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PREFACE

This thesis consists mainly of an account of thelwork
carried out to render opérational the 300 lIleV synchrotron
at Glasgow University from the time at whiCh installation
snd general testing were com@leted.

Detailed aescriptions are given'of-the particular
contributions ﬁade by the. author, who was associated with
the project during the period 1949 - 1954 whilst working
for the Ph.D. degree.

The first chapter is a preliminary summary of the
principles underlying the scceleration of electrons to high
energies in the betatron and synchrotron.

A brief account, in chapter two, of the Glasgow
instellation serves to illustrate the practical realization
of these principles, and brings out the salient operational
features of the machine,

Chapter three is an account of the methods and technigue
cmployed in the establishment of the X;ray beam.

The aevelopment of sensitive detectors cmbodyirng the
principles of the scintillation counter, and the subsequent
successful employment of these in the initial search for a
beam are reported in detail.

In chapters four and five, various experiments carried
out on the inte?nal electron beam and external X-ray beam

are described.



A note on the use of the synchrotron in nuclear physics
concludes the thesis.

Original work by the author includes the modifications
to the electronic gear described in chapter two; the
develpoment of the scintillation probes, chapter three; the
shaping experiments on the RP waveform, chapter four; and
the beam experiments of chapter five.

The actual search for the beam and the execution of
the beam experiments were carried out in collaboration with
Dr. W. MeFarlane and Mr. S. E. Barden, the other members of
the synchrotron research team.

The author wishes to express his gratitude to these
two colleagues and also to Professor P. I. Dee for sustained

interest and encouragement.

D. L. Oldroyd

November 1954



'
©y
!
!
1
!




CHAPTER 1

PRINCIPLES OF BETATRON AND SYNCHRCTRON ACCELERATION

l.1 Introduction.

In the electron synchrotron, acceleration proceeds in
two stages. Electrons injected_at 50-100 keV are accelerated
by betatron action to an energy of 2«5 leV and then by
synchrotron action to the final energy.

This arraﬁgement is constructionally advantageous since the
whole acceleration occurs in circular orbits of sensibly
constant radius. |

The papers of Kerst and Serber 1, 2, 3, and of Bohm

and Foldy 4 form the basis of the following summary.

1.2 The Betatron.

The magnetic field in a betatron consists of two parts:
a rediaelly symmetrical guide field, H, which constrains the
electrons fo plane circular orbits perpendicular to itself,
and a central orbit-linking field. Fig. 1.

The radius, r, of the orbit, or instantaneous circle, is

given (in Gaussian units) by
e 7

= = = (1)
€ being the charge anﬁ p the momentum of a particle. c is
the veloecity of light in vacuo.

If the central flux & linking the orbit is increased, the

electrons are accelerated by the induced electric field

=5
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and tend to move to a lsrger orbit. Eowever, if the guide
field incresses in direct proportion to the momentum,

acceleration proceeds in the same orbit. This obtains if
the rates of change of guide field and accelerating flux

are proportionsl: specifically
QH L 9 ‘
SZ _— Bﬁﬁf ¢ _ () .

where L N is the radius of the betatron orbit.

Fig. 2 represents a vertical section of a betatron
electromaghet - a laminated steel structure comprising
circular polepieces P, yoke Y, and excitation cbils Cc
mounted round the poles. This produces a fiela raaially
symmetrical sbout the vertical centre line AA' and
everywhere normal to the median plane BB'.

The strong orbit-linking field occurs across the narrow
central gap and the weaker guide field at D where the |
non-megnetic toroidal vacuum chamber, or donut, is situated.
~The central gap is adjusted so that the betatron orbit is

at the centre of the donut.

An electron in the orbit has total energy W given in
'electrdn-volts by '

W= 9x 10* K32 + W, (3)
where W, is the rest energy. For W >10 MeV, W?>>W: and
(3) reauces to
From (3) it follows that for a given orbit radius, a
one-to-one correspondence exists between guide field

—7-
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strength H and particle energy V.

The magnet is excited sinusoidally (usually at fifty
cycles per second) and the clectrons are injected
tangéntially into the donut from a low energy gun at guide
field strengths near zero. During the next quarter cycle
of.field vabiation, acceleration proceeds but as pesak
field is approached the central core saturates, so that

aéidoes not keep in step Withrgffand the electrons spiral

o€
inwards. They hit the back of the gun and produce X-rays
which emerge from the machine in a narrow beam.

The donut is continuously evacuated to reduce loss of

electrons by collision with'gas mblecules.

Fig. 3 indicates the operational cycle.

1.3 Focusing Requirements of the Guide Field.

The orbits given by (1) must be stable, since the
éiectrons may be displaced by collision with residual gas
atoms or by mutual interaction. Further, the use of an
internel gun precludes direct injection into the betatron
orbit r.s since the gun structure would obstruct particles
after one revolution. Thus the injection radius rinj A rq
and the particles must be focused on to the betatron orbit
during acceleration.ﬁ
By weakening the field with increasing radius, so that

H o< L , o0<mn< 2 (5)

7‘_4‘&
these requirements are met.

=G







Particles displaced from their instantaneous circles, as

given by (1), execute stable free oscillations about them

with frequencies £,./7-=» radially, #n 8xially: where f},
is the frequency of revolution of the electron. Furthermore,
particles are focused into the meaian plane,

As the field increases, the instantaneous circles
expand or contract to the betatron orbit, while the
smplitude of the free oscillations diminishes.

At injection, the instantaneous cirele is

7 = .iiiéﬁgi (6)
In practice, injection with : seggibly constant Pin;
occurs over a short finite time during which Hinj is
increasing, with consequent decreasing T Thus most
electrons enter the donut undergoing oscillations with .
initial amplitude Ty = Tinjl- Some of these will be too
large and such electrons will hit the donut walls; some
electrons will be trapped into stable orbits and damp dowvn
sufficiently to miss the gun on subsequent revolutions; a
few will not oscillate, being injected at the instant when

r, = . As the field increases, 2ll will eventually move

i rinj
on to the betatron orbit ry,, given by (2), lying in the
median plane of the magnet.

Fig. 4 depicts a typical donut assembly - this is a
glass or ceramic structure and the gun is intromittea
througﬁ a vacuum seal on the end of a port, the pumps

being attached to other ports,
| -11-




In fig. 4, electrons are injected at Pinj:>ro’ The major
part of the acceleration occurs at r,, and when the magnet
core saturates the electrons hit the gun and produce X-rays.

Electrons not trapped into stable orbits at injection,
or later lost through scattering by residual gas atoms,
would charge up the donut walls and disturb the trapped
beam. In order to prevent this, thevdonut walls are metallized
and this conducting coating is earthed. |

Field disturbing eddy currents set up in the coating
by the changing magnetic field are kept to a2 minimum by
appropriate scribing and by confining the coating thickness
to a few skin depths.

The upper energy limit achievable is set by radiation
losses which are proportional to the fourth power 6f the.
electron energys when this balances the energy gained by'
induction the limit is reached. For a machine of practicable
size this ceiling is estimated at 500 MeV, 5-10,

Details of specific machines and developments of the

betatron are given in the extensive literature, 11-37,

l.4 Synchrotron Acceleration.

In the synchrotron, electrons are confined to an
annular region by a gagnetic field identical to a betatron
guide field. The magnet has no central region however, the
acceleratioh being produced by an alternating electric

field_generated tangentially at some point in the orbit.

-12-




This is usually achieved by constructing part of the donut
in the form of a quarter-wave coaxial resonator and arranging
ﬁhat the voltage antinode occurs across a narrow gap in the
inner coating (fig. 19);

The resonator is energized by an RF oscillator at
angular frequency Waq equal to the angular velocity of a
photon in the annulus mean orbit.

The gep voltage is sinusoidal

’Z/"rﬁ = V ain ( @Wac 6) ' (7)
From (1) the angular velocity of the electron
~ ¥ . ecH
A ~ W (8)

where v, W are the velocity and total energy respectively.

mc?

w = (9)
J1-&
m being the electron mass. ¢

In a constant guide field H, an electron revolving
with Wp = WAG would always be in step with the resonator
voltage if it first crossed the gap at a zero voltage
instant. It would exﬁerience no change in its synchronous
energy Wg: from (8)

yw,
W, = ﬁﬁ;— - (10)

(10) Wiih‘(9) gives the synchronous velocity vg and then

the synchronous radius rg is

_ Ys
Ty o= o= (11)

An electron which crosses the gap when the voltage

is not zero undergoes an energy change ev__.. From (8), (9)

gap
it is seen that a change of energy is accompanied by
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changes of velocity and radius of the same sign, and a
change of angular velocity of opposite sign, so that the
electron next crosses the gap at a slightly different yalue
of gap voltage. \

The overall effects of succesive transits are that the
energy, radius, and angular velocity of the electron undergo
osciilations gbout the synchronous values Wg, g, Wpge SO
long as H and Wyo Bre constant the pérticle suffers no
permanent change in energy.

Fig. 5 illustrates one cycle of phase oscillation of
gap transits the stable, synchrbnous phase, for fixed H, is
the zero point when the gap voltage is passing from positive
to negative.

In practice the phase osciilatipn is considerably sldwer
than fig. 5 éuggests.

The stability of these oscillations depends on the
amplitude of the gap voltage and on the initial transit
phase,

A small increase in the guide field, from H to H',

/
shifts the synchronous energy to VW ==Sﬁ;££ > Ws' The

Wace
particle motion now changes so that the energy oscillates @

S

about the new value Wé. If the guide field increases
continuously at a slow rate, such that the change in field
is small in one period of phase oscillation, the particle
energy increases with H. The synchronous phase now moves

back from the zero point to a value 54(fig. 6) such that =
-15=
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synchronous electron gains sufficient energy eVsings, on
cach transit, to move out with the synchronous orbit.
Phase oseillations of non-synchronous electrons now take
plece about & . |

Bohm and Foldy 4 give gquantitative expressions for
synchrotron motion, and show that, as the guide field
incresses, the phase oscillations are damped out. Thus the
synchronous orbit is the one on which particles finally

move.,

The advantage of betatron starting now emerges. From

(11) it is seen that rjo« v, and L —1 as the energy increases.

¥or electrons of enersy 2 leV, % = 0.98 so that only a 2%
variation of r, occurs sbove 2 ileV, as & ~1. By constructing
the magnet to act initially as a betatron, such that the
betatron and limiting synchronous orbits coincide, the guide
field can be kept to a narrow annulus and a smooth transition
rade from betatron to synchrotron action.

Instead of a large central core, the magnet has several
flux bars which saturate when the electron energy reaches
~2 MeV, Fig. 7 illustrates a typical arrangement.

The electrons are injected into the donut from a
hot-filament electron gun at 50-100 keV and accelerated at
tae nominal orbit radius R by betatron action. As the energy
aj)proaches ~2 MeV the flux bars begin to saturate and the
bstatron orbit decreases. At some instant it is equal to
tie synchronous orbit ana the resonstor is energized near

-17=
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this time. The electrons then experience phase bunching -
some with too large initial phase oscillations will be lost -
and are carried to peak energy by synchrotron action. At
peak field the RF is switched off and the electron beam is
displaced on to a target to produce X-rays.

Fig. 8 shows the operational sequence and the variation of
the stable orbit radius during acceleration. The horizontal
lines indicate the limits of the stable region of the guide
field within which 0 <n<1l. The transition radius must be
inside these limits (and inside the donut) to allow
successful changeover.

The magnet is excited sinusoidally but the field is
not sinusoidal owing to the presence of the saturable
flux bars.

Higher energies are attainable than in the betatron
since the resonator power offsets radiation lossess a
machine of 1500 eV energy is under construction.

Details of particular installations and specific

topics are given in the literature 38-57.

l.5 Field Inhomogeneities.

The guide field is designed to have azimuthal
homogeneity and axial symmetry about the median plsane.

In addition, for stable orbits, there is a radial dependence

given by (5).

Variations in quality of materials and assembly,

=]10w



together with localized hysteresis and eddy current effects,
~ive rise to out-of-phase fields which result in azimuthal
inhomogeneities (these distort the electron orbits) and
axial asymmetries (these modify the effective n-value).

Both effects are especially serious at injection when
the field is low, ana large inhomogeneities may give rise
to unstable orbit conaitions with consecuent partial or
total loss of injected electrons.

To counteract such irregularities, suitably ariven
field correction coils are incorporated at appropriate

places in the magnet.

20—~



CHAPTER 2

THE GLASGOW 300 MEV ELECTRON SYNCHROTLRON

2.1 Introduction,

The Glasgow machine was designed to operate initially
at 300 MeV with nominal orbit radius 125 cm at a guide field
strength 8000 oe,

Injection voltages up to 100 kV‘Can be used and
transition from betatron to synchrotron action occurs at
~5 LMeV,

To produce X-rays, the internal electron beam is either
expanded on to an external target or allowed to contract,
after pea=k field, on to an internal one.

The guiae field index n is 0.7 and the RF oscillator
frequency is 38.2 lic/s.

Excitation of the magnet occurs five times per second
and the acceleration time is six milliseconds.

In the following sections the component parts of the

synchrotron assembly are briefly discussed.

2.2 Magnet Assembly.

Peel Genernl.

The magnet comprises twenty rectangular cee sections,

as in fig. 7, evenly distributed round a circle with the

pole-piece wedges butting together to form a continuous

circle for the guide field. Vertical steel laminations of
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0.014 in are used in the yoke sections and 0.007 in for the
flux bars. Trensversely laminated pads carry the flux from
yoke to bars. Two cees are elongated horizontally to provide
a window for the emerging X;rays (fig. 9).

The excitation coils consist of twenty turns in identical
upper and lower sections of ten turns each, encircling the
poles inside the ceesy at 300 LieV these carry a peak current
of 3300 amperes.

Each cee is in three sections, and in order to gain
access to the donut, 211 twenty top 1imbs, top pole-pieces
end upper set of coils can be lifted out as‘one foftyone ton
unit, (Fig._lo).-

A field index n = 0.7 is obtained from a 1.5° taper on
each polefacej} the gep size is approximately 7 in radially
by 4 in axially.

Poleface edge lips correct fringing.

The magnet weighs 120 tons of which 75 tons are active
steel, It sits on sixty double elliptical springs over a pit
which houSes the vacuum equipment. Cooling air is blown up
from the pit.

Fig., 10 shows the mégnet which is situated below ground
level in'a thick- walled concrete chamber, the roof of which

slides into = recess to give access for manipulation.

2.2.2 Correction Coils.

Twenty coils, each wound round one flux bar, are

-l




connected in parallel across a motor-controlled variable
reactor; this arrangement provides easy control of the

~ position of %he betatron orbit and ensures azimuthal
uniformity of bar flux.

The out-of=phase fields caused by edady currents and
remanence in the yoke, which>produce azimuthal field
inhomogeneities, are corrected by means of coils wound
- round each back limb. Connected across these are veriable
resistors, with, in parsllel, other variable resistors
ganged in four sets corresponding to five adjacent cees
per set. Thus corrections can be made over individusgl cees
and over quadrantal sectors of the magnet, by means of the
quadrature fluxes set up by the currents in the corrector
coils.

Owing to the longer iron path, the guide field at the
two extended cees is slightly weeker than elsewheré and
produces an azimuthal first harmonic distortion in the
field distribution. A single-turn coil enclosing the other
eighteen)back‘limbs is connected in series with a variable
fesistor and bucked against coils wound round the extended
cees, In this way the extended cées are flux-forced by the
others.

Variations in n; due to radial field inhomogeneities,
are counteracted by single-turn, cifcular, poleface coils
concentric with the orbit. These are balanced against a
single=turn loop enclosing the total pole.and bar flux,as

05—
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in fig. 11, so that the correction current can be varied in
either direction. Five such coils and driving loop are

fitted on each poleface.

2.3 Excitation System.

The magnet is excited periodically by discharging a bank
of capacitors into the coils. Fig. 12 is a block schematic
of the excitation system.

4 three-phase full-wave rectifier employs six CAR4 diodes
to produce 26,000 V DC, stabilized to 17,000 V by a series
pentode (type E1807) which also limits the output current to
five smperes.

The 17 XV is applied to the capacitdr bank which charges up
through the coils, each 1eg5taking 8.5 kV. Two back-to=back
sets of four BK56 mercury pool pentode ignitrons in parallel
discharge the capacitors into the coils., The leaaing ignitrons
are fired from a mains-operated trigger unit, the trailing
ones from a peaking current transformer on the busbar. A bias
Wihding on fhis transformer gives control of the instant of
commutation of the two sets of ignitrons.,

This arrangement lets the coil-capacitor system oscillate
for one cycle at sensibly the resonant frequency since the
losses are small. |
During the betatron period the magnet inductance is

approximately 120 mH so that the resonant frequency is about

16 ¢/s} when the flux bars saturate the inductance decreases

Y,
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to 20 mH and the frequency rises to 40 c¢/s. The current

waﬁeform is thus as in fig. 135 reaching a peak value of
3300 amps. with 805 pF in circuit. This producés a peek

guide field of 8000 oe. Also in fig. 13 is the capacitor
voltage waveform, showing the recctifier making good the

circuit losses between pulses .

Views of the ignitrdns and capacitor bahk are shown
in fig. 14.

The capacitors are oil-immersed units of 115 uPF each:
each leg has a total of 14 units forISOO MeV operation.

. Further units will be added to provide the larger peak
currents required for higher operating energiesj this
‘procedure decreases ﬁhe magnet frequency.

The normal operating recurrence frequency is five per
second. Electrons are accelerated in the third guarter cycle
i.e, AB of fig. 13.

A full account of the ignitfons is given in reference

58.

2.4 Vzcuum System.

The layout of the donut is sketched in fig. 15a; (a
betatron donut is shbwn in fig. 1551 It comprises‘twenty
pieces: plain sectors, port sectors, and resonators, separated
by teflon gaskets and Jointed with neoprené sleeves.

All parts are of glazed porcelain called "frequentite"

except the resonators which are of "tempradex" and unglazed.
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The inside surfaces and the ends are platinized (resonatbrs ‘
silvered) and these coatings are earthed through suitable
resistors.

The pumping plant consists of four 4% o0il diffusion
punmps backed by a Kinney rotary pump, as in fig. 16, and
the operating sequence is automatically controlled by two
PiraniAgauges. A compressed air system operates the valves.
With ligquid air in the cold traps, a donut pressure of
10" % mm Hg is quickly reached. An ionization gauge on the
donut is interlocked with the injector gun and RF oscillator
supplies and trips these if the donnt pressure exceeds
10_5mm Hg. _

Fig. 17 is 2 general view of the plant, while fig. 18

shows sectors, resonator, gasket and sleeve.

2.5 Zlectronic Eaouipment.

The equipment discussed briefly in this section,
comprising the RF transmitter, the gun and ofbit modulators,
and the timing equipment; was built by A.E.R.E., Harwell, at
TeR.E., Malvern, Whererthe author spent & year sssisting in
its construction and testing.

After installation at Glasgow, subsequent modifications
were called for as experience was gained in commissiéniﬁg
the synchrotron - these are indicated.

Fig. 54 shows the unit which is situated in the magnet

chamber,
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2.5.1 RF Bauipment.

The RF oscillator provides power at 38.2 lec/s to excite
the two resonators. These are quarter-wave coaxial cavities
constructed of 1/2 in thick tempradex to form part of the
donut. A siiver coating is fired on to the surface ecxcept
at the accelerating gap and tongues, fig. 19.

To reduce eddy currents, the coating is scribed into

-
laminations. The length of the resonator isXe % A being

Fa
the free-space wavelength of a 38.2 lic/s wave and & the
permittivity of the porcelain.

The feed from the oscillator is attached at a matching
tongue on the inner édge, while a copper shorting strap
across another tongue on'the outer edge tunes the resonator.

An electron in the synchronous orbit has an energy gain

per revolution .
2T e

Cac

= —2—?3 P/\‘/'S ﬂs coo(;fls €) (eV) (13)

using the relations:

c H.
W, = === (10)
Wac
Whe = % (14)
A A
W, = 300 H; (4)
and setting
|“ A
Hy = Hy oin (Lle) (15)
The circumflex indicates pesak wvalue.
Th - 2oy 0 (V)  (16)
us (nélnmx = z s s ¢

As the synchrotron phase commences some 1l00us after field
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zero (16) gives sensibly the minimum permissible resonator
gap voltage. For the Glasgow synchrotron, with ﬁs = 300 HeV,
r, = 125 cm, ‘;2(—%= 40 c¢/s, this is 1.8 kV.

Theoretical considerations‘of betatron to synchrotron
transition 59, 60 current at the time of development of the
RF oscillator, indicated that considerably higher voltages
than the minimum would be necessary for efficient changeover.
On this basis, 2 total gap voltage of 3.5 kV was catered for

i.e. 1.75 XV per resonator. Later treatments 61, 62, 63

- indicate that efficient trapping occurs With voltages not
greatly in excess of the minimum.

A full account of the resonators is given in reference
4.

Fig. 20 is a block diagram of the RF set which produces
10 kW peak power at 38.2 lc/s.
BEach drive unit contains a tunable, 9.55ic/s low power
oscillator and amplifier giving 10 W CV/l, This feeds the
modulated class C power stages comprising two freguency

doublers and a push-pull output stage.
The wattmeter is based on the directional coupier principle
65 eand indicaﬁes the forward and reflected powers in the
resonator feeds.

Provision is made, within the modulator, for shaping
of the RF envelope; this is discussed fully in chapter four,

The RF bulse is of six milliseconds duration.
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2.5.2 Injector Equipment,

The electrons are injected from a2 hot-filament gun,
an intricate structure of stainless steel and.glass - fig,
21, It protrudes into the donut through an O=-ring vacuum
seal on a port. The gun can be adjusted in position by means
of thrée remotely controlled motors which cater for radial
movement in and out of the donut, rotational movement about
the gun axis, and movement of the filament with respect to
the anode slit. These last two adjustments give very fine
control of the angle of fire of the gun.

The stainless steel anode cyliﬁder is earthed and the
thoriated tungsten filament is pulsed to a negative voltage
to accelerate electrons through the anode slit. |
Injection voltages up to 100 kV are available, from the
modulator sketched in fig. 22. The pulse length is varisgble
from 1.25 ps to & us in steps of 1l.25 ps and the filament
voltage is adjusted so that the gun emission is ~300 mA as

measured between donut coating and earth.

2.5.3 Expander Modulator.

The expander modulator produces a current pulse in
coils enclosing the poles, which weakens the guide field
and displaces the electrons on to a target external to the
gynchronous orbit.

This displacement is most economically accomplished by means

of a step field arrangement, 66, in which the guide field
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is reduced over only a portion'of the orbit. As a résult,
forced oscillations of the electron motion are set up.énd
the equilibrium orbit is slightly expanded end shifted
towards the region of wesker field.

Another method, requiring more power, is the plus-minus

arrangement, 15, in which the guide field is increased over
180° of the snnulus and reduced over the other 180°. This
just shifts the orbit towards the weak field region, being
in effect a combination of tﬁo 180° step fieldshwhich
produce addifive orbit shifts and cancelling changes of
orbit radius.
An advantage of this second method is that it can be
produced by a single coil, as in fig. 23, automatically
decoupled from the main magnet field.

Consider an electron of energy W moving in the guide
field R

/L-/,,, = /L/o -;/j;) P O < < Z ('17)

with equilibrium orbit Ty given by

W = 300 H, 7, (18)
If the field is weakened so that
‘ / 7\~ 7
HY = (Hy—am)(E) (19)

the equilibrium orbit alters to ry +4r, where
W = 300H,;M% (7, + Ary) (20).
A sudden field change would cause the electron to be
shock-excited into undergoing free oscillations (section
1.3) about the new orbit, of frequency
-4le
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f” = (1—"’)'&)2 c

27 27 (21)

However, if the weakening takes place gradually, the electron
merely moves outwards to the new orbit.
Zxpansion of (20) to first order incrementals gives, with

(18), the relationship

A 2 A
a4, = K
H, 7o (22)
where K?2 = L — 7 (23)

Consider now the motion of an electron in a 180° step
field viz.

Hy = H (Z)" 7 < 6 <O (28a)

J
7/ — _ _9_':-" -
Hy = (Ho —AaH)(Z) ", 0 < 6 <ZT (24b)
r, © are the polar coordinates of the particle in its

orbit. In one half of the annulus the equilibrium orbit is

Ty in the other r f‘ArO. If the weakening step4ﬂH0 is

0
established (from zero) at a rate slow compared with the

period of the free oscillations, these are not induced and

the electron undergoes a forced oscillation i.e. a cyelic

motion sbout the mean equilibrium orbit r_ + %g? |

By setting x as the displacement from the normal orbit rye
the motion can be represented in the form
X = 0,c0KO + b ein KO , -T<O<0 (25a)

2 = A«;B-/-o?w/(g-ﬁ b, an KE , 0 £ 86 £7T (25b)

where the constants a, b are determined by the continuities

of x and 5? at the points 6 = 0 in (25a, 25b) and 6 = =% in

(25a) with 6 = +x in (25b).
Since ;—f =.='A—C—the relationships between the constants are:

70
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a = Ar, +a, (26a)
o 003 KTC = b ain KT = Ay, + @,C00 KT +b,sinkB26D)
b = b, = b (26¢c)
a, oon KT + b, cod K7im = ——azmmf + A coo s (26d)
(26c) with (26d) gives
(@, + @) sin KT = O (27)
Now sinA7=0if A7 = 277‘) l = | 0,1,2. ..
i.e, if n =1 -("= 1,0-5._.

But it is specified (17) that O < n<1, hence sinA7= Oand

(27) gives a, +a, = © (28)
Hence, (26a) with (28), <, = 427:0 = —o, (29)
(29) with (26b), & = AZ% . cosfT o (30)

Insertion of (29), (30) into (25) leads to

Arn o0 K0+ & -
x = 5= pyny: Z) ~T<€<0 (31la)
Z= Aw — 470, o0 K(6 = F) , o <@sx (31b)
| °T 2T ewsx
as the displacement from the normal orbit r,, or setting
=y + _A_T,
KO+~
y = %(WW(KLj ) , ~7<g <0 (522)

y = %C{_ ocooK(Q '7) 0 < o < 7(52D)

give the displacement from the mesn equilibrium orbvit T, + 2:70

From (32) it is seen that the orbit is displaced towards the

)

weak field region i.e. towards © ’é:; where the displacement
. - Ao _ KT
is yr = £2(1- e 47) (33)

From (22), (33) and relevant magnet data can be
calculated the disturbing field required to shift the

electrons from the normal orbit on to the target and also -
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the power necessary in the coil producing the step field.

The original design produced an optimum step field,
using a 3000 =zmps peak current pulse in a 10 pH coil,
obtéined by dischafge of a capacitor into the coil and
damping of the ensuing oscillation at the instant of peak
current. ”

Lack of space between donut and pole faces after
installétion of the pole face correctors, prevented fitting
of this expan&er coil. A larger area coil was inserted in
plus- minus fashion (fig. 23) but the larger inductance,‘
~30 pH, reduced the current to the insufficient value of
1800 aﬁps. Increasing the capacitor overloaded the rectifier
and reduced the charge voltage.

In order to avoid increasing the rectifier power an attempt
at fedesign was made using the BK24 ignitrons back-to-back

as in fig. 12 but as the period of LC oscillation was in
this case comparable with the deionization time of the
ignitrons, these backfired allowing the capacitor to ring
down and discharge completely. This could not recharge
sufficiently at the five per second pulsing rate.

Finelly, a simplified version of the original form of circuit
was used.and found to eject electrons at lower peak currentsA
than expected by calculation. This may be due to the
establishment of a resonance in the electron motion.

Fig. 23 is a sketch of the modulator.

A plus=minus coil is shown: one half can readily be -



disconnected to leave a 180° step field coilj both versions
are successful.

The cepacitor C charges from the rectifier through the
coil. When the BK24 ignitron V1 is fired, C discharges
through L, the current rising sinusoidally. At the peak
value IL=V¢E the ignitron V2 is fired to damp out the
oscillatory discharge of C and remove inverse voltage from

Vl.

9.5.4 Timing Eouipment.

The thle-sequence of'operations i.e. injection, RF on,
RF-off, orbit expansion, is automatically timed.
A current transformér on the maghet coil centre point, gives
a current (or field) waveform as in fig. 13. This is fed
into 2 six-channel multiar box which uses a well-stabilized
power pack as reference bias. The power pack voltage and
peak voltage of the current transformer outpuf coincide.
The multiar 67, 68 is a circuit which indicates equality
between a negative-going input voltage and a reference bias
voltage. Variation of the bias setting from zero to maximum
vbltage thus enables selection of any instant of the
acceleration intervali AB of fig. 13.

Bach multiar triggers a blocking oscillator to give
out a narrow pulse referred to as a timing pip.

In the original design, the abovementioned operations

were catered for by four channels with two channels for
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triggering dispiay units anda éxternal equipment.

The injector channel was found to be too Jittery for
stable injection. DC potentiometer tests showed that the
multiar operated over a range of ELV} The current transformer

80
peak voltage of 500 V corresponded to a field of 8000 oe.

Thus g%v = 0.2 oe: at injection the rate of change of field
is 0.8 oersted per microsecond (16 c¢/s) so that the possible

Injection Jjitter is g—‘-f; = 0,25 ps, American experience at

Cornell University had shown that an upper limit of O.1 us

was necesssary for a steady beam.

Accordingly the multiar was replaced by a biased peaker

strip in the magnet gap, which triggered a blocking oscillator

to give the injection timing pipe.

2.6 Control,

Protection is affofded aéainst electrical power and
high energy radiation. All high voltage installations are
exiensively_interlocked td render the apparatus harmless
to operating personnel. Automatic fire protection is installed.
The magnet is housed in a thick-walled, shielded room below
ground level, to contain stray radiation and is operated
remotely from a control desk fig. 24: for maintenance
purposes it can be operated from the synchrotron chamber
itself,

The general layout of the synchrotron is shown in fig. 25

Directly above the beam room and adjacent to the control

-l S
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room are resecarch rooms from which experiments can be
conducted. Access to the beam is available through ports in
the research room floors,

The beam passes through a monitor into a recess of
ebsorbing material - 14 ft concrete - and thence into the
earth.

The excitation equipment is situated at a higher level
than the magnet, and the coil current is fed down through a
fairly long busbar run. |

Access to the magnet is obtained by sliding the 130 ton
magnet chamber roof under the workshop. Above the magnet
chamber is a travelling crane which can handle loads up to

50 tons.
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CHAPTER &

THE SEARCH FOR A BEAM

3.1 General Approasch to the Problem.

After installation and initizl tests of the various
component units indicatéd in chapter 2, an extensive series
of magnetic field measurements was undertaken. These
included éhecks on the position of the betatron orbit,
symmetry of the field and n-value, and measured the error
fields so that the required corrections could be sassessed.

The error fields arise mainly from eddy current and
hysteresis effects and are thus dependent on the level of
excitation of the magnet.

Measurements were tcken at various levels by increasing
the voltage on the capacitof bank; this being effected by
variation of the screen-cathode voltage of the charging
pentode in the rectifier set. J

However, despité a design figure of 17 kV, the bank
suffered extensive breakdown in the region 12-14 kV.
Considerable effor£ and time were expended in search for
possible causes of tne failure, such as switching transients,
before the manufascturers accepted that the capacitors
themselves were at fault and new units had to be designed.
Repairs to the damaged units permitted temporary running up
to 12 kV. The original 180 uF units, oil-immerséd in steel
containers, were to be replaced by 115 pF units in the same

D]



size tanks to reduce stress; the consequent increase in
number of units called for considerable constructional
alterations to the capacitor room,

In the course of these setbacks and delays, preparations
were made to expedite the search for a beam.

The genersl line of attack Judged best to follow was
to start looking for a beam at low excitation of the magnet,
vhen inhomogeneities are relatively small, and once electrons
were successfully trapped into circular orbits, to increcase
the excitation gradually and bring in field corrections, by
trisl anu error, to maintain a stable orbit.
Further, it was decided to concentrate initially on the
betatron phase only, since it was considered that once a
really strong betatron beam had been established, transition
to synchrotron operation would be fairly easy.
In addition, apart from a very short initial period of
operation at the five bursts a second rate, alterations in
the cepacitor room necessitated use of a temporary excitation
system for the magnet.

Accordingly, continuous running at 50 c/s from the
mains supply was effected by means of a power transformer.
This change eased considerably the visual strain of studying
fast waveforms on triggered oscilloscopes, avoided transient
conditions in the magnet, and afforded a higher integrated
X-ray output from the machine « thus giving increased
monitoring sensitivity.



The chenge back to pulsed operstion after a betatron besm
had been successfully established presented little
difficulty in view of the choice of second half-cycle
acceleration (fig. 13) which had been governed by betatron
orbit considerations. As the magnet has settled down by the
end of the first half-cycle, the field distribution will be
very similar to that obtaining under continuous running and
little changes in correction will be necessary. On the other
hand, the transient conditions occurring initially in the
first half-cycle of & magnet pulse give rise to a very
different field distribution compsred with continuous
running and a2lso an unaesirable time variation of the
betatron orbit. |

In view of the above decisions, the number of variable
perameters at the start of the search was thirtytwo.

This comprised the twentyfour out-of-phase field correctors,
the first harmonic corrector (section 2.2.2), the three gun
movements (2.5.2), gun voltage, gun emission current,
injection timing, and betatron orbit position (2.2.2).

A betatron donut had been installed, similar to the
layout of fig. 15 with the resonators replaced by plain
sectors. Field measurements had shown that eddy currents in
the resonator coatings upset the radial field dependence
(n=value) in the resonator neighbourhoosd. In keeping with
the general plen outlined, of simplification ana reduction
of variebles, it was therefore expedient not to insert the



resonators at this stage.

In these days the sectors were separated by teflon
gaskets so that the internal coating of each sector was
irsulated from its neighbours. Each coating was connected
to a common conducting ring through a resistor and the ring
itself was grounded through a further resistor, so that
monitoring points were available of electron current to
individual sectors snd total gun emission into the donut.

A gun was installed and aged and the voltage set at
60-70 kV with 200 mA emission. The field correctors were
set in the positions giving optimum correction according
to measurement, the other parameters were arbitrary.

The search began in August 19863 with the magnet at
600 V excitation and pulsed at five pulses per second.
Working from the gun sector, the individual coating current
vaveforms were observed on a portable oscilloscope and the
field correctors were adjusted to encourage electrons to
travel round the donut.

In this way electrons were soon established to circle the
donut »nce. The method of observetion was, however, very
insensitive and the vaveform was badly masked by oscillations
due to pick-up from the gun pulse.
It was therefore clesr that a more sensitive detector was
required before further progress would be made.

Accordingly the internal scintillation probes were
srought into use,

- -
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3.2 Scintillation Probes.

The scintillation probe is sn adaptation of the
scintillation counter which finds very wide application in
many fields of physics.
1t consists, fig. 26, of an electron sensitive phosphor
mounted on one end of a perspex rod to the other end of
which is attached a photomultiplier tube.

When electrons strike the phosphor, its molecules
undergo ionization or excitation and photons are emitted
in the subsequént return of the molecules to normal state.
Some of these light quanta pass down the perspex rod, which
acts as an internally reflecting light guide, and fall upon
the photocathode of the multiplier tube. As a result, the
czthode emits a few electrons which are accelerated to the
first dynode by the voltsge applied between it and cathode.
At this dynode, each incident electron gives rise to further
secondary emission electrons, so that the total number of
electrons is increased. Each dynode is maintained at a
higher potential than the preceding one, so that the
multiplication process is repeated, stage by stage down the
tube, until a very large bunch of electrons arrives at the
collector, giving rise to a workable output voltage pulse,
After suitable smplification, this is fed to a display unit.

Common photomultiplier tubes have multiplication
factors of 106-109, cathode to cqllector, so0 that it is
readily seen that the device is an exceedingly sensitive

=-HO-
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detector. In fact, with proper choice of phosphor and design
of arrangement, single electrons can be detected.

Such a device was developed by the suthor and employed
as an internal beam detector by insertion of the perspex rod
into the donut through a vacuum seal as in fig. 27.

Several factors influenced the design of the probe.

It was clearly advantageous to have radial movement in order
- to investigate the beam position and distribution.
A Wilson vacuum seal provided this facility.

The phosphor crystal had to be of sufficient size to
give a good light yield but thin enough radially to define
the veam position reasonably accurately. Crystals of about
1 mm by 1 cm® were found to be satisfactory.

In regard to choice of phosphor, the main factors ﬁere
sensitivity, speed, physical properties and availsbility.
The phosphor had to have high electron sensitivity with
preferably low X-ray sensitivity, since it was required to
detect the electron beam =nd not background‘xnrays from the
gun or due to electrons hitting the donut wallsy further it
had to have rmuch higher sensitivity than perspex or mounting
materials.

At injection, electrons circle the donut in ~5.10—ssec
so that the decay time of the phosphor had to be 10 ¢ see,
or faster, in order fhat the pulse height would be sensitive
to time variations in the electron beam density.

At the time of commencement of the probe work, the best



aﬁailable phosphors were zinc sulphide, sodium iodide, and
anthracene while the available photomultipliers were RCA 931A
(pesk response 4000 AU) and EMI 5311 (4600 AU).

Zinc sulphide, silver activated, although most useful
for heavy particle detection, is sensitive to large electron
fluxes. Its emission speétrum peak is at 4500 AU so that it
well métches the 5311 tube. However, its decay time is long,
10-5 sec, and it is about equally sensitive to electrons and
y-radiation. Further it is of‘crystalline powder form and is
opaque if used in thick layers. It is stable.

Sodium iodide, thallium activated, is the most sensitive
electron detector. The emission spectrum peak is at 4100 AU,
well suited to the 931A. Its decay time is 2.5X 10ﬁ7sec, but
it is sensitive to X-radiations-because of its high density
ana the high atomic number of iodine. It is available in
transparent crystsls which can be readily cleaved to any
desired size but is very deliquescent and is normally used
immersed in liquid parsffin.

Anthracene, an organic phosphor, has half the electron
sensitivity of sodium iodide. It matches the 5311 tube
having emission peak at 4450 AU. Its decay time is 2.7X 10 7
gsecy it is relatively insensitive to X-rays. It occurs in
clear crystals, readily cut but somewhatnvolatile at very
low pressures.

The RCA 931A is an electrostatically focused, nine
stage tube operated at 100 V per stage, or 1000 V overall,
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and has a multiplication factor of 10, 1t is somewhat noisy,
but is small and inexpensive,

The EMI 5311 is sn eleven stage, "Venetian blind" type
tube, operated at 2000 V,‘ﬁith multiplication factor 107,

It is considerably quieter than the 931A, larger, more
expensive, and having an end cathode, very suitable for
light guide attachment.

References £9-71 give further details of phosphors and
tubes.

In view of the above characteristics it was decided to
use snthracene in conjunction with a 5311 tube as =an internsl
electron beam.detector, and sodium iodide mounted, in a
thin~-walled perspex box of liquid paraffin, directly on to -
a 931A tube as an external X-ray beam aetector.

Other factors affecting design were the need to protect
the photomultipiier from external lighting by suitably
enclosing the perspex rdd, and a2lso to shield the tube from
the leaksge magnetic field in the centre of the magnet.
Finally the device had to be simple and robust. |

A solution to the magnetic pick-up problem was to use
a long perspex rod suitably bent such that the photomultiplier
could be sited on top of the magnet or well away from it.
However this arrangement would have been clumsy to adjust
radiglly and difficult to enclose with few supports on to
the rod.

‘Qualitative experiments with 2 lamp, ground glass screen,
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sections of perspex rod an& a photocell had shown that
considerable light was lost through the sides of the rod as
its length was incressed, st Joins, or at points of support.
Slight loss occurred if the polished surfec:z of the rod had
small.émears of vacuum grease daubed on it.

These effects were less serious with rods of larger cross-
section.

In view of these findings, it was decided.to use as
short a section of light guide as possible and to screen the
photomultiplier with mild steel shielding and support the
-perspex rod light sheath at one place only.

Sufficient length of rod had to be used to keep the the
metal-work away from the flux bars ana the magnet gap in
order not to disturb the field.

Accordingly the arrangemént of fig. 28 was adopted and,
apart from slight modifications discussed later, proved
satisfactory.
fhe 6311 tube and its associsted circuits wefe mounted
inside 2 light-tight cylindrical aluminium can surrounded by
tvﬁo cylinders of g— in mild steel =2cting as magnetic shields.
The can was grounded to minimize électrostatic pick-up in
the photomultiplier from the injector gun pulse,

As the display units weré situated some distance away from
the centre of the magnet,'the photomultiplier oﬁtput pulse
was fed into a cathode follower unit, using a CV138,
incorporated into the masin assembly.
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EHT supply to the 5311, ET and heater supplies to the CV138,
end the output line were broughi through the end plate A by
means of screened cables. On unscrewing_this plate, the whole
photomultiplier unit could be withdrawn without disturbing
the reét of the assembly.

The perspex rod of 1 in diameter ana approximately 30 in
length, was enclosed in a gé-in brass tube of 1ﬁé in inside-
diameter, supported by means of the rubber O-ring, which =21lso
provided a vacuum seal, so that the rod ﬁas clear of the
brass tube. A circlip C, cut so that it toucheua the perspex
ss little as possible, prevented the rod from being drawn
into the vacuum. |
The rod was held in contact with the photomultiplier cathode
end as shown - 2 gap here czused diminished output.

In order to minimize beam-aisturbing edady currents, it
was deéirable t0 have as iittle metal-work as possible in
the vicinity of the uonut. Itiwés, of course, necessary to
render conducting the surfaces of the phosphor and extremity
of the rod in order to prevent them from charging up and
disturbing the electrbn beam,
iith these points in mind, the Wilson seal holder W was made
of perspex and the brass sheath was kept thin.

The first probe had the brass O-ring clamp 0 ébout four

inches from the phosphor end with thin aluminium foil up'to
the tip which was coated with aqusdag. This arrangement was
satisfactory at low magnet excitations but as progress was
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made the design was modified to that of figs. 28, 29 and the
brass sheath was replaced by stainless steel.

Attachment to the port sector was made by means of
specially moulded neoprene unions B and the Vilson seals
were ﬁade of j%—in rubber, the hole being -g-in diameter.
All vacuum joints and seals were slightly greased.

The radial position of the probe could be readily adjuSted
by mesns of the sdjuster T clamped to the sheath.

Before inserting the probe into the donut, it was
tested on the bench with a Sr91 source of E=-rays snd then in
a single port sector, evacuated at one end by a Z2-in
diffusion pump, fig. 30.

A gun wes inserted at'the port and lined up to fire at a
zinc sulphide screen attached to the other end; this was
then removed and replaced by the probe assembly.

This arrangement served to check the vacuum tightness of the
device and indicate the type of output waveforms to be

encountered.,

A1l mn by 1 em® crystal of anthracene had been cemented on
to the end of the rod with Canada balsam and covered with
aluminium foil of 0.0CO2 in thickness - sufficient to stop
25 keV‘electrons.

tthen the vacuum pressure reached 10‘51mn1Hg, the gun was
pulsed at 50 ¢/s (10 ps at 20-30 icv) and the output
wvavef'orms observed on an oscilloscope. These were shown to
be due to electrons hitting the phosphor by



a) deflecting the beam with a permanent magnet,

b) switching off the gun filament supply, and

cj reducing the gun HT supply gradually, when a
noticeable diminution in pulse height was observed at about
25 kV,

As a result of these tests, the probes were judged
free of major defects and considered ready for use,
Accordingly one was inserted into the donut behind the gun,
its tip covered with 0,001 in aluminium foil - to stop 65 kV
electrons, so that, by injecting at about 60 kV, accelerated
particles could be detected. )

However, the donut pressure, after remaining at 10_6mm
He for some time, graduslly deteriorated to 10" mm He and on
removal -of the probe, after unsuccessful leak-hunting, the
foil was found to have burst and some anthracene had distilled
into the donut.
This galling experience was very surprising after the
trouble-~free single port tests but may have béen due to the

different manner of evacuation. In the donut the pressure
does not fall cradually, as in the bench arrangement, but
being sutomstically seguenced, is subjected to distinct

drops in prescure ana such & surge may have caused rupture

of the foil and exposure of the phosphor surface to the

vacuum,.
In order to avoid repetition of this occurrence the
probe sheath was slightly modified.

-66=



-67-



Fra,

ol ey s ;
;-" Mk IL
/
—

Mk L

Alominiom _fOI/ over anthracene.

Alominiem foi/ over parspex.

Copper foil window over anthrocene.

Pers‘pex cap over anthracene.
End covered with aguadag.
Aluminium fol'/ fram das ta sheath, )

Perspex skin over anthracene,
A9uada3 and aluminrum foi/.

Stainless steel sheath.
Lugs inko  aguadag
Plastic phogbbor




Various srrangements were tried but aiscarded, in turn, as
insensitive until a successful version was made.

The stages ofvdevelopment are shown in fig. 81: perspex
alone was tried, covered with aluminium foil at the tip

(ik IT)., Next, anthracene taped on to ﬁhe rod, totally
sheathed, the end being covered by a 0.002 in copper window
let into the brass(lik III). ik IV had anthracene enclosed in
2. perspex cylinder of wall thickness 0.002 in: the whole end
of this successful version was coated with aquadag to
prevent charging up. Ik V followed logically from it viz.,
attachment of the anthracene to the perspex rod with perspex
cements vhen dry, the whole surface of the crystal vas
-painted over with perspex cement thinned down with chloroform
so that the phosphor was sealed in a fine skin of perépex.
The probe tip was then covered in aqusdag.

This was the most sensitive anthracene probe, being the
nearest possible approach to the bare crystal. Fig. 29 is a
Ik V.

Finally, after the anthracene probes had been put to
successful use in establishing a betstron beam, plastic
phosphors becsme available =znd the final ik VI probes were
constructed. |

Tetraphenyl butadiene in polystyrene has one quarter
the sensitivity of anthracene for electrons, decay time of
8.10-9sec, is avsilsble in large clear m=sses, easily
mecinined snd polished. It is stable in a vacuumn.
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Cuboids 1 mm dy 1 cm® were stuck directly on to the rod
with perspex cement and coated with aguadag.

The best shape for the end of the rod is obtained by
machining a hemisphere ana cutting ﬁhis off flat, normal to
the axis of the rod. All light crossing the flat is internally
reflected, irrespective of the position of the crystal.

In the ik IV, V versions, the sheath was of brass and
the tip was covered with aquadag; the two conducting portions
were joined by aluminium foil suitably punctured to allow the
space between rod =snd sheath to evacuate. The finsal,
stainless steel version dispensed with the foil; lugs on the
end of the shesth made direct contact with the aquadag.

Fig. 32 gives the circuits associated with the
photomultipliers. Thé wide-band Al amplifier of a Cossor 1035
oscilloscope was used as display and the cathode follower
was designed to reproduce a ﬁery fast falling edge without

cutting off.

3.8 Use of the Probes to find = Betatron Beem,

As indicasted in section 3.1, a "once round" beam had
been established by donut co=ting current observations.
A Mk ITI probe was inserted £5 IX 1953, and the probe output
waveforms were examined. As.the phosphor was perspex in this
case, it was mnecessary to run the 5311 at meximum voltage
and use large oscilléscope gain,

The type of trace observed on the displsay, which was
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triggered by a peaker strip in the magnet gap, is shown in
fig. 33. For a fixed gun voltage, the probe trace showed the
following veriation as the injection time was varied from
late to early.
At first the timing was too late and no output was observed,
then a2 small pulse ap?eare& which increased in size and width
as the timing was mede earlier. A second earlier pulse then
separated from the larger originsl and moved away from it in
time, the original pulse remaining stationery. As the timing
wes made earlier still the two pulses diminished in size
until no output w=as visibie.
Wwnile there were two pulses simulteneously, minor peaks vwere
observed in between: these were to play an imgortant part in
the establishment of & beam.
These waveforms, which were aue to electrons circiing the
donut because they varied with gun timing, voltage and
emission, a2are readily explained by fig. 34. As the gun pulse
is of finite length, there are in general two instants when
the gun voltaze exactly matches the field value at that
instant (equation (&), section 1.1) and stable injection will
be most favourasble. Départure from flatness of the pulse top
€.g. ringing, may give rise to intermediate matching instants.
The various parameters indicated in 3.1 were laboriously
varied in an attempt to encourage a pulse to sppear much
later on the trace, representing an accelerated beam, but
to no avail.
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It became clesar that either the probe was insensitive or
something else was wrong. Accordingly a ik III probe was
inserted but despite the increased sensitivity, no further
progress was made. The magnet top wes lifted and the donut was
removed for inspection.
Several bare pétches which had developed on the internal
coating, near the gun, were painted over with cquadag. Some
of the teflon gaskets were found to be protruding into the
donut,‘so to prevent their charging up 211 gaskets were
coated with aquadag, except those in the vicinity of the
gun. Being subjected to the most intense electron bombardment,
these were wrapped in aluminium foil.

A Mk IV probe had been made ready and the double probe
arrangement of fig, 35a was put together on reassembly.
One probe wvas inserted opposite the guh and another just
behind the gun. The first was called the 180° probe and the
other the 360° probe zlthough this was strictly 5240 round
the orbit from the guns the gap of two sectors reduced
airect electrostatic pick-up Trom the gun.
%ith this arrsngement it was hoped to aiscover if the'beam
were going round the dbnut more than once.
Both proves were set ot 2 nominal radius of 120 cm and the
magnet correctors were adjusted to build up an intermediate
peak (x, fig. 35b) of the 180° probe waveform. When this was
of maximum size, the 360° probe was mbved gradually into the
donut.
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The central portion, . x,.of the 180° probe waveform was observed
to disappear - it therefore corresponded to electrons which
ﬁere going round the donut at lesst one and a half times.
After two months of tedious variation of magnet parameters,
this was an encouraging result - 2 XI 1953.

At this stage, the change was made to continuous 50 c¢/s
magnet excitation and the donut assembly was altered to the
arrengement of fig. 36a, involving a change to more sensitive
probes snd the addition of a DC deflector coil hetween the
probes. This coil consisted of a few turns wound round the
back limb of a cee. On passing a airect current through the
coil, a bias field was set up in the cee which prevented
electrons from travelling'beyond that point of the donut.

Work recommenced at 600 V, 50 c¢/s excitation.

With the 180° probe set at 119 cm radius and the 360° probe
pulled clear into its port, the magnet was tuned for maximum
"one and a half times round" electrons as observed on the
180° probe, the DC deflector being used to wipe out the
central portion of the trace (fig. 36b, cf. figs. 33b,c).

The next step consisted in putting the DC coil between
the gun 2nd the 360° (324°) probe =s in fig. 36c.

With both probes at 119 cm radius, the two output traces
were displayed together. It was observed that the central
portion of the 360° probe trace vanished simultaneously with
that of the 180° probe on application of the DC deflector
current. Thus electrons had been establishéa as circulating
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the donut twice,
‘At this stage both probes had been converted to the most
sensitive tik V version.

In order to provide a means of expansion of the orbit,
one of the poleface coils, fig. 11, was comnnected to a
current pulse modulctor, fig. 37a.
The modulator was triggered at injection, at a rate less than
50 ¢/s so that it was possible to observe the probe traces,
corresponding to the normal and expanded orbits, in
superposition, as in fig. 37b.

With the modulator switched off, a twice round peak
was tuned up on the 360° probe by use of the DC deflector.
This is A in fig. 57b. Cn switching on the orbit expander
modulator, the disturbed trace was observed. This still had
a twice round peak B, identifiable with the DC deflector.
The difference between the two traces therefore corresponded
to electrons vhich had circulated more thean twice round the
donut, and which missed the probe when the orbit was expanded.
As an additional check, the connections to the poleface
coil were interchanged in order to contract the orbit when
the modulator was triggered. The once round trace then
showed sn extended tail which venished when the DC deflector
was operated.
Hence it was concluded that electrons were definitely
circulating the aonut many times, but as no delayed pulse
was ever seen, it was clear that they were not trapped in
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stable orbits but were peeling off to the walls.

The modulator wss restored to act as an orbit expander
and a delay was incorporzted into its trigger circuit to
give variable operation at any instant from injection
onwards,

A "twice or more times round" beam was maximally tuned by
observation of the 360° probe trace and usc of the DC
deflector. This beam was made to occur as late as possible
and was displayed simultsneously with the injector gun pulse
fige. 58a.

The orbit expander was then triggered and its timing and
rate of change of current were varied to provide various
rates of orbit expansion. After some experimentation, the
twice round pulse was moved out beyond the back edge of the
gun pulse, fig. 38b. As this delayed pulse varied with gun
voltage and timihg and disappeared when the D