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SURVEY OF ISOCHRONOUS CYCLOTRON TECHNOLOGY 

Introduction 

H. A. Grunder  
Universi ty of E a s e l  
Ease l .  Switzerland 

There  a r e  present ly  22 isochronous cyclo- 
t rons  in  operation with energies  ranging f r o m  8 
to 130 MeV (a, p ) .  T h e r e  a r e  a t  l e a s t  a s  many 
being constructed,  designed o r  ser ious ly  proposed.  
I wil l  r e s t r i c t  myself  to the exist ing and proposed 
machines  in the indicated energy range.  F u r t h e r -  
m o r e ,  I hope you will forgive m e  fo r  using the  
t i t le  of this  paper  f r ee ly  and fo r  not making an  
a t tempt  to cover  the overwhelming number  of 
c lever  ideas  which have been proposed a n d / o r  
investigated.  It i s  not m y  purpose to p resen t  new 
ideas  but, I hope by choice of emphasis ,  to con- 
t r ibute  to the  d iscuss ion leading to improved 
r e s e a r c h  tools.  

Exper imen te r s  Specifications 

F o r  many y e a r s  the des igners  of isochronous 
cyclotrons w e r e  concerned whether o r  not the i r  
machines would be  successful  and useful; even 
though thei r  expectations w e r e  modest  a s  c o m -  
pared with today's  s tandards ,  par t icular ly  in 
beam quality. Many of the bas i c  ideas  leading to 
good designs w e r e  suggested quite ea r ly .  Two 
e lec t ron models  and two ion machines  had proved 
the sec to r  focusing principle to be sound by the 
t ime  of the Sea Island Conference (1959). But 
t h e r e  s t i l l  was  considerable doubt whether these  
machines  would become a s  widely accepted a s  
r e s e a r c h  tool a s  they a r e  today. 

We have l ea rned  in the  meant ime to under-  
stand these  machines ;  hence the i r  performance 
and l imitat ions become predictable.  These  a r e  
the r easons  for  the overwhelming number  of 
excellent  computer codes which have evolved in 
the pas t  few y e a r s .  No machine  builder would 
a t tempt  a design without consulting the  computer 
extensively. 

A logical  consequence of the increased 
understanding i s  the favorable response  to the 
exper imenters  continuing reques t  fo r  m o r e  

Invited P a p e r  

versa t i l i ty  and m o r e  rel iable performance of our  
machines .  I t  might be useful to review the p r e -  
sent  se t  of specifications.  In this context I define 
specifications a s  a mix tu re  of wishful thinking 
and known technology. It i s  no longer enough fo r  
a n  exper imenter  to just receive  a beam of ce r t a in  
pa r t i c l e s  and energy.  In addition he specifies:  

a )  to receive  the des i r ed  beam quickly and 
reliably.  

b)  a n  energy sp read  A E / E  - < 100 keV fo r  
the unanalyzed beam,  and a s  low a s  a 
few keV fo r  a highly analyzed beam.  

c )  excellent  optical  beam proper t i e s .  
Emit tance  in both planes of 10 m m  -mrad 
(normal ized to 50 MeV). 

d )  a stable but var iable  pulse length. 

e )  low background radiation.  

F u r t h e r m o r e ,  expe r imen te r s  d e s i r e  sufficient 
flexibility to incorpora te  new developments.  

If we combine the  bes t  r e su l t s  of the 
machines  present ly  operating and visualize them 
incorporated  into one ideal  machine we can fu l -  
f i l l  just about any wish.  

a )  During a data collection period of 70 
h r  120 energy changes have been 
repor ted  f rom the Berkeley  88-Inch. 
Simi lar  r e su l t s  a r e  obtained on other  
machines .  

b )  An energy sp read  of 50 keV (50-MeV p) 
i s  repor ted  f rom MSU. Severa l  o ther  
machines  a r e  capable of delivering un- 
analyzed beams  with energy sp reads  
around 100 keV. The beam p r e p a r a -  
t ion magnets  of the Universi ty of 
Michigan can se lec t  a monochromatic 
beam within 5 keV (4GMeV d)  and in 
s e v e r a l  o ther  facil i t ies beams  can be 
analyzed to 50 keV and be t t e r .  
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c )  The fraction of the full beam contained 
within 10 m m - m r a d  (normalized to 50 
MeV) va r i e s  f rom 7070 (Amsterdam,  
Phil l ips,  in both planes and ORIC in  the 
axial  plane) to not l e s s  than 2070 in mos t  
machines.  . 

d)  Pu l ses  of l e s s  than 1 0 - ~  seconds have 
been achieved in the 3w machine built 
by AEG in Kar lsruhe.  A duty cycle of 
1570 could be reach  by mos t  isochronous 
cyclotrons.  

e )  Should i t  become routine to extract  
negative ions by e lect r ic  o r  magnetic 
fields a s  has  been done a t  the University 
of Colorado the necessa ry  s l i t s  for  m a g -  
netic analysis could be made ve ry  thin 
to avoid sl i t  scattering.  By this method 
a few groups hope to produce an exceed- 
ingly clean beam.  

To decide whether i t  i s  a reasonable venture 
to incorporate a l l  possible specifications in one 
machine,  I leave up to your judgment. A f i r s t -  
r a t e  facility only e m e r g e s  if the exper imen te r ' s  
needs and the ideas on machine building and the 
engineering techniques go hand in hand. Excel-  
lent  resul ts  have been achieved where possible 
changes of specifications were  anticipated in the 
design. In our f i r s t  generation of isochronous 
cyclotrons ( i .  e . ,  the machines in operation a t  
the Geneva Conference, 1963) we have learned 
that this cannot be done in a cheap way. 

Operation 

We understand how to obtain a good quality 
beam,  now preparat ions  a r e  well underway to 
make changes in par t ic les ,  energies ,  and beam 
character is t ics  fas t  and reliable.  The automatic 
setting of machine pa ramete r s  a s  descr ibed by 
Dave Struthers  (Session F) ,  and a commercia l ly  
available computer f rom Philips to do the same  
job, indicate the direction we a r e  heading. F o r  
the groups who propose negative-ion extraction 
by stripping, a s  well a s  for  those proposing 
negative -ion injection into tandem Van de Graaff ' S ,  
the fas t  change of energy without changing cyclo- 
t ron  conditions i s  a significant consideration.  
F o r  the same  reason constant orbi t  operation has  

been adopted by severa l  groups.  This implies a 
dee voltage proportional with the final energy and 
no change of center  region o r  deflector hardware .  
This  scheme has  dist inct  a t t rac t ions;  i t  i s  l imited,  
however,  by saturation effects and dee voltage 
range.  

Once an  exper imenter  has  decided on what 
he wishes to do, he wants to have his equipment 
and a beam t r immed  to specification immediately.  
In this context, the contribution of a well trained, 
well organized support  group i s  of vital impor-  
tance.  Par t icular ly ,  the machines above 50 MeV 
cannot be exploited without an  integrated support 
group. 

The fact that res idual  activity in and 
around the machine i s  not d iscussed much any- 
m o r e  shows that we have learned to par t ly  avoid 
i t ,  o r  a t  leas t  to handle i t  effectively. F o r  a 
facility used intensively, a substantial  a r s e n a l  of 
s p a r e  pa r t s  i s  needed. F r o m  ion source  cones,  
beam probes,  septums,  electronic components, 
oscil lator tubes,  and assembl ies  up to spa re  
dees  and deflectors a r e  held ready fo r  exchange. 
Those groups having been substantially delayed 
because of a fa i lure  of a vital component appreci -  
a te  the necess i ty  for  spa re  pa r t s .  

Construction, Star tup 

The length of the construction period,  o r  
a t  l eas t  the schedules thereof,  become shor te r  
and shor te r .  This fo rces  the machine builder to 
f r eeze  cer ta in  pa ramete r s  before he has fully 
investigated a l l  implications.  Hence a number of 
components might become an afterthought. Often 
the instrumentation which i s  needed fo r  the 
s tar t ing period of the cyclotron and for  develop- 
ment  suffer f rom a tight construction schedule. 
Defining the s tar t ing period a s  the t ime f rom the 
f i r s t  internal beam to full operation fo r  exper i -  
mental  use ,  an interval c lose  to a yea r  i s  usually 
necessa ry .  This  i -  a substantial  fraction of the 
construction t ime and needs ,  therefore ,  careful 
consideration e a r l y  in the basic layout. 

Good water  -cooled probes with precise  
positioning mechanisms,  multichannel r e c o r d e r s ,  
in shor t ,  good instrumentation e a s e s  the life of 
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the operation staff during this demanding period.  
Viewing por ts  a t  the vacuum tank and even through 
the magnet yoke, a s  in the Harwell machine,  
proved to be of g rea t  help. 

Magnetic Guide Fie ld  

Considering a l l  the effort which i s  required 
f rom the planning stage fo r  a cyclotron facil i ty 
to a successful  experiment,  one wonders why 
machine bui lders  t r y  to save on the magnet,  in 
d iameter  and gap. High average fields make an  
e lect ros ta t ic  beam deflection ha rde r ,  by about 
the square  of the field. F u r t h e r m o r e ,  sa tura t ion 
effects,  even though in  principle they could be 
used to aid shaping the field, usually cause  
difficulties. The cos t  of the magnet r a r e l y  e x -  
ceeds 207'0 of the machine cos t s ,  o r  about the 
annual operating budget. I a m  aware  this has  
been said before,  but I repeated i t  because m o r e  
than one machine suffers  f rom faults of this kind. 

The objective of a machine builder i s  to 
deliver a beam into a beam handling sys tem con- 
sist ing of elements with constant field gradients.  
During acceleration every  effort needs to  be made 
to keep the beam in  a s  l inear  a field a s  possible.  
Even so,  the invariance of phase-space a r e a  
remains  valid in any field configuration. The 
beam handling sys tem in general  cannot c o r r e c t  
fo r  non-linear distort ions.  Hence, in pract ice ,  
non-linear distort ions mean  an  inc rease  of phase-  
space  a r e a ,  and hence a loss  in density.  F o r  the 
des igner  this implies that the betatron-oscil lat ion 
amplitude mus t  be kept very  smal l  compared with 
the magnet gap. The values for  incoherent beta-  
tron-oscil lat ion amplitudes in a well-built wel l -  
tuned machine vary  f rom 1. 5 to 3 m m  (normalized 
to the betatron frequency v = 1) .  

Inhomogenieties of the ma te r i a l  and 
machining e r r o r s  a r e  m o r e  likely to show up in 
a smal l  gap. Also,  a c c e s s  to the center  region 
and to the deflector i s  favored by a relatively 
large  gap. Unless the dees a r e  embedded in the 
valleys,  the dee-to-ground capacity a lso  se t s  a 
lower l imi t  for  the gap. 

It i s  impress ive  how precise ly  cyclotron 
magnets have been built. Typically, the gap i s  
uniform to 0. 004" (-0. 1 m m ) ,  with the hil ls  

placed to an equal accuracy.  The f i rs t -harmonic  
contents of such magnets  i s  only a few par t s  in 
lo4.  It appears  that this i s  the standard fo r  a 
good cyclotron in  the energy region under consider - 
ation. The magnetic field i s  r a the r  sensit ive to 
the quality of the s tee l  pole t ips ,  the re fo re ,  the 
pole pieces a r e  cut and forged f rom the s a m e  in-  
got. F o r  the yokes,  however, l e s s  homogenious 
s t ee l  s e e m s  to suffice. Amazing a r e  the magnets 
where  the yokes can be lifted and put together 
again without exceeding to lerances ,  even with 
auxil iary coils  in place.  (AEG, Kar lsruhe;  CSF, 
Grenoble;  Manitoba; and Michigan State Univer - 
s i ty)  

Due to the well built magnets ,  an assumed  
l inear i ty  within the beam envelope over  the 
isochronous pa r t  of the guide field of mos t  
machines  i s  a good approximation. 

Auxiliary Coils 

In any design one wishes to minimize  the 
contribution of the auxil iary coils to the main 
field.  This  i s  usually done by choosing a field 
shape fo r  the uncorrected field that i s  intermediate 
between the isochronous field for  the m o s t  r e l a -  
t ivist ic par t ic le  and that fo r  the l eas t  relativist ic 
par t ic le .  

C i rcu la r  t r i m  coils a r e  the rule  for  
isochronous field shaping. There  a r e ,  however,  
designs using only the hil l  coils  to shape the field. 
In addition, this makes  i t  possible to use the same  
coi ls  a s  AVF coils for  the 1st  harmonic and, i f  
powerful enough, for  f lu t ter .  In higher energy 
machines j t  i s  a virtue to save on auxil iary coils ,  
because th'e power of the auxil iary coils  can ex-  
ceed the power of the main coil .  In some designs 
the contribution of auxil iary coils  have been 
minimized by using sa tura t ion effects.  NRDL, 
San Franc i sco ,  uses  the saturation of i ron with 
magnetic induction, whereas  Orsay  u s e s  different 
magnetic alloys, and Manitoba uses  t empera tu re  - 
controlled Invar -bar S .  

Everyone engaged in designing a s  complex 
a magnetic field a s  i s  required for  a sec to r -  
focusing cyclotron knows that these  r e m a r k s  
cannot do justice to the effort required.  
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Careful mapping of the field with and without 
auxil iary coils ,  i s  certainly a prerequis i te  for  
the meaningful use  of computers .  That this p ro -  
cedure  works has  been demonstrated by the 
severa l  groups using only computed coil sett ings 
to obtain a specified beam.  A good example i s  
the MSU cyclotron. 

Magnetic Fie ld  Regulation 

The bes t  designed magnet s e r v e s  l i t t le 
purpose if not excited by a highly regulated power 

supply. It i s  a p leasure  to repor t  that power 
supplies have been built with a cu r ren t  regulation 
of lom5.  Considering the long t ime constant of 
the main magnet (-20 sec )  the shor t - t ime stability 
of the field will be a substantial  fac tor  bet ter .  It 
should be pointed out, however, that the regula - 
tion requirement on frequency and magnetic field 
increases  with the square  of the number of turns ,  
whereas  the need for  dee voltage regulation in-  
c r e a s e s  l inearly.  

The regulation of the auxil iary coils  should 
be somewhat bet ter  than thei r  contribution to the 
main field indicates,  because they lack the l a rge  
t ime constant of the main magnet.  An investiga- 
tion a t  the Berkeley 88-Inch showed that f r e -  
quencies around l c / s e c  were  par t icular ly  d i s -  
turbing. 

On-Center Acceleration - Center  Region 

It i s  probably an understatement to say  a l l  
machine builders ag ree  that one should accelera te  
on center .  In this context on-center  acceleration 
i s  fulfilled if the center  of gravity of the r - p r  
phase space (center  sp read)  coincides with the 
magnetic center  of the guide field; in other words ,  
coherent radial  oscillations a r e  avoided. The 
dominant reason i s  the so-called precess ional  
mixing. When a coherent oscillation i s  present  
the center  spread of the beam precesses  around 
the magnetic center  of the guide field. The 
number of turns  fo r  a full precess ion i s  given by 
l/(v -1. F o r  (v - l 'pos i t ive ,  the center  spread 

r . 
preEesses opposlte to the particle rotation, in- 
verse ly  for  ,'v -1 negative. Pa r t i c l e s  with differ-  

r 
ent energy gain pe r  turn  experience a different 
number of precess ions  to full radius .  If the 
number of precess ions  for  the leading and the 

lagging par t ic les  s tar ted  simultaneously a t  the ion 
source  differs by a t  l eas t  one,  complete p r e c e s -  
sional mixing occurs .  This means  a l l  coherent 
radia l  oscil lat ion has  become incoherent.  The 
beam i s  now centered,  but the incoherent ampl i -  
tude has increased by the coherent amplitude. 
Also,  with an  entirely centered beam but non- 
c i r cu la r  center  sp read ,  precess ional  mixing takes 
place. (Dimension of center  sp read  in units of 
length: r ,  p r ( l / B e )  where  B i s  the magnetic field 
and e the charge of the ion in question. 

It i s  very  easy to induce a coherent osci l -  
lation a t  the center  of the machine.  But a s  soon 
a s  v deviates f rom unity, which means  it i s  no 
longerr in resonance with a f i r s t  harmonic of the 
guide field, a change of the coherent amplitude 
becomes difficult. 

These  a r e  the dominant reasons  why 
severa l  groups have invested a substantial  effort 
in centra l  region studies.  These  investigations 
by MSU, Phil ips,  and others  paid off. Not only 
did they yield many valuable computer codes and 
insights but they a r e  a l so  in very  good agreement  
with experimental  resul ts .  Hence, we can con- 
s ide r  these  problems basically solved. 

It should be pointed out h e r e  that with a 
smal l  number of tu rns ,  smal l  phase width, and 
a lso  with v -1 smal l ,  the effect of precess ional  
mixing i s  n%t severe .  Inversely,  with a l a rge  
number of turns  and l a rge  v , which implies high 
energy, good beam quality c:n only be preserved 
by accelerating on-center with a c i r cu la r  center  
spread.  Already a t  the Sea Island Conference in 
1959 it was pointed out that ion source  puller and 
s l i t  a r rangements ,  together with thei r  relative 
position to the center ,  determine the incoherent 
radia l  oscil lat ions (center  sp read) .  Hence, the 
concept of emittance of an  ion source  in a cyclotron 
which impl ies  ion extraction f rom the source  by 
an rf f ield,  i s  only meaningful in connection with 
the f i r s t  few turns  of accelera t ion.  

Care  should be  taken to avoid phase bunch- 
ing in the radia l  plane. In the ver t ica l  plane, 
where the focusing due to the e lect r ic  field i s  
significant and rf -phase dependent in the f i r s t  
few tu rns ,  an effective phase selection can be 
accomplished with ver t ica l  s l i t% a s  has  been 
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pointed out by H. L. Hagedoorn. Because of 
this phase dependence of the ver t ica l  e l ec t r i c  
focusing, a pract ica l  upper l imi t  fo r  the phase 
width i s  approximately 80°. 

I a m  afra id  that fo r  good beam quality in 
higher energy machines ,  we will have to l ive 
with a r a the r  elaborate center  region. The 
tendency will be ,  therefore ,  to operate  with 
constant o rb i t s ,  a t  l eas t  over  cer ta in  energy 
intervals.  

It i s  remarkable  that the Oak Ridge type 
ion source  developed m o r e  than a decade ago, 
generally adopted with few modifications, s t i l l  
mee t s  mos t  needs of cyclotron operation. 
Granted that some of the undesired beam needs 
to be clipped off. But i t  appears  that for  up to 
100 p.A of CW operation,  space charge effects 
a r e  smal l .  Hence, the phase-space density i s  
determined by other fac tors  than the ion source  
output. Metal  chimneys have some advantages 
in l ifet ime and operational convenience over  
carbon chimneys. However, fo r  m o s t  machines 
s t i l l  employing carbon chimneys,  routine oper - 
ation doesn' t  s eem to be res t r i c t ed .  

Polar ized Par t i c l e s  

The major i ty  of the groups using,  building, 
o r  planning a cyclotron facility hope to incorporate 
polarized par t ic les .  The successful  realization 
of these plans depends on a reliable ion-injection 
mechanism.  Fortunately,  a number of groups 
have repor ted work on various schemes;  even so,  
the e lect ros ta t ic  m i r r o r  and the axial  injection 
of the cyclotron in Birmingham (England) i s  work- 
ing well. A comparison of the relative m e r i t s  of 
these  schemes can only be made af ter  they a r e  
fully investigated. 

Much attention has  been paid to th ree  - 
versus  four-fold symmet ry  of the magnet pole 
t ip  configuration. The th ree  -fold symmet ry  was  
originally p re fe r red  because of i t s  f a s t e r  r ising 
flutter  with radius ,  and the space available fo r  
AVF coils a t  sma l l  radii .  The present  point of 
discussion i s  the depolarization of polarized 
par t ic les .  Resonance occurs ,  using H. Kim ' s  
fo rmal i sm,  if (112 g-1)y = f I N  i mv ~t nvr 
where  I ,  m ,  n a r e  in tegers  and N i s  the 

harmonic  of the guide field. F o r  deuterons 
112 g - l  = . 143 and fo r  protons 112 g - l  = 

1. 79. Of a l l  the possible resonances only two 
shal l  be considered h e r e .  The resonance a t  
v = 0. 143 for  deuterons cannot be avoided by 

z ei ther  configuration, but can be made h a r m l e s s .  
A resonance fo r  polarized protons a t  N - ( v  + v  ) = 

r z 
1. 79 can be avoided by choosing a four-sector  
machine in the energy range under consideration. 
However, except for  unfortunate changes of the 
values of (v +v ) with radius ,  the depolarization 

r z 
f o r  this resonance i s  predicted to be smal l .  1, 2 

R F  Svstems 

In principlq the rf sys tems  employed a r e  
shor ted quar te r  -wave coaxial l ines .  The l a rge  
var ie ty  in actual  design gives r i s e  to discussions 
concerning multipactoring and operational and 
reliabil i ty considerations which I fee l  unqualified 
to judge. General  agreement  r emains  r e s t r i c t ed  
to the statement that a re l iable ,  well-regulated,  
rf sys tem i s  essent ia l .  It i s ,  therefore ,  quite 
understandable that the group in Harwell chose 
a commerc ia l  t r ansmi t t e r  which doesn' t  s eem to 
have the usual s t a r tup  difficulties. Since oper - 
ation demands i t ,  a l l  these  various designs will 
eventually work reliably.  

-6 
Regulation of the frequency to 10 doesn' t  

s eem to be a ser ious  problem. Most rf sys tems ,  
self-excited o r  employing a power ampl i f ier ,  use  
a crystal ,  controlled frequency synthesizer a s  
reference.  The importance of good dee voltage 
regulation has  been widely recognized. A regu-  
lation of 1 0 - ~  i s  achieved in severa l  sys tems .  

The dee ' s  a r e  expensive and a delicate 
s t ruc tu re ,  therefore  they a r e  carefully protected 
with carbon blocks to avoid accidents due to axial  
blow-up and activation. 

F o r  a c c e s s  to the deflector pa r t s  and 
operational convenience a single dee i s  hard  to 
beat.  There  i s  obviously a cer ta in  machine s ize  
where  the dee-to-ground capacity, a s  well a s  
s t ruc tu ra l  difficulties, makes  a single 180° dee 
impract ica l .  This l imi t  appears  to be above 100- 
MeV protons.  F o r  harmonic  acceleration of low 
energy o r  not fully ionized par t ic les ,  a frequency 
range of a t  l eas t  3: 1 has  to be provided. 
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I n  a two-dee sys tem and with the proper  
accelerating modes (push-pull  and push-push) the 
even harmonics  of the orbi ta l  frequency can be 
used. Hence the frequency ra t io  needed i s  only 
2:  1. Such a sys tem,  in connection with a four -  
fold symmet ry  of the pole-tip geometry,  avoids 
a l so  the gap-cross ing resonance descr ibed by 
M.  M. Gordon. It should be noted, however,  
that for  a 180° dee in a th ree - sec to r  magnetic 
field, the coherent radial  amplitude induced by 
the gap-crossing resonance i s  zmal l  compared 
with the incoherent radia l  amplitude. It become S 

m o r e  pronounced if v i s  close to unity. 

Vacuum 

It i s  a fact  of cyclotron operation experience 
that machines with good vacuum ( a few X 10-6 m m  
Hg) a r e  running well. In addition, accelera t ion 
of negative o r  otherwise not fully str ipped ions 
requires  even bet ter  vacuum, depending on the 
number of turns  and the tolerable l o s s e s .  It i s ,  
therefore ,  amazing that a number of machines 
s t i l l  operate  above 10-5 m m  Hg. External  ion 
injection brings some improvement in pre s s u r e .  
One should keep in mind that good pumping speed 
i s  an important operational convenience and adds 
l i t t le to the cost  of the acce le ra to r  unless the 
machine i s  conductance l imited,  o r  has  a lot of 
virtual  leaks .  Good examples a r e  the MSU and 
the Harwell cyclotron which not only have excel-  
lent operating p r e s s u r e s ,  but can go up to a i r  
and back to operation in an  extremely shor t  t ime.  
On these  machines ,  a s  well a s  on ORIC, oper -  
ation can be resumed in l e s s  than one hour.  

Several  groups use  epoxy res ins  in sub-  
stantial  quantities exposed to the high vacuum. 
I a m  personally somewhat su rp r i sed  how well 
i t  works.  AEG proposes a new organic hot-  
curing insulation mate r i a l  f rom DuPont fo r  thei r  
auxil iary coils ,  with substantially lower vapor 
p ressure .  

The discussion concerning organic ve r sus  
me ta l  sea l s  has  sett led down in favor of organic 
sea l s ,  p r imar i ly  because the beam los t  inside 
the machine i s  f a r  l e s s  than anticipated. This  
i s  part ly due to excellent control  of beam stabil i-  
t ies ,  and partly because the average beam needed 
fo r  experiments i s  a t  l eas t  an  o r d e r  of magnitude 

l e s s  than the specifications called f o r .  Las t ,  but 
not l eas t ,  m o r e  reliable data i s  available on 
radiation damage to organics suitable fo r  high- 
vacuum sea l s .  

Under ce r t a in  c i rcumstances ,  e .  g. nea r  
the exit port  of the vacuum chamber ,  radiation 
damage becomes an  important fac tor .  An ex-  
posed vacuum sea l  should therefore  be designed 
with the possibility of replacement in mind. 

Extraction 

Given a proper ly  shaped and regulated guide 
field, a well centered beam with smal les t  possible 
betatron oscil lat ion amplitudes,  and a stable rf 
sys tem,  we have a l l  the prerequis i tes  fo r  succes -  
sful accelera t ion and subsequent extraction.  

F o r  r easons  of s t ruc tu ra l  simplicity,  e s -  
sentially a l l  isochronous cyclotrons employ an 
e lect ros ta t ic  channel to  s t a r t  beam extraction.  

Since the radia l  gain due to energy gain i s  
typically below 0. 050 in. , most  operating 
machines use ,  in one way o r  another,  by plan o r  
by default, the natural  occuring resonance v = 1 
at  the beginning of the fringe field. All thesg 
schemes use  a smal l  f i r s t  harmonic to induce 
a displacement of the center  spread.  There  a r e  
now two possibil i t ies.  

In the f i r s t ,  which I ca l l  precess ional  ex-  
t rac t ion,  the natura l  proper t ies  of the fringe field 
with i t s  rapid dec rease  of v with radius a r e  used.  
This  resul ts  in a p r e c e s s i o z  of the center  spread 
around the magnetic center  of the machine, 

coherent radia l  oscillation. 

F o r  example,  a t  v = . 8 5 ,  the phase ad -  
vance of this precessionrper turn  i s  -1 radian; 
and hence the separation of the cen te r s  of two 
consecutive turns  i s  approximately the coherent 
amplitude. The radial  inc rease  due to the p r e -  
cess ing center  spread c l e a r s  the septum. 

The second possibility i s  to use a r egenera -  
to r ,  which fo rces  the average v to remain unity. 
This eliminates precess ions  a n d  pushes the 
center  spread of the beam radially out. The 
radia l  gain pe r  tu rn  i s  determined by the strength 
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of the regenerator .  And the direction of the cen-  
t e r  spread motion i s  given by the azimuthal 
position of the regenerator  e lements .  Therefore ,  
the extraction p a r a m e t e r s  a r e  re laxed and l e s s  
dependent on machine conditions. Whereas ,  
direction and radia l  gain of the precess ional  ex -  
t rac t ion depend on machine tuning. 

This  i s  cer ta inly  c o r r e c t  fo r  par t ic les  having 
a l l  made  the same  number  of tu rns ,  and hence 
remain bunched in t ime  (separated tu rns ) .  It 
holds t r u e  a lso  fo r  par t ic les  which due to a 
finite phase width, have a spread in t ime relative 
to the s tar t ing point (continuum). In a continuum, 
however, the center  spread,  by inducing a co-  
herent  oscillation,will r emain  a continuum, a s  h a s  
been pointed out by H. G.  B losse r .  This  implies 
that the maximum extraction efficiency i s  given 
by the radia l  gain p e r  tu rn  divided by the effective 
radia l  extent of the septum. Therefore ,  extraction 
of 100% of the beam i s  impossible,  but 60 to  8070 
i s  quite common. 

Both extraction schemes,  due to the r e s o -  
nant exitation of the coherent amplitude,  give 
r i s e  to the energy compress ion descr ibed in 
Session B by H. L. Hagedoorn and H. Kim. 

In the regenerat ive  sys tem the excitation of 
the axial  amplitude in the v = 1 / 2  resonance has  
to be avoided. 

In the precess ional  extraction,  in o r d e r  to 
gain substantial  phase advance pe r  turn, a v  
appreciably different f rom unity i s  requirecf. 
This  applies in general  to passing through the 
coupling resonance ( v  = 2v ). Passing this 
resonance with an excressive? total  radia l  ampl i -  
tude resu l t s  in t ransforming the radia l  amplitude 
into ver t ica l  amplitude inversely  proportional 
to the betatron frequencies.  4> This not only 
deter iora tes  the optical proper t ies  of the beam 
but can constitute a severe  beam loss ,  depending 
on axial  obstructions.  

The designer of such an extraction sys tem 
i s  r e s t r i c t ed  by two opposing conditions. F o r  
good extraction efficiency the coherent amplitude 
needs to be  somewhat l a rge r  than the incoherent 
amplitude. To avoid coupling, however,  the sum 

of both remains  r e s t r i c t ed .  It i s  evident that 
th is  points to a s  smal l  a n  incoherent amplitude 
a s  possible.  

This  ent i re  extraction mechanism re l i e s  
on a decreas ing guide field with radius .  This  in 
tu rn  impl ies  a phase shift of the accelera ted 
par t ic les  re la t ive  to the r f .  Careful field shaping 
i s  therefore  important to maintain good energy 
resolution,  especially fo r  wide phase width. 
Qualitatively one tends to enter  the fringe field 
with the par t ic les  leading the rf so  a s  to minimize  
the maximum phase excurs ion in the f r inge field. 

With a l l  these  res t r ic t ions  the str ingent 
requirements  on the mechanical  adjustments fo r  
the e lect ros ta t ic  channel a r e  not surpr is ing.  The 
precis ion ought to be a s  good a s  the to lerances  
on the magnet pole pieces ( a  few m i l s ,  -. 1 m m ) .  

I f  one chooses, instead of accelera t ing 
through the resonances ,  to extract  with the 
aid of precess ions  before v = 1, a coherent 
amplitude needs to be maintrained throughout the 
accelera t ion.  It i s  easy  to induce the necessary  
coherent amplitude in the center  of the machine 
and very  difficult a s  soon a s  v  differs f rom 
unity. 

To maintain the coherent amplitude,  p reces  - 
sional mixing has  to be avoided. This implies a 
smal l  number of precess ions  and a smal l  phase 
width. 

To obtain the necessa ry  tu rn  separation to 
c l ea r  the septum a coherent amplitude severa l  
t imes  a s  l a rge  a s  the incoherent amplitude i s  
required,  unless  a ve ry  high energy gain p e r  tu rn  
i s  available.  With increasing v the coherent 
amplitude can be reduced, provicfed the energy 
gain pe r  tu rn  inc reases  proportionally to c l ea r  
the beam associa ted with the previous precess ional  
turn .  

One possible way to avoid these  difficulties 
i s  to use  a regenerat ive  sys tem which pe rmi t s  
accelera t ion on center  and fo rces  v  to become 
unity before entering the resonance; of the un- 
disturbed f r inge field. And then the extraction 
mechanism i s  a s  descr ibed above. 
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Septums 

The septum of the e lect ros ta t ic  channel 
present ly  l imi ts  the external beam intensity of 
mos t  machines.  The mate r i a l s  used for  septums 
a r e  mainly radiation-cooled tungsten o r  water  - 
cooled copper.  Radiation-cooled carbon can be 
used where  relatively low VE-numbers (voltage 
X gradient)  and modest power density can be 
tolerated.  Septums now in use  located outside 
of the resonances can stand the necessa ry  beam 
power to produce up to 3 kW of external  beam. 
Since the axial  focusing r i s e s  sharply  with radius 
in the fringe field, the power density fo r  the same  
beam r i s e s  too, namely with the square  root of 
the axial  betatron frequency. 

Computations and experiments by W. B.  
Powell predict  a l a rge  increase  in power d i s -  
sipation capability fo r  pro e r l y  designed wa te r -  
cooled tungsten septums. 7P 

Most septums have a slot  a t  the entrance in 
the median plane to distr ibute the dissipated power. 
This slot i s  essent ia l  for  l a rge  cur ren t s .  How- 
ever ,  recent investigations by D. Clark  indicate 
a distort ion of the orbi ts  preceding extraction due 
to the e lect r ic  field leaking through the slot. I 
hope that i t  i s  obvious to every machine builder 
that precaution must  be taken to design the 
septum so that it can be removed rapidly, even 
though i t  might be distorted o r  damaged. 

Fr inge Fie ld  Passage  

An important point i s  the radia l  focusing 
in the fringe field. By keeping the beam smal l  
in radia l  width, non-linear distort ions can be 
minimized. Even by choosing the bes t  possible 
path ( i .  e .  , the m o s t  l inear  fringe field) the beam, 
without radia l  focusing, becomes so  wide that a 
constant gradient would not be a good assumption 
over the width of the beam.  

Iron channels, coil ar rangements ,  and 
shaped e lect ros ta t ic  e lect rodes  a r e  used to not 
only extract  but a lso  to provide radial  focusing. 
Since the ver t ica l  focusing in the fringe field i s  
s t rong,  the drift  spaces  together with the radia l  
focusing devices can be thought of a s  an a l t e rna -  
ting gradient sys tem.  

Neglecting the radia l  focusing in the fringe 
field will not change the energy resolution of the 
unanalyzed beam,  but the optical  proper t ies  of 
the beam will be adversely  affected. When a 
cer ta in  acceptance fo r  the experimental  use of 
the beam i s  prescr ibed this resul ts  in a net loss .  

Cyclotron Development 

The evolution of isochronous cyclotrons over 
the past  few yea r s  has  brought, to some extent, a 
standardization in design of cyclotron components. 
T h e r e  i s  a lot of virtue,  if one wants to do nuclear 
r e s e a r c h ,  to copy a proven design that f i l ls  the 
need. This  might not be very  original ,  but there  
i s  plenty of room left fo r  necessa ry  and essent ia l  
developments. 

The benefits of machine development a r e  
threefold: 1)  it enables the operational staff to 
s t ay  in s t ep  with the fast-changing demands of 
vigorous experimental  groups,  2 )  the under - 
standing of the cha rac te r i s t i c s  of a machine will 
be enhanced if thought i s  given to improvements.  
There  i s  no substitute fo r  understanding even if 
the demands on the machine deviate only slightly 
f rom the mos t  standard operation, and 3) even 
modest  development st imulates in teres t  and ad-  
vances the cyclotron technology a s  a whole. 

There  i s  no other type of machine presently 
available which can ser iously  compete in the 
upper energy region of present ly  operating cyclo- 
t rons .  However, f rom discussions among exper i  - 
mental  groups,  which a r e  in the m a r k e t  for  an  
acce le ra to r ,  one can eas i ly  gather that higher 
energy i s  an important but not a p r io r i  the deci -  
sive factor .  Therefore ,  the machine builders 
a r e  grateful  when exper imenters  express  their  
wishes ,  even if they seem ent i re ly  out of l ine.  
It i s  only by this st imulus that even bet ter  
machines can be conceived. 
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LIVINGSTON: Will you comment  fu r the r  on the 
r e s u l t s  of the d iscuss ion between th ree -  and four-  
sec tor  machines  in the region up to 100 MeV? 

GRUNDER: There  a r e  two questions under con- 
s idera t ion he re .  The one i s  depolarization of 
protons  in the resonance,  a s  I descr ibed i t ,  
where  N, the dominant f ield harmonic ,  i s  the 
four th  harmonic ;  i t  i s  th is ,  N - (v + vZ) = 1. 79. 
You can s e e  if N i s  4, up to 100 d e ~ ,  vr will not 
exceed 1. 12,  and v i s  of the o r d e r  of 0. 2, so  you 
can r each  1. 79. S:, in principle a four-fold 
s y m m e t r y  would avoid this resonance in  the 
energy region up to the ene rgy  you quoted. This  
m e r e l y  says  the resonance a s  such i s  avoided; i t  
doesn ' t  s ay  anything about the depolarization 
effects.  With Teng 's  o r  Kim ' s  fo rma l i sm,  i t  
shows that  the depolarization i s  of the o r d e r  of 
10 4, f o r  instance,  the Berkeley  88-Inch Cyclo- 
tron.  

The other  question i s  the so-cal led  gap resonance,  
descr ibed by Gordon, which has  m o r e  complica- 
t ions than jus t  180' v s  the symmet ry  of the pole 
tip. I t  a l so  depends on whether you actually 
have 1 80°, o r  whether you have anqther configura- 
tion, such a s  Michigan State has .  The gap- 
c ross ing  resonance,  a s  descr ibed by van Kranan- 
burg ,  i s  equivalent to a few p a r t s  in 104 a s  long 
a s  you s tay  away f r o m  v v e r y  c lose  to unity; if 
you a r e  in  resonance w i h  unity i t  is small .  If I 
quote van Kranenburg co r rec t ly ,  i t  amounts to 
something like a mi l l ime te r ,  o r  so. I s  this  
c o r r e c t ?  

VAN KRANENBURG: Yes. 

BLOSSER: I would like to make  another comment  
on that  gap-cross ing resonance.  You know, i t  i s  
1 mi l l ime te r  if you a r e  v e r y  careful .  Another 
f igure  which can be quoted i s  that ,  given the con- 
f iguration in our  machine,  and the way i t  ope ra te s  
N = 3, i t  produces a n  amplitude of near ly  a n  inch. 
So, i t  can a l so  be ca tas t rophic  if you get  the wrong 
s e t  of c i r cums tances  together.  

GRUNDER: Yes, th is  was  essent ia l ly  included in 
what I sa id  before.  N = 3 m e a n s  in  your machine  
a v e r y  low re la t iv is t ic  par t ic le ,  s o  you remain  
relat ively long to unit, and since i t  i s  harmonic ,  
the effect  i s  obvious. 

HAGEDOORN: You jus t  mentioned a l l  the things 
against  three-fold symmetry .  There  i s  a l so  one 
thing agains t  four-fold symmet ry ,  i n  the cen t ra l  
region you have weak par t ic le  focusing. This  
means  that  the max imum cur ren t  of the ta ta l  
in ternal  beam will  be l e s s ,  because if your 
focusing f o r c e s  a r e  sma l l ,  your dee i s  acting a s  
a sma l l e r  d iaphragm that  l imi t s  the total cu r  r e n t  
internally.  

GRUNDER: I a m  in  en t i r e  ag reement ;  I a m  myself  
m o r e  inclined to th ree - fo ld  symmetry .  In point- 
ing out the disadvantage of three-fold symmet ry ,  
I w a s  m e r e l y  not being prejudiced! 
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