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PRETACSE
e
This dissertation descripes wori cerried out by the cuthor in ¢h
Denertment of Engineering at the University of Cambridge (CUZL) betu:ze:.
October 19588 znd October 1971. The nroject origimcted &s a result ol
correspondence between Professor h.H... Beck, CUEL;.and li. Zsterton,
EEV, Chelmsford, vhich recognised the importance of establishing
research into ifon phenomena in high power valves. This correspondence
resulted in the offer of the loan of a high power klystron to cUziL.
The work described in this dissertation deals with measurements

made of the ion current draining to the cathode, which is the first
stage of research which will eventually explore the relationship Yetween
drainage and the noise efflects in the Klystron by sinulteneous meas-
urements. This finzl design goal required that modifications be made‘
to the klystron without affecting its RF performance, end a lerge pert

of the time spent on this study was involved with these modifications,

and designing end building a mezsurement system.

Account is taken of the work of previous experinenters, and crecdit
is given whenever the resulté auad predictions of others ere used in
this éissertation. But this diesertation is based u-on original work
with 2 high-powered valve, and investigotes the drainage of ions fron
2 higher power electron beam then has been exaningd befére,.to the
best of the author's knowledge. The explanations for the effects
observed are also original, except as eclknowledged.

Grateful thonks ere given to ny many colleagues in the Engineering
Department for helpful discussions, and occasionally, cuscle powver,
and in particular to:

Professor A.H.W. Beck, for his constant help, encouragement, and

supervision.

English Electric Valve Co., Chelmsford, who provided mot only the

kKlystron which was modified for these experiments, but elso advice
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lleeocrs. L.2. Tubdy, P. iockenzie znd D. Shav nd others o the

staff oI CUZL who ap:lied greest csi:1) end patience to the probleas

vhich erocze in the course of rcsecrch.
Ire. and llrs. Join Thouron, wio generosity 'in providing ccholar-

ghips for exchange between the University oi Pen:sylvania and British

universities provided my mcintenance durin; the course of this researci.

fnd lastly, to ry wife for her natience znd help.

This dissertation has not been subnitted previously to any other

university, either as 2 whole or in part.

July 1972 J.K. Smith
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CHAPTER 1
INTRODUCTIO:N

1.1 Ions in Ilish Power Flectron Beam Devices

High power electron beam devices find a greet deal of usage in
the fields of communications and radar as a source of high power micro-
wave signel, They are characterised by fpeir use of a dense eléctron
beam as & means of signal amplification, and include in their'claas
such devices as klystron power amplifiers and travelling wave tubes,
The electron beam of these devices is formed within e vacuum envelope,
and is usually prevented from spreading due to space charge foroes by
some system of electric and magnetic fields., The signal amplifi?ation
is produced by a velocity modulation of the beam, and an RF eircuit
ocouples the poker into the output load, Devices bf this sort serve aé
what is presently the most efficient and least noisy method of producing
high power microwave energy.

One of the problems which they all have in common is the ionisation
by the electron beem of the residual gases which are present in the
vacuum envelope., The residual gases are those left in the envelope
aefter the nornal valve degassing and pumping are completed., Although
these valves ere generally pumped dowm to pressures of 10"6 to 10"8
Torr, or better, the high beam current and long drift tube lengths
may produce ions in such ﬁumbers that they can interfere with both
signal fidelity and cathode*life; These problems havevbeen'réported
often in the literature (1,2,3,4,5,6,7,8) and are well known to

valve manufacturers,

The interference which the ions cause to the desired signal usually
takes the form of an AM or FM modulation of the R* output of the device.
The modulation which has been observed falls into one of two classes:

a higher frequency oscillation in the region of a couple of hundred

kilohertz to one or two megahertz; and a much lower frequency, relex-



ation type of phenomena uhosg frequency ranges from tens of kilohexrtg
A

down to almost DC. The oscillation may have discrete frequency compon-
ents, but fhese are of changing frequencye. The.ﬁoduletion can ofton

be 10% of the carrier, and ranges up to close to 100% in Beme cases(9),
Recent interest in generating signals with epurious.sidebanda very

low even close to the carrier has revealed ion-related oscilletions
even in valves which are small in size and have been pumped very hard,
The presence of these oscillations islin general discovered by obser-
vation of modulation effects on the RF, But at pressures highei than

 would normally be observed in a valve; these oscillations efe sometimes

" found in measurements of the body current and collector current.

Bohlen and Dubravec (6) have demonstrated that the storage of ions
within the beam can cause non-lineazrities in klystron-amplifier oper—
ation in the case of a.velve rather similiar to the one considered
in this dissertation. An interaction between the ionic oscillation about
the axis and a transmitted signal causes changes in the beam diameter
which result in 1ncreased-gein in synchronisa with the oscilletions.

It was found that draining some of the ions from the drift tube by
depressing the collector hed the effect of reducing the non-linearity.

Cathode life is affected by the impact on the cathode of ions
.dra.ining from the drift tube,~uem—$hemjority—ofdcns are formed.
Having drained from the drift space, the ions are accelerated across
{the full beam voltage, and then possess sufficient kinetic energy to
do physical damege to the cathode, This effect is-familiar to users of
high power electron valves, and of any valves in which there is 8 high
gas pressure (and hence more ions_formeé). A visual examination of
cathodes removed from high power devices reveals a central area in
w?:ch coatings have been removed, and in some cases, deeper damage done.

Craga

TheAemiseitﬂiy of this area is degraded and the life of the wvalve

shortened., The sputtered coatings may cause undesired emission from
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nevw surfaces, and the oentra% change is emissivity has the effect of
changing the focusing prope;{iea of the éun. Experiments by Cutler
and Saloom (9) simulated this effect and showed 1ncreaa§d bbdy intér-
ception. Some manufacturers, including EEV (Enélieh.Electfié Vélve Co.)
in the cese of liodel K 376, the wvalve used in these experiments,
anticipate this problem and reduce cathode damage due to_éputtdriqg,
bty cutting & hole in the center of the cathode, A oup placed ﬁehind
this hole confines most sputtered atozs, Observation of the cathodes
removed from K376's and other valves aftef thousands of hours of oper-
ation reveal a region surrounding this central hole which is die-
coloured (10). Although the specific nature of the chemicael change
'.ﬂhich causes the discolouration is undetermined, £he phenomenon would
indicate that not a1l ions are being collected by the cub.

Both the physical and electrical problems mentioned ebove are
presently minimized by the obvious solution: more careful proocessing
of the valve to ensure that the pressure remainé as low as possible.
But both the higher power and more stringent demands for low noise
performance and longer life justify research to attempt:to understand
more adequately the proocesses of ion formation and drainage. The
research which has been reported to date, which is reviewed briefly
later in this Fhapter, has concentrated largely on low power devices,

Although a defailed explanétion of‘the process of ion drainage
¥ill be attempted in Chapter 3, & very brief outline of the most
obvious characteristios of ion drainage in wvalves of this type is
necessary¥*, The electron beam epitted f?om the large area of the cathode
is focused into the far narrower beam diameter, and accelerated to

a high velooity. The narrow beam then travels along a long drift tube

* Details of the operation of these valves may be pursued in any of
a variety of texts, e.g. A.H.W. Beck, Space Charge Waves, Pergammon

Press, London, 1958.
-3-




in which it maintains a relatively constant diameter. it is in tﬁis
region that the K& interaction takes place. The diift tube is generally
c¢ylindrical and is maintained at the .same poteﬁiial ﬁ& the accelerst-
ing anode. After lesving the drift tube the beam eleotrons git the

collector, which.ia often also held near anode pbtentia;, althoﬁgh

interest in increased efficiency is making the use of dep;essed col=-

leotors more common. Collisions between beam eleotrons and residual

- gas molecules along the beam path and on the walls of the collector

_ may create ion-eléqtron paifs. The'iona vhich are thus generéted

" along the length of the drift tube are mostly confined within the been
by the negative space oharge fields of the beam, However, an axial flow .

of ions out of the drift tube must take place or else the oontinued

generation of ions would neutralise the beanm, resulting in a plasma

state in the drift tube. This fhenomenon is not 6bserved in any but

very gassy velves, or those in which § specia; arrangement of axial

potential prevents the ions from draining, Once a steady state has

been achieved, the average rate at which ions leave the drift tube

must equal the rate at which they are being produced, This rate of

production will be dependent on the path length and the pressure,

aes well as the species of residual gases which are present,

- 1.2 Review of Previous Investigations

1.2.1 Neutralised Beams

Much of the previous study of ions in electron beams has been
associated with attemptis to usevfﬁe ionioc charge to neutralise the
space charge potential depreséion of the béam, and thus remove the
need for heavy focusing systems which are normally necessary to con- .
fine electron beems, Field, et al (11) indicated early success in
' this endeavour with the use of trapping potentials on a low current
(50 ma) beam in & speciaily defigned experimental apparatus. Measure-—
ments of the epread‘of the eleotron beam  in the absence of megnetio

Lo




fields were used as the meang to determine the amount of beam neutral-
igation. However, the use ofregidual gas ions for neutralisation
vas shown not to be repeatebly successful due to various instebilities

vhich appear to be inherent in the attempt to neutralise the beam (12,

©13,14). Further work on neutralised systems (15,16,17) dealt with

the theory and some limited experimentation in the regime.of neutralised
and over-neuiralised beans, and ‘the sort of build-up to neutralisation .
which would be predictod. The most succesaful results reported with
the use of neutralisation were those of Zinchenko and Zhigailo (18).
They demonstrated the use of high residual gas pressures (10'4 to 1of5
Torr) in reducing transverse debunching., For the low voltage and
high modulation oase studied by them, beam dismeters decreased to less
than the unmodulated beam diameter. ,

Barford (19) analysed the case of ion drainage in ;inear flow
beams, but the presence of magnetic field and the large potential
depregsion in valves of interest to this dissertation violate his
initial conditions, and predictiona from the theory were shpwn‘not to

be epplicable to this experimental equipment.

In all of the work mentioned above, the gas pressure was much

- higher than that whioch would be expected -in ordinary electron beam

devices., Furthermors, sinoeithe advanteges of doing away vith-tho_heavy
focusing system are greatest.in the case of low power devices (1 K¥

or less), which do not neod the large cooling aystéms characteristic

of higher power devices, most'qf the eiperiments ferformed in the

study of beam neutralisation were done on low current and low voltege
devices. The experimental work was aleo.done without megnetic fields,
and these three characteristics indicate that any application of the
results of this *ork to high power valves must be cargfully examined.

1.2,2 Unneutralised Beams

Although it is more relevant to the problem at hand, there has been
-5~
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less work published on the study of ions ;n unneutralised beanms,
These are distinguished from neutralised smystems by a lovwer pressure
and a confining magnetic field,

Cutler (1) discusses RF modulation effects which he has observed
in low power THT's and examines thexm in greater detail vith'the use of
& special apparatus. The experimental apparatus, however, is not |

capable of RF modulation, and oéciliations can be observed only by

“'measurement of the collector current. The oscillatiohe observed by

‘thih method are divided into three classes: those which occur at the

Undv\c""\.of\

“ion ©© frequency for the device, and are thus & function of beam

current.but n&t pressure; those occuring at a lower range of freqﬁeﬁciee
which appear to be relaxation oaciilations, and are caﬁsed by

ochange between complete neutralisation and loss 9f,ions to & less
neutralised atafe}:and ?hoae which appear to be striofly electronic
effects and are related to the number of beam secondaries. The aecond
type are found to be common at 102 Torr and uncommon at 107 Torr,

It is important to realise that these oscillations are fluctuations

in the collector current,-and represent losses to the body by beam
diameter changes, or teamporary storageﬁvithin the beam itself.The
cathode itself did not exhibit current fluctuatioﬁs.

SutherlandA(3)'6bser§ed osgcillations 15 the operation of a low
power, high perveance THWT with magnetic c¢onfinement. As in the case
of Cutler, collector ocurrent measufements were used as the means of
detecting these oscillations. Uhiike the oscillations mentioned just
above, however, this phenomenon ooccurs af very low preseﬁres, and oould
not be demonstrated above a critical pressure in the.neighboufhood of
10-7 Torr unless the collector were depressed. Furfhenmore, the oscil-~
lations iere observable in the cathode current as well as the collector
current, although the latter was more sensitive, This is an indication
that &:’:\;ﬁ;siw of the cathode is affected as well as the bean

-6-




- gun, but no confining megnetic field. With those experiments he

tranemission. The oscillations occur at low frequencies between ,1
and 3 KHz, Sutherland performed more extensive experiments with a
specially constructed beam device which had a sgimiliar high perveance
reached the conclusion that the oscillations are due to & transition
between two or more solutions possible for the electron beam flow,

Transition to a condition in which e virtual cathode forms allows

~dons to eccumulate in the region of the virtual cathode until the

minimum is overcome and the beam flow changes, thus expelling the
ions, which in turn &llows the virtual cathode to re-form. Volosok
and Chirikov reached similiar conclusions (20).

Hartnagel and his associates report continuing work on this same
problem (2,21,22), Experimental data kJl);’tav‘::ew:c;la1:ed.necl on low power TWT's
and klystrons, and osoillations in the colleotor current at frequencies
between 1 Hz and 1 KHz were obsefved..Explanations put forward suggest |
that any eleciron beam which exhibits scalloping will demonstrate
the oscillgtion phenomena at some pressures,;but that the redﬁction
of scalloping will serve to reduce the amplitude of the oscillations.
It is suggested that the absence of_oscillations of this type &bove &
certain pressure occurs when the ion current is sufficient to prevent

& potential well from forming sgain after an initial draining of fhe
well bé&s occured. |

In terms of power, Senise's work with a 10 KV, 1 Amp be;m is clos-
est to that with which this dissertation deals. His observations of
the collector current showed that an improvement in beam transmission
occured as the potential minime caused by scallops stored ionic charge
within the beam. Oscillations at high pressures were again observed,
and some experimental evidence was found to suggest tha} although ion
conoentrations were found in the beam, they were shifted in position

with respect to the beam soallops (23).
7=




Hines, et al (24) applied the'fomulas of Field, et a1 (11) to
determine the nature of ion drainﬁge from drift tubes which have &
longitudinal megnetic field, and Hund agreement in expefimoﬁtal work,
The experiments use a 950 volt, 14.5 ma THT in which a wire fon col~
lector at the centre of the electron collector is used to determine
the ion drainsge by actual measurement of ion current, Pulsed experi-
ments are used to determine the build-up of the ion drainage current
to its steady state velue, and by raising the preasure,vneutralisation

-1s observed, The work of Bines, et &l is the only one relating to

" .unneutralised beans vhich employs direct measurement of the ion current.,

1.3 Proposed Research

The research reviewed above is felt to heve the following limita-
tions:

1) A1 experimenters except Senise (23) worked at low povwer. There
are many reasons to suspect that higﬁ power devices might give results
different from those obtained from low power devices, Firstly, the
large size of high power devices mekes it more difficult to obtain the
low pressures common in small devices. Secondly, the large beam cur-
rents produce more ions ( in direct proportion to the ourrent),.and
they create large potential depressions, Whereas in\the case of low
ourrent beams thege depressions tend to be on the order of the energies
due to the thermal and collisiop effects, they ere far larger in the
case of heavy current beanms, ranging to hundreds of volts. Thus the
confining effect of the fields created by the depression is far more
significant, and furthermore, the‘fields are of such magnitude that
theylmay impart velocities to collision products which would make those
particles capable of further ionizing collisions. Thirdly, the high

accelerating voltages which are used for the eleétron beam cause ions

draining out of the drift tube to do more damege to the cathode. Final-

ly, menufacturers observe ion-related effects far more frequently in

-8-




high power devices than in low power devioces.

2) The vast majority of ﬂLblished work contains results obtained
from indirect measurement of‘gon drainége and oscillation, as for ex-
ample the measurement of collector current to observe oscillations,
The effects of ion drainage are being meesured rather than tﬂﬁn the

ion drainage itself. Such measurements as those of colleotor current,

body interception current, and visual determination of beam diameter,

are inaccurate means of studying the ions, and furthermore are effect-

ive only in measuring time-varying phenomeda. In contrast, direct
measurement of ion current within the beanm as was done by Hines, et al
(24) provides a sensitive measurement vhich does not have large back-
ground currents which require time dependence to distinguish ion
effects from normal tube phenomena. |

3) No attempt hes been made to correlate the ion-related noise seen
in some microwave amplifier outputs with the flow of ion current out-of
the drift tube. The present concern for high spectral purity in micro-
wave signals for both redar and communicgtions requirements has result-
ed in the evolution of neasurement techﬁiques wﬁich permit observation
of spurious signals origihating in microwave amplifiers with very great
sensitivity (25). Use of these techniques therefore provides a very
ueefﬁl tool for the observation of ion-rclated noise effects, especial~
ly oscillation. The relationship betwécn the amount ofuién current with-
in the beam and these noise effects has not been examined at all.

It is with the nature of ion drainage and the measurements made on
an exarmple of a high power klystron that this research is concerned.
The work was planned to extend earlier researches end eliminate the
1imitetions mentioned above, A high power (25 KW CW) klyst;bn with &
17.5 KV, 4.6 A beam was kindly furnished by EEV, Chelmsford for the
purpose of conduoting these experiments. The only modificationé meade

to the valve were to provide for a de-mountable electron gun, contin-
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uous punping, and direot measurement of ion draingge to the cathode
with a Fareday Cage behind the central hole. The study is to congist
of two parts: & first stage in which the'exﬁerimental equipment is
constructed and data on the ion drainage measured; and alsecqnd stage
vhich will continue the work of the first end also make simultaneous
meesurements of the R¥ behaviour and the ion drainage. This dissérta—

tion reports on the first stage of this study,
The decision to use an operable valve to make this investigation

rather than equipment speqially de;igned for measurements of such a
beam was made in order to provide a piece of equipment which was cap-
able of simultaneously measuring ion current and K= noise and mod-
ulation for the second stage of the study, It was felt that the dis-
advantage of less flexibility for the measurement of ion current which
is inherent in the use of an operable valve was outweighed by the im-
portance of constructing equipment which»was capable of simultaneous
measurements., A further advantage in using an operable valve is that
the information which it provides is expected to be of immediate appli-
cation to other valves of similiar size and power. This is not always
true of special experimental equimments, |

Beceuse the valve provides a Faraday Cage opening for the direct
measurement of don current;—it 18 possidble to measure such character—
istics of the ion drainagé as the total ion drainage to the cathodle,
the build-up times, charge storage within the beam, the spatial distri-
bution of ion formation, and the decpendence of these charaoteristiocs
. on verious experimental conditions. In addition, the enhanced sensitiv-
ity for the measurement of oscillations mentioned asbove is gained by
this direct measurement method for ions.

The goal of this first stage of iork,in vhich no RF measu;emeﬁts
are made,is to learn as nuch as possible concerning the formation and

drainage of ions in‘the drift tube and collector. Since it is hoped that

-10-




the information gained in thgs investigation will be useful in suggest-
ing methods to reduce degra.de:tion in valve performance caused by ion
effects, some experiments are immediately suggeéfed. The first of these
is the measurement of the ion current drainage to the cathoﬁe'under '
normel operating conditions., The dependence of this‘current upon res-
idual gas pressure and beam current can be used to verify ourfently
used approximations and theory., It.is clear tﬁat attempts to measure
oscillation present in the ion ourrent are also of great interest.

The experimental data teken during measurements of these basic
paramefers of ion drainage in turn suggested other measuremenis anc
verious techniques which could teke advanfage of the unique valve con-
struction, and provide further kmowledge and greafer accuracy for the
basic measurements. Results gained from these experiments are inter-
related and require a certain amount of interpretation, which in tumn
leads to certain insights concerning the ion drainage process. The fol-

lowing chapters deal with the measurenent end interpretetion of these

results.
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CHAPTER 2 .

DESCRIPTION OF THE EXPERIMENTAL APPARATUS

The equipment used in these experiments oenfres eround & 25 KW
Tv transmitting Klystron which was modified for continuous'fymping and
jon drainage~current measurement. The lafge size of this high pover
device meant that both electrical and mechanical problems had to be
uolveﬁ. The ion current measurement problem itself is diffiocult since
‘1t involves measuring very small ourrents at very high potentials and
_ in the presence éf large currents and volteges, The discussion of
E?’the equipment and the experimehtal set-up is most easily broken.doun
3 into four parts: the valve,itself; the equipment associated with main-
taining and measuring the vacuum yithin it; the voltage supplies for
the valve and the associated timing system; end the circuits for ion
current measurements, This chapter deals with a discﬁesion of all these
aspects, excepting certain measurement problems which seen bést»diﬁcus—
sed during explanations of individual.measurementa, ahd thus fall in
later chapters.

2.1 The Klystron

The valve which was used in these experiments was an EEV Type K376
‘ cergmio-metal Klystron which was made available to CUEL by EEV,
{? Chelmsford (Figure 1). The klystron is usually employed in television
¥ transnission and Operatestbetween 470 and 610 MHz, produoing 25 K¥ Rf
power, Thekain is 42 db. Four external tunable cavities are normally

fitted, but these were not used during the experimentation described

in this dissertation,
The normal beam voltage is 17.5 KV, end the eleotron gun has &

microperveance of 1.97 (beam current = 4.56 Amps ). The cathode is
run negatively with respect to earth, and the body section and collect~
or are at earth potential. The beam is magnetically focused in & field

of sbout 400 Gauss, which is provided by a K4054 magnet assembly which

-12-




FIGURE 1 THE KLYSTRON




also supports the valve. The jbeam is focused from a cathode of 8 en
'
diameter to approximately 2 o diameter.

2.1.1 Physical Description

The unmodified valve has an overall length (frqm_header ﬁlate to
collector)of 1,465 meters, most of which is the drift tube, which is
«8825 meters in length (Figure‘Z). The metal sections of the X376,
whioh comprise the header plate, the modulating anode, five drift -
tube sections, and fhe collector, are separated from one aqother by
ceramic sections. These provide the necessary. high voltage insulation,
" and furthermore,.facilitated tpe biasing experiments which were perforn-
ed. The drift tube sections, which along with the collector are water—
cooled, have gaps of varying length between thenm, fhe gap usually being
about 1 inch. The internal diameter of the drift tube sections is
1 inch¥,

A full size view of the gun end of the valve before modification
isshown in Figure 3. Observe in particularifhe header plate, which
supports the electron gun, and has filement connections end a vacuuu
gseal—~off port. The plate required considerable modification for use in
this study. The gun 'pot' consists of the cathode, which is of ellip-
~tical cross-section and .0745 m in diameter, the associated heater
vindings and heat shields, and the heavy iron cylinder of .0952 m
diameter. Thie cylinder provides megnetio shielding for the ocathode.

The oavities used are externsl and separate in'the mid@le to be
clamped between the drift tube sections (DI'S). The valve is operated

with the gun end upwards and is supported at the bottom of the magnet

* Dhe reader will please excuse the pixture of metric and English systems
which occasionally occurs in this digsertation, Calculations are in-
variably in MKS units, with the exception of the use of Torr, but vhen
dimensions such as the drift tube diemeter are exactly an English unit,
{1 peems to be unnecessarily rigorous to convert then to a non-integal
metric unit. Although calculations may be most easily done in the XS
system, this valve and the modificiations made to it were specified

in practical engineering -’ vmtfs.
13-
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coil assembly. The coil assemtly surrounds the entire valve plus cav-
ities (Figure 1). It elso ﬁrovides pole pieces at each end for.magnetic
field shaping. Fine adjustments of the position of the upper shield
were made before experimentation to reduce body 1ntercept15n to o
ninimum, |

2.1.2 Modification to the Valve

2.,1.2.1 External Modifications

The objestivesto be obtained in modifying the valve were 1) to pro-
vide a connection to the valve for continuous pumping; 2) to make pro-
vision for a demountable cethodej and 3) to provide for equipment which.
could moﬁitor the ions draining to the cathode., These modifications
were 40 be made so as to not interfere with no;mal valve operation.

Figure 2, which is part of the standard literature describing this
valve, indicates the original length, and the location of the ceramics.
It was decided to place & pumping port behind the gun. Since it wée
anticipated that the valve would be pumped during operation; it was
necessary to incorporate a section at earth potential between the gun
and a new header plate, which bhas & potential of ~17.5 KV. This seétion
would serve &s the connection point for the pumping system.

By consulting with EEV at Chelmsford it was found that two oeramic
sections identical to those used in the unmodified valve were availeble,
and that their facilities for normal valve manufacture would be avail-
aeble to perform the special welding operations used in making metal-

to-ceramic joins.

It was thus decided to add ceramic sections to extend the length
of the valve at the cathode end, and use'a metal section for pumping
and other access poris. To vrovide a platform for mounting the cathode,
e ceramic section and a standard header plate were attached above this
metel pumping section. Figure4.illustiates these modifications,

In detail, the original header plate was replaced by a modulating

-14=
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anode ring which had been bored out to the diameter of the ceramiocs
(Figure 5). This provided a method of attaohing 6ne ceramic to
another, and allowed a new ceramic section to be added above the

cathode location.

Above this ceramic section of the modified structure is a ;tainless
steel flange 10" in diemeter, which was attached to the ceramic in the
same way &s & normel header plate, Figure 6 illustrates this sort
of flange and join., This flange and all other metal parts were made
of a noh-magnetic stainless steel (type En58J) in order to a§oid any
distortion of the magnetio field used in focusing the beanm.

The added metal sections are cénnected to this flange and oentre
about a modified 6" diameter 'tee piece!, which in addition to the
large port which forms the 'tee) also has a 4" diameter tube leadiﬁg
to the ion pump, and a 4" diameter access flange., The access flahge
is located directly above the intersection of the axes in Figure 4,
end is visible in Figure 1. It is used to mount an ionisation guage
head. The tee piece is attached to the adjoining sections by 10%.
diameter flanges (Figure 6). These incorporate a crushed copper gasket
seal vhich employs & .010" thick by 2" wide annealled copper ring
which is coﬁpressed between a knife edge and & mating groove. These
must be machined to ,001" conceﬁtricify tolerance, and are conpressed
by 16 bolts around the flange, but have proven reliable in producing
a lesk tight seal, These seals are, of course, bakable,

The’tee plece is connected to the rest of the valve by a stainless
steel bellows made by Palatine Precision, ;hibh is L edge - seamed, and
veryflexible, These were included to assist in the assembly of the
valve, which entailed lowering the assembled tee piece and associated
pumps, which weigh 400 pounds, onto the main body of the val%e, which
was already located in the mggnet frame, As the c;ramioe are very

Compressive
strong for longitudinalhloads, but wesk for shearing stresses, this
: _15-
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¥as & very necessary additioy. The bellows themselves are not
capable of supporting the fo;ce of the atmospherio pressure, which
is 400 pounds on a 6" diameter, To maintain the length of the
bellows constent when this force is exerted, they were held ;t

a fixed length by four adjustable bolts. Adjustments of these bolts

-als0o make possible small adjustments in the longitudinal cathode

position,

Another flange and ceramic are attached to the top of the tee
Plece, and these support the header plate (Figure 6), This is of
etandard design except that the holes for evacuation and ion puﬁp
are blocked off, and holes have been drilled to allow a special
support for the cathode to be attached,

To the left of the tee piece in Figure 4 a flap valve and pumping
system ere attached., The flap valve attachment to the tee piece had
to be made with a‘.iﬁijLa-'O' ring, as this is pert of the design
of the commercial flap valve selected (Edwards QSB6). To the left of
this flep valve is another Palatine bellows, which is in tﬁrn connectec
by enother flange to a 90o stainless elbow which leads to the cold
trap and diffusion pump. The six=inch dieameter is mainteined in this
tibing. The adjustable bolts which extend along the bellows here
provide for small adjustments while connections between the heavy
diffusion pump and elbow are being made, and were designed as & way
of relieving stress should the valve body become sufficiently hot
during operation that thermal expansion tended to ghift the ieight to
difference support points. The pumps and associated tubing present
a very unbalanced mechanical load if th; fulcrum is considered to

lie on the valve longitudinal axis., To avoid the chance of breaking

a ceramic or distoring a copper flare, it is essential that this load

be independently supported. The support is provided at three points:

beneath the centre of the ion pump, beneath the flap valve, and
-16-




beneath the vapour trap. The vap;ur trap is mounted in & 'U' harness,
k11 points of support are mede adjustable over the range of & few
inches by the use of studding. fhe gtuds are oonneoted to.a Dural
frame, which is bolted to the magnet frame (Figure 1).‘ The construc-
tion has been found totally adequate. Furthermore, it introduces no
new materials into the valve, other than the very small surface of

0! ring exposed.

2.1.2.2 Internel MNodifications

Once the original header plate was removed from the velve, it was
necessary to find a new way to support the cathode *pot', The tem
cathode 'pot* is meant to include not only the actual ocathode .itself,
but the associated iron shielding pot and the heater coils whioh it-
contains (See Figure 5). The tolerances on the positioning of the
cathode pot are 008" along the axis, and ,005" in concentricity.
Furthermore, the weight of the vot is five pounds. To allow R*
operation a rigid mounting of the‘cathode is necessary, or external
vibration will tend to cause an Alf modulation on the R @utput. Thus
a rigid support structure was necessary, The structure arrived at
consf&ed of six 2" diametex;pargllel,stainlese steel rods arranged
to 1ie elong the circular walls of an imaéinary cylinder, and brazea
‘to disce at the ends and partway along the longitudinal dimension of the
structure., It is called a 'birdcage! in Figure 4. Its radius was
made es lerge as possible while maintaining sufficient distance from
low potential parts of the valve to prevent electrical breakdown.

This would be perticularly dangerous in the case of the bellows, which
have only a .008" wall thickness. B?eakdowna might result in a leak.
The birdcage design is very open and does not interfere with the punping
It also allows room in the centre for the subsequent placement

speed,

of measurement equipment., Adjustments at the base permit mechanical

corrections to meet the concentricity specification. Measurements

-17-
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mede priot to the insertion o} the gun in the klystron demonstrate
the meeting of mechanical spegificatione for cathode positioning,
Electrical measurements of perveance further demonstrate thé,eccuracy
of this positioning. | ‘

The heater lead-in from the header plate provides a good support
for the f‘ifﬂﬁk& wite which leads to the heater, and for this reason
a modified header plate was used below the cathode pot (Figure 7)..
In an unmodified valve the cathode pot is attached to the header plate
by a metal collar. Because the collar had a base too large to fit
through the bellqws when the cathode was being inserted in the valve,
it was necessary to mount the cathode pot on poste above the modified
header plate. The plate was further modified to include a groove to
mate with the 'birdcage'. Holes were drilled in the modified header
plate to improve pumping speed.

In the centre of the 'birdcage! a stainless steel hollow rod wes
used to provide support for the Faraday cage. A ceramic rod was
inserted in the end to attach to the Fafaday cage and provice insulation
and fine adjustments.to the height. The central suvport rod itself
can;be-positiongd laterally by adjustment of three fingers etteched
to one of the discs of the birdcage.

As vas mentioned above, & 3/8" diameter hole in the centre of the
cathode is a standard feature of this valve, The hole is usually
béged by & molybdenum cap of about " depth. To ﬁake use of the hole
for measurements of ion drainage to the cathode, it was necessary to -
remove the cup and to cut a 3/4" diameter central hole through the
heat shields behind the cathode., FPigure 3 depicts the unmodified
cathode pot, and may be compared to Figure 5. It was also necessary
to cut away part of the heater winding to make this hole. The winding
vas reduced from the normel 100.75" to 86.7".A .010" wall, 3/4"

diameter tube of molybdenum was mounted to the modified header plate
~18-
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by & small flange and extend?d into thie hole to within a few
om's of the back of the cath;de.

The Faraday cege itself was machined from & 5/8" rod of stainless
steel, Figure 8 depicts the cage, The centralhcone was cﬁemically
polished. The deep angle of the cone, the use of th; ﬁeeh to prdv;de
a region of low electric fields, and re-entrant mouth were designed
to minimize both ion and electron escape from the cage, .The ceramic
mounted at the bottom centres the cage in the tube. The top of the
cage is positioned approximately ,080" behind the cathode back surface,
Electrical contact to the Faraday cege is made by two spring wire
contacts attached to the base of the rod on which the Faraday cege
sits. These spring outward and make contact with the reamed out
enode ring which separates the ceremics aﬁd is exactly ovposite the
modified header plate., These are held in as the cathode pot is being
Jowered pest the bellows. Electricel confact with the ring can be
checked before sealing the valve,

The performence of the Faraday cege during measurements, especially
with respect to the number of secondary electrons emcaping and the
efficiency with which the total dreinage current was collected,
reqﬁired special measurements which are discussed in later chaﬁters.

2.1.3 Electrical Operation of the Klystron

The valve normally requires extensive forced air and water cooling,
but the pulsed operation of this valve with low duty cycles reduced
the requirements for these, and the configuration ﬁsed for most expefi-
ments consisted of a 2 gallon/minute water flow to the collector,
no water to the body sections, end a smail flow of air from & compressed
air line to the cathode area, The temperature of the ceramics opposite
the cathode which would be the hottest, was not observed to rise above
100°C. No warming of the drift tubes was notioced. |

Normal anode interception current is 2 ma, and was measured to be

-19-




5 ma for this specimen. The]current to the rest of the body was
)

144 ma at the beginning of b%am pulses, a8 compared to & spec
meximum value of 150 ma, but it was found that the intercevtion

current depends on partial neutralisation of the beem charge, so

this figure for the beginning of the pulse is perhaps not the most

appropriate measurement. This is discussed in detail in Section 4.5.2,

At voltage somevwhat below the rated maximum voltage it was
demonstrated that the micro-perveance was close to 1.97, the désign
value, This indicates an accurate placement of the cathode in:the
valve, end together with the interception measurements would indicate

that the operation of this valve ié fairly typical of the normal

operation, The axial magnetic field of the standerd essembly was

measured and is illustrated in Figure 9.

Difficulty was encountered in obtaining the normal emission from
the cathode. Tvwo cases must be distinguishea: the first a case in
which the cathode had been exposed to the atmosphere after its initial
activation; end the normal cése in which the cathode was fresh, and
activated for the first time in-the valve.

In both cases normal emission was not obtained immedietely after
activation (re-activation in the first case), Activation is 2 long

process, taking about six hours for this cathode. The normal procedure

cells for only the application of normal heater voltages, and predicts
that a cathode which completes the procedure will pe capable of full
normal emission,

In the cese of the re-activated catpode, departure from this
behaviour is expected since exposure to the atmosphere resulis in
some of tbeBa0 in the cathode being converted to Ba(OH)2, which does
not break down under the influence of the temperatures aveilable elone.

However, improved performance is obtained if the cathode tenmperature

is increased as much as possible. It was necessary to inorease the

—20~
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heater power input to 125% apove the normal 286 watts before
significant emission could b; obtained E&pn at this temperature,
enission from the Te-activated cathode was limited to 2,5 &,
Continued usage over a period of months increased thig value. to

3.4 A, Drawing current from the cathode ig an impofiant prart of
the activation brocess, but since the duty cycle usged during thesge
eéxperiments is .01 at the most, it would require very loﬁg operation
to duplicate normal usage,’

The second cathode which was activated, this one for the first
time, demonstrated the same characteristics to g lesser degree,
and with a shorter time scale, Figure 10 ghowg enission from thisg
second cathode at two different heater volteges, the lower one
being the normal operating voltage.  Emission ig obviously 1imited
in both ceses when the beam voltage rises above about 12 XV. Xost
experimental deta obtained in this dissertation was based on the
lower heater voltage, a precaution used to reduce the chance of
burning out the shortened hegter wire,

2.2 The Vacuum System

The vecuun system ig composed of & high gpeed system designed

to quickly pump the aystem down to operating vressures from etmog-
pheric. pPressure, and a lower speed gystem capable of an ultra high
vacuum. As is shown in Flgure 4, the high speed section, vhich
consists of a 3C° 1/sec Edwards ED33 backing pump, a 600-650 1/sec
Edwards 6li34 mercury diffusion pump and an Edwards NTM6 1iquid
nitrogen cold trap, may be separated from the rest of the systen
by a large capacity flep valve, With the cold trap fitted, the
punping speed of this section droés to 260-290 1/sec., The lerge
volume of the system, 40 liters, and the large volume of gas

evolved during activation of the cathodes, necessitated the incor—

poration of the high speed system, although mogt measurement work
21~
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was done with the flep valve glosed and the pressure controlled
A

by the ion pump. ‘

The getter ion pump used for maintaining end edjusting the
pressure efter operating pressures hed been reached }g a Ferranti
40 1/sec model, The predicted pumping speed at the pressures
involved is actually 33 1/sec. It is connected to the "tee plece"
by a short length of 4" diemeter tubing. In the experiments which
were conducted with the first electron gun, it was necessary to
use the ion pump as a pressure measuring apperatus.

At the same time as the second gun was put into the klystron, &

nude Bayard-Alpert ionisation gauge was installed at the centre of
the "tee-piece" (Figure 4). This vas used elong with an Edwards Hodel
SH gauge supply for more accurate pressure measurements, Long out-
gassing periods were used to ensure that not only the head, but the
surrounding metal parts were all outgassed. The gauge was used o
caiibrate the ion pump for use as & pressure measurenent device.

Figure 11 shows the calibration curve of the ion pump current vs.

pressure for pump voltages of 3.4 KV and 1 XV. Also shown is the

punp makers data for 3.4.KV, which is the rated voltege. His

| original figures have been reduced by 6% fo eccount for the pressure
mldifferences which exist between the ionisation gauge head and the -
puap entrance due to the finite oconductances. It was found that
the originel calibration date was not very acouratg. Furthermore,
a certain smount of care must be taken in using ion pump readings
as a way of measuring the pressure, equéially efter the pump has
just been turned on, or the pump voltage raised, The processes
geem to evolve a certain amount of gas from the pump itself, which
means that the pump indicates higher pressure readings than
aotually exist in the valve. A temporary rise in the ion current

draining to the cathode and the ionisation pressure gauge readings
-22- -




are also observed when such éhangea are made,

It wes found thet by lowéring the voltege on the ion pump it
wes possible to lower the pumping sfeed end tﬁua increase the
pressure in a controlled ua&. Volteges ranging down to hundr;ds
of volts were used in various experiments to raise the pressure.
. Although these voltages are so low that the discharge within the
pump will not start itself, it is vossible to stert the discharge

at a higher voltage end thus obtain the desired variable pumping

speed,

2.3 Valve voltege suvplies

Tﬁe e operafing conditions for the K }76 are 17.5:§Ld 4,56 Anps,
beam voltage and current respectively. To limitltﬁe average power
"dissipation and to étudy the build up of ion currgnt, pulsed power
supplies were designed for this valve, although the normal operating
condition is, of course, CW., The wide range of experiments which
were planned reguired that & very flexible power supply be designed
vhich would provide varieble béam voltege, vaeriable pulse length, and
veriezble PRF (pulse repetition frequency). These specifications
indicated that & driver—-power—-amplifier type of supply be built,
rather tﬁan a line-pulsing type. Figure 60 in Appendix I shows a
circuit diagram of the unit which was constructeds- The principles.
of weration of this tyve éf supply ere expounded in many texts (26).
‘The voltege amplitude was controlled by the variable positive IC
supply, and the amount of grid drive by the emplitude of the pulse
amplifier output. A problem which is inherent with this type of
supply is that a droop will alwayé-be present on the output pulse
due to the capacitive discharge, For the case of a space charge

limited load following the 3/2 law, it can be shown that the pulse

voltage will decay as

23~




2

V(t) - V 2 C ] : 2.1
° piVJt + 2C J _

vhere V, is the initial voltage, C the capacitahoe, and p the perveance
of the load. For tﬁe case of this velve these quantities ;50-0.75 Py
andﬁ.97 x 10~6 pervs.
Figure 12 shows the measured voltage weveform, end Figure 13 is
e detailed plot of measured beam current vs. time, The limited emission
vwhich the cathode exhibited caused minor departure from the behaviour
ﬁmindicated in Equation 2.1. The volfage is measured using a Tetronix
Type 50 high voltage probe, and the current with a precision.lo Ohm
resistance between the colleotor and eerth. When connected to a |
resistive load with low capacitance cable, the voltage pulse.has e
10%-90% rise time of 2 psecs, The 5 pisec rise time when connected
to the valve is longer due to the shielding of the lead-in cable,
the heater transformer capacitance, and the inherent capacitance of
the valve itself., The supply is cavable of pulsewidths between 20
and 1200 psecs at any duty cycle which produces an average power of
500 wetts or less. The voltage output is veriable from 2 KV to 20.KV.
W o TP fsntitan. oo Ha desige, ¢u¢ﬂcn~ah~J5:'¢;7~J’ugz¢¢,.xaﬁ,(

2.4 ‘Equipment for Jon Current lfeasurements

~ For the purposes of this study it was éseential that en

~ oscilloscope picire of the ion gurrent drainage be made avaiiable.»
The émall clearance ﬁetween'the cathode and the Faraday cage which
wag used to colict ions required that the Faraday cage be biased to
a high negative potential close to that of the cathode, ana thusvthe
neasurement problem is seen to be a difficult one., In addition to
the prdblems which are posed in measuring pulsed signals on the
order of 10pemps, these signals are biased to about 17.5 KV; and

ere in close proximity to the large beem and magnetic field currents.

A nunber of solutions were considered. The usual technique of

ok




putting a resistor in the leaé to the Faraday cege to meesure the

~ current using a differentiel 3acilloscope was no# useful because

of the capacitive charging ourrents to the Fareday ocage, even ir

it was ;ssumea that probes capable of ocancelling the beam voltége
were available. The Faraday cage itself has & 10 pf capacitance

to earth, and a 41 pf capacitance to the cathode, The most proaising
techniqug seemed to be the one which used some form of magnetic
coupling of the current from the lead, and thus made electrical
isolation problems much smaller, Furthermore, i1 ocould be used to
cancel the capacative current, as shall nox be discussed.

. A so—called Rogowski Belt (27), whioh is essentially a simple
trangformer, was construfted to accomplish this magnetioc coupling.
Figure 64 in Appendix IIvillustrates the belt, which is a torus
encircling the high potential wire which cerries the ion current.

With appropriete external oircuitry this belt couples the ion
current signal to low potentiel amplifying circuits. The detailed
electrical Qperation of fhis circuit is discussed in Appendix iI,
the selection of turns ratio and load resistor is discussed, and
the values which were selected given., The response of the belt to
a 1 ma square 1100 jsec pulse ig shown in Figure 14a, and the
 perforrance is aspredicted in Equation 1I.6. The low input currents
expected Tequire &an amplifiér to be connected to the Rogowsk; belt
output. Operation of the belt and amplifier as described above was
satisfactory vhen the valve and other high current devices were
turned off, but required further improvements before it would function
adequately with them on.

Noise, or perhaps more generally, unwanted signals from the
Rogowski Belt, fall into two groups: mains or PEF ooherentj and thermal
and amplifier noise. The coherent signals are caused by both unwanted

magnetic and electric coupling. Sinoe the. Rogowski belt operates by
-25-
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nagnetic coupling of microampere signels, it is not surprising

to find that the 15 fnperes of the heater supply, the 9 enperes of the
confining mammetic field, the beam pulse itgelf, and the mains
current leading to electronic equipment, ell contribute a large

gignal to the Rogowski belt through theif nagnetic fields, At

the same time, electric coupling from the 17,5 KV pulses would give

anbiguous results, It was found experinentally that it was necesgsary

to reduce the magnitude of both effects if mecsurements in the range
of 10 Jpenps were to be made, The electric coupling was largely
eliminated by surrounding the Rogowski belt by a bfass shield dléo
in the shape of a doughnut. This doughnut was made in two halves
end provided with a shielded output lead vhich connected directly
to the amplifier box., Figure 15 is a cross section of the Rogowski
belt and associated equipment. The many turns required on the belt
use more than one revolution about the torus axis, and thus provide
a second loop which vicks up stray signals. This source of pickup
was cancelled by starting the coil winding with an equal numbér of
revolutions in the opposite difection. Hegnetic shielding was
provided by an iron box of 3/8" wall in a cubic shape which enclosed
the belt (Figure 15). 4 further 3/8" thickness between the belt and
————— the magnet suppressed the particularly bothersome 300 Ez component of
the 3 phase magnet supply. AThe Rogowski Belt response with apd
without the msgnetic shield are shown in Figure 14 C and D.
Since a large part of the interest in these measurements is

directed to oscilloscope observetion of the ion current signals,

further steps were necessary to reduce mains coherent signals. It

a signal has a PRF which is not synchronized to the mains, the mains
contributes a varying initial value to the signal, and it is not
possible to observe the signal without confusion except on & single-

shot-and-storage basis. Even this does not eliminate the mains
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coherent baseline slopes, and if, as 1is usually the case, one wants to
vatoh a repeated signal, the lfack of synchronization will cause the
starting velue of the signal to vary from pulse to pulse. This will

not interfere with a sample and hold circuit, but will péevent accurzte
observation of the time dependence of the signals on‘the oscilloscope,
Thus mains synchronization was seen as a necessity . It is extremely
important that an edjustable delay be provided for this a&nchronization,
as it is then possible to find a flat portion of the m;ina rippled
baseline to use for a pulse, A flat baseline is obviéusly & necessgity
for accurate measurement, The shorter the pulse duration, the easier
this is to find, but it was possible to‘find prortions suitable for 1 msec
pulses, In conjunction with the other two improvements, it was possible‘
to reduce interference from these coherent sources to below that frono

the amplifier noisge, The mechanisation of this synchronication is discussed
in Section 2.5,

The noise from the amplifier provides the most basic limitation to

accurate observation of signals from the Rogowski belt, Some low level

signals vere seen to have average values which are less than the r.m.s.

noige voltage. This makes eccurate determination of the signal levels

by oscilloscope observation alone almost impossible., In the case of long

- pulses having lengths of bundreds of upses, simple low pass filtering
techniques remove a greet deal of the noise, but only at the expense of

losing the frequency response which may show changes of interest which

can be observed only on an oscilloscope. To make unambiguous measurements

of low signal levels while at the same time retaining the full bandwidth
of the measurements system for oscillosocope observation, ocoherent wide-
band detection was employed. The technique which was applied to this

problem was to use a sample and hold network and average the output to

enhance the signal-to-noise ratio.
The sample and hold network operated at variable delay within the
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pulse of ion current. The unit tracks the signal during the sample
comnand pulse end then holds the instantaneous value at the end of the
pulse &s a DC output. The signel is re-measured et the same point in
each succeeding pulse, and the DC output is changed to a ne#'?alue. The
need for this circuit which proved a great help in making ion current
measurements, arose not only because of measurements which had to be
made in the neighbourhood of low signal éo noise ratio, but from the
difficulty of making repeatable oscilloscope measurements. The sensiti-
vity of the Rogowski belt circuit and the need for signal enhancement
may be seen in Figure 14b, which depicts the Rogowski belt response to

a 10 ua flat pulse of 300 usec duration. The sanmple and hold output may
be averaged and displeyed with a meter, as is shown in Figure 62 of
~ppendix 1. This integretion technique provides & signal to noise ratio
improvement of n%, where n is the mumber of pulses averaged. For a fixed
integration network this will be & function of the FRF, and since the

PRF dropped &5 low as 2 pps, & long time constant was needed in this

integrationAcircuit. The time constent is chosen to aohieve the meximum
amount of signal to noise enhancement without at the same time so slowing
down the meter resvonse that inaccurate results are obtained when &
siowly_varying ion current is being observed., The circuits which were
constructed for the sample and hold network are shown in7Appegdix I,

and used field effect transistors to achieve hold times as long as 1
seconds with minimum sample pulse widths of 3 usecs, whioh is more than

enough accurate for determining delay times.
Further sources of noise include signals due to voltage breakdown

during a pulse. These appear as very short, but high, spikes during

the signal, and efforts to minimize them by reducing the number of sharp
corners at high voltage and covering those that remained with insglating
tape were unsucceesfu; in making very much improvement. These may well

be the micro-discharges which are known to occur in high vacuum systens (28).
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Having improved the Rogowski Belt and amplifier to achieve the
sensitivity desired, the problen of capacitive charging the currents
must be handled., A4s mentioned ebove, the Farada& cege has a 10 pf
capacitance to earth. fdditionel wiring capacitance was minimized by
putting the Rogowski Belt as close to the cage as possiblé, in spite of
the undesired increase in magnetic coupling effects from the beam and
negnet supply, but the net capacitance was found to be 20 pf. fhia
capacitence must be charged to 17.5 KV dﬁring each pulse, and the
charging currents are not negligib;e. Figure 16 shows the response to
be expeoted, The initiel charging current is 70 ma or more, and more
importantly, a charging current flows during the pulse as well, due to
the discharging which occurs from the pulse droop. The high initial
transients may oreate problems in the amplifiers, and the negative current
during the pulse would be difficult to subtract accurately from each ion
current measurement. Thus it was essential to eliminate this problem and
the Rogowski Beit offers & wmique solution,

A cancelling loop connecfed to the same voltage source as the Faradey
cege lead, but running through the Rogowski belt in the oppoéite direction,
provides the solution (Figure 16c).The‘opposing lead was connected to a
-variable capaéitor, and the system can be 'tuned! +to null out capecitive

effects, A variable capacitor which-operates ™ Mip to 20 KV efid can be hand

tuned while being pulsed, obviously posed a problem, The solution used

was to put a length of high voltage cable into an earthed tube, and adjust

the capacitance by insertingér withdrawing the cable, As was discovered
by tedious error meking, the cable characteristics on both leads must

match and high quality cable must be used. Early experiments with so-called

ignition cable gave very unpredictable and unsatisfactory resultis.

2.5 Overzll Electrical Arrangement

Figure 17 shows the significant parts of the electrical layout of

the experimentel equipment, and shows the two inputs to the main pulser
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- discussed in Section 2,3 the, pulse amplifier and the positive DC suzdly,
The overall time base foI:the systen needs'to be derived from <khe
mains because of the Rogowski belt pick-up of meins fields‘present in
the gysten, Furthermorq,thie synchronigation needs to be adjustabie wisn
respect to the meins phese, and of verieble PRF, The mains synchroni-
zation with adjustable deley is obtained using a comparator which
produces a short rise time square wave. This triggers & Tetronix ilocel
585 oscilloscope, which has two time beses. One of thesge is used to Ee
synchronized with the squere wave, and then set at a sweep rate such
thet the sweep time is equal to or greater than the 50 Hz gignal derived
from the comparator., When the sweep time is gfeater than the time between

synchronization signals, a sweep which is synchronized but not firing

.on every sync signel is obtained, The: use of the fgate! output of the

oscilloscope then provides a mains gynchronized signal which divides the

mains frequency according to the mreep time, The sveep time thus becones

the adjustmen{ of the PR’y which can, of course only be in submultinles
of the mains frequency.

The variable PR signal thus derived is used to overate the other
time base and drive deflection circuits of the 5385, and to provide e
iime reference for the Datapulse fodel 109 pulse. generetor, This device
produces 10 volt pulses of varisble width and deley, ranging from 2C
usecs to 1200 pisecs, and .01 ‘)'.secs t0 10 nsecs; regoeciivels, This
drives the pulse amplifier, -

A synchronizing signal from the pulse generator drives & small oulse
generator built specially for this experimentation. This unit provides

- & 9 volt pulse of seperately variable width end delay to the sample

and hold network. The pulse is also available for monitoring on the

oscilloscope to determine the sample-and-hold position within the main
pulse. Figure 63 of Appendix I gives the circuit diagram of this unit.

Figure 17 does not include the system of interlocks which was part
~30-
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of the experimental set-up, pot does it show the more basic supvlies,
&
It is with the finel meeburenzent systen described above, the result
of many chenges end improvements, thet measuréments have been made,

unless otherwise mentioned in the text that follows,
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CHAPTER 3
10N TORUATION AID $OTIOE Iii THE DRIFT TUBE

Befere discussing the experimental data which was obtained in this
study, it is important to extend the remarks made in Chanter 1 concern-
ing the processes of ion formation and drainage in high pover klystrons, In
traversing the drift tube, beam electrons may make collisions with re-
aidual gas atoms and molecules which result in elastic rebound, excita-
tion, or ifonisation., At the 8as pressures which are typical of high power
velve operation the first two types of collisions have negligivle effects
upon the beam itself, but in the case of ionising collisions, they re-
sult in products which mey have significant effects upon the beam; the
valve‘components, and the RF operation., At the very least the products
of ionising collisions are sigﬁificant because of the cathode damage
vhich is caused by their drainage, Furthermore, they may'have effects
upon the beam because of neutralisation of the negative space charge
fields of the electron beanm, Were it not for the drainage of these ions
from the beanm, they would quickly neutralige the space charge of the
beam end create a plasma state along theldrift tube, -

This chepter deals first with the process of ion formation in the
beam and then coneidera the forces which act upon the collision products
and the trajectories which they typically follow. Because of the random
nature of the collision phenomena, iyﬁe only possible to determine
general characteristics of the ion and electron motions, but theee will
prove to be useful in understanding some of the‘experimental Tesults,

Having determined the characteristics of the transverse motion of
the collision products, possible causes ef the loss of ions from the beamA
are considered., The main one of these losses, drainage to the cathode,
is then discussed in greater detail,

3.1 Ton Formation by Collision

Collisions of beam electrons with the &as through which they travel
32




are generally.discussed (29) gp terms of the current still in the bean

after the beam has travelled 5 meters through the gast I(x) = I e~ XX

In association with this, the effective croae—-aection is defined Qe /Y,
where N is the number of gas molecules per cubic meter., From kipetic
theory, N = 9,70 p/T, where p is the pressure in Tori,‘and ? the temper-
ature in degrees Kelvin., The number &, which is measured in units of
l/m-Torr, is the total collisgion coefficient, and mey divided into the
constituent coefficients each describing one of the pProcesses which is
the result of collision, The coefficient‘relating to the produotion of
a singly charged ion ghall be denoted Pl’ and its corresponding crogs- . ‘
seotion, Ql These coefficients are determined primarily by experiment,
and several references give data (29,30,31),

The simple model which is thought to adequately describp the ioniga-
tion by beam electrons for this and similiar klystrons has been used
bymrevious authors (1,24,11,12, and others). This model assumes that
the beam is a collision-producing cylinder of a radius that of the beam,

and with a length that of the drift tube, ID, et a uniform Pressure, p.

L 1. o
{ D |
C T )
cathode “collector
end » end

Figure 18 Model for Beam Ionisation

The amount of ion current produced in this oylinder will therefore be
dependent upon the beanm ourrent, the collision Probability for the gas
which £i11g the space, beam length, and the residual &a8 pressure,

If it is assumed that the only collisions of importance are thosge pPro-

ducing singly charged ions, then the total fon ourrent originating in

this length of beam will be:
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where Ib is the beam current }n Amps, end other gymbols are defined as

7
above, ]

The coefficient Pl varies with both the residual gas species 2nd the
incident electron velocity. Figure 19 showe the variation of P for a
nunber of gases with respect to eleotron energy, The dependence of the
ionigzation upon the velocity of the incident electron is highly hon-v
linear, The coefficiept increases rapidly from its low initial value
near the ionisation energy of the target atom, and reaches & meximun
value in the neighbourhood of 100 volts, and then decreaees. An analytic
expression for the cross-section which may be ueed with feirly good
accuracy at higher energies in given in Mott and Massey (32):

4

2T e 2

Ql - 2 1 nl in ('a%—) 30 2
mv ‘ ' nl

vhere an,cnl, and Enl are constents relating to the atom whose fonisa-
tion cross-section is being computed, v is the electron velocity end o
the mass of the electron, Note the dominance of the 1/v2 term in the
reéion of high beam energy, which is the usual experimental condition here,
Identification of the.speeies of the gases which are present in the
drift tube was not posgible. It had originally been hoped that this
equipment would be able to rerform a mass analysis on ions draining to
the cathode, but ;he spreading of the ions which occurs as they travel
behind the cathode hole causes so many to be lost to the walls that-not
enough current to be measurable remains for analysis behind the cathode.
Hithout this information the composition of the residual gases must be
conjectured, Some information has been discovered for the case of cath—
ode ray tubes (33), in which the main cenetituents were found to be
Hz, N2,C, 02, and CO. The species of gas to be found in the valve will
be determined not only by the materials used in the valve structure, but
by processing techniques as well. The large amounts of CO, wvhich are given
off during cathode activation are probably the main constituent,-and

=34




o5

A
0,;.C0;NO
N

o l
5107 —le ‘l
H

o ///
L

3.10*
- 10 2030 50 10° 10! 10%ev
—
a) VARIOUS GASES

1 \
) \\
.2
A - , \ VLTS (KV)
2 S 10 20 50

bl DETAIL FOR o0,,co,NO

FIG.19 IONISATION PROBABILITY




the ionisation oross-section for 0, and N, is fortunately almost exact-
1y equal to that of CO in the_fcase of largevpoteqjtials. It may be that
ocopper atoms are also'preannt due to the interaction between:the beam
and the collector. The equality of the coefficients for air end CO at
high voltages suggest that this common line be used for Qaking predic-
tions of the amount of current generated by the beam, Figure i9b shows
& blow-up of this part of the cross-section curve of Figure 19a. The
mass of the gas is assumed to be 30 for the purpose of calculations,

It i; relevant to note that the valve used in these experiments was
not baked, although it was continuously pumped. This allowed a suffio-
1ent‘amount cf gas to remain in the tube to allow the pressure to be
changed over a fairly wide range; A controlled leak was not considered
to be a safe addition to the valve in view of the risk which it would
create. In spite of the lack of baking, pressures which are fairly typi-
cal of high power valve manufacture could be obteined, and it is not
thought that the baking process would significantly chénge the relative
abundgncy of the gas species in the valve,

Using the data preeenﬁed above, the expected steady state ion current
for normal beam conditions can 'b;a calculated. Using P, = 22.5 for 17..5 Xv
bean ﬁoltage, 1, = .8825 m, end Ib = 4,56 A, Equation 3.1 yields the
result that I, - 90.8p pamps, where p is in'fgii‘;:rons (10"6 Torr),

" "Measurements which aré diécussed‘in‘Chapter 4 indicate that further

considerations concerning the pressure distribution in this valve should

be made before applying this formula.

3.2 Trajectories of Collision Products

Ionising collisions occur randomly thoughout the beam and result
in a new ion &nd ejected electron, foth of which may have some initial
velocity. Because of the randomness, it is not the purpose of this
section to trace each trajectory, but rather to characterise the motion

which occurs after the collisions to a first approximation. Firstly,
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the fields due to theelectron.beam are presented, and then the particle
motion in these fields is analysed, In this work it is assumed that +the
beam is uniform end that oniy transverse motions are considered,

From first principles it may be shown that in a uniform eiectron
beam passing through the drift tube a potential deprééaion w11l be c¢reated
due to the space charge of the beam. This potential exhibits & logarith-
mic form between the wall and theedge of the beem, &nd a farabolio form
within the beam itself, as is shown in Figure 20a., If the beam has &
s the radial electric field

circular cross-section, and is of radius Ty

ingide the beam may be written:

- Ibr
E. = r<r 3.3
T 21Te°u°rb2 b
and the potential
jid HFZ ‘ 3.4
v.- - T = )
i T AT eouorbZ ,
Outside the bean,
E_ = 21:: . ) TaT, 3.5
00
. Ib
vV = -fErdr - T o _u ln(:.:/r.b + Vy 3.6

A;vhere u, is the electron ve}ooit&. Computer solutions provided by EEV,
Chelmsford (Figure 21) indicate that the beam diameter varies betweén
elmost the full drift tube diameter, which is 1 , and 0.75 « The
potential drop across the beam for normal beam conditions is 536 volts.
For axial positions at which the beam diameter is almost that of the
drift tube, there is only a small additional potential drop, but in the
case of a 0.75" beam, the additionél drop ié 308 volts.

As is typical of high power valves, these potentials will be far
more significant in determining the motions of collisioﬁ products than
the initial velocities acquired as a result of the collision or due to
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space charge,

8 few hundred volts. The gecondary electron

~gately tpon formation, The initial energy

thermal motion. This situation would change if a sufficient number of
]

jons were present in the beam:to gignificantly neutralise the negative

but this is not typical of normal iélve operation, and

is only occasionally reached in the experiments described below, The

neutralised beam has been dealt with by many authpre'(17,34,14), end

will not receive further consideration here.

In the ocase of & single beam gleotron-molecule collision, three

particles emerge from the {nteraction: an ion ané two eleotrons. It

has been found that in higher energy impacts, the probable energies

of these two electrons can be used to distinquish between them (29).

One, the secondary, will have an energy approximately equal to that of

the incident electron, and the other, the ejected electron, will have

a probable energy very much lower, between a fev tenths of a volt and

tends to be scattered in

its original direction of motion, and will undoubtedly leave the beam

at the collector end. The ejected electron, however, hes an angular

intensity distribution which reaches & meximum at 90 degrees to the

inoident electront's direction of motion, and emerges with & yelocity

wvhich will usually be small when compared to the velocities which it

will attain from acceleration by the fields which it encounters immed-

varies with the target mole-

cule and the incident electfon energy, but it is generally less than

100 ev for this type of beam.
The ions which are formed by the collision also have & negligible

initial energy, and are controlled by the large radial electric field

caused by negative space charge in the electron beam.
Computations can nowv be made of the trajectories of hypothetiocal

individual particles if appropriate initial conditions are assumed,

These calculations cannot totally determine the motion of ejected elec—

trons and ions, due to the random nature of the process of formation
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and subsequent oollisions, bu’ are intended to serve to demonstrate

the characteristics of the pa;ticle motion. In particular they may be
used to demonstrate that both electrons and ioné-are prevented from
escaping radiaslly from the beam. As mentioned above, only tfﬁnsyeree
motions are oconsidered, and particles with large iniéial longitudinal
energy may well escaﬁe the beam at the ends without affeoting the beam
very much at all. Figure 22 ghows the cylindrical coordinate system which

shall be used for this discussion.

Figure 22 Coordinate System

Firstly the case of ion motion shall be considered, Let w = %% ’
LA its value at t = 0, and LI quc/2 s vhere M is the charge to mass
ratio for an ion, and B is the axial magnetic field, which is assumed
t0 be uniform both axially and radially, end furthermore is the only

;aignificant megnetic field present. Then the rotational equation of

motion for an ion with radial position r which was formed at T, nay be

shown to bes
2
o
W= (wo + YL)-E— - v 3.7
T
The r¥adial equation of motion may be shown to be:
o i
d 2

where the radial electric field, E, is as defined in Equation 3.3 for

a uniform solid beam.
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These equations may be combined to obtains

a%r | "32’02 2
— = E_+ 11 - W 3.9
a1l Ur 4 L .

vhere the constant Wp = Wy 4 Wy has been introduced for oompactness

of notation., Substituting for Er ’

2 -1 | W, T
dr r A\ b 2 B "o 3,10

at?

2
21fe°u°rt T

If the first and second terms in the bracket are evaluated for the valve
in queétion, with a 17.5 KV, 4.56 A beam of radius 0.4“ in a magnetic '
field of 0.04 w/m, the first term is found to hav; a value of 3.176 x 1083
vhich is far greater then VL2 = 4,074 x 109, and thus the second term
may be neglected., Equation 3.10 obviously describes an oscillatory motion
in which the ion moves nearly along lines of radius, each time passing
close to the axis, and returning to approximately'the radius at which

it was formed. If the radial velocity is denoted %; then

&% gt atar _ g4t 311
dt2 dat dt dt dr ¢

Equation 3.11 may then be integrated after substituting the results
of Equation 3.10, and the following result is obtained after evaluation
of the constant of integration by use of the initial condition that

$=0atr=rx (This is an acceptable approximation in view of the

large fields which are present):
2_4
W, T
B "o 2_2
r2 + W T, 3.12

2. kz(roz _?) -
¥here k° has been defined as (‘\‘Ib)/Q‘reouoer . Solving Equation 3.12
for the derivative dt/dr, and then integrating:

t z dr $
) [kzrz(r 2. r2) ~wlrd i 2, 2rﬂ
o B "o B o

Using the change of variable r = ié, this may simplified and integra-

tion is possible.
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The result of the integration;iax

2k?r2 - kzr 2. W 2r ?
t = =% erc sin o B o 3 3.13
2k k2r 2 ‘w 2r 2) 2_ . 2r 4k2
o B "o B "o

which may be solved for r to show thats

(k2 -w 2)r 2cos 2kt + 1 2(k2 + W 2)
- B ‘7o [ B/, 3.14

T -
2 k%
in vhich the inital condition that r = T, at t= 0 has been used., Equa-

tion 3.14 reduces to the obvious solution of eguation 3.10 when the

magnetic effects are not considered, which is:

T =1, cos kt ‘ SelZ

Figure 23 illustrates the trajectories predicted by equations 3.7 and

" 3,14, and it is clear that although the ions cannot escape the beam
radially, they oscillate, passing close to the axis and returning to

& maximum excursion close to their formation radius. The magnetic field
is seen to bave little effect on the particle motion.

Because of their opposite electrical polarity and smaller mass,
ejected electrons behave quite differently, although it will be demon-
strated that they are &lso prevented from escaping radially and remain
within a radius not much larger than that at which they were formed.

In parallel with equations 3f7, 5.8, and 3.9, two equations describing

rotational and radiel motion may be combined in a third equation for

radial acoeleration:

ro2
v (v - vL) -+ ¥ 3.15
T
d2r 2 '
-"Le(rsz) -A'L‘Er - ;t—é - IV 3.16
4
2 by
d’r 270 2
—_— - —"E_ + r[« —_— - W ] 3.17
dt2 b o E r4 L
where Wp o= W - iL, and v is the Larmor frequency for electrons, not
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ions. Substitution of the val?e for electric field within the bean re-
é

sults in an equation for eleotrons parallel to 3.10:

4 )
a°r ey 2 2 T ‘
_-‘2 = r -—__'2" - WL + VE 4 . 30 18
dt 21‘re°u°rb r

It is now informative to compare the ?agnitudea ;f the first and
second terms within the bracket of Equation 3.18. For the beam ourrent
and Qoltage conditions assumed earlier, the values are 1,823 x 1018
and 1.237 x 1019, respectively, It is obvious that the magnetic term
dominates the solution, and it is convenient to define a constant k 2
which ig thedm of the first two temms, kez = 1,055 x 1019. It 48 novw
possible to proceed as in the case for ion motion, and integrate to find:

2 2,2 22 "E2’4 ¢
b Ero--r)ke +wp'r " - 20 ] 3.19

r

This equation may be integrated to find t,

[ Ek 2)(r - T )r + wE2r°2r2 - VE21‘°4] *

Using C as an integration constant,

3.20

Vi 2.2, sz + k, )r

. 1
t+C = E-E—-arc sin

e [(w +k, )-4w ke‘?]

2k 2r2 - (w 2 + k 2)r e
€ E e o
3.21
r 2(w 2_ X 2)
o ‘' E. e

Since t = 0 a8t r = Tt the right hand side of Equation 3.21 shows that

sin (2k;t +C) o

C = ~1 /2, and the equation may be re-written:
2 2. 2 2 2 2 2
r° e (w4 k - (wE - k %)cos 2 k. t)/ 2, 3.22

This trajectory equation indicates that the ejected electron oscillates

about an average radius which is somewhat greater than jhe radius at

vhich it was formed, at least for the éaée of 'o = 0, For other cases,

the average radius may be less or greater than the formation redius, but
~41a




solutions_vill be close to that indicated by Equation 3.22 since initisl
energies are not very importa%t in determining the trajectory.

Ejected electrons escape the beem redially only if the meximum
excursion which they make is greater than the diameter of‘the_drift
tube. In the case of zero initiel angular momentum, Equation 3,22 shous
that the maximum excursion of the ejected‘electron ié 1.08 times the
formation radius, which means that even an eleciron formed at the bean
edge will not escape, at least on the basis of its trajectory after for-
mation end before collision with any other particles. Furthermore, if
it is assumed that all of an electron's initial energy due to the for-
mation process is direoted in the O- direction so as to cause the largest
excursion possible, 86 eleotron-volts of initial energy are required for

for Hha been

escape even in the case of a bean edge-formed electrogt Few ejected
electrons would be expected to have this'mubh energy. Thus, the vest
majority of ejected electrons are trapped within the beem or'betueen
the beam and the drift tube wall, and mey escape only by dréining out
longitudinally, or by having further collisions with residual gas mole-
cules which result in a 1arge£ trapped radius. The results of a hypothet-
icel trajectory coleulation sre shown in Figure 24, which is similier,
altbough not identical, to trajegtory calculations for magnetrons.

ﬁo attempt hes been made heré to do more than to characterise the
trajectories of ionisation collision products, but this cheracterisetion
bas shown that both ions and ejected elecirons are trapped within the
beam or its immediate vicinity. The capture of ejected electirons differs
from the work of previous experimenters, who dealt with beanms not'coq—
fined by magnetic field. Processes which ‘would ocause the loss of ions
or electrons from the beam, but which were not accounted for by the above
discussion are now considered.

3,3 Losses of JIons and Ejected Electrons from the Beam

The density of particles trapped by the processes described in the
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above section would build-very rapidly were it not for the loss processgeg
vhich drain both types of parficles out of the beam. The main cause of
loss is longitudinal drainage, and this topic vill be covered in detai]
in Section 3.4. This section will consider other possible iésses of tﬁese
collision products from the beam. .

1) Loss from the beam redially. Section 3.2 has showm that this
proceas can take place only if the beam space charge has feen neutral-
ised, or nearly neutralised, or in the rare ocase thaf the particles have

very large initial energies, Thus radial loss is not a very significant

loss in low pressure beams,
2) Recombination, Although this process is continuously teking rlace,
" the rate of recombination is negligible when compared to the production
rate,
3) Loss to insulators. Wadia (12) mentions loss to insuletors which
become negatively dharged because of beam interception and are thus
able to dfaw ions from the beam. This process would seem to be impqrtant
only in the caée of beams near neutralisation, and is certainly not of
importance in the vﬁlve used in these experiments, in which the insulet-
ors are well removed from the beam path.
4) Collector drainage, In all valvesin which the collector is kept
“at a potential near or the sameAée that,oiwthe,body,Aamlongiiudinal
potential gradient will be created inside the collector and in the region
between the collector and the drift tube (Figure 20b). fhié gradient
will prevent fons from flowing into the collector in the same way that
it prevents their radial esocape, but will act to drain off ejected elec-
irons. Valves which operate with collector depression for efficiency
improvement will drain ions into tge collector end of the valve, and
this drainage may cause undesired modulation of the RF signal by collect-
or power supply ripple. Such modulations would have deieterioua effects

in valve applications to doppler radars.
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The main drainage path for ions 18 to the ocathode, and this drain-

age is discussed in the next ;ection. Because of their much_ smeller

mass, the longitudinal fields which affect the ejected electrons and

cause their drainage to the collector impart sufficient velocity to the .
particles to make their contribution to space charge‘ﬁegligible. Thus;

unlike the draining ions, the draining electrons will have no majof ef-

feot on the eleotron beam itself. Those which do not draiﬁ end are stored

in the beam, however, may be important, end further discussion of these
particles is deferred until Chapter 5.

3.4 Jon Drainage to the Cathode

This section will digcuss the longitudinal potentiel gradient

" which causes ions to drain from the cathode.end of the drift tube, The

case of a gmooth electron beam (i.e. without scallops) is first consid-
ered. In the absence of any gas in the drift tube, the beam will have
only two regions of large axiasl potential gradient: at each end of |
the drift tube where fringing fields from the collector (due to space
charge potentiel depression) and from the cathode (due to the accelerat~
ing potential) enter into the @rift tube, In long, narrow drift tubes
characteristic of this type of beam device, these fringing fields will
become negligible not far from the drift tube ends, leaving & region
within the tube which has potential gradients on the order of thermal
energies or less, |

The residual gases in a practical valve may change this coﬁdition
in two ways. Firstly, the non-fonizing and ioniziné collisions which
beam electrons make with residual gas molecules ocause an average loss
of kinetic energy which is proportional io pressure, But at low pressures,
such as 10'_6 Torr, this loss can be shown to be eéual to only a fevw -
tenths of & volt over the entire length of the beam for the beam under
consideration. This is not enough to significantly afféot the motion of

ipns along the drift tube. Secondly, the products of ionising collisions
Al



may build-up in gufficient nunbers to oreate & significant potential.
gradient in the drift tube, éhia is significant, even in small beens,

as shall nov be demonstrated. ' )

The problem of ion drainage and the potentials which cféate it wvas

dealt with by Field, et al (11), and sdapted by Hines, et al (24)

using more eccurate values for ionisation probabilites than were used
| by Field, amd making slightly different assumptions conoeining thé bound;
ary conditioqs. They also extended the work to magnetically focussed
vconditiona. The following assumptions were made in the work:

1) Ions have the same mass and charge

2) Ion or plasma oscilletions are not present,

3) Ejected electrons escape quickly and do not add to the space
charge.

4) Initial velocities of the ions are negligible.

5) The potential over a cross-section of the beam is assumed constant
at an average valpe which is directly proportional to the linear charge

density (eleétronic plus ionic).

From the discussion of ejected electiron motion in Section 3.2, it
is obvious that the third assumption will be true only if the electirons
_are gble to escape longitudinally to thg collector end of the valve,
:AThie would.be,the<case_only¢if_ihefsgalloping of the electron beam had
been eliminated by the drainage of ions to locations of potential mini-
mums, and the drainage of the rotating ejected electrons to iegions of
potential maximums. As Figure 21 demonstrated, this beam does exhibit
scalloping, which is typical of practical beams which use & confining
magnetic field larger than the Brillouin value to obtain acceptable
transmission. When & smoo‘tﬁ beam i;s assumed, or a scalloped one which
has reachéd a steady state and been smoothed by local neutralisation,
the ejected electrons would be expected to drain to the collector under
the influence of the same potential gradients which are responsible for
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the ion drainage to the oatho:le. Although the magnitude of these grad-

»
ients has not yet been determined, 1t.is clear that because the electrons
are affected by the same gradients as the ions, but have e charge~to-

mass ratio’ which is much lerger, any contribution which their spece

_Charge makes to the total space charge within the dr'ift tube will be

insignificant in contrast to that made by the slover-moving ions, Thus
thé third assumption is valid for smooth beans., | |

The fifth assumptiop is clearly not valid for the case of large
beams such as the one dealt with here, which has a potential varietion
on the order of a few hundred volts across its radius in the abisence of
significant neutralisation. But the problem of accm:ately taking account
of this variation across the beam is a difficult one to solfe, and an
approximation may be made by taking the average potential .between the
beanm edge and the axis and using that as the ‘constant! potential, Meking
such an approximation will allow a comparision between the work of
Hines,et al on low power valves and the present work,

Ions are assumed to drain .only from the cathode end of the drift
tube and the smooth electron beam has & radius of Tye and goes through
a drift tube of radius gD.If the drift tube is assumed to have earth

potential, then the potential depression along the axis will be given:

C‘T' ‘ | I'D- )
Vu.-.mo l1+21n T, 3.23

vhere 0& is the total linear charge density due to bean electrons, ions,
and ejected electrons. As mentioned above, the confribution due %o

ejected electrons can be neglected. q‘e,'the charge density of the bean
electrons is constant along the length oi’ the beam, but the charge den-

sity of the ions, g- 4+ ¥ill be & function of longitudinal position. The

potential depression at the edge of the beam will be:

ed - 41’(‘6 [2 ln(:-—] 3.24




The longitudinal gradients in‘these potentials are the forces which cauge
ion drainage from the drift thbe. The averagq,potential is a function

of the longitudinal position as well, and will be denoted.V(z)t

£+ 2 In( )
V(o) -[ + n I‘D/I‘b ]U‘T . K[a-i(z) - q-q] 3.25

4Te,

K, defined by this equation, is a constant relating to the average po-
tential, If the collector end of the drift tube ig teken for ¢ = 0,

end only ions formed in the drift tube considered, then at position z
the total ion space charge will be made up of contrifmtions between the
origin and the point z, since uni-directional flow of the ions 1s asmm-
ed, If the rate of ion formation per unit length is Gi’ then the total

ionic space charge density at gz, O, (z), will be given bys

T, (2) ' 3.26
j [;-—-— V(x) - V(z?]]é
Substituting the value of V(z) found in Equation 3.25,
3.27

e [
i [zx-—[r(x)-o-(glf
The solution for this integral equation was given bty Field, et al (11):

31rc z Sy [;;‘2—0'1 ) [ cri(z)]é 3.28
2[0’1(0334_( ) (0) ~ . (0) .

The relative cherge density, 0}(2)/0’('(0), is plotted as a function of
the left hand gide of Equation 3.28 in Figure 25. T.‘bie solution must
be matched as well as possible to external potential gradients which
are not eccounted for in the derivgtion..These include the field at the
cathode end, which is very large, and the field at the collector end
due to space charge potential depression. If the collegtor field may be
ignored on the grounds that it only affects ions created within the

collector, and the high gradient at the cathode end is essumed to coin-
~4p.
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oide with the infinite slope Yhich occurs at the right hand side of o
ure 25 vhere g ID’ which mutt be approximately correct, then the nmax-
imun space charge density, G'(O), may be celculated., Since the abscige,
of Figure 25 then has a value of 1.414: ’

3 91T 2 2..

16 & g
ny

3.29

When this value of a}ﬁo) is used in Equation 3.28, the ionioc space
charge density can be calculated along the length of the drift tube, Pron
“this explanation of drainage three important measurable quantities

relating to the ion drainage may be calculateds
1) The emount of space charge which is stored in the entire bean

at various Pressures,

2) The bressure at which total neutralisation should occur at the

collector end of the valve,

3) The amount of neutralisation of the potential depression which

occurs et a given pressure and given location in the drift tube,

3.4.1 Spece Charge Storage in the Bean

The total ionic space charge stored in the beam can be computed
bynmultiplying the drift tube length by the maxinum value of space
charge, and reducing the product by the integral of the area between
the line of 6‘(2)/'63(0) = 1 and the curve 0'(z) in Figure 25, A con-

puter integration of thig quantity indicates that the total space charge

within the bean, Qi’ is:

3.30

91{2G121D2
Q, = .9052 ID -

i e
16 =
oy

Measurements of the rise time which are discussed in Section 4,3.3 end

5.2.2.4 allow a comparision of theoretical and measured values of the

beam charge storage.
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3.4.2 Neutralisation Preesure:

As the pressure rises, th; ionic space charge will increase until
it equals the electronic spacé charge due to the beam, at which point
it can be said that the bean is neutralised. The neutrelisation cond-
ition leads to oscillations in the beam end ﬁrainage.éurrent, and thus
may be determined by experiment. The electronic space charge is giveni

Ib
Ce = W 3
e
And this electronio charge will first be neutralised in the neighbourhood

of the colleotor, when

Ui(o) - G'e(o)
3:4.3 Partial Neutralisation of the Beam Potential Depression

From Equation 3,25 it can be seen that the beam potential depression
will be cancelled in varying amounts elong the drift tube, dependent
on the ionic space charge density, At the collector the average poten-
tiel V(0) will be: )
v(0) = K [c‘i'(o) + cr;J 3.32

3;4.4 Voltage Gradient in the Drift Tube

The longitudinel potential gradient which is created by the changing
ionic charge density whioh is khéun in Figure 25 can be calculated et
& number of pressures. Teble 3.1 ghows the potentials at the center
of the numbered DTS with respect to a gero potential et ¢ = O, The total
dr;p betwveen the two ends of the drift tudbes is no{ easy to determine
accurately because of the blending of the drift tube potential with
the fringing fields of the cathode_regioﬁ. The pressures chosen for
this table will be of interest in the messurements of ion ocurrent
drainage to the cathode with & negatively biassed colleotor (Section
5¢2.2.3). It is élear from Table 3.1 that the potentiaia created by the

changing ionic space charge density will exceed both thermal velocities
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and voltage gradients due to tbe kinetic energy loss from all tipes of

'

collision. '
. S
Table 3,1 Potentials Drops due to Ionic Space Cherge Varfation

Pressure (Torr)| Radius | Drs 4 | prs 3 DIS2 | Drs1

\ 5.5 x 10-6 Average 1.8 6.1 19.7 36.8 Volts

) Axis 6.2 2047 67.5 125.7 Volts
2.6 x 2!.0"6 Average 1.1 3.8 12,5 23.4
Axis 3.5 11,7 38.1 71.0
9.9 x 107 Average | 0.6 1.9 6.3 11,7
J Axis 1.8 6.2 20.0 37.3
2.4 x 1077 Average | 0.2 0.7 2.4 4.5
Axis 0.7 2.4 7.8 14.5

Table 3,1 shows the gradient both atl the average radius, and at its

maximum value, on the axis,
<5 Summary
This chapter has discussed the ion formation process, the trajector-
ies which the collision prodﬁqts follow, and the process of ioqwg;gin-
age. The theory of Hines, et a; (24) which was used originelly for low
current beam experiments was discussed and the values of measurable
phenomena which it predicts were calculated. The experimental values

of these phenomena in high power valves are discussed in fhé“next_chapter.

——
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CgAPTER 4

s
PRELININARY EXPERTUENTAL RESULTS

The K 376 valve and the besic operation of the measurement and power.
supply equipuent have been described above, These experimeh;al results
are taken with the two guns which vere modified as d;;cribed above,

Early plens had been to use a Faraday caege placed behind the modified
beader plate (Figure 5) -and to collect ions after they haa drained through
the tube leading to the cathode surface, However, the spreading of the
ion beam, which starts upon entry to the enode-cathode region, meant
that the loss of ions to the walls of the tube was so great that only.
tens of nanoemperes could be measured with a 2 KV DC beam, Pulsed mees-
urements at the normal operating voltages were not attempted since the
current is so far below the measurement sensitivity for pulsed currente,
Due to the non-linearities of the ionisation cross-section curves, not
& great deal more ion current was to be expected at the higher voltages,
in spite of the great increase in bean current,

To modify the Faraday cage end place it directly behind the cathode,
rather than behind the heéader plate, necessitated opening the klystron
and thus exposing the gun to the atmosphere, Although the gun was return-
ed as soon as possible to the klystron, a good deal of de-activation
had taken plece, and only prolonéed overheating and the drawing of some

current began to restore the proper level of emission, and full emission
N‘lﬂ. [ ‘w tm.tsa;~

¥ae never achieved. Pitt-Ylesereatwriesivispoes The first guqh?rovidéd

the first sets of readings of ion current drainage; wvhich are character-

ised by not being above 2,9 Amperes. Some of this data is presented in

this dissertation.

To improve the klystron perforﬁance to its normal levels, a new gun
had to be made. Because of the construction of the cathode 'pot! the
fitting of a nev cathode surface slone was not poasiblé, and thus con-
struotion of a whole nevw gun had to be undertaken to interchange guns.
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The new gun was installed end;ehowed muoh greater emission, thus allow-
ing elmost normal operation t: be obtained, Although the measgurements
vith the first cathode provide an occasionally useful contrasty, the
majority of the measurements discussed in what follows relate to the
second gun, and thus to close-to-nommal operating coﬁditions.

From the physical description of the klystron, it can be seen that
a great variety of diesing arfangements is possible, using the drift
tube sections as electrodes, which would differ from the normal configura-
tion. The use of these electrodes made the klystron a moretuéeful piece
ofhgxperimental equipment than would be immediately apparené from the
initial description of 'operadble klystron,! These many possibilities _A
do at the same time pose the experimenter with a problems what will be
regarded as'standard.' In the work that follows, unless otherwise stated
as an experimental condition, all drift tubes, the modulating anode,
and the collector were at or near earth potential, as would be the case
in normal operation. The use of current measuring resistors on each of.
the valve electrodes, 100 ohms in the case of the anode and drift tube
sections, and 1 ohm in the case of the collector, naturally ceused these
parts to be slightly negative during the pulse.due to beam interoception,.
However, subsequent experiments demonstrated that these small volteges
in ;o wey influenced thé méasurgmente of.ion current., The No, 5 Drift
Tube (Figure 4) was unfortunately in electrical contact with the magnet
frame and thus prevented both bissing and body current measurements on
that section. This condition could not be ochanged sincevthe vaive rests
on this section, and movement would have meant the risk of damage to the
alve., In view bf its proximity to.the céllector, not much information
¥a s lost due to this abnormality.

As mentioned in the introduction, the majority of measurements in

this research are based upon direct measurement of the ion ourrent drain-

ing to the cathode. The other measurement oocasionally used is the ob—
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servation of drift tube interfeptibn current. Though only ﬁhese two
measurements may be made, the; prove to be very versatile indeed,

The first goal of the experimentation is to dé&ermine the emount
of ion current which normally drains to the cathode from the Arift tude
and collector, As has been noted above, measurements.;f this current
have not been reported for high power electron beam devices.,

To help to understand the results which are given belﬁv, it is in-
structive to consider a typical ion current response to an epplied beaé
current pulse, As mentioned in Chapter 2, the beam voltage was alweys
pulsed in these ezp;rimenta to decrease the average power dissipation(
and provide information about the build-up‘ of ion phenomena, Figure 26 ( 9.343
shovs a typical response, and is the ion current which flowed during a '
550 nsec beam current pulse, The ion current rises from zero at the be- '
gihniné of the pulse to a plateau value, but the observed rise time of

about 200 psecs is far greater than the 5 pisec rise time of the beem

‘current pulse which causes the ion flow. The negative-going portion of

the ion current trace is & transient due to capacitive pick-up from the
main bear pulse and does not fepresent sctual ion current. The plateeu
value represents the steady-state value of ion current which would be
present in CH operation of the valve,

= *Three ‘charecteristits of thi; ion cgrrent trace are of interest in
understanding the various mecﬁanisms which determine ion drainages the
height of the plateau, the build-up time for the ion current to rise to
this plateau, and eny oscillations in the ion currént which may take
place once this plateau is reached (none are present in Figure 23). It
is found that these characteristicg of the ion drainage vary with bean
current and residual gas pressure., The first part of the experiméntal
work described below deals with the dependence of these characteristics
of the ion flow upon these two paraﬁetefé..Further exp;rimenfal work
discussed in Chapter 5 employed biasing of various electrodes in the
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valve to study ochanges in the;ion drainaege caused by the biasing, and

rs
to determine the distributioniof ion production within the valve,

4.1 Steady Stéte Measurenents

The measurements made of the steady state value of the jon current

were made on both the low emission and near-normel emission cathodes,
. The use of & sample gate to determine ion current value at various time

delays after the beginning of the pulse has been described in Chapter 2.
The sample gate wes positioned within the pulse so that it would measure
. the plateau level of the current, and the signal everaging described

. above was used. This resulted in a high degree of repeatability in the
fon current measurements under identical beam current and pressure
conditions. This repeatability wes seen between measurenents made after
ghort and long turn-offs, and was within 5% at the higher pressures,
where the signal to noise ratio is higher;_It was reduced to 20% at the
lower pressures in the neighbourhood of 2-3 x 10-'7 Torr. The repeatabil-~
ity was denmonstrated within courses of intensive experimentation lasting.
a couple of weeks, Because of .the beanm voltage droop during the pulse,
which was discussed in Chapter 2, and may be observed in Pigure 12, there
is some ambiguity is assigning a beah voltage eand beem current to re-
late to a given ion current measurement. This embiguity occurs since

.. ‘the~actual determination of the ion current is made well after the be~
ginning of the pulse, and fhe beam voltage mey have significantly de-
clined, The difference in beam voltage between the beginning'of the pulse
* and the time that a plateau has been reached in thé ion current would be
most significant in experiments oonduoted at the lowest pressures.

The rise times to the steady state.are lsngest at these low pressures.
For the sake of consistency, therefore, any beam currents and voltéges
associated with data reported below are those which were present when

the jon current sample was taken, rather than at the starting value

of the applied pulse. When measurements are taken for purposes of com-—
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parision between different prfasures, the semple point is the same for
all, It should be pointed out:that Figure 12 illust;ates & pulse téice
as long as that in normal usege, and the extreme droop observable be-
tween the beginning and end of that pulse ere by no means typical of
the experimental work reported. Eost sa&pling was d&né at delays of
500 psecs or less, at which point the beam voltage hes dropped only
15% from its normal value, Although this indicates a oorfespond;ng'de-
crease in the beam current, the ion production rate drops very little
due to the increase in ionisation cross-section at the lower voltege.
This problem Qid prevent measurements being made at the exact normal
operating voltages of 17.5 KV, Starting_the pulse &t & higher voltege
go that 17.5 KV would be achieved by the time the ion current plateau
was reached, was not attempted again after e large discharge occured
within the valve when the voltage was raised to 20 KV, The location of
the discharge was not known, but the most likely place for such a dis-
charge would be from the birdcage to the bellows along the main body.
Since these are very thin wall bellows,. it was feared thet such dis-
charges might make a leak in the bellows, and it wes thought that the
rigk was not justified by the sﬁall differences to be expected in the

results,

4.1.1 Devendence of the Ion Current upon Residual Gas Pressure

An importent goal of this experimentation was to determine the
amount of ion current drainage to the cathode as & function of resid-
ual gas pressure., This data was teken with much gréater accuracy after
the ion gihge had been placed in the valve, Pressure was varied by e
number of techniques, but usually by redhcing the voltage on the ion
pump to low values to reduce the punping speed. The slow variation of
pressure obtainable using these methpde proved very satisfactory for
making the measurements which are now described. |

Curve I of Figure 27 shows the readings of ion current made on the
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Faradey cage colleotor as the, residual gas pressure was varied be-
tween 2 x 10~! and 1 x 10~ Térr. Although the pressure could have
been reduced below the lower limit by continued pumping end heating
of verious valve parts, the increasing rise times which were Bb—
served as the pressure was reduced indicated that pﬁlée léngths to0
great for the power supplies in use would be necessary to obtain
stabilisation to the full ion current. Attemptis to furtﬁer reduce
" the pressure were therefore not made., Although the minimum pressure
used in these eiperiments may thus perhaps be considered to be higher
than that attained in many modern valves this size, it is felt that
the results.obtained apply with equal validity to a much lower pressure
environment, |

The data presented in Curve I was oﬁtained by using an equeal
sample delay at all pressures so that the ion‘current relates to the
same beam conditions, which are 14,5 KV and 3.2 Amps, The pulse started
at 17.5 KV, as mentioned sbove, Curve I shows the ion current draining
to the cathode to be propo:tiqnal to the residual gas pressure, &s

would be expected from Equation 3.1, Three portions of the curve are

of interest.

At pressures aﬂove 1 =x 10'6>Torr the rate of increase of ion cur-
reﬁt with increasing pressure lessens until at 10-5 Torr, further in-
creases in pressure do not cause & further increase in ion cgrrent.

It is at this pressure that oscillations in the ion current are also
seen. These phenomena can be associated with an increase in the ion
production rate to the point that space charge neutralisation of the
beam starts to take place and &ll the ions being oreated are no longer
drainihg to the cathode, but rathe; being lost to the walls of the valve.
Observations of the beam current intercepting various drift tube sections
also shows this oscillation, as will be discussed latef in the chepter

in greater detail.
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Between 2,5 and 3.5 x 10"6 Torr, & 'kink' may also be seen in

Ll

Curve I. To essure that rand&m experimental errors had not caused
this irregularity, & recorder‘was used and the pressure was re-
peatedly plotted along with the ion current, and.the tkink' was
found to bg very repeatable, It is suspected that this kink has to
do with variations in the focussing of the ion stream on the Faraday
cage entrance which occur as the beam approaches neutralisation, but
it was not possible to make measurements which could confirm or dis-
prove this hypothesis, Total neutralisation does not ococur until e
pressure of 3 1o 4 times as great is reached,

" Comparison of Curve I with the slope of Curve II, which has & slope
of direct proportionélity between current and pressure, reveals thgt
at pressures below 8 x 10-7 Torr there is again & departure from the
proportional relationship. thé is similar to the findings of Hines,
et a1 (24) although their ion currents and pressure ranges are nuch
different than those in use here, What is observed in the data of
Figure 27 is thet drops in the residual gas pressure as measured at
the ionisation gauge do not caﬁse propo?tional drops in the ior current
at pressures below 1 x 10'4'6 Torr, although the ion current does con-
tinue to decrease as the pressure is dropped. Two possible explana-
tions for this behavior are that 1) the change in the amount of pertial
ion n;utralisation of the beam space charge depression which accompenies
the lowering of the ion flow to the cathode has an effect of defocussing
the ions from their collection at the Faraday cagej and 2) the ionisa-
tion gauge is not giving an accurate reading of pressure in the drift
tube. The first explanation does not seem very reasonable in view of
the normal behavior of the ion ourrent in the pressure range direotly

above 1 x 10-6 Torr. The small ion current flow at these low pressures

would be expected to have little effect on -beam potentials in the area

near the cathode. The finite conductance for gases of the drift tube,
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hovwever, suggests that the second explanation may be correct. Beceuse
} .

of the impossibility of meaa&ring the pressure et both ends of the drift

tube, it is not possible to make a definite ¢onclusion concerning this

explanation., However, the evaileble data is used to make @ calculation,
and this estimation is fully discussed in Appendix iIi.

From the results of Appendix III, one is led to conclude that trere
i8 a pressure differential of about 3 x 1077 Torr along fhe length of
the drift tube. The new information concerning this differential is
then used to calculate the ion current predicted by a modified form
of Equation 3,1. The results of this calculation are shown in Curve III
in Figure 27,.and it would seem that this pressure differential sdeguately
explains the departure of the ion current measurements from a linear
reldtionship with pressure at the lowest pressures.

Curve III represents the application‘of Equation 3.1 to the drift
tube problem, and it is immediately observed that fhe‘measured values
‘of fon current are 65-75% greater than the theory would prediét. This
is especially surprising since it is known that not all of the ions being
created in the valve are,drain;ng to the cathode, as evidenced by the
corona ring eround the cathode hole, A vwalue smaller than predicted

by the theory would be expected because of that evidence.

4,1.2. Faraday Cege Effects

This large difference between the theory end the experimentel data

encouraged a close examination of the accuracy of the Faraday ceage es

a particle collector. Errors which arise.in the current measured in the
Faraday cage lead might arise due either to a loss of the originai ions
or loss of secondary electrons which are formed when the ions hit the
cage material., Since & secondary ;lectron leaving the cage would be
measured as an ion arriving, it is important that the secondaries whioch
are known to be generated when a high'velocity ion hité thé cage are
kept within it. The number generated depends on the inoident atom
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species and velooit&, end the angle of inoidence. Although no
regearches on the bombardmex{t of stdinless seteei by CO,02, and N2 are
known, from published data on single atoms (35) one might expeot about
three secondary electrons emitted per incidert 17.5 KV'iont Thesge

are enitted with very low velocity, usually less tﬁaﬁ 5 ev. <igher
nunbers might be emitted from gas covered surfaces, but the high
temperature of the Faradey cage would indicate that the.surface is
fairly clean, and certainly has no more than a monolayer, Part of
the reason for the large number of electrons emitted is that a distomic
molecule behaves as two single atoms, each with half the energy of
the original molecule.

If these secondaries are not prevenfed from escaping, a serious
over—estimation of the ion current would occur, Ideally, a grid placed
around the Faraday cage and appropriatgly biased would supress these
secondaries, However, the very tight fit which the present Fa;aday
cage makes excludes any such schemes at this one. The cone shape of
the ingide and the re-entranﬁ mouth and grid are used instead of this
shield. The grid in particular is very successful in acting to not
only prevent fringing fields from draining ions or electrons out, but
also acts as en electron trap in the same way as ion traps within the
beam function, However, in order to determine as nearly as possible
the nunber of electrons vhich.ﬁére leaving the TFaraday cage and

.therefore being incorrectly measured as ion current,measurements were

made of the Faraday Cage characteristics., Ideally, it would be desirable

to observe any changes in the measured ion current which teke place

es the bias on the Faraday cage is varied over a positive and negative

range, Original goals of éuppreséing any ion escape from the cage led

to a negative bias being applied, and it was found that positive biases
did in fact mask the ion current, due to electron flowé not related to

the ion current at all., The details of these problems are now discussed,
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and & method which alléued comparison of measured ion current with pos-
]

itive and negative biases expiained.

Figure 28 indicates the meesurements nade of the pulse current floite
ing with a small ( 7 penp ) ion current ectually hitting ihe-cage. it
is observed that the true currenit is reported for mo§£ of the negative
bias, but that 2 great rise in current in the direction of positive
ion current is seen when the Fﬁraday Cage ie positively biassed. The
reason Tor this rise, which is in the opposite direction to vhat would
be expected for positive biasing, is that when positive bias is applied,
e large DC current due to electr;n flowing to the Faradey cege from the
cathode is observed., When the pulse is applied for the beam current,
the electric fields change in such & way that a large number of these
electrons ere drawm into the beam, Since-en electron leaving the Feradey
cage is measured as en ion erriving, it is cleer that on an AC basis,

this phenomenon will cause large currents in the direction of positive

ion current to be measured.

But it is on an AC basis that the Rogowski belt measures the current
which passes through it, and this meens that there is no DC bassline
which mekes effects such es this one stand out cleerly., IC meters were.
attached to the battery bias at high potential, and used to observe
such DC currents &s vere present; but of course could not respond well
at all to the pulsed signals, vhich have duty cycles no greater than
.01 at low PRF's,

This large pulse with positive bias masks any ion current, and maxes
etraightforward'measurements of ion current with positive bias impossibdle.
The negative bias measurements are very hifferent, and the ion current
measured is not a function of bias at ell for biases greater than about
-3 volts, The only currents flowving in this case are those due to elec-
trons being emitted from the Fareday cage surface, and.various leakage
currents on the ceramics, which are all IC currents and thus not part of
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the belt measurements, The adgantages of using a pulsed measurement te;h-
nique are obvious in this conéext. Vhen the. first Faradey cege wag Tew-
moved along with the first gun change, an inspection of. it shoved o white
coating inside end out, which eppeared to be Bwas it was m.uch the  se~e
colour as the cathode. From this, at leest some DC current with negative
bies would be expected. The Faraday cege used in the second gun was
located much further behind the oathode to reduce this deéosit, but e
secoﬁd exanination of the Fareday cege has not taken place,

To determine the differences between ion current measurements with
positive and negative bias, & technique of pulsing D¥1ft Tube Section
No.l. positively to cut off ion current in the middle of a pulse was
used. Details of this technique are discussed in Chapter 5, and it
%111l suffice to say herg\that the positive pulsing of the drift tube
ellowed the ion ocurrent co;ing from all but the near end of the valve
to be shut off while the beam remained on., Thus the bias could be variez
and differences taken between measurements with the ion current on and
off. This allowed determination of the effects of bias on fon current,
This method suffers onlylfrom the problem that taking small differences
in large currents is difficult-to do with great sccuracy. Results .
indicated that the ion current dropped from its level with negative
bias very skorply as positive bias wes eapplied, to a level which reneined
Toughly constent with increasing positive bias, the positive bias being
varied over the range from zero to 120 volts. The value to which the
ion current dropped can be expressed as a percentage of the negative
blas levels. It was found that this bercentage was a function of
Pressure, or alternatively, the total ioh current (Figure 29). Two
interpretations may be placed upon.this behaviours that the positive
bias was causing ions to rebound out of the Faraday cage and esoape;
or that the positive bias wes preventiﬁg secondary eleétrone from
escaping and thus providing a more accurate measurement of ion current.
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Definitive experiments which fould resolve this problem are not possible
because of the limitations im;osed by thé experimental -equipment, but

the information would seem to give the strongest supvort for the second
hypothesis. There are two reasons for this. The first ié’the great
nunber of electrons which are to be expected from 1oh;metal collisions,
as mentioned above., The second relates to the pressure dependence of
this percentage correction, Calculations show that the afaoe charge
rotential elevation along the axis due to ions is on the order of a

few volts for the level of currents present in this system, VWhile this
would have 1little effect behind the mesh, it would seem that a drain

for eleotrons existsinside the Faraday cage on the drif{-tube-side of
the mesh (Figure 5) due to this potential elevation. This would increase
as the ion current incrggsec, and thus lead to greater errors in the

case of larger ion currenis; The ohange ip percentege correction with
pressure in Figure 29 can thus be explainéd. The mesh is not 85 fine -
thet some fringing fields from this source would not exist, and the flet-
ness with voltage of the ion current measurements with both positive

end negative varying bies woul@ indicate that fringihg fields from

external sources have 1ittle effect,

The correction curve found in the ebove experimentel data may now

be applied _to the data reported in Figure 27, and Curve IV depicts
the resultent corrected readings of the ion current. Comparison with
Curve III, which used a modified form of equation 3.1 to predict ion
current, shows that except at pressures below 10'6 Torr, the corrected
ion current messurement lies below the theoretical line, by about 15%.
At the lowest pressures Curve IV does exceed the theoretical prediction,
and this may be due either to enhanced collection efficiency, or,as
demonstrated in Appendix III, an underestimation of the amount of
pressure differential which is present ;1ong the drift tube, It should

be repeated at this point that Curve IV represents & correction made
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to the original date which 11 based only upon oertain assunvtions
which cdue to the limited apaoe available in the valve constructioq,it
vas not possible to verify. The correction only represents one
explanation which might paitly explain the difference béiueén the
theoretical prediotion of Equation 3.1 and the-much.1;rger emount of
ion current zctually measured,

A further consideration which would increase the amo;nt Bf ion
current predicted would be to take into account-the elpctron path
lengths travelled within the collector. Although the collector is
re~entrant with an area ratio of 5:1 the p&tential gradients would
make it reasonable to suspect that a fairly large number of the ions
formed might esoape down the drift tube;and be collected at the
Faraday cage, The path lengths of individuel electrong would vary
in length because of the expansion of the electron beam after it exits
from the collector pole piece, but it would seen reasonable to assume
that an additional length of the 20 em would account for a lerge part
of the additional current which the collector adds to the theoretical
solution discussed in Appendix III, This would mean a 207% inérease
in the effective drift tube length, end thus e 207 increese in the
solution shovn in Curve III, Thise is shown in Figure 58 in Chapter 6.
=~ The most important unknown ;oncerning the accuracy of the measured
data representing the ion drainage to the cathode is the ratio of
the total ion current to that which is collected in the Faraday cage.
As nentioned in Chapter I, damage in valves with 16ng operating times
consists of a darkened corona of ebout 1" diameter sﬁrrounding the
central cathode hole., If it is agsumed.that ions are roughly equally
distributed es a function of radius when they hit the cathode, then
the percentage of the total ion currgnt which is collected would be
proportional to the ratio of areas of the ocollection hole to the

darkened ares, in which case it would be ocalculated that the true ion
63—




current is approximately 6 t‘imea es great as that measured. Calculetiong
of the trajectpries of ions vin the type of electric lens through which
they pass after leaving the drift tube indicafés thet they would be
diverging, but the emount of divergence reguires lqzouledge"-of their
initial axial velocities, wh;oh are not knouzi. Altizc;ugh computer
calculations were made of the trajectories which might be expected in
the .case of ions with zero initial radial velocity and ; few hundred
volts of longitudinal velocity entering the cafhode region, the lack
~of sound: knovwledge of the initial conditions led to tﬁe ebandonment
of further work, The calculations made showed that a certain amount
of focusing into the Faraday cage did take place for ions with initial

velocities as indicated above., However, it was found that the use of

drift tube-biasing, could provide information about the efficiency of

colkction of the Faralny cagec. Since the teclmigue involved reguires

some understanding of the experimental work which was done with drift
tube biasing and furthermore the quantitative accuracy of the ion
current measurenent is not recuired for eny work discussed in the
remainder of this chapter, thg: results of these later measurements
are discussed in Chapter 5. The work of this section indicates thaf
e 8 correction factor should be epplied to ion current measureménts
. — -to_account for the Faraday cage'release of secondery electrons,
Further correction f;actora'will be due to the collectim efficiency
of the 3/8" hole, rather than the cege itself., In conclusion, when
the added length for the collector is assumed in the theoretical
caelculation, it is found that-the Faraday cege corrected figures

Connd™ be more ™ .
for measured ion currentAeabout 304 below the values predicted by

Equation 3.1. The collection efficiency must be added to this figure.

4,1.3. Jon Current Dependence on the Megnetio Field

Because of the importance of th?('na@etio field in beam focusing,

it was thought that the ion drainage to the cathode might be very
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dependent upon the magnetic field. Because of the heevy mass of the ions,
magneflc focusing effecis arz negligibvle for thg.ions themselveg, but
changes in the electron beam shape might in turn produce elgotric
fields vhich would affect the ions. To evaluate th?.effec% of magnetic
field on the ion drainage, the solenoid supply vas varied.aboutAthe
normael value of 9 Amps,

in measurements of the ion current at a preésure of 1.9 x 10"6 Torr,
no chenge in either the steedy state value or the ghape of the ion
drainage current response could be measured as the solenoid current
was veried betveen 6.5.A and 12 A, At solenoid currents below 6.5A

a very large chenge in the pulse shape took place, and gas pressure

ves observed to rise. It was conoluded that the iowered magnetic field
bombard

was allowing a large body-interception to “-=* the drift tube sections,

and experiments were not bonfinued below this field value, The ion

drainzge current was thus shown to have a grea{ deel of insensitivity

to the megnetic focusing field.

4.1.4. Ion Current Dependence on Beam Voltage and Current

Equation 3.1 shows a dependence of the ion current uzon the bean qurrent,
and his éependence was ndxt investigated. Because the ionisation
coefficient depends upon the beam vﬁltage, and the beam current of

course is related to the beam voltage by I « pVﬁéibr space-charge-limited
flow, it was not easy to separate the two effects, Three types of
experiment were performed:

1) The bean current was varied by simply varying the applied been
voltege end comparison of experiment end theory is made by taking into
account the dependence of ionisation coefficient on beam voltage (Tigure 19).

2) The heater voltage was slowly raised from just below its norzal
level and raised to vell above it. This resulted in a significant
variation in beam current only to thé extent that the gun was operating
with an emission 1imit, which was particularly the case for the experimentﬂ
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performed on the first gun. z’I‘he problem with this method is that it
provides a very limited rangé of current which it can produce. The
variation of pressure with rising gun temperature made this a difficuit
experiment to perform. ‘ A
3) The modulating anode (Figure 4) could be biased to reduce the
current from the gun without affecting the electron velocity within the
drift tube, if the cathode were kept at normel vbltage. .This was the

best way to.vary the beam current without changing anything else that
affects ion formation. But it suffers from the disadvantage thet at the
same time as the current is varied by this method, & variable eleotric
lens is created, which could affect the results both by causing de-
foousing of the ion current on the Faraday cage entrance and by inéreasing
the body interception currents. Greater bédy interception would result

bowbandwmedT .
in local i -7 and subsequent outgassing, which might lead to a2

greater ion current.:

Figure 31 shows three of the results recorded by use of the first
of these methods, Figures 3la and 31b show data recorded on the first
gun at two different stages in_the slowly increasing re-activation of
its cathode., Both depict data recorded during cathode voltege variétions
between 4 and 18 KV 4in the first case and 4 and 16 KV in the second,
anﬁ in both cases the recorded cﬁthode voltage was used to determine tke
jonisation coefficient for the curve which shows the values predicted
-from Equation 3.1. In addition to these two curves, the correction
factor determined for the Faraday cage and illustrated in Figure 30
hes been applied to the experimental results to generate & third curve

which represents the corrected ion currghtt Contrasting this corrected

% The use of this correction factor is certainly velid in the case of
measurements made at high beam voltages near to those in which the
_ correction factor was determined. Its application to deta gathered at

the much lower beam voltages in use here may need comment, It is known
that the number of secondary electrons which are generated by an impacting
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curve and the theoretical curve, it is observed that the measured data

has a positive slope with respect to béam current, whereas the slope

. predicted by the theory is either negative or zero in the range of

beam currents of 1nterest. One possible explanation for this behaviour
is that the reduced space charge fields et low beam currents cause
the Faraday cege collection efficiency to be less as the beam current
drops,

The data collected with the second gun and normal emission does
not shovw this difference between the corrected measurement curve and the
theoretical curve., Good agreement between fh; theory and experiment
is shown in Figure 3lc, for all but the highest beam ocurrents. But,of
course, because of the inefficiency in collection which was mentioned
in the previous section of this chapter, ;his indicates tﬁat actual ion
current is greater than that predicted by the the;ry over this range
of measurement, Yhe data presented in Figure 31c was taken at volteges
between 3.2 and 15 kv,

figure 32 illustrates the data obtained by use of the last two
techniques, heater Qariation and anode biaesing. figure 32a shovws tae
results of beam current variation over the range of 1.9 to 2.4 A, end
was performed at beam voltage which was fixed at 15.5 KV, Three curves
are agein shown: the experinental data, the experimental data adjusted
according to rigure 30 and the prediction made by Ecuation 3.1. Because
no variation of the beam voltage takes place during the experiment,
the theoretical prediction is a straight line, In oontrast to the results
shown in Figure 31, both the measured and corrected data are greater

than the theory would predict over the entire range of the experiment.

ion is & function of the ion energy, and drops as the ion energy drops
However, from the explanation which has been offered above for the
existence of a correction factor, it is believed that the correction
factor is most strongly & function of the ion ourrent, not of the ion
energy. For this reason, it is thought that it can be applied to these

problenms,
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It 18 believed that this may represent an inaccuracy in the pressure

measurements made on the ion pump current before the ion gauge was

attached,

Figure 32b and 32c show the results of using the modulgting anode
to0 vary the beam current while at the same tine maintaining4¥he normal
operating voltage between the drift {fube and the cathode, and thus
the same ionisetion coefficients during varying beam currents. The
first of the experiments described in these figures was performed
at a very low pressure, 2.4 X 10"'7 Torr, and a very poor egreement
.. between theory and experiment was seen, particularly in that even the
.. slope of the measured-data-curve does not agree with theory, but rather
is greater than predictéd. This characteristic is in agreement with
the trend evidenced by experiments with the first two methods, that
there is always a more positive slope for the expérimental ion current
vs. Beam current curve as compared to the theoretical curve., The
experiment of Figure 32b was repeated at a higher pressure, 2.3 x 10"6
Torr, end the results.shown in Figure 32¢ indicate that the experiment
results in data which 1is very comparaéle to that wvhich the theory
predicts. The difference . in the resulis at two different preséures
for the same experiment suggeststhat the focusing effects caused by the
- electron lens created in this method may in fact cause changes in the
ionnéﬁllection and generation mechanisms.

The general conclusion which may be drawn from this series of

experiments is that the rate of increase of jon current with beam current

tends to be larger than that predicted in Equation 3.2, especielly in
Although the measured values tend

the case of larger beam ourrents.
to be fairly olose to those which are predicted in magnitude, this is not
g0 important since the collection efficiency of the Faraday cage is less
than 100%, and when a oorrection is made for effiociency, the values

will be farther apart; The greater slope of the measured data would be
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an indication that the large;beam currents which are encountered

in high power valves may velf cause & greater emount of ion current
than would be expected from the simple approximation of Equation 3.1,
although beem focussing effects which night decrease coliegtion

efficiency at lower beam currents cannot be ruled out as an explanation

of these results.
4.2 Build-up Time to the Steady State

Thus far only the steady state values of the ion ocurrent drainage

to the cathode have been discuased. A steady state value was possible
to define because the behaviour of the ion current response to beam
ourrent pulses was such that a plateau of ion current was reached,as 4n
Figure 26. ' Observations of ion current drainage under varying pressure
and beam current indicated that the build-up time to this plateau was
changed by these, and other, factors, One 6f the advantages of using
& pulsed technique is that this build-ui fime may be odbserved and used
10 make further conclusions about the p;ocesses-of‘ion formation and
drainage., The length of the ion build-up time is important in two
applications.' Firstly it is of interest in the operation of pulsed
valves, which forsﬂa[ pulse lengths may be unaffected by residual £es
ions. Secondly, observations 6f this ion current build-up may be

used to evaluate the applicability of the ion traps suggested by Hartnzze
(2,22) to this valve.

Experiments were performed over & wide range of oressure with
normal beam conditions and the results of this work are reported‘in
the first sub-section. The effects of varying the beam current are
next considereq, and in section 4.2,3, the results of builld-up time
measurements are combined with those of the ion current p:oduction
rate to calculate the amount of charge remaining in the beam as a
function of Pressure, and these resuita are compared with the theory

of Chapter 3.
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4.2.1, Build-up Time Devendenge on Pressure
i

Figures 33 end 34 show sq&e of the data collected during exverinents

vith a 14.5 KV, 3.2 A been (these values occuring at 400 pisecs after the
start of a pulse of 17.5 KV). The beom rise time of 5 pséos and the
Rogoﬁski Belt rise time of 4 psecs are both negligiﬁlé in oomfarieon

to the observed rise fimes. The stert of e11 pulses is marked by a
negative drop which interrupts the bage line. Th; &rop ie not & function
of ion current at all, but rather is due to undesired Rogowslci Belt pick~
up, end thus is the szme amptitude at all pressures, Fortunately, it

. dies out after 20 to 40/usecs, end does not seriously interfere with

" any of the measurements, Neglecting this nbgativp-goingbtrahuient, it
is seen that.the ion ourrent et all pressures in the range measured is
observed to rise gradually from zero, and the time taken to rﬁaﬁh a
plateau value is dependent upon the pressure. In no case does there

seen to be any delay in the start of flow of ions to the cathode., The
tise time is seen to dec&eage with increasing pressure,

Exactly determining the rise time to the plateau level is difficult
duekto vhat in most cases is & gradual transition between the increasing
ion current and the steady state level. By defining the éise time es
the time required between the start of the beam pulse anq-the time that
“the ion current reached 90% of its prlateau value, a éonsistent way of
‘reporting build-up time as a function of pressure is defined.‘ The
result of making this analysis on data shown in Figure 33 and 34, and
on other date which was collected, is illustrated in Curve I of Figure 35.

Ion current responses in the pressure range between about 3.4 &nd
4.0 x 10-6Torr, however, were different in shape from the results
reported at other pressures, and t.his method could not be applied to
them. Figure 34a and 34b illustrete the difficulty, and these sorts
of wave shape were observable in &ll measurements made-in this pressure

range. At the lower pressure a peaking is observed before a plateau is
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reached, and in the example ?t the higher pressure, a two level
plateau is observed, For this reason the curve showing rise time
"Vv8. pressure in Figure 35 is shown dashed in this region., This ig
Troughly the same range of pressures at which the Tkink? i;'the ;urve
of ion current vs. pressure (Figure 27)occurs, and fﬁis is further
support for the suggestion that the beam is being neutralised enough
at this pressure that wunstable behaviour is present, and.particular
sensitivity to small changes in beam current may be present,

Curve I of Figure 35 indicates that the rise time of the ion
current decreases with increasing pressure, as would be expdoted, and
more particularly decreases inversely with the square root of the pressure
in the range between 3 x 10"7 Torr and 5 x 10"'6 Torr. At pressures
higher than § x 10"6 Torr, a much more rapid decrease of build-up
time with pressure is observed, but it is known that in this region
the ion space charge has already started to ﬁeutralise large améunts
of the negative space charge of the beam,es can be seen in Figure 27,
It would seem to most likely be the case that the loss of some ion
drainage to the cathode means that it requires less time to build-up

to a steady stete involving less ion drainage., The rise time measure-

ments were not made above 10“5 Torr, at which pressure the ion

current osclillates, The mezsurenents made vith a depressed collector

are discussed in Section 562.2.4,

4,2.2, Build-uv Time at Lowered Besm Currents

The beam current was lowered by biasihg the moaulating anode, es

discussed in Section 4.1.4, and qeasureménts of the rige tine were

mede at pressures between 2-T x 10-6 Torr. These measurements were

made at currents between 1 Amp and 4 imps, and in no case was a
significant change in the rise time observed. Due to the greatly
reduced beem currents, it was rarticularly difficult to make accurazte

comparisons, hovever,
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4,2,3 Charge Storame in the B:am

The theory wvhich is discu:sed in Chapter 3 indicetes that there is &
slgnificent amount of ionic charge storage even'in & saooth beam, Further
charge storage may be expected in real beams due to the exksténco of
soallops vhich cause potential wells in the drift tuié. These wells
would trep ions with insufficient longitudinal velocity to escape thea,
Measurements of the rise time of the ion drainage current may be used
to estimate the emount of ionic cherge storege in the beem, as shall now
be demonstrated.

Figure 36 depiots & typical ion current flow during & beam current

p\!lseo

>  time

Figure 36 Integral of Jonic Charge in the Beam

If it is assumed that the ion produw-tion rate remains constent with time
from the start of the beam pulse, then it may be concluded thet the shad-
ed area in Figure 36 represents the amount of cherge still remaining in
the beem, HMathematically, the total ionic charge remeining in the bean,

Qi’ is givens

Q -jzi(atead,y state) - I,(t) at 4.1
This integral mey be estimated with a fair degree of accuracy by using
the values of corrected steady state ion current shownlin Figure 27 and
the values of build-up time in Curve I of Figure 35. The integral is
approximately equal to half the product of these two numbers. What would
seen to be more accurate graphical methods were shown not to be very
repeatable due to ambiguities concerning the start of the steady state

as discussed in Section 4.2.1. The results of the simple computation are
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shown in Figure 37, as CurvejI. There are three distinct portions

to this curver a section betyeen 3 x 10~7 ang 8 x 1077 Torr, where 14
is relatively flat; e section et Pressures befﬁeen 3 x IOfY and 7 x 19~%
Torr in which the total cherge rises; and a region at the ﬁigheet
pressures in which the total charge decreases with increaaing Pressure ,.
It must be remenbered that these results include the charue storage in
the collector as well as the drift tube., The measurement of the charge.
storage in the drift tube only can be accomplished by preventing any
flow of ions from the collector to the cathode, end this measurement

is discussed in Section 5¢2.2.4, 1t shall be ghown that the collector

“ charge storage is large indeed, Furthermore, the calculations on which
Curve I is based utilise only the measured ion current, and take no
account of the ion current lost due to less than 1004 eff:ciency in
collection, ‘Phus they will be lower than thg actual value of charge
storage. The shape characteristics of the curve, however, are of
-significance,

Equation 3,30 may be used to calculate the chafge storage within
the drift tube., Since the beglnning of the been pulse ig the most
imnortant part of the pulse for these measurements, bean voltage enc
current vhich relate to the first 150 to 350,nsecs vill be used in
the calculetion of the rate of ion formetion, rather them the values et
400/§secs, vwhich are used for calculations relating to the steady stete,
In fact this change makes only & very small difference., The values
of the coefficients used in Equation 3.30 for this‘calculation are:

G = 81.6 p; 1D = .8825 meters; ion mass = 30; and X = 8,509 x 109,

which relates to a 0.4" beanm radiug. Eqﬁation 3.30 then predicts thatﬁﬁ
Q =8.145x10° p  coul. _ g1 x/o” 7

where p ig in Torr., Thisg calculation is ghown .in Figure 37 as Curve II,

Curve II stops when it reaches the vﬁlue of total ionio charge that

equals the total negative charge, Qe, which is calculated by multiplying
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the negative linear charge depcity of Equation 3.31 by the drift tube
length, "~ For the beonm curpen; at the beginning of the pulse this wvalye
is 4.19 x 10-8 coul. The curve of measured velués of the total cherge
has the same shape as that which the theory predicts only in ‘the middle
section of Curve I, At the highest pressures the iﬂt;gral is suspect
because the negative charge has becone sufficiently neutralised to 2llow
some ions to escape the beam potentiel depression, and thus impair
collection efficiency. This would explain the meesured drop in.thé
integral. At the lowest pressures the total ionic space charge is

seen to attain a minimun value which is 1.1 x 10"8 coul and therefore
émounts to 287 of the electron beam total charge. This large storage
‘Lof ionic space charge within the beam may be attributed to the flow

of ions into the potential wells created by scalloping. A similer
effect was found by Hines, et &1 (24) in their low power valve. Calcule-
tions as to whether this seems to be a reasonable figure cannot be mede
because of the unknown changes to beam size and shape which mey occur
due, to this charge storage, end due to lack of knovledge concerning
collector storsge. From the knowledge which is evailable concerning
the been in the K 376 valve, potential wells as deep as 200-300 volts
elong the exis mey be predicted in the absence of these residual gas

From this data it must be concluded that the charge storage

in the bean will continue to have a significent influence on the been
potentials within the tube even as the pressure is reduced to the

best vacuums. In the case of this particular valvé, the reduction of
pressure below about 7 x 10"7 Torr has 1ittle effect in changing the aaount

of charge stored within the beam (in usage with CH ox very long pulses).

4.3, Oscillation in the Ion Drainege Current

Ls was mentioned in Section 4.1.1, the slope of the curve of ion
current vs., pressure (Figure 27) shows a decrease below the expeoted

linear slope. As the residual gas pressure is increased about 1 X 10"'5
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Torr, oscillations in the ioy drainage to the cathode are observable
throughout the length of thefion current pulse, This section dealsg
vith & discussion of the observations of thesé'oscillations as the
pPressure, collector bias, and beam current vere varied. Oﬁcillationa
of this sort have been observed in previous ezperiméﬁtsq(1), but the
use of only the collector current as & measurement device meant a lack
of sensitivity. The ion cyolotron oscillations reported.by many past
researchers would not be observed in the cathode drainage sinée the
Rogowski belt has a rise time of 4 psecs. |

4.3.1. Oscillations during Low Beam Current Neasurements

Oscillation phenomena were observed in experiménts with the first
gun, vhich had a lower emissivity than normal and ‘thus provided lower
beam currents at normel operating voltages, Because of the lack of an
ion gauge for pressure measurements during these first experiments, ancd
the necessity of turning off the ion pump in order to make the presgsure
rise to levels at vhich oscillations occured, the gas pressure could not
be very accurately determined'and only an abbreviated account of the
experinents performed is mentioned here., Figure 38 (located in Section
5.2.2,) illustrates oscillation occuring at a pressure of ebout 9.x 10-6
Torr, and oscillations are of the greatest emplitude at the end of
the pulse, occuring at_a,frequen&ywof<npproximately 40 KEg, Further
increase in the pressure increeses the.frequency of oscilletion
to 70 Kliz. The increase in pressure also leads first to oscillation
throughout the entire length of tﬁe pulse and then to oscillations at
the beginning of the pulse only. A further increase in the pressure
ceuses the oscillation to stop. Measurement problems prevented determina-
tion of the pressure at which this.occurs, but the cessation in
oaciliations did not prevent an ion currept from floﬁing to the Faraday
cage. The drop whichyoccura during the pulge ig due béth the loading

of the pulsed power supply for the valve, and the use of a Rogowski
«75a



Belt with a faster decay than was used in later experiments.
}

4.3.2. Oscillations during H&nnal RBean Current ieasurenents

After'installation of thé second gun,'measurements et normel bYeen
currents could be made,-an@ the vressure acourately oontrol}ed end
measured, It was found thaet the behaviour with the‘nsrmalnbeaa éurrent
wves sonmevhat similer to that observed at the low beaa currents, but
nore careful observation showed that small oscillations Accured at
pressures as low as 3.X 10-6 Torr. These oscillations were elweys

associated viﬁh ion current responses which demonstrated a veeking of

jﬂ the ion currentvat the beginning of the pulse, es injFigure,34a.
':'Furthermore, they were not stable oscillations‘of the sort seen in
Figure 38, nor did they occupy &s large & peroegtage of the totel ion
current. They appear instead as instebilities in the ion current level
after the steady state plateau has been reached during the pulse, and
amount to 5-67 of the ion current pleteau level in peak amplitude. fhe
frequency of these instabilities ranged betweeq'33 KHgz #nd 8 Kuz,

As the pressure is incregged these instabili}ieﬁ oegsé éo be vresent,
vanishing at & pressﬁre of sbout 4 x 10"6 Térr; a;d'ﬁﬁuid:sqam to be
related to the unexpected phenomene discussed in Section 4,2.1 in

relation to Figures 342 end b, At higher pressures, oscillations ere

first seen at the end of the pulée, as was observed in the low beax
jfﬁurrent observations. This may be seen in Figﬁre 39a apd 39b..Dp;ingN
these experiments the valve was pulsed with an applied bea;.jhléé
starting at 17.5 KV and drooping as in Figure 12, This .res.ults ine
current droop from 4.05 A at the beginning of thé pulse t; 3.0 A at
the end of the pulse, which is 630 psecs' long.

The first sign of an oscillatién is seen under these conditions at
a preésure of 7.5 x 10"'6 Torr. A definite oscillation pattern is

discernable at a pressure of 8 x 10-6 Torr, as in Figure 39b, with a

period of 58 psecs, which correspond:..is to a frequency of 17KHz. This
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contrasts with the 52 KHg freq?ency in Tigure 38, in vhich the current

at the end of the pulse is 2.d& and the beem voltage is 16.5 KV, 4s

the pressure increases to 9.3 x 10-6 oscillations ere visible for e
greater portion of the pulse (Figure 3905 end are of increaé}ng

frequency with smalloer delay from the beginning of tﬁe‘pulse, with
periods ranging between 66 psecs and 50 psecs. These large oscillations
have an emplitude of about 130 pa peak, which correspondgfis to about

25% of the average ion current pulse height at the end of the pulse

where they occur. Simultaneously to these larger scale oscilletions

at the end of the pulse, a smaller amplitude oscillation with a

frequency of ebout 50 Klz and amplitude of 35 pa, or about 4% of the

prulse amplitude, occurs between the beginning of the pulse and the point
vwhere the lower frequency oscillations begin. The transition between

the two is abrupt, Aﬁ the pressure is further increesed, more and

more of the pulse shows these large scale oscillations, and Figure 39d
shovs the ion current at 1.15 x 1077 Torr. The higher freguency
oscillations still exist at the beginning of the pulse end ere of apvroxi-
nately the same fregquency. Theilarge scale oscillations have periods beti-
veen 44 and 52 psecs, with the trend to higher frequency with decreaéing
delay repeated,

As the pressure rises only a ;ery snall amount to 1.2 x 10 = Torr,
lerge oscillations are present throughout the length of the ion current
pulse. They occur with periods ranging between 42 and 58‘psecs, with -
the highest frequencies(Zj KHz)occuring at the centfe of the pulse and
lower frequencies, 17 KHz, at either end. The oscillations have & peek
emplitude of 300 pa,-which is again'about‘25% of the peak amplitude of
the ion current. Figure 39e illustrates this condition, end Figure 39 ¢
shows the same type of oscillations from a different course of exveri-
ments in which the beam current was somewhat higher, Aé the pressure
is increased still further, oscillations continue throughout the length
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of the pulse, end then start to vanish at the end of the pulse. This
may be seen in Figure 39g. éhia ohotogreph wes mede at 1.47 x 19-5 Yorr, -
oand the oscilletions which afe still present have periods betweé:r42

and 48 usecs, with the usual trend of increasing frcquency‘vith
decroasing rise time being present. The data colleétéd thus indicates
oscilletions between 24 KEz and 21 Kz, 1lo significant oscillations
seem to be present in the last 100 psecs of the pulse. figure 3%h shows
the ion current at 1.6 x 1072 Torr. At this pressure the last 200 psecs
~of this 600 fisec pulse exhibit no oscillation, although there are

. oscillations between 20 and 25 KHz during the first part of the ion
- current pulse, It would not have been possible to further increase the
pressure during these experiments without heating the walls of the
valve, and thus the pressure did not rise so far as to cause oscillations
to cease throughout the length of the pulse. .However, it is believed
that this would have occurred in these conditions of full beam current
if the pressure hed been high enough. In experiments with the first gun,
the pressure would go higher than in the second case, end the cessation
of oscillations throughout the entire length of the pulse was observed.
During the experiments in which oscillations were visible throughout
the entire length of the pulse, at pressures of 1.2 to 1.3 x 10~2 Torr,
..the collector current was simulténeously monitored, and oscillations

of amplitude 2 ma and less were observed. Since this represents only

1.05% of the collector current, in contrast to ion current measurements
shoving pesk oscillation ourrents which were 25% of the average pulsed
ion current, the difference-in sensitivites of the two methods which was
mentioned earlier is easily seen to be very significant.

At the seme time as oﬁservatiohs of the beam current were being
made to look for oscillatory effects, the difference in beam current
between the low and high pressure conditions was measufed. These
measurements vere_not able to produce a very accurate value because
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of variations in the beon ce?rent due to mains regulation during 4he
long time required to vary the pressure betwoen the two condit;ong,
but an increase of 250 to 300 ma was observed Between low end high
Pressures, This would, ef course, be due to partiel.spaoe-charge'

neutralisation caused by the increased flow of ions to the cathode

during high pressure: operation,

4.3.3. . Oscilletions with a HegatiJe Collector

By biasing the collector negative, it is possible to produce &
protential gradient which can drain sone ions from the collector end
of the drift tube. Sinoce e gradient still exists at the cathode end,
ions may elso drein in thet direction, and froa the.approximate gynnetry
of the situation, it would be expected that ions ﬁould drain from thre
half of the dérift tube in which they were formed, ZIxperiments
aporoximately prove that this suggestion is correct (See Section 5¢2.2.)
Since the onset of oscilletions is presumebly connected with the
increase o“c1 ’ the ionic linear charge density, until it reaches the
point at which it equals the: electronie cherge density, any fector which
reduces the ionic charge density should cause the onset of oscilletion
to be delayed until a higher pressure is reached, Since, from Zquetion
3.23, the ionic density of proportional to ]:”B s reducing the
effective length of the érift tube by one half should cause a decrease
in the ionlc charge density by a factor of «63, In fact, if the sezne
ratio of 0;/ 0"6 is necessary for oscillation in beth cases, the pressure
at which oscilletion starts with a ﬁegative'collector should be twice
that at vhich it starts with a normal b}as arrangezent,

To perform this experiment a large bias, =900 volts, was applied
to the collector. It is shown in Cgapter 5 that collector biases this
large create drainage patterns which are fairly stable and not depen-

dent on small changes in the bias. Figure 40 illustrates the results

of these experiments.




c) p= 1.6 XIO 5 d) p= 1.6 X155

FIG40 ION CURRENT OSCILLATIONS, NEGATIVE COLL.
COLLECTOR VOLTS: a-¢,-900 ; d, =700
HORIZ.: 100 psec/div VERT.: 220 pa/div

FIG41 ION OSCILLATION AT VARIOUS BEAM CURRENTS
HORIZ.: 20 usec/div VERT.: 220 pa/div
Pressure: 7X10°6 Torr




Oscillations observed at pressurcs below 1,23 x 1072 Torr with the
collector earthed, vanished wécn the high negetive bies was epdlied, is
Figure 40a shous, oscillaetion with a negative collector first avprears
at this presczure., The 50 Kilz oscillations observable in Tigure 39¢ are
also absent., Since the first oscillctions with the'éollect&r earthed
vere observed at a pressure of 7.5 x 10-6, the prediction of Eouation
3.23 is not too far wrong in predicting the onset of these oscillations,

As the pressure is increased, large oscillations of the type seen
under normal beam conditions appear, but the conditions for these
oscillations seem to be fer more critical than in the ocese of normal
beam conditions., TFigure 40b illustrates the oscillations occuring over
a restricted portion of the pulse. The periodé involved agein are in
the neighbourhood of So‘psecé, vhich ;s the same as those present under
earthed-collector conditions. ¥When the pressure was incressed to the
meximum atteinable, oscillations over snall portions of the pulses
continued to be present, but no paettern of oscilletion throughout
the pulse was observed, At 1.6 x 1077 Torr, small oscilletions at e
frequency of ébout 60 KXz appear, as shown in Figure 40c,elong with e
gingle cycle of large scele ogcillation at the centre of the pulse,

The sensitivity of this oscilletion to externzl conditions mzy be

seen in Figure 404, which shows the result of reducing the collector
bies to ~700 volts, From exveriments vhich are described in Chepter 5,
this is a surprising result since the change in ion flow betwéen these
two voltages could not be measured. The identical oscillation frequen-
cies for depressed and normal operationdso indicate that explenetions
for the oscillation frequency must not depend on the ion trén#it time
between.the collector and the catﬁode.

4.3.4 Oscillation at Different Beam Currents

The modulating anode was used to reduce the beam current as in
Section 4.1.4, and the ion current was measured at the pressure of
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7 x 107 gorr. Hith full beam current, in this oese 4 4, measured
100 hsecs after the start of;he pulse, there is no oscilletion of the
ion curreht, as vas indicated in Figure 39. Figﬁre 4la dep{cte the
start of this pulse, However, when the beam current is reduéod to
3 4, oscillations throughout the length of the pulee.;ppear vith &
period of 64 psecs, corresponding to a frequency of 15.6 KEz,as is
shown in Figure 41 b, UYhen the beem current is further reduced, to
2 4, oscillations with a period of about 40 psecs appear, vhich
corresponds to & frequency of 25 KHz, as is shown in Figure 41 o,
These observations may be used as a qualitetive demonstration of
'some cheracteristics of the ion dreinage which are predicted by the
“theory presented in Section 3.4. Since it can be assumed thét oscil-
lation will take plece 2t or near the point when the positivetand
negative space charge within the beam are equal, the ratio q;/ﬂ‘e
is clearly of interest in predicting the start of oscillation.
‘Eouations 3.30 and 3.31 mey be used to calculate this ratio, and
gince Gi is proportional to the beam current, it is clear thet at a
constant pressure 0; will be proportional to Ib§' wvheras T, is dir-
ectly propo rtional to Ib' Thus as the beem current drops the ratio
will rise, making neutralisation and oscillation rossible at lower

-pressures vwhen the beam current is lowered., Thisg ie exactly what is

observed in the photographs of Figure 41,

4.3.5 Sunmary
From the data which was discussed above, the following con-

clusions can be reached about the ion dréinage current oscillations

vhich were observed at high pressuress

1) At pressures as low as 3 x 10"'6 oscillations, or at least in-
stabilities, in the ion current drainage are observed, vith frequency
content in the range between 8-33KHz.These oscillations are of such
gnall amplitude that it is thought they would not have been measured
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in experiments which only uae? the collector current as a method of

é
investigetion, ¢

2) These oscillations cease above 4 x II.O"6

‘Torr until at a
pressure of 7.5 x 10.0"6 Torr, oscilletions of the ion curren;'which
have pesk amplitudeé which are 25 € end more of the ién current eppeer,
Thesge first eppear at the end of the long experimental pulse which was
uged, and with increasing pressure oscillation along the ;ntire
length of the pulse is observed., It is pelieved because of thé €x—
periments with oeciilatiou at verying beam currents,that these oscil-
lations oocur first at the end of the pulse because of the lower beém_
current which is present ther? due to poﬁér supply voltege droop.
Experiments with varying beam currents showed thet the threshold
pressure for the onset of these lerge oscillations deoreased with
décreasing beam current.

3) Further increases of pressure showed that the oscillations cease
as the pressure wes increased sufficiently, and ﬁhat thus only & narrow
fwindow! of the correct beam current end préssure conditions exists for

these oscillations. The frequency of oscillation rises as the bean

*

current falls,

4) The oscillations appear to be some sort of relaxation oscilla-
tion, elthough in some cases the'sudden' drop in the ion current does
not have a time constant very much shorter than that for the build—up
time, Furthermore, these oscillations seem to have a constant amplitude
throughout the‘pulee in spite of-the differing beam current during the
pulse., On the average they have & peak value which is only 25% of'the
ion current plateau level, and thus do ndi revresent total collapses
of the process of ion drainage to the cathode, but rather interfere with
only a smell part of the total current. The frequencies which were
measured vere between 15 KHz and 30 KHz. |

5) Hith the collector biased highly negative, a cessation of
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oscilletions et pressures beloy 1.23 x ].0"5 Torr was observed. 68011-
]
lations vhich finelly were obé@rved seened to heve & very nerrow

'uiﬂdou' of necessary oonditions,'and oscilletion throughout the

entire 1ength of the pulse was not observed. The oecilletione ghicﬁ’

were observed had frequencies apnroxxmately the same as for the oese

in vhich drainage along the entire drift tube was used, This would

A 1ndicate that vhetever process is responsible for establiehing these

oecillations, 14 does not seem to depend on the length. 4 high sen-

’eitivity to the velue of collector bias vas observed, wvhich vas not

" ghown in any other ezperdment which vas performed uith negative col=

lector bias eboveléoo volts.
The mechanism for these oscillations could not be decided upon

from these experiments. However, further informetion is obtained for

this investigation in the experinents with body interception current.

4.4 Body Intercevtion Current

Becausc of the construction of this valve it is possible not only

" to0 monitor the current to the body, but in fact to each drift tube

geparetely. This was done by measuring the voltage across small

resistors. In eddition to ghowing the slower variations of the inter—

ception during the beam pulse, these intercention ourrents could also

be useqvto observe the high frequency oscilletions mentioned in

Chepter 1. These frequencies were well above the response time of

the Rogowvski belt.

The interception ourrent of any drift tube seotion will be 1ikely

to be dependent on the beam ourrent and voltage in a very complicated

vay. Therefore, body current which has the same pulse shape as

Figure 12, . the beam voltage pulse shape, cannot be expected, In spite

of this problem, which causes peculiar pulse shapes such as ere seen in

the upper treces of Figure 42 o and d it was found there were changes

in the body current which could be related to ion phenomena, in
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particuler the build-up time end oscillations., The drift tube sections

referred here are numbered asfthose in Figure 4, 'DTS' egein béing the
ebbreviation for drift tube section, »

Figure 42 depictsthe interception currents of the four driftt tube
sections for long pulses at high and low pressures. "DTS 5 is earfhed

due to & fault, and measurements with this section could not be made,

”

4.,4.1 Body Currgnt at High and Low Pressures

Date supplied with the valve indicates that the body interception
sghould not exceed 150 ma, It is obvious from the photogrephs in
Figure 42 that is is difficult 4o determine at what point fhe current
shgﬁld be measured to see if the specification is being met., The very
beginning of each current response is the point closest to normal beam
oénditions, and if this value is taken on the upper traces of Figure 42
e sum of 141 ma is arrived at, with the current to DTS 5 not inocluded,
The upper traces of Figure 42 are data taken a2t 5 x 10"7 Torr, which
would be near the pressure which might be reached in normal operation.
No change in the levels of body interception was noticed in experiments
- when the pressure was redgced below this level,

From the dete recorded in tﬁe lover traces of Figure 42, it is
obvious that operation at high pressure has the effect of improving
thé;focusing of the electron beam; as would be expected. Also visible
in.:he lower traces are burstis of & high frequency oscillation, which
are discussed in greater detail in the next section. But i% is
important to observe that the interception current to all drift tubes,
and especially Hos, 1-3, is a decreasing function of time, end that
this decrease occurs at different rates at high and low pressures.

So in eddition to some decrease whiéh might be expected due to the
decrease of bean current with time, there is a decrease with time
constants vhich seem to be related to the time oconstants which are

associated with the ion current drainage to the cathode., This is mosi
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;folearly seen in Figure 43 a,iwhich compares simulteneous ion current &
‘and DTS 1 current at 1.8 x 16’6 Torr. Fell times on the order of 'Q;
"30 - 40 psecs from initial conditions ere seen in tho lover traces
of Figure 42 ¢ and 4, and this is the rise time which anpears in ion
ourrent measurements at this pressure. From this ié ﬁay be concluded
that even at low pressures, the ions which remain in thé beam have &
‘oongiderable effect upon the been focussing, end that in.the cage of
‘Pulsed valves may mean that stable overation during short pulses will
be interfered with if the pulse lengths are cqmparable with the ion
‘ourrent build-up times for the beam and pressure range in question,
4.4.2 Drift Tube Intercevtion end Ion Current Oggillatigns
It was found that the bursts of high freouenoy osoillation whioh

were seen as part of the drift tube interception mentioned in the pre-
vious seotion had the seme period as ion drainege ourrent oscillations
observed at the same pressures. This is most cleerly seen in

“Figure 43 b, which depicts simultaneously the intercevtion current

on DIS 4 and the ion current measured at the cathode, 4 synchronism
between the bursts of oscillation on the interception current and the
relexetion-type of oscillation in the ion current mey clearly be seen,

The intorception current on the drift tubes alternates betieen a

- quiescent condition in which no.oscillations-are seen, and bursts of
high frequency oscillation. These bursts have fairly sherpvly defined
starts and finishes, and rise to & sharp peek of amplitude in the
middle éf the burst., Thus two characteristics may}be defined for these
bursts: bdurst length and the delay in time of the central maximum,
In contrast, the cheracteristics which ére best defined for the ion -
oscillation are the length of time required for the ion ocurrent to fall
from its highest {o lovest level, and the time delay at which this
fell starts. It is assumed that the periods for both ion ourrent and
body current phenomena ere the same, Attempts to measure the frequency
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of the high frequency oscilla}ion with the oscillogoope were not very
accurate, and the oacillation:is very random, end ranges between 1
and 2 !z,

The ion current oscillations in Pigure 43 b and 43 ¢ are of quite
different shape, 43 b having a fall time which is vef& short compared
to the period of repetition. From a conparison of the two it is
obvious that the burst length is proportional to the fall time, but not
equal to it, In Figure 4310 the burst lengthé are between 32 and 38 usecs,
whereas the fall time is between 24 and 30 pseos for the second half of
the pulse, This is evidence that the oscillations in ion drainage
océur at the same fime as changes in the beam diameter.

DTS 1 end 4 were measured because it was thought that any phese
difference between interception currents on each and the ion drainage
oscillation might be of interest in exemining the nature of the
oscillation., It is clear from the photogrephs bf Figure 43 ¢ and ¢
thet no large difference exists, but measurements do indicate that the
stert of the high freguency oscilletion burst on DTS 1 precedes the
ion current peak value by 9 - 12 psecs, vhereas the burst of DTS 4

precedes it by only 6 psecs.  The pezx velue of the burst current
eppears in epproximetely the middle of the fall of the ion drainage
current, and in both DTS 1 and DfS 4, the burst'ends et épproximately
the same time es the ion current reaches its minimum.. This data would
indicate that the change in bean diametér occurs first at the gun end
of the velve, and that the reduction in ion drainagé current is only

very slightly deleyed from this broadening of the bean,
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5.1 Introduction

Chapter 4 has indiceted the exverimental results which m;§ be. exrect-
ed during measurement of the ion drainege with £11 valve electrodes et
their normal electric2l bias, However, these meesurenents were not eble to
supply such importent information as the ion formation distribution, the
ionic charge storage distribution, the efficiency of the Feracday cege
collector, and information concerning the ion velocity distribution dgr-
ing drainege. In addition, because of the colleotor currént‘generation
end chargé storage, it is not easy to apply the theories developed in.
Chapter 3, These problems can be alleviated by the use of electrode
biasing,

The experimental work discussed in this chapter first covers experi-
ments done with negati e and vositive biases on the collector, and then
covers expveriments with bias applied to DTS 1 - 4. A number of interesting
results which increese the range and eccurecy of measureéents aede in

Chepter 4 are discovered.

5.2 Exverimental Results with Verieble Collector Bizs

The axial potential gradient.which is to be exvected in e valve with
‘en earthed collector, the normal operating-condition for this valve, is
shown in Figure 20b., The potential gradient at the collector end acts
both to drain ions from the collector end and to rrovide & boundery which
forces the ions genersted in the drift tube to draiﬁ to the cathode, If
the potential on the collector is reduced, the éradient wi;l first drop.
to zero and then reverse itself, Thus, i#troducing & negative bias on the
collector will ceuse two important changes in the ion drainage: reduction
in the drainage to the cathode of collector-formed ions, and the creation
of gradients which would allow ions to drain from both ends of the drift
tube. This second change is of particular importance because it matches
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the boundery conditions which;are assuned for the theoretical
trcatnent of ion drainege vhiéh was mentioned in Chzpter 3.

The effect of negetive collector bi;% on the observetion of
oscillations in the ion ourrent was reported in Chapter 4. Tﬁie-
gection will deal with measurements made of the steaé& stete ion
current which flows with varioué emounts of positive and negetive
collector bias., The steady state current is determined b& the
sane nethods es were outlined in Chepter 4.

5.2.1 Positive Collector Bias

It is obvious from Figure 20 b that only smz1l chenges would be
expected in the ion current drainage to the cathode if the bias pre=~
sent on the collector were to be raised, A drainage pattern is
established with the collector at earth which positive bies on the’

collector would only tend to reinforoce.
The collector was biassed positively from O to 300 voltis by using

a varieble positive supply with lerge cavacitors to‘maihtain a feirly

constant voltege during the pulses, Positive biases between 0 to 100

volts had the effect of reducing the ion current by about 5 4y end
further increase avpeared to have no further effect,

An increase in the ion current caused $y positive bias on the
collector would heve suggested tﬁe possibility that not all the ions
being created in the collector and drift tube were being drained to the
cathode, but the above-mentioned results indicate that total drainage
is being achieved, ‘The small decresse in the ion current is not easily

explained but is discussed further in Section 5.2.2,3.

5.2.2 Negative Collector Bias

A resistor box put in the collector lead of the klystron was used
to obtain negative biases on the collector. This was used in preference
to a continuously wvariable DC supply since the supply would have required

very large capsitors, as it was required to work at voltages up to
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© 1000 volts. The box wes desiqned 80 that switching bias levels with-
out turning off the valve wae:possiblq,vhich evoided problems of
| stabilisation after turn-on, The range of collector depression

vhich vas employed was not intended to be typical of the débressions
vkich occur in valves vhich are biessed for efficiené&.improvement.
It was chosen as the range which included the voltege at which further
bies increases had no further effect upon the ion drainage.
Figure 44 shows the results of ion current measurenent with negative
collector bias at pressures between 2 x 107 end 5x 10-6 Torr;'rkll
results are normalised to the collector—-earthed value of ion current
for the purpose of comparison. In each case a snall negative bias has
no effect upon the ion current flowing to the, cathode. As the bies
increases, an increase in the ion current is observed, generally on
the order of 10 to 15 ¢ above the gero-bias value, This increase
changes to an abrupt decrease as the collectbr depression ig further
deepened, but the biases for the maximum and the start of the decrease
very with the pressure. As the negative bias is further increased, the
ion current continues decreasing until & minimum value is gradually
epproached, Once this minimum hes been reached,.increasing bias has
no effect in further reducing the ion current drainege. The reletive
velues of ion current are approximately that same at all pressures.
- Refering to Figure 20 b, the ion current drainage to the cathode
would be expected to remain constant as long as the axial potential
provided a gradient which diiected all ions in the heighhourhood of
the collector toward the cathode. This would be the case not only for
an earthed collector, but for e collector vith a bias which is less
than the calculeted votential devression of the beam due to net space
cherge, When the bias does exceed the potential depression, the

gradient reversgé and the axial potential is changed to one like that

showvn in Figure 45.




A\

FIG.45 AXIAL POTENTIAL ; DEPRESSED COLLECTOR

Because the bies at which this decline in the ion current flow
to the cethode starts depends on the net space cherge pvotentiel depres-
sion, it will be = measure of the amount of positive spece charge to be
found in the beon,

The minimum valuc of ion current reached, es a percentage of the
ion current et zero bias, is the portion of the total ion curren?
formed in the cathode half of the drift tube., The anount of ion cur-

_ rent not reaching the cathode flows toward the collector. That this
emount is the ion current which is formed in the collector and the
collector helf of the drift tube, mzy be seen as followst A drift.

tube from which symmetric drainage would occur, i.e; one in which tke
jon current created in the cathode helf drained toward the cathode, and
that created in the collector half dreined to the collector, could be
created by applying equal potentiel gredients to both ends of the tuﬁe.
Such a tube would have a maximum of potential at the center of the tube,
and ions would flow away from this maximum in either direction., It is

clear that this exact symmetric situation can never oocur in practicel
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valves. but with the narrow, long drift tube such as is used in

this valve, potential gradients applied to the end do not extend
very far into the velve. Thus some imbalence in the amount of
votential gredient epplied to eech end of the drift tube ndy still
result in drainage which is very close to the aymmeéric case, The
levelling-off of the decrease of ion current vith increasing negative
bias is evidence that this explanation is correct, since'it implies
that the affeots of fringing fields ai the end of the drift tube

are of less significance that the fields due to the ions themselves.
. This situation of symmetric drainage to both ends of the drift tube
is of great interest since it most closely matches the theoretical
models introduced in Chapter 3. In addition, it will serve to
experimentally determine the proportion of ions formed in the collector
end collector half of the drift tube, as compared to the proportion
formed in the cethode half, |

5.2.2.1, Soetiel Distribution of Ion Formation

From the essumption of symmetric drainage, it is concluded that
jons flow left and right from the centre of the drift tube when a

large negative bies has been epplied to the collector end of the drift

tube, Therefore, the proportion of the ions which are formeé in the
cathode half of the drift tube i; the percentagé of ion current

¢eached et bieses in which the decline in ion current has levelled off
in Figure 44. This level is almost the seme at all pressufgé in Figure
44, sbout 325, The model of ion formation discussed in Chepter 3
predicts that the enount of ion current formed will be directly propor-
tional to the length of electron been paih, Equation 3.1. Thus & simple
approximation would be made by assuming that the collector half of the
drift tube creates an emount of current equal to the cethode helf, end
that the remaining 36% of the total ion current is produced in the
collector itself, However, two modificaéions must be made, the first

~91-




HOLO3TTIOD 3ALLVO3IN HLIM IN3HYND NOI +¥'9Old

0001 006 00% 00L 009 005 00v 00¢ 002 00t Q
— v | R J v - 1 v v v
= SIW0A ¥OLI3IT0D
<&
2 1
Vo, L ™
40y
109
T goc
9.0 X 55 3d .
901 X939 —¥K—
4oL OLX ¥3zd —o0— o Q ’ 2 00}
L
(’
-y
AIN3IYYND TYHEON
IN3D ¥3d Jon




to t. e experimental dats, aﬁd the geoond to the application of
Fouation 3,1. to this problén. Beceuse fhere is such e large
difference between the ion currents flowing with end without the
collector bias, the experimentel results of Figure 44 aust be

modified to eccount for the Feradey Cage correction presented in

Figure 30, The corrected values of the current measured to be origi-
nating in the cethode half of the drift tube ere presented in the

second column of Table 5.1,

In addition to this experimental correction, the pressuie gradient
which was found along the drift tube length must be teken into account.
Thies is done by splitting the drift tube into halves and assuming
that the effective path length of the beam within the collector is 20 ea,
Then the current generated in the cathode helf of the drift tube is
(from Equation III,3)

(1/2 (p+AD%4)
(1/2) (v, +A2/4) + (1/2)(p +.75Ap) +(.2)(p +AD)

per cent =

where A p is the pressure differential, and pa the pressure at the anode,
For the value of Ap of 3 x 10"7 Torr, which was found in Appendix III,
the third coluan of Table 5.1 mey be calculated., The reasonably good
egreenent means that no more current is produced in the collector tﬁan
would be expected on & simple model vwhich measured the beam path

within the collector and_used Equation 3.1 to predict the ion current
which would be produced. This shows the same trend as the work of Hines,
et al (24), the only other experimenters to measure this characteristic.
Their study indigated that the ion current generated in {the collector
would be a larger part of the {otal current as the pressure dropped,

and that is also the conclusion of this experiment. From Equation 5.1
it can be seen that as p_ becoacs neslisible, the collector will finally
contribute 33% of the total current., In contrast, Hines et al (24),
found that it contributed 50% in their valve.
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ABLE 5.1

Corrected Releative Jon Current Measurements

et Zero and High Collector Devression

Pressure (Torr) Hleasured Percentege Theoretical Percentage
5.5 x 107 35 39
2,6 x 107 39.8 39
[ 9.9 x 207 39.9 | 36
| 2.4 x 2077 32 31
TABLE 5.2

Collector Devression for Collector-Drift Tube Potential Gradient Reversal

rressure (Torr) Collector Bies Conputed Computed
Depression(edge) Depression(axis)

5.5 x 10° 360 49 161

2.6 x 107° : 460 100 , 323

9.9 x 1077 540 136 . 441

2.4 x 1077 . 545 161 521




The demonstretion that ion production rate hes th; axvected pro-
portional reletionship to the gength of beaﬁ vath is en importent result
because it indicates that any gas which might be evolved from the electron
bean hitting the collector does not significently disturd éhé experimentz]

results,

2.2.2.2, Potential Gradient Reversel

The soint of gredient reversal is marked by a decrease in the ion
current measured at the cathode, but es cen be'aeen in Figure 44, =:
shorp transition is present; due to both the spread in velocities which
the ions have, and the increase which occurs before the voint of gradient
reversal, The point at which the ion ourrent has dropped 5% below its
meximum value is chosen to provide deta for Table 5¢2, vhich indicates
the voltage at which gradient reversal takes place in each of the curves
of Figure 44,

The computed depressions are arrived et by teking Equation 3.32 and
substituting the values of positive and negative charge density which
ere predicted by Equation 3.29 end 3.31. -

The experimental results clearly show the anticipated reduction in the
net potential depression as the pressure rises; 1t would epvear that
only very small changes in the potentiel depression occur aftér & pressure
of 1 x 10-6 Torr has been reachéa.and the pressure is further reduced.

The theory, on the other hand, predicts a continuing increese in the

potential depression as the pressure drops below 1 x 10"6 Torr. At the

same time it predicts values of potentiel both at the beem edge and exis
vhich ere far less than those measured, From messurements of the body

interception at low and high pressures, it is known that the beam becomes

smaller at high pressures, but the change in diameter does not appear to
be overvhelming. Thus, the disperity between theory and experiment
cannot be fully explained by a reduction in beam diameter, which would

cause the potential to increase., Thus it must be concluded that the theoiy
=93~ .



of Chapter 3 does not provid% & very acourete estimate of the ionic
space charge neutralipation i; the neighbourhood of the collector.

The large voltage required to reverse the ion flow at prossures close
to neutralisation (ie.5.5. x 10-6) is especially surprising'in view of
the large emount of ionic space charge vwhich is found to be in the
been at high pressures.

From these exveriments it is cleer that the larger potential deéres—
sion exists near the collector et high pressures then would be expected,
yhioh may indicate that the ions are draining with high axial velocity
%n that region. Furthermore, it is found that the pressure hes only
& snell effect on changing the potential depression in the neighbourhood
.of the collector at pressures belovw 1 x 10-6 Torr., This is only in very
rough egreement with the finding in Chapter 4 that the amount of charge
storage in the beam remained constant at vressures below 71x 10-7 Torr,

5.2.2.,3. Increase in the Jon Current at Snall Depression

The model of ion drainage which was discussed in Chepter 3 does not
predict the rise or hump in ion current which is observed in Figure 44
es the colkctor negative bias is increased from zero. The rise occurs
2t a different voltege for each pressure, with the voltage reoguired

being greater in the case of lover pressures. Yor does the theory

redict the drop in ion current which occurs with ogitive tias, &s ves
- H

nentioned in Section 5.2,.1.

The following observations may be made about the *hump! which is
geen in Figure 44 : ‘

1) The height of the *hump' is roughly the same preroentage of the
reference ion current at all Pressures o;er the meesured range.

2) Over this same range of pressure it is observed that the rise
always occurs directly before the poinf of potentiel gradient reverszl,

which causes the decrease in ion current meesured at the cathode,

Two explanations may be suggested to explain this increase in ion
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current at the cathode with c?llector depression:

1) This is a focusing effdct vhich enhences the Yaraday Cege
efficiency. Since the only ions uﬁich could be affected by the new
potenticl gradients caused by collector devression ere tho;é formed
in the collector and in the drift tube very near to the collector,
any rise in efficiency must relate only to ions formed in these regions,
Previous experiment has shown that only about 20-25% of the total curreni
is formed in this region, and thus the observed *hump! height of up to
154 of the total current, would mean almost a doubling of the efficiency
of collection for ions in this region. Not enough is known about the
beam scelloping to make any analysis of the trajectories of ions which
ere formed in the collector, but it does seem that.because of the large
distance involved between the collector and cathode it would be very
unlikely that any collector focusing effects pould be important enough
et the cathode to cause e doubling of the efficiency.

2) Although the trajectories of secondary perticles have been discusses
in Section 3.2., their possible influence in increasing the ion
formation rate has not been discussed, From the discussions which follow
it will be seen that these secondery particles could generate enough ion
current to create the 'hump' of Figure 44. Both the ejected electrons
and the ions themselves must be considered in the role of prodtcers of
added ion curreni, and although detailed knowledge of the {rajectories
of these particles is not vpossible, enough is known to make.a rougﬁ
approximetion of the ionizing collisions made by these particles.

Firstly, the ions are treated., The Qhapter 4 egnalysis of the rise
times observed for the ion drainage current shows that & significant '
number of ions remain in the beam, trapped by the scellops., These ions
will oscillate radially and have ionizing collisions with residual

gas molecules present. The collision oross section for fonisation

of molecules by ions of the same gas increases with increasing energy
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in the region of interest inithis case, in vhich ion energies must
be lese than the potential d‘preaaion within the beanm. The ionisation
effeciency would not exceed 10 ion-~electron pairq/cm-Torr.(30). By
teliddng & mexinum velue for all paraneters influencing the rate of
ion production, it will now be shown that the ions 6éeilléting within
the been make only & negligible oontribution to the total ion current
et a glven pressure, |
To find e meximum value of ion current produced by these trapped
ions, it is assumed that there are as many ions present as electrons,
or that Qi, the total ionic cherge in the entire bean is given by
’ c;ID, vhere Ue is found by Equetion 3.24. It is further assumed
that these ions travel at their maximum velocity ell of the time,
thus meximiging the probability of meking an ionising collission, The
ion current arising from these collisions will be
I.= (ionisation efficiency) x (ion velocity) x (number of ions) x e
« (10 ») x (2eVi/hi)§ x (q'eID/e) x e
For & 17,5 KV,4.6 A bean this is
I,;= 2.07p
vhere p is the vpressure in Torr. The ion current celculated from
Equation 3.1, is

Ii = 97'2 P

Thus at the very maximum, the ion current from this source is negligible,
and realistic considerations concerning the emount of stored charge and

the time at meximum voltege would probably reduce éhis figure by much

more than an order of magnitude.

The ion current which ejected electrbns in the bean could create

is now considered. The calculations of Section 3.2. indicate that

ejected electrons are forced by the confining magnetic field to rotate
in orbits of radius somewhat greater then the radius which they were

formed until they are drained away longitudinally. In the same way
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that the scallops trep ions in the beon, it would seem reasonezble

to suppose that some of thesé ejected electrons are elso trapped in

the drift tube, These electrons can escaée radially only es a result

of further collissions with residual gas molecules, and from the
aescumption that some trapping is necessary to provide‘a sfable condition
for the removel of ions, those electrons which did escape would be
replaced by others., These electrons will have energiés in the neigh-
bourhood of 50 to 100 volts, which is close-to the value at which the
jonisation cross-section reaches a meximum for gases such as CO,02 and
H2 (30).; Making a conservative estimate, it may be assumed that ionise-
tion efficienciegs of 5 electron-ion pairq/hm-Torr, mey be applied to
these particles. If it is assumed that there is as much negative charge
in the scallops as the amount of positive charge which was found to be
present in Section 4.2.3., then & calculetion of the ion current creeted
by this source mey be mede iﬁ the same menner as was done for ions, The

nunber of electrons may be taken to be (.28) O;ln/e, corresponding to

the 285 ion storage found in Section 4.2.3. The ion current due to this

source is then = ,
Lo = (5p) (2 e Ve/me)-‘l’. (.28 O'GID/e) (e)
= 21 p Anvs
This comveres with an ion curreﬂt of 72 p anps at the beam current eand
voltagevat which this measurement was mede, and may thus be a significént
proportion,

Negatively biasing the ocollector disturbs the &rainagé vatterns of
both ejected electrons and ions by changing the gredient at the
collector end of the drift tube. Since ejected electrons are identified
as & possible cause of significani ion formation, the rise in ion current
at the cathode with a small amount of negative bias may be explained by

a trapping of more ejected electrons in the beam, and the consequent

production of more lon current.




5 2 2.4. Build—un Time and Chazge Storesge lieesurements with Negative COIIec*

The model which is used for the theory of ion drainage explained in
Section 3.4. ascunes o .mexinum of fonic charge at the collector end of
the drift tube., This maximum does not occur in practice beczuse the
potential depression due to the beam svece charge ceugés & gradient at
the collector end which reduces space cherge density at that point,
(rigure 20b). However, by bilasing the 'collector negative enough so

that fons which are formed in the drift tube may also drzin out the

" collector end, a maximum of ionic space charge will be created at the

centre of the drift tube, and ions from the collector half of the drift
tu’be will drain toward the collector, vith the cathode only reoeiving
those created in the first half of the drift tube, The results explained
in Section 5.2.2,1. indicate that this is an eccurate explanation, and
that the dividing point for ion flow is indeed somewhere near the
niddle of the drift tube., Figure 25 is avplied to this situation by
imagining the symmetric half of its solution on the negative side of
the horizontal axis, endepplying it to the collector half of the drift
tube, Thus the fornulas which were developed in Chepter 3 will be
appliceble to the results of ion drainege from the first half of the
drift tube if the drift tube lengtb, lD, is reduced to helf the full
drift tube length, . '

;;Figure 46 provides a demonstration of the effects of negative -
collector bias on the build-up time of the ion dreinage current. Figure'
46 a - ¢ shows ion drainage at & pressure of 3.7 x 16-7 Torr, with varizble
coliector bias, The first significant change is seen ét e blas of 480
volts and is illustrated at Figure 46b. in the first half of the pulse
& lowering of the drainege current is observed, but by the end of the
pulse it has increased to the same value which occured ;t zero oollector
bies, By the time that the collector depression has been increased to

580 volts, a lowered ion current is observable throughout the entire
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pulse length. TFurther 1ncrefse of collector bias causes no change
in the pulse shane, and corr;sponds to the leck of chanzge in cteedy
state ion current <°'h increesing oias thet ves decqgibed in Figure
44. In these experiments a decrcese in the rise tine is also observed
as the collector is cdevressed., TFigure 46@éhous thé fesults of |
collector depression et 2 higher pressure, and e decrecase in the risc
time is agein observed, This change in the rise time is surprising,
for although there is less ion current aveilable to fill tke scallops,
it is also true that there ere proportionately fewer scellops to fill,
and thus the rise time would have been expected not to chenge. The
resilts of rise time measurements with depressed collector ere shown
in Curve II, Figure 35. The collector was fully depressed in these
experiments and no effecté occuring during the trensition between full
drainage to the cathode end partial drainage ere included.

Curve II of Figure 35 shows that the build-uvp time with negative
collector is less than with earthed collector, but shows the same

decrease in build-up time with increasing pressure as is observed in

Curve I,

By using the results obteined in Section 5.2.2.1. which indicate
the corrected ion current which flows with a depressed collector, and
this“data on build-up tine, an integral representing charge storage in
bean may be cezlculated as in Section 4.2.3., This charge storage in the
helf-beem is showm in Figure 47, along with the charge storage for
the helf-bean calculated from Equation 3.23. As in Figure 37, the
theoretical curve is egain stopped when the predicted charge storage

equals the total electronic charge in the helf bean.

A region of fairly close egreement in shape and magnitude between
the theoretical and measured curves is seen in the central region of
the graph, between pressures of 1.5 and 4 x 10-6 Torr, At higher.

pressures, the loss of collection efficiency due to the neutralisation
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%f {he bean is most probably’Fwsponsible for the drop in measured
oharge storage, but at the sa1e time there is seen to be & leck of
bonuistency betveen the highest amount of charge storeze recorded
ﬂnd the emount necessary to produce total neutralisation. If, es
zuggested, neutralisation is causing & drop in colleetion efficiency,
Adhd thus in the measured cherge storage, it seems strange thet the
§;6asured total charge storage is not a fairly large propgrtion of
i?ﬁe electronic charge for half bean, Qe‘ The disparity revealed may
-f%é explained by the fact that the measurements presented in Figure 47
T_do not inolude eny ion current vhich escapes collection in the Feraday
%t;agq. Thus, Figure 47 is on indication that the collection efficiency
‘of the Feraday cage is on the order of 30 — 60%, This same reasoning
:?Bannot be epplied to Figure 37 since measurements on the whole beam
?;7include such effects as collector charge storage, which is signifiocant.
T Daté collected to measure the efficiency in Section 5.3:2.3.
‘indicates that there ie in fact & low efficiency, and Figure 47 shell be
re-plotted in Chapter 6 in light of the date obtained in those measure-
Eente.
At & pressure of sbout T x 10"7 Torr, the cherge storage is found

: "o reach a minimum of 2.4 x 109 coul., and this is thought to be due

- to charge storage in the beam scallops. This is the same effect

! observed in experiments with the earthed collector and wes discussed

in Section 4.2.3. However, since 4t would be thought that the emount

' of charge storage of this type would be proportional to the length of

K AN

':path, it is of interest to meke a comparison between data obtained

with collector earthed and collector negative. It is found, from

Figure 37 and 47 that the earthed value is 4.6 times that measured

with negative collector., If it is essumed that the half of the drift

tube near the collector stores the same amount of charge as the half

measured in Figure 47,'then the amount of charge stored in the oollectdr
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itself may pe calculeted, This calculetion indicates that 2lthough

§
the collector itself hpg been;shonn to have &n electron bean Dath

very large well, which would be of significance in the Operation of
Pulsed tubes since it woulqg reduce cathode demage,
2:3: DTift Tube Biaging '

Dotential, 'Humps* encé wvells can be droduced in the drift tube exia

DPotential by doing this, as ig shown in Figure 43,




The humps can be expected;to create ion traps, and ions originetinrg
betveen the collector and the! positively biased electrode would Ve trapned
in that region, eventually ceusing bean neutralisation. Region &4 is such
& region. Ions originating on the cathode side of the huap wouia érein

in the normal menner, es if the collector had been nmoved forward enc

the cdrift tudbe shortened.
In the experiments described below the drift tubes were biesed by both

DC and pulsed volteges., The effects of fringing fields from eadjoining
tubes tend to lessen the actual voltage vhich is seen on the exis in &
biased drift tube, but from the geometry of these tubes it can be shown

that the potential at the centre of the drift {ubes wes within 974

the applied voltege (Appendix IV). It wes the primery intention of these

experiments to investigate the changes in ion current which would coxe
aﬁbut as the result of such biasing, and to determine the spatial dis-

tribution of ion current formation. In addition these results of ithe

first exveriments led to the use of drift tube biasing to determine the

collection efficiency of the Faradsy cage collector in a unique way,
and elso to meke crude determination of the axial velocity of the ions

draining to the cethode. The ebbreviation *DTS', introduced in Chepter

2, shall egain be used for Drift Tube Section.

5.341. DC Positive Bias
'; variable DC supply was erranged to individually bias eny of the

drift tubes., Since the number of ions draining to ?he cathode will be
roughly proportional to the length of the drift tube which it dreins, it
was predicted that if a positive bies lagger then the potential depre-
ssion was applied to the first drift tube, only a emall proportion of
the normz1 ion current would be measured during the beam pulse., It was
found, however, that this was not case in exveriments, although & sazll

reduction in the ion drainage current was obsew'ed., Large positive

biasing with a DC voltage on any of the drift tubes near the cathode
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(p1s 1,2,3 ) apparently has ? great effect upon the beea flow in the
region between the biased eléctrode end the collector and elso mey
ceuse ¢ DC current to-flow, Small changes in such perareters es the
ressure and beeaam currenit, &s vell as the bies voltege, produced very
great effects in the mecasured ion current. These cﬁa£ges, furthernore,
vere eratic, The ion current did not return ts its normel value vhen
the bies was removed, but was found to be higher., In some cases vhen
bies wes applied to DTS 1, ion current actually increesed with incree~
sing bies, It is suggested that the application of IC bies causes

sufficient localised heeting of the body to evolve enough gas to

.aigiificantly effect the residual gas pressure, and thus the ion

drainege., Thus experiments performed with positive DC biasing of the
drift tubes did not give accurate resulis concerning steady state
operation, end were ebandoned, "Fortunately, it was posSible to use
lerge positive pulses for biasing which could be timed to occur within
the beam pulse and thus remove the problems vhich were encountered with

DC biasing.
5,3.2. Positive Pulsinz of the Drift Tube Sections

- 5.3.2.1. liethods and Tyvical Reponses

A pulse emplifier similer to that which was used to drive the nain
pulser was found,and pulscs of héight varieble fo 1000 volts could be
epvlied to each of the drift tubes, A separate pulse generator, &
Cintel Model 3352, wes synchronised to the system and used to drive the
emplifier. The pulses &pplied could be varied in uidth and delsay from
the start of the bean pulse, end a descrivtion of the effects which v
this pulsed biasing had on the ion drainﬁge current is now discussed.

Figure 49 illustrates a typical ion current response to a puls;
on any of the drift tubes. In the photogreph showm, DTS 1 is pulsed
by 290 volts, which is shown, inverted at the top. of fhe picture.

The lower trace is the ion current response, on the same time reference
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'as the érift tube pulse, Thﬁee importent cheracteristics of the
don current resvonse are to 65 noted: a short positive-going spike
waich occurs just after the vulse is evplied; a lowered ion current
following this spike end lasting the length of the eoplied pulsé) in
this case accomnznied by oscillatiops; end finally é femporary
increase in the ion current following tﬁe epprlied pulse to DTS 1,

In the exemple chosen, 100 usecs after the end of.the apélied oulse

the ion current has returned to the level it would have been without

the pulse, These regions ere more clearly shoim in Figure 50,

Firgure 50 Ion Current Resvonse to rulse

Fal

This response is tynical of what would be observed in the case oI

measurenents made when any of the drift tubes ere pulsed. Zach of

the .three esvects of this responée is now_digcussed.

The initial spike, 1 in Figure 50, vhich becones smaller in size
re1a£ive to the steady state ion current at higher pressures, is
difficult to interpret. Tests were made to check thet this was not
a capacitive effect, It is suggested that this surge of current
represents a sudden partial drainage of ion svece cherge storage which
hes accunmulated within the beam, The ability of thebeam {0 store
charge is reduced in the erea of the high potential gradients set up
by the biesed drift tube section. Since the amount of‘spaoe‘charge
stored in the beam builds up gradually after the start of the beam pulse
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until it has reached its steady stete value, this spike should be
sacller the earlier in the bean current pulse that the bies pulse
is applied., Figure 51 a is e multivle exposure shoviné a 200 psec

positive pulse applied to DTS 1-with various delays, The pulse

_height is 600 volts, which is sufficient to form a total ion trap.

. It i8 seen thet as the bias pulse is deleyed more and more from the

beam pulse start, and therefore acts on more and more charge stored
in the beam, that the spike amplitude rises, The shape of the ion

ourrent without the bias epplied mey be seen in this figure by the

integrating effect of the multiple exposure., Once the ion current

 pulse has reached its plateau, and thus the ionic space charge storege

within the beam hes reached a steady state, the delay does not alter

" the spike amplitude, Thus the suggested explanation of this positive

. spike seexs a good one,

The region denoted by 2 in Figure 50 is the ion current response

' during the bias pulse after the initial transients have settled to

negligible values. During this part of the response e barrier to the

- flow of at least some of the ions which originate between the biased

drift tube and the collector (region e in Figure 43) has been established.

¥hether or not this acts e&s & barrier to all ions will depend upon the

. emplitude of the epplied pulse end the axial velocities of the ions

wvhich approach the biased drift tube. At values of bias greater than
the potential depression, it is cleer that it will act es & total
barrier, and the only ions which flow to the cathode will be those
vhich are formed between the center of the biased DTS and the cathode
itself, Bias values es high as this are characterised in their ion
current response by & flat region, es shown in Figure 50, and as may

be seen in Figure 52 d. Values of bias less that one forming a perfect

trap have various responses, which are now discussed.
Figure 52 illustrates the result of applying various biases to
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DTS 1 at & pressure of 3.3 x ;0-6-Torr, and with»no¥ma1 bean operating
volteges. The high pressure ;aa chosen bececuse of the greater olerity
with which signels may be seen, and to teke advantage.of the shorter
tuild-up times to the steady state, which was necessary for these

experiments. The changes which oocur as the pulsed bics were ohanged

‘are typical of the resulis observed on ell drift tube sections, except

as noted below., Figure 52 a-d shows both the applied pulse end the

ion current response. In Figure 52 a & bias of 90 volts is seen to

" have little effect on the ion current, but a small drop just afier the

beginning of the pulse may be seen. The ion current then rises during
the pulse, back to the level vhich it had before the pulse. This is

caused by the ion ourrent produced between DTS 1 and the collector, the

- trapped ion current, building up enough space charge neutralisation

to reise the bean potential between DTS 1 and the collector sufficiently

. 40 overcome the barrier, and ellow the normal dreinage of the ion
. ourrent from the whole drift tube. Thus the measure] ion current rises

L to0 the steady state velue which it had before the pulse. This situetion

: 48 showm in Figure 53.

Axiel |
Potential ) after steady
// state has been reached

0 ‘l// z

e

immediately after
pulse is applied

collectoxr
end

Figure 53 Axial Potential with Pulsed Bias on DTS 1




Flgure 52 b illustrates tPe next stage which occurs as the bies
'

ic increased, The photographf shows the response to a 165 volt pulse,
The ion current agein drops and recovers, but towerd the end of the
-pulsey; the beginning of en oscilletion is seen, Thig.condition}occurs
;hen the ion trap hes risen to & sufficient height that neutralisation
of the beam between DTS 1 and the collector hes occurred, This

k néﬁtralisation w11l occur at all biases greeter than 165 volts, for ihis
case, although the oscilletions will only be seen et the cathode when
some of th; oscillating ions have sufficient energy to get over the

potehtial barrier, Onceneuralisation is reached, further increase in
the potential between DTS 1 and the 6ollector due to ionic space cherge
accunulation is impossible because the ions escape radially, The
 '630111ations are still visible on Figure 52 ¢, which is the response

A io & 280 volt pulse, but from the lowered average :value of ion current
during the pulse, it is obvious that not all ions being formed in the
.%rap attain sufficient energy to get over the barrier. By the tinme that
the bias 1s increased to 460 volts, as in Figure 52 d, no ions at all
from the trapped section get past it, and the reduced ion.current now
measured is that which originates from the drift tube between the
ocenter of DTS 1 and the cathode, Further increase of the bias on the

DTS caused no changes in this response, From this discussion it is
appa;ént that use of drift tube biesing will make;it possible to deter—
. ;ine the distribution of ion formation.in the drift'tube, and con;irm

. and eipand the results of the negative collector measuremenis. The

" measuremenis made of this phenomena are discussed in the next section.
Figure 50 shows & third region of the response to positive pulses,

" the ion drainege current immediately after the bias pulse is finished,
denoted 3 in the drawing. This response takes two forms; & sharp rise

in the ion current to above normal values, as showm in Figures 49, 50,

and 52 a and b; or a gradual return to the normel value requiring 50 to
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100 pseos, as is seen in Figufes 52 ¢ and d, and 54 e~c. The pesking

of don éumnt following the %ulse occurs \’a.t; lov pressures for £ll biases,
and &t high pressures for the lower biaseé; " It is suggested thet this
peek represents & drainege of the ionic sp_ia.o_é charge vwhich hes been
trapped in the region between the biasged DTé.and the‘aollector.

Figure 51 b is & multiple ez;posure photogrenh to demonstre.te this
idea, end shows two pulses applied at different times., The earlier pulse
vas started before the ion current.had reached & steady state, end thus
hed less charge to drain back 1n;to the beam ihen the pulse was removed
Atha.n_ the second one, which‘ezlﬁbits a_la;‘ée peek .after the pulse, In
the case of high pressures and high bi.as: volieges, 4t 1s thought that
the charge which must drain away when the bias pulsé is removed is so
great that it neutralises the beam and drains off radially. The slow
rise time to reach the steady state value of the ion current is caused
by the time reguired to agein store enough charge for the proper equili-
brium state.

The results of applying bias pulses .to‘tho other drift tube
sections ere exact;l.y the sane .as for DTS 1, except of course that the
ion ourrent does not drop.a.s mu'oh since the trapping'volume is reduced,
The exception to this similar behavior is seen in the behavior of DTS 3
and 4 et high pressures end large bias, As Figure 54 b and ¢ show,

~oscillations take place long efter the bias pulse is removed, although
regular oscillations of the type seen here have not been observed with-
out the bias pulse being applied. It is not olear what mechanism is
responsible .for this effect.

The epplication of drift tube pulsing to the determination of
‘ion formation distribution, Faradsy cage collection effiociency, and
ion velocity filtering is now discussed,

5¢3.2,2 Deternination of Ion Formation Distribution

It is clear from the above section that if sufficiént positive
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bias is applied to a drift tgbe section, the only ion current which
will reach the cathode will 't;e that originating between the centre of -
the biased drift tube and the cathode. Iieasurements of the ion current
originating in each portion of the drift tube were made, end gince it
is also of interes: to measure the voltege required‘to obtein the totel
barrier to ion flow, measurements were mede of the ion current draining
to the cathode as the bias voltege was increased. The results of these
measureaents ere shown in Figure 55. Although there is ho embiguity in
measuring the ion current vhich flows during a very high pulsed bies
and results in responses such as are showm in Figure 50, the changing .
ion ourrent which is present et lesser biases, such as is seen in
Figure 52 b, makes measurement difficult, To make meesurements as
accurate as‘possible, the accurate positioning properties of the sanmvle
end hold circuitry were used, and the measurement made at the exact
point of lowest ion current. Due to the largevpositive transient

spike et the stert of the response, these measurements mey still be

somevwhat inaccurate, No correction was vossible for the effect of the

spike.

Figure 55 shows that, as exvected, sufficiently lerge bias on eny
of the drift {ubes sections is capeble of creating a total barrier to
the flow of ions originating between the bieses DTS and the collector.
After the results have been corrected for the Feradey oage effects,

according to Figure 29, the ion formation distribution is found to be

as listed in Table 5.3,

TABLE 5,3 Jon Formation Distribution

Location Keasured Predicted
Cathode to Centre DTS 1 114 103
Centre DS 1 to Centre DTS 2 15 ¢ 174

" DTS 2 to " 18 & 183

" DTS 3 to " 12 ¢ 163

u DTS 4 to colleotor 44 4 399

-109-




These measured values may ,be compared vitg the information oon-
cerning ion formation distrib&tion which was obtained from the
meezsurenents made vwith a negative collector-(Section‘5.2.2.l). At
the same pressure, 1.5 x 10-6 Torr, these experiments with e ncgétive
collector show that 39,95 of the ions were formed in the cathode
helf of the.drift tube. Although none of the DTS centre lines co-
incide exactly with the centre of the whole drift tube, tﬁe ion
formation within the cathode half may be determined by sunning the
measured current between the cathode and DTS 2, and adding 64.3% of

the current generated between DTS 2 and 3. This emounts to 41,23,

 which is well within measurement accuracy of the above value. Thus

the two experiments agree,

The third column of Table 5.3 is the prediction that Equation 3,1
would make for & beam in this drift tube including a collector with
«2 m path length end a «05 m path length of signifioance between the
drift tube and the cathode., The pressure differential discussed in
Lppendix IIT is also included.in these calculations, which were made
in the seme way as those done in Section 5.2,2,1, It is seen that a
significant amount less current.is observed to form between DTS 3
end DTS 4 then would be expected, but otherwise the ion formation is
fairly olose to thepredicted valués, which indicetes thet the model
for ion formation and drainage which has been used is at least epproxi-
mately correct insofar as predicting spatial distribution of ion

formation is concerned.

5.3.2.3 Experiments with Integration to Determine Feradey Cage Efficiency

It was mentioned in Section 5.3.2.1 that pulsed diases of only one
or two hundred vblts caused & tempofary drop in the ion currentijuet
efier the start of the bieas pulse, During the pulse, the ion current
returns to roughly the level which had been established before the

pulse. An example of this behavior was shown in Figure 52 a, and the
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behavior was explained with tEe help of Figure 53, which shows howv the

ions formed betveen the biaseé DTS and the collector act to fill the
potential well which is created by tho positive bias on the drift
tube. Since oscilloscope photographs show the enount of time required
for this to occur, and furtherﬁore the vay in which fﬁe ion current
returns to its nomal value, they mey be used to determine the amount
of ionic charge which is trapped between.the biased DTS aﬁd the
collector as the potential well is filled, The time integrel of this
ion current will be equal to the total charge stored in the trap,

Thie dintegral is the shaded area in Figure 56,

Figure 56 Ion Current with Low Pulsed Bias on DTS

Expanded oscilloscope photograpvhs of this portion of the ion
current response to pulses of various amplitudes vhich were made et
6.4 x 10"7 Torr are shown in Figure 57. The lower traces show the
pulsed bias voltege applied to IS 1 with a scale of 100 volts/division,
The results of using graphical techniques to determine the integral for
the cases shown here, and for measurements at other pressures are
shown in Table 5.4. Figure 57 shows that any change in foous of the
ions on the Feradey Cege due to the electric fields created by the
biased DTS is insignificant, since the ion current returns to roughly
the same level as it had before the pulse was applied,

Figure 53 illustrates how a theoretical value of this integral mey
be calculated with only the knowledge of the bies voltage. Without

knowing the eamount of charge whioh is stored in the beam before the
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pulee is applied to the DTS,;and thus without knowing the exect
shepe of the solid 1line in F;gure 53, it can be seid that at least
to & first eporoximation, the dotted line which repfesents the
potentiel distribution after the potential hump ie overcoae wiil

be parallel to the first line and separated fronm it.ﬁy the bias
voltege. This is because Ecuation 3,20 shows that the potential
gradient due to the ionioc space charge is independent of the beam
ourrent except insofar as it relates to the rate of ion formation,
Thus, if a drift tube is positively biased .and oauses a partial
neutralisation of the beam potentiel depression along the section

of the drift tube in which the ions are trapped, there should be no
change in the gradients in the ionio space charge distribution, which
are & function of only the ion formation rates and eleotron beam
geonetry. Thus if & potential barrier is ereoted by biesing e drift
tube, the amount of charge which will be required to fill the ion
trep s0 that normal current cen be reached again should not be &
function of +the vressure at which the experiment is performed.

This seens to be demonstrated by Table 5.4 in the case of the lower
biases, Exceptions will be made to this rule to the extent that.the
gtored ‘ionic cherge sterts to neutralise the ﬁqam sufficiently to .

ceuse changes in beam geometry, and thus in the solution to Eguation 3.23,

and the overall space cherge potentiel depression,

Because the potential along the axis after an equilibrium has been
reached and the ion trap filled, is seen fo be péréllel to the original
potential, the amount of ionic space charge which is necessary to |
accomplish this may be calculated fiom ﬁéuation 3,32, This equation
relates the linear charge density to the potential rise it causes.

If it is assumed that the bias ceuses the potential all along the
drift tube to increase to the bias level, then a total>charge storage
may be calculated by multiplying by the length over which this change
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| 'takes plece, vhich.will be th? portion of the drift tube included in

the trap. 3Beccuse of the poténtiai gradient alroady present in the
collector, it is not thought that additionel cbargefis stored in that
vortion of the beeam, Thus a theoretical calculetion of the traﬁbéd
charge cen be made in vwhich only the bias voltege is involved, but
vhich relates to ions formed in the whole beam, not just those col~-
lected in the Fareday Cage., The integral which was measuredusing

the Faradey Cage will be equal to the theoretical trapped charge only
if the Faraday collection is 100 % efficient, and thus the difference
between these two numbers will be & measure of the collection efficiency.,
This efficiency should be the same for all values of the bias wvoltege
vhich ere not so large &s to ceuse escape of any of the trapped ions,
The theoretical vzlues of trapped charge are showm in Table 5.4, and the
ratio of measured to theoreticel stofage, which is the efficiency, hes

8lso been calculated and is included in the table,

TABLE 5.4 Trevped Ionic Charge
Pressure Bies ‘Measured Calculeted Efficiency
(Torr) Volts Integral Storage
6.4 x 10~! 80 1.46 x 10~ coul 4.97 x 1077 coul 34 5
130 3.66 8.06 _ 45
200 6,40 . 12,4 51 %
12100% | 120 | 215 - | 1.44 37 %
185 4.74 11.49 41 %
2.7 x 100 | 120 3.50 7.44 41 %
15 [ 4.51 9,30 48 %
205 5.98 12,7 47 %

o very large changes in the efficienqyené observ;d as either pressure
o¥ voltege are varied, and the variations which are observed are partly
explained by the inaccuracy of the graphical integration which was done
on oscilloscope photographs, In addition, an unknown'aﬁount of beanm
diameter reduction may teke place as the large amount of positive
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oharge ;s accunulated between the biased DTS end the colleotor. The
chenge of bcem dianeter would have the effect of increasing the
votential devression of the travped portion of the béﬁm, and thus

even moro positive charge than is calculated in Table 5.4 would b;
required to overcome the potential hump, This would cause measurements
of efficiency made by this method to be higher then the actual velue,
especially at higher bies voltages, There is & small trend in this
direction to be observed in the measured data of Table 5.4, but it is
not possible to take account of the effect with eny accuracy with the
measurenents which is possible to meke on this valve,

The recorded data shows the.éfficiency of the I"aradasy cage to be
between 40 and 507, which is & great deal more than cen be essumed from
the simple comparison of collector aree and beem diameter., This in-
dicates that the true ion current is about 1/.45 ; 2,2 tines greater
then thet which is recorded, and from the comments above, this is seen
to be a conservative estimate,

Figure 47, which showed the czlculated ionic charge storage within
the beam, should now be re-considered briefly, beczuse it edds support
to the efficiency determined in this exveriment, If the»value of ion
current vere to be increased by X2 or X3, fhe charge storage measured
for the cathode half of the beam would not follow the vrediction of the
theory of Chepter 3, but the value which it hes at the poinf vhere
neutralisation effects are becoming apparent (pressure = 6 x 10-6 Torr)
vould be realistically close to the total electronic charge, and this
is a nost basic agreement vhich strongly supports the evidence gethered

in this section,

2:3.2.4 Potential Gradients due to Ionic Charge

Because of the potential difference which exists across any diameter
of the beam, the method of biasing the drift tubes is not very accurate
for determining the velocity distribution of ions draining from the
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drift tube. However, the data;gathered may be used to compare the voltege
required to first attzin a toQal barrier to ion flow os the prescure

is varied., This berrier voltage is defined es the minimum biaé voltegze
required to cause the ion current to drop to its nininum vulue.:Thia
point is first reeched in the cese of VTS 1 et & preégure of 6.4 x II.O"7
Torr et a voltege of 130 volts, &s cen be seen in Figure 57 b, Table 5.5

shows the results of measurements mede on DTS 1.

Teble 5,5 Barrier Voltage for DTS 1

Pressure (Torr) Voltage
6.4 x 1077 130
1.0 x 10:6 190
2,7 x 107¢ 200
303 x 10 350

The voltage values determined by this experiment are fer greater %haﬁ
those predicted in Section 3.4.4, which predicts voltage gradients of
125 volts along the entire beam at pressures of 5.5 x 10-6, vhich is
just below neutrelisation, end gradients far less et lower pressures.
The existence of these larger éradients-would seen to indicate that
further study of the bounaary conditions and assumptions of the theory
presented in Seétion 3.4 is warranted, Further experiment with equip-

ment. designed to measure this gradient would-also be of great interest.
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. CHAPTER 6
4
é

]
Sunmery end Conclusions

By placing a raraday cege behind the cathode of & high power velve,
meesurenents of the ion current dreinage to the oathbae heve been made,
end cdata collected on the megnitude, build-up-time, and spetiel distri-
bution of formation of this ion current., In eddition, oﬁservations have
been mede of the changes in ion current drainage which occur with resi-
duel ges pressure, magnetic field, bean current, aﬁd bias aﬁplied to
various electrodes of the high power klystron with which these investi-
getions were mede, Because of the direct measurenment of the ion dreinege
& great deal of sensitivity was possible, while at the same time the
experimental arrangement did not interfere with the normal operation
of the valve, This chepter will review the findings which were made,
and meke comperisons between this new date and the investigations of

previous authors, In addition, the further study which is necessary to

relate these findings to the RF performance of these valves will be

outlined,
In reviewing the experimental findings, results wvhich were obtained

in later experiments utilizing the biesing of<§a1ve drift tube sections
shall be combined with the first’experimental findings to indicate the
full steady-state ion drainage current to the cathode., The variation
of this steady stete current with pressure, beam current, and magnetio
field is first discussed, and explanations presented which may account
for the large magnitude which was observed. The observations of the
build-up time of this ion current are then discussed, and these are
uged to determine the charge storgée within the beam. Some behavior.
which would have been expected from the experimental work and explana-
tions of other authors but was not observed in this work is discussed.

The various electrodes of the valve, the collector in particulear,
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were biased in exveriments to determinethe.spatial distribution of the
"don current formation, oand to measure the effects of collector depres-
sion, The results of this work ere discussed, and é sunmary. of
.'important conclusions which may be drawn from the experimental ;ork
_of this dissertation is presented. The chapter concludes with & dis-

cussion of further experimentation which shall be conducted on this

valve,

6.1 Steady Stete Ion Current

The steady state ion ourrent is the same current as would be

expected to be flowing during CW operation of this valve, Keasurements

of-the Faraday Cage current were shown to require two corrections before
they could be considered an accurate determination of the total ion

current drainege to the cathode, The first of these is a reduction of

the measured current to account for secondary eiec;rons vhich may
escape the cage and thus cause a larger current to be measured than is
that due to ions, and the second is an increase which accounts for the
efficiency of the collection hole end collector. The effiéiency deter-
mination is difficult to make accuretely, end the determination that
it lies betveen 45 and 50% is & conservative estimate, with some evidence
thet it might be as low as about 30%., Figure 58 shows the result of
appi;ing these the two corrections to themoriéinal deta indicafed in
Figure 27,

A curve representing a theoretical calculation of the ion current
from Equatim3.1 is also showm in Figure 58, This curve includes a
20 cm path length in the collector, which is a fairly accurate

estimate based upon the data obtained on the spatial distribution of

ion current formation, Included in this data 1s the acoount which had

to be taken for a pressure differentiel which was believed to exist in
the tube. Although impossible to verify, when this pressure differen-

tial is included in the theoretical calculations, a good agreement
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between the measurements and fheory is seen insofer as the pressure
dependence of ion current is ;oncerned. In comparing tho magnitude
of the two curves, however, it is evperent that the moasured velues
of ion current are about 50 greater then thope predicted by the
modified Eguation 3.1. The only extensive published'meaauremente
with vhich this velue cen be compared are those of Hines, et al (2%),

in vhich the measured values are gmeller than vredicted (75i3). The

valve on wvhich their experiments‘were performed, however, only had 2
2,FV'14'5 ma bean.

| An explanetion for this lerger current may be found in the combine-
tion of & variety of effects, and the emphasis should be leid on those
whioch would serve to distinguish low and high pover valves, The first
of these has been mentioned in Section 5.2.2.3. Ejeoted electrons ere
shovn by the anzlysis of Chapter 3 to be trappéd within the beam or
close to the beam, and possess sufficient velocity to have ionising
coliisions. Once e steady stete is reached; these elecirons drain
longitudinelly as guickly es they ere creeted, but it would seem that
a nunber may nigrete to arees of high potentiesl when the beam is first
tu{ned on and renain there, just as ions are.seen to £il1 the scallop
po}gntial vells. A sufficient number of electrons could be trapped in
this way to oesuse a reasonable increese in the beam current, as denon-~
strated by the calculations of Section 5¢2.2.3. Furthermore, these
ejected electrons would serve to explain the ion ourrent increase at
small negetive biases on the collector. .

Further explanation for the large ion current may be sought in our
lack of knowledge concerning the cqnetit;ents of the residual gas. In
particular, copper atoms may be present in the valve, The determination
of the distribution of ion formation, however, does prgclude any explane—~
tions that this increase may be due to outgassing of the collector,

since ion production is shown to be closely proportional to the path
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length of the electron beam.; Since the determination of ion current
&

magnitude includes the consedvative estimate made of efficiency, it is

possible that the magnitude of ion current is greater then that cetermine:

here, In any case, this research indicetes thatAla;ger ion effecis taz-
would be predicted from Equation 3.1, vhich is the comnonly acceptec
theofy, will be found in high powter klystrons, Thus, for example,
creater cathode damage may be expected, .

6.2, Ton Current Build-Up Time

The observation of the build-up time of ion current draining to ihe
cathode was mede over- -almost two decades of pressure, between 3 x 10"7
and 1.5. x 1070 Torr, and it was found to be charecterised by & graduel
rise from gero sterting et the same time as the béam pulse, and
* rising to 907 of its final value in times between 500 and 50 psecs. Tre
rise time decreased with increasing pressure,approximately as 1/f§'over
most of the renge. The gradual rise from zero vas not expected in 1izht
of the work of Sutherland (3) and Hertnagel (22) who have predicted e

£illing of the potential well-near the cathole before any ion flow texes

place, It may be that such & potential well does not exist in this velve,

or that the pressure is too high for these effects to be observed., it
is, however, certain that scalloping does exist, end Hartnegel has
suggested that in cases of the.besiduel gas pressure being too high,
the behaviour to be expected'is for en in}tial £i1ling to teke place,
folloved by a release of & large nlmber of ions, and a settling cown to
a constant flow of ion current which is too high to sllow oscillations
of the type which he examined (Chapter 1). This would suggest thet e
peeking of ion current would be observed some time after the start of
the pulse. Howvever, the only'pressure at which similar behaviour wes
seen was at 3.5 x 10"6 Torr (Figure 34a), and when the pressures was
dropped below this point, no oscillations, or tendemcy to oscillation
was observed although pulses as long as 1 msec were used., Conclusive
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investiggtion of this type of oscillation could only be done by placing
measurement ecuipment of theftype exployed here iﬁ e valve in wvhich
the oscilletion is Imown to occur. It is the conclusion of this
exverinental woric that the ion érzinege current ié'observed {0 build-up
gradually from the start of the pulse to the pletezu value, Since
gonme filiing of the pvotentiel wells caused by scallaping ﬁust take place,
it is concluded that the gmooth rise is due to the axiel velocity of sonme
fons wﬁich ellows them to drain before the wells are filled, EXperiments
did indicate that the axizl vpotentials draining the ions may be on the
order of a few hundred volts, rather than the lower value predicted by
pfévious work (24).

| The long rise end fall times which were measured meen that high
power pulsed valves will not suffer the same emount of cathode demege
es CW tubes of the same average vower, but at the seme time the changing
béam trensmission during the pulse cen be expected to have significant
undesiradble effects in the R* amplitude ené vhase. This effecﬁ is
best reduced by minimizing scallops, which is done in any case, but
the amount of beam charge st&rage which tekes vlace in even saooth beaaxs

indicates tkat the problem wiil be vresent to some extent.

6,3. Charze Storare in the 3ean

1” Integration of the anount of ion current vwhich wes kept in the bean
du¥ing'the build-up time of the ion current wes used to find the emoﬁnt
of ionic charge storage in the‘beam apd collector, It is shown that &
very lerge amount of charge is stored in the collector, in fact slightly
more than is stored in the whole drift tube, This is thought to be
due to a lerge potential well which exists within the collect§r in the
absence of residual gases, and which is filled by ionic cherge in beans

with gas present. This vwell suggests that the flow of ions during a

pulse may be different than that which occurs in the CW or steady steate

case.
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By biasing the collector negative, it was possible to exeaine the
charge storage which exists én tte cathote Lkalf of the érift tube, {rus
elininzting collector sioraze. Trese experinents revezled thetl urless
tke ion current is edjusted upword by the Ecraday Cese efficiency-
discusped ebove, unrecsonably low values are found é{ pressures vhere
neutralizotion is ¥noim to ocour, This work egrees wita the drift tube
bies experiments in showing that efficiency is between 36 and 503,

Figure 59 shows the charge storage in the cathode helf of the drilt
tube, end differs from Figure 47 in that the date includes & correction
factor of 2, corresponding to 503 Feraday Cage efficiency. It is
apperent that a minimum of cherge storege is reached et & pressure of
about 6 x 1077 Torr,and tha£ for this particuler valve, reduction of
the pressure below tha{ point will not reduce the mumber of ions in the
bean, The data here indicates that the beaé is 24:5 neutralised et even
the lowest pressures. This neutralisation, of coﬁrse, may heve the
beneficiel effect of increasing beam transmission, Study of the K
performance of the valve must be done before the impact this may heave

on noise performence is knowm.

6.4, OscilMtations

As the gas pressure was inoreesed to sbout 3 x 10"6 Torr, snall
emplitude oscilletions could be'observed in the ion dreinage current
at freguencies between 8 and 33 KHz. As the pressure was further
increased, these oscillations vanish, and larger oscillations at a
frequency of about 20 KHz eppear at a pressure of about 9 x 10"'6 Torr.
These oscillations cause a rise and fall of about 25% of the average
ion drainage current, A large IC compoﬁent of the current flows
while the oscillations aré observ;d. Further increase of the pressure
finally gquelches the oscillations, Experiments show that a large
collector depression hes the effect of raising the préesure for onset
of these large oscillations, ané apparently mekes the boundary conditions
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for their occurence far more;critical. .In_the cese of all oscillations,
it is assuned that they are ;aused by alternate collapse end re-building
of tho bean potentidl well en it is neutralised.  ileesurements of the
body interception current support this suggestion.

6.5. Spatial Distribution of Ion Formation

Pulsed biesing of drift tubes mede it vossible to determine the
spetiel distribution of the ion formetion process. The fesult of these
experiments was that the ion production rate is epproximately
directly proportional to the beam path length, as the model'of Chapter 3
-had supposed, and that no areas of extraordinarily lerge ion formetion
were found, ifeesurements with a negative collector snoved egreement

.with these results,
6.6, Sugrestions for Further Resesrch

It was the intention of the experimentel work covered in this
dipssertation to analyse the ion dreinege in a high power klystron
by direct measurement, and to design equipaeni to provide for & second
series of mecsurements which would relate the measured ion effects
and the R noise which they produce. This natural progression of the
vork is clearly very importent in understanding the K effects of the

large number of ions vhich have been shown to drein froa the valve, anc

the lerge mumber which remain in it., The very sensitive techniques

which heve been developed (25) provide an accurate method %o relate
jon created noise and moduletions., In partioulag experinents wh;ch
diptinguish between Ef performence at the beginniﬁg end end of the
pulse would be of great importence in determining ionioc effects.
Chenges in the beam diemeter, ioqio chéfge storage and direction of
jon flow during the pulse will affect the EF measurements.
The findings of this experimentation include some wmexpected fesults

vhich could probebly best further examined in an apparatus gpecially

designed to essure higher Faraday Cage efficiency, etc., but not
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necessexrily. cavable of RF mofulation. The apveratus would, of course,
hevo to be cepable of operat;ng with the high current beans vhich exe

a significont pert of the phenoaenz.observed in these exserimente,
Further confirmation must be sought of the ion currents, whici vere

505 or more lerger than those vhich heve been assua;é so far, in
important part of this research would be the confirmation of the
effectiveness of the ejected electrons in creating a significent emount
of furthér ionisétion. This could be exanined in an evveratus vhich
could vary the number of these which are trapped in the bean by verying
the sczllop depth, Such equipment elready exists in the forn of beex
enalyzers, but it hes not been edapted to ion measurement, It is elso
clear that 2 more thorough anelysis of the velocities which ions érzin-
ing to the cathode attain during their {ravel in the drifit tube wouls-
be & great interest in improving present theoreticel work concerning
the drift tube potentiel depression with ionié charge,

The findings with regard to ion build-up time were surprising in
1light of the exwlanations of low frequency oscillations dresented Ty
Hartnagel (22), bui e prover investigation of the relctionship of
ion draincge end these low freguency oscillations would recuire tke
installztion of experimental equipnent such es thet designed for thais
disseration in & valve in vhich.these oséillaxions are known to occur,
The work vhich hes been reported concerning these oscillations yas veen
for the case of lov power valves, end it may be that the greater ion
current in some way changes the conditions necess#fy for these oscille~
tions to occur, +ethods such es the one used here, however, ere
necessary for a proper investigat?on of.these explenations.

It would seem that the great ion currents which heve been discovered
in this\research do deserve more attention experimentally, in spite of
the cost and time inherent in experiments with high power beams, The

work discussed in this dissertation demonstrates that greater cathode
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demoge than would be cxpected will occur in high pover valves, and
that ion effects will be morefsianificant in high pover valves then
in low power valves. ZThe research on the build-up. time of the ion
ocurrent would indicate thet special care must be teken in the construc-
tion of valves which ere pulsed end have difficult phase linearity end
aaplitude flatness specificetions, :inimizetion of bean scalloping ié

important not only for reasons of good beam transmission, but also to

reduce ion effects during the pulse,

Results from thc second stage of this research are looked forward to.
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AFPLEDIX 1

CIRCUIT DIAGRAIS FOR IOi:

#ZASURENECITS

Figure 60 20 KV Hodulator
Figure 61 Rogowski Belt Amplifier
Figure 62 Sample and Hold Circuitry

Figure 63 Sample Pulse Generator
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Appendix II Rogowski Belt Construction

'
The Rogovcki Belt is & maFnetic pick—-up loop which neesures the cur-
rent in a wire passing through it. Figure 64 illustretes the belt. If
the solenoid cross-section is &, the torus average radius Rav‘ the

number of turns N, then it mey easily be showm from first principles

thet & voltage V

nAuo 4T

V= ’z—ﬁrlz; T Eq. IT.1

will be generated in the belt due {0 e current I in the wire passing
through it. Furthermore, the inductance of the belt will be Lt
uoNaA
L= 79%

av

Eq. II.2

The voltage output of the coil is thus proportional to the derivative

of the current which is of interest. To obtain the integral of this volt-
age, two methods may be used. Figure 64 b and ¢ illustrate ecuivelent
circuit diagrams of these two methods and the belt itself, Here the

belt and wire are regarded es ocoupled ipductances. Rs is the inherent
series resistance of the belt'due to resistance in the wire, The method
of ¥igure 64 b, which uses a lérge pesistance to couvle to an integrating
negative feedbeck amplifier, is suiteble for low frequencies, but the
léfge Qalue of R required for the frequency response needed would be
sensitive to pick-up. Figure 940 depicts an alternate method which uses
low resistances and allows the induction of the belt itself to provide
the integration. Thie method has & high frequency response which is limit-
ed only by the internal capacitance of the Rogowski Belt itself (combined
with the coil inductance, which 1limits the maximum numbers of tu;ns).

The low freguency response is imprbved by x;ze.king L as large as possible.
This is more clear if the following analysis is considered. Neglecting
inductance and resistance in the primary circuit, which is allowable at

the frequenocies of interest here (less than 1 MHz), one may writes
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FIG. 64 ROGOWSKI BELT AND EQUIVALENT CIRCUITS




LS ai,
f ma——— —_—i [} ks,
H gz L35 + (R8 + 3)12 Ze. II.3
]

i full Laplace eolﬁtion would be:

(s) viﬁc 5 o .
I.(8) = - - ¥Ts" | Zq.lI.4
2 (sL1 + RI)TEL2+ 32)

The following useful observation be mace about this eguction: if it 4s

" assumed that the current being measured rises from zero fo its meximnm

»

value, Imax’ in t seconds, then ;max/t will be the epproximete value of

” diz/dt. Thus if L/t>D-R8+ R, the second term in Equation II.3 may be

-neglected, and both sides integrated to show that the current in the

circuit vwill be:

y (muo / u %A \
i, « V/L = | - « 1. /F  Eq. II.5
2 2%R ., \21rxav / 1

vhere L/t)#-Rs+ R, This inequelity is more adplicable to this pulse cacse

than thet given in other sources which describe this belt (27). For the

-belt for this application, the choice of components was mede after con-

siderable experimentation, and is best understood by considering the

resvonse of the belt to a unit step function, uo(t):

iy = {— (1 - exo(~(R_+ R)t/L)) %o, IL.6

A droop in response with tinme cohstant (R8+ R)/L will occur on long
pulses. Since the output voltage measured across R will be larger for
larger R, and smaller with increasing K, it is clear that a comproaise
must be sought. The finel design hed a switch providing two values of 2,

the smaller one for long pulses, and the following parameters:

L/R High R " 2.5 msec
Low R - 7.5 msec

)i 2000 T

Rav 2 ca

A 3 x 104 e?

Rise time (10%-903) 2 psecs

R8 27 ohms
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Avpendix III Drift “‘ube Pressure Differentizl

It was suggested in Chapfer 4 thet the ion gauge recdings of pressure
night not accurately reflect the true pressure in the drift tube Que
to the szall conCuciznce 07 the drift 4ube., If this vere the case, the
pressure readings would tend to underestinete the pfés;ure in {he c¢ol-
lector end of thé drift tube, ond e vressure grodient alonz the Grift
tube would exist., It is the intention of this appendix to determine
vhat estimate of this effect is possible, and to calculate the predicied
ion current flow from a drift tube with a pressure gradient.

It is important to first record the vressure mezsuremenis which are
nade &s the tube is brought from cold to normal beam pulsing. Pressure
in the cold tube was observed to be 3 x 10"8 Torg. *hen the hezter has
been turned on and the pressure has had time to stebilise, e dressure
of 1.6 x 10"7 Torr is observed. This pressure rise is caused by out-
'gassing of the cathode and the ceramic wall sections edjacent to it,
vhich become quite hot, even with forced air cooling (the teaperature
was observed to be in the neighbourhooé of 100%:. on the outside).
then the been is turned on in.repeated triels, & very fést vressure
rise to 2.5 x 10"7 is observed (- ithin 1 minute) and this is followed
by a slow pressure rise to 2.7 x 10'-7 Torr, which is rezched in 5
minutes., Further pressure rises and fells during long duration
experiments ere very small agd ere ettributed to changes in the enbient
tenperature in the laboratory.

It is believed that the edditional gas which is present after the.
bean has been turned on comes mainly from two locations: the cathode
and the collector. In the case of the czthode, it is thought that
edditional conversion of BaCO3 and Ba(OH)2 to BaO, which occurs only
vwhile beam current is being drawn, would be & source some quantity of
gas, The cathode is never made to deliver the full beam current under
cv conditions during its activation and reconversion of Ba(OH)2 to Ba0
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it thougnt to be talting vlace continuously:at 2 slow rate during
the operation of the vzlve under these pulsed coqditions.

The collector would be the other large source of gas enigsgion since
nore bean current strikes the collector then anyvhere else, and sonme
gcas would be exnected to be evolved beczuse of the resultant heating.
It is vorthvhile to review at this point wvhat assuantions can be made
concerning this gas evolution. ZExperimentel wofk indicates that at
- temperatures up to 300°K a monolayer of edsorbed ges will remein on
the collector material., At temperatures above 7OOOK.,'houever, most
of the other monolayers will have been stripved away (36). It would
seem reasonzble to assume thet some removal of gas from the collector
tekes place during the beam pulse, end due to the average heating of the
collector. 3ecause the monolayer vwhich continues to remain will lower
the sticking probebility, it also seems likely th;t only an insignificant
diount of re-sticking takes place during interpulse veriods, end that
the net result of the beam heating of the collector is to produce an

evolution of ges. The difference in mass between the electron and the

gas molecules would seem to rule out any molecules being ejected due to
collision phenomenon alone,

Bécause of the inability in this experimental configuration to
measure the pressure.close to the eollector, it is impossible to apportion
the observed pressure rise with pulsing between the cathode and the
collector with accuracy. However, because the pressure is observed to
rise quickly at first and more slowly until reaching a level value in
five minutes, it seems not unreasonable to associate pressure rises which
occur quickly with cethode outgassing, and to associate a slower Trise
with a thermal effect, and thus with the collector. It is clear that no
significant temferature change will take place. in the cathode., If

this separation of gas sources can be made, it then becomes possible

to determine the gas throughput from each of these regions, and thus
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calculate thoe pressure gradient which the beaa would be likely to gee.

To cover all extrenmes, a'seconé calculation will be nade vwhich will

esgunce that ell gas throuzhput cdue to the beon ofiginates in the collector,
and thus & maxinua vazlue of the vressure gradient cen te deéérnined.

Ycking use of methods discussed in Ven Atiz (37), the folloving

conductancee verc celculeted for the low pressure rezine

Tube between.pump and tee piece 370 1/sec
Passage between gauge end baclk: of nodified
- hezader plete 660
Annuler ring formed by cethode pot and wall 470
Drift tube Section o, 1 10.7
2 8.5
3 9.7
4 11.7
12,5
Total drift tube conductance 2.1

It is essumed that pump speed is constant over the smell ranges of
pressure vhich are involved in this cazlculetion of gas throughput, end
that-the beanm pumping speed is negligible, The'beam speed is 15.4 1/sec
instanianeous, but this must be multinlied by the duty cyéie, vhich is
1/100 or less, Denoting the gns throughpu* to the punp when the bean
and heater ere off as'Qop, the %hroughpuf with the heater on as th, and
the throughput with hester and beam on as thn’ end calculating that the
33 1/sec punp speed is reduced to e speed Sg of 30 1/sec at the pressure
gauge,'the same subscripts as used above mey be used to write the resultis
of pressure measurementss .
= 3x 1078 Torr

P
og
P « 1.6 x 10-7
hg
Since for steady flow, Q=PS,

% + B S = 4.8 x 1070 Torr-1/sec

When the beam is turned on the pressure rises quickly to Phbgi“ 2.5
x 10-7, and finally stabilises in § minutes to Phbgfu 2.7 x 1077, These
correspond to throughputs of 7.5 x 1()"6 and 8.1 x 10-6'respective1y. If
it is assumed that 211 the gas measured in the first pressure rise
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originetes in the cathode, &nd the collector is only responsible for
the gas vhich causes the second rise, it is concluded by subtracting
Q. from the above throughpuis that 6 x 10.7 Torr—l/scc comes from
the collector. Assuming that 211 the ges which flows after -the bean
is turned on comes from the collector, a ges flow of 3.3 x 10“6 Torr-
1/sec is calculated,

If Pa is the pressure at the anode and Pc the pressure at the

. collector, the difference between them may be calculated from the

equation g

Q= (pc - Pa)cd V(Pc -P)= Q/cd

where C4 is the drift tube conductance, 2.1 1/sec. For the first

assumption this pressure difference is 3 x 10-7, and for the assumption

thet all gas flows from the collector,1.7 x :lO"6 Torr. Thus the pressure

gradients for the two hypotheses chosen have been calculated and it

o

renzins to detemine the ion current which is precicted to flow from

systea with such e vressure gradient.
A4 czlculation using the conductances betiween the modulating anode

anc the pressure gauge shows that with the full throughput with bezn

. - -8
ané heater on, a pressure drop of only 2,9 x 10" Torr occurs betwveen

these two points, and this can be neglected, end pressure at the anode
-czn be_taken to be the same pressure as that indicated on the pressure

gauge,

For each length elong the drift tube, dx, an ion current, dI is

generated.
aI = p(x)PIIde
The pressure sterts at p_  and increases to a maximum of Pt (A o).

Because of the uniformity of the drift tube diménsions, a lineer change

in pressure along the length of the drift tube will be assumed, easing

calculations, The pressure at any point along the drift tube is therefore
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o(x) - p, + 2442
D 4
¢

where ID is the drift tube length. The total ion current ney then be

conputed froa the iniegral (or 2 sinple average with the linear easunp~

tion)

I, = p(x)PIdx  « PILI, (p, + - A )

Referring to the first part of this eppendix, two values of A » ere
shown to be of interest: 1) 3 x 1077 Torr ena 2) 1.7 x 10"6 Torr, For
P; = 26 jon-electrons pairs/meter-Torr, which is the coefficient for
CO and other common gases at 15 XV beem volts, calculations have been
made and are showm on Figure 65,

i1so showm on Figure 65 ere the ion current measuremenis from Figure
27, and a theoretical curve assuming no pressure differential. Although
the absolute values of all three ourves are different, it is imvportant
to observe that the shape of the measured curve is more closely matche:r

by the curve which relates to a pressure differantis) o~ 3 x 10-7'Tor~,

i3.4cl. was the one arrived at by seperating gas throughout from the cathode
and the collector on the basis of differences in their times to steady
flow., Inclusion of the pressure differentizl slong the drift tube thus
proves to be adequate to explain the shape bf thevcurve of observed ion
-current vs pressure., This would indicate that no undesirabI; effects
such as focussing of the ion éurrent on tLe Faraday cage for low pressures
are teking place., From the match of the curves it would seem that the
true value of the pressure differential along the d;ift tube might be
glightly higher then 3 x 10"7 Torr but this value shall be retained as
being one which offers a good estimate, Thus the ourve for p = 3 x 1077
Torr in Figure 65 is taken as the prediction which a simple extension of
Equation 3.1 leads to, and is therefore reproduced in.Figure 27 for the
purposes of comparison with the experimental data. It may be concluded
from this discussion that in spite of the low conductance of the drift
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tube, the pressure measured at the ionization gauge mey be taken as

en accurate figure for pressure throughout the valve, except at very

lovw prescures.
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Appendix IV ixial Fotential Distribution in Drift Tuve Siesing

1

The axial potentizl distr%bution in the drift tuves mey be easily
czlculated by meking use of the work done on coaxial cylinders in

stenderd works on electron optics., Grivet (38) gives the formula for

exizl potential between two cylinders of the same diameter separeted by

a distence d as:

b ¢1 + 4’2 3. 2=b 1, coshi(z+d)
= 2 *T+{ 27e " Cosh l(z-d)

vhere all distances are mezsured in units of the drift tube radius.

1}
“Then, since all but the final gap between tubes are 1 , d = 2, Alloving

¢1= O one mey writes

¢)2 1 1 | cosh (2+2)%
b(z) - (:T')(E) L+ 7 18 Goen (z=2)¥ Bq.IV.1
_where ¥ = —t20B (1é3la)d = 0.,494929

This function was computed and the results ere shomm belows

AXIAL POTERTIAL DISTRIBUTION ¢ TWO COAXIAL CYLIiDERS
%Z (radial units) Fraction of Potentiel

 +500000
«5933809
682770
«76248Q
.829615
.882607
921889
«949443
+967936
«979948
«987577
« 992349
« 995306
997126
.998244
"« 998927
« 999345
»999601
« 999756
«999851

WO
® 6 6 o s o o o
Vowmowumowumo

.
wn O

N ol -Ne SR PN, W XT TC I
L] L ) 'Y [ Y 'Y [ [} [ Y L ]
VOV OoOUnownmowmo

- 134




o
U

BIBLIOGRAPHY .

/1.

2.
3.

4.

- 5

9.

!
C.C. Cutler,"Spurious Nodu]ation of Electron Beams," Proc., IRE,
1956, p. 16

L.D. Clough, K. Evens, H. L. Hartnagel, O, C Kendall, * Lou-freouen-
cy Output fluctuations of microwave Tubes," Int, J. Electronics,

1969, 27, p. 195

A, D. Sutherland, "Relexation Instabilities in High-Perveance
Eleczgon Beams," IRE Trans. on Electron Devices, Octobaer, 1960,
P. 2

R.L. Jepson, " Ion Ogsillations in Electron Beam Tubes, Ion Hotion
and Energy Transfer," Proc, IRE, 1957, p. 1069

J«R. Pierce, "Possible Fluctuations in Electron Streems Due to Ions,“
J. Appl. Physics, vol. 19, 1951, p. 231

H, Bohlen and V. Dubravec, "Signalstlrungen Durch Ionen, Langsame
Electronen und Kultipactorentladungen bei UHF-Fernsehklystrons,"
7ib Int, Conf. of Microwave end Optical Gen. and Ampl., 1968,

VDE-Verleg, Berlin

R, Anand, "An Electron Gun for Redueing Ion OScillation in TWT'g,"
Proc, IEEE, Electron Dev., 1964, p. 75

B, Laico, Hc Dowell, and Moster, " A Medium Power TWT for 6000 MHz
Radi® Relay," Bell Syst. Tech. J., Nov., 1956, p. 1285

C.C. Cutler and J. A. Seloom, ® Pin-hole Investigation of Electron
Beams," Proc. IRE, 1955, p. 299

10, Conversations with M, Esterston and R, Heppinstall, EEV, Chelmsford,

V//il.

12,
13,
14.

15.

16.

17.

L. ¥. Pield, K. Spangenberg, end R, Eelm, "Control of Electron-Beam
Dispersion at High Vacuum by Ions," Electrical Comnunicetions, 24,

19471Po 108

B, H. Wadia, "Influence of Positive Ions on Electron Beam Profiles,"
PhD Thesis, :iStanford University, Californie, Feb., 1954

E. L. Ginzton and B, H. Wadia, “Positive Jon Trapping in Electron
Beams, " Proc. IRE, 1954, p. 1548

G. Dunn and Self, ®"Static Theory of Density and Potential Distribu-
tion in & Beam-generated Plasma," J. Appl. Phys., 35, 1964, p.113

E.G. Linder and K.G. Herngvist, *Space Charge Effects in Electron
Beams and Their Reduction by Positive Ion Trepping,” J. Appl. Phys.,

21 , 1950, p. 1088

XK. G. Hernqvist,"Plasna Ion Oscillations in Electron Beams," J. Appl.
Phys., 25‘_) 1955, p. 544

J. E. Hopson,'Beam-generated Beam Plasma System," J. Appl. Phys.,34,
1963, p. 2425



18, H.S. Zinchenko and B, A. Zhigailo, "Effect of Ion Focusing in Vel-
ocity Nodulated Electron Beams," Sov. rhys-Tech. Phys. 9, Jan. 1955,

P. 1008

19, X, C. Barford, "Space Charge lieutrélisation by Ions in Linear Flow
Electron Beans," J., Electr., end Contr., Vol. 3, 1957, p. 63

20, V. I. Volosok eand B, V., Chirikov, "Space Charge 'Cémpensa:tion in en
Electron Beam," Sov. Phys-Tech, Phys., 2y pe 2437

21, H. Hartnegel, “Ion Distribution in the Drift Region of Tubuler
“g Electron Beams,® Int, J. Electr., 18, 1965, p. 431

22, University of Sheffield, Dept. of Electronic and Electrical Engrg.,
Final Report, Oct. 1969 - Sept. 1970, Res., Proj. RU 10-15, “Ions
Trapped by Electron Beam Potentials," K. Evans

23, J. T. Senise, "Note of Positive-Ion Effects in Pulsed Electron Beeaaus,"
Jo Lpplo Phya.,_?i, 1958, p. 839

‘/24. M. E. Hines, G. W, Hoffman, end J. A, Seloom, "Positive Ion Drain-
age in Hegnetically-focused Electron Beams," J. Appl. Phys.,26

p. 1157

25. K. Sann,"The Measurement of Near-Carrier Noise in iiicrowave Anpl-
1fier8, IEEE’ }":qu-le, Sept. 1968, po 761

26, Princivles of Rader, J. F. Reintjes and G.T. Coate, 3rd ed, 1952
He Graw-Hill, Xew York

27. R, H. Huddlestone &and S.T. Leonerd, Plasma Disgnostic Technioues,
Academic Press, Few York, 1965

28, R.P, Little and S.T. Smith,"Electrical Breekdown in Vecuun,® IEZZ
Trans., on Elect. Dev:, Reb, 1965, De. 77

29, H.S.V. Hassey, E,H,S. Burhop, and H.B. Gilbody, Electronic end Ionic
Impact Phenomena, Clarendon Press, Oxford 1969

30. A. von Engel, Ionized Gases, Claredon Press, Oxford, 1965

31, L.J.Kieffer end G, H, Dunn,"Electron Impact Ionization Cross-Section
Data for Atoms, Atomic Ions, and Diatomic Koleculess I,Experimentel

Data," Rev, Kod. Phys., 38, 1966, p.

32, N.F. Mott and H.S.W. Massey, The Theory of Atomic Collisions,
Claredon Press, Oxford, 1965

33. C.H. Bachman, Hull, and Silberg, "Positive and Negative Ions in
Cethode Ray Tubes," J. Appl. Phys., 1953, p. 427

34. P, Hedvall, "Properties of a Plasma Created by an Ion Beam," J. Appl.
Phys., 33, 1962, p. 2427

35. M. Keminsky, Atomic and Ionic Impact Phbnomena on ¥etel Surfaces,

Springer-Verlag, Berlin, 1965




36. E. V. KcDaniel, Collision Phenomena in Ionized Gases, J. Wiley &
Sons, ¥ew York, 1964

37. C.X., Ven Atta, Vecuum Science end Engineering, KcGraw-Hill, New
York, 1955 -



BIBLIOGRAPHY .

J

L 1,

s

90

10.

11,

12,

13..

14.

15.

16,

17.

Y
C.C. Cutler,"Spurious liodulation of Electron Beans," Proc. IRE,
1956, p. 16 :

L.D. Clough, K, Evens, H. L. Hartnagel, 0., C Kendall, " Low-frequen-
¢y Output fluctuations of microwave Tubes," Int. J. Electrenics,

1969, 27, p. 195

A. D, Sutherland, "Relexation Ingtabilities in High-Perveance
Electron Beams," IRE Trans. on Electron Devices, Octobaer, 1960,

P. 268

R.L, Jepson, " Ion Ogsillations in Electron Beam Tubes, Ion Motion
and Energy Transfer," Proc. IRE, 1957, p. 1069

JeR. Pierce, "Possible Fluctuations in Electron Streems Due to Ions, "

J. Appl. Physics, vol. 19, 1951, p. 231

H. Bohlen and V. Dubravec, “Signalst¥rungen Durch Ionen, Langsame
Electronen und Hultipactorentladungen bei UHF-Fernsehklystrons,"
7th Int, Conf, of Microwave and Optical Gen. and Ampl,, 1968,

VDE-Verleg, Berlin

R, Anand, "An Electron Gun for Redueing Ion Oscillation in THT's,"
Proc, IEEE, Electron Dev,, 1964, p. 75 '

B. Laico, Hc Dovell, and Moster, " A Medium Power TWT for 6000 MHz
Radi® Relay," Bell Syst. Tech. J., Nov., 1956, p., 1285

C.C. Cutler and J. A. Seloom, " Pin-hole Investigation of Electron
Beams," Proc. IRE, 1955, p. 299

Conversations with M, Esterston and R, Heppinstell, EEV, Chelmsford.

L. K. Field, K. Spangehberg, and R, Helm, "Control of Electron-Beam
Dispersion at High Vacuum by Ions," Electrical Comnunications, 24,

B, H. Wadia, "Influence of Positive Ions on Electron Beam Profiles,"

-PhD Thesis, :Stanford University, California, Feb., 1954

E. L. Ginzton and B. H., Wadia, "Positive Ion Trapping in Electron
Beams," Proc., IRE, 1954, p. 1548 .

G. Dunn and Self, "Static Theory of Density end Potential Distribu-
tion in a Beam-generated Plasma," J. Appl. Phys., 35, 1964, p.113

E.G. Linder and K.G. Hernqvist, "Space Charge Effects in Electron
Beans end Their Reduction by Positive Ion Trapping," J. Appl. Phys.,

21 , 1950, p. 1088

K, G, Herngvist,"Plasma Ion Oscillations in Electron Beams," J. Appl.
Phys., Zé, 1955, p. 544

J. E. Hopson, "Beam-generated Beam Plasma System," J, Appl. Phys., 34,
1963, p. 2425




18,

19.
20,
21,

22,

23.

24,

25,
26,
21.
28.
29,

30.

32,

33.

35.

H.S. Zinchenko and B. A, Zhigeilo, “Effect of Ton Focusing in Velw
ocity Xodulated Electron Beans," Sov, Phys-Tech, Phys. 9, Jan, 19545
p. 1008 ' !

R. C. Barford, “Space Charge ¥eutralisation by Ions in Linear Flow
Electron Beams," J, Electr, end Contr., Vol. 3, 1957, p. 63

V. I. Volosok and B, V. Chirikov, "Space Cherge Compensation in en
Electron Beam," Sov, Phys-Tech, Phys.y 2, p. 2437

H. Hartnegel, "Ion Distribution in the Drift Region of Tubular
Electron Beams," Int, J, Electr., 18, 1965, p, 431

University of Sheffield, Dept, of Electronic and Electrical Engrg.,
Final Report, Oct. 1969 ~ Sept. 1970, Res. Proj. RU 10-15, "Ions
Trapped by Electron Beam Potentials," K, Evans

Jo. T. Senise, "Note of Positive-Ion Effects in Pulsed Electron Beaas,"
Je Appl. Phys.,29, 1958, p. 839

H. E, Hines, G. H, Hoffman, and J, A. Saloom, "Positive Ion Drain-
ege in Hegnetically-focused Electron Beems," J, Appl, Phys.,26,

p. 1157

K. Sann,"The Measurement of Hear-Carrier Noise in iicrowave Anpl-

Principles of Radar, J. F. Reintjes and G.7T. Coate, 3rd ed, 1952

He Graw-Hill, ¥ew York.

R, H. Huddlestone and S.T. Leonerd, Plasmea Diaemostic Technioues,
Academic Press, Hew York, 1965

R.P. Little and S.T. Smith,"Electrical Breekdown in Vecuun, " IEZZ
Trans, on Elect. Dev., Feb, 1965, p. 77 :

H.S.V, Massey, E.H.S. Burhop, and H.B. Gilbody, Electronic end Ionic
Impact Phenomena, Clarendon Press, Oxford 1969

A, wvon Engel, Ionized Gases, Claredon Press, Oxford, 1965

L.J.Kieffer end G. H, Dunn, "Electron Impact Ionization Cross~Section
Data for Atoms, Atomic Ions, and Diatomic Koleculess I,Experimentel

Data," Rev, lod. FPhys., 38, 1966, p. 1

N.F. Mott and H.S.W. Massey, The Theory of Atomic Collisions,
Claredon Press, Oxford, 1965

C.H. Bachman, Hull, and Silberg, "Positive and Negative Jons in
Cathode Ray Tubes," J. Appl. Phys., 1953, p. 427

P, Hedvall, "Properties of a Plasma Created by an Ion Beam," J. Appl.
Phys., 33, 1962, p. 2427

M. Keminsky, Atomic and Ionic Impact Phenomena on ¥etel Surfaces,
Springer-Verlag, Berlin, 1965




401931700 3AILVOIN HLIM Fovuols Fonvin JINO |

901 2 <ol | s 2 901 S . O
~—{3%L) Bunsszyg \
\ T

// \ ' s\;_wvzm&ﬁ_md} A T

oed 03 N~ |~ A31533345 3

>

8

3 \\

° &
g

Q.b—xm




Ol

SOILSIYILOVUVYHD dNNd NOJ Ll "9l

S

4

S° ¢

—0

130}

(v IN3YYMD NOI

/

\

mu—um

LVA SJI3YNL IOVINN

7

\ /!

NN

o

AX VE

gl

N
(y¥o1) 3¥NSS3Yd

/

L
\\
T

w0

) .

o




