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PREFACE

This study is concerned primerily with the
pexrformance of injectlon guns in eleotron synchrotrons.
There sre two such accelerators in the University of
Glasgow, and the work described is eoncerncd with both
of them. The spaller, 20 MeV mechire, which the author
commissioned in Malvern and leter installed in the
Department of Noaturcl Philosophy, is comparatively
simple and unconmplicaied by ecorrccetion circuitry. Its
parformanéc vherefore clearly lllustrates nany cof the
characteristios of the betatron irjsciiocn process
by means qf which synechrotrou aecceleration is
initiateds This proeess, and the problem of initial
injection ef electrons into the betatron orbit, is
discussed in some detail et the beginning of the
introduetion. In a latver part of the same section
early experiments relobtling machine and gun psriormances
aro deseribed. It was from these experiments that
a projeect for %esting guns independently of the
acealirators in which they were to be used was first

developed.
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The projeet for independent gun testing initially
involved building a suitable test unit, and this is
described 1n detail in the second section of the following
eceount. The third sectlion is concerned with observational
techniques, wlth ealibration, and with the proceecdure for
ageing guns to withstand high working voltases., The
following section is initially concerned with the
construetion and electrical porfornance of the two types
of electron gun usel on the two Glasgow synehrotrons,

- end subsequently considers the relationship betwaen

cgun and overall synchrotron performsnces, A% this stage
attention is concendrated particularly om ths
comperatively recently cormissioned 200 MeV accelerator,
in which initisl injection requirements are particularly
stringent.

AL Tinsl section considers the nature of the information
and oxperience derived from the work already described,
and makes eeritain reccommendatlons about possible future
developments, in partiecular stressing the unsatisfactory

characteristics of the present electron guns used on the

300 MeV machine,

[ ) * [ ] L g L J

It would not be fitting to conclude these prefatory

remarks without acknowledging the valuable assistance
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recelved in varicus stages of the work irom colleegues
in the Department; in partieular from Mr J.M.Reid in
¢olliaboration during the commissioning of the smaller
machine; and rrom Dr W.F.Mackarlane and other membsrs
of the 300 MeV synehrotmon Hesm, in provision of
synehrotron tesv data and in colleboration to &etermine
tiie behaviour oy guns waen operating in the aceelerator.
e auvthor would alse iike to sxpress specisl gratitude
to Professor Philip I. Dee, and pProfessor Bernard Hague,
who together made the submission of this thesis

possible.

A, Co Robb

The Department of Natural Philosophy,
The Universidty of Glasgow.

August 1955,
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Considerable experience has now been gained in
BEurope and America on the operation of electron
synchrotrons, These machinss almost invariably rely
on betatron acceleration to raise the electrons to
the relativistie velocity at which synchrotron
acceleration becomes possible. The overall
performance of such accelerators has been found to
depend primarily on the number of eleot:ona that
can be usefully accelerated through the betatron
process, This number is limited more acutely by
the problems assoclated with initial introduction
of the electrons into the accelerating chamber than
by the later process of acceleration transfer, during
which betatron acceleration diminishes and synchro-
tron acceleration begins., The preponderant

importance of the initial injection process 1is
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demonstrated by the fact that the transfer effiéiency
usually approximates closely to unity, and is many
hundred or thousand times greater than the initial
injection efficiency.

It is significant that this introductory
process, despite ita considerable importance, is
8%11l very incompletoly understood, The inhomogeneities
within the magnetic and eleciric fields at the time
of injection are inordinately complicated, and vary
widely from ons machine to another; and, within one
machine, from one setting Vo anotier. They are,
moreover, partially obscure; s8o that only the most
obvious may be isclated, accurately evaluated, ang,
whore possible, eliminated: many others remain
undoteoted or indeterminate. Uader such condltions
theoretical analysis is more useful as a broad
" pointer toward general relationships than as a
precise tool ror commissioning new machines: this work
must remain very largely empirical.

To understand the injection problem 1t is therefors
necessary both to refine approximate theory through
empirical knowledge, and to confirm practical



experience by theoreticzl understanding, The work
%o be deseribed in the following pages is primarily
concerned with extencéing the range of empirical
knowledge in the hope that a more complete
theoretical undersianding may subsequently be
developed, The nolicy end nrogramme adopted has
been &t oree frecly soieeted hy the author and to
some extent dmposod unon himy for slthough there
was a olear case for corrlating machine performance
vith the chavecteristics of the electron gun used
for the iritial irjection it was also desirable that
tho appliecatiion of the available machines to nuclsar
physies experiments should de interfered with as
little as possible., It bacame at once convenient
and expedient to 4o much of the work away from and
independent of the machines for which the guns were
desizned

Before describing the course of action decided
upon, and the reason for adopting it, an outline
may be given of the behaviour of electrons immediately
after injection into a betatron. lfore detalled

consideration of relevant injection theory will



follow subsequently, in a more appropriate context;
in the finsl interpretation of results. The basie
relationships outlined below were first collected
together and presented by D.W.Kerst, who built the
the first working betatron 1n 1940.1

Betatron acceleration normally takes place in
a machine ¢ the type shown ir Ficure l. The megnet
is of lamincted eilicon steel construction and 1s
usually n.ce.=-3xcited at meina frecueney, or through
g froguency=-trinling trensformer. Two separate
fluz~-paths must be considered: e central path carrying
a flux ¢ within the orbit; and a guide~field path
earrying the orbit-constraining field H. Acceleration
takes place in a rising magnetic field by virtue of
the tengential slectric field resulting from § which
operates on the injected electrons, The stable orbit

radius, r,, is determined by the relationship:

® 2'0
¢ = 2mrg H,

1 p.W.Kerst Physiecal Review 58 p841 1940
Physical Review 60 p 47 1941



where:
¢ is the total flux within the orbit
H is the flux density at the orbit
To is the equilibrium orbit radius,

It may be noted that this equation is’independent
of the particle momentum, and that betetron
acceleration is therefore possivle for any particle
veloclty. It is also important to note that the
peak central flux must be large; the mean flux
density at the orbit zslways being half of that
within itbunless the central flux-path is specially
biassed.l The provision of this large altermating
flux makes the betatron a costly and relatively
inefficient machine to run; but the machine is
nevertheless exceptionally valuable as a 'trans-

relativistice' means for introducing electrons into

1 Since it is the rate of change of the central flux
that matters blassing of the central path can introduce
econony in the iron requirements:

D.W.Kerst Physical Review 68 p233 1945

We.Fo.Westendorp Journal of Applied Physies 16 p657 1945



a synchrotron. At rslativistie ensrgies synchrotron
acceleration is vastly more economical, and the
betatron process ncadlessly extravagant. The
application of the betatron principle beyond the
threshold of relativistic energles has therefore
been generally discontinued,

By preserving a proportional relationship
between é and ﬁ the ecuilibrium radius can Le maintained
aepproximately constant, and acceleration can be
confined within a velztively narrow annulus; This
geometry provides further opportunily for focussing
the electirons within their orbit; a condition brought
about i7 the enide-field, H, is made inversely
proportional %o rn; where n lies between zero and
vnity, and 12 vsuvally betwesn 0.25 and 0.75.

Because the electrons are injected into the
accelerating chamber by meens of a gun which is not
transparent to electrons, injection must take place
from a point csome distangé awey from the pquilibrium
orbit. PFoste-injesction oscillations will thersfore
cccur about this orbit: they will be virtually
undamped but will nevertheless diminish in amplitude

through an essentially adiabatic change related to



the increase of particle energy and conatraining
field., I% has been shown that the amplitude of

the oscillations diminishes as the inverse sguare-
roct of the guide~field intensity, and that for

radial and vertical oscillations about the equilibrium

orbit the frequencies are:
fradial * z}f%, “of T-n

.
2T

]

01

fvertical

where ) is the angular velocity of the partiecle

in the stabls orbit.l

It will be seen that 1f n = 0.75, fradia1= é%}

N

end fvertic&l:,ﬁﬁﬁ 0.867. Electrons injected into
sueh a field from a point radially displaced from the
equilibrium orbit would pass the point of injection
on the other side of the equilibrium orbit the first
time round the annulus, but would probably strike

the back of the gun on their second circuit.

1
D.W.Kerst and R.Server Physical Review 60 p53 1941



Eleotrons injonted alova or below the equilidrium

orhit would be more likely %o be u%aﬁruatéd,hy the

g on the first turn, because the ratio between

she angular velogities of vertiozl and orbital

motion is more noarly unlty. For this type of

injeotion the desirable condition is that n = 0,25,
Thls sicoonteny avpgawaent 19 dbused on the

dynamies of ¢ single alegvron in an annuler £i218

of unifori n-value. 16 2lse cssunes conylste

aziawthal inhooogensity; aliheugh in preetice none

of these requirvenonts is zatialied and the couplexity

of the oacillatory motion is covrespondlngly increased,

Korst originally suggezted that the energy with which

the electrons are admitted to the accelerating

ehapber should be low; an ocrgument based on the

contention that 1f A5/4, the ratic of the energy

gained per turn to the injeotlon energy, 1s large, the

shrinkage of she posi~injevtion oscillation will he

more rapld., However, most of %the inhomogeneity in

the magnetic £icld ic booed on sceondary fluxos created

by cddy currents within components of the magnatie

circuit. These inhomogeneities are in phase quadrature

with the main field and therefore produce their greatest



effect as the wain Liell passes through its zero value:
they become zsro at the peak velue of the main field.
In practice, tlhen, Kerst*s ergument for low energy
injecition 1s usually vultweighed by the serious effeet
of gulide~field inhomogeneities near the flux zero -
although such effects cannct completely explain many
of the peculiaritlices evideny in the injection process,
A morc receny argument by herst suggests that
the lurge electron curreny vhick leaves the gun and
shortdly afterwasd coilicdes with 1t agaln or fulls
onio the acccieraving cuamber wulls signilicantly
alters the injection process; in particular, the

rapid rise of This current ait the front edge of the
injecition pulse, or its subsequent rapid collapse
at the trailing sdge hriefliy affecting bota the
electron oseillations and the eguilibrium orbit radius.2
There is & good deal of evidence to show thatl
some preecess oi the kind Xerst dsscribes does in

fact take place. osirect evideunce nay be found in

1l - i . o
FoX,Goward Iroccedirge of the Physicel Socliety
Lil pa2B4 1948
2

DeWeXerst Physical Review 74 pS03 1943



maehilnegs where the injection rulse is moritorsd as

& current pulse tc ths accelaratirg chamber wall.

Ir auch machines, if the pulse is of simple enough
shape to make the observation possible ( the 30 MeV
synchrotron to be discussed in the rallowigg pages
satisfles this reguiremert }, 2 small negative pilse
mey be sean superfsse@ on ths main cne, Thisz vary

small disturbance is the actual loss of eurrent o

4]

3

the acecelarating »nreceszs znd represents the initially

i

accopted zlectrons. hen the machine is working well
this secondary pulss usually apsrears, for maximum
output intensity, somewhsre on the crest of the

injecticn pulse. YWhen, howsver; operaticn is critieal,

i3

and the alignment is celearly less satisfactory than
usnal, it is frecuently to b%s found viding on one
of the steop edges of the main pulse,.

A siniler effect has been prodused artificizlly
by applring a current pulse at tke moment of injscetion

to 2 circuler orbital ccil.l ¥Kerst outlined this

GaD,A8ame TReview oFf Scientifiec Instruments
19,9 p6U7 1948



14

provision in his discussion of the effects of the initial
large beam current on the finally accepted portion
of it, Experience on the 30 MeV synchrotron already
mentioned has, however, confirmed that thid additional
coll is only useful when a machine is unsatisfactorily
aligned, The close correspondence between the pulse~
edge acceptance condltion and the unsatisfactory
alignment which alone Jjustifies use of the coil is
striking; and there can be no doubt that displacement
of the stable orbit by the overall injection current
is a real and important phenomenon: whether it is
normal rather than abnormal is less ceritain. e
Although artificial and pulse-edge orbit shifting
methods appear in these aecounts only as abnormal alds
to injeotion they do not confiiwm thet the process
involved is itself abnormal. PFulse~edge acceptance
has been observed on both the front and trailing
edges of the injection pulse, although injection has
always been from outside the stable orbit radius.
This may perhaps bhe taken as evidence that the process
ia primarily a compensatory one weakening or strengthening
an effect already present; an inference which is also

supported by the relatively small effect of the radial
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thickness between that part of the injection gun
which 18 nearest to the equilibrium orbit, and the
more remote part from which slsctron emission takes
place., There are additional, and perhaps rather more
surprising, effects in which the output is related
in a eritical and non~linear manner to the height of
the annulus in which aecelerétion occurs.1

° L L] [} [ [ ]

Investigation of the injection process is, in
the ways already outlined, greatly complicated by
secondary phenomena; but there are also many known
and unknown variables peculiar to each individual
accelerator which must also be taken into account.
These variables may conveniently be divided into two
groups: primary variables, which are in the main
design parameters; and secondary variables, which
usualiy wammivdge derive from and reflect constructional

imperfections, The primary variables may be taken

1 Elder, Langmuir, and Pollock Review of
Seientific Instruments 19,2 pl2l 1948

JeDoslawson A.E.Refs Memo Bl/MZ 1949
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to include the magnetie £isld and vacuum chamber
goometries; wvhile the secondary variables appeay in
the form of magnetic and possibly eleotrical
inhnmogenietiaa. They may be classified as follows:

Primary Variables
Magnetic Field Geometry:
Position of the equilibrium orbit,
Variation of n with radius, and displacement above
_ and below the equilibrium orbit.
Vacuum Chambor Geonmetry:
Radial disposition of the injection gun and target,
Radial and vertical limitation of the accelerating
chamber annulus,

Gun orientation and injection pattern.

Secondary Variables
-Magnetlc Irregulerities:
Quadrature flux components relative to azimuth,

Variation of n with radius, azimuth, and exeitation,
#xistence of radial flux components ﬁnrelated to the
focusaing conditions,
Vaouum Chamber Irregularities:
Random eleotriec fields due to chargs aocumulation
on vacuum chamber walls,
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Local quadrature flux components produces by
eddy ourrents in wall coatings, and
particularly in the r.f. resonator

silvering of a synchrotron.

Early experiments with the 30 MeV synchrotron
quickly indicated the difficulty in recognizing and
. Separating the many significant secondary variables;
~and 1t was also often found that the inhomogen@cties
which could be isolated werec edimm better lincompletely
corrected if a large output was to be obtained;
careful correction often bringhng abcut a reduction
of output rather than an increase. It was, however,
rapidly appreciated that once a machine had been
 fairly well adjusted the most important single factor
affecting its long-term performance was Lie quality
of the available electron guns. The optimum gun
‘fyGSition can be determined easily, and can be repeated
accurately when replacing a gun; but the direction
of injection relative to the gun, and the nature of
the emergent beam pattern, vary considerably from
one gun to another, with the result that a repsatable

standard of performance is diffioult to ensure,
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It therefore seemed desirable to ascertain the factors
influencing gun performance by, at the very least,
distinguishing between emission patierns leading to
high cutput, and others prodvecing only low outpute.
From this study an empirical basis for selection

might be developed. It was also hoped later ito control
manufasture more clossely, mocdifying the designs where
necessary, and testing every gurn in an auxiliary

teat chamber before transferring it to the

aecelerator for which it was aligned.

It was realized that a gun which gave a very
high performance but required extreme accuracy of
injection timing and emisslion control was generally
undesdrable, as this would make the betatron |
performanes correspondingly eritical. A ocompromise
between high output and ease of conirol might therefore
hecome necessary if the two requirements were found
to be in any way muiually sxclusive.

At the %ime when study of slectron guns became
desirable there was only one synchrotfon in the
Department ~ the 30 eV profoiype mnachine already
referred %o. A certain cunount of useful information

was obtained from this machine before its application



to physies problems curteiled such study, A special
gun testing unit of the kind already mentioned, wes
therefore constructed, so thet gune micht be examined
aend tested Independently of the synchrotron. 2 vaeuum
system and injecticn modulator were required for
running the sun, and e combination of soreen and probe
technliaues was doveloped for examining the beam
patterns, Provision was also added, at a laker stage,
for ageing the guns by sustained running at their
bhreakdown woltage; the current in the flash~-over
being limited by an adequate series resistance,

The work undertaken in the cun testing unit
might therefore be divided into three sections:
examination of gun patterns to discover their relationship
with machine performanse, and the most promising
beam distribution; correlation of the gun patterns
with elsotrofe geometry; and ageing of the guns to

withatand high working voltages.
It was hoped at a later atage to correlate this

work with operational tests on the 300 HeV synchrotron
which was beinz installed in the hepartment while much
of tha independent work on elsctron guns was teking

place. The opportunities for such eu;roletion have,



perforce, been limited; 2lthough results have been
ebtaived which nrovide a feirly coherent picture of
the injection requiremcnts. They sre alse consistent
with, end tc some decreoe extend, the esrlier experience

ecquired in working the lower energy machine,.

11) Eerly work on the 30 MoV Symehrotron

The small (lasgow synchrotron, shown in Fig 2,
is nominally rated for a peek acceleration energy of
30 MeV « based on a 10,000 gauss peak field and a
10 om orbit radius; although, in fact, the machine
is only eapable of about 24 MeV peak acceleration
energy, This, and other performance limitations may,
in general, be attributed to the rather disapppinting
performence of the magnst; a prototype assenbly
built at the Inglish Electrie Company's Nelson Ressearch
Laboratories to a design by the Accelerator Group of
the Atomic Enorgy Research fstablishment.®

It is useful here to outline the limitations of

1  gpy, Goward, Gallop, and Dain Nature 161 p504 1948



1 Schematic Diu.gr-3.BL of Be U.tron

Laminated Silicon Steel Magnet Yoke

._Bgtatron n

JFx ;
Arnului J Pathl
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tals ppchine before discussing the perforneancs of
InjJection guns pluaced within it; the syrvey will,
aowaver, be as briel as possible. liaguet charactore
istices are predoninently lmporiant and are fairly
comprehensively rovresenied by o magnotization curve,
en equatoriel »let of the radial n-valus veriation,
an azimuthal »lot of irlomogoncltios at flux zero,
an electrical loss curve, and a plot of the betatron
orbit adjustment. 411 but the last of thease are
showmn in Figs 2 -~ 6,

It is immedilately obvious that this magne?d
falls eopsiderably short of the design specificatioh,
-which requires & substantially linsar magnetization
eurve at the orbit up to 10,000 gauss, Not only does
the measured ocurve approach saturation below 9,000
gauss: the perfornancs of the machine noticeably
deteriorates some Jdisiance below full excitation.
And, morecver, the maximum encrgy limitation - at
sbout 24 MsV -~ i3 accompanied by o running time
limitotion releted to the high loases and the
consequent over-heating.

The inhosogenelities cuae to eddy-ourrents and
hystoeresis losses, vhich affoct the injectlion process,

- are not as seriously disturbing as the magnetization
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ourve mizht lo2d ono %o expeet: ther ngree slusely
with the cheractoristic to be expested froum & machine
of rectengular yoke aonatruetion. This machloe was
originally intonded %o oporate with ithe initizl)
injection at 10 XV, end %he corvesponding pulde-field
intensity 32 gousno. AT 40 ampores T.ieS. exellation
the overall aziruthal Znhomogerelty, as shown in Flg
5, amounts to alrost § rauss; the 32¢ond harunonic
component being by for the greatest, withva peak
Taluo of 2,25 gauss.

Fohm and Foldy have shown that the peak vulue

of the foreed redial oscillation, Z,

hi.

where To is the oguilibriuw orbit radius, and hy

1

the peak {lux deneity of the 1th harmonie, expressed
ag n frootion of the mein fleld, itself varying radially

in such @ wey that I, = Ho.r™0,
Then, in the present case, where n pay be taken,

1  .Dohm and L.foldy Physical Review 70 p249 1946
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from Fig 4, as 0,7,

x zay ) 0 2 0,25 om,

- X cef

The offeatlirs »adlal width of tho agselerating

shambar 1s defined hy the dimanalons of the r.fl.
rosonator, and g 4.0 am, The maxluum permissidble

free oonillation Telliowing redially displacsd iunjection,
boalgs lind%ed by this Alwansion, zbhould oleoarly have

an annlitude rather lesz thon 2.0 am. The foreed
oacillation will therafore, in thle esse, be approximately
cne eighth the size of the free oscillation and is
unlikely to plev & critieal part in eontnﬁling the
cutput from the machine. Fowever, & similar level

of ocutput would probably be difficult to maintain at
full magnet excitation, unlsss elther the magcnet
inhomnzeneities were rarticlly corrvegted, or the
injection woltegs were raised to correspond with a
higher end more hopogencous gulde~21eld intonaily.

The former scolution was never serlously considered,
because the rectansular design of ke nmade 2 suitable
corrsction circuit diffisult to Jnsiall, It would be
nocessary %o ingart thin woier-conoled colls botwoen
the pole tina ond tha main eentre yokos, and te

connsot them %o wery low value, high watiage, adjustable
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resistances near by. Such an arrangement, even if
only for second harmonic correction, seems undesirable
if an increase of the injection voltage can yield
comparable improvement. ILxXperimental work on other
simllar machines indicated that a betatron output of
50 to 100 milliRdntgens per minute one metre from the
target was certainly adequate for a large sgnehrotron
output. A8 the performance of the Glasgow 30 MeV
synchrotron was improving rapidly with inorease of
the injection voltage, and was between 5 end 10 milli-
Rtntgens per minute at a metre from the target for 10
kV injection, it seemed sensible to concentrate on
raising this voltage. Several guns operating at
between 30 kV and 50 kV gave betatron oufputa around
60 milliRdntgens per minute at a metre , and one gun,
during the period under discussion, gawe 0.1 Rbntgen
per minute at a metre,

A serious handiecap throughout this work was
uncertainty about the position of the stable orbit.
The orbit radius can only be measured when the wvacuum
chamber has been removed from between the poles, and
its position may change to some extmnt when opening
the machine equatorially to replace the %acuum chamber.
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The position of the orbit is determined by an air-gap
reluctance in the central flux path earrying the
accelerating flux, ¢, Alteration of this gap affects
the relationship between @ and H, and therefore, the
stable orbit radius. The graph of Fig 7 shows the
extremely critical nature of the adjustment, but it
must also be appreciated that the true air-gap
reluctance is considerably more complicated than
this graph suggests; the measured air-gap being, in
faet, only one of three series air-reluctances in the
betatron flux path: it is, moreover, the only one that
can be measured with any degree of certainty. Fig 8
more faithﬁi;f represents the conditions involved.
The betatron flux is carried through the two
betatron poles contained within a circular core inside
the guide-field poles., This core 1s not, however,
oxactly circular: owing to the manner of construction
i1t is both roughly finished and slightly elliptical;
its roughness depending on the undressed surface
provided by radially stacked core laminations, and
its elliptical distortion resulting from the purely
transverse monner in which the core is clamped. The

poles themselves, although initially machined eircular
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on the outside surfaces, are also unreliable, as
serious distortion quickly results from extended
operation. This may be attributed to high loecal
iron losses in the poles themselves, and to a
considerable rise in temperature in their vieimity.
To the uncertainty of the air-gap reluctance

must be added s further inaccuracy in'the method
adopted for betatron orbit determination; for this
involves estimation of a tangential point of contact
on & rather flat curve. The method depends on
measuring the variation of the tangential electrie
field with radius; the betatron orbit occurring where
"this field is minimum, If & number of orbital coils
are placed in the equatorial plane of the megnet gap,
and sach contains the same length of wire but is of
a different radius, then the coil which receives thef‘
smallest induced voltage indicates the position of
the stable orbit. In practice relative induced
voltages are plotted for different betatron gep
settings, and the horizontal tangents to the various
ourves indicate the corresponding orbit positions,
Fig 9 represents such a family of curves.

It may be mentioned that an inconsistency arose
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the Speéified position of 1C cm from the centre of
the mochine,

The curve shown in Fig 11 has a low peak value
for two main reasons: vhe gun was a poor one} and the
disposition of the components within the aecelerating
chamber was unsatisfaclory, as later results will

confirm. The radial dispositions were as follows:

Gun filament radius 12.0 em
Target radius 8.5 om
Inner and outer limlits of 8.1 om

r.fs resonator 12.1 cm.

It was later found that 0.2 cm margin was essential
between the radial positions of the gun filament and
outer resonator wall if the output was not to be

impaired,

1ii) Betatron Characteristics of the 30 MeV Synchrotron

It is convenisnt to classify the curves relating
betatron output to magnet sxcitatioun, injection
voltage, and filamenV emission as the Betatron
Characteristics of a machine, because a glance atl
them will rapidly establish the relative importances
ef the most eritical variables assoclated with a
machine, An early set of betatron characteristiocs

for the 0 MeV synchrotron is shown in Fig 12. The
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shapes of the curves may be explained as rollows:
| Excitation Characteristie

The initial rise with excitation may be attributed
to the inereasing gain of energy per orbital turm,
caused by the proportional inerease in 5, and the
corresponding reduction of the total orbit length
and probability of eollision with gas molecules, That
the output begins to deteriorate near full exeitation
may be explained by the increasing importance of
quadrature flux components at injeetioh.

Injection Energy Characteristie

That the ouiput will increase as the injection
energy 1s lncreased may be expected for two main
reasons: the higher injection energy will bring tue
condition at injection further out of the inhomogeneous
magnetization near to flux zero; and it will also
reduce the related adverse effects of beam current

induetion and space charge during the injection period,

Injection Current Characteristies
It should be noted that this partieular character-

istie 18 not representative: the output peaks at an
appreciably higher injection current normally (around

200 - 300 ma.) end is not evident at all until a current
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of perhaps 50 mae. has been produced. The failure to
cbtain any outputAfor emission less than a oritiecal
value may be teken as direct evidence that some
induction effect such as already outlined by Kerst
does in faet take place.l lorsover, the initial
zero component of the Current Characteristie can

be olimirated altogether by using an orbital

pulsed coll at the moment of 1njection.2 The slow

| deterioration in ocutput for emission inerease above
the optimum value may be accounted for by space=-

charge limitation within the annulus.

It should be noted that the two charactersitics
whieh pass through peak values (the Energy Characteristic
also turns over in the same manner at about 50 kV)
have markedly smaller slopes above the opiimum than
below ite From an operational point of view it is
therefors generally desirable to run at conditions
invclving passing through the optimum; adjustment

then being very much less critical.

1 p.w.Kerst Physicel Review 74 p503 1948
2 J.D.Lawson A.G.R.E. Memo E1/M2 1949
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Thase characteristicé clearly define the best
betatron operating conditions; but because the
synchrotron cutput is also directly dependent on the
betatron performance, and the betatron-tc-synchrotron
trapsfer efficiency is high, they alseo predominats
over alldather faetors effecting the synchrotron
output,

iv) ZEarly Electron Gun Experiments on the 30 MeV
Syrnehretron

Injection jnto the 30 ¥eV synchrotron is effected
by means of a Kerst type electron gun with the
- geopetry shown in Fig 13, The anode is atsarth, or
possibly vecuum chamber, potential, while the filement
and shield are together pulsed negutively whenever an
emission pulee is required. The filament is a
uniformly wound tungsten helix whidh, in the first
guns, was a bright emitter, but is now gemerally
thoriated to ob%tain higher emission and longer life.
The following account of experimental work on the
30 MeV mechine relates only to the period when bright
emitters wers used, but there is no significant
difference between the emission patterns ol bright

and thoriated filaments, although the latter exhibit

occasional transient idtosyncrasies which are clearly
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the result of changeing distribution of filament
surface thorium,

The elementary behaviour of the guns is simple
enough: +the mouth of the shield and the anode
aperture provide an accelerating, and to some extent
focussing field, through wiich electrons are accelerated
from the filameni into the vacuum chamber annulus,.
The back of the shislé serves primarily to restriet
useless diode current Lo ithe rest of the anode (which
shields the orbital electrons from the field produced
by the negatively pulsed cathode) and may also help
to conserve heat in the filament viecinity.

At the time when these experiments were ecarried
out very little was known about the electron-optiecal
characteristies of these guns, bui it was assumed
that the emission pattern would bear some direét
relationship to the gun geometry; that it might,
roughly, appear as an ellipse with the major axis
lying along the length of the anode zperture aml the
minor axis lying across it. It was also expecoted
that the beam would widen if the filament were moved
¢loser to the mouth of the shield, and that the

increused field gradient near the filament would
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increase the emission per watt of filament power.

The first tests carried out with the early guns
involved rotation of the gun about a.vertical axis,
so that the tangential angle of injection might be
altered., Readings of the betatron output were
recorded as a function of tilting for eleven different
radial positions of the gun. The results are plotted
in a series of curves shown in Fig 14, The conditions

of test were as follows:

Magnet Bxcitation 50 amperes r.m.8.
Betatron Gap 0.316 in,

Vacuum Pressure 10=5 mm. Hg.
Injection Voltage 27 kV.

Emission Set to Optimum.
Target Radius 9.0 cm radius.
Resonator Inner Limit 8.3 em radius.

Resonator OQuter Limit 12,3 em radius,

It is clear from these curves, and particularly
from the ones where the gun is near Bo the equilibrium
orbit, that the output increases as the radius from
which injection takes place also increases., The '
individual ourves vary considerably im outline, but
their peak values, when plotted against the radius of
injection, indicate a surprisingly smooth relationship,
és demonstrated by Fig 15. It will be noted that the

derived curve has a peak value when the injection radius
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is 12.1 em; the radial optimum in this instance baing
-determined less by the magnet geometry than by that
of the vacuum chamber; for the maximum output oecurs
only 0.2 om from the resonator wall, and all other
tests have shown this to be the critiecal separation
after which interference between the resonator and
the injected beam becomes appreciable,

This interesting correlation is secondary toc the
mein purpose of the test, which was to determine the
sensitivity of the machine to angular displacements
of the gun, It will be seen that when the gun is at
the optimum radial setting the injection angle about
a vertical axis is critical to approximately t 23°
for a loss of half the outpute A slighily less
- oritieal condition applied for the twisting og the
gun about a radial axis; Fig 16 suggesting the corresponding
angle to be ¥ 410, It was felt that, for ease of
setting, both angular sensitivities were very much
too high and should, if practicable, be reduced.

' The curves for various radial settings shown in
Fig 14 were unnecessarily complicated by the presence
of the resonator; a second series was therefore taken

without the resonator in position, and generally
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eovering a raﬁher larger series of injection radii.
The results are shown in Fig 17, which also includes
two transferred characteristics from Fig 14, for
comparative purposes., A derivative curve of the
peak output plotted against the radius of injection
is reproduced in Fig 18, together with a radial
plot of the equatorial nevalue, based on the curve
in Fig 4. It has been argued that injection will
be most effective Irom vhe edge of the stable
annulus, whers n = 1, and Fig 18 would appear to
support this contention.

| There is a factor of 2.4 between the meximm
outputs obtained with and without the resonator in
position, It was therefore decided to wmove the
resonator radially outward to the best position
indicated by previous measurements., At the same
time, unfortunately, it was necessary to replace
the electron gun, so complete experimental continuity
eould not be maintained. However, with the new gun,
and all other variables except the vacuum chamber
geometry unaltered, a companion series of curves to

those of Fig 14 was plotted, The vacuum chamber

geometry was as follows:
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Target 9.3 cm radius.
Resonator Inmer Limit 848 cm redius,
Resonator Quter Limit 12,9 em radius.

The results obtained with the second gun are
shown in Fig 19: they are noticeably smoother and
generically more similar than the first series of
curves, butl are also less sharply peaked 3han the

second., The anguler sensitivity is not appreciably

alterad.

v) Implications of 30 MeV Synchrotron and Gun Tests

The work already described was all carried out

during the commissioning period of the 30 MeV
synchrotron. When the machine was clearly giving as
large an output as might be expected without resorting

to inmordinately complicated correction techniques it

was turned over to nuclear:physies applications, Further
opportunities for study of the performance were then
drastically curtailed.

It had already become abvious that the informakion
contained in measurements of the twist and tilt type
could only be properly examined iff the distribution of
the injected electrons was better known. The implications

of the available results were certainly surprising -
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that distribution angles of * 2}° and * 44° might be
involved - for the geometry of the guns did not seem
likely to provide a concentrated injeetion pattern. If
the pattern were not concentrated the injection process
hisht well depend on a eritical balance between the
number of elsctron injected with an inward radial velocity,
and the number with an outward velocity. Arguments about
the large initial eirculating current and its effect on
the stable orbit suggest that sueh considerations may
indeed be important. It was, however, subsequently found
that the injeetion pattern was usually concentrated within
angles e¢losely corresponding to those quoted.

The initial argument for building some type of gun
testing unit was therefore based directly on the early
twist and tilt curves, which were clearly of much greater
potential than actual value. Some of the other consideratiams,
such as the ability to set up and test guns outside the
machines on which they were to be used, have already been
mentioned: what is perhaps of primary importance is that
the external tests are clearly complementaryrto performance
tests on the machines. This complementarity, at first only
recognized in general terms, has become increasingly evident
as 1ndependent gun testing has continued; it has provided
the central motivation of the following work.
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A GUN TESTING UNIT

]

"1)  Basie Strusture
It was decided at the outset to build an entirely

self-contained installation for gun testing. This
apparatus was to be assembled on a welded steel
framework 39in x 36in in plan area, supported on four
ball bearing castors. The main base was to be
fabricated from 2in x 3in rolled steel channel, with
various additional supports comnstructed from 1%1n x
13in angle irom. The main superstructure, also of
13in angle iron, would rise 30in at the fromt, to
provide a 19in deep test platform; behind this a
further section would rise another 24in to allow
mounting space for equipment built onto standard
19in panels, Similar panels would be carried in front
of, and below the main test platform, but the greater
part of the lower volume of the equipment would be
occupied with vaouum pumps, pulse transformer, and
the injection modulator.

The completed unit is shown in Fig 20; and Fig

21 shows, in block schematic form, the distribution
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of the main components. 0f these the most important
are the vacuum chamber and pumping equipment, the
pulse modulator and gun filament supply, and the

monitor oscilloscope.

ii) The Tacuum Systen

I% is necessary %o test the ihjectien guns in
a vacuum rather better than 10™° mm. Hge; and beéanse
there is likely to be condiderable outgassing from
the gun surfaces during ageing, and possibly as the
result of oecasional flash-overs, it is practieally
desireble that the mesasured vacuum pressure should
be less than 106 mm. IIz. To meet this requiregent
the gun testing chamber is pumped by a Jin oil diffusiem
pump situsted immediately undermsath it. An oil
trap separates the pump from the chambser, and the
chamber is slecirically insulated from the rest of
the system by a 4in Perspex flangs; the letter provisiam
being neesssary if the total electron emission to the
chamber is to be measursd. Two test chambers have
been built, the Tirst of whieh is shown in Fig 22,
ihe main cylinder will be sesn to oarry four wvariously
shaped side entries, the lowest of which, with the

Perspex flange attached, couples onto the oil trap
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above the pump and supports the whole chamber agsembly,
The port on the right of the photograph earries the
electron gun to be tested, and another Perspex flange
fitted here enables the gun anode to be insulated from
the body of the chamber. In this case the flange
diameter, 2iin, corresponds with the size of port on
the 30 MeV synchrotron chamher, The port on the left
of the chamber 1s an lonization gauge mounting, and
that on top a recessed observation window. (Guns for
the 30 MeV machine may be inspected from the filament
ends but the 100 XV guns for the 300 MeV machine have
side shields which make this impossible.) The front
of the chamber carries a 61n diameter threaded flange
onto which a 6iin clamping ring may be screwed. This
either holds a 7.5mm plate glass window or the flange
of a prohe unit to be described in a later section.

The second chamber ié for testing 100 kV electron
guns for the 300 lMeV synchiotron., It differs from the
first chamber primarily in the size of the gun port, which
is 4}in in diameter to correspond with the port dimensions
on the synchrotron itself. The second chamber is shown
in Fig 23, and will be seen in other respects to differ

little from the first one. The chamber is mounted
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slightly eccentrically on the numping norv, to allow
for the inereased length of the gun and its mounting.
An lnspection window is not fitted, as there is

no direct view into the sides of the gun; but a liquid
air trar, which greatly inereases the vacuum stability;
has been added immediately bshind the position of the
‘gun in the chanbar.

The gun poxrt is both longer and mechapically
different from the low voltage gun mounting, for the
insulation between the gun mounting and the body of
the tast chamber has been inereasad to withstand 100
kV injection pulses. This makes it possible to insert
a series resistanee of 30,000 ohms hetween the gun
anode and earth; the erc current during flash-over
being limited by this means to about 3.3 amperes peak,
The eurrent has, of course, & very low mean mean
value, and the resistance assembly, which may be seen
above the gun port, is a multiple carbon unit with a
continuous rating of about 20 watis.

The high voltage insulator on the gun pori is an
annular Araldite casting, machined on the outside
and c¢old resin mounted onto a tubular brass port-root

whiﬁh is an integral part of the test chamber.
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Casting of large Araldite sections - particularly
of a 100 kV hushing leading the pulse voltage out
to the main testing nlatform - proved a litile
tricky, in that very long stoving times at relatively
low temperstures are necessary to avoid excessive
intermel stressing of the material, If eare is taken,
however, a large mass of almost any shape can bhs
fairly easily cast. The surface dharacteristies of
the material are not narticularly satisfactory and
may lead to quite considerable leakage currents, so
in all casas surface corrugations have been added
to reduce the losses. (It 18 during the turning of
these corrugations that internal siresses may
Beconme® dramatieally - and disastrously - evident,)

The pumping dnit is simpie and conventional,
and comprises the 3in oil diffusion pump, 2 Speedivac
rotary backing pump, and a control unit. The controlb
unit includes the usual circuitry for vscuum pressure,
water-flow,‘and no-volt protection; but this protection
is to some extent simplified by cascadéng the supply
connections as far as possible; the cll pump being
operated through the backing pymp supply, the ionization
gaﬁge through the oil pump supply, and the gun modulator
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through the ionization gauge supply. Various sdditionel
protecilve controls are insertsd at appropriate points

along the chain.

1ii) Gun Supplies

The slectron guns operate with a 50 ¢/s a,.c.

- voltage on the filament, usually at about 6 volts r.m.s.;
and both filament and shield are pulsed negatively |
for a few microseconds between five and fifty times a
second., The 30 MeV machine operates at mains frequeney .
and therefore has 2 pulse repetition frequency of 50 ¢/s:
the larcer machine, on the other hand, operates at 5 ¢/s
and requires a corrvespondingly lower repetition frequency.
In the testing unit provision is therefore made for
injection pulses at any voliege up to about 120 kV, with
repetition frequencies of 5 ¢/s, 12 ¢/s, 25 ¢/s, or

50 e¢/s.

In both synchrotrons the injection pulse is
approximately rectangular, being supplisd from a delay-
line type of modulator giving & pulse length of about
5 microseeconds, The first gup testing modulator was
~also of the delay-line type, although rectangular
pulses are not really necessary for testing purposes,

and haw yet to be shown important to the injection



process, Delay~line modulators are themselwves to

some extent undesiradle, as the voltage of the
generated pulse 1s only half of that to which the

line 1e charged; e conditicon leadinz to poor utilization
of the high voltage equipment, and to a rather bulky
gnd costly installation.

By sacrificing the pulse shape and using a
condenser in ploce of the delay-line a sieep-~fronted
exponentizl pulse of height closely approximating
to the chargrﬁgégvmltaga nay be obtained. A mercury
thyratron rated Tor 10 kV peek Torward ancde voltage =
the B.7T.H. BT 4% fcr exanple -~ may therefore be used
to produce a pulge of about 50 kV peak value on the
resistive load of & 1:9 »nulse transformer. This
arrangenent was, in fact, the basis of the first high
voltage medulator; the pulse transiormer being a
speeial 100 XV unit designed particularly for application
to synchrotron injection circuits by the Hesearch
Department of Meiropolitar Vickers Litd., Yrafford
Park, Manchester. In the modulator circuit adopted
the pulse~forming capaecity was 0.02 mid, wnd the
transformer secondary load 50,000 ohms; the noninsl

time constant being 10 microseconds. No appreciable
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seif~osolllation was discernible on the output pulse-
chape although the normal load for the transforumer is
only 5000 ohins.

in €0 kV pesked pulse is quite accepteble for
injection pattern itesting bui is ftotally inadequate
for ageing 10C kV guns. The voltage ic which the guns
are aged should exceed the final running voltage by a
fairly safe margin, and the fuzct that the tested gun
is subjected to considerable mechanical vibration in
the synéhrotron which it voes act waderge during testing
mekes {his margin doubly necessary, Loreover, the time
taken to initiate broakicwn maly te leonger than the
period during which the puise voliage exceeds the
breakdown value, ané Ilesh~ocver may not cccur. If the
pulse length on the test unit is apprecisbly shorter
than the puloce length etcountered on the synchrciron
itselfl gun ageing may prove entirely unsatisfactory.
For all these reasors it wes decided to bulld a
considerably larger moduletor for 100 kV gun ageing.
It was also thought dassirable to calibrate the pulse
voltage against a sphers-gap as well us agalnst the
usual oscillographie display, as the spnere-gap might

reveal some of the inconsistencies of lonization and



breakdown that also oceur in the sun - the differences
in gas pressure in ths two cases having, of course, to
ba taken into =acoount,

The larger modulntor imposed, above all slse, a
particularly formidable space problem; for it wes
desirable that the interrity of the test ugit should
not be inpaired by this necessa%ily larger addition.
It was, in fact, ilnportant thai the compleated modulator
and pover supplies chould £it within a voiume 18in x
20in x 30 in; 2 task only mads possible by widaSpread
use o7 high wvoltage metal reoctifiers. The conmpleted
modulator %6 shown in Fig 24; and the two main
components, with the back cof the power stack removed,
in Fig 28, The square chessis, which bolts onto the
lower fazce of the nower stack, conlAains all the
euxiliary rower supplies and the complete eleciromic
essemhly; the 15 kV wvoltage muliinlier @@h.ﬁ, supply,
and the 0,02 mfd pulsu-forming condenser &re, however,
carried on the upper asserbly.

A complete elircuit diegrem of the modulator is
conteined in Tig 26, The firet valve, a GON7 twin

tricde, operates as a rultivibrator with switehalle

frequency control, normally set 2t 5 e/s, 10 ¢/s,



'he Complete Modulator

Fh ain Assemblies



25 o/s, ard 50 e/s and held at sub-multinle mains
frequeney by a 50 ¢/s mains frequﬁnay'tapping Lrom
the valve heater supnly. This valve operates an
807 beam tetrode cunable of triggering a B.T.Hs
type BT 82 hydrogen thyratron. The 807 is coupled
through a simple I-~C delaying cirecuit whieh holds
the moduletor pulse back until an undelayed trigger
pulse has set the monitor cscilloscope sweep in
sobion. The BT 83 discharzes an 0.02 mfd condenser
charged to 7 XV into the igniter of a 3.T.H. BK 65
ignitron. This ignitron is the waln pulse tfigger 
and discharges ancther C.02 mfd condenser which
can be charged to any #bltage up to 15 kv, The
discharge takess place through the 1:9 pulse transformsr
and the 50,000 ohx load resistance. It was
estimated that, if the rise time of The Iront edge
cf the pulse were 0.25 microsecond, the outpul
voltage would be less than the theorsiical value by
only about 2.5 percent. with a 15 kV charging”
voltage the peak pulse output voltage might therefore
be about,
15 x 109 x 9 x 0.97¢ = 130 kV.
The pulse height was certainly of about this

value, but exaet calibration of the output was difficult
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and the problem will be discussed in a later section.
Filament supply for the gun under test is a little
complicated by the fact that the filament must carry
the full pulse voltage. This involves not only high
voltage insulation but also a low value of capacity
in the filament supply system. Fortunately for this
application the pulse transformer is supplied with a
bifilar secondary winding, so that the filament power
may be taken to a small auto transformer at the top
of the pulse transformer high voltage bushing. The
bi¥ilar winding is supplied from a 110 volt isolating
transformer which is in turn supplied from the a.c.
mains through a Variac transformer. No provision has
yet been made for monitoring the filament power, as
this has not proved an important factor in gun
performance, The filament supply system closely
corresponds with the provision on both Glasgow
synchrotrons, so that. provided the power rating of the
test unit supply is always well above that actually
required, there will be no emcitation problem on the
accelerators themselves. This has invariably been the
case, Filament rating has always been based on the

peek emission current, and this alone has been

monitored,
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iv) Monltoring Facilities

In order to measure the injected ourrent the total
flow to the ehamber walls must be determined. This can
easlily be arranged by 1nserting‘a small resistor between
the test chamber and earth, but it is important that the
gun anode should not also be 8t chamber potential, For
the filement-&rd=-shield to anode capacity is relatively
‘high, and large, spiky pulses appear on the monitoring
resistanece, through differentiation of the injection
voltage pulse through this capacity; this ean, however,
be avoided by earthing the anode separately and direetly.
It was in order to provide these electrical separetions
that the two Perspex flanges were fitted to the pumping
and gun ports of the test chambers. Even with the anode
earthed, and more or less complete electrostatioc
shielding thus effected, some voltage break-throﬁgh and
differentiation still takes place; it is therefore usual
to add & small amount of shunt capacity across the monitor
resistance to suppress the spurious transients.

During the period in which a delay~line modulator
wes being used a pulse-peak vacuum=tube voltmeter was

also used; a relatively simple device with e low impedance

N o
chargivg - circuit and a long discharge time-constant,
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shown sehematically in Fig 27, However, as exponential
pulses and lower pulse repetition frequencies were
adopted the disadvantages of this type of metering
soon became apparent - particularly when a cértain
amount of integration was being added to eliminate
differentiation spikes. It then became convenient

to 1t to the monitor oscilloscope, whieh had previously
been used only to ensure that pulse shapes were
satisfactory, a calibrated ordinate shift, so that
pulse heights could be measured accurately at any
fmqueney and for any pulse shape = the exaet
interpretation of a eomplex pulse shape being under
the eontrol of the obssrver. This method proved so
successful that no further attempts at clectronie
metering have since been considered,

As already mentioned, the oscilloscope is
triggered by an undelayed pulse from the multivibrator
in the gun modulator. The oscilloscope itself is a
commercially built monitor unit to which the metered

1
shift control has been added in the Department.” The

1 To A.E.R.E. Type 1000 specification.
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instrument is eommonly usad for monitoring the total
gun emission, or, when a probe is being used, the
probe current. I may alsc be used for pulse voltage
calibration, using a combined resistance-capacity
voltage divider and modulator load on the pulse
transformer secondary. Provicion is also made for
coupling the oscilllograph into various places in
the modulator eircuitry, buit such 1nspectidn has

so0 far proved unnecessary: for checking the various
multivibrator frequenecies it is not particularly
suitable, and a general purpose laboratory
instrument has proved more conveniculb.

When the early modulator was removed, a |
geparate timing unit for driving it, and the imlse-
height valve-volimesier alrcady describe, were
removed as well, after re-crrangéag the
remaining auxilliary equipment space was made
available immediately abovgiéushing carrying the
100 kV pulse to the test platform for a standard
62,5 mm sphere-gap, %o be used in pulse voltage

celibration. This gep, and the work carried out

with it will be discussed in the following section.




TEST TEGHNIQUES

1) Fluorescent Sereens

The simplest and quickeét way of testing small
electron guns is normally to direct the electron
beam onto a fluorescent sereen, and to observe the
visible pattern that results. This is not, however,
such an easy method for examining the behaviour of
injection guns for synchrotrons; for here it turns
out both difficult to use and crude in its result.
It is difficult to use because of the destructive
effect of the high energy and large current electron
beam, and because of the rapid accumulation of
electric charge om or within the fluorescent material,
The crudeness, which is perhaps only the result of
insufficient study of fluorescent materials and
their characteristics, arises from early saturation
of all the phosphors used.

There is little point in describing at length

the first attempts at making satisfactory screens;
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they were, in general, coated on glass and then
aluminium-backed by an evaporation process, Aluminium
was first added as an opaque covering to suppress the
very powerful light cast onto the sereen from the
early bright emitting filaments. ILater the aluminium
became more important as a means for removing electrie
charge from the screen surface, A more successful
manufacturing technique has involved using 0.0002 im
aluminium foll as the foundation for the screen, This
is clamped between 5%1n concentric rings and is then
painted on the surfaes which will face the observer
rather than the gun with the fluorescent material
being used.

The method depends for its suoccess on extremely
eareful preparation of the fcil surface before the
coating is applied; this involving preliminary cleaning
with an effective grease solvent and subsequent etoching
with fine carborundum powder lubricated in a mogerately
strong solution of caustic soda., Neither the caustic
soda alone, nor the carborundum powder lubricated with
water provides a satisfactory surface; the inevitable
result being that coating and foil quickly come apart.

This has sometimes happened surprisingly violently;




large slabs of the coating being hurled intact
against the front% window of the test chamber. The
effect does not appear to result from drying out of
the phosphor and its base; although this does

oecur, but slowly and without eny appreciable outgassing
during homberdment: 1t seems rather to dppend on the
accumulation of charge within the screen materisl;

an effect which would clearly worsen as foil and
coating began to come aspart, and which might easily
lead to the violent final fracturss observed.

| The binding material used to hold the fluorescent
powder together and onto the foil 1s also rather
'erisieal, and it cannot really be argued that complete
success in screen binding has yet been achieved,

From a purely mechanieal standpoint Perspex cement,

or indeed a simple solution of Perspex in chloroforn,
is quite without parallel, but the electriecal
properties it exhibits make it quite unacceptable.

It is liable to accumulate large amounts of loeal
eharge which take unusually long to leak away toward
either the foil or the periphery. The resultant

long persisting distortion of the eleotron patiern
was originally and falsely attributed %o the erratioc




beshaviour of thoriated filaments, which have since
proved a great deal more stabls than at first seeomed
to be the case. & sazcond Aifficulty with Perspex
used as a8 binder is thet it quiekly blackens et the
points of high intensity bombardment. The blackening
sppears on the coating surface nearest to the foil
and does not pencirate deeply inte the sereen
meterial. % nevertheless greatly attenuates the
brightness of the fluorescent pattern observed at
the front. An example of the effect is shown in
Fg 28,which is a photograph of the soreen patiern
after approximetely ten minutes bombardment with
80 kV electrons in a peak pulse current of 250 ma.
with a repetition fregueney of 50 pulses per second,
£ binding materisl which is very much more
satisfactory electrically is sodium silicate. It is
used as a solution in water and is air dried, It
does not accumulate charge, nor does it blacken
rapidly, as the extended %est represented in Fig 29
clearly demonsitrates. It is navertheless difficult
to use in such a way that good wechanical properties
are obtaired. Although, like Perspex, 1t does not

cutgas seriously when subjected to electron bombardment,
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it apparently continves to shrink for a considerable
time after hardening. This often leads %c complete
fracture of the foil foundation. Failure of this
kind can be avoided if the couting on the foil is
made particularly thin, but thin coatings saturate
more repldly than thicker onss and are themsfors™
undesirable., In actual practiee screen-meking,
whieh must still be regarded rather more as a eraft
than a routine process, depends to a large extént |
on obtaining a compromise between mechanical strength
and accepteble intensity linearity.

To maké a screen & sheet of foll is first etched
in the fashion already described, It 1s then clamped
between the two concentriec support rings shown in Fig
30, and trimeed round the edges. A finger 1s now run
lightly round the féil, just inside the periphery, so
that the clamping tension is removed and the foil is
fairly slack. Coating is done by careful and uniform
painting; spraying bechnigues having been found
unsatisfactory with relatively course powders and
moderately thick coatings. The powder to be used must
be prepared in advance, and should be as homogenesous

@s possible. A convenient method for obtaining a



Fig 29 LIT® Tost of ¢ Silicate”bound Screen.

After ? hours. Distortion of the Screen
by bombardment.

In these tests an experimental gun was used, and
the mission pattern varied during the test period.
Blackening is .neverthelss visible, and distortion of
the screen surface. The peak voltage was 80 kV, the
peak current 350 ma., and there were 50 pulses per
second. This is a severe test, as may be seen by
comparing the effect shown in Fig 28, where the
running time was only 15 minutes.
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paste of the right consisteney involves filling a
small bottie or specimen tube with a quantity of the
fluorescent material. To this 1s added a little of
the sodium silicate solution, which should be fairly
- d1llute. Within a few hours it will hawe soaked
through the powder to form a uniform paste., It
should be noted that in meking this peste it is
easier to approach the required consistency slowly
from the over~thick condition; for i% is very much
easier to conirol dilution %Than any dralning or
drying pro@ecdure.

The prerared peste is brushed uniformly onto
the foil surface, is carcfully examined, and then
left to dry. Attempts 2% iwmproving dried or half-
dried sereens are rorely successful; 1t therefore
pays to prepers both the foll and the paste as
carefully as possible, and %c acquire a certaln
degree of skill in the application of the coating.
The painted foill shovld be left in a warm dry
place overnight, and will be quite hard the next
morning., A brass wire centimetre grid, also shown

in Fig 30 may now be placed over the outer clamping

rin&fonto which it is a tight fit. The completed
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screen should be left under vacuum for the following
night end should readily stand bombardmen® without

serious outgassing on the following day,

1ii) The Use of Fluorescent Sereens

It had originally been hoped that photographie
negatives taken from emission pattsrne on the screen
might provide complete information about gun performance.
If a suffieient degzree of linearity had been obtained
the electpon distribution might have heen determined
directly from densitomster readings on the negatives.
This has not, however, Jroved possible, for although
the photographic latitude is very large, screen
saturation becomes important at negligihly low electron
1ﬁfen5iﬁiés;.‘ Fig 31 1llustrates these characteristics
wiﬁtha 50:1 difference in exposure for the sanme
'emisSion,,and a 10:1 difference in emission for the same
exposure. (Thz necativis were developed to & fairly
high degree of contiast; the contrast ) being ebove
~unity.) A successful densitometer technique would
e¢learly require premendous im@rovement in the scresn

performence, and this might well involve a modest
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compensated.
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development programme itself, Such a line of
investigatinn might have heen justified if ap .
alternative means for determining electren imtensities
had not immediately shown greater promise., Probe
measurements, in fact, began to yield almost from

the beginding the kind of informaiion that
fluorescent screens were unable to provide.

It becanmc. apparent from tho probe measurements
that electron distributions and overall pattern }
shapes were closely related. Guns could therefore
be graded failrly accurctely, merely by observing
the emission patterns, and this saved a great deal
of uselsss current contoud plotting with the probe.
Moreover, gun geometry is critical, and a barely
visible mechanical defoct may displace the electron=
ontical axis of the gun z considerable distanee from
the'intended position. This kind of fault 1s
immediately revealed by the position of the
fluorescent pattern on the screen. I% 1s also »
usually possible, as a result of this observation,
to diagnose the cause of the trouble after more
eritieal visual examination of the gun 1ltself.

The present type of screcn is therefore useful

for the following reasons:
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i} 1t shows whether a gun is properly aligned
or not; and, if no%, generally orovides a

~usa2ful pointer to its shortcomings,

ii) It gives a elear indication, through the
shape of the emission pattern, whether the

gun 1s worth testing with the probe unit,

iii) It is alwawys useful for quick obsarvation
of unusual phenomens; and the faet that a
photographic racord can be taken almost
immediately is a veluable additional

ameni tyc

. More generally, in its application to gun testing
a fluorescent screen is only a rough indicating deviece;
the display it provides is open %o interpretation, and
nust he appreciated within 2 certain experimental
context. It therefors only really becomes useful - it
may, in faet, otherwise mislead -~ when an understanding
of the common vaciations of elsctron gun perfoimance
heg' already been acquired from the more exact

revelations of probe meesuremernt aepd currcnt contour

plotting.
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iii) The Probe Unit

It was essential that any satisfactory probe
should be regdily and accurately movable within an
observation area about 8 cm diameter. This requirement
waswbésea on an early decision to use the fluorescent:
screen 8 cem from the point of injection; where the
fluorescent pattern is about 7 om by 4 om in size,
and largz enough to be examined critically without
being so far away that detail becomes diffused. It
was, of course, desirable that the probe and screen
should be placed in the same positions, as this would
simplify and eliminate ambiguities from correlation.

Movement of the probe had to be controlled from
outside the vacuum, and this could easily have led to
rather complicated apparatus., A compromise arrangemsnt
was.therefore adopted, in which the probe motion is
not on a truly flat plane mormal to the electron-optical
axis, but sweeps a spherical surface centred on the
axis at a relatively large distance in front of the
test position. The probe was, in fact, mounted om a
long arm, vacuum-sealed by a short length of telescopioc

tubing, and freely supported on a gimbal type bearing.
The d#stance between the probe and pivot was made 24 om,
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and un extension on the other side of the pivot, 6 em
long, was addsd to indicate the probe position on a
quarter-~scale cartesian grid engraved on a Perspex
end plate, OSuch an arrangément is simple and hes also
proved reliable and reaconably accurate. There ere,
however, two inherent geometrical errors, and although
they are not, in the applications to be discussed,

- partieularly serious, they are nevertheless worth
examining briefly.

It will be seen from Fig 32, in which O 1s the
position of the gun and NP 1s the probe arm, that the
true test plane is normal %o OP.and passes through Q.
‘When the probe is at the point N, the position on
the true test plane to which the reading corresponds
is S, and an eccentricity error, ST, is involved.

This mey easily be determkned.

Using the notation of Fig 32:

| b - A/F = 3%,

so that the percentage

X = be=boosp
Now ST:8Q = QR:Q0 =x:a
eocentrioity error

. 100 ST . 100x
Q a
a

Substituting the values actually involved, and



Xivewoed 6qoId 389% . ge 3t
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taking y as 3 cm, the eccentridity error 1s 2; percent.
In addition to the eccentricity error there is an

intensity error caused by the difference between the

distances to the gun, 0S and ON. The inverse square

‘law applies; and the pereentagé intensity efror,

' approximately

-  200% ,
a

or twice the eccentricity
error; beilng, for y = 3 em, 5 percent,

This second error is elearly of greater importance
~than the first, but the two are fortunately to some
extent self~-cancelling. In the majority of applications
the eritiecal area uﬁder examination is only about 2 om
by 3 em, and within such an area the geometrical errors
will be quite unimportant, as the position of the probe
can only be defined with an accuracy of about 1 mm,

The design of the probe itself, as Qpposed %c
its mounting, was complicated by variationbin the
angle of incidence of the electrons onte the probe
surface. ihis angle, iy from the axial, whieh
rises to 27%° for 3 em eccentricity, revealed very

considerable spherical errors in many of the collectors
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testeds The trouble seemed %o lie, not only in the
cosine reauciion of the effective probe area; but
also, beeause of the small overall size of the unit;
in the effectis of a relatively thick-walled aperture
plate, whieh produced further reduction of the
affective probs area and a larger source of
segondary elacirons. Fig 33 demonstrates the extent
of the spherical aberration commonly involved; the
ball probe having been, in this case, rather hurriedly
assembled as a device likely to have at the least
better spherical consistency than any other probe
previously tested. It was, in fact, so very much
superior that it became, with a2 little refinement,
the standard type of head.

Two main improvements were made to the ball probe.
The . exposed glass on the front of the Kovar seal was
aluminized to eliminate the accumulation of electrie
charge; the coating being scraped away within the
immediate wicinity of the lead~through wire. However,
this edating very quickly deteriorated under electron
bombardment, without causing any perceptible :
change in the probe performence; it has not, therefore,

been replaced, A more important source of tarvuble
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was the ball material iuself, for the first ball was
made from en gin, steel ball-bearing and exhibited
curious diéconﬁinuities in its response to electrons

of different energies - partieularly about 20 kv;
Various other metels were tested, and aluminium was
selected as being by far the most consistent material
for this purpose. It is now recognized that the choice
may have been rather artificially founded, for the
presenee of silieone oil in thé diffusion pump may

have greatly influenced the decision. This oil is
inelined to form thin, and possibly mono-moleaular
films on vacuum surfaces, and would clearly affect ’
the energy~linearity of a probe system on this aocount.l
On replaeing the silicons by Apiezon mineral oil

the probe linearity improved strikingly, although

no attempt was now made to confirm the choice of
aluminium as & probe and chamber wall material.

(It 1s possible that some of the apparent instabllity
of thoriated filaments may have been connected with
silbcone poisoning, but this point was no% appreciated

at the time and cannot be confirmed retrospectively.)

A. Lempicki and A,B.MacFarlane Nature 167
p8l3 1951
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A fairly rough series of linearity checks was
carried out, in which the total chamber and probe
currents were measured for different injection
voltages and currents. This correlation could never
be pressed to exactituds for it soon became evident
that the gun emission pattern varies very slightly;
in position or shape, with change of the injection
voltage and current, This secondary effect eannot
readily be taken into account, but it will be seen,
~ foom Fig 34, that the probe and chamber current
readings are smoothly related, and that consistent
relative readings may therefore be expected. _

Fig 35 shows various details of the probe unit,
and Fig 36 the menner in which 1t is mounted on the
front of the test chambery, It will be noted that
the monitoring resistances are both shunted by
capacity; this helping to suppress pulse-edge
transients ineompletely removed by the screening of
the earthed anode. FKqual R=C time~-consgants ere not
eonvenient beesuse the break-through to the whole
chamber is very much greater than tc the probe alone,
It is, in fact, because of the further coupling

between the probe and chamber that & separate zwiteh
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contact ig fitted %o earth the chamber whenever the

probe is being usad. This is essential,

iv) Uses of the Probe

Probg measurements soon made possible a type of
gun examination more fundamental and exact than was
available by using the fluorescent seresn technique;
Muoh that seemed important on the sereen was now
shown tovbe quantitatively negligible; while, at the
same %time, within a critical area, unsuspeeted and
partiecularly important detall was diécovered.

In general, it was found that the fluorescent
pattern visib&e on the screen comprises two contrasting
sections, although this contrast is minimized in the
visible display. A large striated pateh dominates
the pattera but is actually of very low intensity,
and a smaller high intensity area lies across the
striated patch and askew to it. The intensity within
the smaller erea rises rapidly at its periphery to
a broad peak value perhaps ten times greater than
that within the low intensity area., The exact shape
of the peak varies coasiderably, and has been found
to affeet synchrotron performence in a simply
predietable manner. It might, in fact, be argued
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that a probe test on every gum before it is put into use
is the most valueble routine check affeeting sustained
consistency of accelerator output. At this stage it
would be anticipatory to discuss the relationship
between probe and screen measurements in any great
detall,but it is relevent %o outline the similarities
and contrasts involved., Fig &7 is a typieal correlaxiqn

of ' the two kinds of result. (It should be noted that,

' beeause of the linkege and co-ordinates used the

contour plot is always invsrted and reversed from

left to right.)

v) High Voltage Calibration

- Ome of the purposes of the gun testing unit is
to age electron guns %o an effective working voltage
of 100 kV. This, as we have seen, is less easy to .
perform with an exponential pulse then with a flat-topped,
delay~line formsd type of pulse, The fear that the
time to initizte breakdown might be long compared
with the effective pesk wiéth seemed, on the whele,
unjustified, for breskdown on the operating
synchrotrons has generally occurred elose to the
front edge of the voltage pulse, IV is true that

some breakdownsdo occur rather later, but they are
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relatively few in number, and delay in breakdown does
not appear tn depend tq any appreciable extent on the
amount of the excess voltage.f'Generally a pulse"

width of one nmicrosecond has heen assumed adequate for
cstablishing breakdown, if it is going tn oceur. The
problem of volitage calibration therefore involves |
both accurate pulse height and pulse shape determination,
g0 that a nominal peak voltege mey be specified where
the actual voltage exceeds the test voltage for a pericd
of one nmicrogsecond.

Calibration moy be approached 1n three ways: by
caleulation; by osecillograph measurement; and by sphere=
gap testing. The Tirst depends on knowing the pulse
rise~time, and the amount of damping imposed on any
- pulse transformer resonances. The rise-time and
pulse shape may be caleulated from frequency response
and phase~shift measurements; the response of the
transformer to a step function of input voltage being
then symthesized. The work inveolved 1s, however,
lengthy, and in the present case ééemed unjustified;
for the fregueney response is predomiunantly eontrolled
by the main high-frequency resonance of - the transformer:

e less exact approach, based on a simple L-C=R
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equivalent cireuit proved adequate, This leads to
& pulse=-shape equation of the form:
“t/T - %/g
= KEe - lie goswt,
where:
E is the voltage to which the pulse~forming
condenser is charged, converted to a

transformer secondary equivalent,
T is the pulse-forming system time-eonstant,

¥ is the angular velocity of the resonant

condition, and
§ is the corresponding ampliTication.

From the frequeney response curve, shown in Fig
38, it 1s clear that resonance occurs at 150 ke/s, with
a Q of 1.42. The load resistance 1s 53,800 ohms, and
the pulse~forming capacity 0.02 mfd. The pulse-shape
equation therefore takes ;he form, for 15 kV on the
soidenser and a 1 : 9 transformer ratio:

- 0,0940¢ - 0.680% . '
V =135 @ - 135 © 208 0e965%.

%+ 1is in mieroseconds; and the calculated pilse=-

shape has been plotted in Fig 39.
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It will be seen that the pulse rise-time is about
five times as long as the value assumed in the modulatod
design, but that, because of the resonant overswing,
less than ten percent of the ideal peak voltage is loste
Horeover, because of the resonance, the peak is
extended in time, and exceeds 100 kV for 2.6
microseconds, In the ideal condition 100 kV would
appear on the gun for 3,0 microseconds.

Direct measurement of the pulse voltage,is |
possible by two means; by an oscillograph technique,
and with the aid of a sphere-gap. Oscillography is
attractive but in this particular case open to some
inmscuragy; for a Rhigh ratio voltage divider is
necessary, and this cannot be properly calibrated
under pulse conditions. In order to obtain a 10 volt
pulse for application to an oscillograph a 10,000:1
divider ratio is required., This divider system may
conveniently be based on the transformer load
resistance but should hot appear unduly capacitdtive
as any reactence is likely to affect the pulse
transformer performance; 3mmfd across the load
Tesistance giwming it a 10° phase lead at the

transformer resonance. It was therefore decided
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to make the divider in the form of a long, uniform
resistance, without capacity loading, and to eorreet
for the effects of distributed and stray capacities
in the bottom, monitoring cell.

| The indeterminate capacity can have two effects:
it ean appear predominantly across the upper parts

of the divider, decreasing the divider ratio and
tending to differentiate the pulse; or it can appear
as shunt eapacity to earth, also from the upper

parts of the divider, thereby raising the divider
ratio and tending to integrate the pulse. In this
cage the raiio appeared lower than expected, unless

a seriocus error in pulse voltage estimation had
occurred, and the pulse rise~time was also appreciably
shorter than anticipated, The monitor cell of the
divider was therefore capacity loaded until the rise-
time and overall shape corresponded as elbsely as
possible with the calculated value., It was now found,
by way of confirmation of this menner of adjustment,
that the divider measurements agreed closely with the
values expected. The divider consists of eight

3 watt carbon resistors joined end to end in a resin

bonded laminated canvas tube; the monitoring cell



being placed at the bottom. The eight resistors have
a value of 53,800 ohms overall, and the monitoring
cell has a resistance of 5.32 ohms across whieh an
0.15 mfd compensating condenser is fitted. The unit
is shown fitted to the modulator pulse transformer

in Fig 40.

Sphere~gap testing is carried out with 62,5 mm
n@knrss mounted above and connected across the gun
slectrodes, so that only the true electrode voltage
appears on the gap., The arrangement is such that
the 30;000 ohm limiting resistance used in gun
ageling also restricts the peak sphere-gap current,
thereby extending the useful 1ife of the spheres.
The mounting of the gap is shown in Flg 41, where
the remotely operated wvernier control of the left-
hand sphere and the zero-setting adjustment on the
right-hand sphere may also be seen.

Voltage measuremont with the gap has been based
on the British Standards Institution calibration for
a negative pulse applied asygmetrically to 62.5 mm
spheres,t Séme error was to be expeoted at the higher

1 g8, 358 : 1939  (amendment PD 224 liarch 1944)
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voltages, because the clearances to earth around the
gap are considerably less than the gélibration
specifies, but voltage measurements have nevertheless
been found to agree within 10% with all other
vdeterminations.

- It will be seen from Fig 39 that the peak pulse
voltage on the transformer secondary, for 15 kV on
the pulse-forming candenser, should be 125 kV. The
charge voltage meter is scaled 0-1 for 0-15 kV, so
the meter reading is multiplied by 125 to obtain the
caleulsted peak pulse kilovoltage on the transforher
secondary. A variation was, however, clearly
evident in the meter calibration as the pulse
repetition frequency was altered. This was found to
depend cn the ripple voltage present in the e.h.t.
voltage multiplier output. The charge voltmeter does
not, of'eourse; record the a.c. component, but this
is 1mportant'1n defining the exact charge on the pulse-
forming condenser at the moment of triggering. The
effect ean be reduced by addlng %o the voltage
multiplier reservoir capacity, but in this particulas
yinstanee space 1is already so well used that such

a method of improvement is quite impracticable.
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But it is also possible to alter the charging
resistanee (0.5 Mo in Fig 26), although this can only
be increased with safety until the charging time
constant 1s about half the shortest period between
‘pulses. The value of 0.5 megohm 1is the best
compromise for ripple filtering and accurate charging
that the present circuit will allow, and the
calibration curves of Flg 42 are based on this
value being used.

In correlating the various voltage calibrations
it 1s difficult to decide how much accuracy to allow
%o each methcd, One is tempted to favour the sphere-
gap measurements because of their remarkaeble consistengy;
but it should not be overlooked that the gap geometry
has been quite unaltered throughout, whereas adjustments
have frequenily been made to the charging circuit and
the voltage divider. In the end it was therefore
déeided to average all the determinations and to plot
the individusl estimations against the aversge., This
reveals close correspondence in pairs of measurement;
in the sphere-gap and 50 p.peS. metering; and in the
voltege divider and 5 pe.p.fe metering.

'Although it might have been interesting to have
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examined these inconsistencies more closely, and to
have eliminated the effects of ripple, it was not of
great importance that the calibration accuraecy should
be improved. The emission characteristiss of Kerst-
type electron guns are very little affected by the
anode voltage, 8@ that for screen and probe tests

an accurate calibration is quite unnecessary., It

is of more importance that the voltage should be
known fairly precisely when & gun 1s being aged;

but even here, there is such a difference between the
performance of & gun in a test chamber and within

a synchrotron, and subjected tc the vibration and
magnetic fields within the annulus, a 10% error in
voltage estimation is likely to be eclipsed by the

changes in running conditions,

vi) A Note on Ageing

Ageing is normally carried out by running the
gun at a woltage where 1t fairly frequently breaks
down, The limit of this frequencj is determined by
the rate of outgassing “hat resulds, and by the
pumping speed of the vacuum system. The extent of the

outgassing is, however, directly related to the energy
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in the breakdown, as well as fo the breakdcwn frequeney,
and it therefore follows that the ges liberation will
be more serious at high voliages than low. Moreover,
the release of gas is likely vo occur very close to

the filament, and momentary resuitunt changes in
pressure are likely to occur in this viecinity which
may not be noticed on the ionization gauge., ‘The liquid
air. trap instvailed immediately behind the gun position
(in vhe second chamber) is intended %o keep these local
changes down to a minimum, but it is clear that,
although an improvement is certainly evident, complete
protection has nof been assured; for changes in the
thoriation of filaments sbill occur: after some kinds
of flash=-over which have not produced visible effects
in the ionization gauge. The greatest dauger is, of
course, that a flash-over will produce more gas than
~can be eleared before the following pulse, and that

8 sustained recurrence of breakdown will follow. A
short series of such breakdowns may do considerable
damage to a filament before the surrounding pressure
rises sufficiently to trip the vacumn pressure
interloek.

To avoid this danger it is important fo
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relate the pulse repetition frequeney to the
energy that will dbpaar in a breakdown, whenever
one should oecur, Tﬁis has l=d to an ageing
practiee in which guns sre operated up to a ‘
‘nominal 25 kV at 50 p,p.Se; to ahont 50 k¥ at
25 DeDefe; UP t0 75 kV at 10 D.DeBe; and ot
higher voltages at 5 p.p.s., In prectice the
pulse repetition frequency changas are usually
made at the quarter~-scale deflectlon poslitions
on the e.h.%. charge wvolitmeter. The result is

a relatively smooth ageing routine, without at
any time subjecting the gun being conditioned

to any great danger of recurrent breekdown,

and a fairly ranid run np to the operating
limit. TFig 43 indicates the wanner in whieh

the operating voltage improves with time. This
particular curve is perhans rather better than

| average, as ageing usually takes nearer three
hours to oomplete: otherwise, however, the curve

1s characteristiec.
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GUN _TESTING

1) Gun Construction ,

¥wo basically similaf types ot‘eleotion gun
have been tested; the low voltage gﬁnsr—animally
working at about 30-40 KV - for the 30 MeV
machine, and the 100 kV guns for the 300 WeV
accelerator. Both types of gun are of the conventional
type introduced by Kerst, although they differ to
some extent in matters of assembly and the means
for altering the orientation of the beam.

On the small synchrotron the highest possible
injection voltage is determined leés by the geometry
of the gun electrodes than by the chamber wall, for
flash~over to the chemically deposited wall-coating
almost invariably sets in at about 80 kV pulse peak
voltage, In the 300 MeV mechine 2 similar phenomenen
would certainly occur if the filament assembly were
not fully shielded from the chamber wall by anode

side cheeks incorporated particularly on this aceount.l

1 Dubing development work at Malvern with an unshielded
arrangement flash-over occurred reguLarly at 80 kv peak,
using test sections from the 300 MeV machine annulus.
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Side shielding has not, however, been provided on
the lower voltage guns; for the 30 MeV synchrotron
works most satisfactorily at injeetion voltages
about 40 kV, and there is no danger of flasheover
‘to the wall coating at this voltage. The addition
of anade side shields makes visual alignment of the
gun electrodes more difficult and in any case
complicates assembly, ,

A 30 MeV synchrotron gun is shown in Fig 44,
It is predominantly of glass construction, and the
only metalwork is assoclated with the electrodes,
their leads and supports; and the telescopie metal
tubing, with its flanges and struts, by means of
which the gun position may be al&ered. The glass
foundation is convenient in allowing easy adjustment
of the electrode structure, and the fact that the
electron-optical axis need not be acourately aligned
to the glass further simplifies construction and
ad justment .

The 100 kV guns are very much more critical in
assembly and aligngent, are mechanically delicate,
and depend on an unsatisfactory means of electron-

optical distortion for one adjustment of the electron



Fig 44 50 Me¥ Synchrotron Gun

Fig 45 500 MeV Synchrotron Gun
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beam direction. They are predominantly metal,
and are constructed to precision tolerances
almost throughout; so that there is little scope
for developmental modification without recourse
to a fairly comprehensive re-design. They are
also very much more difficult to align than the
low voltage guns, for the position of the
injection axis relative to the body of the gun
is now eritical.

A 100 kV gun is shown in Fig 45. It is
mounted inside the equilibrium orbit, as all
aceess to the vacuum chamber of the 300 MeV
synchrotron is from the centre of the machine, aé
may be gathered from the illustration of the
accelerator in Fig 46, The gun litself is
represented schematieally in Fig 47. It will be
seen that the filament assembly is supported on
a glass or soapstone column mounted a little behind
the asctual gun electrodes, and that from this
assembly twoopen rods lead down the centre of the
gun body tc the glass insuletor at the other end.
The insulator, filament essembly, and support

eolumh are collectively mounted on an inner stainless
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Steel tube which, near the metal-to-glags seal,
carries two rings surroundéng the tube and riding
on it on fine threa#s. Outside this stainless steel
tube 18 a second similar tube which earries the
‘removable anode at one end and a flange for
locating the gun at the other, close to the two
edjustable rings.

The simpler gun mounting, which is used on
the gun testing unit, is shown in Fig 48. The
gun 1s inserted through the aperture at the end of
the mounting and is thrust forserd until the outer
flenge, on the outer stainless steel sleeve, lies
against the circular step in the mounting mouth.
Three radially disposed sorews slightly away from
the step are then tightened until they bear on
the bevelled fsce of the gun flange. On
evacuating the test chamber the inner sleeve is
thrust inward by the outside pressure until the
nearer of the two adjustable rings {(the second is
only for locking purposes) is restrained by the two
roeker arms on the gun mounting. In the simpler
mounting these arms are olearly visible, the B |
tie-bar between them, and the screwed rod by which
they may be moved are also visible. The Tufnol



Fig 47 100 kV Gun Components

SCHEMATIC SECTION - Not to Scale

Outer Sleeve. At vacuum chamber potential throughout; clamped to mounting.

inner vacjum seal, outer vacuum seal, glass or ceramic removable
inter- sleeve gun-to-mount insulating pillar anode

ng removable filament
filament line sleeve and shield unit

Inner Sleeve. This carries all the high voltage components. It
is free to slide within the outer sleeve but is held against the two
bearers, XX, by atmospheric pressure. The position of the
shield and filament relative to the anode aperture, and hence
the angle of injection, may be altered by moving the bearers.

Fig 48 Test Mounting for 100 kV Gun
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rod on the lefthand side of the figure allows the
arms to be moved while the gun is being pulsed,

Fig 49 shows the more complicated mounting used
on the 300 MeV synchrotron. This unit, designed by
" the A,E.R.E. Accelerators Group, is necessarily
compact, for the mohnting is carried on a wvacuum
chamber port placed between two of the twenty betatron
bars, which esarry the betatron flux during the initial
part of the megnetization c¢yele. These bars are, at
their closest points, only 5i-6in epart,

It will be seen from the labelled diagram of the
gun mounting, in Fig 50, that it contains three main
components, The second sube~platform ecorresponds in
funetion to the recessed mouth and roeker arms in the
test chamber gun mounting. In this case, however, the
sub=-platform is arrangsd to rotate about a radial axis
on the first sub-platform, so that the electron beam
mAay be directed above or below the equlibrium orbit if
this should be required. The first sube-platform is
itself free to move radially inward or outward on
pillars carried on the mein platform which is rigidly
secﬁred to the end of the vacuum chamber port. It 1s

theréfore also possible to vary the radiel position of



Gun Mounting on 500 MeY Synchrotron

Fig 49 Unit in Position

Rodiai Port on Ccramic Vocuum Chombcr

First Sub-Platform,
carried on two Support
Pillars with Internal Screw
Main Platform of Gun . . .
Mounting, clamped on Port Drive, for Radial Setting
End Face

Support Pillar
Support Pillar (with

Second Sub-Platform, carried stress shielded end"')

on First Sub-Platform and turning
obout Radiol Axis for Gun Twist

Glosswork
Linked Bearer Levers for movement
of Inner Sleeve of Gun and Horizontal . .
Tilt of the Electron Beam Twin Filament and Pulse
Leads

Remote-Drive Cables

Fig 50 Mounting Components
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injection intn the anunulus, ;

‘ The three variables provided in this mounting
are remotely ad justable by means of electric motor
and flexible cable drives from a conitrol box fitted
“some short distance underneath the gun mounting.
Potentiemeter and neter position indicators are
connected with ithe remote operating positions in

the synchrotron control equipment.

ii} Eleetron Opties

The performance of the electron guns is not
amenable to ealculation, for both the accelerating
gap and the heldcal filament behave in complex
manners,

The anode may be treated, very approximately,
as a simple aperture with a field gradient on the
filament side but none on the other; the gradlent
being the accelerating wvoltage divided by the anode-
to-shield separation, and the focal length of the
lens 4V/v; where V is the accelerating voltage and
v the voltage gradient. This indicates a focal
length about rfour times the anode~to-shield separation,
and suggests that the eleciron beam will always leave

the anode divergently, since the filament is invarliably
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closer to the mouth of the shield than is the anode.
A rough comparison with the conditions required for
rectilinesr flow slso suggests that the heam will be
divergent. /

“ The helicel filament further complicates
analysis by making the emission source indefinite. It
is reasonable to assume that the exposed parts of the
filament winding will emi?® more intensely than the
considerably saereened parts nearer to the back of the
shield, and it does, im fact, appear that emission is
restrieted to the filament surface on the edge of the
accelerating field: what is not so simply understood
is that overall aeccelerator performenee has, in some
instances, been affected by the phase of the a,e.
filament supply; 2 condition suggesting that the
emission conditions are significantly altered by the
instantaneous heating current and possibly its time-
derivatives.l This curious effect has not been
observed on either of the Glasgow machines, anmi is_
certainly difficult to account for: it is, however,

only one of several strange phenomena associated with

1 pros. E.M.McMillan, of ti® University of California,
Berkeley, California, discussed this eBfect on a visit
to Glasgow University in 1949, Verbal reports of the
same kind have been received from other sources.
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this kind of gun eathode.

The most important, and also the most obvious
factor affecting filament performanee is the temperature
gradient from end to end, for this is one of the
"rundamanxal oonstraining influences on the amission
pattern. Only a relatively short length of the
filament near %o the centre is likely %o emit an
appreciable number of electrons, and in the extreme
eondition i% 1s possible that emission may occur from
one hot spot on the outermost surface of the thermally
eontral turn. The last possibllity gained fawvour
after it was found that extreme changes in the emission
pattern sometimes followed a flash~over to the emitting
area: it seemed unlikely that such extensive damage to
the emitting socurce would occur if the emission were
taking place from a number of adjacent turns.

A more sdriking effect suggestive of single~turn
emission was occasionally to be found in a particular
type of faulty gun characteristic. On the assumption
that single-turn emission is normal, emission from two
adjacent turns might be expected to lead to two
similar and overlapping patterns separated by an

amount primarily related to the filament winding pitch,
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This kind of distribution has sctually heen observed
on a few occasions, and it is interesting to note that
machines fitted with guns having this peculiarity do
not, in fact, work well. There are, however, two peak
Aoutput peslitions separated by an angular rotation of the
gun about a radial exis. A photograph of a dual emission
pattern is unfortunately not available.

The normal type of emigssion pattern is still open
to fairly wide variation, but nc serious eifort has yet
been made to correlate the emission characteristics with
the eleetron-optical aspects of gun designe. An attempt
¥o determine the beam spread by taking fluorescent screem
17 photographs at 2¢m intervals along the injection axis
has nevertheless‘been partieulorly instructive, for the
derived resulits demonstrate that the beam is neither
simply divergent nor emitted from & single turn. The
five pattern photographs, taken for a particularly good
gén, are shown in FiggSI, while the derived results,
based on the height and width of the high intensity
skewed core, are shown in Flg 52,

The most surprising indication of these tests is the
apparent length of emitting filament.‘ In this case the

useful length appears to be about 9mm, and an unexpected






correlation is evident linking this length, the
filament winding piteh, and the number of striations
in the larger, sccondary part of the emission
pattern, The filament winding piteh is approximately
- 1mm; so that, ~lthough the striated pattern is
ir?egﬁlérly distrituted and souetimes poorly

defimed, the fact that about 8-10 line components

are lnvolved 1s hardly coincidental, ,‘

If the electron source is larger than a single
furn the occasional dual nattern already discussed
e&nnot be so easily explained. But if a flash-over
to the ermitting area donss exireme damage in the
immediate vieinity of the are, driving all the
surface thorium from the winding, it is probable that
emiSsiah will subsequently occur from more distant
parts of the winding; the whole filament being run
a little hotter to Bring the fringes up to emitting
temperature, Such an effect following a flash~over
$o the centre of the winding might well‘produee the
kind of effect already observed: 1t would also help
to explain the reduced output available from this

kind of gun.



/

pp2ads _
ID31342A

)
W10
v
0

\
\

- ppaads —
_UQQON_LOI QN-\ , .|\|||I\..|I|\||l.

LT e



89

- The geometrical slignment of the gun elestrodes
is in some respects exiremely eritical. In partieular,
the filament must he exactly centred between the cheeks
of the shield if the electron beam is to emerge along
~ the intended axis., The emitted elsctrons, following
the lines of force in the accelerating gap, tend to
be injected in the same dirsction as the filament
secentricity, and may often be wery appreciably
displeced on account of a barely perceptible misaljignment
of the filament.

The ecritieal nature ol the filament and shield
poaitioning elearly demands high mechanieal stability
in the e¥otrode system. The faet that the £ilement and
shield both operate at high temperatures might be thought
an additional problem but relatively little trouble has
been directly attibutable to this fact, (4 good deal
of minor trouble in the 100 XV guns has been apparently
eaused by a combination of temperature change end
vibration from the megnet pulsing, but this has usually
been sonfined to clamps and resilient eouplings remote
from the elesectrode assembly.) The most serious cause
of filament instability, provided the initial filament

processing has been setisfactorily carried out, is



the cumulative effect of small amplitude vibration,
particularly between the two filament supports. This
mo<¢ion imposes alternating stresses on the filament,
which, because of its plasticity at rumning temperature,
-will be inelastically sgrained, and permanently
deformed. Gun reliability is thefefore primarily
dependent on two requirements: on the filament being
exactly aligned within the shield, and on its ends being
securely attached to inelastie support pillars. |

The geometry of the accelerating gap is much less
critical, presumably on account of the axial length of
the lens and its nearness to the emitting Source. The
anode, indeed, has very kiitlo effect on the beam, which
tends to emerge normally from the plane of the moutﬂ of
the shield, unless the filament is asymmetrically
disposed within the shield, On tﬁis account relative
movement of the shield and anode has proved only
partially successful as a means for beam shifting. The
efficacy of the method varies to some extent with the
relative width of the anode slit and the shield mouth,
but the beam shift is generally small - rather less than

10° overall - and masking of the emission pattern by the nearer

anode tongue rapidly occurs., This effect can be
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mgéleading when a gun 1s being adjusted in an
agcelerator, for it may suggest that an optimum
setting has been reached when snode masking
introduces a false symmetry onto what is really
\only a region of improvement. This danger is
fortunately reduced in the easse of the 300 MeV

~ 8ynchrotron, by the fact that the injesction pulse
shape alters slightly - in differentiastion spikes =
as masking begins,.

The most serious argument against the lens
distorting method of beam shifting is certainly,
however, its limited range; for the critiocal
importance of the filament position mskes the
initial position of the injection axis diffieult
to control, and any beam shifting system should be
able to accommodate the considerable initial error
which may he involved. The 10° overall shift
provided by lens distortion is quite inadequate.

There are two rather simple geometrical factora
which have tended to inorease the initial error, and
which deserve passing mention. The lens itself 1is

_ strictly asymmetrical, for the two anode ftongues are

appreciably different in shape., An attempt %o



improve the symmetry by adding a flange to one of
the anode tongues, as shown in Fig 53, was quiekly
abandoned beeause of the exireme danger to the
f1lawent snd shield whenover the tight-fitting
anode was removed or replaced. This waé no great
disadvantage, for it was relatively easy to eorreet
the asymmetiry by another means., The seeond source
of trouble was simpler in nature for it had nothing
to do with the gun design: it was only a matter of
assembly. It was found that there was a general
tendenecy for the shield, when mounted, to lie with
the plane of the mouth not truly radial; the normal
line of the beam inelining boward rather than being
parellel with the equilibrium orbit, as shown in
Fig 54.

Both the anode asyumetry and the misalignment
of the shield produce errors which displase the beam
- toward the orbit, and the overall effeect is usually
greater than the lens distorting beam shift will
accommodate, To correct the overall error it has
now beeome a matter of policy to twist the mouth of
~ the shield deliberately away from the equilibrium
orbit, so that the injectlion axis 1s slightly away
from rather than parallel to it. Some 30-5°



shield

fAodditional flange
/ welded to anode tongue

Fig 54 . Gun



compensation is usually encugh, if the filament is
accurately placed within the shield, end this engle
ean bhe adequately acourately judged by eys during
the asspmbly, | '

These elignment problems are, of course,
peculisr to jthe high voltege type of gun, far the
lower voltege model may be swung freely over
appreciably wider engles. The variable lens method
of beam shifting has singularly little to reeccommend
;1t: it is a precious and rather ineffectual technique
which would be well dispensed with in any new design
of gun, It is undesirable not simply because of the
limited beam movement it allows but also beeause this
limitation imposes tco stringent limits on the
asceptable geometry of the gun. Morsover, from an
experimental standpoiut, the varlation of the emission
pattern with change of the injection axis is a most
undesirable feature. An indiloation of the range of
movement, of the extent of the nasking and pattern
change which occur at the ends of the movement, is
provided in the series of tesis collected together
in Fig 55, Pesition 12 in the series corresponds

approximately with the centre of the overall heam motiam.
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1i1) Besm Pattern Observations

The relative merits of screen and probe testing
have alregdy been discussed, and some comparative
results have been gquoted, but a satisfactory correlation
between the observed gun characteristiecs and the
related synchrotron performance has not yet been
eonsidered; although the final usefulness of gun
testing must depend upon such a correlatiom being
established, - -

Much of the vaiue of the curves relating machine
output to gun twist and tilt, in Figs 14, 16, and 17,
has beenvlost because the electron distribution from

tha.guns used for these tests was unknown., But such
| information generally confirms, although it may also
to some extent complicate, the impressidn already
gained?aceelerator performance. Figs 56 and 57 are
a c¢ase in point. Iig 56 is a contour plot of the
emission density from a slightly unusual 100 KV gun
prior to its installation in the 300 MeV machine.
The gun is unusual on account of the complex
configuration of the emission peak, pepresented .
also in the'two distribution cross-sections, X-X and

Y=Y, Fig 57 is a record of the variation of the
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synehrotron output with gun twist and tilt. The
variation of the ouiput for rotation of the gun
about a radial axis will be seen to eorrespond
‘strikingly - and also strangely exaggoratedly =
with the vertical sross-sectioh of the elmotron
distribution, ¥=-T. A similar kind of agreement
may be observed between the horizontal tilt of the
beam and the cross-section X-X, although here a
very obvious nonelinearity is introduced. This

- secondary effect 1s, however, to be expected, for
the abacissa of the two curves ropresent different
and complexly related variables; one being a
mechanical displacement, the other am elsctron
displacement, That the two are not diredtly’
related Yas already been indicated in Fig 55.

It is the contrast between the vertiecal
eross-saction of the beam and the radial twist
curve that is most interesting in this partieular
eomparison, for the extent of the exaggeration of
the beam characteristics in the mechine performance
is unexpected and difficult to explain. But it
4is quite possible that the important phenomeng are
not the three 1sdlated peak-output conditions, but
rather the low-ougput trowghs that separate them,



For the existence of double electron beams has already
been observed on several machines, ineluding the 30 MeV
synehrotron at Glasgow, and it it possible that the
tﬁaughs in the performance curve derive from the
interaction of two initially comparable electron beams.t
A . further rele#ant consideration is the height and
width of the annulus, as ocutput in other machines has
been found to be eritically dependent on these dimensions.z
ﬁhb(:critical annular dimensions are usually appreciably
amailer than the actual annulus sizes involved, and this
has eertainly proved to be the case on the 300 MeV
Glasgow synehrotron, so there is little danger of
geometrical restrictions affecting the wachine when it

is properly aligned.5 However, the loweoutput troughs

in the gun twist characteristic represent abno:mal
conditions of a vertieally asymmetrieal nature, It is
therefors poséible thet in suech cirecumstances the

_ eritical ennulus dimensions epproach more elosely, and

1 g,D.Courant Journal of Applicd Physies 20 p6ll 1949
JeDelawson Nature 165 plo9 1950
%2 Flder, Langmuir, ami Pollock Rev. of Seientifio
Instruments 19 p607 1948
JeDeLawson A,E.R.i. Memorandum EI/M?: 1949

3 W, MaoFarlane et. al. Glasgow 1955 (Unpublished)



possibly oxcced the physicel linits of the annulus,
It 18 not, vith the present amount of information,
adwvisable to gpeculate further: the ilmportant point
i pot so much to explain the effect as %o 1llustrate
that phenomens of this kind mey be observed after
eniesion pattern tesis hove beea completed, but ere
otherwise unlikely to be oopreclinted.

iv) The General Corrélutior of Gun apd lachéne
ferformanceg

Although the resul®s contelned in Figs 56 and 87

are to soas extent unusual they cornfirm that gurn and
machine performances are closely related. They elso
guggest that the peek machkine output is direatly
related t¢ the injented oloectron intensity within the
aceeptance angle of the machinc, Hevertheless, such

a relationship cannot apply unreservedly, for there
will certeinly be & space-charge linitation on the
number of admissible clectrons. This offect is,
indeed, clsarly evident in the betatron characteristie
relating machine oulput te gun emicnion, which usually
passes through a maximua when the emlsslon pulse current
is a fow hundreds of milliamperes. It does, however,
Beem that space-char e liniiatlon 18 an indirect rather

than a direet influence on machine performance; that
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the 201id angie within which the greater part of the
beam is concentrated is the more ﬁmportant consideration.
It may be seen, for example, that the ocutput obtainable
with the elsarly broader beamed gun in the 30 MeV
aynohrotron.tasts of Fig 19 i3 appreciably less than
that for the narrow heamed gun used 1ln the tests of Fig
14, although the latar tests wers carried out with the
resonator in & better pegition. Here the geometry is
‘etherwise unaltered and the spase charce limifation
should he the same. It must therefore he assumed that
the ratic of accepted to rejected electrons from the
later gun #as low, and that this ratio is an important
fastor in the overall performance dotermination. When
it is low a marked improvement in machine performance
mey ha expected irrespective of the space~charge
restriotion.

Much will obviously depend on the solid angle
within which electrons may be accepted inte useful
orbits, and if it is small there is clearly a case for
improving gun ppties. This, it should be reevalled, runs
against the originel desire to design a relatively broad-
beamed gun which could be inserted easily, without

great anxiety about alignment, It would seem that
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ease of aligmment may be too injurious to the overall
performance, although this will clearly depend on the
size of the acceptance angle,

The only accepbance angle that can be calculated
with any certainty is itself an artificial one, for two
reasons, In the first place it is difficult to define
tacceptance?; for the initially important electrons
may be vastly mere numerous than those which complete
the acceleration process. Cthers may be invelved in
induwetion and electrostatic phenomena in ways that have
alrealy been discussed. The second artificiallly
arises from considsring a single electron in a guide~
flield of constant n-value.

We have seen that, for the radial and vertiwal

eselllaticns: |
- (.1,1 - 3
Rozdial A/1 = 1, and
, ean/T.
U yertical -Q‘“/N

We have aolso seen that the oscillation amplitude, A,

is proportional to 14A/H, where H is the guide-field
intensity. The pericd of oscillatlon will be of the order
of, or less than, 0.1 microsecond, within which time the
changs of field in a £0 o/s magnet systen may be neglected.

The oscillation deercment may therefore be neglected, and
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if we choose our azimuthal references appropriately
we may write,
. d - Asin. &, v

where 4 is the displacement from the_equilibrium
orbit, and A is the oscillation amplitude, whioh for
this examination is assumed the largest possible, and
not merely that defined by the pesitions of fhe gun and
target; it will be defined either by the physical
boundaries of the annulus, such as the resonator walls
in the 30 MeV pachine; o by the edge of the focussing
field, where n-0 or,l, in the larger machine. This
last stipulation makes the following calculation for
the larger machine even mors artificial, for it
assumes a constant n-value throughout the whole of the
stable region.

It is convenient to consider the vertical oscillation
first, since it is alsc the simplere¢ In this case, where
injeotion occurs in the equatorial plane, the acceptance
. angle may be taken as that contained by the maximum
positive and negative slopes of the largest possible
vertical oscillation. Differentiating the oscillatory
funotion and taking the vector sum of this result and

the orbital wveloecity, if the total acceptance angle =26,
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@ = tan—l Aon/n
Ly
and the total acceptance angle, 26,

= 180 gyn ‘degrees,

where h is the total useful height of the
annulus, and r 1s the stable orbit radiua;

For the 30 MeV hachine, h = 3em, r = 1l0em, and
the average n-value may be taken as 0.6, From these
values ¢ = 6,6° In the case of the 300 MeV machine,
however, h is limited only by the focussing field
geometry and may be taken as 5emi the ne-value being assumed
0.7, and r 125cm, From these values © 0.96°; a result
indieating a considerable differmnce in proportionality
between the two accelerators.

The radial oscilletion is more complicated thah
thb vertical one, because the eentre of the oscillation
and the point of injection are no longer eo-incident.
It is still, however, true,that the maxhimm positive
and negative slopes of the largest possible oscillation
represent the limits of the acceptance angle for
injection at the equilibrium orbit radius, For this

ease,
2f, = 280 WA/l - D Gdegrees; where w is the total
= :

useful width of the annulus,
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At the outside limits of the oscillation the
acceptance angle is still determined by the angle between
the pesitive and negative slopes, but as these are
both zero the acceptance angle is also zero. The
aceeptance angle is, in fact, a cosine function of
the displacement of the point of injection from the
equilibrium orbit. The general equation for this
angle, #, may therefore be written:

Qf = ¢° QOSMD
w

Again considering the 30 MeV machine, and assuming
‘ths éame values as previously, but in addition that w
< 4om, “o = 7,4°, In the ocase of the larger'maohine
a less approximate estimation alone is possible. In |
this machine the n-value is a function of the excitatian,
and the betatron orbit is also changing appreciably
at the time of injection., Moreover, pole-~face coils
have been added to correct some of these effects, bwyt
they are set empirically for maximum output rather
than adjusted for maximum correction. It is therefore
quite impossible to select representative values
fo insert in the above equaition, However, 1if the

the n=~value is taken as 0.6 over an annular width of
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l2Zom, a reasonable indication of the acceptance
eondition may be expected, The resultant estimate

of fo is 1,7°, The variation of the overall acceptanse
angie (2¢) with the displacement of the electron gun
from the stable orbit is represented, om the basis

of the above ceslcuiations of §,, for both
acoelefatoré, in Fig ©G.

[} a L] L] L ] [ 4

Although the acceptance angles plotted in Fig 58
are %o a very large extent artificdal in character,
there is snough difference between the two curves for
this t¢ be reflected in the behaviour of the two
synchrotrons., For although gun perfcormance has newver
been a highly critical factor in operation of the 30
MeV machine it has alweys been a central consideration
in running the 300 eV machine. The contrast is
eertainly accentusted by the secondary differenece in
the means whereby horizontal shift of the beam is
brought about; but for wvertical shift a mechanical
rotation is common to both machines, and here the
contrast is still comspieuous, In the case of the

300 eV machine there is often imperceptible difference
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between the vertical beam eross-section and the gun
twist sensitivity curve; as shown in PFig 59, It

1s probable that a similar ceorrespondence relates _
the horizontal cross-section and the gun til% curve,
but this cannot be successfully established beeause
the abscissa of the two curves are dimensionally
different and complexly related.l For the lower
energy machine, however, lthese close sorrespondences,
which indieate a narrow acceptance angls, are markedly
- reduced: irregularities within the gun pattern are
fairly scmpletely eoncealed in what would appear to

be fairly wide-angle acceptance conditions. (It will
be recalled that within the useful annulus defined by
the walls of the r.f. resonator, the n-value does not
approach elosely to uhity, whereas in the 300 MeV
maehine the useful annulus is defined - or must be
agsumed defined - by the physical limits of the
fooussing field. It may also be noted that the eurious
variations in the curves of Fig 14, which are not
evident in any other twist and tilt tests on the low

energy machine, are likely to resul§ from some

Sve page 9D,
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unezplained interference phenomenon involving the
proximity of the stable limit to the resonator wall.)
In comparing the injection into the two machines
it may therefore be submitted that while there is a
certain case for using a relatively broad-beamed gun
on thevso MeV machine there can be no justifieation
for a similar policy on the 300 MeV machine - unless
it is based on an exaggeratedly pessianistiec attitude
to the problem of beas orientation relative to the
gun body. The diffcrence may alsco be approached from
the point of view of space~charga, for it is elear
that space~charge limitation plays a greater part in
restricting the output of the small machine than it
~does in the case of ths largser mechine; this is
indicated by the fact ﬁhat 'oood® and 'bad® guns have
relatively little effect on the perforiiance of the
30 MeV machine, whereas the output from the larger
machine would seem to depend on little more than the
peak electron intensity within the emission pattern,
expressed relative to the overall emission.
Space~charge consideration have therefore been
generally neglected; for insufficient work haes been

done on the smaller accelerator to derive useful
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information, while in the more detailed work om the
performance of the 300 WeV machine the shortcomings
of a dispersed beam have tended to conceal the

onset of such effects. It is pot anticipated that
that they will become the ultimate limiting factors
on parformanéa of the larger accelerator until the
injection beam has been éonoentratéd’into an angle

of about 0.8° or less in both cross-sections,
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CONCLUS IONS

In summing up the achievements, implications, and
potentialities of the work elready undertaken, it is
difficult to avoid being influeneed by a large amount
of general experience which it has not been possible
to incorporate in this account. Some of that experience
has certainly erystallized into a kind of working
understanding which could probably have been olmrified
- and glven queuntitative value if time and circumstances
had allowed: much of 1t, on the other hand, has been
of an essentially random nature and assumed importance,
or #till assumes importance, merely as tentative support
for unconflrmed hypotheses., This general experience
must now be taken into some account Tor it is difficult
to give aectual results and revealed potentialities their
proper reolative walus without recognizing the extent to
whioch matters of policy are affected by such accumulated
knowledge.

The immsdiate results are the most easily ocollated,
Central in importence is the gun testing unit, and fthis,
. 1% would sppear, provides considerably greater flexibility

and versatility than the various set-ups and temporary
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installations used by manufacturers and other accelerator
teams. Both the screen and probe technigues are still
in a relatively primitive state of development and would
bepefit from eonsiderahle refinement, hut it is doubtful
i1f much ehange can be made without an sppreciable amount
of effort; quantitative rather than merely relative
eurrent density detorminotions might, however, be
valuable, and prote improvement would therefore seem
the more important.

From a purely operational standpoint - and since
the elecetron gun nlays such a large part in determining
machine reliability it is a particularly important standpoint
« the abllity to test guns baefore installing them in
accelerators has oroved partleularly useful,

| The exposure of the shortcomings of the 100 kV

type of gun may apnear an essentially negative achievement,
but it is nevertheless an important onej; for the present
gun and mounting are extremely well designed pieces of
precision mechanical engineering which will not easily be
replaced, however great may be the need for improvement.
No sericus effort has wvet been msde to rationalize the
elasctron-optical aspects of the gun behaviour; but now

“that a method for reasonably aeccurate examination of
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beam patterns has been developed, and more importantly,
that & narrow injection beem has been shown essential
%0 high output from the 300 MeV synchrotron, this would
seem a particularly promising line for development.
There mey, in this direction, be cowme advantage in using
a more elaborate type of gun, possibly of a multi-
eleetrode nature, btut such assemblies would involve
correspording multiplication of the high voltage
supplies - tapped ¢ff the pulse transformer load, no
doubt « and would need %o be well Jjustified before
Introducing the additional complexities of a multi- _
bushed gun. Vith an arrangement of this kind, however,
it might be possible to shift the beam by non-mechanical
means; bult considerable additional development would
probably be involved between produeing a narrow beam
and satisfactorily controlling its orientation by
simple electrieal means, TFor this reason 1t is
important that a purely mechanical means of beam
shifting should be developed. There Seems no reason
why the concentric sleeve arrangement of the present
100 kV guns could notlealapted in such a way that an
electrode assembly mounted freely on a vertieal axis
within the inner sleeve might be tilted by the relative

movement of the outer sleeve.
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It is unfortunate that there is at present such
e large discrepaney between the test unit ageing
and the requirement set within the accelerator. (This
work hes only been done for the 300 MeV synchrdtron,
and no comwparative informevion iv at prescnt available
for the 30 MeV machine.] Much of this way be put down
to the 5 p.pe8e Vibrations imposed upon the gui in the
aécelerator when thne magnel is being pulsed, but this
only explains the discrepancy: it does not ocrréct it.
Correction is, however, a uatter of ilmportance, for
there is po iimitation to the flash-over eurrent in
the accelerator modulajor, avnd the stored snergy in the
5 microsecont delay-~line is appreciably greater than
in the test unit. Although 17 is indecd important
that flash-overs shiculd bz avoided the means for |
higher voltage ageing may not be easily attained either.
For the present limitation is set less by the modulator
output voltage in the test unit than by the space~
dietatsd elearanees at which external flash~overs

ocCur,
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