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\\ The principal conclusion is that thyratron operation at 250 kV and 40 kA
with a current risetime of a few tens of nanoseconds is a feasible proposition.
However, the development of a tube having such capabilities is subject to the
practical limits that are imposed by the breakdown characteristics of the ce-
ramic insulators that are universally used in the construction of high power
tubes. Operation at appreciable repetition rates is clearly subject to the
ability of the tube to withstand the heating that results'from operation at high
average current and high di/dt.

During the first phase of a multi~phase program, the emphasis of the work
was placed on those factors that affect the voltage-inductance compromise, since
it was determined that the tube's inductance (and not its commutation time)
would dominate the maximum achievable di/dt. 4—

It is considered as being clear that a multi-gap tube having an essentially
coaxial current return path, and operating with command pulse charging, is re-
quired.

The properties of a coaxial geometry, particularly as they apply to the
operation of a multi-gap thyratron switch, are discussed at some length. In
particular, it is found that the applied voltage is capacitively distributed
across the various gaps of the tube, and this phenomenon has significant effects
as regards the minimum achievable inductance, and the maximum achievable holdoff
characteristics.

It is concluded that experimental work is required to determine the voltage
stress capabilities of the ceramic insulators. Ceramic samples have been pro-
cured, and a Marx generator has been built and characterized for service as a
pulsed, high voltage source for ceramic evaluation tests.

Computer-generated field plots have been used as a design aid, and a math-
ematical model has been developed for the hydrogen thyratron that accurately
predicts the performance of thyratron-switched pulse circuits.

A five-stage tube of a novel, low inductance design has been built to serve
as a vehicle for the experimental examination of low-inductance, multi-gap tube
operation. The experimental tube is expected to provide information concerning
the triggering and commutation characteristics of tightly-baffled, multi-gap
structures, as well as their holdoff and recovery properties.

An appendix is included that discusses the mathematical model, and illus-
trates the technique used to derive the circuit equations that result from the
model's use.
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1.0 FOREWORD

This Final Technical Report documents the results of a twelve-month study
program that commenced 1 October 1977 and ended 30 September 1978, and has
generally been known as the High Voltage, Low Inductance Hydrogen Thyratron
Study Program. Funded under ERADCOM Contract DAABO7-77-C-2725, this work was
directed toward gaining the information necessary to fabricate a thyratron
switch capable of operating under the electrical conditions stated in
ERADCOM's technical guidelines therefor dated 12 July 1977. The work
described herein was performed by EG&G, Inc., Electronic Components Division,
35 Congress Street, Salem, Massachusetts 01970.

The authors of this report wish to recognize specifically the significant
contributions made to this Program by Dr. Chathan M. Cooke, Director of
Dielectric Research at the High Voltage Research Laboratory, Massachusetts
Institute of Technology, and a consultant to EG&G. We wish also to recognize
Mr. Jerome J. Hamilton, now with the Raytheon Company, who served as project
engineer during the initial phase of the Program.
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2.0 INTRODUCTION AND SUMMARY

a. Purpose and Concerns of the Program

The object of the High Voltage, Low Inductance Hydrogen Thyratron Study
Program is to obtain the information required to fabricate a thyratron switch
capable of operating with the electrical characteristics given in Table 1.
This document reports the results of Phase 1 of the Program. As originally
contemplated and funded, Phase 1 was to be a study only, with no deliverable
hardware. Phase II (now funded under Contract DAAB07-78-C-2977) is wider in
scope since the work to be performed consists of further theoretical studies
supported and guided by the construction and evaluation of experimental tubes
and such other laboratory work as may be deemed expedient.

Table 1. Electrical characteristics for high voltage, low inductance
hydrogen thyratron.*

Characteristic Symbol Objective
Peak Forward Voltage epy 250 kV
Peak Anode Current ib 20 kA**
Pulse Width (90%) tp 60 nS
Pulse Rise Time (10% to 90%) tr 5 nS
Current Rate of Rise (10% to 90%) di/dt 3 x 1012 A/s
Number of Pulses per Burst — 100
Off Time to Burst Duration Ratio — 100:1
Total Inductance (Switch and Connectors) Lt 125 nH

*Table 1 is taken directly from the technical guidelines issued by
ERADCOM on 12 July 1977. 1t is noted that the total inductance and the
rate of current rise are not consistent with a peak forward anode
voltage of 250 kV. The maximum permissible inductance is calculated
elsewhere in this report.

**For tube operation with a Blumlein circuit, the peak forward anode
current is 40 KA.




The final electrical requirements for the switch may differ somewhat from
those shown in Table 1, but representative characteristics are indeed a peak
forward anode voltage of 250 kV, a peak anode current of 20 to 40 kA for 60
nS, a current rise time of 10 to 20 nS, and ultimately, operation at high
pulse repetition rates. Figure 1(a) shows the regime of concern of Ib, tr,
and di/dt. The current-rise time points shown in Figure 1(a) indicate the
region of specific interest. Figure 1(b) shows the total circuit inductance
corresponding to the curves of Figure 1(a). The required inductance is seen
to be of the order of 30 to 60 nH.

10 T T sl
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,o“ | } R A ,5* | | 2
10* 2 4 6 8l0°% 104 2 4 6 810°
ib (AMPERES) ib (AMPERES)
(a) (b)

Figure 1. Regime of peak current (ib), rise time (tr), and di/dt under
investigation. A peak current of 40 kA with a rise time of 20 nS
is considered feasible.
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No thyratron presently exists that can meet all of these requirements

simultaneously, and the performance of existing tube designs cannot be extra-
polated to such operating conditions. It is clear that a thyratron capable of
meeting the stated requirements can be built only after considerable applied
research has been conducted in several areas basic to thyratron technology.

The most fundamental concern germane to this Program is that high voltage
and low inductance are, in general, conflicting requirements. Fortunately,
the conflict springs from practical concerns such as the properties of insula-
tors, and does not arise from any limitations imposed by basic physics.
Therefore, it is subject to resolution by applied research and high voltage
engineering.

The effects on thyratron performance of operation at high plate breakdown
factors and high rates of current rise are second in importance only to the
voltage/inductance compromise. It is difficult to think of any aspect of tube
performance and reliability that is not adversely affected by high di/dt at
high pulse repetition rates, and such limitations as may be imposed by the
constraints of basic physics are apt to lie in this area.

This program has benefited materially from work being done at EG&G under
our contract to Los Alamos Scientific Laboratory (LASL).* LASL's requirements
for di/dt and tr are substantially the same as those of this Program, and the
results obtained under the auspices of either Program are in general useful to
the other. An early decision was made to address matters relating to high
voltage principally under this Program, and matters relating to di/dt
principally under the LASL Program, at least for the first year's effort.

b. Report Organization and Summary

The work of Phase 1 has been concentrated on defining the fundamental
design concepts that apply to the development of high voltage, low inductance
hydrogen thyratrons. The emphasis was placed on the voltage-inductance
compromise, with matters pertaining to discharge phenomena and anode
dissipation being principally addressed under our contract to LASL.

*Contract No. EN-77-C-04-4047.
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In Section 3 of this report, the basic aspects of low inductance tube
design are discussed. The limitations placed on the achievable di/dt by the
commutation properties of the tube and by the total circuit inductance are
considered in depth. We conclude that the operating conditions pertinent to
this Program correspond to a point near the borderline of the two effects, but
that the circuit inductance is still the more significant concern. Ignoring
temporarily the matter of voltage stress, we conclude that a hydrogen thyra-
tron capable of operating at 40 kA with a rise time of 20 nS is in fact a
feasible proposition.

The following parts of Section 3 address the more obvious characteristics
of a high voltage, low inductance tube such as multi-gap construction, the
requirement for command pulse charging, and the clearly heavy stresses imposed
on the tube's insulating sections by the need for physical shortness. Con-
sideration is then given to the need for a coaxial geometry, for which induct-
ance, stray capacitance, and voltage stress are investigated. As one would
expect, minimum inductance is achievable only at the expense of increased
stray capacitance and increased voltage stress.

To establish an optimized design, the realities imposed by practical
methods of thyratron construction must be considered. This is done in Section
4. First, the maximum permissible inductance consistent with 40 kA rising in
20 nS is calculated; this inductance was found to be somewhat less than 60 nH.
Then, the physical dimensions and construction of practical multi-gap tubes
are addressed and the importance of the stray capacitance between the tube's
various electrodes and the coaxial current return is established. The effect
of the strays is to "short-out" the lower gaps such that an ever larger
fraction of the applied charging voltage appears across the uppermost gaps.
This phenomenon establishes a point of diminishing return insofar as the
number of gaps is concerned, and the optimum number of stages is thus calcu-
lable as a function of the ratio of the interelectrode capacitance to the
stage's stray capacitance to ground. The conclusion is drawn that the optimum
number of stages is typically four to six for anticipated capacitance ratios,
which number is the minimum consistent with fast pulse charging at 250 kV.
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In Section 4, the complex interaction of the various parameters pertinent
to the design is discussed, and some simplifying but justified assumptions are
made to eliminate some variables and thus bound the problem. It is concluded
that oil is the preferred medium for insulating the tube with respect to its
coaxial current return, and also that it is desirable to design the return so
as to utilize the maximum available space. The triggerability-holdoff compro-
mise is considered briefly, but extensive practical experience tells us that
holdoff will be the more pressing concern.

Finally in Section 4, consideration is given to the need for experimental
work to determine the stress levels that high-purity alumina will withstand
under pulsed conditions. This information is not otherwise available, and
such knowledge is vital to the design of a viable tube. The ceramic samples
that we intend to test are discussed briefly, and the 250 kV Marx generator
that we have built and characterized to serve as a pulsed high voltage source
for sample testing is also described.

Section 5 presents a discussion of some of the additional theoretical
work that we have performed during Phase [ and that will be of continued
assistance to us during Phase [I. The use of computer-generated field plots
as a design aid is described and representative plots are included by way of
example. Field plotting will be of particular value during Phase Il as a tool
to aid us in performing an in-depth theoretical study of the triggerability-
holdoff compromise.

Section 5 also discusses a mathematical model that we have developed for
the hydrogen thyratron. This model accurately predicts tube and circuit
behavior under a variety of operating conditions, and enables us to perform on
paper valuable parametric studies that would be prohibitively expensive and
time consuming if performed in the laboratory. As an illustrative example,
experimental data are compared with the tube's performance as predicted by the
model for a thyratron operated under both high and low conditions of di/dt.
The results are highly consistent, and reveal the probable phenomenon of a
time-varying tube inductance (or resistance) during the early portion of the
anode current pulse. This is a likely occurrence of as yet unknown impact,

and it is subject to further theoretical and experimental study.
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In Section 6, the first experimental high voltage, low inductance hydro-
gen thyratron to be designed under the Program is described. The need for a
full-scale experimental device is addressed first, followed by a discussion of
the overall philosophy that guided our design. Finally, the various aspects
of the design are examined in detail.

Section 7 presents the principal conclusions that we have reached as a
result of our work during Phase I and describes our plan for future work under
Phase Il. By far, the most important conclusion is that a hydrogen thyratron
capable of operation at 250 kV and 40 kA with a current rise time of a few
tens of nanoseconds is a feasible proposition. It is nonetheless clear that
the successful development of such a switch requires considerable finesse, and
is subject to the practical limits imposed by the breakdown properties of
insulators and (at any appreciable pulse repetition rate) the ability of the
structure to withstand the heating resulting from high average current and
high di/dt.

The references cited in this report are listed in Section 8. Also
included (as an Appendix) is a description of our mathematical model for the
hydrogen thyratron, together with a discussion of the technique that we used
to establish the equations pertinent to the operation of thyratron-switched
pulse circuits.

e Y

———




3.0 BASIC ASPECTS OF HIGH VOLTAGE, LOW INDUCTANCE TUBE DESIGN

a. Commutation and Inductance Limitations on di/dt

Figure 2 shows the “resistive” fall time (total closure time) as a
function of operating pressure for a variety of high voltage gas discharge
switches. The term "resistive" means that the anode fall times Shown were
observed under conditions of relatively slow di/dt such that no significant
voltage drop occurred across the inductance inherent in the switch. The data
shown are empirically determined, but the trend in evidence in Figure 2 covers

an inpressively wide range of fall time and pressure.

From Figure 2 one can calculate a mean (geometric) operating pressure and
a mean fall time for each of the switches shown. The results of this calcula-

tion appear in Table 2.

Table 2. Mean pressure and mean fall time for various gas discharge switches.

Total Mean Mean
Pressure Range Fall Time Pressure Total Fall
Switch (Torr) Range (Torr) Time, T
LMPV* 10-6 - 10-5 2-5 S 3.16 x 10-6 3.16 us
Vacuum Gap 10-4 - 8 x 10-3  250-500 nS 8.94 x 10-4 354 nS
CFCS** 0.1 30-50 nS 0.1 38.7 nS
Hydrogen Thyratron 0.2-1 10-50 nS 0.447 22.4 nS
Krytron 10 2 nS 10 2 nS
Spark Gap 800 - 1000 0.5-2 nS 890 1 ns

*Liquid Metal Plasma Valve
**Crossed Field Closing Switch
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Figure 2. "Resistive" fall time (closure time) as a function of operating
pressure for various gas discharge switches. The map was generated
from empirical data and covers an impressive range of pressure and ’
fall time.
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It will be shown later in this report that the "resistive" anode fall of
a hydrogen thyratron can be characterized by an ionization time constant, i;,
which deperds only on gas pressure and is defined by the relation 1 = T/In 2,
where T 1s the resistive fall time of the tube. Etxtending this procedure to
the mean fall times shown for each switch in Table 2, one can establish the
curve of Figure 3, which relates the ionization time constant to the operating

pressure.

for a circuit operating with zero inductance, the current would rise in
the same manner as the anode fell. We have developed a model for the hydrogen
thyratron which gives the normalized instantaneous anode potential during

T3 rar purely resistive circuit, the

comnutation as e (t)/Vy = 2 -
= ,t'/‘i -]

normalized current as a function of time would then be i (t)/l0
where 10 is the peak current. Solving this equation for the 10% point, we
find t,q = 0.095 1. Solving for the 90% point, we find tg, = 0.642 13. Sub-
tracting these times gives tr = 0.547 1. The excursion of i (t) during this
time interval is 0.8 10 (amperes). The slope of a line through these points

is di/dt = 0.8 1,/0.547 1y (amperes/second) or 1.46/t; (amperes/sec/volt).

A similar exercise can be performed for an inductive circuit where
e (t) = 0; i.e., for a perfect switch, such that the rise time is then limited
only by the circuit inductance. This yields di/dt = 0,363/L (amperes/sec/
volt). Combining both the commutation and the inductive effects yields the
map of Figure 4.

The region of high di/dt and low pressure in Figure 4 is not accessible
because no switch is known to exist that operates in this region. Similarly,
the regime corresponding to sub-nanohenry operation is the exclusive domain of
the high pressure spark gap. Note that the intersection of a given inductance
with a given switch does not necessarily mean that the switch has such an
inductance. The intersection in fact means that the commutation time of the
switch would limit tr to the same value as would the intersecting inductance.
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Consider now that point in Figure 4 corresponding to the hydrogen thyra-
tron. The normalized di/dt is 4.56 x 107 amperes/sec/volt. At 250 kV, di/dt
is 4.56 x 107 x 250 x 103 = 1.14 x 1013 amperes/sec for a circuit with zero
inductance. This is, of course, not realistic. Consider, however, the
pertinent requirement for a pulse of current of 40 kA peak with tr (10%-90%) =
20 nanoseconds. This means 32 kA in 20 nS, or di/dt = 1.6 x 10}2 amperes/sec.
At 250 kV, the normalized di/dt is (1.6 x 1012)/(250 x 103) = 6.4 x 106
amperes/sec/volt. Entering Fiqure 4 at 6.4 x 100, we find the maximum induct-
ance to be approximately 60 nanohenries. (We later calculate 57 nanohenries.)
It is clear from this discussion that the total circuit inductance (and not
thyratron commutation) can be expected to dominate di/dt for the regime of
interest.

This point is further illustrated by the curves of Figure 5 which show
the results of calculations to determmine the circuit current as a function of
time for various hypothetical operating conditions.* Referring to Figure 5,
observe the curves labeled 1 through 3 which show the current that would ensue
as the thyratron commutated (with various ionization time constants) if the
circuit inductance were zero. Curve 1 corresponds to the fastest anode fall
time generally observed. Curve 3 corresponds to the mean fall time as dis-
cussed in connection with Figure 3. Curve 2 is representative of what we
believe can be consistently achieved in practice for “resistive"” fall time.

Curves 4 through 6 show the current that would ensue with various circuit
inductances if the ionization time were zero. The inductance range chosen is
representative of our current best estimate of what can be achieved in prac-
tice for a 250 kV tube. Curves 7 through 9 show the combined effects of
inductance and commutation time using the ionization time constant that seems
most reasonable.

Note from Figure 5 that the rise times associated with Curves 7 through 9
do not differ greatly from those of Curves 4 through 6 in spite of the assumed
ionization time constant of 20 nS. The commutation time serves more to
“delay” the current pulse than to change its rise time for the relative

*The mathematical model used to generate most of these curves is discussed in
Appendix 1 to this report.
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values of 71 and 1 under consideration. As the various curves show, how-
ever, the commutation time assumes a role of increasing importance as the
circuit inductance 1s lowered. Curve 8 is perhaps most representative of what
we presently consider to be a feasible rise time for a 250 kV, 40 kA tube,
subject to the various considerations that we describe throughout this report.
We thus expect to operate in the relatively high current, low rise time region

of the curves of Figure 1.

The overall point of this discussion is that, for the values of induct-
ance that appear to be feasible, it is indeed the inductance and not the
commutation time that dominates the rise time of the current pulse. There-
fore, it is more appropriate to investigate ways of achieving minimum induc-
tance as opposed to extensively investigating commutation related phenomena.

b.  Obvious Tube Characteristics

Several characteristics of a high voltage, low inductance hydrogen
thyratron capable of operation at high pulse repetition rates are readily
apparent from first principles. So are areas where difficulties are likely to
arise and where compromises must be made.

To keep the inductance low, the tube must be physically short and must
operate with a coaxial current return. To hold off a high epy, it must be of
multi-gap construction. As such, it must contain a plurality of short (and
not nested) gradient grids. Furthermore, it should be triggered by an
auxiliary grid, with a negative bias applied to the control grid. Such
triggering promotes the development of a dense and uniform plasma in the
auxiliary grid-cathode space, which plasma eventually penetrates into (and
thus triggers) the first gap. Finally, all electrodes must be sufficiently
massive to withstand (and conduct) the heating which results from operation at
high prr and high di/dt.

High di/dt implies operation at the highest practical tube pressure, but
this is inconsistent with high epy. Hence, command pulsed charging is man-
dated to take advantage of the higher holdoff characteristic achievable for a
given electrode spacing and pressure under dynamic charging conditions. This

<16
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implies that epy will be distributed across the various gaps in inverse
proportion to the gap capacitances. But the effective capacitance for
voltage division purposes is a function of the capacitance to ground. Thus
the grid-to-ground capacitance 1s a factor of importance.

The requirement for shortness imposes heavy voltage stress on the infer-
grid spacers during the charging cycle. This problem is compounded during
the cascading process, as an ever-increasing fraction of epy appears across
the last gaps to break down until finally the full voltage epy appears across
the last unfired gap. Heavy stress is also placed on the insulating medium
which fills the space between the tube and its grounded current return. HNot
only must there be no breakdown between any of the tube's electrodes and
ground, there must also be no breakdown between adjacent grids during the
charging period.

¢. Properties of a Coaxial Geometry*

(1) Inductance

The complete solution for the low frequency** inductance, L, per
unit length, d, of a structure containing no magnetic material, and comprised
of infinitely long, smooth coaxial cylinders*** having finite cross-sectional
areas 1s (1)

*Throughout this analysis, we will assume that the tube and its coaxial
current return path can be treated mathematically as an infinitely long
coaxial structure. Such errors as are introduced by this assumption are
of a quantifying nature only, and do not diminish the value of the basic
principles that are established.

**de temporarily avoid the complications introduced by rapidly time-varying
fields.

***lJe assume that the discharge in the thyratron is basically cylindrical.

=17~




where Mo is the permeability of free space and the radii a, b, and ¢ are
as defined in Figure 6.

Figure 6. A structure composed of coaxial cylinders of finite dimensions.
The inductance is decreased as the thickness of the outer conductor
and the annular region between the conductors is decreased, but zero
inductance cannot be achieved if the length of the structure is finite.
The minimum possible inductance is 1.27 nanohenries per inch.

Rewriting Equation 1,

2 L.V ¥ b . "o [ ¢t b 3cC - p? ]
| polalt gl | R In—- (2)
d 8‘" 2" d o (C2 - b2)2 d 4(C2 o) b2)
or
l‘. =L ¥ Las €L (3)
a1 2 3
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Note that the term L1 is independent of the radii. As such, it establishes
an absolute minimum low-frequency inductance for the structure which is

simply
LR TG S e
1 8w 8n

or (4)
L1 = 1.27 nH/inch

The term L3 takes into account the magnetic field enerqy present in the
volume per unit length of the outer conductor. This term becomes negligibly
small as c approaches b; i.e., as the thickness of the current return
approaches zero. A thin return is easily accomplished in practice and is
mandated at high frequencies by the "skin effect" phenomenon.* Even if the
skin effect did not apply, one might assume a current return thickness of
0.125 inch. The inductance associated with this thickness (assuming c = 7
inches) is L3 = 0.031 nH/inch which is about two percent of L1 and small by
any standard. We therefore neglect the contribution of this term.

Consider now the term L2 which may be written

'}

-7
St b . 4 x 10 b
LZ T 2n In e 2m In a
or (5)
L2 = 5,08 1n-€ nH/inch

This term is based on the magnetic field energy in the annular region between
the conductors and is of course the term of prime concern to this Program.

*For a single puise of 60 nS duration, the frequency of the fundamental is
16.7 mHz. For a copper return (conductivity 5.8 x 107 mhos/m), the
1/¢ depth is only 0.64 mil. The skin effect is probably not relevant to the
thyratron discharge itself, where the conductivity is relatively low. The
use of Equation 4 is thus in order.

=19
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Combining Equations 3, 4, and 5 we write

5— 1.27 + 5.08 In Ll i/ inch (0)

A plot of Equation G is shown in Figure 7. Note that the second term domi-
nates the total inductance until the ratio b/a approaches unity. The two
terms are equal at b/a = 1.284.

(2) Capacitance

The capacitance, ¢, per unit length, d, for & coaxial structure*
is (2)

2ne
In —

(7)

alo
o

o

where b and a are as defined in Figure 6 and ¢ is the permittivity of the
medium between the radii b and a.** For a medium of relative permittivity Eps
tquation 7 may be written

5 Bvuis
G = 112 ¢/1n & pF/inch (8)

(3) Maximum Stress

The general relation for the maximum voltage stress in the region
between smooth*** coaxial cylinders is (3)

*We temporarily assume that the thyratron can be considered as a smooth-
walled cylinder. This avoids the complications due to grid flanges and
quard rings.

**The permittivity is usually expressed as ¢ = to vy Wwhere £ is the permitti-
vity of free space (8.85 x 10-12 farads/meter). For vacuum and most
gases, ty = 1; for most oils, €, = 2 to 3; for water, ¢ = 80.

***A deviation from smoothness will increase the maximum stress as discussed
further below.
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d v
F, Em=-——*g—b— (9)
a \n—a—

where Vo is the applied voltage and b/a is as defined before. An optimum
stress condition exists when the denominator of Equation 9 is at maximum.
This condition arises when the following relation holds:

o |

= € (10)

A departure in either direction from this optimum radius ratio for minimizing
the maximum stress will increase the gradient and lower the permissible
operating voltage, V,.

The mean stress is clearly

v
Emean = b - a (11)

and the ratio of the maximum to mean stresses, f, is (from Equations 9
and 11)

f= b (12)

For the optimum condition of Equation 10, we find from Equation 12

foptimum =e-1=1.72 (13)

i.e., even under the best of conditions, the maximum stress is nearly twice
that for plane-parallel electrodes.
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Deviations from smoothness (as occur when flanges and quard rings are
used on a thyratron) serve to increase the maximum stress. Consider the
stress in the region between two infinite plane-parallel plates spaced apart
by a dimension a. The maximum stress is clearly V,/a where V, is the applied
voltage as before. Now consider the situation depicted in Figure 8 where a
semi-cylindrical "bump" of radius r has been added to one of the plates. The
maximum stress is then(4) 2Vy/a even though a>>r.

//

// b>>a
/) >

re

Figure 8. A geometry chosen to illustrate the field effects of small pertur-
bations in electrode geometry. The small, semicylindrical "bump"
doubles the maximum stress in the region between the plates.
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(4) Summary

From Equations 6, 8, and 9, one can develop a family of curves for
L/d, C/d, and Em as a function of the radius ratio, b/a. L/d depends only on
b/a since only nonmagnetic materials need be considered. C(/d depends both on
b/a and the relative permittivity, €.. Em depends on b/a, the value chosen
for b (or a), and the applied voltage, Vo. Such curves are shown in
Figure 9, where C/d has been calculated for €. = 1, 2, and 3, and Em has been
calculated for Vo = 250 kV, and b = 7, 6, and 5 inches. The range chosen
for €, is appropriate for most insulating oils and gases. The range chosen
for b includes the maximum dimension consistent with the needs of this
Program (14-inch diameter) and, at the low end, about the minimum dimension
consistent with a thyratron cathode capable of delivering 40 kA.

Referring to Figure 9, one observes several points worthy of note.
Reducing the inductance below the level corresponding to the minimum Em
(6.45 nH/inch) causes significant increases in both stress and stray capaci-
tance. Furthermore, these increases accelerate as the inductance is reduced.
At a given ratio, b/a, Em is of course lower for a larger b. Exactly where
one operates on the map of Figure 9 is obviously determined by the best
overall compromise among the parameters b, €,, and d; i.e., that solution to
the overall problem that satisfies all of the boundary conditions. We
address these boundaries in the next section of this report.
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ture, and is at a minimum when b/a = ¢ = 2.72.




4.0 DESIGN OF A PRACTICAL TUBE

a. Maximum Permissible Inductance

In Section 3 we arqued that tube inductance (and not anode fall time)

would dominate the current rise time. OQur experimental work supports this

conclusion as do the results we obtain using a mathematical model we have

developed for the tube. We therefore begin our discussion of tube design by
calculating the maximum permissible tube inductance, LT (max), on the
assumption that LT dominates the total circuit inductance.

We assume epy = 250 kV, ib = 40 kA, and tr (10% to 90%) = 20 nS.

Clearly, for an inductance-controlled circuit,

ite) = 151 - e~ (14)

where i(t) is the instantaneous tube current and Ib is the peak current.
Setting i(t) = 0.1 Ib and solving Equation 14 for t,

t(0.1 Ib) = 0.105T (15)
Similarly,
t(0.9 Ib) = 2.303t (16)
Then
tr = (2.303 - 0.105)T (17)
Setting tr = 20 nS and solving Equation 17 for T,
(18)

T = 9,099 x 10°9 sec

2]




Since

_ LT (max) LT (max)

1

B ~ epy/Ib
then
e 250 x 10° -9
LT (max) = TE-Y T = x 9.099 x 10
40 x 10
from which
LT (max) = 56.87 nH (19)

b. Dimensions of a Practical Tube

In the discussion of Section 3, it was tacitly assumed that a single
dimension "a" was appropriate for calculations of L/d, C/d, and Em. In
practice, this is not so. For inductance calculations, the dimension usually
used for "a" is the outer radius of the outer grid slots. This assumes that
the discharge has substantially filled the tube by the time the anode current
has risen to not more than about ten percent of its peak value. Rough
calculations and experimental data support this assumption.

For stress calculations, a different value is appropriate for "a,"
namely that corresponding to the radius of the grid flanges (and including
the guard rings that are necessary to equalize the stress at the external
surface of the grid-to-grid spacers). It thus follows that a design
optimized for minimum stress between the tube and the current return will of
necessity operate with a higher inductance per unit length than that indi-
cated in Figure 9. This augurs for a large diameter tube with propagation of
the discharge setting a 1imit on the diameter.

-28-




Still another (and intermediate) value for "a" would seem appropriate
for capacitance calculations. This 1s so because the guard rings do not
extend over the full axial length of the tube, and the grid slots are clearly
inboard of the equivalent radius for capacitance purposes. It therefore
follows that a tube designed for minimum stress will operate with a lower C/d
than that indicated by Figure 9.

¢. Ltffects of Stray Capacitance

From Equation (9, we have established the maximum permissible tube
inductance as being about 57 nH. This defines LT (max) but not L/d.
Recalling tquation 6,

alr

= 1.27 + 5.08 ln% (6)
Thus

L&-D=l.270+5.0801n§ (20)

where D 1s the effective length of the tube. A curve showing the relation
between D and b/a for various values of LT and including LT = 57 nH 1s shown
in Figure 10.

The effective length, 0, is a function of the number of gaps required to
hold off epy, and also a function of the required interstage insulator length.
The ratio b/a 1s a function of the maximum allowable stress between
"cylinders” and also a function of the effective stage-to-ground capacitance.
But the number of gaps and the stray capacitance are also related in that the
strays effectively "short-out" the lower stages during the charging cycle,
thus forcing the upper gaps to withstand an ever-larger fraction of epy. It
1s clear that a point of diminishing returns exists as regards the number of
gaps. To determine this point, we must make some assumptions regarding an
optimized design. We must, in effect, "get into the ball park."
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Figure 10. Maximum permissible tube length to be consistent with various
total inductances as a function of the radius ratio b/a. The value .
Lt = 57 nH is consistent with a 40 kA current pulse having a rise time
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We know that a cathode area of at least 500 cm? will be required for a
40 kA, 60 nS pulse. This implies at least a 4.5-inch 0.D. tube, which, after
the addition of flanges and guard rings, will have an effective diameter for

stress purposes of about 6 inches (a = 3).

We know that we must not operate too far removed from optimum stress
conditions, and that stress will be minimized at maximum b. Setting
b/a = ¢ with b = bpay = 7, we find a = 2.6.

We are now in a position to determine the required number of gaps on the
basis of b = 7 and a grid structure that is consistent with a 500 cmé
cathode. To do this, we first determine the stage-to-stage capacitance,
Cy, for a typical 4.5-inch tube. Then we establish the stage-to-ground
capacitance, C». Finally we investigate the voltage division across the
gaps as a function of the number of gaps at the appropriate ratio of C; to
Cp. For typical gap spacings of 0.125 inch (E-E) and center-to-center
spacings of somewhat less than an inch, the stage-to-stage capacitance is
both calculated and measured to be of the order of 35 to 40 pF. From Equa-
tion 8, assuming a = 2 inches for a 4.5-inch tube and with b = 7, we calcu-
late C2 to be 0.94 to 2.8 pF depending on €r. Thus the range for the
ratio C;/Cz is 12.5 to 42.6, or roughly 10 to 40.

Figure 11 shows the result of a calculation to determine the voltage
across the top segment as a function of the total number of segments, N, for
various values of the ratio C;/C2. In an ideal case (C2 = 0, C1/C2 infinite),
the voltage across the top segment would vary as 1/N. As Figure 11 clearly
shows, the effect of low C1/C2 is to cause the top segment voltage to
become independent of N and also to be established at a high level.

Consider a case with N = 10. Ideally, the voltage across the top segment
would be one-tenth of the applied voltage. From Figure 11, at N = 10 with
C1/Cp = 20 (the geometric mean over the range of interest), the voltage
across the top segment is over 20% of the applied voltage, i.e., the stress
has been enhanced by over 100 percent. Figure 12 shows the effect just
described for the full range of N. In the ideal case, the enhancement would
be zero for all values of N.
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Figure 13 shows the percent of the applied voltage across each segment
for various total numbers of segments. Note that for a given number of
segments, N, the sum of the voltages across all segments must equal 100
percent. More importantly, the ratio of the voltage across the top segment
(i = N) to that across the bottom segment (i = 1) serves as a measure of the
gross stress distribution across the structure. This ratio is shown as a
function of N in Figure 14. In the ideal case, this ratio would be unity for
all values of N.

It is clear that & high value for the ratio C;/C2 is a highly desir-
able situation. It is therefore worthwhile to investigate the parametric
dependence of C;/Cz at some length.

The capacitance Cy is the interelectrode capacitance of each gap. As
such, its components are the capacitance between the active areas of the
electrodes, the capacitance present by virtue of the dielectric constant of
the interstage spacer and the appropriate effective area, and such further
capacitance as arises due to the external flanges and guard rings. We will
simplify the analysis by considering only the capacitance due to the active
area of the electrodes, realizing that the other components are nontrivial but
work to our advantage by increasing Ci. Thus we assume

C1 e, az/d farads per stage (21)

"wan

where “a" is the internal radius of the electrodes and "d" is the interelec-
trode spacing (E-E). If we assume for simplicity that the dimension "a" may
also be used for a rough calculation of the stage-to-ground capacitance,
then

2ne Er
C2 * 10 b/a farads per stage per unit stage length (22)
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Thus

Cl a2 b
—~ = z— In— per unit stage length (23)
G Zo d a
2 r
fquation 23 is maximized with regard to "a" and "b" when the function azlng is

maximized. It is easily found that this condition occurs when

L (24)

Substituting Equation 24 into Equation 23 we find

¢ b2 =
— (max) = =g Per unit stage length (25)
r

€

no

which is the desired functional dependence for maximizing C)/Cp.

From Equation 25 we observe a dependence of C1/C2 (max) on b2. This is
yet another argument for designing for maximum b. [t is of course also clear
that reducing the electrode spacing and the total stage length will increase
C1/C2.

The relative permittivity offers little hope for relief. Gas is not a
good medium for cooling the tube, although it might be feasible for burst-mode
operation. With ¢, = 80, water is ruled out. This leaves oil, and most
insulating oils have a dielectric constant of two to three.

Figure 15 shows a plot of the function azln% for b = 6 and 7 inches.

It is important to note that Cy/Cp decreases markedly for b/a less than
the optimum value of\[c.
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Figure 15. Plot of the function a2ln(b/a) as a function of the ratio b/a.

The function peaks at b/a =

conclusions are that the ratio Cy/C2 is optimized at b/a, and also that

large b is desirable.

It is clear that the optimum number of stages, Np, is a function of
C1/C2. If we define Ny as being that number of stages such that the addition
of another stage will reduce the stress on the upper stage by only 10%, we can

RADIUS RATIO b/a

€

1.65, and is proportional to b2.

then establish Ng as a function of Cy/C>.
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The results of such a calculation for the range of Cy/C2 of interest
are shown in Figure 16. From Figure 16, one can readily determine values for
Ng of 4, 5, and 6 for Cy/C> = 10, 20, and 40, respectively.
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NUMBER OF STAGES, N

Figure 16. Fraction of epy appearing across the upper stage of multistage
structures for various values of the ratio C}/Cp. From the curves, one
can determine a point of diminishing return as regards the optimum
number of sections.

d. Stress Equalization in the Grid Insulators

The scheme of Figure 17 is useful to equalize the stress at the external
surface of the ceramic grid spacers. Although effective as equalizers, the
guard rings increase the stray capacitance C» and also increase the stress
in the insulating medium external to the tube.
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Figure 17. The use of guard rings to equalize the stress in an 1nterelec-
trode insulator. The rings serve to control the stress pattern in the
insulator, but also increase the stress in the medium external to the
device.

The maximum stress between equal parallel cylinders (a fair approximation
for the rings) is given by (4)

0.45 Vo
Em = —nu (20)
rln g;

where r is the cylinder radius and D is the center-to-center cylinder spacing.
(Typical values for D for a low inductance grid structure are 0.75 to 1
inch.)
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Figure 18. Curves showing the normalized stress produced by guard rings of
the type shown in Figure 17, There i1s an optimum guard ring radius for
a given ring spacing.

It is readily determined that Em is minimized when

; ek @
i
l Substituting Equation (27) into Equation (26) yields
v
Em (optimum) = 0.9 « 59 (28) |
l
Figure 18 shows the normalized stress, Em/V,, as a function of the ratio r/D :

for 0 = 0.75 and 1 inch. The dependence on D and the minimum at r/0 = %k

are observed. |
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e. Interaction of Parameters

The design of a practical high voltage, low inductance tube is not a
straightforward task. The various design parameters interact in a complex
fashion, and an optimum design is not readily apparent. It is, therefore,
helpful to tabulate the various interactions so that an overview can be
established. To do this, we first define our terms as in Table 3 and then we
consider the concepts of Table 4.

Table 3. Definition of terms used in the design of a high voltage,
low inductance tube.

Term Definition

epy Holdoff capability of tube

tr Rise time of tube current

Uy Ionization time constant of tube

p Gas pressure in tube

N Number of stages

E-E Electrode spacing

e Permittivity of insulating medium about tube
2b Inner diameter of coaxial current return
24 Effective diameter of tube

C1 Interelectrode capacitance

C2 Stage-to-ground capacitance

tc Maximum stress in ceramic (stage-to-stage)
£l Maximum stress in insulating medium

L1 Tube inductance

DGBV Dynamic gas breakdown voltage (per stage)
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It is clear from Table 4 that tnere are too many dependencies acting at

cross purposes to allow a straightforward detemmination of the optimum design.
It is thus desirable to bound the problem by making some simplifying (but
Justifiable) assumptions. [t is also required to perform experimental work in
some areas to determine the extent to which practical considerations limit
design freedom.

f. Simplifying Assumptions

(1) Relative Permittivity, e,

We shall assume that the insulating medium between the tube and its
environs will be oil (as opposed to gas) in spite of the significantly higher
relative permittivity of oil. We choose 0il because it is highly effective as
a coolant for the tube, and more importantly, has a relatively sluggish
breakdown characteristic. Since all of the voltage stresses resulting during
the operation of a high voltage, low inductance tube are of a transient
nature, the slow breakdown of oil can be used to advantage by designing the
system to operate at higher stress levels than those that are permissible with
gas. (Because of its dielectric constant of 80, water cannot be used as the
insulating medium.) We presently feel that gas should be considered as the
insulating medium only if the ultimate requirement for Cy/Cp is such that the
required values for epy and Ly cannot otherwise be achieved.

(2) Diameter of Current Return, 2b

We elect to design for the maximum available space, i.e., a return
diameter of 14 to 20 inches. We do so for various reasons. First, from
Equation (25), operation at maximum b will optimize Cj/C2 (hence N and thus
epy) for any value of e, and E-E spacing. Second, operation at maximum b
will reduce the stress, Ei, for any given b/a. Finally, operation at maximum
b for a given value of b/a will provide the maximum space for a short,
substantially planar cathode.
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g. Iriggerability vs Holdoff

We assume that holdoff and recovery (as opposed to triggerability) will
ultimately dominate tube performance. This assumption is based largely on our
experience with hydrogen thyratrons, and is not otherwise readily apparent.
Theoretical work is presently underway to definitize the tradeoffs that exist
as regards triggerability versus holdoff as a function of aperture width,
aperture offset, and E-t spacing.

The depth of our confidence that triggerability can be assumed is tacitly
implied by our design for an experimental tube as described later in this

document .

h. Necessary Experimentai Data

The degree to which the ceramic insulators can be stressed is not known,
nor can it be established without experimental work. A typical manufacturer's
data sheet indicates a stress capability of 225 volts/mil for a quarter-inch
sample at room temperature. Obviously this does not mean that a one-inch
piece would withstand 225 kV, particularly at elevated temperatures, and
particularly under repetitive, fast pulse conditions. It is necessary for us
to have design information of this nature if we are to build a successful high
voltage, low inductance tube. This need caused us to enter into the ceramic
evaluation study described below.

(1) Ceramic Evaluation

(a) Samples

The ceramic insulators between the various electrodes of the tube
must be physically short to establish the tube's inductance, Ly, at its
required value. As a result, they are subjected to severe voltage stress
during both the charging and commutation periods. DOuring the charging cycle
(for perhaps 10 microseconds), the voltage, epy, divides across the various
gaps as described in Section 4c. Depending on the ratio C;/Cp (which effec-
tively limits N), the voltage across the upper stages can be materially




greater than 1/N. Furthermore, as the tube cascades (some tens of nano-

seconds), an ever-larger fraction of epy appears across the unfired gaps until
finally the full voltage, epy, appears across the last unfired gap and its
corresponding insulator. For the voltages and insulator lengths applicable to
this Program, the resultant insulator stress is well above that encountered in
standard practice.

To detemmine the stress capabilities (under pulsed conditions) of
suitable ceramic insulators, we procured samples of various ceramics and built
a 250 kV Marx generator to serve as a pulsed high voltage source for testing
the samples. A typical sample (fitted with suitable electrodes) is shown in
Figure 19. The electrodes were designed to provide a uniform stress pattern
in the sample, and also to provide a convenient means for lead attachment.
Each sample was metalized over the area corresponding to the center third of
its diameter, and the electrode subassembly was then brazed to the metalized
area.

All samples are three inches in diameter and 0.25-inch thick. The
thickness was chosen to be thin enough so that a rupture at high voltage 1is
likely. This ensures the occurrence of a definitive event under measurable
conditions. On the other hand, the pieces are thick enough so that the
results can be scaled to appropriate thicknesses.

The breakdown characteristics of ceramics depend on their thermal
history. It was thus necessary to monitor the time-temperature cycle neces-
sary to achieve a high-quality and essentially simultaneous brazing of the two
electrodes to the metalized ceramic.

About one-half of the samples were metalized by the vendor, with the
remainder being metalized by EG&G using the hydride process that we employ for
much of our tube fabrication. All assemblies were brazed in a vacuum furnace,
and have thus been cycled exactly as they would be if they were being used in
the construction of an actual tube.

Table 5 shows the various combinations of circumstances that corre-
spond to the entire lot of samples. The total number of pieces is fifty-five.
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Table 5. Ceramic samples for evaluation study.

Vendor and Material Sample Size Metalization
Alberox--A-950 20 Alberox
Alberox--A-950 10 EG&G
Wesqo--AL-300 10 Alberox
Wesgo--AL-300 ) LG&G

Diamonite--Chrome Oxide Doped* 10 LG&G

*These pieces were rendered slightly conductive by the addition (in bulk) of a
conductive material. Conductive ceramics might be useful to provide resis-
tive grading along the lengths of the insulators. All ceramics have some
leakage, and the leakage current at the given voltage increases with tempera-
ture. Therefore, even the undoped ceramics will provide a minor degree of
resistive grading.

(b) Marx Generator

A photograph of the 250 kV Marx generator is shown as Figure 20.
The device was characterized and the results of this effort are shown in
Table 6. Note from Table 6 that the equivalent circuit for the erected Marx
1s 0.01 uF in parallel with 10 K ohms, with that combination being in series
with 1.5 uH. This equivalent circuit is important in two respects. First,
the 100 uS decay characteristic of the device is consistent with the time-
stress profile the ceramics must endure during the 10 uS charging cycle.
(The decay time can be reduced by preloading the generator.) Second, the
1.5 ul inductance (resulting principally from the output lead geometry consis-
tent with 250 kV of insulation in air) is sufficiently high to cause resonant
charging of the sample's capacitance (10 pF) with a period of sufficient
length to perturb the results of the testing. We have investigated this
effect by using the Marx generator to determine the dynamic breakdown voltage




Figure 20. Marx generator for testing the ceramic samples. The device
produces 250 kV. When erect, its equivalent circuit is 0.01 uF in
parallel with 10 K ohms, with that combination in series with 1.5 uH.
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of a vacuum spark gap, and resonant charging effects were indeed observed. To

preclude resonant charging (which doubles the voltage applied to the sample

under test), it is necessary to add resistance in series with the generator.

This limits the rise time of the voltage waveform at the load, but permits the

establishment of a controlled time-stress profile.

Table 6. Characteristics of Marx generator for ceramic sample evaluation.

Number of stages 4
Capacitance per stage 0.04 uk
Equivalent capacitance when erect 0.01 uf
Charging time 16 sec
Maximum input voltage 65 kV
Maximum output voltage 260 kV
Maximum working output voltage (Note 1) 240 kv
Energy stored at 60 kV input 288 Joules
Total time to erect (Note 2) 800 nS
Output voltage rise time 100 nS
Short circuit current (Note 3) 14 kA
Equivalent shunt resistance 10 K Ohms

Equivalent series inductance (Note 4) 1.5 uH

Notes:

Le

For input voltages greater than 60 kV, the spark gaps occasionally flash
over externally. This limits the output voltage to 240 kV for trcuble-
free operation.

Total of gap delays and output voltage rise time at 240 kV (open
circuit).

Measured when discharging the device into a nine-inch arc with 55 kV
input.

Calculated from measurements of the ringing frequency under the condi-
tions of Note 3.
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(c) Other Testing

At the time of this writing, the quantity of ceramic-electrode
assemblies thus far produced does not warrant the initiation of the ceramic
evaluation tests. 1f the ceramics perform well, an important degree of design
freedom will be established. [f they do not, we will at least have the
required information concerning the limits of their stress capabilities. Lven
if the ceramics perform well at high stress, the effects of two important
variables — temperature and pulse repetition rate — will remain to be investi-
gated. We thus plan to subject samples to high voltage pulses at high pulse
repetition rates using various tesc kits at our facility. The ultimate test
is, of course, the operation of an actual experimental tube.




5.0 FIELD PLOTS AND MATHEMATICAL MODEL FOR THE TUBE

It is clearly desirable to perform parametric studies on paper whenever
possible, thus reserving expensive laboratory experimentation for those areas
where paper studies are ineffective (e.g., ceramic evaluation), or to verify
some theoretically predicted result. Two areas where theoretical work has
been particularly helpful to this program are field plotting and mathematical
modeling of the tube's anode fall characteristics. Both of these are
discussed briefly below.

a. Field Plots

Computer-generated field plots are of great value in the design of
insulator and electrode shapes that minimize voltage stress. A typical
example is given by Figures 21 and 22 which show the field patterns that
result from differing designs for the interstage insulators. The information
gained from the particular plots shown is that the field is concentrated in
the vicinity of the ceramic-to-metal seals, and that the recessed type of
insulator (Figure 22) provides the better overall stress situation.

The differences in stress patterns to be expected for a 5-segment tube
structure under uniform and capacitively determined voltage distributions is
illustrated by the plots shown in Figures 23 and 24, respectively. The plots
correspond to a 5-inch tube operated with a 12-inch current return. The
relative permittivity of the insulating medium is assumed to be unity. For
the capacitance-controlled case under consideration, 25.4 percent of the
applied voltage appears across the upper gap. The plots show the extent to
which the fields are intensified in the upper ceramic insulators and in the
external insulation nearby.

b. Mathematical Model

We have developed a mathematical model for the hydrogen thyratron that
predicts with reasonable accuracy the overall shape of the anode circuit
current pulse (including its early exponential rise), the peak current and the
time of the peak current, the pulse width, and the apparent increase in anode
fall time that is observed in practice for tubes operated at high di/dt. The
impetus for developing such a model was to perform on paper parametric studies
that would be cost and time prohibitive if performed in the laboratory.
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PLANE - PARALLEL o
ELECTRODES

CYLINDRICAL GROUND PLANE —>
A%

Figure 21. Representative computer-generated field plot. This plot shows the
stress pattern in an interelectrode spacer having projections beyond the
electrode flanges, and should be compared with the plot of Figure 22.

CYLINDRICAL GROUND PLANE —>

Figure 22. Field plot showing the stress pattern in an interelectrode spacer
that is recessed with respect to the electrode flanges. The plot should
be compared with that of Figure 21. The conclusion is that the field is
equally concentrated at the seals for both spacer designs.
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Figure 23. Field plot corresponding to a five-section tube under uniform
voltage distribution. This plot should be compared with that of

Figure 24.
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Figure 24. Field plot for a five-section tube under capacitively controlled
voltage distribution. This plot should be compared with that of
Figure 23 to reveal the enhanced upper-section stresses that apply in the

capacitance-controlled case.
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The Appendix to this report describes the assumptions and technique used
to establish the model and also the circuit equations that result from its
use. The value of the model lies in its ability to predict trends in circuit
behavior that would be quite difficult to establish without extensive experi-
mental investigation. The curves of Figure 5 of this report are a typical
example, and another is discussed below.

The oscillogram of Figure 25a shows the anode current, i(t), and the
anode voltage, eb, of a hydrogen thyratron operating in a low inductance
circuit where the thyratron's inductance and the inductance of the remainder
of the circuit are comparable such that di/dt is high. Observe first the
early exponential rise of the current as the tube ionizes. Observe also the
relatively long anode fall time (65 nS full-fall) and also that the anode
voltage does not reach zero until the peak of the current pulse (where di/dt
is zero). Note finally that the anode swings negative in a more or less
sinusoidal fashion.

Refer now to the oscillogram of Figure 25b which shows the performance of
the same tube when operated at the same hydrogen pressure but with a circuit
inductance that is roughly 25 times that corresponding to Figure 25a. We temn
this a condition of low di/dt. Note that the sweep speed in Figure 258 1s
20 nS/minor division as opposed to 10 nS/minor division so that the peak of
the relatively slow current pulse can be observed. The current sensitivity
has also been increased in Figure 25b to permmit a full scale deflection at the
lower currents corresponding to the higher inductance.

In Figure 25b, the obvious effects of increased circuit inductance are to
widen the current pulse and decrease its amplitude. The more subtle (and more
interesting) effect is to decrease the anode fall time (full-fall) to some-
thing of the order of 10 nS. Observe also that the anode voltage no longer
swings negative. Instead, it slopes off gently to the value corresponding to
the steady-state tube drop.

The overall conclusion from Figure 25 is that the voltage drop across the
tube's inductance (Ly di/dt) is dominating the apparent anode fall time in
Figure 25a. This theory fits all observations exactly. Note, for example, in
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PRESSURE 400 MILLITORR.
a) HIGH di dt
b)Y LOW di dt
VOLTAGE: 500V MINOR DIV.
CURRENT: a) 200A MINOR DIV.
b)Y 40A MINOR DIV.
TIME: a) 10 NS MINOR DIV,
b) 20 NS MINOR DIV.

Figure 25. Oscillograms showing the anode fall and current rise of a hydrogen

thyratron under conditions of (a) high di/dt and (b) low di/dt. Note
that the tube's inductance causes the anode fall to lengthen in the high
di/dt case due to the voltage drop across the tube's inductance. Note
also the early exponential increase in the current (high di/dt case) as
the tube commutates.
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Figure 25a that eb is zero when di/dt is zero. Observe also that eb is about
at its negative maximum when the current crosses the zero-axis, i.e., when
di/dt is at 1its negative maximum. Observe also from Figure 25b that when
di/dt is low, inductive drops in the tube are low. Thus eb falls quickly to
near-zero, and thereafter, eb slowly decreases to the steady-state tube drop
as di/dt slowly decreases to zero at the peak of the current pulse.

Refer now to Figure 26, which shows the waveforms calculated for i(t) and
eb using the model for both the high and low conditions of di/dt (Figures 206a
and 26b, respectively). Conditions approximating those of Figure 25 were
assumned. The waveforms shown in Figure 26 were normalized to their respective
peaks so that the curves would have the same aspect ratio as the oscillograms
of Figure 25.

[t is not necessary to describe every detail of Figure 26 since a compar-
ison of Figures 26 and 25 clearly reveals that the model accurately predicts
the tube's behavior. Two differences, however, are worthy of note. The first
is that the model makes no provision for the steady-state tube drop. There-
fore, in Figure 26b, eb reaches ground at the peak of the current pulse. This
is of no particular consequence.

A more important difference is shown by the dashed portion of the wave-
form for eb in the high di/dt case of Figure 26a. The model predicts the
solid curve, and anode waveforms having such discontinuities have in fact been
observed in practice for tubes operating at high di/dt in some applications.
The dashed line is an approximation to what is actually observed in the
oscillogram of Figure 25a. The conclusion is that for early times the actual
tube inductance is a time- or current-dependent variable, with Ly (and hence
Lt di/dt) being initially somewhat larger than its steady-state value. This
notion is consistent with the concept of a finite time being required for the
discharge to propagate radially within the tube, and the model makes no
provision for such an effect. The significance of a time-varying tube induct-
ance (and also resistance) is not yet clear, and the matter is subject to
further theoretical and experimental study.
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Figure 26. Current and anode fall as predicted by the model for conditions of
(a) high di/dt and (b) low di/dt. The model accurately predicts tube and
circuit behavior, as a comparison of Figures 20 and 25 reveals. The
dashed line in the high di/dt case corresponds roughly to the actual data
of Figure 25a, while the solid curve shows the waveform predicted by the
model. The difference is attributed to a time-varying thyratron imped-
ance during the comnmutation interval, and the model makes no provision
for such an effect.
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6.0 EXPERIMENTAL HIGH VOLTAGE, LOW INDUCTANCE TUBE

a. The Need for a Full-Scale Experimental Tube

Even when addressed separately, the various thyratron operating condi-
tions pertinent to this Program are severe. It is clear that considerable
research is required to achieve the ultimate objective (actual tubes that meet
the operating conditions), but time and money are not without Timits. It is

thus necessary to develop a plan of attack that avoids the pitfalls common in
design studies. The worst such pitfall is to study the wrong problem. This

prompted us to design and build the first experimental high voltage, low
inductance tube. \le have designated this device as the HY-5505. Its purpose
is to serve as a vehicle to determine where the problems really lie when one
attempts to operate a multigap tube at high voltage and high di/dt. No amount
of paper studies or scaled~down experiments can provide this information as
quickly and as cost effectively as can a full-scale experimental device.

b. Design Philosophy

The HY-5505 is shown in cross-section in Figure 27. Its basic design is
representative of our current thinking on how a high voltage, low inductance
hydrogen thyratron should be built. Nevertheless, we have not departed so far
from established design principles that the design could be considered radi-
cal. We expect the tube basically to work, i.e., be triggerable, have reason-
ably good holdoff and recovery capabilities, and operate with reasonable tj,
tad, and di/dt. If such is not the case, we will have learned early where our
research efforts had best be concentrated. It may, for example, be necessary
to do considerable experimental work with various grid aperture configurations
to establish an optimum compromise between holdoff and triggerability. It may
be that the upper insulator design has no hope of working at the stress levels
we expect to impose, in which case a dramatically different design will have
to be developed and investigated experimentally.

[t is not prohibitively expensive for us to build scaled-down tubes to
investigate such aspects of the overall situation as may be required, and
undoubtedly we will need to do so. It is nonetheless possible that the
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Figure 27. Cross-sectional drawing showing the essential features of the
first experimental high voltage, low inductance hydrogen thyratron. The
device has been designated HY-5505. The tube has a calculated inductance
well below 100 nH, and its operation is expected to provide considerable
information concerning the commutation and holdoff characteristics of low
inductance, multigap thyratrons.
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existing design will work sufficiently well so that we can address the impor-
tant matter of anode dissipation. The existing design obviously does not
address this consideration, and we expect to operate the tube only at low

Ber,

c. Details of the Design

A standard EG&G Type HY-5 cathode is used. This cathode has an area of
500 cmé and is normally rated at 5 kA. Such cathodes have delivered 9 to 10 kA
for pulse widths of 10 to 20 uS at an average current of 30 A. The smaller
1802-type cathode (100 cm?) normally rated at 1.5 kA has operated at 14 kA
for pulse widths of 50 nS at low pulse repetition rates. For a given cathode,
the maximum allowable current density at the tips of the cathode vanes
increases as the square root of the current, while the current density for
cathode arcing increases inversely with the cube root of the pulse width.
From the experimental data and the known scaling relations for cathode per-
formance, it is likely that the HY-5 cathode can deliver a few tens of kilo-
amperes for the pulse widths applicable to this Program (less than 100 nS).
We therefore concluded that the HY-5 cathode was a good choice for this
experimental tube, particularly since the tube's holdoff and commutation

characteristics are our primary concerns.
Reservoir

The tube has a high-capacity reservoir of tiie type used in EG&G's HY-53.
The tube will be filled with deuterium to a pressure of 400 microns at the
standard reservoir voltage setting, and a pressure-voltage calibration curve
will be established before pinch-off. During operation, the input power to
the reservoir will be adjustable and regulated. An operating pressure range
of 200 to 600 microns is anticipated.

Auxiliary Grid

The tube is equipped with an auxiliary grid (also serves as a cathode
baffle), the normal function of which is to reduce jitter and anode delay
time. We have found with tetrode tubes that when negative control grid bias
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is used, and the auxiliary grid is used to trigger the tube, significant
increases in the tube's di/dt capability result thereby.
Control and Gradient Grids

These grids are the most critical of the tube's elements. They provide
capacitance-controlled distribution of the anode vuitage over the length of
the tubé. with no biasing circuit being used. The control grid is baffled in
the usual fashion, and the various apertures of the gradient grids are offset
therefrom and throughout the tube's structure such that no line of sight
exists among the various grids. This arrangement is expected to provide
maximum holdoff at the expense of triggerability at low epy, a reasonable
concession for this tube. A representative gradient grid (with its ceramic
spacers) is shown in Figure 28.

The grid apertures, of course, present the minimum cross-sectional area
to the discharge. For the grids having the smaller set of annular radii (and
hence the minimum area), the total aperture area is 1.14 inch?. At normal
thyratron operating pressure (300 microns) and pulse widths (5 to 10 uS), this
area would give rise to grid-quenching (self-interruption) of the discharge at
about ib = 10,000 A. Due, however, to the inertia of the pertinent gas
dynamic processes, the capability of a constricted area to pass high current
discharges increases markedly as the pulse width decreases. Quenching has not
been observed for pulse widths less than about 1 uS, and is not expected to be
a factor in the operation of this tube, even for the relatively thick grid
structures employed.

The aperture offset-to-width ratio was chosen to be consistent with that
of existing and proven tube designs. The effects on tube operation of this
parameter (as a function of E-E spacing) are not clear, and theoretical
investigations are now being performed in this area.

On the reasonable assumption that the gap comprised by the anode and the
last gradient grid will be the last to fire during the cascading process, the
last insulator has been made materially Tlonger than all other insulators
exposed to high voltages. As a result, the upper gradient grid is equipped
with a shield to equalize the voltage gradient along the insulator's length.
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Anode

The actual anode is a molybdenum disc, 0.060 inch thick, supported by the
anode cup. No provision has been made for activye coaling of the anode in this
design since anode heating is a matter requiring extensive investigation, and
is therefore beyond the scope of the immediate investigation.

The anode cup has been fitted with a stud merely for experimental con-
venience. For minimum inductance, one would make connections to the anode at
the outer reaches of the anode cup flange. The anode Cup and gradient grid
flanges will be fitted with appropriate guard rings (not shown in
Figure 27).
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7.0 PRINCIPAL CONCLUSIONS AND PLAN FOR FUTURE WORK
a. Principal Conclusions

Several conclusions relative to the design of high voltage, low induct-
ance hydrogen thyratrons can be drawn from the work of Phase 1. First, it is
highly probable that tube inductance (and not commutation time) will limit the
maximum rate of rise of anode current. It thus follows that the emphasis of
our continuing work should be placed on the control of those factors that
influence tube inductance as opposed to the study of phenomena related to the
propagation of the hydrogen discharge.

The inductance of any device is intrinsically related to its physical
dimensions, and the inductance is decreased as those dimensions are decreased.
On the other hand, the smaller the dimensions, the worse the problems associ-
ated with high voltage insulation. Hence the conflict between high voltage

and low inductance.

For the regime of inductance and voltage applicable to this Program, we
stand at the very limit of a possible compromise between inductance and
voltage. On the basis of the inherent characteristics of hydrogen thyratrons,
we conclude that a satisfactory compromise can be struck, but this conclusion
is subject to the practical limitations imposed by the breakdown characteris-
tics of the ceramic insulators that are universally used in the construction
of high power tubes.

For a pulse of anode current 60 nS wide, we consider a peak current of
the order of 40 kA with a rise time of the order of 20 nS to be a realistic
goal. At shorter rise times, thyratron operation is dominated by the commuta-
tion time, and it is not clear that any efforts to reduce the commutation time
would meet with success. For the range of tube inductance that we feel 1is
ultimately achievable for a 250 kV thyratron (40-80 nH), 40 kA is a reasonable
peak current such that the inductive drop across the tube is not excessively
high. Fforty kiloamperes for 60 nS is also consistent with a short, low
inductance cathode.
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These performance estimates are first contingent on two principal and, as
yet, unproven assumptions. The first of these is that a multigap tube of the
general design discussed in Section 6 is capable of holding off (and recover-
ing to) 250 kV, and can also be made to commutate as an ordinary thyratron.
We expect commutation, but we are less sure (although rot pessimistic) about
holdoff and recovery.

The second assumption is that ceramic insulators typically of the lengths
shown in Section 6 can in fact withstand the stresses imposed upon them during
charging and commutation. This can be established only by experimental
investigation as discussed in Section 4h. [f the insulators fail, it appears
that a sacrifice in tube inductance will be necessary to gain insulator
length, or some new and as yet unconsidered geometry will need to be
developed.

There are second-order effects that could affect the performance of a
multigap tube operated at high di/dt. These include discharge propagation
effects in the upper sections (with beam formation a possibility), cathode
arcing, arbitrary gap breakdown, and grid quenching at lower than usual limits
for tubes operated at very high plate breakdown factors. Such phenomena are
in general too complicated to analyze theoretically, and experimental work is
again required.

b. Plan for Future Work

Before developing a detailed work plan for Phase I, it is first neces-
sary for us to determine if the tube of Section 6 operates as we expect, and
also to determine the stress levels that the insulators can in fact withstand.
Our first priorities are thus to test both the tube and the ceramic samples.

We plan to do further theoretical work in at least two areas. The first
of these is to investigate the feasibility of altering the interelectrode
capacitances of the various stages in such a way as to force a more favorable
transient distribution of epy across the tube. This would allow us to better
utilize the available space within the coaxial current return and thus 1ower
the inductance of the tube, subject only to the breakdown strength of the
insulating oil,
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We also plan to investigate the holdoff-triggerability compromise by
using field plotting techniques to investigate the effects of aperture width
and offset as a function of E-E spacing. We feel that this is necessary to
hedge against the holdoff problems that we expect to encounter at high epy.

Two important considerations relating to holdoff and commutation remain
to be experimentally investigated. The first is the actual increase in gas
breakdown voltage that can be achieved in practice under conditions of fast
pulse charging as opposed to static or low frequency conditions (DGBV vs SBV).
Clearly, the higher the ratio of the dynamic to static breakdown voltages, the
fewer the number of sections required to hold off 250 kV, and the lower the
tube inductance. During the course of our work under contract to LASL, we
have successfully operated tubes nominally rated at 25 kV at voltages as high
as 50 kV (and this at high tube pressure) under pulse charge conditions, and
the HY-5505 as discussed in Section 6 must operate at over 50 kV per section
if epy = 250 kV is to be achieved. It is clear that an accurate determination
of DGBV/SBV (as a function of time) is essential to the development of high
voltage, low inductance tubes.

The second area of concern is the time that the upper space can hold off
essentially the full voltage epy as opposed to the time required for the upper
stage to commutate. It is essential that commutation win the race, or an
upper-stage arc is likely. Multistage tubes such as the HY-541/MAPS 250 have
successfully operated in this regard, but the matter of upper stage holdoff
time versus commutation time remains a matter of key concern in the operation
of multigap tubes.

Regardless of how the first experimental tube and the ceramic samples
perform, valuable experimentally generated information will be gained from
their evaluation. A second generation tube, designed to operate at high pulse
repetition rates, is now in the offing, with the completion of its design
awaiting the information to which we have just alluded. The purpose of the
second tube (after design modifications to correct for such deficiencies as

-69-

e ]
]




may be revealed by the operation of the first tube at high epy) is to provide
essentially trouble-free operation at high epy, high di/dt, and high pulse
repetition rates. This will enable us to gain insight into the performance of
multigap tubes at high di/dt and high pulse repetition rates. Again, the
emphasis is on letting the tube tell us where the problems are.

The exact course of the theoretical and experimental work during Phase I1
will of necessity be guided by experimentally obtained results.
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APPENDIX 1

MATHEMATICAL MODEL FOR HYDROGEN THYRATRON
AND DERIVATION OF CIRCUIT EQUATIONS

Assume that during commutation, the anode potential, e(t), of a hydrogen
thyratron attempts to decrease at an exponentially increasing rate with a time
constant, T4, depending only on the hydrogen pressure such that e(t) = V4
(Z-Et/Ti) where V, is the initial anode potential. For purposes of circuit
analysis, e(t) may be considered as a voltage source acting in opposition to
that in series with the transmission line or energy storage capacitor being
switched by the thyratron. Note that e(t) = V, at t = 0, and at t = T 1n 2
(defined as t = T), e(t) = 0. The steady-state tube drop is ignored.

-

Two energy storage mechanisms may be considered for the circuit external
to the thyratron. The first (Case 1) is a long, charged transmission line of
characteristic impedance, Z,, and total capacitance, C, such that the two-way
travel time is 2Z,C. The second (Case 2) is a charged energy storage capaci-
toyy s

Assume that both circuits operate with an equivalent series inductance,
L, which includes that of the thyratron, Ly (but not that of the line for
Case 1), and an equivalent series resistance, R (which for Case 1 includes
Zy). The waveform of e(t) and the two circuits under consideration in both
the time and frequency domains are shown in Figure A-1. The task is to derive

analytical solutions for the circuit current, i(t), its derivative, di/dt, and
the actual thyratron anode voltage, e(b), where e(b) = e(t) + Ly di/dt for
the circuits of Figure A-1(b) and A-1(c). Solutions are required both during
commutation [e(t) # 0] and subsequent thereto [e(t) = 0].
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{a) Waveform of the voltage source,e(t). e(t) is

defined os zero for t DT. Steady-state tube
drop is ignored.

(b) Time domain circuit for Case 1 (Long
Transmission Line).
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(c) Time domain circuit for Case 2 (Energy Storage

(d) Frequency domain circuit and basic Laplace
Capacitor).

equation for current during commutation — Case 9.
The voltage E(s) is the Laplace Transformation
of the net voitage causingi(t) to flow.
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ﬁl LYY\
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(e) Frequency domain circuit and basic Laplace |
equation for current during commutation — Case 2.

Figure A-1. Assumed thyratron behavior with circuit models and equations used

to derive analytical solutions for thyratron and circuit operation under
conditions where commutation of thyratron cannot be ignored.
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Case 1. Long Transmission Line

Here we assume that the line is sufficiently long so that it looks like a
voltage source in series with Z, until the circuit current is asymptotically
reaching its maximum value. This requires that 2Z,C 2 T + 5L/R = T + 3T,
The basic Laplace equation for the circuit current is given in Figure A-1(d)
and it is a straightforward matter to solve for the current i(t) during the
comnutation interval. The differentiation of i(t) yields di/dt directly, and
the thyratron anode voltage, eb, is then readily obtained. The results of
these operations yield the following expressions which are valid during the
commutation interval (0 < t £ T):

' LT -t/
:---‘Q - 1 - e L -
i(t) R [KAL + (1 KAh_ J
v t/t -t/t
%%= T~ [(I-KA)(y Veg L)]
[ t/T1 -t/ré]
eb =V 2-(1-KB)5 - KB
where
KA = Ti/(Ti + rL)
KB = KC(I-KA) and KC = LT/L
and
TL = L/R

as before.




For the post-commutation period (T < t < 2Z,C), the voltage e(t) is
zero. The expression for the circuit current may then be determined by
evaluating the above expression for i(t) at t = T (thus finding the enerqy

stored in the circuit inductance), and deriving a new expression for 1(t)

based on the energy storages then present in the system. The expressions for

di/dt and eb can then be derived as before. The results are:

where Kp = Kp - (1-KA)(1-E'KE) and Kg = (tj/tp) In 2 and Ky and 1| are as
defined before.

Case 2. Energy Storage Capacitor

The procedure here is essentially the same as that for Case 1, except
that 1t 1is necessary to determmine the energies stored in both the circuit
inductance and the storage capacitor at t = T before proceeding with the
post-comnutation solution. We have addressed Case 2 only for the situation
where 4/LC > (R/L)2, i.e., for conditions where the circuit response is
oscillatory. This is, of course, the case of greatest interest.

For U £t € T,
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To determine the energy storages at t = T, one first evaluates the above
expression for i(t) at t = T. This yields

v
I, = 7> i%:_s%_ "% VT | cosat - L singT) .
y (8% + 1%}

By evaluating di/dt at t = T, the voltage drop L di/dt is found. The drop
across the resistor is I[,R. The voltage e(t) is zero, and the voltage then
present on the storage capacitor is readily determined by Kirchhoff's law to
be

o cosBT + nsingT)

where

-BzY*as'
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It then follows that for t > T

I

i(t) = Ef-&_a(t'r) sin[g(t-T)] + Fg‘g'a(t'T) cos[B(t-T) + cos-ln]
LR Lk, G B . o :
5 e )-Ef' {scos[e(t-T)] - asinp[t-T] } ok e {ss1n[s(t—T)

+

cos~1ol+ acos[g(t-T) + cos'16]}€

L
eb = EI-EO g-olt-T) {cos[s(t-r)] - %—sin[s(t-T)]}
- Ly Io-g e'a(t'T){ sin[p(t-T) + cos'lo] + -%-cos[s(t—T) + cos'10]$

where 0 = g(g2 + a2)71/2,

In general, the peak current occurs after comnmutation. The time of the
peak current can be determined by setting the post-commutation expression
for di/dt equal to zero and solving for t = tpeak+ The magnitude of the

peak can then be determined by evaluating the post-commutation expression
for i(t) at t = tpeak-

Figure A-2 shows a comparison of the actual anode current of a hydrogen
thyratron operated at high di/dt and the anode current as calculated using the
equations developed for Case 2. The model predicts with reasonable accuracy
the overall shape of the current pulse, including the early exponential rise,
the peak and the time of the peak, and the pulse width.

The model accurately predicts the increase in anode fall time for tubes

operated at high di/dt, and also the extent to which the thyratron inductance
controls discharge circuit performance.
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Figure A-2. Comparison of theory and experiment showing that the theoretical
model predicts the anode current pulse.
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