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Abs-ct, To operate t h e  PSU cyclotron, con- 
t r o l s  a r e  s e t  t o  pre-computed values prepared by a 
computer program known a s  SETOP; t o  obta in  a com- 
p l e t e  s e t  of operating in s t ruc t ions  t h e  experimen- 
ter need only speci fy  t h e  p a r t i c l e  of i n t e r e s t  and 
a f i e l d  iden t i f i ca t ion  number roughly proport ional  
t o  energy. The program uses t h i s  information along 
with measured f i e l d  da ta  and a pre-cornputed set of 
i d e a l  f i e l d s  t o  determine t h e  des i red  "operating 
point" i n  a straightforward s e r i e s  of calculations: 
(1) t h e  f i e l d s  a t  t h e  des i red  exci ta t ion  a r e  syn- 
thesized by in terpola t ion  i n  t h e  measured f i e l d  
data, (2) an  average f i e l d  i s  obtained using a 
modified l e a s t  squares f i t  of t h e  des i red  average 
f i e l d  by t h e  t r i m  co i l s ,  and (3) t h e  r f  frequency 
i s  determined so  a s  t o  minimize t h e  energy spread 
of t h e  beam i n  a s ing le  t u r n  a t  t h e  ext rac t ion  
energy. This paper describes t h e  procedure used in 
SETOP t o  determine such operating points,  and dis-  
cusses t h e  pr inc ip le  f ea tu res  of t hese  computa- 
t ions.  A t y p i c a l  SETW sheet  is  presented along 
with ins t ruc t ions  f o r  i ts use. Results  of beam 
measurements a r e  i n  excel lent  agreement with com- 
puted beam behavior . 

Introduction 

The Michigan S t a t e  University sector-focused 
cyclotron is  a multi-particle, variable-energy ma- 
chine with a low-spiral three-sector 
signed t o  minimize sa tu ra t ion  e f f e c t s y Z  :Zful  
range of main magnet exci ta t ions  covers average 
f i e l d s  from roughly 6 t o  15  kilogauss. The .rf  
system is  designed t o  operate from 11, t o  22 t4c i n  
both push-pull and push-push modes2. Maximum en- 
erg ies  f o r  t yp ica l  p a r t i c l e s  a r e  a s  follows: 55 
MeV protons MeV dueterons, 75 MeV 3 ~ e ~ '  ions, 
and 75 MeV 123+ ions. 

I n  t h e  case of t h e  %U cyclotron, eight  t r i m  
co i l s ,  t h e  r f  frequency and voltage, t h e  main 
f i e l d ,  and t h e  f i r s t  harmonic c o i l s  must be s e t  
with varying degrees of prec is ion  i n  order t o  ob- 
t a i n  a good beam. The computational procedure 
described herein is  designed t o  produce t h e  bes t  
beam possible within t h e  l imi ta t ions  imposed by 
t h e  accuracy of t h e  measured f i e l d  data, where 
bes t  beam is defined a s  t h a t  with minimum energy 
spread a t  ext rac t ion  arid good op t i ca l  propert ies.  

t"lsenetic Fie ld  P remra t ioq  

It has been determined from o r b i t  s tudies  tha t  
i n  order t o  obtain magnetic f i e l d s  with good beam 
propert ies,  it is  s u f f i c i e n t  t o  specify n idealn  
f i e l d s  possessing good proper t ies  and use  t h e  
trimming c o i l s  t o  obtain a good approximation t o  
t h i s  i dea l  f i e ld .  Wgnetic f i e l d s  on t h e  f u l l  
s ca l e  magnet have been measured a t  seven main f i e ld  
excitat ions,  incremental e f f e c t s  of each of t h e  
e ight  trim c o i l s  a t  four  of these  exci ta t ions  

( a l t e rna te  exci ta t ions  of t h e  main f i e l d )  , and t h e  
f i e l d  of t h e  f i r s t  harmonic va l ley  c o i l s  a t  two 
excitat ions.  For each measured f i e l d  exc i t a t ion  
i d e a l  avera e e lds  were c mputed f o r  protons, 
deuterons, %iei,bf ions, 12C4' ions and a non-rela- 
t i v i s t i c  "heavy ionn; i d e a l  f i e l d s  used were 
isochronous f i e l d s  with t h e  exception of those f o r  
high-energy (above 40 HeV) protons, which deviated 
from isochronism i n  order t o  strengthen t h e  a x i a l  
focusing. Handling of t h e  f i e l d  da ta  and computa- 
t i o n  of i d e a l  f i e l d s  is  discussed elsewhere3. A l l  
f i e l d  information i s  combined i n t o  a s ing le  f i e l d  
deck containing (1) main magnet Fourier components 
a>, H19 G l r  H3, G 3 9  H6, G69 and G9, f o r  each 
radius,  where: 

(2) i d e a l  average f i e l d s  f o r  each of t h e  f i v e  par- 
t i c l e s  specified above a t  each excitat ion,  (3) in- 
cremental average f i e l d  of each t r i m  c o i l  a t  each 
of four  main f i e l d  exci ta t ion  values, and (4) ra- 
d i a l  p r o f i l e  of t h e  f i r s t  harmonic of t h e  va l ley  
c o i l s  a t  each of two main f i e l d  exci ta t ion  values. 

SETOP Calculations 

Calculation of 1.lagnetic Fie lds  

Given an a r b i t r a r y  excitat ion,  SETOP proceeds 
t o  obtain a complete f i e l d  a t  t h a t  exci ta t ion  by 
(1) in terpola t ing  i n  t h e  s e t  of input Fourier com- 
ponent da ta  t o  obta in  t h e  Fourier components a t  
t h e  a r b i t r a r y  exc i t a t ion  and (2) expansion of t h e  
Fourier components t o  obtain t h e  e f f ec t ive  f i e ld .  
The in terpola t ion  scheme uses t h e  neighboring four 
f i e l d  data points  t o  perform a double three-point 
Lagrangian in terpola t ion  with a weighting f ac to r  
which forces  cont inui ty  of t h e  f i e l d  der iva t ive  
with respect  t o  exci ta t ion ,  except i n  t h e  extreme 
in tervals ,  where s t r a i g h t  three-point interpola-  
t i o n  is  used. 

Having obtained a complete s e t  of f i e lds ,  t he  
d i f ference  between measured and i d e a l  average 
f i e l d  is f i t t e d  with t h e  trim c o i l  f i e l d s  using a 
least-squares procedure between 5 inches (outside 
of t h e  f i e l d  cone) and 28 inches, where t h e  idea l  
f i e l d  i s  joined smoothly t o  t h e  edge f i e l d .  I f  
a f t e r  such a f i t  any of t h e  t r i m  c o i l  currents 
l i e s  above t h e  power supply l imi t ,  t h e  l a r g e s t  is 
s e t  a t  t h i s  l imi t ,  and t h e  f i t t i n g  is  repeated 
using only t h e  remaining trim coi ls .  I f  no maxi- 
mum current  limits a r e  obtained, a check i s  made 
f o r  currents below t h e  minimum allowed f o r  ade- 
quate regula t ion  by t h e  supply, t h e  smallest  of 
which is  s e t  t o  zero, and t h e  f i t t i n g  repeated 
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using- t h e  remaining t r i m  coils .  This process is  
repeated u n t i l  no current  limit viola t ions  appear. 
The complete f i t t e d  f i e l d  i s  then synthesized, 
wliere t h e  average f i e l d  component is  obtained by 
adding t r i m  c o i l  average f i e l d s  t o  t h e  average 
f i e i d  of t h e  main magnet and t h e  f l u t t e r  compo- 
nents a r e  taken t o  be those of t h e  main magnet. 

It has been fo.und su f f i c i en t  t o  t runcate  t h e  
main nagnetic f i e l d  Fourier s e r i e s  t o  include only 
t h e  3rd, 6th,  and 9 t h  harmonics and t o  neglect t h e  
f l u t t e r  f i e l d  of t h e  t r i m  co i l s .  

Precise determination of t h e  amplitude and 
azimuth of an  Nidealn f i r s t  harmonic is  a d i f f  i- 
c u l t  problem, and has not been solved i n  i t s  en- 
t i r e t y .  A numerical method has been derived which 
enhbles cancellat ion by t h e  va l ley  c o i l s  of pre- 
cessional  r a d i a l  motion induced by t h e  na tura l  
f i r s t  harmonic, but t h i s  method has not a s  ye t  
been introduced in to  SETGP. An approximate value 
of t h e  f i r s t  harmonic necessary t o  produce a de- 
s i red  precession f o r  resonant ext rac t ion  can be  
obtained, but due t o  t h e  addi t ional  complexity in- 
troduced by t h e  gap-crossing resonance, t h e  pre- 
c i s e  e f f ec t  of t h i s  harmonic can only be ascer- 
ta ined by ac tua l  o r b i t  computation i n  t h e  complete 
magnetic f i e l d  . 

Given a desired f i r s t  harmonic amplitude 
SETOP computes va l ley  c o i l  currents such t h a t  t h e  
t o t a l  f i r s t  harmonic ( the  vector sum of t h e  e f f ec t  
of t h e  va l ley  c o i l s  and t h e  na tura l  f i r s t  harmon- 
i c )  has t h e  desired value. The val ley  c o i l  power 
supply i s  constructed t o  produce a f i r s t  harmonic 
of a desired amplitude and a z i m t h  while contribut- 
ing no net  average f i e l d 4  by demanding t h a t  t h e  al- 
gebraic sum of t h e  c o i l  currents be zero. 

Eouilibrium Orbits 

After t h e  f i t t e d  f i e l d  is assembled a s e t  of 
equilibrium o rb i t s  covering t h e  complete accelera- 
t i o n  rarqe  i s  computed using t h e  %U equilibrium 
o r b i t  code a s  a subroutine5. Tabulated r e s u l t s  
from these  computations include t h e  r a d i a l  and 
a x i a l  be ta t ron  o s c i l l a t i o n  frequencies a d  t h e  
phase s l i p  per revolution, which is  used i n  t h e  r f  
section. The ext rac t ion  energy i s  defined t o  be 
t h e  energy a t  which vr ' 3.8, and t h e  dee voltage 
is chosen a s  a constant f r ac t ion  of t h e  ext rac t ion  
energy t o  preserve constant o r b i t  geometry (appro- 
ximately 228 turns) .  

Vsing t h e  calculated phase s l i p  per revolu- 
t i o n  from t h e  equilibrium-orbit da ta  and a given 
value f o r  t h e  nominal s t a r t i n g  phase of a cen t r a l  
ray, a correction t o  t h e  isochronous r f  frequency 
i s  calculated which minimizes t h e  ener spread i n  
a s ing le  t u r n  a t  t h e  ext rac t ion  e n e r g 8 7 .  The 
program a l so  computes energy spread, t h e  f i r s t  and 
second der iva t ives  of energy with respect  t o  s t a r% 
ing phase a t  t h e  desired ext rac t ion  energy, and 
a l s o  t h e  r a t i o  of t h e  second der iva t ive  t o  t h e  
cosine of t h e  phase (which i s  a f igu re  of merit 
f o r  t h e  f i e l d  f i t t i ng . )  

E- O Ray Tracing 

Using values of phase s l i p  per revolution 
corrected t o  t h e  frequency which minimizes energy 
spread i n  t h e  extracted beam, t h e  program inte-  
g ra t e s  t h e  phase-slip equation t o  obta in  energy 
and phase a s  a function of t u r n  number f o r  a beam 
of pa r t i c l e s  grouped i n  phase about t h e  given cen- 
t r a l  ray8. This da ta  is  useful  i n  diagnosing cer- 
t 4 i n  problems i n  beam behavior a s  well  a s  calcula- 
t i o n s  f o r  t h e  method used t o  set up t h e  main 
magnet excitat ion.  

Fine adjustment of t h e  main f i e l d  exci ta t ion  
is  accomplished through use of t h e  t r i m  co i l s .  By 
increasing or reducing t h e  current  i n  an  outer  
t r i m  c o i l  a small amount, t h e  beam can be swung 
out of phase with t h e  r f .  Using t r i m  c o i l  cur- 
r e n t s  pre-computed t o  produce 5056 a t tenuat ion  of 
t h e  beam ( the  cen t r a l  r ay  phase goes t o  * WO) a t  
a given radius,  small  adjustments can be made i n  
t h e  main f i e l d  u n t i l  t h e  appropriate behavior is  
obtained, thus f ix ing  t h e  main f i e l d  excitat ion.  
(The central-region slits i n  t h e  %U cyclotron 
make it necessary t o  use a pa i r  of c o i l s  i n  t h i s  
procedure, t h e  inner c o i l  canceling t h e  perturba- 
t i o n  of t h e  outer c o i l  i n  t h e  cen t r a l  region so a s  
t o  maintain an iden t i ca l  o r b i t  pa t t e rn  through t h e  
s l i t s . )  

SETOP O ~ e r a t i n e  Ins t ruc t ions  

The pr inc ip le  r e s u l t  of such a series of com- 
putat ions is  a SWOP ins t ruc t ion  sheet, which i s  
shown in  Fig. 1. Using t h i s  sheet  t h e  operator 
makes a t r i a l  s e t t i n g  of t h e  main magnet with t h e  
mo i t o r  gaussmeter (accurate t o  about 1 par t  i n  Z 10 ) and s e t s  t h e  dee voltage t o  within a few p- 
cent  using ca l ibra ted  meters; t h e  r f  frequency and 
trim-coil currents can be s e t  exactly using t h e  
given data. With t h e  va l ley  c o i l s  s e t  t o  cancel 
t h e  na tura l  f i r s t  harmonic, t h e  beam is  turned on 
and main f i e l d  accurately adjusted using t h e  #Set 
Main Fie ld  by Trim Coilsn data, and t h e  r f  voltage 
readjusted, i f  necessary, t o  give t h e  correc t  
number of turns. The f i r s t  harmonic can then be 
tuned t o  obtain t h e  desired t u r n  separation pat- 
t e r n  i n  t h e  ext rac t ion  region using t h e  computed 
value a s  a f i r s t  approximation. 

SETOP ins t ruc t ions  have been used t o  tune up 
t h e  cyclotron over a wide range of p a r t i c l e s  and 
energies. I n  every case bes t  operation has been 
obtain with a l l  controls  s e t  a t  t h e  calculated 
values$ 

Field Fit t ins!  Results 

Figure 2 shows t h e  r e s u l t s  of t h e  modified 
least-squares f i t t i n g  procedure f o r  two widely 
varied cases. F i t t i n g  only r a d i i  grea ter  than  5 
inches allows t h e  f i e l d  t o  be f i t  more accurately 
i n  t h e  region where t h e  t u r n  density i s  g rea t e s t  
and a t  t h e  same time conveniently preserves the  
focusing e f f ec t  of t h e  cen t r a l  nconen of t h e  un- 
trimmed f i e ld .  Joining t h e  idea l  f i e l d  smoothly 
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t o  t h e  main magnet f i e l d  a t  t h e  peak f i e l d  value 
of 28 inches reduces t h e  load on t h e  t r i m  c o i l s  
while a t  t h e  same time allowing n very accurate 
f i t .  Errors i n  t h e  f i e l d  f i t t i n g  a r e  typ ica l ly  of 
t h e  order of a few gauss, occnsionally becoming 
grea ter  than 10 gauss near t h e  outer  r ad i i .  

The t r i m  c o i l  currents f o r  proton f i e l d s  over 
t h e  e n t i r e  energy range a r e  shown i n  Fig. 3. The 
general  swothness of trim c o i l  currents with ex- 
c i t a t i o n  is one of t h e  pleasant  f ea tu re s  of t h e  
procedure. It i s  c l ea r ly  possible t o  obtain a 
continuum of energies by in terpola t ion  i n  points 
of roughly t h i s  energy spacing, and an  on-line com- 
puter  system capable of controll ing such a proce- 
dure i s  now being developed13. 

Figure 4 shows t h e  computed energy a s  a func- 
t i o n  of t u r n  number f o r  a band of s t a r t i n g  phases. 
(phase widths of order 6' a r e  a t t a inab le  with t h e  
cen t r a l  region configuration of t h e  ISU cyclotron, 
a s  has been discussed i n  another paperll.  The 
f i n a l  energy f o r  which t h e  energy spread was mini- 
mized occurs between t u r n  220 and 221. Although 
an  absolute minimum energy spread occurs two turns  
l a t e r ,  ex t rac t ion  a t  t h e  higher energy i s  incompat- 
i b l e  with mechanical f ea tu re s  of t h e  deflector.  

Beam Fleasurements 

Figure 5 shows a s e r i e s  of f i v e  r a d i a l  probe 
scans with R d i f f e r e n t i a l  beam probe varying f re-  
quency i n  5 kc steps,  where t h e  cen t r a l  scan i s  
t h a t  obtained with t h e  computed frequency. The 
lo s s  of t u r n  s t ruc tu re  a s  t h e  frequency i s  varied 
from t h e  computed value r e s u l t s  from an  expanded 
energy spread i n  t h e  turns. The sharp t u r n  struc- 
t u r e  a t  t h e  computed frequency s imi l a r ly  indica tes  
t h a t  t h e  phase excursion must be  approximately a s  
predicted by SETOP; s imi l a r ly  t h e  energy spread 
per t u r n  must be approximately minimized. 

Using a d i f f e r e n t i a l  beam probe r a d i a l  scans 
of current versus radius  have been obtained with 
sharp t u r n  s t ruc tu re  over t h e  complete range1l; 
such r a d i a l  scans can be used t o  obtain accurate 
values of t h e  r a d i a l  focusing frequency. 

A z probe with a 1/8 inch square sens i t i ve  
area  which can be moved v e r t i c a l l y  over a 3/2 inch 
d is tance  has been used t o  obtain da ta  on motion. 
For these  measurements a l a rge  coherent a x i a l  os- 
c i l l a t i o n  was induced i n  t h e  beam using a t h i n  
s l i t  0.15 inches above t h e  median plane a t  t h e  
pos i t ion  of t h e  f i r s t  quar ter  turn. W i n g  succes- 
s i v e  r a d i a l  scans with t h e  probe a t  various z 
values, an e f f ec t ive  9 f inge r  a x i a l  probe was ob- 
tained. Through such data  it i s  possible t o  fo l -  
low t h e  coherent a x i a l  o s c i l l a t i o n  out  t o  t h e  edge 

region of t h e  magnetic f i e l d ,  and obtain accurate 
measurement of t h e  a x i a l  focusing frequency. 

Figures 6 a d  7 show computed r a d i a l  and 
a x i a l  focusing frequencies i n  t h e  f i t t e d  f i e l d s  
obtained f r o n  SETOP, and t h e  r e s u l t s  of t h e  mea- 
surements described above. Field 280, it should 
be  noted, i s  obtained e n t i r e l y  by interpolat ion.  

Ref erecccs 

1. H. G. Blosser, Proc. In t .  Conf. on Secto- 
Focused Cyclotrons & Ffeson Factories,  CERN, 1363, 
p. no. 

2. W. P. Johnson, Proc. In t .  Conf. on Sector- 
Focused Cyclotrons & Heson Factories,  CERIV, 1563, 
p. 279. 

3. R. E. Berg, bfich. S t a t e  Univ. Cyclotron 
Projec t  Report #22 (1366). 

4. C. Dols, UCLRL Engineering Xote UCID-3.106 
(1959). 

5. T. I. iirnette, Mich. S t a t e  Univ. Cyclotm 
Projec t  Report # l0  (1361). 

6. M. 1.1. Gordon, llSingle T u n  Extraction", 
(paper a t  t h i s  conference). 

7. M. Ff. Gordon and W. Joho, Mich. S t a t e  
Univ. Cyclotron Laboratory in t e rna l  report .  

8. M. M. Gordon and W. Joho, bLich. S t a t e  
Univ. Cyclotron Laboratory i n t e r n a l  report .  

9. H. G. Blosser and A. I. Galonsky, ItPSU 
55 MeV Cyclotron: Progress and Status,"  Feb., 
1%6 (paper a t  t h i s  conference). 

10. A Sc ien t i f i c  Data Systems Sigma 7 compu- 
t e r  system has been ordered f o r  de l ivery  i n  l a t e  
1966. 

11. II. G. Blosser, ttProblem and Performance 
i n  t h e  Cyclotron Central  Region," (paper a t  t h i s  
conference) . 

*Work supported by NatiDnal Science Founda- 
t ion.  

+National Science Foundation Cooperative 
Graduate Fellow. 

Proceedings of the International Conference on Isochronous Cyclotrons, Gatlinburg, Tennessee, 1966

G-005 Reprinted from IEEE Transactions on Nuclear Science NS-13 (4), Aug 1966 c© IEEE 1966



B E R G ,  E T  AL:  CONTROL OF MSU CYCLOTRON 

Q ,  F .  F U F U U t h C V  * lC.5603993 M C . ,  l H A R M O N I C  
n t F  V O L T A L E  8 51.59 K V .  

* L l h  F I k L D  D A T A  

m r l r  r b l L  C L H V ~ N T  S 4q0.89 * *PS  
O E u T  M k U  F R E U b t N C V  S 10508.61 *C.  
H I L L  GA IJSSMETF~(  16077.12 GAUSS l T f i l M  C O I L S  O F F )  

T H l u  C O I L  C U H h E h l  POT  
r l bv I )FU  ( A M V E D E S I  M E A D I ~ G  

l 21.21 1.06 
2 -46.50 -2.41 
3 0.00 0.00 
4 -10.49 -0.97 
5 -18.60 -0,97 
6 J6.99 1.85 
7 45.36 1.17 
8 -40.54 -2.03 

Fig. 1. SCTOP data sheet, showing infor- 
mation necessary to tune up the cyclotron 
at the given enerqy. 

V A L L F Y  C O I L  I IATA  

T 7 T A L  F I R S T  H A 3 M U Y I C  C t b l D t U  
r H P L l T L D F  S 2.64 L A U S 5  a 2 1 . 5 5  AMPS 
r l l n o T c  7 0 2 . 5  U E G H k E S  

C A ~ C ~ L L I T I U ~  f l b  h I l U N A L  F I H 5 T  H A k M O N l P  
A M P L I T L U F  1.61 b A 1 S b  i 16.66 AMPS 
A l l H U T c  1 5 5 . 3  U t G k t t S  

P # o I i u r l l o h l  C +  u E S I H E L  F l u S 1  n A n M l J N l C  
A ~ P L I T L U F  S 2.GO b A b S b  
A i l M U T b  X 740.0 U t G k t k S  

F ~ e l d  350  
52 MeV Protons Fig. 2. 

Average fields 
obtained by the 
modified least 
squares pro- 
cedure for 25 
and 52 MeV pro- 
tons. Ideal 
average fields , 
main magnet 
average fields 
and fitted 
average fields 
are shown, 
along with 
the re- 
sulting 
error fields 
in the inter- 
val over 
which the 
fit was 
performed. 
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F i g .  3 .  Tr im c o i l  c u r r e n t s  a s  a  f u n c t i o n  
o f  p r o t o n  e n e r g y  o v e r  t h e  e n t i r e  r a n g e  o f  
m a g n e t i c  f i e l d  o f  t h e  MSU c y c l o t r o n .  D i s -  
c o n t i n u i t i e s  o c c u r  a t  p o i n t s  a t  wh ich  one  
o f  t h e  t r i m  c o i l  c u r r e n t s  d r o p s  be low t h e  
minimum ( 1 0  a m p e r e s )  imposed b y  t h e  power 
s u p p l y  r e g u l a t o r .  Arrows i n d i c a t e  
measu red  f i e l d  e x c i t a t i o n s .  

Field 350 lUrn AE 4. 52 MeV Protons , 

F i n .  4 .  Ene rgy  S. s t a r t i n g  p h a s e  f o r  
t u r n s  n e a r  t h e  e x t r a c t i o n  e n e r g y  f o r  a  
beam o f  6 p h a s e  w i d t h  a b o u t  a  c e n t r a l  
r a y  o f  n o m i n a l  +30 s t a r t i n g  p h a s e .  The 
e n e r g y  s p r e a d  h a s  b e e n  min imized  f o r  
51 .97 M e V  p r o t o n s ,  t u r n  220.4 .  

F i g .  5 .  D i f f e r e n t i a l  r a d i a l  beam p r o b e  
s c a n s  f o r  F i e l d  200 a s  a  f u n c t i o n  o f  f r e -  
q u e n c y ,  t a k e n  i n  5  k c .  s t e p s ,  where  t h e  
c e n t r a l  s c a n  c o r r e s p o n d s  t o  t h e  computed 
f r e q u e n c y  o f  14 .75238  M C . .  
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F i g .  7 .  R a d i a l  f o c u s i n g  f r e q u e n c y  as a  
f u n c t i o n  o f  a v e r a g e  r a d i u s  f o r  f o u r  p r o -  
t o n  f i e l d s ;  computed v a l u e s  o b t a i n e d  f rom 
SETOP f i t t e d  f i e l d s  a r e  shown a l o n g  w i t h  
measured  d a t a .  F i e l d  2 8 0  i s  o b t a i n e d  en- 
t i r e l y  by i n t e r p o l a t i o n  and f i e l d  2 5 0  t r i m  
c o i l  f i e l d s  a r e  o b t a i n e d  by i n t e r p o l a t i o n .  

DISCUSSION 

ALEKSEEV: At what intervals  did you measu re  
the magnetic field, so  that you could then se t  the 
t r i m  coils? 

BERG: The average  minimum field measu red  
was 6 kG, the top field about 15. 5 kG. Seven 
different main field excitations were  measu red  a t  
roughly equal intervals .  
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