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" cerning particle beam accelerator weapons concepts and related topics.
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or editorial comments concerning this report, or requests for more in-
formation concerning the Atomic Particle Beam Space Weapons Research Pro-
gram from members of your organization.
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SUMMARY

The objective of the program described in this report was to evolve de-
sign plans and an evolutionary program for a high-vacuum test facility suitable
for use in the Directed Energy Weapons Development Program. High vacuum is,
of course, the environment of space.

Facilities for the development and testing of laser type weapons are dif-
ferent from those for particle beam weapons (ions, electrons), and this, together
with the fact that a large laser testing facility is being developed elsewhere, led
to a concentration on facilities for the particle beam weapon.

A major problem in the acceleration of particles to high energies, par-
ticularly using a single potential drop device, is the support of large potentials in
the vacuum environment, It was hoped that a facility suitable for the development
and testing of directed energy weapons components would be suitable alsc for the
study of techniques for the support of very high voltages in space. Such a dual
purpose facility was found to be conceivable, but not advisable. Conseguently,
the study proceeded along paths which are interrelated but separate. Progress
along one path determined the facilities for the development of directed energy
weapons,and along the other, facilities for solving the high voltage insulation
problem,

A study of facility requirements was impossible without a close examina-
tion of the several directed energy weapons concepts. This showed the need for
information on target damage and beam/environment interactions. Consequently,
these areas were studied theoretically at some length, which confirmed the belief
that adequate experimental data on target and environmental effects were needed
to determine the utility of particle beam weapons.

xi



The development of a potential drop particle accelerator with adequate
stored energy and with reversible polarity is the fastest and most economical ap-
proach to beams of ions or electrons of sufficient power density to produce the
required target and environmental interaction data, It appears that a 'drift' tube
25 meters long would begin to supply useful information on environmental effects.
This drift tube would be extended as experiments progress and the utility of the
particle beam weapon is confirmed,

The realization of high power potential drop accelerators requires
research and development in several areas which are discussed in the report.
These areas include power supply, energy storage, ion and electron injection,
and beam handling. A growth plan for facilities to solve beam production and
acceleration problems is presented as part of an overall growth plan for particle
beam weapons (Fig. 22).

A major part of a facility for the study of very high voltage effects in
the space environment is the vacuum chamber inside which the studies are made.
The voltages which are required inside this chamber dictate its dimensions. The
standard method for obtaining high voltage inside a vacuum system is to generate
outside and use a feedthrough bushing. It appears possible to extend this tech-
nique, which has been developed to above 1 MY at IPC, to about 5 MV, However,
a more fruitful approach is to develop generators which can operate inside the
chamber using vacaum for their external insulation, Generators of this form are
almost directly applicable to the space borne accelerator.

The report concludes with a growth plan for high vacuum facilities
which would permit the study of potentials up to 8 MV and develop the high voltage

technology required for the operation of accelerators in space.




1. INTRODUCTION

1.1 GENERAL

This study is related to Directed Energy Weapons concepts and con-
sequently it is worthwhile discussing the present significance of the nomen-
clature. The title ''Directed Energy'' presumably was coined when the poasi-
bility of using electromagnetic radiation directly for target destruction was
being considered. The main advantage of a weapons scheme based on a beam
of radiation is in the fast target interception which is possible because of the
velocity of propagation, which is the ultimate. Obviously, laser weapons fall
directly in this category. lon and electron beam approaches to a weapon are
not strictly "Direcfad Energy'' unless one assumes energy to include kinetic
energy, in which case such mundane means of destruction as the gun and bullet
could be termed a directed energy weapon system,

It is necessary then to define the term "Directed Energy" as applied
to a weapon system, and it is suggested that the nomenclature be applied to a
weapon system where the velocity of propagation is a significant fraction of
the speed of light. It is a peculiarity of the several concepts that electrical
forces are required in the penultimate stage of the weapon.

The various directed energy concepts will be discussed in some
detail later, but it is worth introducing some of the ideas at this point. Possible
approaches to a directed energy weapon include laser beams, plasma projection
and electron or ion beams. Ion beams may be neutralised before projection to
give an uncharged atomic or molecular beam. Laser beam weapons are attrac-
tive for focusing on a target but suffer from a very poor power efficiency and
the fact that'damage effects are superficial and are likely to cause only sublima-
tion of material. Plasma projection concepts have so far been eliminated due to
the difficulty in containing a dense plasma over useful projection distances.

1




Ion or electron beam weapons appear the most feasible, but with the present
state of the art are far removed from practicality. Programs such as the
present one are aimed at closing this gap.

For obvious reasons, directed energy weapons are more feasible
for operation in a very low pressure environment, and the altitude required
for the operation of a directed energy concept is of more than passing inter-
est. In considering the utility of any concept the most logical place to start
would be in determining if it could significantly damage a target. Consequently,
a considerable section of this report is devoted to target damage effacts. Of
comparable importance, and related to minimum altitude for operation, is the
interaction of the directed energy with the environment. This has also been
treated at some length, and the need for this will become clear from the pro-

gram philosophy outlined below.

1.2 PURPOSE OF THE PROGRAM

The purpose of this program was to conceive test facilities for the
development of directed energy weapons components, and hopefully, for the
ultimate testing of a '"prototype' weapon. To be realistic the ultimate facility
for a complete weapon would not be built without the prior building and operation
of smaller facilities for the proving and development of each of the component
parts of a weapon. It was the aim of the program to produce a scheme for such
a planned growth towards the ultimate facility, with indications of the timing and
funding which would be involved. |

Obviously the facilities could not be conceived without a close examina-
tion of the various approaches to a weapon and their weaknesses. The extent of
the weaknesses then determine whether or not a particular approach is worthy
of test facility considerations.

A further requirement of the facilities was that they be suitable for
inmining the electrical insulation strength of high vacuum at very high voltages.
This was primarily to support a concept of electrostatic energy storage using



the space environment as a dielectric which was proposed under another con-
tract (AF08(635)-1636), but such studies of vacuum insulation are also desir-
able in support of high energy accelerators in space, even where the space
environment is not the energy storage medium,

It was possible to conceive facilities which could serve both the com -
ponents testing and the vacuum insulation tests but this was not considered a
sound approach. The design of the &ual purpose facility for reasonable dimen-
sions requires the making of assumptions on vacuum voltage insulation at the
higher potentials which may not be valid. If these assumptions proved to be
incorrect, the facility could be of minor utility and, since the concept of a
directed energy weapon is not necessarily tied to the support of megavolt po-
tentials across vacuum gaps, the ultra high voltage vacuum insulation facility
should be separate from the facility for examining other directed energy prob-
lem areas. In support of this two facility approach it should be noted that all
present methods of accelerating charged particles to energies above about | MV

use graded accelerator tubes,




2. FACILITY FOR THE STUDY OF DIRECTED ENERGY WEAPONS CONCEPTS :

2.1 CHOSEN WEAPON CONCEPT AND ITS JUSTIFICATION

The preliminary design of a facility useful for the study of the di-
rected energy system must be based upon some initial, necessarily restrictive,
assumptions concerning the nature of the projector itself. In order that this
study could accomplish useful conclusions concerning not only the type of fa-
cility required, but evolve, as well, the philosophy of the experimental program
which could be conducted with it, an early decision was made on the weapon lfi-
tem type that should be considered in this program. The considerations upon
which this decision was based and the flexibility it permits will therefore be
outlined.

Continuing studies at Ion Physics Corporation under 4&!*‘08(63-5}-216&1

Z,

and earlier efforts elsewhere 24 have provided considerable insight into the
fundamental limitations of the various approaches to energy projection in the
extraterrestrial environment. Of those techniques considered, the charged ’
particle or electrostatic accelerator, the plasma projector and recently devel -
oped sources of coherent radiation (lasers) have received the greatest attention
due to their ralatively promising characteristics for the application. The tactical
utility of each of these may be evaluated on the basis of five primary criteria ,
namely: divergence of the projected beam, energy efficiency of the weapon sys-
tem, energy density at the plane of the pro.ector, velocity of the directed beam

and finally, mode of interaction at the target itself. Since the forementioned

reports have treated these criteria, for all but the laser, to varying degrees,

only a brief qualitative review of the significance of each to total system consid-
erations will be discussed in turn below. The neutral particle system will be
considered as synonymous with a charged particle projector as it is subject {at -

least within the projector itself), to the same limitations imposed by electrostatic

acceleration techniques, '




The dive‘rgence angle X of the projected beam in the charged particle
systems arises from repulsive coulomb forces within the beam itself as well as
from the thermal motion or temperature of the accelerated particles. In
addition, the effect of the ambient environment must also be considered in evalu-
ating "'divergence." Thus, the effects of scattering, charge-exchange and ex-
citation during the drift phase must be determined in addition to the interaction
of the beam with the ambient electric and magnetic fields. The former phe-
nomena (coulomb, thermal) are much better understood at the present tlmes
than are the latter, particularly for the relativistic regime of drift velocities.
In view of this unbalance, considerable effort has been devoted to analysis of
these latter effects with the charged particle system, and the results are pre-
sented in Section 2. 6 under Drift Tube Consideration.. A useful review of our
knowledge of the divergence problem for the plasma system is presented in
Ref, 6 and, along with the graphical results of Ref. 2, provide a useful intr. -
duction to the complexity of the divergence - range considerations so funda-
mental to weapons evaluation.

The energy efficiancy N of the system is broadly defined as the
ratio of the energy contained within the (useful cone and pulse length of the)

projected beam to the total energy expended in generation of the "shot" pulse

as well as in its focusing. This figure of merit is of prime importance in ap-
proaching the power supply problems implicit in the directed energy concept7
due to the extreme energy storage requirements of even a high efficiency pro-
jector. All types of energy loss mechanisms must be considered, including
those associated with the storage system itself. At the present time we can
only make useful efficiency estimates for the projector per se while excluding
the primary supply efficiency itself; i. e., for the energy storage system, elec-
trical power source and pulse energy converter. This parameter is unquestion-
ably the best defined, at present, of the five considered here in view of a rea-
sonably exact knowledge of the state of the art of the various "sources' them-

selves coupled with those data relating to supply systems outlined elsewhere. Wl



The energy density £ of the beam at the plane of the projector

itself provides a measure of the capability of the system provided that kill
mechanisms and divergence are adequately understood for the device. If one
could neglect the '"post-acceleration' effects on beam divergence and the re-
sulting decrement in energy density at the target, it would be useful to char-
acterize the beam itself in terms of itas directivity., For a beam of energy
density § and divergence half-angle < the beam directivity is expressed as
E/m fxz. (Amperalfcmzfsteradhn where is the beamn half-angle at the cross-
over or minimum beam radius.) If one can further define this beam radius "r"
near the projector plane, then the directivity becomes {Jhrrzl (llnﬂ:zl or
Jf'frzcz where J is the beam energy and ¢ is the beam emittance; i.e., r<
This parameter can then include both £ and < in a restrictive sense,

The velocity v of the directed beam is a.critical parameter as it
constitutes the reason '""why'' for these directed energy studies. Tactical con-
siderations of the effects of projection velocity are presented in Ref. 1 and 2
and indicate that for the intended application (space vehicles in Keplerian earth
orbits) prdjoctor velocities of > .1 ¢ are required for present tracking errors
(0.5 milliradians). The lead angle required varies inversely as the projection
velocity and is, of course, small for relativistic velocities for these "'near -
earth'" trajectories. In addition, the beam velocity for charged particle systems
is intimately connected to the divergence or expansion considerations during pro-
jection. In particular, for a given power density within the beam, the charge
density and hence the radial electric field (as derived from a solution of Poisson's
equation) will vary inversely as the velocity v. The self-focusing effects of
relativistic beams are of interest here, particularly for electron streams, and
the strength of this force produced by the azimuthal field as well as the radius
of curvature of the particle in the ambient field, both vary directly as the par-
ticle velocity.

The mode of interaction of the beam at the target determines the
kill mechanism and hence the tactical utility of the entire system. Implicit in

6

—— sl el



considerations of the interaction mode are techniques of weapon counter-

measurss, Recent work conducted under this 26

{Directed Energy) and re-
lated progrumta {ORION) has provided only scant information relating par-
ticularly to the effects of high energy, high density plasma impact on various
materials, and has yielded a poor prognosis for the usefulness of the plasma
system as a tactical weapon. There is a similar paucity of dlug for the high
density photon beam and the nature of its interaction at a solid surface, although
several government supported programs are now directed to this area. : Rather
more data are available relating to the interaction of high current density charged
particle beams from high intensity accelerator studies, particularly with ener-
getic beams, 1 Experiments designed specifically for the investigation of the
metallurgy of damage mechanisms are still wanting in the energy region of in-
terest to this program, and some definitive data in this area for '"heavy' charged
particles will hopefully be available in the near future.

In summary then, it is seen that of the five critical parameters con-
sidered here in the evaluation of the several weapon concepts, the least data
are available for elucidation of the "kill" mechanism. However, with the in-
formation available, the high intensity charged particle beam would appear to
be the most effective, based largely upon countermeasure considerations for the
various systems. The main advantage of the high intensity photon source or op-
tical maser obviously lies in its high directivity; however this advantage. is much
less obvious (as compared to the particle concept) for high power lasers as
Sagolz has pointed out. These limitations are yet to be fully demonstrated
on large aperture lasers at useful power levels. Systems are under study else-
whuuw for evaluation of these capabilities, and although partially communica-
tions oriented, will be readily useful for the purposes of this program.

The facility study outlined in this report therefore pursues considera-
tions relating primarily to a charged particle linear acceleration system. As-
suming that our present knowledge of the range of kill energy requirements is

adequate, there would appear to be no engineering barriers to the development



of a low snesgy (2 Mev) prototype system which constitutes the early basis of
the facility. The critical areas of beam propagation and target interaction may
then be studied in detail with this facility in order that data may be acquired at
energy densities of interest to the program. The Mark I (2 Mev) facility there-
fore represents the {irst prototype terrestrial directed energy system which
will be capable of providing the experimental data required for the evaluation
and extrapolation of those parameters outlined above and, in particular, for
the study of beam propagation in a simulated environment. The analytical con-
siderations outlined in Sections 2.5 and- 2.6 of this report provide a foundation
for the experimental program proposed for this (Mk I) facility.

A summary of order of magnitude data relating to the criteria used
in systerm evaluation is presented below and is intended to be indicative of the
mid-1962 state of the art in this area for instruments that might realistically
be considered for the directed energy application. References are included for
each system. The ""prognosis' for target interaction effects in each case is a
best estimate based upon considerations of possible kill mechanisms at the
propagation velocities and power densities achieved to date. Any comments
concerning vulnerability to countermeasures for each system would be prema-

ture in view of our limited knowledge of these interaction mechanisms.

Projector Type Divergence Power Power Vel. Pulse Interaction
and References {5) Eff. (n) Density(§) (v} Length Eifect
Ion Beam <1072 ¢ >50%  10°w/em® .2c 10 s good-
(2,4, 7) excellent
Electron Beam <10 48 r >95% 107 wlcmz ~c 10-6 s excellent
(11, 13)

-5 6 2 -6
Optical Maser ~I0 r ~1% 10" w/cm c 10 s good
(13, 14) _
Plasma >107r <40% Low ,0005¢ 1024 poor
(2,6, 15)

LA



The energy density of the beam at the beam crossover near the plane
of the projector is a commonly used.eriterion. For our purposes, the product

of the energy density and beam velocity constitute a more useful parameter,
namely the energy flux or power density € of the beam, stated in wl.ttl;‘cmz.
Since the concept of beam diucti.vityl as used in optics, is pertinent to this

problem, it is useful to consider the equivalent beam power directivity & ex-

pressed as §/n a?, where «is the half angle of the beam measured at the mini-
mum beam diameter or crossover point. The units of & are then wattllcmz;‘
steradian and are largely of use in injector-accelerator evaluation but ignore
the critical problems of subsequent power loss during the drift phase. Since
target interaction effects are rate dependent, it is felt that the use of power
density should be adopted rather than the usual energy/unit area as the pulse
period is implicit in €. The importance of pulse period T is largely under-
stood on the basis of energy dissipation considerations. It has been generally
concluded that Tmust be short(preferably less than 1 msec) inorder that bulk ther-

mal conductivity considerations no longer plan an important role (Section 2. 5. 2, 3).

2.2 FACILITIES AND MAJOR PROBLEM AREAS
The previous section has indicated that the most promising approach

to a directed energy weapon lies in the acceleration of ion or electron beams.

. N The actual

energy and energy density at a target which would be required will depend upon
the results of experiments on the interaction of beams with the space environ-
ment and on target damage which will be made in the early stages of the pro-

posed facilities.

T




The information on Table I is for direct potential drop machines

which appear to be the best approach to high positive or negative beam cur-
rents for pulse durations up to 1 millisecond. Several forms of high voltage
generator are available for the accelerator, and those which are worth con-
sidering are the Dynamatron, Cockcroft Walton, Van de Graaff and Insulated
Core Transformer (ICT). The Dynamatron, Cockcroft Walton and ICT are
limited to potentials of 3 - 4 Mev at the present time, but can produce currents
10 to 100 times greater than the Van de Graaff, which has a maximum output of
about 1 milliampere. Both the Dynamatron, Cockcroft Walton and the ICT could
be made for higher voltages, but largely because of the increasing dimensions
the power generation becomes less efficient. Because the requirement for a
pulsed accelerator is stored energy rather than high continuous current, the
Van de Graaff is the best form of generator provided it has sufficient current
capacity to supply any leakage associated with the stored energy. Vande Graaff
designs exist for potentials up to 15 Mev and such accelerators are at present
under construction. The current capacity of 1 ma should be quite adequate to
supply the energy storage system (see Table I).

The acceleration of an electron beam is a more tractable problem
than the acceleration of an ion beam, and unless otherwise stated the more dif-
ficult problem; i.e,, the ion beam accelerator, is being pursued. Two ap-
proaches to the accelerator are shown on Figs. 1, 2 and 3. The advantages of
the charge exchange machine (Fig. 3) lie in the ion source baing at ground po-
tential rather than in the terminal because the operation of a high current source

10
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Table 1

Outline Parameters: Proposed High Pulse Current Accelerators

Terminal potential (MV)

Maximum pulse duration (sec)
Maximum terminal drop (kv)

Beam current for 10-3 sec pulse (amp)
Beam current for 10™° sec pulse (amp)
Maximum charge flow (coulomb)
Maximum energy in pulse (joules
Energy density on 1 cm2 (j/mz)
Terminal capacitance needed(puf)

Stored energy in system (joules)

Time to charge from zero potential (sec)

Current drain due to leakage (us)

Yolume of capacitors (m3)

11

10

100

100
10°

~2.10

10

2.10

20

0.22

See Note
_Number
10
1073 1
100 2
1 3
100 4
107
'*'104
108 5
w*
5, 105 7
100 8
10 9
5.5 10




10.

Notes to Table 1

This is ample duration from both considerations of target damage
and the holding of a typical high velocity target without continuous
tracking during firing.

The operation of pulsed accelerators at HVEC suggests that a 100 kv
drop with a 2 Mev machine is quite acceptable. Information on the
allowable drop will be obtained from the first stage program. It is
likely that greater than 100 kv drops will be allowable with the 10 Mev
accelerator, and if so, this can be used to increase the beam current
x pulse duration where desired. The allowable drop becomes much
less where magnetic deflection follows acceleration. Approaches to
reducing terminal drop are discussed in Section 2.3, 2.

For positive ion operation.
For electron operation.
Focussing to spot sizes less than 1 ~::n:uz will be possible.

The terminal capacitance of Van de Graaff machines is usually 100 -
200 ppf.

The energy stored in Van de Graaff type machine is usually: 2 Mev
~250 joules, 10 Mev ~ 6250 joules.

Based on 1 ma charging current being available. Somewhat less may
be available for the Z Mev machine, but this will not be significant.

Based on meg ohm x uf product of 10‘.

Based on energy densities of 1.5 jfin’. Densities as high as 2 j/in3
are available. For an essentially DC application higher densitiss
may be possible since capacitor life and voltage stress is closely
related to voltage reversals, However, initial outline design using
200 kv commercially available units as modules give larger volumes
than Table 1 but the dimensions are still practical. Smaller module
voltages will give better energy densities.

12
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Table 2

Outline Parameters: Present High Pulse Current Accelerators

Location Accelerator
Renssealaer Linac
P.L(N.Y.) (electron)
Yale Linac
(electron)
Livermore Pulse Trans-

(Astron Project) former
{electron injector)

Livermore Injector
(proton)

Berkeley C.W. Injector
{proton)

Potential
Energy
77 Mev

60 Mev

1. 7 Mev

100 kev

370 kev

Peak
Current
800 ma

700 ma

150 a

120 ma

Pulse

Duration

4.5us

4.5p8

0.25us

lms

1 ms

Pulse
Energy
280 j

190 j

64 j

200 j

45 §

Tube
Length

8.2 M

7.5 M

* Source provides pulse duration to 25 ms., but durations above 1 ms. n%t considered
of interest here. Beam diameter was 4" and beam divergence about 10,

13
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in a terminal may lead to thermal problems and large pumping speed require-
+

3
(Fig. 3) which is believed attainable within the next two years, a one ampere

ments down the accelerator tube. Starting with a 1.3 ampere source of H

beam output should be possible. In the neutralizing canal the H; dissociates
to 3 of H, each of which are injected as neutral particles with a 50% efficiency
so that the neutral 'current' to the terminal is about 2 amperes. In the ter-
minal, conversion to positive ions is about 50% efficient, so that a 1 ampere
beam is then accelerated to ground through the terminal potential.

However, the system of Figs. 1 and 2 is obviously a simpler con-
cept and is preferred at the present time. The fact that only a pulsed beam is
required means that the source can be operated on a gas pulse basis, possibly
with pumping in the terminal, to alleviate the problem of pumping down the tube.
Thermal problems in the terminal are also reduced because the source has to
operate only in a pulsed mode.

The major problem areas in the accelerator concept are:

1) The ion source. This is treated together with the problem
of injection into the accelerator tube in Section 2. 4. 1.

2) Power supply, energy storage and beam coupling (tube prob-
lems). This is treated in Section 2. 3.

3) Beam handling. This is treated in Section 2. 4. 2.
4) Drift tube. This component is needed to investigate the
interaction of the beam with the space environment.
Section 2. 6 shows that significant data on this can be ob-
tained with a ground based system of reasonable dimensions.
2.3 POWER SUPPLY AND ENERGY STORAGE
2.3.1 General
In this section consideration will be given to the power supplies and
energy stores, both for the high powered accelerators which are proposed for
target damage and environmental interaction studies and for the ultimate directed
energy weapon which is assumed to be a potential drop machine. The power
supply and possible energy store for the ultimate weapon require consideration
since that system will require a test facility as the weapon is developed.

17
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2.3.2 - Facility Power Supply and l:ncr]y Store

The parameters of the accelerators which are outlined in Table 1
were determined both by the need for a certain range of energy densities on
a target over a useful area and by a reasonable extension of present technology.
The potential drop accelerator can operate either with a steady applied voltage
or with an impulse voltage. The former has been chosen bec~use it is simpler,
gives better beam control and there is much greater familiarity with the tech-
nique. However, in the ultimate weapon an impulse voltage machine using,
for example the Marx circuit if adequate energy can be stored capacitively,
might be used since the superior total voltage insulation strength obtained
with impulse rather than direct voltage is attractive. The most powerful high
voltage impulse generators which have been made are probably 7.5 MV, 180 KJ
at General Electric Company, Pittafield and 8.2 MV 420 KJ at the Khar'kov
Electrotechnical Institute {t.h“'».‘.‘mm.ur

In the test facility the power supply problem is essentially one of
voltage conversion to the high potential required by the accelerator. Apart
from the ability to produce high potentials, the voltage conversion device has
to be capable of supplying sufficient current to store the required energy in a
reasonable time and to supply the leakage associated primarily with the energy
store.

In deciding on the power conversion device those approaches capable
of developing significantly greater than 1 MV DC were considered. Machines
of interest were the Van de Graaff (belt machine), variable capacitance genera-
tor, variable reluctance generator, insulated core transformer, Cockroft
Walton multiplier and the Dynamatron. All of these machines except the last
are produced or are being examined experimentally in the HVEC group of com-
panies (see Refs. 18,19). The Dynamatron, which is an r.{. coupled DC
tnpplyzo has been produced up to 3 Mev, The belt charging machine was
chosen for the following reasoas:



« It supplies adequate current ‘l ma) .
+ It is the simplest and cheapest approach.

« It has developed potentials approximately three
times higher than any of the other machines, and
is capable of further extension.

+ It has been amply proven.
+ Polarity can be reversed by simple switching.
. It is adaptable to space operation.

The accelerator shown on Fig. 1 uses a Van de Graaff supply and has dimen-
sions corresponding to a 3 Mev machine which can accommodate a large beam
tube.

None of the voltage supplies mentioned above could possibly supply
the instantaneous power delivered in the accelerator beam, thus an energy
store is required. This store is armed over a relatively long period compared
with the delivery time of the beam and consequently the power from the supply
can be fairly small. The instantaneous beam power with the 2 Mev accelerator
is 200 Mw in the electron pulse, whereas the power available in the Vande Graaff
is only 2 kw. 4

The stored energy needed by the accelerator is determined by the
allowable terminal droop during the delivery of the beam and the charge in the
pulse (AQ = CAV). The terminal drop in potential must be limited because it
influences beam containment and focussing. Any post acceleration beam bend-
ing using magnetic fields would be very sensitive to terminal droop because of
the variation in particle rﬁomontum. and it is because of this that a horigontal
machine is proposed with both target chamber and drift chamber in line. The
allowable droop will be the subject of early experiment in the facility, but ex-
perience with pulsed accelerators at HVEC indicates the drop in potential should
be 1i/nited to 100 kv in a 2 Mev machine. A larger drop would probably be allow-
able at 10 Mev, but 100 kv has also been used in that design outline because it is
desired to leave a margin for larger beam charges.

19
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The drop of 100 kv and the beam charge of 1073 C indicates that a
terminal capacitance of 10,000 puf is required. It is necessary to ensure that
the dimensions of this capacitance bank are not excessive and that the leakage
current is tolerable. The dimensions of capacitors for various applications
can be determined from allowable energy densities which are related to the
particular application. The energy density of a given capacitor is proportional
to the square of the voltage at which it is operated, and this voltage has a maxi-
mum value related to the lifetime desired, the number of voltage reversals and
their severity. Figures 4 and 4b show typical relationships. The bank in this
case will not experience voltage reversals except in the case of breakdown.
Energy densities as high as 2 j/inch3 are obtainable in an optimum package
(e.g., optimum capacitance and voltage value). At the high voltage ratings
and low capacitance ratings desired here the energy density is rather poor,
However, the dimensions of a 10, 000 puf 2 Mev bank based on a 50 kv, 0.1 uf
capacitor is indicated on Fig. 1 where it can be seen that the bank is reasonably
compact. The energy density of this 0.1 pf unit is 0.5 j/inch3. It is interesting
to compare this with the maximum energy density obtainable in a high dielectric
strength material such as mylar, which is about 50 j/inchs.

The leakage current in the bank is determined by the meg ohm xuf
product, which is a measure of the quality of a capacitor. A value of meg ohm
xuf = 104 is typical of a good unit, which gives a leakage current of 2 - amperes
for the 2 MV storage bank, and 10 4 amperes for the 10 MV bank. The voltage
across the capacitors in the bank has to be controlled by resistance grading,
and this will give an added leakage current of perhaps 40 p amperes and 200
amperes respectively. Other losses such as that due to corona will have to be
limited by good high voltage design inside the pressure tank.

The energies in the 2 MV and 10 MV store are respectively 2 x 10‘
and 5 x 105 joules, which can be compared with energies of 250 joules and 6250
joules in typical accelerators. Obviously some thought has to be given to the
possibility of breakdown in the system and the effect of these large energies



L e S

TTIT T T T T T IT I TTITT T

2000

500 1000 iS00
Voitage Stress (Voits per Mil)

[ Y I I D N I T N Y A B
N [ <

(o]

o

)
(OINOf/,uf) OUMOA MlioY

Fig. 4b Energy Density -Stress Relationship for
Typical Capacitor Material

2000

500 1000 1500

Volts per Mil Stress
Fig. 4a Life —-Siress Relationship for Typical
Capacitor Materiol (Based on Sth Power Law)

o

®
0-Q SNONUIOD o PeRDE *(BA) BN 9-0 e00JeAY

2l

R R i e



being dumped. Breakdown could take place either in the high pressure gas
environment or through the vacuum of the accelerator tube. Even though the
stored energy is of the order needed for the electrohydraulic forming of metals,
discharge in the high pressure gas is not expected to cause serious difficulties,
although this should be confirmed by experiment. With 'regard to breakdown in
the accelerator tube, which is more likely, it is possible that the discharge
current would be limited by space charge effects. Experiments at HVEC 21
where high pulsed currents from a vacuum arc source (~ 4 amperes of elec-
trons) were accelerated to about 2 Mev showed that the maximum current was
limited to about 1 ampere per cmz of tube area per MV/m tube gradient. This
conflicts with experiments by Brasch and La.ngezz who obtained 1000 amperes
through an accelerator tube using a 2.4 MV impulse generator, apparently
somewhat to the detriment of the accelerator tube. In these last experiments,
which were with a rather unuiual tube, the current was 5 amperes per cmzper
MV/m. Again, the effect of stored energy on accelerator tube breakdown
should be the subject of experiment. The current limit mentioned above might
apply equally well to the controlled discharge of the beam, and for 100 amperes
of electrons the inside diameter of the tube should be at least 4 inches.

In considering protection against dumping excessive energy (current)
at breakdown the first step is to increase the output impedance of the bank by
adding a resistance between capacitor and terminal. This has two effects. It
limits the discharge current and increases the discharge time, which allows
the dumping of most of the bank energy via another path, for example a crow-
bar circuit. Unfortunately this resistance is limited by the allowable potential
drop across it when the accelerator operates, and in the case of the 100 ampere
pulse a maximum value would be about 500 & This gives a bank discharge time
constant of 5 u sec; which would require a fast acting crowbar to divert the
discharge (if this were found to be necessary). Spark gap crowbar circuits
have been developed for clearing transmitting tubes up to 350 kv, within 2 pus 23
and these tubes in some sespects are quite similar to accelerator tubes. These

22



crowbars operate at atmospheric pressure, and a cruwbar to opsrate within
the accelerator tank at high pressure could be a much faster device sinee
breakdown at high pressure develops much more rapidly than at atmospheric
pressure.

The uncertainties associated with the operation of an accelerator
with large amounts of stored energy suggests that the terminal capacitance
should be increased in stages to 10, 000 puf during the experimental stage,
perhaps in steps of 1000 npf.

Another aspect of energy storage and particle acceleration is that
of beam stiffening. The term 'stiffening’' refers to the maintenance of accel-
erator tube gradient in spite of interactions of the beam with the tube. A loss
of tube gradient can be by two causes.

The first is due to the movement of bearn charge down the tube
which causes induced charge flow in the accelerator column and loss of gradi-
ent, particularly at the source end of the tube. 'fheu induced charges flow
in the stray capacitances between the electrodes of the accelerator tubes ‘ll
well as in the storage bank while the front of the beamn passes down the tube,
but once the charge in the tube (beam) reaches equilibrium, there is no fur-
ther net flow of charge in these stray capacitances by induction. The stray
capacitance between sections on a 3 Mev Van de Graaff was measured and
found to be approximately 250 uuf, and with this value the loss of gradient
due to induced charge flow was found to be unimportant (see Appendix II).

The second cause of loss of tube gradient is actual interception of
part of the beam by the electrode system, and this loss increases as long as
the pulse lasts and beam is intercepted. The greatest stiffness is obtained
by coupling the snergy storage bank to each electrode as shown on Fig. 5,
which would give 0. 4 uf between electrodes. However, this constricts design
and complicates protection, and the best approach is to increase the inter-
slectrode capacitance to an adequate value while retaining most of the stored
energy in a separate bank. Typically the gradieat on the accelerator tube

23
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would be 50 kv per electrode section, and if 1% of the 100 ampere electron
beam was intercepted by the first electrode, an interelectrode capacitance of
1000 puf would give a potential drop of 10 kv in the first electrode section by

{ the end of the pulse. Beam interception will have to be a subject for experi-

ment, with initial experiments using tubes over-designed with regard to stiff-
ness.

w In conclusion some comments will be made on the maintenance of

gf: beam potential, still using terminal capacitance but with more sophisticated
techniques.

In some instances, liners have been provided in accelerator tanks
to reduce the variation in beam potential during delivery. 24 The liner is
pulsed during the beam firing and the potential variation is impressed on the
terminal of the accelerator through the stray capacitance to compensate the
droop. This approach can be used using the energy storage bank for coupling
as shown in Fig. 6a. The low voltage bank is charged to reverse potential
through a high resistance before beam firing. When the beam pulse starts,
switch s is closed (spark gap) and the linear fall in potential of the H. V.
bank is largely compensated by the swing in voltage of the low voltage bank.
Figure 6b shows the voltage variations. This technique could be applied
eventually to the proposed accelerator systems either to increase their cur-
rent capability or to decrease the variation in beam potential for a giwen
current.

P An interesting approach to the exact maintenance of beam potential
which was proposed by R. J. Van de Graaff 25 is shown on a 2 Mev beam ma-
chine on Fig, 7. The charge which flows from the 2 Mev terminal in the pri-
mary beam is exactly compensated by a flow of charge in a beam between the
2 and 4 Mev terminals. In other words, the charge on the 2 Mev terminal re-
mains constant so that there is no-change in the 2 Mev beam potential during
the pulse. An electron beam is easier to produce and handle than an ion beam,

so that if the primary beam consists of electrons, a compensating electron
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beam flows from the 4 MV to the 2 MV terminal, and if the primary beam
consists of ions, a compensating electron beam flows from the 2 MV to the
4 MV terminal. Simple analysis shows that without any degradation in beam
potential the following relationship holds:

maximum useful beam energy delivered _ 2 (k-1)

energy stored in higher voltage terminal kZ

where k is the ratio of the potential of the upper terminal to the lower terminal.
For example, in the 4, 2 MV concept, about half of the energy stored at 4 MV
could be delivered as useful beam without any degradation of potential. This
concept may be important to the directed energy weapons program because a

large part of the stored energy can be used in & mono energetic beam.

2.3.3 Application of Facllities to the Development of Energy Storage
for Weapons
General It is visualized that the D. E. Test Facility will be utilized for in-

vestigations on large energy storage systems and their coupling to accelerators.

High voltage vacuum breakdown studies are being conducted with the objective
of holding multi-million volt potentials across vacuum gaps. If voltages in the
order of 107 - 10s volts can be insulated in vacuum, energy storage can be ob-
tained in sufficiently high densities by means of electric fields in vacuum. This
is a major objective of the studies and test facllities described in Section 3.
Based on presently available data on vacuum breakdown, a solid
dielectric capacitor bank would offer a better, but still far from ideal solution.
Using the best available dislectric materials and assuming that they will sup-
port 106 volts/cm for extended periods of time in a space envirunment, such a
system would have a volume of about 2000 m’ for storage of lt'lB joules. In-
vestigations of dielectric breakdown and solid dielectric capacitors in the vac-
uum (space) environment could be performed in the high voltage vacuum break-
! down facility (Section 3). However, this concept is not very attractive and is
E not preseatly beiag pursued. A better, but certainly more complicated method,

E is the storage of ensrgy in high magnetic fields.

)
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Inductive Energy Storage Large quantities of energy can be stored induc-

tively in magnet coils generating a high magnetic field. The energy density

is given by: 2

wal joulel/m3
2p

with : B in Wobero/m2

p=4rx 10-.7

A field of 15.7 Weberl/mz = 157 kilogauss would represent an
energy density of 108 joule/ms. Because of the high ohmic losses in con-
ventional magnet coils, the power required to keep the energy in storage
would be prohibitive. Therefore, this concept would only be feasible if
superconducting coils are used. But even taking into account the volume of
the coil and the required helium liquefier with associated cryogenic equip-
ment, energy densities two to three orders of magnitude higher than in
capacitor banks may be possible.

The highest fields that have been generated in superconducting
coils to date are about 70 kilogauss. Materials with critical fields in excess
of 100 kilogauss have already been rcported26 although these materials are
presently not suitable for large magnet coils. Recent developments 26,27
indicate that superconducting coils generating more than 100 kilogauss can
probably be built in the not too distant future.

One concept of an :lndu.ctive energy storage system with which it
is possible to develop relatively high voltages, is shown schematically in
Fig. 8. With switches sz and S3 open and Sl closed, the storage coil is
charged up to a certain carrent level. The charging time depends on the
DC generator and the time constant of circuit 1. When the coil is charged,

S

sistent current in circuit 2 (Sz is a superconducting switch). Since there is

is closed and Sl opened. The energy is now kept in storage by the per-

no resistance in circuit 2, there are no energy losses. 33 can now be

closed and energy discharge takes place through the load when sz is opened.
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It is quite possible that the best approach to the DC generator in this circuit
would be an electromagnetic machine - also super conducting.

Many problems remain to be solved before the feasibility and appli-
cability of this concept to D. E. Weapons is demonstrated. Some of these prob-

lems are:

« Design of very large superconducting coils generating
high magnetic fields at high current densities.

« Development of a high voltage, fast-acting superconducting
switch (Sz in Fig. 8).

. Design of support structures to contain the large mechanical
forces generated in the coil,

« Obtaining sufficiently fast discharge times while maintaining
the storage coil in the superconducting state.

. Investigation of matching output impedances and coupling of
the storage system to, for example, an accelerator tube.

» Protective circuitry to protect the equipment and dispose of
the stored energy in case the coil goes normal in an uncon-
trollable manner. -

» Coil and system protection against high voltages generated
during discharge.

» Development of cryogenic systems and a helium liquefying
plant to operate the system unattended in a space environment.
These problems are of considerable magnitude and some of them
are currently under investigation as part of Contract AF08(635)-2166. This
program is presently in an early state of development, but some comments
with respect to the D. E. Test Facility can be made,

Utility of the Proposed Facilities to Energy Storage Studies The most
promising approach toa D. E. Weapon involves the acceleration of charged
particles to high potentials. However, high voltage limitations of the coil
and switch in the concept of Fig. 8 ﬁrauld prevent the use of a single coil

system and necessitate a bank structure similar to a capacitor bank. In its
most elementary form, the accelerator tube with inductive snergy storage
might be as shown in Fig. 9. The inductive storage system is a current
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device as opposed to a capacitor bank which is a voltage device. Conse-
quently, the discharge voltage is highly sensitive to the load impedance and
operation of the discharge switches must be properly synchronized. Parallel
capacitors may be needed across the discharge switches to provide a suffi-
ciently long rise time of the discharge voltage to prevent the coil from going
normal during discharge and also to provide the desired pulse width,

After preliminary studies on smaller systems, it is visualized
that these experiments can be continued by substituting a properly designed
inductive system for the capacitor bank of the D. E. Component.l Test Facility.
The coils and discharge switches require a liquid helium environment and are
mounted in a suitable dewar system filled with liquid helium. For these ex-
periments, the storage system need not be positioned in a vacuum chamber.
Breakdown studies and the development of dewars, helium liquefying plant
and cryogenic recirculating systems for unattended operation in space would
benefit from the availability of the high voltage vacuum breakdown test facility.

The size of the cryogenic energy storage system, its cooling require-
ments and the time required to develop this system is difficult to predict and
depends on the solution of the problems outlined above. Present efforts are
on storage coils made with Nb Zr wire with a critical magnetic field of 70
kilogauss. Future availability and subsequent use of more sophisticated ma-
terials with higher critical fields is anticipated but depends on progress made
in naterials development. Development of the cryogenic switch is likely to
be one of thslrnost difficult and time consuming problems, but preliminary
experiments can probably be performed using a conventional switch by elimina-
ting the persistent current mode of operation in Fig. 8 and switching from
charge to discharge operation directly. Assuming a sufficient effort put into
the inductive energy storage investigations and satisfactory progress towards
the solution of the problems outlined above, the feasibility studies and experi-
ments may be completed in 1 to 1 1/2 years (1964). Completion of design and
development of a prototype energy storage system for operation in conjunction




with the D, E. Components Test Facility may require another two (2) years
(1966). Parallel with this last effort, a program should be conducted to study
and develop a prototype space cryogenic system including helium liquefier,
dewar, transfer and recirculating systems to operate the storage device,
Possibly prototype hardware for facility tests resulting from such a program
could also be available at that time (1966). As pointed out before, due to the
very early state of development of this energy storage concept, the time esti-
mates made can be no more than a rough guide. Acceleration of the program
by increased efforts may be possible while delays could occur as a result of

presently unforeseen difficulties.

2.4 PARTICLE ACCELERATOR SYSTEMS
2.4.1 Injector Considerations for the Facility

The basic requirement of the positive ion or electron source for
the facility is that it provides a monoenergetic ''parallel" beam of charged
particles for injection into the accelerator tube. Systems of cylindrical sym-
metry will be considered here and space requirements in the high voltage ter-
minal shall not generally be considered a limitation. Since the system will be
operated largely in the pulsed mode, source duty cycle and gas efficiency must
also be considered for terminal applications in the proposed accelerator. Since
projection analyses have thusfar been restricted to low Z ionic species, largely
on the basis of total voltage-velocity requirements as well as target penetration,
proton injectors will be treated here and the problems of utilization of the sys-
termn with a negative ion injector will be excluded.

Several existing high energy accelerators, such as the proton syn-
chrotron and linac, accelerate short pulses of charged particles to high energy
so that the duty cycle may be quite small. The injectors used with these sys-
tems are well suited for our purposes, in which high peak currents for pulse
periods of one millisecond or less are required at low duty cycle; i.e. less
than one pulse per second due to the charging and storage limitations of the

generator. Table 3 presents a review of those ion sources now in existence



Source Type

Occluded Gas
(discharge)

”

Hot Cathode
g Gas Discharge
Duoplasmatron

Duoplasmatron

Duoplasmatron

Reference

30

31

32

33

34

35

Table 3

A Review of Gas Discharge Proton Injectors

Total

Current

amperes

0.625

0. 400

~2.0

~1.0

0.120

0.275

v

X

kv

10

20

100

low

70

45

Pulse Length

~ 10us

400us

25ms

100ps

1l ms

9:1

9:1

2:1

7:1

4:1

Aperture Current
Density

0.74 A/cm?

1.15 A/em®
2.1 Alcm?®
6.5 A/cmZ
56  A/cm®

7 A/ cmZ
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which are capable of currents approaching the ampere range. Since only
sources of the gas discharge type, (generally referred to as the magnetically

confined arc), are capable of the high emission current densities required for

T TN S

the injector application, a survey of the other source types {r.f., P.I1.G.,

spark, etc.) would be academic.

T BT

For modest pulse duration, the gas discharge source can be opera-

haticl ooty

ted in the arc pulsed mode, Coupled with a pulsed gas valve, this injector
can lead to relatively high gas efficiencies which are compatible with the
pumping capabilities of the tube-terminal assembly of such a machine par-
ticularly where very low duty cycles are of interest. The high gas efficiency
in pulsed operation is the obvious advantage of the first injector considered,
the occluded gas source of Crawford et al. In this éeometry. the molecular
{and/or atomic) hydrogen is supplied from hydrogenated titanium discs from
which the gas is extracted subsequent to triggering by a suitably matched

pulse forming network. Gas is injected into the arc only during the pulse
petiod and hence the gas efficiency can exceed that of the externally fed source
due to conductance and valving considerations. Since the occluded gas capacity
of titanium is very high (400 c.c. at STP/gm of metal), adequate storage poses

no problem. Crawford has reported 105 pulses at low repetition rates at high

- output levels with no degradation in performance. 3o(cee Fig. 10)

It is now necessary to examine the other qualifications of the sources

S L

enumerated for the proposed application. The average current density at the

emission aperture of the source is a meaningless figure for optical design un-

XWRE TR

less some indication of beam divergence is included. A review of injector-
acceleration tube matching considerations is presented in the next section and
suggests that considerable effort is required in this area for the optimization
of a high current electrostatic machine.

. Perhaps the injector most representative of the state-of-the-art

of source-tube matching is the 100 ma proton injector described in Ref. 34,

‘ With the 0,020 inch diameter aperture used in this source, the beam current

35
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Fig. 10 Occluded Gas Source: Axial Extraction (30)
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donoitly at an extraction potential of 70 kv is of the order of tens of a':mporel/
cmz. Conventional Einzel lenses 3 are inadequate at this level and a wedge
tank analog was used for lens design. The lens shape was modeled in the
tank and the axial potential obtained. This information was then used for
calculation of the equipotential diagram with an assumed beam radius and
divergence. From the particle orbit and equipotential data, lens geometries
were achieved to adequately handle the beam.

In matching the column to the source, a four electrode lens system
was used which would provide an injection energy of 60 kev to a linear-high-
gradient column of 538 kv/m. Injection beam requirements were derived by
ray tracing backwards through the column and the lens system was then de-
signed to match the extracted output to the tube input. This matching is usu-
ally referred to as source emittance - tube acceptance mating and simply
stated, requires that the tube can adequately accept and focus the current sup-
lied to it within the phase space area characterized by the source emittance.
The above mentioned injector provided an 85 ma H+ beam with an emittance
of 100 mrad-cm in a beamn diameter of 1 cm to an accelerator column of cal-
culated acceptance of 179 mrad-cm. The considerations below indicate that
adequate computational techniques are now available to permit the design of
a matched injector-accelerator system capable of providing proton beam en-

ergy fluxes in the l(!iz - 103 joulu/cmz/muc, (pulsed power densities of

loﬁwfcmz). with a two million volt machine.

Since the facility will also be capable of use as an electron beam
accelerator for high intensity pulsed beam propagation and bombardment
studies, some comments concerning electron gun optics should be made here,
In this case, the techniques of optical design are reasonably well developed.
and pulsed electron beams (Ilps) of 2 Mev energy have already been realised in
the ampere range at this facility. A 20 ampere, 100 kev electron gun or in-
jector can be designed for the facility with existing techniques while an ex-
tension to 100 amperes total current is feasible either with the use of existing

high current density matrix or fleld emission cathodes for low duty cycle pulsed

operation.

29, 38



This study has served to point up the inadequacy of present beam
diagnostic techniques for injector evaluation with low divergence, high cur-
rent density beams. Emittance measurements are usually accomplished39' 40
through the insertion of variable position apertures directly into the beam and
scanning of the beam at a plane downstream for determination of the beam di-
vergence characterizing that portion of the beam. Any of these systems suffer
from the perturbations induced due to physical interruption of the beam, the
associated secondary particle effects and beam potential distortion. These
effects are not considered serious at low beam current densities while their
application to high intensity pulsed beams becomes difficult and the results
highly suspect. Other indirect techniques must be developed for pulsed beam

study if reliable emittance measurements in the prad-cm region of interest for

prototype charged particle projector studies.

2.4.2  Beam Focusing During Acceleration

In a fixed-voltage particle accelerating system, the power delivered

to a target is directly proportional to beam current, which is chiefly limited by
the mutual repulsion among the beam particles, the so-called space charge
force. The essential problem in accelerating high currents is the design of
electrodes with focusing properties which offset the space charge force in such
a way tl;at the beam leaves the accelerating system with suitable diameter and
divergence. In order to define the problem more precisely, it is necessary
first to discuss the practical constraints within which the problem must be set.
In present Van de Graaff machines, since the high voltage terminal
and charging belt are insulated from the containing vessel by gas . under pres-
sure, it is necessary to provide a vacuum path from the terminal to ground for
beam acceleration. The vacuum tube is usually constructed of a series of con-
ducting discs ;eparated by glass ring insulators and having holes in their cen-
ters through which' the beam may pass. The discs are tapped into a resistor
bank between the terminal and ground in such a manner that the potential is
graded uniformly along the tube. The constant gradient insures maximum

38



insulation strength for the tube, In addition to the potential grading, the
discs also serve to prevent charge accumulation along the tube and to shield
the beam from extraneous influences. The vacuum tube constitutes a leak-
age path from the terminal to ground, The volt-ampere characteristic of
this path typically exhibits current run-away when the voltage exceeds a
limit which depends on the geometry and length of the tube. The reasons

for this phenomenon are not yet completely understood and none of the vari-
ous possible explanations will be detailed here. Suffice it to say that current
run-away leads to overload of the high voltage supply and must be avoided.
Thus, for a tube of fixed geometry, there exists a minimum length for each
voltage. The standard tube geometry used by HVEC requires somewhat over
one meter to stand off 2 MV without run-away. The large number (over 40)
of discs required for such a tube make it expedient that they all be identical
and of as simple geometry as possible. This, together with the advisability
of linear potential variation, leaves virtually no room for designing focusing
properties into the tube. It has thus been natural to think of accomplishing
beam forming at low energy in the immediate vicinity of the particle source
while performing most of the beam acceleration in the uniform field tube,
which has virtually no focusing effect at all.

The beam handling problem is then conveniently divided into two
parts. The first of these is concerned with beam flow from the particle source
up to a potential of 50-100 kv. In this region, usually of the order of centi-
meters in length, space charge is of first order importance because the space
charge density and force are quite large near the particle source where the
beam moves very slowly. The particle source and the electrodes to form the
beam in this initial stage of acceleration will be called the injector. The sec-
ond part of the problem concerns the flow from the injector to the final energy
of 2 MV in the (uniform field) acceleration tube. Because the average flow
speed in the tube is so very large, the space charge density is rather small-
s0 that the force due to it is second order in comparison with the applied force.
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Since space charge effects are of primary importance in the injector and only
secondary importance in the acceleration tube, the analytical techniques which
have been developed for treating each of these stages are quite different.

The problem with the acceleration tube is not one of design but
rather one of determining what beam input conditions lead to acceptable out-
put characteristics in the standard tube design. This problem can be solved
using ray-tracing techniques with a coarse space charge approximation. For-
tunately, suitable computer programs are already in existence at HVEC?I' 42
They have so far not been applied to beams of the high currents desired in the
present application, but there are no conceptual difficulties standing in the way.
The first step in high current accelerator design would then be the application
of these programs to determine the acceptable range of acceleration tube input
conditions.

The problem of designing an injector stage to produce a beam having
characteristics within this acceptable range is far more difficult. Suitable ana-
lytical tools and the associated computer programs have been under development
at IPC for several years. A brief outline of this work as of about one year ago
is given in Ref. 43. Achievements since that time have not yet been formally
disclosed. However, they enable, in theory, the analytical design of injector
stages to any desired degree of accuracy. However, all of the necessary com-
puter programs have not yet been written and there are, in fact, many questions
yet remaining about how best to apply the theory from the standpoint of economy
of computer usage. Nevertheless, these questions do not prohibit the analytical
design of injectors but only stand in the way of improving the techniques pres -
ently in use.

The overall acceleration system is current limited by space charge
effects in the injector stage. Voltage breakdown limits the strength of the
focusing fields attainable in the injector and hence the capacity for compensa-
tion of space charge defocusing. Injectora for other applications have already
been designed (though not tested) which should be capable of delivering beam

40
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currents of up to 0.5 amp of protons or 20 amp of electrons at 100 kv. With
the improved analytical tools which can be made available in the near future,

it may prove possible to double or triple these currents. It is reasonable to
predict that currents of this magnitude can be brought through the standard

2 MV acceleration tube so as to emerge in a well collimated beam with a cross-

sectional area of the order of 1 cmz.
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Table 5

Some Characteristics of Structural Materials

.67%C

Tensile
Atomic Expansion 2 2 greak Melting
Density Weight Coefficient E kg/cm G kg/cm max Point AH
P Material A ax 10-5 x 105 x 105 kg/cm?2 x 103 kcal/mol
2.7 Al 27 2.0 7.0 2.3 2.0 940 68
9.0 Cu 64 1.4 12.0 4.0 2.8 1350 73
8.2 Mo 96 0.49 30.0 15.0 28 2900
17.7 w 184 0.42 36.0 14.0 42 3650
15. 4 Ta 181 0.69 20.0 9.3 3270
Fused
. 1900
2.9 CQuarts 0.05 90
7.8 Steel 56 1.8 20.0 7.0 7.8 1700 95
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3, FACILITY FOR HIGH VOLTAGE VACUUM
INSULATION AND POWER PRODUCTION STUDIES

3.1 INTRODUCTION TO THE PROBLEM

Earlier sections have shown that the most fruitful approach to a
directed energy weapon for operation in space is by the acceleration of charged
particles, These particles can be accelerated using techniques whereby their
travel is synchronized with an accelerating gradient produced by a high frequency
voltage at several regions along the length of an acceleration tube - the linear
accelerator principle, or by a single potential drop device, The former is not
only less flexible but more complicated and the latter is considered the better
approach, It becomes particularly attractive if adequate energy can be stored
in a reasonable volume at the potentials required for the device, Consequently,
the ability to generate and support very high voltages in space is highly desirable,
It is expected that potential differences of 107 volts or more will be required,
with a stored energy of the order of 108 joules,

However, the generation and support of high voltages is not easy in
the latoratory, and is still less so in space. High voltage insulation problems
of a conventional nature are often solved by the use of pressurized gases, and
this leads, in turn, to pressure tanks of massive proportions: for example, the
total weight of 2 5,5 MV Van de Graaff accelerator manufactured by High Voltage
Engineering Corporation is 65, 600 1bs, of which over 50% is accounted for by
the weight of the tank necessary to contain the pressurized gas which insulates
th.e generator from ground, It is therefore an obvious step to examine the use
ol vacuum as an insulator when high voltages are to be generated and utilized
in space, Further, if sufficiently high voltages can be insulated with realizable

dimensions in vacuum it would be possible to store the energy required by the




accelerator using the space environment as dielectric. For example, it has been
suggested by another contractor under AF08(635)-1636 that adequate energy can
be stored in a system of concentric spheres, the larger having a diameter of 80
meters and the smaller a diameter of 40 meters,

Data which is available on the insulating properties of vacuum is fairly
profuse, but unfortunately there has been little consistency in the experimental
techniques used: furthermore, until recently experiments had only been performed
up to 700 kv7§ which is far short of required potential differences, Even at low
voltages, the mechanisms of electrical breakdown in vacuum are not understood,

76,77, 18 For these reasons,

although many conjectures have been offered,
it is not possible to design a Directed Energy Weapon to operate at tens of mega-
volts by extrapolation from existing data, and to obtain better data a research
program was initiated under Contract AF08(635)-2166, The contract required
the study of vacuum breakdown up to ! MV, In this, the study has been success-
ful, and the voltage range covered to date has been 250 = V < 1700 kv over the
pressure regime 1074 < p< 10”8 torr. A brief resume of the progress under
Contract AF08(635)-2166 will be given here since it is most pertinent to the dis-
cussions which follow,

The facility whi ch has been built has a vacuum chamber which is
cylindrical, 4 ft, long and 2} ft. in diameter; it contains ports for windows,
gauge plates, and the pumping system, which consists of a liquid nitrogen trap,
refrigerated baffle, mercury diffusion pump and fore-pump, At both extremities
of the chamber there is a pressure tank housing a 1. 3 million volt Van de Graaff
generator, while a special pressure-~to~-vacuum high voltage feedthrough bushing
communicates the potential of each generator to electrodes in vacuum, The gap
between these electrodes can be adjusted in the range 060 cm under vacuum
conditions, Figure.5shows the facility, while Fig.26 shows th:e basic high vai..

age bushing,
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The original requirement was a facility rated at 1 million volts: with
generators of opposite polarity, this requires that each bushing supports 500 kv,
However, the state of the art at the commencement of this Contract was such
that only large ceramic bushings some 3 ft, in length could support 500 kv in
vacuum, so that for compactness and reliability, the first step in the Contract
had to be the design and manufacture of two h, v, bushings of smaller dimensions
and of superior performance to the ceramic type, As Fig,26 shows, the final
bushing consists of two aluminum-glass stacks bonded to a central flange: both
stacks are insulators, one operating in vacuum and one in the pressurized envi-
ronment of the generator, A central shaft electrically connects the two extremi-
ties of this bushing, which are at high potential, while the center flange is at
ground potential, and bolts to the end-plates of the vacuum chamber, Both
stacks are voltage-graded internally’ by means of a cylindrical urethane resistor
which carries a current between the high potential ends of the bushing and ground,
This resistor is connected at various positions along its length to the aluminum
rings in the insulating stacks, so that the potential of these rings is fixed and a
uniform electric field exists along the exterior of the insulating stacks,

Considerable effort has gone into the development and modification
of this bushing, and of its urethane resistors, and such a bushing has held 1,2
million volts in vacuum at p ~ 10-4torr, and 800 kv at p ~ 10'7torr, voltage
levels which are well over the contractual obligations, This can be considered
'to be a minor breakthrough in the state-of-the-art, in particular when it is noted
that the dimensions of this bushing are less than one~third those of a ceramic
bushing necessary to support half the voltage, It is felt that this success shows
that the development of similar bushings to support 5 million volts is perfectly
feasible,

Although a major breakthrough in the ability to support very high
voltages at high field strengths across vacuum insulated gaps has not been
achieved, there are indications that this may not be altogether out of the ques-

tion, It has, for example, proved possible to support about ! million volts

111



across a 1 cm gap between a 1/8' diameter positive sphere and a plane, where
both electrodes were of 304 stainless steel and buffed to a good polish, and the
ambient pressure was p ~ 10-4 torr, Under these circumstances, the macro-
scopic electric field at the surface of the sphere was ~7 x 106 V/em, Other
experiments have examined vacuum breakdown voltages V as a function of inter-
electrode gap d for different materials, for similar materials with different sur-
face finishes, for different organic and non-organic coatings on cathodes, for
diffecent electrode geometries, etc, Still further experiments have investigated
bushing modifications and improvements with the aim of evolving design criteria
for high voltage equipment in vacuum,

Besides the nominally 1 million-volt facility, a second facility at
present rated at 400 kv, has recently become operational, This is termed the
HIVE system because it will be used to examine breakdown phenomena in high
vacuum at high electric field strengths, The systern is shown in Figure 27,

This facility will be used to determine the effect of various electrode materials,
residual gases, etc, Data acquisition should be much faster with this smialler
system, '

It is felt that the achievements to date under Contract 2166 indicate
that continued research on vacuum breakdown phenomena is justified, and is
likely to contribute substantially to the Directed Energy Weapon Program, In
addition to the support of high voltages at high field strengths between vacuum
insulated electrodes, one of the most important aspects of this program is the
generation of high voltages in space. There are several likely DOD applications
of accelerators in space where the technology for externally vacuumn insulating
would be of great utility for packaging for minimum mass, In this context the

78,79 is relevant, This is a Van de Graaff

inverted Van de Graaff generator
generator built inside a voltage-graded accelerator column in a pressurized
gas, while the outside of the column is in vacuum, The investigation and devel-

opment of this type of generator is a logical step, based on the teclnology




already developed under the present contract, and is discussed in more detail
later, Other topics pertinent to the Program include energy storage at high volt-
ages, and the improvement of acceleration tubes beyond the present rating of

0. 5 million volts per foot.

However, such research is also important to other projects, one of
which is the use of electrostatic shielding to protect personnel and equipment
from harmful radiation in space, This concept has recently been exa.mined81
for a pair of concentric spheres (the inner sphere being the shielded volume) in
the environment of the inner Van Allen belt, where the radiation hazard is due
principally to relatively low energy protons, If a large potential difference
exists between the spheres, the inner sphere being positive, a large fraction of
the incident proton flux may be prevented from reaching the inner sphere because
of their interaction with the applied electric field, It is clear that both present
and future research on vacuum breakdown phenomena, and the generation of high
voltages in space, is highly relevant to this program,

This research is also currently of importance in the design and
development of high energy particle separators. In this apparatus, an incident
beamn of charged particles passes between and parallel to a pair of electrodes
which may be as large as 3 ft, wide and 30 ft, long, The electric force on the
particles is counteracted by the application of a magnetic field at right angles to
the beam and the electric field, in such a way that selected particles are undevi-
ated, while the remainder are removed from the beam,

In conclusion, it is apparent that a continuation of this research is
directly relevant to the Directed Energy Weapon Program, Progress under the
present Contract 2166 is such that it is likely that continued research at present
and higher total voltages will greatly improve the state-of-the-art of the weapon,
as well as being pertinent to other projects which include electrostatic shielding

for space vehicles, and the selection of high energy nuclear particles,



3.2 PROGRAM - GOALS AND APPROACH
.2.1 Goals

The characteristics of the facilities for research on high voltage
phenomena and the development of high voltage components for the space environ-
ment are obviously determined by the required programs., The prime aims of
these high voltage vacuum research and development programs may be expressed
in the following goals; the first group containing scientific and engineering ground-
work and the second group, application of this groundwork to the invention and

development of new devices for use in space.

I. Fundamental Investigations

a) Theory - Explanations for the complete vacuum breakdown
mechanism, both through the volume of vacuum and along
the interface (surface) between vacuum and a solid insulator.

b) Materials - Conductors for support of intense electric fields
in vacuum, Conductors for support of large total voltages
across single gaps in vacuum, Conductive anode and cathode
materials for use in the above situations when polarities are
fixed. Insulators for support of high voltages or intense
fields and which, at the same time, may serve as high strength
structural members in vacuum, Insulators having high tensile
strength and ductility combined with low outgassing rates in
vacuum,

c) Formulae and techniques - Required for the design of higl
voltage vacuum insulated apparatus and for the optimization
of such devices as regards power-to-mass and power-to-
volume ratios,

11, Application to Space-Borne Mechanisms
a) Particle accelerator tubes for the generation of high current
beams with very large total energy.
b) Electric generators or converters for producing high voltages

from mechanical or low voltage electrical power,

c) Energy storage devices capable of rapid discharge at high
voltage.



A perfect understanding of electrical breakdown phenomena in vacuum
would open the way for rapid development of new electrode and insulator materials
as well as the creation of engineering design formulae, Therefore, it is felt
that the early part of this program must lean heavily towa 1 fundamental research
which can unveil this theoretical understanding. Later, when carefully controlled
experiments have been performed at the multi-million volt level, and results have
become reliable and repeatable, a materials study program should be initiated to
produce engineering data on the electrode or insulator characteristics of a large
variety of structurally useful materials, With the experience gained from testing
a wide range of materials, new formulae may be established for design of either
space-borne or terrestrial vacuum insulated equipment,

The applications of high voltage-vacuum research would, of course,
be the final goals. Briefly, the technology is required for the construction of
particle accelerator tubes in space capable of conducting high cur rent beams and
linearly extrapolative in length to any total voltage. In parallel withthis, a high
voltage generator design also capable of linear extrapolation to any total voltage
is desired. For pulsed beam operation, an energy storage device is required --
also in parallel with the accelerator tube and designed for extensionto high volt-

ages.

3.2.2 Philosophy of Approach

In planning the future direction of effort on vacuum insulation at the
million-volt level, one might review the progress which has been rmade at IPC

to date, A rundown of notable findings is as follows:

1) Cranberg's Relationship for plane parallel-ugiform
field electrodes (VE = C from which V = kd2 may be
derived) has been found to hold to 1.7 MV, Previous
experiments stopped at 0, 7 MV,

* In the expressions, V = voltage, E = electric field, d = electrode separations,
C and k are constants,



2)

3)

4)

5)

6)

7)

k (in V= kd%) is an inverse function of the area of
either electrode, Between two 20 centimeter diameter
electrodes, K, ., is typically 3 x 105 Veem-95, 1t
one electrode is changed to an 0, 3 centimeter sphere,

k may be as high as 106 vocm=0.5
max

a) As determined by sphere~to-plane experiments,

b) Strongly indicated by biased grid experiments in
which 15% area grid -~ properly biased -~ raised
k by 50 to 80%.

k is not noticeably affected by electrode finish if
vV > 0,5MV,

Cranberg's Law (VE = C) does not hold for asymmetric
field configurations (sphere=to-plane),

Voltage of the total system is strongly affected by residual
pressure, e, g.

Vat5x 10-4torr ~ 50 to 100% higher than

Vat2x 10-7torr.
The location of this effect -~ in the vacuum gap (volume
insulation) or along the bushings (surface insulation) has

not been determined. (The phenomenon was first noticed
at CERN, then also at Livermore, California.)

Vacuum gap insulation is virtually destroyed by exposure
to a copious source of charged particles (such as those
produced by an ion vacuum gauge),

Gross electron field emission does not occur until macro-
scopic fields exceed approximately 10° volts per cm,

a) Determined by computation of fields in small
sphere-to-plane geometries,

b) Also determined by experiments with a series
of disc-~-shaped field intensification electrodes,
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In Fig. 28, one may see the importance of the Cranberg Relationship
wherein, for any gap and electrode configuration, voltage obtainable is directly
proportional to k value, In the list of experimental findings we have two strong
handles on k; namely, area effects and pressure effects, It therefore seems in
order to concentrate on these phenomena until they are understood.

Area effects should be studied by further and more exacting experi-
ments with grids and electrical biasing. It should not be too difficult to establish
a direct relationship between k and electrode area, when all other system param-
eters are maintained constant,

Pressure effects should probably be approached from the "'particle"
point of view. In the vacuum gap, one would expect to find many types of par-
ticles: for instance, neutrals of many different species, and ions -- also in vari-
ous atomic numbers, of both polarities, and at different energy levels, Experi-
ments must definitely be established to study these particles,

The effects of external circuitry (inductive - capacitive - resistive -
rectifier networks) on vacuum insulation should also be examined, with special
attention being given to changes in electrode conditioning, Examination of the
results from this work would almost surely result in improved theoretical under-
standing of the problem,

The approach to this fundamental program containing rather many
experiments is best solved by having several complete and sepamte facilities --
differing mainly in the voltage range covered, The range at present is from
about 104 to 1.7 x 106 volts, Extension of this to 107 volts would be extremely
useful,but, unfortunately, technical problems as well as expense will more than
likely limit the voltage of the next facility step to 4 x lO6 volts.

An advantage of several complete systems, each covering a different
voltage range, is that experiments performed in one chamber may be checked in
another chamber, thereby changing a great many wall and circuitry effects which

supposedly do not affect tt.e data. If changes in data are noted, their origin may
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be traced down and eliminated., Another advantage of several systems with differ-
ent voltage ranges is that a small chamber is more suited to repetitive testing
(such as materials testing) where setup time becomes important, while a high
voltage and, therefore, large system is more suited to the heavily instrumented,
tedious experiment (such as studying charge-to-mass ratio of particles in the gap)
in which internal mechanisms may be left in place for long periods,

The applications section of the program may best be handled accord-
ing to the needs of the device, Power source development, for example, may be
carried on progressively from the smallest chamber to the large‘st. starting with
an 0,5 MV design to fit the HIVE (Fig. 29) and moving to the larger systems as
voltages demand, Development of accelerator tubes, energy storage devices,
and so forth may be carried on in a similar fashion., The two facilities in opera-
tion at present, as well as those planned for the future, are equipped with ports,
flanges, and vacuum systems of sufficient size, number, and pumping capacity
to accommodate the testing of these high voltage devices, with the limit that the
design voltage of the device tested may be no greater than the rated voltage of

the facility,

3.3 DEVELOPMENT AND DESCRIPTION OF EFFORT
3,3.1 Systems for Developing High Voltage in Vacuum

Apparatus for the study of phenomena at the million-volt level in

vacuum has, until recently, been nonexistent except for the special case of the
voltage~graded accelerator tube, The closest approach prior to 1962 was proba-
bly the experiment by J, G, Trump and R, J, Van de Graaff who, in 1947,
reached 0. 7 MV in a vacuum chamber of useful dimensions. Because of the dif-
ficulties which still frustrate research in this field, an overall review has been

made.
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The possible methods for producing high voltages in vacuum may be

classified as follows:

I. Conventional voltage sources

A, Externally located: High voltage is generated outside
of the vacuum chamber by conventional means (e. g.
cascaded transformer-rectifier, RF pumped capacitor-
rectifier, charge-carrying drum or belt) and conducted
into the vacuum with special feedthrough bushings.

B. Internally located: High voltage is produced inside
the vacuum chamber by special generators designed to
fit and operate within the insulated columns which sup-
port the terminals, The generating mechanism could
operate by any of the principles presently used for
external generation of high voltage as listed in A,

1I. Direct particle charging

A, External source: Beams of high energy charged par-
ticles (positive or negative) are generated by conven-
tional means (e. g. cyclic accelerators, direct poten-
tial drop accelerators), conducted through the wall of
the vacuum chamber, and collected in terminals sup-
ported on special standoff insulator columns,

B. Internal source: Alternatively, on the insulated ter-
minal one may place a radioactive isotope which,
through natural decay, creates high energy charged
particles, These particles emanate from the ter-
minal and collect on the vacuurn chamber wall, thereby
constituting a charging current.

Maximum terminal voltage in either II. A or IL. B can
approach, but not exceed, the maximum particle energy

in Mev,

Surprisingly, all four of these methods have been tried and each has

been rather successful, A detailed discussion of each follows.
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Conventional Voltage Sources, externally located. This method of

obtaining high voltage in vacuum has been the most popular, and is probably the
method most likely to succeed if the voltage required is not beyond the capabili-
ties of the bushings. The state of the art, as of January, 1963, for conventional
high voltage generators and for appropriate vacuum chambers is, at present,
some four times better than the art of bushings.

High voltage generators operating on the belt charging principle are
commercially available which will yield 5. 5 million volts either positive or nega-
tive. The high voltage components of these generators are insulated with com=~
pressed gas., Therefore, two of these generators with opposing polarity will yield
a potential difference of 11 million volts, but located in a compressed gas environ-
ment, It must be further noted that the voltage limit of such generators is nor-
mally set by the permissible electric field in the self-contained vacuum-insulated
particle accelerator tube. These tubes, until the recent development of the
inclined field principle, have been limited to a maximum gradient of about 0, 5
million volts per foot, If the accelerator tube is allowed to fill with insulating
gas, or else removed entirely, the typical Van de Graaff generator will attain a
somewhat higher voltage, With a higher insulating gas pressure and other refine-
ments, one can attain 1,0 MV per foot of column length. With conservative opera-
tion, however, one should be able to realize a 50% voltage increase to 8,25 mil-
lion volts each, This would indicate a maximum potential difference of 16, 5 mil-
lion volts attainable in the gas environment,

Aside from their high voltage-producing ability, belt-charged gen-
erators are rather current-limited, At present, the highest current model pro-
duces approximately 2 milliamperes, Other conventional generators are com-
niercially available which can produce currents of 10 to 30 milliamperes in the
range of 1,0 to 4.0 MV, The Cockcroft-Walton, which operates on the cascaded
(series pumped) voltage doubler-rectifier principle, can reach 4.0 MV and 20 ma.
The Dynamitron, which operates on the parallel capacitively pumped capacitor-

rectifier principle can produce 3,0 MV at 10 to 20 ma, The Insulating Core
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Transformer (ICT), which employs the parallel magnetically pumped transformer
rectifier principle, can yield 3.0 MV at 30 ma with present designs, Therefore,
it may be seen that several methods are available for reaching the multi-million
volt level with currents of around 20 ma, »

A vacuum system to contain million-volt potentials must have mini~
mum interior dimensions in feet of approximately the intended megavolts squared,
(See Section 3, 3,3.) This allows reasonable values between terminals and from
terminals to walls, The attainable vacuum in the chamber must be better than
2 x 10-4 torr to prevent the occurrence of Townsend type (glow) discharges
across high voltage gaps (beginning of the discharge range defined by Paschen's
Law ).

Vacuum systems have been built with spherical chambers 38, 5 feet
in diameter and capable of pressures as low as 5 x 10’9torr. The pressure level
is therefore better than the required minimum and the diameter is suitable for a
rating of 6,3 million volts, This voltage rating is for an open gap double-terminal

* -
configuration such as is sketched in Fig., 34 , and assumes 2 k= 3 x 105 V-cm 0.5

=0.5 maxima in other areas of the

in the working gap and k = 2,4 x 105 V-cm
chamber. By addition of potential dividing surfaces such as is shown in Fig. 34,

the total voltage may be raised by the square root of two, or to about 8, 8 million
volts, However, this voltage limit would only be attainable when electrodes were

such as to allow a k of 4. 3 x 105 V-cm -0.5

in the working gap.

In addition to a power supply and a vacuum system, the third essen-
tial to the vacuum insulation facility is a means for carrying the high voltage into
the vacuum chamber. This implies the use of a feedthrough bushing, The origi-
nal effort by IPC (Contract AF08(635)-2166) for obtaining one million volts in
high vacuum was, of course, mainly oriented around the development of bushings,
since other elements in the system could be readily engineered to the specifica-
tion, A prototype bushing (Type I) was designed and following approximately six
months and several hundred hours of developmental wox.'k. it could attain 0,8 MV

in high vacuum (p < lo'storr) and 1,2 MV in optimum vacuum (p ~5x lO“wrr).

*See page #138
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The data obtained from tests of the Type I bushing (Fig. 26 ) were used in an
improved design (Type II), which is now ready for electrical tests, Photographs
of the completed Type I and Type II bushings are shown in Figs, 26 and 35}
Although the Type II bushing has not yet been voltage-tested, the construction
features are such that its performance should be slightly better than the Type I,
Therefore, a predicted performance in the present vacuum chamber is 0, 8 mil-

lion volts in high vacuum and 1,2 million volts at optimum vacuum, These values

are expected with either polarity, which was not possible with the Type I.

It is evident that this general design for a high voltage-vacuum research
facility (two gas insulated power sources of opposite polarity, bushings to feed the
high potentials through from pressurized gas to vacuum, and a central vacuum
chamber for containing the experiments) depends entirely upon the continued
development of bushings, Since the present bushings operate at only 0,8 MV in
high vacuum, reaching the +5 MV level implies a factor ofs_i:_t-improvement in
performance,

A linear extrapolation of the vacuum insulation column of the type I

and II bushings indicates that 1,2 MV per foot surface insulation should be pos-

sible over a length of three or four feet in optimum vacuum (1.2 MV over one

foot has been attained), If additional effort is put on research, it is felt that
approximately 1.0 MV per foot could be obtained in high vacuum and extrapolated
to a length of several feet (0. 8 MV over one foot has been obtained), These
extrapolations are made along a curve of slope 1 as shown in Fig, 28, Since
the typical vacuum gap breakdown curve has a slope of 0.5, it is necessary that
the volume and surface insulation curves intersect at some point as shown in

the same figure, For instance, at 5 MV, a Cranberg k of 4 x 105 V-cm-o' 5 is
required to have volume breakdown equal voltage graded surface breakdown,
Therefore, one must conclude that around 5 MV or less, a change in slope will
occur in the surface insulation curve and above that point, insulator length would

have to be increased with the square of the increase in voltage, Alternatively,

See page # 139
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potential dividing surfaces could be used at intervals of 2 or 3 million volts along

the insulator column. Potential dividers are shown in Fig, 33.* Unfortunately,
the use of potential dividing surfaces is detrimental to vacuum performance
because of the large increase in surface area and associated outgassing, Further-
more, the large surface area of the dividers must be electrically conditioned just
as any other electrode in vacuum. The electrical effect of this would be a reduc-
tion in the working value of k for every increase in area,

The internal electrical design of a 5 MV bushing where the high volt-
age conductor passes through the ground plane appears to present a more difficult
problem than the insulator column design. The electrical insulation which is
required to take the high radial stress in this region may be gither a solid, a
liquid, or a compressed gas., Solid or gaseous insulations are preferred because
they are more compatible with maintenance of clean vacuum systems. Gaseous
insulations are also preferred over solid because of the self-healing properties
of a gas following a breakdown. Furthermore, electrodes in a compressed gas
will undergo "positive conditioning'' whereas electrodes separated by a solid
insulator generally exhibit a ''negative conditioning' or loss of voltage-holding
ability after each breakdown,

The total voltage at the feedthrough may be supported across a single

radial gap, Alternatively, the gap may be split up by the use of potential dividing
sur;?aces. thereby forcing the field distribution, This technique is advantageous
where breakdown is strongly field dependent (the usual case in compressed gas
insulation) or where breakdown is strongly total voltage dependent (exhibited
typically in high vacuum), T

Where breakdown is initiated at a maximum field Em. the maximum
voltage (Vm) which can be supported using interpotential shields at optimum radii

can be shown to be
1

1 eT
vm'EmRz <—_e-l )

#See page # 137
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where Rz is the outside diameter and k is the number of shells (including the
outside), There is little point in using more than two interpotential shields
(k= 3) as Vm is then 95% of the maximum possible., There is insufficient infor-
mation in the megavolt range on solid break%c‘iwn and also very little on high pres-
sure gas breakdown, Data supplied by Philp (private communication) has been
used to calculate the curves on Fig. 36,'; there it can be seen that a suitable
coaxial system with a 12" diameter and pressurized at 300 psi of SF6 can with-
stand 5 MV, It then remains to develop a glass system which can withstand such
pressures at that diameter. A two-phase material approach (glass fibre-glass)
looks promising, but may require considerable experimentation to develop a
surface-flashover strength equal to that presently attained with vitreous Pyrex
glass,

Potential dividing surfaces may also be advantageous where the
voltage which can be supported is a function of gapto a power @, and @ is less
than one as follows:

\'J = kd® If a >]1 [Potential dividing reduces total V,

max a=1 Potential dividing has no effect,
a <1 Potential dividing increases total V,

This relationship is not true in all cases since electrode area effects must also
be considered, For instance, adding a single potential divider shield doubles
the active electrode area and this area increase may reduce k such that the
total voltage attainable is lessened,

The optimum design of the bushing feedthrough is therefore a rather
difficult one, and any design for voltages greater than the present 1.2 MV will
have to be followed closely by experimental development, However, our present
technical ""know-how'' seems quite sufficient for the development of bushings to

at least the 2,5 or 3,0 MV level,

=.‘See page # 140
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The use of conventional voltage sources, externally located, for a
very high voltage vacuum facility design therefore hinges entirely on bushing
development, Further development is practical up to 3 MV or so. Beyond that
point, feedthrough problems become severe, and especially when one considers
that the total fac..ity stored capacitive energy can be released across the short
radial gap in this bushing if the insulation fails at that point, Stored energy is,
of course, proportional to the system capacitance times the square of the system
voltage., Because of the voltage limit which can be foreseen, this approach to
high voltage vacuum facilities does not present the possibility of extensive advance-
ment in voltage capability,

One further point on this type of facility design is that where very
high currents must be obtained in vacuum, this approachg necessary, The
external supply can, of course, be increased to almost any required size and
power without overloading the bushing current limitation, In our present appli-
cation, however, such high currents are not needed.

Conventional Voltage Sources, internally located. The inverted

power generator, located inside the vacuurn chamber, achieves a large reduction
in overall space required by the facility as may be seen in Fig, 34 for a typical
design. The generators in this facility are located almost entirely within the
bounds of the 16 foot diameter spherical vacuum chamber, If external generators
were used, they would add some 8 feet each or 16 feet total to the height of the
facility in order to achieve the same total system voltage,

The idea for inverting the Van de Graaff generator by putting the belt
inside a pressurized column and having the dome and outside of the column in
vacuum is not new., However, it has never been developed at the multi-million
volt level, A recent design (Fig. 30) by Leo Jedynak at MIT has generated
0. 55 million volts at 30 microamps, The column is 5} diameter by 12" long
and fits in a 20" dia, x 28" tall vacuum chamber. These overall dimensions of

a one-half million volt generator indicate the capabilities of an inverted machine.
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Further strong reasons for wishing to develop the inverted generator
are connec.ed with problems of feeding high voltage into vacuum if a standard
generator is employed. As already noted, the high voltage pressure-to-vacuum
feedthrough bushing concept can be developed to around 3 million volts with
reasonable effort, but the same effort could make rapid advances in the inverted
generator design, The main basis for choice between standard generators plus
bushings and inverted generators is in power or current required. The present
Type I-II million-volt bushing is capable of conducting some 109 watts (103 amps
at 106 volts), while an inverted power generator of the same column size could
develop lO3 watts (10'3 amps at 106 volts). The choice therefore seems to lie
at the lO3 watt level for a 1 million-volt machine,

The current which will be required for high voltage-vacuum research
is expected to be small -~ probably less than 100 microamperes for vacuum break-
down studies at the 4 Mv level (Experiments at the 1.5 Mv level generally require
only 10 microamperesa) Capability of the inverted power generators is expected
to be 1000 microamperes at 4 Mv or at least one magnitude greater than predicted
needs.,

The belt generator is only one of many methods for producing high

wiltage which may also be inverted, Other possibilities include the gas insulated

Cockcroft- Walton, Dynamitron, and the variable capacitance electrostatic gen-
erator, The [nsulating Core Transformer would not be so suitable because it is
less amenable to packaging in a small diameter column. The electrostatic gen-
erator may also be vacuum insulated, thereby offering lighter weight construc-
tion, Vacuum insulation is a desired characteristic, in any case, for a system
which must operate in space,

Direct Particle Charging, external source. Electron beam charging

of an insulated terminal in vacuum has been experimented with at Argonne National
Laboratory by De Geeter,

_Potentials up to 0.3 MV were obtained in a small vacuum chamber
with maximum voltage limited by breakdown to the walls of the chamber,
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At 0.2 MV, electron currents of 100 microamperes could be collected with 80

to 90% efficiency. Further experiments in electron beam charging are planned

at Argonne in connection with the design for a crossed field velocity selector,
Direct Particle Charging, internal source, Charging of an insulated

terminal in a vacuum system by means of a radioactive beta source (Sr‘m-Y90

mixture) has been investigated by J. W, Kennedy, et al, at Washington University,
St. Louis,

Potentials of approximately 0,3 MV were reached, at which point
prebreakdown currents were equal to the charging current (a one millicurie beta
source emits a current of 5, 92 micromicroamperes).

Experiments with direct particle or beam charging have certainly
proved the high voltage capability of such techniques, especially when one con-
siders that breakdown or prebreakdown c\;rrent to the chamber walls limited
the peak voltage. Our intent, however, is to obtain a facility in which experi-
ments will not be adversely affected by any stray particles other than the mainly
neutral ones which are outgassing from the walls and being steadily removed by
the vacuum pump. The particle charging system, therefore, must be discounted
since a very small percentage of ions being added to the chamber residual gas

could completely upset most high voltage experiments (see Section 3, 2. 2, Item 6),

3.3.2 Chosen Method
The facility concept which appears to offer the highest prospects for

extrapolation to very high total voltages is the conventional voltage source,

internally located design. The only problems which are foreseen with this

approach are that the vacuum chamber must be unreasonably large for rather
low total working voltages (4 to 10 MV), However, the vacuum chamber size is
determined strictly by the total voltage and is unaffected by the method for pro-

ducing or introducing this voltage, Therefore, the chamber size problem would

be present no matter which concept is used.
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The main advantage of internally located power generators is that
increases in voltage can probably be made by linearly increasing the length of
the generator (assuming it is a belt charged machine). This increase can con-
tinue until volume voltage breakdown occurs from the generator dome to the
chamber wall or to the opposing terminal, The ipproach is also very attractive
because it is that required for the development of accelerators in space, making
the optimum use of the natural environment,

Investigation of designs for an inverted Van de Graaff by IPC indicates
the feasibility of one million volts per foot of column length and 1 milliampere of
current in a 9' outside diameter -- exclusive of vacuumn insulation to the walls,

Prototype designs of an inverted supply could be developed, for

example based on existing IPC facilities, in the following order:

1) A working mockup -- air insulated,
2) An 0, 5 million-volt generator to fit the HIVE, gas insulated.

3) 1If 1) is successful, a second generator of the same size but

with incorporation of further ideas.

*
4) A 1,5 million-volt generator to fit MiV, using results from

2) combined with Type II bushing column,

5) A 2,5 million volt generator to be tested in MiV-2 (7' diameter
chamber) but for use in the 4 Mv system if successful.

6) Ditto of 4) for opposite polarity source,
7) Design of 5 Mv generator for test in 4 Mv systemn and use
in 8 Mv system,

#
Note: Step 4) may be omitted if the 7' diameter MiV-2
chamber is completed by that date,

A sketch of an 0,5 Mv - 0,2 ma prototype inverted Van de Graaff
generator is shown in Fig. 29. This machine would be designed to fit the HIVE
as listed in 2) above, It is expected that all mechanical design difficulties of the

inverted generator could be ironed out at the 0.5 Mv level,
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Design problems foreseen at the moment are mainly those connected
with containment of insulating gas at 200 to 350 pounds per square inch to insu-
late the internal works of the column to a level of 1, 0 million volts per foot of
length, A mechanical tension rod which is a good electrical insulator is there-
fore needed to hold the column in axial compression, Presently available insu-
lating materials are either brittle or their insulating qualities are poor, Tangen-
tial stresses in the column rings must be removed from the glass, This can
probably be accomplished by increasing the number and strength of metal rings,
and by adjusting their modulus of elasticity such that they carry the major por-
tion of the radial bursting pressure,

Other problems in the inverted design will be mainly those of pack-
aging, Their solution, however, is expected to become evident during construc-
tion of the initial mockup and 0, 5 Mv machine,

The chosen approach is, therefore, to pursue the development of
inverted high voltage power generators from the 0,5 to the 2,5 Mv level, at
which point a suitable vacuum chamber would be constructed to house two 2.5
Mv supplies and thereby yield 4 to 5 Mv total. Further facility growth will be

covered in Section 3. 4.

3.3.3 Review of Existing and Proposed Facilities
Vacuum breakdown research at the present under AF08(635)-2166 is

carried out in two facilities:

HIVE: a 2{-' diameter spheroidal chamber with capability
of approximately 0. 4 million volts, (Fig. 27)

MiV:  a 2}' diameter by 4' length cylindrical chamber
with voltage capability of approximately 1.5
million, (Fig. 25)

These facilities, in particular the MiV, are, by a considerable mea-
sure, the most advanced vacuum insulation test facilities for the very high volt-
age range of which we are aware, It is natural, then, that advances to higher
potentials should be based on these facilities, and that is the philosophy which
has been adopted,
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Studies under AF08(635)-2795 have developed concepts for extensions in potential
to 4 and 8 million volts in two additional facilities of 16 and 64 foot diameters,
hereafter designated as Phase I and Phase 1I. In addition, it is proposed to under-
take certain improvements and modifications to the two existing systems to bring
their experimental performance up to the level which has been calculated for
Phases I and II,

. A basic criterion for experimental value of a vacuum breakdown facility
has been determined empirically through experiments in the 1 million-volt system,
This criterion is that the minimum chamber dimensions for testing of typical elec-
trode materials up to the full system voltage must be D = (MV)z feet, For larger
chambers, the optimum geometry is a sphere and permits experiments with elec-
trodes of diameter D/2 at maximum separations of D/2 at which condition system
design voltages could be attained with a Cranberg value ofk 2 3 x 105 volt-cm'o' 5
in the gap.

Application of this criterion to this same 1 MV facgility reveals that

- the 24' diameter x 4' long vacuum chamber places a serious limit on maximum

chamber voltage., By replacing the vacuum chamber with a 7, 0' diameter sphere,

(1.3 MV V.d.G. supply maximum x 2)° feet = (2.6)° = 7,0

it should be possible to conduct experiments up to the 2.6 MV level with this
facility,

A similar calculation for the HIVE facility with 1, 88' minimum dimen-
sion indicates that its capability should be 1,37 MV, Since the present bushings
for this system are not capable of 1,37/2 MV, small inverted 0.5 MV power
supplies could be applied to this chamber to yield a factor of 2,5 improvement
in working voltage.

The vacuum breakdown facilities would then stand as listed in the.
following table,
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Original
Maximum Nominal Chamber Ultimate  Operational

Faciiity Potential Rating  Min, Dim, Vacuum Date

HIVE 1,37 MV 1,0 MV 1, 88 lxlO'Ttorr January '63

Miv .2 2,6 2,0 7.0 8x10"8 March '62 (MiV - 1)
Phase 1 4,0 4,0 16,0 5:\:10"9 October '64 proposed
Phase II 8,0 8.0 64.0 1x1077 March '65 proposed

HIVE Facility
HIVE, standing for High Vacuum, High Field, is a small, versatile

research facility of advanced design (Fig. 31). It incorporates many features
essential to high voltage as well as high vacuum which were discovered or proven
on the 2 million-volt research apparatus, such as: high polish on interior sur-
faces, large radii on edges of windows and ports which are reached by electric
fields, 304 stainless steel construction.(a good electrode material), freedom
from organics by mercury diffusion pumping, ceramic bushings, and gold metal
gaskets,

Electrodes up to 8" diameter may be changed by removing a window,
while larger electrodes or multiple samples on a turntable may be set up by open-
ing the 30" flange. A fast pumping system permits one to reach 5 x 10"5 torr
(sufficient for starting voltage tests) from atmosphere within 10 minutes, An
ultimate pressure of 1 x 10-8torr is expected.

Bushings on the HIVE are an IPC design. They operate from atmos-
phere to high vacuum and initial tests have shown good performance to 0.21 MV
in _lli_gl_m_vacuum. The bushing is of brazed ceramic construction, and is insulated
internally by sulphur hexafluoride at 2 atmospheres.

High voltage for the HIVE is obtained from two air-insulated Van de
Graaffs which are capable of 0, 25 MV and 100 microamperes each, and which
include polarity reversal switches.
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Fig.31 Q4 MILLION VOLT HIVE HIGH VACUUM ~HIGH FIELD FACILITY
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Because of the rapid set-up time possible in this system, its first
purpose in the vacuum breakdown program will be to study special electrode
materials., Also, because of its organic free vacuum design (compared with
vinyl acetate bonded bushings in the 2 million-volt chamber) it will be used to

study the effects of different gases (e, g. Hz. He, N Oz. COZ' SF6) at pres-

zl
sures between 10.8 and 10+3 torr,
MiV-2 Facility

Modifications proposed for the present 2 million-volt facility (MiV-1)

%*

would consist, mainly, of a new spherical vacuum chamber of 7 feet diameter.
This large chamber would reduce radically the number of and effects of charged
particles crossing the gap between electrodes and the chamber walls, Electrodes
of diameters to 3' could be accommodated in lieu of the 1 foot maximum in the
present 2,5' diameter system. (See Figs, 33 and 37)

Should this vacuum chamber be obtained and used as an environment
for the Type 1l bushings, their performance should be markedly improved. The
insulator column of these voltage-graded bushings, on the vacuum side, may be
considered as a series of electrodes -~ each affected by other electrodes on
either side of it and each affected by the proximity of the large area ground plane
electrode -~ better known as the "tank!' It is the sum total of these electrode
effects, paralleled by the vacuum-solid interface surface flashover effects,
which act to limit bushing voltage. It is these electrode surfaces, also, which
must undergo electrical conditioning each time that voltage is applied, as indi-
cated by a gradual increase in peak voltage as a function of time. In the present
million-volt system, the chamber diameter is 76 centimeters (2,5 feet) and the
bushing terminal diameter 30 centimeters, This gives a minimum electrode gap
of 23 centimeters and a nominal maximum of 0, 94 million volts across this gap
k= 2x10° V-em™®5, Since k values much above this are unusual, it becomes
quite clear that bushing terminal voltage must be limited primarily by wall clear-
ance in this present system, Therefore, if further gains in bushing voltage and,
therefore total system voltage, ;rc to be made, they will be gained most rapidly

and inexpensively by the installation of an enlarged vacuum chamber,
* (see Fig. 32)
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Other improvements to the design would include a large surface area
condenser (liquid nitrogen cooled) inside the chamber, potential dividing surfaces
to improve bushing performance, quick opening port for change of electrodes,
large roughing pump for 15-30 minute pumpdown from atmosphere, '"reduced
weld'' chamber design to avoid leaks, and a track for alignment of chamber halves
when opening and closing the system,

Instrumentation improvements planned would include a new optical
system for scanning and inspecting electrodes during operation, an RF telemeter-
ing systern for monitoring current magnitudes and waveforms to the electrodes
and for controlling bias voltages to grids with respect to electrode potential, and
recording equipment for obtaining better data and partially processing it as it is

received (e.g. x-y recorder, analog computer, plots on log~log paper of V =kd®,

4 MV Facility

Results from a long and rather detailed study of the vacuum break-

down program indicate that the most sensible increase in system energy per step
is by factors of two. The basic reason for this is that dimensions required for
vacuum insulation increase typically with the square of the voltage, Therefore,
this facility is proposed as a 16 foot diameter sphere with voltage capability of
twice the present system with 4 foot length tank, A spherical chamber design
has been chosen from investigations of electric field plots made with various
configurations such as: long cylinder-flat ends, long cylinder-hemispherical
ends, and sphere., A sphere is the only geometry which permits reasonably large
electrode areas with small wall effects, (See Figs. 34 and 38)

Special features of this system have not been clearly established,
except that they will include those praposed for MiV-2 and will emphasize the
ability for rapid changeover of experiments, In keeping with this, large pumps
are planned so that pumpdown time may be held to 30 minutes or less,

Power sources will be of the inverted design and will require a modest
development program to attain the required 2, 5 million volt rating for both polari-

ties,
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8 MV Facility

The general design of an 8 to 10 MV facility would be identical with
the predescribed 4 MV facility, However, most dimensions would be increased
by a factor of four to account for the non-linearity of voltage-gap relationships.
It is expected that inverted high voltage power generators could be extended to
two or, at most, three times the length of those required for the 4 MV facility
{5 to 7.5 feet for 8 MV facility), These generators would fit in the top and bot-
tom of a sphere approximately 64 feet in diameter J:(B MV)z =z 64 feet . ]

The construction of a vacuum system of this size several years in
the future (c. 1965) is not expected to create any great difficulty, in view of the
fact that a 38,5 foot diameter chamber was completed during the summer of 1962.
which has given excellent vacuum performance. The main problem with this
large vacuum system may be connected with obtaining large inorganic fluid vapor
diffusion pumps, Most large diffusion pumps used today are oil diffusion which
will eventually contaminate the system with oil. High voltage systems give poor
performance when contaminated wit}; organics, as diaplaycd' by a loss in maxi-
mumn voltage and an increase in x-radiation levels, Therefore, most high
voltage-vacuum insulated devices employ mercury diffusion pumping, with the
present size limit being 24'' diameter compared with 48' or more for oil diffu-
sion pumps.

We may therefore say that, aside from the expense of a large vacuum
system, and the possibility of having to fnake one's own vacuum pumps, there
appears to be no insurmountable problems involved in the construction of an 8

to 10 MV vacuum research facility,

* Coustructed by F, J. Stokes Corporation at King of Prussia, Pennsylvania
for use by General Electric Company Space Technology Ceater.
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3,3.4 Allocation of Studies to Existing and Proposed Facilities

It is the purpose of this section to examine the allocation of studies to
the existing and proposed facilities for research on vacuum breakdown phenomena,

These facilities are:

Present After

Voltage Rating Modification

(a) HIVE System - high vacuum and 0.4 MV up to 1.0 MV
high electric field
'

(b) MiV System - million-volt system 1.7 MV up to 2,5 MV
and the proposed facilities:
(c) 4 MiV System - 4 million-volt system 4.0 MV
(d) 8 MiV System - 8 million-volt system 8.0 MV

(a) HIVE System (see Fig. 27)

This system, which has recently become operational, is intended to
complement the existing million-volt system, By virtue of its design and voltage
rating, HIVE is well suited to a comprehensive study of electrode materials,
electrode coatings, and states of finish of electrode surfaces, This is because
interelectrode gaps at 400 kv will be about ! cm: thus plane parallel electrodes
about 10 cm in diameter can be used to produce uniform electric fields in the gap.
It is then much more economical to carry out a series of tests with electrodes of
this size, rather than those of 25 cm diameter normally used in the million-volt
facility, Furthermore, the time which elapses whenever electrodes are changed,
and the conditioning time for bushings and electrodes, will be shorter than for
the other facility,

It is intended that promising electrode materials, coatings and fin-
ishes which arise from research in the HIVE system will be examined at higher

voltage levels in the million-volt facility, However, studies in the HIVE system
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can be of a fundamental as well as applied nature, since the system is instru-
mented to examine pre-breakdowh currents between the electrodes and Fowler=-
Nordheim plots can be made: these may be of extreme significance in understand-
ing the phenomena of breakdown?z It is also planned to investigate the effect of
ambient pressure and the nature of the ambient gas on the breakdown voltage, and
to examine the influence of external circuitiy on this voltage and on the waveform
of interelectrode discharges.

The high voltage feed-through bushings on the HIVE system can be
adapted to allow the introduction of liquid nitrogen to 2 volume adjacent to the
electrodes, These may be cooled by conduction to a low temperature, so that
it will be possible to observe the effects of reduced electrode temperature on
breakdown,

Finally, it is hoped to use this facility to measure the ratio of charge-
to~-mass of ions which cross the electrode gap. Such particles would pass through
an aperture in an electrode and out into a separately pumped chamber, where
they would be deflected and analyzed by a magnetic field as in a mass spectrom-
eter, This experiment may resolve the nature of Cranberg-type clumps which

have a postulated role in breakdown,

(b) MiV System (see Fig. 32)

This system has been operational for nearly a year, and during that
period it has been used for experiments of two types, In the first place, the
design of the pressure-to-vacuum feed-through bushings was new, so that experi-
ments were made to explore the behavior of the bushings and their voltage sup-
port capability: this was done by using a variety of field rings, terminations and
urethane resistors with the bushings, to determine an optimum geometry, Thz
second type of experiment has been measurement of the breakdown voltage V
as a function of electrode separation d at high voltages, for plane parallel elec-
trodes of various materials, for coated electrodes and for electrodes having

sphere-to-plane geometry,.
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It appears that for large electrode separations, the proximity of the
vacuum chamber walls may be limiting the voltages which the bushings can sup-
port. Replacement of the existing vacuurn chamber with a spherical chamber
has been discussed in a previous section, but the anticipated experimental pro-
gram will be the same, whether this modification is accepted or not,

With particular emphasis on the Directed Energy Weapon Program,
breakdown tests to determine V as a function of d in hard vacuum will be con-
tinued for essentially plane parallel, polished and coated elecatgodes of 20 cm
diameter or larger. It has been suggested by Van de Graaff that voltage-
dividing shields surrounding the interelectrode gap would help to provide uniform
field conditions between the electrodes, and would render the interelectrode gap
less sensitive to bushing inconsistencies: these suggestions will be adopted and
results compared with those for electrodes without benefit of shields., Electrode
parameters will be determined principally from information gained in HIVE
experiments, In addition, this facility is equipped for tests with heated elec-
trodes (in contrast to the HIVE system), for the investigation of breakdown
between electrodes having back-biased grids over their surfaces, and for the -
testing of an initial model of an inverted Van de Graaff generator,

However, it is probable that research into the fundamentals of vacuum .
breakdown will be as important to the Directed Energy Weapon Program, and
the million-volt system is suitable for this. Such an investigation includes experi-
ments with uniform, shielded gaps described above, with instrumentation to
determine pre-breakdown currents and the current density distribution over the
electrode surface, and the use of phosphor-covered electrodes for visual obser-
vation, The contribution of photoelectric, thermionic and field emission to
breakdown must be considered, and can be examined experimentally in the
million-volt system. It is also planned to observe the effect of introducing
radio-active isotopes to the proximity of electrodes, since this technique allows
the bombardment of electrode surfaces by controlled amounts of ions, electrons

or high energy photons, .




s

HREFIR

e o,

W%* )

Leali
X

T PRI AR deRrs -

Finally, those fu ndamental studies which are made with the HIVE
system -- investigation of th e ambient pressure effect, etc, -« can be performed

in the million-volt system at higher voltages and larger electrode separations,

(c) 4 Million Volt System (se=e Fig.37 )

It is envisaged th atfabrication of this system, and development of
the power supplies for it, willtake 12 months, On completion of this phase, it
is anticipated that an examinaation of breakdown voltages as a function of inter-
electrode distance .vill be ma de for promising electrode materials and coatings,
with the object of ascertainingg whether an immediate breakthrough in the support
of high voltages in vacuum is possible, Experimental and theoretical studies in
cc 1ection with the HIVE and MiV systems will be used in determining the nature
of these experiments, but it i=ss expected thé.t they will follow closely the type of

experiments already performe=din these chambers at lower total voltages.

(d}) 8 Million Volt System (see= Fig. 38 )

The initial experiranental program to be carried out in this system
will be the same as that for the ¢ MiV system outlined above, It is felt that a
study at these voltage levels, =which emphasizes both the fundamental and applied
aspects of the problem, is the best approach to the high voltage insulation and
generation problems posed by the Directed Energy Weapon Program, Full inter-
change of experimental resultss between the systems is planned, although it is

expected that information will gorimarily follow the directions shown below.

HIVE SYSTEM

4 MiV SYSTEM 8 MiV SYSTE&'—V

MiV SYSTEM |
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3.4 GROWTH PLAN FOR FACILITIES TO SOLVE THE PROBLEMS OF
HIGH VOLTAGE INSULATION IN SPACE

A proper treatment of the high voltage vacuum insulation problem
would create physical equations that could be used for solution of any voltage-cur-
rent-gap-geometry situation. Such equations could conceivably allow calculation
of material performance (Cranberg k values) from data such as atomic constitu-
ents, crystalline structure, electrical and thermal conductivity, specific heat,
yield strength vs, temperature curves, ductility, work function, etc. The back-
ground for such formulae must therefore contain data from a wide voltage and gap
range and also a variety of geometrical configurations. The basic idea of a par-
ticulate beam directed energy weapon implies high energy beams and therefore
high total voltage acceleration devices, 'It is therefore necessary that one study

electrical breakdown in vacuum at very high voltages and at voltages at least

equal to the maximum voltage steps which will be designed into the final particle

accelerator,

With this high voltage goal in mind, a growth plan has been developed
for attainment of 8 to 10 million volts across single gaps in vacuum, The figure
of 10 million, however, is based on extrapolation from presently available data
which only reaches 1. 7 million volts, Therefore, it must be understood that the
maximum voltage of each proposed facility may only be determined experimentally,
The proposed growth plan is outlined on Fig.” 39 which also has inset the present
and projected potentials available in vacuum according to the plan., The inset
also includes the approximate dimensions of the vacuum chambers required to attain
these potentials according to extrapolation of the best available data.

The one to two million volt facility (Fig. 25) was the first system

developed by IPC. Experimentally, the power sources have proven capable of

2. 7 million volts potential difference. The combination of both power sources,
Type 1 bushings and present vacuum chamber have achieved only 1. 7 million volts
potential difference. As previously explained, it is now realized that voltages
much higher than 2, 0 million will not be obtained in this chamber, and yet only
because of its small sizse. The first step in facility growth should therefore be the
installation of a larger vacuum chamber on this facility, thereby raising its work-

ing voltage to the 2.0 MV region and its maximum to approximately 2. 6 million
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volts. (Fig. 39, line 5). It seems advisable, in view of the small expense and the
large gains to be reaped by this step, that it be undertaken in the immediate
future, ,

The 0.4 MV HIVE facility shown in Fig. 27 was the second vacuum
breakdown system to be developed at IPC. Individually, the bushings and power
supplies of this chamber in the initial test stages have reached a potential differ-
ence of 0. 38 MV, There is every indication, however, that this chamber would be
suitable for approximately 1,0 MV total if suitable power were available., The
power source which seems most applicable is the inverted generator, and possibly
the inverted Van de Graaff concept. Such a power source could be.developed in a
small package to fit the HIVE, with a design voltage of around 0.5 MV, If it
proves satisfactory, fabrication of a second unit would give a total of 1, 0 MV for
the system. Therefore, the second step in facility growth is envisaged as develop-
ment of prototype inverted power generators and the incorporation of these gen-
erators in a vacuum breakdown facility, (Fig. 39, lines 2 and 3) Further advantages
from this plan are that working experience with the inverted supply could be com-
pared with past experiences with external supplies plus bushings in the two
million volt facility,

The third stage planned in facility growth is the development of power
sources for a 4 million volt facility, (Fig. 39, line 7) Each source should have
a nominal rating of approximately 2,5 MV positive or negative, This voltage is
within the limits of operation for the enlarged chamber proposed for the 2 MV
facility, Therefore, by proper flange and port design, the 2.5 MV inverted
power generator may be built and tested before construction is begun on the total
4 MYV facility with 16 foot diameter chamber. This generator, externally insulated
by vacuum, is almost immediately applicable as the supply for a vacuum insulated
(space borne) accelerator, and this sub program mates with the accelerator pro-
grams as shown on Figs. 22 and 39,

Following successful development of a 2,5 MV power generator, the
fifth step in facility growth would be actual fabrication and assembly of the 4 MV
facility Méludtng fabrication of a' second 2.5 MV generator,
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It is felt that considerable experimental research time and effort might
be oriented around the 4 MV machine and that its abilities be pushed to the utmost
before mich thought is put toward higher energy levels, It is conceivable that
high voltage-vacuum studies will be more or less completed at the 4 to 5 million
volt level, The attainment of higher energies across single gaps could then prove
to be unnecessary.

However, if higher energy levels are required, development of inverted
power sources would be extended to the 5 MV level, using the 16 foot diameter
facility for test purposes. (Fig. 39, line 10) Fabrication of a second 5 MV supply
would follow, simultaneously with construction of a suitable vacuum chamber,
radiation shielding, and instrumentation for performance of experiments at the
10 MV level.

The estimated funding requirements to carry out this program are

included on Fig. 24 a,b and c,
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APPENDIX II

CHARGE FLOW DOWN AN ACCELERATOR TUBE AND
THE IMPLICATION TO POTENTIAL GRADING

To allow a high current beam to pass effectively down an accelerator

tube it is essential that the passage of the beam should not significantly influence

the accelerating gradient down the column. The design of accelerator tubes and

associated parts to maintain gradient with high currents is designated ‘'beam

stifiening. " This loss of gradient can either be by influence charge movements

or by direct interception of a fraction of the beam,

A, THE EFFECT OF INFLUENCE CHARGE FLOW

To simplify the treatment, certain assumptions are made concerning

the equivalent circuit of the genei'ator during the pulse discharge, and also con-
cerning the charge density of the beam,

in Fig. (II- 1), Capacitance C AG is large since it contains several times the

stored energy to be extracted by the beam.

The circuit which is assumed is shown

In the specific case of interest C

AG
is 10, 000 ppf. The interelectrode capacitances CSB' CSC' etc,, are assumed
equal,

which is reasonably correct even for an accelerator without special

capacitances added for beam stiffening, as can be seen from the following table,

which shows measurements made on a 3 MV accelerator,

Capacitances Between Adjacent Potential Rings
on a 3 Mev Van de Graff Column

Rings Number 1/2 10/11 24/25 34/35 46/47 62/63

Capacitance (puf) 261 239 235 254 237 240

I1-1
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Fig. I-I Equivalent Circuit—Accelerator Tube System
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These measurements were made with the tank removed, but bearing in mind that
the capacitance of the relatively large terminal to ground (tank) is perhaps 150uuf,
these values would not be appreciably changed by the presence of the tank,
Consider a small packet of charge qp at the front of the beam. As it
moves from region A to region B there is a corresponding charge movement in
the external circuit, Part of the charge takes the path A to B, discharging CSB'
BG' The flow

through the two paths is shared directly as the capacitance of the two routes,

and the remainder path AGB, discharging C AG and charging C

The voltage drop Av associated with the flow qp is Av = %‘l where (1)

-1
C C, (n-1)
AG S
= + : = =
C CSB c AP )—l and CSB CSC CSD evee
AG S

= C.;

S} there are

n sections in the tube.

Cac Ss

i.e. C=Cs+ Ty — T+ g (2)

C.(nC, .+C_)
_%s'"Cac’ s )

(n-1) CAG+ Cs

AG S

soAv=q, [ CgC,  * CJ)

(n-1)C, .+ C
] )

In moving from B to C this charge qP causes the same drop in voltage

Av across Cs c and so on, The increase in voltage across, for example, CSB

when 'gap BC is being traversed is Av' where,

CAG Cs 1 C Av

AG
Av' = Av x -— = -—TyT_T (5)
(-1} Co6*Cs G5 -1 CpgtCs

o3



and the decrease in voltage across CAG when, for example, gap BC is being

traversed, is Av'" where,

Avt < Av CAG Cs .1- . CS Av ©
(n-l)CAGi- Cs CAG (n-l)CAG+ Cs

For the complete traverse of the accelerator tube, the total drop in voltage

across C due to qp is

AG

n
nAv" = qp - _q_.P__ (7
nC + C C
AG S AG

The net change in voltage (Avn) across any Cs for a complete traverse of

the accelerator tube by qp is

Av = Av + (n-1) Avt

= ..__qL___-— -1& (8)

It follows from these considerations that the first interelectrode gap suffers the
greatest drop in gradient due to influence charge movements, and that after the
tube is full of charge there is no further drop in the gradient of that gap, except
insofar as the potential of C AG falls,

The maximum drop in potential of CSB is essentially when the tube
is just full of charge. Each element of charge in the tube will have subtracted
from CSB a net amount of charge depending on the position of that element of
charge in the tube. This is illustrated in Fig, II-Z where the charge loss in the
capacitance across the first interelectrode gap (0~ xl) is plotted against the

position of charge qp producing that loss.

-4



——

Csg Csc Csp Cse

Cg AV

Fig.I-2 Charge Displacement on First Interelectrode Capacitance
for 4 Gap Tube. V Position of Charge dp Causing Displacement
Bn-l) Cm'l'c
CsAV = Gp (Gt Co)
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The linear charge density distribution is obviously significant to the
determination of the total AQ (AQT) due to all the charge in the tube, Let the
linear charge density distribution be N i f(x). It is required to determine the
change of potential across the first interelectrode gap due to all the charge in
the beam, From Fig. (I-2) it can be seen that AQ, due to any charge between
the first interelectrode gap, is a function of the position of that charge, such that

.
X

AQI = —xl CsAv o< x<xl (9)
and in the remainder of the tube,
nx, -x
aqQ, = =) Cgdv  x <x<nx (10)

Considering the element of length 6x and the linear charge density
(N !) then from expression (4)

AQ; =_:__ Nl 8x ];(1:-1) CAf + CS.| (11)
1 nCAG + Cs
nx, -x 6x] (n-1) C +C ]
1 I AG S
wmd A%t Nt TaCgt G “z

The total loss of charge of the first interelectrode capacitance is then

{_(n-n)cm+ Cs] X N
C .fC *x. 1
BCac” “s 1

given by: x

sap-

1 [ n-1)C C nx, ~x
AG+ S 1
N . . N, dx 1s
S‘x 8Cag * Cg X -1 ! !



Constant Velocity Beam: Consider the case of a bearn moving with constant
velocity (v) through the tube such that %ts = I, This is approximately the

case for an energetic electron beam (v » c), Then N‘ = ;I- is constant,

aqQ._ = [(n'l)c“'°+cs ]é.[sxl xdx+S‘nxl (u;'x_)dx]

T, . ¥ Cq 13 .
T "Cact Cs '™ . x| !
i [(n..l) CAG + CS I..I.. nx, 14
(n AG+ C ) v 2 |

For the case in mind, CAG = 10, 000 pieds C = 250 puf, n= 40, I = 100 amperes,

v=c=3x10% m/s, x, = 2.5x 107 2 M and AQ = 1,63x10"7 C. The drop
aQ

in potential across the first gap is ..csl = 650 volts. Compared with gap poten-

tial of 50 kv, this can be neglected,

Constant Mass Beam, Variable Velocity: Consider the case of a beam being

accelerated by a constant gradient (Et’ but neglect relativity effects (low energy
ion beam). With an injection energy V, the velocity of the particles in the beam
{v) is given by:

2eV ZeEtx

vV — — (15)

I
and N, = é— = .\/__Zn: (V + Ex) (16)

By substituting (16) in (13) and integrating

(n-l)CAG-I' C .l 1

AQp = Ez.‘ [‘: BC,q " a;r Bk,

x [VW(n-l)+W (-E.nx, -nV)+~f-_V+Etnxl (l:tn.xl+V)] (17)




For the case in mind, CAG = 10, 000 ppf, Cs = 250 puf, n = 40, I = 1 ampere,
V = 100 kv (say), E, = 20 kv/em, x, = 2.5x 10°%M, e= 1.6x10"}%,
m = 1,67 x 10727 kg (proton).

Substituting in (17) this gives AQ = 1.6 x 10~ C and the drop in poten-

A
Qr = 650 volts, Compared with the gap potential, this

tial across the first gap
drop is not significant, but in within one order of being so. A lower interelectrode
capacitance, a lower accelerating gradient, a higher current or a greater particle
mass than that assumed could make the fall in gradient due to influence chirge
effects significant,

In conclusion, it should be noted that the integrated changes of charge
of all the interelectrode capacitances of the tube due to the presence of the beam
is zero. This can be confirmed by referring to Fig, (I1I- 3 ) which shows, for a
4-gap tube, the effect of an element of charge qp on the charge dhpluc\ement in
each interelectrode capacitance plotted against the position of qp in the tube. For

example, qp at ordinate x is associated with the following displacement charges.

capacitance CSB "y, * -3yl
" Csc— *v,
" Csp— tv,
X Csg—™ 7,

It can be seen that the total displacement charge is zero and this is the case for
all the charges in the tube irrespective of linear charge distribution,



+AQ

-AQ

Cs AV,

Electrode 0 | 2 3 4

Fig.XI-3 Charge Displacement on Each Capocltance V Position
of Charge p Causing Displacement
[(h=1) Cag+Cs]

% CS(nCm'O' Cs)

Cg AV,

Curve Cgg— effect on capacitance Cgeg
Curve Cgc— effect on capacitance Cgg
Curve Cgn— effect on oapacitance Cgp

Curve Cge— offect on capaoiionce Cep



B, DIRECT INTERCEPTION

The effect of direct charge interception by the electrodes on the voltage
distribution is cumulative over the duration of the pulse, The fraction of the beam
which will be intercepted by any given electrode is related to beam optics, scat-
tering, etc,, and will not be discussed here beyond assuming 2 percentage inter-
ception, It is quite possible that leakage 'conduction’ in the tube would be more
important in losing charge than beam interception,

The charge in the beam pulse is 10-3 C. With an interelectrode capaci-
tance of 250 uuf and interception of 0, 1% of the beam at the first electrode there
would be a potential drop of 4 iw across the first gap, or a change of gradient of
8%, which is significant, It would seem advisable then to increase the interelec-
trode capacitance to a value which should be determined by experiment, starting

at perhaps 5, 000 puf and decreasing the value until deleterious effects are noted.
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