
CALCULATIONS CONCERNING SUPERCONDUCTMG ACCFLERATORS 

P. Gerald Kruger 
Physics Department, University of I l l i n o i s  

Urbana, I l l i n o i s  

and 

J . N .  Shyder 
Department of Computer Science, University of I l l i n o i s  

Urbana, I l l i n o i s  

INTRODUCTION 

Pa r t  I of t h i s  paper considers the number and posit ioning of Nb3Sn superconducting 
ribbons t o  produce the magnetic f i e l d  necessary €or an FFAG ( f i x e d - f i e l d  a l t e rna t ing -  
gradient)  separated-sector spiral-r idge accelerator .  It a l s o  considers  the necessary 
f l u x  biasing so tha t  t he  f i e l d  between peaks, a s  the radius increases ,  does not become 1 

negat ive.  The pet f i e l d  (biased f i e ld )  f o r  several  values of 8 ( t h e  azimuthal angle 
with respect  t o  the center  of the accelerator)  is  given. The f i e l d  index, k, i s  found 
t o  be s a t i s f a c t o r i l y  constant from R = 239 cm t o  R = 261 cm. 
FFAG accelerator  b u i l t  t o  t h e s e  specif icat ions should be ab le  t o  accept 50 MeV protons 
which are injected and accelerate  them t o  about 1.2 GeV. It would be an in t e re s t ing  
model t o  build wi,th the Nb3Sn now avai lable;  

This means tha t  a model 

P a r t  IT. considers a separated-function pulsed superconducting acce le ra to r  f o r  30 
t o  300 GeV. The necessary magnetic dipoles and quadrupoles can be b u i l t  from Nb3Sn now 
avai lable .  One disadvantage of t h i s  type of accelerator  is  t h a t  t h e  pulsing produces 
hea t ing  which must  be removed by the r e f r i g e r a t i n g  system and t h i s  i s  cos t ly .  But some 
members of t h i s  Surmner Study believe tha t  the cos t  w i l l  be reduced i n  the future  so  
t h a t  i t  i s  not a ser ious inh ib i t i on  to  t h i s  type of accelerator .  

A second disadvantage i s  tha t  the pulsing demands a motor generator  power source 
(or some s imilar  equipment) so t h a t  the magnet may change the magnetic f i e l d  from zero 
t o  a maximum magnetic f i e l d  every 2 or. 3 sec. Such c a p i t a l  equipment i s  cos t ly  and 
the operating cost  fo r  the many megawatts of power which are necessary t o  operate the  
magnets i s  a major i t e m .  Otherwise, these a re  i n t e r e s t i n g  a c c e l e r a t o r s .  

Part  I11 concerns some parameters and propert ies  of a superconducting FFAG accel-  
e r a t o r  fo r  30 t o  300 GeV. Such an accelerator  i s  f eas ib l e  now with the  Nb3Sn ava i l ab le  
and has  the advantage t h a t  there i s  no heating owing t o  pulsing and t h u s  no large ex- 
pense i s  necessary f o r  the r e f r ige ra t ing  equipment. Secondly, no l a r g e  and cos t ly  motor 
generator s e t s  t o  run the magnet a r e  necessary. It does have a small  disadvantage 
owing t o  a circumference f ac to r  of 2 whereas the circumference f a c t o r  f o r  the pulsed 
acce le ra to r  i s  about 1.3 or 1:4. 

Pa r t  Iv compares,,on a r e l a t i v e  basis ,  the estimated c o s t s  of some components of 
the pu l sed  superconducting accelerators  with an FFAG superconducting accelerator  .. It 
appears that  a t  the present time the FFAG accelerator  i s  much less expensive than the 
pulsed accelerator .  However i f ,  i n  the fu tu re ,  the heat ing owing t o  pulsing can be 
reduced by a f ac to r  of 5 and i f  the cost of r e f r i g e r a t i n g  equipment w e r e  t o  be reduced 
by a f a c t o r  of 4 (a t o t a l  factor  of cost reduction of 20) then the estimated cost  of 
these c r i t i c a l  i t e m s  would be about the same f o r  the. two systems. A t  t h a t  time the 
remaining disadvantage 'of the  pulsed accelerator  would be the l a rge  power b i l l  i n  t h e  
operating cost .  
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I .  THE BROOKHAVEN FFAG MODEL 

Parzen h a s  d iscussed  superconduct ing FFAG a c c e l e r a t o r s  a t  t h i s  Summer Study and 
s1sewhere.l 
a c c e l e r a t o r  has been under d i s c u s s i o n  a t  Brookhaven Nat ional  Laboratory f o r  some t i m e .  
It i s  a sepa ra t ed - sec to r  s p i r a l - r i d g e  acce le ra to r  and c o n s i s t s  of 24 s e c t o r s  (N = 2 4 ) ,  
each wi th  e i g h t  subsec t ions  as shown i n  Fig.  1. Addi t iona l  d e t a i l s  of a s p i r a l  s ec to r  
a r e  given i n  F ig .  2 where, however, t h e  number of t u r n s  per  each subsec t ion  and the  
r a d i i  of t h e  semic i r cu la r  ends of t h e  subsec t ions  are d i f f e r e n t  from those used  i n  the  
c a l c u l a t i o n s  descr ibed  below. 

Consequently, and i n  accordance wi th  those  ideas ,  a model of an FFAG 

While the genera l  f e a t u r e s  of t h e  Brookhaven model a s  given by Parzen and as 
drawn by D. Jacobus are maintained i n  these c a l c u l a t i o n s ,  i t  is  w e l l  known from t h e  
calculat ' ions  done f o r  t h e  M4-244 quadrupole2 t h a t  it is necessary  t o  make d e t a i l e d  
magnetic f i e l d  c a l c u l a t i o n s  using the ac tua l  currents  i n  t h e  (NbgSn) r ibbon,  i f  one 
i s  t o  have a good idea  of t h e  number of  t u rns  of r ibbon necessary  i n  the subsec t ions ,  
TO produce a g iven  magnetic f i e l d  and a given f i e l d  grad ien t  (i.e.,  a spec i f i ed  f i e l d  
index, k). Accordingly, P a r t  I of t h i s  d i scuss ion  d e a l s  wi th  t h e  magnetic f i e l d  ca l c -  
u l a t i o n s  f o r  t h e  model and the  c o i l  parameters deduced therefrom. 

Pre l iminary  f i e l d  c a l c u l a t i o n s 3  f o r  t h i s  mode1 inc lude  a desc r ip t ion  of the  method 
by which t h e  magnetic f i e l d  is  c a l c u l a t e d  i n  t h e  median plane of t h e  acce le ra to r .  (It 
i s  perpendicular  t o  the  major  a x i s  of t h e  e l l i p s e  i n  Fig.  5.) I n  these  prel iminary 
c a l c u l a t i o n s  a l l  subsec t ions  were r e c t a n g u l a r  and had t h e i r  axes along t h e  same s t r a i g h t  
l i n e .  I n  t h e  present  c a l c u l a t i o n s  t h e  var ious  subsec t ions  of t he  s p i r a l  have axes which 
are tangent  t o  t h e  real s p i r a l  and s t r a i g h t  s i d e s  p a r a l l e l  t o  t h e  axes. The ends of t he  
subsec t ions  approximate a semicircle wi th  four  tangent  s t r a i g h t  s ec t ions .  This  geometry 
is  showk i n  Fig. 3 and r e p r e s e n t s  t h e  geometry used i n  these  c a l c u l a t i o n s .  The approxi- 
mations are thought t o  be a reasonably  good approximation t o  a real s p i r a l  FFAG r idge .  
Table I g i v e s  some phys ica l  d a t a  f o r  one s p i r a l  and such a s p i r a l  is repeated every 15' 
around t h e  a c c e l e r a t o r .  

TABLE I I 
P e r t i n e n t  spiral c o i l  d a t a  which wi th  t h e  d a t a  

i n  Fig.  3 s p e c i f y  one separa ted  FFAG r i d g e  

Length between . Ins ide  r ad ius  
Subcoi l  Number of t u r n s  subsec t ion  o f  end tu rns  
number per  subsect  i o n  centers of subsect  ion 

(cm) (cm) 

188 
140 
100 
79 ' 

79 
60 
44 
32 

21.2725 
16.. 8275 
16.8275 
16.8275 
16.8275 
16.8275 
16.8275 
20.9550 

1.763 
2,024 
2.237 
2.413 
2.555 
2.674 
2.770 
2.857 

1. G .  Parzen, Brookhaven Nat ional  Laboratory,  Acce lera tor  Dept. Report A&D-138 (1967); 

2 .  P.G. Kruger and J . N .  Snyder, i n  Prac. 6th  In t e rn .  Conf. High Energy Accelerators ,  

3. P.G. Kruger and J.N. Snyder, Un ive r s i ty  of I l l i n o i s  Report (1968). 

G .  Parzen and P. Morton, Rev. S c i .  I n s t r .  34, 1323 (1963). 

Cambridge, 1967, p .  397. 
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Other pe r t inen t  d a t a  are: 

1) The cur ren t  i n  the r ibbon i s  assumed t o  be 2000 A.  

2) The ribbon is  f i n .  w i d e  Nb3Sn, 0.00625 i n .  t h i c k .  

3) For t h e  ca l cu la t ions  the  cu r ren t  is  assumed t o  be i n  e i g h t  wires 
uniformly spaced i n  the  ribbon r a t h e r  than i n  a uniform c u r r e n t  
shee t  . 

The magnetic f i e l d  r e s u l t i n g  from t h i s  c u r r e n t  d i s t r i b u t i o n  h a s  been ca lcu la ted  
f o r  a system of th ree  s p i r a l s  and f o r  a system o f  f i v e  s p i r a l s  but  no t  for  24 spirals  
which make a complete acce le ra to r .  There is no s i g n i f i c a n t  d i f f e r e n c e  i n  the r e s u l t s  
f o r  t he  two cases and thus  a l l  da t a  below are For a system o f ' t h r e e  s p i r a l s .  The 
f i e l d  has been ca lcu la ted  along R from R = 230 c m  t o  270 c m  i n  s t e p s  o f  hR = 1 c m  and 
a t  va r ious . ang le s  of 0 where €I = 0 i s  the  angular  coord ina te  f o r  t h e  s m a l l  end of one 
s p i r a l  which then ends a t  0 = 32.872O. 

Figure 4 shows the results of the  c a l c u l a t i o n s  f o r  8 = 30.5'. It ,is noted i n  
Fig.  4 a . t h a t  a s  R increases  the  f i e l d  becomes nega t ive  between t h e  peaks.  This is un- 
des i r ab le  and may be el iminated by f l u x  b i a s i n g  from cur ren t  s t r i p s  on an  e l l i p t i c a l  
c o i l  whose c r o s s  sec t ion  i s  shown i n  F ig .  5. The necessary  tu rns  d i s t r i b u t i o n  f o r  
such flux bias ing3  i s  given i n  Table II and t h e  c a l c u l a t e d  n e t  b i a s i n g  f i e l d  f o r  t he  
above case i s  given i n  F ig .  4b. F igure  4c g i v e s  t h e  n e t  f lux-biased f i e l d ,  i .e . ,  t he  
sum of the  f i e l d s  i n  F igs .  4a and 4b. 

TABLE I1 
Necessary Turns D i s t r i b u t i o n  f o r  Flux Bias ing  . 

(Note the  f s igns  denote the relative d i r e c t i o n  of t h e  cu r ren t  i n  t h e  s t r i p . )  

A 6  Number of t u r n s  
(degrees) per  A0 

0 - 2.5  
2.5 - 5 
5 - 47.5 
7.5 - 10 

. 10 - 20 
20 - 30 
30 - 40 ' 

40 - 50 
50 - 60 
60 - 70 
70 - 80 
80 - 90 
90 - 100 

100 - 110 

120 - 130 
130 - 140 
140 - 150 
150 - 160 

. 160 - 170 
170 - 172.5 
172.5 - 175 
175 - 177.5 
177.5 - 186 

110 - 120. 

+ o  
+ 35 
+ 30 
+ 25 
+ 42 
+ 12 

0 
- 2  
- 3  
- 4  
- 4  
- 5  
- 5  
- 6  
- 7  
- 8  
- 11 
- 16 
- 23 
- 29 
- 7  
- 7  
- 7  

0 
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Energy (MeV) 

BR (kG-cm) 

R a c c e l e r a t o r  ( in . )  

R a c c e l e r a t o r  (cm) 

B peak a c c e l e r a t o r  (kG) 

B average a c c e l e r a t o r  (kG) 

B 
Rota t iona l  f requency (sec-l) 

u,=m 
v$ = - k-k f2 t an2  E: i- ( f2 /2 )  

f = 1 ( f l u t t e r )  

f (degrees) 

I n  F ig .  5 t h e r e  is shown a schematic c r o s s  s e c t i o n  of t he  vacuum chamber and the  
c o i l  s t r u c t u r e  a long  a r ad ius  ( t h e  major a x i s  of t he  e l l ipse) .  The s p i r a l  coils of  
F igs .  1 and 2 are represented  by the  open boxes above and below t h e  major a x i s  of  t he  
e l l i p s e  a d i s t a n c e  2 (here  2 = 1.1 in .  = 2.8 cm) .  The e l l i p t i c a l  s t r u c t u r e  enc loses  
t h e  whole s p i r a l - r i d g e - f i e l d  c o i l s  and a l s o  suppor ts  t h e  b ias ing  f i e l d  c o i l s  l i s t e d  
i n  Table  11. The t u r n s  are placed i n  t h e  angular  s ec t ions  shown i n  t h e  o u t e r  e l l i p s e  
of F ig .  5 and which are a9 = 2.5O out t o  B = 10' and then A0 = loo  ou t  t o  90'. The 
t u r n s  wound i n  t h e  AB a n g l e - i n t e r v a l s  t o  t h e  l e f t  of t h e  pos ts  would have t h e  c u r r e n t  
i n  one d i r e c t i o n  whereas t o  the  r i g h t  it would be i n  t h e  opposi te  d i r e c t i o n .  

F igure  6 g i v e s  t h e  ca lcu la ted .magnet ic  f i e l d  (biased) a s  a func t ion  of t h e  r a d i u s  
f o r  f o u r  values  of 8. 

From these i t  is  poss ib le  t o  cons t ruc t  F ig .  7 which shows t h e  peak va lue  of t h e  
magnetic f i e l d  a t  its corresponding r ad ius .  From these  da ta  i t  is poss ib l e  t o  c a l c -  
u l a t e  an average v a l u e  of k ( t h e  f i e l d  index) .  
k = 20.44 (+ 0.27 o r  - 0.36). It may be poss ib l e  t o  improve f u r t h e r  t h e  t u r n  d i s t r i -  
bu t ion  so t h a t  k i s  even more cons tan t .  A l s o  by a s l i g h t  adjustment i n  the  t u r n  d i s -  
t r i b u t i o n  k may be reduced i n  magnitude so t h a t  vz (Table 111) is  l a r g e r  than 3 . 5 .  

From R = 239 c m  t o  R = 260 c m ,  

Other p e r t i n e n t  parameters €or t h e  model are ca lcu la ted4  i n  t h e  usua l  way and a r e  
given i n  Table 111. These appear t o  r ep resen t  an i n t e r e s t i n g  FFAG modelaacce lera tor  
which could be b u i l t  wi th  the superconducting Nb3Sn ribbon now a v a i l a b l e .  

TABLE 111 

Per t inen t  Model Parameters 

F i n a l  - I n i t i a l  

50 1230 

1.03 x 103 

94.1 102.7 

239 260.7 

'8.62 50 

4.31 25 

0.31406 0.9 

6.28 x l o6  
4.63 

3.50 

6.52 x I O 3  

16.5 X lo6 

- 
, 80.11 

4 .  K.R. Symon, D.W. K e r s t ,  L.W. Jones, L.J. L a s l e t t ,  and K.M. T e r w i l l i g e r ,  
Phys. Rev. 103, 1837 (1956). 
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11. NOTES, COMMENTS AND CALCULATIONS CONCERNING A PaSEz) 
SUPERCONDUCTING ACCELERATOR 

1. Introduct ion 

5 
. Because of the  success  of t h e  MURA sepa ra t ed . func t ion  s torage  r ing  and the  desi'gn 

of t he  Weston.200 GeV a c c e l e r a t o r  a s  a separated func t ion  acce1erator;there i s  much 
i n t e r e s t  i n  the separated func t ion  superconducting a c c e l e r a t o r s .  Furthermore, i t  i s  
now w e l l  known t h a t  one can bu i ld  superconducting quadrupoles2 and d ipo le s  almost any ' 
s i z e  which one may want and of e l l i p t i c  o r  c i r c u l a r  c r o s s  sec t ion .  These make.ide$l . 
components f o r  a separated func t ion  a c c e l e r a t o r  provided t h a t  the  l o s s e s  i n  the  super-  
conductor owing t o  puls ing  are not  so l a r g e  as t o  obvia te  t h e  o the r  advantages of t he  
superconductor. These general  i deas  are considered i n  these  notes .  

2 .  Components f o r  a 30 t o  300 GeV Acce lera tor  

Dipoles. Considerat ion w i l l  be given t o  d ipo le s  w i t h  a c i r c u l a r  c ros s  sec t ion  
and a length  of about 6 m. This  l eng th  i s  a r b i t r a r i l y  chosen and seems l i k e  a reason- 
abTe length from an engineer ing s t andpo in t :  f o r  a magnetic f i e l d  of  60 kG and f o r  
300 GeV protons where Hp = 1.0038 X lo6 kG-cm, p = 166.7 m and thus t h e r e  would be 
175 six-meter-long magnetic d i p o l e s  i n  .the circumference of the  acce le ra to r .  

The diameter of t he  c i r c u l a r  c r o s s  sec t ion  of the  d i p o l e  i s  spec i f i ed  by consider-  
ing t h e  s a g i t t a  f o r  a chord of 6 m i n  length and a r a d i u s  of 167 m. This  c a l c u l a t e s  
t o  be 2.7 cm. To t h i s  must be added about i 2 cm €or b e t a t r o n  o s c i l l a t i o n s  and some 
s m a l l  amount (say 2.3 cm) f o r  des ign  c l ea rance ,  i n  which l i q u i d  helium may flow, and. 
w a l l  th ickness  of t he  chamber. Thus t h e  i n s i d e  diameter  of the  magnetic f i e l d  i s  taken 
t o  be 9.0 c m  o r  about 3 .5  i n .  

Accordingly, under these  cond i t ions  and assumptions, t h e  t o t a l  s to red  energy in ,  . 
the  magnetic f i e l d  w i l l .  be about 1.8 X l o5  J / m  so t h a t  

8 = 1.9 X 10 J E t o t a l ,  s t o r e d  

The necessary t u r n  d i s t r i b u t i o n  of 0.,5 i n .  Nb3Sn on a 3.5 in .  diameter d ipo le  
can be estimated from the  d a t a  i n  an  earlier r epor t6  wherein a 3 i n .  diameter d ipo le  
(M3-15L1) was considered. From t h e s e  d a t a  i t  i s  expected t h a t  the 60 kG f i e l d  would be 
a t t a ined  (conservat ively)  from t h e  s a m e  t u r n s  d i s t r i b u t i o n  as t h a t  i n  Table V I  of t h a t  
r epor t  and tha t  the f i e l d  would be . f l a t  t o  about -I 0.1% over  the  r e q u i s i t e  diameter .  

The t o t a l . l e n g t h  of NbgSn r ibbons  which are necessary  i s  a minimum of 1.22 X 10 6 m 
f o r  the  dipoles  

Quadrupoles. The M4-244 quadrupoles2 a l ready  b u i l t  and t e s t e d  a t  Brookhaven 
su re ly  are more than adequate f o r  t h i s  separa ted  func t ion  a c c e l e r a t o r .  
lengths  of a pa i r  of quadrupoles are i n v e r s e l y  p ropor t iona l  t o  t h e  s q u a r e  of t h e  f i e l d  
gradient  and s ince  the  grad ien t  i n  M4-244 i s  about 16 kG/in. a quadrupole, M4-160 
( i . e . ,  1 6  i n .  long ins tead  of 24 i n .  long) w i l l  s u f f i c e .  M4-244 has  1280 tu rns  which 
a t  50 cm per tu rn  (conservat ive)  g ive  640 m of Nb3Sn r ibbon necessary f o r  each quad- 
rupole .  

Since t h e  foca l  

5 .  E.M. Rowe and F.E. M i l l s ,  Un ive r s i ty  of Wisconsin Phys ica l  Sciences Laboratory,  

6. P.G. Kruger and J.N.  Snyder, Un ive r s i ty  of I l l i n o i s  Report (1967). 

p r iva te  communication. 
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Zt i s  estimated tha t  €or the M3.5-24OD dipoles  one needs 318 quadrupoles and 
consequently 2.04 x lo5  m of Wb3Sn ribbon. 

7 About 10 J w i l l  be the  t o t a l  stored energy i n  the magnetic f i e l d  of the  quadru- 
poles. These d a t a  a r e  summarized i n  Table I V .  

. TABLE I V  

Summary of Some Parameters for  a Pulsed Superconducting 
Separated Function Accelerator 

Maximum proton energy (GeV) 3 00 

Hp (kG-cm) ,1.0038 x lo6 
Average dipole f i e l d  (kG) 60 

Length of dipole magnet sect ions (m) 6 

Number of dipole  magnet sect ions 175 

p ,  protons path radius  i n  the magnetic f i e l d  (m) 166 

2 ~ p ,  magnetic f i e l d  path i n  accelerator (m) 1047 

Diameter of dipole cross  section ( in . )  3.5 

Length of 0.5 in .  ribbon Nb3Sn f o r  dipoles (m) 1.22 x 106 

Length of 0.5 i n .  ribbon Nb3Sn fox quadrupoles (m) 0.2 x 106 

Total  length of Nb3Sn (m) 1.45 x 106 

Total  stored energy d ipoles  and quadrupoles (J) 2.0 x lo8  

111. PARAMETERS AM) PROPERTIES OF A ,SUPERCONDUCTING FFAG ACCnERATOR . 
30 TO 300 GeV PROTONS 

1. Introduction 

Many of the ideas expressed or used in  Part  111 of t h i s  paper a r e  based on those 
developed by Parzen.1 These, together with the superconducting proper t ies  of NbgSn, 
make it feasible  and reasonable t o  consider the  construction of superconducting accel-  
e r a t o r s  i n  the region of 30 t o  309 GeV as w e l l  as i n  the region of 300 GeV to 3 TeV. 
Some of the notat ions used i n  Table V ,  where some parameters f o r  a 30 GeV t o  300 GeV 
acce lera tor  are  Lis ted ,  a r e  those of Symon e t  a l .4  

As mentioned by Parzenl two of the most important reasons f o r  again considering 
FFAG s t ruc tures  fo r  accelerators  are: 

a) Nb3Sn makes large constant magnetic f i e l d s  p r a c t i c a l .  

b)’The small AR and large k now rea l izable  make the s t r u c t u r e  
economical and prac t ica l .  

However, ra ther  than l i m i t  AR t o  about 15 cm and P f / P i  t o  about' 3 which would 
necess i ta te  many ex t rac t ions  and inject ions from r ing  t o  r ing  of successive accelera- 
t o r s ,  it w i l l  be considered here  that  p f / p i  2 10 and that  AR EZ 60 c m  (see Table V). . 
This leads t o  a s t r u c t u r e  which has a reasonable engineering s i z e  and saves on extrac-  
t i o n  and inject ion.  The circumference fac tor  w i l l  be 2 and the f l u t t e r  1. Moreover, 

. 
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the  inside clearance between c o i l s  i s  assumed t o  be 22 = 2.2 in .  so  t h a t  
z = 1.1 in .  = 2.8 cm = ~ = . 1  

2 .  Determination of Constants (see Table V) 

a) Choice of the magnetic f i e l d :  The maximum magnetic f i e l d  a t  t h e  median 
plane of the FFAG s t ruc ture  is  chosen t o  be 50 kG. This makes t h e  esti-  
mated f i e l d  a t  an Nb3Sn ribbon i n  a c o i l  about 87 kG and according to the 
RCA superconductivity propert ies  of the 0.5 in .  wide ribbon, the c r i t i c a l  
current  a t  t h i s  f i e l d  i s  1525 A .  

This i s  given by the usual expression (B/Bo) = (R/Ro) 
which y i e l d s  k = 1515. 

This is given by bm = 38.9. 

k b) The f i e l d  index k: 

c) The r a d i a l  betatron frequency: 

d )  Now, t h e  ver t ica l  betatron frequency i s  given by4 "22 = - k + f 2  tan2 5 -1- f2 /2  and t h i s  i s  s a t i s f i e d  by: vz = 26.8, 
tan 5 = 47.35, 5 = 88'47'. 
a s p i r a l  sector  with 5 = 88O47'. 

value l i s t e d  in  Table V.  

It i s  considered feas ib le  t o  construct  

e) Next bR can be calculated from Parzen,' Eq. (A.4). T h i s  gives t h e  

f )  F i n a l l y ,  the rad ia l  separation between points of maximum magnetic 

g) The lengths  of a spiral. sector  a re  28.16 m. 

f i e l d  i s  calculated t o  be A r  = RA = 23.04 cm = 9.08 i n .  

TABLE V 
Some Parameters f o r  a 30 t o  300 GeV FFAG Accelerator 

I n i t i a l  

30 

1.0315 x lo5  
2.58262 

5.16524 

3.994 lo4 

399.4 

60 

2 30 

1515 

1.09 >: 10 

47.35 

88'47 ' 
5.76 X 

23.04 

38.9 

26.8 

4 

F i n a l  

3 00 

1.0038 x l o 6  
'2 5 

50 

4 x 10 

400 

4 
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3. Some Details of Co i l  Cons t ruc t ion  

Based on t h e  model des ign  (Pa r t  I) and t h e  f i e l d  c a l c u l a t i o n s  f o r  t he  model, i t  
is  poss ib l e  t o  e x t r a p o l a t e  those  d a t a  to g i v e  prel iminary cons t an t s  f o r  the  s p i r a l  
s e c t o r  c o i l s  f o r  t h e  30 G e V  t o  300 GeV FFAG a c c e l e r a t o r .  Accordingly, i t  w i l l  be con- 
s ide red  t h a t  t h e  s p i r a l  c o i l s  are 28.16 m long,  have 12 subsec t ions ,  thair each sub- 
s e c t i o n  is  2.34  m i n  l e n g t h  and t h a t  each s p i r a l  s ec to r  is separa ted  from i t s  neighbor 
by 10.92 m along t h e  circumference. These d e t a i l s  are depicted i n  F ig .  8 .  

I V .  A COST COMPARISON OF SOME COMPONENTS 
OF SUPERCONDUCTING ACCELERATORS 

The purpose.of  t h i s  p a r t  of ' t he ' d i scuss ion  i s  t o  present  a comparison of  the esti-  
mates of  the c o s t s  of  c e r t a i n  c r i t i c a l  i t e m s  for  a pulsed and f o r  a n  FFAG a c c e l e r a t o r .  
It should be clearly understood t h a t  t h e s e  are not  es t imated c o s t s ' f o r  an  a c c e l e r a t o r  
and t h a t  they a r e  no t  a c c u r a t e l y  es t imated  c o s t s  but t h a t  t he  r e l a t i v e  c o s t s  should be 
reasonably r e a l i s t i c .  

For example, t h e  c o s t  o f  Nb3Sn f o r  t h e  two d i f f e r e n t  types of a c c e l e r a t o r  i s  
l a r g e r  f o r  the  FFAG than  f o r  t h e  pulsed a c c e l e r a t o r .  This  i s  owing t o  the f a c t  t h a t  
t h e  vacuum chamber ( i .e. ,  t h e  magnetic f i e l d  volume) is l a r g e r  f o r  t h e  FFAG than f o r  
t h e  pulsed machine. On t h e  o t h e r  hand, t h e  c o s t s  fo r  r e f r i g e r a t i o n  t o  remove the hea t  
produced by pu l s ing  are l a r g e  i n  the  pulsed machine whereas they  a r e  n i l  f o r  the FFAG 
machine. Correspondingly, t h e  cos t  f o r  a motor generator  set  o r  o t h e r  s i m i l a r  equip- ' 

ment t o  provide t h e  pulsed energy a t  t h e  proper  t i m e  i n t e r v a l  ( a  few seconds) fo r  t h e  
pulsed a c c e l e r a t o r  i s  l a r g e  whereas f o r  t h e  FFAG acce le ra to r  i t  i s  neg l ig ib l e .  Other 
c o s t s  as presented i n  Table  V I  are somewhat i n  favor  of the  pulsed a c c e l e r a t o r ,  owing 
t o  the  l a r g e r  c i rcumference f a c t o r  f o r  t h e  FFAG machine. 

The cost of t h e  superconduct ing Nb3Sn r ibbon i s  based on an est imated c o s t  for  
t h e  f u t u r e  and for a l a r g e  q u a n t i t y  of: t h e  superconductor. It seems l i k e  a r e a l i s t i c  
p r i ce .  (See no te s  on c o s t  i tems.)  I n  any case t h e  amount of t h e  needed superconduc- 
t i n g  r ibbon i s  reasonably  a c c u r a t e l y  e s t ima ted  so t ha t  even i f  t h e  absolu te  cos t  w e r e  
i n  e r r o r  t h e  relative c o s t  would be q u i t e  good. 

The l a r g e s t  u n c e r t a i n t y  i n  these  cost e s t ima tes  i s  t h a t  owing t o  the r e f r i g e r a t i o n  
necessary  t o  remove t h e  h e a t  developed by pu l s ing  the  superconductor. 
fers by about a f a c t o r  of 20 from t h e  p r e s e n t  t o  the op t imis t i c  f u t u r e  c o s t  which some 
people envis ion.  A t  t h e  p re sen t  t i m e  t h e  FFAG acce le ra to r  s u r e l y  has  a l a r g e  cost  ad- 
vantage and even i n  the f u t u r e  would break  even unless  the present  l o s ses  owing to  
puls ing  are g r e a t l y  redcced and concur ren t ly  t h e  cost  of r e f r i g e r a t i n g  equipment i s  
g r e a t l y  reduced. 

This  cost d i f -  

For l a r g e r  a c c e l e r a t o r s  t h e  c o s t  should scale approximately w i t h  the  r ad ius .  

No r f  Costs are l i s t e d t i r t  Table  V I .  

Another d i sadvantage  t o  t h e  pulsed accelerator i s  tha t  dur ing  opera t ion  many 
megawatts of power w i l l  be consumed by t h e  magnetic s t r u c t u r e  and w i l l  need t o  be p u r -  
chased. For the  FFAG a c c e l e r a t o r  t h i s  ope ra t ing  cos t  i s  n e g l i g i b l e .  

Other poss ib l e  d isadvantages  and advantages:  

a) The pu l s ing  of  p re sen t  a c c e l e r a t o r s  h a s  been respons ib le  f o r  some mechanical 
f a i l u r e ,  problems; and d i f f i c u l t i e s .  A t  t h e  Larger magnetic f i e l d s  envisioned here  
t h e  corresponding magnetic pressure  may be 15 t u  20 t i m e s  l a r g e r  t han  i n  present  
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. 
machines since the pressure is proportional to B2. 
if it should be necessary to design to only 40% of the tensile strength of materials 
for the pulsed machine compared to 80% for the FFAG accelerator. 
that material fracture would result from pulsing at such high fields. 

Thbs, one shouid Rot be surprised 

It might also be 

b) Possibly one might get larger beam currents.from an FFAG accelerator than from 
a pulsed machine if one used the beam stacking techniques developed by MURA but, of 
course, one cannot extract more beam than is injected. Also, the power supply for the 
-rf system will be relatively more costly for larger beam currents. 

TABLE VI 
A Cost Comparison €or some Critical Items for Superconducting Accelerators 

with an Initial Eneray of 30 GeV to a Final Energy of 300 GeV 

(Estimated cost in millions of dollars) 

1. Cost of Nb3Sn for magnets 
a. Unbiased magnetic field coil 
b. Biasing magnetic field coil 
c. For dipoles 
d. For quadrupoles 

a. Owing to ordinary heat leaks . 
b. Owing to pulsing the stored energy 

2. Cryogenic costs: refrigeration 

in the dipoles and quadrupoles 
i. A t  present prices 
ii. At opt-imistic future prices 

3 .  Magnet power supply 

4 .  Housing for magnet power supply and 
primary and secondary power lines 

5. Vacuum system 
6. Ring building for the magnet 
7. .Miscellaneous engineering costs 

Total relative est.im.ated cos t  for  
these critical items 

Pulsed Cost 

Present 

3.7 
0.6 

2.9 

‘Loo 

30 

2 .o 
0.55 
4.1 
6.8 

150.7 

Future 
Optimistic 

Same ’ 

Same 

Same 

5 
15 

Same 
Same 
Same 

Same 

FPAG Cost 

Present 

5.5 
4.2 

5.0 

0.02 

Nil 
1.3 
7.5 
12.5 

40 36 
. .  
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Notes on Cost I t e m s  

' l a .  From P a r t  111: ( f o r  s p i r a l  s e c t o r s )  
6 '(4000 m'pe r  s e c t o r )  2 (230 s e c t o r s )  $3.00/m ( R e f .  7) = $5.52 x 10 

lb .  From P a r t  111: ( f o r  f l u x  b ias ing)  
6 

(Znp) [552 t u r n s ]  $3.00/m = $4.16 x 10 

IC. From P a r t  11: 
6 

= $3.66 x 10 6 (1.22 X 10 m) $3.00/m ( f o r  d ipoles )  

Id .  From P a r t  11: 
6 ( 2  x I O 5  m) $3.00/m ( f o r  quadrupoles) = $0.6 x 10 

2a.  Cryogenic c o s t  owing t o  ord inary  hea t  l e a k s  w i l l  be  t h a t  f o r  an 
ord inary  D e w a r  and is est imated t o  be about  $2000/m of  circumference. 

For the. pulsed a c c e l e r a t o r  = 2np (circumference f a c t o r )  $2000 
= 2np (1.4) $2000 = $2.9 x 106 

For t h e  FFAG a c c e l e r a t o r  = Znp (2) $2000 = $5 y l o6  

A t  p resent  i t  is observed' t h a t  t h e  energy loss owing t o  puls ing  super- 
conductors  is g iven  by: 

Energy l o s s  ( J / cyc le )  " 0 . 5 %  of the  maximum s tored  energy i n  the  system. 

Also, i t  might be  poss ib l e  i n  t h e  f u t u r e  t o  reduce t h i s  l o s s  by a f a c t o r  
of 5 so t h a t  t o  be op t imis t i c  t h e  f u t u r e  loss would be only 0.1%. 

Also n o t e  t h a t  at t h e  present  t i m e  r e f r i g e r a t i n g  equipment c o s t s  about 
$400/W a t  500 W and at 4'K. I n  the  f u t u r e ,  according t o  t h e  consensus 
of t h i s  S m e r  Study, t h i s  might be reduced t o  $lOO/W. . 

For these  c a l c u l a t i o n s  it i s  assumed t h a t  t he  acce le ra to r  magnets w i l l  
be pulsed once i n  4 sec. Consequently t h e  c o s t  

2b. 

6 Present  = $100. x lo6 i. 
ii. Future = $ 5 x 10 . 

This  g i v e s  such a wide spread in  cos t  t h a t  no r e l i a b l e  conclusion can 
be made. However, f o r  the  next  f e w  y e a r s  an average value o f  t h e  pres -  
en t  and f u t u r e  p r i c e  may not  be f a r  wrong. 

3 .  This  is basad on the present  c o s t  f o r  the new Brookhaven genera tor  
which is $2 i: lo6 t o  handle 12 X lo6 J of s to red  energy. T en f o r  
t h e  2 X lo8 J t o  be s tored  h e r e  t h e  sca led  cos t  i s  $30 X 10 . But 
P.P. Smith9 a t  t h i s  Summer Study has  expressed t h e  b e l i e f  t h a t  a 
superconducting power supply could be made i n  the  f u t u r e  f o r  about 
one-half of t he  present  c o s t .  . Much engineer ing  and development needs 
t o  be done b e f o r e  t h i s  i s  accomplished. 

k 

7 .  A p r i v a t e  communication e s t ima tes  the  f u t u r e  c o s t  o f  1.0 i n .  wide r ibbon at  4000 A 
as $6.00/m i n  q u a n t i t i e s  of two m i l l i o n  m e t e r s  o r  more f o r  d e l i v e r y  over 1 t o  2 
years. This  is  equ iva len t  to 0.5 in. ribbon a:: $3.00/m. 

8. W.B. Sampson, p r i v a t e  communication. 

9 .  P.F. Smith, t hese  Proceedings, p. 1002. 
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5.  The vacuum envelope can be just a stainless-steel tube or the equiv- 
alent {it is cooled to 4'K) and so with pumps, valves, controls, etc. 
may cost $400 or $500/m. 

. 

6. The ring housing (tunnel) for the magnet is assumed to cost about 
$3000 /m. 

7 .  Miscellaneous engineering costs:  coil windings, structural support, 
outer shell, etc. Guess $500/m. 
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Fig. 1. Spiral-separated sectors for an FFAG model accelerator at 
Brookhaven, drawn by D. Jacobus of Brookhaven. The dimen- 
sions are somewhat different from those used in the text 
but all essential features are as Parzen originally out- 
1 ined them s 



\ I  I \  I I 

Fig. 2. Details of one spiral sector as drawn by D. Jacobus of 
Brookhaven. The number of turns of 0.5 in. wide NbgSn 
per subsection is different from that used in the text, 
as are the, radii of the semicircular ends (see Table I). 
However, the general features of the construction are 
maintained and are pertinent. 

. 



BNL FFAG MODEL 

Fig. 3 .  Schematic coil construction to simulate actual coils such as 
thbse in Figs. 1 and 2. 
netic field calculations. 

This geometry is assumed in the mag- 
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.g. 4 .  Calculated B (kG) vs R (cm) at 8 = 30.P. 
0.5 in. wide Nb3Sn ribbon i s  assumed to be 2000 A .  
shows the unbiased field; Fig. 4b shows the biasing field; 
Fig. 4c shows the net biased field, i.e., the sum of the un- 
biased and biasing field, 

The current in the 
Figure 4a 
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BNL FFAG MODEL 

SCHEMATIC FLUX BIAS: ELLIPSE .f = 

Fig. 5. Schematic f l u x  biasing c o i l s .  The f l u x  biasing co i l s ,  are 
placed on an e l l i p t i c a l  c ros s  sect ion which surrounds the 
main f i e l d  c o i l s .  The net  biased f i e l d  i s  perpendicular 
t o  the median plane of the accelerator  and vacuum chamber 
(see t e x t ) .  
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Fig. 6 .  Magnetic f i e l d  (ZCG) plot ted vs the r ad ius  (cm) of the 
accelerator  €or  four  values of 8 .  The peaks of magnetic 
f i e l d  owing t o  the  s p i r a l  r idges are c l e a r l y  resolved and 
appear a t  successively l a rge r  r a d i i  as they should i n  a 
good FFAG acce le ra to r .  
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Fig. 7 .  Log of B vs R. Data used t o  calculate k,  the f ie ld  index, 
from R = 239 cm to  R = 261 em. 
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Fig .  8. Schemztic d e t a i l s  of a sgirsl sector for  an FFAG superconducting 
300 GeV accelerator (not t o  scale) .  



INTRODUCTION 

In our effort to see the possibility of applying superconductors to accelerators, 
using magnetic guide fields, we came up with several questions. 
have an answer, for others we see probable so1utions';but there are still several for 
which we do not see a workable solution. Although this is our present situation, our 
answers and doubts are presented in this paper. 

For some of them we 

Some general considerations will be made on the problem of building a supercon- 
ducting ring for an accelerator. 
field; problems related to injection and extraction or rf acceleration, although very 
important, are not discussed in this paper. Rather than presenting a detailed study 
of a cryogenic system with optimum performance;emphasis is placed on those problems 
where clear solutions are needed if one thinks seriously of building an accelerator. 

These considerations will apply only to the guide 

Without talking specifically of a particular type of accelerator (pulsed or dc), 
we will discuss in general the problems of accuracy in field measurements, in position- 
ing and alignment of a magnet set subject to thermal contraction and strong magnetic 
forces. , .  

In what follows, three possible ways of building an accelerator magnet ring are 
presented. 

The whole accelerator is in a vacuum chamber which serves as a cryogenic en- 
closure. This scheme is shown in Fig. 1. 
machines, perhaps not more than 4 m diam; beyond this size this design is not 
economical. 
If the magnets, forming the ring, have no obstructions in the median plane 
(open midplane), field measuring and positioqing can be made inside of the 
enclosure at 4 . 2 O K .  It is 'required to have a support for the field measur- 
ing instruments. and a boom that can move radially and azimuthally. 
mapping will be in polar coordinates.' 
One can conceive ways of "zeroing" the measuring scales at 4.2'K before start- 
ing to take magnetic measurements. 
uring devices to remain inside of the enclosure for future checking of the 
fields. Notice that this can be accomplished easily as there is no vacuum 
chamber in the field region. 
For closed mid-plane magnets, the previous procedure will not apply. 
measurements need to be carried out on a separate cryogenic measuring chamber 
(see Fig. 12) ; once a magnet is "measured" it takes its place in the ring. 
One very important point in this operation is that positioning a magnet re- 
quires reference marks that are related t p  magnetic measurkments; the operation 

This design will apply t o  small 

The' field 

A proper design may allow the field meas- 

Magnetic 

PRELIMINARY STEPS FOR APPLYING 
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Argonne, Illinois 
I 
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of the magnets is at 4.20K; thus, to minimize errors, a correspondence be- 
tween field values and coordinates should be established at such a tempera- 
ture. We will come back to discuss thks point further. 

(B). The second alternative corresponds to the case of an accelerator having all 
the magnets in the ring sharing a common vacuum-cryogenic chamber as well as 
the same mechanical support. This case is illustrated inFig. 2 .  This de- 
sign will be suitable for ltirge machines. 
One can visualize at least two possible ways for field measuring. and position- 
ing of the magnets. 
(i) . Using a cryogenic measuring chamber as mentioned above, regardless of 

whether the mid-plane is open or closed.- After measuring each mag- 
net it is transferred into the ring. The final alignment of all mag- 
nets should be made at 4.2'K; thus, it is essential to have access to 
reference marks or targets through the cryogenic enclosure. Azimuthal 
positioning can be done by normal surveying techniques and radial posi- 
tioning by laser interferometry. 

' 

(ii). Using a field measuring machine that can be part of the ring.- A magnet 
(and modular vacuum-cryogenic chamber) can be roughly positioned in the 
ring, the enclosure evacuated, cooled down, field measurements taken, 
and the reference marks established for future accurate positioning. 
In this case, a s  before, the reference marks should be accessible, 
through a window, from outside of the enclosure. Successive magnets 
will be accommodated in the ring until closed. Although this procedure 
may have some advantages, a detailed economic study will be needed to 
decide its applicability, 

Versions A and B are also attractive from the point of view that, having the vac- 
uum chamber at 4.2OR, ideal conditions against gas scattering will be obtained. 

( C ) .  The field region of the magnet is at room temperature, each magnet being a sepa- 
rate unit (see Fig. 3 ) .  This design may be suitable for a very large machine, 
where each magnet is far away from its neighbor. In this last option, the min- 
imum separation between two adjacent magnets is determined by the magnitude of. 
the magnetic force that can be tolerated without producing misalignments. 
The advantage of this design is that the magnetic .fields can be measured, using 
well-known techniques, at room temperature; however, positioning reference marks 
should be located in the magnet, not in the shell of the cryogenic enclosure 
that, by definition, cannot be rigidly attached to the magnet. 
This design may require a separate vacuum chamber, whereas in the two previous 
ones the cryogenic enclosure provides the vacuum needed f o r  thermal insulation 
as well as for the beam. A s  mentioned before, the absence of a vacuum chamber 
may allow us to measure magnetic fields, at least in some spots, when the 
whole magnet ring is already assembled. This was a practice followed in the 
past for FFAG accelerators using iron magnets.' 

The previous examples illustrate the types of problems that will be encountered 
in this field. Neither o€ these designs presents a complete picture of the situation, 
a s  many details have been omitted for simplicity. 
development of a new technology to meet tight tolerances in an environment at 4.2'K. 
A possible way to find some solutions will. be outlined in this paper. 

' Satisfactcry solutions require the 
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