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-meFACE

This dissertation descripes worl cerried out by tke cuthor in the
 Denertment of Engineering at the University of Cacbridge {CUEL) betuwzen.
Octobér 1968 and October 1971. The project origincted as a result of
correspondence between Proféssor L.\ . Beck, CUEL;.and lie Estertoﬁ,
TEV, Chelmsford, vhich recognised the importance of establishing
reséarch into ion phenomena in high power valves. This correspondence -
resulted in the offer of the loan of a high power Klystron to CU=L.

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 between
drainage and the noise effects in the Klystron by sinulteneous meas-
urements. This final design goal required that ﬁddifications be nade
to the klystron without affecting its RF performance, and a lerge part

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

and designing end building a measurement system.

‘Account is token of the work of previous experinenters, and credit
is given whenéver the resulté aad predictions of others are used in
this dissertation. But this dissertation is bosed n;oﬁ oriéinal worl
with a high-powered valve, and investigates the drainage of ions fron
2 higher power electron beam than has been exanined bef§re,<to the
best of the author's knowledge. The explanations for the effécts
observed are also original, except as ecknowledged.

Grateful thanks ere given to ny nany colleagueé in the Engineering
Department for helpful discussions, and occasionally, ruscle powver,
and in particular to: |

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

supervision.

English Electric Valve Co., Chelmsford, who provided not only the

Klystron which was modified for these experiments, but eslso advice



and conctruction without which this research could not have beon conm-

pleted., . Especially to be thénked are M. Ecterton and R. Heppinsiell.
eecrs. AR, Tubdy, Pe locksnzie znnd Do Shew ond others ol the

staff ol CUSL vho ap:nlied great si:{ll and patience to thé ptoblens

vhich eroce in the course of resecrch.
I'r, and lirs. Join Thouron, who generosity 'in providing scholar-

ships for exchange between the University of Penusylvania and British
universcities provided nmy m#intenance durin; the course of this researci,
fnd lestly, to ry wife for her potience and help,
This dissertation has not been subnitited previously to any other

university, either as & whole or in pert.

July 1972 J.K. Snith

ii.



CHAPTER 1
IRTRODUCTION

1.1 Tons in llich Povwer Tlectron Beam Devices

High power electron beam devicés find a greet deal of usage in
the fields of communicetions and radar as a source of high power micro-
vwave signel. They are characterised by tpeir use of a dense elﬁctroh
beam as & means of signal amplification, and include in their elaaé
such devices as klystron power amplifiers and travelling wave tubes.
The electron beam of these devices is formed within & vacuum envelope,.
and is usually prevented from spreading due to space charge forces bj
- some system of electric and magnetic fields. The signal amplifiéation
is produced by a velocity modulation of the beam, and an RF circuit;
couples the pdwer,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
after the normal valve degassing and pumping are completed., Although
these valves ere generally pumped doﬁn to pressures of 10'6 to 10'8
Torry; or better, the high beam current end long drift tube.lengths
mey produce ions in such numbers that they can interfere with both
signal fidelity and cathoée life, These problems have been réported
often in the literature (1,2,3,4,5,6,7,8) and are well known to

valve manufacturers,

The interference which thg 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, relax-



ation type of phenomena whosg frequency ranges from tens of kiloherts
down to almost DC. The oaciliation may have discrete frequency compon-
ents, but ihese are of changing frequency. The moduletion can ofton

be IOp of the carrier, and ranges up to close to 1003 in some cases(9).
Recent interest in generating signals with spurious sidebands very
low even close to the carrier has revealed fon-related oscillaetions
even in valves which are small in size and have been pumped very hard.
The presence of these oscillations is in general discovered by obser-
vation of modulation effects on the RF, But at pressures highef than

would normally be observed in a valve, theae oscillations are sometimes

' found in measurementis of the body ourrent and collector current.

Bohlen and Dubravec (6) have demonsirated that the storage of ions
within the beam can cause non-linearities in klystron-amplifier oper-
ation in the case of a.valve rather similiar to thevone considered
in this dissertetion. An interaction between the ionic oscillation about
the axis and a transmitted signal causes changes in the beam diameter
which result.iﬂ 1ncreased-ggin in synchronigm with the oscillations.

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.

. Cathéde life is affected by the impact on the cathode of ions
draining from the drift tube, where the majority of jons are formed.
Having drained from the drift space, the ions are accelerated across
the full beam voltage, and then possess sufficient kinetic energy té
do physical damage to the cathode, This effect is familiar to users of
high power electron valves, and of any valves in which there is a high
ge8 pressure (and hence more ipns‘formed). A visual examination of
cathodes removed from high power devices reveals a central area in
which coatings have been removed, and in some cases, deeper damage done,

Bermaias

The emissiiﬂty of this area is degraded and the life of the valve

shortened, The sputtered coatings may cause undesired emission from
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névw surfaces, and the oentra} change is emissivity has the effect of
changing the focusing prope;%ieé of the éun. Expérimenta bty Cutler
and Saloom (9) simulated this effect and showed increased ﬁbdy iniér—
ception, Some manufacturers, including EEV (Enélish'Electrié Valve Co.)
in the ocase of_ﬁodel K 376, the valve used in these experiments, ‘
anticipate this problem and reduce cathode damage due to,éputtdripg,
by cuttiﬁg e hole in the center of the cathode., A dup rlaced behind
this hole confines most sputtered atons. Observation of the cathodes
removed from K376's and other valv;s aftef tﬁousands of hours of oper-
ation reveal a region surrounding thié central hole which is dia—
coloured (10). Although the specific nature of the chemicel change

' wﬁich causes the discolouration is undetermined, fhe phenomenon would
indicate that not all ions are being collected ﬁy the cub.

Both the physical and electrical problems mentioned ebove are
pfesently minimized by the obvious solutioni more caieful prooeéqing
of the valve to ensure that the pressure reméiné es low as possidble,
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 processes of ion formation and drainage. Thé '
research which has been reported to date, which is reviewed briefly
later in this chapter, has cohcentrated largely on.low povwer devices,

Although a detailed explanation of.the process of ion drainage
%ill be attempted in Chapter 3, a very brief outline of the most
obvious characteristios of ion drainage in valves 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 {heae valves may be pursued in any of
a variety of texts, e.g. A.H.¥. Beck, Space Charge Waves, Pergammon

Press, London, 1958.
-3-



in vhich it maintains a relatively constaht diameter. It is in this
region that the EF interaotion tekes place, The'diift tubedie generally .
cylindrical and is maintained-at the .same potential as the eooeleret;
ing anode, After leaving the drift tube the beanm eleotrons hit the x
collector, vhich is often.also held uear anode potential, although

interest in increased efficiency is making the use of depressed c0l=
lectors more common. Collisions between bean eleotrons end residual .

. gas molecules along the beam path and on the walls: of the oollector
vmay create ion-electron pairs. The ione which are thus generated
along the length of the drift tube are moetly confined within the bean
by the negative space ‘charge fields of the beam, However, an axial flow
of ions out of the drift tube must take place or else the continued
geheration of ions would neutralise the beanm, resuleing in & plasme
gtate in the drift tube, This phenomenon 1s not observed in any but
very gassy valves, or those in which ; epecial 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 produeed. This rate of _
production will be dependent on the path length and the pressure,

ae 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 vith attempts to use the jonio charge to neutralise the
gpace charge potential depression of the beam, end fhus_remove the
need for heavy foousing systems which are normally necessary to oon-
fine electron beams, Field, et al (11) indicated early success in |
_ 4hig endeavour with the use of trapping ﬁotentiale on a low current
(50 ma) beam in & specialiy defigned experimental apparatus. Meaaure-
ments of the spread'of the 'eleotreq.beem in the absence of maegnetioc

e



fields were used as the mean? to determine the amount of beam neutral-
isation., However, the use of‘residual gas ions for neutralisation

was shown not to_be‘repeatably suocessful due to various 1nstabilities
which 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 ezperimentation,in the regimo of neutraliaéd
and over-neutralised beams, and ‘the. sort of build-up to neutralisation :
which would be predieted. The most succesaful results reported with

the use of neutralisation were those of Zinchenko and Zhigai1o (18).
They demonstrated the use of high residual gas pressures (10~4 4o 207
Torr) in reducing transverse debunching, For the low voltage and .

- high modglation ocase studied by them, beamv@iametéxs decreased to less
than the unmodulated beam diameter. - ,

Ba:fdrd (19) analysed the case of ion drainage in ;inear flow
beams, but the presence of magnetic field and the'la:ge potential
depression in valves of interest to this disgertation'violate hié
initial conditions, and predictions from the theory were shown not to
be applicable to this‘ezperiméntal equipment,

In all of the work{ment;oned above, the gas pressure was much
. higher than that which would be expected -in ordinary electron beam
devices, Furthermore, since the advanteges of doing away with'the‘heavy
focusing system are greateatiin the case of low power devices (1 K¥
or less), which do not need the large cooling aystéms characteristic
of higher power dévices; most'qf the eiperiments ﬁerforméd in the
study of beam neutralisation were done on low ourrent and low voltege
devices, The experimental work was also.ﬁone without magnetic fields,
and these three characteristics indicate that any application of the

results of this work to high power valves must be carefully examined,

1,2.2 Unneutralised Beams

Although it is more relevant to the problem at hand, there has been



less work published on the study of ions ;n unneutralised beams, -
These are distinguished from neutralised systems by a lower pressure
and a confining magnetic field,

Cutler (1) discusses RF modulation effects which he has observed
in low power THT's and examines thex in greater détail with‘the use of
a specia.lb apparatus. The experimento.} apparatus, however, is not
capable of EF modulation, and oscillations can be observed only by
measurement of the coileotor'current. The oscillatioh; observed by
this method are divided into three classes: those which ocour at the

Unav‘o't\or\
ion - frequency for the devioce, and are thus & funotion of beam

current.but not pressurej those occuring at a lower range of frequencies
which appear to be relaxation osciilations, and are caﬁsed by
change between complete neutralisation and loss of ions to a less
neutralised afafe;:and‘?hose which appear to be striofly electronioc
effects and are related to the number of bean secondaries. The second
type are found to be common at 10'5 Torr and uncommon at 10-7_Torr.
It is important to realise that thése oscillations are fluctuations
in the collector current, and represent losses to the body by beam
diaﬁeter changes, or temporary storageﬂuithin the beam itself.The
cathode 1tself did not exhibit ourrent fluctuations,

Sutherland (3) observed oscillations in the operation of & low
power, high perveance TWT with magnetio ¢onfinemeﬁt. As in the case
of Cufler, collector ourrent measuiemenfs were used as the means of
detecting these oscillations, Unlike the oaciilations meﬁtioned Just
above, however, this phenomenon oocurs aﬁ very low preséufeé, and oould
not be demonstrated above a critical pressure in the.neighboufhood of
107 Torr unless the collector were depressed. Furfhermore, the oscil-
" lations were observable in the cathode current as well as ihe collector
ourrent, although the latter was more sensitive. This is an indioation
that I::wtzgzsiilhv of the cathode ig affected as vell as the beanm

-6-



transmission, The oscillations oocur at low frequencies between ,1
and 3 KHz, Sutherland performed more extensive experiments with a
specially constructed beam device which had a similiar higp.perveance
- guny but no confining magnetic field., With those experiments he .
reached the conclusion that the oscillations are due to a transition |
between tio or more solutions possible for the electron beam flow,
Transition to & condition in which a virtﬁal cathode forms allows
-ions to esocumulate 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

end Chirikov reached similiar conclusions (20).

Hartnagel and his associates report continuing wo:k on this same
problem (2,21,22). Experimental data ;,:svcg‘btained on low power TWT's
and klystrons, and oscillations in the-oolleotor'current at frequencies
between 1 Hz and 1 KHz were observed. Explanations put forvard suggest |
that any electron beam which exhibits scalloping will demonstrate
the oscillgtioh phenonene 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_oscil;ations of this type above &
ceftain pressure occurs when the ion current is sufficient to prevent
a potential well from forming again after an initial draining of fhe

well b&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 trangmission
occured as the potential minima 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’jt although ion
conoentrations were found in the beam, they wexre shifted in position

with respect to the beam soallops (23).
7=
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Hines, et al (24) epplied the.szmulas of Field, et al (11) to
determine the nature of ion drain@ge from drift tubes which have a
longitudinal magnetic field, and Hund agreement in expefimeutal work,
The experiments use & 950 volt, 14.5 ma THT in which a wire ion col-
lector at the centre of the electron collector is used to determine
the 1on.drainage by actual measurement of ion current. Pulsed experi-
ments are used to determine the build=up of the ion drainage current
to its steady sfate value, and by raising the préasure,Aﬁeutralisation
is observed, The work of Hines, et al is the only one relating to
unneutralised beams which employs direct measurement of the ion cﬁrrent.
1.3 Proposed PResearch | _

The researéh reviewed above is felt to have the following limita-
tions:

1) All experimenters except Senise (23) worked at low‘pOwer. There
&re 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 deviées mekes it more difficult'tb obtain the
lov pressures common in small devices. Secondly, the large beanm cur- -
rents produce more ions ( in direct proportion to the ourrent),.and
they create large potential depressions., Whereas in‘the cage of low
current beams these depressions tend to be on the order of the energies
due to the thermal and collisiop effects, they are far larger in the
case of heavy current beams, 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
they.may impart velocities to collision products whiqh would make those
prarticles capable of further ionizing collisions. Thirdly, the high
accelerating voltages which are used for the eleétron beam ckuse ions
draining out of the drift tube to do more damage to the ocathode. Final-
1y, manufacturers observe ion-related effects far more frequently in

-8-



high power devices thén in low power devices.

2) The vast majority of ﬁLbliehed work contains results obtained
fronm indirect measurement of gon drainége and oscillation, as for ex-
ample the measurement of collector currenf to0 observe oscilla¢ions.

The effects of ion drainage are being meesured rather than tﬂﬁn the
ion drainage itself. Such méasurementa as those of colleotor current,
body interception current, and visual determination of beam diameter,
are ihaccurate means of studying the ions, and furthermore are effect-
ive only in measuring time-var&ing phenomeria, In contrast, direct
measurement of ion current within the beam as was done by Hines, et al
(24) provides a sensitive measurement which does not ﬁave large back-
ground currents which require time dependence to distinguish ion
?ffects from normel tube phenomena,. . |

3) No attempt has been made_to correlate the ion-related noise seen
in some micrbwave 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 measurément techﬁiques wﬁich permit observation
of spurious signals origihating in microwave amplifiers with very great
gensitivity (25). Use of these techniques therefore provides a very
usefﬁl tool for the observation of ion-related noise effects, especial-
1y oscillation. The relationship between the amount of ion 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 exarple of a high power klystron that this research is concerned.
The work was planned to extend earlier researches end eliminate the
limitetions mentioned above. A high power (25 KW CW) kKlystron with a
17.5 KV, 4.6 A bean was kindly furnished by EEV, Chelmsford for the '
purpose of conduoting these experiments; The only modifiCationé made

to the velve were to provide for a de-mountable electron gun, contin-
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uous punping, and direoct measurement of ion drainqge to the oathode
with a Faraday Cege behind the central hole, The study is to consist
of two parts: & first stage in which the'experimentai equip?ent is
constructed and data on the ion drainage measured; and a'secqnd stege
which will continue the work of the first end also make simultaneous
meesurements of the RF 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'spegially deéigned for measurements of such a
bean was made in order to provide a piece of equipment which was cap-
able of simultaneously measuring ion current and E* noise and mod-
ulation for the second stage of the study, It was felt thét the dis-
aedvantage of less flexibility for the measurement of ion current which
is inherent in the use of an operable valve was outweighed by the 4m-
portance of constfucting equipment which was capable of simultaneous
measurements, A further advantsge in using an opqrable va;ve.is that
the information which it provides is expected to be of immediate appli-
cation to other valves of similiar size and pover. This is not always
4Tue of special experimental equipments. |

Beceause the valve provides a Faraday Cage opening for the direct
measurement of ion current, it is possible to measure such character—
istics of the ion drainage as the total ion drainage to the cathole,
the build-up times, charge storage within the beam, the spatial distri-
‘bution of ion formation, and the dependence of these characteristios
. on verious experimental conditions. In eddition, the enhanced aensitiv—
ity for the measurement of oscilletions mentioned above is gained by
this direct measurement method for ions,

The goal of this first stage of work,in which no RF measu;emeﬁta
are made, is to learn as much 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 degrad;tion in valve performance caused by ion
effects, some experiments are immedietely suggested. The first of these
is the measurement of the ion current drainage to the cathode under .
normal operating conditions. The dependence of this current upon res-—
idual gas pressure and beam current can be used to verify curfently
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 taken during meagurements of these basic
paramefera of ion drainage in turn suggested other measurements anc
verious techniques which could take advanfage of the unique valve con-
struction, and pfovide further knowledge and greafer accuracy for the
basic measurements. Results gained from thése experiments are inter-
related and require & certain amount of interpretation,‘which in tumm
leads to certain insights‘conoernihg the ion dreinage process. The fol-

lowing chapters deal with the measurement end interpretation of these

results.
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CHAPTER 2
DESCRIPTION OF THE EXPERINENTAL APPARATUS

The equipment used in these experiments cenﬁres around a 25 W
Tv tranesmitting klystrbn which was mpdified for continuousffpmping and
ion drainage;current measurement. The Iaége gize of this high pover
devioce meant that both electrical and mechanical prbblems had to be
solved. The ion current messurement problem itself is diffioult sinoce
.1t involves measuring very small ourrents at very high potentials and
in the presence éf large'currehta and volteges. The disoussion of
the equipment and the experimehtal set-up is‘most‘easilj broken.&oun
into four parts: the valvesitself, the equipment associated with mﬁin-
taining and measuring the vacmm within it; the voltsge supplies for
the valve and the assooiated timing systemy end the circuits for ion
current measurements, This chapter deals with a discﬁssion of all these
aspects, excepting certain measurement problems which seem béat.dibcus-
‘ged during explanations of individusl measurements, and thus fall in
later chapters.

2.1 The Klystron

Otmo—

The valve which wae used in these experiments was an EEV Type K376

cergmic-metal klystron vhich was made available to CUEL'by‘EEV,'
Chelmsford (Figure 1). The klystron is usually employed in television
tranenigsion and opefates between 470 and 610 MHg, produoing 25 KW 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 voliage is 17.5 KV, and the electiron 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 bean is magnetically focused in & field

of sbout 400 Gauss, which is provided by & K4054 magnet assembly which
-12=



FIGURE 1 THE KLYSTRON



also supporis the valve., The ‘eam is focused from a cathode of 8 en
]
diameter to approximately 2 én diameter,

2,1.1 Physical Description

The unmodified valve has an overall length (from header plate to
collector)of 1.465 meters, most of which is the drift tube, which is

.8825 meters in length (Figure 2). The metal sections of the K376,

which comprise the header plate, the modulating anode, five drift

tube sections, and the collector, are separated from one another by

ceramic sections. These provide the necessary. high voltage insulation,

" and furthermore, facilitated the biasing experiments which were perforn-

ed. The drift tube sections, which along with the collector ere vater—
cooled, have gaps of varyingglength between them,'the gap usuélly being
sbout 1 inch. The internal diemeter of the drift tube sections is
1 inch¥, | |

A full size view of the gunmend of the valve before modification
jsshewvn in Figure 3. Observe in particular'fhe header plate, which
supports fhe electron gun, end has filement connections and a vacuun
geal-off port., The plate required considerable modifipafion for use in
this study. The gun 'pot’ consists of the cathode, which is of ellip-
tical cross-section and 0745 m in diemeter, the associated heater
windings and heat shields, and the heavy iron cylinder of 0952 m
diameter. This cylinder provides magnetioc shielding for the cathode,

The cavities used are external and separate in_thé mid@le to be.
clamped between the drift tube sections (prS). The valve is operated

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

* The reader will please excuse the mixture of metric and English systens
which occasionally occurs in this dissertation. Calculations are in-
variably in MKS units, with the exception of the use of Torr, but when
dimensions such as the drift tube diemeter are exactly an English unit,
jt seems to be unnecessarily rigorous to convert then to & non-integal
petric unit. Although calculations may be most easily done in the XS
system, this valve and the modificiations made to it were gpecified

in practical engineering <’ units. :

-13-
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FIG.3 GUN BEFORE MODIFICATION



coil assembly. The coil assemtly surrounds the entire valve plus cav-
jties (Figure 1). It also érovides pole pieces at each end for megnetic
field shaping. Fine adjustments of the position of the upper shield
vere made before experimentation to reduce body interception to a
minimum, |

2.1,2 Modification to the Valve

2,1.2.1 External Modifications

The objeotivesto be obtained in modifying the valve were 1)Vto pro=-
vide a connection to the Qalve for continuous pumpingg 2) to make pro-
vision for a demoﬁntable cgthodé; and 3) to provide for equipment which.
could mohitor the ions draining to the cathode, These modifications .
were to be made so as to not interfere with normal 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 a pumping port behind the gun. Since it wés
anticipated that the valve would be punped during operation, it was
necessary to incorporate a section at earth potential between the gun
and & new header plate, which has a potential of =17, 5 KV, This section
would serve as the connection point for the pumping system.'

By conéulting with EEV at Chelmsford it was found that two ceramic
sections identical to those used in the unmodified valve were availéble,
and that their facilities for normal valve manufacture would be avail-
able to perform the special welding operations used in meking metal-

to-ceramic joins.,

1¢ 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 ports. To provide a platform for mounting the cathode,
e ceramic section and a standard header plate were attached gbove this
metal pumping section. Figure4illust;rates these modifications. |

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

-l
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anode ring which had been bored out to the diameter of the ceramics
(Figure 5). This provided a method of attaching one ceramic to
another, and allowed a new ceramic section to be added above the

cathode location.

Above this ceramic section éf_the modified structure is a etainleas'
steel flange 10" in diemefer, which was attached to the ceramic in the
game way as & normal header platé. Figure 6 illustrates this sort
of flange and join, This flange and all other metal parts‘were made
of a noﬁ-magnetic stainless stéel (type En587) in order to avoid any
distortion of the magnetioc field used in focusing the beanm,

The added metal sections are,cénnected to this flange and centre
about a modified 6" diameter 'tee piece!, which in addition to the
large port which forms the 'tee, also has a 4" diameter tube leadiﬂg
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 ionisafion guege
head, The tee piece is attached to the adjoining seétions by 10".
diemeter flanges (Figure 6). These incorporate a crushed copper gasket
seél vhich employs & .010" thick by 4" wide annealled copper ring |
which is coﬁpreased'between a knife edge and a mating groove. A These
must be machined to .O001" conceﬂtricity tolerance, gnd are compressed
by 16 bolts around the flange, but have proven reliable in producing
& lesk tight seal., These seals are, of course, bakable,

The tee piece is connected to the rest of the valve by a stainless
steel bellows made by Palatine Precision, ;hibh is L edge - seamed, and
ve:yflexible. These were included to assist in the assembly of the
valve, which entailed lowering the assembled tee piece and assodiated‘
ptmps, which weigh 406 pounds, pnto the main body of the val&e, vhich-
was Already located in the magnet frame. As the c;ramios are very

. Compressive
strong for 1ongitudinalﬁloads, but weak for shearing stresses, this

~15-
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was &8 very necéssary additiog. The bellows themselves are not
capable of supporting the fo;ce of the atmosphéric pressure, which
is 400 pounds on a 6" diameter, To maintain the length of the
bellows constant when this force is exerted, they vere held ;t

~a fixed length by four edjusteble bolts. Adjustments of these bolts

also make possible emall adjustments in the longitudinal cathode

position.

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

To the left of the tee piece in Figure 4 a flap valve and pumping
-syetem ere attached. The flap valve attachment to the tee piece had
to be made with a . ¥ilen.- 10! ring, as this is pert of the design
of the commercial flep valve selected (Edwards QSB6). To the left of
this flap valve is another Palatine bellows, which is in tﬁrn connected
by another flange to a 90° stainless elbow which leads to the cold
trap and diffusion pump., The sixeinch diameter is maintained in this
tubihé. The adjustable bolts w@ich extend along the bellows here
provide for émall ad justments 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 ;hift the ieight to
difference support points. The pumps and associated tubing present
a very unbalanced mechanical load {if th; fulerun is considered to
lie on the valve longitudinal axis., To avoid the chance of breakihg
a ceramic or distoring a copper flare, it is essentialhthat 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 a *U!' harness,
k11 points of support are mede adjustable over the range of a few
inches by the use of studding. The studs are oonnected toa Dural
frame, which is bolted to the magnet frame (Figure 1), Th; construc-
tion has been found totally adequate, Furthermore, it introduces no
new materials into ihe valve, other than the very small surface of |
'0' ring exposed.

2.1.2,2 Internel Nodifications

Once the original header plate was remb!ed from the valve, it was
necessary to find a new way to sﬁpport the cathode *pot's The term
oathode 'pot' is meant to include not only the actual oathode itself,
but the associsted iron shielding pot and the heater coils which it-
céntains (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 pot 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 RF gutput. Thus
& rigid support structuré was necessary, The struﬁture arrived at
consilted of six 2" diemeter, parallel, stainless steel rods arranged
to 1ie elong jhe circular walls of an imaéinary ¢ylinder, and brazeé
to discs at the ends and partway along the longitudinal dimension of the
siructure. It is called a ‘birdoage’ in‘Figure 4, Its radius was
made es large as possible while maintaining suffigieht distance from
lov potential parts of the valve to prevent elecirical breakdown.

This would be particular;y dangerous in the case of the bellows, which
have only a .008" wall thickness. Bgeakdowns night result in a leak,
The birdcage design is very open and does not interfere with the pumpiné
speed, It also allows room in the centre for the subsequent placement
of measurement equipment, Adjusiments at the base permit mechanical
corrections 40 meet the concentricity specification. Measurements

-17=-



l&@

BEAM VOLTAGE [ON CURRENT
5 KV/ DIV 110 pA/DIV
200 ps/oIv | 00 pS/DIV
FIG. 12 FIG. 26

BT I
R i
T ‘ul'l ' 1 -
KL b L

B) 10 pA

- 200 pS /01

C) NO SHIELD D) MAG. SHIELD
5 MS/D(V 5 MS/ DIV
180 pa/DIV 36 pA/DIV

FIG.14  ROGOWSKI BELT RESPONSES




made:prior to the insertion qr'the gun in the klystron demonstrate

) ‘ |
the meeting of mechanical specifications for cathode positioning.
‘Electrical measurements of perveance further demonstrate the.eccuracy

of this positioning,.

The heater lead-in from the header plate provides a good support
for the r’\ﬁr“i’ﬂb wite which leads to the heater, and for this reason
& 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 beiné inserted in the valve,
it was necessary to mount the cathode pot on posts 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‘td improve pumping speed. . |

In the centre of the 'birdcage' a stainless steel hollow rod wes
uséd to prévide support for the Faredey cage. A ceramic rod was
inserted in the end to attach to the Fafaﬁay cage ané provice insulation
and fine adjustments.to the height., The central support rod itself
cen.be positioned laterally by adjustment of three fingers ettached

to one of the discs of the birdcage.

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

diameter tube of molybdenum was mounted to the modified header plate
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by a small flange and extend’d into this hole to within a few

r'y
mm's of the back of the cathgde,

The Faraday cege itself was machined from a 5/8" rod of stainless

steel, Figure 8 depicts the cage. The central cone was cﬁemically

polished. The deep angle of the cone, the use of th; mesh to prav;de
& 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 t§ the Faraday cege is made by twb spring wire
oqntacts attached to the base of the rod on which the Iaraday cage
sits. These spring outward and make contact with the reamed out
anode ring which separates the ceremics and is exactly opposite the
modified header plate. These are held in as the cathode pot is being
Jovwered pest the bellows. Electricel contact with the ring can be
checked before sealing the valve,

The performance of the Faraday cege during measurements, especially
with respect to the number of secondary electrons escaping and the
efficiency with which the total drainage current was dbiiected,
reqﬁired special measurements which are discussed in later chéptérs.

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?
nq_water to the body sections, end e smail flow of air from e compressed
gir 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
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5 ma for this specimen. TheZcurrent 40 the rest of the body was

144 ma at the'beginning of b%am pulses, as compared to & spec

meximum value of 150 ma, but it was found that the intercention
current depends on partial neutralisation of the beam charge; 80

this figﬁre 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 somewhat below.the rated maximum voltagé it was
demonstrated that the micro-perveance was close to 1.97, the design
value. This indicates an accurate placement of the cathode in- the
valve, end together with the interceptiion measurementis would indicate
that the operation of this valve ié feirly typical of the normal
operation. The axial magnetic field of the standard essembly was
measured and is illustrated in Figure 9.

Difficulty was encountered in obtaining the normal emission from
the cathode, Two cases must be distinguisheéz the first a case in
which the cathode had been exposed to the atmosphere after iis 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
acti&ation (re-activation in the first case), Activation is & long
process, taking about six hours for this cathode. The normal procedure
cells for only the application of normal heater voltages, and predictsA‘
‘thét aicathode which completes the procedure will pe capable of full
normal emission.

In the case of the re-activated cat@ode, departure from this
behavioﬁr is expected since exposure 10 the atmosphere results in
gome of tbheBa0 in the cathode being converted to Ba(0H)2, which does
not break down under the influence of the temperatures aveiladble elone.
However, imfrovedvperformance is obtained if the cathode temperature

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 bé obtaineﬁ. £ven at this temperature,
enission from the re-activated cathode was limited to 2,5 A,
Continued usage over a reriod of months increazsed this value. to

3.4 A, Drawing current from the cathode ig an 1mpoi£ant part of
the activatioh brocess, but since the duty cycle used during these
experiments is ,01 at the most, it would require véry lohg operation
| to duplicate nommal usage,

The second cathode which wag activated, tiis one for the first
time, demonstrated the same cheracteristics to a lesser degree,
and with a shorter time scale, Figure 10 shows emission from this
second cathode at two different heater volteges, the lower one
being the normal operating voltage., Emission is obviously limited
in both cases when the be;m.voltage rises above about 12 XV. Xost
experimental data obtained in this dissertation was based on the
lower heater voltage, a precaution used to reduce the chance of
bﬁrning out the shortenéd hegter wire,

2,2 The Vacuum System

The vecuum gystem is composed of a high speed system designed
to quickly pump the gystem downito operating pressures from etmog-
pheric Pressure, and ; lowqr spéed system capable of an ultra high
vacuum, As is shown in Figure 4, the high speed section, which
consists of a 3C° 1/sec Edwards ED33 backing pump, a 600-550 1/sec
Edwards €li3A mercury diffusion pump and an Edwards N6 1iquid
nitrogen cold trap, may be separated from the rest of the system
by a large capacity flap valve., With the cold trap fitted, the
runping speed of this section droée 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, necessitatéd the incor-

poration of the high speed gystenm, altbough most measurement work
2=
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wae done with the flep valve flosed and the pressure controlled
A .

by the ion pump. b

The getter ion pump used for maintoining end adjusting the
pressure after operating pressures had been reached }g a Ferranti
40 1/sec model, The predicted punping speed at the pressures
involved is actually 33 1/sec. It is connected to the "tee piece”
by a short length of 4" diemeter tubing. In the experiments vﬁich
‘were conducted with the firét 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 Xlystron, &
nude Bayard-Alpert ionisation gauge was installed at.the centre of
the "tee-piece" (Figure 4). This was used elong with an Edverds Model
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 oufgassed. The geuge was used to
caiibrate the ion pump for ﬁse as & pressure measurement device.
Figure 11 shows the calibration curve of the ion pump current vs.
pressure for pump voltages of 3.4 KV and 1 KV. Also ghovn is the
punp makers data for 3.4,KV, which is the rated voltege. Eis
original figures have been reduced by 6% to account for the pressure
differences which exist between the ionisation gauge bead and the
ﬁump entrance due to the finite conductances. It was found that
the originel calibration date was not very aocuratg. Furthermore,
a certain smount of care must be taken in using ion pump readings
as a way of measuring the pressure, espgéially efter the punp haes
just been turned on, or the pump voltage raised, The processes
geen to evolve a certain amount of gas from the pump itself, which
means that the pump indicates higher pressuie readings than
sotually exist in the valve. A temporary pige in the ion current

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



are also observed when sugh éhanges are made,

It wes found‘thét by lowéring the voltage on the ion pump ;t
wes possible to lower the pumping aéeed end thus increase the
pressure in a controlled wa&. Voltages ranging down to hundr;ds
of volts were used in various experiments to raise the pressure.
Although these voltages are so low thot the discharge within the
pump will not start itself, it is possible to start the discharge
at & higher voltage end thus obtain the desired variadle pumping
speed.

2.3 YValve voltege suvplies

Tﬁe DC-operaiing conditions for the K }76 are 17.5:25d 4,56 Amps,
bean woltage and current respectively. To limit'tie average power
'dissipation and to htudy the build up of ion currgnt, pulsed power
supplies were designed for this valve, elthough the normal operating
condition is, of course, CW. The wide range of experiments which
were planned required that & very flexible power supply be designed
vhich would provide varieble beam voltage,'veriable pulse length, and
varisble PR? (pulse repetition frequency). These specifications
indicated that & driver-power-amplifier type of supply be built, .
rather than a line-pulsing type. Figure 60 in Appendix I shovs a
circuit diagran of the unit which was constructed. The principles.
of operation of this type of supply ere expounded in meny texts (26).
The voltege amplitude was cortrolled by the variable positi§e e
supply, and the amount of grid drive by the amplitude'of the pulse
amplifier output. A problem which is inperent with this type of
supply is that a droop will alﬁayé-be present on the output pulse
due‘to the capacitive discharge. For ithe case of a space charge

1imited load following the 3/2 law, it can be shown that the pulse

voltage will decay as

-23-




2

v(t) = V e C ] : 2.1
° piVt +2C J

vhere V, is the initial voltage, C the capacitance, and p the perveance
of the load., For tile case of this velve these quentities are —0.75 =
ant¥1.97 x 10~6 pervs. | |

Figure 12 shows the measured voltage weveforn, end Figure 13 is
2 detailed plot of measured beam current vs. time. The limited emission
which the cathode exhibited ocaused minor departure from the behaviour
indicated in Equation 2.1. The volfage is measured using a Tetronix
Type 50 high voltage probe, and the current with a precision 10 Ohn
resistance between the collector and earth. When connected to a |
resistive load with lov capacitance cable, the voltage pulse. has &
10%-90% rise time of 2 pisecs, The 5 psec rige time when connected
%o 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 czpable of pulsewidths between 20
and 1200 psecs at any duty cycle which produces an average power of
500 we.tts or less. The voltage output ie veriable from 2 KV to 20 KV.

 Tol fmnitnn. o bt dE3gi. el conitind i < gotfel ahontitnl.

2.4 Equipment for Ion Current I‘easurements

. For the purposes of this study it was essential that an
,oscinoscope pidure of the ion current drainage be made a.vaila‘nle.
The small clearance between the cathode and the Faraday cage which
was used to colkct ions required that the Faraday cage be biased to
& high negetive pbte'ntial close to that of the cathode, a.nd thus. the
neasurement problem is seen to be & difficult one., In additipn to
the prc;‘blems which are posed in measuring pulsed signals on the
order of lo’amps, these signals are biased to about 17.5 KVj vandA
are in close proximity to the large beem and magnetic field currents.

A mumber of solutions were considered. The usual technique of

2k



putting a resistor in the leaé to the Faraday cege to messure the
current using a differentiel gscilloscope was not useful because

of the capacitive oharging currents to the Farsday cage, even ir

it was assumed that probes capzble of oancelling the beam voltage
were available., The Faradey cage itself has & 10 pf capacitance

to earth, and a 41 pf capacitance to the cathode, The most promising
technique seemed to be the one which used gome form of megnetic
éoupling of the current from.the lead, and thus made electrical
isolation problems much gmaller. Furthermore, it could be used to
cancel the capacative current, as shall nov be discussed.

. A so-called Rogowski Belt (27), whioh is essentially a simple
transformer, was constrgfted'to accomplish this magnetic coupling.
Figure 64 in Appendix Ilﬁillustrates the belt, which is a torus
encircling the high potential wire which carries the jon current.
With aﬁpropriate external circuitry this belt couples the ion
current signal to low potential amplifying circuits, The detailed
electrical Bperation of ihis circuit is discussed in Appendix iI,
the selection of turns ratio and load resistor is discussed, and
the values vwhich were selected given. The response of the belt to
a 1 ma square 1100 psec pulse is shown in Figure lda, and the
performance is aspredicted in Equation II.6, The low input currents
expected require an amplifier 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 dﬁvices 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 PRF ooherents and thermal
and amplifier noise. The coherent signals are caused by both unwanted

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

to find that the 15 Anperes of the heater supply, the 9 enperes of the
confining magnetic field, the beam pulse itself, and the mains
current leading to electronic equipment, ;11 contribute a large
signal to the Rogowski belt through their magnetic fields, 4t

the same time, electric coupling from the 17.5 KV pulses would give
anbiguous results, It was found experinmentally that it was necessary
to reduce the magnitude of both effects if mecsurements in the range
of 10 Jpanps were to be made. The electric coupling was largely
eliminated by surrounding the Rogowski belt by & brasa ghield also

in the shape of a doughnut. This doughnut was made in two halves
and provided with a shielded output lead vhich connected directly

to the amplifier box, Figure 15 is a cross section of the Rogoweki
belt and associated equipment. The many turns required on the dbelt
use more than one revolution about the torus aiis, and thus provide

a second loop which vicks up siray signals. This source of pickup
was cancelled by starting the coil winding with an equal number of
revolutions in the opposite direction. Yagnetic shielding was
provided by an iron box of 3/8“ wall in & cubic shape which enclosed
the belt (Figure 15). A further 3/8" thickness between the belt and
the magnet suppressed the particularly bothersome 300 Ez component of
the 3 phase magnet supprly. The Rogowski Belt response with apd
without the magnetic 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., If
a signel has a PRF vhich is not synchronized to the mains, the meins

" contributes a varying initial value to the signal, and it is not
possible to observe the signal without confusion except on a single-

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

not interfere with & sample and hold eircuit, but vi11»préven§ accurate
observation of the time dependencé of the signals on'the ésoilloscope.
Thus mains synchronization was seen as & neoessify;. It is extremely
important that an adjustable delay be provided for this s&nchronization,
as it is then possidle to find a flat portion of the mains rippled
baseline to use for a pulse, A flat baseline is obviéusly & necessity -
for accurate measurement, The shorter the pulse duration, the easier
this is to find, but it was possible to.find portions suitable for 1 ﬁsec
pulses, In conjunction with the other two improvements, it was possible‘

to0 reduce interference from these coherent sources to below that fronm

the amplifier noise. The mechanisation of this synchronigation is discussed

in Section 2,5,

The noise from the amplifier provides the most basic limitation to
accurate observation of signalp from the Rogowski belt, Some low level
signals vere seen to have average values which #re less than the r.m.s.
noise voltage., This mekes eccurate deterﬁination of the signal levels
by oscilloscope.observation alone almost impossible. In the ocase of long
pulses having lengths of hundreds of pses, ;imple 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 uﬁambiguous measurements
of low signal levels while at the same time retaining the full bandwidth
of the measurements gystem for oscillgsodbe observation, coherent wide-
band detection was employed., The feohnique 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 and then holds the instantaneous value at the end of the
pulse as a DC output. The signel is refmeasured at the same point in
each succeeding pulse, and the DC output is changed to & new value. The
need for this circuit which proved a great help in making ion current
measurements, srose not only because of measurements which bhad to be
made in the neighbourhood of low signal éo noise ratio, but from the
.difficulty of meking repeatable oscilloscope meagureménts. The sensiti-
vity éf the Rogowski belt circuit and the need for signal enhancement
may be seen in Figure 14b, which depicis the Rogowski belt response to

a2 10 ua flat pulse of 300 usec duration., The sanple and hold output may
be averaged and displayed with a meter, as is shown in Figure 62 of
ippendix 1, This integration technioue provides & signal to noise ratio
improvement of n%, where n is the mumber of pulses averaged, For & fixed
integration network this will be & function of the PRF, and since.the

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

integration‘circuit. The time constent is chosen to achieve the meximum
amount of signal to noise enhancement without at the same time €0 sloving
down the meter response that inaccurate resulis are obtained when a
siowly.varying ion current is being obsefved. The circuits which were
constructed for the sample and hold network are shown in Appendix I,

and used field effect transistors to achieve hold times as long as 1
seconds with minimum sample pulse widths of 3 asecs, 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 dovering those that remained with inaglating
tape were unsuccessfu} in meking very much improvement. These may well
be the micro-discharges which are known to occur in high vacuum sysfems (28).
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ﬁaving improved the Rogowski Belt and amplifier to achieve the
sensitivity desired, the problem of capacitive cherging the currents
must be handled. As mentioned ebove, the.Faraday cege has a 10 pf
capacitance to earth, Additionel wiring capacitance was minimized by
putting the Rogowski Belt as close to the cage as poasiblé, in spite of
the undesired increase in megnetic coupling effects from the bean and
nagnet supply, but the net capacitance was found to be 20 pf. fhis
capacitance must be chérged to 17.5 KV duiing each pulse, and the
charging currents are not nagligibie. Figure 16 shows the response to
be expeotgd. The initiel chaiging 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 Belt offers a umique solution.

A cancelling loop connected to the same voltiage source as the Faradey
cege lead, but running through the Rogowski belt in the oppoéite direction,
provides the solution (Figure 160).¢he'opposing lead was connected to a
variable capacitor, and the gystem can be 'tﬁned' to null out capecitive
effects, A varisgble capécitor which operates up to 20 KV and éan be hand
tuned while being pulsed, obviously posed a problem, The solution used
was to put & length of high voltage cable into an earthed tube, and adjusﬁ
the capacitance by insertingér withdrawing the cable, As was discovered .
by tedious error making, the cable characteristics on both leads must
match‘and high quality cable must be used. Early experiments with so-called
ignition caile gave very unpredictable and unsatisfactory results.

2,5 Overall Electrical Arrangement

Figure 17 shows the significant parts of the electrical layout of

the experimental equipment, and shows the two inpuis to the main pulser
) 29—
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. discussed in Section 2.3: the;pulse enplifier and the positive DC sundly,

The overall time base for:the sysiem needs to be derived from <he
mains because of the Rogowski belt‘pick-up of meins fields present in
the systen. Furthermore, this synchronization needs.tp be adjustebie wisn
respect to the meins phase, and of varieble PRF, The mains synchroni-
zation with adjustable deley is obtained using a comparator which
produces a short rise time square wave., This triggers a Tetronix ilocel
585 oscilloscope, which has two time bases. One of these is used to ie
gynchronized with the square wave, and then set at a sweep rate such
thaet the sweep time is equal to or greater than the 50 Hz signal derived
from the comparator. Vhen 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, Thé: use of the ‘gate! output of the
oscilloscope then provides a meins synchronized signal which divides the
mains frequency according to the sreep time, The sweep time thus becoaes
{the adjustmenf of the PRF, which can, of course only be in submuliiples
of the mainé frequency.

The variable PRF signal thus derived is used to operate the other
time base and driﬁe deflection circuits of the 535, and to provide e
time reference for the Datapulse ?odel 109 pulse. generator. This devic;
produces 10 volt pulses of variable widih and deley, ranging fronm 2Q
usecs to 1200 pisecs, and .01 jisecs 010 nsecs, respeciively, This
drives the pulse amplifier, '

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

.a 9 volt pulse of separately variable wid;h end delay to the sample

and hold network. The pulse is also available for monitoring on the'
osoilloscopevto determine the sample-and-hold prosition within fhe 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 supplies,
!
It is with the finel mesburezent system described ebove, the result

of many changes end improvements, thet measurements have been made,

-

unless otherwise mentioned in the text that follows,
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; CHAPTER 3
‘ 4
ION TORMATION A¥D YOTION I THE DRIFT TUBE

Befqre discussing the experimental date which vas obtained in thisg
study, it is important to extend the remarks made in Chapter 1 concern-
ing the processes of ion formation and drainage in hiéh pover klystrons,In
traversing the drift tube, beam electrons Bay make collisions with re-
ﬁidual gas atoms and molecules which result in elastic rebound,'excita-
tion, or ionisation., At the g€as pressures which are typicalvof high power
velve operation the first two types of collisions have negligible effects
upon the beem itself, but in the case of ionising collisions, they re-
sult in products ihich mey have significant effects upon the deen, the'
valve'components, and the RF operation., At the very leaﬁt the products
of ionising collisions are sigﬂificant because of the cathode danage
which is caused by their drainage, Furthermore, they maylhave effects
upon the bean because of neutralisation of the negative space charge
fields of the electron beam, Were it not for the drainage of these ions
from the beam, they would quickly neutralise the space charge of the ‘
beam end create a plasma state along the.drift tube, '

This chapter deals first with the process of ion formation in the
begm;ahd then consi&era the forces which act upon the collision products
and the trajectories which they ;ypically follow, Because of the random
nature of the collision prkenomena, iy&a only possible to determine
general characteristics of the ion and electron motions, but these will
prove to be useful in understanding some of the'exp?rimental results,

Having determined the characteristics of the transverse motion of
the collision products, possidle causes éf the loss of ions from the beam.
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 gas through which they travel
32w




are generally.discussed (29) ;p terms of the current atili in the beam
after the beam has travelled :5 meters through the gest I(x) = I, e~ *X,
In association with thieg, tho effective cross~gection is. defined Q= cit/1
vhere 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 2 the temper-
ature in degrees Kelvin, The nunber &, which is measured in units of
1/m-Torr, is the total collision coefficient, and may divided into the
constituent coefficients each describing one of the processes which is
the result of collision. The coefficient'relating to the production of
& singly charged ion shall be denoted Pl’ and its corresponding cross-.'
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 describe the ionisa-

tion by beam electrons for this and similiar klystrons has been used
by;revious autbors (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, lD’ at a uwniform pressure, p.

) _ . O
{ D ' i
Ib ~ - )
. Ii ‘_—‘k )
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 fills the space, beam length, and the residual gas préssure.

If it is assumed that the only collisions of importance are those pro-

ducing singly charged ions, then the total ion ocurrent originating in

this length of beam will bes
I = LRl 3.1




where Ib is the beam current }n Amps, and other symbols are defined as

’y
above, ]

The coefficient P, varies with both the residuel gas species end the
incident electron velocity. Figure 19 éhows the variation of Pi for a
nunber of gases with respect to electron energy. The'&ependence of the
ioriization upon the velocity of the incident electron is highly non-:
linear, The coefficient increases rapidly from its low initial value
near the ionisation energy of the target atom, and reaches a meximum
valge in the neighbourhood of 100 volis, and then decreaées. An anelytic
expression for the cross-section which may be used with fairly good
accuracy at higher energies in given in Mott and Massey (32):

4
2T e Ch Z 2
mv l nl nl

where znl’cnl’ and Enl are constants relating to the atom whose ioniga-
tion cross-section is being computed, v is the electron velocity end m
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.speéies of the gases which are present in the
drift tube was not possible. It had originally been hoped that this
quipment would bde abie to perform a maés analysis on ions draining to
the cathode, but ;he spreading bf the ions which occurs as they travel
behind the cathode hole causes so many to be lost to the walls thatrnot
enough current to be meésurabla remains for analysis behind the cathode,
Without this information the composition of the residual gases must be'
conjectured. Some information has been discovered for the case of éath—
ode rey tubes (33), in which the gain céngtituents wvere found to be
Ha, Né,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 vﬁlve siructure, but
by processing techniques as well. The large amounts of éOLyhich are given
off during cathode activation are probably the main constituent,fand
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the ionisation oross-section {or 02 and Hz is fortunately almost exact-
1y equal to that of CO in thelfcése of large. potentials, It may be that
copper atoms are e.lso'presnnt due to the interaction between ’the beam
and the collector. The equality of the coefficients for air and CO at
high voltages suggest that this common line be used for xi;aking predic—
tioné of the amount of current generated by the beam., .Fig‘ure i9b shows
& blow-up of this part of the cross-section curve of Figu:i-e 19a..'1'he'
nass of the gas is assumed to be 30 for the purpose of calculations.

It ixé relevant to note that the valv; used in these experiments was
rniot baked, although it was continuously pumped. This allowed a suffio-
ient amount cf gas to remain in the tube to allow the pressure to be
changed over a fairly wide rang'e'. 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 :fs not
thoughf that the baking process would significantly change the relative

abmdapcy of the gas species in the valve, _

Using the data presenfed gbove, the expected steady state ion' cui'rent
for normal beam conditions can ‘bé calculated. Using Pl = 22,5 for 17.‘5 Xv
beam voltage, 1D = ,8825 m, and I'b = 4,56 A, Equation 3,1 yields the
result that Ii = 90.8p jpamps, where p is infgil;mns (10-6 Torr).

"Heasurements which aré discussed'in‘Chaptei 4 indicate that further
considerations concerning the pressure disiribution in this valve should

be made before applying this fomula.

3.2 Trajectories of Collision Products

Jonising collisions occur randomly thoughout the beam and result
in a new ion and ejected electron, :both of which may he&e some initial
velocity. Because of the randomness, it is not the purpose of this
section to trace each tra;}ectoriv, but rather to characterise the motion

which occurs after the collisions to a first approximation. Firstly,



the fields due to the electron.beam are presented, and then the particle
motion in these fields is ana}ysed. In this work it is assumed that the
beam is wniform end 1;118.'1'f oniy t{ransverse motions are considered,

From first principles it may be shown that in a uniform eiectron ‘
beam passing through the drift tube a potential deprééaion will bYe c¢reated
due to the space charge of the beam. This potenfial exhibits & logarith-
mic form between the wall and theedge of the beam, and a ﬁérabolio form
within the beam itself, as is shown in Figure 20a. If the beam has a
circular cross-section, and is of radius Ty the radial electric field

inside the beam may be written:

- r
& , 3.3

E = r<T
b o .2 b
: 21\’e°u°rb
and the potential
j' Ibr2 .
V.a «]|Edr = 3.4
i b o 2 .
4T e, U Ty
Outside the beanm,
-1 . . :
E_ = b - T, 3¢5
2%e u T

’ . |
b
Vo= -fErdr - %n,—e-u—— ln(;‘/rbl + Vg 3.6

where u, is the electron velooity. Computer solutions provided by EEV,
Chelmsford (Figure 21) indicate that the beam diameter varies between
almost the full drift tube diameter, which is 1 s &nd 0.75 o The
potential drop across the beam for normal beam conditions is 536 volts.

For axial positions at which the beam diameter is elmost that of the’
drift tube, there is only a small additional potential drop, but in the

case of a O. 75 beam, the additional drop is 308 volts.

As is typical of high power valves, these potentials will be far
more pignificant in determining the motions of collisioﬁ products than
the initial vqlocities acquired as a result of the collision or due to
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thermal motion. This situatio? would change if a sufficient number of
ions were present in the beam:to significantly neutralise the negative
space charge, but this is'not typical of normal valve operation, and
is only occasionally reached in the experiments describved below. The
neutralised beam has been dealt with by many authprs‘(17,34,14), end
will not receive further consideration here.

In the case of a single bean gleotron—molecule collision, three

- particles emerge from the interactions an ion and two electrons. 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 gecondary, 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 & few tenths of a volt and
& few hundred volts. The secondary electron tends to be scattered in
its original direction of motion, and will undoubtedly leave the bean
at the collector end. The ejected electron, however, has an angular
intensity distribution which reaches & paximm at 90 degrees to the
jnoident electron's direction qf motion, and emerges with a yelocity
which will usually be emall when compared to the velocities vhichﬂit
will attain from acceleration by the fields which it encounters immed-
iateiy upon formation. The initiél energy varies with»thé target mole-

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

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

initisl energy, and are controlled by the large radial electrio field
Vcaused by negative space charge in the electron beam,

Comﬁutations can now be made of the trajectories of hypothetical
individual particles if apbroprihte jnitial conditions are assumed.
These oalculations cannot totally determine the motion bf ejected elec—

trons and ions, due to the random nature of the process of formation
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and subsequent collisions, bu’ are intended to serve to demonstrate
the characteristics of the pa;ticle motion. In particuler they may de
used to demonstrate that both electrons end ions are prevented from
escaping radially from the beam. As mentioned above, only transverse
motions are considered, and particles with large ini‘i;i:a.l longitudinal
energy may well escaﬁe the beam &t the ends without affeoting the beanm

very much at all, Figure 23 shows the cylindrical coordinate system which

ghall be used for this discussion.

'
rd

e

L

[§
Figure 22 Coordinate System

Firstly the case of ion motion ‘ghall be considered., Let w = -g—% ’
LA its value et t = 0, and V= ﬂiBz/z, vhere “; is the charge to mass
ratio for an ion, and IBz is the axial magnetic field, which is assuned
40 be uniforz both exially and radially, end furthermore is the qnly
significant megnetic field present. Then the rotatioﬁal equation of

motion for an ion with radial position r which was formed at r, D&y be

shown to bes
2
T, '
v= (wo + YL);'Z—' -V , 3.7

The ¥adial equation of motion may be shown {0 be:

.
amd,) + 4B =5 - ™ 3.8

where the radial electric field, E,, 1= as defined in Equation 3.3 for

a uniform solid bean.,
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These equations may be combined to obtains

d2r | ‘“Bzroe 2
— = JE_ + 1 - W 3.9
142 o 4 L B

vhere the constant wp = W, + ¥ has been introduced for oémpactness

~of notation. Substituting for Er ’

2_2
a°r -l o V3T, 0
- = r 5= - vy, + -—-1r-- 3.1
dt 21%¢e ou orb by

If the first and second terms in the bracket are evaluated for the valve
in question, with & 17.5 KV, 4.56 A beam of radius 0.4" in a magnetic .
field of 0.04 v/h, the first term is found to hav; a value of 3,176 x 1013
vhich is far greater then ﬂiz = 4,074 x 109, and thus the second term
mey be neglected. Equation 3.10 obviously describes an osoillﬁtory motion
in which the ion moves nearly along lines of radius, each time passing
close to the axis, and returning to approzimately.the radius at which

44 was formed. If the radial velocity is denoted #; then

) |
a’r  at b dr ar
2 T a " dtdt - ¢ 3.11

Equation 3.11 may then be integrated after substituting the results
of Equation 3.10, and the following result is obtained after evaluation
of tﬁe constant of integration by use of the initial condition that
b 6 at r = T (This is an acceptable approximation in view of the

large fields which are present)s

v, r
2 2, 2 2 B "o 2_2
% - k (r° - 1) - > + Wp'T . 3.2

where k2 has been defined as ('L‘I.b)/Zt\’eouorb'2 . Solving Equation 3.12

for the derivative dt/d:, end then integrating:

£ [ ' ) r dr . %
- 2.2,.2 .2y _ 2.4 22{‘
[% T (r° - 1°) wpT, o+ WETT

Using the change of variable r = i*, this may simplified and integra~-

tion is possible.



The result of the integrationiiex

Zk?re - kzr 2 - W 2r 2

t--—l-arc sin B_o 4 3.13

2k k2r 2 . 2r 2 2_ 4% 2r 4k2
0 B %o "B To
vhich may be solved for r to show thats P
(k2_— VBZ)rozcos 2kt + r°2(k2 + VBZ)_

T = ) 3014

2k

in which the inital condition that r = T, at t= O has been used, Equa-
tion 3.14 reduces to the obvious solution of eguation 3,10 when the

magnetic effects are not considered, vhich iss

T =T, cOB kt . Je-2

Figure 23 illustrates the trajectories predicted by equations 3.7 and
" 3,14, end it is clear that although the ions cannot escape the bean
radially, they oscillate, passing close to the axis and returning to
& maximum excursion close to their formation radius, The magnetic field .
ig seen to have little effect on the particle motion.

Because of their oppoéite,electrical polarity and smaller mass,
ejected electrons behave quite differently, although it will be demon-
strated that they are also prevented from escaping radially and remain
withih & radius not much larger than that &t which they were formed.
In parallel with equations 3.7, 5.8, and 3.2'two equations describing

srotational and radial motion may be combined in a third equation for

radial acoeleration:

roz
V= (wo - RL)~;§ + v 3.15
a%r 2 '
-ﬂe(ﬂBz) —ﬂ'l‘Er = ‘;;‘é‘ - W 3016
2 r 4
-:—;—;_—'- = =feE .+ T [VEZ -;ﬁ— - sz] | 3.17

where Wp o= W, - .L’ and vl is the Larmor frequency for electrons, not

40~



F1G.23 TYPICAL ION TRAJECTORY . - -

FIG.24 TYPICAL ELECTRON TRAJECTORY




ions, Substitution of the valt}e for electric field within the beam re-
4

sulis in an equation for eleotrons parallel to 3.10:

4
2 “ I b o .
-d—; - T ed s - wL2 + wEa———Z -] _3.18
dt 21e ouor'b r

It is now informative to compare the magnitudes of the first and
second terms within the bracket of Equation 3,18, For the_ bean ocurrent

and voltage conditions assumed earlier, the values are 1.823 x 10:"8

and 1.237 x 1019, respectively. It is obvious thet the magnetic tern
dominates the solution, and it is convenient to define a constant k 2
di
. which is the ] of the first two terms, kea « 1,055 x 1019. It is now
possible to proceed as in the case for ion motion, and integrate to find:
2_4 3
2 2,2 2_2 Y& To
f-Er-r}k +wpr " - > ] : -3.19

o) (-]
T

This equation may be integrated to find t,

) 3020
2 2 222 2 4] 2
/Ek )(r- )r +wErr-wEr°
Using C as an integration constant, '
2 2_

t+C & o= arc sin
2ke [(w +k2)-4 e2]

i T Zke2r2-(VE2+k )O
ain (2k t + C) »

e rz(w2_k2)
o “E. Te

3.21

Since t = 0 at r = Ty the right hand side of Equation 3.21 shows that

C = -1 /2, and the equation may be re-written:

2 2 2 2 2 2 2
r° = T (wE +k - (VE -k, )cos 2 ket)/ 2%, 3,22

This trajectory equation indicates that the ejected electron oscillates

about an average radius which is somewhat greater than '.the radius at

which it was formed, at least for the c.a;;e of LA O, For other cases,

the average radius may be less or greater than the formation radius, but
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solutions.will be close to that indicated by Equation 3.22 since iﬁitial
energies are not very importa%t in determining the trajectory.

Ejected glectrons escape the beem redially only if the meximum
excursion vhich they meke is greater than the diameter of the drift
tube. In the case of zero initiasl angular momentum, Equation 3,22 shows
that the maximum excursion of the ejected electron ié 1.08 times the
formation radius, which means that §ven an electron formed at the bean
edge will not escape, at least on the basis of its trajectory efter for-
mation and before collision with any other particles. Furthermore, if
it ig assumed that all of an electron's initial energy due to the for-
mation process ig direoted in the 6~ direotion so as to cause the largest
exoursion possible, 86 eleotron-volts of initial energy are required for
escape even in the case of # bean edge-formed electroé:“Few ejected |
electrons would be expected to have this’mubh energy. Thus, the vast
majority of ejected electrons are trapped within the beem or-between
the beam and the drift tube wall, and mey escape only by draining out
longitudinally, or by having further co}lisions with residual gas mole-
cules which result in a 1arge£ trapped radius. The results of a hypothet~
ical trejectory calculati;m a.ré showm in Figure 24, which is similier,
although not identical, to trajegtdry calculations for magnetrbns.

No attempt hes been made heré to do more than to characterise the
trajectories of ionisation collision products, but this cheracterisation
has shown that both ions and ejected electrons are trapped within the
beam or its immediate.vicinity. The capture of ejected electrons differs
from the work of previous experimenters, who dealt with beanms not‘cop—
fined by magnetic field. Processes which ‘would cause the loss of ions
or electrons from the beam, but whioch were not accounted for by the above
discussion are now considered.

3,3 Losses of Jons 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 lose processes
vhich drain both types of par%icles out of the beam. The main cause of
loss is longitudinal drainage, and this topic will be covered in detail
in Section 3.4. This section will consider other possible léases of tﬁese
collision products from the beanm, ‘ ‘
1) Loss from the beem radially, Section 3.2 has shown that this

proceas can take place only if the beam space charge has ﬁeen neutral-
ised, or nearly neutralised, or in the rare case tha§ the particles have

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

loss in low pressure beanms,

2) Recombinetion. Although this process is continuously taking place,
the rate of recombination is negligible when compared fo the production
rate.

3) Loss to insulators. Wadia (12) mentions loss to insulators which
become negatively dharged because of beam interception and are thus
able to diaw 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 vélve used in these experiments, in which the insulat-
ors are well removed from the beam path.

4) Collector drainage., In all valvesin which the collector is kept
at & potentiazl near or the same ée that of the body, a longitudipal
potential gradient will be created inside the collector and in the region
bet#een the collector and the drift tube (Figure 20b). fhig gradient
will prevent ions from.flouing into the collector in the same way that
it prevents their radial escape, but will ect to drain off ejected elec-
érons. Valves which operate with collector depression for efficiency
improvement will drain ions into tﬁe collector end ofvthe valve, and
this drainage may cause undesired modulation of the RF signal by collecti-
or power supply iipple. Such hodulations would have deieterioua effects
in valve appl#cations'to doppler radars.
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The main drainage path for ions is to the ocathode, and this drain-
age is discussed in the next ;ection. Because of their muchismaller
mass, the longitudinal fields which affect the ejected electrons and
cause their drainage to the collector impart sufficient velocity to the
varticles to make their contribution to spece chaigeléegligible. Thus;
unlike the draining ions, the draining electrons will have no majoi 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 Ton Drainage to the Cathode

This section will discuss the longitudinal potential gradient

" which causes ions to drain from the cathode‘end of‘the.drifé tube, The
case of a smooth electron beam (i.e, without scallops) is first congid-
ered, In the absence of any gas in the drift tube, the beam will have
only two regions of large axial potential gradients 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 drift tube., In long, narrow drift tubes
characteristic of this type of beam device, these fringing fields will
become negligible not far from the drift fube ends, leaving a 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 tvo ways. Firstly, the non-ionizing and iéniziné collisions which
beam electrons meke with residual gas molecules cause an average loss
of kinetic energy which is proportional %o pressure, But at low pfessures,
_guch as 10"'6 Torr, this loss can be shown to be edual to only a fev °
tenths of & volt over the entire length of the beam for the beam under
copeideration. This is not enough to significantly aff;ot the motion of
jons along the drift tube., Secondly, the products of ionising collisions
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may build-up in sufficient numbera to oreate a significant potential.
gradient in the drift tube. This is significant, even in small beeans,
as shall now be demonstrated.

The problem of ion drainage and the potentials which create it was

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

using more accurate values for ionisation probabilites then were used

bty Field, emd making slightly different assumptions conceining the bound-

ary conditions. They also extended the work to magnetically focussed
conditions., The following assumptions were made in the work:

1) Ions have the same mass and charge

2) Ion or plasma oscillations s&xre 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 & cross-section of the beam is assumed constant
at an average value which is directly proportional to the linear charge

density (eleétronic plus ion@c).
From the discussion of ejected eleciron motion in Section 3.2, it
is obvious that the third assumption will be {rue only if the electirons

are gble to escape longitudinally to the collector end of the valve.

‘This would be the case only if tﬁe_scalloping of the electron beam had

been eliminated by the drainage of ions to locations of potential mini-
mumé, and the drainage of the rotating ejected electrons to regions of
potential maximums, As Figure 21 demonstrated, this bean does exhibit
scalloping, which is typical of practical beams vhich use a confining
magnetic field larger than the Brillouin’value to obtain acceptable
transmission., When & amootﬁ beam i; assmumed, 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 responsidble for
45~




the ion drainage to the oathof.e. Although the magnitude of these grad.
ients has not yet been determined, it. 48 clear that because the electrons
are affected by the same gradients as the ions, but have & gharge-to-
mass ratio” which is much lerger, any contribution which their spece
_charge makes to the total space charge within the dr.i:i‘t tube will be
insignificant in contrast to that made by the slover-moving ions, Thus
thé third assumption is valid for smooth beanms. | '

The fifth assumption 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 ecross its radius in the absence of
significant neutralisation, But the problem of accuz:ately taking account
of this variation across the beam is a difficult one to solv§, and an
approximation may be made by taking the average potentisal .between the
beam edge and the axis and using that as the 'constant! potential, Xeking
such an approximation will a.‘!.low 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 a radius of Ty and goes through
& drift tube of radius TpeIf the drift tube is essumed to have earth

potential, then the potential depression along the axis will be givens

Vu.-.mo E. + 2 ln(;;):, 3.23

where 0&, is the total linear charge density due to beam electrons, ions,
and ejected electirons, As mentioned above, the confribution due to

ejected eiectrons can be neglected. fe,'the charge density of the bean
electrons is constant along the length o.f the beam, but the charge den-
sity of the ions;,_o'i, will be a function of longitudiﬁal position. The

potential depression at the edge of the beam will be:
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The longitudinal gradients in‘ these potentials are the forces which cauge
ion drainage from the drift thbe. The average notential is a function
of the longitudinal position as well, and will be denoted . V(z):

# + 2 In( )] - )
v(z) [ +4“:r1>/rb ]ch - K[:ri(Z) -+'¢J 3.25
0

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

and only ions formed in the drift tube considered, then at position 2z
the total ion space charge will be made up of contriﬁutiona between the
origin and the point z, since uni-directional flow of the ions is assum-
ed, If the rate of ion formation per unit length is Gi’ then the total

ionic space charge density at g, d'i(z), will be given by

Tale) - J [ + [ - vt | 326

Substituting the value of V(z) found in Equetion 3.25,
G, dx

0'1(2)5 [[QK—;; [q.;(x) _ o—;(za}%

The solution for this integral eguation was given bty Field, et al (11):

jrrciz a-i(z):”: () (z)]
2fr % 5)* | [1 . >

The relative charge density, 02(2)/0’5(0), is plotted as a funotion of

3.27

the left hand side of Equation 3,28 in Figure 25, This solution must
be matched as well as possidble to external rotential gradients which
are not accounted for in the deriv_ation.’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 collegtqr 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 assumed to coin-
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oide with the infinite slope Yhich occurs at the right hand side of 3 -

ure 25 vhere g =« ID’ which mutt be approximately correct, then the nax.

imum space charge density, 03(0), may be calculated, Since the abscise,

of Figure‘25 then has a value of 1.414:
. 2 2 )

162
'mi

0.1(0) = 3029
When this value of o‘i(O) is used in Equation 3,28, the ionioc space
charge density can be calculated along the length of the drift tube, Trom
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 beam
at various pressures,
2) The pressure at which total neutralisation should occur at the

collector end of the valve,

3) The amount of neutralisation of the potential depression which
occurs at & given pressure and given location in the drift tube.

3:4.1 Spece Charge Storage in the Beam

The total ionic space charge stored in the beam can be computed
by multiplying the drift tube length by the maxioum value of space
charge, and reducing the rroduct by the integral of the area between
the line of a-(z)/'ca(o) = 1 and the curve i(z) in Figure 25, A con-~
puter integration of this quantity indicates that the total space charge

within the bean, Qi’ ise

3{ 2 2 2
9 46,1, -
162k

mi.

3.30

Qi = ,9052 ID

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

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 Pressure;

‘ As the pressure rises, th: ionic space charge will increase untii
it equals the electronic spacé charge due to the beam, at.which point
it can be said that the beam is neutralised, The neutralisation cond-
ition leads to oscillations in the beam end drainage‘;urrent, anéd thus

may be determined by experiment. The electronic space charge is given;

5

And this electronic charge will first be neutralised in the neighbourhood

3.31

of the collector, when

G (0) = @,(0)
3:4.3 Partial Neutralisation of the Beam Potential Depression

From Equation 3,25 it ocan be seen that the beam potential depreésion
will be cancelled in varying amounts along the drift tube, dependent
on the ionic space charge density, At the collector the average poten-
tiel V(0) will be: _—
v(0) = Kk [0;(0) + a-q] 3.32

3.4.4 Voltage Gradient in the Drift Tube

 The longitudinal potential gradient which is oreated by the changing
ionic charge density whioh is hh&vn in Pigure 25 can be calculated et
& number of pressures, Teble 3.1 shows the potentiels at the center
of the numbered DTS with respect to a zero potential 2t 2 = O, The total
drop between the two ends of the drift tubes 1s no{ eagy 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 measurements of ion ocurrent
drainage to the cathode with a negatively biassed collector (Section
5¢2.2,3). It is ¢lear from Table 3.1 that the potentiais created by the

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

'

collision, '
Table 3.1 Potentials Drops due to Ionic Svace Charge Igzig;ibn
Pressure (Torr)| Redius | Drs 4 | prs3 | ors2 | orsa
5-5 X 10-6 AVér&gQ 1.8 . 601 19.7 36.8 Volts
Axis 6.2 2007 6705 12507 VOItB
2.6 x 10-6 Average 1.1 3.8 12,5 23.4
A.ziﬂ 3.5 1107 38.1 71.0
9.9 x 107 Average 0.6 1.9 6.3 11,7
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 at the average radius, and at its
paximum 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 iop_@: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 jggues_

of these phenomena in high power valves are discussed in the next chapter,

——
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C?APTER 4

I
PRELIMINARY EXPERTMENTAL RESULTS

The K 376 valve and the besic operation of the measurement and power.

 supply equipment have been described ebove, These experimehial results

are taken with the two guns which were modified as described above,

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

To modify the Faraday cage end place it directly behind the cathode,
rather than behind the héader 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-activat;on
had tsken plece, and only prolonéed overheating and the drawing of some

current began to restore the proper level of emission, and full emission
N.‘ “ l°U QN.QI".’

was never achieved. Phid-lesered»giesgivispoef Fhe first guqm?rovided

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

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

To improve the klystron performance to its normal levels, a new gun
had to be made. Because of the construction of the cathode 'pot! the
fitting of a new cathode surface slone was not possiblé, and thus con-
stfuction of a whole new gun had to be undertaken to interchange guns.
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The new gun was installed and;ehowed muoh greater emission, thus allow-
ing almost normal operation t: be obtained., Although the measurements
vith the first cathode provide an occasionally useful contrast, the
majority of the measurements discussed in vﬁat follows relate to the
second gun, and thus to close-to-normal operating coﬁditions.

From the physical description of the klystron, it can.be‘seen that
a great variety of biesing ariangements 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 e moreiuﬂeful piéce
of experimental equipment than wéuld be immediately apparené from the
initial description of 'operable klystron,' These many possidbilities 4.
do at the same time pose the experimenter with a pfoblem: 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 cease
in normal operation. The use of current measuring resistors on each of
the valve electrodes, 100 ohms in the cese of the anode and drift tube
sections, and 1 ohm in the case of the collector, naturally caused these
parts to be slightly negative during the pulse.due to bean intéroeption..
Howéver, subsequent experiments demonstrated that these small volteges
in no wey influenced the measurements of ion current. The No, 5 Drift
Tube (Figure 4) was unfortunately in electrical contact with the magnet
frame and thus prevented both biesing and body current measurements on
that section. This condition could not be changed eince,the vaive rests
on this section, and movement would have meant the risk of damage to the
alve. In view Bf its proximity to.the célleotor, Aot much information
las 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 occasionally used is the ob-
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servation of drift tube interfeptibn current. Though only eheae two
measurements may be made,'the; prove to be very versatile indeed,

The first goal of the experimentation is to deternine the emount
of ion current which normally drains to the cathode from the drift tude

and collector, As has been noted above, measurements of this current

have not been reported for high power electron beam devices.

To help to understand the results which are given beiov, it is in-
structive to consider a typical ion current response to an epplied beai
current vulse, Aa mentioned in Chapter 2, the beam voltage wasealvays
pulsed in these experiments to decrease the average power diaaipation,
and provide information about -the ‘build-up of ion phenomena. Figure 26 ( pﬂ)
ghovs & typical response, and is the ion current which flowed during a
550 psec beam current pulse, The ion current rises from zero at tﬁe be-
gihniné of the pulse to a plateau value, but the observed rise time of
“about 260 pseos is far greater than the 5 psec rise time of the bean
-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 bean pulse and does not represent actual ion current. The piateap
value iepresents the steady-state value of ion current which would be
preseht in CH operation of the valve,

Three characteristics of thie ion current trace are of interest in
understanding the various mechanisms which determine ion drainages the
height of the plateau, the build-up time for the jon current to rise to
this platesu, and any oscillations in the ion current which may take
place once this plateau is reached (none are present in Figure 26). It
is found that these charaeteristice of tie jon drainage vary with beem
current and residual gas pressure., The first part of the experimental -
work described below deals with the dependence of these characteristics
of the ion flow upon these two paraﬁeteée..Further experimenial work
discussed in Chapter 5 eﬁployed biasing of various electrodes in the
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valve to study ohanges in the;ion drainage caused by the biasging, end
3 13
4o determine the distributioniof ion production within the valve,

4.1 Steady Stéte Measurenents

The measurements made of the steady state value of the ion current
were made on both the low emission and near-normal emission cathodes,
The use of & sample gate to determine ion current value at various time
deleys 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 & high degree of repeatability in the
jon current measurements under identical beam current and pressure
conditions. This repeatability was seen between measurements 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 demonstrated within courses of intensive experimentation lasting.
a couple of weeks. Beceuse of .the beém voltege droop during the pulse,
yhich was discussed in Chapter 2, and may be observed in Figure 12, there
is some embiguity is assigning e beah voltage and been current to re-
lafevto a given ion current measurement. This ambiguity occurs since
the actual determination of the ion current is made well after the be-
ginning of the pulse, end the beam voltage may heve significantly de-
olined.‘The difference in beam wvoltage between the beginning'of the pulse
.~ and the time that a plateau has been reached in thé jon current would be
most significant in ezpériments oconducted at the lowest pressures.

The rise times to the steady state.are lzngest 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 ion current sample was taken, rather than at the starting value

of the applied pulse. When measurements are taken for purposes of com-

~5li=




parision between different prfssures, the semple point is the agmé for
all. It should be pointed out:that Figure 12 illustrates & pulse tﬁice
as long &s that in nomrmal usege, and the extreme droop observaple be~
tween the beginning and end of that pulse ere by no means typical of
the experimental work reported, Host saﬁpling was d&né at delays of
500 pisecs or less, at which point the beam voltage has dropped only
15% from its normal value. Although this indicates a corfespond;ng.de-
crease in the beam current, the ion production rate drops very 1little
due to the increase in ionisation cross-section at the lower voltege.
This problenm Qid prevent measurements being made at the exact nommal
operating voltages of 17.5 KV. Starting the pulse at a higﬁer voltege
go that 17.5 KV would be achieved by the time the ion current plateau
was reached, was not attempted again after & 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 meke & leak in the bellows, and it wes thought that the
fisk was not justified by the sﬁall differences to be expected in the
resulté.

4.1.1 Devendence of the Ion Current upon Residual Gas Pressure

An importent gosl 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 gipge had been placed in the valve, Pressure was varied by &
number of techniques, but usually by redhcing the voltege on the ion
pump to low values to reduce the pumping speed., The slow variation of
pressure obtainable using these methyds 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

~55-




L

: 3UYNSS3Yd SA  ANIHIND NOI LS °9Old -
<—(J401) IFHNSS3Yd so S . 2 5 Ol : ot
™7 Y - T — - -1 hloa
\.\...\. N
\\\\ . Yoo
&\\\ :
) 4
v |00
\ y\.g_zo_tﬁo._a. S
SIU2WAINIDAN PIYI2$40D° AT — : Paq “IT TR
_ 2
\ -
>
a1 00S
\ h san|bp * .
I'€°53 PayjipoN "I~ /| painsoapy °1 ]
7/
7/
/

0003




Faraday cage colleotor as the, residual gas pressure was varied be-~
tween 2 x 10~ and 1 x 1072 Térr. Although the pressure could have
been reduced below the lower limit by continued pumping and heating
of verious valve parts, the increasing rise times vhich were 6b-
served as the pressure was reduced indicated that pﬁlée léngtha to0
great for the power supplies in use would be necessary to obtain
stabilisation to the full ion current. Attempts to furtﬁer reduce
" the pressure were therefore not made, Although the minimum pressure
used in these eiperiments nay thus perhaps be considered to be higher
than that attainedvin 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 oftained by using an equal
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 ebove., Curve I shows the ion current draining
to the cathode to be proportional to the residusl gas pressure, &s
would be expected from Equation 3.1, Three portions of the curve are

of interest.

6

At pressures above 7 x 107 ‘Torr the rate of increase of ion cur-

réﬁt 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
Yeam starts to take place end all the ions being oreated are no longer
draining to the cathode, but rathe; being lébt to the walls of the valve.
Observations of the beam current intercepting various drift tube gections
elso shows this oscillation, as will be discussed latef in the chapter

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

a

Curve I, To essure that randém 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 occur until e
pressure of 3 to 4 times as great is reached,

" Comparison of Curve I with the slope of Curve II, which has a alone
of direct proportionallty between current and pressure, reveals that
at pressures below 8 x 10-7 Torr there is again a departure from the
proportional relationship. Thi§ is similar to the findings of EHines,
et al (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 that drops in the residual gas pressure as measured at
the ionisation gauge do not caﬁse pr0p0£tional drops in the ior current
at pressures below 1 x 10-.6 Torr, although the ion current does con-
tinue to decrease as the pressure is dropred. Two possible explana-
tions for this behavior are that 1) the change in the emount of partial
ion n;utralisation of the beam space charge depression vhich accompanieé
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
+he normal behavior of the ion current in the pressure range direoctly
sbove 1 x 10.6 Torr. The small ion current flow at these low pressures
would be expectéd 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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however, suggests that the sgcond explanation may be correct. Becauae
of the impossibility of measqring the pressure et both ends of the nrift

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

[}
explanation. However, the available data is used {0 make a ¢alculation,
and this estimation is fully discussed in Appendix III.

From the results of Appendix III, one is led to conclude that trere
is a pressure differential of about 3 x 10~7 Torr along fhe length of
the drift tube. The new information concerning this differential is
then used fo 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 14 would seem that this pressure differential adeouately
explains the deéarture of the ion current measurements from & linear
relstionship with pressure at the lowest pressures.

Curve III represents the application.of Ecuation 3.1 to the drift
tube problem, and it is immediately observed that fhe'measured values
‘of ion current are 65-T5% 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,drainIng to the cathode, as evidenced by the
corona ring eround the cathode hole, A value emaller than predicted

vy tﬁe theory would be expected because of that evidence,

4.1,2. Faraday Cage Effects

This large difference between the theory end the experimental date
encouraged a close examination of the accuracy of the Faraday cege s
a particle collector. Errors which arise.in the cﬁrreht 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 a secpndary glectron leaving the cage would be
measured as an ion arriving, it is important that the secondaries whioch
V are knmown to be generated when & high’velocity ion hitg th; cage &re
kept within it. The mumber generated depends on the incident atom
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species and velooit&, and the angle of inoidence, Although no
researches on the bonbardme%t of stinleBSuateei by CO,02, and N2 are
knovn, from published data on single atoms (35) one might expect about
three secondary electrons emitted per incident 17.5 KV dion, These
ere emitted with very low velooity, usually less then 5 ev. “igher
numbers might be emitted from gas covered surfaces, but the high
temperature of the Faraday cage would indicate that the‘surface is
fairly clean, and certainly bas no more than a monolayer. Part of
the reason for the large numnber of electrons emitted is ihat a diatomioc
molecule behaves as two single atoms, each with balf the energy of
the original molecule.

 If these secondaries are not prevenied from escaping, a serious
over-estimation of the ion current would occur, Ideally,.a grid placed
"around the Faraday cage and apyropriatgly biased would supress these
secondaries, However, the very tight fit vhich the present Fa?aday
cage makes excludes any such schemes at this one. The cone shape of
the inside and the re-entranﬁ mouth and grid are used instead of this
shield, The grid in pa.r‘_bicular 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
beaﬁ function., HKowever, in order to determine as nearly as possible
the nunber of electrons which were leaving the Faraday cage -end |
_therefore being incorrectly measured as ion current,measurements were
made of the Fareday Cage characteristics. Ideally; it would be desirsble
to observe any cha.nges.in the measured ion current which teke place
as the bias on the Faraday cage is varied over a positive and negative
range., Original goals of éuppreséing eny ion escape from the cage led
to a negative bias being applied, and it wvas found that positive biases
did in fact mask the ion current, dué to electron flowﬁ not related to

the ion current at‘all. The details of these problems are now discussed,
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and a method which allowed c07parison of measured ion\curren% with pos-
itive and negative biases expiained.

Figure 23 indicates the meesurements made of the pulse current floue
ing with a small ( 7 pemp ) ion current ectually hitting the-cage, It
is observed that the true current is reported for moéi of the negafive
bias, but thaf e great rise in current in the direction of positive
ion current is seen vhen the Fﬁraday Cage is positively biassed. The
reason for this rise, which is in the opposite direction to what would
be expected for positive biasing, is that when positive bias is applied,
e large DC current due to electrgn flowing to thg Feraday cege from the
cathode is observed, When the pulse is applied for the bean current,
the electric fields change in such a way that a large number of these
electrons ere drawn into the bean, Since-en electron leaving the Faradey
cage is measured es en ion arriving, it is cleer that on an AC basis,
this phenomenon will cause large currents in the direction of positive

jon 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
| wﬁich 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 as were present; but of course could not respond well
at all to the pulsed signals, which have duty cycles no greater than
.01 at low PRF's,

This large pulse with positive bias masks any jon current, and makes
straightforward'measurements of ion current with positive bies impossible.
The negative bias measuremenis are very hifferent, and the ion current
measured is.not e function of bias at ell for biases greater than ebout
-3 volts. The only currents flowing in this case are thosg due to elec-
4rons being emitted from the Faraday cage surface, and.various leakage
currents on the ceramics, which are all DC currents and thus not part of
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the belt measurements. The advantages of using a pulsed measurement tech-
nique are obvious in this con‘éext. Hhen the first Faradey cege was re-
noved along with the first gun change, an inspection of. it shoved a white
coating inside end out, which‘ eppeared to be BMas it was much the . sene
colour as the cathode., From this, at least some DC current with negative
bies would be expected. The Fa.rada\v cage used in the second gun wes
located much further behind the ocathode to reduce this deposit, but &
secox;xd exanination of the Faresday cege has not taken place,

To determine the differencés between ion current measurements with
positive and negative bias, & technigue of pulsing Dz;ift Tube Section
No.1l. positively to cut off ion current in the middle of & pulse was
used. Details of this technique are discussed in Chapter 5, and it
will suffice to say l}ere\that the positive pulsing of the drift tube
allowed the ion ocurrent coming from all but the near end of the valve
to be shut off while the beam remained on, Thus the bias could be varies
eand differences taken between measurements with the ion current on and
off, This allowed determination of the effects of bias on ion current,
This method suffers only.from the problem that taking small differences
in large currents is difficult. to do with great eccuracy. Results .
indicated that the‘ ion current dropped from its level with negative
bias very s‘\orply- as positive bias wes applied, to a level which remeined
roughly constant with increasing positive bias, ‘the positive b,ias“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
bias levels. It was found that this pqrcentage was a funotion of
pressure, or altemativeiy, the total ioh current (Figure 29}, Two »
interpretations may be placed upon. this behaviour: that the positive
bias was causing ions to rebound out of the Faraday cage and esoape;
or that the positive bias wes preventihg secondary eleétrons 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 possidle
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 is the great
number of electrons which are to be expected from ioh;metal collisions,
as mentioned above. The second relatés to the pressure dependence of
this percentage correction. Calculations show that the ;paoe charge
potential elevation along the axis due to ions is on the order of a -
few volts for the level of currents present in this system, ¥hile this
would have little effect behind the mesh, it would seem that a drain
for electrons existsinside the Faraday cage on the drift-tube-side of
the mesh (Figure 5) due to this potential elevation. This would increase
as the ion current inérgggea, and thus lead to greater errors in the |
case of larger ion curren;;: The change in percentege correction with
pressure in Figure 29 can thus be explainéd. The mesh is not go fine -
thet some fringing fields from this source would not exist, and the flet-
ness uﬁth voltage of the ion current meesurements with both positive
and negative varying bies would indicate that fringihg fields from
external sources have little effect.

The correction curve found in the ebove experimentel data may now
be applied to the data reported in Figure 27, and Curve IV depictis
the resultapt 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
jon current meesurement lies below the theoretical line, by eabout 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 glong the drift tube, It should

be repeated at this point that Curve IV represents a correction made
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to the original data which 13 based only upon certain assumptions
vhich due to the limited epa;e aveilable in the valve construction, it
vas not possible to verify. The correction only represents one
explanation whlch might partly explain the difference betueen the
theoretical prediction of Equation 3.1 and the much 1arger emount of
ion current cctually measured.

A further consideration which would increase the amount of ion
current predicted would be to take into account-the electron rath
lengths travelled within the collector, Although the collector is
re-entrant with an area rafio 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 collectea at the
Faraday cage. The path lengths of individual electrong would vary
in length because of the expansion of the electron beam after it exits
from the collectoi pole piece, but it would seen reasonable to assume
that an additional length of the 20 em would eccount for a large part
of the additional current which the collector adds to the theoretical
aolution discussed in Apvendix III, This would mean a 20% inérease
in the effective drift tube length, end thus & 207 increese in the
solution shown in Curve III, This is shown in Figure 58 in Chapter 6.

The most important unknown éoncerning the accuracy of the meesured
data representing the ion drainage to the cathode is the ratlio of
the total ion current to that which is collected in the Faraday cage.
As mentioned in Chapter I, damage in valves with 16ng operating times
consists of a darkened corona of gbout 1" diameter sﬁrrounding fhe
central cathode hole. If it is agsumad-that ions are roughly equally
distributed as a function of radius when they hit the cathode, then
the percentage of the total ion currgnt vhich is collected would be
proportional to the ratio of areas of the collection hﬁle to the

darkened area, in which case it would be calculated that the true ion



current is approximately 6 t‘imes es great as that measured, Calculeations
"of the trajectpries of ions in the type of electric lens through which
they pass after leaving_the drift tube indicates thet they would be
diverging, but the amount of divergence requires knowledge -of their
initial axisl velocities, which ere not knowh. Alt'hc;ugh computer

- calculations were ‘x_nade of the trajéctories which might be expected in
the.case of ions with zero initial radial velocity and a; few hundred
volts of longitudinal velocity entering-the cathode region, the l_a.ck
of sound. knowledge of the initial conditions led to tﬁe ebandonment
of further work, The calculations made showed that & certain amount
of focusing into the Faraday cage did teke 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
colketion of the Fam cagce Since the tecknigue involved requires
some understanding of the experimental work which was done with driff
tube biasing and furthermore the quantitative accuracy of the ion
current measurement is not reouired for eny work discussed in the’
remainder of this chapier, the results 'of these later measurements
are discussed in Chapter 5. The work of this section indicates thaf
a.cprrection factor should be epplied to ion current measureménts

to0 account for the Faraday cage‘release of secondery electrons.
Further correction f_actora will be due to the collection efficiency
of the 3/8" hole, rather than the cage itself. In conclusion, when
the added length for the collector is assumed in the theoretical
calculation, it is found tha.t.the Faraday cage corrected figures

Coned” be more Th .
for measured ion current R about 309 below the values predicted by

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

4.1.3. Ion Current Dependence on the Megnetio Field

Because - of the importance of tbglnagnetic field in beam focusing,

it was thought that the ion drainage to the cathode might be very



dependent upon the magnetic field., Because of the heevy mass of the 1oné,
magnefic focusing effects arz negligible for the ions tﬁemselveg, but
ohenges in the electron beam shape might in turn produce elgctric

fields which would affect the ions. To evaluate th?_effec% of magnetic

field on the ion drainage, the solenoid supply vas varied about the

normal value of 9 Amps, .
- P
iy measurements of the ion current at a pressure of 1,9 x 10 ~ Torr,
no chenge in either the steady state value or the shape of the ion
drainage qurreht response could be measured as the solenoid current
vas varied between 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
was observed to rise., It was concluded that the iowered magnetic field
bombard ‘ .
was allowing a lerge body- interception to “-=* the drift tube sections,
and experiments were not éonfinued below this field value, The ion
drainege current was thus shown to heve a greaf dezl of insensitivity
to the magnetic focusing field.

4.1.4. Ion Current Dependence on Beam Voltage and Current

[
i

Equation 3.1 shows a dependence of the ion current ugzon %he beza current,
and his éependence_was naxt inveétigated. Because the ionisation
coefficient depends upon the beam vﬁltage, and the beam current of
course is related to the beanm voltage by I = pv% for space-charge-limited
flow, it was not easy to separate the two ?ffects. Three types of -
experiment were performeds

1) The beanm current was varied by simply varying the applied been
voltage and comparison of experiment dhq theory is made by taking into
account the dependence of ionisation coefficient on beam voltage (Figure 19).

2) The heater voltage was slowly raised from just below its normal
jevel and raised to well 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 experimeﬂts
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performed on the first gun. iﬂm problem with this method is that it
provides a very limited rangg of ourrent which it can produce. The
veriation of pressure with rising gun temperature made this a difficuit
experiment to perform. - - '
3) The modulating anode (Figure 4) could be biesed to reduce the
current from the gun without affecting the electron velocity within the
drift tube, if the cathode were kept at nomal voltage. ‘This was the
best way to.vary the beam current without changing anything else that
affects ion formation, But it suffers from the disadvantage that at the
seme time as the current is varied by this method, & variable electric
lens is created, which could affect the results both by ceausing de-
foocusing of the ion current on the Faraday cage entrance and by inﬁreasing
the body interception currentis. Greater bédy interception would result

bowmbanimesT )
in local i -7 and subsequent outgassing, vhich might lead to &

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 variation§
between 4 and 18 KV in the first case and 4 and 16 KV in the second,

anﬁ in both cases the reqorded cﬁthode voltage was used to determine ike
jonisation coefficient for the surve which shows the values predicted
-from Equation 3.1. In addition to these two curves, the correction
factor determined for the Faraday cage and i1lustrated in Figure 30

has been applied to the experimental results to génerate a third curve

which représents the corrected ion currghtt Contrasting this corrected

* The use of this correction factor ig certainly wvalid in the case of
measurements made at high beam voltages near to those in whioch the
 correction factor was determined. Iis application to data gathered at
the much lower beam voltages in use here may need comment, It is known
that the number of secondary electrons vhich are generated by an impaoting
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ourve and the theoretical curve, it is observed that the measured data
has a positive slope with respect to béam current, whereas the slove

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

beam currents of interest., One possible explanation for this beheviour
is that the reduced space charge fields at low beam ocurrents cause

the Faraday cege collection efficiency to be less as the bean ourrent
drops,

The data collected with the second gun and normal emission does
not show this difference between the corrected measurement curve and the
theoretical curve., Good agreement between fh; theory end experiment
is shown in Figure 31lc, for all but the highestvbeam currents, But,of
course, because of the inefficiency in collection which was mentioned
in the previous seétion of this chapter, ;his indicates tﬁat actual ion
curfent is greater <than that predicted by the the;ry over this range
of measurement, <lhe date 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 vﬁxiation and anode biﬁsing. figure 32a showe the
results of bean current variation over the range of 1.9 to 2.4 A, end
vas pérformed ét bean voltage which was fixed at 15.5 KV, Three curves
are again showvm: the experimental data, the experimental data adjusted
according to rigure 30 end 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.

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

problems,
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It is believed that this may represent an inaccuracy in the pressure
measurements made on the ion pump current before the ion geuge was
attached,

Figure 32b and 32c¢ show the resulis of using the modulgting anode
t0 vary the beam current while at the same tine maintaining‘ihe normal
operating voltege between the drifi tube and the cethode, and thus
the same ionisetion coefficients during varying bean currents. The
first of the experiments described in these figures was performed
at a very low pressure, 2.4 X 1077 Torr, and-ﬁ very poor sgreement
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 ezpérimental 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‘ehown in Figure 32¢ indicate that the experiment
results in data which is very comparable to that which the theory
predicts, The difference . in the results at two different preséures
fo? the same experiment suggeststhat the focusing effects caused by the
eleétron lens created in this method may in fact cause changes in the
jon collection and generation mechanisms.

The general conclusion which may be drawn from this series of
experiments is that the rate of increase of ion current with beam current
tends to be larger than that predicted in Equation 3.2, egspecially in
the case of larger beam ourrents. Although the measured values tend
to be fairly olose to those which are predicted in magnitude, this is not
- o important since the collection efficiency of the Faraday ?age is less
than 100%, and when a vorrection is made for efficiency, the values

will be farther apart. The greater slope of the measured data would be
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an indication that the large ;bea.m ourrents which are encountered

in high power valves may 'ueli cause & greater amount of ion current
than would be expected from the gimple approximation of Equation 3,1,
although beem focussing effects which might decrease collection
efficiency at lower beam currents ca.m_xot be ruled oﬁt. 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 current drainage
to the cathode have been discussed, A steady state value wae possible
to define beoguse the behaviour of the ion current response to beanm
ourrent pulses was such that a plateau of ion current was reached,as in
Figure 26, Observations of ion current drainage under varying pressure
and beam current indicated that the buiid-up time to this plateau was
changed by these, and other, fectors. One of fhe sdvantages of using
& pulsed technique is that this build-ui tine may be observed and used
to make further conclusions about the p;ocesses‘of‘ion formation and
drainage. The length of the fon build-up time is important in two
appliéations. . Firstly it is of interest in the operation of pulsed
valves, which for Sha[ pulse lengihs may be unaffected by residual ges
iqns. Secondly, observations ;)f this ion current build-up may be
use.d to evaluate the applicabili.‘ty of the ion traps suggested by Hartnezze
(2,22) to this valve, -

Experiments were performed over & wide range of pressure 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 considere@, and in section 4ﬂ2.3, the results of buildQup time
measurements are combined with those of the ion current production
rate to calculate the amount of charge remaining in the beam as a
function of pressure, and these results are compared with the theory

of Chapter 3.
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4.2,1, Build-up Time Devendence on Pressure
}

Figures 33 end 34 show sdbe of the data collected during experinents

vith a 14,5 KV, 3.2 A been (these values occuring at 400 psecs after the
start of a pulse of 17.5 KV). The becm rise time of 5 psecs and the
Rogoﬁski Belt rise time of 4 psecs are both negligiﬁlé in oomfariaon

to the observed rise times. The stert of 21l pulces is maried by a
negative drop which interrupts the basge line. Th; arop is not a function
of ion current at all, but rether is due to undesired Rogowski Belt pick-
up, end thus is the seme amptitude at all pressures. Fortunately, it
dies out after 20 to 40 psecs, and does not seriouély interfere with

any of the messurements, Negleoting this negative~going-transient, it
is seen thatlthe ion ourrent et all pressures in the range measured is
observed to rise gradually from zero, and the time taken to réa&h a
prlateau value is dependent upon the pressure. In no case does there

seez to be eny delay in the start of flow of ions to the cathode. The
rise time is seen to decfease with increasing pressure,

Exactly determining the rise time to the plateau level is difficult
due‘to vhat in most cases is a_gradual transition between the increasing
ion current and the steady state level. By defining the rise time es
thg time required between the start of the beam pulse anq‘thé time that
the don current reached 909 of its plateau value, a éconsistent way of
reporting build-up ¢time as a function of pressure is defined.. The |
result of méking this analysis on data shown in Figure 33 and 34, and
on other data which was collected, is illustrated in Curve I bf Figure 35.

Ion current responses §n the pressure range between about 3.4 &nd
4,0 x 10"6Torr, howevér, were different in shape from the results
reported et other pressures, and t£is method could not be applied o
them, Figure 342 and 34b illustrate the difficulty, and these sorts
of wave shape were observable in all measurements made'in this pressure
range, At theAlower pressure & peaking is observed before a platesu is
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FI1G.33 ION CURRENT BUILDUP TIME
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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
"vs. pressure in Figure 35 is shown dashed in this region. This is
roughly the same range of pressures et which the 'kink' in the éufve
of ion current vs. pressure (Figure 27)occurs, and fﬁis is further
support for the suggestion that the beam is being neutralised enough
at tyis pressure that unstable 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 inoreasing pressure, as would pe expdeted, and
more particularly decreases inversely with the square root of the pressure

6

in the range between 3 x 10'7 Torr and 5 x 10"~ Torr., At pressures

higher than § x 10‘§ Torr, & 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 amﬁunts
of the negative space charge of the beam,as 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 thzt it requires less time to build-up.
to a steady stete involving less fon drainage, The rise time measure-
ments were not made above 1()"5 Torr, at which ﬁressure the ion

current oscillates, The measurémenfs mede with a depressed collector

are discussed in Section 5¢2¢244.

4.2,2, Build-uo Time at Lowered Beem Currents
The beam current was lowered by biasiﬁg the moaulating anode, es
discussed in Section 4.1.4, and measurements of the rise time were

6

mede at pressures between 2=7 x 10° Torr, These measurements were

made at currents between 1 Amp and 4 Amps, and in no case was &
significant change in the rise time observed. Due to the greatly
reduced beem currents, it was particularly difficult to make accurate

comparisons, however,



4.2.3 Charge Storasze in the Beam
¥

The theory vhich is discu:sed in Chapter 3 indicetes that there ig @
significent amount of ionic charge storage even in e snooth beam, Further
charge storage may be expected in real beams due to the exfsténce of |
soallops vhich cause potential welle in the drift tuﬁé. These wells
would trap ions with insufficient longitudinal velocity to escape then,
Measurements of the rise time of the ion drainage current may dbe used
to estimate the amount of ionic charge storege in the beem, a8 shall now
be demonstrated.

Figure 36 depiots & typical ion current flow during a beem current

pulse,
4

0] *  t¢ime

Figure 36 Integral of Ionic Charge in the Beanm

If it is assumed that the ion prodwtion rate remains oconstant with time
from the start of the beam pulse, then it may be concluded thet the shed-
ed area in Figure 36 representes the amount of cherge still remaining in
the beam. Hathematically, the total ionic charge remzining in the bean,

Qi’ is givens

Q -jxi(stead; state) - I,(t) at 4.1
This integral mey be estimated with a fair degree of accuracy by using
the values of coriected steady state ion current shown‘in 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
seem 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
72




shown in Figure 37, as Curve I. There are three distinct portions

to this curve: a section betyeen 3 x10° =7 and 8 x 10™ =1 Torr, vhere it
is relatively flat; e section et Pressures between 8 x 10"7 and 7 x :l_o'5
Torr in which the total cherge rises; and a region at the ﬁighest
rressures in which the total charge decreases with increasing pressure -
It must be remembered that these results include the charge storage in
the collector as well as the drift tube., The measurement of the charbe
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 Sectioﬁ 5¢2.2.4. It shall be shown that the collector
charge storage is large indeed, Furfhermore,lthe 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 efficieﬁcy in
collection, Thus they will be lower than thg eactual value of charge
storage. The shape characteristics of the curve, however, are of
-significance,

Equation 330 may be used to calculate the chafge storege within
the drift tube. Since the beginning of the beam pulse is the most
important part of the pulse for.these measurementg, beam voltage and
'current which relate td the first 150 to 350 psecs will be used in
the‘calculation of the rate of isn foimation, rather then the values ét
400/ﬁsecs, vhich are used for calculations relating to the steady stzate,
In fact this change makes only a very small difference. The values
of the coefficients used in Equation 3.30 for this calculation are:

Gi = 81,6 p; 1, - ~8825 meters; ion mass = 30; and X = 8,509 x 109,
which relates to a 0,4" beam radius, Equation 3,30 then predicts that, /;
Q =8145x107p com. gl 30 7
vhere p is in Torr. This calculation is shown: in Figure 37 &s Curve II.
Curve II stops vhen it reaches the value of total ionia charge that

equals the total negative charge, Qe, which is calculated by multiplying

v
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the negative linear charge depsity of Bquation 3.31 by the drift tube
length., "~ ¥or the beenm cur;en; at the begzinning of the pulse this velue
is 4.19 x 10"'8 coul, The cur&e.of measured velues of the total cherge
has the same shape &s that which the theory predicts only in ‘the middle
section of Curve I. At the highest pressures the iﬁt;gral is suspect
because the negative charge has become sufficiently neutralised to 2llox
some ions to escape the beam potentiesl depression, and thus impair |
collection efficiency. This would explain the measured drop in-thé
integral. At the lowest pressures the total ionic space charge is

seen to attain & minimun value which is 1.1 x 10"8 coul and thereforé
amounts to 28% of the electron beam total charge. This large storage

of ionic space charge within the beam may be attributed to the flow

of ions into the potential wélls created by scalloping, 4 similer
effect was found by Hines, et al (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 knowledge concerning
collector storage. From the knowledge which is available concerning

the bean in the K 376 valve, potential wells as deep as 200-300 volts
elong the axis mey be predicted in thé absence of these residual gas
1ons; From this data it must be.concluded that the charge storage

in the bean will continue to have & 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 little effect in changing the axount
of charge stored within the beam (;n usaée vith CH o very long pulses).

4,3, Oscillation in the Ton Drainege Current

As was mentioned in Section 4.1.1, the slope of the curve of ion
current vs., pressure (Figure 27) ghows 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 ion drainage to the cathode are observable.
throughout the length of thefion current pulse. This section deals
with & discussion of the observations of these oscillations as the
pressure, collector bias, and beam current were varied. OQcillatione
of this sort have been observed in previous experiméﬁtsq(1), but the
use of only the collector current as a measurement device ﬁeant e lack
of sensitivity. The ion cyclotron oscillations reported'by many past

researchers would not be observed in the cathode drainage since the

Rogowski belt bas & rise time of 4 psecs,

4.3.1, Oscillations during Low Bean Current Neasurements

Oscillation phenomena were obseried in experiments vith the first
gun, vhich had a lower emissivity than normal and thus provided lower
bean currents at normal 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 pressure
rise to levels at vhich oscillations occured, the gas pressure could not
be very accurately determined.and only an abbreviated account of the
éxperiments 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 amplitude at the end of
the pulse, occuring at a frequenby ﬁf approximeately 40 KEz., Further
increase in the pressure increases the.frequency of oscillation
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
causes the oscillation to stop. Measurement problems prevented determina-
tion of the pressure at which this.occurs, but the cessation in
osciliations did not prevent an ion currept from floQing to the Faradeay
cage., The drop which occurs during the pulse is due béth the loading
of the pulsed power supply for the valve, and the use of a Rogowski
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Belt with a faster decay than was used in later experiments.
}

4.3,2, Oscilletions cduring Hcfmal Rezm Current ieasurenents

,After' installation of thc; second gun,‘measurements et nomel b.ee:n
currents could be made,: and the pressure accurately oontrol}ed end
measured, It was found thet the behaviour with the ‘normal ‘bean t;urrent
vas somevhat similar to that observed at the low beaa currents, bui
more careful observation showed that small oscillations c;ccured at
pressures as low as 3.Xx ].0'6 Torr. These oscillations were elways
associated wit.h jon current responses which demonstrated a veeking of
the ion m:rrentA at the beginning of the pulse, &s ianigure e,
Furthermore, 'fl_zey were not stable oscillations'c;f the sortvse'en in
Figure 38, nor did they ooccupy as large & peroex.x.ta'ge 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 % of the ion current plateau level in pea‘.k. amp;itude. l;he
frequency of these instabilities ranged between A33 KHz and 8 KHz.

Ap the pressure is incregged these instabi_.}ijtie's oegse’ *l;o be present,
vanishing at & preasﬁre of about 4 x 10"'6 'I‘orr, e.nd ;'c‘m'ld" 'se:em to be
related to the unexpected phenomene discussed in ‘Sect.ion 4.2,1 in
relation to Figures 34a eand b, 4t higher pressures, oscillations are
first seen et the end of the pul}se, as was observed in the low beaa
current observations. This may be seen in Figure 39a a._nd 39b, _Dgzjing“
these experiments the valve was fulsed with an applied bea:u.lv yulse
starting at 17.5 KV and drooping as in Figure 12, This 'res_u‘lts in e
current droop from 4.05 A at the beginning of the pulse o 3.0 A st
the end Jf the pulse, which is 630 psecs' long.

The first sign of an oscillati;'m is seen under these conditions at
& preésure of 7.5 x 10°6 Torr. A definite oscillation pattern is
discernsble at a pressure of 8 x 10'6 Torr, &s in Figu:c;e 39b, with a

period of 58 pisecs, which correspond:..is to a fregquency of 17KHz. This
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contrasts with the 52 Klz freq?ency in Pigure 33, in vhich the current

at the end of the pulse is 2.dh end the beam 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 increasing

frequency with smaller delay from the beginning of tﬁe.pulse, with

periods ranging between 66 psecs and 50 psecs, Aihese lerge oscillations
have an anplitude of about 130 pa peak, which correspondgﬁﬂs to gbout

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 emplitude oscillation with a

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

rulse amplitude, occurs dbetween the beginning of the pulse and the point
vhere the lower frequency oscillations begin. The transition between

the two is abrupt. Aﬁ the presgure is further increesed, more and

more of the pulse éhows these large scale oscillations, and Figure 394
shovs the ion current at 1.15 x 10"5 Torr. The higher frequenocy
oscillations still exist at the beginning of the pulse end are of apvroxi-
nately the same frequency. Theilarge scale oscillations have periods btei~

veen 44 and 52 psecs, with the trend to higher frequency with decreesing

delay repeated,
-5

As the pressure rises only a §ery‘sna11 anount 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 frequenciee(Zj KHz)occuring at the centfe of the pulse and
lover frequencies, 17 KHz, at either end. The oscillations have a peek
emplitude of 300 pa, which is again-about.25% of the peak amplitude of
the ioh cu;rent. 1":’Lgu:re 39%e illustrates this condition, and 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 vhotograph wes mede at 1.47 x 19-5 Torr, -
end the oscillations which afe still present have periods betweé:r42
and 48 usecs, vith the usual trend of increasing frequency with
decroasing rise time being present. The data colleétéd thus indicates
oscilletions between 24 Kszand 21 iz, 1o significent oscillations
seem to be present in the last 100‘psecé of the pulse. 'figure 3%9h shows
the ion current at 1.6 x 107 Torr. At this pressure the last 200 usecs
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 bezn possidble 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 uould go higher than in the second case, end the cessation
of oscilletions throughout the entire length of the pulse -was observed,

During the experiments in which oscillations were visible throughout
the entire length of the pulse, &t pressures of 1.2 to 1.3 x 10~ Torr,
the‘cdllector current was simultﬁneoﬁsly 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 curreﬁt meagurements
showing pezk oscillation currents 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 ﬁame time es observatioks of the beam current were being
made to look for oscillatory effecté, 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 beanm cq?rent due to mains regulation during <he
long time required to vary the pressure between. the two conditions,
but an increase of 250 to 300 ma was observed between low and high
rressures, This would, ef course, be due to partiel.spaoe'eharge.
neutralisation caused by the increased flow of ions to the cathode
during high pressure‘operation,

4¢3.3. . Oscillations with & HegatiJe Collector

By biasing the collector negative, it is possible to produce a
potential gradient which ocan drain some ions from the collector end
of the drift tube, Since e gradient still exiets at'the_oethode end,
ions may elso drein in thet direction, and froa the'epproximate gynaetry
of the situation, it would be expected that ions ﬁould drain from tkre
half of the drift tube in which they were fonmed.v Ixperiments
approximately prove that this suggestion is correct (See Section 5¢2.2.),
Since the onset of oscilletions is presumebly connected with the
increase o“ca ’ the ionic lznear charge density, until it reaches the
point at which it equals the electronis cherge density, any fector which
reduces the ionic charge density should cause the onset of oscilletion
to be delayed until & higher pressure is reached. Since, from Fquetion
3. 23, the ionic density of proportional to 1"’ s reducing the
effective length of the drift tube by one half should cause a decrease
in the ionlc charge density by a factor of .63, In fact, if the senme
ratio of V;/ re is neceesa.ry for oscillation in beth cases, the pressure
at vhich oscilletion starts with e ﬁegative‘collector should be twice
that at vhich it starts with a nommal b?as arrangenent,

To perform this experiment & large bies, =900 volte, was applied
to the collector, It is showm in CEapter 5 that collector biases this
large oreate drainage patterns which are fairly stable and not depen-~

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

of these experiments,
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FIG40 ION CURRENT OSCILLATIONS, NEGATIVE COLL.
COLLECTOR VOLTS: a-¢,~-900 ; d, =700

HORIZ.: 100 ysec/div VERT.: 220 pa/div

FI1G41 ION OSCILLATION AT VARIOUS BEAM CURRENTS
HORIZ.: 20 psec/div VERT.: 220 pa/div
Pressure: 7X10°6 Torr




Oscillations observed at‘pressures below 1.23 x 10"5 Torr with the
collector earthed, vanished wéen the high negetive bies was epdlied, is
Tigure 40a shovws, oscilletion with a negative collector first aprears
at this pressure. The 50 Kz oscillations observable in Figure 39¢ are
also absent. Since the first oscillotions with the'éollectér ecrthed
were observed at & pressure of 7.5 x 10-6, the prediction of Eguation
3.23 is not too fer wrong in predicting thg 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 cese of normal
beam conditions, Figure 40b illustrates the oscillations occuring over
a restricted portion of the pulse, The periodﬁ involved agein are in
the neighbourhood of 50‘psec§, which ;s the same as those present under
earthed-collector conditions, V¥ hen the pressure was increecsed to the
meximum atteinable, oscillations over small portions of the pulses
continued to be present, but no peattern of oscillation throughout
.the pulse vas observed, At 1.6 x 10"5 Torr, smell oscilletions at e
frequency of about 60 KHz appear, as shown in Figure 40c,elong with a
single cycle of large scale oécillation at thé centre of the pulse.

The sensitivity of this oscillation to externzl conditions may be

seen in Figure 40d, which shows the result of reducing the collector
bies to -700 volts, TFrom 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 explenations
" for the oscillation frequency must not depeﬁd on the ion trénéit time
between.the collector and the catﬁode.

4,3.4 . Oscillation at Different Beam Currentis

The modulating enode was used to reduce the beam current as in
Section 4,1.4, and the ion current vas measured at the pressure of
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7 x 107 Torr. With full bean current, in this case 4 4, mezsured
loolfsecs after the start ofé&e-pulse, there is no oscillation of the
ion currént, as vas indicated in Figure 39. Figure 4la depicts the
start of this pulse, However, vwhen the beam current is reduéod to
3 A, oscillations throughout the length of the pulse.;ppear with &
period of 64 psecs, corresponding to a frequency of 15.6 Kz, a8 is
shown in Figure 41 b, Yhen 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 mey be umed as & qualitetive demonstration of

some cheracteristics of the ion drainege vhich are predicted by the

theory presented in Section 3.4. Since it can be assumed thﬁt oscil-

lation will take place a2t or near the point when the positive:and

negative space charge within the beam are equal, the ratio 0;/0"e

vis clearly of interest in predicting the start of oscillation,
“Equations 3.30 and 3,31 may be used to calculate this ratio, &and

since Gi is proportional to the beam current, it is clear thet at a
constant pressure 03 will be proportionel to Ibé, vheras T, is dir-
ectly propo rtional to I . Thus as the beem current drops the ratio
will rise, making neutralisation and oacillation possidble at lower
pressures vhen the beam current is lowered. This is exactly vhat is

observed in the photographs of Figure 41,

+ 3.5 Summe
From the date which was discussed above, the following con-

clusions can be reached about the ion dréinage curreht oscillations

vhich were observed at high pressures:

1) At pressures as low as 3 x 10"6 oscillations, or at least in-
stabilities, in the ion current drainage are observed, yith frequency
content in the range between 8-33KHz.These oscillations are of such
snall amplitudq_that it is thought they would not have been measured

w8la




in eiperiments wvhich only use? the collector ocurrent as a method of

]
investigetion, ¢

2) These oscillations cease above 4 x 10~8 Torr until at a

pressure of 7,5 x 10'6

Torr, oscillations of the ion currenf‘which
have peak amplitudeé vwhich are 25 % and more of the ién curreht eppeer,
These first appeag at the end of the long experimental pulse vhich was
used, and with increasing pressure oscillation along the ;ntire
length of the pulse is observed., -It is pelieved because of thé'ex-
periments with osciilation at verying beam currents,that these osoil-
lations occur first at the end of the pulse because of the lower beém.
current which is present therﬁ due to poﬁér gupply voltege drooﬁ.
Experiments with varying beam currents showed that the fhreahold
pressure for the onset of these large oscillations decreased with
décreasing beam current.

3) Further increases of pressure showed that the oscillations cease
as the pressure ves increased sufficiently, and fhat thus only & narrovw
tyindow! of the correct beam current and préssure conditions exists for
these oscillations. The frequency of osciliation rises as the beanm

e

current falls,

'4) The oscillations appear to be some sort of relaxation oscillea-
tion, elthough in some cases the.sudden' drop in the ion current does
not have & time constant very much shorter than that for the build-up
time, Furthermore, these oscillations seem to-have a constant amplitude
throughout the'pulse in spite of-the differing beam ocurrent during the
pulse. On the average they have & peak value which is only 25% of the
ion current plateau level, and thus do néf 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 ‘were between 15 KHz and 30 KHz, |

5) ¥With the collector biased highly negative, a cessation of
-82- 7




soilletions et pressures ‘beloy 1.23 x 10 -5 Torr was observed. Oscil-
lgtions vhich finelly were obqprveu seemed to heve & very nerrov
'uindov' of necessary conditions, end oscilletion throughout the
entire length of the pulse was not observed. The oscillatione uni‘oh’
vere 'o'bserved had frequencies aporoxmetely the same as for the oese
in vhich drainage along the entire drift tube was used, This would
_ indicate that whetever process ig responsible for eetabliehing these
oscillations, 3¢ does not seen to depend on the length. 4 high sen-
sitivity to the vealue of collector bias was obeervod, which \ras not
) ehown in any other experiment which was performed with negative ©ol~ -
lector bias above 600 volts. ' 4'
The mechanism for these oscillations could not be decided uponl
 from these experiments. However, further jnformetion is obtained for

this investigation in the exoerments with body interception current.

4.4 Body Intercevtion Current

Because of the eonstruct:.on of this valve it is possible not only
: to monitor the current to the body, but in fact to each drift tube

' geparetely. This was done Yy measuring the voltage aoross small

‘. resistors. 'In addition to ghowing the slower variations of the inter-
_ ception during the beam pulse, these interoe'otion ourrents' couli also
be used to observe the high i‘requenoy oscilletions mentioned in
Clxepter 1. These frequencies were well above the response time of

the Rogowski belt.

The interception current of any drift tube section will be 1ikely
to be .dependent on the beam ourrent and voltage in a very complicated
way. Therefore, Yody current which has the same pulse ghape as -
Figure l2,. the beam voltage pul se shape, cennot be expected. In spite
of this prodlen, which causes peculiar pulse shapes such as are seen in
the upper ireces of Figure 42 ¢ and d it was found there were ehanges

in the body current which could dbe related to ion phenomena, in
—83-
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. particular the build-up time 9nd oscillations, The drift tube sections
referred here are numbered aaftBOSe in Figure 4, 'D7S' egein being the
ebbreviation for drift tube section.

Figure 42 depictsthe intercepiion currents of the four drif? tube
gections for long pulses at high and low pressures. ‘DTS 5 is earfhed
due to a 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
should not exceed 150 ma, It is obvious from the photographs in
Figure 42 that is is difficult to determine at what point the current
ghould be measured to see if the specification is being met, The very
beginning of each current response is the point closest to normal beam
conditions, and if this value is taken on the upper traces of Figure 42
a sum of 141 ma is arrived at, with the current to DTS 5 not inocluded,
The upper traces of Figure 42 are dat# taken et 5 x 10-7 Torr, which
would be near the pressure vhich might be reached in normal operation.
No change in the levels of body interception was noticed in experiments
. vhen the pressure vas redqced below this level,

From the date recorded in tﬁe lover traces of Figure 42, it is
obvious that operation at high pressure has the effect of improving
the focusing of the eleciron beam; as would be expected. Also visible
4n the lower traces are bursts of a high frequency oscillation, which
are discussed in greater detail in the next section, But it is
important to observe that the interception current to all drift tubes,
i " and especially Hos. 1-3, is & decreasing function of time, end that .
this decrease occurs at different rates at high and low pressures.

So in addition to some decrease whiéh might be expected due to the
decrease of bean current with time, there is a decrease with time
constents vwhich seem to be related to the time constents which are

associated with the ion current drainage to the cathode., This is most
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gtolearly geen in Figure 43 a,;which compares simulteneous ion current
‘and DT5 1 current at 1.8 x 16'6 Torr, Fell times on the order of 'Qf
"30 - 40 psecs from initial conditions ere seen in the lower traces
of Figure 42 ¢ and 4, and this is the rise time which appéars in don
‘ourrent measurements at this pressure. From this if ﬁay be concluded
that even at low pressures, the ions which remain in the beam have a
:bonsiderabie effect upon the beam focussing, and that in.the case of
-pulsed valves may mean that stable overation during short pulses will
be interfered with if the'pulse lengths are compareble with. the ion
‘current build-up times for the beam and pressure range in question,

4.4.2 Drift Tube Interception end Ion Current Ogcillations

It vas found that the bursis of high frequency oscillation which
were seen as part of the drift tube interception mentioned in the pre-
vious section had the seme period as ion drainege ourrent oscillations
observed at the same pressures., This is most clearly seen in
‘Pigure 43 b, which depicts simultaneously the intercevtion current
on DTS 4 and the ion current measured at the cathode, A4 synchronism
between the bursts of oscillation on the interception current and the
relaxetion-type of oscillation in the ion current mey clearly be seen,

The interception current on the drift tubes alternates betieen &

quiescent condition in which no oscillations ere seen, and bursts of

high frequency oscillation, These bursts bave fairly sherply defined
starts and finishes, and risé to a sharp pesk of amplitude in th;
middle §f the burst. Thus two characteristics mayube defined for these
bursts: burst length and the delay in time of the central maximum,

In contrast, the characteristics which ére best defined for the ion -
oscillation are the length of time required for the ion current to fall
from its highest éo lowest level, and the time delay at which this

fall starts. It is assumed that the periods for both ion ourrent and

body current phenomena are 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
end 2 lidlz,

The ion current oscillations in Figure 43 b and 43 c are of quite
different shape, 43 b having a fall time which is vef& short compared
to the period of repe{ition. From a comvarison of the two it is
obvious that the burst length is proportional to the fall iime, but not
equal to it, In Figure 43.0 the burst 1engthé are between 32 and 38 usecs,
whereas the fall time is between 24 and 30 psecs 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 of Figure 43 ¢ and ¢
thet no large difference exists, but measurements do indicate.that the
start 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 peak value of the burst current
appears in epproximately the middle qf the fall of the ion drainage
current, and in both DTS 1 and DfS 4, the burst.ends'at é@proximately
the same time es the ion current reaches its minimum.' This data would
indicate that the change in beam diameter 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 beanm.
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CIAPTER

e

SAPERLETAL BRESULTSYITS DRIFT TU3M AIID COLLACTOR 2IA3

5.1 Introduction

Chapter 4 has indiccted the experimental resultslﬁhich ma& be. exzect-
ed during measurement of the ion drainage with £11 valve electrodes et
their normal electriczl bias, However, these neasurenenis were not able to
sudply such important information as the ion formation distributidn, the
ionic charge storage distribution, the efficiency of the Feraday cege
collector, and information concerning the ion velocity distribution dgr-
ing drainage. In addition, because of the collector current generation
end chargé storage, it is not easy to epply the theories developed 1n.
Chapter 3, These problems can be alleviated by the use of electrode
biasing,

The experimental work discussed in this chapter first covers exveri-
nents done with negati e and positife biases on the collector, and then
covers experiments with bias applied to DTS 1 - 4., A nunber of interesting
results vhich increese the range and accuracy of measureﬁents mede in

Chepter 4 are discovered,

5.2 Exverimental Results with Verieble Collector Biszss

The axial potential gradient which is to be expected 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 ects -
both to drain ions from the collector end and to provide & 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 a negative bias on the
collector will cause two important changes in the ion drainagex reduotion
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 whi;h was mentioned in Chzpter 3.

The effect of negetive collectdr biﬁ% on the observetion of
oscilletions in the ion current was reported in Chapter 4. This .
section will deal with measurements made of the steaé& stete ion
current vhich flows with varioué enounts of positive and negetive
collector bias. The steady state current is determined b& the
sane methods es were outlined in Chepter 4,

5.2.1 Positive Collector Bias

It 18 obvious from Figure 20 b that only smzll chenges would be
expected in the ion current drainage to the cathode if the bias pre-
gent on the collector were to be raised., A drainsge pattern is
established with the collector at earth which. pogsitive bies on the’

collector would only tend to reinforce.
The oollector was biassed positively from O to 300 volts by using

& varieble positive supply with lerge capacitors to nmaintain a fairly
constant voltege during the pulses, Positive biases between 0 to 100
volts‘had the effect of rqducing the ion current by about 5 %, and
further increase appeared to have .no further effect.

An.inqrease in the ion current caused ﬁy pogitive bias on the
collector would have suggested tt;e 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 variable DC supply since the supply would have required

very large caps&itors, es it was required to work at voltages up to
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© 1000 volts. The box wes desiﬁned so that switching bias levels with- -
out turning off the valve was:possiblg'which evoided problems of
stabilisation after turn-on. The range of collector depression

vhich was employed was not intended to be typical of the dépressions
vkich occur in valves which are biassed for efficiené&.improvement.

It was chosen es the range which included the voltage et which further
bias increases had no fuither effect upon the ion drainagé. |

Pigure 44 shows the results of ion current measurenent with negative
¢ .

collector bias at pressures between 2 x 107 end 5 x 10" Torr; - A11
results are normalised to the collector-earthed value of ion current
for the purpose of comparison, In each case a small negﬁtive bias has
no effect upon the ion current flowing to the, cathode. As the bias
increases, an increase in the ion current is observed, generally on
the order of 10 to 15 ¢ ebove the gero-bias value, This increase
changes to an abrupt decrease as the collector depression is 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 a minimun value is gradually
epproached, Once this minimum hes been reached,.increasing bias has
no effect in further reducing the ion current drainage., The relative
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 directed all.ions in the heighbourhood of
the collector toward the cathode. This would be the case not only for
an earthed collector, but for & collector with a bias which is less
than the calculeted potential devression of the beam due to net space
cherge., When the bias does exceed the potential dgpressiqn, the
gredient reversé% and thé axial potential is changed tvone like that

shovn in Figure 45.
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FIG.45 AXIAL POTENTIAL; DEPRESSED COLLECTOR

Because the bies at which this decline in the ion current flow
to the cathode staris depends on the net space cherge votential depres-
sion, it will be & measure of the amount of positive spece cherge to be
found in the beon,

The minimum valuc of ion current reached, &s a percentage of the
jon current et zero bias, is the portion of the total ion current
formed in the cathode healf of thg drift tube. The anount of ion cur-

_ rent not reaching the cathode flows‘toward the collector., That this
amount is the ion current which is formed in the collector and the
collector half of the drift tube, may be seen as follows:s A drift‘

tube from which symmetric drainage would occur, i.e; one in which the
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 gradients to both ends of the tuﬁe.
Such a tube would have a maximum of potential at the center of the fube,
and ions would flow away from this maximum in either direction, it is

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

this valvé, potential gradiengs applied to the end do not extend
very far into the velve. Thus some imbelance in the emount of
potential gradient epplied to eech end of the drift tube may still
result in drainage which is very close 1o the symmefric case. The
levelling-off of the decrease of jon current with increasing negative
bias is evidence that this explanation is correct, since.it implies
that the affeots of fringing fields at the end of the drift tube

are of less significance that the fields due to the ions themselves.
. This situation of symmetric dreinage 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
experimentelly determine the proportion of ions formed in the collector
end collector half of the drift tube, as compared to the proportion
formed in the cathode half,

5.2.2.1., Spatial 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 vhen &
large negative bies has been gpplied to the collector end of the drift
tube. Therefore, the pronortion of the ions which are formed in the
cathode half of the drift tube is the percentage of ion current

¢teached at bieses in which the decline in ion current has levelled off
in Figure 44. This level is almost the seme et 2ll pressures in Figure
44, sbout 3%,  The model of ion format;on discussed in Chepter 3
predicts that the emount of jon current formed will be directly propor-
tional to the‘length of electron beean pa%h, Equation 3.1. Thus a 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 modifica%ions nust be made, the first
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to 1 e experimental data, aﬁd the second to the application of
Touation 3.1. to this problén. Beczuse fhere is such a large
difference between the ion currents flowing with end without the
collector bias, the experimental resultis of Figure 44 must be
modified to zccount for the Teradasy Cage correctioﬁ fresented in’
Figure 30. The correctedvvalués of the current measured to be origi-

‘nating in the cethode half of the drift tube ere presented in the

second colunn of Table 5.1.

In addition to this experimental correction, the pressufe gradient
which wes found along the drift tube length must be taken into éccount.
This is done by splitting the drift tube into halves and assuming
that the effective path length of the beanm within the collector 4s 20 ca.

Then the current generated in the cathode helf of the drift tube is

(from Equation III,3)
_(1/2 (p+Ap/4)
(1/2) (o +Ap/4) + (T/2)(p +.T5A ) +(.2)(p +A0D)

per cent

vhere A P is the pressure differential, and P, the preséure at the anode.
For the value of AD of’3 x 10_7 Torr, which was found in Appendix III,
the third coluan of Table 5.1Amay be calculated. The reasonably good
egreenent means that no more current is produced in the collector tﬁan
would be expected on a simple model which measured the beam path

within the collector and used Equation 3.1 to predict the ion current
which wouid 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 indicated that the ion current generated in the collector
“would be a larger part of the total current as the pressure dropped,

and tha% is also fhe conclusion of this exﬁeriﬁent. From Equation 5.1
it can be seen that as P, becomes neglisible, the collector will finally
contribute 33% of the total current. In contrast, Hines et al (24),
found thet it contributed 50% in their valve.
. oa.




TABLE 5,1

Corrected Reletive Jon Current Meacurements

et Zero and High Collector Devression

Prgésure (Torr) ileasured Percentege Theoretical Fercentege
5.5 x 100 35 39
2,6 x 1070 39.8 39
9.9 x 1077 39.9 36
2.4 x 1077 32 31
TABLE 5.2

Collector Devression for Collector-Drift Tube Potential Gradient Reversal

Pressure (Torr)

6
6

5.5 x 107
2.6 x 10™
9.9 x 10”7

2.4 x 1077

Collector Bies

360
460
540
545

Conputed
Depression(edge)

49
100

136
161

Computed
Depression(axis)

161
323
441
521




The demonstration that ion production rate has th; axnected pro-
portional reletionship to the jength o beaﬁ vath is en importent result
because it indicates that any gas vhich might be evolved from the electron
bean hitting the collector does not significently disturb the experimentzl

results,

5.2.2.2, Potential Gradient Reversel

The soint of gredient reversal is maiked by a decrease in the ion
current measured at the cathode, but as can be seen 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 point of gfadient
reversel, The point at which the ion ourrent has dropped 5% below its
maximum value is chosen to provide data 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 at by teking Equation 3,32 and
substituting the values of positive and negative charge density which
ere predicted by Equation 3.29 gnd 3.31. -

The experimental results clearly show the anticipated reduction in the
net potential devression 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 reachéﬁ‘and the pressure is further r&duoed. .

The theory, on the other hand, predicté 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 potential both at thé'beam edge and axis
vhich ere far less than those measured, From meesurements of the body

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

snaller at high pressures, but the change in diameter does not appear to
be overvhelming. Thus, the disparity beiween 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 theofy
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of Chapter 3 does not provid% & very acourate estimate of the ionic
space chorge neutraligation i; the neighbourhood of the collector,

The large voltage required to reverse the ion flow at pressures oclose
to neutraiisation (ie.5.5. x 10-6) is especially surprising in viev of
the large emount of ionic space charge which is fouﬂd to be in the
beam at high pressures,

From these experiments it is cleer that the larger potential deéres—
sion exists near the collector et high pressures then would be expected,
vhich may indicate that the ions are draining with high axial velocity
in thet region. Furthermore, it is found that the préseure hes only
a snall effect on changing the potential depression in the neighbourhood
of the collector at pressures below 1 x 10"6 Torr, This is only in wvery
rough egreement with the finding in Cpapter 4 that the amount of charge

storage in the beam remained constant at vressures below 7 x 10-7 Torr,

5.2.2.3, Increase in the Ion Current at Small Depression

The model of ion drainege 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
et a different voltage for each pressure, with the voltage recuired
being greater in the case of lower pressures, Yor does the theory
predict the drop in ion current which occurs with positive tias, as wes
nentioned in Section 5.2.1.

The following observations may be made about the thump! which is
seen in Figure 44 '

1) The height of the 'hump' is roughly the same pefoegtage of the
reference ion current‘at all pressures o;er thé measured range.

2) Over this same range of pressure it is observed that the rise
alvays occurs directly before the point of potentisal g:adieﬁt reversal,
which causes the decrease in ion current measured at the cathode. '

Two explénations may be suggested to explain this increase in ion




current at the cathode with c?llector denression:

1) This is a focusing effdct vhich enhances the Faraday Cege
efficiency. Since the only ions which could be affected by the new
potenticl gradients caused by collector depression ere those 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
- 15% of the total current, would mean almost a doubling of the efficiency
of collectién for ions in this region, MNot enough is known about the
beam scelloping to make.any analysis of the trajectories of ions which
are formed in the collector, but it does seem thatAbecause of the lerge
distance involved between the collector end cathode it would be very
unlikely that eny collector focusing effects_could be important enough
at the cathode to cause e doubling of the efficiency, |

2) Although the trajectories of secondary perticles have been discusse:
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 secondary particles could generate enough ion
current to cfeate the 'hump' of Figure 44;_ Both the ejected electrons
and the ions themselves must be considered in the role of producers of
added ion current, and although detailed knowledge of the trajectories
of these particles is not vossible, enough is knowm to make.a roug£
approiimation of the ionizing collisdions made by these particles.,

Firstly, the ions are treated. The Qhapter 4 analysis of the rise
times observed for the ion drainage current shows that a significant '
number of ions remain in the beam, trapped by‘the scellops, These ions
will oscillate radially and have ionizing collisions with residual
ges molecules present., The collision oross section for ionisation
of molecules by ions of the same gas increases with increasing energy
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in the region of interest inithis ocase, in which ion energies must
be less than the votential d‘pression within the beam, The iondsation
effeciency would not exceed 10 ion-electron peirs/cm-Torr,(30). By
teking a mexinum value for all parameters influencing the rate of
jon production, it will now be shown that the ions éécilléting within
the beanm make only a hegligible oontribution to the totallion current
et & glven pressure. |

To find e maximum 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 donic cherge in the entire bean is given by
’ o;tD, where Te is found by Equetion 3.24. It is further assumed
that these ions travel at their maximum velocity &ll of the time,
thue meximiging the probability of making an ionising collission., The
ion current arising from these collisicns will be

Iism (ionisation efficiency) x (ion velocity) x (number of ions) x e

« (10 p) x (2eVi/mi)% x (G'QID/G) x e

For & 17.5 KV,4.6 A beam this is

I,;= 2.07p
vhere p is the pressure in Torr. The ion current celculated from
Equation 3.1. is

I, =929

Thus at the very maximum, the ion current from this source is negligible,
and realistic considerations concerning the amount of stored charge and
the time at meximum voltege would probably reduce'ihis figure by much
more then 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 somevhat greater then the radiué wﬁich they were
formed until they are drained away longitudinally, In the same way
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that the scallops trap ions in the bean, it would seem reasongble

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

the drift tube. These electrons can escaﬁe radially only es & result

of further collissions with residual gas molecules, and from the
ascsumption that sone trapping is necessary to provide'e sfable condition
for the removel of ions, those electrons which did éscape would be
replaced by others, These elecirons will have eneigiés in the neigh-
bourhood of 50 to 100 volts, vhich is close-to the value at which the
ionisation cross-section reaches a maximum for gases such as CO,O2 and
H2 (30).b Making a conservative estimate, it may bg assuned that ionise-
tion efficiencies of 5 eleciron-ion pairq/bm-Torr, may be applied to
these particles., If it is assumed that there is as much negative charge
in the scallops as the emount of positive charge which was found to be
present in Section 4.2.3., then & calculetion of the ion current created
by this source mey be meade iﬁ the same manner as was done for ions, The

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

the 28i) ion storagze found in Section 4.2,3. The ion current due to ihis

source is then = .

I, = (5p) (2eV/a)® (23@1/e) (o)

= 21 p Anys '

This compares with an ion curreﬁt of 72 p anps at the beam current and
voltege at which this measurement was mede, and may thus be a significént
proportiion, |

Negatively biasing the collector disturbs the &rainag; patterns of
both ejected electrons and ions by changing the gradient at the
collector end of the drift tube. Since ‘ejected glectrons are identified
as & possible cause of significané 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 elecirons in the beam, and fhe consequent

production of more ion current.
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5 2 2.4, Build—un Time and Charge Storese leesurements with Nezative Collec.c
. The model which is used for the theory of ion drainage explained in
Section 3.4. assunes 2 naxinum of ionic charge at the collector end of
the drift tube., This maximum does not occur in practice because the
potential depression due to the beam spece charge cau;;s a gradient at
the collector end which reduces space cherge density at that point.
(Figure 20b)., However, by biasing the 'collector negative enough so

that ;ons vhich are formed in the drift tube may also dréin 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
tube will drain toward the collector, with thé cathode only reoeifiﬁg
those created in the first half of the drift tube, The results explained
in Section 5.2.2.,1. indicate that this is an ecourate explanation, and
that the dividing point for ion flow is indeed somewhere near the
middle‘of the drift tube, Figure 25 is applied to this situation by
imagining the symmetric half of its soluiion on the negative side of
the horizontal axis, endepplying it to the collector balf of the drift
tube, Thus the formulas vhich were develope@ in Cheapter 3 will be
applicable fo the results of ion drainege from the first half of the
drift tube if the drift tube lehgtb, 1D, is reduced to helf the full
drift tubé length, . ‘ '

Figure 46 provides & demonstration of the effects of negativeb'
collector bias on the build-up time of the ion dreinage curreﬁt. Figure -
46 a - ¢ shovs ion drainage at a pressure of j.? x 1.0""7 Torr, with variable
collector bias, The first significent change is seen at e bias of 480
volts and is illustrated at Figure 46b. in the first half of the pulse
& loveringz of .the drainege current is observed; but by the end of the
pulse it has increased to the same value which occﬁred gt zero collector
bies, By the time that the collector depression has been-increaaed to

580 volts, a lowered ion current is observable throughout the entire
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pulse length, Turther incre?Se of collector bias cauces no change
in the pulse shave, ond corr;sponds to the lack of changc‘in cteedy
.state ion current +°'h increesing vics that vwes described in Figure
44, In these experiments a decrecese in the rise tine is also observed
as the collector is devressed. TFigure 469&hovs thé fesults of “
collector cepression et 2 higher éressure, and a decrease in the risc
time is agein observed, This change in the rise time is surprising,
for although there is less jon current aveilable to fill tke scallops,
4t is also true that there are proportionately fewer scellops to fill,
and thus the rise time would have been expected not to chenge., The
rgsults of rise tiﬁe measurements with depressed collector are ghovn
in Curve II, Figure 35. The collector wes fully depressed in these
experiments and no effects occuring during the trensition between full
drainage to the cathode end partial drainége ere included.

Curve II of Figure 35 shows that the build-up time with negative
collector is less than with earthed collector, but shows the same
decrease in build-up time with increassing pressure &as is observed in

Curve I,

By using the results obtained in Section 5.2.2.1. which indicate
the corrected jon current which flows with a depressed collector, and
this datz on build-up tine, an integral representing charge storage in
bean may be celculated 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 half-bean calculated from Egquation 3.23. A4s in Figure 37, the
~theoreti¢gl curve is egain stopped vhen the predicted charge storage

equals the total electronic charge in the half bean.

A region of fairly close sgreenent in shape and nagnitude between
the theoretical and measured curves is seen in the central region of
the graph, between pressures of 1.5 and 4 x J.O'6 Torr, At higher.

pressures, the loss of collection efflciency due to the neutralisation
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Bf 4he bean is most probably‘Fesponsible for the drop in measured
charge storage, but at the sa1e time there is seen to be & leck of
bonsistency between the highest amount of charge storege recorded
‘ind the emount necessary to produce total neutralisation. If, es
zuggeated, neutralisation is causing & drop in collection efficiency,
end thus in the measured cherge storage, it seems strange thet the

&
neasured total charge storage is not & fairly large nroportion of

';:tha electronic charge for half beam, Qe' The disparity revealed may
-?ib explained by the fact that the measurements presented in Figure 47
j_do not inolude any ion current which escapes collection in the Faradeoy
ftgagg. Thus, Figure 47 is en 1hdioation that the collection efficlency
%6f the Fersday cage is on the order of 30 - 60%, This same reasoning

'?Zannot be epplied to Figure 37 since measurements on the whole beam

1nclude such effects as collector charge storage, vhich is signifioant.

Ai?' Data collected to measure the efficiency in Section 5. 3.2 3.
Yindicates that there is in fact a low efficiency, and Figure 47 shell be

re-plotted in Chapter 6 in light of the data obtained in those measure-

ments,

At & pressure of sbout 7 x 10”7 Torr, the cherge storage is found

?5tq-regch a minimum of 2,4 x 10"'9 coul,, and this is thoughi to be due
: to charge storage in the beam scallops. This is the same effect

! observed in ezperiments‘vith'the earthed collector and wes discussed

in Section 4.2.3. However, since it would be thought that the amount

' of charge storage 6f this type would be proportional to the length of

f'J

.path, it is of interest to meke & 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 thet peasured

with negative collector, If it ig 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 emount of charge stored in the oollectdi
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itself may be calculeted, Thig calculation indicetes that 21though
the collector itsel® heg bcenfshoun to have en electron beanm dath
length of 2dbout } that of tne whole drift tube from the point of view
of ion production, it stores 1.3 times the enount of ionic charge
thet the whole drift tube stores, et thege lovest proosures. This
drovortion Ray chenge as the bressure increasés, 2s the theory of
‘Chepter 3 would indicate vhen ion drainage is considered, but for the
case of ninimunm charge storage, the collector is geen to store a
© very significant«number of ions,
It is thought that this phenomena ig due to0 g lorge>potential well

: within the collector vhich woulg be due 4o the increased wall diameter,

2:3s Drift Tube Biasing

Because the cavities are Temoved from the K 376 valve, it is
Possible {0 biag iﬁdividual drift tube sections above and below earth

votential, *Hunps' eng vells can be droduced in the drift tube axial

DPotential by doing this, as is shovn in Figure 43,

IT—7T—F)
!
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The humps can be expectedito create ion traps, and ions originating
between the collector and the'positively biased electrode would be trapned
in that region, eventually ceusing beam neutralisation. Region a4 is such
a region, Ions originating on the cathode side of the hump would érein
in the normal menner, as if the collector had been noved forwverd anc
the drift tube shortened.

In the experiments described below the drift tubes were biesed by both
DC and pulsed voltages. The effects of fringing fields from adjoining
tubes tend to lessen the actual voltage which is seen on the gxie ine
biased drift tube, bui from the geometry of these tubes it can be ghown
that the potential at the centre of the drift tubes wes within 97% of
the applied voltege (4ppendix IV), It wes the primery intention of these
‘experiments to investigate the chénges in ion current which would coae
about as the result of such biasing, and to determine the spatial dis-
tribution of ion current formetion. In addition these results of ihe
first experiments led to the use of drift tube biasing to deternine the.
collection efficiency of the Faraday cage collector in a unique way,
and elso to moke crude determination of the axiel velocity of the ions
draining to the cathode., The ebbreviation DTS, introduced iﬁ Chenter
2,'sha11'again be used for Drift Tube Section.

5.3.1, DC Positive Bias

A varisble IC supply was erranged to individually bias any 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 e positive bies lagger then the potential depré-
ssion wes applied to the first drift tube, only a small proportion of
the normal jon current would be measured during the beam pulse. It was
found, however, that this was not case in experimenté, although & smell
reduction in the ion drainage current was obsered, Lgrge positive
biasing with a DC voltage on eny of the drift tubes near the cathode
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(DTS 1,2,3 ) apparently has ﬁ great effect upon the been flow in the
Tegion betwcen the biased eléctrode and the collector and elso may
ceuse ¢ DC current to-flow., Small chenges in such paraneters es the
ressure and beam current, as well as the bias voitage, produced wvery
great effects in the mecasured ion current. These cﬁasges, furtherpore,
vere eratic, The ion current did not return ts its normel value vwhen
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 increz~
sing bias, It is suggested that the applicatioh of DC bies causes
Bufficient localised heeting of the body to evoive enough gas to
.sigﬁificantly affect the residual gas pressure, end thus the ion
drainege, Thus experiments performed with positive DC biasing»of the
drift tubes did not give accurate results concerning steady state
operation, and were ebandoned, 'Fortunately, it was possib}e to0 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 biesing. _
5,3.2, Positive Pulsing of the Drift Tube Sections

5.3.2.1., liethods and Tyvpiczl Reponses

4 pulse emplifier similer to that which was used to drive the nain
pulser was.found,and pulscs of h;ight varieble éo 1000 volts could be
eoplied to each of the drift tubes, A separate pulse generator, &
Cintel Model 3352, was synchronised to the sysiem and used to drive tﬁe
emplifier. The pulses applied could be varied in vidth and delay from
the start of the beem pulse, end a description of the effects which
this pulsed biasing had on the ion drainége current is now discussed,

?igure 49 illustrates a typical ion current response to a puls;
on any of the drift tubes. In the photograph showm, DTS 1 is pulsed
by 290 volts, which is showm, inverted at the tbp. of £hebpicture.

The lower trace is the ion current response, on the same time reference
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'as the drift tube pulse. Thﬁee importent cheracteristics of the
don current response are to ﬁé noted: a short positive-going spike
which occurs just after the pulse is epplied; a lowered ion current
following this spike end lasting the length of the epnlied pulse, in
this case accomnznied by oscillatiops; end finally é ¥emporary
increage in the ion ocurrent following tﬁe applied 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.

Figure 50 Ion Current Resvonse to rulse

This‘response is typical of what would be observed in the case of
measurements made when any of the drift tubes ere pulsed. Each of
the three asvects of this responée is now discussed.,

The initial spike, 1 in Figure 50, which pecoﬁes smaller in size
rela%ive to the steady state ion.current at higher pressures, is
difficult to interpret, Tests were made to check fhat this was not
a capacitive effect. It is suggested that this surge of current
represents a sudden partial drainage of ion space cherge storage which
bes accunulated within the beam., The ability of thebeam to siore
charge is reduced in the erea of the high potential gradients set up
by the biazsed 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

‘gasller the earlier in the bean current pulse that the bies pulse

is applied. Figure 51 a is e multiple expesure showing a ZOQ‘ysec

positive pulse applied to DTS 1l -with various delays. The pulse

“height is 600 volts, vhich is sufficient to form a total ion trap.

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

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

current without the bias epplied may be seen in this figure by the

integrating effect of the multiple exposure. Once the ion current

- pulse bas reached its plateau, and thus the ionic space charge storage

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

" the spike emplitude., Thus the suggested explanation of this positive

. spike seens 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 & barrier to the

~flow of ai least some of the ions which originate between the biased

drift tube and the collector (region & in Figure 438) has been established,

Whether or not this acts es a barrier to 2ll ions will depend upon the

. amplifude-of the applied pulse and the axial velocities of the ions

vhich approach the biased drift tube. At values of bias greater than

- the potential depression, it is clear that it will act es a total

barrier, and the only ions which flow to the cathode will be those

vwhich are formed between the center of the biased DTS and the cathode
itself. Bias values s high as this are characterised in their ion
current response by a flat iegion, es shown in Figure 50, and as may
be seen in Figure 52 d. Values of bias less that one forming & 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 normal bean operating
volteges. The high pressure ;as chosen beceuse of the greater clarity
with whioch signels may‘be seen, and to take advantage of the shorter
build-up times to the steady state, which was necessary for thesé
experiments. The changes vhich ooccur as the puleed iias were changed
‘gre typicel of the resulis obsefved on £l11 drift tube sec?ions, except
es noted below, Tigure 52 a-d shows both the applied pulse end the

fon current response. In Figure 52 a e bias of 90 volts is seen to

- pave 1ittle effect on the ion current, but & small drop just after the
beginning of the pulse may be seen, The ion current then rises during
the pulse, back to the level which it had before the pulse. This is
osused by the ion ocurrent produced between DTS 1 ané-the collector, the
_l trapped ion current, building up enough space charge neutralisation

- to reise the beam potential between DTS 1 and the collector sufficiently
:5 t0 overcome the barrier, and ellow the normal dreinage of the ion

j"l current from the whole drift tube, Thus the measureiion current rises

:F to0 the steady state value vhich it hed before the pulse. This situetion

. 4s shown in Figure 53.

Axial
Potential ) after steady
// state has been reached

Y S — 7 -

- —— o ———

immediately after
pulse is applied

collector
end

Figure 53 Axial Potential with Pulsed Bias on DTS 1
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Figure 52 b illustrates tpe next stage which occurs as the bies
is increased. The photograph:shows the response to a 165 volt pulse,
The ion current again drops and recovers, but toverd the end of the
-pulse, the beginning of en oscilletion is seen, Thig'condition,occurs
';hen the ion trap hes risen to & sufficient height that neutralisation
of the bean between DTS 1 and the collector hes occurred, Tais
E neutralisation vill occur at all biases greeter than 165 volts, for éhis
case, although the oscilletions will only be seen &t the cathode when
some of thé oscillating ions have sufficient energy to get over the
';-oc"tential barrier. Onceneutralisation is reached, further increase in
| the potential between DTS 1 and the 6ollector due to ionic space cherge
- accunulation is impossible because the ions eacapevradially. The
" osoillations are still visible on Figure 52 ¢, which is the response
7 ;o & 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
Airap attain sufficient energy to get over the barrier. By the time that
the bias is 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
oenter of DTS 1 and the cathode. Furthef increase of the bias on the
DTS caused no .changes in this response. From this discussion it is
4 apparent that use of drift tube biesing will make it possible to deter—
: mine the distribution of ion fo:mation in the drift tube, and confirm
;'and expand the results of the negative collector measurements. The
g néasuremenis made of this phenomena are discussed in the hext section,
Figure 50 showé & third region of the response to positive pulses,
" the ion drainage current immediately after the bias pulse is finished,
"denoted 3 in the drawing. This response takes two forms; & sharp ri;e
in the ion current to above normal values, as shown in Figures 49, 50,
.and 52 a and b; or a gradual return to the normel value requiring 50 to
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loo‘pseos, as is seen in Pigures 52 ¢ and d, and 54 e~c. The peaking

of don current following the %ulse occurs ;t low pressures for all bieses,
and et high pressures for the lower biases. i It is suggested that this
peek represents & drainege of the ionic spgo_e charge which hes been
trapped in the region between tl_xe biased D;I‘SQ and the’ Sol‘lector.

Figure 51 b is a multiple exi:ome photogravh to &emonstre.te this
ides, and shows two pulses applie& at different times., The earlier pulse
was started before the ion ocurrent had reached a steady state, and thus
hed less charge to drain back in;to the 'beam fhen the pulse was removed
than the second one, which’ exhibits a{la;g.e peek after the pulse. In
the case of high pressures and'hzlgh biaé volieges, 4t is thought that
the charge which must drain away when the bias pulse is renoved is so
great that it neutralises the beam aﬁd drains off radially. The slow

. pise time to reach the steady state value of the ion current is caused

" by the time required to egein store enough charge for the proper equili-
brium state. |

The results of applying bias pulses to the other drift tube
sections exre exa.ct_ly the sane .as for DTS 1, :except of course that the
ion ourrent does not drop‘a.As mﬁch since the trapping.volme is reduced.
The exoeption 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
’regula.r 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, Faraday cage collection effioiency, and
ion velocity filtering is now discussed,

5.3,2.,2 Deternination of Ion Formation Distribution

It is clear from the sbove section that if sufficiént positive -
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bias is applied to & drift tqbe section, the only ion current vhich
will reach the cathode will 't;e that originating betvween the centre of -
~ the biased drift tube and the cathode, lieasurements of the ion current
originating in each portion of the drift tube were made, end since it
is also of interest to measure the voltege required.to obtain the totel
barrier to ion flow, measurements were mede of the ion cqrrent dreining
to the catho&e as the bias voltege was increased., The results of these
measurenents are shown in Figure 55. Although there is ho embiguity in
measuring the ion current vhich flows during a very high pulsed bias

- and results in responses such as are sphown 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 measurenents as
accurafe as.possible, the accurate positionihg properties of the sanmvle
end hold circuitry were used, and the measurement made at the exact
point of lowest ion current. Due to the large positive transient

svike et the stert of the response, these measurements mey still be
somevhat inaccurate, No correction was possible for the effect of the
spike,

Figure 55 shows that, as exvected, sufficiently lerge bias on eny »
of the drift tubes sections is cepable of creating a total berrier to
the flow of ions originating between the biases DTS and the collector,
After the results have been corrected for the Faradey cege effects,
according to Figure 29, the ion formation distribution is found to be

a8 listed in Table 5,3,

TABLE 5.3 Jon Formation Distribution

Location Yeasured Predicted
Cathode .to Centre DTS 1 14 107 .
Centre DTS 1 to Centre DTS 2 15 ¢ 174

" DTS 2 to " 18 ¢ 184

u DTS 3 to " 124 163

u DTS 4 to collector 44 % 399
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These measured values may ,be compared with the information oon-
oerning ion formation distrib&tion vhich was obtained from the
mezsurenents made with a negative collector.(Section 5¢242.1), At
the same pressure, 1,5 x 10"6 Torr, these experiments with & negative
collector show that 39.9% of the ioné vere formed in the cathode

half 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 ney be determined by summing the
measured current between the cathode and DTS 2, and adding 84.3% of
the current generated between DTS 2‘and 3. This amounts to 41,2%,
'vhich is well within measurement accuracy of the above value. Thus
the two experiments agree. |

The third column of Teble 5.3 is the prediction that Equation 3.1
would make for a beam in this drift tube including a collector with
2 m path length end & .05 m path length of significence between the
drift tube and the cathode., The pressure differential discussed in
Appendix IIT is also included.in these calculations, which were made
in the sezme way as those done in Section 5.2.2.1, It is seen that =
significant amount less current‘is observed to form between DTS 3
and DTS 4 then would be expected, but otherwise the ion formation is
fairly oloée to thepmédicted valués, vhich indicetes that the model
for ion formation and drainage which has been used is at least epproxi-

mately correct insofar as predicting spatiel distribution of ifon

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 biases of only one
or two hundred volts causged a tempo?ary drop in the ion current.just
aefier the start of the bias pulse. During the pulse, the ion current
returns to foughly.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 t%e help of Figure 53, which shows hov the

ions formod betveen the biaseé DTS and the collector act to fill the
potential well which is created by the positive bias on the drift
tube. Since oscilloscope photographs show the amount of time reéuired
for this to occur, and furthermore the way in which fﬁe ion current
returns to its nomal value, they mey bevused to determine the amount
of ionic charge vhich 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 cherge stored in the trap.

This d4ntegral is the shaded area in Figure 56.

Figure 56 Ion Current with Low Pulsed Bias on DTS

Expanded‘oscilloscope_photographs of this portion of the ion
current response to pulses of various amplitudes wvhich wére mede et
6.4 x 10~ Torr are shown in Figure 57. The lower traces show the
pulsed bias voltage applied to DfS 1 with a scale of 100 volts/division.
The results of using graphical teohnigues to determine the integral for
{the cases shovn here, and for measurements at other pressures are
ghovn in Table 5,4. TFigure 57 shows that any changé 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 & theoretioal value of this integral mey
be calculated with only the knowledge of the bieas voltaée. Hithout

knowing the emount of charge which is stored in the beam before the
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pulse is applied to the DTS,iand thus without knowing the exect
A
ghepe of the solid line in Figure 53, it can be seid that at least

to & first epproximation, the dotted line which represents the

potentiel distribution after the potential hump is overoone will

be parallel to the first line and separated from it by the bias

»voltége. This is because Ecuation 3,20 shows that the poténtial

gradient due to the ionic space charge is independent of the beanm
ourrent except insofar as it relates to the rate of ion formation,
Thus, if a drift tube is positively biased and osuses a partial
neutralisation of the beam potential depression along the section

of the drift tube in vhich the ions are trapped, there should be no
change in the gradients in the ionic space charge distribution, which
are & function of only the ion formation rates and eleoiron beam
geometry. Thus if & potential barrier is erected by biesing e drift
tube, the amount of charge which will be required to £ill the ion
trep so that normal current cen be reached again should not be &
function of the vressure at which the experiment ie perforned.

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 fhe
stored ionic cherge sterts to neutralise the Sgam sufficiently to .

ceuse changes in beam geometry, and thus in the solution to Equation 3,28,

and the overall space cherge potentiel depression,

Because the potential along the axis after an eguilibrium has been
reached and the ion trap filled, is seen to be péréllel t0 the original
potential, the amount of ionic space charge which is necessary to .
accomplish this may be calculated f&om ﬁﬁuation 3,32, This equation
relates the linear éharge density to the potential rise it causes.

If it is assumed that the-bias éeuses the potential all along the
drift tube to increase to the bias level, then & total charge storage
may be calculated by multiplying by the length over which this change
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takes place, vhich.will be thd portion of the drift tube included in
[ ] .

the trap., 3eccuse of the potdntial gradient already present in the
collector, it is not thought that additionel cherge is stored in that
vortion of the beam, Thus & theoretical calculetion qf the trajbed
charge cen be made in which only the bias voltege is involved, but’
vhich relates to ions formed in the whole beam, not just those col-
lected in the Fdraday Cage. The integral which was measuredusing

the Faraday Cage will be equal to the theoretical trapped cherge only

if the Faraday collection is 100 % efficient, and thus the difference
between these two numﬁera will be & measure of the collection efficiency.
This efficiency should be the same for all values of the bias voltage
which are not so large as to cause escape of any of the trapped ions.
The theoretical velues of trapped charge are showm in Teble 5.4, and the
ratio of measured to theoreticel storage, which is the efficiency, hes

also been calculated and is included in the table,

TABLE 5.4 Trepped Ionic Charge
Pressure Bies ‘Measured Calculeted Efficiency
(Torr) Volts Integral Storage
6.4 x 1077 | 80 | 1.46 x 1077 coul| 4,97 x 1077 coul| 34 3;
130 3.66 8.06 . 45 3
200 6,40 . 12,4 51 %
1 x 1070 120 2.75 T.44 375
185 4.74 11.49 4 %
2,7 x10°% | 120 | 3.50 T.44 - 47 %
150 4.51 9.30 . 48 ﬁ
205 5.98 12,7 47 %

No very large changes in the efficiency a:ne observ;d as either pressure
o¥ voltage 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 unknoun'aﬁouht of beanm
diameter reduction may teke place as the large amount of positive

-113-




- neutralisation effects are becoming apparent (pressure = 6 x 10~

charge is accumulated between the biased DTS and the collector, The
change of beem dianeter would have the effect of increasing the
potential devression of the trapped portion of the beam, and thus

even more positive charge than is calculated in Table 5.4 would bé

required to overcome the potential hunp, This would cause measurements

of efficiency made by this method to be higher than the actual velue,
especially at higher bias yoltages. There is & emall trend in this
direction to Sé observed in the measured data of Table 5.4, but it is
not possible to take account of the effect with any accuracy with the
measurements which is possible fo meke on this valve,

The recorded data shovs the.éfficiency of the Faraday éage to be
between 40 and 50%, which is a great deal more than cen be assumed 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 that which is recorded, and from the comments above, this is seen

to be a conservative estimate.

Figure 47, wvhich showed the czlculeted ionic charge storage within
the beam, should nowv be re-considered briefly, because it adds support
to the efficiency determined in this experiment., If the value of ion
current vere to be increased by X2 or X3, fhe charge storage measured
for the cathocde half of the beam would not follow the vrediction of the
theory of Chapter 3, but the value vhich it hes at the poinf vhere

6 Torr)

would be realistically close to the total electronic charge, and this
is a most basic agreement which strongly supports the evidence gethered

in this section,

5.3.2.4 Potential Gradients due to Ionic Charge

Beceuse of the pztential difference vhich 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 ﬁay be used to conpare the voltege
reguired to first attain a toial barrier to ion flow as the‘pressure

is varied. This berrier voltage is defined es the minimun biec voltege
required to cause the ion current to drop to its nininun value, This
point is first reeched in the cese of VTS5 1 et & preéguré of 6,4 x 10-7

Porr et a voltage of 130 volts, as cen be seen in Figure 57 b. Table 5.5

ghows the results of measurements mede on DTS 1,

Teble 5.5 Barrier Voltage for DTS 1

Pressure (Torr) Voltage.
6.4 x 107 130
1.0 x 10:6 190
2.7 x 107¢ 200
3,3 x10 350

‘The voltage values determined by this experiment are far:greater fhah
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, and gradienis far less et lower pressures,
The existence of these larger éradientshwould seen to indicate that
further study of the bounaany 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
4

]
Summery end Conclusions

By placing a Faraday cege behind the cathode of & high power velve,
meeasurenents of the ion current dreinage to the cathbae have been made,
and data collected on the megnitude, buiid-up time, and spetiel distri-
bution of formation of this ion current. In'addition, oﬁservations have
been mede of the changes in ion current drainage which occur with resi-
dual ges pressure, magnetio‘field, bean current, aﬁd bias aﬁplied to
various electrodes of the high power klystron with which these investi-
gations were mede, Because of the direct measurement of the ion dreinage
a great deal of sensitivity was possible, while at the same time the
experimentzl arrangement did not interfere with the ‘normal operation
of the valve. This chepter will review the findings vhich were nade,
and melke comparisons between this new date and the invesfigations of
previous authors., In addition, the further study which is necessary to
‘Telate these findings to the RF performance of these valves will be
outlined,

In reviewing the experimental findings, results vhich were obtained
in later experiments utilizing the biesing of'Qalve drift tube sections
shall bebcombined with the first.experimental findiﬁgs to ipdicate the
full steady-state ion drainage current to the cathode, The variafion
of this steady stete current with pressure, beam current, and magnetic
field is first discussed, and eiplanations presenteﬂ which may account
for the large magnitude which was observed. The observations o? the
build-up time of this ion currenti are then discussed, and these are
used to determine the charge atorgée vwithin the beam. Some behavior.
which would have been expected from the experiméntal vork and explana-
tions of other authors but was not observed in this work is discussed.

The varioqs electrodes of the valve, the collector in particular,
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" were biased in exveriments to determinethe.spatial distribution of the
‘ion current formation, end to measure the effects of collector depres-
sion, The results of this work ere discussed, and e sunmary.of
"important conclusions vhich may be drawn from the experimental ﬁork
‘of this dissertation is presented. The chapter concludes with a dis-

cussion of further experimentation which shall be conducted on this

V&l ve.

6,1 Steady State Ion Current

The steady state ion current is the same current as would be
expected to be flowing dufing CH operation of this valve, lMeasurements
of the Faraday Cage current were shown to require two corrections before
they ocould be considered an accurate determination of the total ion
current drainsge to the cathode. The first of these is & 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 vhich accounts for the
efficiency of the collection hole end collector, The effiéiency deter—
mination is difficult to make accurately, and the determination that
"1t lies betveen 45 and 50% is a conservative estimate, with some evidence
thet it might be as low aé ebout 30%. Figure 58 shows the result of |
applying these the two corrections to the oriéinal deta 1ndicafed in
Figure 27, |

A curve representing a theoretical calculation of the ion current
from Equatim3.l is also showm in Figure 58, This curve includes a
20 cn path length in the collector, which is a fairly.accurate
estimate based upon the data obtained on the spatial distribution of.
ion current form;tion. Included in this data is the account which had
to be taken for a pressure differentiel which vas believed to exist in
the tube. Although impossible to verify; vhen this pressure differen-

tial is included in the theoretical calculations, a good agreement
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between the measurements and fheory is seen insofar as the pressure
dependence of ion current is ;oncerned. In comparing tho magnitude
of the tvwo curves, however, it is epperent that the neasured  velues
of ion current are about 50;) greater then those predicted by the
modified Eouation 3.1. The only extensive published'measurements
with which this velue cen be compared are those of Hines! et 81 (24%),
in vhich the measured values are smeller than predicted (75:)). The
velve on vhich their experiments were performed, however, only hed 2
2 KVy14.5 ma bean,

An explanation for this larger current may be found in the combine-
tion of a variety of effects, end the emphasis ghould be laid on those
sthioh would serve to distinguish low and high powef valves, The first
of these has been mentioned in Section 5.2.2.3. Ejected electrons ere
shovn by the analysis of Chapter 3 to be trepped within the beam or
close to the beam, and possess sufficient velocity to have ionising
collisions. Once e steady stete is reached; these electrons drain
longituéinally es quickly as they ere created, but it woulé seem that
a nunber may migrete to erees of high potentizl when the beam is first
turned on and remain there, just as ions are'seen to £ill the scallop
potentizl wells, A sufficient number of electrons could be trepped in
this way to ocesuse a reasonable increese in the beam current, as demon-
strated by the calculations of Section 5.2.,2.3. Furtherzore, these
ejected electrons would serve to explain the ion ourrent increass at
gmall negetive biases on the collector. .

Furfher explanation for the large ion current may be soughti in our
lack of knowledge concerning the oqnstit;ents of the residual gas. In
particular, copper atoms may be present in jhe 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,

gince ion production is shown to be closely proportional to the path
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length of the eleciron beam.z 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:l
here, In_any case, this research indicetes that.la;ger ionieffects thex
would be predicted from Equation 3.1, which is the commonly accedtel
theofy, vill be found in high power klystrons, Thus, for example,

greater cathode damage may be gxpected. ‘ '

6.2, Ion Current Build-Up Time

The observation of the build-up time of ion current draining to the
cathode was made over almost two decades of pressure, between 3 x 10"7
and 1.5, x 1077 Torr, and it was found to be charecterised by & graduel
rise from zero sterting et the same time as the béam'pulse, and
" rising to 907 of its final value in times between 500 and 50 psecs. Tne
rise time decreased with increasing vressure,approximately as 1/{T over
most of the range. The gradual rise from zero was not expected in 1igat
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 tzxes
place, It may be that such a 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 scallbping does exist, and Hartnegel has
suggested that in cases of the residuel gas pressure being too high,
the behaviour to be expected is for an in}tial f£illing to teke place,
folloved by & rele#se of a large nimber of ions, and a settling ﬁqwn to
a constant flow of ion current which is too high to allow oscillations
of the type which he examined (Chapter 1). This would sﬁggest thet e
pesking of ion current would be obﬁerved some time aftef the start of
the pulse, However, the only.pressure at whiéh gimilar behaviour wes
seen was &t 3.5 x 10"6 Torr (Figure 34a),‘and when the pressures was
dropped below this point, no oscillations, or tendency to oscillation
was observed although pulses as long as 1 msec were used, Conclusive

1
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investiggtion of this type o{ oscillation could only be cdone by vlacing
measuredent equipment of theftype ezployed here in e valve in wvhich
the oscilletion is kmowm to occur., It is the conclusion of this
experinental woric that the ion déreinege current is observed to build-up
gradually from the start of the pulse to the pleteeu 'velue, Since
gome filiing of the potentiel wells caused by scallﬁping ﬁustftake place,
it is concluded that the gmooth rise is Gue to the axiel velocity of some
ions uﬁich allows them to drain before the wells are fillec. ZEXperiments
did indiceate that the axial potentials draining the ions may be on the
order of a few hundred volts, rather than the lower value predicted by
previous work (24).

The long rise end fall times which were measured meen that high
povwer pulsed valves will not suffer the same emount of cathode demege
as CW tubes of the same average power, but at the seme time the changing
beam trensmission during the pulse cen be expected to have significant
undesirable effects in the RF amplitude end phase, This effecﬁ is
best reduced by minimizing scallops, which is done in any case, but
the amount of beam charge stérage vhich tekes place in even saooth beams

indicates that the prodlem wiil be present to some extent.

6.3, Charze Storare in the Sean

Infégfation of the amownt of ion current which wes kept in the been
during the build-up time of the ion current ves used to find the amoﬁnt ’
of ionic charge storage in the beanm agd collector, It is shown that a
very lerge amownt 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 vhich exists within the collectér in the
ebsence of reaidqal gases, and vhich is filled by ionic cherge in beans
with gas present. This well suggests that the flow of ions during a

pulse may be different than that which occﬁrs in the CW or steady state

case,
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By biasing the collector negative, it was possible to exenine the
1
charge storaze which exisis £n the cathoce kalf of the crift tube, irus

elininzting collector storage. Teese experiments revezled thet unless
tke ion current is edjusted upward by the Earaday Cese efliciency-
discussed ebove, unrecsonably low values are found éé picssures vhere
neutralizetion is ¥noim to ocour. This work agrees‘uith the drift tube
bies experiments in showing that efficiency is between 36 and 507,
Figure 59 shows the charge storage in the cathode helf of the drift
tube, and differs from Figure 47 in that the data includes a correction
factor of 2, corresponding to 50: Feraday Cage efficiency. It is
apperent that a minimum of cherge storege is reached at & pressure of
about 6 x 1077 Torr,and tha£ for this particular valve, reduction of
the pressure belov thaédpoint will not reduce the mumber of ions in the
beam. The data here indicates that the bea; is 24> neutralised et even
the lovwest pressures. This neutralisation, of course, may heve the
beneficiel effect of increasing beam transmission., Study of the iy
performance of the valve must be doné before the impact this mey have

on noise performence is knowm.

6.4. OscilMtations

As the gas pressure vas increassed to about 3 x 10"6 Torr, small
emplitude oscilletions could be observed in the ion drainage current
at freguencies between 8 and 33 KHz. As the pressure was further

increased, these oscillations vanish, and larger oscillations at a

6

frequency of about 20 Kiz eppear st & pressure of gbout 9 x 10™° Torr.

These oscillations cause a rise and fall of about 25% of the average
ion drainage current. A large IC compoﬂent of the current floﬁs
while the oscillations aré observ;d. Further increase of the pressure
finally équelches the oscillations, Experiments show that a large
collector depression hes the effect of raising the préssure for onset
of these largé oscillations, and apparently mekes the boundary conditions
=121~



for their occurence far more;critical. _Ih(the ocese of all oscillations,
4¢ is assumed that they are ;aueed by alternate collapse end re-buildins~
of the bean potentidl well es it is neutralised. i.easurements of the
body interception current support this suggestion,

6.5. Spatial Distribution of ion Formation

Pulsed biesing of drift tubes mede it vossible to deternine the
spetiel distribution of the ion fornetion process. The'result of thege
experiments was that the ion production rate is epproximately
directly proportional to the beam path length, es the model.of Chapter 3

had supposed, and that no ereas of extraordinarily large ion formation

were found, ifjeesurements with a negative ocollecior shoved egreement

with these results.
6.6. Sugmestions for Further Reseerch

It was the intention of the experimentel work covered in this
diéssertation to analyse the ion dréipage in a high power klystron
by direct measurement, and to design equipaent to provide for & second
geries of measurements which. would relete the neasured ion effects
and the R* noise which they produce. This naturel progression of the °
work is clearly very importent in understanding the Rf effects of the
large number of ions vhich have been shoun‘to‘drain from the valve, enc ‘
the lafge nunber vwhich remain ig it. The ﬁery sensitive techniques
which heve been developed (25) provide an accurate method {0 relate
jon created noise and moduletions. In partioular experinents which
distinguish between Rf performanoce a? the beginniﬁg end end of the
pulse would be of great importanoe in determining ionio effects.
Chenges in the beam diemeter, ioqio chéige storege and direction of
jon flow during the pulse will affect the HF measurements,

The findings of this equrimentation include some wnexpected fesults
which could probebly best further examined in an appafatus épecially

designed to essure higher Faraday Cage efficiency, etc., but not
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necessarlly capable of R¥ mo?ulation. The annaratus would, of cours
heve to be czpable of operattng writh the high currert beans which ere

a significont pert of the phenoaenz.observed in these exyerinents.
Further confirmation must be sought of the ioh currents, vhich were

50;5 or more lerger than those which have been aseua;a-so far, 4in
important part of this research would be the confirnation of the
effectiveness of the ejected electrons in creating a significent enmount
of furthér ionisétion. This could be exanined in an svperatus whica
could vary‘the nunber of these which are trapped in the bean by verring
the sczllop depth. Such equipment elready exists in the forn of bean
enalyzers, but it'has not been edapted to ion measurement, It is elso
clear that 2 more thorough anelysis of the selocities which ions érzin-
ing to the cathode sttain during their travel in the drift tube woulsi-
be a great interest in improving present theoreticel work concerning
the drift tube potentiel depression vwith ionic charge.

“Phe findings with regard to ion build—up time were surorising in
1ight of the explanations of low frequency oscillations presented Ty
Hartnagel (22), but e proper investigetion of the relationship of
ion drainage end these low frequency_oscil;ations would recuire the
installztion of exverimentel equipment such as thet designed for tais
disseration in & valve in vhich.these oséillations are known to occur,
-The work which hes been reported concerning these oscillations @as been -
for the case of low power valves, end it may be that the greater ion
current in some way changes the conditions necess;ry for these oscille-
tions to occur. #ethods such es tﬁe one used here, however, ere
necessary for & proper investigat%on of.these explanations.

T+ would seem that the great ion currents which have 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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demage than would be expected will occur in high power valves, and
that ion effects will be morefsignificant in high power'valves then
in low power valves, The research on the build~up time of the ion
current would indicate that special care must be teken in the construc-
tion of valves which ere pulsed end have difficult phase linearity and
anplitude flatness specificetions, iinimizetion of beam scalloping ié

important not only for reasons of good beam transmission, but also to

reduce ion effects during the pulse,

Results from the second stage of this research are looked foruard to.
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AFPPLTDIX 1

CIRCUIT DIAGRAIS TOR IOI
WIASURTMCITS

Figure 60 20 XV Modulator
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 Rogowski Belt is & ma%netic pick-up loop vwhich meesures the cur-

rent.in a wire passing through it. Figure 64 illustratés the belt, If
the solenoid Cross-sectioﬂ is 4, the torus average radius Rav‘ the
number of turns i, then it mey easily be shown from first principles
that & voltage V |

V. -Z—?—;—- & Eq. IL1

av

will be generated in the belt due to e current I in the wire passing
through it. Furthermore, the inductance of the belt will be Lt
. uoNeA »

La 55— R Eq. II.2
The voltage output of the coil is thus proportional to the deriﬁatife
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 eguivelent
circuit diagrams of these fwo methods and the belt itself, He:e the
belt and wire are regarded as coupled ipductances. RB is the inherent
series resistance of the belt.due to resistance in the wire. The method
of Figure 64 b, which uses a lérge presistance to couple to en integrating
negative feedback amplifier, is suitable for low frequencies, but the
large value 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 sllows the induction of the belt itself to.provide
the integration. This method has a high frequency respoﬁse vhich is limit-
ed only by the internal cepacitance of the Rogowski Belt itself (combined
with the coil inductance, which limits the maximum numbers of turns).
The low freguency response is 1mprbved by Qaking L as large as possible.
This is more clear if the following analysis is considered, Heglecting
inductance and resistance in the primary circuit, which is allowable at
the frequenoies of interest here (less than 1 HHz), one may writes
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ai ai
et o L

2 2
= o3 (r, + B), Zg. II.3

[}
4 full Laplace solﬁtion would be:

(s) viﬁs 2 2 .
I(s) = - - NS | Zq.1I.4
2 (eL, + P.l)(sb2+ 32)

The following useful observation be made about this eguetiont if it is
assumed that the current being measured riges from gzero fo its meximnm
value, Imax’ in t seconds, then Ima.x/t will be the epproximete value of
diz/dt. Thus if L/t>> R+ R, the second term in Eguation II.3 may be
‘neglected, and both sides integrated to show that the current in the

circuit will bes

I_I_Luo /u°3‘42 \
- - il/}: Eq. II.S

1, = V/L = (‘éfﬂw T %, )

where L/t)ﬁ-Rs+ R. This inequelity is more applicable to this pulse cese

than thet given in other sources which describe this belt (27). For the
-belt for this appiication, the choice of components was mede efter con-
siderable experimentétion, and is bestAunderstood by considering the

response of the belt to & unit step function, uo(t)z

iy = IIF (1 - exn(~(R+ R)4/L)) %o, I1.6

A drooé in response with time constant (R8+ R)/L will occur on long
pulses. Since the output voltage measured‘across R will be lerger for
larger R, and smaller with increasing K, it is clear that a comproaise
must be sought. The finel design hed & switch providing two values of E,

the smeller one for long pulses, and the follouing paraneterss

-

L/R High R " 2.5 msec

Lovw R . 7.5 msec
R 2000 T
Rav 2 cn
A 3z10™% e
Rise time (10%-90%5) 2 psecs '
R8 27 ohms
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Avpendix III Drift %“'ube Pressure Differentiel

It was suggested in Chap"‘.er 4 that the ion gauge recdings of pressure
might not accurately reflect the true pressure in 4he drifi tube due
to the su2ll conducionce o the drifi {ube, If this were the case, the
pressure recdings would tend to underestinzte the pféséure in the col~
lector end of thé drift tube, ond 2 vressure grodient alonz the crift
tube would exist, It is the intention of this appendix to deternine
vhat estimate of this effect is possible, and to calculate the nrecicted
ion current flow from a drift tube with a pressure gredient,

It is importent to first record the pressure mezsurements which ere
made as 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 stebilige, a2 dressure
of 1,6 x 10~! Torr is observed. This pressure rise is caused by out-
gassing of the cathode and the ceramic wall sections edjacent to i,
vhich become guite hot, even with forced air cooling (the temperature
was observed to be in the neighbourhooé of 100%. on the outside).

Then the beem is turned on in'repeated triéls, & very fast vressure
rise 40 2.5 x 107! is observed (-ithin 1 minute) and this is followed |
by a slov pressure rise to 2.7 x% 10-7 Torr, which is reached in 5
minufés. Turther pressure rises and falls during long duration
experiments ere very small and are etitributed to changes in the enbient
temperature in the laboratory.

It is believed that the additional gas which is present after the.
beam has been turned on comes mainly from two locations: the cathode
and the collector. In the case of the cathode, it is thought that
additional conversion of BaCO3 and ’Ba(OH)2 to Ba0, which occurs only
while beam current is being d:avn, would be a source some guantity of
gas., The éathode is never made to deliver the full beam current under

cv conditions during its activation, and reconversion of Ba(OH)2 {0 Ba0
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it thought to be talking vlace continuously. af 2 slowv rate during
fhe operation of the velve under these pulsed conditions.

The collector would ve the other large source of gas enigsion since
nore bean current strikes the collector than anyvhere else, and sone
gas would be exnected to Be evolved because of the resultant heating.

It is worthvhile to review at this point ‘vhat assumptions can be made
concerning this gas evolution. ZExperimental wgrk indicates that at
tenperatures up to 300°K a monolayer of edsorbed ges will remein on

the collector material., At temperatures above 7000K.,’however, most

of the other moholayers will have been stiripped away (36). It would
seem reasonzble to assume thet some removel of gas from the collector
tékes place during the beam pulse, end due to the average heating of the
collector. 3ecazuse the monolayer which continues to remain will lower
the sticking probebility, it also seems likely th;t only an insignificant
aiount 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 gas. 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,

Because of thevinability in this experimental configuration, to
measure the pressure .close to the eollector, it is impossible to appértion
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 cathode outgassing, and to associate a slower rise
with a thermal effect, and thus with the collector. It is clear that no
significant teﬁperature change will teke 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 the pressure gradient which the beam would be likely to see,

To cover all extrenmes, a'seconé calculation will be nade which will

cssune that all gas throughput due to the bezn originciesz in the collecior,

and thus 2 maxinua value of the nressure gradient can te deternined,
Usking use of methods discussed in Van Afta (37),'£he folloving

conductances werc celculeated for the low pressure rezine

Tube between .pump and tee piece 370 1/sec
Passage between gauge end back of modified
- header vlate 660

Annuler ring formed by cathode pot ané wall 470
Drift tube Section No. 1 10,7

2 8.5

3 9.7

4 11.7

5 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
thet the been pumping speed is negligible, The bean speed is 15.4 1/sec
instantaneous, but this must be nultinlied by the cduty cy;ie, which is
1/100 or less. Denoting the gis throughpu* to the punp when the bean
and heater ere off as"Qop, the 1hroughpuf with the heater on as th, and
the throughput with heater and beam on as thp’ end calculating that the
33 1/sec punp speed is reduced to a speed Sg of 30 1/sec at the pressure
gaugé,‘the same subscripts as used above mezy be used to write the resulis

of pressure measuremnentss
P = 3x 10-8 Torr
og |

P, = 1.6 x 10-7
bg

Since for steady flow, Q=PS,

6

Q +P S = 4,8 x10" Torr-1/sec

b " "hgg
¥hen the beam is turned on the pressure rises quickly to Phbgi = 2.5

x 1077, end finally stabilises in 5 minutes to Py s= 2.7 x 1077, These

6

correspond to throughputs of 7.5 x 10™° and 8.1 x 10.6'respective1y. If

it is assumed that all the gas measured in the first pressure rise
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originates in the cathode, and the collector is only responsible for
 the gas which causes the second rise, it is concluded by subtracting
Q. from the above throughpuis that 6 x 10-7 Torr-1/sec comes from

the collector, Assuming that ell the ges which flows after-the bean
is turned on comes from the collector, a gas 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 3 ‘ '

Q= (P, - P )C, (B, - P)= Q/c,
where C, 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 10-6 Torr. Thus the pressure
gradients for the two hypotheses chosen have beeA calculated and i+t
reneins to determine the ion current which is precicted to flow from o
system with such e pressure gradient.

A czlculation using the conductances betieen the modulating anocde
anc the pressure gauge shous that with the full throughput with bean
2né hezter on, a pressure drop of only 2.9 x 10"8 Torr occurs betvween
these fuo voints, and this can be neglected, end pressure at the anode
cen be talzen to be the same pressure as that indicated on the pressure
éauge.

Tor each length elong the drift tube, dx, an ion current, dI is
generated.

dI = p(x)P, I dx

The pressure starts et P, and increases to & maximum of Pt (Av).
Becéuse of the uniformity of the drift tube diménsions, a lineer change
" in pressure aiong the length of the drift tube will be assumed, easing
calculations., The pressure at any point along the drift tube ig therefore
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(x) = p, +’IA’°.

[
vhere ID is the drift tube length., The totzl ion current ney then be

computed from the integral (or 2 simple overage with the linear essuip-

tion)b
I, = p(x)PIIde - P I I, (pa *-éh D)’

Referring to the first part of this eppendix, two values of A p &re

6

ghown to be of interest: 1) 3 x 107 Torr end 2) 1.7 x 10" Torr. TFor

Pl = 26 ion~-electrons pairs/meter-Torr, which is the cbefficient for
CO and other common gases at 15 KV beam voits, celculations have been
made and are showm on Figure 65,

.1so shown on Figure 65 are the ion current measurements from Figure
27, and a theoretical curve assuming no pressure differential. Although
the gbsolute values of all three ourves are different, it is inmvortant
to observe that the shape of the measured curve is more closely matched
by the curve which relates to a pressure diflerentiad o 3 = 10“7'an~,
s3.4.cl. was the one arrived at by separating'gas throuzhovut from the cathoce
end the collector on'the basis of differences in their times to steady
flow. Inclusion of the pressure differential along the érift tube thus
proves to be.adequate to explain.the shape of the.curve of observed ion
current vs pressure. This would indicate that no uhdesirablé effects
such as focussing of the ion current on tie Feraday cage for low pressures
are taking 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
slightly higher then 3 x 10-7 Torr but this value shall be retained as
being one which offers a good estimate. -Thus the éurve for pe3x 10"7
Torr in Figure 65 is taken as the prediction which a gimple extension of
Equation 3.1 leads to, and is therefore reproduced in‘F;gure 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

low pressures,
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Appendix IV ixial Fotential Distribution in Drift Tube 3iasing

The‘azial potentizal distribution in the drift tubes may be easily
calculéted by meking use of the work done on coaxial cylinders in
stenderd works on electron optics. Grivet (38) gives the formula for
exiel potentizl between two cylinders of the same diémeter separasted by

a distence d es:

b <t’1 + ¢’2 141 -1 1, cosh (z+d)
= 2 1+ 2we — cosh li(z-d)

vhere all distances are measured in units of the drift tube radius,
) u
Then, since a1l but the final gap between tubes are 1 4, d = 2, Alloving

¢1= O one mey write:

) / ' .

21 1 cosh (2z+2)%

b(=) - (1. (2) 1+ g 18 Gosh (z-2)W . IV.1
vhere ¥ = L1 la 18)d = 0,494929

This function was computed and the results ere showm below:

AXIAL POTENTIAL DISTRIBUTION 3 TWO COAXIAL CYLII'DERS

% (radizl units) Fraction of Potentiel

0.0 ~ +500000
0.5 «593309
1.0 .682770
1.5 «76248Q
2.0 .829615
2.5 882607
3.0 .921889
3.5 «949443
4.0 « 967936
5.0 987577
55 #992349
6.0 »995306
6.5 0997126
7.0 »998244
7.5 ‘e 998927
8.0 « 999345
8.5 « 999601
9.0 +999756
9.5 «999851
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