law did not
apply. Not only was the current larger than
predicted theoretically, the impedance scaling
with aspect ratio (gap spacing/cathode radius)

was linear and not quadratic.

The results of the diode program are detailed in section 2.4.
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2.2 Experimental Investigation of the Pulse Transmission
Properties of Field-Emission Tubes

2,2.1 Introducticn

The purpose of this study was to gather experimental data pertaining
to the pulse transmission characteristics of hollow dielectric tubes for electro-
magnetic pulses with risetimes in the sub-nanosecond region, travelling in the
general direction of the tube axis, but penetrating the tube wall from the region
external to the tube to the region inside the tube. The experimental data will be .
used later in an effort to find a simple and practically useful model consisting of
lumped circuit elements and/or trahsmission line pieces which can adequately
describe the tube and its immediate surroundings as they may appear in a typical
flash x-ray machine, electromagnetic pulser, electron-beam machine or similar
equipment,

The tubes studied are of roughly 12-inch OD and 8-inch ID and rang-
ing in length from approximately 4-inches to about 2 feet. They are either con-
structed entirely of dielectric material or of a succession of dielectric and
metal rings, The metal rings are flat 'a,nd spaced at constant intervals along the
tube, these being approximately 1-inch, 2-inches or 3-inches, The dielectrics
investigated are styrofoam, lucite and Corning glass No. 7740 with relative
dielectric constants of 1, 2.6, and 4.5, respectively. Two aspects of the pulse
transmission characteristics are investigated here, namely, the risetime de-
gradation of an incident step voltage pulse and the pulse propagation velocity

along the tube axis. _ , _
The test bed which serves to launch a TEM wave into the region

occupied by the tube and to re-establish a TEM wave beyond the tube, is designed
with a view to minimizing its transmission-line discontinuities, except in the
region of the tube where its geometry is kept as simple as possible, This en-
sures that the incident pulses are approximately step pulses with sufficiently

fast risetimes. The wave impedance of the test bed input and output lines is
chosen to be 40 ohms for the following reason. Since this study is ultimately

aimed at finding a physically meaningful model for the tube and tube region, i.e.,
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in particular, one that is independent of the parameters of the structures surround-
ing the tube and tube region and therefore of the niost general appliéability, it is
important to choose a test bed that is not a priori expected to obscure significant
characteristics of the tube under study. Assuming that an adequate tube model
can be constructed with capacitances and inductances, a test bed of very low wave
impedance would have this fault as would one of very high impedance. The former
would cause electric stray fields (capacitances) to charge up very quickly and in-
ductive fields to develop very slowly, with the result that the capacitive character
of the structure tested would be obscured by its inductive character, the latter
would cause the opposite situation to prevail, making the structure appear capaci-
tive and yielding no information about any inductive behavior which may turn out
to be significant under somewhat different conditions. A test bed which is to give
information about both the inductive and the capacitive nature of the tube should
therefore be of intermediate impedance. What constitutes "intermediate’ in this
case depends, of course, on the values of the capacitances and inductances to be
expected in the model. These can only be estimated very roughly since they are
complicated functions of the geometry of the tube and tube region, but they may
be expected to be of the order of 20 to 40 pF and 15 to 30 nH, respectively, for a
tube approximately 4-inches long and perhaps 40 to 60 pF and 90 to 180 nH for a
tube approximately 2 feet long. In order to have equal inductive and capacitive
time constants one must satisfy the condition Z = (L/C)l/ 2, where Z is the line

wave impedance. This in turn results in desired line impedances of 40 to 70 ohms

for a long tube and 20 to 40 ohms for a short tube. A line wave impedance of

about 40 ohms thus appears to be the choice that will result in the great'est yield

of experimental information.

2,2,2 Experimental Apparatus

The test bed is shown schematically in Figure 2-1 and in photographs

in Figures 2-2 and 2-3. It consists of a coaxial, eylindrical transmission line

with a straight, tapered input section and a section in which the diameter of the
line is reduced sufficiently to permit insertion of the tube under test, with its

axis on the test bed axis and its end surfaces resting against the flat portions of

2-13



1-4384

output pulse to

resistive termination

/

sampling 4
oscilloscope 9
S 30“
tube region E_I_. : _ I variable,
- H_- h { 4n - 22rr
sliding 4
joints I
74!!
12”
24"
A _capacitive probe
[—v ~ output
49"
to Tektronix Type 109 +

pulser

2-14

Figure 2-1. Schematic representation of tube studies test bed.



<

Tube Test Bed

-2

igure 2

F

2-1470

2-15




2-1471

Figure 2-3.

Tube Test Bed Open for Tube Modification
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the inner and outer conductors of the line, respectively. The small-diameter
part of the test bed ends in a matched resistive termination, The wave impedance
of the test bed is approximately 40 ohms both before and after the tube region.
The tube region is shown in detail in Figures 2-4 and 2-5 and the various tube
building blocks can be seen in Figure 2-6. Both the inner and outer conductors
of the test bed consist of two parts, with sliding joints to permit easy removal of
the test bed front end for tube modification. The outer conductor joint is located
ahead of the tube and can be seen in Figures 2-3, 2-4 and 2-5, which also show
the flexible sheet-metal tabs used to ensure good sliding contact, The inner con-
ductor joint (see Figure 2-5) is located just beyond the tube region. Here the
first half of the inner conductor fits snugly insidé the second half; a conducting
lubricant is used to reduce friction.

The test bed is positioned vertically as shown in Figure 2-2, since
horizontal positioning would require quite an elaborate structure to support the
heavy tube (up to more than 100 lbs,) in cantilever and still permit easy assembly,
disassembly and alignment of the tube. The upper part of the test bed can be
hoisted up to give access to the tube region for tube modification (see Figure 2-3).

A Tektronix Type 109 fast pulser is used as pulse source. A 5-foot
length of RG-8 low-loss cable leads to a carefully constructed transition section
and tapered input cone. A capacitive probe is located on the inside of the outer
conductor of the test bed between the tapered input section and the tube region.
This probe permits driving-pulse monitoring and can also supply either oscil-
loscope triggering signals or reference pulses for propagation-velocity measure-
ments. The resistive termination consists of approximately 240 resistors
(almost one per square centimeter o_f area) mounted between five rone-half—inch
long flat copper rings, located concentrically and spaced so as to coincide with
the proper equipotential surfaces of a transmission-line wave on the test bed.
About 10% of the line voltage is stpled by a resistive divider built into the
termination and fed via RG-8 cable to the Tektronix sampling oscilloscope used
to monitor the output pulses. A close-up photograph of the termination is shown
in Figure 2-7, and Figure 2-8 shows the termination in place on top of the test

bed. This termination alone has a risetime between 10% and 90% amplitude -
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Figure 2-4., Tube Installed in Test Bed
Note: Ring stack is approxi-
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Figure 2-5. Detail of the Test Bed Tube Region, Looking
Up Inside the Top Part of the Test Bed
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points of about 400 ps and exhibits almost no overshoot. The performance of the
termination and the diagnostic equipment in general is discussed more fully in
section 2,2,3,

A time-domain reflectometry (TDR) trace of the test bed with matched
termination is shown in Figure 2-9. The extreme left-hand portion of the trace
corresponds to the 52 ohm RG-8 input cable. This is followed by a fairly smooth
transition to an indicated 33 ohms at the beginning of the input taper, the im-

- pedance increasing to about 39 ochms in the cylindrical section of the test bed
ahead of the tube region. Then there is a peak ind_icating the existence of the
high-impedance tube region, whiceh is approximately 4-inches long and has a

~ calculated impedance of about 100 ohms. Following this, one can see the small-
diameter cylindrical portion of the test bed, with an indicated impedance of about
44 ohms. Finally, the resistive termination appears as an infinite transmission
“line of impedance 38 ohms. It is obvious from the TDR picture that the high-
impedance tube region registers a much too low impedance in this picture and
that the small-diameter section of the tesf bed shows up as a higher impedance
“than it should according to calculations. This is because the TDR pulse has a
risetime of about 1 ns and ¢annot quite resolve impedances separated by less
than about one-half foot, which is more than the length of the tube region in this
picturé. - (The fast-pulse mode of the TDR unit which would give better spatial
resolution, cannot be used for a line of as large a diameter as the test bed,
since the fast pulse will cause excitation of waveguide modes rather than the
desired transmission-line mode.) |

The test bed as described above is cépable’ of propagating a suffi-
ciently fast pulse towards the tube region. Figure 2-10 shows this input pulse
as monitored by the capacitive probe. The pulse risetime between 10% and 90%
amplitude points is seen to be about 400 ps. The test bed is also convenient
for the present experiment involving study of a large number of different tube
configurations, as it can be opened up, the tube modified and the test bed reas-

sembled, all in a matter of minutes.
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Figure 2-9. Time-Domain Reflectometry
Trace of The Test Bed with Matched
Resistive Termination and 52 Ohm
Input Cahble
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Figure 2-10, Capacitive Probe Qutput
Showing The Front of The Pulse
~ Incident on The Tube Region
Vertical Sensitivity: 5 mV/div
Horizontal Sensitivity: .5 ns/div
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2.2.3 Performance of the Resistive Termination and General
Electronic Equipment

Originally, a ten-point resistive star was built to serve as matched o,
termination for the test bed and to sample its output voltage by means of a |
100 : 1 resistive divider. The step response of this device is shown in Figure
2-11. A large overshoot followed by damped oscillations mask the risetime in-

formation compietély. This is probably due fo the small fraction of the line
voltage sampled as well as to the small number of resistors used in thé termina-
tion, which cause éigriificant amounts of stray capacitance and inductance.

The 240-element resistive termination that was built to replace the
ten-point star (see Figure 2-7) performs very well. This is probably due in
part to the greater number of resistors a,rid in part to the increased amount of
voltage sampled (about 10% of total line voltage, rather than the previous 1%).
The test bed built to check out the termination and the general electronic equip-
ment is shown in F'igure 2-12, 1t differs from the tube test bed in that it does
not include a large~diameter coaxial line and a discontinuous tube region.

Figure 2-13 shows the step responée of a system consisting of the
Tektronix 109 pulser, an eight-foot length of RG-8 cable, and the Tektronix
sampling oscilloscope., Figure 2-14 shows the output from the capacitive probe
of the termination test bed when the latter is driven by the Tektronix pulser., It
appears from a comparison between Figures 2-13 and 2-14, that the test bed
input taper does not cause noticeable risetime degradation., Figure 2-15 shows
the step response of a system consisting of the pulser, input cable, termination
test bed, resistive termination, short (2.5 feet) output cable and oscilloscope.
The risetimes are about 340 ps between 20% and 80% amplitude points and about
550 ps between 10% and 90% amplitude points. Finally, Figure 2-16 shows the
step response of a system which differs from the one of Figure 2-15 only by
having a longer output cable (20 feet instead of 2,5 feet), The risetime between
20% and 80% amplitude points has increased by about 25% to 420 ps, while the
10% to 90% risetime has doubled to 1,12 ns. = | |

AEEN

2-26

\_’; ‘“‘ »



N

2-1487

Figure 2-11. Step Response of a
10-Point Resistive Star
Vertical Sensitivity: 200 mV/div
Horizontal Sensitivity: .5 ns/div

2-217




2-1486

Figure 2-12, Test Bed for the Matched
Resistive Termination
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Figure 2-13. Step Response of
Pulser, Cable and Oscilloscope
Vertical Sensitivity: 200 mV/div
Horizontal Sensitivity: 5, 1 and
0.5 ns/div (left to right),




Figure 2-14. Output from the
Capacitive Probe of the
Termination Test Bed
Vertical Sensitivity: 10 mV/div
Horizontal Sensitivity: 5, 1
and-0. 5 ns/div (left to right),
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Pulser, Cable, Test Bed, Resistive
Termination, Short Cable and
Oscilloscope
© Vertical Sensitivity: 200 mV /div
Horizontal Sensitivity: 5, 1
and 0.5 ns/div (left to right)
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These pictures show that the resistive termination itself is very fast,
with a 10% to 90% risetime of about 400 ps, but that the 20-foot long output cable
reaching from the top of the tube test bed down to the laboratory floor, although
fast for measurements of 20% to 80% risetimes, is relatively slow to reach 90%
amplitude . In order to achieve maximum accuracy of the experimental results
it is therefore necessary to correct for the response of the diagnostic equipmént.
This is especially important when a long output cable is used (Figure 2-16) but is
also necessary even when a much shorter output cable is employed, due to the
slow rise of the step response (see Figure 2-15) between about 95% and 100%
amplitude, which will noticeably affect a step pulse for at least the tirst two
nanoseconds. Fortunﬁtely, it is a relatively simple matter to arrive at a first-
order correction for the diagnostics response in the case of smooth output pulses,

as shown in Section 2.2. 5,

2.2.4 EXperimental Procedures and Results

The tubes tested are constructed of rings of styrofoam, lucite or
Cormng glass No 7740 the number of rings bemg increased gradually through
a test sequence so_tha,t tubes of increasing lengths are produced, the shortest
being just over 4~inches long, the longest almost 2 feet. This is done first using

dielectric rings only, then the sequence is repeated using flat metal rings as well

as dielectric rings in making up the tube. First, one metal ring is inserted for
| roughly every _three_inches of dielectric, then the sequence is repeated with one

metal ring for 'eve.ry two inches of dielectric, and finally with one metal ring for
'ever'y‘inoh of dielectric., In all about 50 different tube configurations are tested,
varying with respect to length, dielectric material and spacing of the metal rings.
The various components making up these tubes can be seen in Figure 2-6.

The tube step responses for transmission are detected at the resis-
tive termmatlon of the test bed, Using the storage capability of the Tektronix
oscilloscope, three exposures of the output pulses are made, with horizontal
sensitivitfes of 0.5 ns/div, 1 ns/div and 5 ns/div. The same type of pictures
aré t:ticen throughout the tést ‘sequences with no tube in the tube rogion; these
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give the résponse of the 4-inch long discontinuity region of the test bed and
serve as a rough check on the working condition of the experimental apparatus.

Originally, it was intended to use these triple exposures to gain in-
formation about pulsé propagation velocity along the tube as well as about pulse
risetimes, by 'observing the gradual displacement of the pulses towards the
right on the oscilloscope screen as the tubes were lengthened, using the picture
cofreSponding to the 4-inch long, airfilled test bed discontinuity as reference,
This could not be done, however, due to what appeared to be a random drift in
the horizontal positioning of the pulses on the oscilloscope screen, a drift which
amounted to as much as 600 ps. Instead, the velocity-of-propagation measure-
ments were repeated with a slightly different experimental arrangement in which
the signal from'the éapacitive probe in the test bed is fed through a small, -
variable series capacitor and an adder at which point it is superposed on the -
output signal from the resistive termination. With the capacitive probe cable
length and the variable series capacitor properly adjusted a small reference
pulse is produced on the oscillosoope screen, two nanoseconds or so before the
arrival of the output pulse for the shortest tubes tested. These test sequences
make possible accurate relative transit-time measurements, again using the
no-tube configuration of the test bed as reference. |

Figures 2-17 through 2-22 show six picture sequences, each ‘sequence
corresponding to one tube type but with increasing tube length through the sequence,
Because of the general similarity of the picture sequences only these six are shown
here; the graphs which follow, however, are produced using the entire body of |
experimental data (10 picture sequences).

The first two sequences (Figures 2-17 and 2-18) use styrofoam di-
electric (e = 1). The first of these corresponds to a tube consisting of foam
only, the second to a tube with foam and metal rings, the metal rings being of the
type shown in Figure 2-6 and spaced 1.16-inches apart.

The next two sequences (Figures 2-19 and 2—2(_)) show data fdr lucite
tubes '(sr = 2.6 at 10 MHz), the first sequence again corresponding to a pure
lucite tube, the second one corresponding to alternate lucite and metal rings,
with the metal rings spaced 2.88-inches apart.x The lucite rixigs are as shown
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(¢) Tube Length: 19 Inches

Figure 2-19. Step Response of Lucite Tubes
Vertical Sensitivity: 200 mV/div
Horizontal Sensitivity: 5 ns/div, 1 ns/div
and . 5 ns/div (left to right in all
photographs).
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Figure 2-20. Step Response of Metal-and-Lucite Tubes
Metal Ring Separation: 2. 88 Inches
Vertical Sensitivity: 200 mV/div
Horizontal Sensitivity: 5 ns/div,
1 ns/div and . 5 ns/div
{left to right in all
photographs).
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Figure 2-21. Step Response of
) Glass Tubes
Vertical Sensitivity: 200 mV/div
Horizontal Sensitivity: 5 ns/div,
1 ns/div and . 5 ns/div
(left to right in all
photographs},



{b) Tube Length: 8.3 Inches

16 (d) Tube Length: 16.9 Inches

Figure 2-22. Step Response of Metal-
and-Glass Tubes
. Metal Ring Separation: 2.17 Inches
Vertical Sensitivity: 200 mV/div i
Horizontal Sensitivity: 5 ns/div,
1 ns/div and . 5 ns/div
{left to right in all
photographs).
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in Figure 2-6, with an outer diameter of 12,5-inches and inner diameters of
8.5-inches and 10. 25-inches at the small end and large end,' respectively, of the
tapered inside wall.

| The final two sequences (Figures 2-21 and 2-22) correspond to
Corning glass No. 7740 which has a relative dielectric constant of ¢ r 4.5 at
10 MHz. Already existing glass rings were used; these are larger than the
lucite rings and also of somewhat different shape, see Figure 2-6. Their outer
diameter is 13,875-inches, the inner diameter is 11-inches. T_he glass pictures
thus refer to a somewhat wider tube than do the lucite pictures. However, in the
graphs below, the glass curves have been scaled down in both space and time by a
factor of 0,9 to yield data corresponding to glass tubes of a diameter roughly
equal to that of the lucife tubes. The validity of this scaling was verified experi-
mentally using a few small glass tubes that were available of lucite size and
shape (Figure 2-6). Results obtained with the resulting short, small-diameter
glass tubes were scaled in space and time by a factor of 1.1 and fbund to be
equal to those obtained with the large-diameter tubes of corresponding lengths,
within the accuracy of the experiment; not a surprising result,

The first of the glass tube sequences again refers to a tube made
without metal, the second sequence corresponds to a glass and metal tube with
the metal rings 2.17-inches apart. (For the graphs this becomes 1.95-inches
because of the scaling.)

As can be seen from the photographs, a tube of a certain 1exigth has
roughly the same response regardless of its dielectric constant and whether or
not it has metal rings in it. The oscillatory component of the response causes
some difficulties in the interpretation of the data for risetime determination, as
explained in se'c_:tion 2.2.5. Therefore, two sets of risetime curves are plotted.
First, curves giving the risetimes between 20% and 80% amplitude points are

shown in Figures 2-23 through 2-25. These are not corrected for the response

~ of the diagnostic. equipment and are intended mainly to exhibit the similarity of

the pulses with regard to these risetimes. Next, risetimes between the 10% and
90% amplitude points are plotted in Figures 2-26 through 2-28, These are the

result of a rough averaging of the oscillations present on the pulse fronts so as
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to produce a near-exponential pulse. The reasons for this procedure are ex-
plained in section 2,2.5. The agreement between the curves of Figures 2-26
through 2-28 is not as good as that exhibited in the preceding three graphs. But
as in the case of the 20% to 80% risetimes, no systematic trend can be found to
indicate any clear-cut dependence of risetime on either dielectric constant or _
spacing of the metal rings. Figures 2-26 through 2-28, like Figures 2-23 through
2-25, are not corrected for the diagnostics response,

Figure 2-29 shows 10% to 90% risetimes for all the tubes tested,
with the pulse fronts smoothed as described above to give a near-exponential
pulse, and the data for glass tubes scaled by a factor of 0.9 as explained earlier,
A single curve is drawn as a rough best fit for all the data points, all of which
fall within about 600 ps or 15% of this curve. Finally, the curve is lowered by
600 ps as a first-order correction for the response of the diagnostic eQuipment
(see section 2.2.5).

An example of the velocity-of-propagation pictures is shown in
Figure 2-30, which corresponds to a tube made up of lucite rings only. The
time-reference pulse can be seen to the left of the main pulse. The other seven
picture sequences (three more for lucite; two for foam and two for glass) are
essentially similar and are not shown here., It should be pointed out that the
identical, fast-rise pulse fronts indicated in these pictures are the result of a
malfunctioning vertical deflection circuit in the oscilloscope which caused the
display to limit on screen while the pulse is actually of much greater amplitude.
The horizontal calibration of the oscilloscope is of course the only thing of in-
terest here and was found to be accurate. '

The velocity-of-propagation data are plotted in Figures 2-31 and
2-32. These graphs also show a straight line through the origin with slope 1/c
as well as a hyperbola which gives the earliest possible arrival time of the pulse
at the output line center conductor just beyond the tube region, measured from the
time of arrival of the pulse at the beginning of the tube region. This earhest
possible arrival time was found simply by using the shortest possible distance
across the tube region, between two points on the test bed center conductor, and

the greatest possible pulse propagation velocity, namely ¢, The data point
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{a}] No Tube,

Length of

Discontinuity Region: 4 Inches

(c)

(e)

Tube Length:

Tube Liength:

2-1485

9. 05 Inches

19 Inches

(d) Tube Liength: 13.6 Inches

Figure 2-30. Velocity-of-
Propagation Measurements
for Liucite Tubes
Vertical Sensitivity: 20 mV/div
Horizontal Sensitivity: 0,5 ns/div
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corresponding to the no-tube condition, i.e., a 4-inch long, airfilled discontin-
uity region, would lie on this hyperbola were it not for the eriterion used to de-
fine the "beginning" of the pulse. All other times were determined relative to
the time for the no-tube configuration; the curves are therefore in the correct
relative positions and exhibit the correct slopes. They may, however, be too
low by a fixed time, t, as a result of the above-mentioned assumptions, as ex-
plained more fully in section 2.2.5.

Figure 2-31 gives times of arrival for the four kinds of lucite tubes
tested. It can be seen that the wave experiences what miy be viewed as an ini-
tial delay as it reaches the dlscont1nu1ty of the tube region (i,e., stray fields
have to be charged) but then proceeds with very nearly the speed of light in aijr.
There is no detectable slowing of the wave when metal rings are inserted, but
the initial delay increases slightly as the spacing of the metal rings is decreased.
The vertical dlsfanco between curves is only about 35 ps.

Figure 2-32 shows that the same increase in delay is also observed

for foam and glass dielectrics, in addition it can be seen that the delay increases

with increasing dielectric constant, at least for small €, Up to about € = 2,6.

- 2.2.5 Data Reduction

2.2.5.1 Risetime Measurements

Risetime determination from the pictures of Figures 2-17 through
2- 22 is not as straight-forward as it may seem at first glance, because of the
oscillations superposed on many of the pulse fronts. These oscillations are
probably a manifestation of reflections between the line discontinuities of the
test bed in the tube region, The harsh geometry of this region, chosen for
reasons of simplicity, may therefore not have been the best choice. A tapered
outer conductor surrounding the tube as well as a tapered inner conductor inside
the tube may have reduced or eliminated these oscillations and made the data
interpretation easier.

The oscillations cause difficulties for several reasons. First,

slight changes in tube parameters which cause only slight changes in the
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qualitative aspects of the output pulse, may result in drastic changes in the pulse
risetime, regardless of how one may choose to define the latter. This happens,
for instance, when an oscillation peak on the pulse front increases in amplitude
from just below to just above the 90% amplitude level. Secondly, it is also diffi-
cult to accurately correct for the step response of the diagnostic equipment since
the effect of the latter is much more pronounced on fast, oscillatory pulses than
on smooth, quasi-exponential pulses. Thirdly, and most importantly, even if
accurate risetime curves (reflecting the presence of these oscillations) could be
produced, it would not at all be clear how to use this information to predict
risetimes for a larger system such as an EMP machine, of which the tube is
merely a sub-system, since simple rules for adding risetimes of series-
connected systems would not apply.

For these reasons two sets of risetime curves are produced. First,
risetimes between 20% and 80% amplitude points are plotted in Figures 2-23
through 2-25, based on the pulses as they appear in Figures 2-17 through 2-22,
The 80% point is taken to be that at which the pulse crosses the 80% level for the

‘last time. Second, risetimes between the .10% and 90% amplitude points are
plotted in Figures 2-26 through 2-28, based on manually smoothed pulses of
quasi-exponential shape. Neither of the two sets of curves are corrected for the
step response of the diagnostic equipment. The 20% to 80% risetimes are in-
tended mainly to exhibit the similarity between all the tubes tested, the 10% to
90% curves show that no clear-cut trend is discernible in the data, with the
exception of the dependence of risetime on tube length, Figure 2-29 shows one
risetime curve based on all the data points, it also shows the same curve cor-
rected for the response of the diagnostic equipment, ' This correction is arrived
at as fbllows. }

Figure 2-33 is an approximate representation of the diagnostics step
response shown in Figure 2-16. Since this pulse when differentiated twice yields
a series of delayed, scaled impulses, it is é, simple matter to find input-output
pairs for a system corresponding to this step response. Doing this for several
exponential pulses with different time constants in the range of interest for

present purposes, one gets the input-output pairs shown in Figure 2-34., Output
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risetimes are plotted versus input risetimes in Figure 2-35, It can be seen that
the limited response rate of the diagnostic equipment results in an increase in
risetime of very nearly 600 ps for all the pulses of interest. One cannot, of
course, be sure that the pulses of Figures 2-17 through 2-22 do indeed have an
underlying exponential main body, but because of the quasi-exponential character
of the pulses the above process should be sufficiently accurate for purposes of a

first-order correction.

2.2.5.2 Velocity-of- Propagation Measurements

The velocity-of-propagation measurements are intended mainly to
determine the slopes of the time-versus-distance curves as shown in Figures
2-31 and 2-32, No provision was made for determining the absolute values of
signal transit times across the tube region and the picture corresponding to a
4-inch long, airfilled discontinuity region was used as reference, with an as-
sumed transit time for this configuration, all other transit times being measured
relative to this, _ |

The time of arrival of the pulses was taken to be the time of arrival
of the "pulse starting poin ';, defined as the beginning of a linear ramp drawn so
as to coincide with the steepest part of the pulse front, The transit time for the
pulse corresponding to the no-tube configuration was arrived at assuming the
pulse to follow a straight line diagonally across the discontinuity region between
a point on the test bed inner conductor just ahead of the tube region and a point
on the inner conductor just beyond the tube-region, and to propagate with velocity
c. These assumptions put the origin of the time scale 468 ps before the earliest
detectable pulse portion. The 'pulse starting point’ as defined above is another
290 ps after the earliest detectable pulse portion.

it is of course possible that the pulse does not follow a straight line
across the tube region and/or travels with a velocity less than ¢, and that a
pulse precursor of small amplitude arrives before the earliest point on the
picture at which the pulse front can be detected. This would have the effect of
making the curves of Figures 2-31 and 2-32 too low by some fixed time, t. The.
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OUTPUT RISETIME (ns)

0 1 2 3 4 5

INPUT RISETIME (ns)

Figure 2-35. Output risetimes (10% - 90%) versus input risetimes
for a system with step response as shown in Figure 2-33,
for exponential input pulses.
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curves canuot be too high, however, unless there is a significant deviation from
TEM conditions throughout the small-diameter test bed section.

In any case, since all transit times were measured relative to the
one corresponding to the no-tube configuration, the curve slopes as well as the

relative positioning of the curves are correct.

2.2.6 Summary

The main results of the present investigation are as follows., No
clear-cut differences can be seen in the pulse characteristics in general and
risetimes in particular for tubes of different dielectric materials with relative

- dielectric constants of from 1 to 4.5. Insertion of thin metal rings at intervals
along the tube ranging from .approximately 3-inches to approximately 1-inch
likewise does not seem to have much of an effect. The tube step response does

vary significantly with tube length, however.

Bearing in mind that the tubes studied here are of approximately 1
foot OD and are located in a 40 ohm environment with the geometry shown in
Figure 2-1, one may summarize the risetime information obtained in the follow-

ing simple way:

t = g2 + 1.5 0.3 < < 1

tr»’r‘«Z;Sz 1< 2 < 2

where tr is the pulse risetime between 10% and 90% amplitude points, in nano-

seconds; 1 is the tube length, in feet. For tubes of different transverse dimen-

sions, scaling in both space and time appears to be valid.
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The pulse propagation velocity appears to be very nearly c¢ for all b
tubes tested. There is, however, what appears to be an initial delay of the |
pulse; this delay is found to increase as the dielectric constant of the tube
material increases, at least for low €, Up to about 3. It also increases as the
separation of the metal rings in the tube is decreased. The amount of increase
of the delay is only slight, however: about 100 ps where the tube configuration
is changed from one in which metal rings are not used to one in which the
metal ring separation is only about 1-inch, and about 150 ps when the relative
dielectric constant of the tube material is increased from 1 to 2.6 - 4, 9. A
simple and quite plausible explanation for this pulse delay is that the stray
fields in the tube region must be charged up by the incoming pulse before the
latter can proceed, and that these fields store more energy when metal tube
rings are inserted or when the dielectric constant of the tube material is in-
creased, thus increasing the time needed for the stray fields to store a given

fraction of this maximum energy.

It would be of interest in future studies to try to eliminate the
oscillations present on the pulse fronts as these make it somewhat difficult
to interpret the experimental data and reduce the accuracy of the risetime
information. This may perhaps be accomplished by Ltapering the inner and
outer conductors of the test bed in the tube region. It may also be worthwhile
to shorten the co-axial cable from the test bed termination to the oscilloscope
since this cable is the slowest element of the diagnostic equipment, Shortening
the cable would entail somehow elevating the oscilloscope to the 15-foot eleva-
tion of the top of the test bed. Even with a short output cable, however, it would
be necessary to correct the observed pulses for the response of the resistive
termination, pulser, oscilloscope, and short coaxial cables in order to achieve

maximum accuracy of the data.
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2.3 Computer Modelling Code

2.3.1 | Introduction

This program is written in Fortran for use on the GE-420 time-
sharing computer system. The program calculates the Laplace transformation
of the response of a resistive load when a charged transmission line is switched
into a Jumped-element network, illustrated schematically in Figure 2-36. The

inverse transformation is then numerically evaluated.

2.3.2 Analysis

The response of a lossless, initially charged transmission line
switched into a load impedance having transform ZL (s) is discussed inICheng.( 1)

The Laplace transform of the output current is

E (1 _ e"ZST)
S (ZL (8) + ZO (s)) (l—I‘eFZST)

ItR)

where ZO(s) is the transform of the line impedance, E is the voltage to which
the line is initially charged, 7 is the signal one-way transit time, and

ZL - 70
ZL + Z0

reflections on the response can be easily seen:

T = By expanding the expression for I(s), the effect of multiple

E

s(Z0(s) + ZL(s) 1+ @~ 1)e 25 L r(r- 1)e T 2 (o 1)e 85T,

I(s) =

The first term represents the transform of the initial current pulse, The
second term is the first reflection from the open end of the line, delayed by a
time 27, ete. _

These results are easily extended to the case illustrated in Figure
2-36 by making the substitution |
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Z2 (Z3 + Z4 Z5/(Z4 + Z5))
Z2 + Z3 + Z4 7Z5/(Z4 + Z5)

ZL = Z1

The program determined the voltage across the resistance R5. The current
through this resistance is some fraction « (s) of the total output current from the

line, I(s)., The transform of the voltage across R5 is then
V(s) = RE  a(s) I(s)

where

2 (s) - 72 74 ) ( 1

((22 + Z3) (Z4 + Z5) + Z4 75 sC5 R5 + 1)

The charging voltage E is set to unity, here, and the Z's are the transforms of
the corresponding impedances.

The incident voltage V1 and each of the first two reflections V2 and
V3 respectively are considered separately.

Vi) = ;o (SZ)O) . V2(s) = V1(s) <%%0> ; V3(s) = V2(s) <—-*~§}j - %8)

In more detail

| __R5 (Z1D) (Z5D) 1

VIE) = Szm@y + sa8 (m*ﬁ) »
V2(s) = V1(s) (-ZZS% (Z+1132)1(Q2) ’

V3(s) = va(s) 2+ Ql

Q3 + Q1

The Z1D, Z5D, Q1, Q2, Q3 and Q4 are polynomials in s defined
below,
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Q1 = Z3(Z5D + Z5N/Z4) + Z5N

Q2 = (1 + 73/22) (Z5D + ZsN/z4) + Z5N/72
Q3 = ((ZO) (Z1D) + ZIN) Q2

Q4 = ((-Z0) (Z1D) + ZIN) Q2

As before the various 7 expressions are polynomials in s representing the

transformed impedances (see Figure 2-36).

ZO = RO, the line impedance
R1 L1
-~ 4IN R1 + sLl
= oo = o T P AN
Z1 Y i , represents :
Z2 = 1/sC2, represents - C2
Z23 = sL3, represents e L3

Z4 = 1/sC4, represents + ¢4
_ - T
and

Z5N/Z5D. = s’L5C5R5 + sL5 + RS

Z5 sCOR5 + 1

ol

L5
represents — T —

R5 - C5

—
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2.3.3 Program

The program calculates the incident voltage V1 and the first and
second reflections, V2 and V3 respectively, across the resistance R5. As
previously described, first several basic polynomials, Zm(S), are defined in
terms of the input values. These are combined to form an intermediate set of
polynomials, Qm(s), which are in turn used to calculate the transformed voltages

" in terms of the ratio of two polynomials:

i

V1(s) = VIN(s)/VID(s), V2(s) = VZN(s)/V2D(s) ,

i

V3(s) = V3N(s)/V3D(s)
Throughout the program polynomials are expressed according to thé following

convention: An nth degree polynomial in s, A(s), is written:
A(®) =A@ + 1)s" + ... + A@)s + AQ) -

The 1nputs to the program (see line 230 of program listing) are the
values of the network elements expressed in ohms and units of inductance and
capacitance compatible with the desired output time scale. For example, if
nano-second output pu_lses were expected, inductances would be entered in units
of nano-henrys', 'capacri-tances,in_units of nano-farads, and resistances in ohms.
‘The output would therefore be volts versus nano-seconds.

After the numerator and denominator polyﬁomials, VN and VD, are
| calculated the program normalizes the highest order denominator coefficient -
to unity. This procedure, although not required, was included so that other
Laplace inversion routines such aS_ the GE Libréry program TRANS could he
used instead of the numéfical. method ZTRAN, described below.

Subroutine MULTY

_ - This subprogram multiplies a polynomial A of order MM by a poly-
nomial B of order NN to obtain C, the product polynomial of order KK.
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Subroutine ZTRAN

A numerical Laplace inversion method formulated by Zakian(2)
is the basis of this subprogram. The inverse transform is approximated as a " -
ten term polynomial expansion of the transform function with constant complex
coefficients. The inputs to ZTRAN are N and D, the numerator and denominator
polynomials, respectively, of the voltage transform; M, the order of D, and
TMAX and DT, the maximum time and the time increment. The voltage calcula-
tion is made first for time t = DT é,nd then for each time increment DT there-
after until the limit TMAX is reached. The output is presented in a two column

format: time in the first and voltage in the second column, .

2.3.4 Operation of the Program

Operator intervention is i'equired several times in the running of this
program. The firsf, on line 230, is in the listing of the input parameters, i.e.
the network component values. The units chosen for the input values determine,
of course, the time scale of the program output, In responding to the questions
asked on lines 800 and 930, the operator can bypass sections of the pro-

-gram which calculate the incident voltage pulse or either of the two reflected
voltage pulses, The remaining program inputs are the values of the maximum
time and the time increment requested on lines 770, 900, and 1040. The units of

‘these time values are determined by the units chosen for the input values of line
230. .

- The program output lists each of the three component voltages as
functions of time. To construct the actual output voltage pulse, these three '
results must be superimposed. This is done by adding V2 (t) and V3 (t) to the
incident pulse V1 (t) after having shifted the time base of each by 27 and 471 ,

respectively, where 7 is the signal one-way transit time.

REFERENCES:

(1) Cheng, D. K., Analysis of Linear Systems. p. 375ff.

(2) Zakian, V. "Numerical Inversion of Laplace Transform’', .
Electronics Letters, 1969, 6, pp 120-121,
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2.3.5 Program Listing

99C MANIPULATION AND INVERSION PROGRAM

igac

121 DIMENSION ZKN(IB)JZSD(IQ),RZSD(]@):ZIN(lﬂ);AQl(lﬁ);A@E(l@)

11d DIMEN SION VINN(24):UIDN(24);2@(24):ZIE(24)5RZID(24):UIN(24):
12®+UID(24):AGS(QAD;AQ4(24);@1(24):@2(24):@3(24),@4(24);2@1(24):
}3@+V@2(24):@31(24):&41(24):U2N(24):VED(EA):VQN(B&):VBD(E&),
14@+V2NN(24);V2DN(24):V3NN(24):UBDN(24)

150 REAL L1,LW,L3

160 DO 19 I=1,10 '

178 ZSN(I)=@-9325D(I)=@.B:RZﬁD(I):B-@3ZlN(I)=@-B3VINN(I)=@-@

171 UIDN(I)=E.B;AQ1(I)=@-@5A@2(I)=B-®

175 18 CONTINU

186 DO 11 I=x1,24

181 ZID(I)=2093RZID(I)=@-B§U1N(I)=Q-@;VID(I)=G-@$AQ3(I)=@-@3A@4(I)=@-Q
185 @](I)=B-G;@E(I)=@-@3@3(I)=B-@3G4(I)=@-Bi2@l(l)=@.@;ZQB(I)=@-@

194 @31(I)=®o9;941(1)=E-GIV2N(I)=B-@3V20(I)=@-®JV3N(I)=®-@3V3D(I)=ﬁ-@
289 VENN(I)=B-@3V2DN(I)=0-@3VSNN(I)=Z.@3VSDN(I)=®oﬂ

205 VINN(I):ﬂeQBVIDN(I)=B=B;ZQ{I)=®.B

212 11 CONTINUE

211C

212C ENTER ELEMENT VALUES (RO IS R ALPHA 0 NOT R ZERD)
213C

228 PRINT, "TYPE VALUES: RO» R1sL15C2,1L35C4s R5,L. 5, G5

236 READ;(RO:RIJL*:CQ:L33C4JRS:LS:CS)

249 Z5SNC1)=RS 3ZS5N(2)=L5 PZONC3I=R5%C5%L 5

250 Z5DC1)2=1e8 325D(2)=(C5%R5 3RZSDC1I=RS ;RZ5D(2)I=CH%%R5%RS
260 Z1D(1I=18 3Z21D(2)=3. 0 3Z1DC3)=0e@ 3ZINCId=R1 3ZINC2)=L1
261C

z2é62C CALCULLATE VIN

263C

270 VIN(1)=RS ; VlN(2)=RZSD(2)+ZlD(2)*R5

280 VlN(3)=Z19(2)*RZSD)+ZID(3)*R5 3 VINC4I=Z1D(3)Y*RZ5D(2)
281C :

232C CALCULATE Z1,62,63: Q4

283C

2949 ARIC1)=25D¢ 1)

308 DO 20 I=2.4

T 3181 J=KI-1

320 AQLICII=Z5DCIY+C4*Z5N ¢ J)

- 330 28 CONTINUE

348 QTC1I=ZZENCT)

.
i\._
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358 DO 32 I=2,5

dey J=1I-1 3Z1CIX=L3%A0ECUI+ZSNCT)

378 36 CONTINUE

d36 AGEZC1I)=AQEICIY FAG2(2)=AG1C(2)

390 b0 49 1=3s 6

4018 J=1-2 FAQ2CII=AQICII+C2*L 3%AR1CJ)

419 48 CONTINUE

420 W201I)=AQ2C1)

430 DO SB I=2s6

440 J=I-1502C¢I3=AG2CI)+C2%Z5N )

452 S0 CONTINUE

460 DO 60 I=1,3 : :
AT0 AQ3LII=RO*ZIDCID+ZINCI) 5&@4.(I>=“RO*ZIDCVI)+ZIN(I)
450 69 CONTINUE ' '
4989 CALL MULTY(Q2s 5 AQ32 25 03, T)

SOB CALL MULTY(QZ2, AQd4s 25, Q45 T)

DIO
[>]
o




a

SG1C
5@2¢ CALCYLATE V1D

503C

519 CALL MULiY€Ul:4;£1D:2:£@]:6)

520 ZQ(1)=0.0

530 DO 18 1=2,9

943 J=I-1 3 ZQU1I=ZQ1(+03(DH

541 79 CONTINUE

542 VIEC1)=(Ge 0

543 DO 7S I=2, 10 _ .
544 J=I-1 3 VID(II=ZACII+Co5%RS*ZQC.])
558 75 CONTINUE

551¢C I

552¢C CALCULATE Vv2N,V2D, V3N, V3D
553C

560 DO 89 I=1,3

570 RZIECI)==-24RO*Z1DCI)

58% 80 CONTINUE

599 CALL MULTYC(RZ1Ds 25 Q25 55 ZG2s 7)
6@3 CALL MULTYC(ZQ2, TsVINs 35 VENs 18D
618 DO 90 I=1s8

620 L31CIX=Q3CIX+Q1ICI) 3Q41C¢I3=Q@4CI)+Q1¢T)
63% 9@ CONTINUE

640 CALL MULTY(VIEs 95831, 7sV2Ds 16)
650 CALL MULTYCVENS 10,0417, Y3Ns17)
668 CALL MULTYCVEDS 165031575 V3Ds 23)

&650

692C NORMALIZE HIGHEST ORDER DENOMINATOR
6230 COEFFICEENT DF V1l TO ONE

694C

708 95 IF=-1
710 1381F=1J+1

713 K=10-1d

717 CVI=VIDK)

720 IFCCVIYN10, 1205110

730 119 Ki=K-1

740 DO 120 I=1sK

752 VIDNCII=VIDCII/VID(KY 3 VINNCIDI=VINCID/ VID(K)D

766 120 CONTINE

761C

762C CALCULATE INVERSE TRANSFORMATION OF V1

7 63C :

770 PRINT»"INCIDENT PULSE:TYPE VALUESIMAXTIME + TIME INCREMENT"
782 INPUTs ATMs ADT

790 CALL ZTRAN(K1sVINN,>VIDNs ATMs ADT) _

8EE 122 PRINT,"DO YOU WANT 1ST REFLECTION? 1=YES 0=NO"

81¢ INPUT, REF1 :

320 IF(REF1)168, 163,125

s21C

gz2C NORMALIZE HIGHEST ORDER DENOMINATOR
B823C COEFFICIENT OF vi TO VTE@N24C

83 125 [F=-]

B4@ 130 IK=IK+1

843 JK=16-1K

847 CVE=VE2DJK)

8 543 IF(CV2)14@:139»14®
862 158 Ke=JKk-1t
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gT789 BD 158 I=1,JK ' ' WK
889 vZNC(I)=v2DCI)I/V2D(JIK)Y 3 VIRNNCI )= VN I/ VEDC(JK)

8§99 159 CONTINUE S :x
891C ' _

392C CALCULATE INVERSE TRANSFORMATION OF vz

Z93C

900 PKINTs"15R REFLECTION-iYPE VALUES:MAXTIME & TIME IVLRECENT"
219 INPUTs ATMs ADT

2@ CALL ZTHAV(KQ,UQVN:V?DN:ATM:ADT)

925¢ ' :

938 164 PRINT,"DO YOU VAVT 2ND REFLECTION? 1=YES @=NO"

240 INPUTs REF2

956 IF(REF2)250,259, 170

951C .
952C NORMALIZE HIGHEST ORDER DENOMINATOR )
933C COEFFICIENT OF v3 10 ONK )
954¢ ' _ )

96960 178 IL=-1 : S ' h

279 180 IL=]1L+1

980 JL=23-IL. 3CV3=Vv3D(JL)

999 IF(CV3)133s 1805 193

1000 199 K3=JL-1

10190 DO 288 I=t,JL

1820 V3IDNCII=V3DCIX/V3D(JL)Y 3 VNNCII=VINCID/VIDOJIL)

1839 260 CONTINUE :

1931C

1932C CALCULATE INVERSE TRANSFORMATION OF v3

1833C

1048 PRINT:"2ND REFLECTION:TYPE VALUES MAXTIME & TIME INCRE MEVT"
1058 INPUTs ATM> ADT :
1268 CALL ZTRAN(KS:VSNN:VSDN:ATW:ADT)

1970 250 CONTINUE

1888 END
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1R81C
1282C , —

1 683C POLYNOMIAL MULTIPLICATION SUBRKROUTINE
198 ac :
18960 SUBROUTINE MULTY (AsMMs BaNNs Ca KK .

1100 DIMENSION A(24),8B(24),CC(24)

1115 NNAKSMM+ 1 3NMAX=NN+ |3 KK=MM +NN

1120 KMAX=KK+1

1135 DO 2 K=ts24

1148 2 C(KI=Z@e D

1158 DO 1@ K= 1 KMAX

1169 DO 7 M=lisK

11760 [F(M-MMAX) 3537

1180 3 N=K=M+1

1198 IF(N-NMAX) 555,17

1208 5 CLKI=AMMI*BINI+CIK)

1210 7 CONTINUE

1220 10 CONTINUE

1238 RETURN
1243 END
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124iC
1242C : o
1243C NUMERICAL LAPLACE INVERSION SUBROUTINE .

1244C ' ' | N

T

1245 SUBROUTINE ZTRAN (M, N, Dy TMAK, BT) ,

1250 DIMENSION ALCID)» ACLIB) s AKCID)sNC24), DC24)

1260 COMPLEX ALsAs AKs FJs FUNs FUD

1270 REAL N _ o

1388 ALC13=(5.2038,-15.7212) BACIIS (=104 154715 - 44 260 437)

1313 AL(2)=(S.2038, 15.7212) SAM2)=(-10: 1547 1s 4+260437)

1320 AL(3)=(8+.7982» -11.9391) CFAC3)=(189.2250, 250. 7353)

1330 ALC4)=(8+79805 11.9391) 3ACAI= (18942250, ~250« 7353)

1349 ALC(5)=(16Ge 93435 -84 4096) 3ACSIS(~8664202835,-2313.588)

1350 ALCBI=C10.9343, 8. 46096) FACEI=(-B6642283s, 2313, 588)

136U ALCTI=(12.22615,-5.03127) FACTIS (1560 540, 8422. 532)

1378 ALC(BI= (12422615 5.0127) 3 A8 (156 5405 -8422.502)

1380 AL(9)I=(12483765-1666) 5 OAC9)I=(~872.8822,=-15431.37)

1399 ALC18)=(1248376s 1. 666) 3OACIA=(~87248822, 15431.37)

1499 DO 1 I=1,10

1419 AKCI)=AL (1)*AC])

1420 1 CONTINUE

1430 T=@.0

1449 NT=TMAX/ DT ' ;

1458 PRINT, "NUMBER OF DATA POINTS: *aNT,t

1460 PKINTs"™ TIME OUTPUT",t2 . : ' -t
1476 DO 30 I=1,NT . ' -
1430 T=T+DT : ' , . s
14%¢ FJ=(@-E:@:@) ) . )
1500 b0 28 J=1,1@ ' o

1510 FUN=C(0eUs0e@) FID=(0ebr o)

1520 M1=M+1

1530 DO 160 K=1,N1

1546 FUNSNCKI®CAL CJI/ T 4% (K= 1)+FUn

1556 FIN=DCKI*CAL CID/ T,k (K= 13 +F 4D

1568 10 CONTINUE

1578 FU=AK(JI*(FIN/FJD)+F

1580 20 CONTINUE

1599 ANS=FJ/T

1608 PRINT 40sT»ANS

1610 30 CONTINUE

1620 40 FORMATCIXs FSe 158X, E12. 5)

1625 RETURN _ : : ]
1639 END ‘ . : -



2.4 Diode Studies

2.4.1 Apparatus and Measuring Techniques

In order to study the temporal history of diodes, time resolved cur-

- rent and voltage diagnostics were used. The current monitor (shown in Figure

2-37) consisted of a low impedance (15 milliohm) resistive return current shunt
mounted between the anode plane and the pressure tank of an IPC FX machine.
The FX-1 facility was used for these experiments since Neptune B was not
available for use.

A capacitive voltage divider was fabricated to give the voltage-time
signature associated with the diode. If C1 is the capacitive coupling to the
cathode and _C2 is the probe capacitance _then the output voltage is:

Cl‘ - Z0

Vou = ¢ ®, + Z) Ve i Cy > Cy

L

ZO is the oscilloscope impedance and RL the load resistance, -Since C2

(RL + ZO) = 7 the decay time which must be much greater than the pulse
width, and Z0 is in practice 50 or 125 ohms, then C1 is fixed and there re-
mains a free choice between RL and C2 . Fixing C1 means that the area of
the probe is defined and the choice between R‘L and 02 amounts to the choice
of dielectric thickness.

In order to link as little length of the cathode as possible, the moni-
tor was made as a band encircling the cathode in the post-tube section. It is _ "
positioned five inches back from the anode. The signal is brought out through
a 50 ohm vacuum line to a 50 ohm G. R. connector. The load resistor is as
close to the monitor as possible. A guard ring of the same capacitance, and
with a resistance of (R + Z ) to ground, is on each side of the active element.
The rmgs reduce the frmge f1e1ds of the monitor. The device in posntlon is
shown in Figure 2-38,

The calibration of the current and voltage diagnostics is accom-

phshed with tapered transmission lines of constant impedance.,
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Figure 2-37. Drift Tube and Field Emission
Tube Current Shunts
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Figure 2-38. Capacitive Voltage Monitor and
Return Current Shunt




A modular set up was manufactured so that tapered lines are available to fit the Ty
drift tube size of the exit section of FX-1. The tapered section and diagnostic ‘
section have a nominal impedance of 50 ohms. The continuity of the impedance
is checked with a Tektronix TDR. A pulse is launched from a transmission line
(square wave) pulser, and is monitored at the end of the calibration line. The
pulse from the current sensor is monitored on a sampling scope or on a
Tektronix model 581. In this way the sensor is calibrated and its risetime
measured. The arrangement is shown in Figure 2-39 where a pickup loop in a
6-inch pipe is under test, The conical sections seen in the background are for
tapering up to the field emission tube diameter, The tapered line is also helpful
in the design phase of diagnosﬁc gear, .

The response of the voltage monitor is shown in Figure 2-40 where
it is seen that the risetime is subnan_osecdnd. The slump was shown to be 0.5us
(e_1 time) in another test. The calibration of the voltage monitor has been done
both with the 50 ohm transmission line test set up and by use of the Be (v ,n)
threshold (1,67 MeV) _détermination. The calibration with the 1/8-inch shank }
did not agree with the others, and the measurements of the high impedance gap .
that is produced by this shank were erratic. This is probably due to the cloud of
electrons emitfed from the shank,

The traces must be corrected for the inductive contribution. The _
trace as displayed on the scope is Vc + L di/dt, where L is the inductance of
the cathode from the point of the monitor to the gap. This effective inductance
is measured by shorting the gap and simultaneously measuring the short circuit
current and the resultant voltage which is L di/dt. One then differentiates the
current pulse or integrates the voltage trace to ascertain L. This only needs ' ‘
to be done once for each cathode set-up, Once the value of L is obtained, the
voltage pulses can be corrected by differentiating the current pulse and sub~
tracting L di/dt.

2.4.2 The Effects of Diode Materials on Impedance

Experiments were carried out to determine the effects of cathode
and anode material on the turn-on time of the diode and also the length of time
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Figure 2-39. Calibration of Current Sensor
with Tapered Transmission Line
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Sampling Oscilloscope Traces

Test Pulse

5 ns/cm

(7).72 ns/cm

Voltage Monitor Qutput -

5 ns/cm

0.2 ns/cm

Figure 2-40. Biconical Transmission Line Calibration of
Capacitive Voltage Monitor
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the diode remains on before closing (shorting), Figures 2-41 - 2-43 show the
raw data obtained using three different cathode materials, namely carbon, brass,
and alJuminum. FEach cathode was 2-inches in diameter, with the edge rounded
off, and the gap spacing set at 1,5 centimeters. The main feature to note is the
inductive over-shoot which occurs at the beginning of the voltage traces. It is
clear that the over-shoot is less in Figure 2-41 than it is in Figures 2~42 and
2-43, Since the -g-éometry of the experiment was kept fixed, this means that
dl/dt was larger in the case of the metallic cathodes. Figure 2-44 shows the
time resolved impedance data obtained from these traces. It is clear that the
large dI/dt associated with the metallic cathodes is due to the fact that they do
not start emitting as quickly as the carbon cathode. The difference is more

clearly brought out in Figure 2-45, which shows the normalized impedance for

- carbon and aluminum cathodes. This plot, which normalizes the instanfaneous

actual impedance to what the Child's law impedance would be, is more meaning-
ful since it removes any possible voltage dependence of the diode impedance,
The faster turn-on o‘-f_‘_the carbon cathode is cléarly evident,

A second féati:re worth noting on Figure 2-45 is that the steady-state
impedance is only 1/3 of what Child's law would prediét. Equivalently, about
3 times more current isl flowing than wbuld be expected from space charge limited
considerations. Calculations showed that a counter-streaming ijon current (of,
say, singly ionized nitrogen) could double the electron current simply because
the slower moving ions partially neutralize the space charge of the electron
beam, Other calculations have shown that ionization of the residual gas in the
diode gap could also double the electron current. It is believed that a combina-

“tion of these two effects could account for the factor of 3.

Finally, Figure 2-46 shows data obtained on the influence of anode
material on gdp closure. The time to closure was defined as that time period
over which the impedance remained within +25% of its steady state value, the
}.evéling off of the carbon anode data simply corresponds to the diode operating
during the entire duration of the output pulse from the PFN, It should be noted
that carbon seems to give at least twice as long a time period before closure

than a titanium anode does. No theory has been developed to explain these
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vV (t)

657, 5 kV /em
20 ns/cm

Figure 2-41. Current and Voltage Data for Ca.rbon '

Cathode (3 Shots Superimposed)
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e ,5;:

|
L
V()
657.5 kV/em
20 ns/cm

Figure 2-42. Current and Voltage Data for Brass Cathode
{3 Shots Superimposed)
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29.4 kA /cm
20 ns/cm

657.5 kV /em
20 ns/cm

Figure 2-43. Current and Voltage Data for Aluminum
Cathode (3 Shots Superimposed)
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Figure 2-44, Time Dependent Cathode Impedance
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Figure 2-45. Normalized Diode Impedance as a Function
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results, although the apparent constant \'reloc:ity associated with gap closure could

provide a clue to the closure mechanism,

2,4.3 The Effects of Diode Geometry on Impedance

Measurements were made on the effect of cathode radius and gap
spacing on diode impedance. Carbon cathodes, of two different diameters, were
used. The results, shown in Figure 2-47, indicate that the impedance scales
linearly with gap sp‘a;c_ing, not quadratically as would be required by Child's law.
Also, the impedance did not seem to depend strongly on the cathode diameter,

It should be noted that a linear scaling of impedance with gap spacing is pre-
dicted by the parapotential flow theory.(1)

(I)J -C. DePackh (NRL) DASA Simulator Review Meeting, Washington, 1968.
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e

0.1 1.0
d, cm.

Figure. 2-46.Time to Diode Closure versus Gap Spacing
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SECTION 3
SOLID DIELECTRIC STUDIES

3.1 Introduction and Summary
3.1.1 General

The intrinsic dielectric strength of most insulating solids ep'pears to
be in excess of 10 MV/em, Values in this region have been measured on thin,
carefully prepared samples with pulsed 'voltages. In practical applications the
design stress is well below this value. The electrical power industry operates
insulation several orders of magnitude below the intrinsic stress, mainly be-
cause of cost and reliability requirements. Reliability usually dictates that the
insulation be operated below or near the discharge inception stress. The design
stress can be increased if greater quahty control is used and/or a reduced life
is acceptable, '

Solid dielectrics fail due to one or more of the following processes:

(1)  intrinsic - |
(2)  erosion bjr discharges
(8)  channel propagation
(4)  thermal instability
{(5) electromechanical
~(8) chemical or thermal deterioration

(7)  electrochemical

Insulation, subjected to low repetltlon rate pulses, is most 11ke1y to
fail by partial discharge erosion or channel propagation. The dlscharges occur
above a threshold field at imperfections (voids, impurities) and cause the insul-
ation to have a finite life at this stress. Most solids eppear to have a stress-
life characteristic of the form E™ = constant where 'n' lies between six and
eight. Mylar for example ‘has n= 7, 5( »2) and polyethylene n=717 .0.(3’ 4)
Alston( ) has reviewed the mechanism of partial discharges and factors affect-
ing the life under pulse conditions. He concludes that both the void size and its
location are iﬁlportant' voids adjacent to the cathode are more harmful than

others. The peak-to-peak voltage, the peak volta,ge rate of a,pphca.tlon and -
3-1 '



removal of. voltage, time at voltage and particularly voltage reversal affect the -
life of the insulation. ‘

It is thus apparent that if solid insulation is to be used at maximum
stress and have a reasonable life, then great care is needed to reduce the num-
ber of voids (none ideally). In addition, the material should have a good re-
sistance to corona, Dakin(ﬁ) has studied several typical materials for their
voltage endurance in the presence of corona. (The materials of interest had a
spread in their endurance characteristics of only 2 to 1.)

Since the stress-life characteristic is probably most influenced by
partial discharges in voids, it is important that the ca,sting be made under
closely controlled conditions. By suitable casting'procedures, the probability
of a void in a high field region can be greatly reduced, Such procedures include
using a well degassed resin, an eiracuated mold, optimum filling rate and a low
curing temperature, The casting should then be checked for voids by normél
discharge detection equipment. This gives an indication of quality and probable
life, '

It is relevant to note that industries involved in the manufacture of
high voltage systems and components employing solid dielectrics in a stressed
state with long life requirements, have developed procedures and facilities for
mixing, pourmg or extruding such solids almost completely free of voids or
imperfections which lead to degradation and brea.kdown.(lz) Good examples
are the many instances the units have lifetimes up to 10's of years under con-

tinual ac or dc stressed conditions.

3.1,2 Significance of the Solid Dielectrics Data

(1)  The use of cast insulation 1n single large volumes
| (>5 11ters) cannot be recommended for H.V. energy
storage (pulse or d.c.). With present technology, an
optimistic design stress is 1 MV /inch (at megavolt
potentials) for large castings, yielding a figure of merit
(e 1/2 E) of only 1.0 (E 400 kV/cm c.= 6. 25). For

3-2



P

Tk

pulse storage of energy, water and oil are clearly
Superior in the microsecond and less time scale. Solids
show no improvement in breakdown strength until the
pulse width is in the few nanoseconds region, For large
pulses or where solid insulation is desirable, the use of
thin sheet plastics (mylar, polyethylene for example) is
recommended although lucite and cross linked styrene

- sheets and cylinders, suitably machined, offer certain

advantages. Styrene for example, has a figure of merit
greater than 2,0 and is much lighter than filled €poxy.
Cast insulation 'suffers from a sizeable volume effect
indicated by a large standard deviation in the breakdown
strengths of small samples, although the standard devia-
tion for the Castall 302 was reduced by improved
material and procedures. Very low breakdown strengths
were measured when the casting procedure was in error
by a modest amount, e.g. 5 minutes degassing instead of
20 or too little curing agent. It thus becomes extremely

difficult to cast a large volume and maintain strict con-

trol of material, electrodes and the procedure. Where

it is necessary to cast in metal electrodes, consideration

must be given to matching the thermal expansion coeffi-

cients and to the problem of ‘shrinkage (fillers help in

2)

this respect). The developrnenf of an intermediate
material with largei' €y, lower resistivity and greater
flexibility between the metal and the cast insulation should
lead to significant improvements in this respect,

Solid dielectrics are needed in all H.V. apparatus

either as an interface or support structure. It is im-
portant to remember that the flashover strength is less
than that of the surrounding medium. Breakdown along

'a,n interface can proceed extremely rapidly, especially
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in vacuum and gas. To improve the voltage withstand,
special attention must be paid to (i) the insulator end Y
conditions (i.e., metal/solid/medium); (ii) the electric " .
field distribution along the interface; (iii) the material

tracking characteristics; (iv) the finish and contamination

- on the insulator surface (moisture is particularly bad

in H, P, gas).

The present work has shown that styrene, a material

with good puncture strength but poor tracking qualities
can be greatly improved by corrugating the surface and -
applying a thin layer of material with good tracking

characteristics (acrylic).

Interfaces in a gas or vacuum medium show significant
conditioning effects (1.2 - 2,0 times the first flashover).
This is very important in high energy devices where it

is not always convenient to carry out low energy con- -

‘ditioning. When more is known about the processes

involved in surface conditioning then higher reliable

operating gradients can be employed., This is especially
important for low impedance devices since discontinui-

ties (switches, output ends, etc.) can then be reduced.

The approach taken in this program developing a low

impedance output end for F.E, tubes is believed to be

sound and should be investigated further. Using short

(2-inch axial length) machined pieces of styrene and ’
acrylic with a 1-inch interface length, it was possible to o
operate a 5 chm cathode at 120 kV (30 ns pulse width).
With a cast dielectric piece in lieu of the machined piece
(to reduce the triple joint problems) it is believed that
design stresses approaching 500 kV /inch can be achieved, .



3.1.3

References

As a result of the experience gained during this program

and from the published literature,

(7-12) the following

gilidelines for casting insulation for high dielectric

strength applications, will be found useful:

(a)

(b)

(c)

@

Prevent bubble formation prior to cure by raising
the temperature of the resin (> 60 °C) and lowering
the pressure (2 - 20 Torr). '
Choose a resin with low viscosity, good wettability,
low degassing pressure, low temperature cure and
which is tough.

Mold and Electrodes. System should have no flat

horizontal regions in critical areas., Choose
materials which can be easily cleaned. System
vacuum tight to 10™° Torr. Fill from the bottom
of the moldat a rate slow enough to allow good
wetting. Cleaning of surfaces is very important -
mild abrasion, vapor degrease, solvent soak,

wash in distilled water. Filled resins give a better
match of thermal expansion coefficients with metals,

Resin Preparation. Filter if pbssible. Preheat

components separately to 140 °F or greater. De-
aerate and stir at 1 - 2 Torr. Mix and continue
stirring and de-aeration. Transfer to the mold
with the mold pressure higher than the degassing
pressure (15 - 30 Torr).

(1)  Hayworth, B. R., "The High Voltage, High Frequency Charac-
teristics of Polyester Film', Seventh Electrical Insulation
Conference, p. 88 (1967),

| () Martin, J. C., AWRE Report No. SSWA LCM/6611,/106,

Aldermaston, England,
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3.2 Impulse Puncture and Flashover Tests on
Various Filled Epoxy Resins

3.2,1 Introduction

Different epoxy materials supplied by several manufacturers were

evaluated for their volume puncture strength as well as flashover characteristics

under impulse voltage application. The samples exhibited a range of volume

electric strength and surface flashover characteristics. A good number of these
provided very encouraging voltage withholding qualities which even allowing for
pessimistic extrapolation for large volume and surface area effects still yield

interesting coaxial store designs.

3.2,2 Apparatus

For both the puncture and flashover tests an impulse generator was
used, which provided a 0.5/30 us wave of positive polarity with energies up to
about 10 kJ. Voltage and current waveforms were recorded on a 519 Tektronix
Oscilloscope. These provided evidence and measure of breakdown voltage cur-
rent and time and were backed up with visual and audio observation. In addition,
the resistance of the breakdown paths for the puncture samples was subsequently
mea.sﬁred using a dc supply. ‘The impulse generator was calibrated to an ac-
curacy of better than 5%. |

- 3.2.3 . Volume Puncture Test

A typical volume puncture test setup is shown in Figure 3-1 and
three different shapes of samples were used initfially. For two of these the
metal electrodes were concentric cylinders so designed that the maximum elec-
tric stress was in the center rather than at the ends of the eylinders. For the _
third group the epoxy was cast around uhiform field electrodes. Gap distances

. of 1/8 and 1/4-inch were used and the stressed electrode areas for the three

samples ranged from about 6 to 70 square inches. The dimensions of the sam-

ples are given in Figures 3-2 , 3-3 and 3-4.
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Figure 3-1, Experimental Set-Up for Puncture Test on Epoxy
Samples Between Concentric Cylinders of Test Cell No, 1
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To prevent external flashover the samples were immersed in
transformer oil while subject to high voltage impulses. The voltage was raised | )
in increments of approximately 14 kV untii breakdown occurred, Breakdowns
were monitored as discussed above and a typical breakdown trace is shown in
Figure 3-5. After puncture, the samples were sectioned so that an accurate
sample thickness could be measured., Up to four identical samples were eval-
uated at the same nominal thicknesses of 1/8- and 1 /4-inch. Filled epoxies of
various types were used for the tests with dielectric constants ranging up to at
least six; higher values may, of course, be obtained by suitable choice and con-
centration of filler, The principal results are summarized in Figures 3-6 and
3-7 . Figure 3-8 shows the cumulative probability of breakdown for samples
tested. | -

Puncture voltage versus sample thickness is plotted. With the ex-
ception of one low value of 1,2 MV /in. for most cases, the puncture strengths
were better than 1.5 MV /in. mean breakdown strength. Ta_,ble 3-1 summarizes
the above data for the mean breakdown electrical fields. Table 3-1 also con-
tains the puncture data for the Stycast between the uniform field electrodes
(Figure 3-4 ), Radiographs of all samples were taken to confirm that the
electrodes were parallel and the gaps 1/8- and 1/4-inch respectively, From
this it is clear that the mean breakdown field strength is about 1.9 MV /in.

This figure can be corrected for the area or volume effect as follows. The

- stressed areas and volumes are 6 square inches and 1-1/2 cubic inches for the
1/4-inch samples. The generally accepted formula relating area and volume to
breakdown voltage indicates a reduction by a factor of 2 in the latter for increases
of a factor of 103 in either the area or volume. There are strong indications,
however, that above 1,000 square inches of stressed electrode area or 1,000
cubic inches of stressed volume, a levelling off takes place with much slower
subsequent decrease in the breakdown voltage level, When applied to the present
samples, it is seen even with relatively pessimistic corrections for the area or
volume effect, a reasonable breakdown field strength for 10 liter volumes would :
be 1-1.2 MV /in. | | |
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Trace

a) Volume Puncture of Epoxy
Test Cell I (1/4 inch_thickness)

Trace 1; Marx Output

Trace 2: Volume Puncture

1 ps/cm

b) Flashover of Epoxy Cylinder
' (2 inches Length in 25 psig)
Gas Mixture of: 10% SF ¢
40"70 N2
50% Ar

Traces 1, 3, 4, 5: Flashover

Trace 2; Marx QOutput
No Flashover (5 Shots)

Figure 3-5, Scope Traces of Volume Punciure
and Flashover of Epoxy Samples
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SAMPLE CUMULATIVE PROBABILITY OF BREAKDOWN
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BREAKDOWN STRESS MV /inch

Figure 3-8, Cumulative Probability of Breakdown for Alumina
Filled Epoxy Resin Tested Under Uniform Field
Conditions - Impulse (0.3/30 uS) (2.36 MV /inch
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There is one further aspect of solid dielectric materials which is
of interest, namely their lifetime under voltage stresses of various levels, Be-
cause of the importance of determining reasonable estimate of insulator life-

- time and degradation effects, accelerated life tests using Stycast samples were

carried out. These are reported below.

3.2.4 Accelerated Life Tests on Stycast Samples

The experimental setup for these tests was the same as that pre-
viously described. The impulse generator provided 1/50 us pulses with a
voltage capability up to 800 kV. One uniform field 1 /4~inch gap Stycast sample N
was used for which material the breakdown field strength had previously been
determined. The tests were carried out as indicated in Table 3-2. The voltage
pulse was applied once per minute. Treating the resulfs as an accelerated life
test with n = 7,0 and allowing a stress reduction of 2 for a volume effect, a
life of 1000 shots at 0. 84 MV/in is indicated. Since no failures were actually v
-observed, the life calculation assumed the next application of voltage would ‘

produce failure and the results are therefore pessimistic.

3.2.5 Surface Flashover Test (Impulse Test)

The surface flashover test setup is given in Figure 3-9 . The
samples were 1- 1nch diameter cylinders of 1/2, 1, 2, 3, 6 and 9-inch lengths.
For cylinders of 2-inches and below, flashover test was carried out using 6-inch
diameter stainless steel electrodes in a pressurized gas mixture of 10% SFG,
40% N and 50% Ar. For cylinders of 3-inches and above, flashover test was
carrled out in 1 atm of SF6 with large plane electrode of 18-inches in diameter. .
Actual flashover was monitored by both visual observation and scope traces.

Standard impu_lse techniques were used for determining maximum,
minimum and mean flashover voltages., The impulse voltage was raised in steps ’
of 14 kV when no breakdown was observed and decreased in steps of 14 kV when -
breakdown was observed. This was continued until a stable level was attained. '

A typical sequence is shown in Figure 3-10. All flashovers were observed to

(]
1
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TN Table 3-2, Accelerated Life Tests on Stycast Samples

’ Voltage Waveshape | Field Strength
(kV) Polarity (18) (MV /in.) No. of Shots | Breakdown !
420 +ve 1/50 1,68 230 No
475 +ve 1/50 1.9 100 No
500 +ve 1/50 2.0 10 No
525 +ve 1/50 2.1 10 No
545 +ve 1/50 2.18 10 - No
560_ +ve 1/50 2,24 10 No
575 | + ve 1/50 2.30 10 No

. 590 +ve 1/50 2.36 10 No

‘ 605 1/50 2,42 10 No

+ Ve

Grouped and Averaged

Effective Voltage

(kV) Number of Shots
420 230
475 100
525 25
565 25
600 20

.
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Copper Stirips
MARX , /

Load Voltage
Resistor Divider
SCOPS g A J
- - 4u
3, 6,8 9" Epoxy Samples Tested In Alr

Bruce

f Electrode

Lucite

HV. i8"Aluminum Test = :
Eisctrode

| Epoxy
Chamber Sample
— Pressure Gas
Gauge Transfer
C ) System

Figure 3-9,

Experimental Set-Up for Flashover Test of Epoxy
Cylinders in Compressed Gas Mixture and in Air
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occur within 2 ys after the initiation of impulse. Table 3-3 summarizes the data .
for both maximum and mean flashover strength, Flashover voltage versus sam-
ple length is summarized in Figures 3-11; 3-12 and 3-13, These show that
mean flashover field strength of up to 600 kV /in. are readily obtainable in a

300 psig, 10 SF6/40 N, /50 Ar mixture for ungraded albeit small samples.

Even the poorer samples indicated that 300 kV /in. was reasonable for the same

mixture and pressure and these were subsequently found to have inferior surface
e

. _finisH.

3.3 D.C. Puncture and Flashover Tests on Alumina
Filled Epoxies and Two Plastics (Acrylic and Styrene)
3.3.1 Type I Tests Cast in Aluminum Electrodes, Filled Epoxy Resin

D.C. tests were carried out on two filled epoxy resins (Stycast,
2850 FT and Castall 302 Tables 3-4 and 3-5). These are low temperature cure
- epoxies with a high percentage of tabular alumina as filler.

Shrinkage and exotherm are problems with any casting technique.
Aluminum was chosen for mold and electrode material since its thermal coeffi-

6 per °C) closely matches the filled epoxy resin,

cient of expansion (25 x 10~
However, shrinkage (~ 1% volume) does take place in the liquid phase and is the
reason for the reservoir (see Figure 3-14), Shrinkage in the "'gelled" stage and
during cure seems somewhat less. The result of an uncontrolled exotherm is

shown in Figure 3-15.

3.3.2 Sample Preparation

The aluminum electrodes were 4-inches diameter with Bruce profile
(Figure 3-14), After a smooth machine finish, the electrodes were polished to a
600 grit finish (wet), washed with 'green soap and water, ‘rinsed in water then
acetone and finally rinsed in distilled water. The aluminum mold was similarly V
cleaned before applying the release agent, |

The filled resin and hardener were mixed by hand in a polyethylene

AR

container then degassed for 20 minutes in a glass vessel at about 1 Torr
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Table 3-3. Flashover Data for Epoxy Materials

Pressure ; Average Vpp | Maximum Vpp
Sample Length (psig) kV) (&V)
Permali 1/2-inch 150 220 230
Permali 1/2-inch 150 248 259
Permali 1/2-inch 150 235 235
Permali 1/2-inch 150 237 248
" Permali 1-inch 150 400 428
Permali 1-inch 150 331 359
Permali 1-inch 150 372 414
Permali
(Sand- Blasted) I-inch 150 403 > 469
Permali 2-inches 25 436 > 469
Stycast - 1/2-inch 150 103 110
Stycast 1/2-inch 150 110 124
Stycast 1/2-inch 150 120 124
Stycast 1/2~inch 150 115 132
Stycast 1-inch 25 152 166
Stycast 1-inch 25 155 166
Stycast 1-inch 150 257 290
Stycast 1-inch 150 340 359
Stycast
(Sand-Blasted) 1-inch 150 345 345
Slycast 2-inches 25 363 414
Stycast 2-inches 25 375 414
Stycast 2-inches 25 314 345
Stycast 2-inches 25 362 414
EC-1339 1/2-inch 150 124 124
EC-1339 1-inch 150 309 331
- E-170 3/4-inch 150 186 207
E-170 1-inch 150 317 345
System's Resource | 2-inches 25 373 373

All tests carried out in a gas mixture of 10% SF

6)

40% N’2 and 50% Ar,
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Table 3-5. CASTALL® -- 302 - Aluminum Oxide Filled
Casting Resin (Castall Research Lab,, Inc.)

Castall 302 is a high viscosity, aluminum oxide filled casting resin which of-
fers good thermal dissipation, excellent electrical insulation, high tempera-
ture properties, low thermal coefficient of expansion and extremely low
shrinkage during cure. After cure, Castall 302 is a tough, opaque plastic
with excellent adhesion to a variety of materials, Its expansion coefficient

is closely matched to metals: therefore, it is one of the few epoxy resin
ideally suited for use at cryogenic temperatures. To reduce viscosity, warm

. the resin to 150 °F, and use hardener E-34.

ELECTRICAL AND PHYSICAL PROPERTIES:

Specific Gravity ' 2.3
Viscosity (centipoise) 12000
Thermal Conductivity BTU /&2 /hr/ °F /in. 6.9
Tensile Strength P.S.1I. | 7000
Compressive Strength P.S.1, : 14000
Izod Impact (it. lbs. /in. of notch) - 0.32
Coefficient of thermal expansion/°C. ' 25 x 10-6
Heat distortion °F, , 350
Water Absorption (7 days) % 0.05
Volume resistivity (ohm cm) ' 8 x 1015
Dielectric Constant (100 KC) - 6.5
Dissipation Factor (100 KC) | 0.02
Dielectric Strength (volts/mil. ) 500
Shrinkage Linear -- % : 19
Service Temperature °F, - 400 to 400
Standard Color  BLACK

typical properties when cured with hardener E-34 =
For 4 hours at 250 °F
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Figure 3-15,

Bubbles in Epoxy Caused
by Run Away Exotherm




~E

- (Figure 3-16). During degassing the volume of the mixture increased to about

three times the original volume before settling down and bubbling gently. Trans-
fer of the epoxy to the mold was achieved by keeping the mold under vacuum

(30 to 50 mm Hg) and letting up the epoxy to atmosphere; the epoxy transferred
in 40 to 60 minutes via a connecting 3/8-inch diafneter plastic tube, Cure was
carried out at 150 °F for 16 hours after the mold had been let up to atmosphere.
Electrical tests were usually performed within three days of curing. Variations
of the curing cycle were introduced later ; €.g., the epoxy was allowed to stand
at room temperature for 24 hours before curing for 2 hours at 120 °F and

14 hours at 150 °F, |

'3.3.3 _Electrical Tests-

The dc tests were carried out using a 1.5 MV Van de Graaff gen-
erator. The test samples were mounted inside the generator and had a high
pressure gas environment which reduced the surface flashover problem
(Figure 3-17). Surface flashover of the samples did occur and on some of the
high strength samples it was necessary to add SF6 to the gas mixture (Fig-
ure 3-18). Starting at half the estimated breakdown voltage, the test voltage
was raised 20 kV per minute, After testing the samples were baked at 600 °F to
separate the electrodes and epoxy and permit visual examination of the puncture
(Figures 3-19 and 3-20), In all cases an erosion pit was found (usually at the
anode) with a thin channel computing the breakdown.

The samples flashed over the surface many times before volume
puncture. The discharge patterns were quite uniformly distributed suggesting
that the surface was not degenerating rapidly, i.e., good discharge resistance,
Sandblasting the surface gave no improvement. The main results are sum-

marized in Table 3-6 and Figure 3-21.

3.3.4 Type 2 Tests - Filled Epoxy Resin - Recessed
Metallised Electrodes

To investigate the possibility that the metal electrodes, cast info the

epoxy in the previous tests, was a major factor in causing breakdown, recessed

3-31
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F'igure 3-16. Apparatus for Dégassing and Vacuum
Pouring Filled Epoxy Resin Samples
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N

7 HV. Terminal of Van De Graaff Generator ‘
\\;_L_jAU//zzz////////1/////////_,._____
|**— —Spring Loaded Contact
80720 N,/CO,
Mixture at 300 psi Guard Ring
..
Aluminum Electrode
Filied Epoxy Resin
= 7
L 2
Figure 3-17. DC Test Arrangementl
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Figure 3-18, "'Castall 302" Sample after dc
Test Showing Surface Track Marks
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Figure 3-19. Cross Section of Test Sample Obtained
by Baking at 600°F and Breaking Open
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Figure 3-20. Close Up of Puncture
in ""Castall 302" Sample
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samples were made, The contdur used was the same as the metal electrodes

but this time the conducting surface was in the form of silver loaded €POoXy.

The limited results (included in Table 3-6) indicated that the mean breakdown
strength was not raised but the scatter was greatly reduced. This is important

where large volumes of highly stressed solid dielectrics are required.

The first sample tested in H. P, gas (75 psi SFG 140 psi N2) was

prepared by brushing Aquedag (graphite dispersion) on the recessed regions

- only (XXX - Figure 3-22(a)). Surface flashover occurred at 260 kV. Improve-
‘ment was effected by continuing the conducting layer to the edge of the sample

(YXXXY) and mounting between flat metal planes, This put the solid/gas inter-
face parallel to the uniform electric field. Surface flashover then first occurred
at 280 kV even though the tracking distance was a factor 3 less. The interface
Nashover strength conditioned very rapidly until tests were stopped due to

volume puncture.

3.3.5 Type 3 Tests - Machined Samples of Acrylic and Styrene (Table 3-7)

The early_results with filled epoxies were disappointing in terms of

'energy. density (1/2 eoeyEz) in comparison with available test data on methyl

methacrylate. Some tests were therefore done on acrylic and cross-linked

styrene under similar conditions to the epoxy so that realistic comparison could

be niade. | _
Test pieces were machined from normal lucite 2-inch sheet, cast

styrene and cast acrylic (last two from C-LEC, N.J.) in the same geometry as

. Figure 3-23. Results are given in Table 3-8 for test conditions shown in

Figure 3-22(b).

Attempts at evaporating an aluminum layer on the acrylic were un-
successful although a good bond could be made to the filled epoxy. Companies
involved in the plating of plastics were approached to plate acrylics and styrene
but did not suggest anything positive. All tests were done with conducting sur-

faces of silver loaded epoxy.
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‘Table 3-7. Cross-Linked Styrene (Dielco 100 - CLEC, N.J.)

DIELCO 100 is a rigid, thermoset, general purpose plastic, mostly
used in applications where a low electrical loss characteristic is im-
portant. The material is cementable and can be polished to optical

-clarity.

Electrica_l Prope rties

Test Method

Dielectric Const. 10 -
10,000 MC

Dissipation Factor
1 MC
10 MC
10, 000 MC

Dielectric Strength
Step by Step:
1/32" thick
1/8" thick
Short Time:
1/32" thick
1/8" thick

Volume Resistivity
Surface Resistivity

M.1.T. Test

M.I.T. Test

L-P 406 Method 4031
ASTM D149 '

ASTM D257
ASTM D257

Typical Value

2.53

.00012
. 00025
. 00066

1100 Volts/Mil
500 Volts/Mil

1200 Volts/Mil
700 Volts/Mil

1016 oghm-cm

1014 ohms

Physical Properties

Test Method

Typical Value

Tensile Strength

Tensile Modulus
Compressive Strength
Flexural Strength

Flexural Modulus
Impact Strength
Specific Gravity

Coefficient of Linear
Thermal Expansion

Thermal Conductivity

Water Absorption

Recommended Operating
Temperature Range

L-P 406 - Method 1011
ASTM D-638

ASTM D-638
ASTM 695

L-P 406 - Method 1031
ASTM D790

ASTM D790
ASTM D256
ASTM D792

ASTM 696

L-P 406 - Method 7031

11,000 psi

4.5 x 102 psi
33,000 psi
16, 000 psi

2 x 10° psi

.3 ft. #/inch of notch
1.05 |

7x 10-9/°C

3.5 x 10-4 cal/sec/
cm2/°C/em

.05 |
~60 to +100°C
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The limited number of samples makes it impossible to assign a hlgh

degree of confidence to the significance of the results. However, the following

observations are worthy of note,

(1)

(2)

(3)

()

(5)

Recessed samples cast with filled epoxy do not appear to
be better than samples with cast-in metal electrodes.
Mean dc breakdown strengths are about 2,5 MV /inch for
thicknesses 1/8-inch to 1/4-inch over several square
inches electrode area. _
Recessed Iucite samples machined from standard 2-inch
lucite sheet stock do not show significant improvement
when annealed three times during machining compared -
with once only after final machining._ There is a large
scatter in the puncture strength (3 to 8 MV /inch).

Cast Acrylic (obtained from C-Lec, N.J.) appears to be
significantly better both in consistency and breakdown

~strength, No annealing was done. Breakdown strengths

in excess of T MV /inch are ach1evab1e

Styrene appears to be a very useful material, The f1rst
sample was never punctured. The final test on it was

F/O limited at 860 kV, Iis poor flashover characteristic
can be largely overcome by corrugating the interface and
applying an acrylic coating. Although its dielectric

“constant is lower than that of lucite (2.5 compared with
3.2) its low loss at H.F. may be attractive for fast pulse

‘work, especially in repetitive~-pulse duty.

The surface flashover strength of a solid/H.P. gas

interface at fixed gas conditions depends on materials,

geometry and conditioning history. The tests indicate
that the materials, in order of increasing strength, are

filled epoxy, styrene, lucite and cast acrylic. Corruga-

tions are advantageous especially for the poorer.
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.materials. A poor material, such as styrene, in terms

of its ability to withstand surface flashover, can be up-
graded by cleaning and éoating with a superior dielectric
{e.g. acrylic). (Figures 3-24 and 3-25 show track marks

on styrene prior to corrugating and coating with acrylic.,)

e Note: The first surface flashover voltage has been

| reported. In the literature, the final "conditioned"
value is usually quoted whereas in a high energy.
apparatus the first breakdown is important unless
low energy conditioning is permitted; The samples
which were punctured obviously had conditioned to

- at least this voltage and could pdssibiy have gone
higher. |

3.4 Sectioned Solid Dielectric Line

3. 4.1 Introduction

In view of both the difficulty of casting a sound one piece solid line
and the cost of replacing a failure, consideration was given to assembling a
solid dielectric co-axial line from short cast sections. The length of the neces-
sary high pressure gas interface would determine the impedance discontinuity
and hence the acceptibility of this approach, Test pieces were made to determine
the voltage withstand capability of a thin pressurized gas gap between epoxy
castings (Figure 3-26). Figufé 3-27 shows the .t.est region in more detail. A
straight profile was used for the interface for simplicity and flexibility in the
- interface length could be adjusted by machining,

3.4.2 ‘Preparation and Testing of First Pair of Test Pieces

(1)  Filled Epoxy - Preliminary test at one atmosphere SFg
indicated that Stycast 2850 FT was slightly better than
Castall 302, This filled epoxy resin was therefore chosen
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Figu'ref ‘3_-25. Flashover of Polystyrene Recessed Sample (Sample 2)

2-1497
3-46



WNINEL X4 O\

dniag 3507 den miyg ‘gg-¢ 2andt g

oL

S —

ONIISYD AXOdT- L

300510 WiIN

NOLLT3NNOD

1-5062

3-47




1-5063

Y e

3-48

.
| 3

[:‘\_:\f".!&‘in_. ‘

.“-,

.
L

| Figure 3-27. Detail of the Thin Gap



for the flashover studies, Allowing for losses in resin
transfer, it was calculated that 12 kg of resin would be
needed for each test piece. To maximize pot-life, the
resin was made up in four batches; each consisting of
3 kg resin plus 135 g of hardener 11, Before adding the
hardener, the resin was first agitated on a paint shaker
for 20 minutes to improve consistency and then heated
to 150 °F'. Vacuum degassing after a.dding hardener was
carried out at 2 Torr and took approximately 20 minutes,
(2) - Mold and Electrodes (Figure 3-28) - After assembly
‘these were baked for 3 hours at 200 °F and then trans-

ferred to a large environmental vacuum chamber where

they were kept at 10™% Torr for several hours.

-(8) Resin Transfer - This was effected by letting up the de-

' gassed resin to atmospheric pressure, the resin then
being allowed to transfer to the mold in vacuum. Just
before transfer, the mold pressure was raised to
15 Torr (by admitting dry nitrogen) to minimize the
chance of bubbles forming in the resin. Filling took
place in approximately 5 hours.

(4) Curing - The curing cycle was 24 hours at room tempera-

_ ture, 2 hours at 120 °F and 14 hours at 150 °F,
- (5) ° Preparation for Test - Both test pieces were machined

at one end, that is, at the ends which butt on final as-
sembly. During machining, a small crack was evident
on the outer edge between the aluminum and the epoxy.
This was patched and re-machined. The assembled test
piece with contact spring fingers is shown in Figure 3-29
prior to assembly in ¥X-15, (FX-15isa 1.5 MV dc

machine.)
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Figure 3-28, Mold and Electrodes for Half of
Flashover Test Piece
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Figure 3-29.Assembled Test Piece
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3.4.3 Flashover in High Power Gas Tests

The test pieces described were de tested in a high pressure (285 psig)
gas mixture of 10% SF; and 90% N,. The axial gap spacing was .002-inches and
the radial flashover distance was two inches, The dc voltage was raised gradually
to 400 kV when breakdown occurred. It was then impossible to raise the test
‘voltage beyond a few kilovolts, After dismantling, one sample was observed to
have a radial crack at the machined interface, An insulation résistance measure-

ment using a high voltage Megger indicated volume puncture.
The volume punture was found in line with the radial crack but in the

uniform field region, Inspection of the aluminum /epoxy interface led to the con-
~clusion that little or no bonding had taken place. Indeed a 0.001-inch gap was

evident in places.

Before recasting the test ;sa,mple, some preliminary tests were car-
ried out to solve the"bonding problem, Two questions were posed. First, could
the bond be improved by mechanically or chemically treating the surface? Sec-
ond, could a conducting layer be applied to the aluminum electrode which would
-adhere strongly to the cast epoxy? The tests and results are summarized below:

Treatment

1. Aluminum-polished down to 600
grit finish; trichlorethylene de-

grease, acetone rinse.

2. Aluminum-sandblasted followed

by degreasing.

3. Aluminum-Surface polished to
600 grit then etched in an alka-

- line solution.

3-52

Result

Poor adhesion.

Tended to be wetted by the epoxy.
Bond reasonable but was probably
due to mechanical keying action.

Improved bond,
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Treatment - . ' Result

4. Aluminum-600 grit finish, de- Over most of the region, when the
‘greased, thin coating of silver insulating epoxy was lifted off, it
loaded epoxy (Ecco-coat cc-2) was accompanied by a film of silver

applied. - S - epoxy.

Method (4) was adopted as pretreatment of the aluminum electrodes

- prior to casting.

" Several attempts were made to coat electrodes with a flexible €poxy.

This would be a transition material between the metal electrode and the filled
epoxy. The desired pi‘operties of this material would include in addition to

| ﬂex1b111ty, a high dielectric constant (>20) and a volume resistivity of between

10 and 1010 ohm cm. No such materials were found. A clear epoxy resin

(ep = 4.0 p = 10 ) was tried and produced a uniform coating. However atmos-

pherm dust proved troublesome and this approach was abandoned,

3.4.4 Preparation and Testing of Second Pair of Test Pieces

A second Ca,sting was made to replace the part punctured in the
fla;shoirer test. An attémpt was made to overcome the bonding problem (epoxy
to aluminurh) by applying a smooth, thin layer of silver loaded epoxy :(Ecco
'coa;t CC-2) to the electrodes prior to casting. Apart from this change, the
~casting a,nd'preparation procedures were identical to those described previously.

When tested, one piece punctured at 485 kV d.c. Inspection of the
| puncture revealed that the failure had occurred in the uniform field region., R
was noted that the silver epoxy was bonded randomly to the epoxy insulation but,
this effect may have been caused by the 550 °F bake used to remove the epoxy.
-The breakdown however occurred at a cathode region (Figure 3-30) where silver
epoxy was still in contact.

3.4.5 Conclusions

There are two significant results from these tests on interface
‘flashover: '
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{a) Anode

(b) Cathode

Figure 3-30. Photos of Puncture Through 1/2 Inch Radial Wall
of Large Flashover Sample (Stycast 2850 Feet) After
Baking at 550°F to Remove Aluminum Electrodes

(The Aluminum Electrodes Prior To Casting Had Been Etched

and Coated with Silver Epoxy (White Areas)
Which was Then Smoothed)
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(1) Flashover strengths in excess of 250 kV /inch can be
~ held (d.c.) in high pressure gas (300 psi A 10% SFg
90% N,) over a large surface using this geometry, No
flashovers were recorded in the tests, Further work is-
necessary to determine the limit of this approach. |
(2)  Volume puncture of the 1/2-inch thick epoxy insulation
' at 400 kV and 480 kV is 0,8 and 0.96 MV /inch support
the idea of a large volume effect in cast insulation.
© Small test samples (3-4 in® of stressed epoxy) had a’
mean breakdown strength in excess of 2 MV /inch but
strengths as low as 1 MV /inch occurred if the epoxy
preparation was incorrect; Based on this and the large
scatter for cast insulation it would appear that large
volumes of highly stressed cast insulation are not
practical at this point.

3.5 Surface Flashover in Vacuum

3.5.1 Introduction

The delivery of pulsed energy (a few nanoseconds risetime and
several tens nanoseconds pulse w1dth) to a field emission diode operating at
tens of ohms, presents no great problem today, even at potentials in excess of

ten megavolts. However, when the required diode impedance is about one ohm,

‘residual inductance becomes a limiting factor on risetime. - The ideal solution

is clearly to transmit the energy via constant low irripedance lines from the

energy store to the diode. For example, with co-axial geometry a conical line

transition and tube could be used.
In practice the limitation is one of dielectric strength at the vacuum/
solid interface of the tube. An improvement here, due to improved materials

or geometry, results in improved machine performance (risetime and energy

transfer). Ina practical low impedance tube it is necessary to have a vacuum/

solid interface separating the low inipedance feed and the diode. ‘The low
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impedance feed is best insulated with water or other high dielectric constant
material if low impedance and high voltage holdoff is to be achieved. In theory
this introduces a further difficulty due to the changing dielectric constants, To
maximize energy transmission the conducting wave guiding electrodes should be
constructed to direct the energy through the interfaces (water/solid and solid/
vacuum) at the Brewster angle, Fortunately, due to the turn-on time of a F,E,
diode, a finite risetime is desirable to prevent voltage doubling at the impedance
discontinuity produced by the diode being effectively open circuit for a few nano-
seconds. This causés unnecessarily high electric stresses on the vacuum/solid
interface., For a 10 ns risetime, an impedance discontinuity of less than 2 ns
electrical length is permissible without seriously affecting the waveform, pro-
viding the excess inductance is within acceptable limits. This approach permits
a more practical and reliable design.

The vacuum flashover tests done under this contract were based on

this approach.

3.5.2 Surface Flashover in Vacuum

Surface flashover of dielectrics in vacuum under impulse voltage
application was not reported in the scientific literature before 1964. Kalya,tsky
and Ka,ss1rov(1’ 2) showed that the flashover strength of a 1 mm gap increased
as the voltage pulse duration decreased from 3.0 to 0.1 psec. The shape of
the volt-second breakdown characteristic was characteristic of the c_é.thode
material and the collapse voltage depended upon the anode material, | Smith(s) _
showed that for much wider gaps the mechanism appeared to be one of secondary
multiplication of electrons drawn into the dielectric surface and that conically
shaped dielectrics increased the flashover strength. This electron multiplica-
tion mechanism was previously suggested by Fryszman(4) et, al., Bugaev and
Mesyats( ) showed that the flashover strength increased with shorter puises but
limited at 2 nsecs. At large gap separations the strength was lower

~ The first theory of the effect was proposed by Watson( ) who com-
pared his results with those of Smith. Electrons heated by the electric field in
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the dielectric are emitted from the surface which charges up enough to draw
them back for multiplication. Dielectric samples (glass) with a 45 ° angle and
' 3/8-inch thick were found to support 670 kV /inch for 90 nsec pulses, The data
of Smith showed that for similar 1-inch samples the strength was Soméwha.t
smaller, even though 35 nsec pulses were applied.

(7)

theory using additional data from Smith and Martin and Bugaev and Mesyats.,

Additional analysis by Watson and Shannon' / further supported the

it seems probable therefore that for 30 nsec pulses a flat tube may
approach a flashover strength of 1 MV /inch, The effect of insulator depth is
believed due to the influence of the surface charge in raising the electron tem-
perature within the dielectric, so increasing the charging rate and lowermg the
electrical strength

3.5.3 References _

(1)  Kalyatsky, I. 1. and Kassirov, G. M., Soviet Physics - Tech.
Phys. 9, 274 (1964).

(2) Tbid., 9, 1137 (1965).

(3)  Smith, I, D., Proc. 1st Symp. on Electrical Insulation in
Vacuum (1964).

(4) Fryszman, A., Strzyz, T., and Wasinski, M., Bull. Acad.
~Polan, Serides Sciences Tech. 8, 7, 379 (1960).

-(5) Bugaev, S, P., and Mesyats, G. A., Sov. Phys. - Tech,
Phys. 10, 930 (1966),

(6)  Watson, A., J. Appl. Phys. 38, 2019 (1967).

(7) Watson, A., and Shannon, J. Proc. 2nd Symp. on Insulation
of High Voltages in Vacuum (1966),

3.5.4 - Preliminary‘WOrk Leading to Vacuum Flashover Tests

Most of the vacuum -fla,shover data réported in the literature has

been concerned with samples of material tested under various field configurations.
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It is believed however that interaction between the diode and the interface could
take place in the form of electron impact and photo effects. In addition since
surface flashover is an extremely rapid phenomena it could be affected by the
source impedance. The philosophy to test materials under actual diode condi-
tions thus developed.

Field plots were obtained for the output end using a sloping electro-
Iytic tank, assuming a 5 ohm coaxial water line and a tube region catering for
diodes 2 - 5 ohms, Electrode shape and interface angles were adjusted to im-
prove the uniformity of the electric field along both interfaces. Figures 3-31,

3-—32, and 3-33 show the effect of some geometry variations for the early designs.

The proposed test apparatus was however limited to 600 kV at b ohms and so the
design was modified to shorten the interface length to one inch., Figure 3-34
shows a field plot of the final geometry tested. From the plots, the estimated
maximum gradient is 1.3 x E average for the vacuum /solid interface. Thus an
improvement in gradient over the co-axial cylinder values has been obtained,

with a single transit time from the 5 ohm water line to the diode of less than

one nanosecond,

3.5.5 Experimental Apparatus

A low impedance adaptor in the form of an exponential '(tapered)
transmission line (water insulated) was constructed for FX-25 (an1.P.C.
4 MV 40 ohm 30 ns machine). Figures 3-35 and 3-36 show the general arrange-

ment, Switching out the FX-25 delivers a 30 nS pulse into the 15 ohm water line,

At the output end of the line (5 ochms) a correctly shaped solid dielectric cone -
guides the energy into the F.E. diode region, ,

Voltage probes were located at two places on the tapered water line
" and a current shunt mounted in series with the dlode The current shunt had an
estimated inductance of 25 nH and thus degraded the current risetime of the
output, Figure 3-37 shows voltage traces on the water line for a matching
5 ohm dummy load and Figure 3-38 the corresponding output current trace.

3-58



*Axjewrosn Jydreaig E=Tolcs R uNi

OLI3ORTAIQ WNNORA-PIIOS-I93BM 0 J0Id PIOTI °Tg-§ oandrg

%001
_ J ‘
8= 3
| 9GL
909
I91eM :
| \
9,52
%0 .
| . wnnoeA
‘ , I
o o\ I="0

3-59



Vacuum-

€. = i 0%

r

Water

——— 507,

e =81
T

100%

Figure 3-32, Field Plot for Water- Sol1d~Vacuum Dlelectrlc
Interface; Sloped Geometry (A)
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2-1530

Figure 3-36. Photograph of Adaptor for FX-25 (output
, end in the foreground). ‘

3-64 o

H
i

o




(a)

(b)

| Figure 3-37, Voltage traces on tapered Water line for
- ' matched 5 ohm load.

(a) approx. 1/3 rd down from input.
(b) approx. 2/3 rds down from 1nput
(50 ns/cm)

Figure 3-38.  Output current trace (26 kA peak) for
5 ohm dummy load (50 ns/cm),

2-1531
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Figure 3-39 shows details of the final geometry in the tube region.
It departs slightly from the field plot to accommodate mechanical design require-

ments, Graphite anode and cathodes were used, each 3-1/4-inch diameter,

3.5.6 Experimental Resulis

Two materials were tested, cast acrylic and styrene. These mate-
rials had performed well in the d.c. puncture tests.

With both test pieces it was possible to operate a 5 ohm diode up to
130 kv providing mod1f1cat10ns were made to the anode and cathode triple joints’
and the diode was in the forward position. The modifications were made after
it had been observed that the cathode triple joint was lighting up (F1gure 3-40)
due to imperfect contact between the metallized plastic and the st. st. cathode
holder. Copper wire, 1/8-inch diameter, was placed at both triple ]omts.

A thin coatmg of silicone oil on the pla.stlc and the metal surfaces
had negligible effect.

_ Examination of the interfaces after some seventy surface flash-- X

overs showed no serious damage. The feathery surface marks on the styrene )

were a little more obvious than on the acrylic.

3.5.7 Conclusions

Styrene and acryllc mterfaces machmed to a suitable conf1gurat1on
can support at least 130 kV for a nominal 30 nS pulse along an interface one
inch long. This is the actual length of the interface, however with the copper
wire in place, the effective surface length is 3/4-inches. To make realistic
comparison with conventional angled interfaces (usually at 45 °) for which the
strength is quoted for the metal to metal separation, i.e,, surface x 0.707, | o
the breakdown strength of the present interface is 250 kV /inch.

It is believed that significantly better results could be achieved by

casting the solid dielectric in intimate contact with the inner and outer metal

‘guiding electrodes and S0 removing the observed triple joint problems mherent ;:3{\
. _ : { .

in this design.
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Figure 3-39. Half-section of Output End (Vacuum Flashover Tests).
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2-1532

\Acrylic
Interface

Gi'ap/hite
Cathode St, St, Cathode Triple
_ Holder Joint

Figure 3-40,  View through mesh anode showmg cathode
' triple joint lighting up.
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SECTION 4.1
NEPTUNE, A HIGH VOLTAGE PULSE GENERATOR

4.0 Introduction and Summary

High voltage, high current electron accelerators are capable of a
broad range of applications. Production of x-rays and the creation of shock waves
in a target are typical ones. The characteristics of the required electron beam
vary according to the application. The hardness of x-rays depends for example
on voltage while the intensity depends on the current. The prodﬁction of shock
waves in a target is primarily a function of electron beam pulse energy. However,
the depth of deposition is a function of electron energy (i.e., voltage). The pulse
width is limited by the physics of the available field emission diode, as an arc
develops between anode and cathode after several tens of nanoseconds.

Thus, for the production of high energy pulses two parameters are
predetermined. The voltage is determined by the desired characteristics {(e.g.,
penetration depth) and the pulse width is limited by the diode characteristics,

This leaves the current as variable, which means that low impedance pulse

generators are required for the production of high energy pulses.

To give IPC's staff the ability to stay abreast with this low impedgnce
pulse technology and to produce an additional service facility, the managerrient of
High Voltage Engineering and Ion Physics decided then to use inhouse funds to
build Néptuhe A, Neptune A was designed as an 8 ohm water insulated Blumlein
system, which was to be charged by a low inductance LC generator. Overvolted

~ water switches were chosen between the LC generator and the Blumlein and be-

tween the Blumlein and load, Unfortunately, this choice of switching arrange-
ment was very unsatisfactory and had to be abandoned.

This led to a complete redesign of Neptune A and to the start of the
Neptune B program in May of 1969. The target specifications for Neptune B
were: 3.4 ohm line impedance, 60 nsec pulse width and a minimum of 1 kJ output
in a high fluence electron beam, To save cost and time it was decided to use as
much of the Neptune A system as possible. The LC generator was constructed

from the same high voltage, low inductance capacitors as the previous LC
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generator. The Blumlein was replaced by a single 3.4 ohm line, thus fnaking

use of one of the lines in the previous Blumlein generator, The overvolted

water switches were, however, replaced by controlled high pressure gas insulated
switches, Each switch was to be controlled by a low jitter, fast rising trigger

~ pulse generator,

A further objective of the Neptune B program was to design,

- build and test a low impedance high voltage pulse generator. Thus the system
had to have the capability of command triggering each switch within the
system to guarantee efficient energy transfer, a high degree of reproduci-
bility and a low time jitter between a 5 V command signal and electron beam
output.
Neptune B consists of an LC generator, a 3.4 ohm coaxial Water line
and a field emission diode, The LC generator is connected to a coaxial water
line at the instant of maximum erected voltage by means of a trigatron controlled
high pressure gas insulated switch, The water line voltage rises, and, again at
the peak, a specially designed switch connects the field emission diode to the
water line, This switch is a low inductance, multichanneled, high pressure gas
switch which has an inherent jitter of less than +1 nanosecond with respect to

the trigatron iriput.

The trigatron control of these transfer switches means that the
output pulses are of reproducible amplitude and, more parti_eularly, are of
maximum energy. In contrast, an overvolted switch is usually adjusted to fire
at 90% of peak voltage which implies, for two such switches in series, a 35%
energy loss. Pulse risetimes in the field emission diode are 25 nsecs and
~ design studies on the output show that this may be reduced to 15 nsecs. The
time jitter between a 5V command signal and electron beam output is on the
order of +5 nsec r.m.s. which indicates that the switching arrangements

chosen could be used where several modules have to be synchronized with

42



each other. The fluence reproducibility achieved is better than 5% and the maxi-

mum beam energy achieved is 2 kJ under mismatch conditions.
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SECTION 4.2
OVERALL DESIGN PHILOSOPHY )

The previous section outlined the rationale behind the construction
of Neptune B. At the outset, a low impedance pulse generator, in the megavolt
range, with a very low time jitter was envisaged. Tlﬁs generator would produce
electron beams from a field emission diode, preferably with a fast risetime,
uniform energy and good reproducibility. It was necessary to make maximum

- use of existing hardware.

A block diagram of the generator is shown in Figure 4-1 . A com-
‘mand pulse initiates Switch I which erects an LC generator. The LC generator

- is then connected, via Switch II, to a fast energy store or water line, When this

| is fully charged, Switch III connects the field emission diode, which produces the
required electron beam, "An overall view is shown in Figure 4-2 .
The voltage limitation, pulse length and impedance of the generator
~ are set by the dimensions of the fast energy store. The output pulse risetime
is principally limited by the inductance of the last switch, or Switch III and the
“inductance of the tube., The time and amplitude jitters of the system (i.e., the
: repi‘oducibility) are set by the switch closure sequence,
The design voltage on the line was set at 1 MV, and, due to field

" emission diode characteristics at these levels, the pulse length should be ap-
proximately 60 nanoseconds. The existing Neptune A hardware could provide

a coaxial line whose conductor diameters were 40-inches and 26-inches. When
filled with water, these tubes form a line of the correct length and of 3.4 ohms
impedance.. Calculations show that 1 MV could be supported by a 40-inch co-
axial line whose impedance is as low as 1 ohm, thus assuring an ample safety
margin for the 3.4 ohm line. The symmetry of the coaxial geometry favors a

: 'smooth Iow 1nductance transition between the wa.ter line and the field emission
_ dlode. _ ' _
' _ : The output risetime is limited by the inductance of Swﬁ:ch IO, the n

: transmon to the diode, and the inductance of the cathode stalk in the diode. {\’

' The Ia,r_gest part of this is due to Switch ITll. This is discussed more fully in |
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section 4.8. For minimum inductance it has to be short and it is also shown that
a multichannelled design is superior to a single channel design. Each channel
is separately triggered to ensure that each gap closes and also to ensure mini-
mum jitter,

Probably the most important aspect of the work is the control of the
switch closure sequence, From the outset, it was decided to use trigatrons in
all stages. The alternative, overvolted gaps, suffers from large inherent jitter
due to the statistical nature of the breakdown process, To justify this assertion,
we should examine the system shown in Figure 4-3 . The LC generator erects,.
its voltage being a cosinusoidal function of time. To ensure that Switch II closes
at the first peak, an overvolted gap would be set to close at 90% of maximum
voltage (or 81% energy). A time jitter obviously leads to a significant amplitude
jitter due to the appreciable value of dV/dt. The time jitter would be appro-

- priate to the erection time of the generator, viz. > 100 nanoseconds. In a simi-

lar manner, the water line charges as a cosinusoidal function of time and \
Switch ITI, if overvolted, would cause further jitter. Thus, the use of over-
volted gaps would give rise to large amplitude variations together with a time
jitter so large that synchronization with similar systems would be impossible.
The command trigger sequence used is shown in Figure 4-3 .
Each switch is initiated by trigatrons controlled from a master pulse generator.
The jitter of each stage is thus only the jitier of the associated trigger genera-
tors, as the trigatron jitter ¢an be kept very small, Trigger pulses may be
generated with very fast risetimes and transmitted with low distortion and hence

- that jitter may be kept small. This is in contrast to the much slower processes

associated with high voltage, high capacity generators and stores, The result is
that both Switch II and Switch III aré closed at the maximum voltage peaks of the
LC generator and the water line respectively. Time jitter in the closure of these
switches affects the amplitude of the output very little as dV/dt ~ 0 at these
points. The system is thus more efficient. The jitter of the output pulse with
respect to a 5 volt command and initiating pulse is simply the sums of the jitter
of Switch III and its trigger generator together with that of the field emission ,}
cathode. This may be kept under +5 nanoseconds. | L
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An overall view of the system was shown in Figure 4-4 , The LC
generator is a stack of 16 0.43 yF capacitors charged in pairs with two DC
supplies of opposite polarity. Four coupled triggered gaps (Switch I) reverse
the polarities on eight of the capacitors in a conventional way. The components
were available from Neptune A. The details including the novel triggering
scheme are described in section 4.3. The entire generator including Switch II is
immersed in transformer oil,- The coaxial water line assembly is shown on the
right, a 2-inch thick sheet of lucite separates the generator and the water line.
The water line is a coaxial line 40-inches OD and 24-inches ID and 38-inches
long. It is made of stainless steel both for corrosion resistance and for maxi-
mum voltage strength. The water is continuously purified to keep losses to a
minimum. |

Switch HI is a multichannel high pressure gas switch since switching
in this medium is better understood than in solids or liquids. In addition, it is
the only medium in which multichannel operation in the megavolt region has been
successfully demonstrated. '

The isolation of the switches from the trigger generators was accom-
plished inductively. In ordér not to degrade the risetime of the trigger pulse,
the trigger pulses were sent along coa,xia.l‘ cable which was ii;self wound into an
inductive helix, This helix was wound inside the center conductor of the water
line and consisted of five RG17 cables; one for Switch II and four for Switch I,

The field emission diode is constructed so that the é,node-cathode
gap and the cathode diameter may be varied. This is described in section 4.11,
The dimensions of the diode are determined principally by the voltage strength

‘of the bushing. This is 5-3/4-inches long, 16-inch diameter and expected to
withstand 500 kV, which is the maximum voltage under matched conditions.

The entire generator, including the control roo.m is 11 yards long. _

The view, irom the diode end, is shown in Figure 4-4 ,
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Figure 4-4. View of Neptune from IL.oad End
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SECTION 4.3
LC GENERATOR

4.3.1 Design Considerations

The design of the L.C generator was partly determined by the avail-
ability of components from Neptune A, These components consisted principally
of low inductance, 80 kV 0.43 uF capacitors, a lucite container for these capac-
itors and a metal enclosure for the generator. One end of this enclosure had a
2-inch thick, 6 foot diameter lucite interface between oil and water to take the
output of the generator.

The design objective for the LC generator was the ability to pulse
charge a water line 1 meter long, between 3-1/2 and 1 ohm characteristic im-
pedance, to a voltage of 1 MV in the shortest possible time, The requirement
for rapid chargmg is to minimize stress problems in the water line. The gen-

_erator was to be reliable and protected against fault conditions.

_ The enclosure was strengthened and filled with transformer oil..
The LC generator was rebuilt so that Switch II could also be fitted in the en-
closure. Switch II was installed in the oil tank and not in the water tank, since
this arrangement made use of the superior holdoff strength of oil and reduced
the stress time on the interface from 3 usec to 300 nsec.

It is essential to gué,rd against various types of fajlures. Short or
open circuited loads will not cause trouble if adequate damping is provided.
Both series and parallel damping have been fitted to the generator and are
discussed in section 3.6, Another type of failure, to which LC generators are
prone, is switch gap failure in the swinging circuit on one pair of capacitors in
the main bank. If this occurs, the voltage on that pair of capacitors is nearly
doubled, leadi_ng to an expensive failure. To guard against this, an elaborately
coupled triggering circuit was evolved and is discussed in section 4. 3.3,

The LC generator enclosure is outlined in Figure 4-2. A bank
of 16 0.43 uF capacitors was mounted on a lucite platform with a conducting
strip on the underside. The capacitors were connected in series; With the
high voltage end protected by a stress dome and connected to Swit_ch II.
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The discharge time was limited by this switch. The bank was charged, via 3
copper sulphate solution resistors mounted alongside the main capacitors, from
two 100 kV DC power supplies. The bank was erected by a four gap switch
(Switch I}, initiated by trigatrons. Switch I was mounted on the ‘top of the main
bank of capacitors together with its associated coupling capacitors. The circuit
diagram is shown in Figure 4-5. The whole assembly was then immersed in trans-

former oil.

4,3,2 Switch 1

Switch I initiates the swinging circuits in the generator. The various
gaps in Switch I must close in a known time. sequence, so that the swinging cir-
cuits reach the maximum reverse voltage simultaneously,

' The requisite control is obtained by mounting 4 pairs of 1-inch
.~ diameter electrodes in a common envelope. A trigger pin is mounted in each
positive electrode. The range of voltages that are required to be controlled by
- each gap extends from 50 to 120 kV. Electrode separation and gas pressure
l determine the maximum hold off voltage and also, together with the trigatron
geometry, the minimum triggerable voltage. _
| Figure 4-6 shows theée voltages as a function of gas pressure and
- composition, The trigger pulse applied to the trigatron was 11 kV. This is
- less than the output of the trigger generator due to the capacity in shunt with

. the trigger pin. "It should be noted that the gap voltage is twice the charging

voltage as the bank is charged from (+) and (-) supplies. Nitrogen and nitrogen/
argon mixtures were also tried, but the standard deviations -(or varia.bility) were
much greater. |
The next parameter required is the gap closure time sequence, The
gas pressure in Switch I was adjusted so that the self-breakdown voltage was
about 56 kV. Two sets of measurements were taken viz: time interval between
command trigger and gap one closure and then the time interval between command
trigger and gap four closure. The charging voltage was 30 kV. The measure-
ments were then repeated for a charging voltage of 40 kV. It can be seen from
Figure 4-7 that both gaps close earlier and with less jittei‘ as the charging voltage
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is brought nearer to self-breakdown. The mean delay between closure of gaps
one and four is 123 nanoseconds at 30 kV and 58 nanoseconds at 40 kV. The sum
of the standard deviations is 87 nanoseconds at 30 kV and 45 nanoseconds at

60 kV; however, it is clearly very pessimistic to sum these as the command

- trigger (and gap one closure) ]1tter is thus counted tw1ce instead of bemg dif-
ferenced out.

This measurement is a factor in the choice of erection time, as a
large jitter /erection time ratio would cause significant voltage output variations.
The delay between the firing of gaps 1 and 4 may be compensated by'fine tuning
of the swinging circuit, as explained in section 4.3.5, To accommodate the larger
,gaps and high voltages, a delay of 200 nsec was assumed; Figure 4-9 indicates
that an error of 100 nsec gives less than 1/2% output voltage reduction.

4,3.3 Trigger Connections

The overall circuit is shown in Figure 4-5, and the trigger circuit is
shown in Figure 4-8. An external trigger initiates gap one closure and the heater
capacitor C1 keeps the arc alive until the main bank capacitors are discharging.
The impulse caused by the collapse of the gap voltage is transmitted via capac-
itors C2 and C3 to the trigger of the next gap. 'Cz is not shown on Figure 4-5as
this is really stray capacity in the main capacitor bank. This stray capacity is
approximately 400 .pF The following gaps are triggered in a similar mamner.

As was mentioned in section 4.3.1, it is essent1a1 that a11 gaps fire.
A failure of one gap to fire results in the voltage 1ncreasmg by 75% in the af-
fected pair of capacitors. To guard against this, the capacitors C 4 Vere added.
These f111f111 the same function as C3, but the trigger signal is propagated back-
wards. Thus, if gap 2 should accidently fire during charge, perhaps due to
dust, the capacitors C2 and 03 will transmit the signal to gaps 3 and 4. Mean-

while gap 1 is triggered by capacitors C 4 and C,. A similar action would occur

2
if gap 3 or gap 4 should spontaneously close.
The initiating trigger pulse must be transmitted to the first gap,

- preferably to the positive electrode, This is initially at between 25 and 60 kV,
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but upon generator erection, reverses to three times this value. Isolation is

accomplished by means of the capacitors C. shown in Figure 4-5, The first tests

_ 5
showed that large transient voltages appeared across these capacitors and to
reduce these voltages it was necessary to wind the trigger cable into a coil,

shown as L/ .

4,3.4 Generator Capacity

The cap'acitors évailable for the LLC generator are 0.43 pF 80 kV
rating with a series inductance of 37 nH. It was decided to connect up 16 of |
these giving a generator capacity of 27 nF and an inductance of 0.6 uH, This
number is a compromise. The required voltage per capacitor for a given |
water line voltage decreases as the number of capacitors increases. However,
the relationship is not linear as the reduction of the generator capacity reduces
the capacitative multiplication factor, i.e., the ratio of max. water line voltage
to maximum LC generator voltage. In addition, the larger the capacitor bank,
the larger the generator inductance and hence the charging time (or stress time)
for the water line increases. The inductance of the generator was assumed to
be 37 nH/capacitor plus 0.5 pH for Switch II. |

Table 4-1 givevs the LC generator voltage, the voltage per capacitor
and the stress time on the water line in psecs, required to charge the water
line to 1 MV. Water lines of 1-1/2 and 3-1/2 ohms, 52-inches lbng were con-
sidered, as it is perfectly feasible to modify the present line to work below
1-1/2 ohms at 1 MV, It should be noted that no allowance for damping has_ been
made and that the trigger circuits associated with Switéh I are simplest if the
number of capacitors is divisible by four,

Thus 16 capacitors form a reasonable compromise and lead to a
generator capacity of 27 nF, This may be compared with the water line capacity
which is approximately 11 nF.
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Table 4-1,

LC generator characteristics with different
numbers of capacitors.

Z = 1,5 Ohms
LC Generator Capacitor Stress Time | Number of
Voltage, MV _ Voltage, kV Nanoseconds . Capacitors
720 90.06 .196 8
.T76 77.56 .195 10
.831 169,22 .193 12
.886 63.27 192 14
.941 58.81 .191 18
.996 55. 34 .190 18
1,051 52.56 .190° 20
1.106 50.29 .189 2
1.161 48.39 .188 24
7 = .5 Ohms -
.594 74.31 146 -8
.618 61. 81 147 10
. 642 53,48 .148 12
.665 47.52 .149 . 14
689 43.06 150 16
.713 39.59 .151 18
736 36,81 .152 20
. 760 34,54 - ,153 22
.783 32.64 - .158 24
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4,3.5 Erection Time

This is not a critical parameter, provided that the erection time is
long compared to the charging time of the water line and to the jitter in Switches
I and 1.

However there are some other important considerations. The im-
pulsive forcés on the windings that make up the induction L and the erosion on
Switch I electrodes are increased by.a faster erection. On the other hand, a
slow erection increases the life of the main bank capacitors but also increases
the stress time on the generafor insulation. It is also advisable to provide
damping in the event of misfire. This may be done by inserting a low resistance
r in series with the circuit and by providing larger parallel resistors. Figure 4-5

shows these two, the earth resistor providing the parallel damping. In order to
employ both forms of dampmg, the parameter 2 | % should be approximately

twenty times the series resistance r and 1/20 the parallél resistance. The two
resistors are most conveniently made from resistive wire and copper sulphate
solution and the practical limitations of these define a permissible zone for L
and hence the erection time. It is desirable to reduce the effect of mutual and
stray inductances in the circuit. This is most easily accomplished by increasing
the lumped inductances, which increase the erection time. The erection time of
the generator was chosen to be 3.2 usec. The measurements on Switch I indi- _
cated that delay 5etween gaps one and four averaged about 110 nanoseconds and
we will assume that this delay was equally apportioned _betWeen successive gaps.
Coﬂsequ‘ently we may calculate the various inductances that are required for the
four swinging pairs of capacitors so that all four pairs 'reach maximum reverse
voltage simulta.neoils_ly. Four inductances were computed and wound ihto formers
and fitted in place, The resdnant frequenéies were checked by a bridge and fine
adjustment was achieved by positioning of the inductance, This procedure is not
strictly necessarj, but the gain in _efficiency is well worth the small additional
effort,

As was shown in measurements on Switch I, the delay between gaps

1 and 4 varied as the operating voltage and also there was an inherent jitter.
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The sum of these was certainly under 150 nanoseconds. When the LC generator
had erected, Switch II may be fired and the LC generator connected to its load.

In order to achieve a known voltage output, Switch II is triggered
with a low jitter generator. Switch II may thus be fired before or after the LC
generator has reached maximum voltage. In practice, it is set to fire at maxi-
mum voltage. |

Figure 4-9 illustrates the effect of jitter. The vertical axis gives
the percent loss of voltage, referred to maximum, and the horizontal axis is the
jitter. Pairs of curves are shown, corresponding to different operating points,
i.e., the position of the mean of Switch II firings referred to ma:iimum. For.
example, if Switch II is fired 200 nanoseconds before maximum, on average, -
and the jitter is +150 nanosecond, Figure 4-9 shows that the voltage loss ra;hges
from 0.1 to 2.9%, or a range of 2.8%. | '

If the LC generator is discharged on average at 90% maximum volt- -
age, this corresponds to an operating point of 650 nanoseconds. Figure 4-9 shows
that a 250 nanosecond jitter causes the voltage loss to range from 3.8 to 18.3%
or a range of 16.1% (referred to the 90% mean). This result is typical of
over-volted switch operation. -

~ In practice the delay range in Switch I and the jitter in Switches I and -

II total less than 200 nanoseconds and the operating point may be set within _
100 nanoseconds, leading to a maximum voltage loss of 2%. Measurements of

voltage output confirm this calculation.

4,.3.6 Damping Requirements

In the event of misfire of Sw1tches Ior II, or in the event of a break-
down in the water line, sufficient damping should be prov1ded in the generator to
protect the main capacitors. On the other hand, too much damping leads to
inefficiency. Two forms of damping, to deal with both open and _eho-rt c'ircﬁit
cases, have been fitted to the generator and are illustrated in Figﬁr’e 4- 1'0 |
Low value resistors were constructed from resistive wire and put in ser1es

with the inductances of the swinging circuits. The parallel damping resistor
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part of the charging circuit, in particular the earthy line, was the usual copper
sulphate solution resistor,

The analysis of series damping is trivial, but in practice the damping
resistor is not flexible in that a change in the wire size can give rise to a change |
in circuit inductance and hence affeét the erection. Howev_er_, series damping is
efficient in that only the highly stressed swinging cépacitors are damped and thus
the erected generator voltage is reduced by only half the damping coefficient of
each swinging circuit. |

The parallel damping case may bé modeled as shown in Figure 4-11,
‘The Laplace transforms of the voltages across the capacitors are given in
Figure4-11. These may be inverted, using a standard computer program,

For low values of R, the capacitors are effectively in parallel and
the voltage on the static capacitor oscillates. We are interésted in high values
of R. Inserting our values, L = 4.8 uH, C = 0.43 ',uF, the oscillation maxi-
mum occurs at 3.2 us. Table 4-2 shows the values of the voltage across the
capacitors near the maximum for various values of R. Initial voltages were
taken as 100 volts., It can be seen that for damping values of interest, the static
capacitor is damped about twice as fast as the swinging bank. The voltage across
the static capacitors was followed over a longer period of time and the results
are shown in Table 4-3. It can be seen that in our range' of interest, the static
capacitors may show a voltage increase at certain parts of the cycle.

For higher values of R, the ratio of static /swinging capacitor voltage
damping decreases. It was decided to fit approximately 5% damping via the
parallel resistor and 5% via the series resistor. The effect of parallel damping
on the erection time is very small at these levels.

The generator has been tested with both open and short circuit loads
without failure. The only effects of these were to overload some trigger coupling
capacitors. These were replaced with capacitor chains of higher voltage rating
and in additioh, these were fitted with stress relieving rings. The trouble has
not recurred. The effect of altering the load conditions during discharge is

more complex and is discussed in section 4.5,
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Table 4-2, Capacitor Voltages for Various
Values of Parallel Damping Resistors

Initial Capacitor Voltages 100 Volts

Time Voltage on Static Voltage on Swinging
(us) Capacitor 7 Capacitor
R = SOfﬂnns |
2.9 81. 84 -85.49
3.0 80.53 -87.66
3.1 79.23 -88.97
3.2 77.33 -89.42
3.3 76.64 -89.02
3.4 75,36 - -87.77
3.5 74.11 -85.70
R = 40 ohms
2.9 87.57 -87.84
3.0 86,86 -90.02
3.1 86,18 -91.33
3.2 85.556 -91,76
3.3 84,97 -91,30
3.4 84,45 -89.97
3.5 83.99 -87.78
R = 50 chms
3.0 87.80 - -91.53
3.1 86.96 -92.84
3.2 86.13 -93.25
3.3 85.3 -92.76
R = 60 ohms
3.0 89.72 -92.61
3.1 89.01 -93.92
3.2 88,3 -94,33
3.3 87.6 -93.83
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Table 4-3, Static Capacitor Voltages

Initial Voltage 100 Volts
Time ___ Voltage
(us) R =40 R = 60
0.5 99.89 99.92
1.0 99.14 99.52
1.5 97.32 98.16
2.0 94,37 96,04
2.5 90.63 93,13
3.0 - 86.86 89.72
3.5 83.99 86.21
4.0 82.96 83.02
4.5 84.34 - 80.51
5.0 88.09 78.85
6.0 99.1 77.91
6.5 103.2 78.08
7.0 104.25 78.16
7.5 101.18 - 77,78
8.0 94,12 76.69
8.5 84,39 74,83
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The measured value of the voltage of the generator was 88% of that
calculated for the undamped case., Figure 4-12 shows 3 cycles of the voltage.
Note that the voltage does not quite return to zero between peaks. This is due
to the fact that the four swinging banks have slightly different oscillating fre-

gquencies, They are designed to be in phase at the first crest.

4.3.7 Results and Monitoring

The LC generator voltage.wa.s monitored by a known copper sulphate
solution registor fitted along the capacitor bank and graded with it. The voltage
across a 0.206Q resistor, in series with 'the'(‘:’opper sulphate resistor, gives
the LC generator voltage, Figures 4—_'12 and 4-14 show the traces obtained from
this monitor under open circuit and normal load conditions.

A sampling Rogowski was fitted to the output to monitor current,
however, the nature of the configuration precluded its use for calibration,

The output from the generator is fixed by the DC charging voltage
applied to the capacitor bank and the accuracy of firing Switch II, It is, of
course, necessary to'adjust the pressure.in Switch I for the charging (or output)
voltage of interest (see Figure 4-6). As explained in section 4. 3.5, jitter should
cause the output to vary less than 2%, The other errors come from the DC
charging voltage setting and the temperature sensitivity of the monitoring
resistor, which is 1.4%/°C.

The output of the generat_or. is 16 times the DC charging voltage
multiplied by the efficiency. ‘The efficiencies measured over a period of one
month, corresponding to about 150 shots, vary from 85 to 92%, a range of 8% at
least half of which may be attributed to the temperature variation of the monitor.

Misfires, due to operation of Switch I with the incorrect pressure,
results in either erection without command triggering or extremely late erection,
depending on whether the gas pressure in Switch I is too low or too high. In
neither case is the LC generator connected to its load by Switch II and the damp-
ing mechanisms have bled the energy away without problem. As can be seen

from Figure 4-6, an operating range of 25% may be used for a given Switch I
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Figure 4-12, LC Generator Voltage.

Trace 2usec/cm, 130 kV/cm. .
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setting. Thus the generator, over a period of over 2,000 shots, has delivered
controlled voltage outputs within + 2%.
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SECTION 4.4
SWITCH 11

The function of Switch II is to hold off the LC generator voltage until
a command trigger initiates connection of the generator to the water line. The
switch is mounted in the center of the lucite interface separating the LC gener-
ator oil insulated tank from the water in the water line, as shown in Figure 4-2,

The inductance of Switch II should be small enough to allow the
water line to be charged rapidly. This inductance is primarily determined by
the placement of the switch and is approximately 1/2 uH. As the inductance of
the capacitor bank is approximately 0.6 pH, the water line charging time is
thus about 300 nanoseconds. | |

Figure 4-13 shows a sectional view of the switch. The elecirodes
are 5-1/2-inches in diameter and set 2-inches apart. It is designed to work
up to 300 psig with a gas mixture of 97-1/2% nitrogen and 2-1/2% sulphur hexa-

fluoride.
- Figure 4-2 shows the triggering connection to Switch II. The anode

is a trigatron with a 1/8-inch diameter trigger pin set in a sharp edged 3/8-inch

diameter hole. This increases the field emission of electrons from the main
electrode. The range of operation is gratifyingly large, viz for a constant LC
generator voltage of 380 kV, Switch II triggered satisfactorily from 55 to over
200 psig. ' ' R
Figure 4-14 shows the LC generator voltage and Switch II firing for
two representative pressures. A very slight (< 50 nsecé) increase in gap
closure time may be seen at the higher pressure. The gap closure 'jitt'e'r is
about 15 nsecs and is too small to be seen on the LC generatorr voltage trace.
It has a negligible effect on the LC generator output. The effect on the water
line voltage is greater but still less than 4%. | | _
The gas mixture deteriorates with use and it has been heceSSary to

change the gas twice during the testing.
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Switch II Gas Pressure

55 psig 180 psig

Figure 4-14. LC Generator Voltage

100 ohm Load Connected by Switch II
at Point of Maximum Voltage

Charging Voltage 27 kV per Capacitor
Scale 1 Hs/c:m
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Sw1tch II has been fired about 2 000 times. It has been disassembled
once to check electrode eros1on and the opportunity was taken to buff the electrodes.

- The electrode erosion was not severe,
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SECTION 4.5
COAXIAL LINE

4,5,1 Choice of Dielectric

The coaxial line acts as a store for energy which is to be dumped
into the field emission diode. It is desirable to maximize this energy and the
maximum energy storage density of a material is given by ¢ E?SD where ¢ is
the dielectric constant and EBD is the maximum field the material will stand
~ without rupture. This parameter has a very high value for water which was

" therefore chosen,

However, further considerations modify this, The first considera-

tion is the time factor. The field emission ca.thode_ switches on and the diode is

active for some tens of nanoseconds, perhaps 50. Then, plasma from the
electrodes shorts the diode out and further energy supply is both useless and

dangerous, Thus we desire to maximize the energy available from a transmis-

sion line during the working period of the diode, i.e. we wish to maximize the

power output. This is proportional to energy storage divided by wave velocity

i.e., «/?E%D

The second consideration is size. If we arbitrarily fix line voltage
V and line impedance Z then the mean radius R of the line is decided if we are

to work the insulation at its maximum field. The electric field E is uniform

across the dlelectrlc for a low impedance line (viz. RE >> Ve) The power out-

put of the line is V / Z.

Also
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Hence

R > 60 v as E <« E

Z\[? EBD . BD

We may fix any two of the three variables V, Zand R. It is clearly desirable

to maximize the parameter F Egp- For Neptune B, V and Z are given. The
material with the largest value of F EBD will give the smallest line.

- o =0,1y .
« area ) is

The modification due to the area effect (i.e. Exp

to alter the parameter to E‘O' 55 EBD .

A third cbnsidera,tion, important only in the largest systems requir-
ing a very fast risetime, is electrical size. There is a difficulty in initiating

energy flow in the required TEM mode. The parameter of importance is the

2nR WV ¢

circumference of the line measured in nanoseconds, viz, — If we

keep this consta,nt, the power available from a line is proportional to V EBD-, or
VE D 0'2‘ if we correct for the area effect, The dielectric loss factor must
~also be con31dered for this purpose.

~ As shown above, different power comblnatlons of the parameters
¢ and EBD must be optimized depending on the objective of the task. The
criterion for Neptune B was maximization of power flow within a given impedance
and voltage rangé rather than the achievement of very fast risetimes. Table 4-4
lists the relevant parameters for some liquids; ¢ is the relative dielectric con-
stant and EBD is the breakdown strength., The breakdown strength is a function
of time and electrode area and it was convenient to normalize to water.

Thus water, the alcohols and caster oil are the most attractive
liquids. Bearing in mind the availability of the Neptune A housing, which is
designed for the compact dimensions that water makes possible, water was

chosen as the preferred medium.
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Table 4-4. Electrical Characteristics of Selected Liquids,

- Dielectric Constant Egp —2 —

Liquid € Normalized € EBD EBD €
Water | 81 1 9 g
Ethyl Alcohol 24 1.53 | 11.5 7.5
Methyl Alcohol | - 33 : 1,44 12 8.3
Glyarine 44 . 0.48 154 3.2
Caster Oil . 4.7 2,37 12.1 5.1
- Transformer Oil 2.4 - 1.59 -3.98 2.5
Ethylene Glycol ' 38 1 | 6.2 6.2

4.5.2 Impedance

The Neptune A hoﬁsing which was available was 40-inches diameter
and 80-inches long. This would accommodate a coaxial line capacitor up to 46~
inches long. The breakdown stréngth of water is not sirripiy described, as it

varies with electrode area and polarity, pulse length and field uniformity.(l)
For the positive electrode

0.275
A0.1_{1/3

E MV /cm

BD

and for the negative electrode

0.63
0.07 7-1/3 L&

~BD 4

(l)J. C, Martin, AWRE Report SSWA/JCM/6511/B,
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 where the electrode area A is in square cm and the effective-pulse length is in

psecs. « is defined as

E
a=:1+0Jg/§m“'-1
mean

_ The next step is to calculate the capacity of water lines of various
impedances. The charging time from the LC generator varies as this capacity.
The stress time is defined as the time between 0.63V max., and Vmax. . The
fields on the inner and outer conductors may be claculated and expressed as a
percent of the breakdown field. This was done for a line 38-inches long charged

- to 1 MV from the L.C generator described in section 4. 3.

Table 4-5, Breakdown Strength of Various Water Lines.

10E_
EeD
v Stress Time E Inner Outer
ohms usecs mean a Conductor | Conductor
1.0 | = .184 .143 | 1,03 27.15 75.90
1,2 175 121 | 1.04 22.80 62.20
1.3 171 112 | 1.04 | 21.15 56.98
1.5 -~ .164 .099 | 1.04 | 18.53 | 48.70
1.7 . 157 .088 | 1.04 16.52 42,35
2.0 .149 077 | 1.05 14,34 35. 37

It can be seen that the outer conductor is the most dangerous and
‘that a 1-1/2 ohm line may be built with reasonable safety. Due to the availability
of a 24-inch diameter cylinder for use in the inner conductor, it was decided to _

use 3.4 ohm impedance line. The margin of safety is thus ample, referring to
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inner /outer breakdown stress. However, as discussed in section 4.7, the con-

straints on the trigger isolating inductance were tightened by this choice,

4,5.3 Mechanical Description

The water line is shown towards the right of Figure 4-2. A stainless
steel cylinder 24-inch diameter and 45-inches long is supported on two Lucite
wedges inside an outer stainless steel housing. The coaxial line formed by the
24~inch diameter inner and the 40-inch diameter portion of the outer is the
effective part of the coaﬁ:ial capacitor. It is about 38-:‘m¢hes long.

The inner cylinder contacts the LC generator terminal by means of
bellows, as shown in Figures 4-2 and 4-15, The other end of the coaxial line
is connected to Switch II[ Figure 4-2 also shows trigger cable assembly which
is a group of cables wound inductively on a Lucite former and insulated from the
24-inch diameter cylinder by Lucite shields. The water dielectric is contin-
uously purified by means of filters and a demineralizer, The water is deionized
to better than 1 MQ cm, which loads the line by approximately 1,000 ohms, “
The line is protected from ringing by means of GOppef sulphate solution damping
resistors which connect the inner and outer cylinders by means of spring fingers.
The resistance in shunt across the line is about 40Q . Figure 4-16 shows an

overall view of the system, with one of these resistors being adjusted.

4.5.4 Monitoring

The voltage on the water line is monitored by means of éopper sul-
phate solution resistive dividers of conventional design. These dividers are 355Q
and 4kQ paired with 66,7 and 726 mQ and they are in the same axial position é,s _ \
the damping resistors together with an identical outline except for the low resist- - |
ance section, which is composed of carbon resistors. An opening for the
insertion of a thermometer is provided, as the water purification cycle causes
'tempera{:ure- changes and therefore resistance changes in the monitor resist- | 9

- ances,
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Figure 4-15. Center Conductor and Trigger Isolation
Assembly Installed in Water Line.

2-1498
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Figure

-2~900q

4-16,

View of Neptune. Water Line and Diode in Foreground., |
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4,5.5 Peak Voltage

The water line starts charging when Switch II connects the erected
LC generator. The voltage on the water line then rises to a peak, at which
point Switch TII should be triggered and the energy dumped into the required
load. If Switch III is not triggered, the voltage on the line oscillates as shown in
Figure 4-17.

The maximum amplitude of the water line voltage is determined by .

the LC generator, which has already been discussed in section 4. 3, and the damp-

_ing resistances fitted the line to supress rmglng (see below). The trigger isola-

tion inductance and its associated capacitance have a smaller but not negligible
effect. The amplitude of the water line voltage at the instant of firing Switch III
is proportional to the voltage applied to the load. This is a function of the jitter

" in both Switch II and Switch III. Figure 4-18 shows the percent voltage loss for

various operating points (i.e., distance of the mean point of Switch III firing
from peak voltage) and for various total jitters of the two switches. It is easy
to place the operating point within 20 nanoseconds and the jitter (predominantly
Switch II) can be kept to 20 nanoseconds. Figure 4-18 indicates a maximum |
voltage loss of 5% for this jitter performance.

4.5.6 ~ Voltage Waveforms in the Water Line

The LC genera.to'r pulse-charges the water line through the gener-
ator inductance and Switch TI. Near the peak of the charging cyclé, Switch IIT .
connects the load to the water line. This process is the sum of three processes -
with three different time scales. The slowest process is the erection of the LC
generator; over 3 us. For phenomena less than 1 us duration, the generator
may be represented as a capacitor of 27 nF and an inductance of 1 uH, The
next fastest processes are the voltage excursions on the line and on the generator
when the load RL is connected by means of Switch III or by a breakdown else-

where in the line. The fastest process is the transmission of power from the-

~ line to the load when SW III operates. The 10 nF capacifor is really a trans-

mission line 30 ns long, and hence may deliver its energy to matched load in a

minimum of 60 ns,
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Scale 500 ns/cm
500 kV/cm

Figure 4-17. Water Line Voltage

(Note breakdown of Switch III at peak positive voltage. )
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Figure 4-18. Water Line Voltage Efficiency
' ' Half Period 270 ns
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In practice, when the water line voltage is maximum the line is con-
nected to a field emission cathode where impedance varies with both voltage and
time. This impedance is very high for some nanoseconds and then falls to a few
ohms. The cathode geometr.y is adjusted until this impedance is 3-1/2 ohms.
After 50 nsecs or so, the cathode-anode gap is shorted by a plasma. This acts
like a switch and the impedance falls to a few millichms.

At this point both the LC generator and the water line ring at ampli-
tudes that depend on the time of firing of the 'plasma switch'. The ringing has
the time scale 100 ns to 1 psec. This behavior is so like a fault condition that
for convenience, beth fanlt and normal conditions are examined together in the |

next section.

4,5.7 Damping

To reduce the voltage ringing, both the water line and the LC gen-
erator are fitted with damping resistors. The LC generator resistors have been |
described in section 4. 3. -A circuit model suitable for examining voltage wave-
form on the LC generator and the water lme, for the time range 100 nsecs to
1 jutsec, is shown in Figure 4-19. The generator is represented as a 27 nF
capacitor C series with 1 uH, ~ The coaxial line may be represented as a
capacitor of 10 nF in parallel with a leakage, or shunt, resistance Rs = 100Q
and the trigger isolation inductance of 7 uH. The load resistor, RL’ may range
from 10Q to 0.01Q and may be a dummy load, a field emission cathode or an
arc. Finally the cathode may be shorted out with a 'plasma switch'. This
model is rather cumbersome and may be simplified for various circumstances.

Figure 4-20 shows the equivalent network of the water line and LC
generator when Switch III is not triggered. Figure 4-21 shows the response of
this circuit which may be compared with Figure 4-17, the observed water line
voltage, . , _ . o
Figure 4-22 shows a model for normal operation. The operation of the
'plasma switch' is modelled by simply modelling the circuit for a given time and
then resolving for a different RL, using the conditions obtamed from the flrst

part of the solution,
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1 ,
g 3 $R i 7 uH SR, p |
17 T 27aF 10nF | ° S L i
| l- 1pH | |
_ 70 nH
U-1 and _U2 are LC generator and cathode voltages .
| - -RS ~is the :shunt'damping resistor on Water line '.
' RL' is the 1mpedance Qf f1e1d emission cathode
'S is the plasma sw1tch wh1ch shorts out the
P_ .cathode
Figure 4-19.  Neptune Circuit Model for Fault Conditions.



C, & Ll -- represents the LC generator
C, -- represents the water line

R -- represents the damping load on the water line

L2 -- represents the inductance of the trigger isolation

o ' )¢ -— Loe— ° ‘5-

: ' : " |-
. |
i |

L ourput

|
|

C
SV/LI >

4 3 2 ' ' i
/ . S + L. L C C
s +. s/Rc?_ + s E/Llc2 + .1/L2c2 + l/L!C] + s/llClCZI{ t/ 11,66,

Figure 4-20. Model of I.C Generator and Water Line
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Figure 4-21, Calculated. Voltage Response of Water

Line - Normalized to 100 Volts Input.
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Figure 4-22a. Circuit Model .

U, and 'U2 are generator and cathode voltages.

Cy

h Figure 4-22b. Equivalent Circuit for Figure 4-22a.

2 ' :
sV s(VI/Rcz - I/CI) + VI/LCZ + V2/Lc]_ - I/RC1C2

Uys) = Y -
5% +s*/RCy + 8(1/C, + 1/€,)/L + 1/LRC,C,
2 ' ' |
U = zvz +81/Cy + V,/1C, +V,/1C)
2 3 ‘
o s + s/RCz + s(l/c1 + 1(c2)/L + 1/LRclc2
- s21+8(V, - V,)/L + I/RC.) + V. /LRC.
. B 1"V o Vg P
Lys) = =

2 .
s" +s8 /RC2 + s(l/Cl + 1/C2)/L + 1/LRC1C2
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- Figure 4-23 shows the effect on the LC generator of a short circuit
1oad ( = 0 OIQ) The initial voltage in the generator was normalized to 100
volts, The time T is the interval between closure of Switches II and III in usecs.
| It can be seen that the LC generator suffers severe reversal unless
Switch I_II'is triggered accurately. For comparison the water line and the LC
generator voltages on matched load are shown in Figure 4-24. The figures
should be 'blurred’ by 60 nanoseconds to allow for transit time effects.
A short circuit between cathode and anode causes the water line to
ring at a-frequency of 6 MHz, This frequency is determined by the water line
- capacity and the total inductance of Switch III, the transition between_ the line
“and the cathode and the short circuit itself. '
_Consequently_damping is necessar'y on the water line, It is con-
venient to place shunt resistors across the line. The lowest value resistors
compa,t1b1e with reasonable voltage efficiency are requlred
Figure 4-25 shows one circuit chosen to model the damping. The
L.C generator is represented by 1 uH inductance and 0.03 uF capacitance and
the water line by 0.01 pF capacitor with the damping resistor R in shunt. '
Table 4-6 shows the peak water line voltage as a function of the
damping resistance together with the secondary peaks oh the generator and the
water line. The initial LC generator voltage is normalized to 100 volts in all

cases.
Table 4-6, Water Line and Generator Voltages
Damping . Peak Water Maximum Secondary Peak
‘Resistor, Ohms Line Voltage Water Line LC Generator
333 145 139 96
100 137} 117 86
33 119 72. 63

10 80 11 - none
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Figure 4-23. LC Generator Voltage Under Fault Conditions
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Figure 4-24. Transient Voltages RL = 3Q
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"V is step function generator, normalized to 100 volts

. 4
_ 10
u, )= — : ~
| . ¢34 008" | 4008 | 10
TR 37 7 3R
100 (5% + 10];)5 + 100)
U (S) = 3 —
P g3 4 10087 4005 . 10
R 3 3R

‘Figure 4-25. Model of Water Line Damping
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The results are slightly modified by including the triggér isolating
inductance as shown in Figure 4-20, The peak and maximum reverse voltage on
the water line is given in Table 4-7 as a function of the damping resistance. As
above, the LC generator voltage is normalized to 100 volts.

Table 4-7, Water Line Voltage Excursions as a
' Function of Damping Resistance

Damping Resistance Peak Water Maximum
Ohms Line Voltage Reverse Voltage
100 ' 124 96
80 122 | 92
60 ' 118 - 19
40 - 112 82
30 106 51

Comparison of Tables 4-6 and 4-7 show that the trigger isolation is
responsible for the loss of approximately 11% voltage. It can be seen that a
- damping resistor of the order of 50 to 100 ohms is suitable for the suppressmn
of ringing while mamtammg reasonable eff1c1ency. .

Asg discussed in section 4.7, voltage loss due to the trlgger cable
could be e11m1nated by triggering Switch OI from the posmve electrodes. This
is ﬂIustrated in F1gure 4—32
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. SECTION 4.6
TRIGGER GENERATORS

- 4,6.1 Trigger Command Syste.m

_ The I'naih command sy’stefn is shown in F.igure 4-3. The command
trigger pulse generator is a commercially a,vé,ilable unit viz.: Datapulser 101
This initiates the trigger generator for Switch I which is described in sec-
tion 4.6.2, In addition LC generator monitor oscilloscope and a second pulse

enerator are triggered. o | |

The second pulse generator 1n1t1ates the trigger generator which
fires Switch IT and is described in section 4, 6.3. In addition, the pulse generator
trlggers the water line monitor oscilloscope and also the low jitter trigger
generatnr descrlbed in sectlon 4,6.4, which fires Switch II1. The switching
sequence is controlled by delay lines, as shown in Figure 4-3.

The amphtude variation of the LC generator is controlled by the
combmed thters of Switch I and 11 and the jitters of their associated trigger
generators This is shown in Figure 4-9 ., Similarly the amplitude variation
of the water line voltage is due to the combined jittér of Switches IT and 1T

- together with their associated trigger generators. This is illustrated in

Figure 4-18,

The time ]1tter between an 1n1t1a1 5] V command signal and the

output beam is comprlsed of ‘the jitter in one Datapulser the tr1gger generator

“of SWltCh I, Switch III itself and the jitter in the turnon time of the beam. This

jitter was kept under +12 nsec total. Most of this jitter was in the trigger gen-

erator for Switch III and this jitter can be further reduced.

. - The output pulse is monitored most conveniently by an oscilloscope

triggered by a third pulse geherator with its internal delay set to about 3 /4 psec.
In order to use Neptune at maximum efficiency the time sequence for

triggering the three switches must be carefully adjusted. The most convenient

- method is to adjust the internal delays of the pulse generators (Datapulsers).

The jitter of these units is very small and the output pulse risetime remain

~small, under 5 nsec. However » the delay setting is easily disturbed and as with
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any other electronic equipment, prone to drift, Thus, lumped delay lines
have been substituted in places. However; they suffer from the disadvantage
that the risetime of the output pulse is degraded by an amount proportional to

the delay. This may degrade the jitter performance.

4.6.2 Triggef Generator for Switch I

The t_rigger generator which initiates the firing of the first gap in

Switch I has been designed for low jitter in the output pulse, fast risetime and

superior reliability. Approximately 3000 shots have been fired during the course

of this program without encountering any difficulties.

The basic components include a fast thyristor pulse ‘éircuit, an un-
-regulated 10 kV power supply and a two stage pulse amplification. An incoming
trigger signal gates the thyristor circuit to produce a pulse which in turn fires
- the PFN spark gap. A circuit diagram is shown in Figure 4-26. |

First, the thyristor circuit consists of 6 thyristors connected in
series and charged to 600 V. A +5V signal fires the gate of the first thyristor,
and coupling circuits cause the other 5 thyristors to switch in rapid succession,
When the last one switches, the chain dumps a capacitor into the primary of a
toroidal pulse transformer. The transformer secondary voltage is applied to
the trigger pin of a trigatron gap. Delay of this circuit is about 20 ns, and jitter
| is a fraction of a nanosecond. The output risetime is about 30 ns, and the ampli-
tude about 6 kV. The thyristors were chosen over avalanche transistors because
of their anticipated reliability in possibly harsh env1ronments i.e., their junc-
't1ons are designed to carry heavy currents and do not utilize a breakdown mode.
- Development of this circuit was carried out under a separate contract, ‘

The second basm component is the high voltage pulse -forming sec-
tion., It cons1sts of a two-stage Blumlein with trigger gap and charging connec-
'. tions, mounted in a closed can to reduce electrical noise and to make the unit
safer to uge. The active line consists of two 9 foot lengths of R G8 cable con-

nected in pa_rallel. and coiled into a compact cylinder. A spark gap is attached |

~at one end and the output pulse is taken from the ground braid at the other end
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of the cylinder. A 2,500 pF capacitor mounted along the axis of the coil serves
as the passive, or non-switched line of the PFN, Typical measured performance

data are listed below.

INPUTS: (1) External: +6V into BNC on panel
(2) Manual

OUTPUT: 15 kV (positive) into 100 ohm load
: 15 ns risetime
~ 30 ns pulse length (to 50% point)
‘<1 ns jitter (single shot)

INPUT TO OUTPUT DELAY: 75 ns (including 12 ns in output
~ cable)

4,6,3 Trigger Generator for Switch II

The first stages of the trigger generator for SW1tch II are similar
in design and function to the trigger generator for Switch I.” The first stage is a
solid state Marx circuit which can be triggered by a s1gna1 of a few volts ampli-
tude and 20 ns or more widths, The output of this Marx circuit is amplified by |
a pulse transformer and is used to fire a trigatron gap of a 20 kV pulse gen-
erator, This signal is then used to trigger the first stage of a three stage Marx
generator. The output of this Marx generator is then used to initiate gap closure
of Switch Il. The capacity per stage of this open air Marx generator is 5 nF
with a maximum charging voltage of 30 kV per stage. '

A sehematic diagram of the trigger generator is shown in
Figure 4-27. The 10 - 90% risetime of the output pulse into a 50Q load is better
~ than 15 nsec., The delay and associated ]1tter between a 5V input pulse and out-
put pulse is shown in Figure 4-28 as a function of chargmg voltage. From this
figure it can be seen that the ;|1tter is less than +15 nsec. total (Figure 4-28
shows maximum jitter, not r.m.s. jitter),

Eventhough this jitter is ra,ther high it has very little effect on the
amplitude variation of the LC_generator output, as the erection time of the LC
generator is over 3 pusec. From Figure 4-9 one can see that the resultant
‘amplitude variation as a result of this jitter is less than 1/4% if the point of

Switch II closure is adjusted to the point of maximum voltage on the LC genera,tor".
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Figure 4-27. Block
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4.6.4 | Trigger- Generator for Switch I

The trigger generator for SwitCh IiI is identical to the one for |

Switch 1T with tHe exception of the Marx generator, which is operated at an

elevated pressure and has five stages with 7.5 nF capacity per stage The
maximum chargmg voltage per stage is again 30 kV. To minimize the jltter of
this Marx generator both the first and the second stage was triggered by means.
of a trigatron arrangement ,

~ The performance of this trigger generator is shown in the next three
figures. Figure 4-29 shows the effect of the output impedance on output voltage
and risetime. This result is especially imporfant in connection with the initia-

tion of multiple discharge'channels across a gap. Figure 4-29 ‘shows a twofeld_

increase in risetime and a twofold decrease in amplitude when going from one

500 output cable to eight. Figure 4-30 shows the effect of the gap spacing be-

tween the output cable and the last stage of the Marx generator. From the test

results shown, ‘one can see the advantage in operating this gap close to self-
breakdown voltage. Figure 4-31 shows the delay and jitter of the trigger gen-
erator, It can be seen that the delay and jitter is reduced in comparison with
the trigger generator for Switch II. This reduction is a result of operating the
Marx generator at elevated pressure and triggering the first two stages.

The jitter between a 5V command signal and output pulse from the
Marx generator operated at 90% of selfbrea,kdown was better than +3 nsec rms
or +12 nsec max. for a 50 shot sample, The a,llowa,ble window for a voltage
variation of 5% of the output voltage from the Neptune B system is more than
40 nsec, as seen in Figure 4-9 , This window of 40 nsec must be compared

- with the total jitter in both Switch II and Switch III, which is +27 nsec max,

or =6 nsec rms, indicating thus a maximum voltage variation of apprommately
3%. |
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SECTION 4.7
TRIGGER ISOLATION

4.7.1 Description

‘Both Switches H and III operate at high voltage from which it is

' necessary to 1solate the trigger generators. Compactness and the problems of

entry, dictate that this isolation be situated in the water line, ~ The obvious
location is inside the inner conductor of the coaxial water lir_le, between the

two switches,  The other possible locations are inside the LC generator for
Switch II and between the cathode and Switch III for Switch III trigger.

The alternative location for Switch IT is less desirable as the stress
time is much longer and the working range of the switch would be less. In the

- case of Switch IH, there was physically insufficient roorn to accommodate the

isolation cdmponent‘ within the bounds set by the available outer conductor,

~ For both switches, fast rising, high amplltude pulses are required
for mm1mum jitter. As these are best transm1tted through coaxial cable with-
out breaks, the obvious isolation mechamsm is the use of coaxial cable wound
1nto an inductive helix,

This is shown in Figure 4-2. Five cables, one of which goes to

Switch II, are combined and wound into a helix which is placed inside the inner
conductor of the water line, The helix is constré,ined by a lucite tiibe which also
serves to insulate it from the inner COnductdr. The cables are connected to the
four gaps in Switch III, triggering the reciuired discharges on éommand. The
isolation of the trigger generator from the switch is achieved by using the in-
ductance of the helical assembly. The geometry of the helix was chosen to
maximize the inductance. The maximum number of turns is limited by break-
down between turns. The diameter of the helix is not very importaﬁt, as the

increase in inductance caused by an increase in diameter is counterbalanced by

.the "shorted turn" effect from the water line inner conductor (effectively a

shield). The calculated inductance as a function of diameter is given below.
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Diameter, Inches 12 14 15 16 17 18 20
Shield Reduction Factor .79 .76 .66 .60 .55 .49 .33
Inductance, uH 5.89 6.96 7.52 "7."8 7.94 47.86 6.4

The water line voltage is dropped along this helix. This means that
the end turn is very close to ground voltage and it needs to be isolated both from
the endcap of the water line and from the cable which trlggers Switch II. Fig-
ure 4-2 shows the Lucite insulation for this., Mechanically, the weight of the
cables is taken on a Lucite former, which is supported by a flange at one end
and by shims underneath the outer shield a,t'th-e other. Each turn of the rhelix
is strapped to the Lucite former to avoid movement., o

' The trigger isolation should preferably not load the water line
appreciably. In practice this is not possible. As stated above, it is difficult
to increase the inductance, in shunt with the water line, to more than about seven
times the charging inductance, As discussed in section 4.5.7 and illustrated
in Figures 4-17 and 4-21, the shunt inductance modifies the voltage waveform
on the water line, From a simple sinusoid, oscillating between zero and full
voltage, the waveform changes to a double sinusoid with nearly 80% reversal.
However, the loss of voltage on the f1rst peak, i.e., the pomt at Wthh
Switch HI fires and dumps the energy, is only about 10%.

Another factor is the distributed capacitance between the helix and
~ the water line inner conductor. Part of the rationale behind the fitting of a
Lucite shield between the two is the reduction of this capacitance. A large
capacity between the helix, particularly the earthy end and the water line,
results in a greater load capacity to be charged by the LC generator. The ~
result would be loss of efficiency. The Lucite shield reduces this capacity to
about 5% of the water line capacity, which may be neglected. - '
| It is readily apparent that it is difficult to contrive ample amounts
of both inductive isolation and voltage insulation, The inner conductor is not S
quite big enough. If it were possible to lengthen the transition _r'egion betWe'en i
Switch III and the field emission diode, the arrangement shown in Figure 4-32

s
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would be very atiractive. In this case, the isolation is the double transit

time of the signal along the trigger cables. The a.dvé,nta,ge is simplicity in

construction in that no lucite shield between cable and cylinder is required.

The voltage stresses will be small é,nd short lived. The coaxial water line is

not shunt loaded and the trigger cable entrance problem is eased by the reduced

stress time. There are two disadvantages; the first is that Switch III would be

triggered from the positive electrode, a mode of operation that has not been

fully proven in practice. The second is that the transition region is made

asymmetric by the trigger cable entrance. This' could, as discussed in sec-
tion 4.8, degrade the risetime slightly. o

| However, this alternative had to be rejeétéd as both the cost and

'dehvery time of a new outer conductor, to replace that available from Neptune A,

 were incompatible with the Neptune B program.,

4,7,2 Breakdown Problems

The helix must not break down

(1) from turn to turn _

(2) to the inner conductor of the water line

(3) at the entrance of the tfigger cabie assembly to the
water line ' | |

(4) between Switch I ca.ble and the end turn

The cases (2) and (4) are simple. Sheet, or tube, stock Lucite of
the thickness necessary to hold the voltage is simply inserted as required;
bearing in mind the necessity for providing only long tracking paths at dis-
COntinuitiés Field enhancement, due to sharp corners, is almost completely
absent as the field gradients are large only in regmns of low dlelectrlc constant,
i.e., the Lucite insulation.

 Turn to turn breakdown is more serious, as it is desirable to wind
| the helix with maximum inductance. This irriplies the least distance between
turns. A conservative maximum field limit was chosen; 20% of water breakdown
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field assuming that the field gradient along the helix is uniform, but includi'ng

. the enhancement factor of the round cables. This may seem unduly conservative,

but the effects of distributed capacitative coupling between the helix and the inner
conductor, cable braid roughness and also any self resonant effects in the helix,
reduce the margin considerably. Allowance also has to be made for the lucite

- surfaces parallel to the helix, though experiment has shown that 10 - 20% tield

reduction is sufficient.

The entrance of the trigger cable into the water line is even more

critical. The design is complicated by the fact that the breakdown field from a
. positive electrode (in this case, the trigger cable assembly) is less than the

maximum field from a negative surface by a factor between 2 and 3. The rele-
vant maximum field stresses (E,x) that may be applied to electrodes in water,
have been found, experimentally, by J, C, Martin(2) to be:

B - 0.275
max T173 AO.I

for (+) electrodes

‘and

E
_ 0.63 max _
Foax = TI/S 40.07 1+0,12 F -1 | for (-)

mean - electrodes

- where T is pulse time in microseconds, and A is electrode area in square cm,

The field between a cylinder ahd a torus cannot be analyzed exactly but a close
approximation is to model it as two torii. Several configurations were pro-
grammed for a computer and the resulting fields are shown in Figures 4-33 and
4-34, The fields are normalized to maximum breakdown stress., If may be
seen from these graphs that an optimum design is very different from the con-
flguratlons with normal dielectrics. The greater propensity of the positive
electrode to initiate breakdown, in this case the center cable, may be compen- |
sated by reducing the ring diameter.

(2)J. C. Martin, AWRE Report SSWA/JCM/6511 /B.
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SECTION 4.8
SWITCH III

4,8.1 Design Considerations

Switch III between the water line and the field emission tube is one of
the most critical components of the whole system, since its performance will
greatly influence the voltage risetime at the field emission tube. Ideally, this
would require the switch to form a transmission line of impedance identical to
that of the water line. As this is clearly impossible, the design has to be most
carefully considered,

- Any form of switch must constrain the current path(s). into a few
narrow channels. Clearly then, the switch must appear as a high impedance

transmission line, or could be viewed as a lumped inductance. The 10 - 90%

risetime of the output current is —~—Z2' EI‘Z’I where L is the switch inductance
: o
and (Z0 + Zl) is the line and load impedance. The switch may also act as a
mode converter, which could have the effect of inductance. Minimum inductance
clearly requires minimum switch length, However ; this is in direct conflict
with voltage holdoff. To ensure adequate voltage handling, the switch was de-
signed conservatively, with a view to shortning it later, In the event, however,
the electrical stress handled by the switch was much greater than expected,
viz. the gaps held 6ff 400 kV /cm rather than the 250 kV/cm expected. There is
‘then considerable potential for improvemenf by simple shortning of the switch.

If the switch is to be multlchanneled then the channels must form
simultaneously, or very nearly so. Otherw1se if one gap is closed in advance
-of the others, then the voltage across the other gaps is rapidly decreased and
they are unable to fire. It can be shown that a low inductance switch must be
multichanneled. Also, if such a switch is to be consistent, then either it must
have enough channels for the shot-to- éhot-variation in the number of channels
- to be unimportant or it must have each gap separately triggered so that every

gap closes reliably.
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A triggered switc_h has the advantage that it may be adjusted to fire
at the instant of maximum water line voltage and hence discharge the maximum
amount of energy into the field emiséion diode. This is in contrast to an over-
volted switch which typically fires at 90% maximum water line voltage (or 80%
energy). In addition, both the amplitude and the time jitter may be held to a

‘minimum with the use of a triggered switch,

It is also desirable to make the switching medium separate from the
coaxial line insulation. The coaxial dielectric has been chosen for maximum
energy storage, a parameter irrelevant to the choice of switching medium,

In addition, it could well be desirable to experiment with switching media without
gross modifications to the line geometry, '

High pressure gas was chosen as the switching medium. The most
important reasons are that it is better understood than either solid or ligquid

‘and that it is the only medium in which reliable multichannel megavolt switching
“has been successfully demonstrated. The additional advantages are that the

operating voltage may be adjusted by simply varying the gas composition or
pressure and also that the low capacity between the switch electrodes ensures

a low prepulse on the field emission diode. The gas used was a mixture of

nitrogen and sulphur hexafluoride in a ratio of 97/3.

4.8.2 Mechanical Description

Figures 4-35 and 4-36 show the final form of Switch IIT and Figure 4-2
shows it in situ. The dielectric medium of Switch III is gas at a pressure of
200 psig since high pressure gas is better understood as a switching medium
than are liquids or solids. The four sphere gaps are mounted in one envelope

to keep gap conditions uniform, The gap distance is adjustable. To keep the in-
~ductance to a minimum, the gaps were placed on the largest possible diameter con-

sistent with sa.fe bushing thickness and safe electrode to bushing distance. This

diameter ig 11-inches, compared with the 24-inch diameter of the water line.
Trigger pins are fitted to the negative electrodes and each trigatron’

is connected to a separate supply cable for maximum independent trigger power.
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Figure 4-36. Switch III Assembled for Pressure Testing
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The design of these trigatron differs from that in Switch II as the trigger pin is
negative to the electrode in Switch HI. The {rigger pin is left sharp and the
3/8-inch hole is the electrode rounded so as to increase field emission from the
pin. The high gas pressure imposes a considerable strain on the bushing and
the tie rods. As may be seen from the figure, two expansion joints are in series
with the bushing to allow for creep in the Delrin tie rods.

The bushing is made of crossed-linked styrene (Dielco) which has
been tested at IPC. Apart from tracking liability (or flashover), this material
seems distinctly superior to Lucite. The flashover weakness can be alleviated
by suitable surface treatment, "

The pressure plates are made of aluminum to reduce weight and
allendyned to reduce corrosion problems. As shown in the figure, the radius
of curvature facing across the bushing is twice the ra,dius of curvature facing

the outer conductor of the water line, The larger radius of curvature minimizes-

the field along the bushing near the positive electrode of the switch, When the
switch closes, both pressure plates are negative to the outer conductor and can
tolerate a smaller radius of curvature as a negative electrode in water may

- support 2 to 3 times the stress that a; positive electrode can support,

4,8.3 Multichannel Operation

It was stated above that multichannel operation was essential for
low inductance, To reliably establish several channels, each gap must close
before the voltage across it falls due to the other gap closures. If each ga.p' _is-
separately triggered, it is easy to ensure that the trigger pulses ai'_”e simul-

- taneous and approximately equal in amplitude. It is then necessary to keep the

sum of the jitters of trigger gap closure and main gap streamer crossing time-
- less than the gap voltage collapse time and the time taken for this to affect the
neighboring gaps. . | o |
' The trigger gap jitter may be kept small by the use of fast rising
100 kV pulses. By maintaining a sharp edge on the negative electrode, field
emission can be enhanced, and a 10 nsec closure in the trigger gap with 1 nsec
jitter can be accomplished. The streamer crossing time jittei: is reduced by
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increasing streamer velocity. This may be done by increasing gas pressure,
which in turn leads to shorter gaps and crossing times. The jitter between the
current and the trigger pulses was too small to be measured, but it was cer-
tainly under +1 nanosecond. The voltage collapse time is affected by switch
inductance. Thus a low inductance switch is more difficult to operate in a con-
sistant multichannel mode. |
' Switch III operated reliably in a multichannel mode. Figure

shows the output from Neptune when fitted with a ‘3. 8Q dummy load. This clearly
shows the risetime degradation brought about by the successive disconnection of
trigger cables from Switch IIl. There is only a small difference in risetime
when 3 or 4 channels are initiated. This is probably due to the large inductance
of the dummy load which masked the inductance improvement of Switch III.
Judging from the erosion marks on the four electrodes of Switch II there is
no indication that one of the channels is misbehaving.

It could also be noted that each set of 5 shots is successive and thus
the consistency of triggering the gaps is excellent.

Figure 4-37 shows risetimes for various numbers of channels with a.
1-inch gap, while Figure 4-38 shows risetimes for 1/2 and 1-inch gaps with
4 channels operational, It is interesting to note that multichannel operation is
far more important for achieving low inductance switching than decreasing the
gap length. |

4,8,4 = TInductance of Switch III

As stated above, the risetime of the output pulse is limited by the
switch inductance. The inductance of Switch III is clearly lowest if the line cur-
rent can be shared by many arc gaps wdrking as close to the outer diameter of
the coaxial line as possible, and with a short arc length. Figui'e 4-39 shows the
inductance as a function of number of channels for two different mean diameters
of channel location, |

The next consideration is the media between the arc channels and the
outer diameter of the coaxial line, For example, should the bushing be increased

in OD_, past the pressure plate and near to the outer diameter ? The signal
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one (1) trigger cable two (2) trigger cables
18.4 kV on Marx 19.9 kV on Marx

three (3) trigger cables _ four (4) trigger cables
21.6 kV on Marx 23 kV on Marx

Figure 4-37. Output pulse of Neptune B into CuSO4 load for
different number of discharge channels in
Switch IIX,

| Scale: 20 ns/div.
2-1502 ,. Peak current: 60 kA
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Figure 4-38. Load current as function of Switch III gap.
~ Peak amplitude ~ 60 kA

Trace 20 ns/cm

2-1535
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Figure 4-39, Inductance vs Number of Channels
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transit time of the switch is reduced but the transmission line is of higher im-
p‘édance. So, the switch was modeled as a transmission line of high im_peda.nce
and examined theoretically. The risetime was found to be completely fixed by
the inductance of the switch, and the capacity of the line was irrelevant, The

- reason for this is simple. It was shown that the risetime degradation caused

- by a high impedance section of line is proportional to Zr , the line impedance

multiplied by thé time taken for the pulse front to traverse the high impedance

- section, This equals /L/C x [ L L, the line inductance.

It was necessary to place the spark gaps on a small BCD. The
maximum diameter of the pressure plates was fixed by breakdown considerations.
The tie rods had to be inside this diameter and the bushing had to be inside the
rods, (Intercharging the two gives even worse results.) The wall thickness of |
the bushing was determined by the gas pressure and the electrodes again had to
be spaced off the bushing so that the field along the bushing was reasonably

“uniform, The electrode diameters must be greater than the gap to maintain a

reasonable gap/self breakdown voltage ratio. Small electrodes would require

a longer gap, which increases the switch inductance considerably. Thus, the

4 arc channels were put on an 11-inch BCD, which compares with the water line
inner and outer diameters of 24-inches and 40- mches

" The inductance of polycore cable is given by

L 1,1, r 11| |nHE
E-—Z[J&n y + o mnp +4n]l:cm:l

where

n is the number of channels

04 is the outer radius

is the core radius
.r is the base circle radius
4 is the channel length = {(see Figure 4-39)
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This formula ignores skin effect, but comparison with a formula for
eccentric coaxial line, shows that the inductance is over-estimated by a maximum
of 15% for practieal cases. :

The inductance of the switch may then be calculated as two polycore |
cables (strictly three) in series. One section is formed by the arc channels and
the other is formed by the shanks of the spherical electrodes. Figure 4-40 gives
the inductance of a switch, 10-inches long, as a function.of arc length {or elec-
trode separation) and number of channels. The electrode diameter is assumed
to be 4-inches, and arc diameter 0.01-inch. The outer conductor diameter is

.40-inches, the intervening dielectric not being important, as explained above,

- The discontinuity inductance between sections has been ignored, as experiment
shows it to be small, It can be seen that the inductance of the spark channels

per unit length is less than 3 times that of the electrode shanks. It is clear that
not only should the arc lengths be short, but that the entire switch be of minimum
length, The dependence on assumed arc channel dia.metér is slight, see

- Table 4-8.

Table 4-8, The Gap Inductance of Switch III in Nanochenries
Assuming 1-inch Gap and Various Arc Diameters.

Channel Number | Arc
1 , 2 3 4 Diameter
55.11 | 29.08 20, 89 16.94 0.001"
43.42 | 23.23 16.99 14.02 0.01"
31.72 17.38 13.09 | 11.09 0,1"
4.8.5 Mode Conversion

Any switch between transmission 11nes involves a change of current
path geometry. Maxwells equations must be satisfied at the discontinuity and this
is achieved by the superimposition of the various modes of prqpa-ga.tlon. Those |
modes of propagation which are cutoff throughout the discontinuity region for =~ - {; j
the highest frequencies of interest may be regarded as merely adding to the
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series inductance (or shunt capacity) of the equivalent circuit network, However,
some modes may be excited which can propagate out of the discontinuity region
in either direction. This is a loss of energy. For example, in Neptune B,
Switch III will tend to excite EO 1’ E 41 and H 41 modes in addition to the TEM
mode of interest, The EOl and H 41 modes are most_ likely to be propagated back
along the water line and also down the conical line towards the cathode, However,
they are-cutoff before reaching the cathode and must be reflected. This energy
can only flow through a cathode or dummy load if it is reconverted into the TEM
mode. These effects would be important in Neptune B with pulse r1set1mes of
10 ns and 15 ns for the E0 1 and H 41 modes respectlvely

- Consequently, these effects were ignored in the design of Switch III,
but clearly the achievement of faster risetimes requires their consideration.

4.8.6 High Voltage Operation

The voltage holdoff of the switch is shown in Figure 4-41 for a
1/2-inch gap, as a function of gas p'ressure. The voltage was that required to
fire Switch III at peak water line voltage, so that the stress times on the switch
were identical, Note the linear increase with pressure: This is in strong
contrad1ct10n to d.c. operation where the holdoff strength increases very slowly
above about 150 psig. _
| The triggering range of Switch III has not been checked but it is
satisfactory. At a gap settmg of 3/4-inches and filled with 175 psig of nitrogen/
sulphur hexafluoride mixture, the switch operated from 560 kV to 770 kV. The
“lower end, for just | triggering was not checked, but the upper end was very
close to self breakdown. The range of Switch III is, in practice, most easily
extended by changing the gas pressure, o '

The effect on the switch inductance of utllzlng various numbers of .
channels has been discussed already and is shown in Figure 4-40. The effect of
changlng the gap of Switch III is shown in Figure 4-38 {(keeping total switch
Iength constant). It can be seen that the length of the arc channels is not the

factor limiting current risetime,
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The jitter between the output current and the trigger pulse was
measured by mixing a delayed sample of the trigger pulse with the output current
monitor. This jitter was less than +1 nanosecond maximum range. The switch
was at its usual operating point of 1-inch gap, 150 psig pressure. Gap closure
time was approximately 20 nanoseconds.

The results show that it is desirable to shorten the switch. The
switch is 10-inches long and reference to Figure 4-40 shows that if the switch
were shortened to 6-inches, the inductance of the switch would be reduced 30%.
The flashover strength of the bushing should allow this, The switch would be
improved mechanically as less allowance would be required for creep in the
plastics. The bushing length would still be six times the gap setting and the
electrodes would still have an appreciable length of cylindrical shank, This
operation is comparitively simple, but could not be carried out due to shorfa.ge
of time. | -

The risetimes obtained from the machine operating into a matched
load agree with those calculated from Figure 4-40. The inductance was also
checked by running Neptune into a short circuit and mea,surmg the oscillation

frequency.
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SECTION 4.9
NEPTUNE B MODELLING STUDIES

4,9.1 Introduction

As soon as the general physical and electrical design of Neptune B
had been decided, it became evident that modelling studies would be desirable
to assess the efféct of the front end region (Switch I, conical taper, tube/diode)
on the system risetime. Since only this part of the design was to be investigated,
the model could be considerably simplified. A model scale of one-half was
chosen since the physiéal size then turned out to be easy to work with., A fast
rise square pulse generator was used to drive the model,

4,9,2 Description of the Model -

The rhodel, shown schematically in Figure 4-41 and in the photo-
graphs of Figures 4-42,4-43, and 4-44,is an approximate half-scale model of the
Neptune B front end with a simulated switch gap, shortened main energy store
and a conically tapered input section connected to a fast Tektronix 109 pulser
It is placed vertically within a plywood box filled with water.

The input section is a straight conical taper of 16-inch length, It
-is fed by a specially désigned connector and transition section inserted through
the bottom of the water box. The main energy store is a 16-inch long coaxial
structure of wave impedance 3.5Q when filled with water. The simulated switch
gap consists of eight evenly spaced 4.5 mil copper wires inserted through lucite
spacers of various thlcknesses. The front end is a 10-inch long conical taper
with the inner cone consmtmg of two parts to permit the insertion of a water-
proof structure consisting of a circular aluminum plate with a 3-inch long lucite
ring of 6-inches diameter bonded to it. The second half of the inner outptit cone
(see Figure 4-43) is terminated resistively by means of four 12 ohm carbon
compound resistors in parallel with a resistive voltage dividex; output probe
consisting of a 150Q resistor feeding into a 50 ohm coaxial cable. The com-
bined resistance of the termination is 2.9 ohms, Two identical capacitive probes
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Figure 4-42, Oblique iFront View of the Neptune Model
with Outer Qutput Cone and Second Half of :
Inner Output Cone Removed

L3
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Figure 4-43.Second Half of the Inner Output Cone
with Resistive Termination and GR Connector
for the Output Pulse
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Figure 4-44, Quter Output Cone
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were Introduced at different distances from the simulated switch gap. These

probes are three-inch square copper plates, one-quarter inch from the outer

cylinder, having 50Q coaxial cables connected to their centers through 150Q
resistors. Two probes were inserted, rather than one, in order fo facilitate
identification of the vé,rious pulses which are due to reflections from discoﬁtin-
uities within the model, and which are superposed on the driving pulse to be
monitored. '

The switch configuration shown in Figure 4-41a, and in the photo-
graph. The heights h1 through h8 are useful for calculating signal transit
times between various points on the model and are also used later on to indicate
the position of the water surface. The pulse source referred to in Figure 4-41a
is a Tektronix 109 pulser which produces a train of fast-rise square pulses of

width 63 ns.

4.9.3 Modelling Procedure

The two capacitive probes showed response times of about 1 ns and

a square pulse shape upon COrre.cfion for 'exponential decay with an RC-time

constant of about 130 ns, SUpei-pose,d-dn these square pulses are small-amplitude, -

fast oscillations with a period of approximately 2.4 ns, close to the calculated
pulse transit time across the probe capacitor of 2.25 ns. There are also large-
amplitude pulses of relatively short duration superposed on the square pulses;
these were expected and can in most cases be identified with certainty as reflec-
tions from discontinuities within the system. '

Originally, tap water was used in the water line since it was felt

‘that this ought to be sufficient for a low-voltage, low-impedance (3.5Q) system

of such short length (less than 4 feet). It was found, however, that the use of
tap water did, in fact, cause significant loss of pulse amplitude, and the tap

water was therefore replaced with distilled Wé;ter. Figure 4-45 shows the pulses o

obtained at the output of the system, with tap water to the various levels indi-
cated. The particular switch-model configuration employed for a figure is

identified by means of a four-number code as follows:
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Figure 4-45. Pulses at Output with
Tap Water; Switch (22/1 - 8/8)
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Water levei as shown in
Figure 4-41a. ;

Figure (a) Figure (a)

Water Level: h5 +t

Vertical Sensitivity: 106 mV/div

10 ns/div Horizontal Sensitivity: 10 ns/div
Figure (b) Figure (b)
Water Level: h6 +t
Vertical Sensitivity: 106 mV /div
10 ns/div Horizontal Sensitivity: 10 ns/div
Figure (c) Figure (c)
Water Level: h,? +t-
Vertical SensitivityP 106 mV /div
10 ns/div Horizontal Sensitivity: 10 ns/div
Figure (d) Figure (d)
Water Level h8 +t

106 mV /div
10 ns/div

Vertical Sensitivity:
"Horizontal Sensitivity:

67 mV /div
10 ns/div

Figure 4-46. Pulses at Output with
Distilled Water; Switch (22 /1 - 8/8)
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Switch (D/t - N/d)

where

D is the diameter of the lucite disc, in inches; the value of D is
either 22 or 13, corresponding, respectively, to the lucite's
extending all the way to the outer conductor, and to its being
cut to be flush with the inner cylinder.

t is the thickness of the lucite dise, in inches, (where the disc
thickness has two discrete values, due to grooves in the lucite
disc,the smaller value of t is put in parentheses after the
larger value). '

N is the number of simulated spark channels through the lucite,
spaced uniformly along the circumference of a circle of '
diameter

d which is measured in inches. .

- This code is used for Figures 4-45 through 4-57, as well, and for Figure 4-59,
Figure 4-46 should be compared with Figure 4-45, but note that the
vertical scales are different in the two sets of pictures. Figure 4-46 corresponds
to the same experimental conditions as does Figure 4-45, except for the use of
distilled water instead of tap water. The comparison is interesting in several
respects., The increased pulse amplitude with distilled water in the system is
clearly evident. Identification of the near-square main body of the output pulse
is facilitated by observation of Figure 4-45, since the superposed reflection-
peaks are. strongly attenuated here due to the impure water. Furthermore, the
relative prominence of peaks can sometimes provide a clue to their. identity.
| Note, for instance, the fact that the second peak in Figure 4-46d is somewhat
larger than the first peak, whereas in Figure 4-45d the .relationship is the op-
 posite, The reason is that the second peak has traversed a greater distance
through the lossy water than has the first. This is consistent with the identifi-
cation (from measurements of their time-delays relative to the pulse front) of
'the first peak as caused by a transient reflection from the tube followed by an
“in~-phase reflection from the relatively high impedance of the simulated switéh AR
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(total distance traversed: 20-inches) and of the second pulse as caused by a re-
flection from the switch gap, followed by an in-phase reflection from the im-
pedance mismatch at the input connection at the bottom of the water box (total
distance traversed: 77-inches).

4,9,4 Experimental Results

With the exception of Figures 4-46 and 4-54, all photographs were
taken with a 3Q load. With the exception of Figures 4-45 and 4-46, all photo-
graphs were also taken with the water level at h'8 + t as shown in Figure 4-41.
All picture sequences beginning with Figure 4-47 show the pulses obtained from
the two capacitive probes as well as two pictures of the pulse at the output, the
first showing the entire pulse, the second view of the pulse front on an expanded
‘time base.

Figures 4-45 and 4-46 illustrate the effect of using impure water in
the system. Figure 4-47 shows the effect of removing the impedance discontinuity
at the switch and can be used to determine the response time of the front end of
the model, including the tapered section, the water-lucite-air transition and the
load. The switch was removed altoge;cher for this experiment and replaced by a
13-inch diameter, 1-inch thick metal dise. Clearly, there is a reflection of a
transient, "inductive' type from the supposédly matched output, This is seen
very clearly on the capacitor probe. {Figure 4-47a and 4-47b) where the reflected
peak is superposed on the main body of the pulse, but it can also be seen in the
picture of the pulse at the output (Figure 4-47c) (as well as by the capacity
probe) as a small peak on the trailing edge of the pulse, delayed by 70 ns with
respect to the pulse front, corresponding to a double traversal of the entire
system. The pictures- of Figure 4-47 are furthermore notable for the absence of
any other reflections, as well as for very good risetimes in Figures 4-47c and
4-47d. The step response of the output section (exclusive of the switch gap) is,
in fact, seen to have a risetime of less than 4 ns. It should be pointed out here
that all times in this section refer to the model which is roughly a half-scale
Neptune B, All time (in particular, risetimes) should therefdre be multiplied
by a factor of 2 if data pertaining to a full-scale Neptune B are desired.
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{a} Capacitor Probe at Level h3 (b) Capacitor Probe at Lievel h4

Vertical Sensitivity: 12,5 mV/div Vertical Sensitivity: 12,5 mV /div
Horizontal Sensitivity: 10 ns/div Horizontal Sensitivity: 10 ns/div

(c) Output : (d) Qutput
Vertical Sensitivity: 106 mV/div - Vertical Sensitivity: 106 mV /div
Horizontal Sensitivity: 10 ns/div Horizontal Sensitivity: 2 ns/div
Figure 4-47. Capacitor Probe and Qutput | 5
Response with Switch Shorted
Out. :
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Figures 4-48 and 4-49 illustrate the effect of moving the eight switch
channels out from a circle of 8-inch diameter to one of 13-inch diameter. Only
slight changes in the pulses can be seen for the one-inch-long switch gap employed
. here, The probe pictures (4-48a and 4-49a) show three distinct reflection peaks
superposed on the main pulse, The first peak is due to reflection of the incident
pulse front from the switch gap, the second to reflection from the 'tube, and the
third to reflection from the switch gap, followed by in-phase reflection from the
input connection at the bottom of the water box. These pulses can also be seen
in Figurés 4-48b and 4-49b, as well as in most of the probe pictures following.
It should be noted that the second peak is less well-defined than it was in
Figures 4-47a and b where the reflection from the tube did not have to traverse
a high-impedance switch on its way back to the probe.

Figures 4-50 and 4-51 show the effect of removing two of the switch
channels, in this case located next to one another, As could be expected, an
increase in risetime is associated with a reduction in the number of spark
channels. This increase is only slight, however (see Table 4-9 below)., I is
interesting to observe the increased amplitude of the peaks in Figure 4-51b,

The probe at level hy is located immediately ahead of the' missing channels
and thus sees more of a reflection from the switch than does the probe at
level hg which is on the opposite side of the cylinder.

The question of how to define risetimes is not a straightforward
~one, because of the reflection peaks superposed on the square output pulses.

If one measures the time between the 10% and 90% amplitude points on the pulse
front, based on an educated guess of where the top of the underlying forward
pulse is located, one gets the risetimes in column 1 of Ta.ble 4-9 below. I, in-
stead, one defines the pulse amplitude as that of the first peak of the output |
pulse, one gets the 10% to 90% fisetimes in column 2. These show a trend which
is exactly oppOSite to that of column 1. Column 1, however, makes intuitive
sense in most cases, whereas column 2 does not, It appears, therefore, that
meaningful results can be obtained only when risetimes are measured after the

estimated transient peaks are subtracted from the output pulse. This can be
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Figure (a)

12. 5 mV /div

Vertical Sensitivity:
Horizontal Sensitivity: 10 ns/div
Figure ( b.)

Vertical Sensitivity: 12.5 mV/diy.

Horizontal Sensitivity:- 10 ns/div
Figure (¢) . -
‘Output
‘Vertical Sensitivity: 106 mV /div
Horizontal Sensitivity: 2 ns/div
Figure (d)
~. Output

Vertical Sensitivity: 106 mV/div
Horizontal Sensitivity: 2 ns/div

| .. Figure 4-48. Capacitor Probe
| and Qutput Response with 8-Inch
| Dia. Switch; Switch (22/1 - 8/8).,
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Capacitor Probe at Level h,

: Capac1tor Probe at Level h

o Vertical Sensitivity:
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Figure {a)

Vertical Sensitivity:

Horizontal Sensitivity: 10 ns/div

F1gure (b)

12. 5 mV /div
Horl.zontal Sen51t1v1ty 10 ns/dw

Figure (c)  impuawiy =aeme:
TR T
VR O LN L I
FEEEiiciiE
REEEEEN
. Vertical Sensitivity: 106 mV /div
Horizontal Sensitivity: 2 ns/div
: ,-Frigure (d)

Vertical Sensitivity: 106 mV /div

Hors.zontal Sensitivity: 2 ns/div

‘ ‘Fi'gu're 4-49, Capacitor Probe
. and Output Response with 12-Inch
- Dia. Switch; Switch (22/1 - 8/13).

2.5 mV /div
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Figure (a)
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Vertical Sensitivity: 12.5 mV/di-V
Horizontal Sensitivity: 10 ns/div

Figure (b)

Vertical Sensitivity: 12.5 mV/div
Horizontal Sensitivity: 10 ns/div
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Figure {c)

Vertical Sensitivity: 106 mV/div
Horizontal Sensitivity:. 10 ns/div

Figure {4)

-

Vertical Sensitivity: 106 mV /div
Horizontal Sensitivity: 2 ns/div

F Figure 4-50. Figure 4-49 Re-
{0 peated; Switch (22/1 - 8/13).
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Capacitor Probe at Level h3

Capacitor Probe at Level h4

Figure (a)

Vertical Sensitivity: 12.5 mV /div
Horizontal Sensitivity: 10 ns/div

Figure (b)

Vertical Sensitivity: 12.5 mV/div
Horizontal Sensitivity: 10 ns/div

Output

Vertical Sensitivity: 106 mV /div
Horizontal Sensitivity: 10 ns/div

Figure (ci)

Output

Vertical Sensitivity: 106 mV /div
Horizontal Sensitivity: 2 ns/div

‘Figure4-51. Same as Figure 4-50,
Except for 2 Missing ""Spark Channels'';
Switch (22 /1 - 6/13)
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done with the aid of Figure 4-47c¢ which gives an amplitude of the main pulse of
6.7 divisions,
' Figures 4-52 and 4-53 show the effect of lengthening the switch gap

from 1-inch to 2-inches. The probes show increased reflection peaks from

the longer switch gap, and Figures 4-53c and d show a considerably longer rise-

time. Associated with the reduced initial transmission through the switch (longer

risetime), there is an enhanced second peak,

Figures 4-54 and 4-55 illustrate the effect to be expected when water
is permitted to fill the space between the inner and outer conductors of the sys-
tem in the region of the switch. The reflection peaks are now noticeably broader

du.e to the slower wave propagation tﬁrough the 'switch_, and a notch has appeared

on the rise-portion of the pulse, _
A comparison between Figures 453 and 4-54 shows the effect of

- reducing the diameter of the switch circle from 8-inches to 6-inches. An in-

crease in output pulse risetime is noticeable this time as a consequence of the
reduction in switch circle diameter. The second peak in Figure 4-54c is also

enhanced relative to that of Figure 4-53.(c).

Figures 4-56 and 4-57 show the pulses obtained with under-matched
(1.25Q) and overmatched (9Q) loads, respectively. These should be compared .
with the matched case of Figure 4-55. The output pulses of Figurés 4-55,
4-56 and 4-57 are all plotted on one graph in Figure 4-58, after having been
multiplied by scaling factors equal to the inverse of the theoretical voltage-
transfer coefficients, which are a.pproxi-ma,teiy 1.0, 0.6and 1.5, fespectively.

The three curves show obvious discrepancies following the first peak as well as

“on the trailing edge of the pulse, These were expected, since the unmatched
- loads will cause reflections of more than a transient nature., The one-ohm load

will give rise to a negative reflection, whereas the nine-ohm load will cause a
positive reflection, These reflections will return to the output after about 20 ns
following reflection from the bottom of the water box. It is interesting to note
that very little change in the pulse front (in particular, the pulse rise-time)
results from the change in load impedance. '
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Figure (a)

Vertical Sensitivity:
Horizontal Sensitivity: 10 as/div

Figure (b) .

Vertical Sensitivity: 12.5 mV/div
Horizontal Sensitivity: 10 ns/div

Figure fc)

Vertical Sensitivity: 106 mV /div
Horizontal Sensitivity: 10 ns/di.vr_

Figure (d) .

Vertical Sensitivity: 106 mV/div

Horizontal Sensitivity: 2 ns/div

Figure 4-52. Capacitor Probe and’

OCutput Response with Switch (22/1 -

8/8). __ .
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Capacitor Probe at Level h_3_

12.5 mV/div

Capacitor Probe at Level h

o 'Ou't_put_

Figure (a)

~Vertical Sensitivity: 12.5 mV /div
“Horizontal Sensitivity: 10 ns/div

Figure (b)

4 .

Vertical Sensitivity: 12,5 mV /div
Horizontal Sensitivity: 10 ns/div

Vertical Sensitivity: 106 mV/div
‘Horizontal Sensitivity: 10 ns/div

I_-'"i.gure'_(c'l‘)_

Vertical Sensitivity:
- Horizontal Sensitivity: 2 ns/div

Figure 4-53. Capacitor Probe and
Outmit Response with 2-Inch Long
Switch; Switch (22/2 - 8/8).
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12,5 mV/div
10 ns/div

Vertical Sensitivity:
Horizontal Sensitivity:

Figure (b)

o]

Vertical Sensitivity: 12,5 mV/div

Horizontal Sensitivity: 10 ns/div
5“ i
v Im m Figure (c)
B i
Vertical Sensitivity: 106 mV/div
Horizontal Sensitivity: 10 ns/div
' Figuré(d)
Output

i

Vertical Sensitivity: 106 mV /div |

Horizontal Sensitivity: 2 ns/div

. Figure 4-54, Capacitor Probe and
s Output Response with no Water
o Around Switch; Switch (22/2 - 8/6).
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Capacitor Probe at Level h3

. Horizontal Sensitivity:

Capacitor Probe at Level h4

' Horizontal Sensitivity:

Figure (3) |

12. 4 mV/div
10 ns/div

Vertical Sensitivity:

Figure (b)

12.5 mV /div
10 ns/div

Vertical Sensitivity:

106 mv/dw
10 ns /div

Vertical Sensitivity:
 Horizontal Sensitivity:

Figure (d)

Vertical Sensitivity: 106 mV /div
Horizontal Sensitivity: 2 ns/div

Figure 4-55, Capacitor Probe and
Output Response with Water Around
Switch; Switch (13/2 - 8/6).




Figure (a) . _ F‘igufe {a)

Capacitor Probe at Level h3

Vertical Sensitivity: 12.5 mV/div.

Vertical Sensitivity: 12,5 'mV/div"'
10 ns/div

Horizontal Sensitivity: 10 ns/div- - .+ - Horizontal Sensitivity:

Figure {b)_ - : ‘Figure (b)

‘Capaéitor Pr‘o'be'_atrLevel h4

Vertical Sensitivity: 12,5 mV/div =~ = - ~ Vertical Sensitivity: 12.5 mV /div
© Horizontal Sensitivity: 10 ns/div

Horizontal Sensitivity: 10 ns'/div

ST S [P EEGEEw
Figure (c) . Tigure (o) |QEEGS SEmm
, S BRY . 2B

' Output VARSI

Vertical Sensitivity: 204 mV/div

Vertical Sensitivity: 106 mV/div -
Horizontal Sensitivity: 10 ns/div

Horizontal Sensitivity: 10 ns/di-v _
Figure (d) - 7_ - F1gure (d)

Output

Vertlca}. Sen51t1v1ty 204 mV/le

Vertical Sensitivity: 106 .mV/div; .' P
_Hor1zor_1ta1 Sensitivity: 2 ns/div

Horizontal Sensitivity: 2 ns/div =

 Figure 4-57. Capacitor Probe and
- Output Response with 9 Ohm Load;
- Switch.(13/2 - 8/6).

Figure 4-56. Capacitor Probe and’
Output Response with 1,25 Ohrn
Load; Switch (13/2 - 8/6)
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Finally, Figure 4-59 is one of a number of sets of photographs taken
to study a switch model which may be more realistic, but which is also more
complicated, than those of Figures 4-48 through 4-57. The intention is to model
the switch electrode shanks as well as the arc channels. It consists of a lucite
disc of 13-inch diameter and 3-inch thickness, with 1-inch deep and 2-inch wide
circular grooves cut into both sides of the lucite, the center line of these grooves
being along a circle of 6-inch diameter. The eight 4.5 mil copper wires are
threaded through small holes in the lucite as before, these holes are uniformly
spaced along the circumference of the 6~inch diameter circle which marks the
center line of the grooves, Compressible screen rolls are placed in the grooves
to provide metallic contact between the two parts of the inner conductor of the
~ system and the switch wires. The reflection peaks from the switch are now
both broad and of large amplitude (Figures 4-59a and b), and the output pulse
shows a "smeared-out" first peak, a broad and large amplitude second peak
(Figure 4-59¢c), as well as the characteristic notch in the rise portion of the
pulse (Figures 4-59¢ and d). A similar switch is shown in Figure 4—60.
Experiments were also carried out with a simulated switch which is
a better approximation to the actual SW1tch which has been designed for the full-
scale Neptune B (Swztch IT), Two aspects of this switch were studied. First, the
effect of rings on the edges of the water line center conductor, before and after the
switch was investigated., These .rings on the edges will produce small lips on the .
center conductor immediately before and after the switch gap with a brief increase
in center-conductor diameter of about 1-1/2-inches in the half-scale model. Next,
| the effect on the output pulse of failing to trigger one or more of the eight spark’
channels during a switching operation was inv'estigated. The simulated switch,
shown in Figure 4-60, is the same as tha,t used for Figure 4-59, except for the
addition here of lips on the center conductor before and/or after the switch. These
~ lips were modelled by means of metalllc cyllndmcal rmgs which fitted snugly

around the center conductor.

Figures 4-61 through 4-68 show three photographs each. The first
represents the pulse from the probe located at level h 4 of Figure 4-41, the
second shows the pulse across the 30 (matched) ioad at the output; the third is
this pulse repeated with an expanded time-base. Flgures 4-61 through 4—64 '
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(a) Capacitor Probe at Level b,
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- Horizontal Sensitivity: 10 ns/div

(c_") Output

Vertical Sensitivity: 106 mV /div

Horizontal Sensitivity: 10 ns/div
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(b) Capacitor Probe at Level h4

Vertical Sensitivity: 12.5 mV /div
Horizontal Sensitivity: 10 ns/div
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(d) Output

Vertical Sensitivity: 106 mV /div
Horizontal Sensitivity: 2 ns/div

Figure 4-59, Capacitor Probe and Output Response
‘ Switch with Electrode Shanks; Switch

(13/3(1) - 8/6).
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show the effect of having first no ring, then one, then the other, and finally both
rings in ple.ce next to the switch. Figures 4-65 through 4-68 show the effect of
triggefing fewer than the total number of eight Spark channels..

| The addition of rings before and/or after the sw1tch is seen from
Flgures 4-61 through 4-64 to degrade the risetime somewhat although not very

g much. If appears that when only one ring is used, the ring af_ter, i.e., onthe
output side of the switch, has somewhat more of a detrimental effect on risetime

than the one before the switch. The risetimes range from 8.5 ns with no ring
through 9 ns and 9.6 ns with one ring to 10 ns with both rings in place. All rise-
times are tabulated in Table 4-10 below: the risetimes are between the 10% and

90% amplitude points, based on an estimate of the true amplitude of the near-

square main body of the output pulse, with reflection peaks subtracted. The
amplitudes used as the basis for the risetime measurements are listed in
Table 4-9 in pa.rentheses following the rlset1mes.

The most striking effect of the addition of rings is seen in the general
output pulse shape. It appears that when both rings are in place the transient,
1nduct1ve reflection from the dielectric interface at the output is capacitively
coupled across the switch gap rather than being reflected from it and returned _
to the output. The result is that the pulse at the output has a flat-topped appear-
ance for the first 40 ns, without the front peak seen in most of the other output
pulses, This flat top is clearly evident in Figures 4-64b and 4~65b, but not in
these output pulses showni here where two rings were not used, nor in those
shown where rmgs were not used at all. Transmission of the transient reflection
pulse 'thi'ough the switch as described above should be seen by the capacitor probe.
Figures 4-64a. a,nd 4- 65a do indeed have a flat pOI‘tIOIl ‘beginning about 20 ns after
the first peak of those pulses and testing for about 10 ns, which is not seen in
the other probe outp_u.ts. Comparison with Figures 4-61a and 4-66a, respec-
tively, which are the corresponding pulses obtained without rings, show a
noticeably larger pulse amplitude at this time (40 ns after the pulse front) for
the pulses obtained using two rings. This is just the time at which one would

expect to see a reflection from the output. ' ;
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The effect of removing spark channels is seen to be only slight with
one channel removed (compare Figures 4-65 and 4-66, corresponding to one
channel removed, with Figures 4-64 and 4-61, respectively, corresponding to a
full set of eight channels), but quite pronounced with two channels removed (com-
pare Figures 4-64 and 4-61. (When two channels were removed they were taken
from diametrically opposite locations on the spark channel circle, when three
channels were removed two were diametrically opposite and two were adjacent

to one-another.)
The risetimes obtained in this study are tabulated in Table 4-10 below,

4,9.5 Conclusion

It should be stressed that all risetimes mentioned above refer to a
half~scale model of Neptune B, ‘They should therefore be mu1t1p11ed by a factor
of 2.in order to be applicable to a full- scale machine. It should also be noted
that dr1vmg the model with square pulses through a tapered input section is not : .-
in every respect equivalent to quas1- statmally charging the energy store and then
discharging it into a load through a switch gap. In particular, a quam-statmally
charged energy store will have charged stray capacitances due to fringing fields
around the switch gap, One of these capacitances couples the center conductor
to the outer conductor, the other causes coupling across the sw1tch gap from
the center conductor to the tapered output cone. In the present modellmg experi-
ment these capa.c1tances are initially uncharged. - |

- Measurements were made of the prepulse to be expected in Neptune
due to capacitive coupling across the open switch gap during the chargmg of the
water Ime. These measurements indicate a prepulse of about. 3% of the chargmg_
voltage, which corresponds to about 6% of the output pulse peak in the case of a
matched load, more for an undermatched load.and less for an overmatched load, =
The switch model used for the prepulse measurements was the 13- inch dlameter
3-inch thick lucite disc correspondmg to Figure 4-59, '
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Finally, using the results of this study, it was predicted that a 4
channel output switch on Neptune B would give a risetime of about 28 ns. The

actual risetimes which have been measured on the .systerh agree quite well with
this number.
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SECTION 4.10
MACHINE OPERATION WITH DUMMY LOAD

4.10.1 Experimental Conditions

In order to test the capability of Neptune, a dummy load of 3.8Q was
fitted in place of the field emission diode. This permitted rapid firing of the '

“ machine with a consistent load. The stray inductance associated with this load
was about 50 nH, which is equivalent to 3.1Q at 10 MHz, This load is constant
with time and is sufficiently massive not to heat up enough to affect its resistance.

In actual operation a field emission diode impedance is large for
some nanoseconds before as'suming its design value and the impedanc.e suffers a
second catastrophic fall when the plasma gap closes. The resistive load used
cannot duplicate this behavior but should be satisfactory for about 60 nanoseconds.
It will give a value for the current risetime that is pessimistic due to a lower
initial impedance and also to a larger inductance,

Neptune B will work satisfactorily from 330 kV to 660 kV without
resetting the gaps of any of the three sw1tches. No sign of water line breakdown
has been observed.,

4,10.2 Monitoring

Two monitors were employed, a current-monitor in series with the

dummy load and a voltage monitor in the conical transition.
 The current monitor is simply a multitude of carbon resistors spaced

umformly around the cylinder surrounding the dummy load., The resistance is
10.96 mQ and the pulse voltage is measured in an oscilloscope. The signal is
over 500 volts, much greater than any pickup. , |

The voltage monitor is an NRL type capacity probe, four of which
were originally intended to monitor Voltage changes around Switch IIl. The
intention was to monitor the number of gaps closing, However, it was soon

clear that the four gaps closed reliably, rendering the monitors unnecessary.
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Consequently, a resistor was added to lengthen the time response and two probes
were fitted near the dummy load. The resistor reduces the probe output and
considerable noise pickup resulted, Howeﬁer, the probe proved useful in deter-
mining diode impedance, as may be seen from the resulis.

The voltage monitor was rarely used during the dummy load tests as
we may assume that the dummy load is linear and time invariant, at least to the

accuracy of the voltage monitor.

4,10.3 Jitter

The time jitter of Neptune is the jitter of Switch I closure. This,
in turn, is almost entirely that of the associated trigger generator as the jitter
time between trigger pulse and gapclosure is too smé,ll to be measured and is
| certainly under 2 nanoseconds. Figure 4-69 gives the output current through

the dummy loé.d in 5 successive shots displayed so as to s.how total systém

jitter. The time of firing of Switch II is weaidy dependent on the water line

voltage, viz: approximately 0,2 ns/kV. | |

 The amplitude jitter is primarily a function of Switch IT and

Switch III time jitter. Figure 4-70 shows 5 successive shots a range of 3%

current jitter is normal. A longer term drift is apparent from day to day.

This is primarily due to the water in the water line. This changes resistivity

and hence the loading on the coaxial water line. Slow changes in the inherent

delay of the trigger generators have also been observed and give rise to ampli—

tude changes. These effects can reduce the output voltage by up to 10% bui may,
“in principle, be corrected for by simply repurifying the water and changing the

delays in the trigger command system,

4,10.4 Transient Effects and Load Impedance

Under dummy load condltlons prepulse is absent as ma,y be seen in
Figure 4-69. Similar traces, but with the more exacting field emlssmn diode
shows the same result, This is mostly due to the fact that, bemg gas insulated,
the capacity across Switch III is small and hence the diode is decoupled from the

rest of the system until Switch IIT fires.
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Figure 4-69, Neptune Output Current

Scale 50 kA /cm
100 ns/cm.

Oscilloscope triggered from first command
pulser so as to show total system jitter,
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Figure 4-70. Neptuné Output Current.

Scale -50 kA/cm
20 ns/cm

‘Neptune B discharged into 3.8 ohm load.
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The risetime is limited primarily by the inductance of Switch III and
the conical transistion. Figure 4-70 shows the risetime to be about-30 nano-
seconds with a matched load (3.8Q), Figure 4-71 shows the output waveform on
other time scales.

~The normalized output current is compared for different values of the
load in Table 4-11, '

,Tab‘ie 4-11, | Risetime and Qutput Current as a Function of Load,

Load, ohms 0 3,65 | 6.8
‘Risetime nsec - 7

Normalized 40 30 30
Ma.}umum Current 1.8 1 0.67

The average of these indicates a water line impedance of 3-1/2 ohms, as

expected,
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Scale 50 ns/cm Scale 100 ns/cm

Figure 4-71. Neptune Output Current.

Scale 50 kA/cm
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SECTION 4.11
ELECTRON BEAM TESTS

-4,11.1 Introduction

This section containg the results of the preliminary electron beam
studies on Neptune B. As seen in Figure 4-72, the energy stored in the 3.4 ohm
coaxial water 1ine is discharged t‘hroﬁgh Switch I into a 3.4- ohm tapered coni-
cal Wdter transmission line which delivers the energy to the field emission tube.
The tube housing, separating the water from the vacuum, is simply a lucite )
cylinder 14-inches in diameter and 5-3/4-inches in length, _The tube inductance
is approximately 30 nanohenries. The purpose of the lucite filler ring will be
explained later. ' ' |

The following diagnostics were used to recdrd' the beam parameters;
a capacitive voltage probe (ref. 1) in the water line near the base of the tube, an
11 milliohm return current monitor similar to that described in reference 2, a
3-inch diameter total stopping carbon calorimeter for total energy measure-
ments, and a 1/2-inch diameter (1.3 cmz) and 1-inch diameter (5.1 cmz) carbon
calorimeter for fluence measurements. Depth dose calorimetry was performed
at the lower fluences with packages of alternate layers of blue cellophane and
aluminum foils to obtain rough estimates of the electron kinetic energy.

4.11.2 Experimental Results

In the first attempt to extract a direct electron beam from Neptune
B, both flat and crosshatched 4-inch diameter carbon ca.thodés were us_ed along
with an 0.0005-inch aluminized mylar anode. The charging voltage on the water
line was set conservatively low at ~600 kV. For an optimum anode cathode gap
spacing of 1 cm, the electron beam current was 60 kA and the electron beam
peak kinetic energy was ~ 200 keV as estimated from depth dose techniques.
However, the total measured beam energy of 350 Joules and current duration of
30 nanoseconds were smaller than expected from previous tests v:rith a 3.8 ochm

copper sulphate dummy load., Vacuum flashover in the tube was suspect_ed but
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final interpretation had to await a diode voltage trace synchronized to the diode
current trace as the capacitive voltage probe had not yet been installed,

After a capacitive voltage probe was instailed in the tapered water
line, vacuum flashover in the tube was immediately indicated. The lucite tube,
upon disassembly, showed evidence of vacuum flashover along the 5-3/4-inch
length of the inside of the tube. This was believed to have occurred because of
the high electric field intensities encountered at the lucite-vacuum interface
near the base of the tube. As a result of these observatmns the following

changes were made.

N (1) The 13-inch inside diameter of the lucite tube was bored

| ,dut by 1/32-inch to remove any flashover damage. '

(2)  Provisions were made to remove eight delrin tension-
rods which had been previously located inside the tube
housing along the 5-3/4-inch length.

(8) Most important, a lucite filler ring was constructed and
inserted in the tapered water line surrounding the tube. _
Figure 4-72 shows the final configuration. This final change
was made to reduce the electric field intensity at the

discontinuity near the base of the tube.

The next phase of electron beam tests showed that the above changes
cured the vacuum flashover problem at these voltage levels., The results, using
a needle cathode and an optimum cathode-anode spacmg of 1 cm are presented

below:

(1) The diode current pulse (Figure 4-73) had increased in
duration and now more closely resembled the current
pulse shape through the dummy load. Its amplitude was
64 kA and duration 70 nanoseconds FWHM.

(2)  The diode voltage pulse (Figure 4-73) measured with the
capacitive probe in the water line closely resembled the
diode current pulse. The voltage probe, which was

- calibrated against the dummy load voltage and current,
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Diode Current

Measured with return current
shunt, : '

.Scale 50 ns/cm
80 kA /cm

Diode Voltage |

Measured with capacitive
voltage probe located in
tapered water line near tube.

‘Scale 50 ns/cm
~300 kV/cm

DIODE CHARACTERISTICS

Multipin needle cathode (4-inches diameter)
0.0005~inch aluminized mylar anode
1.0 cm cathode anode spacing

' Figure 4-73  Neptune Diode Current and Voltage Traces. N
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showed a peak electron kinetic energy of approximately
220 keV, ‘
- {8) The total electron beam energy as measured with a total—
| stopping carbon calorlmeter placed 1. 5 cm behind the
anode in the tube vacuum of 5 x 10~ -4 torr was approxi-
mately 1 kilojoule, This figure agrees with rough
estimates made from the voltage and current traces and
is equal to 'appro‘ximately 2/3 of the total energy stored
_-on the coaxial water line, _ ]
(4) A.preliminary electron beam focusing attempt resulted
| in approximately 50 c.':tl/c,m.2 over a 1 sq cm carbon
calorimeter,
(5)  Shot-to-shot reproducibility was +5% in current and
voltage, and +10% in total energy and fluence.

The cathode used during these latest measurements was a 4-inch
diameter multipin needle cathode consisting of 150 commercially available stain--
less steel pins each 0.021-inches in diameter. The diode 1mpedance as meas-
ured w1th the voltage and current traces is approximately 3.4 ohms. This value
is cons1st_ent W;th the Childs Law relation for a planar dicde: -

where; -

V is in megavolts
d is cathode-anode separation, and

r is cathode radius.

Our measured value for k is ® 135 which is higher by almost a factor of two
than measurements by other groups. ThlS h1gher va,lue probably results from

our low needle densﬂ:y
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Since these measurements, several new cathodes have been built and
tested including a 4-inch and 2-inch diameter 250 pin, needle cathode. The most
- promising cathode was a 2-inch diameter plasma cathode consisting of stycast

2850 epoxy set in concentric grooves on a brass disk (See Figure 4-74). This
cathode gave optimum results for a 4 mm gap spacing thus agreeing with Child's
Law for a value of k ® 60 which is consistent with measurements from other
groups. The main advantages of the plasma cathode over the needle cathode are
ability to be easily cleaned between shots and consistently uniform beam profiles.
After several high beam current shots, the needle cathode seemed to develop
hot spots which caused the beam to wander off center between the cathode and
the anode, In ContraSt, the plasma cathode is easy to clean and after more than
200 shots, it still produced a p-effectly concentric beam. A newly developéd

“technique for stretching the thin aluminized mylar anode very taut has also
contributed to beam uniformity and reproducibility.

At a water line voltage of 700 kV corresponding to a peak beam
kinetic energy of ~250 keV, vacuum flashover recurred., The capacitive voltage
monitor showed the flashover initiating after about 70 nanoseconds towards the .
end of the current pulse. We found that, rather than cieani.ng the tube after each '
shot, we could inhibit the flashover by letting the tube stay covered with thé
carbon dust that originated each shot from the burnt mylar anode., 1t is believed
that the carbon dust prevents the buildup of charge on the plexiglass surface thus
inhibiting vacuum flashover. This phenomenum should be studied further.

At present, a copper guide cone 7-inches in length with a 2-inch
entrance diameter and a 3/4-inch exit diameter has been used with all the tests
conducted with the 2-inch diameter plasma cathode. At a water line voltage of
~700 kV and a drift tube pressure of 0.1 torr, the beam fluence at the end of the
‘guide cone was reproducible to within i_lo%. The beam fluence over the center
square centimeter of the guide cone exit (2,8 cmz) is ~60 c_a,l/cnr_l2 and appears
uniform both from observation of front surface craters in aluminum and rear
surface spall in 0,032-inch aluminum. Figure 4-75 shows the front é.n‘d rear .
‘surfaces of an 0.032-inch aluminum sample irradiated at the guide cone exit., (x\
The fluence falls to approximately 40 cal /cm2 at the edge of the guide cone exit, N
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Figure 4-74. Plasma Cathode.
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Front
Surface
Crater

Rear
Surface
Spall

Figure 4-75 .

Front and rear sufface of an irradiated 0.032"
aluminum sample.
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The beam current is 85 kA and the peak kinetic energy is ~250 keV. These
parameters give a value of % ~ 5 for the present beam. The total beam energy

is ~ 1300 Joules. ,

It should be emphasized that the above results are preliminary and
should be regardéd as qualitative uhtil an extensive beam handling and mapping
program is undertaken. It should also be noted that the water line charging |
voltage of 700 kV is conservatively low and we hope to soon run at 1 MV charging
voltage thus doubling the available energy.
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SECTION 4.12
CONCLUSIONS AND RECOMMENDATIONS

4,12,1 Conclusions ‘
The work on Neptune B has demonstrated the feasibility of command

triggering three series high voltage, high pressure gas insulated switches with

nanosecond jitter.
The main implications of this are threefoid:
(1) The overall efficiency of the system can be improved by
20% per energy transfer due to the fact that switch closure
can be accomplished at the voltage' crest and need not be
done at the rising portion of voltage wave as in the case

of an overvolted switching mode.

(2) The output pulse becomes reproducible within a few
percent. This feature is the result of two factors.
The first factor is that a small time jitter in the closure
of a switch results in a negligible amount of pulse energy
variation if the switch may close at the peak of the volt-
age waveform. The time jitter of a triggered gap is,
in any case, much less than that of an overvolted gap.

- The second factor is that the impedance of the output
switch may be kept constant and not be subject to random
changes in the number of channels.

'(3)‘ - The low jitter between command pulse and output pulse
allows synchronization of several parallel operating

machines.

Since the syétem has operated up to date for approximately 2,.000
shots without any major repairs, it can be concluded that the overall ‘design of
this pulser is technically sound and aftractive. In particular it has been demon-
strated that the low impédance LC generator is a viable alternative to a combina-
tion of Marx genefator and water transfer capacitor. This is especially important
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with regard to the interface between oil and water, which is stressed over a
period of several usec in the case of a slow energy transfer between Marx gen-
erator and water capacitor, compared with only a few hundred nsec in the case
of a LC generator, assuming that the transfer switch is placed on the oil side.
Since the streamer velocity in oil is approximately 108 cm/sec* a separation
distance of 50 cm would be sufficient to timewise isolate the high voita.ge struc-
ture from the walls. In other words even if the field would be high enough to
start a streamer, there would be not enough time for the streamer to actually

cross the gap.

-4,12.2 Recommendations

As with most prototypes there is also ample room for improvement .

A on the Neptune B systems. Some of the possible improvements are: (1) reduc-

tion of switch inductance of Switch II, (2) improved trigger isolation.

4.12.2.1 Reduction of Switch Inductance of Switch I

A reduction of the switch inductance of Switch III will improve the
pulse risetime and overall efficiency. This can be accomplished by shortening
the length of the SW1tch structure. This shortening is possible, since the break-
down stress across the gap was assumed to be only slightly better than for d.c.
conditions. However, experiments have demonstrated that the breakdown
strength at 200 psig is at least 50% higher for pulsed conditions, thus allowmg
a proportmnal shortemng of the switch structure. '

Corrugation of the bushing might also be of value to improve the |
flashover strength of the bushing and thus allow shortemng of the overall sw1tch'
structure, : _
The switch inductance can also be reduced by pla,cihg the spe;rk gaps
on a larger diameter  The largest possible diameter is determined by the maxi-
mum tolerable stress between the shanks of the gaps and the enclosing wall,.
This stress can be reduced by filling the remaining volume between the switch
and outer conductor with an 1nsu1ator of a lower dielectric constant than water,

*See: Design Review i, Des1gn Development of the Aurora Facﬂlty SR- 127-4
July 14 (1969) pg. II-183. (Physms International) -

- 4-132



g

o
.

If the spark gaps are placed on a larger diameter it will also be easier to pro-
duce a number of channels and the effect of multichanneling will also be greatly
enhanced,

Incorporating an impedance transformer between output switch and

cathode has also a significant effect on improving the pulse risetime. The pulse

risetime is approximately equal to E—~§—£ , where L is the switch inductance

and Z the sum of the impedances on either side of the switch. Since the switch
inductance is roughly proportional to the gap separation which is in turn propor-
tional to the voltage across the gap and since the impedance transformation is _

- approximately equal to

one finds that the risetime is shortened approximately proportional to the voltage
transformation ratio |

t = __.V;.__. '
B | 1 0
t - risetime without transformer

t1 - risetime with transformer

There are however, limits to this improvement, 1mposed by the
breakdown stress in the water line.

In the case that the switch inductance is drastically reduced and the
risetime lowered to a few nanoseconds, one is faced with the problem that
higher order modes as well as the main TEM wave are excited. For example,
the H 41’ E 41 and E01. will be generated in a four channel switch. Asymmetries

will provoke_the generation of H31, E31, H21, E21’ Hl.l and Ell‘ The amount
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of mode conversion depends on the geometry of the switch, together with its
environment, Whether the modes are trapped, becoming the socalled 'ghost
modes' and contributing to the equivalent switch inductance, or whether the
modes propagate out of the switch region depends on both geometry and pulse
risetime. In general, a fast rising pulse wiil generate power flow (in both
directions) from the switch region in modes which can never reach the cathode.
This can appear both as a contribution to switch inductance and as a loss of |
energy.

The most dangerous modes are those that propagate at the lower
frequencies, viz, the H modes, Fortunately, the simplest method of sup-
_ pressing propagation increases the voltage holdoff strength of the line, This
follows from the fact that the required perturbation of the circular geometry
of the inner conductor increases the electric field on the inner conductor and
therefore decreases the field on the outer, which is closer to breakdown in the

case of a negatively charged low impedance water line.

4.12,2.2 Improvement of the Trigger Isolation

The problem of trigger isolation can be greatly alleviated if the
transfer switch between water line and load is switched from the load side.

This has the following advantages:

(1) The trigger. isolation between ground and high voltage
switch can be made by a simple cable connection, as
long as the cable is at least half as long as the desired
pulse width, This will considerably reduce the com-
plexity and cost. |

(2)  The voltage between trigger cable and inner conductor
that need to be isolated is less and so is the stress
“duration. ‘ |

(3)  There will be only a negligible loading of the output
pulse due to coupling between line and trigger cable,
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(4)

There will be ample room to install more than four
trigger cables. The only disadvantage is the need for a |
rather long transition section between output switch and

cathode, However, in many cases the coaxial trans-

former can serve as the transition section.

4-135



	20081205162238.pdf
	20081205162614
	20081205162744
	20081205162936
	20081205163128
	20081205163315

