| L67 s tno  AnAaddad i Aitaeton et o R E"“'/’)/ DS/M, © JP‘PT" ‘443 S L
-~ ;,, J ; Should b2

- [{THE ACCELERTION OF P/RYICLES TU VBRY HIGH ENERGIES. gl gk

Introduction.

Thdproperties of elementsry perticles with energies up to
10 or 20 million electron-volts (10-20 MeV.) have been investigated
extensively during receut yenrs. In the wuar period this work has
been inteusified in some directions, although 1t has lapsed in
othera. £ great deal of work rensins to be done, but it is probuble
that the muain outlines of nuclear physics in this region are now
clear. In any event there is waple equipment in existence in UBA
and elsewhere bto fill in most of the gaps in our knowledge, while
much will be uwcrcomplished in the government laboratories which will
be set up in various countries to explolt the possibilities of
nuclear fizslon

The greatest hope for an increase in fundamentul understanding
lies in experiments &t energles aubove 1000 HMeV, Comsmic radiation
oiffers a source of purticles with energies in this region, or higher,
lmt, due to the low Intensity and the uncertolnties cbout the nuture
of eny individual particle, there are difficulties in the proper
interpretation of experimental recsults. InVestigators in this fleld
of physics have sliown remarkable lngenuity and patience and very
striking results have been obtained., Jowever, the rate of progress
could be greantly accelerated and obvscure points could be much nore
easily settled, if there were avallable a method for nccelerating
particles of known kind to known cnergies in this region. It 15
certain that new and important phenocimena vould be discovered because
of the greater iIntensity and the freedom from obscurity zs to the
kind and energy of the bombarding particles, while iinowledge of the
fundementzl properties of these primary particles would reflect on
the whole of nuclear physics.

The induction sccelerator, or betatron, undoubtedly affords
the simplest system yet devised for the acceleration of electrons
to energies as high as 100 MeV. llowever, both mass and cost of
equipment to reach 1000 eV, are prokibitive, An exumination of the
possibllity of producing pulses of particles by 'coreless! betatrons,
using very large curreats from charged condensers or from- speclal
short-circuit muchines of the type used by Kapitza, shows that this
approach involves very large scale equipment and presents formidable
problems of englineering. Similarly, the extension of the cyclotron
principle to extreme energles appears to be prohibitive in cost and
to be difficult of solution when the particles have acquired
velocities close to that of light.

In what follows we describe a method employing ‘some of the
principles of each of these systems, which 1s reasonabl}e in cost
and which can be applied in a wodern laboratory.

The new method.,

The essential feature of the proposals is that the puarticles
should be construained to move 1la & circle of constant radius, thus
enabling the use of an annular ring of uwugnetic field of the correct
form but over a total volume which is smull enough to reguire only
moderat~ power for its excitation. The maganetic field would be
varied in such @ way that the radius ol curvature rewains constant
as the particles ganin enerygy through successive accelerations by an
alternating electrlec field applied between coaxial hollow electrodes,
28 in the cyclotron. The varying muagnetic field performs the function
of the guiding fleld in the betatron, but the acceleration 1s
provided by an applied potential rather thian by a changing flux. In
this way it 1s possible to upply much higher accelerations per
revolution. The changing muagnetiec field can be prodtced by an
application of wodern pulse tecimique as developed for radar
purposes, whilec the uccelerating potential can be provided bLy the
same general msthod. ELssentially, very large powers are avallable
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during the acceleration of a single burst of particles, a
relatively long quiescent period between pulses reducing the
average power consumed to a reasonable value,

At eunergies of 1000 MeV., or itore, electrons and protons
do not differ narkedly in effective mass or veleoeity. Ilence the
greatest differences in technique required for the two particles
will exist at the lower range of energles through which the
particles are accelerated. These differences render it necessary
to proceed in comewhat different ways in the case of electrons and

protons.

Flectrons,

The vﬁlocity of electrons avvroaches that of light for
quite woderzte energies. urther uzcceleration causes only a

second order change in veloeclty ond the increased momentum is
present almogt entirely as liicreased mass of the particles. Hence
the frequency of revolution In an orblt of constant radius 1s

very nearly constunt and it becomes possible to employ an
alternzating potential of constant irequency on the accelerating
glectrodes. The small chenge in veloclty c¢an be compensated by a
corresponding adjustment of the magnetic fleld snd a consequent
small change in radius of path., Thus, if we inJect at an energy

of 1.2% MV, where the veloecity is about 0.95¢, we cun preserve
constant frequency thereafter 1f we are preparaed to allow the
radius of the path bo inerease by 5 percent, i.e. by 20 cms. in
the 400 cms we have gpecified. If we can inject at still higher
energies the radius adjustment becomes much smaller, It is a
comparatively simple matter to inject by means of an impulse
generator to give any voltage up to about 2 million volts. In

vhat follows we assume that the initial energy of the electrons is
about 1.6 MeV., i.e. that the velocity is 0.97c,

The magnetic field,

The unalysis of Kerst and Serber, Phys. Rev. 60, p.5%,1941, shows

> that: for stability of orbits against radizl and axial oseillations

the field must decrease radially at a rate H~/r®, where n 1is
less than 1 for radial stability, «nd n>0 for axial stability.

For the flrst betautron, on account of a restricted axial direction,
n was chosen to be 2/3, This seems a good compromise for our case,
as the large radius and relatively small gap, make 1t essential to
avoid large axial oscillations.

Radius. Ve assume a maximum field of 10,000 gauss, This is
reasonably reioved from the saturation 11ux of iron and allows of

later increase to deal with the acceleration of protons. Ye have
the following expressions for the energy and uomentum of a particle,
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Eliminating 1-8 we obtain
Hr mbC2
E=C B =~ .
How for electrons moC2 = 0.51 keV, and since at the energiles

B2

vie are considering wv~=C, f=~1,

= (3 x 104 Hr - 0.51) MeV.
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109 eV the second term is negligible, so that
3 x 10=% Hr.

b=t
i

Hence for H = 10,000 gauss
r = 330 cms.

We choose r = 400 cus., to ensure that the magnet is suitable also
for protons,

Laruor iresuenc At electron velocities approaching C the
frequency Vo of rotation in an orbit of radius r 1s C/2mur

W = 1.2 x 107rwhen T = 400 cms,

=H, 4 .l-B2 for lower veloclities,
2 Mgy

Voriation of field with time. If the ucceleruting electrode

oystem ig supplied with high frequency a.c. 0f constunt freguency
end emplitude, and 1f the particles maintasin ¢ constant phase
relationship with respect to the electric field, the same energy
will be added ezch revolution and hence the energy will Increase
linearly with time, as in the cyclotron. Since at high energies Hr
is proportional to the energy, the magnetic field also will increase
linearly with time, ldore generzlly we have:

8E = Ep - E

2 L ol
HEsE - (B - B

0.12 MeV/gauss if Ao = 1.2 x 107,
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Over the whole range of energy the field will increase at a constant
rate given by this expression, i.e. if the energy added per
revolution is E' MeV., the increasse of field per revolution is given

H! = 8,3E!,

Hence the rate of increase of magnetic field is
$H =\B' = 8,3 x 1.2 x 1078, ; ;
5t = 100E! geuss per second,

= 100E! gauss per microsecond,

Ve shall see later that it should be a simple matter to add an
energy of 0.25leV., per revolution. Then, the magnetic field must
increase at a rate of 25 gauss per microsecond. The time for
acceleration to 1000 MeV., will then be 400 microseconds. For
various reasons, which we shall discuss, it may not be possible
to utilize as high a rate of rise of field, in which case the
energy added per revolution becomes still more conservative.

It would be difficult tu produce a atrictly linear rise of field
with time, but E' can be wodulated by the magnet current itself in
such a way as to-keep the particles in step with the a.c. potential,
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electrons are inj eoted at an energy of l 9 KeV., (v/c = 0.9%7),

the radius of cruvature will be 12 cms. less than the final radius
of 400 cms, The mapuetic field must have the correct form over
about 18 cms. in order to cater for eccentric orbits arising frow
divergence of the initlal beam. The axial dimension of the beam
wmust be about 12 cus. for the same reason, Hence the problem is
that of producing a field of the correct form over an area
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The decrease of fleld between the inner and outer radii will be
about 3 percent.

Iron cored magnet, It i1s obvious that—the design of an iron-
cored magnet to prodiice a field of the correct form is & siuple
matter., However, the rate of change of field is such that the
magnet must be bullt ol laminated iron., Rough design shows that the
mass of laminated steel required would be about 360 tons, a
formidable amount of high grade material. At the same time the
leakage flux cannot be so much reduced over that of an air-cored
coil, that the power required for excitation 1s significantly
smaller, For these reasons we have not proceeded further with
consideration of magnets employing iron, though we may wish to
return to thesge later.

Alr-cored magnet. The precise design of a system of current
carrying conductors which will produce a field of the desired
magnitude and shape has not yet been worked out. However, sufficlent
has been done to determine the order of magnitude of the power
required. This is large, but not by any means impossible,

The electrical properties of the coils required will not differ
much from those of a pair of concentric coils of outer diameter
405 cu and inner diumeter 375 cu., consisting each of 11 turns over
a length of 45 cms.,, the coils being connected in series and in
opposition. The inductance of such a system is about 2000 microhenries,
the current reguired to produce 10,000 guuss at_the centwe is 45,000
amperes., Lthe stored energy is thus about 2 x 106 watt-seconds, the
voltage at 500 cycles to pass 45,000 amperes is about 250,000 volts.
In practice we would use a higher current, by paralleling turns,
and a lower voltage., It 1s uapparenf, however, that the momentary
power needed 1s of the order of 100 kilowatts, which we must obtain E=¢
from charged condensers or from a short circuited alternator. The
condensers or machine required to produce the magnetic field are
by far the biggest iteus of equipment with which we are faced.

The voltage required to force the current to rise through the
coil at the required rate c¢an be reduced 1f vie are prepared to
allow a longer time for increase of the magnetic field to its
maximum value, Doubling the time decreases the voltage to halfl ond
halves the power, though the total energy supplied reuains the saume,
1f we neglect ohmic losses., Thus, if the energy is stored on
condensers consisting of units in series—parallel, it is a simple
matter to adjust the time of rise by u rearrangement of the
condensers alone. or experimental work, therefore, we would prefer
to have the flexlbility of a condenger bank rather than the less
elastic machine.



Acceloratineg Flectrodes, The pavrticles may be acceleruted by
passage across one or more gaps between electrodes, across which
an a.c. voltage is applied ut the proper frequency.

(1) (2)

The &.C. freaquency is, for the Larwor frequency, ﬂé = 1.2 x 107.

e x B
e

etc.

«2 x 10/ cycles/second, A = 25 metees.
o4 x 10 ! ' A= 12,5 wetres.
.8 x 10 ! ' A= 6.25 metres.
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The gap voltuges required to add an energy of 0.5 MeV per
revolution are

1 250,000 volts,
2) 125,000 !
5 62,500 !

These freguencies and voltages can be obtained by coupling to
an oscillator operating continuously, and their production is
especlally easy with pulsed operation.

It will be necegsary to tuke precautions to avoid eddy currents
generated in the mass of the electrodes by the varying magnetic
field. Thls can be prevented by lawinated construction and by use
of materlals with sufficiently high bulk resistance - e,g.
graphite.

Electrons may
be injected into the system from outs 1de by a process the reverse

of that used in the cyclotron for the extraction of particles, i.e.
by deflecting them electrically into a path of correct curvature

and position. However, the potential required to extract them in
this way iz so great as to be quite lmpracticable. It is proposed
that the axis of revolution of the electrons be shifted suddenly
by passing a pulse of current through conductors placed eccentrically
to the normal orbits. The particles can, in this way, be made to
issue at a selected spot. The pulse reguired is very pghort - i1t need
last only for a gingle revolution, i.e, for~ 2 Xx 10-7 sees, and
hence the energy required is not large.

Protong.The acceleration of protons to extreamely high energies presents the
additionsal problem over acceleration of electrons of having to _
deal with a very wide range of velocities, ;
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Protons can be accelerated to an cnergy of about 45 M,e.V, in the
60 inch cyclotron. They could be injected into the new accelerating
equipment with this energy, l.e. with a veloclty of 0.3C, At an
energy of 1000 M.e.V. the veloeity hus risen to 0.88c, or at

1200 M.e.V., which we hope to reach, v = 0.9C,

It 1s seen that we nust cater for a velocity changs by a factor
3: l.e. the period of revolutlion in an orbit of constant radius

. wlll decrease Ly a factor 3. This means that during the

acceleration the frequency of the 4.C. applied to the accelerating
electrodes must increase by a factor 7.

For an qrbit of radius 400 gms. the frequency of revolution will
change from o = 5,6 x 10°% to A% = 1,1 x 10/ revolutions per
second. ficcordingly, we must apply to the simplest electrode
system high freguency A.C. whicn varies in wavelength in the
right way during the accelerafion between A = 84 metres and

A = 27 metres.

It is unlikely that the range of vorlation in frequency can be
obtained by purely electronic methods. It can be achleved by
mechanical tuning by « combination of rotating condenser aad
inductance, but the time required for the sweep cannot be much
less than TL_ second.,

00

Accordingly we visuaiize for the present a system in which the
oscillating electrode circuit is itself the tank-circuit of a
grounded grid oscillator, the frequency being swept over the
range required by mechanical variation of louding capacity and
inductance,

In all other respects the acceleration oi protons is very similar
to the acceleration of electrons. lhe magnetic field must now rise
in about _1 second to approximately 15,000 gauss.
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