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I. INTRODUCTION 

Following t h e  ERDA Summer Study of  Heavy Ions 
f o r  I n e r t i a l  Fusion (LBL-5534) a n  Ad Hoc Heavy Ion 
Fusion Coordinating Committee was formed. Its 
f i r s t  meeting, 24 March 1977, was a t t ended  by 
R. Bangerter (LLL), D. Berley (NSF), M. Cooper 
(ERDA~AsGA) , D. Keefe (LBL) , R. Martin (ANL) , 
A. Maschke (BNL), D. S u t t e r  (ERDA/HEP) and L. Teng 
(FNAL). It was genera l ly  agreed t h a t  a one-week 
workshop would be usefu l  i n  about s i x  months. BNL 
was suggested a s  a s i t e .  A t  t h e  time, t h e  f e e l i n g  
was t h a t  t h i s  workshop would focus on parameters 
a p p r o p r i a t e  t o  an a c c e l e r a t o r f t a r g e t  experiment. 
At a meeting of  t h e  HIF 10 man working group i n  
June,  a t  ERDA Headquarters,  Les Levine suggested 
t h a t  t h e r e  be no c l a s s i f i e d  d i scuss ions  a t  t h e  
workshop. Because t h e  p r i n c i p a l  purpose o f  t h e  
workshop was t o  be a c c e l e r a t o r  design,  and s i n c e  
a number o f  our European col leagues were planning 
t o  a t t e n d ,  t h i s  suggest ion was unanimus ly  approved. 
At t h i s  same meeting, t h e  acronym HIDE (Heavy Ion 
Demonstration Experiment) was introduced.  A t  t h e  
t ime,  t h e  suggested parameters were 25 kJ of 5 GeV 
heavy ions ,  (U, say)  de l ivered  i n  about 1 ns (15 
TW) . F i f t y  m i l l i o n  d o l l a r s  was mentioned a s  a 
b a l l - p a r t  cos t .  Subsequent d i scuss ion  ind ica ted  
t h a t  s i n c e  much o f  t h e  c o s t  o f  t h e  f a c i l i t y  was 
r e l a t e d  t o  t h e  very low energy por t ion ,  it would 
no t  c o s t  much more t o  go t o  100 k J  and 50 TW. 

The f i r s t  meeting o f  t h e  Workshop Organizing 
Committee met a t  BNL on 18 August 1977. I n  a t -  
tendance were A. Maschke (BNL), R.. Martin (ANL) , 
L. Teng (FNAL), L. Smith (LBL) ( f o t  D, Keefe),  
W. Herrmanns f e l d t  (SLAC) , D o ,  Tidman (U. Maryland), 
R. Bangerter (LLL) and D. S u t t e r  (DOE). L. Levine 
and T. Godlove (NRL) were unable t o  p a r t i c i p a t e .  
The two p r i n c i p a l  goa ls  of  t h e  workshop were 
e s t a b l i s h e d  t o  be 1 )  keep workers i n  t h e  f i e l d  
a b r e a s t  o f  developments and 2) d e f i n e  a v a r i e t y  
o f  HIDE concepts t h a t  can then be s tud ied  i n  more 
d e t a i l  dur ing  t h e  fol lowing year. The genera l  

. s t r u c t u r c  o f  thc  worlcshop was o u t l i n c d ,  and 
A. Maschke was designated a s  Workshop Chairman. 

. The Workshop i t s e l f  was organized i n t o  working 
groups, each wi th  a chairman, and a r e  l i s t e d  here. 

Working Croupo (Chairman) 

1. ~ t o m i c / P b l e c u l a r  
(K. Po&, U. C. Kiverside)  

4. Ion ~ o u r c e s f ~ r e a c c e l e r a t o r i  
(E. Parker ,  ANLID. Clark, LBL) 

5. LOW B L'inacs 
(R. Kustom, ANL/J. S t a p l e s ,  LBL) 

6. High c u r r e n t  Beam Transport  
(L. Smith, LBL) 

7. Vacuum Systems 
(H. Halama, BNL) 

,8. Systems/Cost 
(P. Grand, BNL) 

HIDE Working ~ r d u p s  

Induct ion Linac 
(F. M i l l s ,  FNAL/B. Rich te r ,  SLAC) 

Synchrotrons 
(M. Barton, BNL) 

RF ~ i n a c / ~ c c u m u l a t o r s  
(D. Young, FNAL) 

A f i n a l  meeting o f  t h e  Organizing Committee 
and Working Group Chairman was held on t h e  Sunday 
a f te rnoon  preceding t h e  Workshop. Burt Rich te r  
suggested t h a t  t h e  HIDE goals  should be upgraded 
t o  t h a t  which might be s a t i s f a c t o r y  f o r  a power 
p l a n t  scenario.  A s  a r e s u l t ,  the.HIDE parameters 
were taken t o  be 1 MI and 100 TW. The problem 
o f  determining what a f i r s t . s t e p  should be was 
not addressed a t  t h i s  s tage.  During t h e  course 
o f  t h e  Workshop t h e  idea  developed of  bu i ld ing  
a low B l i n a c  and accumulator (energy around 1 
GeV3 which would se rve  a s  i n j e c t o r  i n t o  a s e c t i o n  
o f  induc t ion  l inac .  This  would t e s t  t h e  b a s i c  
f e a t u r e s  o f  a l l  t h r e e  o f  t h e  HIDE scenar ios ,  
p r i o r  t o  a commitment t o  a f u l l  s c a l e  HIDE. 

2. Plasma and N e u t r a l i z a t i o n  E f f e c t s  
(D. Tidman, U. Maryland) 

3. Reactor 
( J .  Maniscalco, LLL) 

- v i i i  - 



II. OVERVIEW 

Three d i f f e r e n t  types of  a c c e l e r a t o r  systems 
were s tud ied  a s  candidates  f o r  a  power p lan t  
i g n i t i o n  system. These were t h e  Induct ion Linac, 
t h e  RF Linac/Accumulators, and t h e  Synchrotron1 
Storage Ring systems. Technical ly f e a s i b l e  so lu-  
t i o n s  were ou t l ined  f o r  a l l  t h r e e ,  w i t h  various 
scenar ios  involving d i f f e r i n g  amounts of  "uncer- 
t a i n t y "  fac tor .  None of  t h e  scenar ios  involved 
technica l  problems t h a t  could not be overcome by 
increas ing  t h e  c o s t  of  t h e  system. 

Consider t h e  Induct ion Linac scenario.  A 
t e c h n i c a l l y  conserva t ive ,  a l b e i t  expensive, solu-  
t i o n  t o  the  "ion source" problem, which requi res  
1 0 ' s  of amperes f o r  s e v e r a l  microseconds, i s  t o  
use a n  r f  l i n a c  and accumulator. A more a t t r a c -  
t i v e  s o l u t i o n  i s  under s tudy a t  LBL involving 
d i r e c t  e x t r a c t i o n  a'nd d r i f t  tube a c c e l e r a t i o n  of 
such beams. Since a  system l i k e  t h i s  has not 
b e e n ' b u i l t  and operated,  a  r e l a t i v e l y  high uncer- 
t a i n t y  f a c t o r  . i s  assoc ia ted  wi th  both i t s  c o s t  
and performance. The o t h e r  a r e a  of the. Induct ion 
Linac scenar io  which mer i t s  a  high uncer ta in ty  
f a c t o r  is  t h e  cos t .  The l a r g e s t  induc t ion  l i n a c s  
b u i l t  t o  d a t e  have been only a  few mcgavolte. 
What w i l l  happen t o  t h e  c o s t  a s  one s c a l e s  t o  
systems hundred of  times l a r g e r  has not y e t  been 
exhib i ted .  

The Linac/Accumulator scenar io  involves a  
d i f f e r e n t  c l a s s  o f  uncer ta in ty  f a c t o r s .  For in -  
s tance ,  t h e  body o f  d a t a  on t h e  c o s t  of  l i n a c  
c a v i t i e s  and r f  systems is  q u i t e  extensive.  A l -  
though t h e . l i n e a r  a c c e l e r a t o r  under cons idera t ion  
i s  an order  of  magnitude longer  than any s i m i l a r  
one now i.n ex i s tence ,  i t  is  doubt fu l  t h a t  a  d ra -  
matic reduc t ion  i n   cost/^^ w i l l  be achieved. A 
p r i n c i p a l  uncer ta in ty  i n  t h e  Linac /~ccumula tor  

' 

scenar io  i s  the  s a t i s f a c t o r y  preserva t ion  of t h e  
i o n  source br igh tness  through t h e  e a r l y  s tages .  o f  

a c c e l e r a t i o n .  Typical  u n c e r t a i n t i e s  a r e  an order  
o f  a  f a c t o r  of  two. Doubling t h e  number o f  accu- 
mulators would compensate t h i s .  Another a r e a  of  
uncer ta in ty ,  not r e l a t e d  t o  t h e  f i r s t ,  involves 
f i l l i n g  t h e  h o r i z o n t a l  and v e r t i c a l  acceptances 
of  the  accumulator r i n g s  without  s u b s t a n t i a l  
l o s s e s  of  beam. Here aga in ,  t h e  uncer ta in ty  i s  
a n  order  of  a  f a c t o r  of  two between what i s  an- 
t i c i p a t e d  versus what is  assured.  The r e l a t i v e l y  
s h o r t  time t h a t  the  beam r e s i d e s  i n  t h e  accumulator 
makes t h i s  scenar io  r e l a t i v e l y  i n s e n s i t i v e  'to 
u n c e r t a i n t y  i n  beam-gas and beam-beam cross  
s e c t i o n s .  

The Synchrotron or. ~~nchrotron/~torage'~ing 
scenar io  has i t s  p r i n c i p a l  u n c e r t a i n t y  f a c t o r s  
i n  t h e  a r e a  of  vacuum and beam-beam cross  s e c t i o n  
u n c e r t a i n t i e s .  The vacuum requirements have been 
met f o r  s t o r a g e  r i n g s ,  but not i n  a ' r a p i d  cyc l ing  
synchrotron. On t h e  o t h e r  hand, synchrotron mag- 
ne t  and r f  technology i s  very h igh ly  developed, 
and r e l i a b l e  c o s t  and component performance e s t i -  
mates can be made. Since the  synchrotron r e l i e s  
on an r f  l i n a c  f o r  i t s  i n j e c t o r ,  ' i t  shares  t h i s  
technology wi th  t h e  o t h e r  scenar ios .  Because 
synchrotrons tend t o  be cheaper lvo l t  than l i n a c s ,  
scenar ios  wi th  m u l t i p l e  synchrotrons i n  p a r a l l e l  
a r e  l i k e l y  t o  be favored. The l i n a c  i n j e c t o r  w i l l  
t y p i c a l l y  have no t r o u b l e  f i l l i n g  more than one 
synchrotron. I n t e n s i t y  r e l a t e d  vacuum breakdown, 
and beam-beam s c a t t e r i n g  l o s s e s ,  i f  they t u r n  out 
t o  be bothersome, a r e  a l l  a l l e v i a t e d  by adding 
more synchrotrons.  

I n  sketching out t h e  t h r e e  a c c e l e r a t o r  sce-  
n a r i o s , , n o  account was taken of t h e  p o s s i b i l i t y  
t h a t  space-charge n e u t r a l i z a t i o n  might be used to 
enhance t h e  performance of  t h e  various schemes. 
Any advances made i n  t h i s  a r e a  would in t roduce  
s u b s t a n t i a l  improvements i n  a l l  of t h e  scenar ios .  

.A. W. Maschke 
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1. u BNL HEAVY I O N  FUSION PROGRAM -- -A 

A. W. Maschke 

INTRODUCTION 

A p r i n c i p a l  a t t r a c t i o n  of Heavy Ion Fusion 
i s  t h a t  e x i s t i n g  a c c e l e r a t o r  technology and theory 
i s  s u f f i c i e n t l y  advanced t o  al low one t o  commence 
t h e  design of  a  machine capable of  i g n i t i n g  thermo- 
nuc lear  explosions. There a r e ,  however, a  number 
of  f e a t u r e s  which a r e  not found i n  e x i s t i n g  ac- 
c e l e r a t o r s  b u i l t  f o r  o ther  purposes. The main 
t h r u s t  of  t h e  BNL Heavy Ion Fusion program has 
been t o  explore theoe fcntureo.  

LONGITUDINAL BUNCHING 

I n  a  conventional a c c e l e r a t o r '  t h e  bunch 
leng th  has not been o f  much concern. For fus ion  
a p p l i c a t i o n ,  we want t o  bunch t h e  beam a s  t i g h t l y  
a s  possible .  There a r e  a  number o f  quest ions 
t h a t  a r i s e :  

1. I f  t h e  bunching occurs  r a p i d l y ,  can we t o l -  
e r a t e  Epace charge f o r c c ~  i n  excess of  t h e  convcn- 
t i o n a l  space charge l i m i t ?  Tes t s  done with 200 
MeV protons c i r c u l a t i n g  i n  t h e  BNL AGS ind ica ted  
t h a t  we could o b t a i n  space charge tune s h i f t s  i n  
excess  of  a n  in teger .  This  confirms r e s u l t s  i n  
computer s imulat ions t h a t  i n d i c a t e  tune s h i f t s  on 
t h e  order  of  1312 should be allowed i n  a  t r a n s i e n t  
condit ion.  

2. What s o r t  of  bunching fac tors ,might  one be 
a b l e  t o  o b t a i n  i n  a  c i r c u l a r  machine? Typical  
a c c e l e r a t o r s  o p e r a t e  wi th  bunching f a c t o r s  of  
about 10. By bunching f a c t o r  we mean t h e  d i s -  
tance between bunches divided by t h e  leng th  of 
t h e  bunch. Experiments were done wi th  6 GeV 
protons on a f l a t  top o f  t h e  AGS magnet cyc le ,  
i n  o r d e r  t o  o b t a i n  a s  l a r g e  a  bunching f a c t o r  a s  
poss ib le .  We were a b l e  t o  measure a  bunch leng th  
(FWHM) of  5 3 ns, a t  a  220 ns separat ion.  I f  a l l  
twelve beams were combined, t h i s  represen ts  a  
power i n  excess o f  1 TW. The bunch leng th  measure- 
ments were l imi ted  hy the  bandwi-dth of  our d e t e c t i o n  
system. We a n t i c i p a t e  b e t t e r  r e s u l t s  w i l l  be 
obtained when t h e  presen t  d e f i c i e n c i e s  have been 
cor rec ted .  

VERY LOW VELOCITY ACCELERATION 

1+ 
high  c u r r e n t  low B l i n a c  t o  a c c e l e r a t e  Xe from 
750 keV t o  1.1 MeV. We have a l r e a d y  operated t h e  
duoplasmatron source w i t h  Xenon, and obtained 
c u r r e n t s  i n  the  5-10 mA range. The dominant 
spec ies  was xefl, a t  a n  energy of  750 keV. A 
surp lus  r f  t r a n s m i t t e r ,  obtained from LBL, has 
been modified t o  provide power a t  16.6 MHz f o r  
t h e  s t rucu ture .  The v e l o c i t y ,  of  0.0036, makes 
t h i s  the  lowest 0 s t r u c t u r e  ever  b u i l t .  Operation 
i s  expected i n  November. A f e a t u r e  of t h e  des ign  
i s  t h e  e a s i l y  removable d r i f t  tube assemblies. 
The i n t e r n a l  f e a t u r e s  can be modified without  
major c a v i t y  a l t e r a t i o n s .  The focusing i s  done 
e x t e r n a l l y  by a  pulsed t r i p l e t .  

SPACE CHARGE NEUTRALIZATION 

Exis t ing  a c c e l e r a t o r s  a l l  opera te  on t h e  
p r i n c i p l e  t h a t  space charge forces-  a r e  unneutra- 
l i z e d .  However, f o r  t h e  Heavy Ion Fusion program, 
cons iderab le  advantage could be obtained i f  space 
charge forces  could be reduced o r  el iminated.  
Three places a r e  o f  s p e c i a l  concern: 

1. Transport  t o  t h e  f i n a l  focus,  

2. long i tud ina l  compression, and 

3. accumulation i n  a  c i r c u l a r  r ing .  

The BNL n e u t r a l i z i n g  s t u d i e s  a r e  d i r e c t e d  
toward a  t h e o r e t i c a l  and experimental under- 
s tand ing  o f  these  phenomena, s o  t h a t  one w i l l  
be ab1.e t o  incorpora te  t h e  advantages of  neutra-  
l i z a t i o n  i n t o  f u t u r e  HIF a c c e l e r a t o r  designs. 

Conventional heavy i o n  a c c e l e r a t o r s  have not 
requ i red  high cur ren ts .  Consequently, we have co- 
commenced t h e  cons t ruc t ion  o f  a  s h o r t  (3 meter) ,  



R. L. Martin 

SUMMARY 

The experimental par t  of Argonne's heavy ion 
fus ion  program is  d i r e c t e d  toward demonstrating 
the  f i r s t ,  and i n  many ways most d i f f i c u l t ,  sec-  
t i o n  of a  v iab le  a c c e l e r a t o r  f a c i l i t y  f o r  heavy 
ion  fus ion .  This inc ludes  a  high c u r r e n t ,  high 
b r i g h t n e s s ,  s ing ly  charged xenon source,  a  dc pre- 
a c c e l e r a t o r  a t  the h ighes t  p r a c t i c a l  vo l tage ,  and 
a  low b e t a  l i n a c  of s p e c i a l  des ign .  The l a t t e r  
would demonstrate r f  cap ture  with i t s . a t t e n d a n t  
i n e f f i c i e n c i e s  and a c c e l e r a t e  ions t o  a  v e l o c i t y  
accep tab le  t o  more conventional  r f  l i n a c  s t r u c -  
t u r e s  such a s  the rr-3n Wideroe. ..The i n i t i a l  goa l s  
of t h i s  program a r e  f o r  a  source cur ren t  of 100 
mA of Xe .i preacce le ra tor  vo l tage  o'f 1 . 5  MV, . 
and l e s s  than 50% l o s s  i n  r f  cap ture  i n t o  the low 
b e t a  l i n a c .  I f  r e l i a b l e  opera t ion  of such a . s y s -  
tem is .demonstrated, .we b e l i e v e  t h a t  one of the . 
major u n c e r t a i n t i e s  i n  the  heavy , ion  fus ion  con- 
cepL w i l l  have been overcome. 

Beyond t h i s  i n i t i a l  program, we have proposed 
t h a t  a  l i n e a r  a c c e l e r a t o r  with a  vo l tage  gain up 
to .200  MV a s  a  minimum'should be constructed and' 
would form the, i n i t i a l  s tage  of an opera t iona l  
heavy ion fus ion  f a c i l i t y  i r r e s p e c t i v e  of what 
type of a c c e l e r a t i o n  t o  high energ ies  (synchrotron,  
conventional  r f  l i n a c ,  o r  l i n e a r  induct ion acce l -  
e r a t o r )  were employed beyond t h i s  po in t .  I n  
o rder  t o  maximize beam c u r r e n t . i n  any des i red  
charge s t a t e ,  the source should produce s i n g l y  
charged ions with s t r ipp. ing t o  the,  des i red  charge 
s t a t e  a t  the  appropr ia te  energy. Such a  procedure 
is  c o n s i s t e n t  with the  Argonne program. 

An cxpcrimcntnl program with heavy ion  beams 
a s  they become a v a i l a b l e  a t  Arponne i s  planned t o  
i n v e s t i g a t e  space charge l imi ted  t r a n s p o r t ,  neu- 
t r a l i z a t i o n ,  and vacuum ques t ions .  

Conceptual depign s t u d i e s  and systems analy- 
s i s  cont.1nue. The program's c u r r e n t  emphasis is  
on rap id  cyc l ing  synchrotrons.  

I O N  SOURCES AND COLUMNS 

A high br igh tness  Xe+l ion  source was d e l i v -  
ered t o  Argonne i n  September by Hughes Research 
L a b o r a t o r i e s .  The source uses  a  low vol tage  
Penning ion discharge and has a  s i n g l e  a p e r t u r e  
P ie rce  e x t r a c t i o n  e l e c t r o d e  conf igura t ion .  It 
d e l i v e r s  a  beam of 2.5 mA of ~ e + l  a t  80 keV. i n  a  
very narrow beam. The source i s  being mounted on 
a  t e s t  s tand f o r  beam experiments on t ransmission 
of space charge l imi ted  beams, n e u t r a l i z a t i o n ,  and 
s t u d i e s  on vacuum e f f e c t s .  

The source was a l s o  t e s t e d  a t  Hughes f o r  pro- 
duc t ion  of a  ~ i +  beam and can a l s o  produce an H ~ +  
beam. The use of H ~ + '  appears  f e a s i b l e  with s u f -  
f i c i e n t  case ;  the p r a c t i c a l  use of ~ i + ' l  appears  
extremely d i f f i c u l t .  

I' 

Hughes Research Labora tor ies  i s  p r e s e n t l y  
s c a l i n g  t h i s  source t o  a  c u r r e n t  of 100 mA 'at a  
constant  cur ren t  d e n s i t y  of 15 mA/cm2. This  
work i s  being c a r r i e d  out i n  c o l l a b o r a t i o n  with 
a  high grad ien t  column design a t  ANL f o r  1 . 5  MV 
vol tage  i n  the  p reacce le ra tor .  The high cur ren t  
source and column should be a v a i l a b l e  f o r  i n s t a l -  
l a t i o n  i n t o  the  Dynamitron by l a t e  spr ing  of next 
year .  Success with t h i s  source and column i n  the 
preacce le ra tor  w i l l  s t i m u l a t e  e f f o r t s  t o  achieve 
even higher  vo l tages .  

DYNAMITRON 

A 4 MV Dynamitron dc a c c e l e r a t o r  was obtained 
from the Goddard Space F l i g h t  Center i n  Maryland. 
The a c c e l e r a t o r  has  been i n s t a l l e d  a t  Argonne; 
and vo l tage  t e s t s ,  both dc and pulsed,  t o  2.5 MV 
have been c a r r i e d  out s u c c e s s f u l l y .  The Dynamit- 
r.on i s  now being, disassembled f o r  modif icat ion of 
i t s  f i n a l  cunfiguratforl.  Tlle l a c c e r  inc ludes  a n  
ex tens ion  of 3. f t  t o  the  pressure vesse l  and in -  
s t a l l a t i o n  of a  quick opening f lange .  The f lange . 
i s  onsthe opposi te  end t o  the  normal f langc and 
provides ra,pid access  t o  the  source and column . 
which w i l l  be mounted t o  a c c e l e r a t e  t o  the oppo- 
s i t e  d i r e c t i o n  from t h e - r e c t i f i e r  s tack .  This  
procedure allows a  l a r g e  a p e r t u r e ,  high grad ien t  
column design not constrained by the r e c t i f i e r  
s t a c k .  Addit ional  modif icat ions t o  the Dynamitron 
include replacement of the r e c t i f i e r  tubes (- 100) 
with s o l i d  s t a t e  r e c t i f i e r s ,  recoupling the r e c t i -  
f  i e r s  f o r  f u l l  wave r e c t i f i c a t i o n ,  s t r r n g t l l e ~ l i ~ l g  
of the coupling between the dees and t h e  r e c t i f i e r  
r i n g ,  and enlargement of the  source te rmina l .  As 
a  f u l l  wave r e c t i f i e r  conf igura t ion ,  the  maximum 
voltage w i l l  be 2  M V ,  beyond which the  system has 
a l ready  been t e s t e d ,  and w i l l  have double the  cur-  
rent car ry ing  capac i ry .  .Test8 Lndlctlce c l u t  i l ~ e  
l a t t e r  should exceed 50 inA and with some f u r t h e r  
modif icat ions t o  the r f  power supply may prove 
adequate f o i  the 100 m k  c u r r e n t s  d e s i r e d .  ' I f  such 
modif icat ions should prove too ex tens ive ,  a  Radi- 
aLiu11 Dyuao~ics, Ioc.  o s c i l l a t o r  capable of the . r e -  
quired power is  a l ready  a v a i l a b l e .  

The modif icat ions t o  the  Dynamitron should be 
complete i n  January.so t h a t  t e s t i n g  can resume. 
The high cur ren t  xenon source and high grad ien t  
column a r e  expected t o  be a v a i l a b l e  in ,  l a t e  spr ing  
of 1978.. 

LOW BETA LINAC 

An r f  l i n a c  t o  a c c e l e r a t e  the xe+l beam above 
the  1 .5  MV of the Dynamitron is being designed. 
The design is  dominated by the  need f o r  s t rong  
quadrupoles t o  con ta in  the high ion cur ren t  a t .  
t h i s  r e l a t i v e l y  low vol tage .  Two low power models 
of 12.5 MHz c a v i t i e s  have been completed and t e s t -  
ed .  These include a  114 wavelength tolded l i n e  
resona tor  and a  s p i r a l  resona tor .  The mechanical 
s t a b i l i t y  of the l a t t e r  was inadequate. The prop- 
e r t i e s  of the  folded l i n e  resona tor  were q u i t e  
s a t i s f a c t o r y .  However, cons t ruc t ion  c o s t  e s t i -  
mates from vendnrs were considered too high so  



t h a t  we a r e  p resen t ly  studying modif icat ions t h a t  
would reduce the  c o s t .  

Two o ther  types of r f  c a v i t i e s  a r e  being - 
inves t iga ted .  These a r e  the  c a p a c i t i v e l y  loaded 
coaxia l  l i n e  and the lumped inductor .  Modelling 
and t e s t i n g  a t  high power w i l l  be c a r r i e d  o u t .  
After  s e t t l i n g  on an optimum design f o r  the  cav- - i t i e s  of the  low be ta  l i n a c ,  a s  many complete 
c a v i t i e s . ( w i t h  r f  power f o r  acce le ra t ion)  w i l l  be 
constructed a s  our funding w i l l  allow. 

CONCEPTUAL DESIGN STUDIES 

Stud ies  d i r e c t e d  toward a c c e l e r a t o r  configu- 
r a t i o n s  f o r  100 KJ systems have shown t h a t  the 
i n i t i a l  goa l s  f o r  p e l l e t  experiments with lower 
beam energ ies  have introduced some new problems 
not inherent  i n  higher  power systems. These a r e  
a  r e s u l t  of the assumption of smaller  p e l l e t  s i z e ,  
r e q u i r i n g  f a s t e r  beam depos i t ion  and lower ion 
energy. Problems of longi tud ina l  beam compression 
a r e  thus more severe ,  and beam t ranspor t  problems 
a t  the lower ion energ ies  i n d i c a t e  the need f o r  
more beams than f o r  higher  power systems r a t h e r  
than fewer. I n  add i t ion ,  1 W systems u t i l i z i n g  
rapid cyc l ing  synchrotron's may prove economically 
competi t ive with the  lower energy systems. 

For the  above reasons,  Argonne's program has 
concentrated most r e c e n t l y . o n  rap id  cyc l ing  syn- 
chrotrons f o r  the  ion beam fus ion  program. Activ- 
i t i e s  include s t u d i e s  of the  inf luence of B on 
the bunching f a c t o r ,  long i tud ina l  bunching r e -  
quirements, and on magnets f o r  rapid cyc l ing  
synchrotrons.  On the  l a t t e r ,  a  p a r t i c u l a r l y  
a t t r a c t i v e  design i s  one employing two separa te  
apertures w.iL11 ac lliagl~ctic f i e l d s  switching ,be- 
tween the  two. Both a r e  l inked by a  dc b i a s i n g  
magnetic f i e l d .  I f  ac coupling t o  the dc c o i l  
can be e l imina ted ,  the  l a t t e r  could be made super- 
conducting. A model o f . t h i s  magnet is  being . 
t e s t e d  t o  determine i t s  p r o p e r t i e s .  



3.  LAWRENCE BERKELEY 
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The LBL d i r e c t o r a t e  i n  1976 made a v a i l a b l e  
d i s c r e t i o n a r y  f u n d s  t o  a l l o w  p r e l i m i n a r y  p l ann ing  
e f f o r t s  t o  g e t  unde r  way i n  t h i s  promis ing new 
a r e a .  D i r e c t  ERDA fund ing  s t a r t e d  l a t e  i n  March 
of 1977. P a r t  of t h e  e a r l i e r  e f f o r t s  i nc luded  
p r e p a r a t i o n  of a  s t u d y  p roposa l  "Heavy-Ion Fus ion -  
P r o p o s a l  f o r  a  Program a t  Lawrence Berkeley  Labo- 
r a t o r y ,  (September ,  1976)" which inc luded  no t  j u s t  
t h e  t o p i c s  l a t e r  funded and r e p o r t e d  on h e r e ,  b u t  
a l s o  proposed a c t i v i t i e s  i n  o t h e r  a r e a s  such a s  
i o n - i o n  and ion -gas  i n t e r a c t i o n s ,  i on -ma t t e r  energy 
l o s s ,  c ryogen ic  a c c e l e r a t i o n  sys t ems ,  e t c . ,  a l l  o f  
which w i l l  have b e a r i n g  on t h e  d e s i g n  of a n  u l t i -  
mate sys tem.  

I n  choos ing  t h e  p r e s e n t  d i r e c t i o n  of ou r  
r e s e a r c h  and development program we t r i e d  f i r s t  t o  
s i n g l e  o u t  t h o s e  f e a t u r e s  t h a t  p r e s e n t e d  ebsen-  
t i a l l y  new problems i n  a c c e l e r a t o r  d e s i g n  a s  op- 
posed t o  t h o s e  t h a t  we f e l t  more comfor t ab l e  abou t  
h a n d l i n g  i n  a  s t r a i g h t f o r w a r d  way. Among t h e  
l a t t e r  a r e  r e p e t i t i o n  r a t e ,  power c o n v e r s i o n . e f f i -  
c i e n c y ,  c r e a t i o n  of megajoule  beams, and e x p e r i -  
ence  i n  e n g i n e e r i n g ,  e s t i m a t i n g ,  meet ing  c o n s t r u c -  
t i o n  s c h e d u l e s ,  o p e r a t i n g  w i t h  h i g h  a v a i l a b i l i t y  
and hav ing  a d e q u a t e  c o n t r o l  sys t ems  f o r  t h e  l a r g e  
s c a l e  i g n i t e r  sys t em t h a t  w i l l  be  r e q u i r e d .  At 
l e a s t  some of t h e s e  f e a t u r e s  w i l l  p r e s e n t  new 
c h a l l e n g e s  t o  o t h e r  proposed i g n i t e r  t e c h n o l o g i e s  
e .g . ,  l a s e r s ,  REBs, i o n  d i o d e s .  The e s s e n t i a l l y  
n o v e l  problems f a c i n g  t h e  a c c e l e r a t o r  s c i e n t i s t ,  
we i d e n t i f i e d  a s  t h e  need f o r  ( a )  l a r g e  c h a r g e  per  
p u l s e  ( o r  h igh  c u r r e n t )  and ( b )  h i g h  beam-power 
on t a r g e t .  The r e q u i r e d  c u r r e n t s  a r e  one t o  two 
o r d e r s  of magnitude beyond o u r  p r e s e n t  e x p e r i e n c e  
f o r  heavy i o n s ,  and t h e  power much more t h a n  t h a t ;  
t h e  power i n  p a r t i c u l a r  p r e s e n t s  a  new ( b u t  v i s i - '  
b l e )  f r o n t i e r  because  a c c e l e r a t o r s  f o r  e x p e r i -  
ments u s u a l l y  s e e k  t o  p rov ide  t h e  l owes t  p o s s i b l e  
power f o r  u s e r s .  

We have been a d d r e s s i n g  t h e s e  problems on 
t h r e e  f r o ~ ~ c s :  

1 )  An i n t e n s i v e  t h e o r e t i c a l  program was launched 
t o  t r y  t o  unde r s t and  t h e  c o n d i t i o n s  f o r  s a f e  prop- 
a g a t i o n  of i n t e n s e  beam c u r r e n t s  i n  f o c u s s i n g  sys -  
tems,  such a s  con t inuous  and i n t e r r u p t e d  s o l e n o i d  
l e n s  sys t ems ,  and quadrupo le  s t r o n g - f o c u s s i n g  s y s -  
tems. A n a l y t i c  methods have  l e d  t o  s i g n i f i c a n t  
advances  i n  u n d e r s t a n d i n g  o f  t h e  new problems;  
w i t h  compu ta t iona l  t e c h n i q u e s  a  l a r g e  amount o f  
new i n f o r m a t i o n  h a s  been g e n e r a t e d  on space -  
charge-dominated  t r a n s p o r t  phenomena; a l s o ,  a t  
t h i s  t ime  a  new LBL p a r t i c l e  numerica l  s i m u l a t i o n  
code  i s  a lmos t  r eady  t o  g i v e  new r e s u l t s .  I n  t h e  
l a s t  few months a  r eward ing  exchange has  t a k e n  
p l a c e  w i t h  a group a t  t h e  Naval Research Labora- 
t o r y ,  who have a d a p t e d  e x i s t i n g  numer i ca l  simu- 
l a t i o n  codes  t h e r e  t o  s t u d y  t h i s  problem. 

R  & D e f f o r t  and i n  e x p e c t a t i o n  of imminent up- 
g r a d i n g  t o  b r i n g  it up t o  a  uranium-ion c a p a b i l i t y ,  
i t  was a  n a t u r a l  c h o i c e  t o  make a n  a d d i t i o n  t o  
t h e s e  a c t i v i t i e s  t o  examine low-8 r f  a c c e l e r a t i n g  
s t r u c t u r e s  and i o n  s o u r c e s  s u i t a b l e  f o r  HIF. These  
s t u d i e s  have shown t h a t  t h e  r equ i r emen t s  f o r  a n  
r f  i n j e c t o r  f o r  HIDE a r e  j u s t  a  s h o r t  s t e p  away 
from t h o s e  now b e i n g  des igned  f o r  t h e  Supe rHi l ac  
t h i r d  i n j e c t o r  which is  soon t o  be c o n s t r u c t e d .  
Thq m u l t i - a p e r t u r e  i on - sou rce  work h a s  p rog res sed  
t o  t h e  p o i n t  of demons t r a t i ng  c u r r e n t s  of heavy 
i o n s  s u i t a b l e  f o r  HIDE, bu t  not  y e t  f o r  a  power, 
p l a n t .  

3 )  An e x p e r i m e n t a l  program on i n t e n s e  beam prop- 
a g a t i o n  was c l e a r l y  of h igh  p r i o r i t y .  Exper iments  
s c a l e d  i n  p a r t i c l e  mass, f o r  example,  e l e c t r o n  
t a b l e - t o p  d e v i c e s ,  even p ro ton  models ,  were r e -  
j e c t e d  because  of t h e  l a r g e  e x t r a p o l a t i o n  f a c t o r s  
i n  f a v o r  of p roceed ing  d i r e c t l y  t o  heavy i o n s .  , 
Whi 1.e mill ti,-ampere beams o f  gaseous  i o n s ,  e .g . ,  
Xe, have been produced a t  LBL w i t h  CTR s o u r c e s ,  we 
have chosen f o r  t h e  moment t o  c o n s t r u c t  a l a r g e  
a p e r t u r e  c o n t a c t - i o n i z a t i o n  s o u r c e  of ~ c + l  which 
should  be f r e e  of troublesoll le gas - load  p rob leu~s .  
A  d r i f t  t u b e  sys tem employing pulse-power u n i t s  i s  
p lanned t o  a c c e l e r a t e  a  beam of abou t  one ampere 
t o  2-3  MV ( t o t a l  cha rge  2pC). A  quadrupu le  
t r a n s p o r t  sys tem of some 24 magnets (12  p e r i o d s )  
w i l l  be  i n s t a l l e d  t o  s t u d y  t r a n s p o r t  c h a r a c t e r i s -  
t i c s  ( such  a s  e m i t t a n c e  d e g r a d a t i o n ) .  We have 
a r r a n g e d  t o  borrow much of t h e  r e q u i r e d  equipment 
b u t  have s t a r t e d  t o  i n s t a l l  t h e  added power supp ly  
f a c i l i t i e s  needed t o  supp ly  t h e  e l e c t r i c a l  r e -  
qu i r emen t s .  O the r  expe r imen t s  t o  t a k e  p l a c e  i n  
t h c  f u t u r e  w i l l  i n v o l v e  i n s t a b i l i t y  s t u d i e s ,  beam 
bunching and n e u t r a l i z a t i o n .  

We have b e n e f i t t e d  by i n t e r a c t i o n  w i t h  v i s -  
i t i n g  s c i e n t i s t s  from o t h e r  l a b o r a t o r i e s  -- 
Da T i d m n  ( U o i u e r s i t y  o f  Maryland) s p e n t  two months 
h e r e ,  I. Hofll~ann (Max P laock  111stiLuLe f o r  Plasma 
P h y s i c s ,  Garching)  w i l l  be  w i t h  u s  f o r  a  y e a r  and 
W .  Herrmannsfe ld t  (SLAC) is  p a r t i c i p a t i n g  i n  t h e  
program on-a  50% b a s i s .  I n  a d d i t i o n ,  V .  K.  Nei l .  
(LLL) and R. Cooper (LASL) a r e  p a r t i c i p a t i n g  i n  
t h e  t h e o r e t i c a l  s t u d i e s .  

A workshop on Low-8 High I n t e n s i t y  Acce le r -  
a t i n g  S t r u c t u r e s  was h e l d  a t  LBL on June 1-3,  
1977. 

2 )  Because t h e  Bevalac  is  a n  o p e r a t i n g  heavy 
i o n  l i n a c  and s y n c h r o t r o n  f a c i l i t y  w i t h  a n  ongoing 



4 .  THE <I;AWRENCE LIVERMORE LABORATORY PROGRAM 
IN HEAVY ION FUSION 'z  

R. Bange r t e r  

The Lawrence Livermore Labora to ry  is  involved 
i n  t h r e e  a r e a s  of r e s e a r c h  i n  heavy i o n  f u s i o n :  

1 .  T a r g e t  d e s i g n .  

2 .  Combustion chamber d e s i g n .  

3 .  Ion  beam p ropaga t ion  s t u d i e s  i n  t h e  
combustion chamber environment .  

Through t h e  l a s e r  f u s i o n  program, t h e  Labora- 
t o r y  i s  a l s o  invo lved  i n  a l l  o t h e r  a s p e c t s  of i n -  
e r t i a l  conf inement  f u s i o n ,  such a s  t a r g e t  f a b r i -  
c a t i o n ,  d i a g n o s t i c s ,  and sys tems s t u d i e s .  

There  have been two s i g n i f i c a n t  developments  
i n  t a r g e t  d e s i g n  s i n c e  t h e  1976 Summer S tudy .  The 
f i r s t  i s  t h e  e v o l u t i o n  of new t a r g e t  d e s i g n s  w i th  
low power and energy r equ i r emen t s .  These  new 
d e s i g n s  i n c r e a s e  ou r  con f idence  t h a t  beam powers 
of - 100 TW and beam e n e r g i e s  of - 1 M J  a r e  s u f f i -  
c i e n t  t o  d r i v e  a  f u s i o n  r e a c t o r .  

The second development i s  t h e  d e s i g n  of t a r -  
g e t s  hav ing  c a l c u l a t e d  energy g a i n s  of 500-1000. 
Fo r  a  g i v e n  i n p u t  energy a  h igh  g a i n  r e l a x e s  t h e  
r equ i r emen t s  on t a r g e t  f a b r i c a t i o n  c o s t s ,  a c c e l -  
e r a t o r  e f f i c i e n c y  and r e p e t i t i o n  r a t e .  

S e v e r a l  combustion chamber d e s i g n s  a r e  b e i n g  
i n v e s t i g a t e d .  The most promis ing i s  t h e  " l i t h i u m  
w a t e r f a l l "  app roach .  I n  t h i s  approach a  t h i c k  
(2 50 cm) l i q u i d  l i t h i u m  w a t e r f a l l  p r o t e c t s  t h e  
chamber w a l l  from n e u t r o n s ,  x - r a y s ,  b l a s t  and p e l -  
l e t  d e b r i s  w h i l e  a l s o  s e r v i n g  a s  a  b r e e d i n g  b l an -  
k e t  f o r  t r i t i u m .  

The beam t r a n s p o r t  group a t  Livermore  has  
e x t e n s i v e  expe r imen ta l  and t h e o r e t i c a l  e x p e r i e n c e  
i n  t h e  p ropaga t ion  of i n t e n s e  e l e c t r o n  beams. The 
computer programs f o r  e l e c t r o n  beam p ropaga t ion  
a r e  be ing  modif ied  t o  c a l c u l a t e  i o n  beam propa- 
g a t i o n .  P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  s t a b l e  
p ropaga t ion  of i o n  beams over  d i s t a n c e s  of t h e  
o r d e r  of 10 m ( t h e  proliable r a d i u s  of a  combustion 
chamber) a r e  p o s s i b l e  a t  p r e s s u r e s  - ' I  T o r r .  Some 
e a r l i e r  c a l c u l a t i o n s  i n d i c a t e d  much lower p r e s -  
s u r e s  were r e q u i r e d .  These  low p r e s s u r e s  would 
have excluded t h e  l i t h i u m  w a t e r f a l l  combust ion  
chamber d e s i g n .  

I n  c a s e  combustion chamber p ;essures  4 
T o r r  a r e  r e q u i r e d ,  we a r e  s t u d y i n g  t h e  p o s s i b i l i t y  
of r e p l a c i n g  t h e  l i q u i d  l i t h i u m  w a t e r f a l l  w i t h  a  
w a l l  of s m a l l  f a l l i n g  b a l l s  made of a' l i t h i u m  
c o n t a i n i n g  ce ramic .  We a r e  a l s o  s t u d y i n g  o t h e r  
f l u i d  w a l l  m a t e r i a l s  such a s  g r a p h i t e .  I n  ad-  
d i t i o n  t o  p r o v i d i n g  low chamber p r e s s u r e s ,  g a s  
coo led  ceramic  o r  g r a p h i t e  sys tems may prove more 
env i ronmen ta l ly  a c c e p t a b l e  t han  l i q u i d  l i t h i u m  
sys tems.  
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/- c' 1. SUMMARY 3 .  lowest poss ib le  charge s t a t e .  

Mark Q. Barton 

The one week dura t ion  of t h e  Workshop proved 
f a r  s h o r t  of the time n e c e s s a r y ' t o  develop a  de- 
t a i l e d  i o n  source t o  t a r g e t  scenar io  f o r  a  demon- 
s t r a t i o n  f a c i l i t y .  Nonetheless,' the  Workshop 
proved u s e f u l  f o r  e s t a b l i s h i n g  c o n s t r a i n t s  and 
f o r  r a i s i n g  quest ions about the  v i a b i l i t y  o r  c o s t  
e f f e c t i v e n e s s  of t h i s  approach. 

~ n f o r ' t u n a t e l ~  a l l  these  c o n s t r a i n t s  po in t  t o  
high cos t .  For example, a  r i n g  of about 100 m ra -  
d i u s  wi th  1 Tesla  f i e l d s  could hold 1 M J  of 4+ 
LisiltuClr (A = 209) ' luus u f  33 tieV each. With modest 
bunching, and e igh t .  e x t r a c t i o n  po ih t s ,  t h i s  r i n g  
could provide 160 TW f o r  a  t o t a l  1 MJ. Each beam 
would be near  i t s  l i m i t  a t  20 TW. Any reduct ion 
i n  energy, atomic number o r  i n c r e a s e  i n  charge 
s t a t e  makes i t  impossible  t o  t r a n s p o r t  the re -  
quired power t o  t a r g e t  i n  e i g h t  o r  fewer. beams. 

' 
 p point of d i scuss ion  e a r l y  i n  the  week con- 

cerned t h e  number of beams on t a r g e t .  Cost e s t i -  
mation schemes, p a r t i c u l a r l y  a t  Argonne, have i n -  
d i c a t e d  the  d e s i r a b i l i t y  of a  very la rge  number 
(perhaps 100) of beams. There was, however, i n  
t h e  group, a  s i z a b l e  cont ingent  who found t h i s  
l a r g e  number object ionable.  The i r  reasons a r e  
t raced  t o  t h e  fol lowing arguments: 

Even though such a r i n g  could conta in  the  . 
r e q u i s i t e  s t o r e d  energy, (without bunching) i t  
could no t  be used a s  a  synchrotron. This i s  a  
r e s u l t  of space charge c o n s t r a i n t s  very s i m i l a r  
t o  what occurs i n  t h e  beam t r a n s p o r t .  I f  one i n -  
j e c t s  i n t o  t h i s  r i n g  a t  a  lower energy than 35 GeV, 
t h e  space charge l i m i t  i s  exceeded a t  i n j e c t i o n .  

1. The l a r g e  number, i n  f a c t ,  may no t  be The only poss ib le  r e s o l u t i o n s  a r e  to :  

ter.hnj.c.al1.y f e a s i b l e .  " 

1. use a  lower charge s t a t e  

2. Detai led designs of t h e  t r a n s p o r t  systems 
f o r  such beams have n o t  been done. When 

2. use ano ther  r i n g  which i s  rap id ly  cycled 

they a r e  completed, they may show t h a t  t o  f i l l  t h i s  r i n g  

che assumptions i n  c o s t  es t imat ion  
stgumonto may have t o  bc modified and a 
lower number of beams w i l l  r e s u l t ,  

3, ucc several simultaneous1 y  p ~ ~ l s e d  S ~ I I -  

chrotrons t o  f i l l  t h e  b ig  r ing.  

3. It may be t h a t  t a r g e t  people w i l l  impose, These arguments a r e  based on t h e  very simple 

i n  the f u t u r e ,  a n  upper limit a s  w e l l  space charge l i m i t  
- - 

a s  a  lower limit on t h e  accep tab le  
number of beams on t a r g e t ,  

There i s  no compelling reason t o  be l ieve  t h a t  
any of these  arguments a r e  t r u e .  Nonetheless, 
t h e r e  was a . s u f f i c i e n t l y  s t r o n g  i n t u i t i v e  f e e l i n g  
by enough people i n  the  group t o  s t e e r  t h e  d i s -  
cuss ion  towards a  system w i t h  a  smal l  number of 
beams. Cer ta in ly  these ques t ions  should be ad- 
dressed d i r e c t l y  before any s i g n i f i c a n t  e f f o r t  i s  
spen t  on any system contingent  on a  l a r g e  number 
of beams. 

Once t h e  dec i s ion  was made t o  concentrate  on 
a  sl~lall number of beams, ' the t r a n s m i t t a b l e  power 
per  beam l i n e  r e s t r i c t s  t h e  op t ions  to:  

1. highest  energy c o n s i s t e n t  with s u i t a b l e  
range 

2. h ighes t  f e a s i b l e  atomic number 

where N i s  t h e  number of s t o r e d  p a r t i c l e s ,  Av i s  
t h e  acceptable  bekatron o s c i l l a t i o n  tune s h i f t  
usua l ly  taken a s  0.2 - 0.25, B t h e  r f  bunching 
f a c t o r ,  rp i s  t h e  c l a s s i c a l  rad ius  of the  proton, 
A t h e  atomic weight of the  i o n  and q  i t ~ ~ c h a r g e  
s t a t e .  ncn i s  t h e  normalized emi t tanre  a s  doter-  
mined by t h e  t a r g e t  and we have assumed 20n mm 
mrad, B and Y a r e  t h e  usua l  r e l a t i v i s t i c  f a c t o r s .  
I f  we mul t ip ly  t h e  number of p a r t i c l e s  N, by t h e  
energy per  p a r t i c l e ,  we can determine how many 
megajoules can be s tored.  I n  Table IV-A-111, wc . 
show some simple r e s u l t s  of t h i s  formula for  
charge s t a t e s  1, 2  and 4 f o r  an atomic number of 
about 200 (gold, bismuth, mercury, e tc . )  a t  35 GeV. 
The f i r s t  column g ives  the  energy t h a t  can be - 
s t o r e d  i n  a  f u l l  energy r i n g .  The second column 
g ives  t h e  energy t h a t  can be s t o r e d  a t  35 GeV i n  a  
r i n g  used a s  d synchrotron s o  t h a t  N i s  space 



charge l imi ted  a t  an i n j e c t i o n  energy of 2 GeV. 
Except f o r  q = 1, t h e  e n t r i e s  i n  t h i s  column f a l l  
s h o r t  of t h e  1 W requirement and t h e  f i n a l  co l -  
umn shows the  number of synchrotron o r  rap id  f cyc les  t o  develop the  f u l l " 1  W .  It a s  noted, 
i n c i d e n t a l l y ,  t h a t  the  rap id  cyc l ing  synchrotron 
may be even f u r t h e r  l imi ted .  The r pid cyc l ing  
au tomat ica l ly  implies  an unfavorab e  bunching / 3. 

C 
f a c t o r  which f u r t h e r  l i m i t s  the  number of p a r t i c l e s  
which can be s tored.  

TABLE I v - A - 1 / 1 .  Impl ica t ions  of Space Charge 

/ 
35 GeV IqNS AT A - 200 

BUNCHING FACTOR = 2 
Av = 0.25 

En = 20 x mrad 

STORED STORED' NUMBER ,OF 
CHARGE ENERGY ENERGY ACCELERATION 
STATE 35 GeV 2-35 GeV CYCLES REOUIRED 

From t h i s  t a b l e  we s e e  t h a t  one c l e a r  scenar-  
i o  would use a  s i n g l e  synchrotron r i n g  designed 
f o r  charge s t a t e .  1. This r i n g  f i t s  a l l  space 
charge c r i t e r i a ,  e tc .  b u t , o t h e r  d e t a i l s  were not  
examined. It looks s u r p r i s i n g l y  l i k e  the  synchro- 
t r o n  op t ion  developed by Teng a t  the  Berkeley s tudy 
a  year ago. 

Another opt ion might be t o  use e i g h t  inde- 
pendent synchrotrons each opera t ing  i n  charge 
s t a t e  2. This has t h e  a d d i t i o n a l  advantage t h a t  
one 01 the ' r ings capable of s t o r i n g  - 100 kJ could 
be b u i l t  a s  a  prel iminary experiment. 

A number of a reas  were e x p l i c i t l y  i d e n t i f i e d  
a s  needing f u r t h e r  work. These a r e  described 
below: 

1. Cross s e c t i o n s  f u r  ion-ion charge exchange 
s c a t t e r i n g  and beam-gas s t r i p p i n g  rcoc t ions .  
There were some d i scuss ions  about these sub- 
j e c t s  during the  Workshop al though no new . 
c a l c u l a t i o n s  were done as  p a r t  of t h i s  group 
e f f o r t .  

It i s  c l e a r  t h a t  a  synchrotron w i t h  i t s  r e l a -  
t i v e l y  slow a c c e l e r a t i o n  process i s  much more 
s e n s i t i v e  t o  these  e f f e c t s  than l i n e a r  ac- 
c e l e r a t o r s  of e i t h e r  t h e  r f  o r  induc t ion  
types. Even w i t h  o p t i m i s t i c  guesses a s  t o  
c ross  sec t ions ,  vacuum requirements may be a s  
low a s  10-11 Torr  and a c c e l e r a t i o n  and s t o r -  

t- age times should be l imi ted  t o  a  f r a c t i o n  of 
a  second. Clear ly  t h e s e - c r o s s  s e c t i n n s  must 
be experimental ly  determined and t h e i r  impli-  
ca t ions  e x p l i c i t l y  folded i n t o  any design - 
which i s  s e r i o u s l y  considered.  

i n s t a b i l i t i e s  has plagued c i r c u l a r  acce le r -  
a t o r s .  I n t u i t i v e l y ,  one might expect heavy 
ion  machines of the  type of i n t e r e s t  here t o '  
be r e l a t i v e l y  f r e e  of these  problems. None- 
t h e l e s s ,  r ings  designed for. heavy i o n  fus ion  
should be c a r e f u l l y  examined i n  t h i s  respect .  

Linac performance. The s i n g l e  r i n g  could be 
f i l l e d  wi th  a  l i n a c  c u r r e n t  of 50 mA i n  a  
normalized emittance of 2n mm mrad. Even 
t h i s  performance may be d i f f i c u l t .  I f  a n  even 
b r i g h t e r  beam could be obtained,  i t  might 
s impl i fy  some aspec t s  of the  problem. 

Bunching. A very cursory s tudy was done of 
the  bunching problem. This problem i s  common 
t o  a l l  scenar ios  but  i t  i s  a t t r a c t i v e  t o  con- 
s i d e r  t h e  synchrotron i t s e l f  a s  a  bunching de- 
v ice .  With r f  vo l tages ,  of some tens  of MV 
per  turn,  t h i s  i s  indeed f e a s i b l e .  Clear ly ,  
more work i s  needed ' in  t h i s  area. 

Costs. It  was no t  poss ib le  t o  develop any 
s c e n a r i o  s u f f i c i e n t l y  t o  s t a r t  c o s t  est imates .  
A rough idea  of t h e  scope of t h e  s c e n a r i o  de- 
sc r ibed  above can be made by comparison w i t h  
well-known machines. For  example, t h e  r i n g  
would be about th ree  times a s  l a rge  a s  t h e  
AGS a t  BNL, with a  vacuum system l i k e  the  ISR 
a t  CERN. A l i n a c  about 2.5 times a s  l a r g e  a s  
t h e  LAMPF machine would se rve  a s ,  i n j e c t o r .  
An r f  system comparable t o  the  one f o r  PEP a t  
SLAC would be needed f o r  bunching t h e  beam. 
The t o t a l  c o s t  i s  c l e a r l y  going t o  be la rge .  
Hopefully, some ingenious developments w i l l  
come along t o  reduce cos t s .  

6 .  In te rmedia te  s teps .  I f ,  indeed, a charge 
s t a t e  of one i s  required,  t h e r e  i s  no obvious 
way t h a t  a  reduced scope (e.g., 100 k.1) de- 
v i c e  could be b u i l t  a s  an in te rmedia te  s t e p  
towards a  f u l l  s c a l e  f a c i l i t y .  With .a mul- 
t i p l e  r i n g  scenario,  one co,uld bui ld a  f r a c -  
t i o n  of t h e  r ings .  Even t h i s  s t e p  has t h e  
disadvantage t h a t  the  l i n a c ,  which repre -  
s e n t  a  s i z a b l e  f r a c t i o n  of t h e  cos t ,  would 
have t o  be b u i l t  f u l l  s c a l e .  Perhaps i n t e r -  
mediate money would be b e t t e r  spent  exploring 
some of the  ou ts tand ing  technolog ica l  
quest ions.  

2. I n s t a b i l i t i e s .  A v a r i e t y  of coherent 



2. ARGUMENTS FOR LOW q I N  1gJ SYNCHROTRON 
c -> d 

~ h ;  Leemann 

INTRODUCTION 

Some g e n e r a l  arguments  f a v o r i n g  low q / ~  a r e  
o u t l i n e d  and t h e  s p e c i f i c  example o f  a  T = 35 GeV, 
M = 209, q = l  synchro t ron  i s  d i s c u s s e d .  

CONSIDERATIONS ON MAXIMUM DELIVERABLE ENERGY 

I n  p r e s c r i b e d  normal ized e m i t t a n c e  En = nsn :  

based on  keeping 61, G0.25 a t  a l l  t imes  (correspond-  
i n g  B,y) excep t  d u r f n g  f i n a l  bunching. 

I f  E n  is  expres sed  by t h e  p e l l e t  r a d i u s  u s i n g  
a  s i m p l e  geometr ic  argument;  

R ' r  s f y ,  , r= [%I , E 20 M J I ~ ,  h r ange ,  
" 5 -  

beam o v e r l a p ,  i-2 < 0 .5  , we o b t a i n  

I f  t h e  f i n a l  f o c a s i n g  i s  l i m i t e d  by t h e  l a s t  
quadrupo les  (assume f i x e d  Bo) t h e n  R i s  no l o n g e r  
a  f r e e  paramete  K (q)  = 3 . R (1) a r ~ d  we ob- 

(3 )  

( a )  T h i s  i n d i C a t e s  t h a t  c a r e  has  t o  b e  e x e r -  
c i z e d  i n  how t h e  problem i s  d e f i n e d  s i n c e  t h e  
power o f  (Alq) can  be  changed by t h a t .  

(b)  It  should  b e  noted t h a t  t h e  bunching 
f a c t o r  B i n  Eqs. ( I ) ,  (2) canno t  be  a r b i t r a r i l y  
chosen  b u t  depends .on t h e  r i s e  t ime  of t h e  mag- 
n e t i c  f i e l d  and most i m p o r t a n t l y  t h e  l o n g i t u d i n a l  
e m i t  t ance .  

I f  a t  a  g iven  i n j e c t i o n  ene rgy  and c h a r g e  
s t a t e  Eq. (1)  canno t  be  s a t i s f i e d ,  m u l t i p l e  syn- 
c h r o t r o n  p u l s e s  o r  p a r a l l e l  sys tems must b e  used. 
Tune s h i f t  c o n s i d e r a t i o n s  a l s o  de te rmine  t h e  num- 
b e r  o f  accumulator  r i n g s .  

Cons ide r  two extreme c a s e s :  

( a )  S t a c k  Np s y n c h r o t r o n  p u l s e s  i n  accumula- 
t o r  r i n g  i n  b e t a t r o n  phase  space :  

X & Y p l a n e ,  no d i l u t i o n  

t h e n  

% So m u l t i p l e  p l u s i n g  g a i n s  ( i d e a l l y )  a s  N . 
Now t h e r e  , a r e  two p o i n t s  weakening t h i s  i rgument :  

( I )  The re  w i l l  b e  d i l u t i o n  i n  t h e  s t a c k i n g  
p rocess .  - 

(11) The h i g h e r  r e p e t i t i o n  r a t e  r e q u i r e d  w i l l  
r educe  B and t h e r e f o r e  r educe  t h e  a v a i l -  
a b l e  Wlpulse.  

(b)  I n s t e a d  o f  s t a c k i n g  c o n s i d e r  p a r a l l e l  
sys tems:  

N accumulator  r i n g s  e a c h  r e c e i v i n g  one syn- 
c h r o t r o n  p u l s e  from one o r  more (up t o  N) synchro- 
t r o n s .  

Then t h e  t r a n s v e r s e  e m i t t a n c e  i n  accumulator  
r i n g s  and synchro t rons  i s  t he  same, t h e  t o t a l  l on -  
g i t u d i n a l  c m i t t a n c e  i s  N 'csynch. Whether t h i n  i s  
t o l e r a b l e  o r  n o t  depends on  t h e  momentum sp read  
t o l e r a b l e  a t  t h e  t a r g e t  and t h e  1 .ongi tudinal  
emi t t ance .  

I n  t h e  p r e s e n t  c o n t e x t  1 M J  i n  e n  = 2 . l 0 - ~ m  
w i t h  mass 209 a t  35 GeV was assumed, a t  t a r g e t  
was l e f t  r e l a t i v e l y  u n s p e c i f i e d  (0.5 t o  1. 

F ig .  Iv-A-211 p l o t s  t h e  normal ized emi t t ance  
f o r  d i f f e r e n t  cha rge  s t a t e s  compa t ib l e  w i t h  1 M J  
i n  1 p u l s e  w i t h  AU = 0.25 and B = 0.25 ( a r b i t r a r i -  
l y )  vs .  i n j e c t i o n  energy.  

Fig .  IV-A-211. Normalized e m i t t a n c e  vs .  i n j e c t i o n  - 
energy.  



We conclude Tinj,,in f o r  1 p u l s e  i s  f o r  q = l  
and 2: 

These numbers a r e  s u b j e c t  t o  some v a r i a t i o n s  
depending on t h e  a c t u a l l y  a p p l i c a b l e  bunching 
f a c t o r  B. They i n d i c a t e ,  however, t h a t  w i t h  t h e  
assumed v a l u e s  o f  en  and Tf a  s i n g l e  synchro t ron  
p u l s e  o f  - 1 MJ is  p o s s i b l e  only f o r  q=l .  

I f  s e v e r a l  synchro t ron  p u l s e s  a r e  accumulated 
we must a l s o  ensure  t h a t  tune s h i f t s  i n  t h e  accumu- 
l a t o r  r i n g ( s )  remain a c c e p t a b l e . d u r i n g  t h e  f i t t i n g  
procedure. The corresponding upper l i m i t s  on W . 
a r e  t a b u l a t e d  i n  Tab le  IV-A-211. 

Table  IV-A-211. S to red  energy i n  accumulator 
r i n g s :  

Q T = 35 GeV T  = 20 GeV 
(presen t  c a s e ,  low Z t a r g e t )  (high Z t a r g e t )  

1 , 9  . lo6  J 
6  

3 . 6  ' 10 . J 

2  
6 

2.25.10 J 0.9  - lo6  J 

So a t  T=35 GeV 2  r i n g s  a r e  requ i red  f o r  q  = 4 , '  
a t  T  = 20 GeV 5  r i n g s  a r e  requ i red  f o r , q  .= 4,  and 
q  = 2  i s  marginal  f o r  1 r i n g  on ly .  

These c o n s i d e r a t i o n s  l ead  one t o  c o n c e n t r a t e  
on a  concept based on a  q  = 1 ; s i n g l e  p u l s e  syn- 
c h r o t r o n  i n j e c t e d  a t  Tinj ,2 GeV. 



3. CONSIDERATIONS ON THE USE OF SYNCHROTRONS 
FOR THE HEAVY I O N  FUSION PROJECT 

A. G. Ruggiero 

I. The scheme which makes use  o f  "Synchrotrons" 
f o r  t h e  Heavy Ion Fusion Pro jec t  i s  schematical ly  
shown i n  Fig. IV-A-311. 

ACCELERATOR K ACCUMULATORS 

F&. IV-A-311. Schematic o f  Synchrotron Based 
System. 

A l i n a c  is  d e l i v e r i n g  a n  average e l e c t r i c  
c u r r e n t . 1 ~  o f  heavy ions of charge s t a t e  Z and 
atomic mass A. The k i n e t i c  energy is  TL and t h e  
normalized emit tance sL (on both p lanes ) .  A num- 
ber  o f  pu lses ,  m, a r e  i n j e c t e d  i n  an a c c e l e r a t o r ,  
f i  o f  them h o r i z o n t a l l y  and f i  v e r t i c a l l y .  Assum- 
i n g  a  f a c t o r  2 f o r  d i l u t i o n ,  t h e  emit tance a t  
i n j e c t i o n  is  

6 = 2  &I E (normalized) 
A L. 

(aga in  on both p l a n e s ) ,  and the  average c u r r e n t  

This  beam i s  then a c c e l e r a t e d  t o  a  f i n a l  k i n e t i c  
energy T  ex t rac ted  and t r a n s f e r r e d  t o  one of  t h e  
u  accumulators. This  opera t ion  i s  repeated p  
times f o r  each accumulator, a g a i n  8 times on rhe 
h o r i z o n t a l  plane and 6 times on t h e  v e r t i c a l  
plane. I f  we take a l s o  here  a  f a c t o r  2  f o r  d i l u -  
t i o n ,  t h e  f i n a l  emit tance would be 

6 = N p  sL,  (normalized). 

~ e n o t i n g  w i t h  and B F  the  v e l o c i t y  f a c t o r s  a t  
i n j e c t i o n  and e x t r a c t i o n ,  t h e  f i n a l  average cur -  
r e n t  i n . e a c h  accumulator i s  

f i e l d  p o s s i b l e ,  we impose t h a t  the  accumulators 
and the  a c c e l e r a t o r  have t h e  same average r a d i u s ,  
R. 

The t o t a l  number of p a r t i c l e s  on the  t a r g e t  
i s  

The t o t a l  beam energy is then 

. W = eNT 

and the  power 

During t h e  beam a c c e l e r a t i o n  and accumulation 
one wants t o  make sure the. spew c t ~ a r g r  bunt. , s l ~ i f ~  
A V  does not exceed a t  any time a  reasonable l i m i t .  

T l ~ e  t ~ ~ n e  s h i f t  i s  given hy 

where i s  t h e  peak c u r r e n t ,  E the  normalized 
emittance and & t h e  r e l a t i v i s t i c  f a c t o r  a t  a  
given time 'during a c c e l e r a t i o n  o r  accumulation,.  
and . 

- 18 
r = 1 .5347~10 m. 

P  

Also t h e  maximum powcr t h a t  con be rranspor. 
t ed  down a  beam l i n e  i s  given by 

where E is  aga in  t h e  normalized emittance i n  nm- 
rad u n i t s  and BQ i s  t h e  f i e l d  a t  t h e  edge of t h e  
quadrupoles i n  t h e  t r a n s p o r t  l i n e  given i n  Tes la  
u n i t s .  

F i n a l l y ,  denot ing with B t h e  average f i e l d  i n  
the  a c c e l e r a t o r  and accumulator 

R = 3 . 1 ~  meters 
ZB 

where B i$ given i n  Tesla  u n i t s .  

. . I'I.. For t h e  exerc i se  i n  t h i s  paper we s h a l l  con- 
Each accumulator has h  bunches, f o r  a  t o t a l  

sider acce l . e ra t ion  of ions of Bismuth (A = 209) number o f  uh beams which have t o  be e x t r a c t e d  and 
f r o m  TL = GeV up  t o  = 35 GeV. For the design 

s e n t  t o  t h e  t a r g e t  a t  the  c e n t e r  o f  the  accumu- 
of an experimental p r o j e c t  we s h a l l  take a l s o  

l a t o r s .  Figure IV-A-311 shows t h e  case o f  h  11. 

For each cu;ved l i n e  shown' toward the  c e n t e r ,  
t h e r e  a r e . u  t r a n s p o r t  l i n e s  on top  of  each o t h e r  

W = 1MJ and T  = 160 TW. 

and each car ry ing  one bunch. ,Before t h e  ex t rac-  
We s h a l l  never the less  keep the  charge s t a t e  Z a s  

t i o n ,  a l l  t h e  bunches a r e ~ f u r t h e r l y  compressed t o  a f ree  Also we set reasonably 
g e t - a  f i n a l  peak c u r r e n t  1. 3 

B = 10 kG and BQ = 10 kG. 
Because we want t o  use the  l a r g e s t  bending 



T h i s  w i l l  immedia te ly  g i v e  

Al so  from c o n s i d e r a t i o n s  on t h e  t a r g e t  s i z e  
and on t h e  f o c u s i n g  c a p a b i l i t y  of t h e  l a s t  s e c t i o n  
of t h e  t r a n s p o r t  l i n e ,  we t a k e  f o r  t h e  f i n a l  nor-  
mal ized e m i t t a n c e  

,* c = 10n mm-mrad. 

The r e l e v a n t  k inema t i c  pa rame te r s  a r e  shown i n  
Tab le  Iv-A-311. 

Tab le  IV-A-311. Kinemat ic  Pa rame te r s  (A=209). 

T = 2  GeV 35 GeV 

and 

= 1240.3. 

From t h e  same t a r g e t  c ' o n s i d e r a t i o n s  we a l s o  
t a k e  a  f i n a l  momentum s p r e a d  

Which is  s m a l l  enough t o  e v e n t u a l l y  avo id  t h e  ab-  
e r r a t i o n  e f f e c t s  of t h e  t r a n s p o r t  l i n e s .  S ince  
t h e  f i n a l  bunch l e n g t h  i s  6 n s ,  we have t h e n  f o r  
t h e  i n v a r i a n t  l o n g i t u d i n a l  bunch a r e a  

S = 3 .88  eV.s ( p e r  bunch) .  

From a l l  t h e s e  a s sumpt ions  we d e r i v e  

N = 1 . 8 ~ 1 0 ~ ~  ( t o t a l  .number of i o n s )  

( a t  35GeV) 

and ,  i f  we t a k e  a  space  cha rge  l i m i t  of Av = 0 .2 ,  

( a t  35 GeV) . 

The r e v o l u t i o n  pe r iod  i s  

Then, i f  Nr i s  t h e  number of p a r t i c l e s  pe r  
r i n g ,  

and t h e  beam energy p e r  r i n g  i s  

The number u of accumula to r s  i s  t h e n  g i v e n  by t h e  
r a t i o  W / W r .  The minimum number of accumula to r s  
v e r s u s  z  and o t h e r  pa rame te r s  a r e  shown i n  Tab le  
IV-A-312. 

Tab le  IV-A-312. Accunrulator Pa rame te r s  v s .  Z. 

Z  R 
s  

b  H 
'max 

The r e q u i r e d  number o f  accumula to r s  i n c r e a s e s  w i t h  
Z. For l a r g e  Z, t h e  beam is  t r a n s f e r r e d  t o  t h e  
accumula to r s  e s s e n t i a l l y  debunched ( b = l ) .  Only 
one  accumula to r  i s  r e q u i r e d  f o r  Z=1 and 2'2, b u t  
w i t h  Z=1 t h e r e  i s  t h e  advan tage  t h a t  i t  i s  p o s s i -  
b l t  t o  t r a n s f e r  t h e  beam a l r e a d y  t i g h t l y  bunched. 
Observe  t h a t  t h e  a c c e l e r a t g r  r a d i u s  R d e c r e a s e s  
w i t h  Z. For  Z>8, t h e  r i n g  becomes t o o  s m a l l  f o r  
accommodation o f  t h e  t r a n s p o r t  l i n e s  and t h e  r e -  
a c t o r  i n  t h e  c e n t e r .  Observe a l s o  t h e  l a r g e  amount 
o f  power t h a t  c a n  be  t r a n s p o r t e d  f o r  low v a l u e s  o f  
z. 

I V .  We assume t h a t  t h e  f i n a l  compress ion i s  r a p i d  - 
enough s o  t h a t ,  though t h e  space -cha rge  l i m i t  Av= 
0.2 i s  exceeded,  n e v e r t h e l e s s  t h e  beam s u r v i v e s .  
I f  n  = hk i s  t h e  t o t a l  number of bunches on t h e  
t a r g e t  and f i s  t h e  f i n a l  peak c u r r e n t ,  we have 

111. Le t  u s  f i r s t  g i v e  a  l ook  a t  one s i n g l e  accu-  
mu la to r .  L e t  b  (21 )  be t h e  bunching f a c t o r  (be-  

- f o r e  f i n a l  compres s ion ) ,  t h e n  The e x t r a  bunching f a c t o r  r e q u i r e d  i s  t hen  



One Should observe  t h a t  t h i s  compression f a c t o r  L e t  b i  be t h e  bunchinn f a c t o r  a t  i n j e c t i o n .  
i s  ove r  and above tha t . shown  i,n column ( b )  of T a b l e  
IV-A-312. An o v e r a l l  bunching o f  ,100 shou ld  b e  AS t h a t  i n  t h e  accumula to r ,  b ,  t h e  peak c u r r e n t  a t  
p o s s i b l e ;  a  f a c t o r  10-20 cou ld  be ob ta ined  w i t h  a  i n j e c t i o n  is  , 

s t a n d a r d  RF sys tem and a n o t h e r  f a c t o r  5-10 w i t h  a  
B i b . I  - more e x o t i c  scheme. For  t h e  sam: number of beams, =-LA?. 

t h e  r e q u i r e d  o v e r a l l  bunching ( b I / I p )  d e c r e a s e s  ' A  B ~ P  
w i t h  Z  u n t i l  b  becomes u n p h y s i c a l l y  s m a l l e r  t h a n  
u n i t y ,  and t h e n  i n c r e a s e s  a g a i n  w i t h  Z. For  Where I i s  t h e  peak c u r r e n t  i n  t h e  accumula to r s  . 
i n s t a n c e  t a k e  n  = 12. Then t h e  o v e r a l l  bunching b e f o r e  F i n a l  compression. c3 

is  7x30 f o r  Z=1 and 1 . 7 5 ~ 3 0 ~ 2  f o r  Z=2. The l a t t e r  
c a s e  seems t o  b e ' a  b e t t e r  c h o i c e .  The space-cha;ge tune  s h i f t  i s  now 

I n  T a b l e  I V - A - ~ I ~  We show t h e  o v e r a l l  bunching 
and t h e  p roduc t  o f  t h e  number o f  r i n g s  p e r  t h e i r  
s i z e  v e r s u s  Z  f o r  n=24. 

T a b l e  1 ~ - ~ - 3 / 3 .  O v e r a l l  Bunching and O r b i t  Length  
vo. Z (n-24). 

, The t o t a l  o r b i t  l e n g t h  does  not  change much w i t h  
Z, and obv ious ly  l a r g e  Z  would r e p r e s e n t  a  b e t t e r  
c h o i c e  because ,  though t h e  number of accumula to r s  
i n c r e a s e s ,  t h e i r  s i z e  d e c r e a s e s  and they  would 
o v e r a l l  be l e s s  expens ive  because  they could  
s h a r e  t h e  same t u n n e l  and u t l l l t l e s .  I n  add i -  
t i o n  t h e  o v e r a l l  r e q u i r e d  bunching does  not  r e a l l y  
change ve ry  much w i t h  Z .  These c o n s i d e r a t i o n s  
would then  lead toward a  c h o i c e  of l a r g e  Z. On 
t h e  o t h e r  hand, t h e r e  i s  a  l i m i t  on t h e ' t r a n s p o r t  
power P,, ( s e e  T a b l e  IV-A-312) which would s u g g e s t  
a  s m a l l e r  Z  u n l e s s  one i n c r e a s e s  t h e  number beams, 
which would b e  more expens ive ,  b u t  by how much we 
do n o t  y e t  know. 

V. L e t  u s  now look a t  t h e  a c c e l e r a t n r .  L e t  u s  
c o n s i d e r  t h e  lower energy end (T=2 GeV). We 
cou ld  l e t  ou r  f e e l i n g s  . lead us  and a rgue  t h a t  i f  
we found a  workable  s o l u t i o n  f o r  low ene rgy ,  
t h e n  it  should  be a l l  r i g h t  f o r  any o t h e r  l a r g e r  
energy.  

The nurlnalized e lni t tance  i s  

cA = & (normal ized)  

and t h e  ave rage  c u r r e n t  i s  

T h i s  i s  then  conver t ed  t o  t h e  f o l l o w i n g  c o n d i t i o n  
f o r  be ing  a t  t h e  space-charge  l i m i t ,  

A ~ s u m i n g  a  minimum bi = 2,  t h e  r e q u i r e d  numher of 

t u r n s  6 ( p e r  p l a n e ) ,  t h e  e m i t t a n c e  cA and t h e  
ave rage  c u r r e n t  IA a r e  shown, i n  Tab le  IV-A-314- 

Table 1V-~-3/4 .  . I n j e c t i o n  Parameters  f o r  t h e  
A c c e l e r a t o r  (bi=2). 

1 7  3  0.167 TI cm-mrad 53.6 mA 

2  1.75 12 0.042 13.4. 

3  1.56 13  0.038 12.8 

The numbers i n  t h i s ' ~ a b 1 e  sugges t  t h a t  one- 
t u r n  i n j e c t i o n  from t h e  l i n a c  t o  t h e  a c c e l e r a t o r  
i s  adequa te .  The e m i t t a n c e s  and c u r r e n t s  shown 
a r e  t h o s e  t h a t  have t o  be d e l i v e r e d  from t h e  l i n a c .  
The b r i g h t n e s s  of  t h e  beam ( I /$ )  i n c r e a s e s  by a  
f a c t o r  5  from Z=1 t o  Z=2 and more s lowly f o r  
l a r g e r  2 .  The v a l u e s  f o r  Z=1 can  l i k e l y  be 
ach ieved ,  b u t  t h e r e  i s  some concern  f o r  t hose  a t  
Larger X. 

Some s p e c i a l  c o n s i d e r a t i o n s  a r e  r e q u i r e d  f o r  t h e  
c a s e  Z=1 .  I f  we t a k e  p= l  and we drop t h e  f a c t o r  
2  f o r  d i l u t i o n ,  we o b t a i n  an  i n i t i a l  bunching 
f a c t o r  of 1.4 t h a t  i s  sma l l  b u t  l i k e l y  s t i l l  
manageable. Thus f o r  2-1 t h e  t o t a l  r e q u i r e d  
number of p a r t i c l e s  N = 1 . 8 ~ 1 0 1 4  cou ld  be i n j e c t e d ,  
a c c e l e r a t e d  and s t o r e d  i n  one s i n g l e  machine. I n  
t h i s  c a s e  one a l s o  needs  m u l t i - t u r n  i n j e c t i o n  from 
t h e  l i n a c ,  3  t u r n s  h o r i z o n t a l l y  and 3  t u r n s  v e r t i -  
c a l l y .  The l i n a c  pa ramete r s  a r e  t h e  same o f  t h o s e  
s p e c i f i e d  i n  T a b l e  IV-A-3/4. For Z>1  t h e r e  a r e  no 
o t h e r  c h o i c e s  t h a n  those shown i n  T a b l e  Iv-A-3/4. 



A t  t h i s  po in t ,  one may draw a temporary 
conclusion. The case  Z = 1  seems t o  be more advan- 
tageous because t h e  e n t i r e  process can be accom- 
pl ished i n  a  s i n g l e  machine. Of course,  t h e  
choice of Z a l s o ' a f f e c t s  t h e  l inac .  For a  given 
vo l tage ,  i t  i s  c e r t a i n l y  b e t t e r  t o  a c c e l e r a t e  
ions with l a r g e r  charge. But t h e  amount of  these  
ions  down a t  the  source is  s t r o n g l y  l imi ted .  It  
seems b e t t e r  t o  a c c e l e r a t e  ions  with Z = l  t o  a t  
l e a s t  some in te rmedia te  energy and then produce 
more heav i ly  charged ions  by s t r i p p i n g .  This 
would make o v e r a l l  l i n a c  leng th  s h o r t e r  and save 
some money. I f  t h e  economic saving is  not ade- 
quate ,  the  choice Z = 1  seems t o  be t h e  most advan- 
tageous so f a r .  

V I .  The accumulators and t h e  a c c e l e r a t o r  have 
d i f f e r e n t  requirements. The magnet a p e r t u r e  i s  
l a r g e r  i n  t h e  accumulators which, on the  o ther  
hand. a r e  dc machines. A l a t t i c e  wi th  reasonable 
focusing (pmax.= 20 m, TJmx 30 m) is  c e r t a i n l y  
poss ib le .  To conta in  an emit tance of  16n mm-mrad 
a t  35 GeV and a  momentum spread of  1%, a physical  
a p e r t u r e  of 10 cm should be adequate. The acce l -  
e r a t o r s  have more modest requirements f o r  a p e r t u r e  
s i n c e  thev have t o  accommodate the  emittance shown 
i n  Table IV-A-314 and ,smal le r  beam momentum spreads. 
On t h e  o ther  hand, they a r e  t o  be pulsed a t  a  

' 

reasonably high r a t e .  

A s p e c i a l  case  i s  aga in  Z = 1  i f  one wants t o  
make use of one s i n g l e  machine. The magnet aper-  
t u r e  has now t o  be l a r g e  enough t o  accept  a.n 
emit tance of  7 0 n  mm-mrad a t  i n j e c t i o n  and a  momen- 
tun spread of  1% (during bunch compression) a t  ' 

f u l l  energy. It appears  t h a t  a  physical  aper tu re ,  
of 10 cm should aga in  be adequate,  but now t h e  

. 

magnets a r e  cycled a t  high r e p e t i t i o n  r a t e .  

V I I .  It remains now t o  check whether t h e  schemes 
ou t l ined  above could be matched t o  a  reasonably 
a c c e l e r a t i n g  r f  'cycle .  

Let us define.  .the bunching f a c t o r  a s  the  
r a t i o  of the  r f  bucket f u l l  heig!t t o  t h e  beam 
height  when f u l l y  debunched 

where Y and are' parameters r e l a t e d  t o  the  bucket 
height  and a r e a .  This  d e f i n i t i o n  a p p l i e s  f o r  
completely f u l l  buckets with a rea  equal  t o  the  . 
bunch a r e a  S. 
I 

where fA is  the  a c c e l e r a t i n g  vo l tage  f o r  p=1  and - E0=(0.938 GeV) is  t h e  r e s t  energy o f  a  proton. 
We a r e  a l s o  assuming t h a t  the  number o f  bunches 
i s  equal  t o  the  harmonic number h. We have 

is  the  maximum bunching allowed by t h e  space charge 
tune s h i f t  Av.' Here o=l f o r  mul t i tu rn  i n j e c t i o n  
( g 2 )  and -2 f o r  s i n g l e - t u r n  i n j e c t i o n  ( p = l ) .  

I n s e r t i n g  numbers, 

The q u a n t i t y  f, i s  given i n  Table Iv-A-315 f o r  
var ious  values of Z .  The number of  accumulators k 
and t h e  number of  tu rns  p a r e  taken from Tables 
IV-A-312 and IV-A-3 14. 

I f  we take  a  t o t a l  number of  bunches around 
24, s i n c e  t h e  number o f  accumulators k i s  d e t e r -  
mined, we have then t h e  number h of bunches per  
r ing .  This  number i s  a l s o  shown i n  Table IV-A-315 
toge ther  wi th  fA,  

Table IV-A-315. RF Parameters f o r  t h e  Accelerator .  

* 
No accumulator ' . 

Observe t h a t  the  a c c e l e r a t i n g  frequency i s  
a l ready  q u i t e  low (a  f r a c t i o n  of  MHz a t  i n j e c t i o n )  
It could be increased only a t  t h e  c o s t  of  increas -  
i n g  t h e  number o f  bunches by f i l l i n g  only p a r t  of  
t h e  r f  buckets. 

A l l  t h e  cases  shown i n  Table IV-A-3/5, 
except t h e  f i r s t  one, have a  r e l a t . i v e l y  easy 
a c c e l e r a t i o n  cycle .  To speed up t h e  a c c e l e r a t i o n ,  
t h e  r f  vo l tages  and phases a r e  programmed so  t h a t  
t h e  beam i s  bunched a t  t h e  l i m i t  of space-charge. 
This  cor responds , to  b=2 a t  i n j e c t i o n  ard b-10 a t  
t h e  top  energy. The r f  phase (gs inc reases  from a . 
minimum of la0 a t  i n j e c t i o n  t o  7S0 a t  e x t r a c t i o n .  

' A t  t h e  end o f  t h e  a c c e l e r a t i o n ,  t h e  beam would be 
t r a n s f e r r e d  r a p i d l y  t o  t h e  accumulator and allowed 
t o  debunch. This  opera t ion  w i l l  keep the  beam i n  
the  accumulators always below t h e  space charge 
l i m i t .  

where I n  Fig. IV-A-312 we have p l o t t e d  ~ / a  vs.  By 2 



a s  w e l l  a s  vs .  qs. We ha e  c a l c u l a t e d  and show i n  Table Iv-A-316. F ina l  Voltage, RF Occupancy . !! t h e  same f i g u r e  qs vs .  By . This  curve i s  inde- . . .. and Accelerat ion Time. 
pendent of  the  charge s t a t e  Z but  does not apply Z 

vf g 
7 

t o  t h e  case  2-1 wi th  no accumulator. This  case,  
a s  one can see  from Table IV-A-315, i s  not e a s i l y  *1 79 MV 62% . 2.3 s e c  
f i t t e d  by a  reasonable r f  program i n  the' low energy - 
range. ' 1 79 62 2.3 

.2 .S A .I 6 .7 . 
b*' 

2 
Fig. Iv-A-312. Y/a vs. By and qs. 

The tf vol tage ,  V, i s  c a l c u l a t e d  once t h e  r f  
phase cps is  known by r e q u i r i n g  t h a t  the  bucket 
a r e a  and bunch a r e a  a r e  equal, 

( f A  i n  MHz, V i n  Volts)  . 
The t o t a l  vo l tage  per  t u r n  Vo requi red  i n  

t h e  l i m i t  of y=l and a71 i s  a l s o  shown i n  Table 
IV-A-315. The vo l tage  toward t h e  end of t h e  ac -  
c e l e r a t i o n  ('Ps=75O) i s  5.5x103 times l a r g e r  f o r  a l l  
cases .  The f i n a l  required v o l t a g e  Vf  per  t u r n  
and t h e  f r a c t i o n ,  g ,  of  the  machine occupied by 
r f  c a v i t i e s ,  based on a n  o p t i m i s t i c  est imated 
50 kV/m grad ien t  a r e  shown i n  Table Iv-A-316. The 
o n l y  obviously reasonable cases  a r e  those wi th  
224. 

The time, . T ,  required f o r  a c c e l e r a t i o n  i s  
a l s o  shown i n  Table Iv-A-316. It i s  r a t h e r  l a r g e  
and increases  with Z .  The a c t u a l  time requi red  
f o r  f i l l i n g .  the  K accumulators each .p  times i s  up 
times T ,  and i s  unfor tuna te ly  l a r g e  compared . t o  
the,beam l i f e t i m e  due t o  charge exchange. 

*No accumulator . . .  

The a c c e l e r a t i o n  time can be considerably 
reduced by increas ing  t h e  i n i t i a l  r1 voltage,  but  
then t h e  bunching f a c t o r  a l s o  increases .  

CONCLUSIONS 

These cons idera t ions ,  of course,  cannot r e a l l y  
be conclusive. They r e q u i r e  a  b h t t e r  eva lua t ion  " 

and a n a l y s i s  a t  much lower 'pace than t h a t  a t  which 
they were drawn during t h e  five-day Workshop. 
Honestly, we cannot answer ye t  e i t h e r  way whether 
synchrotrons con be uoed t o  a c c e l e r a t e  lraavy 'ion 
beams f o r  t h e  p e l l e t  fusion. 

It seems t o  us t h a t  t h e r e  a r e  no r e a l  l i m i -  
Lationskon t h e  t ransverse  plane. But t h c  deoign 
o f  a n  adequate a c c e l e r a t i n g  cyc le  is  r a t h e r  t i g h t  
i f  t h e  a c c e l e r a t i o n  has t o  be conducted a t  a  rea-  
sonable r a t e .  This ,  o f  corltse, should be confron- 
t ed  wi th  t h e  ques t ion  of the  beam l i f e t i m e  t h a t  
has  not been taken i n t o  account here. A second 
problem t h a t  has not been taken i n t o  cons idera t ion  
i n  t h i s  note  i s  t h e  f i n a l  beam compression. 

Overa l l ,  we be l ieve  t h a t  t h e  synchrotron 
presen ts  a n  a t t r a c t i v e  s o l u t i o n  because of i t s  low 
c o s t  and s i z e .  Nevertheless ,  we a r e  s t i l l  f a r  
away from reaching a  conclusion on a  poss ib le  s e t  
of  parameters .. . . 

Another important f a c t  t h a t  emerged from our 
s t ~ i d y  i s  t h a t  t h e  choice of t h e  charge s t a t e  A i s  
inf luenced by c o n f l i c t i n g  requirements. It i s  
not yet. nhvious t o  us  which va lue  of Z would be 
t h e  most convenient one. 



4. BUNCHING FACTOR I N  TRANSVERSE SPACE CHARGE 
CALCULATIONS 

I n  a s t r o n g  focusing synchro t ron  t h e  momentum 
compaction. f a c t o r  i s  smal l  compared t o  un i ty .  
Hence t h e  t r a n s v e r s e  beam dimensions a r e  mainly 
determined by t h e  b e t a t r o n  ampli tudes .  On t h e  - o t h e r  hand, t h e  l o n g i t u d i n a l  p a r t i c l e  d i s t r i b u t i o n  
depends upon t h e  phase motion. I n  t h e  express ion  
f o r  t h e  t r a n s v e r s e  space charge l i m i t ,  t h e  bunch- 
i n g  f a c t o r  Bf i s  t h e  r a t i o  between average and 
maximum l i n e a r  charge d e n s i t y .  The maximum l 5 n e a r  
charge d e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  beam bucket 
he igh t .  The mean l i n e a r  charge d e n s i t y  i s  propor- 
t i o n a l  t o  beam bucket a r e a  averaged over  2n. Thus, 

beam bucket  a r e a  
Bf  = 2n f u l l  bucket he igh t  

It i s  n o t  d i f f i c u l t  t o  show t h a t  f o r  a .  chosen 
l o n g i t u d i n a l  beam emi t t ance  t h e  maximum v a l u e  of  
Bp i s  ob ta ined  when t h e  r f  buckets  f i t  t i g h t l y  
around t h e  bunches. The bunching f a c t o r  can  then  
be w r i t t e n  i n  t h e  form 

where r = s i n  0,- The q u a n t i t i e s  u( r )  and Y (T) 
a r e  t abu la ted  i n  a CERN r e p 0 r t . l  The r a t i o  cr /Y 
i s  equa l  t o  112 J 2  f o r  = 0 and decfeases  t o  z e r o  
f o r  I- = 1. S u b s t i t u t i n g  V = 2n R P B/r  and B = L-2 
R / C  i n  t h e  bucket a rea  express ion  2 

(Y 
one o b t a i n s  and s o l v i n g  f o r  - 

!- 

Table  IV-A-411. a/? l2  and Bf a s  a f u n c t i o n  of  T. 

r ( ~ l r  112 
Bf  

It t u r n s  bu t  t h a t  B f  a s  a f u n c t i o n  of  ( ~ l r  112 

can be w r i t t e n  i n  t h e . f o r m  

The r i g h t  hand s i d e  o f  Equation (2) i s  d e t e r -  
mined by t h e  chosen ,va lues  o f  beam bucket a r e a ,  
harmonic number, mean synchrotr.on r a d i u s ,  magnet 
r a d i u s ,  magnet c y c l i n g  t ime and t h e  t r a n s i t i o n  
energy. I n  a f a s t  c y c l i n g  synchro t ron  t h e  mag- 
n e t i c  f i e l d  v a r i e s  w i t h  time a s  

where B 1  and B2 a r e  t h e  f i e l d  v a l u e s  a t '  i n j e c t i o n  
and e j e c t i o n ,  and f i g  t h e  r e p e t i t i o n  frequency. 
The t r a n s v e r s e  space charge l i m i t  i s  determined 
by chosen va lues  o f  t h e  normalized emi t t ance  and 
t h e  minimum v a l u e  o f  y 2 8 ~ f .  I n  t h e  e a r l y  a c c e l e -  
r a t i o n  pe r iod  Bf dec reases  much f a s t e r  than  t h e  
i n c r e a s e  o f  y 2 ~  and t h e  t r a n s v e r s e  space charge 
l i m i t  occurs  a t  t > 0. 

EXAMPLE 

P a r t i c l e  'atomic weight and charge s t a t e :  
A = 209, q = 4 
I n j e c t i o n  energy TI = 2 G ~ V  
Maximum energy T2 = 35 GeV 
R e p e t i t i o n  frequency f = 10 'Hz 
Maximum f i e l d  B2 = 1 T 
4 B2 p = 406.14 T-m,p = 101.535 m 
R = 135 m, B1 = 0.2296 T 

1 = q = A  - - 2, A b = 0.05 ev - s e c  

Y= Yt2 Y 
2 

h = 100; = (B2 - B ~ )  n f  s i n   TI f t  = 
24.2 s i n  2 h  t T / s e c  
E = y A mc2 = 194.6 y GeV 

S u b s t i t u t i n g  these  parameters  i n  Equat ion ( 2 ) ,  
one f i n d s  

112 2 
 able IV-A-412 g ives  y, $ ( Y / T  , B f  and y p B f  
a s  a f u n c t i o n  o f  t. The t r a n s v e r s e  space charge 
l i m i t  occurs  6 msec i n t o  t h e  a c c e l e r a t i o n  pe r iod ,  
when y2 $ Bf - 0.01875. Assuming y c = 

Y B E h = 2 x m-rad and A uv = 0.25 one 
f i n d s  



2 
Table N-A-412. y, ~ y / T l / ~ ,  By and y gBf.as  a 

func t ion  of t o  

t (msec) Y 112 2 
R C Y I ~  B~ Y R B~ 

0 1.01028 0.1423 2rr 0.092 

2 1.01055 0.1441 0.038 0.142. 0.021 

4 1.01138 0.1496 0.027 0.124 0.019 

6 .  1.01283 0.1586 0.022 0.115 0.01875 
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INTRODUCTION . 

* 
The t a s k  of t h i s  group during the  Workshop 

was t o  develop c o n s i s t e n t  designs f o r  r f - l i n a c  
heavy-ion a c c e l e r a t o r  fus ion  systems t h a t  meet the 
t a r g e t  requirements of 1 MJ of beam energy de- 
l ivered  i n  a  pulse t h a t  bu i lds  up i n  about 20 n s e ~  
t o  a  r a t e  of 100 TW f o r  6 nsec,  wi th  a  s p e c i f i c  
energy depos i t ion  of 20 M J  per gm i n  a  t a r g e t  pel-  
l e t .  It was a l s o  suggested t h a t  a  s c a l e d - d ~ a n  
vers ion  of these  parameters w i t h  the  same energy 
depos i t ion  but a t  a  l e s s e r  beam energy of 100 KJ, 
bu i ld ing  up t o  a  power l e v e l  of 50 TW be con- 
s idered  which would se rve  a s  a  Heavy Ion  Demon- 
s t r a t i o n  Experiment (HIDE). Shortage of time 
during t h e  workshop prevented the  d,evelopment of a  
s e t  of. c o n s i s t e n t  parameters t h a t  meet t h e s e , r e -  
quirements exac t ly ,  but t h e  r e s u l t s  a r e  u s e f u l  f o r  
a  f i r s t  i t e r a t i b n  and f o r  drawing conclusions r e l -  
a t i v e  t o  an r f  l i n a c  based a c c e l e r a t o r  system. , . 

Compared wi th  o t h e r  systems considered f o r  
heavy-ion fus ion ,  a n  r f  l i n a c  has some advantages 
among which a r e :  

( i )  I t  makes use of a  very well-known 
technology. 

(v i )  It has easy (no t  t o  say i n e v i t a b l e )  
extraction. 

On the  o t h e r  s i d e  of the  coin,  t h e r e  a r e  d i s -  
advantages, which include:  

( i )  An r f  l i n a c  n e c e s s a r i l y  opera tes  a t  a  
reduced c u r r e n t  f o r  a  longer  pulse l eng th  
so  t h a t  an accumulator r i n g  wi th  a s s o c i -  

.a,ted t r a n s p o r t  l i n e s  i s  required t o  g ive  
the  required c u r r e n t  a m p l i f i c a t i o n  over 
t h e  nsec pulse length.  

( i i )  Although the.work of our group d id  no t  
inc lude  c o s t  es t imat ing  and t h e r e  a r e  no 
f i rm c o s t  da ta ,  i t  appears t h a t  an r f  
l i n a c  may poss ib ly  be a  high-cost  system 
compared wi th  synchrotron systems.. . 

I n  our design work, we have not  considered 
space-charge n e u t r a l i z a t i o n  i n  t h e  l i n a c ,  t h e  ac- 
cumulator, o r  t h e  f i n a l  t r a n s p o r t .  I f  i t  i s  pos- 
s i b l e  t o  make use of n e u t r a l i z a t i o n ,  t h i s  would 
have a  profound e f f e c t  on t h e  design of any heavy- 
i o n  f u s i o r ~  system. . . 

OVERVIEW OF THE SYSTEMS 

Systems have been considered f o r  s e v e r a l  d i f -  
f e r e n t  ions  i n  o rder  t o  explore some poss ib le  
l i m i t s  of l i n a c  design. These cases  a re :  

( i i )  It has modular cons t ruc t ion ,  s o  . t h a t  . ( i )  ~ e + ~  ions  a c  7 . 4  GeV - Case 7.4. 
modules a r e  reproducible ,  expandable, 
and can be t e s t e d  i n  sec t ions .  ( i i )  (A = 200)'~ ions a t  20 GeV - Case 21. 

( i i i )  It has r a p i d  a c c e l e r a t i o n  which i s  i m -  ( i i i )  (A = 200) ions  s t r i p p e d  t o  a  +3 charge 
. ' por tan t  i.f the  beam l i f e t i m e  i s  l imi ted  s t a t e .  during a c c e l e r a t i o n  t o  20 GeV ' 

by i n t e r n a l  c o l l i s i o n s  t o  a  s h o r t  time. Case 23. 

( i v )  The average i n t e n s i t y  can be r a i s e d  eas- 
i l y  by increas ing  t h e  pu lse  l eng th  con- 
s i s t e n t  w i t h  t h e  l o n g i t u d i n a l  e k t t a n c e  
requirement. 

(v)  It has g r e a t e r  c a p a b i l i t y  than many o t h e r  
systems; a n  r f  li.nac could,  f o r  example, 
f i r e  more than one b o i l e r  by running a t  
a  higher  r e p e t i t i o n  r a t e .  

* 
R. Arnold, D. Boehne, F. Cole, . C .  C u r t i s ,  - 
H. Grunder, J. Keane, J .  S tap les ,  J. Stova l ,  
D o  Swenson and D .  Young 

( i v )  ~ e + ~  ions  a t  2.2 GeV - Case 2.2. This  
i s  a  0 . 1  MJ case thought of a s ' a  HIDE 
experiment. 

A l l  t hese  cases  make use of a  1 MI o r  h igher  
Cockcroft-Walton p r e - i n j e c t o r  followed by a c c e l -  
e r a t i o n ' i n  Widerb'e s t r u c t u r e s  through t h e  low-beta 
region,  then by a c c e l e r a t i o n  i n  Alvarez s t r u c t u r e s  
f o r  the  remainder of the  way. A t  f u l l  energ ies ,  
t h e r e  a r e  one o r  more accumulator r i n g s  and asso-  
c i a t e d  r f  and t r a n s p o r t  equipment t o  form a s h o r t  
pu lse  and t o  d i r e c t  i t  t o  the  p e l l e t  t a rge t .  



The l i n a c  system achieve c u r r e n t  m u l t i p l i -  
c a t i o n  by "funnel" loading of i n d i v i d u a l  r f  
bunches i n t o  the  buckets of succeed ing ' l inacs  of 
double frequency ( see  Fig. IV-B-111). Thus, f o r  
example, e i g h t  i o n  sources and l i n a c s  of f r e -  
quency f  f i l l  a l l  t h e  bucket's of f o u r  l i n a c s  of 
frequency 2f ,  which i n  t u r n  f i l l  a l l  the  buckets 
of two l i n a c s  of frequency 4f ,  which i n  t u r n  f i l l  
a l l  t h e  buckets of one l i n a c  of frequency 8 f .  It 
i s  poss ib le ,  of course,  t o  extend t h i s  doubling 
p a t t e r n  even f u r t h e r  and t h a t  i s  done i n  t h e  
A = 200 cases  we s h a l l  d i scuss  here. 

A f a s t  d e f l e c t i o n  system i s  required t o  com- 
bine t h e  two s e p a r a t e  beams i n  t h e  lower frequency 
l i n a c  tanks i n t o  t h e  s i n g l e  beam i n  t h e  higher  
frequency l i n a c  tank.  The hardware f o r  doing t h i s  
did n o t  seem t o  be beyond c u r r e n t  p rac t ice .1  I t  
was, however, recognized t h a t  some emit tance d i l u -  
t i o n  might r e s u l t  i n  t h i s  process  and t h i s  has been 
considered i n  the emit tance values used i n  the. 
stiirly (Tahle TV-R-114). 

The acce le ra ted  beam i s  s t o r e d  by b e t a t r o n  
s t a c k i n g  i n  one o r  more accumulator r ings.  The 
number of  r i n g s  i s  chosen t o  keep t h e  s t o r e d  beam 
w i t h i n  space charge and emit tance l i m i t s  i n  the  
r ing.  The beam i s  then bunched i n  l o n g i t u d i n a l  
space and compressed t o  g ive  c u r r e n t  ampl i f ica t ion .  
The s e p a r a t e  beam bunches a r e  ex t rac ted  a t  mul t ip le  
e x t r a c t i o n  po in t s  and t ranspor ted  t o  the t a r g e t  
poss ib ly  w i t h  f u r t h e r  pu lse  shaping and i n t e n s i t y  
a m p l i f i c a t i o n .  

The system parameters a r e  summarized i n  Table 
l v - ~ - l / l  below. 

Table IV-B-1/1. System Parameters. 

Case 21 - 23 2.2 

+3 . 
P a r t i c l e  , Xe 

F i n a l  Energy (GeV) 7.4 

l n j e c t o r  Vnl e n e ~  
(MV) 1 

F i n a l  Linac 
Currcnt  (d) 240 

No. of Linac Tank 
Types 4 

Linac Orbi t  Length 
(km) 1.5 

T o t a l  Linac Tank 
Length (km) , 2.05 

v a r i e s  a s  ( ~ y ) - 3 / 4 ~  When the phase width has 
damped by a  f a c t o r  C, i t  i s  poss ib le  t o  i n c r e a s e  
t h e  l i n a c  frequency by a  f a c t o r  C without  los ing  
p a r t i c l e s .  The only values of C s e r i o u s l y  con- 
s idered  i n  the  workshop were C = 2 and C = 3. It - 
i s  bel ieved t h a t  i t  i s  more economical t o  change 
frequencies  a s  o f t e n  a s  poss ib le ,  because t h e  
l i n a c  tanks themselves and a l l  r f  equipment become 
smal le r .  No s e r i o u s  s tudy of t h e  opt imal  value of - 
C has been made. The value C = 2 was chosen f o r  
use here. This value corresponds t o  a  BY-ratio of 
2.52 and the  r a t i o s  employed i n  the workshop have 
been between 2.8 and 3.0. Linac parameters a r e  
l i s t e d  i n  Table IV-B-112 below f o r  the  f o u r  cases  
s tudied.  

TABLE IV-B-112. Linac Parameters. 

A.  Case 7.4 ( 1  MV Pre - In jec tor ,  Bout = .0069) 

Tank 1 

Tank Type Widerae 
(n- 317)' 

Length(m) 16.7 

Frequency 
(MHz) 15 

Bout  0.0194 

Tout (GeV) 0.024 

Iout(emA) 30 

Focusing FODO 

Aperture 
Radius (cm) 3 

Avg. Accel- 
e r a t i o n  F i e l d  
(MV/M) .42 

3 0 

0.0546 

0.19 

60 

FODO 

3 

Alvarez 
( 2 4  

267 

60 

0.153 

1.51 

120 

FFDD 

1 .. 1 

1.65 

4 

Alvarez 
(211) 

1200 

120 

0.327 

7.40 

240 

FF DD 

0.8 

1.65 

+3 No. of 
Xe 

Gaps 64 125 500 2000 
2.2 

No. of Accum~ilator 30 WHZ 

Rings 12 1 3 12 15 )(Hz Wideroe Linacs 
Wideroe Linacs 

No. of Ext rac t ion  
P o i n t s  per King 8 10 10 8 Fig.  IV-B-111. "Funnel" 1,oading of a  J,inac From - 

Lower Frequency Linacs.  
D. Case 2.2 

LINAC SYSTEMS 
This  case i s  the same .as t h e  f i r s t  t h r e e  - 

I n  a  l i n a c  w i t h  cons tan t  f i e l d  s t r e n g t h  Eo s t a g e s  of Case 7.4 wi th  a  s l i g h t l y  lengthened 
and phase angle &,, the phase wid th .of  a  bunch Alvarez tank.  



Tab le  N-B-112. L inac  Pa rame te r s .  (Cont inued)  

B. Case 2 1  (1 .8  MV P r e - I n j e c t o r ,  Bout =.00438) 

Tank 

Tank Type Wider'de 
(n-3rd 

3  2  

5  

, 0.0124 

Wideriie 
(n-3n) 

7  7  

10 

0.0348 

Alva rez  
(2n)  

3670 

40  

0.2662 

7.022 

Alva rez  
(2n)  

7650 

8  0  

0.428 

20.0 

Length  (m) 

Frequency (MHz) 

Bout 
Tout (GeV) 

Iout(emA) 

Focus ing  

400 

FFFDDD 

1 .4  

FODO 

4 

FODO 

2.8 

FODO 

2 .o 
FFDD 

1 A p e r t u r e  Radius  (cm) 

Avg. A c c e l e r a t i o n  
F i e l d  (MV/m) 

No. of Gaps 

C. Case 23  (1 .8  MV P r e - I n j e c t o r ,  Bout = .00438) 
S t r i p  t o  +3 a f t e r  f i r s t  Wider'de t ank .  

--.- - 

Tank 1 2 3  4  5 .  6 .  7  

Tank Type Wideriie WiderSe Wider'de WiderBe WiderEe Alva rez  Alva rez  
( r r 3 n )  ( r r 3 n )  (n-3n) . . (TT-3n) (77-374 (2n)  (2n)  

Length  (m) 32 12.5 25.8 5  6 153 1600 2200 

Frequency (MHz) 5  10 10 2  0  20 40 80 

Bout ' 
.0124 .020 -035 .06 .099 .267 .428 

To,,t (GeV) .014 .038 . I15  .338 .926 7.07 2  0  

Iout(emA) 2  5  5  0  50 100 100 200 4UU 

Focus ing  FODO FODO FODO FODO FODO ' FFDO FFDO 

A p e r t u r e  Radius  
(4 4 4 2  3  1.8 3  2  

Avg. A c c e l e r a t i o n  
F i e l d  (MVIm) ' .39 .61 1.0 1.3 1.3 1.3 . 2 

No. of Gaps 64 26 3  2  8 0  130 1200 1500 

Case 7 . 4  r e q u i r e s  60 emA of ~ e + ~  f rom t h e  p re -  
i n j e c t o r .  I t ,  was c o n s i d e r e d  d i f f i c u l t  t o  a c h i e v e  
t h i s  i n t e n s i t y  d i r e c t l y  from t h e  i o n  s o u r c e ,  bu t  
s t r i p p i n g  a  h i g h e r  c u r r e n t  of xe+l  ( a t  0 = .011) 
appeared t o  be a  good p o s s i b i l i t y  f o r  a c h i e v i n g  
t h i s  c u r r e n t .  (See  s e c t i o n  V - D  t h e s e  p roceed ings )  

t h e  r i n g  from Case 7.4.  Some pa rame te r s  a r e  g i v e n  
i n  Tab le  IV-B-113. 

We have assumed i n  eve ry  c a s e  a n  a p e r t u r e  s u f -  
f i c i e n t  t o  c o n t a i n  t h e  t r a n s v e r s e  e m i t t a n c e  r e -  .. 
q u i r e d  a t  t h e  t a r g e t ,  a n  unnormal ized emi t t ance*  of 
2 . 5  cm-mrad. T h i s  w i l l  g i v e  a p e r t u r e s  of t h e  ofder  
of 10 cm. I n  t h e s e  d e s i g n s  t h e  beam i n t e n s i t i e s  a r e  w e l l  

below t h e  space -cha rge  l i m i t e d  v a l u e s  i n  a l l  t a n k s . .  
Only a t  t h e  e n t r a n c e  t o  t h e  f i r s t  Wideroe tank does  
t h e  margin of s a f e t y  become s m a l l .  

PERFORMANCE ESTIMATES 

a .  ~ m i t t a n c e * .  The l i n a c s  d i s c u s s e d  i n  t h e  
Workshop a r e  beyond t h e  performance of tho.se now i n  
o p e r a t i o n  and we have had t o  make u s e  of e s t i m a t e d  

ACCUMULATOR RINGS 

The number of accumula to r  r i n g s  is g i v e n  i n  
T a b l e  IV-B-111. We have e s t i m a t e d  t h e i r  o v e r a l l  - 
s i z e  by assuming a n  ave rage  bending f i e l d  of 1 T ,  
c o r r e s p o n d i n g  i n  ou r  minds t o  a  maximum f i e l d  of 
2  T ,  excep t  i n  Cases  2.2, where we have s imply  used 

* T r a n s v e r s e  e m i t t a n c e  a s  used i n  t h i s  r e p o r t  i s  
d e f i n e d  by = 9 (unnormal ized)  and cn  = By 
a r e a  (no rma l i zed )  and i s  cons ide red  t o  a p p l y  t o  
a o x i m a t e l y  90% of t h e  beam c u r r e n t .  



e m i t t a n c e  v a l u e s  t h rough  t h e  a c c e l e r a t i o n  and ac -  Tab le  IV-B-114. Es t ima ted  Nsrmalized.  ~ m i t t a n c e s  
cumula t ion  c y c l e ;  We have done t h i s  on two bases :  ( a l l  i n  cm-mrad). 
t h e  f i r s t ,  Case a ,  a n  e s t i m a t e  o f  what cou ld  be  . . .  
e x p e c t e d ' w i t h  t h e  p;esint  s t a t e  o f  t h e  a'rt and t h e  Case a Case b 
s econd ,  Case b ,  c o n t a i n i n g  improvements one might 
r e a s o n a b l y  hope t o  a c h i e v e .  These  a r e  summarized , , 

Source  0.02 0.02 

i n  T a b l e  IV-B-114. ' Low B (Widerce) ' L i n a c  0 . 1  0 .08 

T a b l e  IV-B-113. Accumulator-Ring parame'ters . End I of L inac  0 .2  ' 0.12 . 
2 1 2 3 Case  7.4 2.2 

One may hope t o  a c h i e v e  even l a r g e r  b r i g h t -  
+1 *+3 

+3 2ooA 200, +3 nes s  r e s u l t s  by means of development ,  bu t  we . f e l t  
Xe. .Xe . i t  unwise t.0 b a s e  o u r  d e s i g n s  on any f i g u r e s  l e s s  , 

Number of Rings  12 1 3 12 c o n s e r v a t i v e  t h a n  t h o s e  i n  Tab le  IV-B-114. 

Energy (GeV) 7.4. , 20 2 0 2 . 2 '  The r i n g  e m i t t a n c e s  a r e  a l l  assumed t o  be  

B .  0.326 0.428 ; 0.428 0.186 2.5 cm-mrad (u t inormal ized) .  T h e n , * T a b l e  IV-B-115 
shows t h e  r e l . a t i nns  between l i n a c  and r i n g  ernit- 

Y 1.06 1.11 1.11 1.02 t a n c e s  i n  t h e  c a s e s  s t u d i e d .  

3 .21  14.7 4.89 5.62 T ( J L S ~ C )  r e v  

T a b l e  Iv-B-115 Emi t t ance  L i m i t s  

COOC , . 7 .4  2 1 23 2 .2  

a b Emi t t ance  Case . b . a .  a b . a ' h '  

' l innc 
(unnorm) 0.579 0.347 0.422 0 .253 , 0.422 0 .253 ,  1 .05  0.63 
(cm-mrad) , 

' r ing 
(cm-mrad) 2 .5  2.5 2.5 2.5 2.5 2.5 2.5 

n = Max No. of 16 ! 49 ,: 36 
, Turns* 

I. L i n a c  Cur- ' 
.I. 240 
r e n t  (emA) 

'Max c u r r e n t  = 3'.8 : : 
nfL (eA) 

11.8  

Max Number N . 
€ 

4 
Assuming :o e m i t t a n c e  d i l u t i o n  i n  t h e  p r o c e s s  of m u l t i t u r n  i n j e c t i o n .  - 



b .  Space-Charge L i m i t s :  . We c a l c u l a t e  t h e  
space -cha rge  l i m i t e d  number of p a r t i c l e s  from 

whsre q e  i s  t h e  i o n  c h a r g e .  We t a k e  A V  = 114 and 
t a k e  no accoun t  of a  bunching f a c t o r .  The r e s u l t s  
a r e  shown i n  Tab le  IV-B-116. 

Tab le  IV-B-116. Space-Charge L i m i t s .  

Case 7.4 . 21  23 2.2. 

. SYSTEM GOALS 

On t h e  o t h e r , h a n d ,  we c a n  c a l c u l a t e  t h e  num- 
be r  of p a r t i c l e s  needed i n  one accumulator  r i n g  
from t h e  r e l a t i o n  

Tab le  IV-B-117. Required  System Performance.  

Case 7 . 4  2  1 23 2 .2  

Required  
L inac  P u l s e  
Length 1 . 6 8  0.12 0 .36 0.45 
(msec) . 

We s e e  by compar ison o f  T a b l e s  .IV-B-115, 6 and 
7  t h a t  eve ry  sys t em can  meet t h e  r e q u i r e d  p e r f o r -  
mance a l t h o u g h  c l o s e  t o  t h e  space -cha rge  l i m i t s ,  
bu t  t h a t . t h e  Xenon sys tems 7 . 4  and 2.2 r e q u i r e  t h e  
l e s s  c o n s e r v a t i v e  emi t t ance ' a s sumpt ions  t o  r e a c h  
r e q u i r e d  performance w i t h i n  t h e  e m i t t a n c e  l i m i t s .  
The e m i t t a n c e  l i m i t  of t h e  Xenon sys tems cou ld  be  
r a i q e d ,  of c o u r s e ,  by go ing  t o  h i g h e r  f i n a l  energy 
( a t  l a r g e r  c o s t ) .  

LONGITUDINAL EMITTANCE 

It i s  assumed t h a t  t h e  t o t a l  momentum s p r e a d  
. of t h e  beam on t h e  t a r g e t  p e l l e t  must be  kep t  

w i t h i n  2% from c o n s i d e r a t i o n s  of t h e  f i n a l  f o c u s -  
' i n g .  T h i s  co r r e sponds  t o  t h e  energy s p r e a d  shown 

i n  T a b l e  IV-B-118 f o r  t h e  f o u r  c a s e s  s t u d i e d . ,  We 
a l s o  g i v e  che  1u11glLudiual r t l ~ i t t a l ~ c e  tL, a33uming 
a  t o t a l  p u l s e  l engch  AT = 12 usec  uad t h e  accumu- 
l a t o r  energy s p r e a d  AEA = e L / ~ r e v .  

I f  we assume t h a t  a l l  s t a c k i n g  i n  t h e  accu -  
mu la to r  r i n g s  i s  i n  b e t a t r o n  phase  s p a c e  and t h a t  
t h e r e  i s  no d i l u t i o n  of l o n g i t u d i n a l  e m i t t a n c e ,  - 
t h e  energy s p r e a d s  AEA a r e  a l s o  t h e  o u t p u t  energy 
s p r e a d s  of t h e  l i n a c .  The v a l u e s  of AEA g i v e n  i n  

T a b l e  Iv-B-118 seem f e a s i b l e  w i t h  p r e s e n t  r f  l i n a c  
t echno logy .  

Tab le  IV-B-118. Enerpy Spread and Emi t t ance .  

Case 7 .4  2  1 23 2.2 

& (assumed) (+) 0.02 0.02 0 .02 0 .02 
P  

AT - 0.0388 0.0381 0 .0381 0.0397 
T  

AT (GeV) 0.287 0.762 0.762. 0.087 

= ATAr(eV-sec) 3.44 9.14 .. 9 . 1 4  1 .04 

AE, (MeV) . 1.07 0.62 1..87 0.19, 

CURRENT AMPLIF ICAT ION 
. . 

The c u r r e n t  a m p l i f i c a t i o n  and t h e  f i n a l  , , 

bunching r e q u i r e d  can  be c a l c u l a t e d  f rom t h e  l i n a c  
p u l s e  l e n g t h  TL g i v e n  i n  Tab le  IV-B-117 and t h e  . 
r equ i r emen t  t h a t  t h e  f i n a l  beam p u l s e  be of f i x e d  
l e n g t h  7 . We t a k e  t h i s  f i x e d  l e n g t h  t o  be  20 
nsec .  T I e  t o t a l  c u r r e n t  a m p l i f i c a t i o n  K i s  t h e n  
~ ~ 1 7 ~ .  The f i n a l  bunching BF r e q u i r e d  i s  r e d u c e d '  
from t h e  t o t a l  by f a c t o r s  of t h e  number of r i n g s  
m ,  number of e x t r a c t i o n  p o i n t s  p,  and n ,  t h e  num- 
b e r  of t u r n s  i n j e c t e d  t o  r e a c h  NR.  We g i v e  t h e  
r e s u l t s  of t h e s e  c a l c u l a t i o n s  i n  T a b l e  Iv-B-119. 

Table ' IV-B-119.  A m p l i f i c a t i o n  and Bunching 

. . 
Case 7 .4  2  1 23 2.2 

* 
Based on .1 M J  d e l i v e r e d  ove r  20 ns6c; i . e .  10  

nsec  l e a d e r  and 10 nsec  main p u l s e  a t  t h e  100. TW 
l e v e  1. 

. . 
Bunching f a c f o r s  BF of t h i s  magnitude a r e  

f e l t  . t o  be  p o s s i b l e .  Recent ,exper . iments  on t h e  
AGS.have a c h i e v e d . f a c t o r s  i n  e x c e s s  of 70.2 'It i s .  
a l s o  . p o s s i b l e  t o  , bu i ld  a n  . i n d u c t i o n  bunche.r s o  
t h a t  t h i s  b u n c h i n g , c a n  be  done i n  t n e  t r - a n s p o r t  
l i n e s  t o  t h e  t a r g e t O 3  ' . 

. . . .  
FINAL TRANSPORT . 

' We have c a l c u l a t e d  o n t y  t h e  f!nal quad rupu le ,  
b e l i e v i n g  i t  t o  b e  t h e  mbst c r i t i c a l . .  We assume' 
4.5-T p o l e - t i p  f i e l d s  and a  25-cm r a d i a l  a p e r t u r e  
f o r  a  quad rupo le  10. m from a  t a r g e t  o f  e m i t t a n c e  
2 .5  cm-mrad. T a b l e  IV-B-1/10 g i v e s  t h e . c a l c u l a t e d  
quadrupo le  l e n g t h s  k 

Q' 



T a b l e  IV-B-1/10. F i n a l  Beam T r a n s p o r t  Quadrupole  

These  a r e  not  un reasonab le  quadrupo le  l e n g t h s  
and show t h a t  t h e  f i n a l  t r a n s p o r t  i s  f e a s i b l e .  

The re  i s  a  maximum power t h a t  can  be  t r a n s -  
m i t t e d  by a  t r a n s p o r t  l i n e . 4 r 5  We c a l c u l a t e  t h e  
power t r a n s m i t t e d  i n  o u r  f i v e  c a s e s  and show t h e  
r e s u l t s  i n  Tab le  IV-B-1/11. We a l s o  show t h e  
power needed p e r  t r a n s p o r t  l i n e ;  i . e . ,  100 TW/mp . 
f o r  t h e  100 TW c a s e s  and 50 TW/mp f o r  t h e  HIDE 
c a s e .  ' . 

T a b l e  IV-B-1/11. T r a n s p o r t  Power L i m i t s  (TW) .* 

Case 7 .4  2  1 2 3  .2.2 

T r a n s p o r t  L imi t  4:0 186 4 3  .51 

Power Needed . 1.04 10 3  0 .52 

* 
C a l c u l a t i o n s  based on quadrupo le  p o l e - t i p  f i e l d  

o f  4  T  and a n  a c c e p t a n c e  o f  2 .5  cm-mrad. 

CONCLUSION 

An r f  l i n a c  a c c e l e r a t o r  sys t em w i t h  accumu- 
l a t o r ( ~ )  has  been d e s c r i b e d  t o  meet t h e  t a r g e t  r e -  
qu i r emen t s  f o r  i o n  beam f u s i o n  u s i n g  a  c o n s e r v a t i v e  
e x t r a p o l a t i o n  of t h e  c u r r e n t  s t a t e - o f - t h e  a r t .  

No o p t i m i z a t i o n  of t h e  d e s i g n  has  been done 
a l t h u u g h  c l e a r l y  t h e r e  a r e  many t r a d e - o f f s  that  
might  be p o s s i b l e ,  i . e . ,  a  h i g h e r  i o n  cha rge  s t a t e  
r e d u c e s  t h e  l e n g t h  of t h e  l i n a c  a t  t h e  expense  of . 
more accumula to r  r i n g s  and t r a n s p o r t  sys tems t o  
t h e  t a r g e t .  The sy.stem which a c c e l e r a t e s  Xenon i n  
a  p l u s  3  cha rge  s t a t e  h a s  a  l i n a c  of r e a s o n a b l e  
l e n g t h ,  b u t  t h e  n e c e s s i t y  o f  no t  exceed ing  emi t -  
t a n c e  l i m i t s  d i c t a t e d  by t h e  t a r g e t  and r e a c t o r  
d e s i g n  (and t o  a  l e s s e r  e x t e n t  space -cha rge  l i m i t s )  
r e q u i r e  12 accumula to r s  each  wi th  e i g h t  t r a n s p n r t  
i i n e s .  F o r  r e a s o n s  of c o s t  and complexi ty  t h i s  
might  n o t  be t h e  b e s t  s o l u t i o n .  It should  be 

' p o i n t e d  o u t ,  however, t h a t  p r o g r e s s  on o b t a i n i n g  
s m a l l e r  e m i t t a n c e  beams ( o r  a l t e r n a t e l y  t r a n s p o r t -  
i n g  l a r g e r  e m i t t a n c e  beams) a n d / o r  t r a n s p o r t i n g  
p a r t i a l l y  n e u t r a l i z e d  beams can  g r e a t l y  r educe  t h e  
number of t r a n s p o r t  l i n e s  and make t h e  ~ e + ~  d e s i g n  
more a t t r a c t i v e .  The ~ e + ~  sys t em cou ld  be  s c a l e d .  
down f o r  a  Heavy I o n  Demonst ra t ion  Experiment.  
Because  of t h e s e  r e s e r v a t i o n s ,  we conc lude  t h a t  
t h e  c o n f i d e n c e  Level i s  c e r t a i n l y  h i g h e r  f o r  t h e  
A = 200 sys tem,  p a r t i c u l a r l y  f o r  t h e  +1 cha rge -  
s t a t e ,  t h a n  f o r  t h e  Xenon sys t ems .  
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1. o f  a c c e l e r a t i n g  modules i n t e r s p e r s e d  wi th  focusing 
lenses .  The a c c e l e r a t i n g  modules a r e ,  i n  essence, 

B. Richter ,  A. Fa l tens ,  W. B. Herrmannsfeldt, t ransformers  wi th  the  i o n  beam serv ing  a s  t h e  
K. Johnsen, D. Judd, D. Keefe, E. Lofgren, 

secondary of  the  t ransformer.  The m a t e r i a l  used 
' F. Mi l l s ,  V. K. Ne i l ,  and S. Penner 

f o r  t h e  t ransformer cores  and the  p r a c t i c a l  maxi- 

INTRODUCTION 
mum a t t a i n a b l e  vo l tage  grad ien ts  depend on t h e  
pu lse  length.  Typical  vo l tage  grad ien ts  versus 
pu lse  length a r e  give below. 

The o b j e c t i v e  of  a l l  o f  the  a c c e l e r a t o r  work- 
ing  groups a t  t h i s  meeting has been t o  develop a  
system design showing how a p a r t i c u l a r  kind of ac- 

pu lse  Length 
( ~ s e c )  

c e l e r a t o r  can d e l i v e r  1 megajoule of energy t o  a  
fus ion  t a r g e t  a t  peak powers of  100 te rawat t s .  
These energy and peak power requirements cor re -  

8 

spond to t h e  "moderate confidence" case given by 
1 

the  t a r g e t  des igners  f o r  a n  i o n  fus ion  d r i v e r  
0.5 

which can give a  t a r g e  ga in  of  s e v e r a l  hundred. 
0.15 

Voltage Gradient 
(MV/m) 

Since t h i s  is  a  f i r s t  a t tempt a t  such a  systems 
The core m a t e r i a l  used f o r  these  a c c e l e r a t i n g  

s tudy ,  we have not attempted t o  optimize parame- modules is  u s u a l l y  i r o n  f o r  pulse lengths g r e a t e r  
t e r s  but r a t h e r  t o  show an ex is tence  proof f o r  

than # microsecond, and f e r r i t e  f o r  pulse lengths 
such a  machine. Therefore,  the  choices of  acce l -  f o r  l e s s  than % microsecond. The e f f i c i e n c y  f o r  
e r a t o r  energy, i o n  charge s t a t e ,  number of  beams, 

each a c c e l e r a t i n g  module increase  wi th  decreas ing  . 
e t c . ,  have been made more by " fee l"  than by any 

pulse l eng th  so i t  i s  advantageous t o  run t h e  
s o p h i s t i c a t e d  economic a n a l y s i s .  a c c e l e r a t o r  w i t h  a  pu lse  l eng th  a s  s h o r t  a s  poss i -  - 

blc .  The est imated e f f i c i e n c y  ' for  t h e  acce le r -  
One o f  t h e  most d i f f i c u l t  c o n s t r a i n t s  t o  meet 

a t i n g  systems described below i s  about 10 t o  20 
i n  any a c c e l e r a t o r  design is  t h a t  imposed by t rans -  percent  f o r  a c c e l e r a t i o n  through t h e  k i n e t i c  
verse  space charge e f f e c t s .  'While t h e  induc t ion  energy range from to 26 GeV. 
l i n a c  ( a  s i n g l e  pass  machine) can t o l e r a t e  l a r g e r  - - 

space charge forces  than a r e  al lowable i n  synchro- Space charge forces  determine t h e  peak cur -  
t rons  o r  s to rage  r i n g s ,  the  problem i s  s t i l l  r e n t  which can be t ransported i n  a n  induc t ion  l i n  
formidable. For a  given power on t a r g e t ,  space l i n a c  with a  given maximum p o l e - t i p  f i e l d  i n  t h e  
charge forces  a r e  reduced by increas ing  t h e  beam 

focusing lenses .  The Maschke equa t ion  g ives  t h e  
energy and by increas ing  t h e  number o f  beams on peak t r a n s p o r t a b l e  power a s  
the  t a r g e t .  However, we f e e l  t h a t  beam t r a n s p o r t  
f o r  l a r g e  nululbers' of beams i s  both complex and 
expensive and we have, there fore ,  r e s t r i c t e d  our- 
s e l v e s  i n  t h i s  example t o  t h e  s implest  o f  a l l  
cases - - tha t  of  two beams. We have a l s o  chosen t o  
use a  maximum energy c o n s i s t e n t  with t h e  p e l l e t  
design--26 GeV i n  each of  two beams wi th  a n  
assumed foca l  spo t  s i z e  of  1 mm rad ius .  ( Ion 
k i n e t i c  energy l i m i t a t i o n s  a r e  discussed more 
f u l l y  i n  a  paper by R. Bangerter i n  these  Proceed- 
ings.  ) 

I n  the  rest of t h i s  r e p o r t  we o u t l i n e  t h e  main 
a c c e l e r a t o r  design and t h e  system t o  be used f o r '  
pu l se  compression. Ion source requirements and 
pre -acce le ra tor  requirements a r e  a l s o  discussed.  
Severa l  o f  t h e  items t r e a t e d  here  a r e  t r e a t e d  more 
f u l l y  i n  ind iv idua l  r e p o r t s  i n  these Proceedings. - 

where P i s  t h e  peak t r a n s p o r t a b l e  power i n  t e r a -  
w a t t s ;  A and Z a r e  t h e  a t o n ~ i c  nutuber and charge 
s t a t e  of  t h e  ion,  r e s p e c t i v e l y ;  B i s  t h e  i o n  ve- 
l o c i t y  o f  l i g h t ;  y is  the  r a t i o  o f  t h e  t o t a l  i o n  
energy t o  i t s  r e s t  energy; e i s  t h e  normalized 
t ransverse  emit tance i n  mete? rad ians  and B i s  t h e  
maximum focusing f i e l d  i n  Tesla .  The cons tan t  
i n  f r o n t  of  Equation (1) has had some time depen- 
dence and t h e  va lue  used here  i s  t h e  c u r r r u t ,  
genera l ly  agreed upon value.  I n  what follows we 
assume uranium a s  the  i o n  s p e c i e s  t o  be a c c e l e r -  
a t e d ,  but by t h i s  we mean any i o n  spec ies  with an 
atomic number of  around 200. 

THE MAIN ACCELERATOR Figure I V - C - 1 / 1  shows t h e  maximum t r a n s p o r t a b l e  
p a r t i c l e  c u r r e n t  (not t h e  e l e c t r i c a l  c u r r e n t )  and 

An induc t ion  l i n a c  c o n s i s t s  of  a  c o l l e c t i o n  t h e  minimum pulse  l eng th  versus  i o n  k i n e t i c  energy 



i n  a n  induct ion l i n a c  d e l i v e r i n g  1 megajoule a t  a  
k i n e t i c  energy of  26 g igavol t s .  We have assumed 
a maxlmum focusing f i e l d  of  1.1 Tes la  and a  norma- 
l i z e d  emit tance o f  2  x 10-5 meter rad ians ;  The 
two cases  shown i n  t h e  f i g u r e  a r e  f o r  i o n  charged 
s t a t e s  of  1 and 3. 

With Z = 1 t h e  peak power a t  t h e  end of  t h e  
a c c e l e r a t o r  can be a s  high a s  100 te rawat t s .  The 
beam need.only be s p l i t  i n t o  two (which can be 
done by s p l i t t i n g  t h e  beam i n  t ransverse  phase 
space)  and t h e  two 50 t e r a w a t t  beams can then be 
t ranspor ted  t o  t h e  t a r g e t  wi th  t h e  same kind of  1 
T p o l e - t i p  f i e l d  focusing lenses  used on the,main 
a c c e l e r a t o r .  The t r a n s p o r t , s y s t e m  w i l l  r e q u i r e  a  
modest vo l tage  g r a d i e n t  t o  balance t h e  longi tu -  - - - 

. d i n a l  space charge forces  which tend t o  spread . 
t h e  beam along i t s  d i r e c t i o n  of  motion. The beam 
p u l s e  l eng th  can be l e s s  than 0.15 microseconds 
a t  a l l  k i n e t i c  energ ies  above 1 GeV al lowing t h e  
use of  the  maximum a c c e l e r a t i n g  grad ien t ;  However, 
t h i s  p a r t  of  the a c c e l e r s t n r  w i l l  he qiii.te l.nng 
r e q u i r i n g  approximately 13 ki lometers  t o  r a i s e  the  
i o n  energy from 1 . to 26 g igavol t s .  

s i m p l i c i t y  t o  be parabol ic .  Figure 1 ~ - ~ - 1 / 2 b  
shows t h e  space charge f i e l d  produced by t h i s  
charge d i s t r i b u t i o n - - a . l i n e a r  ramp f o r  the  assumed 
parabol ic  charge d i s t r i b u t i o n .  Figure IV-C-1/2c 
i l l u s t r a t e s  t h e  compression process  wherein a  
l a r g e  compressive f i e l d  is  appl ied and t h e  length 
o f  the  compressive ramp is  decreased a s  t h e  pulse 
l eng th  decreases.  

Under these  condi t ions  the  equat ion of motion - 
f o r  the  bunch leng th  L i s  of  t h e  form 

The behavior of  the  bunch length versus  time i s  
i l l u s t r a t e d  i n  Figure IV-C-113. The dashhd curve 
shows bunch leng th  versus  time i n  t h e  absence of  
space charge e f f e c t s .  The s o l i d  curve i l l u s t r a t e s  

. t h e  e f f e c t  o f  l o n g i t u d i n a l  space charge. There 
i t r  B iiilnimum pulse l eng th  &in whose value i s  r e -  
l a t e d  t o  t h e  i n i t i a l  pu lse  lengtll  Lo, t h e  maximum 
amplitude of  t h e  compressing f i e l d  AE, 'and the 
t o t a l  charge i n  t h e  bunch; Q. The equa t ion  f o r  

For charge s t a t e  t h r e e ,  t h e  minimum pulse  t h e  maximum compression f a c t o r  i s  
leng th  out  o f  the  a c c e l e r a t o r  is  40 nsec cor re -  - 
sponding t o  a  peak power of  25 te rawat t s .  For 
t h i s  c a s e  we aga in  s p l i t  t h e  beam and use a  t r a n s -  
p o r t  system whose f i n a l  focusing elements have a  
maximum pole-.tip f i e l d  of 3 Tes la  which al lows a  
peak power of.  up t o  50 t e r a w a t t s  i n  each beam. 
The p i l s e  compression system i s  descr ibed i n  t h e  where AE i s  i n  megavolts per  meter,  Lo i s  i n  meters ,  
next  s e c t i o n .  A n  a c c e l e r a t i n g  grad ien t  of  1 mega- and is in coulombs. 
v o l t  p e r  meter can be used from 1 t o  5 g igavol t s  
and a  g r a d i e n t  of 2  megavolts per meter from 5 t o  
26 g igavol t s .  The t o t a l  requ i red  a c c e l e r a t o r  
l e n g t h  i s  thus 4.8 ki lometers .  While t h e  t r a n s p o r t  
sys tem. for  t h i s  Z '. 3 case  i s  more complicated than 
t h a t  f o r  t h e  Z = 1 case ,  t h e  reduced leng th  f o r  
t h e  main a c c e l e r a t o r  c l e a r l y  reduces t h e , c o s t  of  
t h e  a c c e l e r a t o r  by a  very l a r g e  amount. Cost o p t i -  
lulzatlon w i l l  c e r r a i n l y  r e q u i r e  cons iderab le  more 
s tudy.  

PULSE COMPRZSSION 

I n  a d d i t i o n  t o  t h e  t ransverse  space charge 
e f f e c t s  summarized i n  Equation ( I ) ,  t h e r e  e x i s t  
l o n g i t u d i n a l ' s p a c e  charge forces  whereby t h e  
l o n g i t u d i n a l  component o f  t h e  f i e l d  generated by 
t h e  p a r t i c l e s  i n  t h e  a c c e l e r a t o r  beam tends t o  de- 
bunch . tha t  beam. These e f f e c t s  a r e  u s u a l l y  not  
s i g n i f i c a n t  i n  t h e  main a c c e l e r a t o r  where they 
can e a s i l y  be compensated by a d j u s t i n g  t h e  acce l -  
e r a t i n g  f i e l d .  However, they can be very important 
i n  t h e  f i n a l  beam t r a n s p o r t ,  e s p e c i a l l y  when t h e  
a c c e l e r a t o r  output  pu lse  must be f u r t h e r  compressed 
a s  i n  t h e  Z = 3 case  described above. 

Judd ( i n  t h i s  s e c t i o n  of  t h e s e  Proceedings) 
has s t u d i e d  t h i s  problem and analyzed t h e  e f f e c t  
o f  t h e s e  l o n g i t u d i n a l  space charge forces  on t h e  
maximum pulse  compression (hence, peak power) 
which can be achieved i n  a  given beam. The pro- 
cedure used i s  i l l u s t r a t e d  schemat ica l ly  i n  Figure 
1 ~ - ~ - 1 / 2 a , b , c ;  Figure IV-C-1/2a shows t h e  bunch 
l o n g i t u d i n a l  charge d i s t r i b u t i o n  assumed f o r  

For the  Z = 3 example given i n  t h e  previous 
sec t ion ;  t h e  maximum compression f a c t o r  i s  10 
assuming AE = 2 MV per  meter and Lo corresponding 
t o  a  40 nsec pulse d u r a t i o n  a t  the  beginning of  
t h e  compression. The d i s t a n c e  t h e  bunch would, 
 ravel I n  reaching i t s  maximum compression i s  
given by 

where bb c2  is  the  r e s t  energy o f  t h e  ion. For 
our  Z = 3 case ,  t h i s  d i s t a n c e  corresponds t o  250 
meters. Since t h e  maximum pulse compression 
f a c t o r  i s  considerably l a r g e r  than t h e  f a c t o r  of  
4  required t o  reach t h e  100 te rawat t s  power l e v e l  
i n  t h e  fus ion  t a r g e t ,  t h e r e  is  no problem from 
l o ~ ~ g i t u d i ~ l a l  space charge e f f e c t s  f o r  our example. 

We have not examined t h e  i n j e c t i o n  problem 
i n  any d e t a i l  i n  our working group. I t  i s  c l e a r  
from Figure IV-C-111 t h a t  an induct ion l i n a c  
could b e s t  be fed by a  high peak c u r r e n t  gun capa: 
b l e  of d e l i v e r i n g  a  p a r t i c l e  cur ren t  of  about 5 0 ,  
amps i n  a  few microseconds a t  a  k i n e t i c  energy on 
t h e  order  of 100 MeV. Such a  high cur ren t  source 
i s  being s tud ied  a t  LBL. Progress i s  being made, 
and s i n c e  the  development o f  such a  source would 
considerably s impl i fy  i n j e c t i o n  i n t o  a induct ion 



l i n a c ,  t h i s  r e s e a r c h  should  be  continues. 

Low c u r r e n t  s o u r c e s  w i t h  i n t e n s i t i e s  on t h e  
o r d e r  o f  100 mil l iamps do  e x i s t .  As a n  a l t e r n a t i v e  
i n j e c t i o n  s y s  tem, K j  e l l  Johnsen has  examined t h e  
p o s s i b i l i t y  o f  u s i n g  a  conven t iona l  i o n  s o u r c e  and 
l i n a c  w i t h  a n  accumulator  r i n g  a s  a n  i n j e c t o r  i n t o  
a n  i n d u c t i o n  l i n a c .  .As a n  example,  a  one g i g a v o l t ,  
100 mi l l i amp ,  cha rge  1 i o n  beam is  assumed t o  be 
in j ec , t ed  i n t o  a  20 meter  r a d i u s  accumulator  r i n g .  
The pa ramete r s  o f  t h e  accumulator  r i n g  a r e  g iven  
i n  Tab le  IV-C-111. The r i n g  u s e s  supe rconduc t ing  
bending magnets w i t h  field o f  abou t  5 T,  b u t  w i t h  
a n  ave rage  bending f i e l d  o f  o n l y  3 .5  T  t o  a l l o w  

. 

space  f o r  focus ing  e l emen t s ,  r f  equipment,  and i n -  
j ec t i . on  and e j e c t i o n  appa ra tus .  Note t h a t  though 
t h e  m a g n e t s ' a r e  supe rconduc t ing ,  t h e  r ange  o f  a  
1 g i g a v o l t  heavy i o n  i s , s u f f i c i e n t l y  s h o r t  s o  t h a t  
i t  i s  e a s y  t o  s h i e l d  c ryogen ic  e l emen t s  from pa r -  
t i c l e s  l o s t  from t h e  beam. E i g h t y - t h r e e  t u r n s  a r e  
assumed t o  be s t a c k e d  i n  t h e  r i n g  t o  c o n v e r t  t h e  
i n j e c t e d  c u r r e n t  o f  100 mil l iamps t o  a  c i r c u l a t i n g  
c u r r e n t  o f  8.5 amperes w i t h  a  c i r c u l a t i o n  p e r i o d  
o f  4.2 microseconds.  . 

Three  a . l t e s n a t e  schemes have been cons ide red  
f o r  t r a n s f e r  i n t o  t h e  i n d u c t i o n  l i n a c .  I n  t h e  
f i r s t ,  t h e  beam is  e j e c t e d  i n  a  s i n g l e  cu rn  g i v i n g  
a  4.2 microsecond p u l s e  i n t o  t h e  i n d u c t i o n  l i n a c .  
T h i s  p u l s e  can be  r a p i d l y  compressed w i t h  a  ramped 
a c c e l e r a t i n g  f i e l d  i n  t h e  l i n a c  t o  g e t . t h e  p u l s e  
l e n g t h  down t o  t h a t  r e q u i r e d  f o r  e f f i c i e n t  a c c e l - '  
e r a t i o n .  

e he second a l t e r n a t i v e  i s  t o  bunch t h e  beam 
a d i a b a t i c a l l y  i n  t h e  r i n g  i n  o r d e r  t o  r educe  t h e  
bunch l e n g t h  by a  f a c t o r  o f  2, making f o r  a  more 
e f f i c i e n t  bunching and a c c e l e r a t i o n  p r o c e s s  i n  
t h e  e a r l y  s t a t e s  o f  t h e  i n d u c t i o n  l i n a c .  Th i s  
a d i a b a t i c  bunching r e q u i r e s  a  modest r f  v o l t a g e  
p e r  t u r n  a t  a  f requency o f  abou t  250 KHz. The 
bunching p rocess  t a k e s  a  few m i l l i s e c o n d s  t o  
complete which may g i v e  problems w i t h  in t r abeam 
cha rge  exchange s c a t t e r i n g  o r  beam-gas i n t e r a c -  
t i o n s .  

The t h i r d  method i s  des igned  a l s o  t o  compress 
t h e  beam w i t h i n  t h e  accumulator  r i n g  b u t  t o  do 
t h i s  i n  a  r a p i d  f a s h i o n  c i r cumven t ing  p o s s i b l e  
problems w i t h  cha rge  exchange s c a t t e r i n g  o r  beam- 
gas  i n t e r a c t i o n s .  T h i s  method i n v o l v e s  t h e  sudden 
tu rn -on  o f  a n  r f  sys t em g i v i n g  50 t o  100 k i l o v o l t s  
p e r  t u r n  a t  abou t  250 KHz. . I n  roughly  300 micro- 
seconds  (116th  o f  a  phase  o s c i l l a t i o n  p e r i o d )  t h e  
beam w i l l  have sh runk  t o  a  2  microsecond p u l s e  
l e n g t h  and then  may be f a s t  e j e c t e d  i n t o  t h e  i n -  
d u c t i o n  l i n a c  where i t  w i l l  c o n t i n u e  t o  s h r i n k  
u n t i l  t h e  i n d u c t i o n  l i n a c  f i e l d s  h a l t  t h e  s h r i n k - .  
age .  

The f i r s t  o r  t h i r d  method seems most promis- 
i n g  a s  a l t e r n a t i v e s  t o  t h e  h i g h  c u r r e n t  i n j e c t o r .  

components f o r  t h e  main a c c e l e r a t o r  e x i s t  i n  t h e  
l a b o r a t o r y .  The i o n  s o u r c e  and p r e a c c e l e r a t o r  
t e c h n o l o g i e s  a r e  no t  s o  w e l l  developed.  The b e s t  
i n j e c t o r  f o r  a n  i n d u c t i o n  l i n a c  i s  t h e  h i g h  cu r -  
r e n t  gun which could  d e l i v e r  c u r r e n t s  o f  t e n s  o f  
amperes i n t o  a n  i n d u c t i o n  a c c e l e r a t o r  a t  a n  e n e r -  
gy o f  around 100 MeV. Such s o u r c e s  a r e  under  
s tudy .  The a l t e r n a t i v e  o f  a  conven t iona l  . low 
c u r r e n t  i o n  s o u r c e  and r f  a c c e l e r a t o r .  ( a l s o  used 
i n  o t h e r  a c c e l e r a t i o n  schemes such a s  synchro-  
t r o n s  o r  f u l l  ene rgy  accumulators)  a l s o  seems 
u s a b l e  f o r  t h e  i n d u c t i o n  l i n a c ,  b u t  a s .  i n d i c a t e d  
i n  r e p o r t s  o f  o t h e r  working groups i s  by no means 
easy .  

Cons ide rab le  work needs t o  be done on compo- 
n e n t  technology b e f o r e  any r e l i a b l e  c o s t  e s t i m a t e s  
and economic o p t i m i z a t i o n s  can ,be made. 

Tab le  IV-C-111. Accumulator Ring Pa ramete r s .  

Bending F i e l d  5 T  
Average F i e l d  3 .5  T  
B e t a t r o n  Tune F3 3  
O r b i t  Pe r iod  . 4.2 psec  
Normalized Emi t t ance  2n x  mrad 
Aper tu re  f 6 cm 
l n j e c t e d  Turnb . 83 

10 
0.1 1 

10 
10 . 

KINETIC ENERGY (gigovolts) 

~ i g .  IV-C-111. Maximum p a r t i c l e  c u r r e n t  ( l e f t  
a x i s )  and minimum beam p u l s e  l e n g t h  ( r i g h t  
a x i s )  s. k i n e t i c  ene rgy  f o r  a  beam o f  
uranium i o n s  d e l i v e r i n g  a  t o t a l  ene rgy  o f  
1 megajoule  a t  26 g i g a v o l t s .  The maximum 
focus ing  f i e l d  assumed i s  1.1 T. 

CONCLUSIONS 

The i n d u c t i o n  l i n a c  does  seem c a p a b l e  o f  de- 
l i v e r i n g  t h e  r e q u i r e d  1 megajoule  o f  ene rgy  a t  
peak powers o f  a b o u t  1 0 0 , t e r a w a t t s .  The r e q u i r e d  
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Fig. Iv-C-113. P I I ~ S P  l eng th  E. t ime i n  t h e  
absence IJC space charge (dnshcd l i n e )  and 
i u  ~11e  presence o f  space charge ( s o l i d  Line).  
The curve  w i t h  space charge i s  drawn f o r  a 
maximum pu l se  compression f a c t o r  o f  10. The 
p o i n t  C i s  t h e  geometr ic  mean o f  Lo and Lmin. 

Fig.  IV-C-112. Schematic o f  t h e  p u l s e  compressing 
system. 2a shows t h e  assumed p a r a b o l i c  charge 
d i s t r i b u t i o n  E. d i s t a n c e  a long  t h e  bunch. 
2b shows t h e  space  charge debunching f i e l d  
f o r  t h e  charge d i s t r i b u t i o n  o f  2a. 2c shows 
t h e  p u l s e  compression f i e l d  a t  t = 0 (heavy 
l i n e )  and a t  some l a t e r  t ime (dashed l i n e ) .  



2.  QUASI -STATIC DRIFT -TUBE ACCELERATING 
. STRUCTURES FOR LOW-SPEED HEAVY,IONS 

A .  F'altens and D.  Keefe 

INTRODUCTION 

One of the  major problems i n  the a p p l i c a t i o n  
of a  l i n e a r  induct ion a c c e l e r a t o r  t o  Heavy Ion . Fusion has been that. of f ind ing  a  s u i t a b l e  i n j e c -  
t o r  which could d e l i v e r  of the  order  of l O O A  f o r  a  
few usec wi th in  a  normalized emit tance of cN =, 2" 
x  radian-meters .  At l a s t  y e a r ' s  HIF Summer 
Study, magnet ical ly- insulated diodes and r e f l e x  
t r i o d e s  appeared t o  o f f e r  spme promise, a s  they 
have de l ivered  ion c u r r e n t s  (protons)  of hundreds 
of kiloamperes f o r  - O.1'psec a t  an energy of about 
1 MeV. I t  soon became c l e a r ,  however, t h a t  such 
c u r r e n t s  could not be t ransported without n e u t r a l -  
i z a t i o n ,  and t h a t  f u r t h e r  accelerat ' ion would be 
d i f f i c u l t  with n e u t r a l i z a t i o n .  In  t h e  past  year 
the  t ranspor t  problem has been g r e a t l y  c l a r i f i e d ,  
and i t  seems t h a t  the  des i red  l O O A  u+' could be 
t ransported only a t  energ ies  above - 70 MeV with 
4 T  superconducting magnets, and above 250 MeV 
with 1.1 T normal magnets. There i s ,  of course, '  
no sharp boundary i n  pulse length below which in -  
duc t ion  u n i t s  do not work; r a t h e r ,  they L~I)UIII$ i n -  
c reas ing ly  i n e f f i c i e n t  a s  the pulse dura t ion  in -  
c reases  and the  beam cur ren t  decreases ;  so  i t  be- 
comes d e s i r a b l e  t o  look f o r  a l t e r n a t i v e  means of  
a c c e l e r a t i o n  a t  the very low energy end of the  ac- 
c e l e r a t o r .  The pulsed d r i f t - t u b e  a c c e l e r a t i n g  
s t r u c t u r e  described i n  t h i s  paper is  one such a l -  
t e r n a t  ive .  

of t en  thus l eads  t o  a  100 kJ.experiment with the 
c a p a b i l i t y  of l a t e r  expansion t o  the  1 M7 c a s e .  
One much-discussed scenar io  f o r  H I D E  involves ac- 
c e l e r a t i o n  by means of r f  l i n a c s  of about 100 par- 
t i c l e  micro-coulombs t o  an ion  k i n e t i c  energy, . 
T w 1 GeV, accumulation and modest bunching i n  a  
small s to rage  r i n g  t o  a  f i n a l  pulse length of 
T 2  psec, and f i n a l l y  i n j e c t i o n  i n t o  an induc- 
t i o n  l i n a c  s e c t i o n  i n  which the beam i s  a c c e l e r -  
a ted and s t r o n g l y  bunched. An apparent a t t r a c t i o n  
of t h i s  scenar io  i s  t h a t  one ga ins  experience i n  
the use of r f  and pulsed non-resonant systems and 
models the  behavior of an in tense  ion beam i n  a  
c i r c u l a r  machine. La te r  upgrading t o  the  1 W ,  
100 TW c a p a b i l i t y  would be accomplished by adding 
e i t h e r  a  l i n a c  ( r f  o r  induct ion)  o r  a  synchrotron 
t o  r a i s e  the k i n e t i c  energy by an order  of magni- 
tude.  

I f  the upgrade is v i sua l ized  t o  take place by 
bu i ld ing  a  l a r g e  induct ion 1 inac ,  then i n j e c t  ion 
of r e l a t i v e l y  few amperes a t  an energy a s  high a s  
qVi 1 GeV, while v i a b l e ,  i s  not well-matched t o  
the i n t r i n s i c  p roper t i es  of t h i s  type of machine 
(here q  is  the  ion charge s t a t e ,  and Vi the  beam 
"vol tage") .  It is  the  purpose of t h i s  r e p o r t  t o  
d i s c u s s  an a l t e r n a t i v e  type of i n j e c t o r  system, 
a l s o  based upon pulse-power technology, which is  
b e t t e r  matched t o  the induct ion l i n a c  p r o p e r t i e s .  
I f  we adhere t o  the  a r b i t r a r i l y - c h o s e n  value of 
2  wsec f o r  the  i n j e c t e d  pulse- length requ i red ,  r i ,  
then a  pulsed d r i f t - t u b e  s t r u c t u r e  with a  t o t a l  
vo l tage  i n  the 50-100 MV range could d e l i v e r  the  
appropr ia te  i n j e c t i o n  c u r r e n t  of 50-75 amps. We 
s h a l l  d i scuss  s e v e r a l  design f e a t u r e s  and design - - 

A pulsed d r i f t - t u b e  accelerating s t ructure  is s t r a t e g i e s  f o r  t h i s  system. It i s  not  c l e a r  

shown in Fig. I V - C - 2 ~ 1 .  . I t s  gross characteristics whether ,such an i n j e c t o r  has  a p p l i c a t i o n  t o  o ther  

a r e  almost the  o ~ ~ o s i C e  of those of induct ion a c c e l e r a t o r  systems a p a r t  from the induct ion l i n a c  . . 
u n i t s ,  i n  t h a t  i t s  usefulness  i s  l imi ted  almost ' 

e n t i r e l y ' t o  low v e l o c i t y  ions and r e l a t i v e l y  long I n  d i scuss ing  r e p r e s e n t a t i v e  numerical exam- 

pulse d u r a t i o n .  The a c c e l e r a t o r  i s  q u a s i - s t a t i c  p les  we s h a l l  use parameters appropr ia te  t o  tllr 

i n  the sense t h a t  f o r  slowly-varying vo l tages  ap- 1 . M J ,  100 TW upgraded H I D E  case ( see  Table 

p l ied  t o  the d r i f t - t u b e s ,  a l l  p a r t i c l e s  a t  a  given IV-C-211). 

a x i a l  p o s i t i o n  experience e s s e n t i a l l y  the same 
vo l tage  gain regard less  of r a d i u s .  The vol tage 
of the d r i f t - t u b e  i s  switched when a l l  of t h e  beam 
bunch is  wi th in  i t ,  so  t h a t  the  beam moves a s  i f  
going through a  s e r i e s  of d .c .  a c c e l e r a t i n g  gaps. 
In c o n t r a s t  t o  an r f  l i n a c  t h e r e  is  e s s e n t i a l l y  no 
synchrotron o s c i l l a t i o n  motion nor instantaneous 
energy spread induced i n  t h e  beam, although e i t h e r  
o r  both may be i n t e n t i o n a l l y  generated i f  d e s i r e d .  
The d r i f t - t u b e s  are dr iven  by pulse-power moduln- 
t o r  c i r c u i t r y  i n  a  non-resonant mode which allows 
pulse shaping a s  d e s i r e d .  

In  what fol lows we s h a l l  concent ra te  on ex- 
p la in ing  the genera l  concept and d i s c u s s i n g ' r e a l -  
i s t i c  physical  and t e c h n i c a l  l 'mitations imposed 
by the  a v a i l ' a b i l i t y  of vo l tage  sources ,  e1ect;ical 
switches,  pulse r ise- t imes, ,  e t c .  and by the  need 
t o  avoid e l e c t r i c a l  resonances i n  the  intended non- 
resonant  s t r u c t u r e s .  These l i m i t a t i o n s  a r e  s t r i n -  
gent i n  some regards ,  and can demand use of c e r -  
t a i n  s t r a t e g i e s  (e .g .  p a r a l l e l  a c c e l e r a t o r s  with 
l a t e r  s tack ing)  t o  achieve the design goa1s;'some 
such s t r a t e g i e s  w i l l  b e . o u t l i n e d .  

INJECTOR NEEDS FOR H I D E  AND BEYOND: To s impl i fy  t h e  d i scuss ion  we avoid c e r t a i n  
design i s sues  t h a t  must be faced and demonstrated 

A poss ib leapproac l i  t o  designing a  100 kJ 
Heavy Ion  emo on strati on Experilllent ,(HIDE) a s  par t  
of the  heavy-ion fusion '  program has r e c e n t l y  been 
suggested by Rich te r . '  In  t h i s  approach one-  
would consider  f i r s t  how t o  provide f o r  a  1 MT, 
100 TW f a c i l i t y  (parameters , tha t  a r e  c l o s e  t o  what 
is  needed f o r  a  p i l o t  power-plant) and then forego 
the  major a c c e l e r a t i n g  device required t h e r e i n ;  
reducing the p a r t i c l e  k i n e t i c  energy by a  f a c t o r  

t o  have good s o l u t i o n s .  For example, we assume 
(a)  t h a t  a  pulsed (10 - 100 psec) h igh-vol tage ,  , 

(2 MV) source with an anode a rea  of 100-1000 cm2 
can d e l i v e r  a  cur ren t  'lo 'in the 1 t o  5  ampere 

' 

range with a  s u i t a b l e  emit tance;  (b) we do not 
spec i fy  the t r a n s p o r t  system through the. f i r s t  few 
d r i f t - t u b e s ,  say t o  t h e  5  - 10 MV po in t ,  and a s -  
sume quadrupole t ranspor t  from t h e r e  on; and (c)  
the  b e s t  s t r a t e g y  f o r  ob ta in ing  charge s t a t e  q  = 4, 
should t h a t  be the.most  d e s i r a b l e ,  i s  not s p e c i f i e d .  



Any one of these  po in t s  r e q u i r e s  very c a r e f u l  study 
i n  i t s e l f ;  f o r  i n s t a n c e ,  during the  e a r l y  s t a g e s  
of rap id  a c c e l e r a t i o n  the  t r a n s p o r t  system w i l l  be 
d i f f e r e n t  from t h e  usual  quadrupole l a t t i c e  case 
and t h e  t r a n s p o r t  system may r e q u i r e  some g r i d  fo-  
cuss ing  (of the type designed by ~ e r r m a n n s f e l d t ~  , 
followed by e l e c t r o s t a t i c  quadrupoles and/or s o l e -  
noids.  This  w i l l  be discussed i n  d e t a i l  i n  another  
r e p ~ r t . ~  Careful  design and experimental demon- 
s t r a t i o n  a r e  needed t o  show t h a t  t h e  appropr ia te  
emit tance can be achieved and preserved. 

Table IV-C-211. HIDE-Upgrade ( 1  KJ, 100 TW) 
Parameters. 

Charge S t a t e  q = 1 4 

F i n a l  Voltage 
vf 

10GV 6.5GV 

F i n a l  Kine t ic  Energy 
Tf . 10 GeV 26 GeV 

Number of Beams 2 2  

Target  rad ius  r 2  mm 1 mm 

Current per ~eam* ' I f  
5  kA 7 . 7  kA 

Charge [IT] 100 pC 
( e l e c r r i c a l )  

Charge [IT! 

( e l e c t r i c a l )  

Pulse Length T .  2  bsec 2.1 psec 
a t  i n j e c t i o n  

Current a t  t I i 50amps 75amps 
a t  i n j e c t i o n  

I n j e c t i o n  Voltage vi 
115 MV 80 MV 

I n j e c t i o n  Ti 115 MeV 320 MeV 
Kine t ic  Energy 

Assuules A = 238 and a s p e f i t i c  energy i n  a  gold 
s h e l l  of 20 MJ/gm. 

** Assumes pole t i p  f i e l d  i n  f i n a l  t ranspor t  
system can be 4  T  and the  magnets occupy 50% 
of t h e  space. The normalized emit tance i s  
taken t o  be TTC = 2n x lo-' r ad ian  meters .  a The L a s l e t t  "f lgure-of-meri t"  is  taken t o  be 
0 . 9 3 . ~  

+ Assumes pole t i p  f i e l d  of 1 T (and 50% occupaw 
cy f a c t o r )  a t  i n j e c t i o n  po in t .  I f  a  pole t i p  
f i e l d  of 3  T  i s  assumed then Ii can be doubled 
and t h e  i n j e c t o r  vo l tage  decreased t o  l e s s  than 
h a l f .  

CONCEPT AND STRATEGIES 

General Concept: The idea  of a c c e l e r a t i n g  a  bunch 
of charged p a r t i c l e s  t l~rough a  d r i f t - t u b e  and 
changing the  vol tage while  they a r e  e l ~ c t r i c a l l y  
hidden i n s i d e  i s  an old one; the  unusual f e a t u r e s  
under d i scuss ion  h e r e  simply involve the physical  
s c a l e  and t h e  freedom t o  employ a r b i t r a r y  pulse 
shapes.  The d r i f t - t u b e s  needed a r e  v i sua l ized  t o  
have a  bore rad ius  A - 4 . 1  - 0 . 5  m,  a  t y p i c a l  
l eng th ,  D-10 - 20 m,  and an appl ied high-vol tage 
pulse (T 1 MV) from a  pulse power source ( t o  be 

discussed - l a t e r )  .- The t o t a l  number of d r i f t  -tubes 
required is  o n . t h e  order  of f i f t y .  A v a r i e t y  of 
systems using such elements is  shown schematical ly  
i n  F ig .  IV-C-211. A long sausage-shaped bunch of 
charged p a r t i c l e s  i s  drawn from a  gridded mult i -  
aper tu re  source (pulsed t o  + 1 MV) i n t o  the  i n i -  
t i a l  d r i f t  tube (Do meters long) which f i r s t  is  
pulsed t o  - 1 MV., and l a t e r ,  when t h e  bunch ' is 
hidden wi th in ,  is  pulsed i n  reverse  t o  + 1 MV, t o  
provide another increment of q MeV i n  energy upon 
e x i t .  Referr ing t o  F ig .  I V - C - 2 / 1 ~  i t  i s  seen t h a t  
the  same technique can be repeated i n  l a t e r  d r i f t -  
tubes,  each of which has comparable length and 
s i m i l a r  vo l tages ,  but  which can have decreasing 
a p e r t u r e , a s  the  p a r t i c l e  energy increases  and the 
matched beam s i z e  decreases .  

Depending on how one chooses the vol tage 
p111 s e  shapes t h r e e  poss ib i l  i t i c s  can be d i s k i n -  
guished: 

( i )  A l l  d r i f t - t u b e s  have f la t- topped v o l t -  
ages appl ied:  In  t h i s  case  the f r o n t  p a r t i c l e  of 
bunch ga ins  energy before  t h e  l a s t  p a r t i c l e .  
Thus, t h e  s p a t i a l  l eng th  of the  bunch grows i l l  ' 

time i n  proport ion t o  the  bunch speed. Succes- 
s i v e  d r i f t - t u b e s  would need t o  he increased i n  
length i n  s i m i l a r  proport ion and very soon the 
needed s t r u c t u r e s  would become unacceptably long. 
This  case corresponds t o  D JV and the  c u r r e n t ,  
I = cons tan t .  

( i i )  AS soon a s  convenient ,  e .g .  between the 
f i r s t  and second d r i f t - t u b e s ,  a  s p e c i a l l y  shaped 
v n l t a e e  pulse i s  appl icd across  and i n t e r - J r i f t -  
tube-gap; t h e r e a f t e r  a l l  gaps have f la t - topped  
volrage pulses:  It the  shaping-pulse r i s e s  from 
zero a t  t h e  time of passage of the f r o n t  p a r t i c l e  
t o  f u l l  value a s  the  l a s t  p a r t i c l e  c rosses  thc 
gap a t i l t  of the I I I U ~ ~ I I L U I I ~  e l l l p u c  is Created 
cuch t h a t  the s p a t i a l  l e n ~ t h  o f  rhc bunch remains 
a ' c o n s t a n t  even under a c c e l e r a t i o n  by constant  
vo l tage  a t  every succeeding gap. 'l'hus the  d r i f t -  
tubes can be kept (roughly) constant  i n  length 
with savings i n  the o v e r a l l  l e n g ~ 1 1  of the  i n j e c -  
t o r .  I n  t h i s  case D = Constant ,  and t h e  c u r r e n t  
increases  along the  s t r u c t u r e s  a s  I W ~ V .  

( i i i )  Following a  sh'aping pulse of the type 
descr ibed ,  successive gaps provide not a  f l a t - ,  
topped vol tage pulse,  but one t h a t  has  a  modest 
p o s i t i v e  ramp: The momentum e l l i p s e  is  there fore  
provided with a  f u r t h e r  small t i l t  a t  each acce l -  
e r a t i n g  gap, the Lu~ich leng th  i n  space becomes 
progress ive ly  s h o r t e r  and the  beam c u r r e n t  i n -  
c reases  f a s t e r  than JV.  Prom cons idera t ion  of the 
t ransverse  space-charge l i m i t  i n  a  quadrupole sys-  
tems i t  can be shown ' tha t ,  i n  p r i n c i p l e ,  the  bunch 
length L  can he compressed a s  f a s t  a s  L  m ( v ) - l l 3  
and s t i l l  rcrnain wi th in  the  space charge- l imi t .  
The d r i f t - t u b e  leng ths  can be made s h o r t e r  a s  the 
dcce1rraLiu11 proceeds, but f o r  p r a c t i c a l  reasons 
( see  below) cannot be shortened i n  proport ion t o  L. 

The instantaneous energy spread c rea ted  by 
t h e  time-changing f i e l d s  i n  the gap, AT(r) w 

qer2 d2v 
- 4c , i s  n e g l i g i b l e  f o r  the  t ime- ra tes  of 



i. 

change contemplated. 

In  what follows we adopt a  gap-voltage h i s t o -  
r y  a s  described under ( i i i )  above. 

ARRANGEMENT OF SUITABLE COMPONENTS: STRATEGIES 

A numerical example bes t  i l l u s t r a t e s  the  
range of p o s s i b i l i t i e s  t h a t  may have t o  be ca te red  
f o r .  From Table IV-C-211 and assuming a  2  MV 
source,  we see t h a t  the i n i t i a l  bunch length 
needed i f  ( f o r  q  = 1)  ' L ~  = 130 m where 1 i s  

'I, 
the  cur ren t  a t  t h e  source.  (I; an adequate cur -  
r e n t ,  denoted .by 4 ~ n ,  of charge s t a t e  q  = 4  could 
be drawn from a  source,  which i s  un l ike ly ,  then 
the i n i t i a l  bunch length would be 4 ~ o  = 3 9 0 / ~ 1 ~ .  
Ins tead ,  the  most l i k e l y  s t r a t e g y  f o r  ob ta in ing  
charge s t a t e  +4 is  t o  e x t r a c t  some 190.pC of 
charge s t a t e  +1 from the source,  a c c e l e r a t e  .the 
bunch t o  about 10 MeV and pass i t  through a  s t r i p -  
per t o  ob ta i?  the des i red  155 pC of charge s t a t e  
+4 ions .  The i n i t i a l  bunch length i n  t h i s  case 
would be 4 ~ n  = 2 5 0 / ' 1 ~  meters.) I f  a  source 
c u r r e n t ,  'I:, of 5  amps can be obtained then 

Do would be 26 m and c l o s e  enough t o  the  
d e s ~ r a b i e  range (10 - 20 -in) L U  allow the s i n g l c -  
pass system shown i n  Fig: I v - C - 2 / 1 ~  t o  be used. 
I f ,  on the o ther  hand, the cur ren t  from the source 
were a s  low as  'Io = 1 amp then the d r i f t - t u b e  
length implied, 130 m ,  i s  out of the  ques t ion  and 
some p a r t i t i o n i n g  of the beam and/or s t r u c t u r e  
i n t o ,  say,  s i x  pieces is  needed. The very long 
s t r u c t u r e  i s  undesirable  because of i t s  low acce l -  
e r a t i o n  r a t e  and low e l e c t r i c a l  e f f i c i e n c y ,  and 
care  must be taken t o  switch vo l tages  s u f f i c i e n t l y  
slowly t o  avoid e x c i t i n g  the e l e c t r i c a l - l i n e  r e s -  
onances o r  damp them i f  e x c i t e d .  

The number of segments required thus is  
probably i n  the range of one t o  s i x ,  depending on 
where i n  the  expected 1 - 5 amp range the achieved 
cur ren t  value f a l l s ,  and some s t r a t e g i e s  f o r  seg- 
menting and recombining the beam, there fore ,  meri t  
d i scuss ion .  On paper an a t t r a c t i v e  p o s s i b i l i t y  
i s  i l l u s t r a t e d  i n  Fig.  IV-C-2/1B which shows how 
mul t ip le  puls ing of the d r i f t - t u b e s  would allow 
a  t r a i n  of pulses  ( j u s t  two shown) t o  be a c c e l e r -  
a ted .  Each pulse i s  separated by a  d r i f t - t u b e  
length from i t s  neighbor. At t h e  end of the in-  
j e c t o r  the  f i n a l  d r i f t - t u b e s  a r e  required t o  ac- 
c e l e r a t e  d i f f e r e n t i a l l y  the  successive pulses  
with respec t  Lo each o ther  s o  t h a t  they come to -  
gether  a f t e r  a  d r i f t  space.  A t  t h a t  p o i n t , ( w i t h -  
i n  the induct ion l i n a c )  the  d i f f e r e n t i a l  speeds 
can be removed by s u i t a b l e  puls ing of a  number of 
c a v i t i e s  and a  s i n g l e  long-bunch charac te r  r e -  
s to red .  The d r i f t  length f o r  recombination can 
be occupied by i n c l u c t i u ~ ~  l i n a c  modulee whioh oan 
cont inue t o  provide energy t o  the p a r t i c l e 0  a s  
the  bunches d r i f t  toge ther .  Note tha t  i n  the  ex- 
ample shown the  .vol tage grad ien t  (MV/m) of the  
. s t r u c t u r e  is  double t h a t  of a  s i n g l e  pulse system. 
P r a c t i c a l l y ,  a  small number of mul t ip le  pulses  i s  
r e a l i z a b l e ,  but the  system becomes increas ing ly  
d i f f i c u l t  a s  t h e  number i s  increased much beyond 
two. 

Because the pulsed d r i f t - t u b e  s t r u c t u r e  is  
i n t r i n s i c a l l y  a  low grad ien t  one (-0.1 MV/m) the  
length and c o s t  of the t ranspor t  magnets (assumed 
dc superconducting) becomes of l a r g e  concern. A 
scheme f o r  u t i l i z i n g  a  few d r i f t - t u b e s  over and 
over again by r e c i r c u l a t i n g  the bunch has been 
examined a s  a  p o s s i b i l i t y  (Fig.  IV-C-2/1C). Low- 
f i e l d  pulsed bending magnets a r e  used t o  d i r e c t  
the  bunch through a  number of long d r i f t - t u b e s  
surrounded by f i x e d - f i e l d  quadrupole l e n s e s .  It 
was found poss ib le  t o  s e l e c t  a  f i x e d - f i e l d  focus- 
s i n g  system such t h a t  beam motion was s t a b l e  de- 
s p i t e  the  changing energy and changing space- 
charge forces  f o r  an i n t e r e s t i n g  number of revo- 
l u t i o n s  @20) .' A r e c i r c u l a t o r  would r e q u i r e  in -  
j e c t i o n  a t  about T  = 10 MeV but ,  t h e r e a f t e r ,  could 
provide enough energy t o  be followed immediately 
by an induct ion l i n a c .  This  system, unfortunate-  
l y ,  requ i res  mul t ip le  puls ing of the  d r i f t - t u b e s  
wi th  a  v a r i e t y  of vo l tage  wave-forms. 

Figure IV-C-2/1D i l l u s t r a t e s  probably the  
most s t ra igh t forward  approach i n  which a  number 
of d r i f t - t u b e  i n j e c t o r s  a r e  used i n  p a r a l l e l  and, 
a t  appropr ia te  vo l tages  determined by the  space 
charge l i m i t s ,  t he  beam segments a r e  stacked i n  
t ransverse  phase space. In  p r i n c i p l e ,  the four  
beams i l l u s t r a t e d  can be recombined with an emit- 
tance growth of only a  f a c t o r  of two i n  each 
plane;  i n  p r a c t i c e ,  the s t rong  space charge forces  
w i l l  probably cause some d i l u t i o n .  Recombination 
i n  longi tud ina l  phase-space by d r i f t i n g  the  
bunches toge ther ,  analogously t o  the  scheme shown 
i n  F ig .  1V-C-2/1~,  i s  a  poss ib le 'op t ion  i f  desired.  
A use fu l  property of t h e  system shown, i n  which 
common modulators a r e  used f o r  each s tage ,  i s  t h a t  
a l l  p a r t i c l e s  observe the  same a c c e l e r a t i n g  vo l -  
tage h i s t o r y  and undesirable  e f f e c t s  due t o  power 
source f l u c t u a t i o n s  a r e  minimized. 

INFLUENCE OF THE EXISTING STATE OF COMPONENT 
TECHNOLOGY ON DRIFT-TUBE STRUCTURE DESIGN. 

General Considerat ions:  The output vo l tage  
wave-form from a  1 MV pulse-power b i -po la r  modu- 
l a t o r  w i l l  have the  genera l  f e a t u r e s  displayed i n  
Fig.  IV-C-2/2. The r i s e - t i m e  is i r r e l e v a n t  and 
i s  followed by a  t ime,  rSW which is  the time r e -  
quired t o  change p o l a r i t y  before the  vo l tage  again 
becomes s u i t a b l e  f o r  a c c e l e r a t i o n  and, f i n a l l y ,  a  
f a l l  time which i s  i r r e l e v a n t .  Allowing f o r  e l e c -  
t r i c  f i e l d  pene t ra t ion  a t  both the  d r i f t - t u b e  ends 
f o r  a  d i s t a n c e  of roughly the  bore r a d i u s ,  we note 
t h a t  the  l eng th  i s  given by 

D = 2 a + L + ~ r  
SW. 

The f i r s t  term i s  small (6 d  m) , the  second can,  
by s u i t a b l e  ramping, be made t o  decrease with 
t o t a l  vol tage a t  a  r a t e  L  L , v - ~ / ) ,  while the . 
l a s t  term increases  a s  JV and is d i r e c t l y  propor- 
t i o n a l  t o  the  switching time. ,The r e l a t i v e  .con- 
t r i b u t i o n s  of the d i f f e r e n t  terms can be seen from 
Fig .  IV-C-2/3 f o r  cases  with q  = 1 and q  = 4  and 
f o r  two d i f f e r e n t  switching t imes,  rsW.= 0.3 psec 
and 3  bsec. It is  assumed t h a t  the  l n l t i a l  bunch 
leng th ,  Lo, is  20 m so  t h a t  the f i r s t  few d r i f t -  
tubes will .  he somewhat longer  than the des i red  



upper range of 20m, and t h a t  t h i s  length is 
appropr ia te  f o r  V = 3  MV f o r  q  = 1 (T = 3  MeV) and 
q  = 4  (T = 12 MeV). I t  is  c l e a r  from the  f i g u r e  
t h a t  t h e  compactness of t h e  s t r u c t u r e  depends 
s t r o n g l y  on the switching time achievable.  A t  a  
high enough ion-ve loc i ty ,  v ,  possibly beyond the 
range of i n t e r e s t ,  t o  abandon b ipo la r -pu ls ing  and 
r e t r e a t  t o  a  un ipo la r  pulse with a  r i se - t ime  
T 0 .1  Wsec can,  paradoxica l ly ,  lead t o  a  higher-  
g r a d i e n t  s t r u c t u r e .  

VOLTAGE SOURCES AND SWITCHES: I t  is  obvious 
t h a t ,  f o r  a  given s t r u c t u r e  and t ranspor t  system, 
one should apply t h e  h ighes t  vo l tage  which t h e  
s t r u c t u r e  w i l l  t o l e r a t e .  It i s  a l s o  necessary t o  
do s o  i n  order  t o  keep the  average a c c e l e r a t i n g  
f i e l d ,  < Ez > = 2/D MV/m, high compared t o  t h e  
l o n g i t u d i n a l  s e l f - f i e l d s  of the bunch, EZq = 

- 2 . ( 1  + 2  In  e) 2. The a v a i l a b i l i t y  of r e l i -  
B a b l e  e l e c t r i c a l  components and switches places 

sLrung l i m i t a t i o n s  on poss ib le  modulator choices.  
For example, we have assumed the use of r e l i a b l e  
pulse power technology a t  t h e  1 MV l e v e l ,  but i t  
needs t o  be v e r i f i e d  t h a t  t rustworthy i n s u l a t o r s  
a t  s u i t a b l e  c o s t  w i l l  be a v a i l a b l e ;  i f  n o t ,  t h e  
vo l tage  choice may have t o  be decreased somewhat, 
a t  t h e  expense of average g r a d i e n t .  As examples, 
we d i s c u s s  four  c a s e s  f o r  modulator choices:  

( i )  An approach s u i t a b l e  f o r  the  e a r l y  
d r i f t - t u b e s  i s  i l l u s t r a t e d  i n  F i g .  IV-C-2/4A; i t  
involves a  low-voltage (20-100 kV) lumped pulsed 
forming network (PFN) switched by means of thyra-  
t r o n  t o  the  primary of a  s tep-up pulse transformer 
t h a t  d e l i v e r s  1 MV a t  the  secondary ou tpu t .  A . 
p a r t i c u l a r  example design i s  shown i n  some d e t a i l  
i n  Fig.  IV-C-215. The parameters under cons ider -  
a t i o n  i n  t h i s  case  do not e x a c t l y  match those de- 
r i v e d  from Table IV-C-211, but  a r e  not very d i f -  
f e r e n t .  The d r i f t - t u b e  i s  12 m long,  t h e  beam 
c u r r e n t  is  1-5 amps, and the  t o t a l  energy d e l i v -  
ered t o  t h e  beam i s  a  few tens  of jou les .  Note 
t h a t  i n  t h i s  system t h e  s to red  energy i n  the 
pu lse - l ine  need only be a  few k i l o j o u l e s  and about 
80% of t h i s  energy can be recovered and r e s t o r e d  
i n  the l i n e .  I t  can be seen from Fig .  IV-C-213 
t h a t  the  u t i l i t y  of t h i s  approach i s  probably 
confined,  f o r  the  examples considered,  t o  the 
f i r s t  30 MV o r  so  of thc q  = 1 c a s e .  

( i i )  The next choice of modulator t o  be con- 
s idered  is  represented i n  F ig .  IV-C-2/4B. The 
un ipo la r  Marx can have a  r i s e - t i m e  of 0.1 usec 
and a  s i m i l a r  crow-bar time, and could be pulsed 
e i t h e r  while  the bunch e n t e r s  o r  e x i t s  from the  
d r i f t - t u b e .  Modest ramping of t h e  pulse o r  more 
s u b t l e  pulse-shaping can be achieved by low- 
vo l tage  pulse-forming networks appl ied t o  the 
lowest decks of the  Marx. T h i ~ ~ a p p r o a c h  does not 
lend i t s e l f ,  r e a d i l y  t o  energy recovery; a t  the  
few k i l o j o u l e  l e v e l ,  however, t h i s  i s  probably 
not  an important cons idera t ion .  

( i i i )  An a t t r a c t i v e  choice f o r  a  modulator, 
i l l u s t r a t e d  i n  Fig.  IV-C-2/4C, i s  a  combination 
of two Marx genera tors  with opposi te  p o l a r i t i e s .  
Since t h e  r i s e - t i m e  is  not important i n  t h i s  case  
t h e  f i r s t  generator  can power the load through a  

l a r g e  r e s i s t o r  R 1 .  When i t  becomes time t o  switch 
p o l a r i t y  the  f i r s t  genera tor  i s  crow-barred and 
the  second one a c t i v a t e d  through a  s e r i e s  output 
spark-gap, and most of t h e  open-c i rcu i t  vol tage i s  
developed on the  d r i f t - t u b e  load i f  the  r e s i s t a n c e  
R1 i s  adequately l a r g e .  The RC-limited switching 
time, T S ~ ,  w i l l  be of order  0.3 usec i n  which case 
i t s  inf luence on the d r i f t - t u b e  length i s  not i m -  
por tan t  ( see  Fig.  IV-C-213). 

* 

( i v )  A combination of Marx genera tors  wi th  
s u i t a b l e  de-coupling r e s i s t o r s  ( see  Fig.  IV-C-2/4D) 
can be arranged t o  provide mul t ip le  pulses  t o  a  
s i n g l e  d r i f t - t u b e .  A system f o r  the  two b ipo la r  
pulses  i l l u s t r a t e d  r e q u i r e s  t h a t  R1 >> R2 >> 
R3 >> R4 and i t  i s  obvious t h a t  extension t o  a  
s i g n i f i c a n t l y  g r e a t e r  number of pulses  r a p i d l y  
become unreasonable.,  

In previous publ ica t ions  we have drawn 
a t t e n t i o n  t o  the  s p e c i a l  a t t r a c t i o n  of using 
pulse-power technology, i n  the form of the induc- 
t i o n  l i n a c ,  f o r  the  a c c e l e r a t i o n  of h i g h - c ~ i r r e n t  
beams, because of the  c a p a b i l i t y  of ob ta in ing  very 
high peak-power from an inheren t ly  low average- 
Dower source.  Analogous arzuments can be seen t o  
hold f o r ' t h e  pulsed d r i f t - t i b e  low-veloci ty s t r u c -  
t u r e  discussed i n  t h i s  paper. Each d r i f t - t u b e  is - 
used t o  supply only about 200 jou les  t o  the  beam, 
but a t  a  power l e v e l  t h a t  v a r i e s  from some 5  E1W a t  
the beginning of the  i n j e c t o r  t o  a  hea l thy  100 MW 
a t  the  end. The i n s t a l l e d  averaged power capa- 
b i l i t y  needed f o r  a c c e l e r a t i o n  alone should be 
s i g n i f i c a n t l y  l e s s  than 1 MW. 

At the same tirr~e we have adverted t o  the l i m -  
i t a t i o n s  imposed by the present  s t a t e  of develop- 
ment of t h i s  technology, p a r t i c u l a r l y  the narrow 
range of switches a v a i l a b l e  .' The s t r a t e g i e s  
ou t l ined  e a i l i e r  Lndicare chat c r e d i b l e  ways of 
circumventing these l i m i t a t i o n s  can be cons t ruc ted ,  
but more e legan t  and Less c o s t l y  s o l u t i o n s  would 
be poss ib le  i f  t h e r e  were a  wider v a r i e t y  of 
switches t o  choose from. For example, ex i s tence  
of a  fast-opening switch would immediately allow 
a  mul t ip le -pu ls ing  c a p a b i l i t y  t o  an a r b i t r a r y  de- 
gree ( c .  f .  the  system i l l u s t r a t e d  i n  Fig. IVC-2/4D. 
Spark-gap switches provide a  r e l a t i v e l y  low-cost 
mcthod of switching aL Lhe 1 FRI l e v e l ,  have s a t i s -  
f a c t o r y  r i se - t ime  and j i t t e r ,  and a t  t h e  power val- 
ues re levan t  t o  the  present  a p p l i c a t i o n  can o f f e r  
high r e l i a b i l i t y .  I n t r i n s i c a l l y ,  however, they 
have a  long recovery time (>1 msec) and have t o  be 
regarded a s  one-shot devices  on the  t ime-scale  of 
bcam manipulation CllaL concerns us  here  Thyratrons, 
s i g n i f i c a n t l y  more expensive (alttiough cos t  on the 
s c a l e  of an i n j e c t o r  which needs r a t h e r  few e l e -  
ments is  probably unimportant) ,  have the  a t t r a c -  
t i o n  of a  s h o r t e r  dead-time, 10 vsec or  l e s s ,  
which i s  t a n t a l i z i n g l y  c l o s e  t o  mult iple-pulse ex- 
p l o i t a t i o n  i n  the  e a r l i e s t  s t a g e s  of a  pulsed 
d r i f t - t u b e  a c c e l e r a t o r .  They a r e  a t  present  l i m -  
i t e d ,  however, t o  vo l tages  of l e s s  than 200 kV and 
i f  used i n  combination with pulse- transformers  t o  
reach t h e  1 MV domain seem t o  have a p p l i c a t i o n  
only i n  the  e a r l i e s t  s t a g e s  of a c c e l e r a t i o n .  The 
l i m i t a t i o n  which e n t e r s  through the  transformer i s  
not due t o  the s w i l c l ~ ,  but  the  need f o r  vo l tage  
t ransformation.  There a r e  i n t e r e s t i n g  new 



PULSED QUASISTATIC DRIFT TUBE INJECTOR ' 
. . &  . . 

( SOME' EXAMPLE CONFIGiJPATIONS ) 

a,) Single Bipolar Pulse 

Charge + z  + 

Source O)O --- DD - Out 

t t . .t t 
Voltage n . d + lr ' ' + - ff 

pulse gip 

b. ) Multiple (e.g. Two Bipolar Pulse 

Charge + -P - - t z  

- --- 
Source' 

Shaping pulse gap Bunch Ind. accel. Debunch 

C. 1 Recirculation 
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Pulsed bending Fixed focussing 
I to 3 kG magnets 

. . 
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d.) Parallel Array (e.g. Four, with t, -c 2rH , a, - 2 r v  1 

w Frr 
Mod. Mod. 
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. . e v ~ . 2 i v  
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Fig :  IV-C-211. Some p o s s i b l e  a r r a n g e m e n t s  o f  components  i n  a  p u l s e d  d r i f t - t u b e  s t r u c t u r e :  (A)  I n - l i n e  
a r r a n g e m e n t  o f  d r ' i f t - t u b e  t o , e a c h  o f  which  i s  a p . p l i e d  a  s i n g l e  b i p o l a r  p u l s e , ( f o r  e x p l a n a t i o n  of. 
p u l s e  s h a p i n g  s e e  t e ' x t ) ;  (B) I n - l i n e - a r r a n g e m e n t  where  two. p u l s e s ,  i n , t h i s  e x a m p l e ,  a r e  s u c c e a -  
s i v e l y  a p p l i e d ;   he g r a d i e n t  ' ( M v / ~ )  is  t w i c e  . t h a t  o f  t h e  f o r m e r  example ;  (C)  R e - c i r c u l a t i o n  . 
t h r o u g h  m u l t i p l y - p u l s e d  d r i f t - t u b e s  b y  means o f  p u l s e d  b e n d i n g  m a g n e t s ;  (D) I n v e r s e l y .  b r a n c h e d  
l a y - o u t  i n  which  p u l s e  s t a c k i n g  t a k e s  'pla,ce ( t r a n s v e r s e  s t a c k i n g  o n l y ,  shown) .: , . . 



RELATIONS AMONG DRIFT-TUBE LENGTH AN0 BUNCH-LENGTH. 
RADIUS. AND SWITCHING TIME 

~ ,,,, . , ~ ,  . . - t = ' 0  + Ts.ltol 

j. e... ,I 
Fig. IV-C-212. ~llustration of how the switching- 

time, T affects the drift-tube length. sw , 

Fig. Iv-C-213. The relative contribution of vari- 
ous parameters to the drift-tube length, D, 
as the beam voltage (v(=T/~) varies: (A) for 
q = 1 (B) for q = 4. Two val~ien for T 

= 3 psec and 0 . 3  psec are indicated. SW 

developments in vacuum-tube switch technology 
stimulated by the need for high-power series- 
regulator switches for neutral-beam sources for 
the Tokamak programs .' Such tubes could approach 
the 10-100 MW pulse-power requirements with a .  

. switching-time.that is negligible on the time- 
scale of present concern. The voltage capability 
of these tubes will be in the 150-200 kV range so 
that pulse transformer characteristics would still 
impose certain limitations. While we have not 
explored here the possible gains to be derived 

from the use of such switches their potential 
application should.be examined further, especially 
in multiple pulsing of short drift-tubes without 
the use of pulse transformers. 

a1 Unipolar Uarl  (I MVI 

LI Blplar rilh Tr) Hbr8.a (TI MVI 

d.1 Ti0 Blpolor Wra rilh Four H o r z n  ( T I  MVI 

Fig. IV-C-214. Come pulse ~~~odulacor cholces: 
(A) Thyratron and pulse-transformer. 
:(B) Unipolar Marx generator. (C) R i  pnl ar 
:Marx genpraror combination, (D) DuuLle 
pulsing (Bipolar) Marx Ccncrator Cnmhi lnal- i.on. 
The natural RC droop of the Marx pulse can 
Lc removed afit.l d posftive romp created by 
pulsing the lower decks. 

CONCLUSIONS 

The major attractions of the pulsed drift- 
tubes are that they are non-resonant structures 

.and that they appear suitable for accelerating a 
very high current bunch at low energies. The 
mechanical tolerances of the non-resonant struc- 
ture are very loose and rlle cost per meter should 
be low; the cost of the traneport.system is ex- 
pected to be the major cost .. The pulse power mod- 
~~latora uocd to drive ~lle drlfc-tubes are inexpen- 
sive compared to rf sources with equivalent peak- 
power. The longitudinal emittance of the beam 
emerging from the structure could be extremely 
low': 

. . 
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3.  ESTIMATES OF POST-ACCELERATION LONGITUDINAL 
BUNCH COMPRESS I O N  

David L. Judd 

INTRODUCT ION . . -  

The t a r g e t ' r e q u i r e m e n t  f o r  : the use  of  pu l ses  
o f  high-energy heavy ions  a s  i g n i t e r s  o f  i n e r t i a l -  
f u s i o n  p e l l e t  t a r g e t s  which i s  l e a s t  f a m i l i a r  i n  
p r e s e n t  a c c e l e r a t o r  technology i s  t h a t  .of d e l i v e r -  
i n g  a  few magajoules+of  energy w i t h i n  a .  few .. ' 
nanoseconds. Spot  s i z e  and energy d e p o s i t i o n  
requirements  i n d i c a t e  t h a t  i o n s  w i t h  A > 100 should 
have a  k i n e t i c  energy o f  o r d e r  10-50 GeV; t h i s  
c a l l s  f o r  - 1015 ions  w i t h  a  t o t a l  charge Q - 2 , 
x  q  Coulomb ( ion  charge = qe)  t o , a r r i v e  a t  
t h e  t a r g e t  t o g e t h e r  i n  Nb bunches,.  each. o f  l e n g t h  
L  = g c t  - 1-2 meter.  The l o n g i t i ~ d i n a l  s e l f - f i e l d  
w i t h i n  such'  a  bunch has  a  maximumtvalue on t h e  
o r d e r  o f  5 t o  10 times Q/ (4 i re0~&2) ,  which has  
t h e  o r d e r  o f  magnitude 10 ( q / ~ b j  &/m. , Such 
f i e l d s  a r e  f a r  above t h o , s e . a v a i l a b l e  f o r  e q u i l i b -  
r ium long i tud ina l  containment from known synchrq- 
t r o n  o r  s t o r a g e  r i n g  r f  systems, even f o r  q  = 1, 
u n l e s s  a n  u n r e a l i s t i c a l l y  l a r g e  number Nb o f ,  
bunches i s  contemplated. There fo re ,  i t  seems 
v e r y  probable  (as  has  been emphasized by Maschke) 
t h a t  t r a n s i e n t -  l o n g i t u d i n a l  "implosion" o f  t h e  
bunches j u s t  b e f o r e  ' t h e i r  a r r i v a l  a t  t h e ' t a r g e t  : 
w i l l  be  requ i red .  . . 

. . 
Our purpose h e r e  is  t o  o b t a i n  approximate 

e s t i m a t e s  o f  t h e  pa ramet r i c  dependences n f  a t t a i n -  
a b l e  f i n a l  implosive bunch compressions i n  forms 
a l lowing  comparisons among d i f f e r e n t  processes .  
We make s e v e r a l  s i m p l i f y i n g  aseumntions whnse 
q u a n t i t a t i v e  v a l i d i t y  w i l l  r e q u i r e  more d e t a i l e d  
c a l c u l a t i o n s  t o  a s s e s s .  However, t h e  conc lus ions  
ob ta ined  should p rov ide  u s e f u l  guides  even though 
t h e  numerical c o e f f i c i e n t s  a r e  u n c e r t a i n  a t  
p resen t .  

We assume t h a t  t r a n s v e r s e  containment of  a  
bunch w i t h i n  a  r a d i u s  much l e s s  t h a n  i t s  l e n g t h  
i s  provided by means no t  s p e c i f i e d  he re ,  and 
t h a t  t r a n s v e r s e  and l o n g i t u d i n a l  motions o f  i o n s  
w i t h i n  a  bunch may be  regarded as uncoupled. 
Within a  bunch we t a k e  t h e  e f f e c t i v e  l o n g i t u d i n a l  
s e l f - f i e l d  t o  be g iven  by 

w i c l ~  A t h e  number o f  ions  pe r  u n i t  l eng th ,  z  t h e  
d i s t a n c e  measured from t h e  bunch c e n t e r ,  and g  a  
geomet r i ca l  f a c t o r  o f  o r d e r  u n i t y  [ see  L. Smith, 
LBL-5543, p. 77, eq. (1 ) l .  The f a c t o r  y-2 accounts  
f o r  p a r t i a l  c a n c e l l a t i o n  of  e l e c t r i c  by magnetic 
s e l f -  fo rce .  I f  X ( z )  i s  p a r a b o l i c  (p ropor t iona l  
t o  . l  - ( 2 z / ~ ) 2 )  

w i t h  Q t h e  t o t a l  charge i n  t h e  bunch. We adopt  
t h i s  model, s e t t i n g  6g = k and recogn iz ing  t h a t  
i t s  v a l u e  w i l l  depend on t h e  form o f  X(z) a s  w e l l  
as beam bunch r a d i u s  and beam p i p e  p r o p e r t i e s .  

0 

. F o r  numerical e s t i m a t e s  h e r e  we w i l l  t ake  k - 10 ,  
hoping t h a t  t h i s  in t roduces  some conservatism. 

I f  a n  eq;al bu t  o.pposite mean ( i .e . ,  path- 
averaged)  e x t e r n a l  l i n e a i l y  ramped e l e c t r i c  f i e l d  
w i t h  average va lue  p e r o ' i s  a p p l i e d ,  w i t h  sawtooth 
ramp ampli tude 

i t  i s  p o s s i b l e  f o r  a l l  the  ions  i n  t h e  bunch t o  be 
i n  equ i l ib r ium a t  r e s t - in  t h e  bunch frame w i t h  
c o n s t a n t  bunch l e n g t h  L  g iven  by 

provided t h e r e  i s  no l o n g i t u d i n a l  v e l o c i t y  d i s -  
pe r s ion .  I n  our  p i c t u r e  t h e  p o s t - a c c e l e r a t i o n  
bunch compression o p e r a t i o n  begins  a t  t = 0  w i t h  
t h e  bunch i n  such a n  equ i l ib r ium s t a t e  a t  i n i t i a l  
l e n g t h  Li .  ( I n  some a c t u a l  systems - t h e  acce le -  
r a t i o n  and compression o p e r a t i o n s  may over lap ;  
we n e g l e c t  t h i s  p o s s i b i l i t y  h e r e  and s e p a r a t e  them 
f o r  convenience., Fur the r  on we w i l l  in t roduce  a n  
i n i t i a l  o rde red  v e l o c i t y  "til t" i n  l o n g i t u d i n a l  
(z,Pz) phase space and a  "thermal" l o n g i t u d i n a l  
v e l o c i t y  d i s t r i b u t i o n . )  

I n  app ly ing  our  r e s u l t s  we w i l l  have two 
d i f f e r e n t  types  o f  system. i n  mind, . One o f  t h e s e  

, c o n s i s t s  o f  a n  i n d u c t i o n  l i n a c  a s  t h e  main acce le -  
' r a t o r .  We p i c t u r e  a  s i n g l e  bunch.emerging from 
i t  w i t h  bunch l e n g t h  L i  i n  t h e  e q u i l i b r i u m  con- . 
d i t i o n  j u s t  desc r ibed .  The bunch then  passes  
through a  compressor s e c t i o n  c o n s i s t i n g  o f  a d r i f t  
line eofi ta lning pulsed-gap elements s i m i l a r  t o  
those  , i n  t h e  l i n a c  except  t h a t  they produce l a r g e  
e l e c t r i c  f i e l d s  ramped l i n e a r l y ' i n  t ime (sawtooth) 
w i t h  average v a l u e  zero.  (Such a  Bunch miy be 
s p l i t  i n t o  two p a r t s ,  t o ' b e  brought t o  t h e  t a r g e t  
s e p a r a t e l y ,  e i t h e r  be fo re  o r ' d u r i n g  t h e  post-  
a c c e l e r a t i o n  compression, and t h e  d r i f t  l i n e s  may 
c o n t a i n  bending magnets a s  w e l l  a s  t h e  pulsed-gap 
system and t , ransverse  focusing magnets; t h e s e  
m a t t e r s  w i l l  not  be considered h e r e . )  

The second type o f  system c o n s i s t s  o f  a  
nun~ber n of dc-magnet accu~nulator  o r  s t o r a g e  
r i n g s  which r e c e i v e  beams by m u l t i - t u r n  i n j e c t i o n  
from a  synchro t ron  o r  r f , l i n a c  which provides  t h e  
main a c c e l e r a t i o n .  Within each r i n g  t h e  r e s u l t i n g  
beam may i n i t i a l l y  f i l l  t h e  e n t i r e  c i rcumference.  
Wc w i l l  assume L l ~ a t  a f t e r  f i l l i n g  t h e  beam i s  
g e n t l y  c o l l e c t e d  i n t o  h  bunches i n  each r i n g  by 
s lowly  t u r n i n g  on a n  r f  a c c e l e r a t i n g  system a t  
t h e  h& harmonic o f  t h e  r i n g  c i r c u l a t i o n  frequency 
u n t i l  w i t h i n  each r f  c y c l e  a  bunch'extends over 
t h e  roughly l i n e a r  p o r t i o n  o f  t h e  s i n u s o i d a l  
e c c e l e r a t i n g  wnvc, i t s  c e n t r a l  p a r t i c l e  c r o s s i n g  
t h e  gaps a t  t h e  s t a b l e  time o f  ze ro  f i e l d .  I n  
t h i s  c o n d i t i o n  somewhat l e s s  t h a n  h a l f  t h e  r i n g  
c i rcumferences  w i l l  be  occupied by t h e  bunches, 
and each w i l l  be  i n  t h e  e q u i l i b r i u m  s t a t e  de- 
s c r i b e d  above. It is  envis ioned t h a t  i n  such 
systems t h e  implosion process  t o  be desc r ibed  
below s t a r t s  and con t inues  w i t h i n  t h e  r i n g s  u n t i l  
t h e  bunch l e n g t h s  have decreased t o  a  given va lue ,  



a t  which time t h e  h  bunches a r e  e x t r a c t e d  from each 
r i n g  i n t o  h  t r a n s p o r t  l i n e s .  (Here a g a i n  t h e  
c o l l e c t i o n  and implosion processes  may over lap  i n  
a c t u a l  des igns ,  bu t  we s e p a r a t e  them f o r  conven- 
ience.)  We w i l l  a l s o  cons ide r  inc lud ing  i n  t h e s e  
t r a n s p o r t  l i n e s  sawtooth pulsed-gap supplementary 
compressor systems l i k e  those  desc r ibed  above a s  
being downstream from a n  i n d u c t i o n  l i n a c .  

IMPLOSIVE COMPRESS ION 

Our somewhat i d e a l i z e d  implosive compression 
o p e r a t i o n  is  s t a r t e d  a t  t = 0 by suddenly apply-  
i n g  a  l a r g e  linearly-ramped e x t e r n a l  l o n g i t u d i n a l  
e l e c t r i c  f i e l d  whose i n i t i a l  (path-averaged) 
s t r e n g t h  is  

We d e f i n e  a  dimensionless  bunch l eng th  p  = L ( t ) / L  
i t  is  t h e  r e c i p r o c a l  l o n g i t u d i n a l  compression 

i' 

f a c t o r .  A t  l a t e r  t imes t h e  a p p l i e d  2awtooth ampli- 
tude  and s l o p e  a r e  de f ined  i n  terms o f  L ( t )  and 
E ( P )  by 

ex t 
E (z,L) ' - e ( p ) m o  (2zIL) f o r  !z l  <+L; 

here  G (p) .  i s  a  dimensionless  f u n c t i o n  having i n i -  
t i a l  va lue  u n i t y ,  whose d i f f e r e n t  v a r i a t i o n s  s e r v e  
t o  d e f i n e  t h e  s e v e r a l  compression regimes t o  be 
desc r ibed  below. 

The equa t ion  o f  motion o f  a n  i o n  is  

3 where y M i s  t h e  " r e l a t i v i s t i c  l o n g i t u d i n a l  mass" 
o f  a n  i o n  o f  mass M = Amp. Applying t h i s  equa t ion  
t o  ions  a t  t h e  bunch ends where 1 z! = +L, 
we o b t a i n  t h e  "envelope equation": 

Now we adopt  a  dimensionless  t ime T def ined  by 
= t / ~ ,  w i t h  

Dividing by L i ,  t h e  equa t ion  o'f motion i n  t h e s e  
u n i t s  i s  

where R i s  a  dimensionless  parameter given by 

2 2  
R = ( k ~ ) /  ( Y  Li E o )  (cgs)  = 

2 2 
(kQ)/ (4rraoy Li E o )  (MKS) 

and (4rrso)-' = 9 x 10'. The "energy i n t e g r a l "  o f  
t h i s  equa t ion  is  found by m u l t i p l y i n g  by d p l d r  
and i n t e g r a t i n g ;  w i t h  o u t  i n i t i a l  c o n d i t i o n  
dp/dr  = 0 a t  p  = 1, i t  i s  

For any g iven  ~ ( p )  we may f i n d  p  (7) from t h i s  
e q u a t i o n  by ano ther  i n t e g r a t i o n .  (An a d d i t i o n a l  
term, r e p r e s e n t i n g  t h e  e f f e c t  o f  a  "thermal" o r  
random v e l o c i t y  sp read ,  o r ,  e q u i v a l e n t l y ,  t h a t  of  
a  non-zero l o n g i t u d i n a l  emi t t ance ,  w i l l  be added 
t o  t h e s e  equa t ions  i n  a  l a t e r  s e c t i o n ,  where i t s  
s i g n i f i c a n c e  i s  d i scussed . )  

SPECIFICATION OF AN IMPLOSION PROCEDURE BY G (p) 

I n  a  pulsed-gap l i n e  t h e  a p p l i e d  sawtooth 
ramp ampli tude may be maintained cons tan t  a t  t h e  
v a l u e  u0 throughout t h e  compression, f o r  t imes 
a t  l e a s t  a s  s h o r t  a s  10 nanoseconds, whi le  i t s  
s l o p e  i n c r e a s e s  i n v e r s e l y  w i t h  bunch l e n g t h ;  t h i s  
corresponds t o  c ( ~ )  = 1 f o r  p  5 1. I f  t h e  beam 
con t inues  t o  d r i f t  p a s t  t h e  end of  t h i s  system 
before  a t t a i n i n g  i t s  minimum l e n g t h ,  t h i s  co r re -  
spundu LO 

w i t h  PT t h e  dimensionless  bunch l e n g t h  a t  t h e  
t r a n s i t i o n  p o i n t  where t h e  compressor f i e l d  ends. 

For a  r i n g  r f  system i t  i s  advantageous t o  
use  t h e  l a r g e s t  a v a i l a b l e  a c c e l e r a t i n g  v o l t a g e  
ampli tude throughout t h a t  p a r t  of  t h e  compression 
p rocess  which occurs  w i t h i n  t h e  r i n g .  The s l o p e  
o f  t h e  q u a s i - l i n e a r  p a r t  o f  t h i s  s i n u s o i d a l  wave, 
which is  t h e  ana log  of  t h e  sawtooth. pu l se  i n  t h e  
l i n e a r  system, w i l l  t h e r e f o r e  be cons tan t  dur ing  
t h i s  compression; t h e  ampli tude o f  t h e  p a r t . o c c u -  
p ied  by a  bunch w i l l  t h e r e f o r e  be d i r e c t l y  pro- 
p o r t i o n a l  t o  i t s  l eng th .  (We do not  cons ide r  
h e r e  t h e  t h e o r e t i c a l  p o s s i b i l i t y  o f  r a p i d l y  adding 
a  number o f  h igher  harmonics t o  t h e  waveform s o  
a s  t o  change i t s  s l o p e  d u r i n g  compression, be- , :  
cause t h e  t o t a l  number o f  t u r n s  involved w i l l  be. 
found t o  be r e l a t i v e l y  smal l ;  i n  a d d i t i o n ,  t h e  
e l e c t r o n i c  complicat ions  seem o u t  o f  p ropor t ion  
t o  t h e  p o s s i b l e  gain . )  Th i s  c o n d i t i o n  corresponds 
t 0 

~ ( p )  = p f o r  p T < P < l  

w i t h  t h e  dimensionless  bunch l e n g t h  a t  t h e  
t ime 3 e x t r a c t i o n  from t h e  r i n g .  I f  t h e s e  
bunches pass  through a  pulsed-gap compressor l i n e  
a f t e r  e x t r a c t i o n  from a r i n g ,  

s ( p )  = f o r  P2 < P < P I  

w i t h  PI, P p  t h e  dimensionless  bunch l e n g t h s  on 
e n t r y  and d e p a r t u r e  from t h i s  l i n e  and EL t h e  
r a t i o  



. t h a t  o f  t h e  q u a s i - l i n e a r  p a r t  o f  t h e  r f  f i e l d  f o r  f r e e  f a l l  under g rav i ty .  I n  t h e  f i n a l  s t a g e  
ampli tude i n  t h e  r i n g  a t  t = O,.denoted by AEo. o f  compression t h e  term i n  R must be included,  

a s  shown i n  Fig. V-G-211 (drawn f o r  R = 0.1) i n  
CONTINUOUS PULSED-GAP COMPRESSION which ~ ( r ) ,  t h e  approximate parabola papprox, 

and t h e  s lope  dp/d7 a r e  p l o t t e d  a g a i n s t  r. The 
A s  a  f i r s t  example o f  the  use of  t h e  general  s i g n  o f  t h e  curva ture  o f  p ( r )  reverses  a t  g = ~f = . 

r e s u l t s  we s e t  up s ( p )  = 1. Then E / L ~  a t  t h e  time o f  maximum s lope ;  t h e  maximum 
s lope  i s  given by 

The bunch compresses l i k e  a  (nonl inear  s p r i n g ,  whose 
r e s t o r i n g  force  v a r i e s  a s  L - ~ ,  when sub jec ted  t o  
a  cons tan t  compressive force .  The s p r i n g  reaches 
a  momentary f u l l y  compressed s t a t e  of  r e s t  a t  
0  = R, a f t e r  which it would rebound r e v e r s i b l y  
were t h e  bunch not then t o  a r r i v e  a t  t h e  t a r g e t .  
I ts  minimum length  i s  

The s lope  do/d; is  of  i n t e r e s t  because i t  repr.e- 
s e n t s  a n  ordered l i n e a r  v e l o c i t y  t i l t  i n  longi-  
t u d i n a l  phase space;  t h e  f r o n t  and back ends of  
t h e  bunch have v e l o c i t i e s  ( r e l a t i v e  t o  a  c e n t r a l  
p a r t i c l e )  AV = + (dL/dt) 2 0 whose magnitudes 
a r e  given by 

2 Ibv/cl = f ( ~ ~ / c T )  (dp/dr)  = 

Lmin = R L ~  = (kQ) / (y  Li G o )  ; 

3 2 ' f  I dp/dr  1 (qehE;Li> / ( Y  Mc 
by w r i t i n g  t h i s  i n  t h e  form 

The ordered momentum spread assoc ia ted  w i t h ' t h i s  
v e l o c i t y  spread i s  

we s e e  t h a t  the  equ i l ib r ium bunch length,  about 
2 

AP/P = A(By)/By = ( y  / B )  (Av/c) = 
which L o s c i l l a t e s  between the  extremes L i  and 
L ~ ~ ~ ,  i s  t h e  geometric mean o f  t h e  extremes. *B-' 1 dp/d71 ( Y  qe Go Li)/(Mc I 

The remaining i n t e g r a l  which y i e l d s  t h e  
func t ion  r (p) i s  a n  e l l i p t i c  i n t e g r a l ;  

These r e s u l t s  a r e  v a l i d  i n  any s e l f - c o n s i s t e n t  
u n i t s ;  e.g.,  e  Al? i n  MeV/rn, L i n  m, M C ~  i n  MeV. i 

1 - 1 
P )  = x ( l  - x )  (X - 8 ) - I  d x =  2E(@,k) 

s l ~ u u l d  t h e  compressive process cease  when 

n o = > pmin, the  subsequei~t  t e l ~ a v l u r  Lti given 
by 

w i t h  E t h e  s tandard,  e l l i p t i c  in tegra1J . t  (1- i f  
S in2@)% dB. Its parameters a r e  given by 2 .- (1  - 0 )  (1 -oT) 

(dp/d., = (dp/dr) I -' PT - li [ 
1 V 

s i n  = ( 1  - p ) i ( i  -R) , k2 = 1 - R. 

The t o t a l  time t o  maximum compression is  given by ' 

t h e  complete e l l i p t i c  i n t e g r a l :  

7 (R) = 2E(k). 

For k near t o  u n i t y  (R < < 1, corresponding t o  a  
l a r g e  compression f a c t o r )  E i s  i n s e n s i t i v e  t o  the  
v a l u e  o f  R; 1 < E < 1.1 f o r  0 < R <  0.1 There- 
f o r e  t h e  bunch t r a v e l s  a  d i s t a n c e  . 

s = Bcr (R) T - B 1 '  
dur ing  compression from Li t o  L 

min' 

It i s  not necessary t o  be f a m i l i a r  w i t h  t h e  
p r o p e r t i e s  of  t h e  e l l i p t i c  i n t e g r a l  t o  understand 
t h e  physics  o f  t h e  process. For small  R most of  
t h e  compression occurs  i n  t h e  " f r e e - f a l l "  regime, 
i n  whi=h E ' ~  (and t h e r e f o r e  R) may be neglected;  

2  
and p,,,,ox = 1 - t r 2 ,  ani logous t d  h = ho - 'gt 

The minimum va lue  of  p under these  new condi t ions ,  * 
d e m t e d  by p , i s  

showing t h a t . t h e  f i n a l  compression a t t a i n e d  is  
reduced by t h e  f a c t o r  1 - (pT - R) owing t o  e a r l y  
terminnt ion of  t h e  app l ied  force.  The time of  
d r i f t  between p~ and p* i s  given by a n  elementary 
PuLayral; 

-A 
with  x = p T / o  . For accura te  work r(pT) must be 
found by e v a l u a t i n g , t h e  incomplete e l l i p t i c  i n -  
t e g r a l ,  b u t  i t  i s  evident  from Fig. ~ - ~ - 2 / 1  t h a t  
f o r  small  R t h e  t o t a l  time t o  t h e  minimum w i l l  
not change much i f  p~ i s  c l o s e  t o  R. 



Fig. V-G-211. (dp/d712 = (1 -p) (p - R . ) / ~ ;  
(dpapp./dT)2 = (1 'p); papp.(T) = 1 - u2 
Drawn f o r  R = 0.1 

I'f some amount of inward d r i f t  has  been i n -  
duced by systems upstream of the po in t  a t  which 
our implosive compression i s  assumed t o  begin, we 
may approximate i t  by a l t e r i n g  t h e  i n i t i a l  con- 
d i t i o n s  s o  t h a t  

r a t h e r  than zero  a s  assumed above. Of course t h i s  
is equiva len t  t o  s t a r t i n g  f a r t h e r  down the  curve 
of p (T) such t h a t  of Fig. V-G-211; however, the  
dimensionless v a r i a b l e s  p and T and the  dimension- 
l e s s  parameter R have been defined i n  terms of the  
bunch length Li  r a t h e r  than the value Lo of L a t  
t h e  back-extrapolated po in t  where d p l d ~  = 0. 
Therefore,  i t  is  convenient t o  i n d i c a t e  the modi- 
f i c a t i o n s  needed t o  accomodate the  new i n i t i . a l  
condi t ion  and t h e  connection between s c a l i n g s  of 
these q u a n t i t i e s  based on Li and on Lo. 

We s t a r t  by l a b e l i n g  parameters based on 
i n i t i a l  bunch length Li by s u b s c r i p t s  i: 

Next we d e f i n e  a new dimensionless parameter Q 
i' 

Then 

h 2 
(dpi1dTi)2( max ' (1 - Ri ) + Qi , and 

This l a s t  r e l a t i o n  i s  wel l  approximated by 

pi Ri(l - #Qi) 
min 

i f  R. and Q .  a r e  both small  with r e s p e c t  t o  u n i t y .  
It i 6  seen &hat  the  f i n a l  compression a t t a i n e d  i s  
s l i g h t l y  g r e a t e r  than before ,  because of the  "head 
s t a r t "  represented by Qi.  

Parameters based on the back-extrapolated 
bunch length Lo corresponding t o  d p / d ~  = 0 a r e  
labeled by s u b s c r i p t s  zero:  

The parameter Q i s  ze ro  by d e f i n i t i o n .  Because 
we a r e  h e r e  reg&ding the  q u a n t i t i e s  labeled by i 
a s  'known, the  connect ions r e q u i r e  only the  d e t e r -  
minat ion of Lo, o r  equ iva len t ly  of the  r a t i o  
Li/Lo = pot, the  r e c i p r o c a l  compression assoc ia ted  
wi th  the  back-extrapolated i n t e r v a l .  The connec- 
t i o n  i s  made by observing t h a t  both formalisms 
must y i e l d  the  same minimum bunch leng th ;  . 

L~~~ = P . ~  L~ = R ~ L ~  = P ~ ~ ~ R ~ L ~  = P R L 
min o c i i '  

Thus 

pOc = P /Ri 
'min 

and f o r  small  R. and Q 
i 

The connect ion i s  now canple te  and the  s o l u t i o n  
i s  'given by 

i n  which t h e  time' o r i g i n  of T'  has  been adjusted 
" t o  agree with t h a t  of r i .  



COMPRE.SSION I N  A RING 

2 
For c ( p )  = p we have ( d p / d ~ ) ~  = +(I  - ) 

from which p = % ( 8 ' - 11 , 2 ~ /  (1 + 2R) ; 
Idpldrl  = migi!t p = R . For s u f f i c i e n t l y  small 
R we have pmin - 2R, showing t h a t  the  l i n e a r l y  
decreas ing  compressive force  r e s u l t s  i n  only about 
h a l f  a s  much compression f o r  t h e  same va lues  of 
Q ,  Li, and AEo provided t h a t  the  process goes t o  
completion wi th in  the  ring.,  I f  a bunch i s  ex t rac-  
ted a t  p = pT and then allowed t o  d r i f t  f r e e l y  
toge ther ,  we have dur ing  t h i s  d r i f t  

The new minimum va lue  p* o f  p' under these  
cotldi t i o n s  i s  , 

s o  t h a t  the  compression a t t a i n e d  i s  aga in  reduced 
owing t o  e a r l y  terminat ion of  compression; h e r e ,  
however, t h i s  l o s s  i s  l e s s  than i n  the  pulsed-gap 
l i n e  because the  f i n a l  s t a g e  of un in te r rup ted  
compression i s  very i n e f f e c t i v e  due t o  t h e  l i n e a r  
decrease  of e f f e c t i v e  fo rce  with L. 

A s  f o r  the pulsed-gap l i n e ,  f o r  smaLl R almost 
a l l  of the compression w i l l  occur before  space 
charge repu ls ion  p lays  a r o l e ;  i n  t h i s  region 

s o  t h a t  

and the  minimum va lue  of p , f o r  un in te r rup ted  
compression, w i l l  occur near  t o  t h e  time 

s o  t h a t  t h e  t o t a l  pa th  leng th  t o  t h i s  minimum i s  
of the  same order  of magnitude a s  f o r  t h e  pulsed- 
gap l i n e  f o r  the same Q,  Li, and AEo although t h e  
bunch w i l l  be about twice a s  long. 

Because t h e  approximate cos ine  s o l u t i o n  be- 
comes inaccura te  only near  f u l l  compression, i t  
should be adequate i n  many cases  f o r  the  period 
up t o  t h e  time of e x t r a c t i o n  of a bunch from a 
r i n g  . 
A COMPOSITE SYSTEM . . . 

Here compression i n  the  range 1 > p > pT 
occurs  i n s i d e  a r i n g ,  with g (p)  = p, followed by 
e x t r a c t i o n  and f u r t h e r  compression i n  a l i n e  w i t h  
c ( p )  = cL = cons tan t  f o r  pT > p. Af te r  e x t r a c t i o n ,  

The minimum value of p is  given by 

'min = (B/?)[l - ( 1  - B-~R?)'] 

There a r e  s e v e r a l  l i m i t i n g  cases  of t h i s  r e s u l t ,  
but the most important one appears t o  be t h a t  i n  
which the  middle term i n  B dominates. This  is  be- 
cause the  pulsed-gap technology allows ramp height  
AEo t o  be very much l a r g e r  L-llatl i n  r i n g  r f  systems, 
so  t h a t  > > 1 ,, and a l s o  because the  ve11.1e of 
pT a t t a i n a b l e  i n  a r i n g  is  probably not very  small .  
I n  t h i s  l i m i t  we hnvc 

The compression f a c t o r  ob ta inab le  from the  l i n e  
alone i s  e L / ~  , d i f f e r i n g  from ~ - 1  because the def -  
i n i t i o n  of R is  based on the  r i n g ' s  AEo which i s  

times smaller  than t h a t  i n  the  l i n e .  The l i m i t -  
%g r e s u l t  above shows t h a t  t h i s  compression is  
reduced by the  f a c t o r  pT owing t o  use of a l e s s e r  
compressive force  w i t h i n  the  r i n g  u n t i l  p has d i -  
minished from u n i t y  t o  pT.  

COMPARISON OF A PULSED-GAP LINE WITH n RINGS 
USING FIRST HARMONIC 

We s t a r t  by making order-of-magnitude e s t i -  
mates of the  requirements on an induct ion l i n a c  
system. A bunch emerging from i t  should have a 
pulse length G 200 nanosecond t o  al low use of 
f e r r i t e - l o a d e d  modules along much of i t s  leng th ,  
but not very much l e s s  than t h i s  value s o  a s  t o  
avoid expending an apprec iab le  f r a c t i o n  of the  
a v a i l a b l e  volt-seconds f o r  longi tud ina l  containment 
during a c c e l e r a t i o n .  Therefore we use L i  - 30 m, 
appropr ia te  f o r  8 = v l c  - f. A pulsed-gap com- 
pressor  l i n e  can supply sawtooth ramps of path-av- 
eraged f i e l d  amplitude 2 1 MV/m with pulse times 
from 200 nsec down t o  10 nsec o r  s h o r t e r .  Let us  
assutlle t h a t  we wish t o  amply supply t h e  p e l l e t  t a r -  
ge t  needs by d e l i v e r i n g -  10 M J  i n -  10 nsec,  using 
ions with A -  200 having k i n e t i c  energy 20 GeV. 
Then B - 0.45, y2 - 514, and - 3 x ,1015 ions  a r e  
needed, having t o t a l  charge - 5 x 10-4 Coul i f  they 
a r e  i n  t h e  s ing ly  ionized s t a t e  q = 1. The f i n a l  
bunrh length Lmin = BcAt i s  then - 413 m. The re- 
quired value of AEo i s  then 



t he  v a l u e  g iven  above. Note t h a t  t h i s  e x p r e s s i o n  
is  p r o p o t t i o n a l  t o  t imes  t h e  beam 
power a t  t h e  t a r g e t .  

F o r  t h e  r i n g s  we assume t h a t  L i  i s  a  f r a c t i o n  
F  of  a  r i n g  c i rcumference C; F  - 113 f o r  t h e  q u a s i -  
l i n e a r  p a r t  of a  s i n u s o i d a l  a c c e l e r a t i n g  f i e l d .  We 
s e t  CAEo = AV, t h e  number of v o l t s  pe r  t u r n  expe- 
r i e n c e d  by i o n s  a t  t h e  bunch ends  a t  t = 0. Ejec-  
t i o n  from t h e  r i n g  occur s  a f t e r  compress ion by a  
f a c t o r  pT-l ,  and we t a k e  R  << 1 f o r  t h e  r i n g ,  a s  
w i l l  be t h e  c a s e  f o r  a  s t r o n g  r f  system. Then t h e  
minimum bunch l e n g t h  a f t e r  subsequent  d r i f t ,  bu t  
w i thou t  supplementary  p u l s e d - l i n e  compress ion,  w i l l  
be 

r i n g  2  
L  min . - 2 ( 1  - pT2)-'(k/4ne0) ( Q / ~ ) / [ Y  FAY] 

wh i l e  t h a t  from t h e  pulsed-gap compressor i s  

l i n e  - 2 
L mln . ( k / 4 n . ~ ~ ) Q / [ y  Li AEo] . 

Equat ing t h e s e  e x p r e s s i o n s ,  we may s o l v e  f o r  t h e  
number n  of r i n g s  r e q u i r e d  t o  produce t h e  same f i -  
n a l  p u l s e  l e n g t h ,  o b t a i n i n g  

Using p~  < 113, F  - 113, L i  = 30 m and AEo = 1 ~ V l m  
f o r  t h e  l i n a c ,  

It seems c l e a r  t h a t  t h e  compress ion f a c t o r  a v a i l -  
a b l e  from a  pulsed-gap l i n e  can be reproduced by 
r i n g s  only  by u s i n g  a  l a r g e  number of them o r  by 
f i l l i n g  much of t h e i r  c i r cumfe rences  w i t h  t r u l y  
h e r o i c  r f  systems having a  v o l t a g e  pe r  t u r n  f a r  
beyond p r e s e n t  expe r i ence .  

COMPARISON OF RINGS WITH DIFFERENT HARMONICS h  

Consider  two r i n g  sys tems,  each w i t h  t h e  same 
number n  o f  r i n g s ,  one wi th  harmonic number h  = 1 
and t h e  o t h e r  w i t h  harmonic h. Fo r  t h e  f i r s t ,  

w i t h  t h e  bunch i n  each  r i n g  having cha rge  Q/n and 
i n i t i a l  l e n g t h  Li = FC a s  above. I n  t h e  second 
sys tem t h e r e  a r e  h  bunches i n  each r i n g  w i t h  each 
bunch having cha rge  Qlnh and i n i t i a l  l e n g t h  L i  = 
FC/h. The re fo re  

It i s  a t  once a p p a r e n t  t h a t  t h e  e x p l i c i t  h-depen- 
dence c a n c e l s .  The f a c t o r  F  measures on ly  t h e  
f r a c t i o n  of t h e  wave t h a t  i s  q u a s i - l i n e a r  and w i l l  

. be t h e  same f o r  b o t h ,  and t h e r e  i s  no r eason  f o r  
p~  t o  d i f f e r .  T h e r e f o r e  t h e  minimum a t t a i n a b l e  

bunch l e n g t h s  a r e  t h e  same excep t  f o r . t e c h n o l o g i c a 1  
f a c t o r s  a f f e c t i n g  t h e  f requency dependence of t h e  
maximum a t t a i n a b l e  v o l t a g e  p e r  t u r n .  Although 
t h e s e  f a c t o r s  f a v o r  l a r g e r  h ,  t h e  g a i n  i s  made a t  
t h e  c o s t  of  i n c r e a s i n g  t h e  number of beam l i n e s ,  
f i n a l  f o c u s i n g  magnets,  and beam s p o t s  on t h e  t a r -  
g e t  by a  f a c t o r  h ,  g i v i n g  a  more complex and un- 
wieldy system. I n  a d d i t i o n ,  t h e  t o t a l  d i s t a n c e  
t r a v e r s e d  by each bunch i s  

s = BCTT , w i t h  87 - 1 

a s  shown above. It i s  r easonab le  t o  assume t h a t  
t h e  f r a c t i o n  of  t h i s  d i s t a n c e  t r a v e r s e d  o u t s i d e  
t h e  r i n g  a f t e r  e x t r a c t i o n  i s  about  t h e  same f o r  
any h; i . e . ,  p~  does  no t  depend on h. With T~ a 
L i  a h - l ,  t h e  e x t e r n a l  d r i f t  l i n e  l e n g t h  p e r  bunch 
is  o: h-% and t h e  t o t  1 l e n g t h  of a l l  d r i f t  l i n e s  5 i s  p r o p o r t i o n a l  t o  h  . 

Accumulator r i n g s  a p p e a r . t o  be  e s s e n t i a l  f o r  
sys tems u s i n g  a  synchro t ron  o r  r f  l i n a c  a s  t h e  main 
a c c e l e r a t o r .  From t h e  e s t i m a t e s  and c a l c u l a t i o n s  
above i t  a l s o  a p p e a r s  e s s e n t i a l  t o  p rov ide  pulsed-  
gap compressor l i n e s  f o l l o w i n g  bunch e x t r a c t i o n .  
To minimize t h e  t o t a l  l e n g t h  of t h e s e  l i n e s  a  - 
s m a l l  number of  s e p a r a t e l y  e x t r a c t e d  bunches i s  
d e s i r a b l e .  The o p t i m i z a t i o n  of such composi te  
l o n g i t u d i n a l  compress ion sys tems is  a  complex 
problem whose s o l u t i o n s  w i l l  depend on many c o s t  
and o t h e r  f a c t o r s  t h a t  a r e  n o t  y e t  a v a i l a b l e .  

MODIFICATIONS DUE TO NON-ZERO LONGITUDINAL 
EMITTANCE 

Lloyd Smith h a s  g iven  a n  envelope e q u a t i o n  
[LBL-5543, p. 7 9 ,  eq . (12 ' ) ]  which i n c l u d e s  t h e  

e f f e c t  of f i n i t e  l o n g i t u d i n a l  emi t t ance .  I n  t h e  
s tudy  of p o s t - a c c e l e r a t i o n  bunch compress ion we 
may t a k e  B and y  a s  c o n s t a n t s .  I f  i n  h i s  e q u a t i o n  
we r e p l a c e  Eoa, by AEo/(%L)L zy by t L ,  and d s  by 
pc  d t ,  and m u l t i p l y  by 2pc Iy we o b t a i n  

which i s  t h e  same a s  o u r  envelope e q u a t i o n  i n  
S e c t i o n  2 above excep t  f o r  t h e  last  t e rm added on  
t h e  r i g h t  s i d e .  Here Smi th ' s  c i s  t h e  same a s  t h e  
u s u a l  normal ized ( ~ ~ / n )  a s  d e f i n e d ,  f o r  example,  
by Teng (LBb-5543, p. 13 ) .  

The p h y s i c a l  b a s i s  of  t h i s  added term i s  easy  
t o  unders tand.  It r e p r e s e n t s  t h e  p r e s s u r e  a g a i n s t  
c o n f i n i n g  w a l l s  of  a  one-dimensional  i d e a l  g a s ,  
whose a d i a b a t i c  e q u a t i o n  is  p ~ Y = c o n s t a n t  w i t h  t h e  
spec ' i f i c  ' h e a t s  r a t i o  y  e q u a l  t o  3  i n  one dimension 
where v n l ~ ~ m e  V i s  t h e  l e n g t h  L. Thus t h i s  f o r c e  
v a r i e s  a s  L - ~ .  

I f  we d e f i n e  a n o t h e r  d imens ion les s  parameter  
S  by 



t h e  equa t ion  of motion i n  our dimensionless vari-,  S < 
a b l e s  becomes 

and t h e  f i r s t  i n t e g r a l ,  w i t h  dp/dr  = 0 a t  P = 1, i n  cgs u n i t s .  Note t h a t  SIR i s  independent of 
i s  W ,  Nb, and AEo; because E k / g  i s  l a r g e r  f o r  

l a r g e r  A but  otherwise i n s e n s i t i v e  and ed l i e s  

-2 w i t h i n  a  narrow range i t  is  easy t o  show t h a t  S/R 
(dp/d7) = ]11 E (x) dx + R ( l  - p-l) + ~ ( 1  - p ). cannot exceed a  few percent .  

P 
For t h e  parameters i n  Sec t ion  8 we f ind  

Confining our  a t t e n t i o n  t o  s ( ~ )  = 1, 4s /R2-  1.6, - 1.7 x 1W4, and R 4 . 0 2 ,  assuming 

2 2 Nb = 2 and bin/% = 3. Changing t o  q = 3 gives 
( d p l d ~ ) ~  = ( 1  - p) [ p  - (P + S) p - S ~ I P  4S/R2 - 0.06, S - 6 x and R -  0.06. HOW- 

ever ,  f o r  q  = 1, W = 1 M J ,  and Ek = 40 GeV with 
The r o o t s  of  the  q u a d r a t i c  f a c t o r  a r e  t h e  o t h e r  parametere t h e  anma we f ind  ~ S / R "  - 50, 

P and S -4 x t h e  est imated r e c i p r o c a l  com- 
. =  # ( R  + S) + [ . ~ ; ( R + s . ) ~  + s l  

. Pmin p r e s s i o n  S% is  - 6 x 1W3. 

and a n  unphysical nega t ive  c o o t  i n  which t h e  s i g n  
of  t h e  square r o o t  i s  reversed.  The s imples t  
approximation t o . t h i s  r e s u l t  i s  t h a t  when ~ s / R ' < c ~ ,  
which t u r n s  out  t o  be v a l i d  f o r  some parameter .  
choices bur not f o r  o t h e r s ;  i n  t h i s  l i m i t  t h e  r o o t s  
a r e  pmin - R + S and p - - SIR. It i s  a  genera l  
p r o p e r t y  t h a t  S/R <<I, s o  t h a t  ( d p / d ~ ) ~ - ( l - p )  x 
[p-(R + S ) l / p ;  t h e  a t t a i n a b l e  compression is  . 
s l i g h t l y  reduced by t h e  presence o f  the  l o n g i t u d i -  
n a l  emit tance.  I n  t h e  oppos i te  extreme 4s/R2>>1 
and t h e  r o o t s  approach f SP so  that t h e  a t t a i n a b l e  
compression i s  dominated by t h e  emit tance e f f e c t  
r a t h e r  than t h e  l o n g i t u d i n a l  s e l f - f i e l d  o f  t h e  
bunch. se his compression i s  g e n e r a l l y  by a  l a r g e  
f a c t o r  because S i s  genera l ly  l e s s  than - 10;" 
and can  be much smal le r  f o r  va lues  of  ~ / q  and E 

on t h e  low s i d e s  o f  t h e  ranges being considered. 
This  emittance-dominated regime i s  assoc ia ted  wi th  
l a r g e  i o n  k i n e t i c  energy, s t r o n g  compressive f i e l d ,  
low charge s t a t e ,  and a  l a r g e  number of  bunches, 
a l l  o f  which favor l a r g e  compression (small  R) i n  
t h e  absence o f  emittance. Not a l l  of  t h e  parametr ic  
dependences a r e  obvious a t  f i r s t  s igh t :  Q 4 Q / N  - b 
qeN/Nb; N = w/Ek w i t h  W t h e  t o t a l  energy de l ivered ;  
~ < h p y L , ~ ~ ( . r ~ / ~ ~ )  w i t h  Lmin t h e  f i n a l  bunch leng th ,  
rs a spo t  rad ius  on t a r g e t ,  and Kp the  beam p o r t  
r a d i u s  ( see  L. Teng, LBL-5543, p. 13) ; and rs2 = 
W / T T N ~ C ~ $ I )  w i t h  E,.J t h e  mean energy deposi ted per  
u n i t  mass and 6% t h e  i o n  range i n  mass per  u n i t  
a rea .  From these  r e l a t i o n s  

CONCLUSION 

This  r e p o r t  i s  a n  account of work i n  progress 
it represen ts  only the  beginning of a  cont inuing 

. study of longi tud ina l  compression. Although some 
numerical eva lua t ions  have been made, t h e  r e s u l t s  
obtained a t  the time of the  Brookhaven Workshop 

' a r e  not s u f f i c i e n t l y  r e p r e s e n t a t i v e  o r  compre- 
hensive t o  warrant i n c l u s i o n  here .  

It i s  important t o  note  t h a t  t h e  ordered end- 
to-end v e l o c i t y  d i f f e r e n c e s  wi th in  a  bunch during 
implosive compressions a r e  f a r  too g r e a t  t o  meet 
t h e  reqbirement bp/p < r , / ~ ~  ari.sj.ng f r n m  rhrn- 
matic a b e r r a t i o n  a t  the f i n a l  focusing magnet 
except very  near the p o s i t i o n  of minimum bunch 
length where t h e  bunch's s e l f - f i e l d  i s  rap id ly  
braking these  motions toward a  s top.  Th'e t o l e r -  
ances required t o  al low t h i s  process t o  succeed 
w i l l  r equ i re  c a r e f u l  otudy. 

1 learned during t h e  Workshop t h a t  
D r .  T. K. Khoe, i n  unpublished notes  a t  t h e  
Argonne National Laboratory e a r l i e r  t h i s  year ,  has  
given s l m i l a r  cons idera t ion  to soue uf t h e  prob- 
l c ~ u s  LaeilLed here. 



V. Technical Work ing  Groups 

A .  A T O M I C  A N D  M O L E C U L A R  P H Y S I C S  

1. SUMMARY 

Robert T. Poe 

INTRODUCTION 

The atomic/molecular physics  group has  
accomplished a number of ob jec t ives .  These include 
a c r i t i c a l  review of ongoing p r o j e c t s ,  t h e  ex- 
p l o r a t i o n  and i d e n t i f i c a t i o n  of new problems and 
a reas  of concern, a broad overview of the  s t a t u s  
and goa ls  i n  atomic/molecular physics .  F i n a l l y  
there  r e s u l t s  i n ,  f o r  the p a r t i c i p a n t s ,  a sense 
of coordinated p lan  toward a common objec t ive .  

ATOMIC /MOLECULAR P H ~ S  ICS I N  A C C E L E R A T O ~  AND 
STORAGE RINGS 

For heavy ion  beam t r a n s p o r t  (high ?)  i n  ac- 
c e l e r a t o r  and s to rage  r i n g s ,  t h e r e  a r e  two broad . 
c l a s s e s  of atomic/molecular s c a t t e r i n g  processes  
t h a t  a f f e c t  the beam l i f e t i m e ,  t h e  beam,qual i ty  
and the  beam i n t e n s i t y .  I n  subsequent d i scuss ions ,  
we s h a l l  use the  symbol A"+ f o r  a general  heavy 
ion,  where A denotes  i t s  nuclear  spec ies  and n 
denotes t h e  charge s t a t e  of the  ion .  

Beam-Background Gas C o l l i s i o n s :  The l o s s  of 
heavy ion beams due t o  c o l l i s i o n s  with atoms/ 
molecules of the background gas, r e s u l t i n g  i n  a 
changing of the  charge s t a t e  of the ion ,  d e t e r -  
mines the  vacuum requirement i n  the  a c c e l e r a t o r  
and s to rage  r i n g s .  This type of s t r i p p i n g  pro- 
c e s s  i s  represen ted ,  f o r  example, by t h e  fol lowing . 
ion iza t ion :  process .  

Since the  heavy ion w i l l  be i n  BeV energy 
range i n  the  l abora tory  frame, t b i s  type of charge 
s t r i p p i n g  i s  a high energy (8 = F >> 0.1) c o l l i s i o n  
process  where Born Approximation,should be v a l i d .  
Within the framework of the  Born Approximation, 
the c r o s s  s e c t i o n  o f o r  the  process  i s  given a s  

Ca lcu la t ions  have been performe 
p a s t  year  by G i l l e s p i e ,  K i m  and Cheng 4ifnf2e 
~ i + ,  CS', ~ n +  and Ilgn+ with Hz,  C ,  N ,  and 0. 
This i s  discussed i n  a workshop r e p o r t  i n  t h i s  
s e c t i o n  by Cheng, Das, K i m  and R a f f e n e t t i .  

For t h i s  workshop, G i l l e s p i e  (See t h i s  sec-  
t ion)  has examined two important ques t ions  i n  ' 

connection wi th  t h e i r  Born oa lcu la t ion .  F i r s t ,  
t h e  systematics  of  t h e  c r o s s  s e c t i o n  a r e  examined 
both wi th  r e s p e c t  t o  t h e  dependence on nuclear  
spec ies  A and the  dependence on i o n  charge s t a t e  n. 
Secohd, s ince  the  Born c a l c u l a t i o n s  were c a r r i e d  
out  wi th  c l o s u r e  approxithations ( i .e . ,  sum r u l e ) ,  
c r o s s  s e c t i o n  values c o n t a i n  both t h e  i o n i z a t i o n  
c r o s s  s e c t i o n ,  which does c o n t r i b u t e  t o  the  i o n  
beam l o s s ,  and the e x c i t a t i o n  c r o s s  s e c t i o n ,  
which does not  c o n t r i b u t e  t o  the  i o n  beam l o s s .  
A s tudy i s  made on the  r e l a t i v e  importance of these 
two c r o s s  s e c t i o n s  i n  t h e  s e c i a l  case  of hydro- 
genic ions from ~ e *  t o  Zn29P, and i t  was concluded 
t h a t  t h e  sum r u l e  approach w i l l  not  overest imate 
t h e  e l e c t r o n  l o s s  c r o s s  s e c t i o n s  by more than a 
f a c t o r  of 2.  

Beam-background gas c o l l i s i o n s  a r e  of i m -  
portance i n  the  r e a c t o r  chamber which we s h a l l  
d i s c u s s  l a t e r .  

Charge Changing C o l l i s i o n s  Between Ions :  
Charge changing c o l l i s i o n s  wi th in  t h e  pulse of 
heavy ions represen ts  a s e r i o u s  problem i n  t h e  
ion  beam i n t e n s i t y  cons idera t ions  independent 
of t h e  vacuum requirement. It a l s o  r e p r e s e n t s  
a s e r i o u s  problem of atomic physics .  Few r e l e -  
van t  d a t a  e x i s t  i n  l i t e r a t u r e ,  e i t h e r  t h e o r e t i c a l .  
o r  experimental.  I n  the  c o l l i s i o n  t h e  average 
r e l a t i v e  energy between ions  wi th in  t h e  pulse 
i s  about 0.5 keV/nucleon, a low energy where 
theory becomes d i f f i c u l t .  I n  t h i s  workshop we 
reviewed the progress  i n  t h e  s tudy of one charge 
changing process ,  the  ion-ion charge t r a n s f e r  
process;  and we explored a new process ,  t h e  tli- 
r e c t  i o n i z a t i o n  process ,  t h a t  may prove t o  be 
equa l ly  important.  

( i )  Ion-Ion Charge Transfer  k o c e s s  : Ion-Ion 
charge t ~ a n s f c r  process  of the  type 

and where [11 i s  a (nearly)  constant  c o l l i s i o n  
s t r e n g t h .  



was i d e n t i f i e d  i n  t h e  l a s t  HIF workshop(2) .  Theo-. , 
r e t i c a l  s t u d y  of t h i s  impor t an t  p rocess  h a s  j u s t  
began a t  ANL (Kim), and U n i v e r s i t y  of Nebraska 
(Macek) and t h e  U n i v e r s i t y  of C a l i f o r n i a ,  R i v e r s i d e  
(Poe) .  Through d i s c u s s i o n s  a t  t h i s  Workshop a  
p i c t u r e  of t h e  cha rge  t r a n s f e r  p rocess  emerges. 
A t  low e n e r g i e s ,  cha rge  t r a n s f e r  c r o s s  s e c t i o n  
w i l l  i n c r e a s e  w i t h  energy s i n c e  i t  i s  dominated by 
t h e  ene rgy  a v a i l a b l e  t o  t h e  cha rge  t r a n s f e r .  At 
h i g h e r  e n e r g i e s ,  t h e  cha rge  t r a n s f e r  c r o s s  s e c t i o n  
d e c r e a s e s  because i t  is  i n h i b i t e d  by t h e  a s s o c i -  
a t e d  momentum t r a n s f e r  f a c t o r .  I n  t h e  theo-  
r e t i c a l  approaches  be ing  pursued t h e r e  is  con- 
s i d e r a b l e  q u e s t i o n  a s  t o  whether  molecular  wave 
f u n c t i o n s  o r  a tomic  type  wave f u n c t i o n s  a r e  more 
c o n v e n i e n t .  From phys ic s  c o n s i d e r a t i o n  bo th  have 
t h e i r  m e r i t s .  Both approaches  a r e  now be ing  pur- 
sued.  A  s t a t u s  r e p o r t  of t h e  ANL g r o u p ' s  prog- 
r e s s  was p resen ted  (See t h i s  s e c t i o n ) .  

( i i )  D i r e c t  I o n i z a t i o n  P rocess :  D i scuss ions  on 
t h e  importance  of t h e , d i r e c t  i o n i z a t i o n  p rocess  a s  
a  beam-loss mechanisk i n  ion - ion  c o l l i s i o n s  was 
i n i t i a t e d  by Macek (U. Nebraska) a t  t h i s  workshop. 
An example of t h i s  t ype  of p rocess  i s  i l l u s t r a t e d  

The d i r e c t  e l e c t r o n  e j e c t i o n  may o r i g i n a t e  
f rom e i t h e r  i n n e r  o r  o u t e r  a tomic  s h e l l s .  Fo r  
heavy i o n s ,  t h e  e j e c t i o n  p rocess  may not  be domi- 
na ted  s imply by Coulomb i n t e r a c t i o n s  bu t  perhaps  
more l i k e l y  by t h e  e f f e c t  of t h e  P a u l i  p r i n c i p l e .  
T h a t  i s ,  a s  two heavy i o n s  become c l o s e  t o  each 
o t h e r ,  t h e  e x c l u s i o n  p r i n c i p l e  between e l e c t r o n s .  
w i l l  d r i v e  e l e c t r o n i c  o r b i t a l s  t o  h i g h e r  l e v e l s .  
As i o n s  r e c e d e  from each o t h e r ,  t h e  e l e c t r o n i c  
l e v e l s  w i l l  be such t h a t  i n n e r  s h e l l  v a c a n c i e s  w i l l  
be c r e a t e d .  Th i s  type  of p rocess  i s  sometimes 
r e f e r r e d  t o  a s  P a u l i  E x c i t a t i o n .  For  heavy i o n  
sys t ems ,  t h e  dominant p rocess  t h a t  fo l lows  i s  t h e  
Auger p r o c e s s ,  t h e  r a d i a t i o n l e s s  d e e x c i t a t i o n  of 
e l e c t r o n s  from a  h i g h e r  l e v e l  accomplished by t h e  
e j e c t i o n  of a n o t h e r  e l e c t r o n .  

Both t h e  ion - ion  cha rge  t r a n s f e r  p rocess  and 
t h e  ion - ion  d i r e c t  i o n i z a t i o n  p rocess  ( p a r t i c u l a r -  
l y  t h e  o u t e r  s h e l l  i o n i z a t i o n )  r e p r e s e n t  a  prom- 
i n a n t  gap i n  t h e  unde r s t and ing  of ion - ion  c o l -  
l i s i o n s  and r e p r e s e n t ,  because  of i t s  many-elec- 
t r o n  n a t u r e ,  a  most d i f f i c u l t  t h e o r e t i c a l  c h a l -  
l enge .  It is  t h e  consensus  of t h e  atomiclmo- 
l e c u l a r  phys ic s  groups  i n  t h i s  HIF workshop t h a t  
t h e  i n i t i a t i o n  of expe r imen ta l  work on ion - ion  

' c o l l i s i o n  i s  h i g h l y  d e s i r a b l e  i f  n o t  impera t ive .  

impor t an t  r o l e  a s  t h e  i n p u t  i n  t h e  r e a c t o r  chamber 
s t u d i e s .  The g e n e r a l  d e s i g n  parameter  of focus-  
i n g  an  i n t e n s e  i o n  beam over  10 meter  chamber r a -  
d i u s  on to  a  t a r g e t  1 mm i n  d i ame te r  p l a c e s  s e v e r e  
c o n d i t i o n s  on t h e  beam and on t h e  Plasma gene ra t ed  - 
i n  t h e  g a s  f i l l e d  r e a c t o r  chamber. 

F o r  t h e  . ion beam i n s i d e  t h e  r e a c t o r  chamber, 
one i s  i n t e r e s t e d  i n  knowing t h e  e f f e c t i v e  cha rge  - 
Zeff of t h e  i o n  a s  i t  i s  a  f u n c t i o n  of propa- 
g a t i o n  toward t h e  t a r g e t .  Here t h e  cha rge  s t r i p - .  
p ing p rocess  f o r  i o n s  comes from i t s  i n t e r a c t i o n  
w i t h  atom/molecule gas  a t  h igh  e n e r g i e s .  For  t h e  
n e u t r a l i z a t i o n  p rocess  t h a t  may h e l p  t o  reduce t h e  
s e l f - p i n c h  e f f e c t  of t h e  i n t e n s e  i o n  beam., one r e -  
q u i r e s  t h e  knowledge of t h e  e l e c t r i c  c o n d u c t i v i t y ,  
t h e  plasma d e n s i t y ,  and t h e  plasma . temperature  i n  
t h e  su r round ing  gas .  T h i s  fundamental ly  r e q u i r e s  
t h e  in fo rma t ion  of cnergy s p e c t r a  f ( c )  of low ener- 
gy e l e c t r o n s  i n  t h e  rnndium, which a r e  i n  t u r n  
produced by 

- Secondary e l e c t r o n  cncrgy o p c c t r a  from t h e  
i o n i z a t i o n  of background gas  by f a s t  heavy 
i o n s .  

- Secondary e l e c t r o n  energy s p e c t r a  from t h e  
i o n i z a t i o n  of background gas  by slow e l e c -  
t r o n s  (450 eV). 

- E x c i t a t i o n  c r o s s  s e c t i o n s  f o r  background 
gas  by slow e l e c t r o n s  

- M u l t i p l e  i o n i z a t i o n  c r o s s  s e c t i o n s  of heavy 
i o n s  by background gas .  

- P h o t n i n n i z a t i n n  p rocesses .  

A  paper by S. Yu i s  p re sen ted  i n  t h i s  work- 
shop s e c t i o n .  A  c o n s i d e r a b l e  amount o f  d a t a  
f o r  t h e s e  a tomic  p rocesses  a r e  a v a i l a b l e  i n  l i t e r -  
a t u r e .  They a r e  e s s e n t i a l  t o  a  r e a l i s t i c  mod- 
e l i n g  of plasma problems i n  t h e  r e a c t o r  chamber. 

F i n a l l y ,  t h e  problem of ion  g e n e r a t i o n  was 
d i s c u s s e d .  T h i s  t o p i c  's he ing  pursued by B a r n e t t  
of ORNL. 

1. ''Born Cross  S e c t i o n s  f o r  I o n  Atom C o l l i s i o n s "  
C. H. G i l l e s p i e ,  Y. K. Kim, and K. T. Cheng. 
Submit ted  t o  Phys. Rev. A. 

2. K. K. Kim, P roceed ings  t o  t h e  ERDA Summer 
Study o f  Heavy Ions  f o r  I n e r t i a l  Fusion,  

, 1976. LBL 5543. 

A  aew area of  e x p l o r a t i o n  gene ra t ed  by t h i s  
workshop i s  t h e  need of a tomic /molecu la r .  phys ic s  
i n  connec t ion  w i t h  t h e  heavy i o n  beam t r a n s p o r t  
i n  t h e  f u s i o n  r e a c t i o n  chamber. I n t e r a c t i o n s  w i t h  
t h e  Plasma phys ic s  group,  i n  p a r t i c u l a r  w i t h  D. 
Tidman (U.  Maryland) and S. Yu (LLL), was most 
f r u i t f u l .  It i s  c l e a r  from t h e s e  i n t e r a c t i o n s  
t h a t  a tomic /molecu la r  phys ic s  and d a t a  p l a y s  a n  



2. ATOMIC CROSS SECTIONS FOR 'HEAVY-ION FUSION 

K. T. Cheng, G.  Das, Y.-K. K i m  
. and R. C. R a f f e n e t t i  

- LIMITS OF ION-ION COLLISION CROSS SECTIONS 

orders  of magnitude' es t imates  can be made on 
upper and lower l i m i t s  t o  charge-changing c r o s s  
s e c t i o n s  f o r  ion-ion c o l l i s i o n s  i n  a  s to rage  r i n g .  
The upper l i m i t  i s  s e t  by charge t r a n s f e r  between 
ions,  and t h e  lower l i m i t  by i o n i z a t i o n  of inner -  
s h e l l  e l e c t r o n s .  

In  Figure V-A-211 we presen t  our prel iminary 
d a t a  on the  molecular p o t e n t i a l  c a l c u l a t i o n s  fo r  
the  CS+ ion .  A t  l a r g e  i n t e r n u c l e a r  separa t ion ,  
R, the  i n t e r a c t i o n  between two CS+ ions i s  b a s i c a l l y  
Coulomb repuls ion ,  e 2 / ~ .  As R decreases ,  the i n t e r -  
a c t i o n  p o t e n t i a l  r i s e s  f a s t e r  ( i . e . ,  becomes more 
r e p u l s i v e )  than the  Coulomb p o t e n t i a l .  According 
t o  our c a l c u l a t i o n s  based on a  pseudo-potent ial  
method1, the i n t e r a c t i o n  p o t e n t i a l  becomes very 
repu ls ive  ' a t  R 4a0;where a0 i s  the Bohr rad ius  
(0.529%). Although we do no t  have the d e t a i l s  
of the  upper p o t e n t i a l  curve ' fo r  cs++-csO system 
y e t ,  i t  i s  c l e a r  from Figure 1 t h a t  the  upper 
curve f o r  rhe charge t r a r ~ s i a r r u d  system w i l l  c r o s s  
the lower CS+-CS+ curve near R, = 4a0. Further-  
more, we note t h a t  the  diameter of a  CS+ ion  i s  
4.2a . This implies  t h a t  Rx i s  t h e  d i s t a n c e  a t  
whicf the valence s h e l l s  of the ions touch each 
o ther  . 

A simple es t imate  of the.maximum charge 
t r a n s f e r  c r o s s  s e c t i o n ,  umax1 can be made from Rx: 

where 

. 
The f a c t o r  h i n  Eq. (1) comes from the average 
p r o b a b i l i t y  f o r  charge t r a n s f e r  .2 The ion- ion 
c o l l i s i o n  energy a t  which the  c ross  s e c t i o n  
reaches a  maximum can be est imated only a f t e r  we 
have d e t a i l s  of the  upper p o t e n t i a l  curve near Q. 
In  Table V-A-211 we l i s t e d  (r)valence of var ious  
ions and corresponding omax. 

A t  the HIF Workshop, Macek pointed out  t h a t  
the  lower l i m i t  of the ion-ion c o l l i s i o n  c ross  
s e c t i o n  i s  s e t  by i o n i z a t i o n  of inner - she l l  e l e c -  
t r o n s .  The i n n e r - s h e l l  e l e c t r o n s  a r e  promoted t o  
h igh ly  exc i ted  molecular o r b i t a l s  when the  inner  
s h e l l s  of the ions pene t ra te  each o t h e r ,  and the 
e l e c t r o n s  a r e  subsequently ionized a s  the  ions 
separa te  a f t e r  the  c o l l i s i o n .  'An es t imate  of the  
i n n e r - s h e l l  i o n i z a t i o n  c r o s s  s e c t i o n  i s  obtained 
from the  rad ius  of the core  o r b i t a l  with i t s  
p r i n c i p a l  quantum number reduced by one from t h a t  
of the  valence o r b i t a l 3 ,  i . e . ,  

2  
u = n  . 
min 

Values of (r)core and corresponding Umin f o r  some 
ions a r e  l i s t e d  i n  Table V-A-211 a l s o .  'The va lues  
of ( r )  were c a l c u l a t e d  from the  r e l a t i v i s t i c  
Hartree-Fock wave function^.^ 

COLLISION OF IONS WITH BACKGROUND GASES 

- I n  c o l l a b o r a t i o n  with , G .  H. G i l l e s p i e  
(Physical  Dynamics, I n c . ,  La J o l l a ) ,  we c a l c u l a t e d  
a  number of c r o s s  s e c t i o n s  f o r  c o l l i s i o n s  of ~ i + ,  , n+ 
CS+,  AU', ,qnd Hg ( ~ 2 - 5 2 )  with Hz, C ,  N ,  and 
0 a t  high B (=v/c),  based on the  Born approxi- 
mation. The d e t a i l s  a r e  presented i n  Table 
V-A-212: These c r o s s  s e c t i o n s  a r e  upper l i m i t s  
t o  those f o r  i o n i z a t i o n  of ions by the  background 
gas.  The Born c ross  s e c t i o n s  a r e  expected t o  be 
good t o  - 50% or  b e t t e r  a t  high B (- 0.2 and up) ,  
and thus s u f f i c i e n t  f o r  es t imat ing  vacuum requi re -  
ments f o r  s to rage  r i n g s  and high-p por t ion  of 
a c c e l e r a t o r s .  Note i n  Table V-A-212 t h a t  the 
c r o s s  s e c t i o n  decreases by an order  of magnitude 
only when the  Hg ion  i s  s t r i p p e d  almost 50 times. 
A t  ANL, computer programs a r e  now ready t o  ca lcu-  
l a t e  c ross  s e c t i o n s  f o r  any combination of ions 
and t a r g e t  gas f o r  high-energy c o l l i s i o n s .  The 
c r o s s  s e c t i o n s , s h o u l d  be r e l i a b l e  t o  - 50% o r  
b e t t e r ;  ' 

Fig .  V-A-211. P o t e n t i a l  curves f o r  two CS+ ions.  
The ord ina te  i s  the  i n t e r a c t i o n  energy and the  
absc i ssa  i s  the  i n t e r n u c l e a r  d i s t a n c e ,  both 
i.n atomic u n i t s .  Curve A represen ts  the  
Coulomb repuls ion  and Curve B shows our ca lcu-  
l a t i o n  f o r  the  repu ls ive  ('c+) s t a t e  of the  
(cs'), molecule. Curve C i s  not based on r e -  
l i a b l e  c a l c u l a t i o n s ,  but i t  only i n d i c a t e s  
the r e l a t i v e  p o s i t i o n  of the  curve f o r  the 
charge- t rans fe r red  systems C S + + - C S O .  Curve C 
must l i e  21.2 eV above Curve B a t  l a rge  R, 
but d e t a i l s  a t  smaller  R have not been ca lcu-  
l a t e d  y e t .  



T a b l e  V-A-212. ' ~ o r n  c r o s s  s e c t i o n s  f o r  t o t a l  
i n e l a s t i c  s c a t t e r i n g  of  i o n s  by 
background g a s e s  .a 

. . 
I o n  T a r g e t  A ( ; ~ )  B (Hz) 

a ~ a s e d  on Ref. 5 .  

T a b l e  V-A-211. L i m i t s  of  i o n - i o n  c o l l i s i o n  c r o s s  
s e c t i o n s  based'  on  t h e  o r b i t a l  

, 

s i z e s .  See  Eqs.  (1)  - ( 3 )  f o r  no- 
t a t i o s s .  ( r )  i n  a tomic  u n i t s  and 
a i n  A? 

I o n  ' (r.)valence a ( r ) c o r e  a .  
max mln 
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3 .  STATUS OF HIGH-VELOCITY ATOMIC CROSS 
SECTION THEORY 

George H. G i l l e s p i e  

INTRODUCTION 

S ince  t h e  summer s tudy  l a s t  year1, a  number 
of s p e c i f i c  c a l c u l a t i o n s  of a tomic  c o l l i s i o n  c r o s s  
s e c t i o n s  have been c a r r i e d  ou t  i n  c o l l a b o r a t i o n  
wi th  Y .-K. Kim and K. T. Cheng of ~ r ~ o n n e . ~  The 
g o a l  of t h a t  work has  been t o  p rov ide  some q u a n t i -  
t a t i v e  r e s u l L s  Pdr a t  l e a s t  a  few h i g h - v e l o c i t y  
c r o s s  s e c t i o n s  r e l e v a n t  t o  t h e  e s t a b l i s h m e n t  of 
vacuum requ i remen t s .  I n  a d d i t i o n  t o  t h e  work 
d e s c r i b e d  i n  Ref .  2 ,  t h e r e  have a l s o  been some 
f u r t h e r  c a l c u l a t i o n s  of a  more e x p l o r a t o r y  n a t u r e ,  
f o r  t h e  purpose of deve lop ing  a  c l e a r e r  p i c t u r e  of 
t h e  o v e r a l l  scheme of thi 'ngs.  P a r t i c u l a r  ques-  
t i o n s  which have been examined concern  t h e  cha rge  
s t a t e  dependence of t h e  c r o s s  s e c t i o n s ,  dependence 
of t h e  c r o s s  s e c t i o n s  on a tomic  number f o r  a  g iven 
n e t  cha rge  of t h e  i o n ,  and t h e  r e l a t i v e  c o n t r i -  
b u t i o n s  of e x c i t a t i o n  and i o n i z a t i o n  ( e l e c t r o n -  
l o s s )  p rocesses  t o  t h e  t o t a l  su.m r u l e  c r o s s  sec -  
t i o n s  c a l c u l a t e d  i n  t h e  approach used f o r  t h e s e  
h i g h - v e l o c i t y  problems. T h i s  no te  i s  a n  e f f o r t  
t o  t i e  some of t h e s e  r e s u l t s  t o g e t h e r  a n d ,  a t  t h e  
l e a s t ,  t o  c o l l e c t  them i n  one p l ace .  

used a s  o rde red  p a i r s  g e n e r a l l y ,  t h e  f i r s t  sub- 
s c r i p t  r e f e r r i n g  t o  a  p rocess  of t h e ' i n c i d e n t  i o n ,  
t h e  second f o r  a  p rocess  r e l e v a n t  t o  t h e  t a r g e t  
atom o r  molecule.  Most a r e  s e l f - e x p l a n a t o r y  [ ion= 
i o n i z a t i o n ;  ex=excitation;.el=elastic, i . e . ,  t h e  
e l e c t r o n i c  f i n a l  s t a t e  i s  t h e  same a s  t h e  i n i t i a l  
s t a t e ;  i n = i n e l a s t i c ,  i . e . ,  t h e  e l e c t r o n i c  f i n a l  
s t a t e  i s  d i f f e r e n t  from t h e  i n i t i a l  s t a t e ,  which 
means e i t h e r  i o n i z a t i o n  o r  e x c i t a t i o n  has  oc- 
cu r red ] .  

UPPER BOUNDS ON ELECTRON STRIPPING CROSS SECTIONS 
FOR SINGLY CHARGED IONS 

F igure  V-A-311 p rov ides  a  p l o t  o f  t h e  t o t a l  . 
e x c i t a t i o n  p l u s  i o n i z a t i o n  c r o s s  s e c t i o n s  f o r  s i n g l y  

on H2 o r  N2 gases .  The 
a  f u n c t i o n  of t h e  a tomic  num- 

b e r  of t h e  i o n  . The c r o s s  s e c t i o n s  pro- 
v i d e  upper bounds t o  t h e  s t r i p p i n g  c r o s s  s e c t i o n s  
f o r  any s i n g l y  charged ion .  The open c i r c l e s  g i v e  
t h e  r e s u l t s  f o r  e x p l i c i t  c a l c u l a t i o n s 3  f o r  t h e  
i o n s  i n d i c a t e d ;  t h e  s o l i d  l i n e s  a r e  simply smooth 
cu rves  drawn through them which should  be u s e f u l  
f o r  , i n t e r p o l a t i o n .  For  a  g iven  t a r g e t  gas; . the 
c r o s s  s e c t i o n s  g  p y r a l l y  r i s e  i n  p r o p o r t i o n  t o  t h e  
a tomic  number [I! 1, f o r  zkl )  h 40.  T h i s  i s  PX- 
pected s i n c e  t h e s e  c r o s s  s e c t i o n s  a r e  pro  o r t i o n a l  P t o ' t h e  number of e l e c t r o n s  i n  t h e  i o n  [ z A  ) ]  and 

The q u e s t i o n s  posed above a l l  have a  d i r e c t  t h i s  d i f f e r s  only  by one from t h e  atomic-number. 
T h i s  s c a l i n g  was b r i e f l y  d i s c u s s e d  i n  l a s t  y e a r ' s  b e a r i n g  on the'vacuum problem. They a r e  a l s o  i m -  
summer s tudy  b u t  it is  c l e a r  now t h a t  i t  b reaks  

p o r t a n t  when one c o n s i d e r s  t h e  r o l e  of  such c r o s s  
down f o r  very  heavy ions .  For  > 50,  a l l  of s e c t i o n s  i n  t h e  beam t r a n s p o r t  through a  h igh-  
t h e  c r o s s  s e c t i o n s  f o r  a  p a r t i c u l a r  t a r g e t  a r e  

d e n s i t y  gas  r e g i o n ,  such a s  may occur  i n  t h e  
t h e  same w i t h i n  a  f a c t o r  of 1 .3  o r  s o ,  and a r e  

r e a c t i o n  chamber. While i t  w i l l  become c l e a r  t h a t  
s i g n i f i c a n t l y  below a  l i n e a r  e x t r a p o l a t i o n  of t h e  

t h e  answers  a r e  a t  p rpsen t  incomplete ,  t h e r e  i s  
r e s u l t s  f o r  l i g h t e r  i ons .  T h i s  s imply r e f l e c t s  

enough in fo rma t ion  a v a i l a b l e  t h a t  some d e f i n i t i v e  
t h e  f a c t  t h a t  t h e  g e o m e t r i c a l  s i z e  o f  t h e s e  i o n s  

s t a t e m e n t s  can be made. 
no l o n g e r  i n c r e a s e s  s u b s t a n t i a l l y  w i t h  a tomic  num- 

NOTAT ION b e r .  Some e f f e c t s  a r i s i n g  from t h e  s h e l l  s t r u c t u r e  
' a r e  a l s o  expec ted ,  bu t  f u r t h e r  c a l c u l a t i o n s  a r e  

r e q u i r e d  t o  a s s e s s  t h i s  q u a n t i t a t i v e l y .  A  d e t a i l e d  d i s c u s s i o n  of  t h e  undeklvinn theo-  - - 
r e t i c a l  t r ea tmen t  of t h e  Born approximat ion c r o s s  
s e c t i o n s  w i l l  be avo ided ,  t h e r e  a r e  s u f f i c i e n t  HOW MUCH OF THE UPPER BOUND CROSS SECTION ARISES 

r e f e r e n c e s  a v a i l a b l e  on t h e  methods used (Refs .  1 FROM EXCITATION? . .  - 
and 2 ,  and a d d i t i o n a l  r e f e r e n c e s  c i t e d  t h e r e i n ) .  
There  have been enough changes  i n  n o t a t i o n ,  how- T h i s  q u e s t i o n  a r i s e s  because  one is  i n t e r -  

e v e r ,  t h a t  some d e f i n i t i o n s  a r c  r e q u i r e d .  A  e s t e d  h e r e  i n  t h e  cha rge  changing c r o s s  s e c t i o n s ,  

p a r t i c u l a r  c r o s s  s e c t i o n  may be w r i t t e n  a s  [ i . e . ,  a t  h igh  v e l o c i t y ,  t h e  e l e c t r o n - l o s s  c r o s s  
s e c t i o n s l .  whereas t h e  sum r u l e  c r o s s  s e c t i o n s  

where 

-. 
i n c l u d e  e x c i t a t i o n  t o  any of s e v e r a l  d i s c r e t e  . 
bound s t a t e s  which do no t  r e s u l t  i n  any change i n  
t h e  i .nn's charge .  One would l i k e  t o  know j u s t  how . 
f a r  above t h e  e l e c t r o n  s t r i p p i n g  c r o s s  s e c t i o n  
does  t h e  c a l c u l a t e d  upper  bound l i e .  

and B = v l c .  The parameter  [I] a p p e a r i n g  i n  (1) 
w i l l  be r e f e r r e d  t o  a s  t h e  c o l l i s i o n  s t r e n g t h .  

. At h igh  v e l o c i t i e s  i t  is  essent ia l .1 .y  independent  
of t h e  energy (wi th  a t  most a  l o g a r i t h m i c  depen- 
dence) .  R e s u l t s  a r e  e i t h e r  expres sed  i n  terms of 
a, B2u, o r  t h e  c o l l i s . i o n  s t r e n g t h ,  one be ing  
r e a d i l y  in t e rchanged  f o r  t h e  o t h e r  v i a  Eqs. (1 -2 ) .  
Var ious  sub ' sc r ip t s  a r e  used wi th  t h e  c o l l i s i o n  
s t r e n g t h  t o  d e f i n e  p a r t i c u l a r  p rocesses .  They a r e  

A  p r e c i s e  answer to  t h i s  q u e s t i o n  f o r  a  complex 
many-elect ron ion  r e q u i r e s  c o n s i d e r a b l y  more e f -  
f o r t  t han  has  been expended i n  o b t a i n i n g  t h e  upper  
bound c r o s s  s e c t i o n s .  N e v e r t h e l e s s ,  t h i s  q u e s t i o n  
can  be answered w i t h i n  t h e  c o n t e x t  of a  s p e c i a l  
c l a s s  of i o n s ,  namely t h o s e  c o n s i s t i n g  of only  one 
e l e c t r o n .  I n  t h i s  c a s e  t h e  d i r e c t  i o n i z a t i o n  
c o n t r i b u t i o n ,  and t h e  d i s c r e t e  e x c i t a t i o n  t o  bound 
s t a t e s ,  may be c a l c u l a t e d  s e p a r a t e l y .  While con- 
c l u s i o n s  based on a n  examinat ion of one -e l ec t ron -  
i o n  c r o s s  s e c t i o n s  must be p re faced  w i t h  some 



c a u t i o n ,  t h e  r e s u l t s  of  such a  s tudy  a r e  not t o -  Two p o i n t s  r e a d i l y  emerge upon examining 
t a l l y  i r r e l e v a n t .  The r e l a t i v e  c o n t r i b u t i o n s  of pe rcen tages  g iven  i n  t h e s e  t a b l e s .  Fo r  t h e  ( r e l a -  
e x c i t a t i o n  and i o n i z a t i o n  ( i . e . ,  e l e c t r o n - l o s s )  t o  t i v e l y )  weakly bound ion  ~ e + ,  t h e  t o t a l  sum r u l e  
t h e  t o t a l . c r o s s  s e c t i o n  is expec ted  t o  depend 
l a r g e l y  on the  b i n d i n g  energy. of t h e  l a s t  e l e c t r o n .  
The weaker t h e  b i n d i n g ,  t h e  l a r g e r  t h e  r e l a t i v e  
c o n t r i b u t i o n  of i o n i z a t i o n  t o  t h e  t o t a l  c r o s s  
s e c t i o : ~ ~ .  Fur the rmore ,  i o n s  w i t h  s i m i l a r  b ind ing  
e n e r g i e s ,  a l though  d i f f e r i n g  i n  o t h e r  r e s p e c t s ,  
c a n  be expected t o  have s i m i l a r  r e l a t i v e  c o n t r i -  
b u t i o n s  t o  e x c i t a t i o n  and i o n i z a t i o n .  

Tab les  V-A-3/1 and V-&3/2 g i v e  r e s u l t s  f o r  
s e v e r a l  o n e - e l e c t r o n  ions.  f o r  t h e  c o l l i s i o n  
s t r e n g t h s  f o r  e i t h e r  e x c i t a t i o n  ( I ex , e l  + Iex , in)  
o r  i o n i z a t i o n  ( I i o n , e l  + I i o n , i n ) ,  a s  w e l l  a s  
t h e  sum of  t h e s e  two c o n t r i b u t i o n s  ( I i n , e l  + 
I i n , i n )  which.deterrnines  t h e  t o t a l  upper bound 
c r o s s   section^.^ (The a c t u a l  c r p s s  s e c t i o n s  may 
be o b t a i n e d  by s u b s t i t u t i n g  i n  ( 1 )  t h e s e  c o l l i s i o n  
s t r e n g t h s . )  T a r g e t s  cons ide red  a r e  H2 (Tab le  
V-A-3/1) and a tomic  N (Tab le  V-A-3/2). I n  a d d i -  
t i o n  t h e . p e r c e n t a g e s  of t h e  t o t a l s  which a r e  d ~ ~ e  
t o  e i t h e r  e x c i t a t i o n  o r  i o n i z a t i o n  a r e  shown. in  
p a r e n t h e s e s  f o l l o w i n g  each of t h e  co r re spond ing  
c o l l i s i o n  s t r e n g t h s .  

c r o s s  s e c t i o n s  f o r  e i t h e r  t a r g e t  a r e  c l e a r l y  domi- 
nated by t h e  e l e c t r o n  l o s s  c o n t r i b u t i o n s  (70-80%). - 
As one goes t o  i n c r e a s e d  e l e c t r o n  b ind ing ,  t h i s  
pe rcen tage  does  d e c r e a s e ,  but  even f o r  t h e  c a s e  of 
t h e  29 t imes  ion ized  Zn i o n ,  t h e  e l e c t r o n . 1 0 ~ ~  
c o n t r i b u t i o n  s t i l l  exceeds  40% of t h e  c a l c u l a t e d  
sum r u l e  c r o s s  s e c t i o n .  These r e s u l t s  sugges t  
t h a t ,  u n l e s s  one i s  i n t e r e s t e d  i n  t h e  vacuum 
requ i remen t s  f o r  i o n s  which a r e  more than  abou t  
10 t imes  i o n i z e d ,  c r o s s  s e c t i o n s  c a l c u l a t e d  u s i n g  
t h e  sum r u l e  approach w i l l  not  o v e r e s t i m a t e  t h e  
e l e c t r o n  l o s s  c r o s s  s e c t i o n s  by more than  a  f a c t o r  
of 2 .  

DEPENDENCE OF CROSS SECTIONS ON I O N  CHARGE STATE 

I n  col l .ahorat i .&n wi th  Y . -K .  Kim and 
K. T. Cheng some c a l c u l a t i o n s  of c r o s s  s e c t i o n  
pa ramete r s  have been c a r r i e d  o u t  f o r  Hg  ion^ i n  
s ~ l r c t ' e d  cha rge  s t a t e s .  Tab le  V-A-3/3 g i v c s  r c -  
s u l t s  f o r  t h e  c o l l i s i o n  s t r e n g t h s  f o r  f i v e  d i f f e r -  
e n t  Hg ions, i n c i d e n t  on a tomic  n i t r o g e n .  The 
upper bounds on t h e  e l e c t r o n  s t r i p p i n g  c r o s s  sec -  
t i o n s  a r e  g iven  

Tab le  V-A-3/1. C o n t r i b u t i o n s  of E x c i t a t i o n  and I o n i z a t i o n  t o  Sum Rule  Cross  S e c t i o n s  f o r  One-Electron 
Ions  I n c i d e n t  on H  . 

2  

E x c i t a t i o n  I o n i z a t i o n  T o t a l  

(1)  

2~ 
( Ion )  



Tab le  V-A-312. C o n t r i b u t i o n s  of  E x c i t a t i o n  and I o n i z a t i o n  t o  Sum Rule Cross  S e c t i o n s  f o r  One-Electron 
Ions  I n c i d e n t  on Atomic Ni t rogen .  

E x c i t a t i o n  I o n i z a t i o n  T o t a l  

zA1) ('on) Iex,el+'ex,in (z> ' ion, e l + I i o n ,  i n  (x) I in ,e l+ ' in ,  i n  

by Eq. ( I ) ,  where t h e  a p p r o p r i a t e  c o l l i s i o n  
s t r e n g t h  i s  Iin + I in, in.  As expec ted ,  t h i s  
c r o s s  s e c t i o n  dgc reases  a s  one goes t o  h i g h e r  
cha rge  s t a t e s ,  bu t  t h e  change i s  modest. A  r e -  
d u c t i o n  of about  30% i s  found i n  going from Hg2+ 
t o  HdO+;  61% i n  go ing  t o  Hg20+. 

Tab le  V-A-313 a l s o  g i v e s  r e s u l t s  f o r  t h e  t o t a l  
e l a s t i c  c o l l i s i o n  s t r e n g t h  ( I , I , ~ ~ )  a s  w e l l  a s  f o r  
t h e  parameter  J1-42 which a p p e a r s  i n  t h e  c r o s s  
s e c t i o n  f o r  t h e  i n e l a s t i c  s c a t t e r i n g  of t h e  t a r -  
g e t  atom. [ h ( J l  -J2)  i s  e s s e n t i a l l y  t h e  e f f e c -  
t i v e  c o l l i s i o n  s t r e n g t h  Iel,in.] These parameters  
i n c r e a s e  wi th  i n c r e a s i n g  n e t  cha rge  of t h e  i o n ,  
a s  expec ted ,  bu t  a g a i n  t h e  change i s  modest f o r  
t h e  lower cha rge  s t a t e s .  

Tab le  V-A-313. R e s u l t s  for '  S e l e c t e d  Hg Ions  

I n c i d e n t  
Ion ' e l , e l  I i n , e I  ' in,  i n  J1 -4 



SUMMARY Refe rences  

A l l  of t h e  t h e o r e t i c a l  work c a r r i e d  o u t  t o  1. 
d a t e  s u g g e s t s  s t r o n g l y  t h a t  t h e  sum r u l e  method, 
f o r  c a l c u l a t i n g  u p p e r  bound c r o s s  s e c t i o n s ,  w i l l  
n o t  g r o s s l y  o v e r e s t i m a t e  t h e  e l e c t r o n  s t r i p p i n g  
c r o s s  s e c t i o n s  ( i . e . ,  i s  w i t h i n  a  f a c t o r  of 2 )  
p rov ided  t h a t  t h e  c h a r g e  s t a t e  of t h e  i o n  i s  no t  2 .  
t o o  h i g h .  The t h e o r y  i s ,  of c o u r s e ,  on ly  v a l i d  a t  
h i g h  v e l o c i t i e s ,  and on ly  t h e  l e a d i n g  o r d e r  c r o s s .  
s e c t i o n s  have  been c o n s i d e r e d  h e r e .  The nex t  o r d e r  
t e rms  c a n  be  e v a l u a t e d ,  and have been i n  s e l e c t e d  3 .  , 

c a s e s . 2  Again ,  i f  t h e  c h a r g e  s t a t e  i s  n o t  t o o  h i g h ,  
i t  a p p e a r s  t h a t  t h e  l e a d i n g  o r d e r  i s  s u f f i c i e n t  
f o r  v e l o c i t i e s  g r e a t e r  t h a n  t h a t  co r r e spond ing  t o  
a  few ~ e V / n u c l e o n .  T h i s  l e a d s  t o  t h e  c o n c l u s i o n  
t h a t  f o r  t h e  purpose  of e s t a b l i s h i n g  vacuum r e -  , 

qu i r emen t s  of most i o n s  c u r r e n t l y  under c o n s i d e r -  
a t i o n  f o r  a c c e l e r a t o r s ,  s t o r a g e  r i n g s  o r  t r a n s p o r t  
sys t ems  ( w i t h  t h e  p o s s i b l e  e x c e p t i o n  of t h e  low-8 
r e g i o n ) ,  t h i s  method p r o v i d e s  r i g o r o u s  upper  bound 
c r o s s  s e c t i o n s  which a r e  no t  g r o s s  o v e r e s t i m a t e s  
of t h e  a c t u a l  e l e c t r o n  s t r i p p i n g  c r o s s  s e ~ t i o n s . ~  

. . 4 .  
F o r  problems such oo n e u t r a l i z e d  beam t r o n s -  

p o r t ,  and p ropaga t ion  of t h e  beam i n  t h e  h i g h  
d e n s i t y  g a s  o r  pkasma p r e s e n t  i n  a  r e a c t i o n  cham- 
b e r ,  t h e  h i g h - v e l o c i t y  a tomic  d a t a  r e q u i r e d  is  more 
d e t a i l e d  t h a n  t h a t  neces sa ry  f o r  e s t a b l i s h i n g  vac-  
uum t r a n s p o r t  r equ i r emen t s .  While t h e  t h e p r e t i c a l  

. approaches  used i n  t h e  l a t t e r  c a n  p rov ide  s,ome 
i n f o r m a t i o n  f o r  t h e s e  t y p e s  o f  problems, i n  most 
c a s e s ,  some a l t e r n a t i v e  app roaches  w i l l  p robab ly  be  
n e c e s s a r y .  
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The c a l c u l a t e d  d a t a  i n  F i g .  V-A-311 f o r  ~ e +  
a r e  from T a b l e s  V-A-311 and V-A-312; t h a t  f o r  
~ i + ,  CS+ and AU+ a r e  from R e f .  2. The d a t a  
f o r  ~ a +  u t i l i z e s  t h e  i n c o h e r e n t  s c a t t e r i n g  . 

f u n c t i o n  a s  c a l c u l a t e d  by K. Tanaka and 
F .  S a s a k i  [ I n t .  J. Quantum Chem. 5, 157 
( 1 9 7 1 ) l .  The r e s u l t s  f o r  U+ were c a l c u l a t e d  
by Y.-K. Kim and K. T .  Cheng d u r i n g  t h i s  
workshop, and r e p r e s e n t  abou t  30% r e d u c t i o n  
from t h e  e s t i m a t e s  of l a s t  y e a r ' s  summer s t u d y  
[Ref.  I]. 

The v a l u e s  f o r  t h e  t o t a l  (sum r u l e )  and i o n i -  
z o t i o n  c o l l i o i o n  s t r c n g t h s  wcrc c o l c u l a t c d  
d i r e c t l y  u s i n g  t h e  known h y d r o g e n i c - l i k e  
i n c o h e r e n t  s c a t t e r i n g  f u n c t i o n  and g e n e r a l i z e d  
o s c i l l a t o r  s t r e n g t h  f o r  continuum f i n a l  s t a t e s .  
The e x c i t a t i o n  c o l l i s i o n  s t r e n g t h s  g iven  were 
o b t a i n e d  by s u b t r a c t i n g  t h e  v a l u e s  of t h e s e  
two. However, t h e  e x c i t a t i o n  s t r e n g t h s  were 
checked by c a l c u l a t i n g  d i r e c t l y  t h e  e x c i t a -  
t i o n s  up t o  t h e  n  = 8 l e v e l  f o r  t h e  one- 
e l e c t r o n  i o n s  a g a i n  u s i n g  t h e  known hydro- 
g e n i c - l i k e  i n e l a s t i c  form f a c t o r s .  I n  cach 
c a s e ,  t h e  d i s c r e t e  e x c i t a t i o n s  up t o  and 
i n c l u d i n g  t h e  n  = 8 l e v e l ,  reproduced t h e  t o -  
t d l  e x c i t a t i o n  c o l l i s i o n  s t r e n g t h s  g i v e n  i n  
T a b l e s  V-A-311 and V-A-312 t o  w i t h i n  97%. 

While t h e  con f idence  i n , t h e  t h e o r y  a t  t h i s  
l e v e l  of accu racy  i s  good, a  d i r e c t  e x p e r i -  
men ta l  v e r i f i c a t i o n  f o r  a  heavy i o n ,  w i th  
many e l e c t r o n s ,  i n  t h i s  v e l o c i t y  regime,  would 
c l e a r l y  be ve ry  d e s i r a b l e .  The re  a r e  e x p e r i -  

,me,ntal  v e r i f i c a t i o n s  f o r  l i g h t  i o n s  ove r  a  
s i g n i f i c a n t  v e l o c i t y  r ange ,  but  no t  f o r  t h e  
low cha rge  s t a t e  heavy i o n s  o f , i n t e r e s t . h e r e .  



- Atomlc Number d lon[~(:l- . 
F i g .  V-D-3/1 .  Sum r u l e  c r o s s  s e c t i o n s  t i m e s  82 ,  . 

which  p r o v i d e  u p p e r  bounds t o  t h e  e l e c t r o n  
s t r i p p i n g  c r o s s  s e c t i o n s ,  f o r  s i n g l y  c h a r g e d  

' i o n s  a s  a  f u n c t i o n  o f  t h e  i o n  a t q m i c  number. 
The open  c i r c l e s  a r e  t h e  r e s u l t s  o f  c a l c u -  

, l a t i o n s  f o r  t h e  s p e c i f i c  i o n s  i n d i c a t e d  ( b e e  
' N o t e  3 ) ,  t h e  s o l i d  l i n e s  a r e  s i m p l y  smooth 
c u r v e s  drawn t h r o u g h  t h e s e  p o i n t s .  



4 .  ATOMIC DATA NEEDS FOR BEAM TRANSPORT I N  GAS 

Simon S. Yu 

INTRODUCTION 

De te rmina t ion  o f  t h e  pa ramete r s  Z  , e l e c -  
t r i c a l  c o n d u c t i v i t y ,  plasma d e n s i t y ,  an3  ghe plasma 
t empera tu re  i s  e s s e n t i a l  i n  t h e  s t u d y  o f  heavy 
i o n  beam t r a n s p o r t  i n  gas .  The c a l c u l a t i o n  o f  
t h e s e  pa ramete r s  r e q u i r e  i n p u t  from atomic  phys ic s .  
T h i s  n o t e  i s  a n  a t t e m p t  t o  make t h e s e  needs  known 
t o  a tomic  p h y s i c i s t s .  

DISCUSSION 

The f o l l o w i n g  l i s t  summarizes some of  t h e  
d a t a  needs  f o r  t h e  s t u d y  of  heavy ion  beam t r a n s -  
p o r t  i n  a  g a s - f i l l e d  r e a c t o r :  

1. Secondary e l e c t r o n  energy s p e c t r a  from t h e  
i o n i z a t i o n  o f  background gas  by f a s t  heavy 
i o n s .  

2 .  Secondary e l e c t r o n  energy s p e c t r a  from t h e  
i o n i z a t i o n  o f  background gas  by slow e l e c -  
t r o n s  (4  50 eV). 

3. E x c i t a t i o n  c r o s s  s e c t i o n s  f o r  background g a s  
by slow e l e c t r o n s .  

4 .  M u l t i p l e  i o n i z a t i o n  c r o s s  s e c t i o n s  of heavy 
i o n s  by background gas .  

One of t h e  c r i t i c a l  i s s u e s  of  t h e  heavy i o n  
f u s i o n  program i s  t h e  f e a s i b i l i t y  of t r a n s p o r t i n g  
a n  i o n  beam through a  gaseous  medium w i t h o u t  
s e v e r e  d i s r u p t i o n s .  The motion of t h e  beam, (and 
t h e r e f o r e ,  i t s  s t a b i l i t y )  i s  determined by t h e  
i n t e r p l a y  between t h e  beam c u r r e n t  and t h e  plasma 
re sponse .  I n  t h e  de te r in ina t ion  of  both t h e  beam. 
c u r r e n t  and t h e  plasma re sponse ,  c e r t a i n  parameters  
d i r e c t l y  r e l a t e d  t o  a tomic  c o l l i s i o n s  p l a y  a  major 
r o l e .  The purpose of t h i s  no te  is  t o  draw a t t e n -  
t i o n  t o  t h e s e  pa ramete r s .  

To de te rmine  t h e  beam c u r r e n t ,  t h e  e f f e c t i v e  
cha rge  of t h e  i o n  Z e f f  i s  needed. The plasma 
re sponse  i s  c h a r a c t e r i z e d  by t h r e e  r e l a t e d  quan- 
t i t i e s :  t h e  e l e c t r i c a l  c o n d u c t i v i t y  a, t h e  plasma 
d e n s i t y  ne,  and t h e  plasma t empera tu re  Te. , I f  t h e  
energy s p e c t r a  of low energy e l e c t r o n s  i n  t h e  me- 
dium, f ( e )  a r e  known, t h e  l a t t e r  t h r e e  pa ramete r s  
a r e  decetmined.  

As t h e  heavy i o n  beam t r a v e r s e s  t h e  gas  me- 
dium, i t  goes th rough  a  con t inuous  p rocess  of 
s t r i p p i n g ,  which r e s u l t s  i n  an  i n c r e a s e  i n  t h e  
beam c u r r e n t .  The t o t a l  beam c u r r e n t  i e  

where I. i s  t h e  incoming beam c u r r e n t  (of  cha rge  
s t a t e  +1) and Zeff i s  a  f u n c t i o n  of t h e  i o n  
p o s i t i o n  i n  t h e  g a s  medium, g iven  by 

'e f  f  = Z N z / x  Nz  . 

N, is t h e  number d e n s i t y  of i o n s  wi th  cha rge  Z, 
and t h e  sum i s  performed over  a l l  cha rge  s t a t e s .  
S ince  t h e  c u r r e n t  r e p r e s e n t s  t h e  primary d r i v i n g  
f o r c e  i n  t h e  beam t r a n s p o r t  problem, t h e  d e t e r -  . 
mina t ion  of Z e f f  a s  a  f u n c t i o n  of t h e  beam posi -  
t i o n  i n  t h e  r e a c t o r  i s  c r u c i a l .  

It i s  c l e a r  t h a t  i n  o r d e r  t o  de te rmine  t h e  
r e l a t i v e  popu la t ion  of v a r i o u s  cha rge  s t a t e s  a t .  a  - 
g iven  po in t  i n  t ime ( o r  s p a c e ) ,  i t  is  necessa ry  
t o  know i t s  c o l l i s i o n a l  h i s t o r y .  T h i s  r e q u i r e s  
not on ly  t h e  knowledge of t h e  t o t a l  s t r i p p i n g  
c r o s s  s e c t i o n s ,  b u t  a l s o  t h e  ind. iv idua1 c r o s s  set; 

t c o n s  f o r  m u l t i p l e  i o n i z a t i o n .  A  d i r e c t  compu- '. 
t a t i o n  of t h e  e v o l u t i o n  of cha rge  s t a t e s  would .. 
i n v o l v e  a  t r a n s p o r t  equa t ion  wi th  t h e  i n d i v i d u a l  
i o n i z a t i o n  c r o s s  s e c t i o n s  a s  i n p u t .  

The p resen t  c a l c u l a t i o n  (1 )  of Zeff is  based 
upon a  c l a s s i c a l  b i n a r y  encoun te r  model w i t h ,  
b ind ing  e n e r g i e s  ob ta ined  from r e l a t i v i s i t i c  
Har t r ee -Fock-S la t e r  t ype  c a l c u l a t i o n s .  Ttie a s -  . 
sumption cf independent  p a r t i c l e  model pe rmi t s  11s 
co bypass  t h e  problem of c a l c u l a t i n g  m u l t i p l e  i o n i -  
z a t i o n  c r o s s  s e c t i o n s .  I n  Table  V-A-411, t h e  t o t a l  
i o n i z a t i o n  c r o s s  s e c t i o n s  computed &om t h e  b i n  
nary  encounter  model a r e  compared w i t h  t h e  t o t a l  
i n e l a s t i c  Born c r o s s  s e c t i o n s  computed by G i l l e s p i e  
and- ~ i m t ~ ) .  .A c o n c l u s i o ~  r e g a r d i n g  t h e  v a l i d i t y  
of t h e  c l a s s i c a l  b i n a r y  encoun te r  c a l c u l a t i o n s  a t  
t h i s  p o i n t  may be premature .  . I n  any c a s e ,  i t  
would be d e s i r a b l e  t o  have r e s u l t s  from s e v e r a l  
d i f f e r e n t  c a l c u l a t i o n a l  schemes. , . 

' The ,  of t h e  needed accuracy  f o r  Z e f f  
i s  somewhat d i f f i A i l t  t o  answer ,  s i n c e  i t  de,pends 
s t r o n g l y  on t h e  s p e c i f i c  e f f e c t  under cons ide r -  
' a t i on .  I n  t h e  example of t h e  s e l f - p i n c h  e f f e c t ,  
t h e  magnet ic  f o r ~ , e  whic,h is  , r e s p o n s i b l e  f o r  
p inch ing  t h e  ion  beam i s  p r o p o r t i o n a l  roughly t o  

',ff2. Thus an e r r o r  of 2 i n  ZFff w i l l  r e s u l t  i n  
an  e r r o r  of 4  i n  t h e  determination of t h e  s e l f -  
p inch f o r c e .  

The major parameter  of i n t e r e s t  i n  d e t e r -  
mining t h e  plasma re sponse  is  t h e  c o n d u c t i v i t y  U. 
I n  t h e  s i m p l e s t  approx ima t ion ,  t h e  c o n d u c t i v i t y  is  
g iven  i n  terms of t h e  d e n s i t y  of low energy e l e c -  
t r o n s  i n  t h e  medium ne,  and t h e i r  ave rage  ene rgy ,  
o r ,  t h e  plasma t empera tu re  Te. The r e l a t i o n  i s  

where v i s  t h e  f r equency  of momentum t r a n s f e r  
c o l l i s i E n s ,  and can be ob ta ined  from d i r e c t  
measurements. 

As t h e  heavy i o n  Lea111 passes  through t h e  
medium, plasma e l e c t r o n s  a r e  c r e a t e d  through ion-  - 
i z a t i o n  p rocesses .  When a  few pe rcen t  of t h e  gas  
i s  i o n i z e d ,  (which occur s  no t  f a r  from t h e  head 
of t h e  p u l s e  i n  t h e  c a s e  of a  penci l -shaped beam) 
v is determined by e l e c t r o n - i o n ' c o l l i s i o n s  and is  - 

m 



p r o p o r t i o n a l  t o  n e ~ e - 3 / 2 .  The c o n d u c t i v i t y  t h e n  
becomes independent  of t h e  plasma d e n s i t y ,  and 
depends on ly  on t h e  plasma t empera tu re .  Thus ,  a  
c o r r e c t  d e t e r m i n a t i o n  of t h e  plasma t empera tu re  is  

- a n  e s s e n t i a l  p a r t  of t h e  c o n d u c t i v i t y  c a l c u l a t i o n .  
The plasma d e n s i t y  i s  r e l e v a n t  f o r  t h e  c o n d u c t i v i t y  
c a l c u l a t i o n  b e f o r e  t h e  gas  medium becomes h i g h l y  
i o n i z e d .  It i s  a l s o  of i n t e r e s t  i ndependen t ly  f o r  - o t h e r  i n s t a b i l i t y  q u e s t i o n s .  

To c a l c u l a t e  t h e  t empera tu re  of t h e  plasma, 
one would need t o  know f ( ~ ) ,  t h e  energy spect rum of 
s low e l e c t r o n s ,  i n  t h e  medium. The plasma d e n s i t y  
i s  j u s t  t h e  i n t e g r a l  of f ( c )  ove r  a l l  e n e r g i e s .  
Fu r the rmore ,  i n  more s o p h i s t i c a t e d  c a l c u l a t i o n s ,  
t h e  r e l a t i o n  of t h e  c o n d u c t i v i t y  t o  ne and Te i s  
bypassed,  and t h e  c o n d u c t i v i t y  i s  r e l a t e d  d i r e c t l y  
t o  f ( c ) .  Fo r  example,  t h e  c o n d u c t i v i t y  i n  a  pre-  
dominant ly  n e u t r a l  medium is g iven  by 

Thus ,  t h e  d e t e r m i n a t i o n  of f ( c )  i s  e s s e n t i a l  f o r  
s t u d y i n g  t h e  plasma r e sponse .  

The p roduc t ion  of t h e s e  low energy e l e c t r o n s ,  
a s  w e l l  a s  t h e i r  e v o l u t i o n  w i t h  t ime ,  a r e  conse-  
quences  of t h e  i n t e r p l a y  between t h e  e l e c t r i c  f i e l d  
due  t o  t h e  beam and t h e  a tomic  p r o c e s s e s  which t a k e  
p l a c e  i n  t h e  medium. 

D i r e c t  i o n i z a t i o n  of t h e  background gas  by 
s t r i p p e d  heavy i o n s  i s  a n  impor t an t  s o u r c e  of t h e  
low energy e l e c t r o n s .  The q u a n t i t i e s  of i n t e r e s t  
a r e  t h e  secondary  e l e c t r o n  s p e c t r a  from d i r e c t  i on -  
i z a t i o n  by v a r i o u s  cha rge  s t a t e s  of t h e  heavy i o n .  
During t h e  passage  of t h e  beam, t h e  background me- 
dium c a n  become h i g h l y  i o n i z e d .  Thus ,  we a r e  
i n t e r e s t e d  not  on ly  i n  t h e  i o n i z a t i o n  of n e u t r a l  
background g a s ,  b u t  a l s o  of t h e  g a s  i n  v a r i o u s  
i o n i z e d  and e x c i t e d  s t a t e s .  I f  t h e  d e t a i l e d  c a l c u -  
l a t i o n  of a l l  p o s s i b l e  c o n f i g u r a t i o n  is t o o  cum- 
bersome, i t  would be  u s e f u l  a t  l e a s t  t o  know t h e  
r e l a t i v e  impor tance  of t h e  v a r i o u s  p r o c e s s e s .  

Another  impor t an t  s o u r c e  of e l e c t r o n s  i s  t h e  
"avalanche" e f f e c t  . An i n t e n s e  i o n  beam p a s s i n g  
through t h e  medium c r e a t e s  ,an e l e c t r i c  f i e l d  which 
cou ld  a c c e l e r a t e  s low e l e c t r o n s  t o  e n e r g i e s  above 
t h e  i o n i z a t i o n  t h r e s h o l d  .t' These  e l  e c t r n n s  t hen  
undergo i o n i z i n g  c o l l i s i d n s  t o  c r e a t e  more e l e c -  
t r o n s .  The q u a n t i t i e s  of i n t e r e s t  a r e  t h e  secon-  
da ry  e l e c t r o n  s p e c t r a  from t h e  i o n i z a t i o n  of back- 
ground g a s  by e l e c t r o n s  i n  t h e  t h r e s h o l d  r e g i o n  
(450 e v ) .  At g a s  p r e s s u r e s  of around 1 t o r r ,  t h e  
"avalanche" e f f e r . t  i.s cnmparahle t o  d i r e c t  ion-  
i z a t i o n .  Thlls, i.t i s  impor t an t  t o  accoun t  f o r  
t h i s  e f f e c t  p r o p e r l y .  I f  t h e  secondary  e l e c t r o n  
s p e c t r a  a t  t h e s e  low e n e r g i e s  a r e  ha rd  t o  o b t a i n ,  
t h e  t o t a l  i o n i z a t i o n  c r o s s  s e c t i o n s  above t h r e s h o l d  
can be q u i t e  useful .  f o r  making e s t i m a t e s .  

a l l  o t h e r  a tomic  p r o c e s s e s  which t a k e  p l a c e  i n  t h e  
medium. I n  a  monatomic g a s  l i k e  L i ,  one e x p e c t s  
e l e c t r o n i c  e x c i t a t i o n  t o  be  t h e  on ly  a d d i t i o n a l  
p roces s  of impor t ance .  However, i n  a  mo lecu la r  
g a s ,  l i k e  N2, o r  a i r ,  t h e r e  a r e  many more p o s s i b l e  
p r o c e s s e s ,  e .g .  v i b r a t i o n s ,  d i s s o c i a t i v e  r e -  
combinat ion ,  e t c .  The h i s t o r y  of e v o l u t i o n  c a n  
be t r a c e d  by a  Boltzman Equa t ion  w i t h  t h e  a tomic  
and molecu la r  c r o s s  s e c t i o n s  a s  i n p u t .  

While t h e  t o t a l  number of p o s s i b l e  a tomic  and 
molecu la r  p r o c e s s e s  i n  t h e  g a s  medium may be  l a r g e ,  
one may no t  n e c e s s a r i l y  have t o  c o n s i d e r  a l l  of 
them f o r  t h e  heavy i o n  beam problem. The r e a s o n  
i s  t h a t  we a r e  i n t e r e s t e d  p r i m a r i l y  i n  t h e  plasma 
r e sponse  d u r i n g  t h e  passage  of t h e  beam. The 
p u l s e  t ime  of i n t e r e s t  i s  q u i t e  s h o r t .  Any pro-  
c e s s  w i t h  a  c o l l i s i o n  t ime long compared t o  t h e  
p u l s e  l e n g t h  may be n e g l e c t e d .  At p r e s s v r e  of 
-1 t o r r ,  t h e  f a s t  a tomic  p r o c e s s e s  have c o l l i s i o n  
t imes  which a r e  comparable t o  t h e  'pulse  t ime .  
Thus ,  we do no t  expec t  d r a s t i c  m o d i f i c a t i o n s  of 
t h e  secondary  energy spect rum from d i r e c t  i o n i z a -  
t i o n  and ava l anche  by o t h e r  a tomic  p r o c e s s e s  t o  
t a k e  p l a c e  d u r i n g  t h e  pulse-on t ime.  

The a u t h o r  wishes  t o  t hank  Ed Lee  f o r  some 
ve ry  h e l p f u l  comments on t h e  w r i t i n g  of t h i s  
manusc r ip t .  

Tab le  V-A-411. Cross  S e c t i o n s  f o r  t h e  S t r i p p i n g  
o f  Heavy Ions :  A compar ison o f  
t h e  Born i n e l a s t i c  c r o s s  s e c t i o n s  
and b i n a r y  e n c o u n t e r  model c a l c u -  
l a t i o n s  o f  t h e  i o n i z a t i o n  c r o s s  
s e c t  i o n .  

I o n  T a r g e t  A ( ~ ~ ~ ~ ) ~ .  D. p 2 ~ i 2 )  i ( B E ) d .  
I n  !.on 

Refe rences  

1. "Propaga t ion  o f  a  Heavy I o n  Beam i n  a  Gas- 
F i l l e d  Reactus" ,  S.  S .  Yu, H .  L .  Buchanan, 
F.  W .  Chambers, E .  P .  L e e .  The P r e s e n t  
P roceed ings .  

2 .  See "Atomic Cross  S e c t i o n s  f o r  Heavy-Ion 
Fusion" ,  K. T. Cheng, G. Das,  Y .  K. Kim, 
and R. C. R a f f e n e t t i .  P r e s e n t e d  a t  t h e  
Broukhaven Heavy I o n  Fus ion  Workshop. 

T.ke'electrons produced by t h e  above e f f e c t s  
.&rough a  con t inuous  p roces s  of e v o l u t i o n  due t o  



B. P L A S M A  A N D  N E U T R A L I Z A T I O N  EFFECTS 

1. SUMMARY 

D. A. Tidman 

The plasma working group cons ide red  t h e  
q u e s t i o n  of whether  a n  i n t e n s e  heavy i o n  beam 
cou ld  be t r a n s p o r t e d  and a c c u r a t e l y  focussed  
a c r o s s  a  t a r g e t  chamber r a d i u s  of  - 10 m on t o  a  
pellet of  r a d i u s  - 0 , l  cm a t  t h e  c e n t e r  of t h e  
chamber ( a  t y p i c a l  beam was t a k e n  a s  3  kA, 40 GeV 
uranium i n j e c t e d  i n t o  t h e  r e a c t o r  v e s s e l  w i t h  i n i -  
t i a l  beam r a d i u s  - 10 cm). Here we g ive  a  b r i e f  
summary of ou r  c o n s i d e r a t i o n s ,  t h e  d e t a i l s  of which 
a r e  inc luded  i n  pape r s  2-6 of  t h i s  s e c t i o n  of t h i s  
r e p o r t .  The c o n c l u s i o n s  were t h a t  f o c u s s i n g  
th rough  r e l a t i v e l y  dense  r e a c t o r  chamber g a s e s  ap-  
p e a r s  t o  be p o s s i b l e .  I n s t a b i l i t i e s ,  i f  t hey  
a r i s e ,  a r e  expec ted  on ly  w i t h i n  t h e  l a s t  few 1 0 ' s  
of  cm from t h e  p e l l e t ,  by which t ime  they  a r e  un- 
l i k e l y  t o  s i g n i f i c a n t l y  degrade t h e  beam 
f n c u s s i n g .  

a u t o m a t i c a l l y  i n  t h e  L i  w a t e r f a l l  c a s e ) .  

As t h e  i o n  p u l s e  p ropaga te s  it undergoes  
s t r i p p i n g  (e.g. a 100 ~ e v - u - i o n  s t r i p s  t 0 - 2 ~  fir 70 
i n  t r a v e r s i n g  10 m of N2 a t  1 to r r ) . .  Thi's pro- 
c e s s ,  t o g e t h e r  w i t h  f o c u s s i n g ,  can  e l e v a t e  t h e  
beam c u r r e n t  d e n s i t y  by s e v e r a l  o r d e r s  of mag- 
n i t u d e  a s  i t  approaches  t h e  p e l l e t .  At t h e  head 
sf t h e  p u l s e ,  gas i s n i c a t i o n  is  produccd bo th  by 
beam-gas c o l l i s i o n s  and by c l c c t r o n  ava lanch ing  
i n  t h e  s t r o n g  e l e c t r i c  f i e l d s  i n  t h i s  r e g i o n  (F ig .  
V-B-1/1) Thesc p r o c c s s c s  c o n t i n u e  th rough  t h e  
p u l s e  u n t i l  some l i m i t i n g  p rocess  such a s  recombi- 
n a t i o n  o r  f j .n i . te  p i l l se  1.ength l i m i t s  t h e  e l e c t r o n  

' r l e ~ l s i t y  and i t s  a t t e n d a n t  c o n d u c t i v i t y  t o  a  maxi- 
mum v a l u e .  T h i s  c o n d u c t i v i t y  a l l o w s  a  r e t u r n .  
c u r r e n t  d e n s i t y  je t o  f low i n  t h e  plasma i n  r e -  
sponse  t o  t h e  induced f i e l d ,  which i n  t u r n  r e -  
duces  t h e  n e t  c u r r e n t  jn i n  t h e  p u l s e  below t h a t  
of t h e  b a r e  beam jb .  Charge n e u t r a l i z a t i o n  occur s  
w i t h i n  a  few cm of t h e  p u l s e  head. 

The beam i n t e r a c t i o n  p r o c e s s e s  t h a t  occur  
The s t r e n g t h  of  t h e  p inch magnet ic  f i e l d  a s -  

depend on t h e  environment (gas  and p o s s i b l e  
s o c i a t e d  w i t h  t h e  n e t  c u r r e n t  jn = j b  + je de- 

f i e l d s )  i n  t h e  chamber. The gas  p r e s s u r e  r ange  
t e rmines  t h e  growth r a t e  of i n s t a b i l i t i e s  such a s  t a k e n  t o  be  of most i n t e r e s t  was approx ima te ly  
t h e  r e s i s t i v e  f i r e h o s e ,  o r  f i l a m e n t a t i o n ,  e t c .  

torr < p  < lo i.e., assuming gas ~ i c r o - i n s t a b i l i t i c s  also der ive  f rom inter- 
t o  be  p r e s e n t  j u s t  b e f o r e  a p e l l e t  i g n i t i o n  even t .  a c t i o n  bctwecn t h e  beam iono and background 0106- 
T h i s  c o r r e s  onds roughly  t o  a  number d e n s i t y  
r ange  3.lUle < no 3 . 1 0 ~ ~  cm-). T h i s  range o i  t r o n s  ( e  - b  mode) and background e l e c t r o n s  with 

background i o n s  due t o  je ( e  - i )  mode. r e l a t i v e l y  h igh  d e n s i t i e s  ( f o r  which beam s t r i p -  - - 
p ing  o c c u r s )  was viewed a s  d e s i r a b l e  i n  t h a t  i t  

I n  pape r s  2  and 3  of t h i s  s e c t i o n ,  and a l s o  
i s  c o n s i s t e n t  w i th  use  of a  l i q u i d  L i  w a t e r f a l l  

i n  t h e  appendix  t o  t h i s  summary, some r e s u l t s  f o r  
r e a c t o r  chamber ( t h e  vapor  p r e s s u r e  of  l i q u i d  L i  
a t  500°c i s  -- 5 . 1 0 - ~  t o r r ) ,  and such a  modest 

p ropaga t ion  m o d e l s . a r e  g iven.  The impor t an t  f e a t u r e  
on which they  a g r e e  i s  that.  f n r  prnss i l res  i n  t h e  1 

vacuum is  easy  t o  ma in ta in .  The h i g h e r  vacuum 
t o r r  range c u r r e n t  n e u t r a l i z a t i o n  i s  b e t t e r  t han  

r ange  t h a t  avo ids  s t r i p p i n g  (emphasized more i n  
t h e  summer s tudy  r e p o r t  LBL-5543) remains  a n  98% even though s t r i p p i n g  occur s .  T h i s  is  because 

o p t i o n  i f  t h i s  h i g h e r  d e n s i t y  l i q u i d  L i  r e a c t o r  
a s  t h e  beam i o n s  $ t r i p  they  become %re.  e f f e c t i v e  
a t  producing.background plasma, bo th  v i a  c o l l i -  

environment  g i v e s  d i f f i c u l t i e s  n o t  pe rce ived  by s i o n a l  i o n i z a t i o n  (- 26) and v i a  gas  breakdown. 
o u r  group. The upper  l i m i t  i n  d e n s i t y  i s  s e t  by 

T h i s  r e s u l t s  i n  a  more r a p i d  r i s e  i n  c o n d u c t i v i t y  
n o t i n g  t h a t  above about.  10 t o r r  m u l t i p l e  s c a t -  a t  t h e  head of t h e  p u l s e  where t h e  induced E f i e l d  
t e r i n g  s p r e a d s  a  t y p i c a l  beam beyond 0.1 cm i n  10 

d r i v e s  t h e  r e t u r n  c u r r e n t .  
m. We a l s o  no te  t h a t  t h e  chemical  composi t ion of 
g a s  a c t u a l l y  p r e s e n t  i n  t h e  chamber, a p a r t  from 

For  t h i s  h igh  degree  of c u r r e n t  n e u t r a l i z a -  
L i ,  can  t o  some e x t e n t  be chosen b y ' o t h e r  con- t i o n  r c s i s t i v c  f i r e h o s e  i n o t a b i l i t y  does  no t  grow 
s i d e r a t i o n s ,  such a s  i t s  a b i l i t y  t o  produce h igh  s i g n i f i c a n t l y  d u r i n g  a  beam t r a n s i t  t ime a c r o s s  
c o n d u c t i v i t y  when t r a v e r s e d  by t h e  beam p u l s e .  

t h e  chamber r a d i u s  ( f o r  t h e  c a s e  of  a n  i n i e c t e d  
beam r a d i u s  of LU cm a s  i n  F i g .  V-B-1/11 . The pos- 

I n  a d d i t i o n  t o  t h e  gas  environment ,  t h e r e  s i b i l i t y  of r e s i s t i v e  f i l a m e n t a t i o n  of t h e  beam 
may a l s o  be s t r a y  magnet ic  f i e l d s  ( 1  - 10 G) c l o s e  t o  t h e  p e l l e t  is  s t i l l  a n  open q u e s t i o n .  

. p r e s e n t  i n  t h e  t a r g e t  chamber t h a t  were gene ra t ed  
However, i n  paper  2  of t h i s  s e c t i o n  i t  is  po in ted  

by t h e  p rev ious  p e l l e t  e x p l o s i o n .  These a r e  d i s -  o u t  t h a t  f i n i t e  e m i t t a n c e  may s t a b i l i z e  t h i s  
cussed  i n  paper  5  of  t h i s  s e c t i o n  and may have t o  j ,nstabi, l i ty.  
b e  swept o u t  of t h e  chamber ( t h i s  may occur  



. I n v e s t i g a t i o n  of m i c r o - i n s t a b i l i t i e s  (pape r s  
2 ,  4 and 5  of t h i s  s e c t i o n )  found t h a t  t hey  would 
grow, i f  a t  a l l ,  only  when t h e  beam is  w i t h i n  a  
few 1 0 ' s  of cm from t h e  p e l l e t .  These modes t end  - t o  be pushed towards, s t a b i l i t y  by t h e  e f f e c t s  of 
c o l l i s i o n s . ( f o r  p r e s s u r e s  of - ' I  t o r r )  and by 
phase mixing due t o  t h e  f i n i t e  beam v e l o c i t y  . 

sp read .  Although m i c r o - i n s t a b i l i t i e s  may w e l l  oc- 
- c u r  c l o s e  t o  t h e  p e l l e t ,  it was thought  t h a t  t h i s  

would be t o o  l a t e  t o  s i g n i f i c a n t l y  degrade t h e  
beam f o c u s s i n g  . 

The Livermore group (pape r  2  of t h i s  s e c t i o n )  
h a s  suggested a  more ambi t ious  beam propaga t ion  
mode, namely t h a t  i t  might be p o s s i b l e  t o  t r a n s -  
p o r t  t h e  i o n  beam a c r o s s  t h e  e n t i r e  chamber r a d i -  
u s  i n  a  pinched s t a t e ,  i . e . ,  i n j e c t  it a t  t h e  edge 
w i t h  a  r a d i u s  of - 0.5 cm. M i c r o - i n s t a b i l i t y  
cou ld  be p o t e n t i a l l y  more damaging i n  t h i s  c a s e  
i n  t h a t  i t  g i v e s  r i s e  t o  dec reased  c o n d u c t i v i t y  
which i n  . t u rn  i n f l u e n c e s  t h e  r e t u r n  c u r r e n t  decay 
and t h e  a t t e n d a n t  r e s i s t i v e  f i r e h o s e  growth r a t e .  
T h i s  i n t e r p l a y  between micro  and MHD i n s t a b i l i t i e s  
i s  n o t  d e s c r i b e d  i n  any of  t h e  e x i s t i n g  computer 
models. However, expe r imen ta l  evidence w i t h  e l e c -  
t r o n  beams (- 10 kA, y = 3) i n d i c a t e s  s t a b l e  
pinched p ropaga t ion  f o r  a p r e s s u r e  range w i l ~ d u w  
of 1 - 5  t o r r ,  a l though  t h e  beams i n  t h e s e  exper-  
iments  were propagated down t h e  a x i s  of a  c y l -  
i n d e r  ( t y p i c a l l y  of r a d i u s  - 10 cm) which may 
play a  s t a b i l i z i n g  r o l e .  

Our group a l s o  noted t h a t  t h e  h igh  degree  of 
c u r r e n t  neutralization p r e d i c t e d  by t h e  propa- 
g a t i o n  models may have o t h e r  d e s i r a b l e  conse- 
quences .  Fo r  example one e x p e c t s  t h e  i n t e r a c t i o n  
between s e v e r a l  beams (F ig .  V-B-1/2) t o  be r e -  
duced i n  comparison t o  t h e  co r re spond ing  vacuum 
c a s e .  The f i e l d  of a  s i n g l e  beam nea r  t h e  p e l l e t  
i s  approximately  B = f  Ibo  Zb/5r Zo, s n  t h a t  f o r  
a n  i n j e c t e d  c u r r e n t  and cha rge  Ibo = 3 . 1 0 3 ~ ,  
Zo = 3 ,  which s t r i p s  t o  a  cha rge  s t a t e  Zb = 70 
n e a r  t h e  p e l l e t  where r = 0.1, and assuming t h e  
f r a c t i o n a l  c u r r e n t  n e u t r a l i z a t i o n  i s  f  = we 
f i n d  B  FJ 4 kG. The f i e l d  of a  g iven  beam h a s  
i n s u f f i c i e n t  t ime i n  t h e  p u l s e  d u r a t i o n  t ime (- 5  
nsec )  t o  d i f f u s e  i n t o  t h e  plasma channe l  of a  
ne ighbor ing  p u l s e .  The a t t r a c t i v e  body f o r c e s  
between ne ighbor ing  p u l s e s  t h u s  a c t  on t h e  com- 
b ined  mass d e n s i t y ,  p ,  of  beam p l u s  plasma which 
would p r o d q e  l a t e r a l  beam motions c h a r a c t e r i z e d  
by t h e  Al fven  v e l o c i t y  ~/e. T h i s  v e l o c i t y  is  
t y p i c a l l y  d 1 0 - ~ c  n e a r  t h c  p c l l c t  and would pro- 
duce n e g l i g i b l e  d e f l e c t i o n s .  S i m i l a r l y  t h e  e l e c -  
t r o n  d e f i c i t  c r e a t e d  a t  t h e  o u t e r  edge of a  
p u l s e  by cha rge  n e u t r a l i z a t i o n  n e a r  t h e  p u l s e  head 
would be s l i g h t l y  r e d i s t r i b u t e d  by t h e  E  f i e l d  of 
a  neighbor .  The r e s u l t  i s  e q u i v a l e n t  t o  a n  e l e c -  
t r i c  f n r c ~  t h a t  a o t o  on t h c  eombined bcaiu p l u ~  
plasma mass d e n s i t y  as i n  t h e  magnet ic  c a s e .  

APPENDIX 

The g e n e r a l  p u l s e  p ropaga t ion  problem i n -  
vo lves  s o l v i n g  a  s e t  of e q u a t i o n s  i n  axi-symmetry,  
i . e . ,  f o r  independent  v a r i a b l e s  r ,  z ,  5 ,  where r 
is  t h e  r a d i a l  p o s i t i o n ,  < i s  measured from t h e  

p u l s e  t a i l ,  and z i s  t h e  d i sp lacemen t  of t h e  
p u l s e  from t h e  a c c e l e r a t o r  i n j e c t i o n  p o i n t .  The 
e q u a t i o n s  have been s i m p l i f i e d  by i n t e g r a t i n g  ove r  
beam r a d i u s  assuming Bennet d i s t r i b u t i o n s  f o r  bo th  
t h e  beam and plasma c u r r e n t s .  The r e s u l t  i s  a  
coupled sys tem of  e q u a t i o n s  c o n s i s t i n g  of a n  equa- 
t i o n  f o r .  t h e  e l e c t r o n  d e n s i t y  c o n t a i n i n g  ava-  . 
lanc'hing; d i r e c t  product  ion.by beam-gas c o l l i s i o n s ,  
and d i s s o c i a t i v e  recombinat, ion, t o g e t h e r  wi th  a n  
e q u a t i o n  f o r  t h e  n e t  p u l s e  c u r r e n t  d e r i v e d  from a  
t r a n s m i s s i o n  l i n e  model. 

The v a r i a b l e s  a r e ,  

Ne = plasma e l e c t r o n  dens i ty / cm 
E  = z - f i e l d  i n  V/cm 
a  = r a d i u s  of p u l s e ,  cm. 
In = n e t  c u r r e n t ,  amps. 
I b  = beams c u r r e n t ,  amps, = rra2jb . . . 
z  = d i sp lacemen t  of p u l s e  from t h e  i n j e c t i o n  

p o i n t .  
< = p o s i t i o n  a l o n g  p u l s e  measured from t a i l ,  

cm., i ; e . ,  < = Lp = nose pos i t ion ;<  = 0  
is t a i l .  

a = r a d i a l  ave rage  c o n d u c t i v i t y  
5, = cha rge  n e u t r a l i z a t i o n  d i s t a n c e  measured 

back trom nose 
p  = a i r  p r e s s u r e  i n  t o r r  co r re spond ing  t o  a i r  

d e n s i t y ,  i . e . ,  p  = 760/D 

D = no/n = a i r  d e n s i t y  a t  1 Atm/a i r  d e n s i t y  
( n o t e ,  D > 1 f o r  low d e n s i  i e s )  E' L  = r a d i a t i o n  l e n g t h  (= 3-10  cm f o r  a i r )  

Rc = e s t i m a t e  of d i s p l a c e d  cha rge  r a d i u s  used 
- i n  an f a c t o r  of t r a n s m i s s i o n  l i n e  model 

T e , =  e l e c t r o n  t empera tu re  i n  eV ( t y p i c a l l y  
f a i r l y  c o n s t a n t ) .  

. . 
A sys tem o f . e q u a t i o n s  d e s c r i b i n g  p u l s e  prop- 

a g a t i o n  f o r  t h e  c a s e  of a n  a i r  a tmosphere  a r e  
,the e l e c t r o n  d e n s i t y  e q u a t i o n ,  

* ( i o n i z i n g  c o l l i s i o n s )  ( d i s s o c i a t i v e  
recombinat ion of  
03) 

and n e t  c u r r e n t  e q u a t i o n  

w i t h  t h e  c o n d u c t i v i t y  a g iven  by 



. . 
and T  is  i n  eV. The beam c u r r e n t  Ib i s  

e  plasma 

where Zo,  Ibo, a r e  t h e  i n j e c t e d  beam charge s t a t e  
and c u r r e n t .  The charge s t a t e  Zb was modeled by 
an exponential  ramp 

where t h e  f i n a l  s t r i p p e d  s t a t e  Zb, f o r  an ion of 
given energy ,was approached i n  a  c h a r a c t e r i s t i c  
s t r i p p i n g  length !L. 

The pinch magnetic f i e l d ,  and a x i a l  e l e c t r i c  
f i e l d  used i n  the  Ne equat ion,  were given by 

neutral 
gas , 

and t h e  s p a t i a l  dependence o f  t h e  beam envelope 
r a d i u s  a ( < , z )  was determined from t h e  i n j e c t i o n  
r a d i u s  and focussing requirement a s  i n  Fig. V-B-111. 

The above system o f  equat ions can be solved 
for var ious  assumed beam c u r r e n t  p r o f i l e s ,  An ex- 

.ample i s  shown i n  Fig. V-B-113 t h a t  i l l u s t r a t e s  
t h e  98% c u r r e n t  n e u t r a l i z a t i o n  r e f e r r e d  t o  i n  t h e  
t e x t ,  i n  approximate agreement w i t h  Papers 2 and 3. 
I am g r a t e f u l  t o  D r .  D. Sp icer  who wrote t h e  code Fig. 

t h a t  gave these  r e s u l t s .  

Fig. V-B-112. Convergence of  s e v e r a l  beams on 
a  t a r g e t .  

breakdown 
roglon 

C -I 
-1 

1 

V-B1/3. Net c u r r e n t  and i n j e c t e d  heam cur- 
r e n t  a long a  10 nsec pu lse  of  U ions t r a v e l -  
i n g  with v e l o c i t y  c / 2  (energy 34.5 GeV) 
through a i r  a t  7.6 t o r r .  Pu lse  r i s e  time is  
1.66 nsec, i n j e c t e d  charge s t a t e  3, i n j e c t e d  
beau rad ius  10 cm, and t h e  ions have s t r i p p e d  
to a charge s t a t e  Zb = 50. This  p a r t i c u l a r  
p l o t  of In![) is  taken 'when t h e  head o f  ' t h e  
p luse  has  j u s t  reached t h e  p e l l e t  o f  rad ius  
0.1 cm. 

Fig. V-B-111. Focussed i o n  beam pulse  and i t s  
s e l f  f i e l d s .  



2 .  PROPAGATION OF A  HEAVY ION BEAM I N  A  GAS- 
FILLED REACTOR 

S. S. Yu, H. L. Buchanan, 
F .  W .  Chambers and E. P. Lee 

INTRODUCTION 

A  g a s - f i l l e d  r e a c t o r  v e s s e l  ( P  a 1 T o r r )  has  
s e v e r a l  advan tages  compared w i t h  a  h i g h l y  evacua ted  
v e s s e l .  The pumping r equ i r emen t s  a r e  n o t  a s  s t r i n g -  
e n t ,  and t h e  gas  p rov ides  some s h i e l d i n g  f o r  t h e  
r e a c t o r  w a l l  from a b l a t i v e  x - r a y s  and e n e r g e t i c  
charged p a r t i c l e s .  A  l i q u i d  L i  " w a t e r f a l l "  l a y e r ,  
which h a s  f i n i t e  vapor  p r e s s u r e ,  i s  c o n s i s t e n t  w i th  
such a n  environment .  I n  a d d i t i o n ,  gas  p ropaga t ion  
may a l l o w  a  g r e a t e r  range  of beam pa rame te r s .  

The s u b j e c t  o f  o u r  i n v e s t i g a t i o n  is  t o  d e t e r -  
mine whether  a  heavy i o n  beam can  be t r a n s p o r t e d  
i n  g a s ,  w i t h o u t  s e v e r e  d i s r u p t i o n ,  t o  h i t  a  mm- 
s i z e d  t a r g e t  a t  r a n g e s  - 10 m.  We a r e  i n t e r e s t e d  
p r i m a r i l y  i n  t h e  p ropaga t ion  of a  penc i l - shaped  
s e l f - p i n c h e d  i o n  beam which e n t e r s  ' the  chamber 
through a  s m a l l  a p e r t u r e ,  a l t h o u g h  ou r  t r a n s p o r t  
code a l s o  t r e a t s  o t h e r  c y l i n d r i c a l l y  symmetric 
c o n f i g u r a t i o n s .  It h a s  been demons t r a t ed  b o t h  
t h e o r e t i c a l l y  and e x p e r i m ~ n t a l l y  t h a t  a n  i n t e n s e  
e l e c t r o n  beam can be s t a b l y  t r a n s p o r t e d  ove r  l a r g e  
d i s t a n c e s  i n  t h e  1 t o r r  p r e s s u r e  range ( 1 ) .  The 
c r i t i c a l  q u e s t i o n  i s  whether  t h e s e  r e s u l t s  can  be 
extended t o  h igh  energy heavy i o n  beams. We d i s -  
c u s s  f i r s t  t h e  p ropaga t ion  c h a r a c t e r i s t i c s  of i o n  
beams and t h e n  t h e  i n s t a b i l i t i e s  which may d i s r u p t  
beam p ropaga t ion .  

PROPAGAT I ON 

An impor t an t  f e a t u r e  of t h e  t r a n s p o r t  problem 
i s  t h a t  t h e  heavy i o n s  go th rough  a con t inuous  
p r o c e s s  of s t r i p p i n g  a s  t hey  t r a v e r s e  t h e  t a r g e t  
chamber. Our c a l c u l a t i o n s  i n d i c a t e  t h a t ,  i n  t h e  
example of a  100 GeV ~ $ 3 ~  beam t r a v e r s i n g  10 me te r s  
of N2 a t  1 t o r r ,  t h e  e f f e c t i v e  cha rge  s t a t e  of t h e  
i o n s  c a n  be a s  h i g h  a s  70 when they  r e a c h  t h e  t a r -  
g e t .  The e f f e c t i v e  cha rge  a s  a  f u n c t i o n  of t h e  
d i s t a n c e  t r a v e l l e d  f o r  t h e s e  pa rame te r s  is  p l o t t e d  
i n  F i g u r e  V-B-211. 

The e f f e c t  of t h i s  s t r i p p i n g  p r o c e s s  on t h e  
s e l f - f i e l d s  of t h e  beam i s  q u i t e  i n t e r e s t i n g .  On 
t h e  one hand,  s t r i p p i n g  c a u s e s  t h e  beam c u r r e n t  t o  
i n c r e a s e  r a p i d l y  a s  a  f u n c t i o n  of d i s t a n c e  t r a v -  
e l l e d .  T h i s  s t r o n g  c u r r e n t  cou ld  i n  p r i n c i p l e  l e a d  
t o  l a r g e  s e l f - f i e l d s  and d i s r u p t i o n  of p ropaga t ion .  
On t h e  o t h e r  hand. t h e  s t r i p ~ e d  beam i o n s  a r e  v e r y  . . 
e f f e c t i v e  i n  i on ' i z ing  t h e  background g a s ,  t h u s  
g e n e r a t i n g  a  h i g h l y  conduc t ive  medium i n  a  ve ry  
s h o r t  t ime.  T h i s  l e a d s  i n  t u r n  t o  a  h i g h  deg ree  
of cha rge  and c u r r e n t  n e u t r a l i z a t i o n ,  c a n c e l l i n g  
t h e  p o t e n t i a l  d i s r u p t i v e  e f f e c t s  of a  s t r o n g  beam 
c u r r e n t .  Our c a l c u l a t i o n s  i n d i c a t e  t h a t ,  f o r  
t y p i c a l  pa rame te r s ,  we have more t h a n  99% c u r r e n t  
n e u t r a l i z a t i o n  and complete  cha rge  n e u t r a l i z a t i o n  
ove r  most of t h e  p u l s e  l e n g t h .  

f o r c e  a c t i n g  on t h e  beam i s  p r o p o r t i o n a l  t o  t h e  
product  Zeff Inet. While Inet is s m a l l  a s  a  r e -  
s u l t  of t h e  h igh  deg ree  of c u r r e n t  n e u t r a l i z a t i o n ,  
Zeff is  l a r g e  because  of s t r i p p i n g .  Q u a n t i t a t i v e  
p r e d i c t i o n s  f o r  t h e  beam r a d i u s  can  be  made on ly  
from a  d e t a i l e d  a n a l y s i s  of a  beam enve lope  equa- 
t i o n .  To do t h i s ,  we have  developed a  beam prop- 
a g a t i o n  code.  The t e c h n i c a l  d e t a i l s  of t h i s  code  
a r e  g i v e n  i n  t h e  Appendix. I n  a d d i t i o n  t o  t h e  
magnet ic  s e l f - p i n c h ,  t h e  code a l s o  i n c l u d e s  t h e  
e f f e c t s  of t h e  i n i t i a l  beam e m i t t a n c e ,  s m a l l  
a n g l e  m u l t i p l e  s c a t t e r i n g ,  and phase-mix damping 
of o s c i l l a t i o n s  

We do no t  a n t i c i p a t e  d r a s t i c  developments  i n  
t h e  motion of t h e  beam enve lope  b a s i c a l l y  because  
of t h e  ve ry  h igh  mass of t h e  i0n.s; i . e . ,  t h e  beam 
i s  s t i f f .  N e v e r t h e l e s s ,  t h e  code does  r e v e a l  
many i n t e r e s t i n g  f e a t u r e s  i n  t h e  i n t e r p l a y  of t h e  
v a r i o u s  f a c t o r s  which a f f e c t  t h e  enve lope .  

F i g u r e  V-B-212 summarizes t h e  r e s u l t s  of one 
c a l c u l a t i o n .  I n  t h i s  r u n ,  one kA of 100 GeV u i 3  
i s  i n j e c t e d  i n t o  a  r e a c t o r  w i t h  1 t o r r  of N2. ~ f e  
i n i t i a l  r a d i u s  of t h e  beam i s  0 .5  cm, and t h e  
i n i t i a l  e m i t t a n c e  i s  . 3  mrad-cm. The p u l s e  l e n g t h  
is 10 n s e c ,  and t h e  r i s e  t ime  i s  1 ns .  The p l o t  
g i v e s  t h e  rms r a d i u s  of t h e  beam R  a s  a  f u n c t i o n  
o f . z ,  t h e  d i s t a n c e  i n t o  t h e  chamber a n d . x  = v t  - z', 
which is  t h e  p o s i t i o n  of a  beam segment measured 
from t h e  head of t h e  p u l s e .  At t h e  head of t h e  
p u l s e ,  (x = O), t h e  n? t  c u r r e n t  a lways  v a n i s h e s .  
Thus ,  t h e  head e x p e r i e n c e s  f r e e  expans ion  a s  a  
r e s u l t  of t h e  f i n i t e  e m i t t a n c e .  As x  i n c r e a s e s  
(moving towards  t h e  back of t h e  p u l s e ) ,  t h e  n e t  
curren;  b u i l d s  up and t h e  p inch ing  e f f e c t  of t h e  
s e l f - f i e l d  becomes e v i d e n t .  The body of t h e  
p u l s e  i s  t h u s  compressed and r e a c h e s  che  t a r g e t  
w i t h  s m a l l  r a d i u s .  T h i s  p l o t  g i v e s  a  t y p i c a l  
example of a  p e n c i l  beam p r o p a g a t i n g  i n  a  s e l f -  
p inch mode. 

INSTABILITIES 

Exper iments  ( 1 )  w i t h  a  15kA, 1.5 MeV e l e c t r o n  
beam have shown t h a t  s t a b l e  p r o p a g a t i o n  i s  p o s s i -  
b l e  i n  g a s  f o r  a  narrow window of p r e s s u r e  (1-5 
t o r r  N2 and s i m i l a r l y  f o r  o t h e r  g a s e s . ) .  F o r  
P  < 1 t o r r ,  t h e r e  i s  s t r o n g  ev idence  f o r  d i s -  
r u p t i o n  by m i c r o i n s t a b i l i t y  of t h e  two-s t ream 
type .  Above 5 t o r r  g r o s s  s ideways  d e f l e c t i o n  oc-  
c u r s  and i s  i n t e r p r e t e d  a s  t h e  r e s i s t i v e  hose  
i n s t a b i l i t y .  The window of good p ropaga t ion  is 
b e l i e v e d  t o  r e s u l t  from t h e  s imu l t aneous  suppres -  
s i o n  of bo th  i n s t a b i l i t i e s  ( 2 ) .  

TWO-STREAM MODE 

The two-s t ream i n t e r a c t i o n ,  a  h i g h  f r equency  
mode i n  which t h e  beam d r i v e s  a  plasma wave, i s  
suppres sed  by i n c r e a s i n g  gas  p r e s s u r e  a s  f o l l o w s .  
The i n s t a b i l i t y  o c c u r s  i n  t h e  c o l l i s i o n a l  plasma 
regime w i t h  e l e c t r o n - n e u t r a l  c o l l i s i o n s  dominant ,  
l e a d i n g  t o  d e c r e a s i n g  g r o w t h r a t e  w i t h  i n c r e a s i n g  
p r e s s u r e s .  The mode i s  s t a b i l i z e d  by s p r e a d  beam 
v e l o c i t y  (AV,,); f o r  a  f u l l y  p inched,  monoenerget ic ,  

The e f f e c t  of t h i s  s m a l l  n e t  c u r r e n t  on t h e  r e l a t i v i s t i c  beam t h e  p e r p e n d i c u l a r  v e l o c i t y  
not ion  of t h e  beam is no t  obvious .  The se . l f -p inch 



spread a r i s e s  from the  p a r t i c l e  b e t a t r o n  motions, 
t h  para l le l .  v e l o c i t y  spread fol lows s i n c e  vIl2 + 
VL5 = v2 = cons tan t .  Including. the  spread beam 
v e l o c i t y  i n  the c o l l i s i o n a l  two-stream d ispers ion  
r e l a t i o n  a  s t a b i l i t y  boundary i n  ne and P i s  
determined. As gas pressure i s  increased ,  t h e  
plasma dens i ty  requ i red  t o  suppress  t h e  two-stream 
mode decreases.  However, plasma production by t h e  
beam increases  wi th  pressure such t h a t  above 1 
t o r r ,  t h e  dens i ty  very r a p i d l y  exceeds t h a t . n e c -  
essa ry  t o  suppress  the  mode. 

I n  extending these  ideas  from e l e c t r o n s  t o  
heavy ions ,  we no te  t h a t  t h e  a n t i c i p a t e d  c u r r e n t ,  
p ressure ,  beam v e l o c i t y ,  beam r a d i u s  and propa- 
g a t i o n  d i s tance  a r e  s i m i l a r .  Two p r i n c i p a l  d i f -  
fe rences  a r e  (a )  t h e  much g r e a t e r  r i g i d i t y  of the  
ion  beam due t o  t h e  l a rge  mass (al though t h i s  is 
mi t iga ted  somewhat by t h e  high charge s t a t e )  and 
(b)  t h e  l a r g e  plasma d e n s i t y  and high conduc t iv i ty  
p r 0 d u c e d . b ~  the  ions  due t o  t h e i r  l a rge  charge.  

Considering t h e  two-stream in te ' rac t ion  f o r  a  
heavy ion beam, we again f i n d  t h a t  f o r  s u f f i c i e n t l y  
high plasma dens i ty  the  mode is  s t a b i l i z e d .  Dif- 
fe rences  from the  -e lec t ron  c a s e  a r e  t h a t  e lec t ron-  
ion c o l l i s i o n s  a r e  dominant i n  t h e  plasma and we 
al low a  spread i n  beam energy t o  produce AV,,.  
Proceeding a s  before ,  we cons ider  a 'uranium beam 
with p a r t i c l e  c u r r e n t  IBO = 1000 A ,  e f f e c t i v e  
charge s t a t e  Zeff = 70, rad ius  R  = .5 cm, with 
100 GeV and a  1% p a r a l l e l  v e l o c i t y  spread.  The 
minimum s t a b i l i z i n g  plasma d e n s i t y  i s  found t o  be 
3  x  1 0 ~ ~ 1 c m ~ .  For  background gas p ressures  21 
t o r r ,  t h i s  plasma dens i ty  w i l l  be achieved very 
e a r l y  i n  t h e  beam pulse s o  t h e  two-stream in-  
s t a b i l i t y  w i l l  not present  a  s e r i o u s  obs tac le  t o  
ion  beam propagat ion.  

We a l s o  note t h a t  when i n s t a b i l i t y  does occur ,  
it provides a mesnaalem f o r  t r a n s f e r r i n g  beam 
momentum t o  the  plasma e l e c t r o n s .  For a  r e l a -  
t i v i s t i c  e l e c t r o n  beam t h i s  l eads  . to  increased net  
c u r r e n t  by a  f a c t o r  of 1-3; thi.s e f f e c t  has  been 
observed (1)  and simulated ( 3 ) .  For an ion  beam 
momentum t r a n s f e r  by i n s t a b i l i t y  leads t o  c u r r e n t  
c a n c e l l a t i o n  or r e v e r s a l  (4)  which ,can r e s u l t  i n  
beam d e f ~ c u s i n g .  Hence, i t  i s  important t o  opera te  
i n  t h e  s t a b l e  regime. 

RESISTIVE MODES 

Considering f i r s t  ttie hose i n s t a b i l i t y  of a  
r e l a t i v i s t i c  e l e c t r o n  beam, t h i s  mode i s  suppressed 
by s u f f i c i e n t l y  rap id  generat ion of e l e c t r i c a l .  
conduc t iv i ty .  As a  r u l e  of thumb, t h e  beam w i l l  
be hose s t a b l e  i f  the  magnetic decay time i s  
comparable t o  o r  g r e a t e r  than the  pulse length ( 5 ) .  
Th is  condi t ion  f a i l s  i n  the  diode experiments a s  
p ressure  increases  above 1 1 0  t o r r  p r imar i ly  be- 
cause e l e c t r i c  f i e l d  breakdown of the gas shu ts  
o f f - t h u s  l e s s  conduc t iv i ty  is  generated by the 
pulse hose. For t h e  ion beam, very high conduc- 
t i v i t y  i s  generated d i r e c t l y  by the  beam; t h i s ,  
coupled with the r i g i d i t y  of the beam, w i l l  com- 
p l e t e l y  suppress hose growth. 

A second poss ib le  source of i n s t a b i l i t y  i s  
the  r e s i s t i v e  f i l amenta t ion  modes. These a r e  not 
important f o r  the  e l e c t r o n  beam because the ne t  
cur ren t  i s  comparable t o  the  beam c u r r e n t ,  r e s u l t -  
ing i n  l a r g e  t ransverse  v e l o c i t y  spread.  However, 
i n  the  ion beam case ,  where there  i s  a  high degree 
of cur ren t  n e u t r a l i z a t i o n ,  t h i s  mode may be impor- 
t a n t .  I f  the  beam does break i n t o  f i l aments ,  i t  
i s  poss ib le  t h a t  propagation w i l l  not be severe ly  I 

degraded s ince  t h e r e  i s  nd net  d e f l e c t i o n .  The 
ques t ion  of f i l amenta t ion  is  not s e t t l e d  and i s  
now being inves t iga ted  f o r  ion beams. Prelimin- 
inary  r e s u l t s  i n d i c a t e  t h a t  f i n i t e  emittance w i l l  ' 
s t a b i l i z e  filamentat.ion even i n  the  presence of 
c u r r e n t  n e u t r a l i z a t i o n .  

F i n a l l y  we mention the  r e s i s t i v e  sausage mode 
which, involves a  c y l i n d r i c a l l y  symmetric "breath-  
ing" or  r a d i a l  expansion and cont rac t ion  of the  
beam. The growth r a t e  f o r  t h i s  mode s c a l e s  i n -  
v e r s e l y  with the  magnetic n e u t r a l i z a t i o n  time (6) 
and hence i s  unimportant i n  the  high conduc t iv i ty  
regime a s  encountered wi th  the ion beam. However, 
even i n  the  lower conduc t iv i ty  experienced by the  
electron 'beam t h i s  i n s t a b i l i t y  is  suppressed by 
spread b e t a t r o n  frequency. 

APPENDIX 

I n  t h i s  appendix, t h e  e s s e n t i a l  elements of 
the heavy ion beam t r a n s p o r t  code a r e  descr ibed .  

The s t r i p p i n g  process  is  ca lcu la ted  i n  a  
c l a s s i c a l  b inary  encounter model, with binding 
energ ies  f o r  the heavy ion obtained from r e l a t i v -  
i s t i c  Hartree-Fock-Slater  type c a l c u l a t i o n s  ( 7 ) .  
I n  t h i s  model, a  bound e l e c t r o n  i n  the  heavy ion  
acqui res  energy by Coulomb i n t e r a c t i o n  with the  
gas nucleus of atomic number Zg. In the  r e s t  
frame of the heavy , i o n ,  gas n u c l e i  a r e  moving with 

' t h e  speed v ,  which i s  equa l  t o  t h e  ion  v e l o c i t y  
i n  the  l ab  frame. The energy AE acqui.red by the 
bound e l e c t r o n  i n  t h e  ion  r e s t  frame is  given by 

2  22 e4 , 

where b  i s  the  c l a s s i c a l  impact parameter. Ion- 
i z a t i o n  of a  bound e l e c t r o n  i s  assumed t o  occur 
i f  and only i f  AE = Ei where Ei is  the  binding 
energy. Thus, we. ob ta in  the  c r o s s  s e c t i o n  f o r  
ion iza t ion  a n  

The c h a r a c t e r i s t i c  l eng th  f o r  the  i o n i z a t i o n  of 
t h i s  p a r t i c u l a r  e l e c t r o n  is  

where n  is  the  gas atomic d e n s i t y .  
g  

An e f f e c t i v e  charge of the  heavy ions a t  a  



p o s i t i o n  z  i n  the  chamber i s  given by w i l l  produce a  higher  plasma d e n s i t y ,  but does. 
not  change the e f f e c t i v e  e l e c t r o n  temperature; ,  
hence, conduc t iv i ty  remains cons tan t .  

Once the  e f f e c t i v e - b e a m  cur ren t  ieff In and, --- - 
conduc t iv i ty  a r e  known, the net  c u r r e n t  I i s  de- 

where ZI i s  the  atomic number of the  heavy ion.  
termined from the  c i r c u i t  equa t ion  (11) 

The sum is  performed over a l l  o r b i t a l s ,  ni being 
the occupat ion number of a  p a r t i c u l a r  ' i h e i l .  The 
binding energ ies  a r e  obtained from Scof i e l d ' s  tab-  .. 
u l a t  ion ( 7 ) .  != z  

The s t r ipped  heavy ions a r e  very e f f e c t i v e  i n  
ion iz ing  the  background gas .  Except a t  the  head 
of the pulse (where a  s h o r t  period of time is  r e -  
quired t o  bui ld up the plasma dens i ty )  the  conduc- 
t i v i t y  is  predominantly t h a t  of a  h igh ly  ionized 
gas ,  and i s  adequately approximated by S p i t z e r ' s  
formula ( 8 ) .  I n  t h i s  regime, the  conduc t iv i ty  i s  
very s e n s i t i v e  t o  t h e  e l e c t r o n  temperature but not 
t o  the plasma dens i ty .  

To determine the  e l e c t r o n  temperature, we 
f i r s t  note  t h a t  the  pulse length is  exceedingly 
shor t  compared t o  the  time required f o r  the plasma 
e l e c t r o n s  t o  thermalize.  During t h i s  shor t  per iod,  
the  plasma e l e c t r o n  energy d i s t r i b u t i o n  looks more 
l i k e  the  secondary d i s t r i b u t i o n  f romld i rec t  ion- ' 

i z a t i o n  than a  thermal Maxwellian. The secondary 
e l e c t r o n s  produced from d i r e c t  i o n i z a t i o n  a r e  most- 
l y  slow (E 4 EI, the  i o n i z a t i o n  energy) .  We there -  
f o r e  approximate the average e l e c t r o n  energy by 
EI/2. 

Our model of conduc t iv i ty  is  b a s i c a l l y  t h a t  
of S p i t z e r  ( 8 ) .  However, t o  include the e f f e c t s  
of e l e c t r o n - n e u t r a l  c o l l i s i o n s  during the  plasma 
bui ldup phase a t  the head of the pu lse ,  we w r i t e  

where 

E  is the  i o n i z a t i o n  energy ( i n  e v ) .  The plasma 
I 

d e n s i t y  ne i s  generated from d i r e c t  ion iza t ion  and 
i s  given by 

where I e 1s the  beam p a r c i c l e  c u r r e n r ,  S rhe 01 
Bethe s topping power, and W the  energy expended 

t per ion p a i r .  

W = 34.8 f o r  N2 (10) 

As t h e  beam t r a v e r s e s  the  medium, the con- 
d u c t i v i t y  r i s e s  r a t h e r  qu ick ly  t o  an equi l ib r ium 
value,  and beyond t h a t  po in t ,  a d d i t i o n a l  i o n i z a t i o n  

The q u a n t i t y  ' = u v ~ ~ / . ~ ~  is  the  ' t r es i s t i i re  decay 
time" f o r  plasma c u r r e n t s ,  with inductance L. a  , 

slowly varying func t ion  of R ,  g iven by 

b  i s  t h e  large. radius,  a t  which the  charge imbal- 
ance' appears ( u - o ) ,  and is  s e t  a t  10 cm throughout 
our c a l c u l a t i o n s ,  e  = 2.71828. 

F i n a l l y ,  the  ion r a d i u s  R  is  cont ro l led  by 
the net  current .  and emit tance E .v ia  an evelope 
equat ion (12) 

M i s  the  mass of the  heavy ion and y i t s  r e l a t i v -  
i s t i c  f a c t o r .  The envelope r a d i u s  i s  there fore  
determined'by two competing e f f e c t s ,  the  . s e l f -  
magnetic f i e l d . w h i c h  causes t h e  beam to, pinch,  and 
the-emi t tance  which causes t h e  beam t o  expand. , 

I . . .  . , . . . , . .  
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Fig .  V-B-211. E f f e c t i v e - c h a r g e  of 100 GeV Uranium 
a t  various, po in t s  ( z )  i n  a  r e a c t o r  wi th  
1 Torr OF N2.  

. . 

.The I n i t i a l  emit tance Eo of ' the  beam i s  mod- 
i f i e d  by mul t ip le  s c a t t e r i n g  a s  w e l l ' a s  the phase 
mixing e f f e c t s  due t o  anharmonic pinch f i e l d  (11) .  
These processes a r e  described by the  equat ion 



Fig' .  V-B-212. R a d i u s  o f  i o n  beam o v e r  t h e  l e n g t h  
of  t h e  beam (x  = v t  - z) a t  v a r i o u s  p o i n t s  
i n  t h e  chamber (2). 

The p a r a m e t e r s  a and  b i n  t h e  m u l t i p l e  s c a t -  
t e r i n g  t e r m  c o r r e s p o n d  t o  t h e  a t o m i c  and n u c l e a r  
r a d i i  r e s p e c t ' i v e l y .  The c o n s t a n t  cu i s  a phenome- 
n o l o g i c a l  p a r a m e t e r  o f  t h e  o r d e r  0 . 5  s e l e c t e d  t o  
r e p r o d u c e  t h e  damping e f f e c t  obse rved  i n  a p a r t i -  
c l e  s i m u l a t i o n .  

The above e q u a t i o n s  fo rm  a c l o s e d  s y s t e m  o f  
c o u p l e d  e q u a t i o n s  which  a r e  s o l v e d  n u m e r i c a l l y .  
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3 .  CURRENT NEUTRALIZATION OF CONVERGING ION 
BEAMS 

D. Mosher 

It i s  d e s i r e d  t o  c o n s i d e r  t h e  problem of 
c u r r e n t  n e u t r a l i z a t i o n  of heavy i o n  b e a m s t r a -  
v e r s i n g  g a s  backgrounds i n  which t h e  c o n d u c t i v i t y  
changes  due t o  beam h e a t i n g  and beam convergence .  
The procedure  is t o  de t e rmine  Green ' s - func t ion  
so lu t ions  t o  t h e  magne t i c -d i f  f u s i o n  e q u a t i o n  de-  
r i v e d  from Maxwell 's  e q u a t i o n s  and a n  assumed 
s c a l e r - p l a s m a  c o n d u c t i v i t y  a ' f o r  t h e  background- 
e l e c t r o n  c u r r e n t  d e n s i t y  j e .  The p r e s e n t  c a l c u -  
l a t i o n  i s  more g e n e r a l  t han  some p r e v i o u s l y  
c a r r i e d  o u t  ( s e e  t h e  ERDA Berke ley  Summer Study 
P roceed ings )  i n  t h a t  a r b i t r a r y  t ime  v a r i a t i o n s  f o r  
t h e  beam c u r r e n t  jb and c o n d u c t i v i t y  a r e  a l l owed  
and t h e  c a l c u l a t i o n  i s  v a l i d  f o r  bo th  weak and 
s t r o n g  n e u t r a l i z a t i o n .  R e s u l t s  p re sen ted  h e r e  
must be combined w i t h  a n  a p p r o p r i a t e  energy-bal -  
ance  e q u a t i o n  f o r  t h e  hea t ed  background i n  o r d e r  
t o  o b t a i n  t h e  n e u t r a l i z a t i o n  s e l f - c o n s i s t e n t l y .  

A  d i f f u s i o n  e q u a t i o n  f o r  je i s  de termined by 
s imu l t aneous  s o l u t i o n  of t he .Maxwel l l s  e q u a t i o n s  

and Ohm's law, 

where t h e  t ime  and l e n g t h  s c a l e s  f o r  t h e  problem 
a t  hand a l l o w  n e g l e c t  of d i sp l acemen t  c u r r e n t s .  

The a x i a l  component of t h e  d i f f u s i o n - l i k e  
e q u a t i o n  f o r  j,, is  

N 

I f  Ro is  t h e  beam r a d i u s  a t  i n j e c t i o n  and L i s  t h e  a d i s t a n c e  t o  t h e  p e l l e t ,  t h e n  bo th  j r / j z  and 
a r e  expec ted  t o  s c a l e  l i k e  R,/L. The 

Z L 
te rm i s  t h e n  down by ROIL and can  be n e g l e c t e d  
i n  Eq. ( 3 ) .  S i m i l a r l y ,  

can  be n e g l e c t e d .  A d d i t i o n a l l y ,  i t  i s  assumed 
t h a t  t he rma l  c o n d u c t i v i t y  smoothes t h e  r a d i a l  
background- tempera ture  p r o f i l e  t o  t h e  e x t e n t  t h a t  

s o  t h a t  u c a n  be  t r e a t e d  a s  a  f u n c t i o n  of z  and t 
o n l y .  With t h e s e  app rox ima t ions ,Eq .  (3)  r e d u c e s  
t o  

where s u b s c r i p t s  have been dropped ( j  j , 
e  z  

jb = j bz )  and t h e  t ime  v a r i a b l e  has  been 
, 

t r a n i f o r m e d  a c c o r d i n g  t o  

The s o l u t i o n  t o  Eq. ( 4 )  f o l l o w s  from t h e  
i n f i n i t e - d o m a i n  Green ' s  f u n c t i o n  f o r  t h e  t r a n s v e r s e  
p l ane  

where 

and 

p2  = r2 + r2 - 2 r r 0  c o r  ( 0 - 8 ~ ) .  ( 7 )  

I n t e g r a t i n g  over  8  r e s u l t s  i n  

w i t h  9 9 

'The i n t e g r a t i o n  ove r  r; c a n  be c a r r i e d  o u t  
when jb i s  chosen t o  have a  Gaus.sian p r o f i l e  

where convergence  o n t o  t h e  p e l l e t  r e q u i r e s  R  = 
R Z / L  and t h e  t r a n s i t - t i m e  z-dependence of Ib i s  
9 g l v e n  by 



f o r  monoenerget ic  ' ions  of a x i a l  v e l o c i t y  V.  Per-  n a ~  2  
. n  = -  

fo rming  t h e  i n t e g r a t i o n  o v e r  r 
c 2  

No t ing  t h a t  i n  t h e  l i m i t  o f  n e g l i g i b l e  d i f -  
f u s i o n  ( 7 - ~ ~ + 0 ) ,  Eq. (11) d e m o n s t r a t e s  t h a t  
j + j b = O ,  and t h a t  most c a s e s  of i n t e r e s t  co r r e spond  
t o  s m a l l  f r a c t i o n a l  n o n - n e u t r a l i z a t i o n ,  t h e  n e t  
c u r r e n t  can  be approximated by e x p a n d ~ n  5 t h e  
i n t e g r a n d  f o r  s m a l l  v a l u e s  o f  4 ( ~ - 7 ~ ) / R  . TO 
lowes t  s i g n i f i c a n t  o r d e r  

where i n t e g r a t i o n  by p a r t s  h a s  been employed. 
T h i s  e x p r e s s i o n  is  u s e f u l  everywhere  excep t  c l o s e  
t o  t h e  p e l l e t  where t h e  m a g n e t i c - d i f f u s i o n  l e n g t h  
may be  comparable  t o  t h e  beam r a d i u s .  The n e t  
c u r r e n t  c o n t a i n e d  w i t h i n  r a d i u s  r is  g i v e n  by 

The r a t i o  1,,/rb c a l c u l a t e d  h e r e  i s  down by a  f a c t o r  
:, 

e  over  t h a t  e s t i m a t e d  i n  t h e  ERDA-Berkeley Summer 
Study p roceed ings  p a r t i a l l y  because  of t h e  
Gauss i an  p r o f i l e '  f o r  jb. 

F o r  Ib c o n s t a n t  i n  7 ,  t h e  r a t i o  1 , ( r ) ) 1 ~  is - 
f rom Eq. .(14) 

Maximum n e t  c u r r e n t  o c c u r s  a t  

where t = 0  co r r e sponds  t o  t h e  t ime  t h e  f r o n t  of 
t h e  beam c r o s s e s  t h e  a x i a l  p o s i t i o n  obse rved .  

f rom Eq. ( 1 2 ) ,  and 

.hI  ' 2  2  2 1' d r 0  i$ e i p  [ - I' ' 1 - ~ ~ ( z , t ) e - ~  IR 
0 2  

9 R + 4 ( 7 - ~ ~ )  

f o r  t h e  more g e n e r a l  c a s e  of a r b i t r a r y  n e u t r a l -  
i z a t i o n  g i v e n  by Eq., ( 11 ) .  From Eqt ( 1 3 ) ,  
maximum n e t  c u r r e n t  o c c u r s  a~ r=R w h i l e  maximum 

' 

s e l f  f i e l d  o c c u r s  a t  r = R//z. 
. . -. . 

I f  I h  i s  un i fo rm . i n  t ime ,  Eq. (13) redLces  t o  

L .  

-- d t '  
(15) 

0 

Al though t h e  s imp le  r e l a t i o ~ ~ s  Eqs. (15 )  - 
(17)  a r e  u s e f u l ,  r e q u i r e d  shap ing  of t h e  beam- . 
c u r r e n t  p u l s e  due  t o  p e l l e t  r e q u i r e m e n t s ,  and t h e  
v a r i a t i o n s  w i t h ' t i m e  of t h e  plasma c o n d u c t i v i t y  
due  t o  r e t u r n - c u r r e n t  h e a t i n g  make Eq. (13)  t h e  
most u s e f u l  f o r  a  coinprehensive s t u d y .  

f o r  r = R  w i t h  . 



4. LINEAR MICROSTABILITY ANALYSIS OF .A HEAVY 
ION BEAM, - PLASMA SYSTEM 

P. F.  O t t i n g e r  and D. Mosher 

I n  o r d e r  t o  i n v e s t i g a t e  t h e  p ropaga t ion  and 
f o c u s s i n g  of a  beam of heavy i o n s ,  it i s  neces sa ry  
t o  c o n s i d e r  t h e  e f f e c t s ' o f ' a  background plasma i n  
t h e  r e a c t o r  chamber. Al though t h i s  background 
p rov ides  cha rge  and c u r r e n t  n e u t r a l i z a t i o n  of t h e  
beam, it may a l s o  cause  e x c i t a t i o n  of c e r t a i n  
m i c r o i n s t a b i l i t i e s .  He re ,  i n t e r a c t i o n s  i n v o l v i n g  
t h e  background e l e c t r o n s  w i th  t h e  beam i o n s  (e-b 
mode), and t h e  background e l e c t r o n s  wi.th t h e  
background i o n s  ( e - i  mode) a r e  i n v e s t i g a t e d  t o  de- 
t e rmine  i f  t h e s e  modes a r e  u n s t a b l e  i n  t h e  pa- 
r ame te r  regimes  a p p r o p r i a t e  f o r  a  f u s i o n  dev ice .  

The c o n d i t i o n s  f o r  a  good cha rge  and c u r r e n t  
n e u t r a l i z a t i o n  a r e  

and 

V e  ' ZbnbVb/ne, (2 )  

which r e q u i r e s  

n  b << Z.n . /Zb ,  
1 1  

( 3 )  

and 

R  >> c/w . 
Pe 

(4 )  

Here Za, Q, % and Vcu a r e  r e s p e c t i v e l y  t h e  charge ,  
mass,  d e n s i t y ,  and mean-streaming v e l o c i t y  of 
s p e c i e s  a ( = i , e , b ) ,  R  i s  t h e  beam r a d i u s  v a r i a b l e  

Pcu 
1 a s  t h e  beam i s  f o c u s s e d ) ,  and w2 E 4nnaZqe2/&. 

T y p i c a l l y ,  a  3  kA 40  GeV uranium beam i s  i n j e d t e d  
i n t o  t h e  r e a c t o r  v e s s e l  w i t h  r a d i u s  Ro' 10  cm, 
and conve rges  o n t o  a  s p o t  10 me te r s  downstream. r 
Such a  beam p r o v i d e s  t h e  100 TW power expec ted  t o  
be  neces sa ry  f o r  a  r e a c t o r  system. It i s  assumed 
h e r e  t h a t  Zb = Zi  = 1 and t h a t  t h e  background . 
d e n s i t y  i s  s u f f i c i e n t l y  low t o  i n s u r e  t h a t  t h e  
beam i o n s  a r e  no t  s t r i p p e d  f u r t h e r .  Under t h e s e  
c o n d i t i o n s ,  t h e  d i s t r i b u t i o n  of p a r t i c l e s  i n  ve- 
l o c i t y  space  e x h i b i t s  r e l a t i v e  d r i f t s  among t h e  
t h r e e  s p e c i e s  which may l e a d  t o  growth of t h e  e - i  
mode a n d / o r  t h e  e -b  mode. 

Because a  40 GeV beam of uranium i o n s  i s  on ly  
m i l d l y  r e l a t i v i s t i c  (y ' 1 - 2 5 ) ,  a  n o n r e l a t i v i s t i c ,  
e l e c t r o s t a t i c ,  l i n e a r - s t a b i l i t y  a n a l y s i s  w i l l  be  
employed. R e l a t i v i s t i c  c o r r e c t i o n s  shou ld  on ly  
e f f e c t  t h e  r e s u l t s  p re sen ted  f o r  t h e  e-b  mode 
where i L  1s expecced t h a c  t h e  growth r a t e s  w i l l  be  
dec reased  s l i g h t l y .  Assuming t h a t  t h e  d i s t r i -  
b u t i o n  f u n c t i o n ,  f a ,  f o r  a l l  s p e c i e s  c a n  be  w r i t t e n  
a s  a  d r i f t i n g  e x w e l l i a n  ( w i t h  t h e  t he rma l  ene rgy  
o f  s p e c i e s  a g i v e n  by Ta), t h e  d i s p e r s i o n  r e -  
l a t i o n  f o r  p e r t u r b a t i o n s  of t h e  form e i (kz-wt)  
becomes 

+ $ jl i I - , z (~ ) ] .  . (5) D = 0 = 1 + )  
--I 

c u k  cu 

Here ,  k z '(w/k - Vcu)'/u,, ua ( ~ T ~ I Q ) ~  is  t h e  
the rma l  v e l o c i t y  o f  s p e c i e s  a, and Z(%) i s  t h e  
u s u a l  plasma d i s p e r s i o n  f u n c t i o n .  When c o n s i d e r i n g  
t h e  e - i  mode, t h e  beam c o n t r i b u t i o n  t o  D is  n e g l i -  
g i b l e ,  s o  t h a t  f o r  Iwr/kl > u i  and !wr/k - veI < ue 
(where w  = wr + iwi) ,  t h e  u s u a l  r e s u l t  f o r  t h e  i on -  
a c o u s t i c  i n s t a b i l i t y  i s  o b t a i n e d .  

Here ,  c i  Te/mi and E ~ , / ( 4 n  nee2) .  Thus ,  
when Te >> Ti, e - i  mode i s  u n s t a b l e  i f  

When Te - T i ,  t h e  e - i  mode is  s t a b l i z e d  by i o n  
Landau damping u n l e s s  Ve  ue.  

F o r  Ti ' Te ' 1 eV a t  i n j e c t i o n ,  t h e  e - i  mode 
is  s t a b l e  (ue  ' 6 X lo7  cm/sec > Ve) when nbo/ne . 

<3.3 X 10-3,  Here ,  nbo i s  t h e  beam d e n s i t y  a t  
i n j e c t i o n .  However, a s  t h e  beam is focused ,  t h e r e  
is  s t i l l  t h e  p o s s i b i l i t y  of u n s t a b l e  growth. Dur- 
i n g  f o c u s s i n g ,  i f  Ve (R) i n c r e a s e s  i n  o r d e r  t o  
m a i n t a i n  l o c a l  c u r r e n t  n e u t r a l i t y  and Te(R) i n -  
c r e a s e s  d u e ' t o  r e t u r n - c u r r e n t  h e a t i n g ,  t h e  l o c a l  
i n s t a b i l i t y  c r i t e r i o n  may be  s a t i s f i e d  f o r  some 
R  < Ro. An uppe r  l i m i t  on t h e  l o c a l  growth r a t e  
i s  g i v e n  by. ( k  4 1/fi AD) 

. a s  l ong  a s  u e ( ~ )  2 lwr/k - V , ( R ) ~  ' Ve(R) >>, cs  
and Te(R) >> T i ,  and by 

f o r  c o l d  e l e c t r o n s  where ue(R) << ~ U I  / k  - v ~ ( R )  I a 
Ve(R). The r e l a t i o n  nh(R) = I I h $ $ / ~ '  h a s  been 
employed. I f  e l e c t r o n  h e a t i n g  is  i n s i g n i f i c a n t  
s o  t h a t  Te(R) a Te(Ro) a T i  h o l d s ,  t h e n  growth 
f i r s t  o c c u r s  when Ve(R) becomes l a r g e r  t h a n  ue o r  
when 



When s t u d y i n g  t h e  s t a b i l i t y  of t h e  e-b  mode, 
t h e  background- ion c o n t r i b u t i o n  t o  D is  n e g l i -  

i b l e  and Ve  can  be ignored  compared w i t h  
yWr/kl Vb. Fu r the rmore ,  because  of t h e  s m a l l n e s s  
of m,.nb/mbn,, ub!vb does  no t  have t o  be ve ry  l a r g e  
i n  o r d e r  t o  c o n s l d e r  t h e  beam warm i n  t h i s , a n a l -  
s is .  Thus ,  f o r  l ~ , / k l  > ue and ub > 
~ 3 / 2 ( U $ ~ / 2 ~ $ ~ ) ~ / ~ ~ ~ ,  t h e  maximum growth of t h e  e-b  
mode o c c u r s  f o r  . . 

and 

Here ,  ve = 2 . 9  .X 1 0 ' ~  i s  t h e  e l e c t r o n  
c o l l i s i o n  f r equency  and A e i  is t h e  Coulomb 
l o g a r i t h m  f o r  e l e c t r o n - i o n  c o l l i s i o n s .  The 
q u a n t i t y  we was i n t r o d u c e d  i n  t h e  d i s p e r s i o n  r e -  
l a t i o n  though t h e  e l e c t r o n  c o n t r i b u t i o n  which was 
w r i t t e n  i n  t h e  s t a n d a r d  form a s  w6e/w(cut : i~ej .  

c u r v e s  f o r  a  7 GeV. beam o f  x % + ~ ~  i o n s  w i t h  I = 
1 4  kA and Ro = 1 0  cm. 

Al though p r imary -cu r ren t  h e a t i n g  w i l l  be 
n e g l i g i b l e ,  r e t u r n - c u r r e n t  h e a t i n g  may i n c r e a s e  - 
Te of r d e r  10 eV i n  t h e  c a s e  of u + ~  and h i g h e r  +P f o r  Xe a s  t h e  beam approaches  t h e  p e l l e t .  Mar- 
g i n a l - s t a b i l i t y  c u r v e s  f o r  Te = 10 eV a r e  a l s o  
shown. It should  a l s o  be po in t ed  ou t  t h a t * a l -  
ttiough i n s t a b i l i t y  may ' s e t  i n  f o r  R  < Ro, t h e  
growth on ly  o c c u r s  d u r i n g  t h e  l a s t  segment o,£ t h e  
t r a n s p o r t  p roces s .  Thus ,  even when l i n e a r l y  
u n s t a b l e  because  of s m a l l e r  p e l l e t  d imensions  o r  
lower background d e n s i t y ,  t h e  growth may no t  r e a c h  
a  s u f f i c i e n t  l e v e l  t o  a f f e c t  t h e  p ropaga t ion  o r  
f o c u s s i n g  o f  t h e  beam. 

I 

I n  summary, t h e  l i n e a r  growth r a t e s  o f  two 
m i c r u i a s t a b i l i t i e s ,  t h c  c - i  mode and e-b mode, 
have been i n v e s t i g a t e d  under  c o n d i t i o n s  of good 
cha rge  and c u r r e n t  n e u t r a l i z a t i o n  i n  a  heavy i o n  
heam-plasma system. It was found tha t :  but11 laodes 
can he s t a b i l i z e d  i n  parameter  . regi l~l rs  which a r e  
consistent w i t h  t hes? .  c o n d i t i o n s  f o r  c h a r g c  and 
c u r r e n t  n e u t r a l i t y  and which a r e  a p p r o p r i a t e  f o r  a  
f u s i o n  r e a c t o r .  I f  o c c u r r i n g  a t  a l l ,  t h e s e  
i n s t a b i l i t i e s  can  grow on ly  when t h e  beam i s  q u i t e  
c l o s e  t o  t h e  p e l l e t .  Thus ,  i t  i s  u n l i k e l y  t h a t  
e i t h e r  of t h e  e l e c t r o s t a t i c  modes w i l l  s i g n i f i c a n t l y  

From ( 4 ) ,  i t  is c l e a r  t h a t  growth b f . t h e  e -b  mode 
o c c u r s  i f  

u+' .R, = I0 cm 

where A e i  - .7.0 was used .  Again ,  il: Te(R) ' 
Te(Ro) ,  t h e n  t h e  e-b  mode i s  u n s t a b l e  f o r  

w i t h  t h e  growth r a t e  g i v e n  i n  (14 ) .  Note t h a t  f o r  
b o t h  t h e  e - i  mode and t h e  e -b  mode, t h e  wave- 
I .cngths ,of  t h e  most u n s t a b l e  p e r t u r b a t i o n s  a r e  
much s h o r t e r  t h a n  t h e  r a d i a l  and a x i a l  s c a l e  
l e n g t h s  of t h e  beam. T h u s , i f  t h e s e  modes do grow 
t o  s i g n i f i c a n t  l e v e l s ,  t h e y  w i l l  on ly  produce 
mic roscop ic  e f f e c t s  such a s  anomolous r e s i s t i v i t y ,  
r a t h e r  t h a n  d i r e c t l y  producing any '  macroscopic  
d i s r u p t i o n  of t h e  beam. 

F i g u r e  Y-B-411 shows t y p i c a l  marg ina l  s t a b i l i t y  
c u r v e s  a s  f u n c t i o n s  of ne/nbo, R/Ro and Tb/Eb f o r  
a  40  GeV beam of u+' i o n s  w i t h  Ro = 10 cm. Curves 
f o r  b o t h  t h e  e - i  mode and t h e  e-b  mode a r e  shown. 

~ n , a r r o w .  on t h e  R/Ro a x i s  i n d i c a t e s  t h e  r a d i u s  of . 
a  1 cm p e l l e t .  Regions  t o  t h e  r i g h t  of any g i v e n  
c u r v e  a r e  s t a b l e  and r e g i o n s  t o  t h e  l e f t  a r e  un- 
s t g b l e .  Thus f o r  a  t a r g e t  1 cm i n  r a d i u s ,  i t  is 
r e q u i r e d  t h a t  ne/nbo b lo4 i n  o r d e r  f o r  t h e  e - i  
mode and t h e  e-b  mode (Tb/Eb > t o  be s t a b l e  
f o r  t h e  e n t i r e  t ime  of t r a n s p o r t .  T h i s  r e q u i r e -  
ment i s  c o n s i s t e n t  w i t h  ( 3 )  which is  one of t h e  
c o n d i t i o n s  f o r  good cha rge  a l ~ d  c u r r e n t  n e u t r a l i t y .  
F i g u r e  ~ - ~ - 4 / 2  shows t h e  marg ina l  s t a b i l i t y  

, 0.01 . 0.1 1.0 . 
R/R,- 

F i g .  V-B-411. T y p i c a l  marg ina l  s t a b i l i t y  c u r v e s  
a s  f u n c t i o n s  o f  ne/nb,, R I R ~  and T ~ I E ~  f o r  a 
40 GeV beam o f  i o n s  w i t h  Ro = 10cm. 



degrade beam transport or focussing. The stabil- 
ity of electromagnetic modes is currently under 
investigation. 

Fig. V-By4/2. Marginal stability curves for a 7 
-I. 1 

GeV beam of Xe136 ions with I = 14 kA and 
Ro = 10cm. 



5. TARGET CHAMBER MAGNETIC FIELDS I N  PELLET 
FUSION REACTORS 

D. A .  Tidman 

ABSTRACT , 

St ray  magnetic f i e l d s  a r e  expected t o  be 
generated by var ious  mechanisms following a  fus ion  
p e l l e t  explosion i n  a  r e a c t o r  t a r g e t  chamber. 
These f i e l d s ,  which would be p a r t i a l l y  trapped i n  
t h e  chamber between explosions,  may present  a  
complicat ion f o r  t h e . a c c u r a t e  aiming of focussed 
ion  beams on t o  a  t a r g e t  p e l l e t .  Various schemes 
could be used t o  remove these  f i e l d s .  

INTRODUCTION 

I n  t h i s  note  we d i s c u s s  t h e  expected genera- 
t i o n  of s t r a y  magnetic f i e l d s  i n  a  t a r g e t  chamber 
con ta in ing  a  fus ion  micro-explosion. Such f i e l d s  
can be generated by a  v a r i e t y  of 
and may become embedded and trapped i n  the L i  
b lanke t  surrounding the  chamber. The sources 
discussed i n  Sec. 3  include d e b r i s  ion c u r r e n t s .  
wa l l  photoelectron c u r r e n t s ,  r e s i d u a l  f i e l d s  i n  
t h e  p e l l e t  plasma generated dur ing  the  p e l l e t  
burn, and poss-ible tu rbu len t  dynamo e f f e c t s .  I t  
appears  t h a t  f i e l d s  of a  few Gauss a r e  l i k e l y ,  
and t r a n s i e n t  f i e l d s  of > 1.0 G immediately follow- 
ing  an explosion would not be s u r p r i s i n g .  The 
ques t ion  there fore  a r i s e s  a s  t o  whether the e x i s -  
tence of such f i e l d s  would make i t  d i f . f i c u l t  t o  
repea ted ly  aim focussed p a r t i c l e  beams accura te ly  
a t  a  s e r i e s  of t a r g e t  p e l l e t s .  

The a c t u a l  f i e l d s  present  a t  t h e  time of an 
i g n i t i o n  event depends on how quick ly  they decay 
between explosions,  the  degree t o  which f i e l d  may 
become embedded and p e r s i s t  i n  t h e  wall  and s u r -  
rounding conducting s t r u c t u r e s ,  and design-depen- 
den t  f e a t u r e s  such a s  whether t h e  f i r e b a l l  could 
be Swept out of: t h e  chamber before much f i e l d  
d i f f u s e d  i n t o  t h e  w a l l .  I n  t h i s  regard we no te  
t h a t  an azimuthal f l u x  loop takes  a  time 

t o  d i f f u s e  through a sph'erical s h e l l  of L i  AR cm 
t h i c k ,  i . e . ,  - 10 sec f o r  a  b lanke t  1 meter th ick .  
I f  t h e  t a r g e t  chamber wal l  was a  s t a t i c  s t r u c t u r e ,  
we note t h a t  plasma and f i e l d  could be e i t h e r  
quenched o r  swept out of the  chamber i n  a  few 
sound t r a n s i t  t imes (U s e c ) .  However, f i e l d  
would have time t o  d i f f u s e  a  d i s t a n c e  -Y 3 cm i n t o  
t h e  wal l  i n  t h i s  case and might s t i l l  accumulate 
i n  the  blanket  s t r u c t u r e s  a f t e r  a  s e r i e s  of sho ts .  
On t h e  o ther  hand i n  a  l i q u i d  l i th ium w a t e r f a l l  
t a r g e t  chamber, f i e l d  may be au tomat ica l ly  swept 
out between explosions.  

I O N  BEAM DEFLZCTION 

Magnetic f i e l d s  i n  t h e  t a r g e t  chamber can be 
expected t o  have a  spectrum of wavelengths. Pro- 
vided long wavelength components e x i s t  (A - R), 

have l e s s  e f f e c t .  

A s  a  simple measure of the  importance of the 
long wavelength B f i e l d  components f o r  beam aim- 
ing,  consider  an ion i n j e c t e d  along a  r a d i a l  d i r e c -  - 
t i o n  a t  the  wal1,with a  uniform f i e l d  component B 
perpendicular  t o  i t s  motion. I t  would then miss 
the  chamber c e n t e r  by a  d i s t a n c e  A r  E, ~ ~ / 2 r ,  where 
r c  = 3 . 1 6 ~ 1 0 ~  ( ~ A B / Z B )  i s  the  ion  cyc lo t ron  
r a d i u s - i n  cm and we assume R << rc. This  d i s -  
placement can be w r i t t e n  

where the second express ion  is . ' for  a  non- re la t iv -  
i s t i c  ion  of energy F. MeV, atomic weight A,' and 
charge s t a t e  Z.  At high ambient gas  d e n s i t i e s  
the plasma e l e c t r o n s  may p a r t i a l l y  s h i e l d  out the 
B f i e l d  from the  inner  p a r t  of the ion pulse.  
However, t h i s  more complex beam plasma d e f l e c t i o n  
problem i s  not considered h e r e ,  although i t  may 
s i g n i f i c a n t l y  reduce the  de.f lect ion.  

I n  Fig. V-B-511 we have p l o t t e d  ArlB a s  a 
func t ion  o f  A f o r  s e v e r a l  ion  beam c h a r g e ' s t a t e s .  
The ion  energy E (A) used i n  Eq. (2) f o r  t h i s  
f i g u r e  was taken t o  be the energy f o r  which an 
ion of atomic weight A has  a . range  of 2501 i n  Au 
which i s  a  poss ib le  t a r g e t  m a t e r i a l  and s topping 
d i s t a n c e .  We see f o r  example t h a t  i f  an accuracy 
of O r  = 0.1 cm. i s  requ i red ,  then f i e l d s  of 10 
Gauss would cause d i f f i c u l t i e s  f o r  a l l  except 
high A ions i n  low charge s t a t e s .  S t r a y  f i e l d s  of 
1 G however becombe a problem only f u r  l i g h t  t u  
moderate atomic weight ions ,  o r  high A ions t h a t  
a r e  n e a r l y  f u l l y  s t ipped .  

MAGNETIC: FIELD ESTlMATES FOR SOME SOURCES 

Fie ld  sources d i v i d e  i n t o  those i n  the back- 
ground gas and wal l  environment, and sources 
generated i n  the  p e l l e t  plasma d e b r i s  i n  the 
course of the fus ion  burn and i t s  subsequent 
expansion. I n  the  fol lowing s e c t i o n s  we der ive  
some simple parametrized es t imates  f o r  severa l  of 
the  mechanisms involved. Detai led modeling would 
r e q u i r e  development of a  computer code f o r  aniso-  
t r o p i c  p e l l e t  explosions and the  chamber environ- 
ment. 

DEBRIS I O N  CURRENTS 

Af te r  the  p e l l e t  d e b r i s  has  expanded a  r e l -  
a t i v e l y  shor t  d i s t a n c e  r a d i a l l y ,  i t s  d e n s i t y  w i l l  
f a l l  below t h a t  of t h e  ambient photo-ionized gas 
i n  the  chamber ( f o r  chamber pressures  above about 

t o r r  and  rnrn s i z e  p e l l e t s ) .  At t h i s  point  a  
p c l l c t  ion with energy Q (keV) and charge Zd has 
a  mean-free-path i n  the background plasma, 

s i g n i f i c a n t  beam d e f l e c t i o n  e f f e c t s  can occur. -3  
where Ne crn i s  the  background e l e c t r o n  d e n s i t y  

S p e c t r a l  components with A << R however would a f t e r  photo-ionizat ion by the expl 'osion. 



For example Zd = 5 ,  finA w 5 ,  . sd = 3 keV, Ne = 
5 . 1 0 ~ ~  ~ m - ~ ,  g ives  A w lo2, meters, s o  t h a t  d e b r i s  
ions w i l l  s t r i k e  the  wall  f o r  low background 
pressures .  

Now i n  streaming r a d i a l l y  through the  back- 
g'round plasma the  p e l l e t  ions provide a  cur ren t  

jd which i s  i n i t i a l l y  neu t ra l ized  by the plasma 
s e c t r o n  c u r r e n t .  However, a s  the e l e c t r o n s  r e -  
spond t o  t h e i r  f r i c t i o n  with background gas ions ,  
a  magnetic f i e l d  grows according t o  

where 

1 
is  t h e  background plasma conduc t iv i ty  (assumed 
homogeneous), To i t s  temperature i n  eV and Zo the  
background ion  charge. Since the  magnetic d l f f u -  
s i o n  term is  r e l a t i v e l y  small f o r  the g rad ien t  
s c a l e s  involved i n  j  

- d '  

To eva lua te  t h i s  f i e l d  we r e q u i r e  a  model f o r  
the pulse of d e b r i s  ions ,  j d ( r , t ) ,  emitted by the  
p e l l e t  explosion.  I f  we agsume t h i s  pulse has  a  
v e l o c i t y  d i s p e r s i o n  ?vd - vd where mdV$/2 = cd is  
t h e  average ion k i n e t i c  energy, then the  pulse 
broadens out a s  i t  advances r a d i a l l y .  A simple 
model giving r i s e  t o  an azimuthal f i e l d  B (Fig.  2) 
i s  t o  assume 

where jd i s  r a d i a l  but has dependence on polar  
angle represented by j (8 )  which is  t h e . i o n  
cur ren t  pulse a r r i v i n g  a t  the wall  r = R, and I 
i s  a  square pulse. func t ion  with I = 1 f o r  
2r/3vd S t  5 2r/vd and I = O otherwise.  The 
f a c t o r  (R/r13 conserves the  t o t a l  number of d e b r i s  
ions i n  the  pulse and a p p l i e s  f o r  r s u f f i c i e n t l y  
l a r g e  f o r  the  d e b r i s  ions t o  become d i l u t e  enough 
t o  stream f r e e l y  through the  background plasma. 

The maximum value of B i s  reached a t  the end 
of the  pulse ( f o r  t  2 2 r / v d )  and fol lows from Eqs. 
(6) and (7) a s  

Noting t h a t  the t o t a l  d e b r i s  ion energy a r r i v i n g  
a t  the  chamber wall  is  - - F  

wd = 2 m 2  d t t  1. s i n e  d8 (2) % , (9) 
0 ' 0  

where B (8) i s  the  f i e l d  a t  the  wall  ( r  = R) , 
R 

and the asymmetry f a c t o r  6 i s  

a .  I" 
4 = di J de  1 ( e ) s i n  e , (12) 

0 

with the t o t a l  explosion energy W i n  MJ, cd the 
average d e b r i s  ion energy i n  keV, To i n  eV, and 
R i n  cm. I f  we a l s o  assume a model f o r  j ( 8 ) ,  
name 1 y 

j  = j  + Aj cos n8 (13) 

with 6j  < jo ,  the asymmetry f a c t o r  d becomes 

4 - n (L) s i n  no 
2 j  ., 

l a r g e  values f o r  n  would then correspond t o  a  
f i n e - s t r u c t u r e  j e t t i n g  of d e b r i s  m a t e r i a l ,  and 
the case n = 1 t o  a  simple pole- to-pole v a r i a t i o n  
6j i n  the  ion c u r r e n t .  The symmetric case n = 0 
g ives  Bm = 0 .  

NOW ~ ~ ( r , 0 )  i s  t h e  azimuthal magnetic f i e l d  
(Fig. V-B-512) l e f t  a t  r , 0  immediately a f t e r  
t r a v e r s a l  by the d e b r i s  i o n  pulse.  Considering 
some p l a u s i b l e  numerical va lues ,  wd/W = 0.1, W = 
500 My, d = lo3 cm, cd = 3 keV, To = 20 eV, &nA - 5,  2, = 3 ,  Zd = 6 gives 

" 

8m c. 0.7 n s i n  ne  (y )  (:I' . (15) 
0 

I f  the ion cur ren t  asymmetry between two hemi- 
spheres  is  subs t ' an t ia l?  say 6 j / j o  - 0.5 and n = 1 ,  
we f ind i n  the  e q u a t o r i a l  plane a  f i e l d  
Bm EJ 0.35 (R/ r )3  , i . e . ,  about 0.35 Gauss a t  the  
chamber wal l ,  but s e v e r a l  100 Gauss towards the 
cen te r  (R/r - l o ) .  

I t  should be noted t h a t  these  approximate 
formulas apply f o r  rcrit < r < (smaller  of R o r  
a  d e b r i s  ion range) ,  where rcr i t  i s  the  r a d i u s  a t  
which d e b r i s  ions f i r s t  s t ream f r e e l y  through the  
background plasma ins tead  of sweeping i t  up. 
After  the  impulsive genera t ion  of these  f i e l d s  the 
( ~ / r ) ~  dependence would be r a p i d l y  smeared out by 
d i f f u s i o n  and convection so  t h a t  the  s t ronger '  
f i e l d s  a t  small r would tend t o  approach the  
chamber wal'l . 

I n  concluding t h i s  s e c t i o n  we a l s o  note  t h a t  
the  f a c t o r  d i n  Eq. (14) can become la rge  f o r  
l a r g e  va lues  of n ,  corresponding t o  small s c a l e  
j e t t i n g  e f f e c t s  i n  the d e b r i s .  This  would c r e a t e  
l a r g e r  f i e l d s ,  but t h e i r  subsequent d i f f u s i v e  
mixing would a l s o  proceed more qu ick ly .  

and using ~ q .  (5) , B~ Can be expressed a s  



WALL PHOTO-ELECTRON CURRENTS 

Photo-emission from var ious  regions of the  , 

chamber wall  would be non-uniform i f  the p e l l e t  
r a d i a t i o n  f l a s h  was asymmetric. Under these c i r -  
cumstances photo-electrons emit ted from the  wall  
produce c u r r e n t s  t h a t  can generate  magnetic f i e l d s .  
A simple model f o r  t h i s  is  s i m i l a r  t o  t h a t  i n  the 
previous Sec t ion ,  but  where ins tead  of d e b r i s  ions 
we consider  photo-electrons with energ ies  hv > To 
f lowing r a d i a l l y  inward from the w a l l .  A rough 
upper l i m i t  t o  the  f i e l d  produced i s  then given by 
using Eq. (11) but with the  replacements Zd + - 1, 
Wd = t o t a l  energy emit ted a s  wal l  photo-electrons 
with hv > To, and cd - hv i s  the  mean photo- 
e l e c t r o n  energy i n  t h i s  range. We then see  t h a t  
t h i s  source of B f i e l d  i s  r e l a t i v e l y  small com- 
pared t o  t h e  d e b r i s  ion source,  due t o  the  small 
ph3to-ef f  i c iency  o? l i g h t  elements such a s  l i q u i d  
L i  which would probably be used a s  a  t h i n  ab la -  
t i v e  l ayer  on the inner  wal l .  

RESIDUAL PELLET FIELDS 

I n  the  compressed ,burning f u e l  severa l  mech- 
anisms e x i s t  t h a t  genera te  very s t rong  magnetic 
f i e l d s .  They a r i s e  when the p e l l e t  d e p a r t s  from 
s p h e r i c a l  symmetry and examples a r e :  thermo- 
e l e c t r i c  sources a t  fuel-pusher  boundaries4, 
a n i s o t r o p i c  a - p a r t i c l e  f l u x e s  generated by the  
burn6, o r  small s c a l e  composition f l u c t u a t i o n s  
a r i s i n g  because of Rayleigh- Taylor mixing of 
p ieces  of t h e  pusher i n t o  the f u e l ,  e t c .  

Defining the  plasma beta ,  dur ing  burn, 
0 = 2 ~ ~ / ( ~ ~ / 8 n ) ,  we have a  maximum f i e l d  (corre'- 
sponding t B = I) B,,.,~, = ( 1 6 n ~ ~ ) %  = 6 . 1 0 ~  , t ( N T ~ ~ ~ / N ~ )  , where N, = 4.5 1022 i s  a  
c h a r a c t e r i s t i c  s o l i d  s t a t e  d e n s i t y  f o r  DT. For 
example f o r  a  f u e l  compression of N I N  = lo4 ,  and 
T = 100 keV during burn, Bmax = 6. ld18 Gauss. 

Regardless of d e t a i l e d  mechanisms we note 
t h a t  f i e l d s  generated i n  the compressed f u e l  
sphere and i t s  surroundings a r e  embedded i n  the  
plasma and thus decrease  a s  rm2 a s  the  p e l l e t  
f i r e b a l l  expands. The, f i e l d  s t r e n g t h  a t  . a  r a d i u s  
R equa l  t o  the chamber r a d i u s  i s  thus  

-3  
where N cm , TkeV , 0 ,  and r a d i u s  ro , r e f e r  
t o  the  compressed p e l l e t  plasma. For. example 

4 t ak ing  ro 5~ lo-' , R = lo3 cm, B 1, N / N ~ =  10 , 
T = 100 keV gives B 5~ 6 Gauss a s  an upper l i m i t  . 
f o r  t h e  r e s i d u a l  f i e l d .  

TURBULENT DYNAMO EFFECTS 

I f  the  magnetic Reynolds number, RM of a  
tu rbu len t  plasma i s  l a r g e ,  t h e  f l u i d  k i n e t l c  
energy tends t o  do work on the  f i e l d  by l i n e  
s t r e t c h i n g  f a s t e r  than t h e  f i e l d  can d i f f u s e  
through t h e  f l u i d  edd ies  i n  which i t  is  embedded. 
An adequate theory or  computer s imulat ion f o r  the  
complex 3D motion t h a t  i s  involved i n  t h i s  process 

i s  not a v a i l a b l e .  However, some 2D MHD computer 
models by Fyfe, Montgomery, and ~ o ~ c e ~ ,  show t h a t  
provided both the  magnetic and mechanical Reynolds 
numbers a r e  'large-, the  magnetic energy tends t o  
increase  with an e - fo ld ing  time - A/6V and 
approaches t h e  f l u i d  k i n e t i c  energy dens i ty .  

The magnetic Reynolds numher f o r  a  plasma is  
RM = A 6 V / o h e r e  'il = c2/4rru i s  the  magnetic 
v i s c o s i t y ,  A the  f l u i d  motion s c a l e ,  and 6V the  
tu rbu len t  v e l o c i t y  amplitude. Using the plasma 
conduc t iv i ty  f o r  u  t h i s  becomes 

The maximum value f o r  6V is  of order  the  
sound speed, cs ,  sb  t h a t  a t  e a r l y  times i n  the  
expanding f i r e b a l l  a  s i t u a t i o n  RM >> 1 can i n  
p r i n c i p l e  e x i s t .  Ilowever, a s  t h e  expansion pro- 
ceeds and T decreases t o  say 1 - 10 eV, the  

. f i n a l  chamber f i l l e d  s t a t e  (even i f  tu rbu len t  with 
6V- cs) would hovc a  mall 

RM : Thus, only i f  
turbulence occurs i n  t h e  ea r ly - t lme  expanding f i r e -  
b a l l  would t h i s  . l a rge  f l u i d  k i n e t i c  energy source 
become a v a i l a b l e  f o r  magnetic f i e l d  genera t ion .  

The ques t ion  a s  t o  whether turbulence ac tu-  
a l l y  occurs however i s  d i f f i c u l t  t o  answer. A t  
f i r s t  s i g h t  one would expect the f l u i d  expansion 
of the  p e l l e t  plasma t o  be p r i n c i p a l l y  a  laminar 
r a d i a l  motion, i n  which case dynamo a c t i o n  wou1.d 
nnt occllr. Hnwsvei:, sllppose the p e l  l.et r ~ t a i - n s  
i t s  layered s t r u c t u r e  ( c o n s i s t i n g  of a  high atomic 
weight s h e l l  containing a  low atomic weight pusher 
and f u e l  plasma ins ide)  wel l  i n t o  i t s  r a d i a l  ex- 
pansion. We then note t h a t  the sound speed i n  the 
in te r - io r  can be l a r g e r  than the r a d i a l  expansion 
v e l o c i t y  of the tamping s h e l l ,  i n  which case f l u i d  
turbulence of the  i n t e r i o r  f i r e b a l l  plasma may be 
superposed on the  r a d i a l  expansion. 
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- - - 
- Fig .  V-B-512. Azimuthal magnetic f i e l d  produced by 

the p e l l e t  d e b r i s  ion  cur ren t  flowing with 
axisymmetry through background plasma i n  a' 
t a r g e t  chamber. Radiat ion from t h e  p e l l e t  

I I 1 1 1 1 1 1 1  I I 1 . 1  1 1 1 1  micro-explosion pre ion izes  the  background. 

I 10 lo2 A A t y p i c a l  chamber r a d i u s  would be R = 103cm, 
and L i  blanket  th ickness  of 150cm. 

p d a  Ca 1 U 
I 

12 16 49 MeV 2GeV 10 25GeV 

Fig .  V-B-511. Displacement of an ion t r a j e c t o r y ,  
fir, i n  t ravers ing  a  d i s tance  of 103cm 

. across  a  uniform f i e l d ,  B Gauss, f o r  ions 
of var ious  atomic weights and charge s t a t e s .  
Ion energ ies  a r e  taken a s  those correspond- 
ing t o  a  range of 250 p i n  A U .  



6.  BEAM STABILITY I N  THE TARGET.CHAMBER a 1 f o r  I 
5+ 

W .  B. Thompson, S. J o r n a  

I n  t h e s e  n o t e s  we c o n s i d e r  t h e  s t a b i l i t y  of a  
heavy i o n  beam p r o p a g a t i n g  th rough  t h e  t a r g e t  cham- 
b e r .  I n  most schemes t h e  beam h a s  e n e r g i e s  of 
s e v e r a l  t e n s  of GeV, c a r r i e s  c u r r e n t s  of -1,000 
amps ( e q u i v a l e n t ) ;  and i s  focused  g e o m e t r i c a l l y  
f rom a n  a p e r t u r e  of.  r a d i u s  r i  - 10 cm t o  a  t a r g e t  
s p o t  of rf - 1 mm o v e r  a  d i s t a n c e  of L -  10  m. The 
p r o p a g a t i o n  mode must t h u s  b e  h i g h l y  s t a b l e . '  

I f  t h e  t a r g e t  chamber were  empty, t h e  beam 
p r o p e r t i e s  cou ld  e a s i l y  be  c a l c u l a t e d  and t h e  s t a -  
b i l i t y  i n v e s t i g a t e d .  I n  t h a t  c a s e  t h e  on ly  s e r i o u s  
i n s t a b i l i t y  i s  t h e  w r i g g l e  o r  f i r e  hose  mode which 
h a s  a  growth r a t e  

o r  r 4 0.21 m where mg = 4 n n ( Z 2 e 2 / ~ )  'is t h e  s q u a r e  
o f  t h e  beam pBasma f r equency .  F o r  ou r  beam N = 
n n r 2  = 2 . 1  x lo8 5 4 X 1011 cm-I., and w i t h  
(L - x )  t h e  d i s t a n c e  from t h e  head 03 t h e  beam, 

' 11 
. n  

4  k 1011 - 4 X 10  I(kA) 
2  

rrr - n[ rO  + ( r f  - r O ) ( x / ~ )  I - 

9 
1 .3  X 1 0  

2  I (kA) , 

[l - 0 . 9 9 ~ 1 ~ 1  

o r  f o r  a  l i m i t i n g  c u r r e n t  of 1 KA t h e  d e n s i t y  i s  
i n  t h e  r ange  

9 
1 .3  x 10  5 n 5 1.3  X loL3 ~ m - ~  

1 / 2  
2.  2 3  

m B = (4nn %) = 1.3  x LO Z (~ /A) ' / '  see-'. 

I o n s  sugges t ed  v a r y  from s i n g l y  charged U ,  A ' =  238, 
' t o  5 t imes  charged I,  A = 126. I n  t h e  i i r s t  c a s e  

' 6  8 -1 
3 x 10 < mB < 3 X 10 s e c  , 

w h i l c  i n  t h e  . ~ e c o n d  

7 9 -1 
2 x 1 0  < m  < 2  X I 0  s e c  . 

B 

The t o t a l  growth e q u a l s  (4 wg(x = 0 ) )  

a m0 I n  100 a 6 x 10  m0 0.2 f o r  u + 
5 B v  B 

and i s  n o t  impor t an t .  

The re  is  no i n t e n t i o n ,  of c o u r s e ,  of propa- 
g a t i n g  beams th rough  a 'vacuum,  bu t  a s  we s h a l l  
show, beam e f f e c t s  a r e  s t i l l  c h a r a c t e r i z e d  by mg, 
even i n  t h e  p re sence  of a  background. 

The environment  t h rough  which t h e  beam 
t r a v e l s  depends s t r o n g l y  on t h e  p r e s s u r e  i n  t h e  
t a r g e t  chamber. P r e s s u r e s  c o n s i d e r e d  have ranged 
from t o r r ,  abou t  t h e  l owes t  t h a t  c o u l d . b e  
reached w i t h  a.  r e p e t i t i o n  r a t e  o f . 1  Hz f o r  t h e  
r e a c t o r  , v e s s e l  d imensions  con templa t ed ,  t ~ o  - 1 
t o r r ,  which i s  c l o s e  t o  t h e  l i m i t  s e t  by m u l t i p l e  
s c a t t e r i n g  of t h e  beam p a r t i c l e s  ( f o r  t h e  s e l f . - .  
c o n s t r i c t e d  beam i t . m a y  be  p o s s i b l e  t o  exceed 
t h i s ) .  

I n  t h e  former  c a s e ,  t h e  chamber might .  be 
f i l l e d  i n i t i a l l y  w i t h  a n  a t  l e a s t  p a r t i a l l y  i o n i z e d  
g a s  a t  a  t empera tu re  of - 1 eV. I n  t h e  second 
c a s e ,  t h e  f i r s t  few c e n t i m e t e r s  of t h e  beam pro- 
duce enough i o n i z a t i o n ,  bo th  d i r e c t l y  and by ava-  
l anch ing  t o  i o n i z e  t h e  plasma f u l l y  and t o  e s t a b -  
l i s h  a  tempera tur*  of between 1 and 5  eV, y i e l d i n g  
a  channe l  s u b s t a n t i a l l y  w ide r  t h a n  t h e  beam, b u t  
su r round ing  i t .  I n  b o t h  c a s e s ,  t h e  plasma r a p i d l y  
n e u t r a l i z e s  b o t h  t h e  beam cha rge  and ( a lmos t  . 
comple t e ly )  t h e  beam c u r r e n t ,  s o  t h a t  t h e  n e t  ' 

c u r r e n t  might be  reduced t o  Inet < 0.0.1. IB. . An 
immediate consequence i s  t h a t  t h e  growth r a t e  of 
t h e  w r i g g l e  o r  f i r e  hose  mode is  reduced by a  f a c -  
t o r  of I n 0  (assuming t h a t  t h e  e n t i r e  c u r r e n t  chan- 
n e l  s h a r e s  t h e  g r o s s  motion; s i n c e  t h e  plasma 
c u r r e n t  a n d ' t h e  bea,! c u r r e n t  a lmost  c o i n c i d e  i n  
s p a c e ,  t h i s  seems a  r e a s o n a b l e  assumpt ion;  bu t  we 
s h a l l  examine i t  f u r t h e r ) .  

Tho baakground plasma i o  c h a r a c t e r i z e d  hy its 
plasma f requency Up = 5.6 X l o 4  fi set-I and i t s  
e l e c t r o n  c o l l i s i o n  f r equency  v ' 3 X n l o g  
~ 1 ~ 3 1 2  s e c - l .  Here  l o g  A a 22 .3  - 1.15 l o g l o  n  + 
3.5 loglO T,  T b e i n g  t h e  t empera tu re  i n  e l e c t r o n  
v o l t s .  

Fu r  0.01 torr  (n  1014 c ~ n - ~ )  and T - 1 eV 

9 -1 
v a 1.9 X 1 0  s e c  , 

f o r  1 t o r r  ( n  a 1016 cm-3) 

12 -1 
m = 5 . 6  x 1 0  s e c  , 

P 

In'  ou r  a n a l y s i s  we propose  to' d e s c r i b e  t h e  
background plasma by. , i t s  d i e l e c t r i c  c o e f f i c i e n t  



W 
2  

s h e e t  of cha rge  ( a g a i n  i n  vacuum)'whose s u r f a c e  i s ,  
e r l -  P d i s t o r t e d  s i n u s o i d a l l y  by .a  d i sp lacemen t  < = 50 

P W(W - i v )  c o s  kz .  The e f f e c t i v e  s u r f a c e  cha rge  d e n s i t y  
produced by t h i s  is C = -noZecn c o s  k z ,  where cn 

the beam particles must 'lso be taken is the  normal d isplacement  drawn o u t  o f  t he  s u r -  
i n t o  acco  n t .  S ince  t h e  r e l e v a n t  c r o s s - s e c t i o n s  face .   his' produces  a n  e l e c t r i c  f i e l d  
a r e  - cm2, t h i b  i s  impor t an t  a t  d e n s i t i e s  o f  
o r d e r  1016 ~ m - ~ . w i t h ,  s t r i p p i n g  t o  Zf - 4 0 , ,  wh i l e  E  = 2 s  = - n02rrZecn cos  kz 
a t  n  = 1014 Zf - 2. I n  t h e  follow.ing we l e t  - 
Z = ~ O ( ~ f / ~ O ) x / L  r e p r e s e n t  t h e  change of cha rge  and a  l o c a l  a c c e l e r a t i o n  
s t a t e  wi th  d i s t a n c e  a l o n g  t h e ' p u l s e .  

. The e a s i e s t  way t o  d e s c r i b e  t h e  wr igg le  mode 
is  t o  compute t h e  e f f e c t i v e ' e l e c t r i c  cha rge  l i n e  
d e n s i t y  iri t h e  r e s t  frame of t h e  beam, then  t o  
c a l c u l a t e  t h e  unbalanced f o r c e  a c t i n g  on a  curved 
p a r t  of t h e  beam. The e f f e c t  of a  plasma env i -  
ronment i s  t hen  t o  reduce t h e  e l e c t r i c  f i e l d  by a  
f a c t o r  hence t o  reduce t h e  growth r a t e  I-0 
by ~ 6 ~ ~ ~ .  The mode grows f o r  k r o , <  1 wi th  maximum 
growth f o r  k ro  - 0.6 o r  1.; a 9.2  j( l o9  s e c - l  << up. 
Thus 

L 
112 

which f o r  v  >> 2.; r educes  t o  I- - r0 (vx-3/2wp) . 
The t o t a l  g a i n  i n v o l v e s  (4 2 wB(x = O), (YL = 
I n  Zf/ZO) 

and 5 o s c i l l a t e s  wi th  t h e  f r e q u e n c y ' w B / ~ .  I n  t h e  
p resence  of a  plasma t h i s  r e s u l t  must be modif ied  
b i  t h e  d i e l e c t r i c  c o e f f i c i e n t ,  and.  t h e  d i s p e r s i o n  
r e l a t i o n  becomes t h e  c o l d  two-stream d i s p e r s i o n  r e -  
l a t i o n  w i t h  mB-cuB/J2. The r e sonan t .  modes 
(E.; , Up) grow a t  t h e  r a t e  (u /W ) 213 ( f o r  
s m a l l  u) and e a s i l y  s a t u r a t e ?  U ~ h e B a s ~ o c i a t e d  wave- 
l e n g t h s  a r e  now - 0.2 cm a t  n  = 1014 cm-3 and 0.02 
=m a t  n  = 1016 .,-3 ,and i t  seems u n l i k e l y  t h a t  
t h e s e . a r e  dangerous ,  a l t h o u g h  t a r g e t i n g  a t  0 .1  cm 
may be impaired.  Non-resonant modes grow a s  wg '  
and a r e  no t  n e u t r a 1 i z e d . b ~  t h e  r e t u r n  c u r r e n t ,  and 
hence grow f i f t y  cimes f a s t e r  t h a n  t h e  w r i g g l e  
mode, s t i l l  n o t  f a s t  enough t o  have much e f f e c t .  
The c o n s t r i c t e d  case'  i s  a n  excep t ion ,  f o r .  h e r e  t h e  
g a i n  i s  abou t  11 .5 . e - fo ld ings  s a t u r a t i n g  a t  r a t h e r  
l o n g  wavelengths .  Hence, s u r f a c e  r i p p l e s  which 
s i g n i f i c a n t l y  expand t h e  beam cou ld  l i m i t  t h e  
u s e  o f  s e l f - p i n c h e d  beams. - 

MICRO- INSTABILITIES 

I n  a d d i t i o n  t o  t h e  modes which d i s r u p t  t h e  
. O '  -m (L /v )  effL [I., ( o . . o~  c u ~  + 0'.57721 

s p a t i a l .  d i s . t r i b u t i o n  of t h e  beam, t h e r e  a r e  v e s  ' 

B loc i ty - space .modes  which do not  appea r  t o  h a v e .  
. . much d i r e c t  e f f e c t  on t h e  beam, bu t  may a f f e c t  t h e  

and a d eg ree  of beam c u r r e n t  n e u t r a l i z a t i o n  by t h e  
induced plasma c u r r e n t .  The beam d r i v e n  two-stream 
mode is t h e  b e s t  s t u d i e d  of these .  

TWO-STREAM MODES 

112 . We c o n s i d e r  t h e s e  f i r s t  i n  t h e  hydrodynamic 

x. [ l + ( l + ( & ) 2 j ]  ~ . .  

approximat ion and i n c l u d e  b o t h  t h e  v e l o c i t y  sp read  
of t h e  beam and plasma e l e c t r o n  c o l l i s i o n s .  Fo r  
t h e  beam 

. . .  

14 - 3  a?+ + + 

' - I X ~ O - ~  J~ rO d t  , f o r  n = l O  cm, 
Ze -. 

a t  v + - E ,  
0  

- + v'vv+ = - - ~ M P  
M 

While f o r  t h e  plasma e l e c t r o n s  
I n  t h e  1 , a t t e r  c a s e  one scheme r e q u i r e s  p ropaga t ing  + .  
t h e  beam c o n s t r i c t e d  by t h e  r e s i d u a l  c u r r e n t  t o  i t s  av -  + + 
f i n a l  r a d i u s .  The a i n  then  i n c r e a s e s  by a  f a c t o r  - + vv = -eE , a t  - in 
of abou t  37, t o  0 .1  f d t  which i s  s t i l l  sma l l .  

A  second mode t h a t  may deform t h e  beam is  a  
r i p p l e  mode. To under s t and  t h i s ,  l e t  u s  f i r s t  
f o r g e t  abou t  beam geometry and c o n s i d e r  a  p l ane  

an-  + - = 
a t  -n (V-v-) , 0 .  . . 



a n d  on combining t h e s e  e q u a t i o n s  w i t h  P o i s s o n ' s  
e q u a t i o n  we o b t a i n  t h e  d i s p e r s i o n  r e l a t i o n  

w $ wL 
1 - P = o  

+ + 2  + - 2  w(w - i v )  
(w - k - v )  - (k-Av) 

-+ + 
o r ,  w i t h  x  = w/w y  = k-v/w , p . =  v/wp, c  = 

P '  P 
2  2  + - 

w /w. and 0  = k-Av/w = y(Av/v):  
B  P '  P  

We no te  t h a t  f o r  8, p  = 0 ,  y  = 1, and x  = 1 + u  
t h a t  u  ( c / 2 ) 1 / 3  f o r  u2 << 1; Near t h e  r e s o n a n t  
p o i n t  y  1 w i t h  x  = 1 + u  t h i s  e x p r e s s i o n  r e -  
duces  t o  ( i f , w e  n e g l e c t  v) 

3 
which h a s  r e a l  r o o t s  provided c  5 ( 4 / v 3 ) 8  . For  
t h e  u n s t r i p p e d  beam c / e 3  0 .14 f o r  8 = 0.01 and 
t h i s  mode i s  suppres sed  by t h e  ve loc iLy  spread i n  
t h e  beam. F o r  t h e  s t r i p p e d  beam t h e  r a t i o  i n -  
c r e a s e s  by a  f a c t o r  z2/100 and t h e  i n i t a b i l i t y  i s  
e x c i t e d  f o r  Z > 16.  The s e l f - p i n c h e d  beam i s  t h e n  
u n s t a b l e  by t h i s  c r i t e r i o n  f o r  much of i t s  p a t h .  
F o r  t h e  c o n v e r g i ~  beam, however,  t h e  s t a b i l i t y  
c o n d i t i o n  i s  no t  v i o l a t e d  e x c e p t  ve ry  c l o s e  t o  t h e  
t a r g e t  l e a v i n g  on ly  l i t t l e  t ime  f o r  g a i n .  One 
might o h j e c t  t h a t  t h e  hydrodynamic model i s  inade-  
q u a t e  h e r e ,  and t h a t  t h e  beam dynamics shou ld  i n -  
c l u d e  Landau damping, o r  growth. The app rox ima te  
e f f e c t  i s  e a s i l y  o b t a i n e d  by modeling t h e  beam a s  
a  f l a t - t o p p e d  d i s t r i b u t i o n  of w i d t h  Av, go ing  
l i n e a r l y  t o  z e r o  a t  v  f (Av + bv). The c h a r g e  . 
induced on t h e  beam ( i n  t h e  beam frame)  i s  t h e n  

w2k2 v+Av 
f  (v )  (W - L . V ) - ~  dv 4 

. 2Avn 
v-AV ' 

= ?s2'[ 1 2  2 * 2(kbv)(kAv) (w. - k ~ v ) ~  - k  AV 
" I" 

where t h e  l a s t  t e r m  is  p r e s e n t  on ly  i f  w/k l i e s  be-  
tween v  f Av and v  & (hv + b v ) ,  The e f f e c t  on t h e  
d i s p e r s i o n  r e l a t i o n  is  t o  add a  t e rm - - 

2  
and t o  a l t e l  t h e  c o e f f i c i e n t  of (u2  - 0  ) from 1 t o  
l ' f  incAv/8  bv and t h e  growth r a t e ,  a l r e a d y  s m a l l ,  

is a l t e r e d  by a  complex f a c t o r  l e s s  t h a n  1. Henc 
k i n e t i c  e f f e c t s  do  no t  seem impor t an t .  

TRANSVERSE MODES 

There  i s  a  non-convect ive  . e l ec t romagne t i c  
mode t h a t  w i l l  grow f o r  wavelength  s m a l l  compared 
t o  t h e  beam r a d i u s  w i t h  a  growth r a t e  of - 
T h i s  grows on ly  f o r  t h e  beam d u r a t i o n -  10- s e c  
and i n  t h e  wors t  c a s e ,  t h e  h i g h l y  i o n i z e d  i o d i n e  
beam, grows by a  f a c t o r  exp 20,  o r  f o r  h i g h l y  ion -  
i z e d  uranium by a  f a c t o r  - exp 6. I t s  e f f e c t s  a r e  
n o t  c l e a r ;  any beam s h r e d d i n g  o c c u r s  r i g h t  a t  t h e  
end of t h e  beam, and i t  may produce s i g n i f i c a n t  
magnet ic  f i e l d s  n e a r  t h e  t a r g e t .  On t h e  o t h e r  
hand,  i t  does  no t  appea r  t o  be  d i s r u p t i v e .  

PLASMA MODES 

Near t h e  end of i t s  p a t h ,  t h e  c u r r e n t  den- 
s i t y  i n  t h e  beam r e a c h e s  v n l u c s  of I - 2  X lo5 
amp/crn2 for t h e  low p r e s s u r e  c a s e  and because  of 
enhanced i u r ~ i z a t i o n  - 8  x 106 amp/cm2 i n  t h e  h i g h  
p r e s s u r e  c a s e .  The e l e c t r o n  v e l o c i t y  need t o  
n e u t r a l i z e  t h e s e  c u r r e n t s  i s  of t h e  o r d e r  

- 0 . 4 ~  f o r  n  = 10 
16  cm-3 

Hence i n  bo th  c a s e s  t h e  e l e c t r o n  v e l o c i t y  exceeds  
t h e  e l e c t r o n  the rma l  speeds  and i n  t h e  absence  of 
c o l l i s i o n s  one would expec t  i o n - a c o u s t i c  i n s t a -  
b i l i t i e s  t o  induce  a n  anomalous r e s i s t a n c e .  The 
a s s o c i a t e d  f r e q u e n c i e s  w < wf a lo8 - lo9 a r e  much 
l e s s  t h a n  t h e  c o l l i s i o n  f r e q u e n c i e s ,  hence  one 
cou ld  s c a r c e l y  expec t  t h e  u s u a l  c o l l i s i o n l e s s  
t h e o r y  t o  ho ld .  On t h e  o t h e r  hand t h e  c o l l i s i o n s  
t hemse lves  a p p e a r  Lu d r i ' ve  a ~ i ~ e i l a r  modc uno tnb la .  
To a n a l y z e  t h i s  r o u g l ~ l y ,  n o t e  f i r s t  t h a t  t h e  
e l e c t r o n - e l e c t r o n  c o l l i s i o n  f r equency  is  g r e a t  
enough t o  keep t h e  e l e c t r o n s  c l o s e  t o  Boltzmann 
e q u i l i b r i u m .  On t h e  o t h e r  hand,  t h e  r a t i o  be- 
t w e e ~ ~  t h e  momentum t r a n s f e r  f r cquency  between 
e l e c t r o n s  and i o n s  i s  abou t  a  f a c t o r  of 100 below 
t h e  i o n  plasma f requency.  We c a n  t h e n  w r i t e  t h e  
i o n  momentum ba lance  e q u a t i o n  i n  t h e  form ( r ~ e -  
g l e c t i u g  t h e  p r e s s u r e )  : 

where e 

hence  
2  

- ( e / ~ ) i k j  + vV(k / e n  ) b  
V = 

D U 
+ . [i(w - kv) + V] 

and 



where v  is t h e  e l e c t r o n  thermal  speed ,  and t h e  
d i s p e r s i o n  r e l a t i o n  becomes 

where v  = (m/M)V-. From t h i s  

2 2  2  2  
NOW i f  k / (k  + k ) >7 (v/2w ) , we can  n e g l e c t  v  

2  

and P  P  

and a  growing mode i s  p o s s i b l e ,  w i t h  a  growth 

T h i s  i s  u n s t a b l e  i f  

and t h e  s t a b i l i t y  c r i t e r i o n  i s  s a t i s  i e d  f o r  1000 
ampere beams, f o r  R > 1 cm a t  n  = lo f4  cm-3, 2 = 1: 
R > 0'.3 cm f o r  n  = 1016 ~ m - ~ .  The remaining f l i g h t  
p a t h  is  x - 1 m, o r  6  nsec.  I n  t h e  low d e n s i t y  . 
case U B  < 6  x lo7 and t h e  growth o f  t h e  w r i g g l e  
mode would s t i l l  be  l e s s  t h a n  exp (0.6) even  i f  
t h e  c u r r e n t s .  were  comple te ly  des t royed .  For t h e  
h i g h  d e y i t y  c a s g  where Z = 40,  t h e  growth - e x p  
(40 x 10  x 6.10- ) u 11 and even i f  t h e  c u r r e n t  
were  comple te ly  n e u t r a l i z e d  by anamoulous e f f e c t s ,  
t h e r e  .would be no g r e a t  e f f e c t  on the U beam. Fur 
the '  I c a s e  a  more c a r e f u l  c t i l c u l a t i u n  is  r e q u i r e d .  

~ o t e ' t h a t  t h e  arguments p resen ted  h e r e  a r e  
q u i t e  c rude .  Beam geometry has  been handled i n  a  
ve ry  p r i m i t i v e  f a s h i o n ,  t h e  plasma h a s  been 

o t r e a t e d  a s  i f  uni form and a l l  r e l a t i v i s t i c  e f f e c t s  
have been omi t t ed .  A complete ly  conv inc ing  
v e r s i o n  w i l l  c o r r e c t  t h e s e  d e f i c i e n c i e s  and t r e a t  
t h e  n o n l i n e a r  consequences of t h e  i n s t a b i l i t i e s .  



7. ARGONNE NEUTRALIZATION ' EXPERIMENT 

S. Fens te r  

Argonne is  s e t t i n g  up a n  experiment on t h e  
charge n e u t r a l i z a t i o n  of  b e a ~  of  heavy ions  
us ing  a  3 mA dc source of  Xe a t  100 keV. This  
beam w i l l  pass through a 3-inch bore t r i p l e t  wi th  
g r a d i e n t  v a r i a b l e  up t o  15 Teslalm. The i o n  beam 
w i l l  tend t o ' t r a p  e l e c t r o n s  w i t h  a n  inward r a d i a l  
e l e c t r i c a l  f i e l d .  

2 
Where J i s  t h e  i o n  c u r r e n t  d e n s i t y  (ampslm ) , 
Bi = 3 and r is  t h e  d i s t a n c e  t o  t h e  a x i s .  Elec- 
t r o n s C w i l l  revolve around t h e  magnetic f i e l d  
l i n e s  a t  g rad ien ts  of  15 Tesla/m. The experiment 
w i l l  determine whether enough lower energy e l e c -  
t r o n s  a r e . p r e s e n t  t o  achieve n e u t r a l i z a t i o n .  

The p o t e n t i a l  a t  t h e  edge o f  such a  beam i s  
+90 v o l t s  wi th  r e s p e c t  t o  i t s  cen te r .  I f  a  200 V. 
e l e c t r o d e  r i n g  surrounds t h e  beam, t h e  neutra-  
l i z i n g  e l e c t r o n s  may be  removed. By pu ls ing  the  
e l e c t r o d e  % w i t h  a  r i s e  time 7, <.l  psec and 
observing e l e c t r o n i c a l l y  t h e  increase  i n  beam 
spot  s i z e  a s  a  func t ion  o f  time, one can  d e t e r -  
mine t h e  time cons tan t  f o r  removal of neutra-  
l i z i n g  e lec t rons .  Pulsing i n  t h e  opposi te  d i r e c -  
t i o n  g ives  the r e v e r s e  time cons tan t  f o r  producing 
n e u t r a l i z a t i o n .  With t h i s  se tup ,  e l e c t r o n s  i n -  
s i d e  a  quadrupole may g e t  trapped around magnetic 
f i e l d  l i n e s ,  so it may be neces'sary t o  p lace  
c l e a r i n g  e l e c t r o d e s  i n s i d e  t h e  magnets. A 10 MHz. 
A. C. c l e a r i n g  f i e l d  may a l s o  be  t r i e d .  

We expect  t o  vafg t h e  vac;um from t h e  usua l  
1 0 ' ~  Torr  down t o  I0  Tor r  t o  check t h e  e f f e c t  . 
o t  r e s i d u a l  gas o n  neue ta l iza r ion .  

A l i s t i n g  of  .beam s i z e s  a g a i n s t  t h e  phase 
advance per  period and t h e  parameter P i n  a  FODO 
L a t t i c e  has been s e t  up, neg lec t ing  space charge. 



C. R E A C T O R S  

. - - -  - 
1. SUMMARY b 

J. A. Maniscalco 

The Laser Fusion Program System Studies Group 
a t  Lawrence Livermore Laboratory has been engaged 
i n  scoping s tudies  t o  ident i fy  a t t r ac t ive  reactor 
concepts fo r  producing power with i n e r t i a l  confine- 
ment fusion. The scoping studies were carried out 
by developing several  reactor  concepts and then 
comparing them on the  bas is  of the i r  a b i l i t y  t o  
cope with the major problems affec t ing the techni- 
c a l  f e a s i b i l i t y  of an i n e r t i a l  confinement fusion 
power plant .  These include: 

1) The e f fec t s  of the fusion microexplosion 
on the f i r s t  wall. 

2) The e f fec t s  of high energy neutrons and 
cycl ica l  &tresses on the blanket s t ruc-  
ture .  

3) The e f f e c t s  of the fusion microexplosion 
on the f i n a l  focussing elements. 

During these comparative studies a f lu id  w a l l  re -  
ac tor  design called the l iquid lithium waterfa l l  
emerged as  a most promising reactor concept fo r  
generating e l e c t r i c i t y  with l a se r  fusion. I n  t h i s  
section we w i l l  b r i e f ly  describe the reactor con- 
cept and analyze it with regard t o  the technical  
problems l i s t e d  above. 

High. energy yield per shot can be used t o  
minimize the e f f e c t s  of both dr iver  and target  
fabrication cos ts  on the cost  of e l e c t r i c i t y .  Can- 
versely,  high energy yield per pulse character- 
i s t i c s  increase the damaging e f f e c t s  of the radi -  
a t ion  from the microexpl~osion on the f i r s t  wall 
and blanket s t ructure .  This is  one of the reasons 
that  led us t o  ee lec t  a f lu id  wall concept fo r  our 
reactor.  More importantly, i n  t h i s  approach, the 

. f i r s t  wall and blanket s t ructure  a re  shielded from 
x-rays, ta rget  debris ,  and neutrons by a th ick  
f a l l i n g  region of l iquid lithium. We consider 
target  i r r ad ia t ion  from a few sides with long fo- 
c a l  length ion beams: ~t focal  lengths on the 
order of 10 m, i t  appears possible t o  design a 
f i n a l  focussing magnet that  could survive the 
damaging e f f e c t s  of the  thermonuclear microexplo- 
sion f o r  a year or  longer, su f f i c i en t ly  long t o  . avoid an excessive e f fec t  on the plant capacity 
fac tor .  

REACTOR DESIGN 

The l i thium waterfa l l  reactor  design was 
strongly influenced by our des i r e  t o  develop a 
simple concept tha t  could be constructed with ex- 
i s t ing  materials using current state-of-the-art  
technology so  that  the decade or so required f o r  
advanced material  development and t e s t ing  could 
be circumvented. 

The reactor  concept (Fig. V-6-l/l) fea tures  
a thick continuously recyclable f i r s t  wall of l i q -  
uid lithium that  protects the  f i r s t  n t ructuta l  
wall from d i rec t  exposure t o  the  microexplosion. 
The waterfa l l  is  disassembled by each shot, and it  
is  reestablished between each shot. The l i thium 
is  continually pumped t o  the top of the  vacuum 
chamber through a reservoir  region which separates 
the f i r s t  s t ruc tu ra l  wall  from the pressure vessel .  
A small f rac t ion of the l i thium flow c i r cu la t e s  a s  
the primary coolant t o  the heat exchanger. The 
re turn  flow from the heat exchangers is  .injected 
through. a vortex generator to  provide protection 
t o  the top of the chamber, 

Fig. V-C-1/1. Fall ing b a l l s  concept. 



The pr inc ipa l  purpose of the f a l l  i s  t o  r e -  
duce the  neutron r ad i a t i on  damage i n  blanket s t ruc-  
t u r a l  mater ia l s ,  allowing them t o  survive f o r  the 
usefu l  l i f e  of the  plant .  Besides moderating neu- 
t rons ,  t he  f a l l  a l s o  absorbs the  x-ray output and 
p e l l e t  debr is .  By keeping the  f a l l  separated from 
the  chamber wall ,  any shock wave produced i n  the  
f a l l  w i l l  not be d i r e c t l y  transmitted t o  the  s t ruc-  
t u r a l  wall .  

The primary neutron damage mechanisms t o  r e -  
ac to r  s t r u c t u r a l  mater ia l s  a r e  atomic displace- 
ments and gas production. For an unprotected 
s t e e l  wall  operat ing a t  a neutronic wall  loading 
of 1 NIJ, the damage l imws  would be reached i n  
only a few full-power-years. This would present a 
severe maintenance problem and r e s u l t  i n  the  gene- 
r a t i o n  of large amounts of rad ioac t ive  waste. One 
MW/m2, i s  genera l ly  considered t o  be the lower 
f l u x  l i m i t  f o r  an economically a t t r a c t i v e  fusion 
reac tor .  A t  t h i s  wall  loading, a fusioxr reac tor  
would operate with power dens i t i e s  t ha t  a r e  an 
order of magnitude lower than a l i g h t  water reac- 
t o r .  

2The product of neutron wall loading, i n  
MWIm , and the wal l  l i f e t ime ,  i n  years, i s  a f i g -  
ure of merit f o r  any fusion reac tor  design. This 
product, the  allowable f i r s t -wa l l  f luence,  in-  
c reases  exponential ly with the  pro tec t ive  thick- 
ness  of the l i th ium f a l l .  We have evaluated the 
requirements of a system tha t  maintains a minimum 
protec t ive  l i th ium thickness of 60 cm, and found 
it  provides an allowable fluence of - 90 ~ - ~ r / r n ~ .  
In  o ther  words, the  system could be operated a t  - 4 MWld for  the  30-year plant  l i f e  a t  a 75% 
capaci ty  f ac to r .  Thus, f o r  a given power, the 
r eac to r  can be made umaller with s t ruc tu re s  t ha t  
never requi re  replacement. 

It should be pointed out t h a t  f l u i d s  other 
than l i qu id  l i th ium could be used t o  perform the  
functions of the f a l l .  The primary cons t r a in t s  on 
the  f a l l  material  a r e  t ha t  the substance must: 

1)  Have a reasonably low melting point 
(lenu than about 300° C) so the  f l u id  
s t a t e  can be e f f ec t ive ly  mairttained. 

2) Have a low enough vapor pressure a t  the 
selected operat ing temperature (>400° C 
but a s  high a s  possible) t o  permit an 
adequate vacuum condit ion t o  be &in- 
tained . 

3) Have neutronic cha rac t e r i s t i c s  tha t  per- 
m i t  an adequate t r i t i u m  breeding r a t i o  
t o  be achieved. 

4) Be compatible with the  selected s t ruc-  
t u r a l  mater ia l s .  

Tri t ium breeding considerat ions preclude the use 
of a neutron absorber and requi re  tha t  l i th ium be 
incorporated i n  the reac tor  system i n  a su i t ab l e  
manner. 

Other p o s s i b i l i t i e s  Eor the f a l l  a r e  lead and 
lead-lithium a l loys  such a s  PbqLi. Lead, a s  the 
primary cons t i tuent  of the  f a l l ,  degrades the  

neutron energy through (n, 2n) and i n e l a s t i c  
sca t te r ings .  Our neutronic ca lcula t ions  indica te  
t ha t  a few volume percent of 6 ~ i  i n  the  lead 
would be enough t o  maintain a t r i t i um breeding 
r a t i o  grea ter  than one. The use of Pb or  Pb4Li 

- 
would allow a lower system t r i t i um inventory t o  be 
maintained. On the  negative s ide ,  r ec i r cu l a t i on  
pumping power would s ign i f i can t ly  increase and 
gra in  boundary corrosion of s t e e l s  may present 
compatibi l i ty problems. The various aspects  of 
these systems a re  being invest igated.  

The pumping power required t o  r ec i r cu l a t e  the 
l i th ium f a l l  has been estimated on the bas i s  of 
the k ine t i c  and s t a t i c  head requirements with the 
f a l l  i n l e t  condit ions determined by two cons t ra in ts :  

The f a l l  must have su f f i c i en t  ve loc i ty  t o  
r ee s t ab l i sh  i t s e l f  between microexplosions. 

A minimum at tenuat ing  thickness of 60 em 
must be maintained. 

The required pumping power irkcreases with 
chamber s i z e  and withspulse r epe t i t i on  r a t e .  For 
1-2 Hz ,  the  paver required i s  l e s s  than 5% of the 
gross e l e c t r i c  power production of the reac tor .  
Since the  ion beam system operates more economi- 
c a l l y  a t  higher r e p e t i t i o n  r a t e s ,  multiple reac tor  
chambers may be coupled with a s ingle  dr iver .  

The beam propagation group a t  the  workshop 
general ly f e l t  t ha t  it would be possible t o  focus 
rhe heavy ion beam i n  a chamber with a background 
pressure i n  t he  neighborhood of 1 Torr. This r e l -  
a t i ve ly  high allowable pressure makes it poosible 
t o  use l iquid  l i th ium i n  the  vacuum chamber. Cor- 
rosion consideration9 requi re  t h a t ,  f o r  use with 
s t a i n l e s s  s t e e l ,  l i th ium temperatures must be l e s s  
than 500° C. A s  shown i n  Pig. V-C-1/2, the  vapor 
pressure of l i thium a t  t h i s  temperature i s  l e s s  
than 5 x 10-3 Torr. 

I f  fusion chamber pressures l e s s  than 
Torr a r e  needed t o  focus the ion beam, the a t t r ac -  
t i v e  fea tures  of the lithillm water fa l l  reac tor  
concept can be retained by replacing the l iquid  
f a l l  with a f a l l i n g  region of so l id  ceramic- 
l i th ium pel le t* .  Tn this concept (Fig,  V-C-113) 
Ceramic p e l l e t s  a r e  continuously rec i rcula ted  t o  
the top of the  fusion through a resevoi r  region 
between the f i r s t  wall  and the pressure vesse l .  
The ceramic p e l l e t s  can be e i t h e r  t ransported 
through heat  exchangers o r  cooled by the  flow of 
high pressure helium gas i n  the  rescvoir  region. 
Tri t ium is bred i n  the ceramic compounds and r e -  
covered a s  it  d i f fu ses  out i n to  the helium. The 
use of l i th ium i n  ceramic form eliminates both 
the  corrosive problems and chemical hazards asso- 
c ia ted  with l i th ium metal. On the negative s ide  
major uncer ta in t ies  need t o  be addressed such as 
the s t r u c t u r a l  i n t e g r i t y  of the  ceramic p e l l e t s  
and f inding a means of e f f i c i e n t l y  t ranspor t ing  
the  p e l l e t s  i n t o  and out  of the vacuum chamber. 
We intend t o  address these quest ions t h i s  year. 



T, OK f u s ion  systems. It e l imina tes  t he  f i r s t  wal l  
loo0 900 800 700 problems r e s u l t i n g  from x-rays and p e l l e t  deb r i s ,  

and minimizes c y c l i c a l  thermal s t r e s s e s .  Also, 
the t h i ck  f a l l i n g  region of l i th ium a t t enua t e s  
neutrons t o  t h e  point  where t he  blanket  s t r u c t u r e  - could survive f o r  the  l i f e t i m e  of t he  power plant  
at high power d e n s i t i e s .  The concept appears t o  
be adaptable t o  any i n e r t i a l  confinement fusion 
system which can opera te  with fusion chamber 
pressures g r ea t e r  than lo'* Torr. 
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Fig. V-C-112. Vapor pressure v s  temperature f o r  
l i th ium and lead.  
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- Fig. V-(2-113. Ceramic p e l l e t  concept. 

CONCLUSIONS 

w 
The l i th ium w a t e r f a l l  r e ac to r  has  emerged a s  

a promising concept which a l l e v i a t e s  the  major 
roblems associated with i n e r t i a l  confinement 



2. CONSTRAINTS DUE TO NUCLEAR IVRACTIDNS I N  
q V Y - I O N  INDUCED FUSION, AND SHIELDING 
REQUIREMENTS 

R. Silberberg and C. H. Tsao 

INTRODUCTION 

There a r e  severa l  aspects o f  the  heavy-ion 
induced fusion process fo r  which a de ta i led  know- 
ledge of nucleus-nucleus in terac t ions  is essent ia l :  
(1) The modification of the  d i s t r ibu t ion  of energy 
deposit ion i n  the  fusion p e l l e t  due t o  nuclear 
fragmentation and cons t ra in ts  on the composition 
of t he  pe l l e t ,  (2) the  background radia t ion  of 
protons and neutrons a t  energies of " 200 MeV 
due t o  in terac t ions  of heavy ions near the reac tor  
chamber and the accumulator r ing  while the reac tor  
is  i n  operation, and (3) the  background radioac- 
t i v i t y  a t  the readtor  arul accuurulrLu~ r ing  whPlo 
the  reac tor  is shut down. We s h a l l  present here 
some preliminary r e s u l t s  obtained i n  two weeks 
work i n  t h i s  f i e l d ,  and point  out  areas i n  which 
fu r the r  work is  required. 

CONSTRAINTS ON THE COMPOSITION OF THE PELLET 

I n  the present  sample ca lcula t ion  we s h a l l  
adopt an  energy of 300 MeVInucleon (henceforth 
abbreviated as  MeVIu) for  the  beam pa r t i c l e s  a t  
t h e  ta rget .  For = O S ~ i ,  t he  corresponding energy 
is  63 GeV, and a few per cent  less fo r  other 
prospective beam p a r t i c l e s  l i k e  Hg o r  Au. 

Above 100 MeVIu, the toes1 i n e l a s t i c  cross  
sec t ion  per proton-nucleus c o l l i s i o n  can be 
approximated by the  empirical equation (formulated 
by us): 

and for  nucleus wi th  mass nwber  A1 col l id ing .  
wi th  one having mass number A 

2 by 

both cross sections a r e  given i n  un i t s  of mb. A 
more rigorous expression kor t h e  l a t t e r  (iuclud- 
ing  energy deganiiaacej l e  p l v s ~ l  by Itarol (19?5).l 

The f r ac t ion  of nuclei  that come t o  r e s t  
without undergoing a nuclear c o l l i s i o n  is  given 
approximately by 

F = exp 

Here R is  the res idual  range ( i n  g / c s r  of the  
beam p a r t i c l e  i n  the medium of mas's number A?. 
It i s  assumed t h a t  the res idual  range of t h e  
p a r t i c l e  is  negl ig ib le  when its energy has been 
reduced t o  a value such t h a t  t he  above cross 
sec t ion  equations a r e  no longer applicable. 

We sha l l  now determine t h e  i n i t i a l  "surviv- 
ing  fraction" F, i.e., p r io r  t o  the turning of t he  

. t a r g e t  in to  plasma. The ac tua l  value of F w i l l  

be la rger  due t o  reduction o f  the  residual  range 
R i n  the  plasma (Nardi e t  a 1  1977).a 

The beam pa r t i c l e s  (OoS~i)  become nearly 
f u l l y  str ipped; the  electrons retained a r e  evalu- 
a ted  by the procedure outl ined by Barkas (1963) .3 
The res idual  range R and f r ac t ion  F of a 0 9 B i  
nuclei  a t  300 MeV/u tha t  have not coll ided is  
given i n  Table V-C-211, fo r  t a rge t  media of hydro- 
gen, carbon; copper and lead, respectively. Since 
the  ca lcula t ion  is  an extrapolation t o  heavier 
nuclei ,  the  uncertainty i n  the  est imate of R is  - 2%. A more de ta i led  computer calculat ion,  based 
on the  number of electrons retained aa a function 
of energy, is desirable.  

Table V-C-211. Residual range and f rac t ion  of 
non-colliding B i  nuclei. 

Target ~ ( g l c m ~ )  F 

One can see from Table V-C-211 t,hat i f  the 
medium i n  which the  B i  (or Au o r  Pb) nuclei  lose  
w e t  o f  t h e i r  energy i s  l i g h t ,  e.g., consist ing 
of hydrocarbon, about half  of  the beam pa r t i c l e s  
w i l l  undergo nuclear co l l i s ions ,  and the forward 
" t a i l u  (or snout) of  the Bragg peak can be appre- 
c i ab le  i n  regions of the t a rge t  where i t  is  unde-. 
e i rable .  This could especia l ly  be the  case with 
a uranium beam--since m e t  of  the nuclear i n t e r -  
ac t ions  r e s u l t  i n  f l s s iob ,  Ll~e r e a i J ~ l  range of 
the  f i s s i o n  fragnient i s  nearly double tha t  crf the  
parent uranium nuclide. 

I f  the target  medim, on the other hand, 
consiata of heavy nuclei  l i k e  Pb, the  in terac t ing  
f rac t ion  1-F is I-. 2%; and the distorfAnn of the 
Bragg peak due t o  nuclear in terac t ions  is negli- 
gible.  

THE BACRGROUND RADIATION IN R E A ~ O R  CHAMBER 
AND THE ACCUMULATOR. RING WHILE TIIE REACTOR IS 
1N U ~ ~ ~ T ~ a ~ .  

For t h i s  sample ca l cu la t ion ,  we assume an  
energy re lease  of 2( x 109 joules per  p e l l e t ,  a 
r a t i o  of energy output t o  energy input of 100, 
and 10 pulses pe t  second. This corresponds t o  
an  energy input of 2.5 x loa0 MeV per pulse, o r  
4 x 10lb B i  nuclei  (of AU o r  P t )  per pulse, i.~., 
4 x 1016 B i  nuclei  per sec. 

The r i ches t  source of neutrons i n  the fusion 
reac tor  is the deuterium-tri t i  fusion, yielding 
( fo r  the  above parameters) 1F2 = ~ t r o n s / s e c *  
But the energy of these neutrons, and of t h e i r  
progeny is  about 14 MeV. On the  other hand, 
the  neutrons from the fragmentation of the beam 
pa r t i c l e s  (e.g., Bi) a r e  dominant i n  the  outer  
por t ion  of the  sh ie ld  a s  shown i n  the next t h ree  
paragraphs below, 



' . In  p-Bi c o l l i s i o n s .  a t  300. MeV, the atomic 
number Z of Bi changes o n , t h e  average by A.Z 4 10, 
and the  number ~ f . ~ n e u t r o n s  emitted i s  - 1.5 . 
l a r g e r .  I n  heavy nucleus-nucleus c o l l i s i o n s , .  . . however, the  degree of breakup is  much g r e a t e r  
(Schroeder, 1977) .4 .Probably .- 25.protons and . 

m.35 neutrons a r e  emitted per c o l l i s i o n  of b i s -  
muth nucleus. .  Assuming 2%.Bi n u c l e i  c o l l i d e  i n  ' 

the  t a r g e t ,  .- 3 x 1016 neutrons with an. average 
energy E a 200 MeV a r e  generated per second .- 

. ' 
Assuming a  permissible  r a d i a t i o n  dose of 

0..l remlweek corresponds t o  1.3 x lo6. neutronslcm 2 

per week a t  10 MeV (Goussev, 1968) .5 

We s h a l l  now explore the sh ie ld ing  necessary 
t o  reduce t h e  neutron f l u x  t o  these  l i m i t s .  The 
half-value thickness  ( i n  which the neutron f l u x  
is reduced 50%) f o r  the  fragmentation neutrons 
from Bi,  ( i . e .  a t  200 MeV) i s  42 cm of concrete ,  
and only 9 cm f o r  the  14 MeV fus ion  neutrons 
(Wallace, 1970) .6 Table ' . 
t h a t  t h e  nuetrons from B i ,  though fewer i n  number, 
r e q u i r e  more sh ie ld ing .  

Table V-C-212. Sh ie ld ing  requi red  t o  reduce ' the  
neutron dose t o  U.1 redweek ,  a t  

. . distance '  r from reac tor .  

r(m) Shie ld ing  (m of concrete)  

fus ion  neutrons . Bi fra'gmentation 
'neutrons . . . .  

, 14 30 ' 4 
1000 ' 3 , l l  

. . . .  

of t h e  B i  nucleus and i t s  c o l l i s i o n  par tner  i n  
t h e  fus ion  p e l l e t ,  a s  t h e  l a t t e r  evaporates ,  and 
(c)  f a s t  protons and neutrons from t h e  fragmenting 
B i  nucleus2$hat i n t e r a c t  i n  t h e  r e a c t o r  wal l s .  
S ince  - 10 neutrons per  second a r e  generated i n  
process  (a) compared t o  - 1015 i n  process  (b) and 
1016 i n  process  (c)  , t h e  r a d i o a c t i v i t y  generated 
by t h e  f i r s t  process  should be dominant. Probably 
2 1% of t h e  fus ion  neutrons (-.1020/sec) w i l l  
i n t e r a c t  i n  the  p e l l e t  a b l a t o r  l a y e r ,  genera t ing  
r a d i o a c t i v e  n u c l e i  t h a t  w i l l  s p l a s h  on t h e , r e a c t o r  
wal l .  

Also i n  the accumulator r i n g ,  the rad io-  
a f t e r  shut-down w i l l  be high.  About 

;c:i;6:3 B i  n u c l e i I s e c  w i l l  i n t e r a c t  y i e l d i n g  a  
v a r i e t y  of rad ioac t ive  ,products, and n u c 1 i d . e ~  t h a t  
go ,on and col1:ide a t  the r a t e ' o f  - 1 0 ~ ~ 1 , s e c . .  . !  

Thus, t'he y-ray production r a t e  i n  the  accumulator 
and t h e  surrounding s h i e l d i n g  can bu i ld  up t o  
' 1 0 ~ ~ / s e c .  . . 

Appreclable s h i e l d i n g  is  also'  required a t  
the  accumulator r i n g .  Assume 1% of B i . n u c l e i  a r e  
l o s t  from the  beam and e n t e r  a  medium of i ron  or. 

Assume again a'beam of B i  n u c l e i  6f 4  x 
;k'g:iec;and an energy of 300 ~ e V / u .  About 90% 
of ' the B i  n u c l e i  come t o  r e s t ,  w h i l e  10% undergo 
nuclear  r e a c t i o n s .  The number of neutrons per 
i n t e r a c t i o n  i s  agaiu assumed t o  be 35.  hen. ' - 1 .4  x 1015 neutrons a r e  generated per second, 
i . e .  - 5% of t h a t  from i n t e r a c t i o n s  of Bi i n  the  
r e a c t o r  a rea .  'The required s h i e l d i n g  i s  17 m of 
concrete  i f  t h e  working a r e a s . a r e ' 3 0 . m  from t h e  

' 

accumulator r i n g ,  and 9 m i f  the  working a reas  
a r e  1 km away. 

. . . .  , . . .  

The required s h i e l d i n g  r b r  the  Ilinac can 
be a  l i t t l e  1ess:'thari 10 m of concre te - the  exact  
value depends on the  f r a c t i o n  of B i  n u c i e i  lbb t  ' 

per u n i t  path leng th  i n  the  l i n a c .  . 

  he , a c c e l e r a t o r  and;reactor .can be under- 
ground, a t  depths approximately comparable t o  the 

- sh ie ld ing  discussed above. 

BACKGROUND RADIOACTIVITY WHEN THE ACCELEWTOR 
( i .  e .  REACTOR) IS SHUT DOWN I : , 

The background r a d i o a c t i v i t y  i n  t h e  r e a c t o r  
i s  der ived  from (a) i n t e r a c t i o n s  o f  neutrons pro- 
duced i n  theZ2H + 3~ fus ion  process ,  (b) fragments 

A d e t a i l e d  c a l c u l a t i o n  of the.background 
r a d i o a c t i v i t y  is . .warranted,  but r e q u i r e s  d e t a i l e d  
information on the. conf igyra t ion  and composition 
of t h e  accumulator, the  surrounding wal l s  and 
a l s o  of the  r e a c t o r  chamber wal l s .  . Since t h e  14 
MeV fus ion  neutrons can induce only a  l imi ted  
number of nuc lear  r e a c t i o n s ,  e .g .  (n ,p ) , . (n ,c r ) ,  
a  choice of s h i e l d i n g  m a t e r i a l  is  poss ib le  t h a t  
minimizes the  .numb,er of rad ioac t ive  n u c l e i  formed, 
o r  , r e s t . r i c t s  them. t.o a  very shor t - l ived  spec ies .  
Yet, the  r a d i a t i o n . l e ~ e 1  may be s o  high,  t h a t  ,. 
procedures may have t o  be degigned f o r  remote 
c o n t r o l  of required r e p a i r s  or replacement of 
p a r t s .  

. . .  .. .,:. . . . 
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3. TARGET INPUT REQUIREMENTS FOR HEAVY I O N  
FUSION . . 

R. 0. Bangerter 

INTRODUCTION 

This  paper summarizes the  requirements a 
heavy i o n  a c c e l e r a t o r  m u s t  meet i n  o rder  t o  i n i -  
t i a  t e  p r a c t i c a l  thermonuclear microexplosions. 
P a r t i c u l a r  emphasis is  given t o  t h e  ques t ion  o f  
maximum al lowable ion  energy. 

ACCELERATOR REQUIREMENTS 

. Although fus ion  t a r g e t  design was no t  an 
o f f i c i a l  p a r t  of the workshop, t h e r e  were a suf-  
f i c i e n t  number of quest ions on t h e  top ic  t o  j u s t i f y  
w r i t i n g  a b r i e f  no te  f o r  t h e  Workshop Proceedings. 

The new curves d i f f e r  somewhat from those 
given i n  F. 1-1 of Reference 1. Using again 
30 GeV uranium a s  a n  example, t h e  new curves 
give a range t h a t  i s  about 1.5 times a s  l a r g e  a s  
t h e  old curves.  I consider  t h e  new curves more 
r e l i a b l e ;  however, t o  my knowledge ranges of in -  
t ense ,  e n e r g e t i c  ion  beams i n  ho t ,  dense m a t e r i a l  
have never  been measured. It does no t  seem most 
u n l i k e l y  t h a t  the  c a l c u l a t e d  ranges a r e  i n  e r r o r  - 
by more than a f a c t o r  of two, but  a d d i t i o n a l  theo- 
r e t i c a l  work i s  underway t o  improve t h e  accuracy 
of t h e  c a l c u l a t i o n s .  It i s  a l s o  poss ib le  tht 
some r e l e v a n t  experiments can be performed a t  
e x i s t i n g  heavy i o n  a c c e l e r a t o r s .  

With the  above q u a l i f i c a t i o n s  i n  mind, I 
have used t h e  curves of  Fig. V-C-311 t o  produce 
curves of  upper l i m i t s  on i o n  energy a s  a funct ion 
o f  atomic weight.  The specl . f ic  energy is  given 
by E = Elm = El2 n r Z ~  where r is  the  f o c a l  spo t  J u s t  a s ' t h e r e  a r e  many poss ib le  a c c e l e r a t o r  

des igns ,  there  a r e  a l s o  many poss ib le  fus ion  t a r -  r a d i u s  and R i s  t h e  range i n  g/cm2 (or  o t h e r  u n i t s  

g e t  des igns .  Some of these  t a r g e t  designs have o f  a r e a  dens i ty ) .  The f a c t o r  o f  2 i n  .the denomin- - 
a t o r  r e s u l t s  from t h e  f a c t  t h a t  a t  l c a s t  2 bcamo 

not been we expect are ,required for adequate implosion symmetry. 
t h a t  improved t a r g e t s  w i l l  cont inue t o  be  devel- 

For t a r g e t s  having a n  input  energy - 1 W t h e  oped. Consequently a number of i t e r a t i o n s  involving 
minimum reasonable f o c a l  spo t  r a d i u s  i s  - 1 mm 

c l o s e  c m u n i c a t i o ~ i  between t a r g e t  des igners ,  
a l though f o r  smaller  100 k J  t a r g e t s  0.5 mm may be 

a c c e l e r a t o r  des igners  and r e a t o r  des igners  w i l l  
allowable. Using these  f a c t s  and assuming a mini- 

be requ i red  t o  a r r i v e  a t  an optimized t a r g e t  - 
mum s p e c i f i c  energy of  20 W l g  we o b t a i n  t h e  curves 

acce le ra tor - reac  t o r  system. 
shown i n  Fig. V-C-312. 

The t a r g e t  requirements which we have pro- It should be emphasized t h a t  these  curves 
vided a r e  based on our b e s t  designs s o  f a r ,  on 

do no t  represen t  a sharp upper l i m i t  i n  t h e  . 
r a t h e r  u n i v e r s a l  t a r g e t  des ign  cons idera t ions ,  

sense t h a t  any i o n  energy above t h e  curve w i l l  
and on our p ro jec t ions  of f u t u r e  improvements i n  not work at  all and all  ion energies belaJ the 
t a r g e t  performance. 

curve a r e  e a u a l l y  e f f e c t i v e .  I n  terms of s p e c i f i c  . - 
energy we expect t a r g e t  ga in  t o  increase  r a p i d l y  

A t  t h e  beginning of t h i s  workshop we decided as the specific energy is increased from - W ~ g  
t o  focus our e f f o r t s  on two s e t s  of t a r g e t  requ i re -  

t o -  30 MJ/g. It is probably a l s o  t r u e  t h a t  f o r  
ments. These a r e  given i n  Table V-C-311. The r e -  
acto= corresponds to the confidence level a given s p e c i f i c  energy Lllere i s  sume advantage 

i n  going t o  a l a r g e r  f o c a l  spo t  s i z e  and s h o r t e r  
t a r g e t  descr ibed i n  Table 1-1 of the 1976 sm!mer range; or, in terms of accelerator 
Study ~ e p o r t  .' Progress  dur ing  the  l a s t  year  

t h e r e  i n  oomo ndvantnge i n  l a 7  ion-onorgy, high 
h a s  increased our confidence i n  t h i s  case .  We a r e  emittance beams. However, it seems likely that 

'Onfident that the heavy ion ranges l e s s  th,an - 3.03 g/cm2 o r  foca l  spo t  s i z e s ,  
t i o n  experiment (HIDE) t a r g e t  parameters can produce larger than - are useful for targets in the 
s c i e n t i f i c  breakeven. 1 t o  10 MJ inpu t  range. 

The s p e c i f i c  energy column has been a source 
o f  some confusion and s i n c e  it s e t s  a n  upper l i m i t  
on t h e  range ( p a r t i c l e  energy) o f  t h e  i n c i d e n t  
i o n s  i t  has a l a r g e  impact on a c c e l e r a t o r  design. 
Consequently, I have w r i t t e n  a small  program t o  
c a l c u l a t e  t h e  range-energy curves shown i n  Fig. 
V-C-311. The curves a r e  f o r  v r i o u s  ions  i n c i d e n t  
on lead  a t  a d e n s i t y  of 2 g/cm3and a temperature 
o f  200 eV. These condi t ions  a r e  t y p i c a l  of  den- 
s i t i e s  and temperatures i n  t h e  beam d e p o s i t i o n  
reg ion  o f  a fus ion  t a r g e t .  I n  any case  t h e  curves 
a r e  only weakly dependent on d e n s i t y  and tempera- 
t u r e .  For example, t h e  c a l c u l a t e d  range o f ' a  30 
GeV uranium i o n  is  1.12 g/cm2 i n  l ead  a t  a d e n s i t y  
o f  11.3 g/cm3 and room temperature and 0.95 g/cm2 
a t  a d e n s i t y  of  2.0 g/cm3 and a temperature of  
200 eV. The c a l c u l a t i o n s  inc lude  t h e  e f f e c t s  o f  
both bound and f r e e  e l e c t r o n s  and a r e  s i m i l a r  t o  
t h e  c a l c u l a t i o n s  presented by Mosher i n  Appendix 
A1-2 o f  Reference 1. 

We a l s o  no te  t h a t  ions have s h o r t e r  ranges 
by n e a r l y  a f a c t o r  o r  2 ( i n  g/cm2) i n  low Z 
m a t e r i a l s  than i n  high Z m a t e r i a l s .  It may be 
poss ib le  t o  take advantage of t h i s  f a c t  t o  increase  
t h e  upper l i m i t s  on ion energy, but  i n  s o  doing 
we decrease t h e  f l e x i b i l i t y  i n  t a r g e t  des ign .  
For t h i s  reason I have excluded upper l i m i t s  
bascd on low Z rnngc-cncrgy r c l n t i o n s  from Fig.  
V-C-312. I n  s o  doing, I am p lac ing  t h e  35 GeV 
synchrotron case s tud ied  a t  t h e  Workshop about t h e  
upper l i m i t .  However, a n  i n c r e a s e  i n  t o t a l  energy 
from 1 t o  1.3 MJ ( f o r  a uranium beam) would br ing  
35 GeV back w i t h i n  l i m i t s .  

There have a l s o  been some quest ions abobt 
pu lse  shape. D i f f e r e n t  t a r g e t  designs r e q u i r e  
d i f f e r e n t  pulse shapes. The t y p i c a l  pu lse  shape . 
taken from Reference 1 i s  reproduced . in  Fig. 
V-C-313. A research  a c c e l e r a t o r  should have t h e  
c a p a b i l i t y  of  producing v a r i a t i o n s  o f  t h i s  pu lse  



shape and a l s o  s imple r  shapes such a s  a r e l a t i v e l y  
square  pulse .  S u f f i c i e n t  f l e x i b i l i t y  i n  p u l s e  . 
shaping would be provided by a c a p a b i l i t y  o f  approxi-  
mating t h i s  shape v i a  a s e r i e s  o f  r 5 s h o r t e r  pu l ses .  

F i n a l l y  it should be  noted t h a t  t h e  f a l l  
t ime o r  shape o f  t h e  pu l se  a f t e r  t h e  power has  
reached i t s  peak v a l u e  f o r  a t ime a t  i s  not  impor- 
t a n t .  Energy a r r i v i n g  a f t e r  t h i s  t ime i s  simply 
wasted. Our des ign  e f f o r t s  a r e  c u r r e n t l y  o r i e n t e d  
toward t a k i n g  advantage o f  energy t h a t  i s  d e l i v e r e d  
over  a t ime g r e a t e r  than  the At shown i n  Table  
v-C-311. 

Reference 

1. ERDA Summery Study o f  Heavy Ions  f o r  I n e r t i a l  F ig -  ~ - ~ - 3 / 1 .  Range a s  a func t ion  of  energy f o r  

Fusion,  LBL-5543, December 1976. v a r i o u s  p a r t i c l e s  i n c i d e n t  on l e a d  a t  a den- 
s i t y  o f  2 g/cm3 and a temperature  o f  200 eV. 

Table  V-C-311. Summary o f  Acce le ra to r  Requirements. 

TARGET E (W at  (ns) P (TW) E(MJIR) 

Moderate Confidence 
Reac to r  Targe t  

HIDE Targe t  0.1 1.2 5 0 2 20 

E i s  t h e  t o t a l  beam energy, p t  i s  t h e  pu l se  l eng th  a t  peak power, P i s  peak power, s is  s p e c i f i c  
energy (energylmass) depos i t ed  i n  t h e  t a r g e t .  

Fig. V-C-312. .Upper l i m i t  on beam energy a s  a 
f u n c t i o n  o f  a tomic weight assuming a s p e c i f i c  
energy o f  1 MJ and a beam r a d i u s  o f  1 nun. . 

' Curve B is  f o r  100 k J  and 0.55 mm and curve 
C i s  f o r  100 k J  and 1 mi. 

Fig. V-C-313. Typ ica l  pu l se  shape f o r  a n  i o n  
beam f u s i o n  t a r g e t .  



4. FINAL FOCUSING OF 35 GeV BISMUTH IONS 

' . Eugene Colton ' 

* 

I n  t h i s  note  we i n v e s t i g a t e  the  parameters 
of  a  f i n a l  focusing system f o r  Bismuth ions of  
k i n e t i c  energy 35 GeV i n  charge s t a t e s  f4 and +1. 
These opt ions were d i scussed  a t  t h e  rece'nt IBF 
Workshop convened a t  Brookhaven i n  Octover, 1977. 

'For s i m p l i c i t y ,  we j u s t  u t i l i z e  a  syrmnetric 
quadrupole t r i p l e t  t o  f u l f i l - 1  a  po in t  t o  p a r a l l e l  
c o n d i t i o n  i n  both t ransverse  planes. Space-charge 
e f f e c t s  a r e  n o t  included. The o u t e r  quadrupoles 
a r e  h o r i z o n t a l  focusing,  and o f  e f f e c t i v e  leng th  
L,. The i n s i d e  quadrupole has a n  e f f e c t i v e  leng th  
L i ,  and i s  v e r t i c a l l y  focusing. The quadrupoles 
a r e  separa ted  by 0.5 m d r i f t  l eng ths  and a r e  . 

placed a s  shown"jn Fig. V-C-411. 

Fig. V-C-411. Schematic quadrupole arrangement. 

'R is  t h e  f i r s t ' d r i f t  l e n g t h  (e ig .  ,' rad ius  of t h e  , ' 

r e a c t i o n  chamber). For t h i s  e x e r c i s e  we u t i . l i zed  
T = 35 GeV Bismuth ions (P = 121.9 ,GeV/c) ,,-and a  -. 
' f ixed' po le  t i p  f i e l d  of 50.kG (superconducting . 
quadrupole).  

The o p t i c a l  c o n s t r a i n t s  were s a t i s f i e d  by 
vary ing  t h e  quadrupole l eng ths ;  t h e  program 
TRANSPORT was u t i l i z e d  i n  t h e  s tud ies .  Resu l t s  
were obtained assuming bore r a d i i  of both 30 cm 
and 50 cm, each f o r  two R va lues  (5 m and 10 m). 
I n  Table V-C-411, we l i s t  t h e  quadrupole l eng ths  
f o r  t h e  four  cases  mentioned, f o r  a n  i o n  charge of 
+4 (Hp = 101.6 x lo6 gauss-cm). We a l s o  l i s t  t h e  
normallzed t ransverse  e m l t t a n c e f v  passed by the  sys-  
tem c, = Xo X; By, and cy = Yo Y; By, where Xo 
(Yo) i s  t h e  half-source width i n  t h e  h o r i z o n t a l  
( v e r t i c a l )  plane. X; and Y; repaesent  t h e  l a r g e s t  
i n i t i a l  divergences which can be t ransmi t ted  
through t h e  system. For t h i s  case ,  we assumed a 
s p h e r i c a l  source ( p e l l e t )  with X, = Yo = 0.1 cm. 
We show i n  Table V-C-412 s i m i l a r  cases  assuming a  
i o n  charge of  +1 (Hp = 406.2 x lo6 gauss-cm). It 
should be noted t h a t  t h e  allowed emit tance i n -  
c r e a s e s  w i t h  increas ing  i o n  charge under i d e n t i c a l  
condi t ions  (because of  t h e  s h o r t e r  quadrupole 
l e n g t h s  requ i red) .  

F i n a l l y ,  and f o r  i l l u s t r a t i o n  we d i s p l a y  i n  
Fig. V - 0 4 1 2  the t ransverse  plane beam envelopes 
f o r  normalized emit tance of  1.0 cm-mr*(solid 
curve)  , and 2.0 cm-mr (dashed cl.irve). The con- 
d i t i o n s  a r e  f o r  t h e  t h i r d  row down i n  Table V-C-412, 
namely, i o n  charge -1.1, R - 10 m, and 'bore = 30 cm. 
It appears  t h a t  beam envelopes must e n t e r  t h e  
quadrupole system (from t h e  l e f t )  with a  s i z e  of  
about  h a l f  the  a p e r t u r e  i n  o rder  t o  be success-  
f u l l y  t ransported.  These condi t ions  can  be a l t e r e d  
somewhat by making t h e  t r i p l e t  asyrmnetric, bu t  no 
b i g  ga ins  a r e . t o  be expected. 

Table V-C-411. Resu l t s  f o r  Ion Charge of  +4. 

Bore Radius Lo L i  , ex 
R (m) (cm) (in) ( 

€ Y .  . 
m) (cm-mr) (cm mr) 

TABLE V-C-412. Resu l t s  f o r  Ion Charge of  + l .  
,.. 

Bore Radius LO, L i  
R ( m ) .  (cm) Cm) (m) ( 

ex . €Y 
cm-mr) (cm-mr) - 

5 .0  30 ' 3.39 6.14 0.93 1.48 
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Fig .  V-C-4/2. .. ~ o n o e n e r g e t  i c  beam envelopes 
. . expected with .use of a  symmetric 

quadrq~pole t r i p l e t  which s a t i s f i e s  
. . a focus, t o  p a r a l l e l  condi t ion .  We 

assume T = 35 GeV ~ i * l i o n s ,  a  r e -  
a c t i o n  cha11iLex rad ius  uf 10 m, and 
bore r a d i u s  of 30 cm (shown cross -  
ha tched) .  See t e x t  f o r  o ther  
d e t a i l s .  
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1. SUMMARY (rms s c a t t e r i n g  angle  o f  2 -3 mrad). A peak 

. Evere t te  F. Parker 
conversion e f f i c i e n c y  of  36% occurs a t  about 
3 MeV where ' the  gas s c a t t e r i n g  i s  l e s s  than 1 

Since t h i s  workshop has t h e  HIDE develop- mrad . 
ment a s  i t s  main funct ion,  p a r t i c i p a t i o n  i n  t h e  
i o n  source /preacce le ra tor  (SIP) working group Although wi th  considerably I e s s  confidence,  

t h e  SIP  working 'group f e e l s  a  f a c t o r  of  1.5 t o  2 was r a t h e r  l imited.  
i n c r e a s e  i n  t h e  p reacce le ra tor  vo l taee ,and  i o n  . - 

Most of  the  time was spent  reviewing t h e  SIP 'OUrCe current .may ,be 

programs a t  t h e  var ious  l a b o r a t o r i e s .  These pro- 
grams were described b r i e f l y  i n  . the t h r e e  (ANL, 
BNL , LBL) program summary t a l k s  given a t  t h e  be- 
ginning nf t h e  wnrkshnp. Mnre detei-led descript ion1 
of  these  SIP programs a r e  given i n  following 
papers i n  t h i s  s e c t i o n  of  t h e  proceedings. 

The SIP working group a l s o  received very 
i n t e r e s t i n g  presen ta t ions  on t h e  space charge 
n e u t r a l i z a t i o n  s t u d i e s  being c a r r i e d  ou t  a t  BNL; 
t h e  c o l l e c t i v e  a c c e l e r a t i o n  work a t  the  Univers i ty  
o f  Maryland; and t h e  heavy i o n  source work going 
on i n  t h e  Chemistry Department a t  BNL. 

The key R&D i s s u e s  i n  t h e  SIP a r e a s  a r e  t h e .  
development of high i n t e n s i t y ,  high b r i g h t n e s s '  
heavy ion sources,  t h e  development of high vol tage 
(1-3 MV) a c c e l e r a t i n g  columns and assoc ia ted  high 
vol tage power suppl ies  and the  development of an 
understanding of space charge n e u t r a l i z a t i o n ,  and 
charge changing i n t e r a c t i o n s  a t  low energ ies .  Each 
of these  i s sues  i s  being s tud ied  a t  one or  more of 
the involved l a b o r a t o r i e s ,  and within t h e  next 
1 - 2 years  we should have a  f i r m  understanding of 
the Illass, charge s t a C r ,  L r i g l ~ L r ~ r s s ,  cur ren t  and 
energy p r a c t i c a l l y  a v a i l a b l e  f o r  HIF. 

While f i rm s p e c i f i c a t i o n s  must await  t h e  
' 

r e s u l t s  of  t h e  p r e s e n t l y  planned R&D program, 
t h e  SIP working group is  h igh ly  confident  t h a t  
a n  SIP system producing 100 mA of xe+l  a t  1 MeV 
with a  normalized emit tance o f  0.02 n cm m a d  can 
be b u i l t .  It should a l s o  be  pogsible  t o  produce 
higher  charged s t a t e s  but a t  much lower cur ren ts .  
For x e + l ,  one might expect 5  p a r t i c l e  mA a t  2 
MeV; o r  f o r  ~ e + = ,  1 - 2 p a r t i c l e  mA a t  3 M P V .  

The production o f , h i g h e r  charge s t a t e s  is  
b e t t e r  accomplished by s t r i p p i n g  a  xe+I beam a t  

, 

s e v e r a l  mega e l e c t r o n  v o l t s .  It appears  t h a t  a  
Xe+' beam can be converted t o  a  ~ e + ~  beam by gas 
s t r i p p i n g  wi th  He. A t  1 MeV, t h e  conversion e f f i -  . 
c iency  should be about 33%, and t h e  emit tance 
zrowth due t o  s c a t t e r i n g  no t iceab le ,  but  accep tab le  

ION SOURCE/,PRE'ACCELERA~R PROGRAM 

Evere t te  F. Parker 

The IBF system inputs  t o  t h e  source/preaccel-  
e r a t o r  (SIP) a r e a  a r e  t h e  s p e c i f i c a t i o n  of the  
ion mass and charge s t a t e ,  the  minimum acceptable  
beam br igh tness  and c u r r e n t ,  and the minimum 
acceptable  i n j e c t i o n  v e l o c i t y  f o r  the  second 
s tage  a c c e l e r a t o r .  The SIP a r e a  program then 
becomes 'the development of an adequate ion ,source, 
a c c e l e r a t i n g  column, and a  high vo l tage  power 
supply. 

The SIP input  t o  t h e  system s t u d i e s  required 
t o  a r r i v e  a t  the  ion mass and charge s t a t e  spec i -  
f i c a t i o n  w i l l  be a  push f o r  charge s t a t e  +.l and 
f o r  a  mass which' e x i s t s  n a t u r a l l y  i n  ,a gaseous, 
monatomic, pure i s o t o p i c  s t a t e .  A l l  of these r e -  
quirements stem from the d e s i r e  t o  avoid t h e  
equipment complexi t ies ,  b r igh tness  d i l u t i o n ,  
space charge e f f e c t s ,  and power l o s s  assoc ia ted  
with mass and charge s t a t e  mixtures .  The noble . 
gases represen t  convenient candidates  f o r  masses 
up t o -  130 except f o r  the  i s o t o p i c  d i s t r i b u t i o n  
of K r  (5.7% a t  ~ t - 8 4 )  and Xe (27% a t  ~ 0 ~ ~ ~ ) .  At 
higher  masses, Hg i s  a v a i l a b l e  but i t ,  too,  s u f -  
f e r s  from a poor i s o t o p i c  d i s t r i b u t i o n  (30% a t  
~ ~ 2 9 2 ) .  Natural  i s o t o p i c  and chemical p u r i t y  i s  
l imi ted  t o  .Bi, I ,  and C s  i n  the mid and heavy 
mass range. These elements a r e ,  unfortunately.,  
not very convenient t o  d e a l  with.  

I n , t h e  f i r s t  phase of the  ANL SIP program, 
we w i l l  develop a  noble gas source.  .'The low A 
l i n a c  s t a g e s  under development a t  ANL w i l l  be ab le  
t o  use an unseparated beam f o r  some time. This  
source w i l l  a l s o  have a  Hg c a p a b i l i t y  i f  a  
higher  mass is  requi red .  Before i s o t o p i c  p u r i t y  
becomes a  p r a c t i c a l  problem we w i l l ,  of course,  
have t o  develop a  separa t ion  technique or  a  
source using a  n a t u r a l l y  pure i s o t o p i c  element. 



Like a l l  of t h e  o t h e r  IBF system parameters, 
t h e  p r e i n j e c t o r  beam c u r r e n t  and br igh tness  r e -  
quirements have not  been a c c u r a t e l y  s p e c i f i e d .  
Some very prel iminary cons idera t ions  i n d i c a t e ,  
however, t h a t  f o r  one IBF approach, 50 mA i n . a  
normalized a rea  of 0 .1  cm mrad i s  required f o r  . . 
i n j e c t i o n  i n t o  a  c o l l e c t o r  r i n g .  Assuming an 
o v e r a l l  t ransmission e f f i c i e n c y  of 50% and t h a t  
the  source emit tance w i l l  be d i l u t e d  by a  f a c t o r  ' 
of 4 or  5  by the  time t h e  beam reaches t h e  c o l -  
l e c t o r  r i n g ,  we have s e t  a s  an i n i t i a l  source 
des ign  goa l ,  100 mA i n  2 x 1 0 - ~  cm mrad. The ANL 
source program i s  discussed i n  Ref. 1. 

The optimum preacce le ra tor  vol tage must b e '  
determined by a  c o s t  ( d i f f i c u l t y  and' d o l l a r s ) ,  
t r ade-of f  study between. the  p reacce le ra tor  and 
low 0 l i n a c .  The c o s t s  t o  the  SIP people s c a l e s  
a s  some l a r g e  p o s i t i v e  power of the vo l tage ;  
whereas, the c o s t  t o  t h e  tow R .  dinac ,  people 
s c a l e s  a s  some l a r g e  nega t ive  power of the  v o l t -  
age. We have not yet  c a r r i e d  out  such a  t rade-  
o f f  s tudy i n  any d e t a i l ,  bu t  a  cursory review 'in- 
d i c a t e s  t h a t  the  optimum vol tage  may be between 

1 .0  and 3 W .  Design s t u d i e s  of a  low R s t r u c -  
t u r e  opera t ing  a t  12.5 MHz i n d i c a t e s  t h a t  .Y 25 mA 
w i l l  be the  cur ren t  l i m i t  f o r  xe+l a t  750 KeV. 
This  l i m i t  shquld s c a l e  a s  e2l3 '  SO a  50 mA 
l i n a c  would r e q u i r e  an i n j e c t i o n  energy of 2 MeV 
i f  t h i s  a n a l y s i s  is  c o r r e c t .  

The development of. a  3 MeV, 100 mA xe+' beam 
with a  reasonable emit tance represen ts  a  s i g n i f i -  
can t  advancement beyond p r e s e n t l y  a v a i l a b l e  heavy 
ion a c c e l e r a t o r s ,  so  we have s e t  our s i g h t s  some- 
what lower than t h i s  f o r  our i n i t i a l  e f f o r t .  Our 
i n i t i a l  design goa l  is 1 .5  MeV. The a c c e l e r a t i n g  
column, while being designed f o r  15 mA/cmZ of 
~ e + l .  and 1.5 MeV, w i l l  be b u i l t  i n  such a  way a s  
t o  al low lower c u r r e n t  d e n s i t i e s  and 'energ ies  t o  
be used. The d e t a i l s  of the  column desi'gn a r e  
g iven  i n  Ref. 2. 

The power supply is  a  modified Radiat ion 
llynamics, Inc. 4 MV dynamitron. This  machine was 
s e l e c t e d  o r i g i n a l l y  because i t  was a v a i l a b l e  a s  
excess* NASA equipment. W e  now f e e l  t h a t  i t ,  o r .  
something s i m i l a r ,  is more appropr ia te  than the  
Cockcroft-Walton we have more experience wi th .  
The major reason f o r  t h i s  b e l i e f  is  i t s  compact- 
ness  a t  these h igh  vo l tages  and i t s  small s to red  
energy r e l a t i v e  t o  a  "bounced" C-W. This  l a t t e r  
c h a r a c t e r i s t i c  should h e l p  keep arc-down damage 
t o  a  minimum. Thc ANL dcvclopmcnt plane f o r  t h i s  
machine a r e  discussed i n  Ref. 3. 
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3. ION SOURCE FOR I O N  BEAM FUSION 

R. L. S e l i g e r  and R. P. Vahrenkamp 

The s e l e c t i o n  o f  t h e  b e s t  i o n  source  f o r  i o n  
beam f u s i o n  must be based on t h e  a b i l i t y  o f  t h e  
source  t o  provide t h e  d e s i r e d  beam c u r r e n t ,  emit- 
t ance ,  and l o n g - l i f e  o p e r a t i o n  on heavy ions .  The 
performance o f  a n  i o n  source  i s  b a s i c a l l y  d e t e r -  
mined by i t s  i o n i z a t i o n  mechanism and t h e  conf ig -  
u r a t i o n  o f  t h e  e x t r a c t i o n  e lec t rode .  

The i o n  source  we a r e  c u r r e n t l y  i n v e s t i g a t i n g  
f o r  i o n  beam f u s i o n  uses  a  low-voltage Penning i o n  
d i s c h a r g e  and has  a  s i n g l e - a p e r t u r e  P i e r c e  e x t r a c -  
t i o n  e l e c t r o d e  conf igura t ion .  This  cho ice  was 
based on our  exper ience w i t h  i t ,  which inc ludes  
demonstra t ion o f  many o f  t h e  d e s i r e d  performance 
f e a t u r e s .  Figure  V-D-311 c o n t a i n s  a  schematic  o f  
a n  e a r l y  (1973) v e r s i o n  o f  such a  source  and a  
Tab le  o f  performance t h a t  was ob ta ined  f o r  t h r e e  
d i f f e r e n t  P i e r c e  e l e c t r o d e  conf igura t ions .  Th i s  
m a t e r i a l  comes from a n  e a r l i e r  study1 i n  which 
a p e r t u r e  d iamete r s  o f  1 mm.and 4 nun were considered 
f o r  c u r r e n t  d e n s i t i e s  ranging between 9 and 37 
mA/cm2 o f  argon. The beams produced i n  a l l  c a s e s  
were f a r  s u p e r i o r  t o  t h e  beams i n  our  e x i s t i n g  i o n  
implan ta t ion  systems, which were produced by low- 
v o l t a g e  e x t r a c t i o n  (-3 kV) and low-gradient 
(4  k ~ / c m )  l i n e a r  a c c e l e r a t i o n .  We now know t h a t  
t h e  improved beam q u a l i t y  was caused by t h e  low 
emi t t ance  o f  t h e  Penning-discharge P ie rce -ex t rac -  
t i o n  (PDPE) source.  

I n  1974, we f u r t h e r  r e f i n e d  our  PDPE source 
t o  improve i t s  u t i l i t y .  An in te rmedia te  e l e c t r o d e ,  
i n  t h e  shape o f  a n  e q u i p o t e n t i a l  s u r f a c e ,  was 
i n s e r t e d  between t h e  focus and t h e  e x t r a c t i o n  
e l e c t r o d e s  t o  provide a s imple  means of control, l . ing 
t h e  focus o f  t h e  emerging beam. Figure  V-D-3/2 i s  
a  diagram o f  t h e  beam envelope ob ta ined  f o r  t h e  
t h r e e - e l e c t r o d e  PDPE source ;  t h e  beam c u r r e n t  was 
4  mA o f  argon a t  a  f i n a l  energy o f  90 keV. The 
narrow beam a n g l e  (m= 1 5  mrad) was ob ta ined  by 
a d j u s t i n g  t h e  i n t e r m e d i a t e  e l e c t r o d e  v o l t a g e  t o  
make t h e  beam w a i s t  co inc ide  w i t h  t h e  p l a n e  o f  
n e u t r a l i z a t i o n .  Expansion o f  t h e  n e u t r a l i z e d  
beam was then  l i n e a r  w i t h  z ,  which made i t  s t r a i g h t -  
forward t o  determine t h e  beam ang le .  With a  w a i s t  
d iameter  o f  2  nun, tlie source  sur i t tance was 1.5 mrad- 
cm. Comparing t h i s  measured emi t t ance  w i t h  t h e  
minimum t h e o r e t i c a l  emi t t ance  

o b t a i n a b l e  from a source  o f  e m i t t i n g  r a d i u s  ~ ~ 1 2  
(which produces ions  w i t h  t r a n s v e r s e  i o n  energy 
eVt and a c c e l e r a t e s  t h e  ions  t o  a x i a l  energy eVz 
wi thou t  a b e r r a t i o n s )  shows t h e  t r a n s v e r s e  i o n  
energy t o  be -2.3 eV. Thus, t h e  PDPE source  has  
low emi t t ance  because i t  can produce a  high-  
energy (90 keV) beam w i t h  on ly  2.3 eV o f  t r a n s -  
v e r s e  energy. The Penning-type d i s c h a r g e  i s  
e s s e n t i a l  t o  ach iev ing  t h i s  because of  i t s  inhe-  
r e n t l y  low energy sp read ;  t h e  P ie rce - type  e l e c t r o d e  
:onf igura t ion  i s  e s s e n t i a l  because o f  i t s  low 
~ b e r r a t i o n .  

Other d e s i r a b l e  f e a t u r e s  o f  t h e  PDPE source  
a r e  t h a t  i t  can  genera te  heavy ions  and can  be 
s c a l e d  t o  h igher  c u r r e n t s .  On 30 September 1977 
Hughes d e l i v e r e d  a  t h r e e - e l e c t r o d e  PDPE source  
t o  Argonne Na t iona l  Laboratory (ANL) t h a t  had 
been modified t o  o p e r a t e  on t h e  heavy ions  Xe, B i ,  
and Hg. F igure  V - ~ - 3 / 3  shows some o p e r a t i n g  p o i n t s  
t aken  a t  Hughes be fore  d e l i v e r y .  

The complete source  was not  t e s t e d  on Hg 
because we f e l t  c e r t a i n  of  s u c c e s s f u l  performance, 
and we wanted t o  d e l a y  Hg contaminat ion u n t i l  
a b s o l u t e l y  necessary.  Source o p e r a t i o n  on Xe was 
' ve ry  s t a b l e  and reproduc ib le .  Xe appears  t o  be a n  
e x c e l l e n t  cand ida te  f o r  i n i t i a l  demonstra t ion o f  
t h e  high-vol tage dc  a c c e l e r a t o r .  A Bi  beam was 
a l s o  demonstrated i n  t h e  PDPE source ,  but  t h e  
e l e c t r o d e  s u r f a c e s  became coa ted  r a p i d l y  ( i n  a  few 
hours)  and a r c i n g  began t o  occur.  When t h e  high-  
v o l t a g e  i n s u l a t o r  a l s o  became coa ted ,  we stopped 
exper iment ing w i t h  B i .  We conclude t h a t  i f  long-  
l i f e  o p e r a t i o n  of  a  PDPE source on B i  i s  p o s s i b l e  
a t  a l l ,  i t  w i l l  on ly  be  achieved by a  l a r g e  
eng ineer ing  e f f o r t  t o  p rov ide  s t r a t e g i c a l l y  heated 
s u r f a c e s  (e .g . ,  e l e c t r o d e s  a t  -800°C), coo l  s u r -  
f aces  t o  i n t e n t i o n a l l y  c o l l e c t  t h e  B i  and b a f f l e s  
t o  s h i e l d  t h e  i n s u l a t o r s .  A s i m i l a r  s t r a t e g y  is  
needed f o r  Hg, but  s u r f a c e s  w i l l  remain uncoated 
a t  a  much lower temperature  (e .g . ,  100°C). The 
2-mA Xe PDPE source  w i l l  be eva lua ted  i n  a  t e s t  
s t a n d  a t  ANL beginning next month. This  w i l l  
g e n e r a t e  much important  d a t a  on source  emi t t ance ,  
beam n e u t r a l i z a t i o n ,  and heavy i o n  s c a t t e r i n g ,  
which w i l l  h e l p  develop t h e  beam dynamics o f  i o n  
beam fus ion .  

Work has  a l s o  begun on  a  PDPE i o n  source  
s c a l e d  up t o  100 mA f o r  i o n  beam fus ion .  A c r i t i -  
c a l  parameter i n  t h e  s c a l i n g  i s  t h e  diameter  o f  
t h e  e x t r a c t i o n  a p e r t u r e  DA. The cho ice  of  DA 
governs t h e  requ i red  plasma d e n s i t y  i n  t h e  source  
and t h e  c u r r e n t  d e n s i t y  o f  t h e  beam i n  t h e  sub- 
sequent  s t a g e s  o f  a c c e l e r a t i o n .  The primary 
wearout mechanism i n  t h e  d i scharge  chamber i s  i o n  
s p u t t e r i n g  e ros ion ;  t h e  e r o s i o n  r a t e  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  plasma d e n s i t y .  Although 
source  l i f e t i m e  i s  no t  a n  immediate concern, h igh  
plasma d e n s i t i e s  should be avoided. The i o n  
source  c u r r e n t  d e n s i t y  d r a m a t i c a l l y  a f f e c t s  t h e  
d e s i g n  o f  t h e  dc  a c c e l e r a t o r .  F igure  V-D-314 shows 
t h e  e l e c t r i c  f i e l d  necessary t o  balance t h e  d i v e r -  
gent  space-charge f o r c e s  i n  a  co l l ima ted  beam w i t h  
c u r r e n t  d e n s i t y  J and atomic mass M a s  t h e  beam 
a c c e l e r a t e s  i n  a  dc a c c e l e r a t o r  a t  a  cons tan t  
r a d i u s .  As shown, t h e  e l e c t r i c  f i e l d  i s  a  weak 
f u n c t i o n  o f  t h e  mass; t& only  v a r i e s  from 2.51 
f o r  Ar (M = 40) t o  3.76 f o r  Hg (M = 200). The 
e l e c t r i c  f i e l d  i s  s t r o n g e r  f u n c t i o n  o f  t h e  
c u r r e n t  \ d e n s i t y  ( $ ); depending on t h e  v a l u e  o f  J 
chosen, t h e  e l e c t r i c  f i e l d  could be changed by up 
t o  a  f a c t o r  o f  th ree .  We have t e n t a t i v e l y  chosen 
J = 15 mA/c* f o r  Xe, which corresponds t o  a  r ea -  
sonab le  e l e c t r i c  f i e l d  o f  60 kV/cm a t  0.4MV. 
I n  t h i s  r e g i o n  of  acce le ra t ion , ,  t h e  P i e r c e  
a c c e l e r a t o r  e l e c t r o d e  d e s i g n  t h a t  w i l l  be used 
w i l l  couple  p e r f e c t l y  w i t h  t h e  P i e r c e  e x t r a c t i o n  
system and provide a  high-energy, p a r a l l e l ,  low- 
emi t t ance  beam. Geometric s c a l i n g  o f  t h e  2mA Xe 



PDPE source by a  f a c t o ~  of f i v e  i s  required t o  ob- 
t a i n  100 mA of ,Xe a t  J = 15 m ~ / c m ~ .  The ex t rac-  
t i o n  a p e r t u r e  diameter  DA would then be 3cm. Two 
s i g n i f i c a n t  goa ls  of the  ion  source development 
program a r e  t o  demonstrate t h a t  a s t a b l e  plasma 
shea th  can be formed with t h i s ' s i z e  e x t r a c t i o n  
a p e r t u r e  and t h a t  a  low-emittance beam can be ex- 
t r a c t e d .  Work toward these  goa ls  i s  about t o  be- 
g i n  on an ANLfHughes program. 
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HEAVY ION PREACCELERATOR DEVELOPMENT The expe r imn ta l  h a l l  (Fig. V-D-414) where it is  
located w i l l  house both t he  preaccelerator  and t h e  

J. M. Watson beginning c e l l s  of  the  low-beta l inac.  This w i l l  . transporL the  beam i n t o  a n  adjacent  h a l l  where 
A subs t an t i a l  part  of the IBF program a t  t he  higher energy systems w i l l  be developed. 

Argonne National Laboratory i s  the  development of 
a high-current high-voltage preaccelerator  f o r  
heavy ions. There a r e  several  advantages i n  
making the preaccelerator  voltage a s  high a s  
possible.  The la rge  space-charge force of 100 mA 
heavy-ion beams makes t h e i r  t ransport  d i f f i c u l t  
a t  low energies through reasonable apertures with 
des i rable  current  dens i t i e s .  A higher preaccel- 
e r a t o r  energy would a l s o  a l l e v i a t e  some of the 
expense and complexity of low-beta l i nac  c e l l s .  
Although most of us areaacquainted with high- 
power 750 k V dc supplies used a s  i n j ec to r s  a t  
high energy acce lera tors ,  r e l i a b l e  high-current 
acce lera tors  capable of several  MV have been de- 
veloped and marketed since 1960.l Above 1 M V 
these newer power supplies appear superior  t o  the  
Cockcroft-Walton preaccelerators.  They have very 
l i t t l e  s tored energy, so spark damage i s  minimal, 
and they a r e  much more compact through the use of 
an insula t ing  gas. The pressurized gas vesse l  is 
only a minor inconvenience i f  adequate pumping 
and gas storage a r e  provided and the vessel  is 
equipped with quick-opening f langes.  

I n  July of t h i s  year we obtained a 4 MV Dyna- 
mitrpn from Goddard Space Fl ight  Center fo r  our 
preaccelerator  development program. Our i n i t i a l  
object ive i t o  generate pulsed 100 mA beams of 
1.5 MeV I f f  ions. This i s  twice the voltage a t  
which most of us have yxperience, so the acceler-  
a t i ng  column f o r  t h i s  energy and current  dens i ty  
w i l l  be a challenge, but hopefully the  ext ra-  
polat ion of our present techniques w i l l  be suc- 
cessfu l .  The designs of the  source and acceler-  
a t i ng  column a re  a l s o  described i n  t h i s  workshop. 2 

_The Radiation Dynamics, Inc . (RDI) Dynami- 
tron' i s  a pa ra l l e l -  input ,  series-output  voltage 
mul t ip l ie r  which converts high-frequency ac power 
i n t o  high-voltage dc power with good ef f ic iency 
(60%). The radio-frequency (125 kHz) power is 
capaci t ive ly  coupled t o  ehe r e c t i f i e r  stage8 v i a  
a pa i r  of semi-cylindrical e lec t rodes  (dees) 
which surround the  r e c t i f i e r  column. The r e c t i -  
f i e r s  a r e  connected t o  a s e r i e s  of semi-circular 
corona sh ie lds  which together form an inner, 
cy l ind r i ca l  envelope around t h e  column. The 
corona sh ie lds  perform the  combined functions of 
receiving r f  power from the dr iv ing  e lec t rodes ,  
f i l t e r i n g  t h e  dc potent ia l s  and preventing corona 
discharges from the  r e c t i f i e r  terminals and,other 
high-voltage components. Since no capacitors  or  
transformers a r e  used i n  the r e c t i f i e r  column, 
the stored energy i s  very low and the r i s k  of - component damage due t o  spark breakdown i s  mini- 
mal. 

A t  the  conclusion of the  high voltage t e s t s  
i n  November, the  Dynamitron w i l l  be disassembled 
fo r  the  modifications needed t o  accept the new 
column and source and t o  achieve intense pulsed 
currents .  The pressure veBsel w i l l  be lengthened 
three  f ee t ,  have a new flange added f o r  mounting 
the column downstream of the  r e c t i f i e r  s tack ,  and 
have a quick-opening flange inserted a t  the  term- 
i n a l  end. Thq present s tack  has 94 high-vacuum 
r e c t i f i e r  tubes which have a maximum dc current  
r a t i pg  of 25 mA and output voltage of 50 k V dc 
per s tage.  These w i l l  be replaced by 82 so l id -  
s t a t e  r e c t i f i e r  modules (Fig. ~-D:4/5) r a t ed  a t  50 
mA and 50 kV dc per stage. The new s t ack  w i l l  a l s o  
be reconfigured t o  a full-wave c i r c u i t  which w i l l  
allow twice a s  much current  a t  a maximum voltage 
of 2 MV. The dees w i l l  a l s o  be reshaped and 
moved c loser  t o  the  s tack  t o  increase the capaci- 
t i v e  coupling since the  voltage holdoff spacing 
can be reduced. 

I n  January, the preaccelerator  w i l l  be r e -  
assembled and pulsed high voltage t e s t s  w i l l  be 
conducted. I n  preparat ion f o r  500 p sec pulsed 
beams a t  a r epe t i t i on  r a t e  of l f s e c ,  we expect 
the acce lera tor  w i l l  have t o  operate a t  the de- 
s i r ed  voltage f o r  approximately 10 msec p8r pulse 
t o  achieve good regula t ion .  The voltage between 
pulses w i l l  depend on what leads t o  the most 
r e l i a b l e  operat ion of the  column. The source 
w i l l  a l s o  have i t s  gas and ex t r ac to r  voltage 
pulsed, so  it is not obvious whether the column 
w i l l  operate b e t t e r  by lowering the voltage be- 
tween pulses o r  by going t o  a higher voltage t o  
condit ion it  f o r  the  next beam pulse.& The pulsed 
power capab i l i t y  w i l l  be measured during these 
t e s t s  by using a var iable- res is tance  water load. 
It i s  expected t o  be a t  l e a s t  50 mA with the  pres- 
ent  o sc i l l a to r .  An attempt w i l l  be made t o  boost 
t h i s  t o  pulsed currents  of 100 mA by adding energy 
storage t o  the o s c i l l a t o r  high-voltage supply and 
new or  addi t ional  pass tubes i f  necessary. I f  
t h i s  should prove too extensive,  a RDI o s c i l l a t o r  
capable gf t h i s  power i s  already commercially 
avai lab le ,  

The 100 mA Ie+' source and column should be 
i n s t a l l ed  by June 1978. The conditioning and 
r e l i a b i l i t y  t e s t s  w i l l  then begin i n  an e f f o r t  t o  
provide an in tense  low-emittance beam su i t ab l e  
f o r  in jec t ion  i n t o  the f i r s t  c e l l s  of the low- 
beto l inac .  

I f  the 1.5 MV, 100 m ~ ' ~ o a l s  a r e  successful ,  
we intend t o  pursue the development of higher 

We have reassembled the  Dynamitron minus 
voltage machines i n  co l labora t ion  with RDI. The 
acce lera tors  would probably have the acce lera t ing  source and acce lera t ing  column and a r e  presently column within the r e c t i f i e r  s tack  a s  i n  the o r i g i -  

Out high The rf oscilla- na l  design. This s impl i f ies  and s t a b i l i z e s  the  
is in Figs' V-D-411 and V-D-4f2 and the voltage d iv is ion  down the  column, but i t  would 

r e c t i f i e r  column and rf electrodes i n  Fig. V-D-4/30 require a short, large-diameter stack to match 



the columns needed for intense heavy-ion beams. 
of course, several-MI accelerators such as t h i s  
would be very useful as in jectors  fo r  high energy 
accelerators as  well as having many pract ica l  
applications. 

Fig. VkD-4f2, p ~ n t d t r a n  rf o$cillatclr: RQh 
volt;iae p~ses supply cqmpartmnf. 

Fis. V-D-411. Dynamitron r f  osci l la tor :  Series 
pass tube compartment. 

Bf g, V-D-4/4. IBF Praaaaeleratar hall.  Law-beTa 
linao w i l l  penet~ate wall i n  far  aerw - Into 
ad javent ba l l .  

Fig. V-D-413. Dynamitron cascaded r e c t i f i e r  
system with vacuum tubes. 





5. LARGE -APERTURE PULSED 1-AMPERE CESIUM SOURCE 

W. W. Chupp, A. Faltens,  W. B. Herrmannsfeldt, 
D. Keefe, S. Abbott, and E. Hoyer 

We have begun the  development and construc- 
t i o n  of a la rge  aper ture  (10 inches diamter) 
pulsed heavy-ion source. This source i s  d e s i  ed $3 t o  produce 2 microsecond burs ts  of  500 keV C s  
ions wi th  a current  i n  the  one-ampere range. C s  

+l 

a r e  produced by d i r ec t ing  burs ts  of neut ra l  C s  
atoms onto an ir idium hot  plate.  This develop- 
ment i s  well  underway. 

I n  addi t ion  t o  t h i s  we have set up a smaller 
t e e  t system t o ,  test components which may inf lu-  
ence the  design of the  l a rge  ion  source and a l so  
t o  obta in  ea r ly  information about unusual d i f f i -  
c u l t i e s  t ha t  might not have been ant ic ipa ted  for  
t he  b ig  source.' I n  t h i s  test we have in s t a l l ed  
and t e s t ed  a puff valve using Xe gas and nude 
ioniza t ion  gauge detectors.  Hot tungsten wire 
de t ec to r s  have now been i n s t a l l e d  in .  t h e  system 
and t e s t s  with cesium vapor a r e  underway. CS" 
ions have been observed with these de tec tors  from 
the  hot surface i n  about t h e  approporiate quanti ty 
expected for the  test conditions. 

Concurrently, a heated ir idium p la t e  has been 
i n s t a l l e d  i n  the ' t e s t  tank and an  ex i s t ing  sub- 
microsecond Marx generator has been modified t o  
generate pulses a few microseconds long over a 
voltage range va r i ab le  from 100 kV to  200 kV; 
This w i l l  permit appl ica t ion  of voltages and f i e lds  
i n  the  presence of C s  ions and vapor comparable 
wi th  those expected i n  the  l a rge  aper ture  source. 
Because cesium contamination can enhance e lec t ron  
emission we f e e l  it necessary t o  check to lerable  
voltage gradient  l eve l s  i n  t h i s  t e s t  set-up be- 
fo re  proceeding t o  the  f i n a l  "one-ampere" source. 



6. ANL IBF COLUMN DEVELOPMENT The ceramic-metal j o i n t  i s  shown i n  Fig. 5- V-D-612. It c o n s i s t s  of  t h e  epoxy-indium r i n g  
Evere t te  F. Parker j o i n t  used on t h e  AGS column, b u t  a l s o  incorpora tes  , 

t h e  s t e p  i n  t h e  ceramic used on t h e  FNAL columns. 
At  this stage in the IBF program there A high grad ien t  column using t h i s  j o i n t  has given 

a r e  no f i rm $ p e c i f i c a t i o n s  on the  preacce le ra tor ,  trouble-free service on the ZGS for the past three 
s o  the s e l e c t i o n  of i n i t i a l  design goals  i n  t h i s  years. - a r e a  i s  somewhat a r b i t r a r y .  From the s t u d i e s  
completed t o  d a t e ,  i t  appears reasonable t o  con- 
clude t h a t  an ion mass of 150 f 50 w i l l  be r e -  

I n  o rder  t o  c a r r y  a  xetl c u r r e n t  d e n s i t y  o f  

quired a t  a  cur ren t  of some tens  of milliamperes 1 5 m ~ / c m ~  t o  1.5 MeV i n  a P ie rce  geometry, a  peak 

a t  the  h ighes t  p r a c t i c a l  ener  y.  We have there -  4 
f i e l d  of  83 kV/cm i s  required.  While t h i s  might 

f o r e  chosen 100 mA (-15 mA/cm ) of ~ e + l  a t  1 .5  be ob ta inab le ,  we w i l l  not count on it .  We w i l l  

MeV a s  our i n i t i a l  p reacce le ra tor  design goa ls .  u s e a P i e r c e g e o m e t r y t o a s h i g h a n e n e r g y a s  , 

p r a c t i c a l .  then use a  cons tan t  g rad ien t  t h e  r e s t  

There a r e  a  number of problems assoc ia ted  
with the  design of an a c c e l e r a t i n g  column capable 
of meeting these goa ls  and, unfor tuna te ly ,  many 
of them do not lend themselves t o  any kind of 
opt imizat ion a n a l y s i s .  Ins tead ,  one is  forced t o  

. use "educated guesses ," "gut f e e l i n g s  ," and 
"rules-of-thumb." The design we have a r r ived  a t  
i s  shown i n  Fig.  V-D-611. Its key parameters a r e  
l i s t e d  i n  Table'V-D-611. 

The problems we a r e  most concerned about a r e :  
p ro tec t ing  the i n s u l a t o r s  from ions.and spu t te red  
metal ,  minimizing t h e  e l e c t r i c  f i e l d  g rad ien ts  a t  
the meta l - insu la tor  j o i n t s ,  and producing an 
adequately high f i e l d  g rad ien t  t o  keep the  space- 
charge-inducea beam s i z e  growth t o  an acceptable  
l e v e l .  

o f  t h e  wa;.. This  means t h a t  t h e  beam w i l l  e x i t  
t h e  column wi th  a  divergence, t h e  magnitude o f  
which depends upon t h e  c u r r e n t  d e n s i t y  and t h e  
amount o f  constant  g rad ien t  a c c e l e r a t i o n .  Fig. 
V-D-613 shows t h e  approximate divergence vs  c u r r e n t  
d e n s i t y  f o r  two values of peak g r a d i e n t .  P r a c t i -  
c a l  cons idera t ions  of quadrupole cons t ruc t ion  in -  
d i c a t e  t,hat divergences up t o  about 15-20 mrad 
can be handled by a  focussing t r i p l e t  mounted i n  
the ground end of the  column. From Fig .  1V-~-6/3,  
we s e e  cha t  r h i s  implies  a  peak f i e l d  gzadient  o f  
almost 60 kV/cm f o r  the des i red  15 mA/cm2 cur ren t  
d e n s i t y .  S i x t y  kV/cm is higher  than any grad ien t  
i n  s e r v i c e  t h a t  we a r e  aware of and may be d i f f i -  
c u l t  o r  impossible t o  r e a l i z e .  Should t h i s  be the  
case ,  we w i l l  have t o  use s t ronger  quadrupoles 
and/or lower cur ren t  d e n s i t i e s .  

'The i n s u l a t o r  p r o t e c t i o n  i s  provided by the  
' The column w i l l  be designed i n  a  manner which 

double I I ~ ~ I  arrangement shown in ~ i g ,  V-D-6/1. Any 
w i l l  allow both the  peak and average f i e l d  g rad i -  

i o n  o r  metal reaching t h e  ceramic sur face  i s  t h e  
ents  to be adjusted 

r e g u l t  of  a t  l e a s t  a-two-step cascade, unless  i t  
i s  produced l o c a l l y  a s  a  r e s u l t  of  X-rays,or f i e l d  , 

The ground end quadrupble t r i p l e t  is  about 

emission. The t h i c k  s h i e l d s ,  whi le  incorporated One meter long and has a bore diameter of cm 

t o  minimize f a b r i c a t i o n  c o s t s ,  w i l l  provide some and a gradient of 25 ' 

p r o t e c t i o n  from X-rays. The iower "'I's" concen- 
t r a t e  t h e  f i e l d  a t  t h e  c e n t e r  o f  t h e  ceramic- 

The d e t a i l  design of t h i s  column w i l l  be 

wapher gap, thereby reducing t h e  f i e l d  g rad ien t  
completed by e a r l y  Nqvember and par t  procurement 
i s  underway. Assuming no d e l i v e r y  problems, we 

a t  t h e  metal-ceramic j o i n t  t o  a  minimum. expect t o  complete t h i s  column and be ready f o r  

The diameter of the  column was kept a s  small i n i t i a l  t e s t i n g  by the  spr ing  of 1978. 

a s  poss ib le ,  and a  l a r g e  number (30) of gaps were 
used t o  minimize the  s to red  energy per gap. 

Table V-D-611. 1.5 M V ,  Xe+l High Gradient Column Parameters. 

Voltage 
Current d e n s i t y  
Current 

. Tota l  l eng th  . 
Accelerat ing gap leng th  
P a l l  f i e l d  g rad ien t  - Number of  s e c t i o n s  
I n s u l a t o r s  
Lens and s h i e l d s  
Metal-ceramic bond 
Accelerat ing f i e l d  geometry 

91.5 MV 
s15 m ~ / c m ~  
5100 mA , 

117.3 crn 
34 10 cm 
15 kV/cm 
30 
Coors AD 90 ceramic (90% A1203) 
Titanium 
Epoxy w i t h  indium vacuum s e a l  
"Pierce" up t o  400 kV, then 
cons tan t  g rad ien t  t o  1.5 MV 



F i g .  V-n-611. 1 . 5  MeV Column. 

Voltage s t r e s s  
r e l i e f  gap ground 
i n t o  ceramic r ing  

Indium r ing  t o  
i s u l a t e  epoxy 
from internal  
vacuum 

Scale - 4 : l  

F ig .  V-D-612. Ceramic Metal Jo int .  4 

Current Density ( m ~ / c d )  

Fig .  V-D-613. Exit divergence a s  a function of  
current dens i ty .  



7. TESTS AND DEVELOPMENT OF DUOPLASMATRON AND f o r  ~ e ~ +  and ibove,  because of t h e  column quadru- 
MULTIAPERTURE HEAVY ION SOURCES FOR AN RF pole s t r e n g t h  l i m i t a t i o n .  ~ e ~ +  was about 1% o'f 
LINAC . the t o t a l  beam. 

D. J. Clark, R. M. R ich te r ,  E. Zajec, 
R. Brokloff and J. ,E. Osher . 

The goal  o f  t h e  program of  i o n  source devel- 
opment f o r  a n  r f  l i n a c  has been t o  produce c u r r e n t s  

- of  up t o  100 mA of  t h e  heavier  gaseous ions  such 
a s  argon and xenon, of  good emit tance (.02 n cm m r ,  
normalized) and charge s t a t e  1+ following t h e  rec -  
ommendation of  t h e  1976 Summer Study.l E x i s t i n g  
f a c i l i t i e s  and hardware u t i l i z e d  included t h e  
470 kV Bevatron i n j e c t o r ,  t h e  750 kV i n j e c t o r  f o r  
t h e  50 MeV ESCAR l i n a c ,  t h e  80 kV Bevatron t e s t  
s tand ,  a  20 kV LLL t e s t  s tand and e x i s t i n g  duoplas- 
matron and CTR sources.  A summary of t e s t  r e s u l t s  
i s  shown i n  Table V-D-711. We have a l s o  b e f i t e d  
from t h e  experience of  t h e  CTR source groups a t  
LBL and LLL, and d i scuss ions  wi th  K. Ehlers .  

A t  t h e  Bevatron i n j e c t o r  beams of 30 mA of 
neon and 25 mA o f  xenon were acce le ra ted  through 
t h e  low grad ien t  column t o  470 kV, using the  
Bevatron duoplasmatron source. The beams were 
pulsed wi th  0.5 ms dura t ion  a t  2/sec. No beam 
emit tance o r  charge s t a t e  measurements were made 
i n  t h i s  set-up. 

The 750 kV i n j e c t o r  wi th  i t s  high grad ien t  
column was used t o  a c c e l e r a t e  neon t o  500 kV, 
using t h e  s tandard duoplasmatron. F i f t e e n  mA was 
measured, w i t h . a n  emit tance of  .02 - .05 rr cm m r . ,  
normalized, wi th  mainly 1+ charge s t a t e .  The 
t ransmission was not  optimum f o r  Nel+, but  only 

F i g .  V-D-711. Survey of ion source cur ren t  vs .  
emit tance,  before a c c e l e r a t i n g  column. 
Emittance i s  divided by 2 before p l o t t i n g  
f o r  those duoplasmatron measurements made 
a f t e r  a  column, t o  allow f o r  column blow-up. 

The requirement of 100 mA of xel+ corresponds 
t o  an equiva len t  (scaled)  m o t o n  cur ren t  of 1.1 . . 
amps from the same source a t  the same e x t r a c t i o n  
vo l tage ,  s o  t h e  high output  cur ren t  c a p a b i l i t y  of 
the  mult i -aperture source ( t e n s  of amperes of pro- 
tons) matches the  requirement b e t t e r  than a  s i n -  
g le -aper tu re  duoplasmatron or PIG source.  Figure 
V-D-711 shows a survey of source cur ren t  and emit- 
tance.  The CTR sources of LBL and LLL appear 
b r i g h t e r  than duoplasmatrons, so  one of these  was 
se lec ted  f o r  development on the 80 kV Bevatron 
t e s t  s tand .  A source previously used by the  LBL 
CTR groupe was k ind ly  loaned t o  us and was modi- 
f i e d  by adding an acce1.-decel .  e x t r a c t i o n  system 
s i m i l a r  t o  t h a t  used i n  3. E. Osher 's  MATS I11 
~ o u r c e . ~  The LBL source i s  shown i n  F igs .  V-D-7/2 
and V-D-713. Thi r teen  c i r c u l a r  ho les  of 2  mm d i a .  
wi th in  a  1.5 cm diameter  a r e  used i n  the e x t r a c -  
t i o n  aper tu re  p l a t e s .  The predicted c u r r e n t  i s  
1 0  mA ~ e " .  Development has been aimed a t  t r a n s -  
por t ing  the beam 1 . 3  meters t o  a  Faraday cup us- 
ing a  magnetic quadrupole t r i p l e t ,  and understand- 
ing t h e  e f f e c t  of var ious  source parameters upon 
beam i n t e n s i t y ,  divergence and t r a n s p o r t .  Typical  
source operat ing parameters f o r  good t ransmission 
a r e :  +20 kV on source,  +10 kV on e x t r a c t o r  
(acce1 . -acce l . ) ,  a r c  pulse 1 ms wide, 21sec. 
Langmuir probe measurements show the  plasma t o  be 
uniform t o  5% across  the  a p e r t u r e s .  Beam c u r r e n t  
i s  5  mA a t  the  source and 1 . 2  mA focused i n t o  a  
4 cm d i a .  cup 1 . 3  m downstream, expected t o  be 
mostly xe l+ .  Tes t s  with a  biased mesh i n  the  
beam gave no improvement i n  t ransmission,  i n d i c a t -  
ing  space charge n e u t r a l i i a t i o n  i s  probably ade- 
qua te .  Gas pressure measurements along the  beam 
l i n e  show pressures  of 1 - 5 x 1 0 - ~  Tor r ,  g iv ing  a  
ca lcu la ted  10% l o s s  due t o  charge exchange t o  xeO. 
A l a r g e r  a p e r t u r e  s i n g l e  e x t r a c t i o n  hole  (4mm 
instead of 2mm d i a . )  has  been r e c e n t l y  t e s t e d  and 
g ives  a  f a c t o r  of 3  increase  i n  b r igh tness  com- 
pared t o  the  2 mm hole  case .  The e x t r a c t i o n  mode 
i n  t h i s  case was 18 kV a c c e l .  and 1 kV dece l .  
Future measurements a r e  planned on beam d iver -  
gence, emit tance,  and charge s t a t e  d i s t r i b u t i o n .  . 
A beam p r o f i l e  monitor and more pumping.wil1 be 
added. 

A t e s t  on krypton using a  MATS I11 source3 
.was done by 3. Osher a t  Livermore. A 25 aper tu re  
acce1.-decel .  e x t r a c t i o n  system was used. A dc 
cur ren t  of 75 mA a t  20 kV was measured ca lor imet -  
r i c a l l y  a t  1.1 meters from the  source.  The emit- 
tance appeared t o  be comparable t o  the  .02n cm m r  
r equ i red .  The beam cur ren t  scaled approximately 
a s  v?/~ over the  range 10-20 kV. This  e x c e l l e n t  
space-charge neu t ra l ized  t ranspor t  comes c l o s e  t o  
meeting the  Summer Study goa l .  

Also under s tudy is  the  design of a  new 
type of s t r u c t u r e  f o r  a  high grad ien t  column. In 
seeking a  s imple,  low-cost design the i n s u l a t o r s  
w i l l  be made of two f l a t  p l a t e s  r a t h e r  than a  
s e r i e s  of c i r c u l a r  r i n g s .  .4 prel iminary model i s  
planned using l u c i t e  ins tead  of ceramic; l a t e r  a  



Table V-D-711; ~ e a v y  1on Beam ~uni tnar~ .  

Source - 
voltage' I 

C Co.lumn 
After  Column 

I ' n 
' source' Type Ion Type (kV) (mA) (v cm m r )  (kV) Gradient (mA) (n cm mr) 

470 Low , 

Ne 500 High 15 .03-.05 

LBL-CTR 

13-2mm aper. Xe 20 11-1.2 . . 

1-4mm aper. Xe 18  6-1.2 

LLL MATS '111 . K r  20 75 --. 02 

Note: Charge s t a t e  of  ions i s  bel ieved t o  be mostly + l .  

F ig .  V-D-712.' LBL CTR mult i -aperture source,  adapted from e a r l y  model. 
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1. SUMMARY 

R. Kustom, A .  More t t i ,  J. S t a p l e s ,  
T. K. Khoe, J. Keane 

INTRODUCTION 

The Low Beta Linac group i n t e r a c t e d  mainly wi th  
t h e  P r e i n j e c t o r  Source group and t h e  HIDE Linac 
group. It became apparent  e a r l i e r  on t h a t  t h e  main 
problems faced by t h e  group were: 1. t h e  t r a n s p o r t  
of high i n t e n s i t y  beam through t h e  low-0 l i n a c  and 
t h e r e f o r e ,  t h e  de te rmina t ion  of t h e  space charge 
l i m i t  of beam t r a n s p o r t  and 2. t h e  s t r u c t u r e  o r  
s t r u c t u r e s  t o  a c c e l e r a t e  t h e  beam up t o  t h e  f i r s t  
Alvarez s t r u c t u r e  i n  a n  optimum economical manner. 
The most severe design problem f o r  t h e  1-0 l i n a c  
i s  t h e  f i r s t  a c c e l e r a t i n g  l i n a c  tank a f t e r  t h e  pre- 
a c c e l e r a t o r  where, of course ,  B is  t h e  lowest.  It 
was t h e  consensus of t h e  group t h a t  every e f f o r t  be 
expended t o  increase  t h e  te rmina l  vo l tage  of t h e  i o n  
source t o  a t  l e a s t  1 MV with 2 MV being most d e s i r -  
a b l e .  Since t h e  f i r s t  s t a g e  is  both source and 
t r a n s p o r t  l imited:  it was decided t o  cascade t h e  
tirst l i n a c  tank and i ts source i n  a  t r e e  f a s h i o n  
w i t h  frequency jumps of two a t  t h e  branch point  t o  
reach  f i n a l  required beam c u r r e n t .  Scenarios  which 
t a k e  ~ e + ~  t o  240 emA, 2 0 0 ~ ~ '  t o  400 emA and 200~"  
wi th  s t r i p p i n g  t o  ~ 3 +  t o  400 emA were developed. 

I n  t h e  event  t h a t  it was no t  poss ib le  w i t h i n  
t h e  time frame f o r  HIDE t o  develop t h e  1 MV t o  2 MV 
source  te rmina l ,  o t h e r  l i n a c  s t r u c t u r e s  were exam- 
ined which could t r a n s p o r t  in tense  i o n  beam c u r r e n t s  
a t  very low 8. It was determined t h a t  t h e  most beam 
c u r r e n t  t h a t  could reasonably be expected from fu-  
t u r e  mul t ip le  charged i o n  sources  was about 60 emA. 
With 50% cap ture  e f f i c i e n c y ,  t h e  f i r s t  l i n a c  tank 
would have t o  a c c e l e r a t e  30 e d .  Linac s t r u c t u r e s  

ESTIMATING THE SPACE CHARGE LIMIT FOR A LINAC 

A l i n e a r i z e d  method is  derived which p r e d i c t s  
t h e  t ransverse  space charge l i m i t  i n  t h e  a d i a b a t i c  
approximation. Numerical r e s u l t s  of t h e  proce- 
dure agree wi th in  reason with macro-part ic le  
procedures. 

The beam envelope equat ion 

i s  l i n e a r i z e d  by s e t t i n g  t h e  1.h.s. t o  ze ro  and 
' 

r e p l a c i n g  t h e  beam r a d i u s  by a n  averaged envelope 
r a d i u s  =. I n  a  p e r i o d i c  focuss ing  channel  of c e l l  
(not  per iod)  l eng th  L, t h e  focuss ing  term is 

where A is  t h e  phase advance per  c e l l .  For  a  
packing Sac tor  A = % t h e  requ i red  grad ien t  is 

where R is t h e  beam r i g i d i t y  and 0; = 3.5 f o r  a  
FD sequence, 1.12 f o r  a  FFDD sequence, o r  .52 f o r  
a FFFDDD seqllenre. A c o n s t r a i n t  t h a t  must be i m -  
posed on t h e  o v e r a l l  problem is t h a t  t h e  quadru- 
poles  be phys ica l ly  r e a l i z a b l e  with s u f f i c i e n t  
a p e r t u r e  t o  r e s u l t  i n  t h e  requ i red  acceptance of 
t h e  l i n a c .  

deemed poss ib le  t o  t r a n s p o r t  30 e d  a t  a low B of The e l e c t r o s t a t i c  gap defocussing term per 
0.004 were a  long s e t  of independently phased cav- gap is L(, =+where  
i t i e s  w i t h  s i n g l e  d r i f t  tube  and s t rong  quadrupole A 
focus ing  opera t ing  a t  12.5 MHz (1)  and a  5 MHz, 
rr-3rr WiderSe s t r u c t u r e  s i m i l a r  t o  t h e  GSI and LBL 
des igns  (2 ,3 ) ,  however, sca led  t o  a  lower frequency. 

SPACE CHARGE LIMIT I N  THE LOW BETA LINAC 

eV 
& = -  1 1 T s i n  bB A 

= -.(;) (*) - - 
m c  g2 B' 

P 

The method used t o  determine the  t ransverse  is t h e  d e f l e c t i o n  parameter f o r  a n  o f f - a x i s  
and longi tud ina l  space charge l i m i t  on beam t rans -  p a r t i c l e .  
p o r t  is described below. I n  a l l  cases  t h e  t r a n s -  
v e r s e  space charge f o r c e s  dominated and they p r i -  The space charge f o r c e  i s  considered t o  be 
mari ly  determine t h e  t r a n s p o r t  l i m i t .  a  l i n e a r  defocussing force .  



o p e r a t i n g  ove r  t h e  c e l l  L  which g i v e s  

where B 21 i s  t h e  bunching f a c t o r ,  I t h e  ave rage  
e l e c t r i c a l  c u r r e n t  i n  t h e  macropulse  and f  i s  a  
form,  f a c t o r  r e l a t e d  t u  L I I ~  L e i i ~ l l  s hape ,  approxima- 
t e d  by 

. w h e r e  r i s  t h e  bunch h a l f - l e n g t h .  

The t h r e e  f o c u s s i n g  terms can  be combined t o .  
g i v e  t h e  s a t u r a t i o n  c u r r e n t  a s  a  f u n c t i o n  of a v e r -  
aged beam r a d i u s  H: 

where E i s  t h e  unnormal ized e m i t t a n c e  a r e a f n  of 
t h e  beam. 

I f  t h e  e x p r e s s i o n  w i t h i n  [ ] i s  n e g a t i v e ,  t h e  
f o c u s s i n g  i s  o u t s i d e  t h e  c l a s s i c a l  s t a b i l i t y  l i m -  
m i t .  The e m i t t a n c e  term s e r v e s  n o t i c e  [ t h a t  some 
a d d i t i o n a l  beam a p e r t u r e  i s  needed f o r  ' f i n i t e  
e m i t t a n c e  beams'. The minimum beam s i z e  r e q u i r e d  
f o r  . z e r o  c u r r e n t  i s  

i n d i c a t i n g  t h a t  a a L%, app rox ima te ly ,  But f o r  
l a r g e  t r a n s p o r t e d  c u r r e n t ,  - 

i n d i c a t i n g  t h a t  i n  t h e  p re sence  o f  s p a c e  c h a r g e ,  
a a L .  ' 

As f a r  a s  l o n g i t u d i n a l  motion i s ' c o n c e r n e d ,  
f o r  t h e  l i n a c s  c o n s i d e r e d  h e r e ,  t h e  l o n g i t u d i n a l  
space  cha rge  f o r c e  i s  s m a l l e r  t h a n  t h e  l o n g i t u d i n a l  
r e s t o r i n g  f o r c e .  A  minimum gap v o l t a g e  can  be 
e s t a b l i s h e d  a s  

9on 2 f  ' v . .  = -  
mln n B a2  

where L  i s  t h e  l e n g t h  of t h e  a c c e l e r a t i n g  c e l l ,  

and f  is  d e f i n e d  above. T h i s  V m i n  is  u s u a l l y  f a r  
below t h e  gap v o l t a g e  i n  t h e  example g i v e n  i n  t h e  
l i n a c  s t u d y .  

An upper  l i m i t  t o  t h e  gap v o l t a g e  e x i s t s  a l s o ,  
r e l a t e d  t o  e l e c t r o s t a t i c  gap  d e f o c u s s i n g  f o r c e  de -  
r i v e d  above f o r  t h e  r equ i r emen t s  f o r  t r a n s v e r s e  
s t a b i l i t y .  T h i s  upper  l i m i t  h a s  been f r e q u e n t l y  
imposed i n  t h e  numer i ca l  examples g i v e n  f o r  t h e  
1ow-p s e c t i o n s .  . 

An a d d i t i o n a l  c o n s t r a i n t  tha.t  l i m i t s  t h e  h a r -  
monic number f o r  a  s t r u c t u r e  i s  g iven  by t h e  buck- 
e t  dep th  and phase  a c c e p t a n c e  of t h e  l i n a c .  The 
fo rma l i sm i s  no t  reproduced he re , .  b u t  i t s  p r a c t i c a l  
consequences  l i m i t  one t o  n  S 5 in ' l ow-B  n-nn 
WiderGe type  s t r u c t u r e s  b e f o r e  t h e  phase  accep -  
t a n c e  s u f f e r s  . 

LONGITUDINAL, SPACE CHARGE LIMIT I N  LOW B LINAC 

I n  t h e  p re sence  of s p a c e  cha rge  t h e  bunch 
wid th  i s  g i v e n  by ( s e e  ARF r e p o r t  ACC-1: Hea r th -  
f i r e ,  5 / 3 1 / 7 7 ) ,  where,  

I = ave rage  beam c u r r e n t  ( e l e c t r i c )  

Zo = 12Dn ohm 

d  = beam d i a m e t e r  

L  = bunch l e n g t h  

E  = ave rage  a x i a l  f i e l d  

b = synchronous  phase  a n g l e  f rom r f  peak 
0 

A = . c / f  = f r e e  s p a c e  wave l e n g t h  

S u b s t i t u t i o n  of 

i n  Equa t ion  (1 )  and s o l v i n g  f o r  I g i v e s  

The r i g h t  hand s i d e  of Equa t ion  (2 )  h a s  i t  maximum 
v a l u e  f o r  . 

S u b s t i t u t i n g  t h i s  i n t o  Equa t ion  ( 2 )  one o b t a i n s  



Example . , . ;  . 

d  = 0 .04  cm, 

E  = 1 . 5  MVlm, 

A = 24 m ( f  = 12.5 MHz) . 

90 = 30°, 

B = 0 .004  

E q u a t i o n s  (2 )  and (4 )  g i v e n  

ANL, BNLand LBL a r e  c u r r e n t l y  d e s i g n i n g  low- 
8 l i n a c s  t o  a c c e l e r a t e  i n t e n s e  heavy i o n  beams. , 

The work a t  ANL c e n t e r s  o n  independent ' ly-phased 
c a v i t i e s  u s i n g  xel+ from a  dynamit.ron s o u r c e .  The 
dynamit ron s o u r c e  i s  b e i n g  developed t o  produce 100 
mA'of x e l + a t  a  f i n a l  energy of 1 .5  W. It is e?- 
p e c t e d  t o  be o p e r a t i o n a l  by June  1978. Ttie BNL 
work c e n t e r s  around a  c o a x i a l  q u a r t e r  wave f o l d e d  
l i n e  r e s o n a t o r  w i t h  12 d r i f t  t u b e s .  The d r i f t  
t u b e s  c a n ' b e  e a s i l y  changed i n  t h i s  d e s i g n  t o  s tudy  
beam blow-up and r f  s p a r k i n g .  They expec t  t o  ac-  
c e l e r a t e  5  t o  1 0  mA of xe l+ f rom a  750 kV Cockc ro f t -  
Wal ton by December 1977. The work a t  LBL c e n t e r s  
around a  23.4 MHz Wider'de a c c e . l e r a t o r  ' f o r  SuperHiLac 
( 3 ) .  They expec t  t o  a c c e l e r a t e  8  t o  10 ema of xe3+ 
f rom a  750 kV Cockcrof t -Wal ton t e r m i n a l  by l a t e  

' 

1980 

INDEPENDENTLY PHASED CAVITIES (ANL) 

The low B l i n a c  concep t  under  development a t  
Argonne t o  a c c e l e r a t e  and t r a n s p o r t  h igh  i n -  
t e n s i t y  heavy i o n  beams is t h e  u s e  of i ndependen t ly  
phased c a v i t i e s  w i t h  s i n g l e  d r i f t  t ubes  and s t r o n g  
quadrupo le  magnet ic  f o c u s i n g  i n  between t h e  c a v i t y  
d r i f t  t u b e s  (1 ) .  Models f o r  t he .  independent  l i n a c  
c a v i t y  a r e  shown i n  (F ig .  V-E-111, 2 ,  3 ) .  They a r e  
t h e  %-wavelength f o l d e d  l i n e  r e s o n a t o r  (F ig .  V-E-lh), 
t h e  c a p a c i t y - l o a d e d  c o a x i a l  l i n e  r e s o n a t o r  
( F i g .  V.-E-112) and lumped- inductor  r e s o n a t o r  
(F.ig . V.-E-113). The . c a v i t i e s  have  'been des igned  t o  
r e s o n a t e  a t  12.5. MHz w i t h  a n  a p e r t u r e  o f  4 c m .  The 
beam t r a n s p o r t  l i m i t  h a s  been c a l c u l a t e d  t o  be 30 
mA xel+. The s h u n t  impedance of t h e  r e s o n a t o r s  i s  
h i g h  enough s o  t h a t  on ly  12 kW i s  r e q u i r e d  f o r  t h e  
r f  coppc r  w a l l  l o s s e s .  

, . The current. .  p l a n s  a r e  t o  ' bb i ld  h i g h  power t e s t  
models o f  t h e  c a p a c i t y  loaded c o a x i a l  r e s o n a t o r  and 
t h e  lumped i n d u c t o r  r e s o n a t o r .  The %-wavelength 
c o a x i a l  r e s o n a t o r  i s  t hough t  t o  be  t o o  expens ive  t o  
c o n s t r u c t  a t  t h i s  t ime  s o  t h e  d e c i s i o n  t o  b u i l d  a  
h i g h  power t e s t  model of i t  h a s  been de l ayed .  Con- 
s t r u c t i o n  of t h e  o t h e r  models i s . s c h e d u l e d  t o  b e g i n  
i n  December 1977. High- wer t e s t i n g  i s  s cedu led  
t o  begin  i n  Feb rua ry  1978. It i s  p lanned t o  have 

f i v e  r e s o n a t o r s  w i t h . t h e i r  r f  power a m p l i f i e r s  
i n s t a l l e d  by October  1978 when t e s t i n g  w i t h  t h e  100 
mA  el+ 1.5  MV dynamit ron w i l l  commence. 

BROOKHAVEN LOW BETA PROGRAM 

I n  o r d e r  t o . c o n d u c t  ' exper iments  on e m i t t a n c e  
blow-up, l o n g i t u d i n a l  a c c e p t a n c e  a s  w e l l  a s  exper-  
iments  i n  r f  s p a r k i n g  phenomena, t h r e e  s t e p s  have - 
been .  t a k e n :  

1. .Complet ion ,  o f . ?  750 keV Cockcrof t -Wal ton 
p r e a c c e l e r a t ' o r  w i t h  a ' X e  s o u r c e  t h a t  i s  
expec t ed  t o  d e l i v e r  5.0 t o  10  mA. It 
has  been r u n . a t  o v e r  1 mA ~ e + l .  

2 .  C o n s t r u c t i o n  of a  12 c e l l  heavy i o n  
pA/2 a c c e L e r a t o r  s t r u c t u r e .  

3. Recommissioning of a  20 kW-50 MHz r f  
. t r a n s m i t t e r .  

The r f  t r a n s m i t t e r  on l o a n  from LBL was mod- 
i f i e d  t o  d e l i v e r  20 kW 1-f power a t  a f r equency  uf 
16.6 MHz. , '  It c a n  r u n  pu l sed  o r  C-W. C e n t e r  f r e -  
q u e n c i e s  up t o  60 MHz can be  s e t - u p  i n  l e s s  t h a n  
8  h o u r s .  T h i s  u n i t  h a s  s u p p l i e d  20 kW a t  16 and 
50 MHz i n t o  a  r e s i s t i v e  l oad .  

The low-beta  a c c e l e r a t o r  s e c t i o n  h a s  been 
c o n s t r u c t e d .  The r e s o n a t o r  is  a  f o l d e d ' A / 4  r e s -  
o n a t o r  w i t h  a  v a r i a b l e  s h o r t  t o  t u n e  t o  16  MHz. 
The a c c e l e r a t i n g  sec , t i on  h a s  been b u i l t  s o  t h a t  . 
a c c e l e r a t i o n  gaps  c a n  be  e a s i l y  changed,  s o  t h a t  
v a r i o u c ,  t y p e s  o r  numbcr of d r i f t  t u b c s  c a n  be.  
i n s e r t e d ;  P r e s e n t l y  t h e  d r i f t  t u b e s  c o n t a i n  no 
quadrupo le  f o c u s i n g  bu t  n-3n o r  317-317 c e l l s  cou ld  
e a s i l y  be i n s t a l l e d  i n  t h e  f u t u r e .  I n  t h e  p r e s e n t  
c o n f i g u r a t i o n  k i n e t i c  e n e r g i e s  of 1.1 MeV a r e  ex- 
pec t ed  ' t o  be r eached .  It shou ld  be noted  cha r  
Chis Ly'pe it.sullaLur. cuu ld  have a wll~lluw back i n  
t h e  c o a x i a l  s e c t i o n  where t h e  g r a d i e n t  is  down by 
a  f a c t o r  of 10-20. S i n c e  t h e  r e s o n a t i n g  s t r u c t u r e  
is  no t  i n  vacuum? machine c o s t s  a r e  reduced.  

P r e s e n t l y ,  a l l  u n i t s  have been r u n  w i t h  t h e  
e x c e p t i o n  of t h e  a c c e l e r a t i n g  s t r u c t u r e  which was 
j u s t  osscmblcd i n  o u r  Lab. It i s  expec ted  t h a t  
Xe . ions w i l l  be a c c e l e r a t e d  i n  December. ' 

The o u t p u t  of two l i n a c s  o p e r a t i n g  a t  f r e -  
quency f o ,  180° a p a r t ,  which a r e  combined and 
f u r t h e r  o c c c l c r o t c d  by a  f o l l o w i n g  l i n a c  a t  f r e -  
quency 2 fo  can  be  accompl ished w i t h  minimal t r a n s -  
v e r s e  e m i t t a n c e  d i l u t i o n  w i t h  a n  r f  sweeper .  How- 
e v e r ,  w i t h  beams of f i n i t e  t r a n s v e r s e  e m i t t a n c e  
and h i g h  r i g i d i t y ,  a  s i n g l e  r f  e l e c t r o s t a t i c  o r  
magnet ic  sweeper is  hope le s sky  i n a d e q u a t e , i n  
s t r e n g t h .  A  method i s  d e s c r i b e d  h e r e  which would 
a l l o w ,  i n  p r i n c i p l e ,  t h i s  o b s t a c l e  t o  be  overcome. 
T h i s  combiner i s  ana lyzed  h e r e  a s  a sweeper t u rned  
end- fo r - end .  

Cons ide r  a  FODO magnet ic  f o c u s s i n g  s t r u c t u r e  
o f  t h e  same p e r i o d  a s  t h e  f o l l o w i n g  l i n a c ,  which 
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F i g .  V-E-111. 12 .5  MHz 114 Wavelength Folded Line Resonator.,  

. . . .. 
b Fig .  V-E-112. 12.5 MHz Capacity Loaded Coaxial Resonator. 



F i g .  V-E-114. P e r i o d i c  D e f l e c t o r .  

i n  a  t y p i c a l  c a s e ,  would be a  n-3n WiderEe s t r u c -  
t u r e  o p e r a t i n g  a t  A = c / f o .  The magnet p e r i o d  i s  
4BA w i t h  a  f i l l i n g  f a c t o r  A = . 5 ,  each  magnet and 
d r i f t  s e c t i o n  hav ing  a  l e n g t h  of.BA. I f  t h e  quad- 
r y p l e  g r a d i e n t  B' = 3 . 4 7 ~ / ( 2 ~ ~ ) ~ ,  t h e  phase  advance 
p e r  p e r i o d  i s  . n / 2 ,  where R i's t h e  beam r i g i d i t y .  
I f  a  s m a l l  a n g u l a r  d e f l e c t i o n  A 0 is  in t roduced  

a  w a i s t  w i t h  s i z e  parameter  Po ,  t h e n  t h e  s i z e  
f u n c t i o n  w i l l  grow BE p = i, fjo2 + ~ 2 )  i n  a d r i f t  
l e n g t h  of l e n g t h  L. The nee d e f l e c t i o n  9 L  must 
be g r e a t e r  t han  t h e  beam s i z e  y  = ,& a t  t h e  end 
of L  f o r  t h e  beams t o  be e f f e c t i v e l y  s e p a r a t e d  by 
a  s r p t u ~ ~ ~  magrlel, a s  i n  F i g .  2 .  T h i s  e f f e c t i v e l y  
f i x e s  t h e  parameter  N .  

e v e r y  2  p e r i o d s ,  w i t h  a p p r o p r i a t e  s i g n ,  t h e n  t h e  
t o t a l  n e t  d e f l e c t i o n  0 f o r  N d e f l e c t o r s  i s  N A0, I f  2  
a s  shown i n  F i g .  1. The ave raged  beam s i z e  w i l l  
remain  c o n s t a n t  t h rough  t h e  l e n g t h  of t h e  FODO 
c h a n n e l .  

i s  t h e  p a r t i c . l e  r i g i d i t y ,  t h e n  t h e  a n g l e  A 9 from 
I f  t h e  beam is  a l lowed  t o  e x i t  t h e  channe l  a t  a n  e l e c t r o s t a t i c  (magne t i c )  d e f l e c t o r  of l e n g t h  Q 



~f  f i e l d  s t r e n g t h  E (B) i s  T a b l e  V-E-111 l i s t s  t h e  beam B f u n c t i o n ,  r a -  
d i u s  a ,  r e q u i r e d  t o t a l  d e f l e c t i o n  a n g l e  8  and N ,  

A e = E &  , = a S T  t h e  number of c a v i t i e s  r e q u i r e d . .  To l i m i t  t h e  
c R '  R t r a n s v e r s e  beam growth i n  t h e  d r i f t  s p a c e  t o  a  

r e a s o n a b l e  v a l u e ,  L should  be k e p t  below 5  m e t e r s ,  
where T i s  a  t r a n s i t  t ime f a c t o r  approximated by r e q u i r i n g  a t  l e a s t  65 c a v i t i e s .  A lower l i m i t  of 

L  i s  s e t  by a  p r a c t i c a l  upper  l i m i t  t o  t h e  number 
na of d e f l e c t i o n  c a v i t i e s  needed. A few l o n g i t u d i n a l  s i n  - 

T = B h  c a v i t i e s  would a l s o  be l o c a t e d  a t  p o i n t s  where t h e  

na - d e f l e c t e d  beam c r o s s e s  t h e  ax i s ; eve ry  .n phase  

B h 
advance ,  F i g .  V-E-116. 

f o r  a  un i fo rm f i e l d  c a v i t y  and by 1 f o r  a  slow ' 

wave s t r u c t u r e  matched t o  t h e  v e l o c i t y  of t h e  beam, 
such a s  a  h e l i c a l l y  wound d e f l e c t i o n  p l a t e ;  Uni- 
form f i e l d  s t r u c t u r e s  t h a t  a r e  a n  a p p r e c i a b l e  
f r a c t i o n  of Bh would be  avo ided  f o r  beams w i t h  a l l  
bu t  t h e  s h o r t e s t  bunch l e n g t h  t o  avofd  d e f l e c t i n g  
d i f f e r e n t  s e c t i o n s  o f  t h e  bunch d i f f e r e n t  amounts.  

As a  numer i ca l  example,  c o n s i d e r  t h e  d i f f i -  
c u l t  c a s e  of combining two 200~1+ beams of B = 
.2771 w i t h  a  maximum a l l o w a b l e  beam r a d i u s  of . O l m  
and a n  unnormalized e m i t t a n c e  E/n = .2.  m-rad. 
Each c a v i t y ,  one p e r  4  0h p e r i o d ,  i s  assumed t o  
be pA/4 long ,  h = 7.511, (T = .go).  With s t r a n s -  
v e r s e  E - f i e l d  of 5  MV/m, each  c a v i t y  d e f l e c t s  
t h e  beam of a n  a n g l e  A0 = ' 4 . 3 2  . r a d i a n .  

T a b l e  V-E-111. Number of D e f l e c t i o n s  v s  D r i f t  
Length .  

L(m) B(m) a(m) 8 ( r a d )  N 

F i g .  V-E-115. D e f l e c t o r  Followed by a  D r i f t  Space L and Septum. 
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F i g .  V-E-116. I n f l e c t o r  Combining Two L. inacs .Focuss ing n o t  Shown i n  Beam L i n e s  
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! EQUILIBRIUM PHASE-SPACE DISTRIBUTIONS 

W .  P. Lysenko 

T h i s  w i l l  summarize som work done a t  t h e  Los 
.* 

hlamos S c i g n t i f i c  Labora to ry f  which may be  r e l e -  
v a n t  t o  t h e  heavy- ion f u s i o n  program. L i m i t s  on 
beam c u r r e n t  and e m i t t a n c e  i n  p ro ton  o r  heavy i o n  
l i n e a r  a c c e l e r a t o r s  may be  c a l c u l a t e d  by d e t e r -  
mining e q u i l i b r i u m  phase space  d i s t r i b u t i o n s .  T h i s  
i s  a  matching procedure  which t a k e s  i n t o  accoun t  ' 

space  cha rge  f o r c e s .  We make u s e  of t h e  f o l l o w i n g  
r e s u l t :  I f  t h e  d i s t r i b u t i o n  f u n c t i o n  is  a  f u n c t i o n  
of t h e  conserved s i n g l e - p a r t i c l e  Hami l ton ian  

t h e n  t h e  d i s t r i b u t i o n  is t ime  i n d e ~ e n d e n ~ .  We use  
t h e  f o l l o w i n g  model . 

i n  which 4 is  t h e  unknown space  cha rge  p o t e n t i a l .  
Thus we assume l i n e a r  r e s t o r i n g  f o r c e s  which a r e  

, c o n s t a n t  i n  t ime. Azimuthal  symmetry is  assumed 
s o  t h a t  t h e r e  a r e  on ly  two d e g r e e s  of freedom. 
For  t h e  f u n c t i o n  F we u s e  one of t h e  f o l l o w i n g  

i n  which B  and Ho a r e  c o n s t a n t s  and n  is  a  non- 
n e g a t i v e  i n t e g e r .  These  a r e  t h e  same f u n c t i o n s  
c o n s i d e r e d  i n  t h e  o r i  i n a l  work of G l u c k s t e r n ,  4 Chasman, and Crandal ' l  which t r e a t e d  t h e  c o r r e -  
sponding one-degree-of- f reedom problem i n  t h e  
c o o r d i n a t e  r .  

To s o l v e  f o r  t h e  space  cha rge  p o t e n t i a l  we 
i n t e g r a t e  t h e  d i s t r i b u t i o n  f u n c t i o n  over  momentum 
and u s e  t h e  Po i s son  equati 'on.' A f t e r  no rma l i z ing  
t h e  v a r i a b l e s  i n  a  c e r t a i n  way t h e  f o l l o w i n g  
n o n l i n e a r  Po i s son  e q u a t i o n  i s  o b t a i n e d  . 

The s p a c e  cha rge  parameter  p  i s  d e f i n e d  .by 

- i n  which pr and wz a r e  t h e  r a t i o s  of t h e  space  
cha rge  f o r c e s  t o  t h e  e x t e r n a l  r e s t o r i n g  f o r c e s  a t  
t h e  bunch c e n t e r  i n  t h e  r a d i a l  and a x i a l  d i r e c -  
t i o n s ,  r e s p e c t i v e l y . '  The c o n s t a n t  cu i s  t h e  r a t i o  
of t h e  two f o r c e  c o n s t a n t s  

Equa t ion  (4 )  may be  s o l v e d  n u m e r i c a l l y  f o r  t h e  
s p a c e  cha rge  p o t e n t i a l  which consequen t ly  s p e c i -  
f i e s  comple t e ly  t h e , d i s t r i b u t i o n  i n  phase  space .  

.We'may now w r i t e  r e s u l t s  i n  te rms of p h y s i c a l  
pa rame te r s  t o  g ive ' some s c a l i n g  laws.  The c u r r e n t  
and beam r a d i u s  may be  w r i t t e n  

where G1 and G2 d e s c r i b e  t h e  s p a c e  cha rge  p h y s i c s  
of t h e  problem. I n  t h e s e  fo rmulas ,  1 is t h e  , 

normal ized e m i t t a n c e ,  f  is  t h e  a c c e l e r a t o r  f r e -  
quency,  A  i s  t h e  a tomic  mass, and q  i s  t h e  cha rge  
s t a t e  o f  t h e  i o n .  I n s t e a d  of t h e  f o r c e , c o n s t a n t  k  
we have w r i t t e n  t h e  r e s u l t s  i n  t e rms  of posh,, .the 
t r a n s v e r s e  phase  s h i f t  pe r  l e n g t h  2$A, i n  o r d e r  t o  
r e l a t e  t h e s e  r e s u l t s  t o  a n  a l t e r n a t i n g  g r a d i e n t  
f o c u s s i n g  sys tem:  As a n  a i d  t o . u n d e r s t a n d i n g  t h e s e  
s c a l i n g  laws l e t  u s  n o t e  t h a t  f o r  a  f i x e d  p o l e - t i p  
f i e l d ,  t h e  phase  s h i . f t  v a r i e s  a s  

O . - 
IL s h r  

A  g e n e r a l  c o n c l u s i o n  t h a t  we may draw i s  t h a t  f o r  
a  f i x e d  e m i t t a n c e ,  h i g h e r  c u r r e n t s  may be  o b t a i n e d  
w i t h  h i g h e r  f r equency  a c c e l e r a t o r s  a l t h o u g h  t h e r e  
i s  a n  upper  l i m i t  because  t h e  beam r a d i u s  measured 
i n  te rms of t h e  c e l l  l e n g t h  (which s c a l e s  w i t h  t h e  
b o r e  r a d i u s )  a l s o  i n c r e a s e s  w i t h  f r equency .  I f  we 
d i s r e g a r d ' e m i t t a n c e  and j u s t  f i x  t h e  q u a n t i t y  r/$A 
s o  t h a t  t h e  beam occup ie s  a  c e r t a i n  f r a c t i o n  of 
t h e  b o r e ,  t h e n  we s e e  t h a t  low f r equency  a c c e l -  
e r a t o r s  a r e  f a v o r e d  f o r  h i g h ' c u r r e n t s  when beam 
q u a l i t y  is of no conce rn .  The space  cha rge  p h y s i c s  
e f f e c t s  c o n t a i n e d  i n  G  may be summarized s imply  1 
by n o t i n g  t h a t ,  f o r  a  g iven  a c c e l e r a t o r  and a  
g i v e n  c u r r e n t ,  t h e  e m i t t a n c e  d e c r e a s e s  w i t h  t h e  
space  cha rge  parameter-  p.  
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1. SUMMARY 

Ingo  Hofmann 

INTRODUCTION 

A  g o a l  of t h i s  workshop h a s  been t o  under-  
s t a n d  t h e  a c t u a l  p h y s i c a l  p r o c e s s e s  t h a t  l e a d  t o  
l i m i t a t i o n s  i n  t h e  power t r a n s m i t t a b l e  t h rough  a  
l ong  p e r i o d i c  t r a n s p o r t  sys tem i n  a  regime where 
s p a c e  cha rge  d e f o c u s i n g  i s  no l o n g e r  s m a l l  com- 
pared  w i t h  t h e  e x t e r n a l l y  a p p l i e d  f o c u s i n g .  A  
s t r o n g l y  j u s t i f i e d  formula  d e s c r i b i n g  t h e  a c t u a l  
c u r r e n t  l i m i t  i n  a  g i v e n  s t r u c t u r e  a s  imposed by 
t r a n s v e r s e  space  c h a r g e  e f f e c t s  i s  c r u c i a l  i n  t h e  
d e s i g n  of a c c e l e r a t o r  sys tems f o r  heavy ion  f u s i o n .  
I n  a h  r f  l i n a c  t h i s  l i m i t i n g  c u r r e n t  i s  impoor tant  
a t  t h e  low energy f r o n t  e n d ,  w h i l e  t h ?  i n d u c t i o n  
l i n a c  t e c h n i q u e  w i t h  p u l s e  s h o r t e n i n g  d u r i n g  a c -  
c e l e r a t i o n  makes o p e r a t i o n  a t  t h e  s p a c e  cha rge  
l i m i t  d e s i r a b l e  t h roughou t  a c c e l e r a t i o n .  

O the r  major t o p i c s  of t h e  workshop has  been 
a d d r e s s e d  t o  t h e , p o s s i b i l i t i e s  of c o r r e c t i n g  f o r  
a b e r r a t i o n s  i n  t h e  f i n a l  f o c u s i n g  sys t em and t o  
t h e  q u e s t i o n  of s p a c e  cha rge  n e u t r a l i z a t i o n  wi th -  
i n  t h e  beam. A d d i t i o n a l  work p r e s e n t e d  i n  t h e  
workshop w i l l  be found i n  o t h e r  s e c t i o n s  of t h e s e  
p roceed ings .  

CALCULATIONS LEADING Td CONSTRAINTS I N  BEAM 
TRANSPORT 

The use  of s c a l e d  e q u a t i o n s  f o r  s t u d y i n g  beam 
t r a n s p o r t  i n  a  FODO sys t em and subsequen t  d e s c a l -  
i n g  have  sugges t ed  a  " f i g u r e  of mer i t "  
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such t h a t  t h e  c o n s t a n t  C  employed i n  t h e  formula  
f o r  power t r a n s p o r t  ( o r i g i n a l l y  sugges t ed  by 
Maschke. Re f .  1 )  

i s  found a s  c=3.43.1015 % ( r e f .  -2). Actua l  
I ,  

v a l u e s  of t h i s  " f i g u r e  of mer i t "  d e r i v e d  on t h e  
b a s i s  of a  s t a b i l i t y  a n a l y s i s  (Re f .  3 ,  4., 5)  p re -  
s e n t e d  i n  t h e  workshop a r e  g i v e n  by L a s l e t t  i n  
t h i s  s e c t i o n .  The a n a l y t i c  work has  c o n s i d e r e d  
p e r t u r b a t i o n s  of a  matched K-V beam w i t h i n  t h e  
framework of t h e  Vlasov e q u a t i o n .  . I t  r e v e a l s  a  

s e r i e s  of u n s t a b l e  modes of o s c i l l a t i o n  f o r  a r b i -  
t r a r y  v a l u e s  o f  phase advance oo l e a d i n g  t o  i n -  
homogeneous d e n s i t y  a c r o s s  t h e  beam w i t h  t h r e s h -  
o l d s  i n .  te rms o f  t u n e  d e p r e s s i o n  % ( 4 . 4 )  t h a t  
a r e  q u i t e  independent  of whether  a  con t inuous  
s o l e n o i d  o r  a  p e r i o d i c  f o c u s i n g  s t r u c t u r e  is  con- 
s i d e r e d .  These  u n s t a b l e  modes a r e  no t  f l u i d - l i k e  
a n d  r e q ~ i i r e  c o n s i d e r a t i o n  of e v o l u t i o n  i n  t h e  
vel .nc i ty  s p a r e .  <Tn a d d i t i o n  t o  t h e s e  u n s t a b l e  
eigcnmodcs of t h e  K-V beam, r e sonances  of e igen -  
modes w i t h  t h e  p e r i o d  of t h e  s t r u c t u r e  have been 
d i s c o v e r e d  t o  f u r t h e r  r educe  t h e  r ange  of s t a b l e  
v a l u e s  of i n t e n s i t y  i n  an  i n t e r r u p t e d  s o l e n o i d  and 
even more i n  a  FODO l a t t i c e .  The u n s t a b l e  enve- 
l ope  mode o c c u r i n g  f o r  a, > 90° f a l l s  i n  t h i s  
c l a s s  of r e sonances ,  w h i l e  h i g h e r  o r d e r  r e s o n a n t  
modes have been found dangerous  a l s o  f o r  a, < 90'. 
F o r  a, < 90' a  t u n e  d e p r e s s i o n  of > .5-was  
sugges t ed  a s  s a f e  (Ref .  5 ) .  00 

The complete  absence  of Landall damping makes 
t h e  K-V beam appea r  a s  a  ve ry  s i n g u l a r  model. I n  
a d d i t i o n ,  t h e  l i n e a r i z e d  Vlasov t h e o r y  becomes 
i n v a l i d  a f t e r  ve ry  modest growth of t h e  u n s t a b l e  
modes due t o  t h c  c v o l u t i o n  of a  h i g h l y  n o n - l i n e a r  
s p a c e  cha rge  fo rce ,  ( e x c e p t  f o r  t h e  envelope  modes) 
T h i s  n e c e s s i t a t c d  c o n s i d e r a t i o n  of o t h e r  t h a n  K-V 
r n n d ~ l s  and st.~tdy of n o n - l i n e a r  s a t u r a t i o n  of i n -  
s t a b i l i t i e s ,  p o s s i b l y  t h rough  computer s i m u l a t i o n  
where a n a l y t i c  methods f a i l .  

A  s t u d y  of t h e  s c a l i n g  laws f o r  power t r a n s -  
p o r t a t i o n  a p p l y i n g  t o  d i f f e r e n t  s i t u a t i o n s  w i t h  
v a r y i n g  c o n s t r a i n t s  on some o f  t h e  pa rame te r s  
a p p e a r i n g  i n  t h e  g e n e r a l  formula  h a s  provided v e r y  
u s e f u l  formula  f o r  d e s i g n e r s  of beam l i n e s  and 
r e c o n c i l e d  d i f f e r e n t  ' s t a n d p o i n t s .  T h i s  s t u d y  i s  
a l s o  ( s e e  R e i s e r  i n  t h i s  s e c t i o n  of t h e s e  Proceed-  
i n g s )  u s e f u l  i n  t h a t  it compares t h e  d i f f e r e n t  
n o t a t i o n s  be ing  used by var io1.1~ a i l t ho i s .  It p re -  
s e n t s  an  app rox ima te  a n a l . y t i c  e x p r e s s i o n  f o r  t.he 
matched enve lope  s o l u t i o n ,  which is  f a i r l y  acc -  
r a t e  f o r  s m a l l  a. . 

Lawson and R e i s e r ,  i n  t h c  ncx t  paper  of t h e s e  
P r o c e e d i n ~ s ,  summarize a  d i s c u s s i o a  of t h e  physi ;  
c a l  n a t u r e  of some pa rame te r s  of i n t e r e s t  i n  a  
c o n t i n u o u s  s o l e n o i d .  It compares t h e  t h e o r e t l -  
c a l  p r e d i c t i o n s  w i t h  e x i s t i n g  e x p e r i m e n t a l  work 
done i n  t h e  p a s t  i n  c o n n e c t i o n  w i t h  e l e c t r o n  guns .  
Whi le  t h e  e f f e c t  of mismatch i n  t h e  exper iment  
r e q u i r e s  a d d i t i o n a l  c o n s i d e r a t i o n ,  t h e  compar ison 
d o c s  n o t  show any i n c o m p a t i b i l i t y .  



COMPUTER S  IMULAT I ON 

R e s u l t s  of computer s i m u l a t i o n  of a  l a r g e  
number of p a r t i c l e s  (2 l o4 )  d i s t r i b u t e d  on a  f o u r -  
d imens iona l  h y p e r - e l l i p s o i d  i n  t r a n s v e r s e  space  
a s  i n i t i a l  c o n d i t i o n  and p ropaga ted  a l o n g  a  qua- 
d r u p o l e  sys tem w i t h  t h i n  l e n s e s  have been p re -  
s e n t e d  (Ref .  6 ) .  The s i m u l a t i o n s  f o l l o w  o r b i t s  i n  
t h e  s e l f - c o n s i s t e n t  e l e c t r i c  f i e l d . .  They g i v e  
ev idence  of u n s t a b l e  growth even a t  a. = 90' 
(where enve lope  modes a r e  s t a b l e )  and s u p p o r t  i n  
t h i s  r e s p e c t  t h e  a n a l y t i c  r e s u l t s .  Non- l inea r  
s a t u r a t i o n  and growth i n  phase s p a c e  more t h a n  i n  
r e a l  s p a c e  were obse rved .  A  d e t a i l e d  compar ison 
wi th  t h e  t h e o r e t i c a l  p r e d i c t  i o n s  was not  p o s s i b l e  
d u r i n g  t h e  Workshop, b u t . i t  was f e l t , t h a t  system- 
a t i c  computer s t u d i e s  a r e  e s s e n t i a l  f o r  a  b e t t e r  
u n d e r s t a n d i n g  of t h e  s t a b i l i t y  of r e a l i s t i c  beams. 
A n a l y t i c  p r e d i c t i o n s  shou ld  s e r v e  a s  g u i d e  l i n e  
f o r  such  s t u d i e s .  

Another  t y p e  of o r b i t  t r a c i n g  code was based 
on summing up Coulomb i n t e r a c t i o n s  between a  mod- 
e r a t e l y  l a r g e  number of i n f i n i t e l y  l ong  r o d s  
(Ref .  7 ) .  A p p l i c a t i o n s  of t h e  code and a n  i n -  
c r e a s e  of i t s  speed by p o s s i b l y  a p p l y i n g  a  po i s son  
s o l v e r  a r e  i n  p r o g r e s s .  

. . 
CORRECTION OF CHROMATIC AND GEOMETRIC ABERRATIONS 
I N  THE FINAL FOCUSING SYSTEM 

T a r g e t  r equ i r emen t s  n e c e s s i t a t e  t h e  pro-  
d u c t i o n  of ach roma t i c  s p o t s  and c o r r e c t i o n s  f o r  
geomet r i c  a b e r r a t i o n s .  Three  c o n t r i b u t i o n s  have 
opened p o s s i b i l i t i e s  f o r  c o r r e c t i o n s  through t h e  
u s e  of a  s e r i e s  of quad rupo le  and s e x t u p o l e  com- 
ponen t s .  Space c h a r g e  e f f e c t s  have been n e g l e c t e d  
i n  t h e s e  app roaches ,  though they  a r e  l i k e l y  t o  be  
impor t an t  f o r  t h e  d i s p e r s i v e  p r o p e r t i e s  of t h e  
l e n s e s  and a l s o  a t  w a i s t s  t h a t  might be produced 

a t  d i f f e r e n t  p o s i t i o n s  a l o n g  t h e  channe l .  Hence, 
c o n s i d e r a t i o n  of s p a c e  cha rge  appeared t o  be  h igh -  
l y  j u s t i f i e d  f o r  f u t u r e  work ( s e e  Brown, Bruck,  
and Halbach i n  t h i s  s e c t i o n  of t h e s e  P roceed ings ) .  

SPACE CHARGE NEUTRALIZATION 

The p a r t i c i p a n t s  were aware t h a t  l i m i t a t i o n s  
imposed by some of t h e  phenomena mentioned i n  t h i s  
summary might be s u b s t a n t i a l l y  r e l a x e d  by t h e  i n -  
t r o d u c t i o n  of space -cha rge  n e u t r a l i z a t i o n  w i t h i n  
t h e  beam. The l a c k  of a  t h e o r e t i c a l  model d e s c r i b -  
i n g  t h e  p roces s  of e l e c t r o n  accumula t ion  i n  t h e  
bunch was s t r o n g l y  f e l t .  Expe r imen ta l  work on 
t h i s  t o p i c  i s  i n  p r o g r e s s  a t  Brookhaven N a t i o n a l  
Labora to ry  and planned a t  Argonne N a t i o n a l  Labora: 
t o r y  ( s e e  F e n s t e r ,  i n  s e c t i o n  V-B of t h e s e  
P roceed ings ) .  
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2.  TRANSVERSE SPACE CHARGE LIMITS - SOME NOTES 
AND SOME QUESTIONS 

J. D.  Lawson and M. Reiser 

INTRODUCTION 

Recent work by the  Berkeley group1 on t h e  
t r a n s p o r t  of focused K-V d i s t r i b u t i o n s  suggest  
t h a t  under some condi t ions  the  d i s t r i b u t i o n  is  un-. 
s t a b l e .  This  i s  found a l s o  i n  numerica'l s imula- .  
t i o n s  by Haber i n  matched per iod ic  systems though 
a  c l e a r  correspondence between s imula t ions  and 
theory has not ye t  been achie"ed. Based on the ' 

t h e o r e t i c a l  s t u d i e s ,  t h e  Berkeley group recom- 
mends ( a )  t h a t  t h e  phase s h i f t  per  period i n  a  
per iod ic  l a t t i c e  should. not exceed n/2 ,and (b)  t h a t  
the  r e l a t i v e  b e t a t r o n  phase s h i f t  with,and without 

. space-chargc, (u/u,), bhould not f a l l  below 0.4- 
0.5. It i s  i n t e r e s t i n g  t o  note t h a t  t h e  second 
r u l e  a p p l i e s  a l s o  t o  continuous solenoids.  

Sincc pcr fec t  "Br i l lou in  flow" corresponds 
t o  u/uo = 0,  wel l  below t h e  s t a b i l i t y  c r i t e r i o n  
suggested above, and f u r t h e r ,  many experiments 
have been made on beams which do not appear t o  de- 
par t  g r e a t l y  from B r i l l o u i n  f low,  it seems r e l e -  
vant t o  i n v e s t i g a t e  t h e  experimental evidence. 

In  order  t o  see  more c l e a r l y  how t h e s e . e f f e c t s  
. might r e l a t e  t o  o ther  known and understood phenom- 

.ens, i t  is a l s o  i n t e r e s t i n g  t o  look a t  the  physi- 
c a l  nature of some of t h e  parameters involved. 
I n  t h i s  d i scuss ion ,  we confine a t t e n t i o n  t o  the  
continuous solenoid.  

RARnMETE8.S FOR A UNIFQRM SOI,ENOTn 

The s imples t  form f o r  t h e  envelope equat ion 
of t h e  beam i n  the  solenoid i s  

where Xo is  the  o r b i t  wavelength i n  t h e  absence 
of space-charge, K the  "generalized perveance , l t 2 .  

and n e  t h e  (un-normalized) emit tance.  For a  
matched beam a" = 0 ,  and from equa t ion  ( I ) ,  

where nu i s  thc  acceptance of t h e  channel of . 
r a d i u s  a  when K = 0 .  The condi t ion  e = 0 repre -  
s e n t s  " B r i l l o u i n  flow" s o  t h a t  from equa t ion  (2) 

We note that,  t h i s  i s  equ iva len t  t o  t h e  commonly 
quoted r e s u l t  

I n  t h i s  B r i l l o u i n  case ,  the  flow i s  laminar, 
i . e . ,  a l l  p a r t i c l e s  move on concent r ic  h e l i c a l  

o r b i t s  i n  the l abora tory  frame and on s t r a i  h t  
l i n e s  i n  the  r o t a t i n g  Larmor frame. . When t i e  beain 
has a  f i n i t e  emit tance and, hence, condi t ion  (4) 
is  not s a t i s f i e d ,  the  ind iv idua l  p a r t i c l e s  o s c i l -  
l a t e  i n  the  Larmor frame wi th  a  frequency w given 
hv 

I n  terms of the  frequencies  w and w equat ion 
(2) may be w r i t t e n  a s  L  P '  

s o  t h a t  i f  we know wLl up, a ,  and 8 ,  the emit- 
tance € can be determined. Dividing through by 
2  %, and not ing t h a t  CY = a2%/Bc, one can put equa- 

. . 
cion (6) i n t o  t h e  form 

By comparing (5) and ( 6 ) ,  we o b t a i n  the  r e l a t i o n  

This  is equiva len t  t o  

2 
where Q/2a represen t*  the Derkel-sy nn tn t ion .  

1 

Accurdlug Lu L11e B e ~ k e l s y  al.lidias,l  the beanr 
is  uns tab le  when w/wL 4 0.4, and hence 

Note c11aL Ll~e BrlL1,uulu-L'luw cuudil iul l ,  wlreie 
e = 0, w / y  = 0 ,  corresponds t o  w I, /w P  = 0.707. 

2  2 .  
SIGNIFICANCE OF K k o / a  

2 2  2  2 
The p a r a k t e r  h l o / a  , wp/2wL, o r  9/2u2 v a r i e s  

from zero f o r  a  matched beam i n  the  absence of 
space charge t o  u n i t y  f o r  B i l l o u i n  flow i n  which 
e = 0 .  It expresses  the e x t e n t  t o  which the  space 
charge force  o r  e x t e r n a l  fo rce  dominates the beam 
behavior .  I t  i s  i n t e r e s t i n g  t o  note  i n  t h i s  con- 
r l e c t i o ~ ~  chat i t  can be w r i t t e n  i n  ye t  another form: 

l 

where y = e ~ / 2 y m ~  and w = f i  Bc'fa i s  the plasma 
frequency. 

P 
where AD is  a  length corresponding t o  the  Cebye 



l e n g t h  i n  a  Maxwellian plasma. For  a  K-V d i s t r i - .  
b u t i o n ,  we d e f i n e  A 

D as  

where 

Thus,  i f  A D  << a ,  & / b O -  0 ,  b u t  i f  AD >> a ,  p / p O ,  - 1. 
From our  unde r s t and ing  of  plasma e q u i l i b r i u m  

and s t a b i l i t y ,  can we draw any conc lu ions  from 
t h i s  r e s u l t ?  

BEAM RIPPLE 

Before  we compare t h e o r y  wi th  exper iment ,  i t  
is  impor t an t  t o  unders tand t h e  n a t u r e  of  t h e  "beam 
r i p p l e "  observed on i m p e r f e c t l y  matched beams. 

The envelope e q u a t i o n  of  sma l l  p e r t u r b a t i o n s ,  
a  -. a  + p ,  may be  found by l i n e a r i z i n g '  e q u a t i o n  
(1) about  t h e  matched s o l u t i o n .  T h i s  y i e l d s  

I f  X is  t h e  r i p p l e  wavelength ,  t hen  

where use  h a s  been made of e q u a t i o n  ( 2 ) .  When t h e  
o s c i l l a t i o n  ampl i tude is l a r g e ,  n o n - l i n e a r i t i e s  
w i l l  be  in t roduced ,  and t h e r e  may perhaps  e x i s t  
r e sonances  between harmonics o f  t h e  wavelengths  
Xr and k ,  where X is  t h e  o r b i t  wavelength .  W r i t -  

2  
i n g  C = a  / X ,  e q u a t i o n  (15) c a n  be  w r i t t e n  

F u r t h e r  pa ramet r i c  e f f e c t s  may occur  i f  t h e  focus -  
i n g  s t r u c t u r e  is  p e r i o d i c  r a t h e r  t h a n  uniform. 

COMPARISON WITH EXPERIMENT 

'One problem i n  t h e  comparison of  t h e  t h e o r y  
w i t h  t h e  exper iment  .is t h a t  a c t u a l  d i s t r i b u t t o n s  
a r e  n o t  K-V. A good gun o r  source  w i l l  have a  
uniform d i s t r i b u t i o n  i n  r e a l  space  a t  t h e  e x i t ,  
b u t  t h e  v e l o c i t y  space  d i s t r i b u t i o n  a r i s e s  from 
the rma l  emiss ion  v e l o c i t i e s ,  a b e r r a t i o n s ,  and ( i f  
a p p l i c a b l e )  g r i d  s t r u c t u r e  e f f e c t s .  Even i n  t h e  - abseace  of  space-charge ,  t h e  t r a n s v e r s e  d e n s i t y  a  
d i s t a n c e  Ao/4 beyond t h e  gun is  nonuniform because  
of t h e  r o t a t i o n  through n/2 o f  t h e  "phase space  
diagram." A f t e r  a n  a d d i t i o n a l  d i s t a n c e  Ao/4, a  
f u t h e r  r o t a t i o n  produces  an  image of t h e  ca thode .  
For a  g a u s s i a n  v e l o c i t y  d i s t r i b u t i o n ,  t h e  i n t e n s -  
i t y  d i s t r i b u t i o n  a c r o s s  t h e  beam can  be determined 
once t h e  f o c u s i n g  p r o p e r t i e s  of  t h e  channe l  (which 

can vary  wi th  z )  a r e  known.3 

I n  t h e  p resence  of space -cha rge ,  of c o u r s e ,  
t h e  problem becomes q u i t e  i n t r a c t a b l e  a n a l y t i c a l -  
l y  because  of t h e  a b e r r a t i o n s  a s s o c i a t e d  wi th  t h e  
nonuniformity  of t h e  d i s t r i b u t i o n .  

. . 
Desp i t e  t h e s e  d i f f i c u l t i e s ,  ' it is  worthwhi le  

making a  compar ison w i t h  exper iment ;  t o  do .  t h i s ,  
we r e t u r n  t o  e q u a t i o n  ( 8 ) .  We have no t  y e t  had 
t ime t o  d i s c u s s  t h i s  w'ith tube  e x p e r t s , . b u t ,  a s  a  
s t a r t ,  a  comparison can be made w i t h  exper iments  
pub l i shed  by ~ r e w e r ~  i n  1959. , 

Brewer i n j e c t e d  a n  e l e c t r o n  beam from a  mag- 
n e t i c a l l y  s h i e l d e d  gun i n t o  a  long s o l e n o i d .  The 
a p e r t u r e  r a d i u s  a  a t  t h e  e n t r a n c e  i n t o  t h e  s o l e -  
n o i d a l  r e g i o n  was f i x e d ,  and from t h e  e l e c t r o n  
c u r r e n t  and k i n e t i c  e n e r g y , ' h e  c a l c u l a t e d  t h e  
e l e c t r o n  plasma f requency wp a t  t h i s  p o i n t .  The 
magnetic f i e l d ,  and t h u s  t h e  Larmor f r equency  %, 
was then  changed i n  a  s y s t e m a t i c  way t o  de te rmine  
under  what c o n d i t i o n s  a  smooth, matched ( o r  un- 
r i p p l e d )  beam i n  t h e  s o l e n o i d  could  be achieved.  
Brewer used an a p e r t u r e d  p l a t e  w i t h  a  0 .002- in . -  
diam. h o l e  which was passed a c r o s s  t h e  beam t o  
o b t a i n  a  p l o t  of c u r r e n t  d e n s i t y  v e r s u s  r a d i u s  a t  
many a x i a l  p o s i t i o n s  a long  t h e  beam. The..best  
beam w i t h  p r a c t i c a l l y  no v a r i a t i o n  of t h e  d e n s i t y  
p r o f i L e  a l o n g  t h e  e n t i r e  d i s t a n c e  w i t h i n  t h e  s o l e -  
noid  was achieved f o r  

W 
4 = 0.9,  which impl i e s  U1 = 0.62. 
W 

(17)  
P  '"L 

T h i s  v a l u e  i s  h i g h e r  than  t h e  i d e a l  B r i l l o u i n  f low 
c a s e ,  i . e . ,  t h e  beam had a  f i n i t e  emi t t ance  which 
cou ld  be c a l c u l a t e d  from e q u a t i o n  ( 6 ) ,  and t h u s  a  
h i g h e r  magnet ic  f i e l d  was r e q u i r e d  t o  a c h i e v e  a  
matched beam. We no te  t h a t  t h e  co r re spond ing  f r e -  
quency r a t i o  w /  is s a f e l y  above t h e  i n s t a b i l i t y  
l i m i t  p r e d i c t e d  "k y  t h e  Berkeley group.  On t h e  
o t h e r  hand, Brewer a l s o  ob ta ined  a  r easonab ly  good 
beam c l o s e r  t o  the.  B r i l l o u i n  v a l u e .  For  

UJ 
W 2 = 0.75 and t h u s  - - 0.333 , 

W 
(18)  

P  "'L 

t h e  beam had on ly  a  s m a l l  r i p p l e  i n  t h e  v a r i a t i o n  
of t h e  c r o s s  s e c t i o n  w i t h  a x i a l  d i s t a n c e .  T h i s  
r i p p l e  could  be exp la ined  by t h e  f a c t  t h a t  t h e  
beam was n o t  p e r f e c t l y  matched; ' At any r a t e ,  
t h e r e  was no c l e a r  i n d i c a t i o n  of a  d e s t r u c t i v e  
i n s t a b i l i t y  even though t h e  f requency was somewhat 
below t h e  t h e o r e t i c a l  t h r e s h o l d  found by t h e  
Berkeley group. We do no t  f e e l ,  however, t h a t  t h i s  
d a t a  i s  c o n c l u s i v e ,  and t h e  m a t t e r  needs  f u r t h e r  
s t u d y .  

CONCLUDING REMARKS 

A v igorous  ongoSng program on t h e s e  q u e s t i o n s  
can  be f o r e s e e n ,  perhaps  more computa t iona l  t h a n  
a n a l y t i c a l .  It i s  worth  checking whether  some- ' 

t h i n g  can  be l e a r n e d  from e x i s t i n g  t u b e  expe r i ence  



and  f rom new expe r imen t s  w i t h  e l e c t r o n  beams. 
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3.  A DESIGN PROCEDURE FOR CORRECTING SECOND- 
ORDER GEOMETRIC AND CHROMATIC ABERRATIONS 
I N  A BEAM TRANSPORT SYSTEM 

K a r l  L. Brown 

D'ISCUSSION 

Consider  a  beam t r a n s p o r t  sys tem c o n s i s t i n g  
of a  p e r i o d i c  a r r a y  of s t a t i c - m a g n e t i c - o p t i c a l  
e l emen t s  a s  a  f u n c t i o n  of d i s t a n c e  s ,  a l o n g  t h e  
o p t i c - a x i s .  A t  any p o s i t i o n  s ,  t h e  f i r s t  o r d e r  
o p t i c a l  p r o p e r t i e s  may be d e s c r i b e d  by a  m a t r i x  
R  and t h e  i n i t i a l  c o n d i t i o n s  of a n  a r b i t r a r y  r a y  
r e p r e s e n t e d  by t h e  v e c t o r  2 ,  such t h a t  ;(s)  = 

R(S)? (O) .  The components of t h e  v e c t o r  x a r e  t h e  
t r a n s v e r s e  p o s i t i o n  and a n g l e  c o o r d i n a t e s  o f  t h e  
r a y  x , ~ ' , ~ , ~ '  and t h e  d e v i a t i o n  i n  momentum = 6 P  
of t h e  a r b i t r a r y  r a y  from t h e  c e n t r a l  t r a j e c t o r y .  

Now assume t h a t  t h e  p e r i o d i c  a r r a y  of magnet ic  
e l emen t s  i s  composed of a  s e r i e s  o f  magnet ic  m u l t i -  
p o l e  components Wn(s),  such t h a t  t h e  s u b s c r i p t  
n  = o  r e f e r s  t o  t h e  d i p o l e  components,  n  = 1 t o  
t h e  quadrupo le  component, and n  = 2  t o  t h e  sex-  
t u p o l e  components. The f o l l o w i n g  f i v e  c o n d i t i o n s  
a r e  imposed upon t h e  des ign .  of t h e  system: 

( 1 )  R ~ ~ ( s  + a )  = - R ~ ~ ( s )  
x  p l a n e  

( 2 )  R ~ ~ ( s  + a )  = - R ~ ~ ( s )  

(3 )  R ~ ~ ( s  + a )  = - R ~ ~ ( s )  
y  p l ane  

(4 )  R ~ ~ ( s  + a )  = - R ~ ~ ( s )  

and t h e  m u l t i p o l e  components a r e  d i s t r i b u t e d  
a c c o r d i n g  t o  t h e  r u l e  

( 5 )  Mn(s + a )  = Mn(s) p h y s i c a l  
l a y o u t  o f  
t h e  sys tem.  

CONCLUSIONS 

i )  The o p t i c  a x i s  of t h e  sys tem is  d e t e r -  
mined by t h e  d i s t r i b u t i o n  of t h e  d i p o l e  
components v i a  e q u a t i o n  ( 5 ) ;  i . e . ,  by 
MO(S + a )  = MO(S) .  

i i )  Equa t ions  ( 1 )  through ( 4 )  may be  s a t i s -  
f i e d  by choos ing  a  p e r i o d i c  a r r a y  t h a t  
h a s  e q u a l  f o c u s i n g  power i n  b o t h  t h e  x  
and y  p l a n e s ,  such a s  a  FODO a r r a y  of 
quad rupo le  components w e l l  known t o  
AGS machine d e s i g n e r s .  

i i i )  I f  c o n d i t i o n s  (1)  t h rough  (4 )  a r e  s a t i s -  
f i e d ,  t h e n  i t  f o l l o w s  t h a t  R(&) = - I 
(minus t h e  u n i t y  m a t r i x )  f o r  t h e  mono- 
e n e r g e t i c  t r a j e c t o r i e s  and R(2.t) = + I 
t o  f i r s t  o r d e r  f o r  a l l  t r a j e c t o r i e s  
independent  of t h e i r  momentum. I n  o t h e r  
words,  a t  p o s i t i o n  s = 24 t h e  sys t em is  
ach roma t i c  t o  f i r s t - z r d e r  i n  t h e  compo- 
n e n t s  of t h e  v e c t o r  X ( s ) .  

i v )  Because o f  t h e  symmetr ies  imposed by 
Equa t ions  (1)  t h rough  (5)', it f o l l o w s  
f rom t h e  d r i v i n g  terms o f . t h e  d i f f e r e n -  
t i a l  equa t ion1  t h a t  of t h e  second- 
o r d e r  geomet r i c  m a t r i x  e l emen t s  ( a b e r -  
a t i o n s )  a r e  z e r o  a t  p o s i t i o n  s  = 2g where 
R ( s )  = + I. 

v )  We a r e  now l e f t  ( t o  second o r d e r )  w i t h  
on ly  t h e  ch roma t i c  a b e r r a t i o n s  of t h e  
system. & of t h e s e  may be  e l i m i n a t e d  
by t h e  a p p r o p r i a t e  d i s t r i b u t i o n  and 
s t r e n g t h s  of t h e  s e x t u p o l e  components 
M2(s + a )  = M2(s) w i thou t  d i s r u p t i n g  t h e  
monoenerget ic  t r a j e c t o r i e s .  

To unde r s t and  how t h i s  is  p o s s i b l e ,  n o t e  t h a t  
t h e  monoenerget ic  m a t r i x  t r a n s f o r m a t i o n  between - 
any two p o s i t i o n s  a  d i s t a n c e  a a p a r t  i s  
R ( s  + A ,  s )  = - i n  bo th  t h e  x  and y  p l a n e s .  
T h e r e f o r e  two i d e n t i c a l  s e x t u p o l e  components l o -  
c a t e d  .a d i s t a n c e  a a p a r t ,  e x a c t l y  c a n c e l  each o t h e r  
f a r  a s  monoenerget ic  t r a j e c t o r i e s  a r e  concerned if 
t h e  i n t e r v e n i n g  sys t em is l i n e a r .  However, t h i s  
c o n j u g a t e  p a i r  of s e  t u p o l e s  may coup le  t o  t h e  
ch roma t i c  a b e r r a t i o n s  i f  t h e r e  a r e  d i p o l e s  p r e s e n t  
i n  t h e  sys tem t o  c r e a t e  a  d i s p e r s i v e  t r a j e c t o r y .  
I n  o r d e r  t o  coup le  t o  a l l  p o s s i b l e  t r a j e c t o r i e s ,  a  
minimum of two such c o n j u g a t e  p a i r s  i s  neces sa ry  
i n  each t r a n s v e r s e  p l a n e  ( x  and y) s e p a r a t e d  by a  
s u f f i c i e n t  d i s t a n c e  t o  coup le  t o  b o t h  normal-modes 
of t h e  h a r m o n i c - o s c i l l a t o r ,  i . e . ,  t o  t h e  t r a j e c -  
t o r i e s  r e p r e s e n t e d  by R l l ( s )  and R12(s) i n  t h e  x  
p l ane  and R 3 3 ( ~ )  and R 3 4 ( ~ )  i n  t h e  y  p l a n e .  Thus 
a  t o t a l  of a t  l e a s t  4 s e x t u p o l e s  (2  c o n j u g a t e  
p a i r s )  i s  needed i n  each t r a n s v e r s e  p l a n e  t o  c o r -  
r e c t  f o r  a l l  p u s s i b l e  ch roma t i c  a b e r a t i o n s  w i t h i n  
a  + I t r a n s p o r t  s e c t i o n .  I f  t h e s e  two c o n j u g a t e  
p a i r s  i n  each p l a n e  a r e  p o s i t i o n e d  90° phase  s h i f t  
a p a r t  t h e n  t h e  sys t em is  d e g e n e r a t e  and a l l  f o u r  
s e x t u p o l e s  i n  each  p l a n e  w i l l  have t h e  same 
s t r e n g t h .  I n  t h i s  c a s e  o n l y  two v a r i a b l e s  a r e  
needed ( 4  s e x t u p o l e s  t i e d  t o g e t h e r  i n  t h e  x  p l a n e  
and 4  t i e d  t o g e t h e r  f o r  t h e  y  p l a n e ) .  Thus t h e  
t r a n s f o r m a t i o n  m a t r i x  i s  e q u a l  t o  + I a t  p o s i t i o n  
S  = 2 1  t o  bo th  f i r s t -  and second-o rde r  i n  t h e  geo- 
m e t r i c  and ch roma t i c  t e rms .  

The b e s t  l o c a t i o n  f o r  t h e  s e x t u p o l e s  f o r  each 
p l ane  i s  where t h e  beam enve lope  "Beta" f u n c t i o n  
i s  a  maximum f ~ i  t h a t  p l ane  ( i . e . ,  w i t h i n  o r  c l o s e  
t o  t h e  f o c u s i n g  quadrupo le  - components f o r  t h a t  
p l a n e ) .  Thus t h e r e  is  a  " n a t u r a l "  l o c a t i o n  f o r  
t h e  x  p l a n e  s e x t u p o l e s  components and a l s o  f o r  t h e  
y  s e x t u p o l e  components i n  a  t y p i c a l  p e r i o d i c  a r r a y  
such a s  a  FODO a r r a y  o f  quad rupo le s .  

Chromat ic  a b e r r a t i o n s  f o r  sys tems e x t e r n a l  t o  
t h e  + I s e c t i o n  may i n  p r i n c i p l e  be c o r r e c t e d  by 
t h e  s e x t u p o l e  p a i r s  w i t h i n  t h e  + I s e c t i o n  i f  
enough f r e e  s e x t u p o l e  v a r i a b l e s  ( c o n j u g a t e  p a i r s )  
a r e  a v a i l a b l e  i n  each p l a n e .  How s u c c e s s f u l  t h i s  
w i l l  be  depends upon t h e  magnitude of t h e  c o r -  
r e c t i o n s  r e q u i r e d  and t h e  r e s u l t i n g  s e x t u p o l e  
s t r e n g t h s  needed f o r  t h e  c o r r e c t i o n .  I f  t h e  
s e x t u p o l e  s t r e n g t h s  r e q u i r e d  a r e  t o o  h i g h  t h e n  t h e  



i n t e r l a c i n g  of s e x t u p o l e  p a i r s  w i l l  u l t i m a t e l y  , 

d i s r u p t  t h e  "assumed l i n e a r i t y ' '  between c o n j u g a t e  
p a i r s  and t h e  c o r r e c t i o n  scheme .wi l1  r u n  i n t o  d i f -  
f i c u l t i e s  from h i g h e r - o r d e r  t r a j e c t o r y  d i s t o r t i o n s .  

. .  .It h a s  been s u b s e q u e n t l y  shown t h a t  t h e  above 
r e s u l t s  may be ex t ended  t o  a  more g e n e r a l  r e s u l t  a s  
f o l l o w s :  , . 

Assume t h a t  a  p e r i o d i c  a r r a y  of N i d e n t i c a l  
u n i t  c e l l s ;  :each composed of d ipo le ,  quad rupo le ,  a n d .  
s e ~ t u ~ o l e ' c o m p o n e n t s ,  i s  a d j u s t e d  t o  have  a  phase  
s h i f t  of ( 2 n / ~ )  p e r  c e l l .  Then i f  t h e  phase  s h i f t  
p e r - c e l l  is e q u a l  t o  o r  l e s s  t h a n  90P, t h e  t o t a l  
sys t em of N c e l l s  w i l l  have  a  phase  s h i f t  of 2n and . 
' t h e  sys t em may be a d j u s t e d  such t h a t  & second-  
n r d e r  geomet r i c  and ch roma t i c  a b e r r a t i o n s  a r e  e s -  
s e n t i a l l y  ze ro .  The geomet r i c  a b e r r a t i o n s  a r e  z e r o  
by v i r t u e  of t h e  2n phase s h i f t  and symmetry of t h e  
sys tem.  The ch roma t i c  a b e r r a t i o n s  may be  ' a d j u s t e d  
to be essentially z e r o  by two> f a m i l i e s  of. s e x t u p o l e s  
(one  f o r  t h e  x  p l a n e  and one f o r  t h e  y  p l ane )  and 
a g a i n  because  of t h e  t o t a l  sys t em symmetry. 

Re fe rences  

1. See ,  e . g . ,  K.' L. Brown, SLAC-75. 



i. OUTLINE OF AN ABERRATION CORRECTED OFTICAL 
. CHANNEL WITHOUT SPACE CHARGE . 

H.  Bruck 

INTRODUCTION 

This  beam t ranspor t  l i n e  guides a  p a r t i c l e  
bunch from a  s to rage  r i n g  t o  the t a r g e t ,  located 
a t  the  cen te r  of the r i n g .  

The present  device has been conceived t o  
prevent s p e c t r a l  a n a l y s i s  and coma a b e r r a t i o n ,  
owing t o  the d e f l e c t i n g  s e c t o r ,  and a l s o  chro- 
mat i c  and spher ica l  a b e r r a t i o n s .  Space charge i s  
not considered here .  

The device inc ludes  the  fol lowing elements: 
(1) e x t r a c t i o n  from the  ;torage r i n g ,  ( 2 )  adapta- 
t i o n  t o  (3) the d e f l e c t i n g  magnet s e c t o r ,  (4) co l -  
l imator  l e n s ,  and (5) 10m d r i f t  space t o  t h e  t a r -  
ge t  plane.  

  he f u l l  c i r c l e  of a  s to rage  r i n g  o f f e r s  
room f o r  about 15 e x i t  channels of t h i s  type.  

.Nevertheless ,  i f  these  channels a r e  each s l i g h t l y  
inc l ined  with respec t  t o  the s to rage  r i n g  plane, 
t h e r e  may be enough room f o r  - 50 channels ,  ha l f  
of them accept ing beam bunches from above, and 
h a l f  of them from beneath the  s to rage  r i n g .  

SPECTRAL ANALYSIS AND COMA ABERRATION 

No not iceab le  a b e r r a t i o n s  a r e  caused pr io r  
t o  the  d e f l e c t i n g  s e c t o r .  But the l a t t e r ,  beside 
chromatic and t h i r d  o rder  a b e r r a t i o n s ,  causes 
momentum a n a l y s i s  and coma, decreasing thus the 
b r i l l i a n c e  and the  homdgeneity of the  beam. 

The s e c t o r  has a  periodic  AG s t r u c t u r e  and 
some f u r t h e r  symmetry proper t i es :  

(a )  Le t  the  t o t a l  nuinber of t r a j e c t o r y  
o s c i l l a t i o n s  per s e c t o r  be an i n t e g e r  of the same 
value i n  x  and i n  z .  

(b) Let  the s e c t o r  f i e l d  s t r u c t u r e  be a  se -  
quence of symmetrical per iods ,  each period having 
the  length of ha l f  a  t r a j e c t o r y  o s c i l l a t i o n .  
Such a  period is  formed f o r , i n s t a n c e  by the 
l a t t i c e  #F M D M #F or  by t h i s  l a t t i c e ,  severa l  
times repea ted .  

Furthermore one supposes t h a t  the  chromatic 
a b e r r a t i o n  (of type c1 = C (Ap/p)ru) and the t h i r d  
order  a b e r r a t i o n  ( e s s e n t i a l l y  s p h e r i c a l  of type 
c3  = C3 d )  of the  s e c t o r  a r e  cor rec ted  i n  the 
usual  way by convenient ly located hexa- and octo- 
poles ,  preserving the symmetry condi t ion  ( b ) .  ' 

Under these condi t ions ,  not only s p e c t r a l  
' a n a l y s i s ,  chromatic, coma and spheric,al aber ra -  

t i o n s  a r e  cor rec ted ,  but  furthermore the s e c t o r  
e x i t  plane forms an a foca l  image of the e n t r y  
plane.  (See more i n  appendix.) 

COLLIMATOR LENS 

Leaving the  d e f l e c t o r ,  the.beam e n t e r s  the' 
co l l imator .  The co l l imator  system f i r s t , e n l a r g e s  
the beam s e c t i o n ,  and then p r o j e c t s  a  very small 
image of i t  onto the  t a r g e t  plane,  10m away. The 
co l l imator  behaves l i k e  a  low-R i n s e r t i o n  i n  a  
s to rage  r i n g ,  except t h a t  i t  act's not only. ' in  the  
x- ,  but  a l s o  i n  the  z-plane.  The co l l imator  
comprises two f o c a l i z i n g  m u l t i p l e t s  with o p t i c a l  
p r o p e r t i e s  s i m i l a r  i n  x  and z .  

Unfortunately,  the  small  f i r s t  o rder  image 
i n  the  t a r g e t  plane i s  p r o h i b i t i v e l y  enlarged by ' 

the  c o l l i m a t o r ' s  chromatic and s p h e r i c a l  aber ra -  
t i o n s ,  which can each be est imated a t  about f lOmm 
under cur ren t  condi t ions  ( inc iden t  beam angle a t  
.the t a r g e t  ru - 5.10m2, momentum spread Aplp - 
5 .  . 

The spher ica l  a b e r r a t i o n  can be corrected by 
octopole l e n s e s ,  located i n  the v i c i n i t y  of the  
co l l imator .  The chromatic a b e r r a t i o n  cannot be 
cor rec ted  by hexapole l enses  i n  the  same l o c a t i o n ,  
because a l l  p a r t i c l e  momenta a r e  superimposed. 

 everth he less, t h i s  l a t t e r  a b e r r a t i o n  can be 
corrected wi th in  the magnet s e c t o r ,  by the con- ' 

d i t i o n  t h a t  the  beam there  i s  not adapted t o  the 
sec tor :  , 

' I f  the beam is  adapted, i t s  s e c t i o n  forms a  I 

c i r c l e  i n  phase space r e p r e s e n t a t i o n .  Chromatic 
aber ra t ion  r o t a t e s  the phase space. But a  ro -  . 
t a ted  c i r c l e  remains a  c i r c l e .  ' 

. On the  cont ra ry ,  an unadapted beam, , i f  i t  i s ,  
monochromatic, resembles i n  phase-space a  d i a -  
meter of a  c i r c l e .  I f  t h e r e  i s  momentum d isper -  
s ion  and chromatic aberrat,ion., , t h e  corresponding 
diameters  a r e  dispersed and r o t a t e d .  This  d i s -  
pers ion  and r o t a t i o n  can be compensated by hexa- , 
poles ,  located i n  the  s e c t o r  i n  places where the  
momenta a r e  separa ted .  It can be overcompensated, 
c o r r e c t i n g  simultaneously the chromatic aber ra -  
t i o n  of the  subsequent c o l l i m a t o r .  

APPENDIX 

ACHROMATIC AND AFOCAL DEFLECTING SECTOR 

The present  theory app'lies t o  per iod ic  t r a n s -  
port  channels of var ious shapes and a r b i t r a r y  
leng ths .  For s i m p l i c i t y  of language we suppose . 
the s e c t o r  t o  be an a r c  o f , a n g u l a r  e x t e n t  

. The e,quations of the  t r a j e c t o r y  i n  the de-  
f l e x t i n g  s e c t o r  a r e  



The func t ion  f  con ta ins  zero order  and Therefore the image formed by t r a j e c t o r i e s ,  
second order  terms i n  x  and z: s a t i s f y i n g  equat ions ( 4 ) ,  s o l u t i o n  of the f u l l  - - -  

2  2  perturbed equat ions ( I ) ,  i s  s t i l l  a f o c a l ,  inde- 
2  

f = a  + a x 2 + a '  x r  + b z  + b 2 z  
pendent of t r a j e c t o r y  amplitude or  p a r t i c l e  momen- . 

0 2  2  2  (2 )  tum. 

2  
The t e r m  a  = (R 15) Ap/p i s  responsible  f o r  

s p e c t r a l  analys?s of the  beam, and the  four  f o l -  
lowing terms f o r  coma a b e r r a t i o n .  

The dependence of f o c a l i s a t i o n  on momentum 
and on the t h i r d  o rder  terms.do not appear i n  
these  equat ions.  They a r e  supposed t o  be cor rec-  
ted by hexa- and octo-pole f i e l d s .  Orders higher  
than t h r e e  a r e  n o t  considered.  

Solut ions of t h e  homogeneous equat ion (1) 
(with f  = 0) is  

\ 

c  and s being the  pseudo-cosine and .s ine 
f%Et ions  .X'.6iven the  previously defined symmetry 
p r o p e r t i e s  of the  s e c t o r  f i e l d s  and ' the connection 
between the  p e r i o d i c i t i e s  of f i e l d  and of t r a j e c -  
t o r y  o s c i l l a t i o n s ,  the  funct ' ions c  and s  

X Z x , z  
have a l s o  s t rong  symmetry proper t i e ; ,  s o  t h a t  the  
' t r a j e c t o r i e s ,  equat ions (3)  form i n  the  s e c t o r  
e x i t  plang 0 = + 9 an a f o c a l  image of t h e  e n t r y  

n 2  
plane 9 = - 2 '  

It has t o  be shown t h a t  t h i s  i s  s t i l l  t r u e  
f o r  t h e  trajectories,'satisfying the f u l l  equa- 
t i o n s  (1)  with f  # 0: 

Solut ion of t h i s  f u l l  system (1) is  

where 

The func t ion  P (8) expresses  a  d e f l e c t i o n .  In the 
e n t r y  plane 0 = - $ ' , we have according t o  (5 ) :  

By v i r r u e  of (2) and (3) and the symmetry 
p r o p e r t i e s  of c  and s one e a s i l y  r e a l i z e s ,  

X Z X Z 
t h a t  p(8) i s  an &en func t ion  with the same p e r i -  
o d i c i t y  a s  c  and s . Cons.equently a l s o  

x,z  x ,z  

The inf luence of parametr ic  resonance and 
coupling have not been considered,  given the small 
number (45) of t r a j e c t o r y  o s c i l l a t i o n s  i n  the  sec-  
t o r .  Furthermore i t  i s  a l s o  poss ib le  t o  s p o i l  
s l i g h t l y  the  symmetry condi t ions ,  allowing f o r  a 
small ,  but never the less  notably reduced amount of 
s p e c t r a l  a n a l y s i s  and coma. 

This  r e p o r t ,  i n  i t s  conclusions,  i s  i n  accor- 
dance with a  paper presented by K .  L .  Brown. 



5.  PRODUCTION OF ACHROMATIC SPOTS WITH A BEAM i t  fol lows t h a t  one has t o  s a t i s f y  the  following. 
TRANSPORT SYSTEM CONSISTING ONLY OF QUADRU- condi t ions  a t  the  re fe rence  momentum: 
POLES AND/OR SOLENOIDS 

Klaus Halbach 8 '  = 0; 8" = 0; %.= 0;  olL = BL/L, 
L L  (2) 

INTRODUCTION 

I t  i s  the  purpose of t h i s  note  t o  descr ibe  
some unfinished work t h a t  may have a  bearing on 
the problem of producing a  small beam spot  on a  
t a r g e t  f o r  HIF. One of the  important r e s u l t s  ob- 
ta ined so  f a r  i s  an ex i s tence  proof t h a t  shows 
t h a t  i t  is  poss ib le ,  a t  l e a s t  i n  p r i n c i p l e ,  t o  
design systems, con ta in ing  only quadrupoles and/or 
so lenoids ,  with vanishing f i r s t  and second der iv -  
a t i v e s  of the s p o t s i z e  with respec t  t o  momentum 
both a t  the  t a r g e t  and a t  the  e x i t  of the  l a s t  
l ens .  

FORMULATION OF THE PROBLEM 

I f  we assume t h a t  an a c c e l e r a t o r  produces a  
populated region of t ransverse  phase space t h a t  
can be represented by an e l l i p s e  of a r e a  n+-. i n  
each t ransverse  dimension, and i f  we descr ibe  the 
s p o t s i z e  i n  the  customary manner by def in ing  
( spo t rad ius  i n  a  t ransverse  dimension)= = Be, then 
the minimum B ob ta inab le  a t  the  t a r g e t ,  f o r  a  
given 0  a t  tge  e x i t  of the  l a s t  l e n s ,  i s  given 
by 

L  

2  
B, = L /BL'  (1) 

where L  i s  t h e  d i s t a n c e  from the  l a s t  l e n s  t o  t h e  
t a r g e t .  The design o b j e c t i v e  is  t o  o b t a i n  t h a t  
s p o t s i z e  over a  range of momentum without s i g n i f -  
i c a n t  increase  of B 

L '  

F ig .  V-F-511 F ig .  V-F-512 ' 

Fig.  V-P-511. BT vs  6(= f o r  a  poorly designed 
system. P  

F i g .  V-F-512. BT vs  b(= 5) f o r  a  system i,n which 

Figure V-F-511 r e p r e s e n t s  BT vs  6(= Ap/p) f o r  
a poorly designed system. C l e a r l y ,  i t  i s  advanta- 
gen~ls  t n  sca1.e a l l  magnetic f i e l d s  such t h a t  
dB /db = 0; = 0 f o r  6  = 0 a s  shown i n  Fig.  V-F-512. T  
In  genera l ,  even f o r  t h i s  system the  increase  of 
BT over the  des i red  momentum range may be much 
too l a r g e .  We t h e r e f o r e  r e q u i r e ,  possibly a s  a  
s t a r t i n g  point  f o r  f u r t h e r  op t imiza t ion ,  t h a t  8; 
= 0 a l s o .  Since a  blow up of t h e  beam i s  undesir-  
ab le  a t  the  l a s t  l e n s ,  we a l s o  r e q u i r e  t h a t  B i  
= 0,  and B;: = 0. Transforming a l l  of the  above 

where i s  t h e  off-diagonal  element of the  phase 
space matr ix a t  the  end of the l a s t  l e n s .  Its 
va lue ,  expressed by the l a s t  of Eq. ( 2 ) ,  i s  r e -  
quired i n  o rder  t o  s a t i s f y  Eq. ( 1 ) .  I n  add i t ion  
t o  s a t i s f y i n g  Eq. ( 2 ) ,  the beam a l s o  has t o  f i l l  
the given aper tu re  of the  l a s t  l e n s .  

RESULTS 

The ex is tence  of systems s a t i s f y i n g  Eq. (2) 
has  been proved by designing a  system, c o n s i s t i n g  
of th ree  t h i n  d i s p e r s i v e  l e n s e s ,  t h a t  s a t i s f i e s  
Eq. ( 2 ) .  That p a r t i c u l a r  system is not reproduced 
here because i t  was designed only t o  demonstrate, 
t h a t  t h e r e  a r e  no b a s i c  p r o h i b i t  ions aga ins t  s a t -  . 
i s f y i n g  Eq. (2)  by a  l i n e a r  system, and because 
i t s  c h a r a c t e r i s t i c s  ( l e n s  s t r e n g t h s ,  d i s t a n c e  be- . 
tween l a s t  l e n s  and t a r g e t ,  e t c . )  a r e  such t h a t  
i t  i s  use less  f o r  p r a c t i c a l  purposes. 

Work on the design of a  usable  system has  
progressed f a r  enough t h a t  one can s t a t e  t h a t :  

a). I t  i s  very l i k e l y  t h a t  such systems can 
be b u i l t  with r e a l i s t i c  elements f o r  
r e a l i s t i c  phase spaces and t a r g e t  r e -  
quirements, s a t i s f y i n g  Eq. (2)  f o r  both 
t ransverse  dimensions. 

b) It is  u n l i k e l y  t h a t  one can design these  
systems f o r  beams with l a r g e  Bp w i t h o ~ ~ t  
producing s e v e r a l  small w a i s t s .  Even 
though these  w a i s t s  do not occur simul- 
taneously i n  both t ransverse  dimensions, 
they a r e  l i k e l y  t o  produce space charge 
problems when very l a r g e  beam c u r r e n t s  
a r e  used. 

- 
nentioned condi t ions  t o  the  end of the l a s t  l e n s ,  



6 .  'I& "FIGURE OF MERIT", q/Umax2/3, FOR BEAM 
1/3  2/3 

TRANSPORT THROUGH PERIO~IC  FOCUSSING SYSTEMS 
I = C (A) B 

2  q  Q 
max 

L. Jackson L a s l e t t  

LIMITS FOR FODO FOCUSSING SYSTEMS where 

Recent inves t iga t ions1  of t h e  s t a b i l i t y  o£ 
high i n t e n s i t y  beams (Kapchinskij-Vladimirski j 
d i s t r i b u t i o n )  have ind ica ted  t h a t  i t  may be pru- 
den t  t o  design and opera te  t ranspor t  systems i n  
such a  manner t h a t  '6 

= 3.66 x  10 MKS-A u n i t s  

( i )  the  z e r o - i n t e n s i t y  phase advance of 
ind iv idua l  p a r t i c l e  b e t a t r o n  o s c i l -  -- a s  given by the second of Eqns. (3) of Ref. 21 
l a t i o n s  per  period of the s t r u c t u r e  
(a  ) not  exceed 90 degrees.  

and 

( i i )  t h e  i n t e n s i t y  be l imi ted  t o  va lues  
. such t h a t  a not  be depressed below 

40% o r  50% of 0,. 

These two condi t ions  may impose s u b s t a n t i a l  
r e s t r i c t i o n s  on the.beam c u r r e n t  t h a t  one can 
p l a n t  t o  t r a n s p o r t .  The impl ica t ions  of  these  
condi t ions  can f i r s t  be examined by re fe rence  
t o  t h e  sca led  envelope equat ions2 and then by 
de-sca l ing  i n  accordance with a d d i t i o n a l  r e s t r i c -  
t i o n s  (e .g. ,  maximum p o l e - t i p  f i e l d  f o r  a  quadru-. 
pole  t r a n s p o r t  system). I n  t h i s  case t h e  de-sca l ing  
procedure ind ica ted  the  s i g n i f i c a n c e  the  
" f igure  of meri t" ,  def ined a s  Qu/,,, 29' i n  terms 
of the  sca led  v a r i a b l e s .  [ T ~ U E  

We accordingly e s e n t  below a  t a b l e  of 
t h i s  quant i ty  9 / ~ ~ ~ ~ ~ ~ ~  fn' nu = PO dog. and f o r  
the  s l i g h t l y  l e s s  marginal a, = 80 deg., and f o r  
t h e  tune depressions o / a  = 0.50 and o/oo ' 
0.40 ( the  l a t t e r  value a?ao perhaps being c l o s e  
t o  marginal) .  The l a t t i c e  designated by p  = 0 
i s  a  symmetrical FODO s t r u c t u r e  with no gaps 
between tilt! i n d i v i d u a l  quadrupole elements, while  
t h a t  designated by p  = 2  employs inter-quadrupole 
gaps of l eng th  equa l  t o  the  length o f - t h e  i n d i v i -  
dua l  quadrupole elements themselves. These d a t a  
thus serve t o  supplement r e s u l t s  recorded e a r l i e r  
i n  Ref. 3. [The quant i ty  8 (=JK L) i s  t h e  h a l f -  
pei iod of the f o e w s i n g  s t r u c t u r e ,  expressed i n  
sca led  u n i t s .  1 

Toblo V-F-6/1. Fipurco of  Meri t  f o r  FODO Systems. 

For a / a n  = 0.50 For a /un  = 0.40 



Somewhat more d e t a i l e d  d a t a  a r e  recorddd a s  an 
Addendum. 

LIMITS FOR SOLENOIDAL FOCUSSING SYSTEMS 

m e  q u a n t i t y  (u2 - 5) can p lay  t h e  r o l e  
of a  f i g u r e  of m e r i t  f o r  a  focuss ing  system formed 
by a  cont inuous so leno id  - -  thus ,  from t h e  second 
o f  Eqns. (4) i n  Ref. 2 ,  

where 

6  =.2:5 x  10 MKS-A u n i t s ,  

o r  more simply [e .g . ,  from t h e  d e f i n i t i o n  of ~ 1 :  

A l i m i t  t o  t r a n s p o r t a b l e  i n t e n s i t y  i n  such a  
system (and probably a l s u  f u r  a11 i l ~ t e , r r u p ~ e d -  
so leno id  t r a n s p o r t  system) aga in  must l i e  c l o s e  
t o  a  v a l u e  such t h a t  a / o  = 0.4'. 

For t h e  cont inuous so leno id ,  one ob ta ins  
(from the envelope equa t ion  i n  s c a l e d  v a r i a b l e s )  

and from t h e  single-particle'equation 

For w/ur = 0.50, one o b t a i n s  Q = 3 .0  and 

For w/wo = 0.40, one o b t a i n s  Q = 4.2 and 

IMBLICATION~CONCERNING THE MASCHKE-COURANT 
FORMUM 

x A. [MKS-A u n i t s l *  
u  2  13 

max 

P = 3.43 x loL' Q 

u 
213 

max 

The f a c t o r  G% hhas been seen  t o  assume v i l u e s  
i n  the  range a753 - 0.93 i f  the  l i m i t a t i o n s  sug- 
ges ted  e a r l i e r  a r e  adopted. One thus  o b t a i n s  

where t h e  c o e f f i c i e n t  C f a l l s  i n  the  range 1(62 t o  3) 
x 10". For Q / u ~ , . ~ / ~  = 0 . 7 ,  C = 2.4 x 1 0  and 
thus  i s  1.5 times t h e  va lue  (1.67 x lo1') suggested 
by Maschke. 

It i s  g r a t i f y i n g  that t h e  r e s u l t  obtained 
h e r e  i n d i c a t e s  a  c o e f f i c i e n t  q u i t e  c l o s e  t o  
t h a t  proposed by Maschke i n  1976. It w i l l  be 
r e c a l l e d  t h a t  Courant i n d i c a t e d  a t  t h a t  time t h a t  
Maschke's formula appeared t o  be cpnse rva t ive .  

%oN i s  t h e  normalized emi t t ance ,  s o  t h a t  t h e  
a c t u a l  emi t t ance  i s  nsN/($y) .  

References  

1. Lloyd Smith, HI-FAN-13; Ingo Hofmann and 
L. Jackson L a s l e t t ,  HI-FAN-15 (Lawrence 
Berkeley Laboratory;  October 1977). 

. . 

2. G.  R. Lambertson, L. J. L a s l e t t ,  and L. Smith, ' 

IEEE Trans. Nucl. Sci . ,  p. 993 (June 1977) -- 
LBL-5552. 

3. Victo'r 0. Brady and L. J a  kson L a s l e t t ,  7 " "Figure  of  Merit",  Q'/U,,,~ 3, f o r  Beam Trans- 
p o r t  Through a P e r i o d i c  Quadrupole Lens 
System" (LBL I n t e r n a l  Notes,  Hi-Fan-11, 1977). 

For quadrupole focuss ing  i n  a  FODO l a t t i c e . ,  
d e s c a l i n g  of the  r e s u l t s  obtained from s tudy  of 
t h e  s c a l e d  equa t ions  eads  t o  a  t r a n s p o r t a b l e  
beam c u r r e n t  g i v e n  by 4 



ADDENDUM 

Background Data 

, COMPUTATIONAL RESULTS 

p = OL 8 = 1.570796326795 

Q '  u v a, deg. 0 Q/uo 
2/3 

0. 2. 19328005 1. 90.000000 (0.) 

1.45742 2.9025023 1.4898640 45.000057 0.7162583 

2 -03553 3.22339166 1.67445715 36.000003 - - 0.9328292 

p=2 8 = 1.86361748098 

Q '  u v a, deg. Q / U , ~ / ~  

1.37491 2.8790852 1.5864476 40.000082 0.6793679 

1.9218 3.2039376 1.7803018 . 32.000141 
-. 

0.8842712 

8 = 1.77643752505 p=2 

Q '  u v o, deg. u Q/u0 
2 /3 



7 HIGH-CURRENT BEAM TRANSPORT CALCULATIONS: 
SCALED VARTABLES, CONSTRAINTS, AND SCALING 
LAWS 

M. R e i s e r  

The l i m i t a t i o n  of t h e  beam c u r r e n t  due t o  
space  cha rge  e f f e c t s  i s  one of t h e  most c r u c i a l  
problems i n  t h e  d e s i g n  of a c c e l e r a t o r  sys t ems  f o r  
heavy i o n  f u s i o n . .  What i s  t h e  maximum c u r r e n t  t h a t  
can  be  t r a n s p o r t e d  i n  a  g i v e n  p e r i o d i c  f o c u s i n g  
channe l?  How does  i t . v a r y  w i t h  t h e  expe r imen ta l  
pa rame te r s ,  i . e . ,  what a r e  t h e  " s c a l i n g  laws"? 
Wha t . a r e  t h2  consequences  of c o n s t r a i n t s  on t h e  . ,  
p o l e - t i p  f i e l d ,  t h e  r a t i o  of t h e  a p e r t u r e  t o  t h e  
l e n g t h  of t h e  magnets,  t h e  cho ice  of t h e  ze ro -  
i n t e n s i t y  phase s h i f t ,  and t h e  lower l i m i t  f o r  t h e  
phase s h i f t  w i t h  space  cha rge?  These  a r e  some of 
t h e  major q u e s t i o n s  t h a t  a r e  be ing  a sked  by t h e  de- 
s i g n e r  and t h a t  were d i s c u s s e d . b y  members of t h e  
beam t r a n s p o r t  group a t  t h i s  workshop. The f o l -  
lowing is a  b r i e f  d e s c r i p t i o n  and compar ison.  o f  
t h e  numer i ca l  and a n a l y t i c a l  methods of s o l v i n g  
t h e s e  beam t r a n s p o r t  problems. . V a r i o u s  u s e f u l  
a n a l y t i c a l  fo rmulae  f o r  FODO and oo lcno id  channe l s  
a r e  p r e s e n t e d ,  and t h e  u n d e r l y i n g  c o n s t r a i n t s  and 
l i m i t s  of v a l i d i t y  w i l l  be  d i s c u s s e d . :  

THE K-V ENVELOPE EQUATIONS, COMPARISON OF NOTATIONS 

A l l  of t h e  t h e o r e t i c a l  work on beam t r a n s p o r t  
done s o  f a r  i n v o l v e s  t h e  s o l u t i o n  of t h e  Kapchinski j -  
V l a d i m i r s k i j  (K-V) e q u a t i o n s ,  e i t h e r  by numerica l  
o r  by a n a l y t i c a l  methods.  One of t h e  d i f f i c u l t i e s  
i n  t h e  comparison of r e s u l t s  i s  t h e  f a c t  t h a t  t h e r e  
i s  no g e n e r a l  consensus  on n o t a t i o n .  D i f f e r e n t  
workers  and groups  use  d i f f e r e n t  symbols ,  and some- 
t imes  t h e  same a u t h o r s  change t h e  n o t a t i o n  from one 
r e p o r t  t o  t h e  nex t .  It would be c o n f u s i o n  t o  s u r v e y  
and compare a l l  r e l e v a n t  pape r s  w i t h  r e g a r d  t o  no- 
t a t i o n ,  compu ta t iona l  app roach ,  e t c .  Most of t h e  
numerica l  work s o  f a r  was done by t h e  Be rke l ey  
group.  The most a c c u r a t e  a n a l y t i c  app roach ,  on 
t h e  o t h e r  hand, i s  t h e  smooth app rox ima t ion  method 
p r e s e n t e d  i n  r e f e r e n c e  2.  We w i l l  t h e r e f o r e  r e -  
s t r i c t  o u r s e l v e s  t o  a  comparison of t h e s e  two t e c h -  
n iques .  I n  t h e  t a b l e  below, we compare t h e  
Berkeley  n o t a t i o n ,  p a r t i c u l a r l y  t h a t  adop ted  i n  
r e f e r e n c e  1, w i t h  ou r  n o t a t i o n  used i d  r e f e r e n c e  2.  
(MKS-A u n i t s  a r e  used u n l e s s  noted  o the rwi se . )  ' 

F o r  ea sy  r e f e r e n c e  and compar ison,  we p r e s e n t  
f i r s t  t h e  K-V enve lope  e q u a t i o n s  i n  t h e  ~ e r k e l e ~ '  
form [Eq. ( I ) ]  a s  w e l l  a s  i n  ou r  n o t a t i o n 2  [Eq. 
(2 ) ] .  The independent  v a r i a b l e  i n  b o t h  c a s e s  is 
t h e  p a t h  l e n g t h  s  = v t  = Bct a l o n g  t h e  f o c u s i n g  
channel.. 

where 
2  

ZeB c  
h. =L f o r  quad rupo le s  

x ' Y  m o c a  

and 
2  2 '  , ZeB c  

f o r  s o l e n o i d s  (4 )  

M~~~ i s  t h e  mass u n i t .  The Berke l e  group chooses  
i t  t o  be  t h e  p ro ton  mass, i . e . ,  mpci = 9.3826 x  
lo8 eV; we u s e  t h e  a tomic  mass u n l t  based on 12c, 
i . e . ,  Moc2 = 9.3148 x  lo8 eV. The d i f f e r e n c e  i s  
obv ious ly  n e g l i g i b l e  i n  beam t r a n s p o r t  c a l c u l a t i o n s .  

Tab le  V-F-711. Comparison o f  Symbols. 

Be rke l ey  Group 
(Ref.  1)  D e s c r i p t i o n .  Ref .  2  

A,q Atomic.mass number and' A,Z 
cha rge  s t a t e  o f  i o n  

B ,Y R e l a t i v i s t i c  v e l o c i t y  f!$ B s y  
energy f a c t o r s  y=( l -E  ) 

n c  ( a l s o  Normalized e m i t t a n c e  nsN =  BYE 
ncN? 

Un-normalized e m i t t a n c e  nc  

a  Semi -ape r tu re  o f  magnets*. a  
Length  o f  magnets .  a 
Length  of space  between 
magnets L  

2L Length  of one channe l  S  
P e r i o d  

2  - F r a c t i o n  of l a t t i c e  oc- A/(L + a )  
P  + 2  cup ied  by magnets 

a  a  Beam enve lope  i n  x  and y  X,Y 
X '  , d i r e c t i o n  

a  Maximum enve lope  r a d i u s  Xmax = a  
f o r  matched beam wi th  same 
e m i t t a n c e  n c  i n  x  and y 
( i . e . ,  E = E  =E)  and with 
s p a c e  chgrgg* 

Maximum envelope  r a d i u s  f o r  X 
matched beam wi thou t  space  
cha rge  

Focus ing  f u n c t i o n  i n  K-V 
K x y  Ky envelope ,  e q u a t i o n s  Z, 5 ' 



2 N r  Space-charge f a c t o r  i n  K-V 2K 
&i- -9 enve lope  e q u a t i o n s  (N= 

A B2y3 number o f  p a r t i c l e s  p e r  

u n i t  l e n t h ,  r = c l a s s i c a l  
p ro ton  radius:  K="generalized 
perveance") 

B 
Q 

P o l e - t i p  f i e l d  i n  qua- 
drupoles* Bo 

s  
A x i a l  f i e l d  i n  s o l e n o i d s  

Bs 

I E l e c t r i c a l  beam c u r r e n t  I 

I / q  P a r t i c l e  c u r r e n t  I / Z  

P  Beam power lJ 

p o r  0 .  Phase s h i f t  ( o r  "ad- 
o vance") pe r  channe l  pe r iod  

po 

( "ce l l " )  w i t h  no space  
cha rge  

p  o r  a Phase s h i f t  with space  P 
cha rge  

Maximum of ampl i tude  ( o r  
Courant-Snyder)  f u n c t i o n  '0, max= 

wi th  space  cha rge  w 
2  
o,max 

Maximum of ampl i tude  func-  
2  

t i o n  w i t h  cpaoe cha rge  'max = Wmax 

a s  a '  f u n c t i o n  of Q. For  a  matched beam i n  a  FODO 
channe l ,  t h e  t r a n s p o r t a b l e  c u r r e n t  i s  determined 
by t h e  maximum of t h e  s c a l e d  envelope f u n c t i o n ,  u,, 
and Q accord ing  t o  t h e  r e l a t i o n 1  

I 

6 
where C2 = 3.66 x  10 (MKS-A u n i t s ) .  L a s l e t t  c a l l s  
t h e  r a t i o  Q / u ; / ~  . t h e .  " f i g u r e  of m e r i t " '  (F.M.) It 
can  be c a l c u l a t e d  £rom p l o t s  of um and p  v e r s u s  Q 
by s p e c i f y i n g  t h e  z e r o - i n t e n s i t y  phase s h i f t  w o  
and t h e  lower l i m i t  of p /po due t o  J n s t a b i l i t i e 8 .  3  
The recommended numbers a r e  wO = 80 and p  = 30 
which y i e l d s  t h e  r e s u l t  F.M. = 0.7 and f o r ' t h e  
beam power3 

ANALYTICAL SOLUTlON U!! THE K-V ENVELOPE EQUATIONS 

The K-V e q u a t i o n s  c a n  be  so lved  a n a l y t i c a l l y  
by t h e  smooth approximat ion m e t h ~ d . ~  I n  t h e  

( parameter  regime of i n t e r e s t  t o  heavy i o n  f u s i o n ,  
i . e . ,  po 4 90°and h i g h  c u r r e n t s ,  t h i s  method i s  
q u i t e  a c c u r a t e  ( t h e  maximum e r r o r  is  i n  t h e  range 
of a  few p e r c e n t  compared w i t h  t h e  e x a c t  numerical  
r e s u l t s ) .  Fo r  a  p e r i o d i c  f o c u s i n g  channe l ,  t h e  
f o l l o w i n g  g e n e r a l  r e s u l t s  a r e  ob ta ined  ( i n  t h e  
n o t a t i o n  of r e f e r e n c e  2 )  f o r  a  matched beam: 

Acceptance nr~ . 

@ = JK L Focus ing  parameter  9 = &  A uhere  
2 

2 
( . =  2 9 ,  a 

c y =  - , E =  
Xo,max 

2 2 , * ( i o )  

Comment: I n  t h e  formulae  f o r  a  matched beam, "a" W W 
0,max 0,max 

i s  a lways  unders tood t o  be t h e  maximum beam r a d i u s  
and or. Bo a s  t h e  magnet ic  f i e l d  a t  r=a  a l t h o u g h  and hence 
we o f t e n  r e f e r  t o  them a s  t h e  magnet s emi -ape r tu re  4 
and p o l e - t i p  f i e l d .  (:j2' = '0 ,max 

4 ' .  (11) 

NUMERICAL SOLUTION OF THE K-V ENVELOPE EQUATIONS 
a  

For  numer ica l  i n t e g r a t i o n  of  t h e  K-V equa- The g e n e r a l i z e d  perveance K is  r e l a t e d  t o  t h e  beam 
t i o n s ,  i t  i s  u s e f u l  t o  i n t r o d u c e  d imens ion les s ,  

c u r r e n t  I ' by ' . 
" s c a l e d  v a r i a b l e s "  a s  was done by t h e  Berkeley 
group.  They d e f i n e ,  a  s c a l e d  enve lope  f u n c t i o n  

I 2  , K = - -  ' (12) 
1.12 I./&. -1 / Z a  '0 p3y'. 

u x ( ~ )  = (BY) Kx(y)c X(Y)  (5 )  
where 

and a  space  cha rge  parameter  . t . . 
A I I - 3 .1  x  1 0  [amperes] (13) 

(6 )  
i s  t h e  l i m i t i n g  c u r r e n t ;  Thrin; nne g e t s  from (9) . ' 
f o r  t h e  e l e c t r i c  beam c u r r e n t  t h a t  can  be t r a n s -  

which measures t h e  r a t i o  o f  t h e  space  c h a r g e  * 
p o r t e d  through a  p e r i o d i c  channe l  t h e  r e l a t i o n  

f o r c e  t o  t h e  a m p l i t u d e  o f  t h e  a p p l i e d  f o c u s i n g  
f o r c e  and t h e  e m i t t a n c e  6. The advantage o;f t h i s  
method i s  t h a t  one h a s  o n l y  one  pa ramete r ,  Q ,  
r a t h e r  t h a n  t h r e e ,  and one o n l y  needs t o  c a l c u l a t e  
t h e  s c a l e d  enve lope  %.(y) and t h e  phase  s h i f t  p 

X(Y> 



The i n t e r p r e t a t i o n  of t h e s e  r e s u l t s  i s  s t r a i g h t -  
forward:  The t r a n s p o r t a b l e  beam c u r r e n t  I i s  pro- 
p o r t i o n a l  t o  t h e  a v e r a g e  f o r c e  per  channe l  p e r i o d  
( r e p r e s e n t e d  by wo/S) and i n c r e a s e s  w i t h  t h e  chan-  , 

n e l  accep tance  ne .  High c u r r e n t  t r a n s p o r t  r e q u i r e s  
t h a t  t h e  e m i t t a n c e  n c  i s  s i g n i f i c a n t l y  l e s s  ' than  
t h e  accep tance .  A matched beam w i t h  g i v e n  emi t -  
t a n c e  n c  would i n  t h e  absence  of t h e  space  cha rge  
f o r c e  have a  maximum r a d i u s  of Xo Due t o  t h e  
space  c h a r g e ,  i t  a c q u i r e s  a  l a r g e $  c r o s s  s e c t i o n  
w i t h  miximum r a d i u s  .ha, = a .  The "acceptance" 
n e  may be  unde r s tood  i n  two ways,  namely, a s  t h e  
a v a i l a b l e  t r a n s v e r s e  phase space  a r e a  t h a t  t h e  
matched beam can  o c c u p y ' i n  a  channe l  w i t h  g iven  
semi -ape r tu re  a ,  o r ,  a ' l t e r n a t e l y ,  we c a n  s a y  t h a t  
t h e  beam w i t h  e m i t t a n c e  n c  and w i t h  space  cha rge  
looks  l i k e  a  beam w i t h  e f f e c t i v e  e m i t t a n c e  Eeff = 
e and no space  c h a r g e .  

We now d e f i n e  a  s p a c e  cha rge  parameter  u  (an-  
a logous  t o  Q of t h ' e ' ~ e r k e 1 e ~ ' g r o u p )  by 

The phase s h i f t  w i t h  s p a c e  cha rge  and t h e  maxi- 
mum va lue  of t h e  ampl i tude  f u n c t i o n  wmax w i t h  
space  cha rge  a r e  t h e n  found t o  be  s imp le  f u n c t i o n s  
of u  and g i v e n  by t h e  e x p r e s s i o n s  

W = w  
max o,max [m + u]1f2 . (17)  

Fu r the rmore ,  Eq. (9 )  may bc w r i t t c n  i n  t h e  form 

So lv ing  (18)  f o r  ~ / e  y i e l d s  

and hence ,  i n  v iew of ( 1 6 ) ,  

Our t h e o r y  t h u s  y i e l d s  t h e  s u r p r i s i n g l y  
s imp le  . r e s u l t  t h a t  t h e  r a t i o . o f  t h e  e m i t t a n c e  E 
t o  t h e  accep tance  ( o r  e f f e c t i v e  e m i t t a n c e ,  
s e f f )  is  e q u a l  t o  t h e  r a t i o  of t h e  p h a s e . s h i f t  
w i t h  and wi thou t  space  c h a r g e ,  p/po.  

The r e l a t i o n s h i p  between tt;e. pa rame te r s  Q ,  
um ul: t h e  Berkeley  group and o u r  pa rame te r s  is  a s  
f o l l o w s :  

o r  

2vo u  f o r  FODO c h a n n e l s ,  
Q = ( ~ . + ~ ~ a ) e  . . (22)  

and 

4w0 

PQ = ( 1  + ~ i a ) e  
u  f o r  s o l e n o i d  c h a n n e l s .  (23) 

W - .  11-4 max - . JB . Wo,max 
u a = I I  Ji . ( E l ; ~ l 1 2  Ji 

(24)  

QUADRUPOLE CHANNELS OF THE FODO TYPE 

It i s  conven ien t  t o  e x p r e s s  t h e  f a c t o r  p O e / ~  
a s  w e l l , a s ,  wo,m3x i n  t e rms  o f  th'e f o c u s i n g  param- 
e t e r  0  = /&,A, and t h e  r a t i o  a / k .  F o r  chan- 
n e l s ,  one f i n d s  

and L / i  is t h e  r a t i o  o f  f r e e - s p a c e  d i s t a n c e  L be- 
tween magnets t o  t h e  . l e n g t h  of t h e  quadrupo le s .  
A n a l y t i c a l  e x p r e s s i o n s  f o r  t h e  f u n c t i o n s  H(B,L/a) 
and w$ ,x/a and a  p l o t  of H(0 ,LI i )  v e r s u s  0  f o r  
d i f f e r 6 n t .  ' v a l u e s  of L l i  may ,be found i n  r e f e r , ence  
2. Tab le  V-F-712 l i s ts  some v a l u e s  f o r  DA. 0 .  . ". . 
H(0,LIfi) ; and wo,,,/Ja f o r  a  FODO channe l  w i t h  
LIA = I. 

SOLENOID CHANNELS 

For  a  p e r i o d i c  channe l  w i t h  s o l e n o i d s ,  one 
f i n d s  t h e  e q u i v a l e n t  e x p r e s s i o n s  

The f u n c t i o n s  F(B,L/&) and w ~ ' ~ a x / ! Z  f o r  t h e  s o l e -  
noid  channe l  a r e  g iven  i n  r e f & e n c e  2 ,  and T a b l e  
V-F-713 shows a  few v a l u e s  f o r  L / i  = 1. 

CONSTRP~INTS AND SCALING LAWS 

The a n a l y t i c a l  t h e o r y  is  p a r t i c u l a r l y  u s e f u l  
i n  e l u c i d a t i n g  t h e  p a r a m e t r i c  dependence of t h e  
beam c u r r e n t  and t h e  e f f e c t s  of v a r i o u s  con- 
s t r a i n t s  on t h e  s c a l i n g  laws.. Fo r  d e s i g n  s t u d i e s ,  
i t  i s  v e r y  impor t an t  t o  know t h e  s c a l i n g  laws 
which show. how t h e  beam c u r r e n t  o r  power v a r i e s  

' 

w i t h  t h e  e x p e r i m e n t a l  pa rame te r s  ( A , ~ , p . , y , e , B ~ , a ,  



\ k,L) .  T h i s  was r ecogn ized  ve ry  e a r l y  by A. 
Maschke, who f i r s t  d e r i v e d  a  power law of t h e  form 
( 8 )  f o r  a  quadrupole  c h a n n e l ,  e x c e p t  t h a t  h i s  co- 
e f f i c i e n t  was s l i g h t l y  d i f f e r e n t  (1.67 v e r s u s  
2 .4) .  

, We s h a l l  s e e  below t h a t  t h i s  s c a l i n g  law can  
be o b t a i n e d  from our  g e n e r a l  formula  (14)  under 
t h e  c o n d i t i o n  t h a t  wo and p/w0 a r e  f i x e d .  The 
consequences  of t h e s e  a s  w e l l  a s  o t h e r  c o n s t r a i n t s  
and t h e  v a l i d i t y  of r e l a t i o n  (8 )  and o t h e r  s c a l i n g  
laws t h a t  can be  d e r i v e d  from Eq. (14) w i l l  be  
d i s c u s s e d .  

FODO CHANNELS 

The e x p r e s s i o n  (14)  f o r  t h e  beam c u r r e n t  i n  a  
p e r i o d i c  channel  i s  a  g e n e r a l  a n a l y t i c  s o l u t i o n  
of t h e  K-V envelope e q u a t i o n s  ( f o r  a  matched beam). 
Note t h a t  i t  is  n o t  a n  e x p l i c i t  f u n c t i o n  of a l l  
expe r imen ta l  pa ramete r s ,  and t h a t  d i f f e r e n t  s c a l i n g  
laws can  be d e r i v e d  from it depending on t h e  con- 
s t r a i n t s  t h a t  a r e  imposed. I n  t h e  f o l l o w i n g  we 
l i s t  t h e  most impor t an t  formulae  beg inn ing  w i t h  
t h e  g e n e r a l  e x p r e s s i o n  f o r  a  FODO channe l .  

( a )  Beam c u r r e n t  i n  FODO channe l  w i th  no con- 
s t r a i n t s :  By s u b s t i t u t i n g  (26) i n t o  (14 ) ,  

Where 0  is g i v e n  by ( 2 7 ) ,  €/a by ( l o ) ,  ( l l ) ,  
and H ( ~ , L / & )  i s  d e f i n e d  i n  r e f e r e n c e  2.  To 
de te rmine  how.the  beam c u r r e n t  v a r i e s  w i t h  a  
g i v e n  pa ramete r ,  s a y ,  Bo, one f i r s t  c a l c u -  
l a t e ~  t h e  v a l u e  of 8, t h e  H ( ~ , L / R )  and wo,max 
u s i n g  t h e  formulae  i n . r e f e r e n c e  2  ( o r  i n t e r -  
p o l a t i n g  f rom t h e  v a l u e s  g iven  i n  Tab le  
V-F-7/2 i f  L/L = 1 ) .  

<< n: I n  t h i s  c a s e ,  H(0,L/k) ~j 

where g ( ~ / k )  i s  d e f i n e d  i n  r e f e r e n c e  2 ;  f o r  
L / a ' =  1, g(1)  = 0.167. Note t h a t  i n  t h i s  
l i m i t ,  t h e  p a r t i c l e  c u r r e n t ,  112, is  inde-  
pendent of t h e  cha rgc  s t a t e  Z .  F o r  h igh-  
c u r r e n t  beam t r a n s p o r t ,  one t r i e s  t o  o p e r a t e  
a t  a  phase s h i f t  po c l o s e  t o  90°, and t h u s  
formula  (31) is  n o t  very  u s e f u l .  

( c )  ka and L / a  f i x e d :  T h i s  c o n d i t i o n  i m p l i e s  
t h a t  t h e  f o c u s i n g  s t r e n g t h  8 of t h e  quadru- 
p o l e s ,  t h e  f u n c t i o n  H ( ~ , L / L ) ,  and W : , ~ ~ / L  
i s  f i x e d .  Hence, from (27) 

and from (10) 
" 

w  ' 
a2 = o  max 

C Y ~  = c C Y ~  
3  

T h e r e f o r e ,  

Eq. (30) t h e n  becomes 

The c o n s t a n t  C2 depends on t h e  v a l u e  of 0 .  
For  p, = 80°, L/k  1, one f i n d s  ( f rom Tab le  
V-F-772) 0  = 0.888, H(B,L/L) = 0.553, W o j m a x i  

JL = 2.5113 which y i e l d s  C1 = 2.45, c 
6.307, Cp = 1.. 6 x 1 06, and t hus  

3  = 

The co r re spond ing  beam power ( f o r  p = 80°, 
L /k  = 1 )  i s  

(d) ~ 4 q z  L/&,  and @/po fixed: If i n s t a b i l i t i e s  
impose a  lower 1 i m i t . t o  t h e  phase s h . i f t  w i th  
space  cha rge ,  (w/w0)min, a s  i h f e r r e d  from 
t h e  s t u d i e s  of t h e  Berkeley group,  t h e  a c -  
cep tance  P! canno t  exceed t h e  v a l u e  

i l l  accordance w i t h  r e l a t i o n  (20 ) .  I n  t h i s  
c a s e ,  we have 

and t h e  maximum beam c u r r e n t  is  g iven  by 

'I3 7/3B2/3 €2/3  
I = c2fz($) ((BY) 

T h i s  h a s  t h e  form of Maachke's s c a l i n g  law. 
For  po = 80°, L /k  = 1, and p  = 30°, we f i n d  
£2 = 1.65, and hcncc 



Note t h a t  t h e  numerica l  f a c t o r  i n  (42)  d i f -  
f e r s  by only  3% f r o m . t h e  r e s u l t  (8)  o b t a i n e d  
by e x a c t  numer i ca l  i n t e g r a t i o n .  T h i s  demon- 
s t r a t e s  t h a t  t h e  smooth app rox ima t ion  method 
i s  indeed remarkably  a c c u r a t e  i n  t h e  param- 
e t e r  regime t h a t  is of i n t e r e s t  t o  heavy- ion 
f u s i o n .  From t h e  d e r i v a t i o n ,  i t  i s  obvious  
t h a t  one must be  c a u t i o u s  i n  t h e  i n t e r p r e -  
t a t i o n  and a p p l i c a t i o n  of t h e  s c a l i n g  laws 
(41) and (42 ) .  These  formulae  a r e  u s e f u l  f o r  
d e s i g n  pu rposes ,  i . e . ,  a s  long a s  one can  
assume t h a t  w i t h  i n c r e a s i n g  e m i t t a n c e  of t h e  
beam, t h e  a c c e p t a n c e  of t h e  channe l  can  be  
i n c r e a s e d  p r o p o r t i o n a l l y .  However, once a  
f o c u s i n g  channe l  i s  b u i l t  and a c t u a l  param- 
e t e r s  d i f f e r  f rom t h e  d e s i g n  v a l u e s ,  one must 
u s e  t h e  more g e n e r a l  r e l a t i o n s  (35) o r  (30) 
(depending on whhther t h e  phase s h i f t  @, 
remains  f i x e d  o r  no t  when pa rame te r s  a r e  
v a r i e d ) .  S p e c i f i c a l l y ,  i n  a  channe l  w i t h  
f i x e d  a c c e p t a n c e  a, t h e  beam c u r r e n t  can  be  
i n c r e a s e d  on ly  by r educ ing  t h e  e m i t t a n c e  E .  
The seeming c o n t r a d i c t i o n  between t h e  s c a l i n g  
laws (35)  and (40 )  i s  t h u s  e x p l a i n e d  by t h e  
f a c t  t h a t  t h e  l a t t e r  i m p l i e s  t h a t  a i n c r e a s e s  
p r o p o r t i o n a l l y  t o  E w h i l e  i n  (35) a is  a n  i n -  
dependent  pa rame te r .  

( e )  p,, L /a ,  p / p o ,  and Bo f i x e d :  The a d d i t i o n a l  
c o n s t r a i n t  t h a t  t h e  magnet ic  f i e l d  Bo h a s  a  
g i v e n  v a l u e ,  u n i q u ~ l y  de t e rmines  t h e  two 
geometry pa rame te r s  a , a  ( i . e . ,  t h e  magnet 
s i z e )  when p a r t i c l e  mass, cha rge  s t a t e ,  and 
energy a r e  g iven .  The v a l u e s  of a  and a f o l -  
low from Eqs. (32)  and (333. S i n c e  t h e  r a t i o  
a l l  c anno t  become t o o  l a r g e 1  ( a  = 112 would 
a p p e a r  t o  be a  t e a s o n a b l e  l i m i t ) ,  quad rupo le  
c h a n n e l s  a r e  no t  u s e f u l  below a  k i n e t i c  en- 
e r g y  t h a t  can  be  c a l c u l a t e d  f rom Eq. (34 ) .  
With a / a  = 0.5 ,  a = f l c ,  one g e t s  f rom (34)  
t h e  r e l a t i o n  

F o r  o u r  example of p, = 80°, p  = 30°, L / A  = 
1, we g e t  

Using (44)  and t h e  n o n r e l a t i v i s t i c  r e l a t i o n  
f o r  t h e  v o l t a g e ,  

one can e x p r e s s  t h e  r e l a t i o n  (43)  i n , t h e  form 

Thus ,  when Bo = 5  T,  q = 2 x 1 0 - ~  fi-rad,  one 
f i n d s  t h a t  t h e  u s e  of FODO magnets i n  low- 
energy beam t r a n s p o r t  i s  no l o n g e r  p r a c t i c a l  
a t  v o l t a g e s  below 2.56 MV. Note  t h a t  t h i s  
lower  l i m i t  f o r  V i g  independent.  o f .  t h e  mass 
and c h a r g e  s t a t e  o f  t h e  p a r t i c l e s .  

SOLENOID CHANNELS 

S i m i l a r  s c a l i n g  laws may be d e r i v e d  from Eq. 
(14)  f o r  p e r i o d i c  s o l e n o i d  channe l s .  The r e s u l t s  
a r e  summarized i n  t h e  same o r d e r  a s  i n  t h e  FODO 
c a s e .  

( a )  Beam c u r r e n t  i n  so l eno id .  channe l  w i t h  no con- 
s t r a i n t s  [from (14) and (28)]:  

where e i s  g iven  by (29)  and F ( B , L / ~ )  i s  de-  
f i n e d  i n  r e f e r e n c e  2.  

(b )  8 << 1, p a :  I n  t h i s  app rox ima t ion ,  
F ( B , L / i )  2 ~~/(L+L/L); hence ,  w i t h  ( 2 9 ) ,  

( c )  E~ and L / a  f i x e d :  

F o r  p  = 80°, L / a  = 1, one f i n d s  ( u s i n g  T a b l e  
V-F-773 9  = O.9644, F(B,L/&) = 0.42, "o,rnax/ 
,f4, = 1.2893 which y i e l d s  c l  = 6.03, c 3  = 1.66,  
C2 = 3.0X105, i . e . ,  

( d )  ~ ~ , L / f i ,  p /uo f i x e d :  I n  t h i s  c a s e  we g e t  
w i t h  a = f l e  and 

2  2  
a[1-€/a)  ] = f  d l - l / f  I = f  E 

1 1 3  
(53) 

t h e  s c a l i n g  law 

which h a s  t h e  same form a s  C o u r a n t ' s  Eq. (17 )  
i n  r e f e r e n c e  4 .  Fo r  p o  = 80°, L / a  = 1, and 
p  = 30°, one o b t a i n s  f l  = 2.667, f 3  = 2.29, 



Note t h a t ,  i n  c o n t r a s t  t o  t h e  FODO c a s e ,  t h e  
beam power v a r i e s  o n l y  l i n e a r l y  w i t h  t h e  
pa rame te r s  (A/Z), By, B  , and . F o r  t h e  3 r a t i o  of t h e  beam c u r r e a t  i n  a  OD0 'channel  
t o  t h a t  i n  a  s o l e n o i d  channe l  ( w i t h  t h e  same 

. c o n s t r a i n t s )  one o b t a i n s  f rom (41)  and (55 )  

213'  
'I3 213 -113 

= 0.64@ (By) 
ISOL 

( e )  p,, L/a ,  p/p,, knd Bs f i x e d :  A s  i n  t h e  FODO 
c a s e ,  t h e  pa rame te r s  a , J  a r e  f i x e d  by t h e s e  
c o n s t r a i n t s  when A, Z, and By a r e  g iven .  . 
T h e i r  v a l u e s  c a n  be  c a l c u l a t e d  f rom (48)  and 
(49 ) .  F o r  p o  = 80°, L / a  = 1, p  = 30°, one 
f i n d s  

The v o l t a g e  where J = 2a i s  g i v e n  by 

which,  f o r  t h e  same magnet ic  f i e l d  and emi t -  
t a n c e ,  i s  s e e n  t o  be  more than  a n  o r d e r  of 
magnitude lower  t h a n  i n  t h e  FODO c a s e .  It i s  
i n t e r e s t i n g  t o  compare t h e  c u r r e n t - c a r r y i n g  
c a p a b i l i t y  of s o l e n o i d  and FODO sys t ems  a t  
t h e  low-energy p o i n t  where quadrupo le s  become 
i m p r a c t i c a l  s i n c e  J = 2a. By s u b s t i t u t i n g  
By from ( 4 3 ) ,  u s i n g  (44)  f o r  t h e  c o n s t a n t s ,  
i n t o  (57 ) ,  one f i n d s  f o r  t h i s  l i m i t  

T h i s  , r e l a t i o n  depends  on ly  on t h e  r a t i o  of 
t h e  quadrupo le  f i e l d  Bo t o  t h e  s o l e n o i d a l  
f i e l d  Bs. F o r  Bo = Bs, we s e e  t h a t ,  a t  t h e  
low-energy quadrupo le  l i m i t  = 2a ,  t h e  FODO 
channe l  c a n  t r a n s p o r t  2.4 t i m e s  more c u r r e n t  
t h a n  t h e  s o l e n o i d  channe l .  (The r a t i o  g/a 
f o r  t h e  s o l e n o i d  magnets would of c o u r s e  be  
g r e a t e r  t h a n  2  i n  t h i s  c a s e . ) ' :  . . 

QUESTIONS AND COMMENTS 

The p reced ing  a n a l y s i s ,  l i k e  most beam 
t r a n s p o r t  s t u d i e s  done s o  f a r ,  i s  based e n t i r e l y  
on t h e  K-V e q u a t i o n s  and matched-beam c o n d i t i o n s .  
I n  a  c r i t i q u e  of t h i s  app roach ,  t h e  Be rke l ey  
group' d i s c u s s e d  a  number of q u e s t i o n s  t h a t  can  
be  r a i s e d ,  such a s  t h e  e f f e c t s  of image f i e l d s ,  
more r e a 1 i s t i c " p h a s e - s p a c e  d i s t r i b u t i o n  f u n c t i o n s ,  
e t c .  

Tab le  V-F-71% Pa rame te r  d a t a  f o r  a FODO channe l  

I J ~  o  , max 

TaLli. V P 7/36 rara-lc~ JaLa f u ~  tc sulauuld 
w i  channe l  w i t h  L/L - 1. 

-.----..- .- ..--... -.--. 

, We want t o  b r i e f l y  comment on two of t h e s e  
q u e s t i o n s ,  namely, ( a )  t h e  c u r r e n t  l i m i t  a t  low 
energy where t h e  p o t e n t i a l  w e l l  due t o  t h e  s p a c e  
cha rge  becomes comparable t o  t h e  k i n e t i c  energy 
nf t h e  p a r t i c l e s ,  and (b )  t h c  c f f c c t s  of mis- 
match between beam e m i t t a n c e  and channe l  a c c e p t a n c e .  

With r e s p e c t  t o  t h e  f i r s t  q ~ e s t i o n ,  t h e  
, p o t e n t i a l  Vo o n  t h e  a x i s  of a n  a x i a l l y .  summetric 

beam is  g iven  i n  t e rms  of t h e  beam c u r r e n t  I ,  and 
mean a x i a l  v e l o c i t y ,  P C ,  by - 

A p a r t i c l e  is s topped  when a l l  i t s  k i n e t i c  energy 
i s  conve r t ed  i n t o  p o t e n t i a l  ene rgy ,  i . e . ,  when 
( n o n r e l a t i v i s t i c a l l y )  

2  1 2  2 
(y-I)AM,C .= 2  AM,^ B = ZeV. (62)  

By s u b s t i t u t i u g  (GI) l n t o  ( 6 2 ) ,  one f l n d s  fbr t h e  * 

l i m i t i n g  c u r r e n t  I = IL: 

I = 3 .1  x lo7  g B ( y - 1 )  ~r 1 .55  x  lo7  
L  z 

(63 )  



le compare t h i s  w i t h  t h a  f o c u s i n g  l i m i t  (55)  of a  2 .  
: o l eno id  channe l  and f i n d  t h e  energy where t h i s  

. c u r r e n t  i s  e q u a l  t o  IL. From (55)  and ( 6 3 ) ,  we 
f i n d  f o r  t h e  r a t i o  I/IL t h e  e x p r e s ~ i o n  

2  
and., hence ,  f o r  B when I = I - 

L' 

The e q u i v a l e n t  v o l t a g e  i s  

yMV] = 123 B s [ ~ ] E ~ [ ~ - r a d ~ '  
(66)  

F o r  B  = 5  T ,  cN = 2  x  r~l-rad,  one g e t s  

. V = 0.0123 MV = 12.3 .kV.  

The i n i t i a l  o c c c l c r a t i o g  v o l t a g e s  a t  t h e  iutl 
s o u r c e  a r e  i n  t h e  r ange  of 100 kV t o  1 MV and 
t h u s  s a f e l y  above t h i s  l i m i t .  We,conclude  t h e r e f o r e  
t h a t  t h i s  e f f e c t  shou ld  n o t  pose a  l i m i t  t o  t h e  
t r a n s p o r t a b l e  beam c u r r e n t .  

Concerning t h e  second q u e s t i o n  on beam, 
mismatch, a  d e f i n i t i v e  answer i s  n o t  y e t  a v a i l a b l e  
a t  t h i s  p o i n t .  The beam c u r r e n t  p r o p a g a t e s  i n  t h e  
form of p u l s e s  which e x p e r i e n c e  v a r i o u s  p r o c e s s e s  
( a c c e l e r a t i o n ,  t r a n s v e r s e  s t a c k i n g ,  l o n g i t u d i n a l  
bunching,  e t c . ) .  Under i d e a l  col ld iLiuns ,  one can  
match o n l y  a  s l i c e  o f  t h e  p u l s e  a l o n g  which t h e  
c u r r e n t  and e m i t t a a c e  a r e  the .same.  T h e  r e s t  of 
t h e  beam ( p a r t i c u l a r l y  i n  t h e  l e a d i n g  and t r a i l i n g  
edge of t h e  p u l s e )  cou ld  presumably be  mismatched. 
The Berkeley  group argued i n  r e f e r e n c e  1 t h a t  t h e  
r a t e  of i n c r e a s e  of c u r r e n t  w i t h  t ime  ( o r  d i s t a n c e )  
i s  s u f f i c i e n t l y  s low t h a t  t h e  t r a n s v e r s e  motion 
w i l l  a d j u s t  i t s e l f  a d i a b a t i c a l l y  t o  t h e  matched 
c o n d i t i o n s  i f  i t  i s  matched a t  t h e  e n t r a n c e  t o  t h e  

' c h a n n e l  where t h e  c u r r e n t  i s  low. However, Lemaire 
showed res"u1ts  from numer i ca l  i n t e g r a t i o n  of t h e  
K-V enve lope  e q u a t i o n s  which a p p e a r  t o  i n d i c a t e  t h a t  
s m a l l  changes  i n  beam c u r r e n t  may l e a d  t o  mismatch 
and r e l a t i v e l y  l a r g e  o s c i l l a t i o n s  of t h e  t r a n s v e r s e  
beam c r o s s  s ec t ion . '  T h i s  q u e s t i d u  was on ly  hs i . e f ly  
d i s c u s s e d  by t h e  beam t r a n s p o r t  group a t  t h e  end 
of t h e  workshop. C l e a r l y ,  f u r t h e r  s t u d i e s  a r e  
n e c e s s a r y  t o  de t e rmine  whether  mismatch i s  a n  i m -  
p o r t a n t  e f f e c t , : a n d ,  i f  s o ,  what p r o v i s i o n s  must 
be  made i n  t h e  d e s i g n  of t h e  f o c u s i n g  sys t ems  
( l o r g e r . + p c r t u i e s ,  eLc.3 Lu  a v u l d  unneces sa ry  
p a r t i c l e  l o s s e s .  
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8 .  SATURATION OF SPACE CHARGE DRIVEN INSTABILI- 
TIES I N  BEAM TRANSPORT SYSTEMS 

. I .  Haber and A.  W. Maschke 

I n s t a b i l i t i e s  i n  t h e  presence of space charge 
can l i m i t  the  power which may be t ransported i n  a 
focused channel.  Several  c l a s s e s  of e r t u r b a t i o n s  
t o  a matched K a p s h i ~ s k i j . - V l a d i m i r s k i j P  system have 
i n  f a c t  been found t o  be unstable's3. Numerical 
s imula t ions  have been perf  ormed4 which i n d i c a t e  
t h a t  a parameter range e x i s t s  where these  i n s t a b i l -  
i t i e s  s a t u r a t e  without major growth i n  the  beam 
emit tance.  

Figure V-F-8/la i s  a p l o t  of four  views of 
the  i n i t i a l  four-dimensional x-px-y-p phase spacb 
of the nlimerical system. Two thousanz of the ap- 
proximately 16 thousand s imulat ion p a r t i c l e s  i n  
the system a r e  p l o t t e d .  The t h i n  l e n s  quadrupole 
focusing system has a tune of 90° per l e n s  system, 
which i s  detuned by space charge t o  30°. This  
system goes uns tab le  and evolves i n  a complicated 
fashion u n t i l  a s teady s t a t e  .is reached a f t e r  about ,- 

f o r t y  magnet p a i r s  and l i t t l e  subsequent evo lu t ion  
0ccur.s. F ig .  V-F-8/lb shows the  phase space a f t e r  
100 magnet p a i r s .  Numerical t e s t s  have shown t h a t  
these r e s u l t s  a r e  e s s e n t i a l l y  independent of 

F ig .  V-F-811. Phase space of 90' focused system i n  the  presence of space charge. At t = 0 ( a ) ,  and 
a f t e r  100 magnet p a i r s  (b)  . 

Fig .  V-F-812. Phase space of 130' focused system i n  t h e  presence of space charge. A t  t = 0 ( a ) ,  and 
a f t e r  100 magnet p a i r s  ( b ) .  



~ a r i a t i o n s  of numerical parameters such a s  time 
s t e p ,  system r e s o l u t i o n ,  and number of p a r t i c l e s  
when they a r e  varied by f a c t o r s  of two from the  
condi t ions  used. 

Even a  system subjec t  t o  i n s t a b i l i t i e s  of the  
K-V envelope equat ions is  found t o  s a t u r a t e ,  a l -  
though the  emittance.growth i n  reaching s teady 
s t a t e  is  much g r e a t e r .  Fig.  V-F-8/2a Shows the 
i n i t i a l  phase space of a  130' per magnet system 
detuned by sapce charge t o  70°. Fig: V-F-8/2b 
shows t h e  s teady s t a t e  t h i s  system has reached 
a f t e r  100 magnet p a i r s .  

Though the  d e t a i l e d  parametric behavior of 
these s teady d i s t r i b u t i o n s  has  not yet  been exam- 
ined,  t h e  r e s u l t s  here  appear t o  be t y p i c a l  of 
those obtained i n  s e v e r a l  runs.  The o p t i m i s t i c  
conclusion appear: t o  be t h a t  these i n s t a b i l i t i e s  
present  no b a r r i e r  t o  t ranspor t ing  beam powers i n  
t h e  v i c i n i t y  of the Maschke c u r r e n t  l i m i t .  
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9 .  ESTIMATE 0F;THE LONGITUDINAL SELF ELECTRIC 
FIELD OF AN I O N  BEAM 

A. A. I r a n i  

INTRODUCTION 

The s e l f  e l e c t r i c  f i e l d  on t h e  a x i s  of a n  
i o n  beam of r a d i u s  a  i n  a  conduc t ing  c y l i n d e r  of 
r a d i u s  b  i s  g iven  by 

where A i s  t h e  cha rge  pe r  u n i t  l e n g t h  and g,  t h e  
g e o m e t r i c a l  f a c t o r ,  is  a f u n c t i o n  o f  t h e  r a d i i  a  
and b .  The above formula  assumes t h a t  t h e  r a d i u s  
of t h e  conduct ing c y l i n d e r  i s  much s m a l l e r  t han  
' the  Length of t h e  i o n  beam (b  << L) and t h a t  Ez 
is  c a l c u l a t e d  away from t h e  edge of t h e  beam 
( 1  Z I < I + ( ) .  For  t h e  HTDE parameters1,  i.e,. , loose-  
l y  speak ing  a  50 TW, 100  JK,  ~uulti-GeV heavy i o n  
beam, t h e  assumpt ion b << L is- no l o n g e r  v a l i d  and 
hence Eq. ( 1 )  canno t  be used.  S i n c e  f o r  a n  un- 
n e u t r a l i z e d  heavy i o n  beam it is  necessa ry  t o  
app ly  ramp v o l t a g e s  t o  compensate f o r  t h e  long i -  
t u d i n a l  s e l f  f i e l d s  it i s  d e s i r a b l e  t o  know 
e x a c t l y  what t h e s e  f i e l d s  a r e .  Here ,  e x a c t  ex- 
p r e s s i o n s  f o r  EZ on t h e  a x i s  of t h e  ion.beam a r e  
ob ta ined  and a r e  compared under d i f f e r e n t  circum- 
s t a n c e s  wi th  t h e  approximate  r e s u l t s  g iven  by 
Eq. (1 ) .  

THEORETICAL CALCULATIONS 

We c o n s i d e r  t h e   ree en's F u n c t i o n  approach;  
i . e . ,  we c a l c u l a t e  t h e  f i e l d s  due t o  a  p o i n t . c h a r g e  
moving i n s i d e  a  c y l i n d e r  of r a d i u s  b. The c a l c u -  
l a t i o n s  a r e  c a r r i e d  ou t  i n  t h e  frame of r e f e r e n c e  
of t h e  moving p a r t i c l e  and t h e  f i e 1 . d ~  a r e  l a t e r  
t ransformed back t o  t h e  l a b o r a t o r y  frame. Then 
a c c o r d i n g  t o  B ~ i c e o n ' o  Equat ion 

Now, a s  i s ,  u s u a l l y  done f o r  s i m p l i c i t y ,  we p ick  our' 
o r i g i n  of c o o r d i n a t e s  t o  be  a t  t h e  p o i n t  and 
a f t e r  o b t a i n i n g  t h e  f i n a l  r e s u l t  g e n e r a l i z e  our  
s o l u t i o n .  Then, i n  c y l i n d r i c a l  c o o r d i n a t e s  

and wc o b t a i n  

S - 2 -  L 3 r z  r ar 6d - kz6d = - 2q (4)  

m - ikzz  
wbere 67  =j dz e  66 i s  t h e .  ~ o u r i e r  Transform 
of hq'l.. 

The s o l u t i o n  t o  t h e  d i f f e r e n t i a l  e q u a t i o n  
g i v e n  by (4) u s i n g  t h e  boundary c o n d i t i o n  63 = 0  
a t  r = b  i s  

where t h e  s t anda rd  n o t a t i o n  has  been used f o r  t h e  
B e s s e l  f u n c t i o n s .  

r n .  dkz i k z  
Then u s i n g  64:; e  ' d , s o l v i n g  t h e  

i n t e g r a l s  by con tour  i n t e g r a t i o n  and g e n e r a l i z i n g  
t h e  r e s u l t  we o b t a i n  

where t h e  k a r c  g ivcn  by J (k b) = 0  and 
o n  

a bez = - - 64 = " 
as a - s  b 

Now, f o r  t h e  cha rge  d i s t r i b u t i o n  

which is  c o n s t a n t  i i l  tlre i . d i r u t : L j . t ~ ~ ~  I ~ ~ ~ L p a r a h u l i c  
i n  t h e  z  d i r e c t i o n  and where Q i s  t h e  t o t a l .  cha rge  
i n  t h e  bunch we g e t  on a x i s  ( i . e .  a t 3  = 0 )  

a  
knYo(knb) Jo(knr ')  

Jl(kIlb) 
X 

L  
-k ( z -2 ' )  

d z l  [, - Z f 2 ]  e  
f o r  zzL/2 

f o r  zS-Ll2. 



S o l v i n g  t h e  i n t e g r a t i o n s  and t r ans fo rming  back t o  
t h e  l a b o r a t o r y  f r d w  ' coo rd ina te s  we o b t a i n  

where 
. f ( z ) =  f o r  z a i / 2  

\ f o r  zs-L/2 

and w i t h  t h e  K n  g iven  by J' (knb)  = 0 .  

P ick ing  a n o t h e r  cha rge  d i s t r i b u t i o n  

which i s  p a r a b o l i c  i n  both  t h e  r and z.  d i r e c t i o n s  
and c a r r y i n g  ou t  t h e ' c a l c u l a t i o n s  a s  b e f o r e  we 
o b t a i n  t h a t  on a x i s :  

RESULTS 
2  

o m  E (1 )  f o r  h  = 3 [L - z2] 
L~ 

E, = % z  (11) 

. Y L  . 

wi th  g  = 1+2 Ln. 
A ( )  f o r  p = - 
na 

2  

3 
and g  = - + 2  Ln. 

2h 2  2  
2  ( )  £0. p = 7 (a  -r ) .  

- 2  na 

As a n  example c o n s i d e r  a 50 TW, 100 KJ,  25 GeV 
Uranium beam. The l e n g t h  o f  t h e  i o n  beam i s  L  = 26 
cms. Then t a k i n g  a  = 10  CW. and a  cha rge  state ' 

Z =5 f o r  t h e  Uranium beam, we p l o t  EZ o b t a i n e d  
from Eqs. (9 )  -- (11)  f o r  b  = 20 cms. i n  F i g u r e  
V-F-Y/1' and f o r  b = ' I 3  cms. i n  F i g u r e  V-F-912 and 
conc lude  t h a t  s i n c e  t h e  assumpt ion b  << L i s  n o t  
s a t i s f i e d  t h e  r e s u l t s  o b t a i n e d  from Eq. (11) f o r  
Ez i n  t h e  r e g i o n  away from t h e  c e n t e r  a r e  h i g h e r  
by a  f a c t o r  o f  2-3. F i g u r e  V-F-913 i s  a  p l o t .  f o r  
b  = 20 cms. and L  = 260 cms. Here t h e  l i n e a r  

e s u l t s  o f  Eq. (11) a r e  p r e t t y  a c c u r a t e  excep t  n e a r  

t h e  edge c!f t h e  i o n  beam. Note ,als,o t h a t  because  
of t h e  cha rge  d i s t r i b u t i o n  of  t h e  beam t h e  maximum . 
v a l u e  of Ez is no t  a t  t h e  edge of t h e  beam. A 
s imple r , example  i l l u s t r a t e s  t h e  p o i n t .  Fo r  
example--for a  sphe re  of c o n s t a n t  d e n s i t y ' E ,  = 
% f o r  r s R wi th  Er max. a t  r = R a n d  

r 2 3 2 i  
of d e n s i t y  p = % ( ~ ~ - r ~ )  , E i  = 3L~ -3r.j 

8nR 
J 5  f o r  r s R wi th  E  max. a t  r = --R. 

3  

' F i n a l l y ,  s ince '  a n a l y t i c a l  e x p r e s s i o n s  f o r  E, 
a r e  p o s s i b l e  on ly  f o r  c e r t a i n  cha rge  d i s t r i b u t i o n s  
of t h e  beam and on ly  on t h e  a x i s  of t h e  beam nu- 
m e r i c a l  computat ion seems necessa ry .  An i n t e r e s t -  
i n g  cha rge  d i s t r i b u t i o n  under c o n s i d e r a t i b n  is 

which co r re sponds  t o  a  uniformly popula ted e l l i p s e  
i n  phase space2  and f o r  which Eq. (1) b reaks  down 
a t  t h e  edges  g i v i n g  a n  i n f i n i t e  v a l u e  f o r  Ez t h e r e .  
A l s o  u s i n g  Eq. ( 6 )  we can  make numeri'cal e s t i m a t e s  
of E r ( r , z )  and compare i t  wi th  t h e  r e s u l t s  ob- 
t a i n e d  from the,  a x i a l l y  i n f  i n i t e  beam c a s e .  

Re fe rences  . 
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~ i g . .  . V - F ~ ~ I ~ .  p l o t  o f  EZ v s  Z f o r  b / ~  = 18/13. 



Fig.  V-F-912. Plot of E vs Z f o r  b / ~  = 1 /2 .  ' . Z 

Fig. v - ~ s 9 / 3 .  Plot of EZ vs Z for b/L = 1/13. 



10. EMITTANCE GROWTH I N  HIGH CURRENT BEAM 
TRANSPORT 

Samuel Penner 

INTRODUCTION 

The p o s s i b i l i t y  of u s i n g  h i g h - c u r r e n t  beams 
of heavy i o n s  t o  i n i t i a t e  a n  i n e r t i a l l y - c o n f i n e d  
f u s i o n  r e a c t i o n  has  s t i m u l a t e d  i n t e r e s t  i n  t h e  a c -  
c e l e r a t i o n  and t r a n s p o r t  of ve ry  i n t e n s e  beams. 
The Ka chinsky-Vladimirsky (KV) enve lope  equa- P t i o n s (  ) prov ide  a  f i r g t  gu ide  t o  t h e  c u r r e n t -  
c a r r y i n g  c a p a b i l i t y  of a  t r a n s p o r t  channe l  f o r  t h e  
p a r t i c u l a r  c a s e  of a  beam whose cha rge  d i s t r i b u -  
t i o n  i n  t h e  fou r -d imens iona l  t r a n s v e r s e  phase 
space  i s  such  t h a t  a l l  of i t s  two-dimensional  
p r o j e c t i o n s  a r e  un i fo rm cha rge  d i s t r i b u t i o n s  w i t h -  
i n  a  boundary e l l i p s e .  The Berkeley  group has  
s t u d i e d  t h e  s t a b i l i t y  of t h e  s o l u t i o n s  t o  t h e  KV 
enve lope  e q u a t i o n s  a n a l y t i c a l l y  by t h e  method of 
l i n e a r i z a t i o n  of t h e  Vlasov e q u a t i o n  abou t  t h e  KV 
s o l u t i o n  coupled  w i t h  a p p r o p r i a t e  p e r t u r b a t i o n s .  
(2 ,334)  The u n r e a l i s t i c  beam d i s t r i b u t i o n  con- ' 

t a i n e d  i n  t h e  KV e q u a t i o n s ,  t h e  i n a b i l i t y  of t h e  
a n a l y t i c  approach t o  p r e d i c t  f u r t h e r  beam d e v e l -  
opment beyond t h e  i n i t i a l  p e r t u r b a t i o n ,  and t h e  
need f o r  a  mechanism f o r  s t u d y i n g  a  more g e n e r a l  
and r e a l i s t i c  problem ( i n c l u d i n g ,  f o r  example,  
beam image f o r c e s ,  n o n - l i n e a r i t i e s  i n  t h e  f o c u s i n g  
f i e l d s ,  energy sp read  i n  t h e  beam, e t c . ) ,  l e d  u s  
t o  t h e  development o f  a  numer i ca l  s i m u l a t i o n  ap-  
p r o a c h ' t o  t h e  h i g h - c u r r e n t  beam t r a n s p o r t  problem. 

I n  o u r  app roach ,  we s o l v e  numer i ca l ly  t h e  
coupled  e q u a t i o n s  f o r  i n d i v i d u a l  p a r t i c l e  o r b i t s  
w i t h i n  t h e  beam, s u b j e c t  t o  e x t e r n a l  ( f o c u s i n g ,  
a c c e l e r a t i n g ,  e t c . )  f o r c e s  as  w e l l  a s  t h e  space  
cha rge  f o r c e s  g e n e r a t e d  by t h e  beam i t s e l f .  We 
r e p o r t  h e r e  our  i n i t i a l  r e s u l t s  f o r  t h e  t r a n s p o r t  
of a  h i g h - c u r r e n t  beam through a  symmetric FODO 
quadrupo le  channe l .  We f i n d  ( f o r  s u f f i c i e n t l y  h igh  
c u r r e n t s )  r a p i d  i n i t i a l  growth of t h e  e m i t t a n c e  of 
t h e  beam d u r i n g  which t h e  beam t r a n s f o r m s  t o  a  non- 
KV space  cha rge  d e n s i t y ,  fo l lowed  by a  much more 
g r a d u a l  i n c r e a s e  i n  e m i t t a n c e  a s  t h e  beam c o n t i n -  
ues  t o  p ropaga te  a l o n g  t h e  channe l .  

CALCULATIONAL METHOD 

The e q u a t i o n s  of motion f o r  i n d i v i d u a l  pa r -  
t i c l e  o r b i t s  i n  t h e  p a r a x i a l  r a y  app rox ima t ion  can 
be  w r i t t e n :  

Our n o t a t i o n  ' i s  t h e  same a s  t h a t  of Lamber tson,  
L a s l e t t  and Smith (5) (LLS), excep t  t h a t  h e r e  

is  a n  (unnormal ized)  measure of t h e  beam c u r r e n t .  
The cha rge  d e n s i t y  i n  t h e  beam, n (x ;y )  is  normal- 
i z e d  such t h a t  

where,  a s  i n ,  LLS, N i s  t h e  number of p a r t i c l e s  p e r  
u n i t  l e n g t h  of t h e  beam. 

I f  t h e  cha rge  d e n s i t y  n  i s  chosen t o  be  con- 
s t a n t  w i t h i n  a  boundary e l l i p s e  w i t h  semi-axes  
ax  and a y ,  and z e r o  o u t s i d e  t h e  e l l i p s e ,  ou r  Eq. 
(1 )  r e d u c e s  t o  t h e  KV i n d i v i d u a l  p a r t i c l e  e q u a t i o n s  
of motion g iven  by Eqs. (39)  and (40) of Ref .  1. 

We approx ima te  Eqs. (1 )  w i t h  a  f i n i t e  s e t  of 
e q u a t i o n s :  

and s i m i l a r l y  f o r  yi .  We s o l v e  t h i s  s e t  of equa- . 
t i o n s  numer i ca l ly  t o  o b t a i n  x i ( s )  and y i ( s )  f o r  
a l l  p a r t i c l e s  i a s  a  f u n c t i o n  of s ,  u s i n g  a  f a s t  
Adams method d i f f e r e n t i a l  e q u a t i o n  s o l v e r .  ( 6 )  Two 
a s p e c t s  of t h e  numerica l  method r e q u i r e  p a r t i c -  
u l a r  a t t e n t i o n :  The c h o i c e  of i n i t i a l  c o n d i t i o n s  

dx dy 
x i ( o ) ,  ~ ( o ) ,  y i ( o ) ,  ~ ( o ) ,  and t h e  h a n d l i n g  of 

t h e  s i n g u l a r i t y  i n  t h e  s p a c e  cha rge  t e rm of Eq. 
(4) .  A  d e t a i l e d  d i s c u s s i o n  of t h e s e  problems is 
beyond t h e  scope of t h e  p r e s e n t  pape r ,  b u t  we' 
b r i e f l y  s k e t c h  ou r  app roach  i n  t h e  f o l l o w i n g  
pa rag raphs .  

An i n i t i a l  s e t  of o r b i t s  can  be  chosen from 
any d e s i r e d  d i s t r i b u t i o n  f u n c t i o n  by random 
sampl ing t e c h n i q u e s .  To d a t e  we have  used t h e  KV 
d i s t r i b u t i o n  a s  t h e  sample f u n c t i o n .  A l l  p o s s i b l e  
one an& two d imens iona l  p r o j e c t i o n s  of t h e  sample 
s e t  a r e  compared w i t h  t h e  co r r e spond ing  p r o j e c t i o n s  
of t h e  KV d i s t r i b u t i o n  and a r e  found t o  d i f f e r  f rom 
it i n  a  way which i s  comple t e ly  c o n s i s t e n t  w i t h  
t h e  s t a t i s t i c s  of t h e  sample s i z e .  T h i s  t e s t  and 
o t h e r s  conv ince  u s  t h a t  t h e  i n i t i a l  o r b i t  d i s t r i -  
b u t i o n s  chosen r e p r e s e n t  t h e  KV d i s t r i b u t i o n  w i t h  
random n o i s e  superimposed. We do n o t  impose any 
p a r t i c u l a r  p e r t u r b a t i o n ,  a s  i s  done i n  t h e  a n a l y t i c  
work, b u t  t h e  randomness a s s u r e s  t h a t  ou r  d i s t r i -  
b u t i o n s  c o n t a i n  components co r r e spond ing ,  t o  a l l  
t h e  p e r t u r b a t i o n s  examined. ( 2 ,  3, By examining 
t h e  beam behav io r  f o r  s e v e r a l  d i f f e r e n t  randomly 
chosen i n i t i a l  o r b i t  s e t s ,  we t e s t  t h e  s e n s i t i v i t y  
o f  t h e  r e s u l t s  t o  t h e  magnitude and c h a r a c t e r  of 
t h e  p e r t u r b a t i o n s .  Our smal l -sample  r e s u l t s  (M = 
249) i n d i c a t e  c o n s i d e r a b l e  s e n s i t i v i t y . t o  t h e  



d e t a i l s  of  t h e  p e r t u r b a t i o n .  

The s i n g u l a r i t y  of t h e  space  cha rge  f o r c e  i s  
a  well-known problem i n h e r e n t  i n  t h e  s i m u l a t i o n  ; 

, of  a  r e a l  p a r t i c l e  beam by a  r e l a t i v e l y  s m a l l  
number of r e p r e s e n t a t i v e  o r b i t s .  We avo id  t h e  
s i n g u l a r i t y  by making t h e  replacement  

i n  t h e  denominator of  Eq. ( 4 )  i f  (xi  - x . ) ~  + 
(y i  - y  . ) 2  < r2.  The c u t o f f  r a d i u s  r ( s ) j i s  chosen 
t o  be 

. . 

where C  is  an  a d j u s t a b l e  c u t o f f  parameter .  We 
f i n d  e x p e r i m e n t a l l y  t h a t  t h e  t r a n s p o r t  c a l c u l a t i o n  
r e s u l t s  a r e  q u i t e  i n s e n s i t i v e  t o  t h e  v a l u e  of C  , 
( i n  t h e  range .1 s C < 10 a t  l e a s t ) .  Tlle.depe11- 
dence on sample s i z e  M w i l l  be d i s c u s s e d  La te r .  

CHARACTERIZATION .OF RESULTS 

There  i s  a  problem of how t o  p r e s e n t  t h e  
r e s u l t s  of a  t r a n s p o r t  c a l c u l a t i o n  i n  a  compact 
b u t  meaningfu1,way. Phase s p a c e  p l o t s  of t h e  i n -  

, d i v i d u a l  o r b i t s  of t h e  type  p resen ted  t o  t h e  
workshop by I ;  ~ a b e r ( ~ )  a r e  v e r y  i n f o r m a t i v e  b u t  
no t  immediately q u a n t i t a t i v e .  A  u s e f u l  concept  i s  
t h e  RMS e m i t t a n c e  

and s i m i l a r l y  f o r  t h e  y  p l ane .  Here t h e  symbol 
() i n d i c a t e s  a v e r a g i n g  ove r  t h e  v a l u e s  of t h e  en-  
c l o s e d  v a r i a b l e .  Fo r  p r e s e n t  purposes ,  we ave rage  
t h e  RMS emi t t ance  ove r  t h e  two t r a n s v e r s e  p l a n e s .  

T h i s  measure of e m i t t a n c e  is e a s i l y  c a l c u l a t e d  
numer ica l ly ,  and f o r  a  'KV d i s t r i b u t i o n  i s  i d e n t i -  
c a l  . t o  t h e  e m i t t a n c e  d e f i n e d  by t h e  beam envelope 
i n  phase  space .  For  our  randomly-generated i n i -  
t i a l '  o r b i t  s e t s  chosen from t h e  KV d i s t r i b u t i , o n ,  
t h e  mean d e v i a t i o n  of  t h e  sample : f rom t h e  KV 
d i s t r i b u t i o n  was 0.3% f o r  a  group of samples each 
c o n s i s t i n g  of M = 249 o r b i t s .  

I n  our calculations of h i g h - c u r r c n t  t r a n s p o r t  
t h rough  a  symmetric FODO channe l ,  we obse rve  
growth i n  a l l  q u a n t i t i e s  which a r e  obv ious ly  r e -  
l a t e d  to. t h e  beam q u a l i t y ,  e .g .  ,' t h e  envelope 
s i z e  a x ( $ ) ,  t h e  e m i t t a n c e  d e f i n e d  by t h e  envelope 
of t h e  beam i n  phase space  ( c ) ,  and t h e  RMS emi t -  
t a n c e  :, 43 d e f i n e d  above. The "noise"  r e l a t i v e  
t o  t h e  averag,e growth of a x ( s )  i s  q u i t e  l a r g e ,  
presumably.because  of ou r  s m a l l  sample s i z e s .  The 
envelope emittance. ,  e ,  is  a l s o  q u i t e  no i sy  i n  i t s  
growth,  b u t  d e f i n i n g  t h i s  measure of e m i t t a n c e  i s  
ambiguous and awkward, even f o r  l a r g e  samples.  

On t h e . o t h e r  hand,  t h e  RMS e m i t t a n c e  growth 
shows much l e s s  n o i s e  t h a n  ax  o r  c,, even f o r  q u i t e  
s m a l l  samples .  I n  t h e  l i m i t e d  number o f -cases  we 
have examined, t h e  f r a c t i o n a l  growth of E is  l a r g e r  
than  t h a t  of ax  and s m a l l e r  t h a n  t h a t  of c. T h i s  
o b s e r v a t i o n  i m p l i e s  t h a t  t h e  space  cha rge  d i s t r i -  
b u t i o n  changes  from a  KV d i s t r i b u t i o n  ( €  = E )  t o  
one w i t h  a  more d i f f u s e  d e n s i t y  i n  i t s  e x t e r i o r  
r e g i o n s  t h a n  a t  i t s  c e n t e r ,  and t h a t  most of t h e  . 
growth is  i n  t h e  momentum v a r i a b l e  ( i . e .  d ~ )  
r a t h e r  t h a n  i n  t h e  c o o r d i n a t e  v a r i a b l e  ( x K  These 
t r e n d s  a r e  i l l u s t r a t e d  i n  .F igs .  V-F-lO/la,b,. 

NUMERICAL EXAMPLES ' 

Our program u s e s  dimensioned v a r i a b l e s .  The 
examples we g i v e  h e r e  c o r r e s  ond t o  t h e  t r a n s p o r t  
of 100 GeV s i n g l y  charged 231" i o n s  i n  a  channe l  
i n  which each quadrupole  magnet and each i n t e r -  
vening d r i f t  space  i s  5 .076 .me te r s  long ( p  = 2  i n  
t h e  n o t a t i o n  of Ref.  3 ) .  The magnet ic  f i e l d  
g r a d i e n t  . in  t h e  quadrupo les  i s  2.381 kG1c1l1, and 
t h e  i n i t i a l  (unnormal ized)  beam e m i t t a n c e  is  6.95 
cm m r .  Thc phnbc s h i f t  per  pe r iod  of che s t r u c t u r e  
i s  ~1 = 80.0 degrees '  (when Q  = 0 ) .  Tkese r e s u l t s  
c a n  ge s c a l e d  f o r  o t h e r  e n e r g i e s ,  i o n  t y p e s ,  cha rge  
s t a t e s ,  e t c . ,  a s  shown i n  Ref.  5. The only  f r e e  
v a r i a b l e ,  once po and p  a r e  s p e c i f i e d  is  t h e  
parameter  Q1 = Q / € K % ,  which measures t h e  beam 
c  r r e n t .  We r e p o r t  our  r e s u l t s  s o l e l y  i n  terms of Y 
Q . For  each v a l u e  of Q1, t h e  i n i t i a l  o r b i t s  a r e  
chosen co r re spond ing  t o  a  matched i n p u t  beam, a s  
determined numer ica l ly  w i t h  t h e  KV envelope equa- 
i i o n s .  We have made a  number of approximat ions  t o  
speed up the c a l c ~ . ~ l a t i a n .  These i.nc111de 

d. Forces clue t o  imabe c u r r a n t o  i n  t h e  bcam 
pipe  a r e  ignored .  

b. Thc quodrupolcs  n r d  i d e a l i z e d  - t hey  have 
no h i g h e r  mult  i p o l e  components and t h e i r  
magnet ic  f i e l d o  o t a r t  and cnd a b r u p t l y .  

c .  The heem cAfi he P ~ P Y P S P R ~ P A  by a Small 
number of  o r b i t s  ( u s u a l l y  249) ,  and a  
c u l u f f  uu Lhe i n t e r p a r t i c l e  f o r c e  call be 
used a s  d i s ~ u s s e d  above.  

Approximations a  and b  a r e  no t  e s s e n t i a l ,  and we 
can  e a s i l y  i n v e s t i g a t e  t h e i r  e f f e c t s  i n  f u t u r e  
work. Computer t ime  l i m i t a t i o n s  do  n o t  permit  a  
major i n c r e a s e  i n  t h e  number o f . o r b i t s  c a r r i e d  
s i n c e  computing t ime i s  ve ry  n e a r l y  p r o p o r t i o n a l  
t o  M ~ .  This  l i m i t a t i o n  can  be circumvented by  
changing t h e  method of  c a l c u l a t i n g  t h e  space  cha rge  
f o r c e ,  and w i l l  a l s o  be examined i n  f u t u r e  work. 

A s  mentioned above,  each random sample of  t h e  
i n i t i a l  o r b i t s  r e p r e s e n t s  a  d i f f e r e n t  p e r t u r b a t i o n  
about  t h e  KV d i s t r i b u t i o n .  I n  o r d e r  t o  a l low f o r  
d i f f e r e n t  p e r t u r b a t i o n s ,  we r e p e a t  t h e  c a l c u l a -  
t i o n  f o r  each  v a l u e  of Q1 w i t h  s e v e r a l  s t a t i s t i -  
c a l l y  independent  samples .  I n  Tab le  V-F-1011 we 
summarize ou r  r e s u l t s  f o r  t h e  pe rcen tage  growt'h i n  

i n  t h e  f i r s t  pe r iod  of  t h e  FODO s t r u c t u r e .  For 
compar ison,  we g i v e  numerical  v a l u e s  f o r  t h e  beam 
enve lo  e  growth r a t e  c a l c u l a t k d  by L a s l e t t  and 
Brady(') from t h e  t h e o r y  of  Ref s .  2  and 3 .  



r a b l e  V-F-1011. Emi t t ance  Growth i n  One 8.6 1 

Percen tage  e m i t t a n c e  growth (b) . . 

8.4 

- Q1 1 2  3 4 5  

I n i t i a l  Orbrt3(249) 

i 
1 

, ( a )  Samples of .  249 o r b i t s .  

( b )  The v a r i o u s  columns r e p r e s e n t  d i f f e r e n t  samples .  F i g .  V-F- lOIla .  phase space  d i s t r i b u t i o n  of 
19 The i n i t i a l  o r b i t s  a r e  b a s i c a l l y  t h e  same i n  i n i t i a l  o r b i t s  i n  y ,  y '  phase s p a c e  

each  column, b u t  s c a l e d  t o  t h e  p rope r  matching ( y t  = * i n  t h e  t e $ t ) .  
c o n d i t i o n s  f o r  each Q1. d  s  

(') M u l t i p l e  e n t r i e s  ' f o r  one Q' v a l u e  r e p r e s e n t  
growth r a t e s  f o r  d i f f e r e n t  i n i t i a l  
p e r t u r b a t i o n s .  

CONCLUSIONS 

Our c a l c u l a t i o n s  i n d i c a t e  beam e m i t t a n c e  
growth a t  h i g h  c u r r e n t s  f o r  s p a c e  cha rge  d e n s i t i e s  
s i m i l a r  t o  t h e  KV d i s t r i b u t i o n ,  i n  q u a l i t a t i v e  
agreement w i t h  t h e  Be rke l ey  work. ( 2 , 3 , 4 )  From 
Tab le  V-F-10'11, i t  a p p e a r s  t h a t  growth r a t e s  of 
t h e  i n s t a b i l i t i e s  may be  s i g n i f i c a n t l y  s m a l l e r  
C l ~ a r ~  t h e  Be rke l ey  r e s u l c s ,  e x c e p t  pe rhaps  a t  t h e  
h i g h e s t  c u r r e n t  (91  = 5 . 0 )  s t u d i e d .  

The i n i t i a l ' r a p i d  growth i n  e m i t t a n c e  ' appears  
t o  damp o u t  r a p i d l y  i n  t h e  few examples s t u d i e d ,  
a s  i l l u s t r a t e d  by F i g .  V.-F-1012 which a l s o  i n -  

. 

d i c a t e s  t h a t  ou r  q u a l i t a t i v e  conclus io 'ns  a r e  n o t  
s t r o n g l y  s e n s i t i v e ,  t o  t h e  s m a l l  s i z e  o f  t h e  sam- 
p l e s  s t u d i e d .  

F i g .  V-F- lO/ lb .  Same o r b i t s  a f t e r  p ropaga t ion  . 
The need f o r  f u r t h e r  more d e t a i l e d  s t u d i e s  i s  

c l e a r l y  i n d i c a t e d .  I n  p a r t i c u l a r ,  we p l a n  t o  
through 10 p e r i o d s  o f  t h e  FODO s t r u c t u r e ,  

s t u d y  t h e . p r o p a g a t i o n  of beams whose i n i t i a l  phase w i t h  QI = 5 .0 .  .The beam s i z e  h a s  i n c r e a s e d  

space  d e n s i t y  i s  more c h a r a c t e r i s t i c  of p h y s i c a l  by more t h a n  a  f a c t o r  of two. The RMS e m i t -  

p a r t i c l e  beams than  t h e  KV d i s t r i b u t i o n .  
' 

f a m e  i n  t h e  y ,  y '  p l ane  h a s  i n c r e a s e d  by 52%. 



1 : EMITTANCE OROWTH 
Ij 

FODO CHANNEL 

9, PERIODS 
F i g .  V-F-1012. RMS emi t t ance  growth i n  a FODO 

channel  w i t h  Q~ = 5 .0 ,  comparing c a l c u l a -  
t  ions  wi th  M = 100 o r b i t s  :and M = 249 o r b i t s .  
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G .  L O N G I T U D I N A L  B U N C H I N G  

1. THE EFFECTS OF THE LONGITUDINAL SPACE 
CHARGE ON BUNCH COMPRESSION ' 

T. K. Khoe 

INTRODUCTION 

Expressions a r e  derived i n  t h i s  note  f o r  the 
vo l tages ,  t imes, and d r i f t  d i s t a n c e s  required f o r  
longi tud ina l  bunch compression e i t h e r  i n  a  s ing le  
pass device followed by a  d r i f t  space or  i n  a  
r i n g  . 

Assuming a  parabol ic  ' l i n e a r  d e n s i t y  d i s t r i -  
but ion,  the  longi tud ina l  space 'charge force  on a  
p a r t i c l e  a t  the  end of a  bunch is  (S. I. u n i t s )  

A i s  the  atomic weight of the p a r t i c l e ,  
2 .  

r = = 1.547 x  10-18m, and 2  
O 4n Eo m c  

mc2 i s  the  r e s t  energy of a  n"c1eon (931.5 
MeV). 

dL 
M u l t i p l i c a t i o n  of Eq. (3) by and i n t e g r a t i o n  

g ives  

where 

where N is  the  number of p a r t i c l e s  i n  the  bunch, 
q  is  the  charge s t a t e  of the  p a r t i c l e ,  2L is  the 
bunch length = 0 c  A t ,  and g  i s  a  geometr ical  
f a c t o r .  For a  c y l i n d r i c a l  bunch of rad ius  a  and 
length 2L (L >> a ) ,  we f i n d  

g  = In  with no vacuum chamber 
( f r e e  space) 

b  
g  = 1 + 2  In  - i n  a  c y l i n d r i c a l  vacuum 

chamber of rad ius  b  < < L 

2h 
g  = 1 + 2  I n  - haifway between two para l -  

l e l  p l a t e s ;  d i s t a n c e  be- 
tween the  p l a t e s  h  < < L. 

The bunch length has a  ~ in imum value when = 0. 
Using the  r e l a t i o n  L= B c A t ,  t h i s  g ives  

Now 

BUNCHING I N  A STRAIGHT LINE 

Defining a  longi tud ina l  beam emit tance by 
the r e l a t i o n  

one can w r i t e  the d i f f e r e n t i a l  equa.tion f o r  the 

, 
longitudi.na1, heam envel.npe v a r i a t  inn in  the  form 

where 

where U i s  the  buncher vo l tage  and T  is  the k ine t -  
i c  energy of t h e  p a r t i c l e  i n  the  c e n t e r  of t h e  
bunch. S u b s t f t u t i n g  Eq. ( 7 ) .  i n  Eq. (6) g ives  

S u b s t i t u t i n g  equat ions (2) and (5) i n  equat ion 
(8) and so lv ing  f o r  5 , we o b t a i n  t h e  expres-  

T  s ion  f o r  the buncher vo l tage ,  



w is  the  r o t a t i o n  frequency Y , 
R i s  the  mean r a d i u s  of t h e  compressor, 

and 
2 

6 N ro (Y + 1)  g 
+ 

3 3  
A Y R c A tmin The d i f f e r e n t i a l  equat ion f o r  the longi tud ina l  

beam envelope becomes 

To f ind t h e  d r i f t  d i s t a n c e  one has  t o  i n t e -  . 
g r a t e  Eq. ( 4 ) .  F i r s t  t h i s  is  w r i t t e n  i n  the  form 

2 2 

112 d 2 ~ d  + b d 2 A '  -1-L = O ( l ) )  . 
d L = l r C L 2 -  2 a2 - c2 ] , d t 2  Ad2 . Ad3 
d s  L 'L  

where 

Performing the i n t e g r a t i o n ,  we f ind  

where Lo = 1 1 
0 c A t o  and Lmin = B c A t m i n .  In 

t h e  case  t h a t  Lo > > Lmin we f i n d ,  using equat ions 
( 2 ) ,  (5) and ( a ) ,  t h a t  

The requirements a r e  i l l u s t r a t e d  by the  foilowing 
example,. Taking A = 
y E 1.6766, Y B = 1.346, 
.2.9 x lo-' set,, ($)o 

eU N ' =  2  x 1013 and g = 2 ,  we f ind = =  1.2 x 

o r  U = 180 MV and S = 11,262 m .  

BUNCHING I N  A CIRCULAR COMPRESSOR 

For bunching i n  a  r i n g ,  t h e  longi tud ian l  
emit tance can be w r i t t e n  i n  the form 

where 

U = bunching vo l tage  per t u r n  

The d e f i n i t i o n s  of the  o ther  q u a n t i t i e s  'are 
the  same a s  the  preceding s e c t i o n s .  

2 .  
2 .  2  

d A d  
I n i t i a l l y  C-2 A 6 - - 5 > 0 ,  and 7 

d A d  
Ad2 Ad 

decreases.  I f  (T)o ,S ,O ,  - A * reaches i t s  ' .d t 

2 
L L 

minimum value when bd A 4 - % - 2- = 0 and 
Ad Ad3 

s t a r t s  increas ing  s ince  A d  cont inues t o  decrease.  

One has A d  = A dmin when = 0.  0n c l ~ e  o ~ l ~ e r  
d t  

hand if( % )o > U, one has  A d = A bmax when 

= 0 f o r  the  f i r s t  t ime. From t h i s  point 
d  t d AA 

011, the bunch behaves a s  i n  the c a s e o f  ) o ~  0;  dPtd  i s  equal  t o  zero ' 'and A d  = A dmin when - 
e 

aga in .  

d A d  
~ u l t i ~ l i c a t i b n  of equa t ion  (13) by 7 

and i n t e g r a t i o n  g ive  .. 
2 (a)' - !a)' = n2 a: - A r 1 + 

\ d t  \ 'd t  0 

where h i s  the harmonic number ='number of 
bunches i n  the  r i n g ,  To s i ~  l i f y  the  d i scuss ion ,  we assume t h a t  

1 1 1 ..--. 1 1 (*Po I,  0. In  t h i s  case,.  w e  have . 

- 2 " - 7  
Y 

y .  = t r a n s i t i o n  energy . ' 
t  . - 

2 
v i s  the  number of r a d i a l  b e t a t r o n  

2 

osc . i l l a t ions  per t u r n ,  
+ ( A do ' t i n  ) ( A do - A 'min 



!) 

ince A do - A dmin # 0 ,  t h i s  equa t ion  can. be. r e -  
uuced t o  

From Eqs. (11) , (13)' and (14) ,  we d e r i v e  

To f ind  the unch'ng time, we i n t e g r a t e  equa- 
d A 2  t i  6  i t  ) = 0 ,  Eq. 16 may be 

w r i t t e n  

4 2 . .  w=O:- ( A b )  + C ( A d )  - -  
d t  A ~ L  

where 

I n t e g r a t i o n  of equa t ion  (18) g i v e s  

2  a, K (k) 

For an example, we take 

. A = 238, y = 1.6766, R = 0.803, q  = 1, R = 318.3'111, 

13 In 1 = 0.35, h  = 20, N = 2 x 10. , admin =. 0.0784, 

-4 
A d O z 0 . 2 2 4  and ( % ) o =  1 . 5 6 ~  10 . . ' 

These g ive  

To c a l c u l a t e  th'e bunching t i m e ,  we have 
. 

2 -1 
-0.0195, a = - 0.283,' k  = 0.436; s i n  k  = 41.3: 

4  
-1 4 .  

s i n  k '  =48.7', d = 4 3 : g 0 ,  n =  1 .88  x 10 , 

K (k) = 1.803, E (k )  = 1.382, F (6,' k t )  =' 0.81 

and E (d ,  k ' )  = 0.727. 

These g ive  

i d  tb = 2 .2  o r  tb = 117 s e c  ( 4 4  t u r n s ) .  

2  ( )  [[E(k) - .(.)I F (6. k 1  ) + 

1 : K(k) E(d, k '  (19) 

where al, a2, a3 and Q a r e  the r o o t s  of the  equa- . . . 
. 4  

' . 

t ion 
. . . . 

A d 4  - C A.d2 + 2 (E)2 A d + ($ )2 '=  0 ' . 

. . 
and 

K ( k ) ,  E (k),  F (d ,  k t )  and C: ('8, ,kt) a r e  e l l i p t i c  
f u n c t i o n s  where 

. . .  . .  . 
k = 

(9 - Q3) p 2  Q4) .. . 

1 - k2 ', d = s i n  . . 



2 .  BEAM BUNCHING I N  A FINAL STORAGE RING 

Glen R. Lambertson 

v a r i a b l e ,  t h e  e q u a t i o n  becomes 

I n  t h i s  n o t e ,  we c o n s i d e r  t h e  p o s s i b i l i t y  of  
c a r r y i n g  out t h e  f i n a l  bunching of a  p a r t i c l e  b.eam 
f o r  heavy ion  f u s i o n  i n  a  s t o r a g e  r i n g  o r  synchro- 
t r o n  u s i n g  parameteres  a s  f o l l o w s :  

T o t a l  k i n e t i c  energy Q = 1 K&gajoule 

K i n e t i c  energy p e r  p a r t i c l e  = 35 GeV 

B u r s t  d u r a t i o n  on t a r g e t  A t  = 6 nanosec ( a )  

P a r t i c l e  mass (Bismuth) Am = 209 M = 
P 

196 GeV/c 
2 p  

P a r t i c l e  charge  

R i n g  r a d i u s  

qe  = 1 e  

R = 400 meters  

From t h e s e  we c a l c u l a t e  f o r  l a t e r  use  

B = V / C  = 0.529 
2 -112 

Y = ( l - B )  . = 1 . 1 8  

N = 1.78 x  1014 t o t a l  p a r t i c l e s  

For  t h e  bunching c a l c u l a t i o n ,  we s h a l l  u se  
t h e  approach of D: J d d d ( l )  i n  which t h e  l e n g t h  L 
of a  beam p a r t i c l e s  a c t e d  on by an  e l e c t r i c , f i e l d  
w i t h  l i n e a r  g r a d i e n t  dE/dJ  = 2Emax/L evo lves  ac -  
c o r d i n g  t o  t h e  e q u a t i o n  [MKSA u n i t s ]  

where t h e  g e o m e t r i c a l  f a c t o r  g  w 1.5 ,  

and nc  .= l o n g i t u d i n a l  e m i t t a n c e  a r e a  i n  (z ,ADy) 
space.' Th i s  e q u a t i o n  may be adap ted  t o  motion i n  
a  r i n g  under t h e  a c t i o n  of a  s i n u s o i d a l  v o l t a g e  
V s i n  h e  pe r  t u r n  w i t h  ~ / h  p a r t i c l e s  pe r  bunch 
by s e t t i n g  

Emax 
- % , (wi th  nL C 1 f o r  i i n e a t - i t y ) ,  

nR 
4nR . 

and r e p l a c i n g  y-) by ( - ~ ~ ) = ( y - ~  - y;:)y-l, 

Fol lowing J u d d ' s  d e f i n i t i o n  of d imens ion les s  

( a )  Beam power . du r ing  t h e  s i x  nanose,cond p o r t i o n  
of  t h e  p u l s e  shou ld  be 100 t e r a w a t t s .  The 
use  h e r e  of 1 magajoule ,  o r  170 t e r a w a t t s  
m y  bc r ega rded  a s  a n  over-spec . i . f ica t ion 
a f f o r d i n g  some degree  of s a f e t y  f a c t o r .  

i n  which 

qeyh" V L;+ 

Am y 4 1 - r ~ ~  
P 

=.bqe(-V)hv 

F o r  our  c a s e ,  assume S << P t o  a l l o w  dropping 
t h e  emi t t ance  t e rm and l e t  dp1d-r = 0 a t  T = 0. A 
f i r s t  i n t e g r a l  i s .  t h e n  

I f  most of  t h e  bunching t a k e s  p l a c e  w h i l e  c i r c u -  .. 
l a t i n g  i n  t h e  r i n g  and a  l a r g e  compress ion is  ob- 
t a i n e d ,  a s  needed, t hen  P << 1 and t h e  f i n a l  mini- ' 

mum bunch l e n g t h  i s  approximately  ( a s  found by 
Judd)  

F'LOILI t h i s  r e s u l t  and t h c  d e f i n i t i o n s  of  P  and 
p we c a n  c a l c u l a t e  t h e  v o l t a g e  p e r  t u r n ,  V ,  needed 
t o  produce a 6  nanosecond bunch of l e n g t h  

8 
'min =BcAt=(0.529) (3x10 ) (6x10-~)=0.9525 meter.  

The beam must i n i t i a l l y  have a bunching f a c t o r  Bf 
of  abou t  114 t o  a s s u r e  l i n e a r i t y  of t h e  bunching,  
f i e l d  used.  T h i s  i n i t i a l  l e n g t h  i s  

S u b s t i t u t i n g  i n  Equa t ion  4  we o b t a i n  

To s u p p l y . t h i s  bunching v o l t a g e  w i t h  r . f .  
c a v i t i e s ,  assume t h a t  20% of t h e  c i r cumfe rence  , 

can  be f i l l e d  w i t h  c a v i t i e s  t h a t  cou ld  provide  a n  
+ 

ave rage  v  l t a g e  g r a d i e n t  a t  f requency f  of 
50(f/106)P kv/m. n  a  f u l l  t u r n ,  t hen ,  bunching 
v o l t a g e  would be  



= 6.31 h1I2 MV t u r n  

I n  t h i s  c a s e ,  h  = 8  would be needed t o  g i v e  17.85 
MVIturn a t  a  f r equency  of 0.505 MHz. 

Before  a d o p t i n g  a  harmonic number; we must 
examine t h e  t r a n s v e r s e  space  cha rge  c o n d i t i o n s  
d u r i n g  t h e  bunching i n  t h e  r i n g .  We s h a l l  propose 
t h a t  some f i n a l  bunching s h a l l  occur  a f t e r  l e a v i n g  
t h e  r i n g  i n  77200 = 628 me te r s  of t r a n s p o r t  t o  t h e  
t a r g e t .  While s t i l l  i n  t h e  r i n g ,  one cou ld  hope 
t o  b u n c h , t o  t h e  p o i n t  where t h e  space  cha rge  f i e l d s  
s h ' f t  3 t o  one-hal f  i t s  normal v a l u e ,  i . e .  9 Av /v2 = -0.5. . .Th i s  l i m i t ,  i f  p e r m i s s i b l e ,  would 
a l1ow.a  maximum bunching f a c t o r  wh i l e  i n  t h e  r i n g  
given.by:*  . 

Use $'fc = r a d i a n  meters  emi t t ance  

r~ = 1.53 x  10- l8  meter  
1 

Then - = n10 
-5  (209)(0.529)(1.39)(10) 

Bf (1.78xl0~~)~(1.~3~10'~~) (2 )  

= 88.64 

(For  comparison, t h e  v a l u e  f o r  Av = 114 i s  lLBf = 
8.86., s m a l l e r  by j u s t  t h e  f a c t o r  v  = 10) .  At th'e 
t a r g e t  we must have a f i n a l  bunching t h a t  would 
co r re spond  t o  

A  d e t a i l e d  a n d . c o r r e c t  t r e a t m e n t  of t h e  bunch- 
i n g  p rocess  w i l l  no t  be a t t empted  h e r e ,  b u t  i t  w i l l  
be u s e f u l  t o  n o t e  t h a t  ove r  t h e  major p a r t  of t h e  
pr0ces.s i n  t h e  r i n g ,  t he ,bunch  l e n g t h  is  g iven  by 
t h e  approximate  i n t e g r a l  of e q u a t i o n  (3 )  

P w cos  T I  

T h i s  e x p r e s s i o n  g i v e s  t h e  approximate  bunching t ime 
a s  T 2.22 T. An e v a l u a t i o n  of T  g i v e s  

. . 
317 -6 

T = - x l O  s e c .  
h  

Hence t h e  bunch ing . t ime  i s  about  

* T h i s  formula  n e g l e c t s  t h e  s u b s t a n t i a l  change i n  
v  when A 3  i s  . l a rge .  Hence i t  underes t ima tes  
t h e  a l lowed l i m i t V b y  a '  f a c t o r  2 -112 

(1 +>) = 

0 

t = (2.22) 317 x  = 704 microseconds .  
h  h  

I n  terms of t u r n s  i n  t h e  r i n g  t h i s  i s  

A  d r i f - t  d i s t a n c e  t o  t h e  t a r g e t  e q u a l  t o  one 
q u a r t e r  t u r n  occur s  o u t s i d e  t h e  r i n g  and we may a s k  
what v a l u e  of h  would pe rmi t  t h e  bunching t o  be 
l e s s  t h a n  88.6 a t  e x t r a c t i o n .  Using t h e  approx i - ,  
mate e q u a t i o n  ( 6 ) ,  we f i n d  t h a t  t h e  harmonic number 
must be g r e a t e r  t h a t  5.1. The c o r r e c t  bunching 
formula  w i l l  r e q u i r e  a  l a r g e r  n u m b e r , s o  t h e  space  
cha rge  c o n d i t i 0 n . a ~  w e l l  a s  . t h e  n e e d r t o  r a i s e  t h e  
r . f .  c a v i t y  f r equency  i n d i c a t e  a  v a l u e  of h a  8 ,  
which we s h a l l  adop t .  

The parameters  of t h e  bunching p r o c e s s a r e  
then:  

h  = 8 ,  f requency = 0.5053 MHz 

V = 17.85 MVIturn, e .g . ' 503  m (20% of circum- 
f e r e n c e )  of  c a v i t i e s  a t  35.5 kV/m 

Bunchinq a t  s t a r t  = 4.0  

a t  e x t r a c t i o n  = 56.6 

% a t  t a r g e t  = 329..9 

Bunching p e r i o d  i n  ring' 5 . 5 3 . t u r n s  . 

Dis tance  t d  t a r g e t '  = 0.25 t u r n  = 628 me te r s  

The f o r e g o i n g  has  exp lo red  only  bunching by 
r . f .  c a v i t i e s  i n - t h e  r i n g .  S t r o n g e r  f i e l d s  cou ld  
be  gene ra t ed  by pulsed c a v i t i e s ,  b u t  no examinat ion 
of  t h e  u s e  of pu l sed  c a v i t i e s  i n  a  s t o r a g e  r i n g  h a s  
been made. Pu l sed  c a v i t i e s  cou ld ,  of c o u r s e ,  be 
used i n  t h e  e x t e r n a l  t r a n s p o r t  l i n e s  t o  augment. 
and complete t h e  b u n c h i n g ; i n i t i a t e d  i n  a  r i n g .  
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1. D. ' judd,, paper IV'-C-3 i n  t h i s  p u b l i c a t i o n .  
, , " 

1 - 0 . 5 ) ~ .  A l t e r n a t i v e l y ,  one cou ld  say t h a t  
t h e  numerical  r e s u l t s  above corres 'ponds more 
c o r r e c t l y  t o  a  .change of v fr,om 10 t o  7.81. 



H. V A C U U M  C O N S I D E R A T I O N S  

1. SUMMARY' 

D. Blechschmidt  and H. J. Halama 

INTRODUCTION 

The vacuum sys t em f o r  Heavy Ion Fus ion  ma- 
c h i n e s  can  be d i v i d e d  a c c o r d i n g  t o  p r e s s u r e  i n t o  
4 p a r t s :  

a )  . 'Ion Sources  
. b )  L i n e a r  A c c e l e r a t o r s  . '  
c )  C i r c u l a r  A c c e l e r a t o r s ,  Accumulators and 

S t o r a g e  Rings  
d)  R e a c t o r s  

S i n c e  ion  s o u r c e s  w i l l  need r a t h e r  conven t ion - .  
a 1  pumping a r r angemsn t s  and r e a c t o r s  w i l l  o p e r a t e  
w i t h  g r e a t e r  p r e s s u r e s ,  depending on t h e i r  mode 
o f . o p e r a t i o n ,  o n l y  i t ems  b  and c  w i l l  be  t r e a t e d  
i n  t h i s  r e p o r t .  I n  p a r t i c u l a r ,  t h e  vacuum sys t em 
d e s i g n  w i l l  be sugges ted  f o r  t h e  machines pro-  

. posed by v a r i o u s  s c e n a r i o s  a r r i v e d  a t  d u r i n g  t h e  
workshop. High mass numbers w i l l  be assumed. 

From t h e  vacuum p o i n t ' o f  v iew,  t h e  s e l e c t i o n  
between t h e  l i n e a r  and c i r c u l a r  machines w i l l  be 
de te rmined  by t h e  beam l o s s  and hence ,by  t h e  mag- 
n i t u d e  of c r o s s  s e c t i o n s  f o r  v a r i o u s  beam-beam and 
gas-beam i n t e r a c t i o n s .  S ince  t h e s e  c r o s s  s e c t i o n s  
a r e  known t o  w i t h i n  a n  o r d e r  of  magnitude, 
t h e  vacuum d e s i g n  i s  a c c o r d i n g l y  on ly  gpproximate  
Very h igh  c r o s s  s e c t i o n s  a t  s m a l l  i o n ' v e l o c i t i e s  
w i l l ,  however, impose a  lower l i m i t  on t h e  ope r -  
a t i n g  energy of c i r c u l a r  machines,  i . e .  E  > 1 GeV. 
'Higher cha rge  s t a t e  ( e l e c t r o n s  i n  f i r s t  s h e l l  
comple te ly  s t r i p p e d )  shou ld  be f avored .  

S i n c e ,  i n  l i n e a r  a c c e l e r a t o r s  t h e  i o n s  . t r a v e l  
i n  s t r a i g h t  l i n e s ,  t h e s e  machines have a  s i g n i f -  
i c a n t  advantage ove r  c i r c u l a r  machines.  

CROSS SECTIONS AND LIFETIMES 

The l i f e t i m e  and q u a l i t y  of a n  i o n  beam is 
governed by t h e  i n t e r a c t i o n s  o f  i o n s  w i t h  t h e  
r e s i d u a l  gas  and wi th  each o t h e r .  To d a t e  t h e  
r e l e v a n t  c r o s s  s e c t i o n s  a r e  no t  w e l l  known. Only 
a  few expe r imen ta l  r e s u l t s  e x i s t  and t h e o r e t i c a l  
d a t a  a r e  not  abundant .  N e v e r t h e l e s s  t h e  a s s e s s -  
ment of  vacuum'requirements  is based o n . t h e  know- 
l edge  of t h e s e  c r o s s  sec t ions , .  P r e d i c t i o n s  of 
beam l i f e t i m e s  f o r  a  g i v e n  vacuum sys t em t o  b e t t e r  
t h a n  one o r d e r  of magnitude a r e  p r a c t i c a l l y  impos- 
s i b l e  under  p r e s e n t  c o n d i t i o n s  

We have t h e r e f o r e  a t t empted  t o  s e t u p  some 
u s e f u l  and s imple  r e l a t i o n s  a l l o w i n g  a  r e a s o n a b l e  
guess  of  c r o s s  s e c t i o n s  f o r  vacuum purposes .  They 
have been e s t a b l i s h e d  from e x p e r i m e n t a l ( l )  ( 2 )  and 
t h e o r e t i c a l  (1) (3-6) r e s u l t s .  Bes ides  t h e  above 
r e f e r e n c e s  t h e  d i s c u s s i o n s  w i t h  Y .  K. Kim d u r i n g  
t h e  c o u r s e  of t h e  workshop were ve ry  u s e f u l .  To 
a  t h e o r e t i c i a n  they  might look l i k e  a  b r u t e  f o r c e  
approach,  y e t  t hey  g i v e  f i g u r e s  which r a r e l y  d i f f e r  
Econ~ c r o s s  s e c t  i ons  pub l i shed .  e lsewhere  by more 
than  a  f a c t o r  of t en .  

a )  M u l t i p l e  s c a t t e r i n g  ' 

M u l t i p l e  s c a t t e r i n g  l e a d s  t o  emi t t ance  blow- 
up. T h i s  is  u s u a l l y  more d e l e t e r i o u s  t h a n  t h e  
subsequent  p a r t i c l e  l o s s  t o  t h e  vacuum chamber, 
i n  p a r t i c u l a r  i f  t h e  chamber d i ame te r  i s  l a r g e  
compared t o  t h e  r m s  beam s i z e :  t h e  beam l o s s  . r a t e  
may be s m a l l  and t h e  p r e s s u r e  r i s e  due t o  w a l l  
d e s o r p t i o n  not  e x c e s s i v e ,  b u t  . t h e  beam s i z e  might 
grow t o  beyond a  t o l e r a b l e  l i m i t .  . 

The time dur ing ,which  t h e  rms ampl i tude  of 
t h e  beam i n  n i t r o g e n  gas  grows from z e r o  t o  g 2  
(cm2) i o  g iven  by (7) 

The i o n  energy and cha rge  s t a t e  a r e  denoted by 
E(GeV) and q ,  t h e  s t r u c t u r e  f u n c t i o n  is  given i n  
cm and t h e  r e s i d u a l  gas  p r e s s u r e  i n  T o r r  N2 - 
e q u i v a l e n t .  The blow-up r i s e  t iule IS prop0rLiun~11 
t o  t h e  s u a r e  of t h e  r e s i d u a l  gas  a tomic  number, 
i . e .  a 9 5. 
b) Nuclear  S c a t t e r i n g  

Ions  involved i n  a  s c a t t e r i n g  e v e n t  a r e  
immediately l o s t  f rom t h e  beam, e i t h e r  by be ing  
s c a t t e r e d  i n t o  a  l a r g e  a n g l e  o r  by l o s i n g  a  l a r g e  
f r a c t i o n  of  t h e i r  k i n e t i c  energy.  There  i s ,  f o r  
n u c l e a r  s c a t t e r i n g ,  a n  energy t h r e s h o l d  (which 
can  be d e r i v e d  from )tion 5 t a r g e t  nuc leus )  of t h e  
o r d e r  g f ' a  few MeVfamu. Beyond t h e  t h r e s h o l d ,  
c r o s s  s e c t i o n s  vary  s t r o n g l y  over t h e  energy 
range and can be c o n s i d e r a b l y  h i g h e r .  F o r  r e l a -  
t i v i s t i c  i o n s  t h e  c r o s s  s e c t i o n  i n  n i t r o g e n  gas  
i s  approximately  



ihere  A  d e n o t e s  t h e  i o n  mass number. The n u c l e a r  
s c a  t e r i n g  c r o s s  s e c t i o n  s c a l e s  app rox ima te ly  w i th  
%'j3 where t h e  t a r g e t  mass number i s  AT. ' 

t The beam l i f e t i m e  T i s  t h e n  o b t a i n e d  from t h e  
r e l a t i o n  ~ B c a n  = 1, w i t h  n  ,= number of g a s  n u c l e i /  
cm3, hence  

f o r  n i t r o g e n .  

c )  R e s i d u a l  Gas I o n i z a t i o n  

~ o n i z a t i o n  of t h e  r e s i d u a l  g a s  does  n o t  
d i r e c t l y  l e a d  t o  beam l o s s  because  of t h e  s m a l l  
energy l o s s  involved.  However, t h e  e l e c t r o n s  
produced i n  t h e s e  e v e n t s  t end  t o  accumulate  i n  t h e  
p o s i t i v e  space  cha rge  of a  dc  beam and hence  may 
l e a d  t o  d e s t r u c t i v e  plasma r e sonances .  I n  bunched 
beams they  g i v e  r i s e  t o  m u l t i p a c t o r i n g  o r  s i m i l a r  
e f f e c t s  s i n c e  under  c e r t a i n  c o n d i t i o n s  t hey  can  
neve r  e scape  t o  t h e  w a l l  b e f o r e  t h e y  a r e  p u l l e d  
back by t h e  next  bunch. An e f f e c t i v e  c l e a r i n g  
sys tem must ,  t h e r e f o r e ,  be  p rov ided .  A  second.  
even more dangerous  mechanism is  t h e  bombardment 
of t h e  vacuum p ipe  w a l l  by p o s i t i v e  i o n s  c r e a t e d  
and a c c e l e r a t e d  by t h e  beam. These  i o n s  a r e  h i g h l y  
e f f i c i e n t  i n  d e s o r b i n g  gas  from t h e  w a l l ,  enhancing 
t h e  i o n  p roduc t ion  r a t e  f u r t h e r  and e v e n t u a l l y  
l e a d i n g  t o  vacuum breakdown ( p r e s s u r e  bump) a s  
observed a t  t h e  CERN-ISR. 

T h e o r e t i c a l  c r o s s  s e c t i o n s  a r e  a v a i l a b l e  and 
can  be used t o  e x t r a p o l a t e  from low-energy d a t a .  
F o r  p ro tons  up t o  28 GeV t h e  agreement  i s  ve ry  
good. F o r  n i t r o g e n  we have ve ry  app rox ima te ly  (8) 

The c r o s s  s e c t i o n  v a r i e s  ab0u.t w i t h  Z T ~ / ~  where 
ZT is  t h e  t a r g e t  a tomic  numbe.r. Hence t h e  i o n  
p roduc t ion  r a t e  

Fo r  u1+ f o r  example a t  1 GeV and a t  a  p r e s s u r e  of 
10-'I Torr ,  1 / ~  = 2  s e c - I  which i s ' a s  s e r i o u s  a s  
o p e r a t i n g  t h e  CERN-ISR a t  2  x  lo-' T o r r .  Assuming 
a  maximum a c c e p t a b l e  momcntum sp read  of AP/P = 10-1 
and a n  a v e r a g e  ene rgy  l o s s  of. 1 0  eV p e r  i o n i z a t i o n ,  

' t h e  beam l i f e t i m  i s  - If hour s .  

d )  Charge exchange w i t h  t h e  r e s i d u a l  gas  

T h i s  is from t h e  vacuum p o i n t  o f  view t h e  
most s e r i o u s  l i m i t a t i o n  t o  beam l i f e t i m e .  I n  a  
g u i d i n g  f i e l d  t h e  change i n  t h e  i o n s '  cha rge  s t a t e  
e n t a i l s  i t s  immediate l o s s  from t h e  beam and con- 
s equen t  bombardment o f  t h e  beam chamber. L i t t l e  
i s  known a b o u t  t h e  e f f e c t  of s u c h  a  h i g h  e n e r g y .  
bombardment e x c e p t , t h a t  most o f  t h e  energy i s  . 
t r a n s f e r r e d  t o  t h e  b u l k  o f  t h e  chamber m a t e r i a l  
nhcrc i t  cnhances  t h e  o u t g a s s i n g  r a t e ( 9 ) .  The 

s u r f a c e  d e s o r p t i o n  y i e l d  may n o t  be  much l a r g e r  
t h a n  t h a t  caused by t h e  :ens a c c e l e r a t e d  i n  t h e  
beam s p a c e  cha rge  f i e l d  ( 1 1 ) .  The i n c r e a s e  i n  
b u l k  o u t g a s s i n g  may be c o n s i d e r a b l e  and i t  i s  
d o u b t f u l  whether  t h e  vacuum can  be  k e p t  s t a b l e  ove r  
a  s u f f i c i e n t l y  long t ime .  O the r  problems a r e  
induced r a d i o a c t i v i t y ,  me ta l  s p u t t e r i n g  and ab- 
l a t i o n  of t h e  chamber m a t e r i a l .  

S t r i p p i n g  and c a p t u r e  c r o s s  s e c t i o n s  a r e  n o t  
w e l l  known. .A r ev i ew of expe r imen ta l  d a t a  is  , 

g i v e n  by ~ e t z ( ' ) ,  t o g e t h e r  w i t h  some semi-empir i -  
c a l  fo rmulae .  More r e c e n t  t h e o r e t i c a l  i n v e s t i -  
g a t i o n s  have g i v e n  a d d i t i o n a l  i n f o r m a t i o n  (4)  b u t  
e x p e r i m e n t a l  r e s u l t s  a r e  s c a r c e .  

The a v a i l a b l e  d a t a  c a n  be o b t a i n e d  u s i n g  
" b r u t e  fo rce ' '  r e l a t i o n  f o r  . t he  s t r i p p i n g  c r o s s  
s e c t i o n  f o r  n i t r o g e n  g a s  

. . 
and f o r  c a p t u r e  c r o s s .  s e c t i o n  

The formulae  have been checked w i t h  b o t h  e x p e r i -  
men ta l  and t h e o r e t i c a l  r e s u l t s  and were found t o  
a g r e e  t o  w i t h i n  rough ly  one o r d e r  of magnitude 
f o r  B > 0.01, q  < 30. 

The co r r e spond ing  l i f e t i m e s  a r e  

T - 6 x  1 0 - l o  Bq"5 p-l  s e c  
S  

and 

e )  In t ra-beam cha rge  exchange 

T h i s  p r o c e s s  is  n o t  d i r e c t l y  a  vacuum prob- 
lem, s i n c e  t h e  beam l o s s  i s  n o t  i n f l u e n c e d  by 
background p r e s s u r e .  However, i t s  occu r rence  v e r y  
s e r i o u s l y  a f f e c t s  vacuum performance due t o  t h e  
w a l l  bombardment by t h e  h i g h  energy i o n s  l o s t  f rom 
t h e  beam and hence  r e d u c e s  t h e  beam l i f e t i m e  v i a  
t h e  o t h e r  mechanisms. The co r r e spond ing  c r o s s  
s e c t i o n  i s  r e l e v a n t  i n  t h e  low energy r ange .  
t y p i c a l l y  a t  a  few keV/amu is  a lmos t  g e o m e t r i c a l  
and c a n  be  e s t i m a t e d  from 

where n  i s  t h e  number of t h e  ou te rmos t  s h e l l  oc- 
cup ied  by a n  e l e c t r o n .  The beam l i f e t i m e  u s i n g  
t h e  r e l a t i o n s  o f  Ba r ton  o r  M i l l s  (Iu) is  t h e n  

d&=lx l o  
~ * 7 4 ( ? )  @, 

& - 3  C2' s e c .  , 

IY n  



LINEAR ACCELERATORS 

Even though v a r i o u s  t y p e s  of l i n a c s  cou ld  pro- 
v i d e  t h e  t o t a l  a c c e l e r a t i o n  r e q u i r e d  f .or  heavy i o n  
f u s i o n ,  t hey  a r e . m o s t  e s s e n t i a l  a t  low e n e r g i e s .  
The r e a s o n  i s  t h a t  i o n s  l o s t  f rom t h e  beam do n o t  
end up on t h e  w a l l s  of l i n z a r  a c c e l e r a t o r s  a s  t h e y  
do i n  c i r c u l a r  machines.  These  l o s s e s  can  be  
q u i t e  s u b s t a n t i a l  a s  v a r i o u s  c r o s s - s e c t i o n s  f o r  
i o n - i o n  and i o n - r e s i d u a l  g a s  i n t e r a c t i o n s  a r e  ve ry  
h i g h  e s p e c i a l l y  a t  low e n e r g i e s .  For  t h e  d e s i g n  
of vacuum sys tems we w i l l ,  t h e r e f o r e ,  c o n s i d e r  t h e  
e n e r  y  r ange  from 1 MeV t o  1 GeV which c o r r e s p o n d s  
t o  b e t a  from 3  x lo-) t o  0.1.  At h i g h e r  e n e r -  
g i e s  and h i g h e r  c h a r g e  s t a t e s  t h e  c r o s s - s e c t i o n s  
g e t  s m a l l e r  which r e s u l t s  i n  a  s m a l l e r  l o s s .  

It i s  obvious  from t h e  p r e v i o u s  c h a p t e r  (d) 
t h a t  t h e  l o s s  of i o n s  hav ing  low v e l o c i t y  i s  de- 
t e rmined  mainly by s t r i p p i n g  a t  low cha rge  s t a t e  
and by e l e c t r o n  c a p t u r e  a t  h i g h  cha rge  s t a t e .  The 
p r e s s u r e  independent  l o s s  due t o  cha rge  exchange,  
w i l l  be i n f l u e n c e d  by i o n  d e n s i t y  and o t h e r  cha r -  ' 
a c t e r i s t i c s  o f  t h e  bunched beam and i s ,  t h e r e f o r e ,  
t h e  hardes ' t  t o  e s t i m a t e .  It h a s  t o  be  added t o  
t h e  l o s s  computed below, b u t  i t s  magnitude w i l l  , 

be s m a l l  i n  t h e  l i n a c s  under  c o n s i d e r a t i o n .  

L e t  u s  s e t  a  l i m i t  on t h e  p e r m i s s i b l e  i o n  
l o s s  i n s i d e  t h e  l i n a c s  = 1% and c a l c u l a t e  t h e  
r e q u i r e d  p r e s s u r e .  The cha rge  exchange might 
make t h i s  l o s s  s l i g h t l y  h i g h e r ,  b u t  s i n c e  t h e  
c r o s s - s e c t i o n s  a r e  on ly  known w i t h i n  a n  o r d e r  of 
magni tude ,  l a r g e  u n c e r t a i n t i e s  a r e  t o  be expec ted  
i n  t h e  numbers o b t a i n e d .  T h i s  f a c t  makes t h e  
c r o s s - s e c t i o n  measurements mandatory b e f o r e  a  
r e a l i s t i c  vacuum sys t em can  be  des igned  o r  p r i c e d .  
F o r  a  1% l o s s :  

where L  i s  t h e  l e n g t h  of t h e  machine i n  cm, P is 
t h e  p r e s s u r e  i n  T o r r  and a is t h e  c r o s s - s e c t i o n  
i.n c.rn2. 
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I f  we t a k e  0 = 3 x 1 0  cm2 (Ref .  12)  and 

L  = 200 m, 

-9 
P = 5 x 1 0  T o r r .  

Assuming r e a l i s t i c  a p e r t u r e s  i n  t h e  d r i f t  
. t u b e s ,  t h e  i o n s  which s l i p  o u t  of phase w i t h  t h e  

r e s t  of t h e  beam w i l l  most l i k e l y  p a s s  t h rough  - 
t h e . l e n g t h  of 200 m w i t h o u t  h i t t i n g  t h e  d r i f t  
t u b e s .  T h e i r  e f f e c t  on blow-up, e t c .  s h o u l d ,  
however,  be  s t u d i e d .  At t h e  end of a  200 m long 
s e c t i o n ,  t h e  unwanted i o n s  can  be removed by 'r 
u s l n g  3 bending magnets and a  s l i t .  To a c h i e v e  
a n  o p e r a t i n g  p r e s s u r e  of < 1 x  1 ~ - ~  T o r r  w i l l  r e -  

- q u i r e  t h a t  on ly  m e t a l s  and ce ramics  be  used in -  
s i d e  t h e  t a n k s .  

A  p o s s i b l i t y  of a  minimum i n  s i t u  bake-out 
of 130° C should  be, provided when d e s i g n i n g  r f  
s t r u c t u r e s . -  S i n c e  t h e  f i n a l  p r e s s u r e ' i n  t h i s  
r a n g e  is determined mainly by t h e  s u r f n c c  phasc ,  

r a t h e r  t h a n  t h e  b u l k  c o n d i t i o n  of t h e  m a t e r i a l s  
u sed ,  aluminum, coppe r  and s t a i n l e s s  s t e e l  would 
b e  good. Aluminum shou ld  be  s p u t t e r e d  w i t h  t i t a -  

j nium n i t r a t e  t o  a v o i d  m u l t i p a c t o r i n g .  l3 S p u t t e r  
. i o n ,  t i t a n i u m  s u b l i m a t i o n  and cryopumping wi th  

l a r g e  c a p a c i t y  would be  s u i t a b l e .  

Assuming l i n a c  t a n k s  of 1 m d i a m e t e r ,  t h e  r e -  
q u i r e d  pumping speed S  = 3. A  = t o t a l  a r e a  and . 
Q = o u t  a s s i n g  r a t e .  F o r  a  10  m l ong  t a n k ,  P  = 4 3  x  10- T o r r  and Q = 1 x 10-11 T k / s  cm2, 

The o u t g a s s i n g  i s  l i k e l y  t o  i n c r e a s e  d u r i n g  t h e  
r f  o p e r a t i o n  due t o  beam l o s s  and p o s s i b l e  m u l t i -  
p a c t o r i n g .  However, a  pump w i t h  a  pumping speed 
of 1000 t o  3000 k / s  should  be  a d e q u a t e ,  f o r  each  
10 m l ong  t ank .  

Three  s c e u a r i o s  have been p r e s e n t e d  a t  t h i s  
workshop, one by t h e  Low-0 L inac ,  one by t h e  I d -  
d u c t i o u  L inac  and one by t h e  Synchro t ron  working 
group.  The d a t a  r e l e v a n t  t o  vacuum d e s i g n  a r e  
compiled and compared w i t h  ISR f i g u r e s  i n  Tab le  
I,  assuming P  = 10-10 T o r r .  

a )  Average S t a t i c  P r e s s u r e  

The t a b l e  shows t h a t  a l l  s c e n a r i o s  seem f e a s -  . 
i b l e  f r o m ' t h e  vacuum p o i n t  o f  v iew,  i f  it i s  pos- 
s i b l e  t o  m a i n t a i n  a  p r e s s u r e  of 10-10 T o r r  a t  
I I ~ ~ X ~ I I I U I I ~  energy d e p o s i t i o n  by t h e  i o n s  l o s t  from 
t h e  beam. Even though t h i s  cou ld  be  a s  h igh  a s  
140 ~ / m ,  i t  i s  n o t  un reasonab le  t o  b e l i e v e  t h a t  
1 0 - l o  T o r r  s t a t i c  p r e s s u r e  can  be  ma in t a ined ,  i f  
o u f f i c i c n t  c o o l i n g  i s  p rov ided .  The ave rage  
p r e s s u r e  i s  

2 
<b - Po + 50 Q ( L / r )  T o r r  

2 
w i t h  t h e  o u t g a s s i n g  r a t e s  Q (Tor r  k /s  cm ), t h e  
d i s t a n c e  between lumped pumps L  (111) a d  t h e  c i r c -  
u l a r  beam p i p e  a p e r t u r e  r a d i u s  r (cm). Assuming 
Po = 3.10-12 T o r r ,  Q = 2  x  10-11 T o r r  k / s  cm2 
would be needed which seems p o s s i h l e  llnder t h e  
g i v e n  c o n d l t i d n s .  

b )  Vacuum s t a b i l i t y  

The p r e s s u r e  r i s e s  e x p o n e n t i a l l y  when a  
bunch p a s s e s  a l o n g  t h e  beam p i p e ,  i f ' t h e  n e t  
number of g a s  molecules  deso rbed  by i o n s  gene ra t ed  
:om t h e  r e s i d u a l  g a s  i s  g r e a t e r  t h a n  u n i t y  o r  i f  
p a r t i c l e s  a r e  l o s t  f rom t h e  beam. The number of 
p a r t i c l e s  l o s t  from t h e  beam pe r  u n i t  l e n g t h  of . . 

; vacuum p i p e  and p e r  u n i t  t ime  i s  

whereas  t h e  number of low energy i o n s  bombarding - . '  -'.- 
t h e  w a l l  i s  . . ., 

I 
NI = - 

cOC'TI 
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The beam induced o u t g a s s i n g  "swi tched on" by t h e  
bunch i s  t h e r e f o r e  

assuming a  g l o b a l  d e s o r p t i o n  y i e l d  v (mol / ion ) .  
Vacuum s t a b i l i t y  i s  o n l y  p o s s i b l e  i f  s u f f i c i e n t  
pumping speed i s  p rov ided  by d i s t r i b u t e d  o r  lumped 
pumps, i . e .  i f  

where C  is  t h e  beam p i p e  conductance  p e r  u n i t  
l e n g t h .  It i s  r e a l i s t i c  t o  assume a  lumped pump 
sys t em c n 2 / ~ 2  = 500 fi/sm and S  - 1000 fi/sm, 
hence  9,. = 1.5 x  10-7 T o r r  1):: t o  m a i n t a i n  
vacuum s t a b i l i t y .  The Q-values  expec ted  a r e  g i v e n  
i n  T a b l e  I.. 

F o r  t h e  machines where t h e  accumula t ion  t ime  
i s  s h o r t  compared t o  t h e  r e p e t i t i o n  t i m e ,  it may 
be  p o s s i b l e  t o  l e t  t h e  vacuum b reak  down and  t o  
w a i t  f o r  r ecove ry  a f t e r  t h e  bunch h a s  been e j e c t e d .  
The p r e s s u r e  r i s e  t i m e ,  which must be l ong  com- 
pared  w i t h  t h e  accumula t ion  t i m e ,  i s  

w i t h  F  be ing  the .beam p i p e  c r o s s - s e c t i o n .  With a  
r i s e  t ime  of about  1 s ,  i . e .  l a r g e r  t h a n  t h e  a c -  ' 

cumulaKion t ime ,  and 

-6 
Q~~~ C: 10 T o r r  ajsm 

c o u l d  be  p o s s i b l y  t o l e r a t e d .  

It seems t h a t  vacuum s t a b i l i t y  cou ld  b e  
a c h i e v e d  i n  a l l  s c e n a r i o s  e x c e p t  f o r  o n e  o f  t h e  
t h r e e  accumulators .  i n  I n d u c t i o n  L inac  group,  pro-  
v i d e d  T) CI 1 c a n  be  ma in t a ined .  

CONCLUSIONS 

1. The i n a d e q u a t e  knowledge of c r o s s -  
s e c t i o n s  p r e v e n t s  u s  f rom making a  more c o n c r e t e  
vacuum sys t em.des ign .  Exper iments  l e a d i n g  t o  
t r u s t w o r t h y  numbers f o r  c h a r g e  exchange,  s t r i p p i n g  
and c a p t u r e  c r o s s - s e c t i o n s  a r e  bad ly  needed and 
shou ld  s t a r t  a s  soon a s  p o s s i b l e .  

Using s t a n d a r d  UHV techn iques  and e x i s t i n g  pumps, 
a n  even lower  p r e s s u r e  t h a n  a r r i v e d  a t  i n  t h i s  
r e p o r t  c a n  be  ach ieved .  

C 
3 .  The vacuum sys t em d e s i g n  f o r  c i r c u l a r  

machines w i l l  be  ver.y d i f f i c u l t ,  and i n  some c a s e s ,  
beyond t h e  p r e s e n t  s t a t e - o f - t h e - a r t .  I n v e s t i g a -  
t i o n s  i n  t h e  f o l l o w i n g  a r e a s  should  be s t a r t e d  a s  . 
soon a s  p o s s i b l e .  

a )  S t rong  l i n e a r  pumping 
b )  Deso rp t ion  and s p u t t e r i n g  c o e f f i -  

c e n t s  of h i g h  ene rgy ,  heavy i o n s  
when bombarding m e t a l s .  

c )  R a d i a t i o n  damage and .o ther  changes  
i n  t h e  p r o p e r t i e s  of vacuum chamber 
m a t e r i a l s  

The i o n s  should  s t a y  i n  t h e  r i n g  f o r  s h o r t  
t imes  on ly  and t h e i r  ene rgy  shou ld  be  h igh .  
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1. SUMMARY 2. It i s  assumed t h a t  previous R&D e f f o r t  has  
solved a l l  t h e  problems. 

P. Grand, G.  anb by, J. Keane, J. S p i r o ,  D.  utter,. 3 .  . ~ h e s e  c o s t s  make no p r o v i s i o n  f o r  c o s t s  of  
F. Cole, E. Hoyer, K. Freytag,  and R. Burke r e a l  e s t a t e ,  s i t e  p r e p a r a t i o n ,  long-d i s t ance  

' . wate r  and power procurement, o r  c o s t s  o f  
INTRODUCTION . EDIA (eng ineer ing ,  des ign ,  i n s p e c t i o n  and 

  he purpose o f  t h e  meeting was t o  d i s c u s s  
and develop cos t -es t ima t ing  methods f o r  heavy-ion 
f u s i o n  a c c e l e r a t o r  systems. The group d i d  no t  
consider '  t h a t  i t s  purpose was t o  make t e c h n i c a l  
judgements on proposed systems,  bu t  t o  develop 
methods f o r  making reasonab le  c o s t  e s t i m a t e s  o f  
t h e s e  s y s t e m .  Such e s t i u u t e s  w i l l ,  i t  i s  hoped, 
p rov ide  m a t e r i a l  f o r  systems s t u d i e s ,  w i l l  h e l p  i n  
gu id ing  resea.rch and development e f f o r t s  by i d e n t i -  
f y i n g  "high-leverage" subsystems ( a r e a s  t h a t  account  
f o r - a  s i g n i f i c a n t  p a r t  o f  t o t a l  system c o s t  and 
t h a t  might be reduced i n  c o s t  by f u r t h e r  t e c h n i c a l  
development) and t o  begin t o  provide d a t a  t o  a i d  
i n  a n  even tua l  d e c i s i o n  on t h e  optimum type o f  
a c c e l e r a t o r  f o r  heavy-ion fus ion .  

P r i o r  t o  t h e  m e e t h g ,  Committee members had 
c a r r i e d  o u t  work on c o s t  e s t i m a t e s  a t  t h e i r  own 
l a b o r a t o r i e s ,  i n  some c a s e s  by s c a l i n g  from r e c e n t  
c o n s t r u c t i o n ' a n d  i n  o t h e r s  by detai1,ed i t e m i z a t i o n  
o f  components. A number o f  a c c e l e r a t o r  examples 
were provided.  f o r  t h i s  work by t h e  Chairman. A t  . 
t h e  meeting, t h e  r e s u l t s  were combined t o  d e r i v e  
u n i t  c o s t s  f o r  s e v e r a l  d i f f e r e n t  types  o f  acce le -  
r a t o r  systems. Th i s  r e p o r t  g ives  t h e  r e s u l t s  o f  
t h e s e  cons ide ra t ions .  

The systems considered a s  examples a r e :  

1. I n j e c t i o n  System 2 MY 
2. Wideroe l i n a c  2 MV t o  1 GeV 
3. Alvarez l i n a c  1 t o  20 GeV 
4. Induc t ion  l i m c  1 t o  20 CeV 
5. .Superconducting ac-  

cumulator r i n g  1 GeV 
6. Synchrotron 1 t o  35 dav 
7. Finfll  r f  bunching 
8. F i n a l  beam t r a n s p o r t  t o  

t a r g e t  
These systems a l l  a c c e l e r a t e  ions  o f  A = 

2001+- 

COSTING GROUND RULES 

For t h e  e x e r c i s e  t h e  fol lowing c o n s t r a i n t s  , 

were assumed: 

Costs  a r e  i n  1977 $ only. 

a d m i n i s t r a t i o n ) .  S i t e  development c o s t s  w i l l  
be included i n  b u i l d i n g  and i n s t a l l a t i o n  c o s t s  
w i l l  be included i n  components. 
To make t h i n g s  e a s i e r  f o r  f u r t h e r  r e f e r e n c e ,  
t h e  t o t a l  c o s t  a r e  broken down, in to  obvious 
packages such a s :  Acce le ra to r  s t r u c t u r e ,  
r f  power, magnets and vacuum system ( f o r  
c i r c u l a r  machines),  tunne l s ,  s e r v i c e  b u i l d i n g s ,  
e t c .  
The c o s t s  a r e  a l s o  being prepared s o  a s  t o  
make i t  convenient  t o  change system parameters ,  
t h e r e f o r e ,  one should be a b l e  t o  d e r i v e  a c o s t  
pe r  meter o f  machine, o r  MW o f  r f  power, e t c .  
Th i s  should a l low c o s t  e x e r a p o l a t i o n  f o r  
d i f f e r e n t  systems. 
It is  obviously impossible  t o  cover  a l l  t h e  - - 
o p t i o n s  t a lked  about  dur ing  t h e  workshop. 
The concepts  desc r ibed  f o r  c o s t i n g  a r e  a l l  
based on A - 2001+. Although some may a rgue  
t h a t  o t h e r  masses and charge s t a t e s  should be. 
considered,  i t  is  q u i t e  c l e a r  t h a t  i f  we have 
good u n i t  c o s t s ,  t h e  machine parameters  can 
be changed and t h e  c o s t s  a d j u s t e d  r e a d i l y  
t o  r e f l e c t  t h e  changes. So a t  t h i s  po in t  
i n  t ime f o r  t h e  sake  o f  s i m p l i c i t y ,  we s t i c k  
t o  t h e  c a s e  o f  s i n g l y  charged ion.  
I n  o r d e r  t o  provide a common b a s i s  f o r  t h e  
approach t o  c o s t  e s t i m a t i n g ,  we assume t h a t  
we a r e  b u i l d i n g  one f a c i l i t y  on ly  and t h a t  
i t  w i l l  be b u i l t  a t  a n a t i o n a l  l a b o r a t o r y  
fol lowing s t andard  n a t i o n a l  l a b o r a t o r y  d e s i g n  
and procurement procedures .  

8. The c o s t  o f  "bo i l e r s"  is  not  t o  be p a r t  of 
t h i s  e x e r c i s e ,  we a r e  concerned on ly  w i t h  
t h e  a c c e l e r a t o r  system and beam t r a n s p o r t .  

INJECTION SYSTEM 

' These es t ima ted  c o s t s  a r e  de r ived  from 
quoted p r i c e s  o f  equipment. It i s  assumed t h a t  
t h e  power supply is  SF6 i n s u l a t e d .  

WIDEROE LINAC 

The Ibw-beta l i n a c  i s  assumed t o  b e . a  
wideroe l i n a c  i n  t h r e e  s e c t i o n s ,  doubl ing i n  f r e -  
quency a t  a p p r o p r i a t e  energ ies .  The l i n a c  w i l l  , 

be i n  t h e  form o f  a " t r ee"  w i t h  four  s e c t i o n s  
f i l l i n g  a l l  t h e  buckets  o f  two second s e c t i o n s ,  



which f i l l  a l l  t h e  buckets  of  one t h i r d  sec t ion .  Costs f o r  t h e  Wider'de l i n a c  were est imated a s  
Parameters of  t h e  s e c t i o n s  a r e  given below. follows : 

Table V-1-111. I n j e c t o r  Estimated Costs. ( i )  S t r u c t u r e  ( tanks,  d r i f t  tubes,  quardupoles, 
vacuum, support and alignment, e t c . )  c o s t s  , 
were sca led  from updated Brookhaven and 
Fermilab c o s t s  ( inc lud ing  i n s t a l l a t i o n )  and 
compared wi th  a  d e t a i l e d  est imate.  The two 
methods a r e  i n  reasonable agreement. 

( i i )  RF c o s t s  a r e  taken from quota t ions  supplied - 
by p r i v a t e  indus t ry .  Quotes a s  low a s  
$O.lO/W were received,  but a  f i g u r e  o f  
$0.15/W was used. 

( i i i )  Beam t r a n s p o r t  c o s t s  were derived from a 
LBL layout  o f  t h e  systems. 

( i v )  Controls c o s t s  a r e  taken a s  10% of t h e  
o t h e r  t e c h n i c a l  .components. 

(v) Costs o f  conventional f a c i l i t i e s  a r e  e s t i -  
mated a s  follows (with c o s t s  i n  thousand8 
o f  d o l l a r s  per  meter o f  bu i ld ing  length):  

Estimated 
Item Cost (K$) 

2-MV power supply 1500 
2-MV a c c e l e r a t i n g  column 600 
Ion source 300 

(50 mA of Zoo1+ ions)  
Beam Transport  ( inc lud ing  600 

bunching and d i a g n o s t i c s )  
Building (5000 f t 2 )  and 500 

s e r v i c e s  - 
T o t a l  3500 

Table V-1-112. ~ i d e r 6 e . L i n a c  Parameters. 

(a)  S i t e  p repara t ion  and 1 k $ / m  
cxonvation 

(b) S t r u c t u r e  (35 f t  wide) 6 
(c )  Sh ie ld ing  3 
(d) Mechanical s e r v i c e s  4 

and Cooling 
(e)  E l e c t r i c a l  s e r v i c e s  3 

1 2 3 Sec t ion  

No. of  tank t r e e s  4 2 1 
Tank leng th  30 100 600 m 
Frequency 7.5 15 . 30 MHz 
Current  25 50 100 mA 
RF power 
E x c i t a t i o n  power 0.5 8.5 56 MW 
Beam power 0.4 6 90 MW ' 

T o t a l  power 0.9 14.5 146 MW 
Average e l e c t r i c a l  0.5 1.5 1.5 MV/m 

g r a d i e n t  
~ i m l  k i n e t i c  15 140 1000 MeV 

energy T 
out  

Tota l  17 k$/m 

From Table V-1-113, we can f i n d  t h e  t o t a l  
es t imated c o s t  of  a  Wideroe " t r e e "  to be $122.6 
m i l l i o n ,  without  s i t e ,  E D I A  o r  contingency. 

Table V-1-113. Widertle Linac Estimated Costs.  

Sec t ion  1 2 3 

1. S t r u c t u r e  
per  u n i t  l eng th  
per  tanlc 

2. RF 
per  u n i t  l e n g t h  
per  tank 

3. Beam Transport  
per  tank 

4. Controls 
per  u n i t  len&h 
. per  tank 

5. Conventional f a c i l i t i e s  
p e t  u n i t  l eng th  
per  tank 

Tota l s .  
pe r  u n i t  length* 154 136 139 kS/m 
per  tank t r e e  5.62 13.3 73.3 MS 

r 
*he t o t a l  c o s t  per  u n i t  l e n g t h  inc ludes  no beam t r a n s p o r t ,  because t h i s  i t em i s  added a s  a  un i t .  

ALVAREZ LINAC There i s  no beam-transport item i n  t h e  c o s t  3 

es t imate ,  because t h e r e  i s  no t r e e  and t h e  small  
:The design assumed here  has only one branch; c o s t s  of  t r a n s p o r t  between s e c t i o n s  a r e  absorb(-' 

parameter? a r e  given i n  Table V-I-1/4. i n t o  t h e  s e c t i o n  cos t s .  



r a b l e  V-1-114.. Alvarez Linac Parameters. 

S e c t i o n  1 2 
A, 

Tank l e n g t h  
Frequency 
Current  
RF power 

E x c i t a t i o n  
Beam 
T o t a l  

Average g r a d i e n t  
F i n a l  Kine:ic energy T 

o u t  

m 
MHz 
mA 

Mw 
Mw 
Mw 
MV/m 
GeV 

Tab le  V-1-115, Alvarez L inac  Est imated Costs. 

S e c t i o n  1 2 

1. S t r u c t u r e  
pe r  u n i t  l eng th  
per  t ank  

2. RF 
per  t ank  
pe r  u n i t  l e n g t h  

3. Cont ro l s  
pe r  u n i t  l e n g t h  
per  t ank  

4. Conventional f a c i l i t i e s  
pe r  u n i t  l e n g t h  
pe r  t ank  

T o t a l s  
p e r  u n i t  l e n g t h  
pe r  t ank  

Thus t h e  t o t a l  e s t ima ted  c o s t  of  t h e  Alvarez e x t e n t ,  t h i s  problem a l s o  e x i s t s  f o r  t h e  e x t r a c -  
l i n a c  t o  c a r r y  beam from 1 t o  20 GeV i s  $1.67 t i o n  system. Hoyer has ex t rapo la ted  from e x i s t i n g  
b i l l i o n ,  wi thou t  s i t e ,  EDIA o r  contingency. systems t o  e s t i m a t e  a c o s t  o f  $2.7M f o r  t h e  in -  

j e c t i o n  system and $0.9M f o r  t h e  e x t r a c t i o n  system. 
1-GeV ACCUMULATOR RING The c o s t s  o f  t h e  remaining "more c e r t a i n "  sub- 

systems a r e  given i n  Tab le  V-1-117. 
Th i s  r i n g  i s  assumed t o  use  superconduct ing 

magnets. Some parameters  a r e  g iven  i n  Table  Table  V-1-117. Accumulator Ring Est imated Costs.  
V-1-116. These make use  o f  a t i g h t  l a t t i c e  des ign  
sketched o u t  by C. Leemann of LBL. Item Cost (K$) 

Table  V-1-116. 1-GeV Accumulator Parameters.  1. Magnets 6400* 
2. RF 100 

Energy 1 GeV 3. Vacuum 400* 
4. Support and Alignment 200* 

Magnetic f i e l d  
d i p o l e s  5 T 
quadrupoles  4 T ( p o l e t i p  = 

39TIm) 
Average r a d i u s  22 m 
Circumference 137 m 
Aper tu re  diameter  14 cm 
Revolut ion f requency 238 kHz 

An e s t i m a t e  o f  i n d i v i d u a l  components was 
( prepared by E. Hoyer. There  i s  a problem i n  t h a t  

we do not  know what t h e  components o f  t h e  mul t i -  
+-rn i n j e c t i o n  system w i l l  look l i k e  and t h e r e f o r e  

nd i t  d i f f i c u l t  t o  e s t i m a t e  c o s t s .  To a smal le r  

5. Controls  
Computer 800 
Control  room 200 
Beam monitor ing loo* 

6. Conventional f a c i l i t i e s  1700* 
T o t a l  9900 

*Scales w i t h  c i rcumfercnco 

Thus, w i t h  i n j e c t i o n ,  e x t r a c t i o n ,  and t h e  
e x t r a  r f  needed t o  form one bunch f o r  i n j e c t i o n  
i n t o  a l i n e a r  i n d u c t i o n  a c c e l e r a t o r ,  we might 
e s t i m a t e  t h e  t o t a l  c o s t  o f  a n  , ~ c c u m u l a t o r  t o  be 
$14M, wi thou t  s i t e ,  EDIA, o r  contingency. 



These est imated c o s t s  give a  u n i t  c o s t  of . 
$72 thousand per  meter of  circumference. A s  a n  
e x e r c i s e ,  we may s c a l e  t h i s  t o  t h e  case of a  20- 
GeV superconducting accumulator r i n g ,  w i t h  rad ius  
120 m. I f  we s c a l e  simply by t h e  r a t i o  of  r a d i i ,  
we f i n d  a n  est imated c o s t  o f  $54M. I f  we s c a l e  . 
t h e  s t a r r e d  i tems i n  Table V-1-117, we f ind  a  t o t a l  
es t imated c o s t  of $49M. The committee be l ieves  
t h a t  t h e s e  es t imates  should be considered upper 
l i m i t s ,  because t h e  u n i t  c o s t s  w i l l  s u r e l y  decrease 
a s  t h e  r i n g  circumference increases .  It should be, 
noted t h a t  these  es t imates  do not  include i n j e c t i o n ,  
e x t r a c t i o n ,  f i n a l  bunching r f ,  s i t e ,  EDIA, o r  con- 
tingency. 

35 GeV SYNCHROTRON 

The design chosen h e r e  i s  one t h a t  would f i t  
one o f  t h e  HIDE scenar ios  proposed a t  t h e  work- 
shop. The c o s t  es t imate ,  based on t h e  des ign  
parameters given i n  Table V-1-118, a r e  ex t rapola ted  
c o s t s  o f  e x i s t i n g  f a c i l i t i e s  ad jus ted  f o r  esca la -  
t i o n  t o  t h e  present .  

Table V-1-118. 35 GeV synchrotron with room 
T ~ ~ , ,  temperature magnets. 

. p = 237 m R = 400 m 
B~~ = 1.7 Tes la  
Aperture = 15 x 30 cm 
s i n  = 2 m r .  cm euUt = 13.6 m r .  cm 
Bending magnet Width = 1.26 m 

Length = 5.8 UI 

No bonding magnoto = 256 
B m i n = 0 . 4 T  B m x = 1 . 7 T  
I n j e c t i o n  energy = 2 GeV 
No Turns .= 5 ((a 100 mA) 
Accel Time = 1 sec 
Accel Rate = 2 MVIturn 
Power a t  1 s ; 70 1.W 
Vacuum lo-!' Torr 

,Table V-1-119. Synchrotron Costs. 

Power Supply ($0. l l w a t t )  M$ 7 
Magnet S t e e l  ($1.1718) 21 
Coi l s  7  
RF and Accel Cavi t i es  12 
Quads. 7  
Vacuum (k$4/m) 10 
Controls (10% of hardware) . 2 
I n j e c t i o n  1 
Bldgs. 20 
Miscel l .  3  

$ 7 5  

As with t h e  accumulator r i n g , t h e s e  c o s t s  
can be ex t rapola ted  t o  d i f f e r e n t  machine energies .  
I n  t h i s  case ,  wi th  a  400 m r a d i u s ,  the c o s t  be- 
comes about kS36lmetei of  circumference. l t  should 
be noted, however, t h a t  changes. in  t h e  design 
parameters (such as :  a p e r t u r e ,  r e p e t i t i o n  r a t e ,  
e t c . . . )  w i l l  have a n  e f f e c t  on u n i t  cos t s .  

The c o s t  es t imate  of  the  above system was 
prepared by R. Burke of  ANL. As wi th  the  accumu- 
l a t o r  r i n g  the  e x t r a c t i o n  systems a r e  d i f f i c u l t  
t o  es t imate ,  they have been l e f t  a s i d e  i n  t h i s  
case. This  a l s o  p e r t a i n s  t o  t h e  pu lse  compression 
( r f  bunching) system. We have t r i e d  t o  address  
ourse lves  t o  these  s p e c i a l  systems, but l ack  of  
des ign  parameters information made i t  impossible 
t o  a r r i v e  a t  r e l i a b l e  numbers. A f t e r  some d i s -  
cuss ion  i t  was f e l t  t h a t  these  items might c o s t  
t h e  following amounts: 

1. M$ 1 .5 lex t rac t ion  channel 
2. M$ O . l / m  of beam t r a n s p o r t  channel 
3. M$ 5 lpu lse  compression system 

. (add i t iona l  work i n d i c a t e s  t h a t  t h i s  
c o s t  u~igtit  go up t o  MS.50) 

Theae i t o m  do not npponr i n  Table V-1-119 
which l i s t s  the  c o s t s  f o r  a  conventional A. G. 
Synchrotron wi th  a  t y p i c a l  l a t t i c e  only. 

Table V-I-1.110. Induct ion Linac Parameters. 

Length . Length of  
Incremental Pu lse  Core Packing of  Acc. Transport  Average . 

Vol t s  Volts  Durat ion.  Type Frac t ion  Sec t ion  Sec t ion  Crodicnt 
(MV) (MI) tnsec)  (m) (m) (MV/m) 

200- 
300 

800- I ron  .25 375 94 0.64 
500 400 
500- 400- 
7,000 1500 200 I r o n  .ll ' 1500 170 0.90 

2000- 200- 
5500 3500 . 7 5 F e r r i t e  .17 2333 . 467 1.25 

Ir 
5500?* 
6500 1000 75 F e r r i t e  .22 667 188 1.17 

** 
Included bunching i n  t h i s  sec t ion .  ( I  

t 



INDUCTION LINAC 

The d e s i g n  parameters  f o r  t h e  i n d u c t i o n  
l i n a c  assumed a r e  g iven  i n  Tab le  V-1-1/10. Here 
t h e  l i n a c  c o n s i s t s  of  a c c e l e r a t i n g  modules o f  
e i t h e r  i r o n  o r  f e r r i t e ,  depending on t h e  p u l s e  
d u r a t i o n ,  and qu$drupole s e c t i o n s  f o r  t h e  requ i red  
packing f r a c t i o n .  The par  meters  given .are . typi-  
c a l  f o r  a  26 GeV, uranium ',l5SPC beam capab le  of  
100 TW on t a r g e t  w i t h  two beams. . 

Est imated c o s t s  pe r  u n i t  l e n g t h  f o r  i n d u c t i o n  ' 

modules a r e  g i v e n . i n  Tab le  V-1-1/11. The i r o n  
module e s t i m a t e  i s  based.on a  500 nsec p u l s e  dura-  
t i o n ;  t h e  f e r r i t e  c o r e  module on a  100 nsec p u l s e  
dura t ion .  

Table  V - 1 - 1 / 1 1 .  Induc t ion  Linac Estimated Costs .  

I r o n  Core F e r r i t e  Core 
500 nsec 100 nsec 

S t r u c t u r e  Pu l se  Pu l se  
Type Dura t ion  Durat ion 

S t r u c t u r e  23 39 K$ /m 
Modulator 18  7 K$ /m 
Control  4 4 ~ $ / m  
Conventional 1 3  10 K$ /m 

F a c i l i t i e s  - . - - 
T o t a l s  58 ' 60 K$/m 

Est imated quadrueole  t r a n s p o r t  c o s t  per' 
u n i t  l e n g t h  i s  g iven  i n  Tab le  V-1-1/12. 

Table  V-1-1/12. Quadrupole Transpor t  Estimated 
Cost. 

Magnet System 
Vacuum 39 K$/m ' 

Support & Alignment 
Control  4 K$ /m 
Conventional 13. K$ /m 

. F a c i l i t i e s  - - 
T o t a l  56 K$/m 

I n t e r p o l a t i n g  from t h e  above c b s t  f i g u r e s ,  
a n  i n d u c t i o n  l i n a c  from,-1 GeV t o  20 GeV, ,Uranium 
+4, i s  $262 m i l l i o n  wi thou t  s i t e ,  EDIA, o r  con- 
t ingency.  

Note 

The e s t i m a t e  f o r  t h e  i n d u c t i o n  li c  i s  
based on a  23e4 i o n  i n s t e a d  o f  t h e  2 0 8  i o n  
used i n  t h e  o t h e r . e s t i m a t e s .  . This  w i l l  have a  
s u b s t a n t i a l  e f f e c t  on some o f  t h e  u n i t  c o s t s  a s  
w e l l  a s  t h e  c o s t  o f  t h e  system (e.g., t h e  l e n g t h  
o f  t h e  machine w i l l  quadruple  f o r  a  g iven  energy) .  
There fo re ,  we should no t  make d i r e c t  comparisons 
between t h e  i n d u c t i o n  l i n a c  c o s t s  p resen ted  h e r e  
and t h e  c o s t s  o f  t h e  o t h e r  systems desc r ibed  i n  
t h i s  s e c t i o n .  

*Frac t iona l  space requ i red  f o r  beam t r a n s p o r t  
magnets. 
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