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FUNDAMENTAL ELECTRICAL PROCESSES
IN HIGH VACUUM

by
ELIAS PANAYIOTIS GYFTOPOQULOS
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January 22, 1958 in partial fulfillment of the requirements for
the degree of Doctor of Scienece,

ABSTRACT

In en attempt to elucidate the processes which lead to electric
instabilities in high vacuum, the charge carriers both before and dur-
ing self-healing transients of a high voltage acceleration tube have
been analyzed megnetically or magnetically and electrostaticelly. The
analyzers used have heen designed and constructed for the purpose of
this investigation.

The energy spectrum of the electron current has been investigated
and its time behavior estsblished with total voltage across the tube
and residuwcl gas pressure ag the variable parameters, It is found that
during steady state electrons are formed at or near the electrodes and
that self-healing instabilities are associated with pulsed discharges
localized netween one or more pairs of adjaceant electrodes at various
locations along the length of the tube., Pulsed discharges are always
accompanied by a momentary rise of the residual gas pressure which may
eventually result to a stable high voltage high vacuum discharge.

The energy and mass spectira of the negative ion current have been
similarly investigated. It is found that negative ions are formed only
during or on the verge of occurrence of itransient instabilities. These
iong originate from the vieinity of the same electrodes from which the
electron pulses are extracted, and are Hi_, 01—, ¢¢" and some others.,
No negative heavy clumps of matter singly or multiply charged have been
detected., However along with the negative ions some neutral particles
have heen recorded which seem 1o result from stripping of the electron
charge of the former,

The energy and mass spectra of the positive ion current has been
studied with voltage, residusl gas pressure and gradient as the variable
parameters, It is observed that positive ions of a great variety of
mass numbers exist always in the dark current of acceleration tubes and
originate from the vieinity of the eleetrodes. During self-healing
trangients positive ions were predominently formed in the vieinity of
the tube sections which undergo localized discharges. No positive heavy
clumps of matter singly or multiply charged have been found. However




along with the positive lons some neutral particles have been detected
which probably result from electron attachment or charge exchange pro-
cesses that the former are subject to during their acceleration,

A new mechanism for the initiation and growth of ingtabilities
in single or multiple vacuum gaps is suggested which geems to be con-
sistent with both prior experimental data and the results of the pre-
sent research. The mechanism amounts to an exchange of positive and
negative ilons between cathode and anode which becomes critical when
the voltage~gradient product is greater than a constant, characteristic
of electrode materials, their surface conditions and their telectric!
history., The negative ions are agsumed to be formed by electron attach-
ment to neutral particles produced in the vicinity of ‘the cathode by
positive ion sputtering.

Thesis Supervigor: John Ge. Trump
Title: Professor of Electrical Engineering
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INIBODUCTION

"Vacuum" is one of the most essential media for many disciplines of
modern sclence and technology. In atomic and nuclear physics, the accel-
eration of energetic particles for probing the struecture of matter takes
place in high vacuum. In medicine, the production of X-rays for diagnos-
tic and therapeutiv purposes requires evacuated tubes. In industry, the
production of energetic radiations for sterilization of drugs or for non-
destructive materials testing involves acceleration in space which is in
effect free of matter. In electronics, the vacuvum tube is an indispensible
component of innumerable devices and systems,

In these and many other applications of vacuum high voltages and high
electric gradients are necessarily present. Consequently the imperative
need for improving the understanding of the behavior of high vacuum under
a wide range of electric stresses is evident.

Agtually, since high vacuum is defined for all practical purposes as
matter-free space, what one means by behavior of higii vacuum under elec-
tric stresses 1s really the behavior of the materials which enclose the
evacuated region rather than the high vacuum itself. However, because of
the fact that any phenomena that may happen to the materials having a
surface in the empty space will eventually have to be bridged through the
vacuum gap, it is customary to talk about the behavior of high vacuum
under electric stresses.

The interest in the insulating properties of vacuum is many decades
old. A series of seientific papers has been written and a large amount

of experimental data has been accumulated throughout the years. Many
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attempts have been made to elucidate the fundamental processes which lead
to transient or irreversible instabilities in vacuum gaps, however up to
date there is no sound theory which goes beyond the phenomenological
description of the processes involved and which embraces all the available
experimental evidence,

The High Voltage Research Laboratory group of MIT has a keen interest
in understanding the mechanisms which initiate and sustain or quench in-
stabllities of insulating vacuum gaps because the acceleration tube is a
main component of the Van de Graaff accelerator. Under the leadership of
Drs. d. (. Trump and R. J. Van de Graaff, the group has accumulated a vast
experience with electrically-stressed vacuum configurations and for many
years has made studies pertinent to the behavior of evacuated acceleration
tubes.

This report is an account of the efforts of the author who undertook
the task to continue the work of the HVRL group in the field of vacuum
insulation and disclose the mechanisms which lead to the loss of the in-
sulating properties of high vacuum gaps.

The first chapter of the report reviews the problem of vacuum insul-
ation and prior experimental results. The second chapter defines the
specific purpose of this investigation and describes the vacuum configur-
ation selected for this study. The third chapter describes the apparatus
and the experimental techniques. The fourth chapter reporis the experi-
mental results of the research. The fifth chapter presents a mechanism
of high voltage breakdown in vacuum which seems to account for both the
present observations and those of previous investigators. The final
chapter ineludes an overall swmmary together with suggestions for further

research in the field of vacuum insulation.




CHAPIZR ONE
BEVIEW OF THE PROBLWM OF VACUUM INSULATION

1.1 Definitions

a. Vacuum Insulation. Vacuum insulation exists between two metallic
electrodes (Fig. 1) if the mean free path for encounters between the mole-
cules of the residual gas is much larger than the distance d between the
electrodes. The above statement implies that the voltage~holding ability
of a vacuum-insulated gap is independent of the residuval gas pressure,
provided that the gas pressure 1s lower than a certain upper limit pg
which is a function of the separation d between the electrodes.

Evidently then the behavior of vacuum insulation under high electric
stresses is primarily affected by the solid materials which are introduced
into the empty space since few encounters can occur in the high vacuum
itself.

b. Vacuum Breakdeown. Vacuum breakdown in the form of an arc, a
spark or flashover occurs when the voltage across the gap reaches an upper
limit which depends on various factors to be subsequently discussed. The
breakdown appears as a transition of the impedance of the gap from an ex-
tremely high level to a very low value accompanied by an increase of the
residual gas pressure. The transiiion from high to low impedance across
the gap is irreversible unless the voltage across the gap is withdrawn
and the gas pressure is brought back to its normal value.

c. Dark Current and "Kicking" Effect. Dark current is the current
that flows across the gap and which is probably sustained either by vari-
ous external ionizing agents such as cosmic rays or by field emission from

low work fumction contaminents of the electrode surfaces. Superimposed




on the dark current are randomly distributed self-healing current tran-
gients which appear at a threghold voltage. These transients are called
"kicks" or pulsed discharges and the phenomenon is deseribed as “kicking®
effect or current loading.
1.2 Yol'iage Holding Ability of Vacuum Insulated Geps

The breakdown mechanism of vacuum gaps with emall separations hetween
the electrodes is falrly well accounted for by the widely known field
emission theory.(l) According to this theory a self-sustained discharge,
which leads to breakdown, can occur when the gradient st the cathode
reaches the value of several million volts per om. Thus the potential
barrier at the surface of the cathode is lowered below the Fermi level and

the free electrons of the metal can escape from it. Fowler and Nordheim(l)
formulated the problem theoretically and give the following relationship

for the field emission current:(l-B)

1/ 3
62100 B2 Rep |- Q-M (1.2.1)
(4 + W ¢'/2 E

HH
1]

where

current density in amp /cm2

= cathode gradient
a work funetion of the cathode

T € =

» maximm kinetic energy of electrons of the cathode at zero
absolute temperature

The theoretical value of the gradient necessary for field emission is
of ‘the order of 107 v /cmh assuming a perfectly smooth cathode surface.
The literature is full of data verifying the Fowler-Nordheim formula.(4—6)

However, the experimental value of the gradient at which field emission
ocours is lower than what theory predicts. This can be easily justified by
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the unavoidable field intensification which occurs at the cathode asurface
irregularities.

The breakdown mechanism of vacuum gaps with large separations be-
tween the electrodes is not the same as for small separations. This faet

has been established by various experimenters(7-lo)

and 1s 1llustrated by
Fig. 2 which shows the results that Trump and Van de Graaff(7)found dur-
ing their high voltage vacuum breakdown experiments. It is evident that
the threshold gradient, at which breakdown occurs in the case of gaps

with large separations, is inadequate of itself to insure bréakdown through

the mechanism of field emission. One has to introduce other mechanisms
which set in as the voltage across the gap increases to values above sev-
eral tems of kv.

(8)

A possible mechanism was suggested by Van de Graaff “and amounts to
an interchange of charged particles and photons between the anode and the
cathode. Thus an electron starting from the cathode and accelerated by
the voltage between the electrodes, impinges on the anode and gives rise
to positive ions and photons. The positive ions and some of the photons
return to the cathode and cause further electron emission. With the proper
conditions the process becomes cumilative and leads to instability.
Quantitively the instabllity appears when
AB + CD >1 (1.2.2)

where

A

average number of positive ions per electron impinging on the anode.

B

average number of electrons per positive ion impinging on the cathode.

«Q
1

= average number of "useful" photons per electron impinging on the anode.

L)
i

- average number of electrons per photon impinging on the cathode.
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It would be expected that all coefficients A, B, C, D are functions
of the energy of the perticles involved or the total voltage across the
gap, the materials used and their surface conditions.

The contribution to the mechanismrby the processes desceribed by the
coefficients C, D is generally considered as negligible.(ll) The values
of the coefficlents A and B have been determined experimentally(7) (12-16)
and their product is found to be much smaller than one for a wide variety
of voltages and gradients. Consequently an electron-positive ion exchange
mechanism is now recognized as not adequate to explain the total voltage
effeet on vacuum breakdown.

Figure 3 is a plot of the data given in Fig. 2 of the product of the
threshold gradient times the breakdown voltage versus electrode separation.
It is worth noting that this product is essentially constant over all
electrode separations. This fact was recognized by Fortescue and Heard
and led Cranberg(l7) to the formulation of his c¢lump theory. According
to this theory a clump of matter, ioosely adhering to one electrode and
in electric contact with it, is detached from the electrode by electro-
static repulsion. The detached clump is charged, the amount of charge be-
ing proportional to the gradient at the electrode surface, and accelerated
along the vacuum gap. On impingement on the other electrode, if the energy
density delivered by the clump is greater than a certain constant C, char-
acteristic of the metals used and their surface conditions, breakdown may
occur on account of loecal overheating resulting in thermionic emission.
Obviously the energy of the clump is proportional to V x E, where V the
voltage across the gap and E the gradient at the electrodes. Thus the on-

set of breakdown can be expressed as




Vp * B> c! (1.2.3)

The latter condition appears to agree with the phenomenological experimental
data of various research groups. However the validity of the hypothesis be-
hind its derivation has not yet been established.

A series of experiments reported by Heard suggest that Cranberg's

(18) show a direct

hypothesis is not valid. For instance Heard's expariments
dependence of the rise time of breakdown currents on the electrode separa-
tion; this would not be the case if Cranberg's hypotheais were true. Fur-
thermore his data on material transfer from the anode to the cathode (19)
indicate that the total charge transferred during a kick decreases with
increasing gradients even though the total amount of material transferred
is increased.,

Theories related in general {to the sputtering of particles from
metallie surfaces by ion bombardment have a clogse bearing on the breakdown
mechanism in vacuum but have not yet been examined in full detail. An
attempt has been made by von Hippel(zo) and some others but is not gen-
erally considered as very successful. The subject will be reviewed later
on in this report.

1.3 Yoltage-Holding Ability of Gaps Enclosed by Insulators

The voltage-holding ability of vacuum gaps whose electrodes are separ-
ated by insulators (Fig. 4) is affected adversely by the presence of the
insulator.(21) However, by proper selection of the insulator material and
corrugation of the surface exposed to the vacuum, the performance of the
gap can be materially improved.(gz) The discharge seems to be initiated
at the insulator-cathode junction and proceeds along the insulator-vacuum

interface but the breakdown mechanism is not fully understood in this case

¢ither.




CHAPIZR ONE
BEVIEW OF THE PROBLWM OF VACUUM INSULATION

1.1 Definitions

a. Vacuum Insulation. Vacuum insulation exists between two metallic
electrodes (Fig. 1) if the mean free path for encounters between the mole-
cules of the residual gas is much larger than the distance d between the
electrodes. The above statement implies that the voltage~holding ability
of a vacuum-insulated gap is independent of the residuval gas pressure,
provided that the gas pressure 1s lower than a certain upper limit pg
which is a function of the separation d between the electrodes.

Evidently then the behavior of vacuum insulation under high electric
stresses is primarily affected by the solid materials which are introduced
into the empty space since few encounters can occur in the high vacuum
itself.

b. Vacuum Breakdeown. Vacuum breakdown in the form of an arc, a
spark or flashover occurs when the voltage across the gap reaches an upper
limit which depends on various factors to be subsequently discussed. The
breakdown appears as a transition of the impedance of the gap from an ex-
tremely high level to a very low value accompanied by an increase of the
residual gas pressure. The transiiion from high to low impedance across
the gap is irreversible unless the voltage across the gap is withdrawn
and the gas pressure is brought back to its normal value.

c. Dark Current and "Kicking" Effect. Dark current is the current
that flows across the gap and which is probably sustained either by vari-
ous external ionizing agents such as cosmic rays or by field emission from

low work fumction contaminents of the electrode surfaces. Superimposed




on the dark current are randomly distributed self-healing current tran-
gients which appear at a threghold voltage. These transients are called
"kicks" or pulsed discharges and the phenomenon is deseribed as “kicking®
effect or current loading.
1.2 Yol'iage Holding Ability of Vacuum Insulated Geps

The breakdown mechanism of vacuum gaps with emall separations hetween
the electrodes is falrly well accounted for by the widely known field
emission theory.(l) According to this theory a self-sustained discharge,
which leads to breakdown, can occur when the gradient st the cathode
reaches the value of several million volts per om. Thus the potential
barrier at the surface of the cathode is lowered below the Fermi level and

the free electrons of the metal can escape from it. Fowler and Nordheim(l)
formulated the problem theoretically and give the following relationship

for the field emission current:(l-B)

1/ 3
62100 B2 Rep |- Q-M (1.2.1)
(4 + W ¢'/2 E

HH
1]

where

current density in amp /cm2

= cathode gradient
a work funetion of the cathode

T € =

» maximm kinetic energy of electrons of the cathode at zero
absolute temperature

The theoretical value of the gradient necessary for field emission is
of ‘the order of 107 v /cmh assuming a perfectly smooth cathode surface.
The literature is full of data verifying the Fowler-Nordheim formula.(4—6)

However, the experimental value of the gradient at which field emission
ocours is lower than what theory predicts. This can be easily justified by




the unavoidable field intensification which occurs at the cathode asurface
irregularities.

The breakdown mechanism of vacuum gaps with large separations be-
tween the electrodes is not the same as for small separations. This faet

has been established by various experimenters(7-lo)

and 1s 1llustrated by
Fig. 2 which shows the results that Trump and Van de Graaff(7)found dur-
ing their high voltage vacuum breakdown experiments. It is evident that
the threshold gradient, at which breakdown occurs in the case of gaps

with large separations, is inadequate of itself to insure bréakdown through

the mechanism of field emission. One has to introduce other mechanisms
which set in as the voltage across the gap increases to values above sev-
eral tems of kv.

(8)

A possible mechanism was suggested by Van de Graaff “and amounts to
an interchange of charged particles and photons between the anode and the
cathode. Thus an electron starting from the cathode and accelerated by
the voltage between the electrodes, impinges on the anode and gives rise
to positive ions and photons. The positive ions and some of the photons
return to the cathode and cause further electron emission. With the proper
conditions the process becomes cumilative and leads to instability.
Quantitively the instabllity appears when
AB + CD >1 (1.2.2)

where

A

average number of positive ions per electron impinging on the anode.

B

average number of electrons per positive ion impinging on the cathode.

«Q
1

= average number of "useful" photons per electron impinging on the anode.

L)
i

- average number of electrons per photon impinging on the cathode.




It would be expected that all coefficients A, B, C, D are functions
of the energy of the perticles involved or the total voltage across the
gap, the materials used and their surface conditions.

The contribution to the mechanismrby the processes desceribed by the
coefficients C, D is generally considered as negligible.(ll) The values
of the coefficlents A and B have been determined experimentally(7) (12-16)
and their product is found to be much smaller than one for a wide variety
of voltages and gradients. Consequently an electron-positive ion exchange
mechanism is now recognized as not adequate to explain the total voltage
effeet on vacuum breakdown.

Figure 3 is a plot of the data given in Fig. 2 of the product of the
threshold gradient times the breakdown voltage versus electrode separation.
It is worth noting that this product is essentially constant over all
electrode separations. This fact was recognized by Fortescue and Heard
and led Cranberg(l7) to the formulation of his c¢lump theory. According
to this theory a clump of matter, ioosely adhering to one electrode and
in electric contact with it, is detached from the electrode by electro-
static repulsion. The detached clump is charged, the amount of charge be-
ing proportional to the gradient at the electrode surface, and accelerated
along the vacuum gap. On impingement on the other electrode, if the energy
density delivered by the clump is greater than a certain constant C, char-
acteristic of the metals used and their surface conditions, breakdown may
occur on account of loecal overheating resulting in thermionic emission.
Obviously the energy of the clump is proportional to V x E, where V the
voltage across the gap and E the gradient at the electrodes. Thus the on-

set of breakdown can be expressed as




Vp * B> c! (1.2.3)

The latter condition appears to agree with the phenomenological experimental
data of various research groups. However the validity of the hypothesis be-
hind its derivation has not yet been established.

A series of experiments reported by Heard suggest that Cranberg's

(18) show a direct

hypothesis is not valid. For instance Heard's expariments
dependence of the rise time of breakdown currents on the electrode separa-
tion; this would not be the case if Cranberg's hypotheais were true. Fur-
thermore his data on material transfer from the anode to the cathode (19)
indicate that the total charge transferred during a kick decreases with
increasing gradients even though the total amount of material transferred
is increased.,

Theories related in general {to the sputtering of particles from
metallie surfaces by ion bombardment have a clogse bearing on the breakdown
mechanism in vacuum but have not yet been examined in full detail. An
attempt has been made by von Hippel(zo) and some others but is not gen-
erally considered as very successful. The subject will be reviewed later
on in this report.

1.3 Yoltage-Holding Ability of Gaps Enclosed by Insulators

The voltage-holding ability of vacuum gaps whose electrodes are separ-
ated by insulators (Fig. 4) is affected adversely by the presence of the
insulator.(21) However, by proper selection of the insulator material and
corrugation of the surface exposed to the vacuum, the performance of the
gap can be materially improved.(gz) The discharge seems to be initiated
at the insulator-cathode junction and proceeds along the insulator-vacuum

interface but the breakdown mechanism is not fully understood in this case

¢ither.
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1.4 YVoltage Holding Ability of Acceleration Tubes

In order to reduce the total voltage effect on the breakdown mechanism
per unit length of vacuum gaps, modern acceleration tubes are sectionalized
(Fig. 5). Thus, for a given distance between anode and cathode there is
a serles of vacuum gaps instead of Jjust one single gap.

Various recearch groups and individuals found that the flashover
voltage of sectionalized tubes under uniform field conditions is directly
proportional to the flashover voltage of each section(zz), the constant
of proportionality being the number of the identical sectlions. Consequently
the breakdown mechanism of sectionalized tubes must be the same as the
breakdown mechanism of single vacuum gaps encloged by insulators.

1.5 !Kicking" Effect in Single Gaps and Accelergtion Tubes
The "kicking" effect has been studied by various people independently.

Clifford(23) found that in the case of single gaps the omnset of pulsed
discharges follows a relationship almost identical with the one established
by Cranberg for breakdown. This led him to suggest that pulsed discharges
may be the triggering mechanism of breakdown. Ieard reports(24) that
breakdown is entirely independent of the behavior of the prebreakdown dark

current even though in a later paper(ls) he shows that a kick may sometimes

develop into a spark.

In the case of acceleration tubes the story is different. The central
hole of the tube, necessary for the acceleration of charged carriers, makes
the existence of the dark current spikes more pronounced and a serious
limitation of the performance of the tube. This is to be expected since
the central hole renders it possible for particles having the total energy
of the tube to cooperate with the ones that move back and forth between

the electrodes of the single sections and accentuate their effects. Further—~
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more there seems to be no conncetion between the breakdown voltage and
(22)

the onset of the kicking effect., Chu found that the threshold volt-
age for pulsed discharges varies as the square root of the total tube
length.

Some other characteristics of the "kicking" effect reported in the
literature are summarized below.

For single gaps Heard's experiments(24) showed that the dark current
rises near the breakdown voltage but its rise is inhibited by the simul-
taneous increase of the residual gas pressure,

McKibben and Boyer(25) found that the electron current in a single
gap increases rapldly at a certain threshold voltage. Furthermore when
the electrons are prevented from reaching the anode the threshold voltage
does not change.

For a sectionalized tube simlilar to the one shown in Fig. 5 but with
a 3/4" piteh Green(zé) reports the following:

a. A kick is associated with an approximately three to ten per cent
voltage reduction across the tube.

b. A kick is detected as a burst of electron current at the anode
end of the tube, The amount of charge collected is equal to three to ten
per cent of the charge stored in the generator-tube system. The positive
charge collected at the cathode during a kick must be orders of magnitude
smaller than the negative charge collected at the anode since it is not
detectable by instruments similar to the omes used in the anode eircultry.

¢. Recovery of the tube from a kick is quite fast.

d. Kicks seem to originate all along the length of the tube.

On the same subject Chu(zz) found that:




g aanbiy
ZON 3804 NOIEVHEATEI0Y 1S4l

L o ; — e

.|

. . WM Hﬂ%\,f@m.wn@ lllll ———— —

R v

ol . 3
R )

5 i
e A o s 30T 5 ,\M s ettt
ﬁ%\«@%&%%i s s % | IR
, Y .ﬂm\w} %\\ Q‘W« o Ih B B %%ew\m .\WWV . ok
..w.s\n_..
G. aanbl4
TON 3@NL NOILVHEATE00Y  LS3L
ﬂ 6 _ T a2 90
n —_———n TR A~ E Pl T a % -
— > : >y T By, RNy
—— 7 1 T I =t A L b\
S ¥ ol _ .mml i H & : 2\
S B : AR R R _ -

abnpg  sdnjiyd




-13-

a. The threshold voltage for "klcking" ie very sharp after condi-
tioning and inoreases with comditioning.,

b, The threshcld voltage for "kicking" rises when the residual gas
pressure is increased untll the tube becomes conducting.

c. "Kicking" seems to originate mostly at the cathode end of the
tube,

(27) also found independently point (s8) of Chu's results.

Harris

The mechanism of the "kicking" effect is not understood. MeKibben
and Boyer(25) suggested that 1t may be due to a chain reaction between
positive and negative ions moving between anode and cathode but made no
attempt to relate this mechanism with the known dependence of "kioking®
on voltage and gradient.
1.6 Existence of Nezative Jons in Agceleration Tubes

The existence of negative ions along with electrons in the dark
current of acceleration tubes and single gaps has been reported by
Harris,(zz) MbKibben(zs), McKibben and Henshall(zg). Negative ions have
also been detecied under various experimental conditions by Arnot and
Milligan(Bo), Sloan and Press(Bl), Sloan and Love(32) and many otherse(BB)

There are several modes of formation of negative ions,(33) some or
all of which apply in various cases, depending on the conditions ex-
isting in the environment of their creation and the agents which pro-
mote it, With regard to the negative ion formation in high vacuum gaps
there are no theories or suggestions up to date other than McKibben's(25)
idea that they may be produced as secondaries due tc positive ion bom-
bardment, Such a mechanism though cennot lead to a chain reaction since

the secondary negative ions produced by positive ion bombardment have
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been found to range hetween 10~3 1o 10'4 per positive ion of energies
0 = 1 Mev respectively,(Bé) unless of course there was a copious num-

ber of positive ions per negative ion, which is rather doubtful.

1.7 Clasgification and Critiques of Mechanisms Leading to Instabilities
of Vacuum Insulation

Since vacuum is a non-conducting medium, an instability cen occur
by one or a combination of the following processes:

a. Fleld emission from the cathode,

b. Thermionic emission from a spot on the cathode.

¢. Pogitive-negative ion chain reaction.

d. Pogitive ion-neutral particles chain reaction.

From another point of view the processes may be classified in
two groups.

The first group involves a single event which switches the vacuum
gap from a high to a low inpeddnce level. Processes (a) and (b) for
instance fall in this category. However, such a group of processes
seems rather unlikely because for gaps with large separations the grad-
ients at which instebilities occur are inadequate to Justify field
emission and thermionic emission is not evidenced experimentally. More
specifically, the heating of a spot on the cathode is assumed to re-
sult from the bombardment by the ineident positive charges, which im-
plies that thermodynamic equilibrium is reached between the fast -im-
pinging iong and the metal surface. However, the assumption of thermo-
dynamic equilibrium is doubtful as Kapitza(lz) pointed out when he used

it in order to derive his theory of secondary electron emission from

netals under positive ion bombardment, a theory which is not experi-

mentally verified., Actually SternglassSB5) presented quite recently a
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theory of secondary electron emission which is in excellent agreement with
the experimental data and which does not assume thermodynamic equilibrium.

The second group postulates a chain reaction which switches the
vacuunm gap from a high to a low impedance level. Processes (c) and (d)
fall in this category.

If the positive-negative ion exchange mechanism is considered as
Important, the question of primary interest is: "where and how are the
negative ions created". The obvious answer is that negative ions result
as secondaries from positive ion bombardment of the cathode, a process
that has been studled experimentally and found to be suberitical. Other
answers to the question raised above have not been suggested but are cer-
tainly worth looking into.

Now, 1f the chain reaction between charged and uncharged or neutral
particles is considered, two distinct possibilities exist.

The first possibility is for the neutral particles to be very ener-
getic. But in order for the neutral particles to become energetic they
must have been charged some time during their lifespan across the gap
end by some processes have lost their charge after they acquired their
momentum. Hence the mechanism would require the production of ions and
the detachment and attachment of electrons to neutralize and convert
those ions to neutral particles, This has not previously been dealt with
and will be reviewed later in this report.

The second possibility is for the neutrals to be in thermal equil-

ibrium with the environment. The effectiveness of such neutrals, however,

is questionable and hence need not be considered.




In the previous sections an effort has been made to review the data

and theories pertinent to vacuum breakdown and kicking effect or current

loading. It is certain that many valuable contribuxions(36'38) to the

field have been omitted from the discussion but it is equally certain

that most of them fall in the same framework, which might be described

as "gtatements of faets".

The known facts about the behavior of vacuum under high elestric

stresses may he sumarized as follows:

YACUUM_BREAKDOWN

Slngle Geps

Spark breakdown occurs aﬁ a
voltage which varies as the square
root of the separation between the
electrodes, This statement is
equivalent to seying that break-
down takes place when ‘the voltage
and the gradient are such that
V x E>»C', where C' is a con-
stant whose value depends on the
metals used, their surface condi-
tion, and the energy stored in
the system.

Breakdown seems to be inde-

pendent of the behavior of the pre-

breakdown current.

1) d_Tubes

Spark breakdown occurs at a
voltage which is proportional to
the number of sectlons of the
tube, indicating that the per-
formance of the tube is the same
as the performance of its single
gaps when the field is uniform
along the tube,

Breakdown of sectionalized
tubes may be taking place along
the surface of the insulators
because neither current nor X-
rays are deteoted at either
end of the tube.
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Pulsed discharges are super-
impoged on the small prebreakdown
current, These pulses appear at
voltages very close to the break-
dowvn voltage and are randomly
distributed.,

The growth of the pulased
discharges seems to be inhibited
by the increase of the gas press-
ure during the rise of the dark
current,

There is no obvious correla-
tion between the prebreakdown

current behavior and the break-

down of the gap.

Pulsed discharges are super-
impoged on the smsll prebreakdown
current. These pulses appear at a
voltage which varies as the 0.5
power of the number of sections used
vhich is equivalent to the coriterion
Vi x Eg=>C'" where Vy the total vol-
tage across ‘the tube, Eg the local
gradient and C'' a constant.

The threshold voltage for the
occurrence of the pulsed discharges
is increased with the increase of
the residual gas pressure.

The pulsed discherges are al-
ways detected at the anode and never

at the cathode,

The electrons associated with the pulsed discharges of both cases seem

to be the eye~wltnesses of the phenomenon rather than the parties immed-

iately involved in it.
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CHAPTER TWO
JIE PROBLEM

2.1 Qutline of the Problem
The High Voltage Research Laboratory group is interested in the in-

sulating properties of high voltege acceleration tubes. Thus the author
was assigned to continue the research of the group in the field of vacuum
ingsulation using acceleration tubes rather than single gaps as experi-
mental models,

The emphasis of the research was to be on the fundamental processes
which lead to vacuum instabilities under high electric stresses rather
than the accumulation of data.

In order to achieve this goal the following factors were selected
for investigation and correlation:

a. Study the mass and energy spectra of both positive and negative
heavy ion dark currents during steady state and unstable operations.

b, Examine the energy spectrum end time behavior of the electron
dark current during steady state and unstable operations.

c. Ascertain the existence of neutral particles in the dark current
and if time permits study their secondary effects,

d. Investigate the dependence of items (a), (b), and (¢) on voltage
across ‘the tube, electrode gradients and residual gas pressure.

2.2 The test Units

Two test scceleration tubes were built. The first is shown in

Figure 5 and is similar to units comme*3lally availalle, The other is
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shown in Fig. 6. The second tube is & special design for the purposes
of this project; its main feature being its symmetry with respect to

1ts mld-plane. This is necessary since the power gource, which is sub-
gequently described, did not allow simultaneous monitoring of the anode
and the cathode. The design 1s also flexible enough to allow for
changes of the anode or cathode materials by simply changing the sleeves
of the anode and cathode extensions.

The eleétrodea of the acceleration tubes were made of highly pol-
ished aluminum end cleaned with methylene chloride and chemically pure
acetone and then degreased in trichloroethylene vapors before assembly.
The insulators were made of 7070 Pyrex glass rings, properly corrugated,
washed in soap and water and rinsed in distilled water before assembly,

The tubes were assembled under sanitary conditions and once the
parts were cleaned they were handled with greaseless gloves. The elec~
trode-glass joints were made with vinylacetate, baked at 300°F. All
parts were unoutgassed.,

2.3 Ihe Power Source

The power source is a 3 Mev pressurized Van de Graaff genersator
manufactured by the High Voltage Engineering Corporation of Burlington,
Mass. The arrangement of the test tube and the power asource is shown
in Fig. 7.




| __Generator

- Acceleration

Tube

Analyzer

GENERATOR AND ACCELERATION TUBE

Figure 7



3.1 General Remarko

When this project was initiated it was not certain whether some
of the factors under investigation were detectable and furthermore
whether some of them existed at all or not. Thus, it was decided to
build a simple magnetic analyser (Fig. 8) which at least would prove
the feasibility of the program without too many expenses.

The results of the przliminary efforts proved both rewarding and
encouraging even though their quantitative interpretation was not free
of ambiguities. Consequently the electrostatic and magnetic analyser
(Fig. 11) was designed and built,

In what follows the main features of both analysers and the tech-
niques used are described in detail.

3.2 Magnetic Analyser

The analyser consists of a simple vacuum chamber attached under the
generator as shown in Fig. 7. When the generator terminal is negative
a sample of the beam of the dark current goes through the slit s (Fig.8).
This sample passes through a magnetic fileld M; which defleots only the
electrons on an insulated aluminum plate P on the side of a faraday
cage-like slit on the wall of the chamber, The electronic current is
elther integrated by means of an integrating electrometer tube circuit
(Fig. 9) or monitored on the sereen of a Tektronix scope.

Any negative ions contained in the sample beam are not appreciably
deflected by the magnetic field M, and continue drifting toward the

magnetic field My, The latter is strong enough to deflect the negative




Film
Holder

MAGNETIC ANALYZER

Figure 8
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jons according to the value of ‘the square root of the product of their
mass and energy. The analysed negative fon beam is recorded (integrated)
on a strip of sensitive film F, Two types of films are used, NTA nuclear
track plates and Kodak X-ray type AA industrial film. Both give satis-
factory resulis.

A similar setup 1s used when the terminal is positive but for the
fact that no eleatrons are then detected.

Any neutral particles which are drifting along the tube and go

through the slit S are unaffected by the magnetic fields and register
at the photogrephic plate at the zero deflection position.
3.3 Galibration of the Film Strip F

The calibration of the positions on the film gstrip F 1s achieved
N by means of electrons emitted thermionically at the cathode and accel-
erated to a constant energy Te = 1.8 Mev, The magnet My is withdrawn
and the electron beam is allowed to go through the magnetic field Mp.
Assuming a wniform magnetic field, the radius of curvature of the beam

in the magnetic field is

Te

x [2%02 T, + T2 11/2 (3.3.1)
where

K), = constant

magnetic field density

mm
]

-3
@
]

= electron kinetic energy = 1.8 Mev

mb°2 = electron rest energy = 0.51 Mev
Evidently this radius corresponds to a definite position on the

photographic plate,
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In case heavy ions go through the magnet My, the radlus of

K 1
B_i [ Ay Ti] /2 (3.3.2)

curveture 1s

Ty

where

Cal
N
i

constant = 42.85 Kj
magnetic field density

o
e
fn

Ai = ion mass number to charge ratio

x|
e
n

ion energy or acceleration voltege in Mev
depending on whether the ions are singly
or multiply charged, respectively,

If the magnet M, is used in the linear region of its magnetlic field
versus current characteristic and the radii ry and ry are equal then

2
MY e2H [ Mmgo?  Tq + Tea] (3.3.3)

where a = gi - ;1 =« ratio of magnet currents when the ion and eonsteni
energy electron geam experiments are performed respectively.

Figure 10 is a plot of relative displacement of the electiron beam
on the film versus the magnet current from which the product Ay Ty is

determined for a given position on the film and a given current Ij.

The detailed features of the electrostatic and magnetic anslyser
are shown in Figure 11,

The beam coming down the acceleration tube goes through a sﬁall
circular slit S, which may have different diameters from a few thousands
of an inch up to ;/1 " and whose position is adjustable so that the beam
can be sampled all along the cross=-section of the central hole of the tube.

Under the slit S; there is a slit Sp, %/16“ x 1 which allows any beam

e :JL\ Lo
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going through the slit S; to get in the analyser, The slit S, can be
vacuum~tightly closed by means of a retractable shutter so that the
vacuum gystems of the tube and the analyser cen operate independently
1if neceasary.

When the generator terminal is negative, the electrons contained
in the sample beam are deflected by the electromagnet M% and register
on a continuously moving strip of 70 mm Kodak X-ray or DuPont Adlux
f11m F1. Thus the continuous component of the dark current sets up a
background frame with respect to which the pulsed discharges reglster
ag darker spots or bands. The position of the darker spots indicates
the energy or the origin along ‘the length of the tube of the pulsed dis=
charges, while the change in film denslty indicates the amplitude of
the pulses.

The negative ions of the semple beam are not appreciably deflected
by the magnetio field M} and pass through the magnetio field M3 which
spreads the ions according to the sqﬁare root of the product of their mass
and energy. Subsequently the analysed beam enters an electrostetic field
E, parallel to the magnetic field N%, which bends the negative lons in a
direction perpendiculer to the electrostatic field plates. The electro~
gtatic deflection is inversely proportional to the energy of the lons.

A1l ions are integrated on a 70 mm stationary Kodek X-ray film strip
Fo. Each point on the strip corresponds to a specific mass to charge
ratio and energy focr given magnetic and electrostatic field densities.

When the terminal of the generator is positive the sample beam go-

ing through the slit S3 contains only positive ions which are recorded by a
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method similar to the one used for the negative lons.

3.5 Deflection of Electrons by Magnetic Field Ni

The deflection of the electrons by the magnetic field N& (Fig.12)

ig evaluated from the well lmown formula

oot -%- = 'B_:flt: [2m002 T + '1'2] W2 (3e5.1)
vwhere

B = magnetic field density

¢ = velocity of light

m°c2= electron rest energy
T = electron kinetic energy

Using the known numerical values equation (3.5.1) reduces to:

1/
2 2
cot -—g— = .]2.9. [ 1.02T1 + Tl } (3'5.2)
where
B = magnetic field density in gauss

T electron energy in Mev

Figures 13 and 14 are plots of equation (3.5.2) with the magnetic
field density and the angular deflection as a parameter, respectively.
The interpretation of the spectra on the film Fy is obvious for a given
position of the electron camera with respect to the magnetic field Mi.

3.6 Deflection of Ions by Magnetic Field Mé :

The deflection of the ions by the magnetic field MJZ' (Fig. 15) is

given by the formula

1
cot 8. o L [ m:’:T] 2 (3.6.1)
2 BRlc

e




21 241

W4 ANV LINOVIN NOYLO313 40 M3IA OILVINIHOS

'W prai4 diauboi

JO U01§08S mmﬁw

ainby

ay} o} Ajipjn

-2ipuadiad Buinow
4 dig wpd—

wDag U04}23|3
§DWOIYIOUOW JO Yiod —

9QNL UOI}DI3|322Y WOIS



¢ aunby 4

ADHANI NOYL03T3 SA @ NOILOIATIIA HYINONY - LANOYW NOHLO3 13

(AON) 'L ABiaug u04409|3
. Ol 0l

ol ! - ¢l

i

14602

o ,a“ 00¢

[LF] | ]eos

© uoiddjjsq Jojnbuy

I e




Electron Energy T, (Mev)

102

200 600 1000 | 2000 3000

Magnetic Field B, (Gs)

ELECTRON MAGNET- ENERGY DISTRIBUTION OF SPECTRA
Figure 14



From Acceleration Tube

. Path of an lon

Cross Section of
- Magnetic Field Mo

‘ Cross Section of
Electrostatic Field E

Stationary
Fitm Strip Fo

Figure 15



where
B = the magnetic fleld density
m = the ion mass
¢ n veloclty of light
e = the ion charge
T « kinetic energy of ions or acceleration voltage in ev

Using the various known parameters the formula reduces to:

& 4 L
cot.z_. Mlﬁi&.m_ { ATl] /2 (3.6.2)

where By is in gauss, Tj in Mev and A is the ion mass number to charge
ratio.
For a given deflection @9 the position x of the ion on the film
strip (Fig. 15) is given by:
X zpry @1 = 0,732 8 om (3.6.3)
Equation (3.6.2) and (3.6.3) have been plotted in Figures 16 to 18.
3.7 Deflection of Ions by Flecirostatic Field
The deflection of the ions by the electrostatic field (Fig. 16) is

given by the formula

GgaiCed §= 3% (m) (3.7.1)
where

V = electrostatic plates potential difference inv

T = ion energy or acceleration voltage in eV

Equation (3.7.1) has been plotted in Figures 19 and 20.

Evidently then for given magnetic and electrostatic field densities

every point on the film strip F, corresponda to an ion of a specific mass

and energy.
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3.8 Electromagnets and Their Power Supply

The d.c. power for the electromagnets is supplied from an electronic
regulator which was built for this project and whioh is schematically
shown in Fig. 21. The regulator diagram includes a system of relays for
the automatic demagnetization of the electromagnets.

The electron electromagnet coll has three separate colls on one
spool comsisting of 600, 400, 200 turns, independent of each other. The
ion electromagnet has two coils on each of its two spools. Each coil
has 1000 turns so that there are 4000 turns in sll. Both magnets have
an air gap of 1/4“.

3.9 Power Supply for Electrogtatic Plates

The power supply for the electrostatic plates ls & transformer recti-
fier gas insulated unit capable of 60 kv - 2 ma. Each of the deflection
plates of the electrostatic field is at a potential higher than ground.
This is achieved by putting a resistor across the power supply end ground-
ing its mid-point. (Fig. 22)

3.10 Yacuum Equipment

The acceleration tube and the electrostatic and magnetic analyser
have separate pumping systems. Each vacuum system consists of a liquid
nitrogen trap, a mercury diffusion pump, a dry ice trap and an oil fore-
pump. (Fig. 23)

The vacuum is monitored by means of two ionization gauges and a
Phillips gauge. A series of thermocouple gauges is also connected to
the system for forevacuum measurements.

All gaskets are made of neoprene.

Figure 24 is a photograph of the generator and the analyser and
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Figure 25 is a photograph of the control panels which are far from the

generator for safety purposes against radiation hazards,
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CHAPTER FOUR
EXPERIMENTAL, RESULIS

4s1  Cenergl Hemarks

The experimental results are classified in two groups. The first
group is obtained by means of the magnetic analyzer I (Fig, 8) and ‘the
second by means of the electrostatic and magwetic analyzer (Fig. 11),
Al). experimental data are pertinent to aceceleration tube No. 1 (Fig. 5).
Acceleration tube No. 2 has not been tested on account of unforseen time
consuming difficulties with the vacuum systems and the films.

4.2 Experiments with Macmetlc Apglyzer I
4.2,1 Electron Dark Current and "Kioking® Effeci Experiments

A sample of the electron dark current is collected at the plate
P (Fig. 8) and is either integrated by means of a capacitor connected
across the input of the electrometer tube circuit (Fig. 9) or monitored
on the soreen of a Tektronix oscilloscope,

The average electron current behavior as e function of voltage
for a given residual gas pressure is depicted in Fig. 26. Mild "kick-
ing" starts at voltages higher than 1.2 Mv., This is evidenced by a
momentary decrease in the indication of the generating voltmeter and
& momentary increase in the reading of the pressure gauge. At voltages
1.8 Mv or higher the "kicking" is rather violent causing the residual
gas pressure to increage to a few times l()'4 mm Hg af'ter two or three
consecutive "kicks" and the tube to become highly conducting without
actually sparking.

The average electron current is reduced when the residual gas
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pressure is increased in the range of 2 x 10™° 4o 10™% mm Hg. This is
evidenced both by the decrease in the frequency of "kicking" and the
increase in the thresghold voltage at which "kicke" appear. Above the
pressure of a few timee 10™% mm Hg the tube becomes highly conducting
and stabilizes at the proper conditions for a high voltage vacuum
discharge,

The time behavior of a single “kick" or pulsed discharge is
schematically shown in Fig. 27, The rise time of the eurrent ig of the
order of one to two tenths of a mlerosecond and the pesk current varies
between 0.0L ~ 0,03 a.

4242 Negative Ion Dark Current Experiments

The negative ion spectra are studied with total voltage across
the tube and residual gas pressure as variable parsmeters. For each
value of the total voltage the magnetic field My (Fig, 8) is adjusted
8o that Hl' originating from the high voltage eand of the tube regigter
at the same pogition on the film F.

Some representative spectra of the magnetically analyzed nega-
tive ions are shown in Figs. 28 and 29 and the conditions under which
they were taken are given in Table I. The interpretation of mass and
energy of ions corresponding to different bands is not free of ambig-
uities with the exception of the H;~ lines which seem to originate from
the sections near the high voltage end of the tube.(Fig, 29). However,
in spite of this difficulty the following conclusions cen be drawn from
the spectra.

1. There is a threshold voltage below which no negative iong are

detecteble., This threshold voltage coincides with the threshold volt-
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age at which pulsed discharges are observed.
2. The negative ilon current consists of ions of different mass num-
bers. The masses of the negative ions detected are not voltage de-
pendent for a gilven gas pressure,
3. The negative ions originate in the vieinity of the electrodes
since the spectra are discrete and not continuous,
4o The number of negative ions increases with tube voltage.
2. The negative ions gradually disappear with the inerease of the
residual gas pressure up to the point where the tube can sustain a
high voltege vacuum discharge. However, the threshold pressure for the
disappearance of negative ions of different masses is not the same,
6. Along with the negative ions there is a beam of particles which
is not affected by the magnetic field. This beam consists of either
heavy clumps of lightly charged matter or of neutral atoms and mole=-
cules and persists only as long as there are negative ions registering
on the film,
4e2¢3 Pogitive Jon Dark Current Experiments

The poaitive ion spectra are obtained by merely reverging the
terminal polarity. Some representative spectra of the magnetically
analysed positive ions are shown in Figs., 30 and 31 and the conditions
under which they were taken are given in Table II. The essential con-
clusions about the positive ions are:
1. There does not seem to be a threshold voltage for the appearance
of positive ions,
2. The positive lon current consists of ions of different mass num-

berg. The varilety of spectral lines is greater in the case of positive



w‘ﬁx‘é

Y.
TABLE II
DATA ON POSITIVE IONG SPECTRA
Terminal Exposure Vacuum
Spectrum Voltage Time Pressure
kf_t-“_i_gure Number (nav) (min.) (i He) Remarks
30 1 1.2 20 2 x 1077
30 2 1.3 13 "
30 3 0.4 15 "
30 5 0.8 10 "
30 6 1 4 i
31 7 0.6 6 "
31 8 0.8 3 "
——_ 31 9 1 1 "
31 10 1 3 2 x 10  Tube is "kick-
ing" at a lower
31 11 1 3 5 x 10  voltage than
when terminal
31 12 1 3 1 X 107 i negat 3.
4 Diffused spec~
31 13 1 3 3 x 107 tra due to con-
gsecutive "kickst
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ions than in the case of negatlve ions indieating either a larger number
of spots from which the positive ions originate or a greater variety

of mass to charge ratios, However, this vaeriety is neither pressure
nor voltage dependent.

3 Most of the positive jons are formed in the vicinity of the
electrodes as evidenced by the discrete character of the gpectra. In-
cidentally some of the spectra appear continuous on account of consecus=
tive pulsed discharges which resulted in a conducting tube,

4 The number of positive ions increases with voltsge,

5e The positive lons spectra do not disappear with the increase of
the residual gas pressure,

6. Along with the positive ions there is a beam of either extremely

heavy clumps of 1lightly charged matter or neutral atoms and molecules,
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4.3.1 Eleciron Dark Current and "Kicking" Effect Experiments

Three series of measurements are performed during these experi-
ments.

a. The total negative current associated with a "kick" and coll-
ected at the insulated adapter cavity (Fig. 11) is monitored on the screen
of a Tektronix oseilloscope in order to establish its shape. It is found
that a "kick" consists elther of a sgingle pulse (Figs, 32 and 33 - Table
III) or of a train of superimposed pulses ocouring at time intervals of
one to several tenths of a microsecond apart (Figs. 34 and 35 -~ Table IV).

The essential conclusiors from this series of experiments are:
1. The rise time of the pulsed discharges is of the order of a
tenth of a mierosecond.
2 The peak current of single "kickse" is of the order of a few
amperes and decreases with increasing residual gas pressure (Fig. 36).
3. The current pesks of multiple "kicks" are spaced one to sev~
eral tenths of a microsecond apart.
4o The threshold voltage for the appearance of "kicks" rises with
the inorease of the residuasl gas pressure (Fig. 37). Incidentally, the
threshold voltage is greater during these experiments than is repoirted
in seetion 4.2.1. The reason for this increase is not known. The only
thing that happened between the two series of experiments is that the

tube was not used for a period of 8 months.
Do All "kiocks" are accompanied by a momentary decrease in the in-

dication of the generating voltmeter by 50-200 Kev and a momentary in-

creagse of the regidusl gas pressure by 10~ to 3 x 10~° mm Hg.
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RESIOUar TUbE T oweap Turrents
Frame Gas Preasure Voltage Speed Scale
Figure Number m Hg x 10 Mv psec/em A/ cm
32 9"'8 l 1.85 Ool loll
32 8-7 3 1.9 " "
32 9-18 2 2.1 " "
32 10-16 10 2 " "
33 11-8 15 2.2 n "
33 11-20 20 2.2 " "
nesidual Tube Sweep Current
Frame Cas Pressure Voltage Speed Scale
Figure Number mm Hg x 10 Mv p sec/cm A/ cm
34 8_5 3 2 n n
34 9-17 5 2.1 n n
34 10-11 10 2.1 " "
35 11-7 15 2.3 " "
35 11-14 20 2.2 u "
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Electron Current {Amp.)

o RV Terminal Negoirve

A s . Positve i . .l

T
10

10x107% 20x1073
Pregsure {mmHg)
PEAK ELECTRON CURRENT DURING "KICKING®
vs RESIDUAL GAS PRESSURE

Figure 36
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o g W Y 0 Y W' ¥
tistonce from Cernter of Axiol Hole

PEAK ELECTRON CURRENT DENSITY AT THE
ANODE DURING "RICKING”

Figure 39

" Kicking" Thrashold Voitage (Mv)

107 10x1078
Pressure (mmHg)

"KICKING” THRESHOLD VOLTAGE vs
RESIDUAL GAS PRESSURE

Figure 37

R
20x107%

Threshold Voltage for Negative fon Formation {Mv)

i

oxioS

N 1
03
' Pressure {mmHg)

1
20x107%

THRESHOLD VOLTAGE FOR NEGATIVE ION
FORMATION vs RESIDUAL GAS PRESSURE

Figure 42
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b. A sample of the electron current assooieted with a "kick" is
collected at a faraday cage placed in front of the magnet M% (rig. 11)
in lieu of the electron camera in order to find the current density dis-
tribution along the oross-seation of the central hole of the tube. The
sample is selected by properly positioning the slit S, (Fig. 11) and is
monitored on the screen of the oscilloscope. Some representative pio-
tures of samples through a 0.020" diameter slit are shown in Fig. 38
(see also Table V). Only single pulses are considered in order to fac-
ilitate the comparison. From these pictures it is concluded that:

1, The electron current density across the sampling line is fairly
uniform (Fig. 39).

2e The sampling line is a good image of the entire cross-section
of the hole of the tube since the area of the current density given by
Fig. 39 over the oross-sectional area of the collecting cavity hole is
comparable to the peak current of exposure No. 8 - 7 - Fig. 32.

¢. Finally a sample of the electron current is integrated on a
strip of stationary or moving film F; (Fig. 11) in order to establish
the energy spectrum of the electrons. The sampling slit 53, has a 0,040"
diameter and is located at the geometric axis of the tube,

This series of experiments has not revealed the energy spectrum
of the electron current when the voltage across the tube is lower than the
threshold for pulsed discharges because iIf the film were too sensitive
(Kodak photoflure blue sensitive) the x-ray background is untolerable while
if the sensitivity of the film is smaller (Du Pont adlux or Kodak x-ray
film) the exposure times required are not practical. Consequently only

the electron current spectrum on the verge of or during instabilities is
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Residual Tube Siit Sweep Current
Frame Gas Pressu.ge Voltage Position Speed Scale
Flgure  Number  mm He x 10 Mv from Axig g Seo/om Afcm |
38 52 3 1.9 1/8n n 0
38 6-13 3 1.9 1/4n " "
38 7-17 3 1.9 3/8:0 n 1t
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investigated. Some representative spectra are shown in Figs. 40 and 41
(see also Table VI). The conclusions that may be derived from these
apectre are:

1. The first pulsed discharge originates from one or two sections
of the tube which are approximately 8"and 9 1/2" from the cathode. These
two sections are 1 1/2" (or four single sections - see Fig. 5) apart and
the discharge starts when they are at the 1.1 - 1.2 Mv level above ground
or when the gvergll gradient along the tube is approximately 30%! .

2, A violent or multiple "kiock" is associated with pulsed dis-
charges which originate from more than two sections. However those sec-
tiong are always 8" or more away from the cathode.

3. During the formative time of pulsed discharges electrons orig-
inate throughout the whole gas volume between the electrodes of the sec-
tion which undergoes the discharge.

o The energy width of a discharging section remsins constant even
when the discharge is fully developed. This might be interpreted as mean-
ing that the voltaege across the section does not collapse. However this
may not be necessarily the case (see section 4.4).

5. The pulsed discharges are self-quenched.

4e3.2 Negative Jon Dark Current Experiments 11

The negative ions spectra are studied with total voltage and resid-
ual gas pressure as variable parameters.

A series of exposures is taken in order to establish the threshold
voltage for negative ion formation versus residuel ges pressure, The re-
sults are given in Fig. 42. Then the negative ions are analyzed both

magnetically and electrostatically and some representative spectra are
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ENERGY SPECTRA OF ELECTRONS  (see Table UI)
Figure 40



(see Table VI)

ENERGY SPECTRA OF ELEGTRONS

Figure 40
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given in Fig. 43 (see also Table VII). The essential conclusions from
the negative lon spectra are:
1, Points 1 through 5 of section 4.2.2 have been reestablished even
though the threshold voltage for negative ion formation is higher than
what 1s reported before,
2. Negative ions are first formed in the vieinity of an electrode which
is about 8" from the cathode,
3. When a multiple "kick" occurs negative ions are formed in the vie-
inity of many more electrodes. Those electrodes are both closer than
8" to the cathode and farther then 8" from it, the latter being by far
the preferred distances.
4. The negative ilons are formed at the edges of the holes of the elec~
trodes (Fig. 43 - No. 5). Notice that the oircular shape of the holes
is distorted on account of the fringing field of the electromagnet M%.
7. No negative heavy clumps of matter singly or multiply charged have
been detected., This is ascertained by comparing negative ion spectra
taken with or without the electrostatic lense and noticing that no spots
are migsging,
6. The zero deflection spots are definitely due to neutral particles
because they are not affected either by the magnetic or the electrostatic
field., Evidently these neutral particles are formed by a detachment pro-
cess from negative ions since they appear and disappear with the latter.
4+3.3. Rositive Jon Dark Current Experiments II

The positive ions spectra are investigated with voltege, gradient
and residual gas pressure as variable parsmeters, Four geries of ex-

periments are performed,
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a. The generator voltage is applied across the total length (24")
of the tube, The positive ions are both magnetically and electrostatically
analyzed. Some representative spectra are given in Fig. 44. (see also
Table VIII) The main conclusions from these experiments are:
1. The positive ion current consists of ions of a great varlety
of mass numbers.
2. The positive lons originate mostly from one or two sections at
approximately 8" and 16" from the anode (or high voltage end of the tube)
rarticularly when the tube is on the verge of an instability.
3. During en instability most of the positive ions are formed at

localized spots of the electrodes of #2 and the ones adjacent to them,

Positive ions are also geemingly formed in the gas volume of the tube.
be Conclusions 2 to 5 of section 4.2.3 have been reestablished.
5. No positive heavy clumps of matter multiply or singly charged

have been detected. {see #5 of section 4.3.2)

6. The zero deflection spots are due to neutral particles since
they are not affected either by the magnetic or the electrostatic field.
Evidently these neutral particles are formed by an electron attachment
or charge exchange processes from the positive ions,.

7 The threshold voltage for "kicking", when the high voltage
terminal is positive, is slightly smaller than the same when the latter
is negative (Fig. 37).

b, The generator voltege is applied across 16" of tube length,
the top 1/3 of the tube closest to the high voltage terminal being shorted
out. Figure 45 - Exposure 26 is a representalive positive ion spectrum

taken under these conditions. (see also Table VIII) It is worth noting
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that discharges originated at the same identical sections as in case
443.3 (2) even though the voltage across the tube has been reduced
proportionately to the reduction in tube length. This c¢learly indicates
a dependence of the pulsed discharges on gradient rather than total

voltage.

C, Thé generator voltage is applied across the &' of tube length
in the middle of the tube, Pulsed discharges are observed when the vol-
tage is 0.6 Mv which implies that the pulsed discharges occur when the
overall gradient across what might be called bad sections reaches the

value of approximately 30 5%. No total voltage effect is again observed.

d. Finally the generator voltage is applied across 8" of tube
length closes* to the high voltage terminal, the remaining 16" of +the
tube being shorted out. Pulsed discharges start at 0.8 - 0.9 Mv and
seem to originate from two sections (Fig. 45 - Exposure 37) 2" from the
anode end of the unshorted tube length, Obviously the development of
pulged discharges in this group of sections is also gradient dependent and
not voltage dependent, since no pulsed discharges originated from this

section of the tube during experiments 4.3.3. (a).

bt

a. The experimental data of sections 4.2 and 4.3 are qualitatively
consistent. More specifically the following facts have been repeatedly
observed.

1. Self-healing transients occur in acceleration tube No. 1 at a
threshold voltage much lower than the breakdown or flashover voltage for

which the tube is designed.
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2 The threshold voltage is an increasing function of the residual
gas pressure in the range of 10~2 to 2 x 10™% mm Hg. and its absolute
level depends on the "electric® history and age of the tube. Undoubt-
edly the variation of the voltage divider across the tube with time

has also a decisive influence on the performance of the latter.

3. Self-healing transients originate from one or more sections of
the tube which can be anywhere along its length.

4o These transient pulsed discharges are always assoclated with a
rise of the residusl gas pressure and a burst of electrons and positive
ions and formation of negative ions. The number of negative ions formed
is comparable to the number of positive ions as evidenced by the similar
densities of the positive and negative ion spectra for equal exposure
times. The pressure rise is 1077 - 5 x 107 m Hg per single pulsed dis-
charge and consequently 3 or 4 consecutive transients result in a con-
ducting tube. In this sense pulsed discharges are a severe limitation ~~

of the performance of the tube.

b. The quantitative correlation of the experimental results of
section 4.3 reveals quite a few interesting properties of self-healing
transients in acceleration tubes.

1, The oscillograms of pulsed discharges indicate that "kicks" are
associated either with a single burst of electron current or a sequence
of similar bursts. This may be interpreted in two ways. Either the e-
lectrons originate from one section whose voltage collapses and recovers
in very short intervals of time or they are an image of discharges occur-

ing at many sections and sequenced in time. Actually the first possibility
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may be discarded because the electron and positive and negative ion
spectra suggest that on the verge of an ingtability all charge carriers
originate from one or two sections which are very close together while
when a gizable discharge has developed charged particles originate from
many more electrodes., Evidently then it 1s reagonable to assume that
first a transient is initiated across one section. Then, as the dis-
charge develops some of its debris are extracted by the electrostatic
field and accelerated along the length of the tube. This debris pre-
sumably is capable to initiate discharges of other sections provided of
course that the proper gradient conditions exist across the latter.
Furthermore, if the picture described so far is correct, the time spacing
between the current peaks of multiple pulsed discharges implies that the
only debris which may be responsible for the transition of the discharge
from one section to another is heavy ions. This is true because the time
of flight of electrons is much shorter than the observed time intervals
(App. A) while the time of flight of neutral particles is too long

(~10 usec/hm).

Actually the negative and positive ion spectra also suggest that
both positive and negative ions are effective agents to initiate pulsed
discharges provided that the proper gradient conditions have been estab-
lished. This is true because regardless of terminal polarity the dis-
charge has been found to propagate always from the "bad" section (which
in this case happens to be 8" away from the high voltage end of the tube)
towards the grounded end of the tube., The reason for this preferred dir-
ection of propagation has been found to be the fact that pulsed discharges

are developed in the top ll3 of the tube only when the overall gradient
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is 40 %% while in the middle 1/3 an overall gradient of 30 %% i3 ade-
quate regardless of total voltage.

Viewed from another standpoint the previous discussion algo indil-
cates how the first pulsed discharge 1s Initiated., It is observed that
positive ions exigt in ‘the prebreakdown current of acceleration tubes.
Some of these positive ions may impinge on the electrodes of the "had"

section, and, if the electric gradient is adequate, trigger a discharge.

If such a localized discharge is to hecome self-sustained, it is evident
that the secondary particles formed on account of the impingment of the
positive ions on the electrodes must themgelves be effective agents to
produce positive ions, One possibility 1s that negative iong are created
which proved as efficient as positive ions in promoting pulsed discharges,
2+ The simultaneous gradusl disappeasrance of both neutral particles and

negative ions with rising residual gas pressure implies that the negative

ion formation is inhibited by the increased gas pressure because if one

assumes thalt the negative ions are formed but stripped of their electron ~.
by the increased gas density then one would expect to have neutral parti-

cles register on the film even without any negative ions., However this

is not observed.

The other experimental evidence which supports the above conclusion
is that the cross-section for stripping of negative ions is maximum when
the latter have energies of many tens kev. Neutral particles which might
be formed by stripping of negative ions would be very energetic and con-
sequently as effective as the charged particles., Hence the residual gae
pressure rise would have no effect on the performance of the tube. But

this is not verified experimentally.
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3. The electron and positive lon spectra suggest that the voltage
across a section which undergoes a discharge may or may not collapge

entirely,

The energy width or certain electron spectra appears constant
with either constant or alternating densities for long periods of time,.
This indicates that either the charge of the electrodes between which
the discharge occurs is being neutralized at a rate which can be sus-
talned by the high voltage power supply or that the full development of
the discharge is inhibited and the discharge temporarily quenched. In
elther case the voltage across the section does not collapse,

Conversely certain positive ion spectra taken during violent

pulsed discharges show consistently pairs of ion spots which have ener-

gies differing by an amount equal to the voltage across one section. A
nossible interpretation of this phenomenon is that positive ions orig=-
inating from one electrode at the beginning of the discharge appear 1o

be coming from the next electrode because the voltage across this parti-
cular section collapsed entirely. Such an assumption is also supported
by the fact that the charge collected at the anode during a gingle trans-
lent instability is of the same order of magnitude as the charge stored
on two adjacent electrodes and furthermore such a transient is self-
quenched.

o The effective participation of the gas evolved during consecutive
pulsed discharges in the development of a high voltage high vacuun dis-
charge along the total length of the tube is self-evident. However a
factor which has been overlooked and which is also evident is that the
gas is formed at the surface of the electrodes and consequently there too

may be an influential element of the development of ingtabilities.
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CHAPTER FIVE

5.1 General Remarks

From the review of the existing experimental evidence on vacuum
breakdown and the explanations offered at various times by different
People two facts are obvious:

8. Both self-healing and irreversible instabilities in a single
or multiple vacuum gap are accompanied by an increase of the dark

current and a rise of the residual gas pressure.

b, Theories on vacuum breakdown deal mostly with the mechanisms
which initiate or sustain the rise of the dark current and consider
the effects of the rising pressure as of secondary importance. More

specifically these theories may be classified in two groups. The

first group involves an exchange mechanism between positive and nega-
tive charge carriers which impinge on the cathode and anode and pro-
duce secondaries. The hypothesis usually made is that such a mech-
anism becomes critical at a certain voltége and gradient. The second
group lnvolves a combination of field and thermionic emission which
set in at the breakdown voltage.

However, as it is previously pointed out, all measurements of
secondary emission coefficients due to positive ion and electron bom~
bardment over an extensive band of energies, fail to substantiate the
validity of an exchange mechanism involving charge carriers.

Furthermore the breakdown gradients for gaps with large separa-

tions are orders of magnitude smaller than the gradients required for
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field emission and hence inadequate to justify a field emission ini-
tiating mechanism whieh would eventually develop into thermionic
emission through conduction heating.

Consequently, either high vacuum electric instabilities result
from phenomena involving primarily uncharged particles in cooperation
with positive and negative ions and electrons or the modes of forma-
tion of the charge carriers suggeated so far are not the appropriate
ones.

Neutral particles which are in thermal equilibrium with the
electrode materials are not effective agents to initiate an instability
becauge if this were the case the instability would not be voltage or
gradient dependent, However, such particles may assist the growth of
an instability if their density is sufficiently high.,

If the neutral particles have very high velocities then evidently
the mode of their formation is some attachment or detachment process
that positive or negative ions undergo during their acceleration across
the vacuum gap, respectively. Consequently in order to explain the
phenomenon of vacuum breakdown by means of energetic neutral particles
one has to develop modes of formation of charge carriers with yields
far above the ones resulting from secondary emission.

On the other hand if vacuum breakdown is initiated by charge
carriers and the suggested theories have failed to reveal the appropri-
ate modes of formation of positive and negative ions and electrons, then
the explanation of vacuum instabilities that naturally suggests itself

is again to investigate additional modes of formation of charge carriers.
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In what follows a hypothesis will be outlined which introduces
a new mechanism for the creation of negative ions, considers the
residual gas pressure rise as an essential element of electric in-
stabilities in vacuum and seems to acoount in a coherent manner for
many, if not all, of the experimental data on high vacuum insulation,

Before presenting the hypothesis in detail the origin of elec-

trons and positive ions in the prebreakdown current and the ejection
of neutral particles from the cathode will be discussed,
ebreakdown Flectronic and Positive urrent

Electrons and positive ions are always detected at the electrodes
of a vacuun~insulated gap even when the voltage is far below its in-
8tability threshold value while negative ions are not,

One can postulate that the minute prebreakdown electron current
is due to background cosmic radiation and stray radioactivity. Such
ionizing radiation arrives randomly at the electrodes and results pre-
dominantly in the formation of secondary electrons. Some positive ions
and neutral particles are simultaneously produced and possibly a few
negative ions, even though the number of the latter must be comparatively
small,

When voltage is applied between cathode and anode, the electrons
and the positive ions are aceelerated and ag they impinge on the elec~ J
trodes they produce secondary positive ions and electrons respectively. .
This process is externally sustained and as was previously stated cannot
become critical under any voltage-gradient conditions, Consequently a
steady state is reached in which the absolute current is observed to

depend on the applied voltage end to consist of about 1000 times more
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electrons than positive ions.(g) (16)

In addition electrons may be released from the electrodes by
high field emission. Such field emitted electrons are especially
conspicuous from rough surfaces contaminated by low work function
materials.,

The above mechanisms for the origin of prebreakdown current are
supported by the following experimental evidence:

The magnetic spectra of the electron and positive ion currents
(Figs. 30, 31 and 40) clearly indicate that the bulk of these charged
particles originate at the electrodes rather than in the gas volume
of the scceleration tube. This is also to be expected since in high
vacuum and at the energy range ahbove geveral tens of Kev, the colli-
sion ionization cross-section by electrons is inadequate to account
for the observed currents.

The relatively small number of positive ions shows that they are
due primarily to electron bombardment since the probability for posi-
tive ion formation under electron bombardment(7) is of the same order
of magnitude as the ratio of positive to negative prebreakdown currents.
Viewed from another standpoint the latter ratio also suggests that the
electrons are not solely due to positive ion bombardment since the
gecondary electron emission coefficient under positive ion bombardment
(15) (35) is of the order of 10:1.

5.3 The Space-Mass Effect

In addition to the secondary emission of charged particles, bom-

bardment of metallic surfaces by energetic positive ions results in the

(39)

emission of neutral atoms and molecules of the electrode material
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and of gaseous matter adsorbed or chemisorbed on its surface. This
process 1s called "sputtering®,

Different experimenters (40) (41) (42) have investigaied the phen-
omenon wlth ions of energies ranging from O to 10 kev and found that
the number of particles sputtered off the bombarded surface is directly
proportional to the energy of the impinging positive ion. The constant
of proportionality varies from metal to metal and is different for diff-
erent sputtering ions. However, on the average, there is one sputtered
particle per sputtering ion of a few hundred eV of energy.

The assumption is made here that the direct proportionality be-
tween the number of sputtered particles and the energy of the sputtering
iong holds true even if the energy of the latter is up to several hun-
dred kev. Accordingly, maeny neutral particles are given off from the
spot hit by a highly energetic positive ion. These particles are emitted
frem a small area at ‘the same instant and consequently produce a local
press -e mucsn aigher than the vacuum pressure within a region of many
molecular diameters from t': emitting point. Thus the sputtered parti-
cles diffuse away from the surface with chaotic motion before they have
a chance to reach the high vacuum region where no collisions can take
place. This phenomenon might be called space-mass effect.

Figure 46 is a sketch of a possible matter density distribution
profile across a vacuum gap connected to a high voltage source. This
profile indicates that close to the cathode diffusion conditions exist
for any neutral particles sputiered by the impinging energetic positive
ions. The thickness of the relatively high density layer near the cath-

ode depends of course on tine voltage across the gap.
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The fact that neutral particles are formed in electrically stressed
vacuum gaps 1is suggested by many experimental observations(g) (19).

54 Mechanism of Initiation and Growth of Electric Instabilities in
Single Gaps

It is postulated here that the initiation and growth of electric

instabilities in a single gap (Fig. 1) is due to an exchange mechanism
between positive and negative ions which impinge on the cathode and

anode respectively. The negative ions are formed by electron attachment

to neutral particles in the vieinity of the cathode. The mechanism is
illustrated by the sequence of sketches of Fig. 47.

Consider a vacuum gap (Fig. 47a) whose separation is large enough
so that the breakdown gradient is inadequate to justify consideration
of the field emission mechanism. Electrons are formed at the cathode by
the arrival of extraneous ionizing agents., These electrons are accel-
erated to the anode where on Impingment produce secondary positive ions
(Fig. 47 b). The latter are accelerated to the cathode and cause sputt-
ering of neutral particles (section %.3) and ejection of secondary el-
ectrons (Fig. 47 ¢). The secondary electrons move much faster than the
neutral particles which diffuse away from the cathode with an average
gpeed of the order of lO5 cgyéec. However, if new positive ions arrive
at the same general area of the cathode before the neutrals have a chance
to diffuse very far, their secondary electrons will be traveling through
the gas produced by the first positive ions. These electrons may then be
attached to the neutral gas particles and give rise to negative ions
(Fig. 47 d). However, in order for the attachment process to occur, the
 electrons must first be accelerated up to a resonance energy or, for a

given gradient at the cathode, travel a definite distance. This is ill-
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ustrated by the resonance character of the attachment cross-section
(33) (39) for negative ion formation (Fig. 48 a) versus electron en-
ergy, the peak, width and resonance energy of which depend on the spec-
ific¢ negative ion formed.

The negative ions thus produced are accelerated to the anode where
on impingment they sputter neutral particles and eject positive ions
(Fig. 47 e). The positive ions are accelerated back to the cathode and
the cycle is repeated (Fig. 47 f).

The process may become sclf-sustained if:

P.Pr, > 1 (5.4.1)
where P_ = number of negative ions per unit area per positive ion
P, = number of positive ions per unit area per negative ion.

Condition (5.4.1) is the criterion for the initiation of an in-
stability in vacuum gaps with large electrode separations. However,
once the instability has been initiated i1t will keep growing with an
increasing rate because other mechanisms start to assist it (Fig. 49 a).
For instance the thlckness and density of the gas layer in the vicinity
of the cathode increases as the number of positive ions rises. Thus the
secondary electrons may acquire enough energy, (10 ev or more), within
this gas layer, to ionize the neutral particles and increase the number
of ion pairs. The positive ions coming from the cathode pass also
through the same gas layer and may ionize the gas molecules and in-
crease the number of lon pairs.

Consequently the discharge may grow to the extent that all the e-

- lectric charge stored in the electrode system is neutralized and the vol-

tage across the gap collapses. This is vacuum breakdown.
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Vacuum breakdown however is not the inevitable end point of a
growing instability in a vacuum gap. This is due to the fact that the
very growth of the instadbility introduces mechanisms which tend to pre-
vent its further development and for that matter may quench it entirely.
(Fig. 49 b) For instance the negative ions may be stripped of their
electrons as they pass through the gas layer or the charge carriers
may diffuse away from the channel in which the positive-negative ion ex-
change occurs, etc. Evidently then if the mechanisms which hinder the
growth of the discharge prevail hefore the entire energy stored in the
electrode system has been consumed, the instability will be guenched.
This self-healing instability is the "kicking" effect.

5.5 Discussion of Coefficlents F,_ and P_

The effects of bombardment of metal surfaces by energetic negative
ions have never been investigated. Congequently there is complete lack
of experimental data on the coefficient P,. However, it is reasonable
to assume that, on impingment on the anode, the energetic negative lons
sputter neutral particles and positive ions. This is substantiated by
the fact that the negative ions are stripped of their electrons as soon
as they hil the anode, since the work function oi all metals is higher

(33) (29

than the electron affinity of all negative ions , and further-
more the neutral particles resulting therefrom are eunergetic enough to
ionize some of the molecules which are subsequently ejected. Hence P,
is probably of the order of unity or larger. (see also section 4.4)
Evidently the coefficient P_ is of the order of unity or smaller

when an instability is initiated.

The number of negative ions formed by electron attachment is given



by the formula

o0
P_ :ﬁ n, Q Ny d x (5.5.1)

where n, = number of electrons per unit area per positive ion

Q
Ny

attachment cross-section for negative ion formation

neutral particle density at the distance x from the cathode

Integral (5.5.1) is not easy to interpret qualitatively unless a
density distribution function is assumed and the attachment cross-section
is expressed analytically.

It is certain that the neutral particle density decreases very fast
with distance from the cathode. Consequently & plausible distribution
function may be:

where k = constant (see App. B)
V = positive ilon energy or voltage across the gap -
The attachmént cross~section may be approximated by a square pulse

(Fig. 48 D) so that:
Q= Q [u (V-Vy) -u(v- va2)] (5.5.3)

where u(V) = unit step

Thus integral (5.5.1) becomes

P. = ng Qa‘/;;XZ E% [11 (x~x7) - u (x—x2l] dx =

V'l -V
=0 Qq k8L~ ‘a2 [VxE] (5.5.4)
Va1 X Vap

where Xja Y%l and X, = 'a2
E

E = gradient at the cathode
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The meaning of equation (5.5.4) 1ls that when the voltage across
the gap is high, a low gradient is adequate to render the coefficient
P_ comparable to unity while if the voltage is low, a higher gradient
is necessary.
5.6 Experimental Evidence Supporting Suggested Mechanigm

The present research project has not investigated instabilities in
single gaps hence ‘the experimental results reported in Chapter Four
cannot be immediately correlated with the mechanism suggested in section
5.4. However the literature is full of experimental data which seem
to be consistent with many facete of the proposed mechanism.
1. The suggested mechanism of initiation of instabilities depends on
voltage and gradient in a way similar to the one commonly accepted(17).
(See also App. B)
2. The mechanism is consistent with the experimental fact that an in-
stability may or may not lead to gap breakdown(lo)(lgx
3. The time constant of the initial growth of the suggested discharge
mechanism is proportional to the time of flight of ions from cathode to
anode and back (4pp. C). The latter is proportional to the gap separa-
tion and inversely proportional to the voltage across the gap. Actually
such a dependence of the time constant of the initial growbth of instabil-
ities has been experimentally established(18),
4. The effectiveness of negative ions to yield secondary positive ions
may be concluded from Chiles'(43) experiments who reports that the lumin-
osity at the anode precedes that of the cathode. The time lags that he
reports are equivalent to the time of flight of ions across the gap.
5. The suggested mechanism depends on the materials of the cathode,

its surface condition and its "electric" history through the coefficient k
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(equation 5.5.2). Such a dependence has been repeatedly verified .

5.7 Defects of Suggested Mechanism

1. The suggested mechanism does not expliecitly take into account the

dependence of the threshold voltage for appearance of instabilities on
the value of the high vacuum pressure.

2. The derivation of the dependence of the coefficient P_ on voltage
and gradient is based on the arbitrary assumption that the density dis-
tribution varies asg l/x2. The reasonable result does not necessarily

mean that the assumption is true.

5.8 Mechanigm of Initiation and Growth of Pulsed Discharges in
Acceleration Tubes

Tt is postulated here that the mechanism of initiation and growth
of pulsed discharges in acceleration tubes is in many respects similar
to the one presented in section 5.4. The mechanism is illustrated by the
series of sketches of Fig. 50.

Electrons ejected by the arrival of extraneous ionizing agents
(Fig. 50 a) are accelerated and on impingement on the electrodes induce
the emission of secondary positive ions (Fig. 50 b). The positive ions
bombard the electrodes and cause sputtering of neutral particles and
secondary electrons (Fig. 50 c¢). Since all sections and electrodes can-
not be "electrically" identical, negative ions may be formed by electron
attachment in the vicinity of one of the electrodes (Fig. 50 ¢) if the
proper conditions are satisfied (see section 5.4). Many of these neg-
ative ions are accelerated along the tube hole but some of them may im-
pinge on the electrode adjacent to the one from which they originate and
thus initiate a discharge of the type described in section 5.4. This

discharge may or may not lead to a complete collapse of the voltage of
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the gpecific section in which it occurs. Uowever its electrically
charged debris is extracted from it and accelerated along the hole of
the tube and may assist the initiation and growth of similar discharges
of other sections of the tube which are on the verge of an instability.
The discharging sections need not be adjacent to each other.

The condition for the initlation of an instability in an accelera-
tion tube 1 qualitatively similar to condition 5.4.1. However in this
cage the posltive long which induce the high density gas layer at the
electrodes (Flyz. 50 v) have energies ranging from that of one section
to the one corresgponding to the full voltage across the tube. Conse-
quently one would expect pulsed dlgcharges in acceleration tubes to
occur at much lower gradients than in single gaps.

5.9 Experimental Evidence Supporting Mechanism of Secticn 5.8

The following experimental results reported in Chapter Four seem

to be consistent with the suggested mechanism for initiation of pulsed
discharges in acceleration tubes. (See particularly section 4.4)

1. Pulsed discharges are observed in acceleration tubes at voltages
which are lower than the breakdown voltage.

2. Positive ions do originate from the electrodes.

3. Negative ions are formed only after a threshold voltage or overall
gradient is reached and originate from the edges of the hole of the
electrodes,

4 Negative ions are observed only when pulsed discharges are detected.
5. Pulsed discharges do originate from one or more sections of the tube
which are not necessarily adjacent to each other.

6. Pulsed discharges originating from many sections are not simultaneous

in time and the time intervals between consecutive pulses is of the same
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order of magnitude as the time of flight of ions through few or many
sections of the tube (Fig. A2). This time spacing of the pulses is
much larger than the time of flight of the electrons (Fig. Al) and
much srialler than the time of flight of the relatively slow neutral
particles,

7 Pulged discharges are self-healing., This may he due to elther a
complete collapse of the voltage of the section or sections which under-
go the discharge or hinderance of the growth of the discharge by in-
hibiting mechaniems indicated in Figure A9 b ineluding ‘the fact that
mary charge carriers are dravm away from the region of the discharge
by the electrostatic field,

However all these experimental results refer to one acceleration
tube only and consequently do not represent a definite proof of the
suggested mechanism,

Also it should be emphaslzed that the dependence of the threshold
voltage for initiation of instebilitles on the high vacuum pressure has
not been expllcitly congidered,

A plausible explanation may be that when the residual gas pressure
1s raised positive ilons are subject to an increased number of scattering
collisions. Consequently the probability of having an adequate number of
positive ions impinging on the same general area of the cathode, where
the instability is initiated, is smaller. Hence a larger total number of
positive ions or a higher voliage is necessary in order for a pulsed dis-

charge to occur,
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CHAPTER SIX

6.1 Sumary

An electrostatic and magnetic analyzer has been designed and cone-
gtructeds The Ingtrument includes:

a. A magnetic field and a camera for electron energy agpectral
studies. The useful deflection angle of the magnetic field is from
60° 1o 120° on a strip of film 2" high, Consequently the resolution

varies from 20 fﬁl to 600 %ﬁx when the electron energy range is from

0-100 kev to 1 ~ 3 Mev respectively,

be A system of magnetic and electrostatic fieldsand a camera for
mags and energy spectral investigations of heavy ions. The useful area
of the film is 50 em for megnetic deflection by 5 cm for electrostatic
deflection. The magnetic resolution varies from O to 100 %%E as the
mass number-charge ratio times the ion energy product varies from oo
to 2 Mev. The electrostatic resolution is also highly nonlinear and

has an average value of 30 %% in the energy range of 0.5 to 2 Mev,

The power supply for the electrostatic and magnetie analyzer and
various other sontrol circuits have been built.

Two acceleration tubes have been assembled, One is a commercial
type and the other is a symmetrie structure with respect to its mid-
plane. Both ends of the second tube are easily accessible to permit
the replacement of the anode and cathode materisls.

Only one tube has been tested,
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The energy spectrum of the electron current has been investigated
and {tg time behavior established with total voltage across the tube
and resldual gas pressure as the variable parameters. It is found that
during steady stete electrons are formed at or near the electrodes and
that self-healing instabilities are associated with pulsed discharges
localized between one or more pairs of adjacent electrodes at various
locations along the length of the tube. Pulsed discharges are always
accompanied by a momentary rise of the residual gas pressure which may
eventually result in a stable high voltage high vacuum discharge.

The energy and mass spectra of the negative ion current have bheen
similarly investigated. It is found that negative ions are formed only
during or on the verge of occwence of transient instabilities. These
ions originate from the vicinity of the same electrodes from which the
electron pulses are extracted, and are Hy , 01-,(25'and some others,
No negative heavy clumps of matter singly or multiply charged have been
detected. However along with the negative ions some neutral particles
have been recorded which seem to result from stripping of the electron
charge of the former.

The energy and mass spectra of the positive ion current has been
studied with voltage, residuel gas pressure and gradient as the vari-
able parameters. It is observed that positive ions of a great variety
of mass numbers exist always in the dark current of acceleration tubes
and originate from the viecinity of the electrodes. During self-healing
transients positive ions were predominantly formed in the vieinity of
the tube gections which undergo localized discharges. No positive

heavy clumps of matter singly or mulitiply charged have been found. How-
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ever along with the positive long some neutral particles have been de-
tected which probably result from electron attachment or charge exchange
processes that the former are subject to during their aceeleration.

A new mechanism for the initiation and growth of instabilitie: in
single or multiple racuum gaps is suggested which seems to be consistent
with both prior experimental data and the results of the present research.
The mechanism amounte to an exchange of positive ions between cathode and
anode which becomes critical when the voltage-gradient product is greater
than a constant, characteristic of electrode materials, their surface con-~
ditions and their "electric" history. The negative ions are assumed to be
formed by electron attachment to neutral particles produced in the vicinity
of the cathode by positive ion sputtering,

6.3 Reconmendgtions

The experimental results established are not conclusive in the sensge
that they are pertinent to only one acceleration tube. This is a severe
limitation on the validity of the interpretations advenced particularly
in view of the fact that high vacuum electrical instabilities are not well
defined phenomena but statistical in nature, Consequently it is recommend-
ed that the following experiments be performed in order to emphasize or
discount the importence of the data observed during this investigation.

1, Examine in more detail the dependence of pulsed discharges on gradient
by continuing the short circuit tests with acceleration tﬁbe No. 1.

2a Increase purposely the gradient across combinations of palrs of elec-
trodes at various locations of the length of the tube. Thus the jon spectra
will indicate the sequence of propagation of the discharges and the oseillo-
grams will definitely show the mechanism which promotes the pulsed discharges

from one section to another.
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3. Improve the ingtrumentation for the detection of changes of the
indications of the generating voltmeter and pressure gauge because the
time constant of the present time constant of the panel instruments used
is too long,
4. Repeat the entire series of tests with acceleration tube No. 2.
5« Use different cathode and anode materials. If the mechanism for
the propagation of discharges occurring far from the ends of the tube
1s correct then the cathode and anode materials should not influence the
performance of the tube,
6. Investigate the initial growth of pulsed discharges more accurately.
The Tektronix oscilloscope is not fast enough for this purpose.
7. Modify edges of electrode holes in a new tube in an effort to in-
vestigate the effeet of locael gradient on the development of pulsed dis-
charges,
8. Measure absolute levels of positive and negative jon eurrents.
Seintillation counting might be used to advantage.
9. Measure rate of sputtering under high energy positive ion bombard-
ment.,
10. Measure secondary positive ion formation under negative .on bombard-
ment,
11, Investigate possibilities to aveid self-charging of films which
proved to be a major difficulty of this investigation.

Thege are some of the tests and improvements that may lead to a
better understunding of the fundamental electrical processes in high
vacuum, If the evidence continues to be consistent with the suggested

initiation mechanism then obviously the theoretical presentation should
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be improved, Time dependent dlffusion theory may be used to great ad~
vantsege,

Finally the problem of total breskdown by flashover of accelera-
tion tubes should be reconsidered. It i3 questionable whether actually
long acceleration tubes ever do break down because 1t has been observed
that repetitive "kicking" always stabllizes to a high vacuum, high

voltage discharge.

AR
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a. Electrons

The time of flight of electrons in a uniform electric field E may

be calculated from the momentum egquation

dp o

= 1
e ek A

where Pe = electron momentum

e = electron charge

E = electric field gradient

Integrating Al it is found that

Poz=eEt A2

if the initial momentum is assumed equal to zero. The electron

momentum p, is in general

1/

1 2 .2 .2 24 1 2

pe:-é- [eEL+2mooehL] A3
where L - distance traveled by electron

Consequently the time t required for an electron to travel a dis-

tance L 1is

2 1
t= o [L2 L — /2
= ¢ oF A5
. kv .

For an electric field gradient E = 30 ,; equation A5
becomes 1

t = 3.33 x lO-10 [L2 + 34#] /2 A6
where 1 =« distance in cm and t+ = time in sec.

Equation (A5) is plotted in Fig. Al
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b. Heavy Iong
The time of flight of heavy ions in a uniform electric field may

be evaluated as follows:

L (nvy) = en A6

Integrating equation A6 twice it is found that

e E t2
miLi = > A7
or 1
=Ly [fi‘i .l.] l2 A8
where t = ion time of flight

Ly = distance traveled by ion

V4 = potential difference across length L;

If the potential difference across a distance of 2 cm is 60 kv and

the distance Lj =1q x (sections of 2 cm separation) the equation A8

becomes

t 2 1.2 x 1078 [;’ A} 5 49
where

t = time in sec.

A = mass number to charge ratic

number of 2 cm sections traveled by ion

J

Equation (A9) is plotted in Fig. A2
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APPENDIX B
NUMERICAL EVALUATION OF CRLIZRION
FOR INITIATION OF INSTABILITIES
It is interesting to investigate whether the arbltrary assumption
about the neutral particle density distribution of section 5.6 leads to
reagonable quantitative results.
Assume that the number of neutral particles sputtered per posltive

ion are
k¥ V BL

where Np = neutral particles per positive ion

ky 1

neutral particles per ev = ==
v

u

500
positive ion energy (ev)

If the sputtered molecules are ejected instantaneously from a small
\‘\“\ cubicle which is p molecular diameters deep and whose sides are g mole-
cular diemeters long (Fig. Bl a) then a virtual cathode is Jormed p
molecular diameters away from the rzal cathode (Fig. Bl b), Consequently,

if the neutral particle density funetion is assumed as
Ny = % B2

conservation of the ejected particles requires that

2
Ny =lgV =z Zd K ax B3
pd

or k=4 k
n'(;gal B

where d = molecular diameter.
Thus the criterion for initiation of instabilities (inequality

(5.4.1) and equation (5.5.4) ) becomes
V% E rq%d Vg1Vao 55
)/

4PneQaP X1 (Vg2-Va1)
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Agsume that:

qQ = 2p a = 107%n Var = lev Vo =3 ey
P =5 n, = - ~18 2 . 1 -1
+ € 20 Qa = 10 cm }\1 = BF'O' (@V)
Replacing these values in equation (B5), the instability eriterion
becomes 8
nx 4x 10" x 3 x 500 ve
—_ B6
VxEY R RN G - 2% x

This value of the voltage-gradient product is of the same order of mag-

nitude as the one established by Trump and Van de Graaff(/) (Fig. 3).
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Assume that at time t = O the positive ion current leaving the
anode is Ip. If Tp is the time of flignt of positive ions from
cathode to anode then at time t = Tp, P_I, negative lons per second
will be formed at the cathode by electron attachment to neutral parti-
cles, At time ¢ :‘2 Tp there will be P_,_P_Ip positive ions per sec-
ond ejected from the cathode, etc.,

Consequently if P,P_= f then at any instant of time + the rate of

rise of the positive ion current is

alp o (£1) o1
at 2T, Ip
or Ip - Ipo e %;TL)'L c2

A similar expression can be easily derived for the negative ion current.,
Evidently, the time constant of the initigl growth of the positive

and negative ion currentg is

2T.
t = —B
1 C3
As it is shown in Appendix A, Tp is equal to
T =af2m l] Y,
. b Le vV
where d = gap separation

<3
1]

voltage across the gap
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