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A new concept in cyclic particle 
accelerators is described in which time 
harmonic accelerating fields are produced 
without recourse to conventional power ampli- 
fiers. Instead, the accelerating fields are 
produced by extracting energy from a bunched 
beam of particles. In essence the new machine 
consists of two intimately connected Separated 
Orbit Cyclotrons, one of which is operated in 
the decelerating mode. The decelerating 
particles obtain their energy initially from a 
D.C. high voltage supply. 

Introduction 

The subject of this paper is a new concept 
in cyclic particle accelerators in which charged 
particles are accelerated by interaction with 
another beam of charged particles within a 
system of cavities. In attempting to reduce 
the R.F. losses associated with certain types 
of cyclic particle accelerators, in particular 
the SOC,~ the possibility of incorporating the 
power amplifier systems directly in o the 
several R.P. cavities was examined .' Stimulated 
by this approach and by its limitations a new 
machine was proposed3 which incorporated several 
unusual features. 

Principle 

To understand the principles involved it 
is helpful to consider the mode of operation 
of an SOC. With reference to figure 1, as 
charged particles are accelerated in the 
resonant cavities they are constrained to move 
in a spiral path by a guiding and focusing 
magnetic field. The cavities are assumed to be 
excited in some way and suitably phased so as 
to maintain synchronous acceleration of the 
particles. The SOC operates at a fixed 
frequency and with a fixed magnetic field. 

As particles gain energy their speed 
increases asymptotically to that of light. In 
an SOC, therefore, with increasing energy, 
particles spiral to larger radii, approaching 
asymptotically a limiting radius, R, . 

Since the particles gain energy from the 
electromagnetic fields in the cavities and are 
accelerated then, conversely, the electro- 
magnetic fields could be produced by 
deceleration of other charged particles. This 
concept forms the basis of the new proposal. 

Suppose a beam of high energy electrons 
which have been bunched in space is fed into 
the machine and guided along a path defined by 
the R, radius. The phasing of this beam of 

electrons is arranged so that they are 
decelerated in passing through the cavities, 
thereby giving energy to the fields in the 
cavities. After several such decelerations the 
electrons will have lost most of their initial 
energy, and, with a value of f3 now considerably 
less than unity, will be unable to maintain 
synchronism with the periodic structure of the 
cavities and are therefore discarded. To excite 
all the cavities in a given machine several 
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Figure 1. Principle of the Super-SOC 

such beams might be required. 

The Electron Beam 

Suppose that the secondary beam of 
electrons is produced in the manner indicated in 
figure 2. Grid modulation of the beam 
intensity is preferred within the (gun' over 
subsequent cavity modulations, as the phase- 
range of the electron bunches can be easily 
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controlled.  

Figure 2. Schematic diagram of t h e  High 
Voltage D.C. Generator. 

After focusing t h e  bunches enter  an accelerat ion 
column where they gain t h e i r  f u l l  energy. A 
high i n i t i a l  r a t e  of gain of energy i s  e s sen t i a l  
t o  minimise space-charge divergence of t he  
bunches. Focusing of t he  beam i s  continued i n  
the  column by means of quadrupoles, and the  
emerging beam, now r e l a t i v i s t i c ,  minimises 
space-charge blow-up by i t s  self-focusing 
propert ies.  

The accelerat ion column supports a D.C. 
voltage of severa l  MV. In  pr inc ip le  there  a re  
several  ways of producing t h i s  voltage, depending 
upon the  beam power required. A t  low beam 
powers a n  I .C.T.  might be used, whereas some 
var iant  of t he  ro t a t ing  shaf t  type of generator 
would probably be necessary a t  high power l eve l .  
An elementary design f o r  a la rge ,  high power 
generator t o  de l ive r  10 MW of power has been 
evolved on paper. 

Supposing t h a t  t he  accelerat ion column can 
be designed so as  not t o  exhibi t  any resonance 
phenomena a t  t h e  per iodic i ty  of t h e  e lec t ron  
bunches, then the  ef f ic iency of t he  accelerat ion 
process can be very high, l i t e r a l l y  approaching 
100% i f  there  i s  no l o s s  of beam t o  the  column. 

Beam Coupling t o  Cavit ies 

Since the  electrons a re  assumed 
r e l a t i v i s t i c  t he re  will be a negl ig ib le  amount of 

de-bunching during t ranspor t  of the  beams t o  the  
in t e rac t ion  cav i t i e s .  The pa r t i cu la r  point a t  
which a beam passes through a cavi ty  determines 
t h e  energy and current  requirements of t he  beam, 
so t h a t  t he re  i s  considerable l a t i t u d e  i n  
matching the  D.C. generator t o  the  main 
accelerator.  

Naturally, t he  process of energy t r ans fe r  
f r o m t h e  e lec t ron  bunches t o  the  f i e l d s  i n  the  
cav i t i e s  i s  almost 100% e f f i c i e n t  as  t he re  i s  
no intermediate process involved, and other 
losses ,  such as synchrotron radia t ion ,  a r e  
completely negligible.  

For reasons associated with the  overa l l  
e f f ic iency of operation of t he  machine it i s  
des i rable  t o  couple t h e  e lec t ron  beam in to  t h e  
cav i t i e s  a t  zero phase angle, t h a t  is,  the  
electrons a re  decelerated over t he  c re s t  of t he  
waveform. Since the  beam loading proper of t he  
cav i t i e s  i s  a t  t he  phase-stable angle , t he  
cav i t i e s  w i l l  be reac t ive ly  loaded i n  p$oportion 
t o  the  magnitude of t he  beamloading. A s  i n  
other machines, t h i s  e f f ec t  can be acconnnodated 
by appropriate detuning of t he  cavi t ies .  

Following each decelerat ion the  average 
value of p f o r  an e lec t ron  bunch decreases and 
so the  f l i g h t  path t o  succeeding cav i t i e s  must 
be reduced sui tably  a t  each crossing. Of the  
many ways i n  which t h i s  can be accomplished a 
pa r t i cu la r ly  a t t r a c t i v e  method is  t o  change t h e  
r e l a t i v e  locat ion  i n  azimuth of t h e  cavi ty  walls  
i n  the  neighbourhood of t he  f l i g h t  path of t he  
e lec t ron  beam, and simultaneously guide t h e  
beam a t  s l i g h t l y  l e s s  than the  synchronous 
radius.  In  t h i s  way the  bunches pass through 
each cavi ty  a t  t h e  same radius from the  machine 
centre and so the  energy l o s s  t o  each cavi ty  i s  
iden t i ca l .  Adjustment of t h e  r e l a t i v e  
azimuthal loca t ions  of t he  cavi ty  walls  near 
t h e  e lec t ron  f l i g h t  path i s  a l so  a convenient 
way t o  cont ro l  the  r e l a t i v e  phasing of t he  
cavi t ies .  

S t a b i l i t y  of Operation 

An in t e re s t ing  fea ture  of t h i s  machine i s  
t he  self-regulatory nature of t he  in t e rac t ion  
of the  e lec t ron  beams with the  cavi t ies .  The 
r a t e  a t  which energy i s  t ransfer red  t o  the  
cavi ty  f i e l d s  i s  proportional t o  t h e  product of 
t he  cavi ty  voltage V and t h e  e lec t ron  beam 
current Ic? whereas t h e  r a t e  of l o s s  of energy 
t o  the  cavl ty  walls  i s  proportional t o  the  
square of t h e  cavi ty  voltage. Thus the  
magnitude of t h e  cavi ty  voltage i n  steady-state 
conditions i s  d i r e c t l y  proport ional  t o  the  
electron beam current .  Additional losses  
caused by proper beam loading a re  proportional 
t o  the  product of cavi ty  voltage and 
accelerated beam current ,  Ib. 

Under steady conditions t h i s  gives 
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I f  t he  e lec t ron  current  i s  made proport ional  t o  
(k2 Ib)  plus an addit ional  current ie then 

and so 
VC = i /kl 

Provided the  e lec t ron  current i s  r e l a t ed  t o  
the  accelerated current i n  t h i s  manner the  system 
i s  e n t i r e l y  s table ,  any t r ans i en t  departures, 
such as  caused by sparking, decaying rapid ly  
with a cha rac t e r i s t i c  time of ~ ~ / h f .  

An addi t ional  f ea tu re  i s  t h a t  i f  t he re  i s  no 
l o s s  of e lec t ron  current  during the  process of 
decelerat ion then the  magnitudes of t he  cavi ty  
voltages are  automatically made equal. 

F i n i t e  Transit  Time Effec ts  

The pr inc ipal  e f f ec t  of a f i n i t e  t r a n s i t  
time on the  e lec t ron  beam i s  t o  introduce a 
dispersion i n  the  energy of t he  bunches 
following decelerat ion.  Such dispersion i s  of 
l i t t l e  consequence provided the  pa r t i c l e s  
remain r e l a t i v i s t i c  i n  energy, but tends t o  
dominate the  behaviour of the  bunches during 
the  f i n a l  stages of decelerat ion.  

Since l o s s  of electron beam i n  t h e  l a s t  
cavi ty  should be avoided i f  t he  cavi ty  voltage 
amplitudes a re  t o  be maintained constant, then 
a m i n h  requirement i s  t h a t  all electrons i n  
a bunch should leave the  l a s t  cavi ty  with 
f i n i t e  energy. I f  there  i s  an appreciate 
energy dispersion then t h e  overa l l  e f f ic iency 
of the  system i s  reduced, as  t he  energy of t he  
emergent beam from the  l a s t  cavi ty  i s  l o s t  t o  
t h e  system. Added disadvantages of dispersion 
are  a progressive increase i n  emittance of t he  
electron beam and a tendency t o  debunch. 

To minimise such dispersion t h e  electron 
beam i s  coupled t o  the  cav i t i e s  a t  zero phase 
angle. The res idual  dispersion f o r  a beam of 
reasonable phase-spread i s  s t i l l  unacceptably 
la rge ,  and so the  beam i s  arranged t o  pass 
through a small cavi ty  resonator following each 
decelerat ion.  These correction cav i t i e s  a re  
operated a t  a high harmonic of t he  main cavi ty  
frequency, and simply reduce the  dispersions in 
energy t o  an acceptable amount. The high 
frequency and low amplitude of s ignal  needed i n  
these correction cav i t i e s  leads  t o  qu i t e  modest 
power requirements f o r  t h e i r  exci ta t ion .  
Further, most of t h e  energy given t o  the  
electron beam i n  these  cav i t i e s  i s  useful ly  
coupled i n t o  the  accelerat ion cav i t i e s .  I n  t h i s  
manner t h e  average energy of t h e  beam emerging 
from the  l a s t  cavi ty  can be a s  low a s  0.2 MeV, 
and with a phase spread of 70'. 

Since the  e lec t ron  beam t raverses  the  main 
cav i t i e s  a t  zero phase the  magnetic component 
of t he  electro-magnetic f i e l d s  i n  the  cav i t i e s  

produces a minimum e f fec t  on the  beam. 
Excepting i n  t h e  specia l  case where the  electron 
beam crosses t h e  cavi ty  i n  the  region where t h e  
magnetic component i s  e s sen t i a l ly  zero on the  
median plane, some increase i n  beam emittance 
w i l l  be produced. One way t o  minimise t h i s  
e f f ec t  i s  t o  introduce small correction f i e l d s ,  
perhaps using the  magnetic component of the  
f i e l d s  i n  t h e  waveform-correction cavi t ies  
described previously. 

Overall Efficiency 

There a re  two major l o s ses  of e f f ic iency 
i n  t h e  proposed machine complex: i n  the  ohmic, 
f r i c t i o n a l  and viscous lo s ses  associated with 
the  high voltage generator, and i n  t h e  res idual  
energy of t h e  beam emerging from the  l a s t  
decelerat ion cavity. It i s  conceivable t h a t  
these  lo s ses  could be su f f i c i en t ly  reduced so 
as  t o  permit an ove ra l l  e f f ic iency of operation 
i n  excess of 90%. 

Although the  Super-SOC idea  bears some 
resemblance t o  a klystron i n  i t s  mode of 
operation, t he  ef f ic iency s not r e s t r i c t e d  t o  
the  well-known '5881 l i m i t '  associated with 
conventional klystrons,  nor even the  modified 
?74$? l i m i t .  One reason f o r  t h i s  difference 
l i e s  i n  t h e  method of bunching. 

Start-up Procedure 

Two stages a re  necessary t o  i n i t i a t e  
operation of t he  machine; f i r s t ,  t he  cav i t i e s  
a re  excited up t o  t h e i r  correct  working 
voltages and, secondly, t he  main beam i s  then 
introduced i n  a controlled manner. During the  
i n i t i a l  exci ta t ion  of t he  cav i t i e s  two 
a l t e rna t ive  procedures can be followed t o  
accommodate the  changing nature of the  electron 
beam, but i n  both cases the  electron beam i s  
assumed t o  be introduced t o  t h e  machine a t  f u l l  
energy although a t  a reduced in t ens i ty .  One 
method i s  t o  simply i n i t i a t e  t h e  electron beam 
and wait f o r  a time of Q.N seconds, where N i s  
t he  number of cav i t i e s  excited by an electron 
beam. Typically, t h i s  i n t e r v a l  i s  about one 
millisecond per cavity.  As each cavi ty  reaches 
operating voltage the  emerging e lec t ron  beam 
then i s  su i t ab le  f o r  exci ta t ion  of t h e  next 
cavity. Water cooling of t he  e lec t ron  beam 
f l i g h t  tube i n  t h e  high energy region might be 
necessary i n  t h i s  method t o  absorb t h e  trans- 
i e n t l y  s p l i t  beam ( typ ica l ly  4 2 Kw. sec . to t a l ) .  

An a l t e rna t ive  method i s  t o  incorporate 
small pulsed bending magnets along the  f l i g h t  
path so  t h a t  t h e  e lec t ron  beam, which i n i t i a l l y  
w i l l  be too energetic f o r  all but t he  f i r s t  
cavity,  can be su i tably  guided through the  
cav i t i e s  during t h e  process of build-up of t he  
v o l t  ages. 

I n  both cases t h e  phases of t h e  cav i t i e s  
a re  automatically correct  once the  f u l l  
voltage conditions have been reached, although 
i n  the  second method some s l i g h t  changing of 
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phase occurs during the build-up process. 

Low Energy Modification 

In stages of low primary beam energy the 
design of the machine would be complicated 
unnecessarily by operating with the secondary 
electron beam at the R, radius. Instead, the 
electron beam can be designed to circulate at 
half this radius, provided the mode of operation 
of the machine is adjusted suitably. The 
cavities are then spaced in azimuth at intervals 
of 2Pb so that particles are accelerated once 
every two cycles of the radio frequency. Stages 
operating in this manner can be joined to others 
operating at R, without change in the frequency 
of operation or bunching ratio, that is, the 
area in longitudinal phase-space remains constant. 
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