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A desc r i p t i on  

c a l i b r a t i o n  o f  

acce lera tor  o f  

i s  g iven o f  the methods and techniques employed f o r  the 

the  90' analyzing magnet coupled t o  the tandem Pel l e t r o n  

the Un ive rs i t y  o f  São Paulo. 

E dada u~ descr ição dos &todos e técnicas u t i  1 izados para a c a l i b r a -  
O 

do iM anal isador de 90 acoplado ao acelerador tandem Pe l l e t ron  da 

Universidade de São Paulo. 

1. INTRODUCTION 

The ins ta1 l s t i o n  o f  the Un ivers i  t y  o f  são Paulo Pel l e t r o n  accelera- . 
ter' was completed i n  1972. This a r t i c l e  describes the c a l i b r a t i o n  pro- 

cedures fo r  the 90° analyzing magnet* (ME-200), which def ines and con- 

t r o l s  the energy o f  the  acce lera tor  beam (Fig. 1 ) .  

As i n  most labora tor ies ,  the f a c i  1 i t i e s  a t  t h e  Univers i  t y  o f  São Paulo 

do n o t  inc lude a system f o r  the absolute measurement o f  the beam energy, 

and the normal procedure i s  t o  r e l y  on the pararneters associated wi t h  

the analyzing magnet i t s e l f .  

t Postal  address: Caixa Postal 20516, 01000-São Paulo SP. 

* Constructed by Va'aman Corpomtion, U.S.A. . 



EXPERIMENTAL 

CONCRETE ÇHIELD 

CONTROL 

F ig .1  - Schernatics o f  t h e  U n i v e r s i t y  o f  São Paulo P e l l e t r o n  a c c e l e r a t o r  

systern. A l a y o u t  o f  the  bearn energy c o n t r o l  system i s  a l s o  shown. 



2. CALIBRATION PROCEDURE 

The energy o f  an ion o f  mass M, charge s t a t e  Z, t ravers ing  a uni form 

magnetic f i e l d ,  i s  given by the r e l a t i v i s t i c  expression 

where the c a l i b r a t i o n  constant, k,  depends e s s e n t i a l l y  on the magnet 

geometry and type o f  apparatus used f o r  measuring the magnetic f i e l d .  

The f i e l d  s t rength  i s  d i r e c t l y  p ropor t iona l  t o  the frequency, f ,  of  the 

nuclear magnetic resonance (NMR) induced i n  a sample o f  protons (0.5cm3 

o f  water) posi t ioned we l l  ins ide  the pole edges, c lose t o  the t r a j e c t o -  

r y  t raversed by the beam. 

The constant k can, i n  p r i n c i p l e ,  be ca lcu la ted f o r  the given magnet 

geometry, but due t o  the progressive sa tu ra t i on  o f  the pole pieces, a 

small dependence w i t h  the app l ied  f i e l d  i s  observed, which c a n n o t  be 

taken i n t o  account i n  the ca lcu la t ions .  A good c a l i b r a t i o n  procedure 

requires d i r e c t  measurements o f  the constant k i n  the la rgest  poss ib le  

domain o f  magnet operation. This i s  acomplished by reproducing some 

s t rong l y  energy dependent fea ture  o f  a nuclear 

threshold f o r  a (p,n) react ion,  which i s  known 

b l i shed  energy. This fea ture  w i l l  be observed 

NMR frequency and the c a l i b r a t i o n  constant can 

react ion,  such  as the 

t o  occur a t  a we l l  esta-  

a t  i t s  c h a r a c t e r i s t i c  

be ca lcu la ted from 

where Eth i s  i t s  energy standard. 

Neutron thresholds are favored as energy standards f o r  c a l i b r a t i o n  due 

t o  the high accuracy w i t h  which threshold energies can be measured, re -  

l a t i v e  ease o f  reproduct ion and ana lys is  o f  data. The observed y i e l d  

of the react ion,  near threshold, i s  p ropor t iona l  t o  (E-Eth) 3 / 2  (Ref . 2 ) ,  

and hence a p l o t  o f  (yield-background)2/3vs. energy o f  the beam i s  a 

s t r a i g h t  l i n e  which i n te rsec ts  the energy ax is  a t  threshold.  



5. ENERGY STANDARDS 

A compi lat ion o f  the m s t  r e l i a b  

given by J. B. ~ a r i o n ~ .  However 

l e  energy standards f o r  c a l i b r a t i o n  i s  

, the experience o f  the past  decade has 

shown t h a t  many o f  these standards have t o  be updated in o r d e r t o o b t a i n  

the desi red coherence 'in the  resul  t i n g  ca l i b ra t i on  curves. The f o l  lowing 

se t  was adopted i n  our laboratory:  

a) lg~(p,n) 'g~e - The energy standard i s  Eth = 4 234.3 + .8 keV ( ~ e f  .3), 

an average o f  two independent and absolute measurements performed w i t h  

magnetic spectrographs4' '. 

b) 1 2 ~ ( a , n ) 1 5 0  - The value Eth = 1 1  346.3 I 1.7 keV (Ref.3) was based 

on the 1964 mass tab les6.  Recently, the mass o f  ''0 has been remeasured 

by Shamu e t . a ~ . ~  by means o f  the 1 5 ~ ( p , n ) 1 5 0  react ion,  r e s u l t i n g  i n  the 

new energy standard o f  6 = 1 1  340.8 f .9 keV. 
t h 

c) 2 7 ~ 1  ( p , n ) 2 7 ~ i  - Marion r e c o m n d s  an average o f  two independent mea- 

surements ' 

5 794.5 I 2.4 keV absolute8 , 

5 802.9 I 3.8 keV r e l a t i v e  t o  ThCa (Ref.9). 

I n  s p i t e  o f  i t s  r e l a t i v e  nature, i t  was found t h a t  the l a t t e r  value i s  

more cons is tent  w i t h  o ther  s t a n d a r d ~ ' ~ ~ ' ~ .  This has been v e r i f i e d  a l s o  

i n  the present work. 

d) D ( ' ~ o , ~ ) ' ~ F  - No absolute measurement o f  the threshold e n e r g y  f o r  

t h i  s reac t ion  ex i s t s .  I t can be ca l cu la ted  f rom an absolute measurement 

f o r  the threshold f o r  the 160 (d ,n )17~  reac t ion ,  1 829.2 f .6 keV (Ref.12): 

where Mo, Md are the atomic masses o f  oxygen and deuterium and Q i s  the 

Q-value f o r  the ~ ( ' ~ 0 , n )  "F react  i on I3 .  



When t h e  r e a c t i o n  i s  i n i t i a t e d  w i t h  a p a r t i c u l a r  charge s t a t e  o f  the  160  

ion,  t h e  e l e c t r o n s  a t t a c h e d  t o  t h e  nuc leus w i l l  c a r r y  a s i g n i f i c a n t  

amount o f  k i n e t i  c energy. Therefore,  t h e  energ ies  de f  ined  by the magnet, 

a t  th resho ld ,  wi 11 be d i f f e r e n t  f o r  d i f f e r e n t  charge s t a t e s .  T h e y  a r e  

c a l c u l a t e d  f rom 

nm -I E (magnet) = (14 521 * 5 ) ( 1  --& keV, 
t h 

where m i s  the  e l e c t r o n  mass, and n the  number o f  e l e c t r o n s  c a r r i e d  by 

t h e  nucleus. The r e s u l t s  a r e  shown i n  Table I. 

TABLE I 

CHARGE STATE THRESHOLD ENERGY ELECTRON SHARE 

(keV) (keV) 

4. (i) CHAMBER AND TARGETS 

F i g u r e  2 shows the s c a t t e r i n g  chamber used wi  t h  s o l  i d  t a r g e t s .  The beam 

e n t e r s  f rom t h e  r i g h t  a f t e r  b e i n g  focused by a quadrupole lens  and i t 

i s  co l imated  by two SI i t s  p laced  23cm a p a r t .  The t a r g e t  i s  p o s i t i o n e d  

a t  l e f t .  Secondary e l e c t r o n s  a re  k e p t  i n  t h i s  reg ion  by the  combined 

e f f e c t  o f  a v o l t a g e  b i a s  and a magnetic supressor .  The system i s  pumped 

by a turbo-molecular  u n i t  and pressures o f  the  o r d e r  o f  10-' t o r r  were 

a t t a i n e d  d u r i n g  exper iments.  

S l i g h t  m o d i f i c a t i o n s  were in t roduced  i n  o r d e r  t o  make f e a s i b l e  the cons- 

t r u c t i o n  o f  i c e  t a r g e t s  f o r  the  D ( ~ . ~ o , ~ ) ' ~ F  r e a c t i o n s  (F ig.3) .  A needle 

va lve  was i n s t a l l e d ,  through which a smal l  q u a n t i t y  o f  heavy wate r  (D20) 

i s  in t roduced  i n  the  chamber and vapor i zed  i n  a heated m e t a l l i c  surface. 

The vapor i s  a1 lowed t o  d i f f u s e  throughout  the  chamber whi l e  the pum- 

p i n g  speed i s  reduced by p a r t i a l l y  c l o s i n g  t h e  va lve  which connects t h e  
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Fig .2  - S c a t t e r i n g  chamber used f o r  rneasuring the neu t ron  y i e l d  frorn 

s o l i d  t a r g e t s .  
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Fig .4  - Top view o f  s low neu t ron  coun te r .  The p a r a f f i n  moderator d e f i -  

nes t h e  maximum energy above t h r e s h o l d  u s e f u l  f o r  the  search o f  t h e  

t h r e s h o l d  f requenc ies .  
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Fig .  3 - Modi f i ed  sca t te r i ng  charnber and long counter geometry f o r  the 

D ( " o , ~ ) ' ~ F  re=eions. Heavy water (D,B)  i s  introducect t h r o u g h  t h e  

valve and vaporizes on a copper surface heated by the so lder ing  rod. I t 

condenses on a copper surface cooled by a l i q u i d  n i t rogen c i r c u l a t o r .  



Fig.5 - ~ a l f  angle opening o f  the neutron cone as a f unc t i on  o f  inc ident  

energy f o r  the " ~ ( ~ , n )  l g ~ e  react ion.  

Fig.6 - Least squares 

NMR f requency (two- th 

f i t  t o  the experimental po in t s  as a f unc t i on  o f  

rds power r e l a t i o n )  f o r  the l g~ (p ,n ) l g~e  react ion.  



chamber t o  the turbo-molecular pump. AI 1 r ne ta l l i c  par ts  are heated t o  

avoid condensation, except the copper surface a t  l e f t  which i s  maintai -  

ned a t  l i q u i d  n i  trogen temperature. Ice layers o f  an estimated th i ck -  

ness o f  1 mm were obtained by t h i s  procedure. 

4. (ii) DETECTORS 

Neutrons were detected w i t h  two standard BF3 gas f i l l e d  propor t iona l  

counters. The counter r a t i o  methodl' was used t o  locate  the thresholds. 

However, due t o  the r e l a t i v e l y  low y i e l d  o f  f a s t  neutrons, i n  (p,n) and 

(a,n) react ions,  the f a s t  neutron detector  was used on ly  as a moni t o r  

dur ing  the ac tua l  measurements. The slow neutron y ie lds ,  a f t e r  subtrac- 

t i o n  o f  the background cont r ibu t ions ,  were f i t t e d  t o  the t w o - t h i  r d s  

power law w i t h  the a i d  o f  a l eas t  squares f i t t i n g  program t o  obta in  the 

threshold frequencies. I n  the case o f  160 induced react ions,  the slow 

neutron detector  served the purpose o f  a monitor and the threshold f r e -  

quencies were obtained from the f a s t  de tec tor  data. 

Figure 4 presents the top view o f  the slow counter. To enhance the 

sensi t i v i t y  o f  t h i s  detector  t o  the slow ( k e ~ )  neutrons produced near 

threshold,  the BFJ counter was surrounded w i t h  a t h i n  (1/2 inch) pa- 

r a f f i n  cy l i nde r .  This sornet ry  , however, 1 . im i t s  the energy range i n  

which the two- thi rds power law i s  appl icable.  Neutrons p r o d u c e d  near 

threshold are contained i n  the i n t e r i o r  o f  a cone o f  ha l f- ang le  given 

Figure 5 shows t h  
1 9  ~ ( ~ , n )  l g ~ e  reac 

h a l f  angle o f  0 - 
perimental po in t s  

s angle, as a f unc t i on  o f  inc ident  e n e r g y ,  f o r  the 

ion. The sens i t i ve  region was estimated t o  subtend a 

40' a t  the ta rget ,  and Eq.3 determines tha t  on ly  ex- 

up t o  5 keV above threshold,  can be expected t o  obey 

the two- thi rds power law. I n  the case o f  the D ( ~ ~ o , ~ ) " F  react ion,  due 

t o  the f a c t  t ha t  the energy o f  the center  o f  mass m t i o n  i s  large,  ex- 

pression 3 r e s u l t s  i n  a slow opening o f  the cone as a f unc t i on  o f  i n c i -  



F i g . 7  - The same as F i g .  6 f o r  the  2 7 ~ l ( p , n ) 2 7 ~ i  r e a c t i o n .  

F i g . 8  - The same as F i g .  6 f o r  t h e  ' 2 ~ ( a , n ) 1 5 0  r e a c t i o n .  

422 



Fig .9  - The same as Fig .  6 f o r  the D('~o'+,~)'~F reaction. 
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dent energy. At  100 keVabove threshold,  t heopen ing  i s  on ly  14' and 

the ex t rapo la t i on  range was not  l i m i t e d  by the detec tor  geometry. 

5. RESULTS 

Figures 6 t o  10 show the least-squares f i t s  t o  the experimental po in ts  

on the 2/3 power p l o t .  The threshold frequencies thus obtained and the 

energy standards are shown i n  Table 2 a long w i t h  the c a l i b r a t i o n  cons- 

t an ts  ca lcu la ted from Eq. 2. Figure 11 shows the values o f  k as func- 

t i o n  o f  NMR frequency (propor t iona l  t o  the magnet i c  f i e l d l  , where the 

expected dependence o f  the c a l i b r a t i o n  constant on the app l ied  f i e l d  i s  

c l e a r l y  observed. 

This dependence may be explained as fo l lows:  as soon as cur rent  i s  

suppl ied t o  the c o i l s ,  the entrance and e x i t  faces o f  the magnet begin 

t o  sa tura te  due t o  the sharp f i e l d  boundaries. As the cur rent  i s  in-  

creased, the saturated region extends inward and i t  i s  n e c e s s a r y  t o  

maintain a h igher f i e l d  i n  the center ,  t o  ob ta in  the necessary average 

f i e l d  a long the p a r t i c l e  t r a j e c t o r y  f o r  the p a r t i c u l a r  energy. The NMR 

probe i s  pos i t ioned a t  the center  o f  the beam t r a j e c t o r y ,  and there fore  

measures t h i s  h igher f i e l d .  This resu l t s  i n  h igher threshold frequen- 

c ies  and, as can be seen from Eq. 2, smal ler  c a l i b r a t i o n  constants. The 

design o f  contoured po le  edgesI5, as i n  our magnet, has minimized but  

no t  completely e l im inated t h i s  e f f e c t .  

The dependence o f  

l i n e a r  re la t i onsh  

k ,  on the NMR frequency, could be represented by the 

i p. 

k = (43.042-0.0104 f) x l f 3  MeV U ~ M H Z ~ .  
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