Introduction
Accelerator requirdoni.m for chemical studies at iA.E.R.E. have been set out

in two recent papers (1’2). Briefly these ere: u) Intense extrected beszs of
ions of as usny elements as possille, with energy controlladvle up to 12 JeV/nucleon
for the liguter lons; such beans should be virtually contizuous, fluctuatioha at
frecuencies of the order of 1 ke/s or less ere unaccepteble. Tne energy spectrum
of the beam should not exceed a few percent in width. b) An intense proton beam

* (ebout lOO\A A) of energy of at leest 50 JeV, preferavly 100 .eV. The only machine
which cen provide continuous beams of the required intensity is a continuous (as
opposed to a ‘Irecuency modulated') cyclotron. Although up to the present no
single c clotron incorporating ell tuese fezatures has been made, it.'now ajpears
pessille thet this could be done.

Des! Ten

Before considering in detail what new machine might be designed for this work,

it will be well to consider what has been zlready achieved. Several heavy ion
m&chines of similer size are 4n existence; &s an example we may teke the 'Crocker!
machine at the University of Californie. Tuls has a 200 ton megnet with 60"
diameter poles,' and eonanne;s not more thet 500 kW of power (the Herwell cyclotron
oo consumes 500 kW). It accelerates srotons, deuterons, W -particles and 06+
ions to 10 deV/nucleon, and heavier ions (with chayce to mass ratio less than that

of the deuteron) to lower energies. Currents are roughly &8 follows (3)

¥/nucleon lnternel ourrent.us External current. M.
1 10 30 40
2; 10 500 75
YHe 10 300 40
13¢ g o R O 32,1076
l4g Fa9 0.05 106
- 14y 6.5 - 10 0,05 2

In this machine the enargy of the extracted besn is not varisvle, thoug‘r_: the
energy of the Lesm lumplnging on an internsl tsrget cen be veried ei‘.mply by moving
the terget radiaily inside the machire. It falle short of the present recuirement
in this respect, and again because the meximum proton energs is 12 eV, whereas we
recuire 50 - 100 ileV, :



The Croi:ker cyclotron is not sdecuche, so thet we mist see now it could be
modified. [Pirst, we consider enmergy verietion. The energy of & perticle et the
outer edge of the cyclotron is proportional to the scuare of the magnetic fi:eld,
end since the field is pwpprtional to accelertting frecuency a decresse of four in
energy necessitates s do::reaoe of two in the nagnetic field end in the zccelerst-
ing frequency. Decreasiqg the magnet field is esgy, tut & chenge of a fector two -
in the accelerating frequency requires a complicated end sophisticated r.f. systen,
There ere some low energy varisble cyclotrons in wiich this frecuency change can
be uede, but none as lerge as this. Tiis then is a problea in which some develop--
ment is recuired.

The second inadecuacy of the Crocker machine is thet protons cen onls.' be sccel-
erated to 12 HeV. Tue limitation here is not the msgnet, at full tield it is
capable of conteining 50 seV protons. The trouble is that the relstivistic mass
increese limits tie avellsble energy/mucleon in conventional constsnt frequency
aystens to aoout 12 deV. 'Thie difficulty may be overcome by using a magnet with
en azimuthally varying field. A suitable field could be provided by having three
or four radiel ridges on the poleface, with s field modulation [ defined as
B = R /B ¥ Bmin)-] of sbout 0.45. This lerge modulation nece.sitstes a
high%}ieldxsz"'\*a;farge radiua, since it 18 the memn field which detemnive the eftecte
dve redius of curvature of the orbit.  Spirelling the ridges ensbles the modulation
to be reduced, but at the cost of some imcresse in complexity. The theory of
spiral ridges is now well understood, and model experiments have been done. Indeed
two models are under construction at A.E.R.E., and should be undergoing tects early
next yesr. Figures for the degree of spirslling recuired in the iresent aachine
are given in Appendix 1. It should be noted that the rsdio frecuency required
for & glven magnetic field is proporitional to N/A, where N is the chaerge stete and
A the atomic mass number, and thet to accelerste protons reculres an increase is
the accelerating frequency. If therefore variable cnergy for deuterons, end also
the acceleration of protons are recuired a range of about four in frequency is
recuired. Tuis would be very difficult with a conventionsl dee system, and a form
of hermonic operetion woulu be recuired. For exanmsle & four dee system coulc be
used. For normel o.erstion adjecent peirs would be connected; {or operation
ecuivelent to thet with helf the frecuency, opposite pairs would be connected.

.‘(Seo fig. 2). It is worth noting et this point that the use of spiral ridges
removes entirely the energy limitetion due to the relativisidir mass increass.
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Normelly (es in the Crocker aschine) the effect is winimized by the 'brute force'
method of using a high dee voltege, so thst the mumber of turns is small.

It would appear therefore thet ¢ mschine with the same nsgnet size as the
Crocker machiine could ve built to provice veriable energy besaus end to acceler:cie
protons to 50 deV if = v;riable frecuency r.f. system cen be designed, end if the
magnet field can be veried in both strength and to some extent in shepe. These
problems cen certainly be solved, but will recuire some conuidereble development
effort. It mey be thet if en atteapt is sede to aske the machine too versetile,
it will become unressonebly complicated. These problems cre being sctively
studied in the U.S.A. at the wmoment by severel groupe; in perticuler theve is
& group at Quk Ridpe wiidch is considering & mechine with the Tollowiny: ‘:metersgq')

Pole diemeter: 2 metres

Energy renge of perticles per nucleon:

gt 25+ dfett l4ga+
1-7 3-19 t =29 -7

Azimuthel veristion of field 7 kg - 16 kg (mex)
Dee to ground wolts: 100 kV
Power 13 uw (4)
Cost (including building) 4 3
Much study has pone into this, end megnet mocdels hsve been uede. Neverthelecs
auch remsins to Le done before the asgnitude of the project can be fully sssessed,
Proposal
We would temtatively suggest a machine slipghtly lecs smbitious than the Oak
Ridge .roposel for study; below ere some psrameters:-
Pole diameter 6OV,
Frequency variation:
6 - 10 ne/s, 20 me/s (for protons).
This frecuency range will allow the following energies/mucleon
to be schieved at the outer edge of the machine:
Protons (N/A =1) : 50 eV, 4 - 12 ileV,
Deuterons,% perticles (N/A = 0.5) : 4 - 12 deV.
Ions with K/A = 0.4 ;:-?H eV
Tons wito N/A = 0.3 4 deV.

Ions with /A <€ 0.3: less than 1 eV (accelerated by hermonics of the
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Hegnet weight (totel) 300 tons.

Power (totel) § megeawatt.
This seeus & 'reasonable' uechine. As & result of further study we way find
that we cen do better, or il things turn out badly, hot so well. It is difficult
to prophesy intensities, but these should certeinly be at leest those of existing

machines.
Staff, cost end timescsle

Very rougily we estimete a group of 20 scientists end reseecrch engineera
(including st least two chemists) plus sdditional proressionel engineers. We
should try to plan the project in a similer wey to the 7 GeV machine, but on a
sualler scele, meking use of Industrisl Group services, certainly for progress
end inspection in Industry and pos.ibly for supervision of civil end mechanicel
and electrical contractors.

The cost, including buildings, should be of the order of £1 Y, and the construe-
tion time 3 ~ 4 yeaz"s from the approval dete. These fiures will of course
depend on the final choice of machine; 4if greater enmergy veriation is recuired ss
in the Oesk Ridge propoeal the development time will be longer snd more physicists
will be needed; if on the other hend the need to accelerate jrotons were dispensed
with this would require uuch less developuent, it would seve possiltly up to a year
in the timesccle and a quarter of the cost, and would need fewer nigh grade phys-
dcists. The mmber of professional engineers would probably show less difference.

In conclusion two additionsl srguuents in fawvour of this project may be cited.
First, it will further advence the art of machine de.sim along lines in which the
accelerctor division is already working, bringing nesrer the dsy when high energy
contimious cyclotrons become feasible, and secondly it will provide s proton beam
of high intemsity which will aleo be of considerable interest to nuclear physicists.

2lst November, 1958.
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3+ U.C.LeL. 2513, (usrterly Progress report. 1954,
4. A'preliminary description oi the preposed Osk Ridge genersl accelerator
ORML CF58-7-62. August 1958.



Fupdanentel relationshipe

Equeting the centrifugel to the Lorentz force on sn ion in a negnetic field
yields
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Let us consider a wcl;)tron with & meximunm usable redius of Z0%. From
ecuation 1 the kinetic energy of & proton at this redius for s field of 14 kg
(a reasonable value) is 54 MeV. On the basis of these results a table may be
drewn up for energies svailable either in & fixed field with variable freguency
(difficult) or a fixed freuency with verisble field (eesy). The adventagre of
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Appendix 2
Ridge paregeters

In order to obtein verticsl focusing (v must exceced zero; from the standard
'suooth approximation' formuls we hsve for & constent frecuency field low.

G2 = -k+ 52 (cot 2¢~ +4) (2)
where Gy = free oscillation frequency/engulsr rotetion frequency
L3 =z
brde
6 o (Bmax o Bmin) / (Bmax * Bmin)

G~ = engle between spirel ridge and circumference

Also fore ( =J/e) small, kg Qz whence from equetion 2 with Qq 20

S 2@/ (cotP0- + 3) (3)
Now et 54 MeV Q for protons = ,32, and et 27 eV % for deuterons= .16,

8o for the machine previously conzidered (Z0n radius, B = 14 kg) we have

a S min protons %min deuterons
%° 17 .08
45° .26 13
60° %4 7
90° .45 .22

O = 339, % = .2 seems & ressonsble choice, with N = 3 ridges. The
Osk ridge group plan a profile es shown in Fig. 1 {for 75 ieV)

reised ridge

B veries from ) Fig. 1
7 to 16 kg !
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