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The o b j e c t  of t h i s  paper  is  t o  p re sen t  information on the  pro ton  l i n e a r  

a c c e l e r a t i o n  (PLA) i n  such a manner t h a t  i t s  va lue  as a meson f ac to ry  can be com- 

pared wi th  t h e  c h a r a c t e r i s t i c s  of t he  va r ious  c i r c u l a r  a c c e l e r a t o r s  d iscussed  i n  

o t h e r  papers  a t  t h i s  conference. 

To do t h i s  I propose:- 

( a )  To d i s c u s s  very  b r i e f l y  t h e  advantages and disadvantages of the conven- 

t i o n a l  PLA from the  p o i n t  of view of t he  conduct of experiments. 

(b)  To d i s c u s s  t he  advantages and disadvantages of t he  conventional  PLA from 

the  po in t  of view of t h e  c o s t  of cons t ruc t ion  and the r e l i a b i l i t y  of operat ion.  

( c )  To r e p o r t  on the s t a t e  of t h e  r e sea rch  on t h e  super-conducting PLA pro- 

jec t (PLANET) . 
Advantages: Prom t h e  po in t  of view of the u se r  

t h e  advantages of the PLA are:- 

( a )  A l l  the a c c e l e r a t e d  p ro tons  emerge as an e x t e r n a l  beam f o r  use  e i t h e r  

d i r e c t l y  o r  as a source  t o  produce secondary beams. 

(b)  A consequence of ( a )  is t h a t  most experiments  can be performed under low 

baokground condi t ions .  I f  the maximum beam i n t e n s i t y  is too high f o r  a  p a r t i c u l a r  

experiment, f o r  example, i t  can  be reduoed a t  t h e  i n j e c t o r  300 metres  away from the 

e x p e r i m n t .  

( c )  The energy  r e s o l u t i o n  is good, and the  energy can  be changed e a s i l y  i n  

d i s c r e  t e  s t e p s  by swi tch ing  of f  p a r t s  of the a c c e l e r a t o r .  

( d )  Because a l l  the  beam emerges from the a c c e l e r a t o r  wi th  good emit tance 

c h a r a c t e r i s t i c s  i t  is p o s s i b l e  t o  s e t  up many experiments i n  d i f f e r e n t  experimental  

h a l l s  t r anspo r t i ng  the  beam t o  the experiment when r equ i r ed  wi th  quadrupole and 

bending magne t a. 

( e )  Beam c u r r e n t s  up t o  a few mil l iamperes a r e  poss ib le .  

( f )  A po l a r i zed  pro ton  beam of v a r i a b l e  energy and good energy r e s o l u t i o n  can 

e a s i l y  be produoed. The 50  MeV pro ton  l i n e a r  a c c e l e r a t o r  a t  the Rutherford Labora- 

t o r y  has a p o l a r i z e d  pro ton  source  which has been working f o r  over  two yea r s  now wi th  

very  g r e a t  r e l i a b i l i t y .  I t  produces a 30$ po la r i zed  beam of 5  X 10' p ro tons  pe r  

second. Th i s  w i l l  be improved i n  the near  f u t u r e ,  and i n  cons ide r ing  a  new acce l e r -  

a t o r  a p o l a r i z a t i o n  of 7% and an  i n t e n s i t y  of 5 X lo9 X D is e n t i r e l y  f e a s i b l e  ( D  is  

the  duty  f a c t o r  i n  $). 
(g)  I n  p r i n c i p l e  i t  is  a l s o  poss ib l e  t o  ex tend the  machine t o  h igher  ene rg i e s  

a t  a l a t e r  s t age .  
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(h)  There is  no r a d i o a c t i v i t y  problem i n  t h e  acce l e r a to r .  

The only  disadvantage from the po in t  of view of the u s e r  is  the poor duty 

f a c t o r ,  and t h i s  is a se r ious  r e s t r i c t i o n .  However, the f i n e  s t r u c t u r e  i n  the beam 

enables  exce l l en t  t ime-of-f l ight  techniques t o  be developed. 

R e l i a b i l i t y  of Operation 

Most of the  advantages o u t l i n e d  above have been accepted f o r  many years  and i t  

w a s  f o r  t h i s  reason  t h a t  a dec i s ion  t o  b u i l d  a 600 MeY PLA wi th  a 1% duty  cyc le  w a s  

made i n  England i n  1952. There were many f a c t o r s  which con t r ibu t ed  t o  t he  dec i s ion  

i n  1955 n o t  t o  go ahead wi th  t h i s  scheme. Some of  the reasons  a r e  no t  r e l evan t  t o  

t h i s  paper, b u t  two which a r e  p a r t i c u l a r l y  r e l evan t  were the est imated high c o s t  of 

cons t ruc t ion  and the complexity of operat ion.  I n  f a c t ,  as f a r  as I know, there  a r e  

only  two high duty f a c t o r  proton l i n e a r  a c c e l e r a t o r s  i n  opera t ion  i n  the world, a 

68 MeV machine a t  the Univers i ty  of Minnesota and the v e s t i g i a l  remains of t h e  Harnel l  

600 MeV machine, namely the 50 MeV PLA now i n  the Rutherford Laboratory, Chil ton.  

This  machine has a 1% duty f ac to r  and  has been i n  use  f o r  r e s e a r c h  now f o r  about t h r ee  

years.  I t  ope ra t e s  on a  24-hour pe r  day schedule and last month achieved our bes t  

r e l i a b i l i t y  f a c t o r  of 8% use fu l  time. However, i t  has taken a g r e a t  deal  of e f f o r t  

t o  work up to  t h i s  acceptable  degree of r e l i a b i l i t y .  A permanent engineer ing  s t a f f  

of 60 a r e  r equ i r ed  t o  opera te  and se rv i ce  the  a c c e l e r a t o r  and t o  des ign  and b u i l d  the  

equipment f o r  t he  50 nuclear  p h y s i c i s t s  who use  t h e  machine and the team of 30 who a r e  

concerned wi th  a c c e l e r a t o r  r e sea rch  and RI  va lve  development. We a l s o  draw on a 

considerable amount of e f f o r t  i n  industry.  

A 750 MeV acce l e r a to r  would have more than ten times as many components and s o  

one of the most important  f a c t o r s ,  i n  my view, t o  take i n t o  account i n  des igning  a 

high-energy PLA i s  t h a t  i t  should be as r e l i a b l e  as modern engineering can  make it. 

I t  ms t a l so  be e a s i l y  serviced.  However, experience of a  small machine leads  me t o  

be l ieve  t h a t  a high-energy l i n e a r  a c c e l e r a t o r  could be made t o  work r e l i a b l y .  

Cost of a Conventional 750 MeV PLA 

A number of groups have r e c e n t l y  been des igning  l a rge  l i n e a r  a c c e l e r a t o r s ,  

notably t he  Yale group and a r e p o r t  on t h e i r  p r o j e c t  is l i s t e d  f o r  d i scuss ion  l a t e r  i n  

t h i s  session.  

A t  the Ruthe r f  o rd  Laboratory, Walkinshaw, Dickson, Carne, Batchelor  and o t h e r s  

have been co l l abo ra t ing  wi th  CERN i n  a des ign  s tudy  f o r  a  200 MeV i n j e c t o r  f o r  a 

poss ib l e  300 GeV proton synchrotron. This  des ign  study has involved a g r e a t  d e a l  of 

l abo ra to ry  work on the t e s t i n g  of var ious  k inds  of a c c e l e r a t i n g  s t r u c t u r e s  and has 

enabled q u i t e  r e l i a b l e  e s t ima te s  t o  be made of t h e  c o s t  of a 750 MeV PLA, s ee  Table I. 

Construct ion Time and S t a f f  Required 

This  ha8 no t  been es t imated  wi th  any degree of r e l i a b i l i t y  b u t  the  a c c e l e r a t o r  

would have about 70 tanks and  a g rea t  dea l  of e l e c t r o n i c  equipment and so must take 

about  s i x  yea r s  wi th  a s t a f f  of 100. 
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Table I 

Cost  of a 750 MeV Proton Linear Acce lera tor  (% duty  f a c t o r )  

I b m i l l i o n  s t e r l i n g  

/ I n j e c t o r  + 200 hIeY s e c t i o n  1.70 I 1 200 - 750 MeV s e c t i o n  3.08 I 1 c o n t r o l s  0.70 I I S i t e  development, bu i ld ings ,  e t c .  1.20 I 
Experimental a r e a s  + i n i t i a l  equipment 2.10 

NOTE: The c o s t  of an a c c e l e r a t o r  w i t h  a 10% duty f a c t o r  would be about  
E10.07m. However, such a machine would r e q u i r e  120 MW of e l e c t r i c a l  
power f o r  RF needs a lone  (assuming a va lve  e f f i c i e n c y  of 5%) and 
the  annual c o s t  of the  e l e c t r i c a l  power a lone  would amount t o  
b2.55m i n  Br i t a in .  

Future Deve lopmen t e  

There i s  l i t t l e  doubt  t h a t  a h igh- in tens i  t y  PLA could be made t o  work, b u t  i t  

i s  extremely ambit ious t o  cons ide r  any a c o e l e r a t o r  w i th  a du ty  f a c t o r  g r e a t e r  than, 

say,  l&. With t h i s  i n  mind A.P. Banford and m y s e l f q )  have made some c a l c u l a t i o n s  

t o  determine the  f e a s i b i l i t y  of c o n s t r u c t i n g  t h e  PLA resonator  o u t  of some super- 

conduc t i n g  ma te r i a l .  The use of super-conducting su r f aces  is p a r t i c u l a r l y  app l i cab l e  

t o  l i n e a r  a c c e l e r a t o r  des ign  because these machines only opera te  a t  a  poor duty  f a c t o r  

owing t o  the  enormous amount of RF power t h a t  is r equ i r ed  t o  opera te  them continuously 

a t  normal temperatures. I t  can be  s h m n  t h a t  a t  l i q u i d  helium temperatures  RF l o s s e s  

i n  the r e sona to r  can be reduced by more t han  a f a c t o r  of 10'. Even a l lowing  f o r  the  

power r e q u i r e d  i n  t he  pro ton  beam t h e  RF problem i s  then t r i v i a l  and it is  f e a s i b l e  t o  

cons ide r  a machine working w i t h  a 100$ duty  f a c t o r .  I n  f a c t ,  because of the very 

h igh  Q f a c t o r  of t h e  r e sona t ing  c a v i t i e s  i t  i s  e s s e n t i a l  t o  opera te  i n  a CW fash ion .  

The h igh  Q f a c t o r  p r e s e n t s  d i f f i c u l t i e s  i n  opera t ion ,  bu t  i t  i s  poss ib l e  t h a t  these  

could be overcome. There appears  t o  be  no fundamental reason  t o  prevent  such an 

a c c e l e r a t o r  working. 

However, much remains t o  be done before  t he se  simple t h e o r e t i c a l  p r i n c i p l e s  can 

be app l i ed  t o  a p r a c t i c a l  machine. Banford has been making sore  measurements du r ing  

t h e  p a s t  18 months to  s tudy  under what cond i t i ons  of su r f ace  t reatment  good improve- 

ment f a c t o r s  can  be achieved. To d a t e  t he  b e s t  r e s u l t s  have been on smal l  wi re  h a i r -  

p i n s  a t  low power l e v e l  where improvement f a c t o r s  (compered wi th  copper a t  room 

temperatures)  of 9,000 have been obtained f o r  e l e c t r o p l a t e d  lead  and 12,000 f o r  

e l ec t ropo l i shed  niobium wire. I f  these  measured va lues  could  be achieved i n  a 750 NeV 
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PLA it  i s  c a l c u l a t e d  t h a t  a helium r e f r i g e r a t o r  capable of a  6 kW hea t  load  a t  

4 . 2 ' ~  would be required.  The a d d i t i o n a l  c o s t  of the helium r e f r i g e r a t o r  is o f f s e t  

by t h e  g r e a t l y  s imp l i f i ed  RF system and s o  t he  t o t a l  c o s t  of t h e  a c c e l e r a t o r  would 

be not  g r e a t e r  than  t h e  b8.78m quoted above f o r  the conventional  a c c e l e r a t o r  wi th  a 

5% d u t y  f a c t o r .  

Concluding Remarks 

The poor d u t y  eyc l e  of a convent iona l  PLA is  a s e r i o u s  drawback from t h e  p o i n t  

of view of t h e  u s e r  b u t  a p a r t  from t h i s  i t  would have very  g r e a t  u s e r  appeal.  T t  

would be somewhat more expensive to  bu i ld  and t o  opera te  t han  a  cyc lo t ron ,  b u t  t ak ing  

i n t o  account  the c o s t  of the experimental programme which would be independent of the 

type of a c c e l e r a t o r  b u i l t ,  t h i s  e x t r a  machine c o s t  should not  in f luence  the  choice 

t oo  s t rong ly .  R e l i a b i l i t y  of ope ra t ion  i S, however, an  important  f a c t o r  and a1 though 

i t  should be poss ib l e  t o  b u i l d  a PLA which is a s  r e l i a b l e  as the cyc lo t rons  now be ing  

cons idered  i t  may be more d i f f i c u l t  t o  achieve t h i s  a b  i n i t i o .  The use  of a  s to rage  

r i n g  wi th  a 750 MeV pulsed  PLA may m e r i t  s e r i o u s  cons idera t ion .  

A s  regards  t h e  super-conducting PLA I be1 i eve  t h a t  i t  would be most unwise a t  

t h i s  s t age  to cons ide r  i t  as a f e a s i b l e  propos i t ion .  However, i n  view of the very  

b i g  advantages i t  is we l l  worthwhile engaging i n  experimental  work on a labora tory  

s c a l e  t o  s tudy super-conduc t i n g  r e sona to r s  and the  problems connec t e d  wi th  t he  con- 

s t r u c t i o n  of a super-conducting PLA. Two years  hence i t  should be known whether t he re  

i s  any substance i n  the proposal.  Super-conductivi ty i s  a f i e l d  of r e s e a r c h  t h a t  is  

developing v e r y  f a s t  nowadays; i t  would be most unwise f o r  us t o  d i smis s  t h i s  

p o s s i b i l i t y .  

I n  t h i s  paper a 750 MeV PLA has been cons idered  t o  f a c i l i t a t e  comparison wi th  

the  cyc lo t rons  be ing  discussed.  However, from the  p o i n t  of view of the phys ics  i t  i s  

ve ry  d i f f i c u l t  to  draw the  l i n e  a t  t h i s  energy and should the  s i g h t s  be s e t  a t  some- 

what h igher  energ ies  then t h e  PLA m e r i t s  very  s e r i o u s  cons idera t ion ,  e i t h e r  as a 

s t r a i g h t  forward pro ton  a c c e l e r a t o r  o r  a s  a proton a c c e l e r a t o r  fol lowed by another  

l i n e a r  machine t o  a c c e l e r a t e  the pions and muons to  ene rg i e s  of a  few GeV. Such a 

p o s s i b i l i t y  was f i r s t  proposed by Ilevons and h i s  c o l l a b o r a t o r s  i n  1959. The des ign  

of such a system of a c c e l e r a t o r s  p r e s e n t s  many problems but ,  i n  t h e  l i g h t  of the 

advances made s i n c e  t h a t  da te ,  such a scheme could mer i t  f u r t h e r  d e t a i l e d  i nves t iga t ion .  

Reference 

1. A.P. Banford and G.H. S t a f f w d ,  Journa l  of Nuclear Plnergy P a r t  (C) ,  2, 287 (1961). 

DISCUSSION 

RICHARDSON : I have never been a b l e  t o  understand the advantage of the  s to rage  r i n g  
and l i n a c  conibination. Although you do, i n  f a c t ,  g e t  an  improved duty  f a c t o r ,  you a l s o  
have the  problem of g e t t i n g  the  beam out. This  r e s u l t s  i n  l o s s  of a v a i l a b i l i t y  of the  
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beam. A more advantageous s i t u a t i o n  would be  obtained if tI-ians a r e  a a c e l e r a t e d  i n  the  
l i n a c ,  i n j e c t e d  i n t o  t h e  s to rage  r i ng ,  and then e x t r a c t e d  by s t r i pp ing .  This,  how- 
eve r ,  r e q u i r e s  an expensive s to rage  r i n g  t o  avoid t h e  e l e c t r i c  s t r i p p i n g  which would 
occur w i th  s t rong  magnetic f i e l d s .  

STAFFORD : The p o s s i b i l i t y  of u s ing  negat ive  i ons  had no t  occurred t o  me; i t  i s  q u i t e  
i n t e r e s t i n g .  The idea  behind t h e  p o s s i b l e  use  of t he  s to rage  r i n g  is  t h a t  one can 
e i t h e r  have s h c s t  b u r s t  of p a r t i c l e s  f o r  a  p a r t i c u l a r  experiment o r  one c a n  feed  p a r t -  
i c l e s  i n t o  t h e  s torage  r i n g  and improve the d u t y  f a c t o r .  Designing a r i n g  s p e c i f i c a l l y  
f o r  t h i s  purpose i s  probably somewhat s impler  than des igning  a dev ice  which a c c e l e r a t e s  
and provides f o r  e x t r a c t i o n  a s  well .  

TENC : I n  c  onnection wi th  r e l i a b i l i t y  of l i n a c s ,  I th ink  t h e  experience wi th  the 
50 MeV i n j e c t o r  l i n a c  a t  Argonne nay be i n t e r e s t i n g .  Af te r  the  cons t ruc t ion  of t h e  
l i n a c  w a s  completed, i t  took about a month t o  produce a  good vacuum and t o  tune up the  
RF coupling i n t o  the tank. I t  then took only about two days t o  o b t a i n  a  beam of 2  mA, 
another  two weeks t o  o b t a i n  8 mA, and t h i s  without  a  buncher. Another month w a s  needed 
t o b  r i n g  up t h e  RF l e v e l  i n  t h e  buncher; then we were a b l e  t o  ge t  the usua l  f a c t o r  of 
2.5 i nc rease  i n  t h e  beam i n t e n s i t y .  Since then we have had no t roub le  i n  g e t t i n g  an 
i n t e n s i t y  of about  15 mA at a pulse  l eng th  of 200 PS. We have not  t r i e d  t o  i nc rease  
t h e  r e p e t i t i o n  r a t e  f o r  h igh  duty  f a o t o r .  The important  p o i n t  i e  t h a t  the  l i n a c  
ope ra t e s  v e r y  s t a b l y  and seems t o  be a mmhine which is  eager  t o  work. 

STAFFORD : This is a1 s o  my impression. With modern techniques and good engineer ing  
the re  should be  no d i f f i c u l t y  i n  making these  t h ings  work. Since the e a r l y  l i nacs ,  the 
Minnesota one and ours ,  t he re  have been enormous advances i n  modulator des ign  and 
p a r t i c u l a r l y  i n  t he  a v a i l a b i l i t y  of commercial tubes that can ca r ry  t hese  l a r g e  amounts 
of power. I n  the  Rutherford l abo ra to ry ,  f o r  ins tance ,  i n i t i a l l y  we had t o  des ign  our 
own power suppl ies .  Now we a r e  s tuck  wi th  tubes t h a t  we have to make ourse lves ;  
hiinnesota has the same d i f f i c u l t y .  

LIVINCSTON : What is the degree of d i f f i c u l t y  i n  going from 1% o r  even lower e f f i c -  
iency (ouch a s  w i t h  t h e  Argonne machine) to B. 
STAFFORD : I don ' t  th ink  t h a t  t h e r e  i s  any s i g n i f i c a n t  d i f f i c u l t y  i n  connect ion wi th  
t h e  r e l i a b i l i t y  i n  going from a l$ machine t o  a 5$ machine. I th ink  t h a t  wi th  the  
tubes  the knowledge now a v a i l a b l e  t h i s  is no problem. E s s e n t i a l l y ,  t h i s  means a f a c t o r  
of f i r e  increase  i n  beam-power d i s s i p a t i o n .  This r e q u i r e s  improved cooling,  bu t  t h i s  
is  not  a l i m i t a t i o n  a t  t h e  moment. 

LIVINCSTON : Could you do t h a t  on your present  machine? 

STAFFORD : No, we would have t o  change our  modula.tors completely. The a c t u a l  l i n a b  
i t s e l f  could  c a r r y  perhaps a 5% duty  f a o t o r  from t h e  poin t  of view of the  l i n e r  cooling.  
The only  t roub le  t h a t  we have e v e r  r e a l l y  had wi th  t h i s  high duty- fac tor  machine i s  
wi th  the modulator system, and some times t h e  power supp l i e s ,  bu t  t h e  l i n a c  is  t rouble  
f r ee .  Having used i t ,  i t  r e a l l y  does  t u r n  out  t o  be a v e r y  p l ea san t  machine w i th  very  
n i ce  c h a r a c t e r i s t i c s .  

DOME : I n  connect ion wi th  the improvement f a c t o r  i n  the Q of super-conduc t i n g  
c a v i t i e s ,  do you have any f i g u r e s  f o r  super-cooled c a v i t i e s  made of niobium a l l o y s ,  i n  
p a r t i c u l a r  1%-Zr o r  Kb-Sn? 

STAFPCRD : Banford t r i e d  niobium-zirconium commercial w i r e  and obtained r a t h e r  poor 
improvement f a o t o r s ;  it involves  a  l o t  of cookery a t  the  moment. That r e p r o d u c i b i l i t y  
f o r  Nb is very  good but  no t  f o r  niobium-zicoyium i s  something which r e q u i r e s  a  b e t t e r  
knowledge of t h e  phys ics  of s u r f a c e s  than we ve g o t  a t  present .  

HUGHES : There a r e  a l s o  two o the r  l i n a c s  i n  opera t ion ,  f o r  heavy ions ,  a t  Berkeley and 
t h e  Yale. They have about  t h e  same du ty  f a c t o r s  as your proton l i n a c  and, I be l ieve ,  
ope ra t e  s a t i s f a c t o r i l y .  

STAFFORD : I must admit I d i d n ' t  th ink  of them, T was th inking  pure ly  of t h e  pro ton  
machines. 
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SNELL : What is  the reduction i n  power dissipated anticipated when super-conduc ting 
materials are  employed? 

STAFFORD : We g e t  an improvement factor of 10'. A 750 MeV linac requires about 60 M; 
t h i s  would reduce to  6 kW. 
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