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A &-E p a r t i c l e  i d e n t i f i e r ,  using a propor t iona l  counter as A?3 detec- 

to r ,  has been constructed i n  order t o  i d e n t i f y  reac t ion  productsof hea- 

vy ion react ions.  I n  t h i s  work, the performance o f  t h i s  instrument i s  

presented i n  studying t rans fe r  and fus ion  react ions.  

Construiu-se um iden t i f i cado r  de pa r t ícu las  E-AE, que u t i l i z a  um con- 

tador proporcional como detector  AE, com o o b j e t i v o  de se i d e n t i f i c a r  

produtos de reações que envolvem íons pesados. Neste trabalho, apre- 

senta-se o desempenho desse instrumento no estudo de reações de t rans-  

ferência e fusão nuclear. 

1. INTRODUCTION 

The study o f  most heavy ion  react ions usua l ly  involves the i d e n t i f i c a-  

t i o n  o f  the outgoing p a r t i c l e s  i n  the various open e x i t  channels (e.g.: 

e l a s t i c  scat te r ing ,  t rans fer  react ions,  evaporation residues fo l l ow ing  

complete fus ion etc.)  . I n  order t o  study these react ions,  a AE-E system 

f o r  p a r t i c l e  i d e n t i f i c a t i o n  has been constructed w i t h  a propor t iona l  

counter'as the AE detector  and a s i l i c o n  surface b a r r i e r  diode as the 

B detector .  The p a r t i c l e  i d e n t i f i c a t i o n  i s  achieved from the analysis 

o f  a b i- parametr ic  spectrum constructed from the AE and E puises which, 
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a f  t e r  being processed by convent ional e lec t ron i cs ,  are stored on mag- 

n e t i c  tape by the IBM/360-44 computer i n  a AE vs E array.  

2a. DESCRIPTION OF THE PARTICLE IDENTIFIER 

The scheme o f  the proport ionat  counter telescope i s  shown i n  Fig.1. 

The AE counter i s  a s i ng le  w i re  propor t iona l  counter o f  69 mm e f f e c t i -  

ve length, w i t h  a diameter o f  21.5 mn. A 20 pm go ld  p la ted  tungsten 

w i re  i s  surrounded by guard- rings i n  order t o  r e s t r i c t  the charge co l -  

l e c t i o n  t o  regions o f  homogeneous f i e l d .  A s i l i c o n  detector  located i n -  

side, the proport  iona l  counter rneasures the remaining energy (E) o f  the 

p a r t i c l e ,  a f t e r  i s  passes through the gas. The propor t iona l  counter i s  * 
operated w i t h  P-10 (90% Ar + 10% CH,) . A car tes ian  manostat maintains 

a continuous gas f l ow  through the propor t iona l  counter and the pressu- 

re  i s  kept constant w i t h i n  '0.2 t o r r  o r  0.2%, whichever i s  greater.The 

entrance window consists o f  e i t h e r  a 240 pg/cm2 th i ck  MAKROFOL*" o r  a 

30 vg/cm2 t o  150 pg/cm2 t h i c k  home-made WNS f o i  1 .' 

The propor t iona l  counter telescope can be e a s i l y  mounted ins ide  the 1 

meter diameter sca t te r i ng  chamber located on the 30' l ine, experirnen- 

t a l  area B, o f  the Pel l e t r o n  Accelerator  ~ a b o r a t o r ~ ~ .  

2b. THE 61-PARAMETRIC SPECTRUM 

I n  order t o  const ruc t  a b i- parametr ic  spectrum from the simultaneous 

measurements o f  the two parameters E and AE, the raw data are stored 

event by event i n  an on- l ine  DDP-516 computer, using an i n te r face  de- 

veloped a t  t h i s  laboratory3.  The data are then t rans fer red automatical- 

l y  t o  the d isk  o f  the IBM/360-44 computer and f i n a l l y ,  i n  an o f f - l i n e  

* Purchased f rom Manostat Corporation, 20 North-Moore Street, New York 

B, New York. 

** This mater ia l  i s  produced by Bayer, Rua Domingos Jorge, 1000, Santo 

Amaro, São Paulo SP. 



Fig.1 - Vert ica l  cross-section view o f  the proportional counter: 1 .  

guard-rings; 2. sol i d  s ta te  detector; 3 .  entrance window; 4. microdot 

connectors; 5. s i i t s ;  6. wire.  
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Fig.2 - Spectrum o f  the AE pulses i n  coincidence with E pulses, obtai-  

ned f rom the reaction "AI + "O. 



process, the bi- parametr ic  spectrum i s  constructed, stored on magnetlc 

tape, and pr in ted.  

A se t  o f  computer codes was w r i t t e n  f o r  analyzing the b i  -pararnetr ic  

spectrum. With these codes, i t  i s  possib le t o  se lec t  i n te res t i ng  re- 

gionsof the spectrum, and p r o j e c t  them onto e i t h e r  o r  both the parame- 

te rs  axes. 

3. RESULTS 

With the aim o f  studying the cha rac te r i s t i cs  o f  the propor t iona l  coun- 

t e r  telescope, a 150 vg,lcm2 2 7 ~ 1  target  was bombarded w i t h  30 MeV 160 

ions. The reac t ion  products were detected a t  eLAB = 45'. A spectrum o f  

the A& pulses i n  coinciclence w i t h  t h e B  pulses i s  shown i n  Fig.2. The 

reso lu t i on  obtained f o r  e l a s t i c a l l y  scat tered 160 i s  4.6%. 

A bi- parametr ic  spectrum o f  the reac t ion  products f rom the same reac- 

t ion ,  f o r  an inc ident  energy o f  38 MeV, i s  shown i n  Fig.3. Elemental se- 

para t ion  i s  c l e a r l y  demonstrated i n  t h i s  AE vs E array.  A selected re- 

g ion  o f  the Z = 7 locus and i t s  p ro jec t i on  onto the E ax i s  i s  shown i n  

Fig.4. This p ro jec t i on  shows twogroups which, by kinematic considera- 

t ions ,  correspond t o  l 5 h I  leaving the residual  nucleus "s i  i n  e i t h e r  

the ground s ta te  o r  the f i r s t  exc i ted  s ta te .  This i s  a t yp i ca l  example 

o f  a d i r e c t  t r ans fe r  reac t ion  and, i n  t h i s  case, one proton i s  trans- 

fe r red  from 160 t o  27~.l. 

I n  order  t o  t e s t  the propor t iona l  counter telescope f o r  fusion reac- 

t ions ,  a 10 pg/cm2 natura l  carbon ta rge t  was bombarded by 34.3 MeV 160 

ions. Figure 5 shows a bi- parametr ic  spectrum where the reac t ion  pro- 

ducts were detected a t  8 = 6'. The curves o f  energy loss drawn i n  LAB 
tha t  f i gu re  were ca lcu la ted from tables by Northcl  i f f e  and S h i l l  ing  . 
The reac t ion  products having Z 2 10 were in terpre ted as evaporation 

residues fo l l ow ing  complete fusion. F i n a l l y ,  we show the angular d is-  

t r i b u t i o n s  f o r  the evaporation residues i n  ~ i g . 6 .  The curves drawn i n  

t ha t  f i g u r e  are on ly  a guide f o r  the eye. Our resul t s  are i n  good agre- 

ernent w i t h  those reported by Sperr et aZ.' 
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onto the E axis. 

Fig.5 - A bi-parametric spectrum for the reaction products from the 

reaction 12c + 160. 



Fig.6 - Angular distributions for the evaporation residues following 

complete fusion for the reaction '*C + 160. 



4. CONCLUSION 

We have used the  p r o p o r t i o n a l  counter  te lescope ma in ly  t o  s tudy f u s i o n  

reac t ions ,  d i  r e c t  t r a n s f e r  r e a c t i o n s ,  and deep i n e l a s t i  c  c o l l  i s i o n s  bet- 

ween the so- ca l led  " l i g h t "  heavy ions.  Our system has shown good per -  

formance i n  i d e n t i f y i n g  products  o f  heavy i o n  r e a c t i o n s .  

The p r o p o r t i o n a l  coun te r  has the  f o l  lowi  ng advantages: i )  the  energy 

loss  i n  the  d e t e c t o r  can be s m a l l e r  than t h a t  o f  the t h i n n e s t  AE s i l i -  

con d e t e c t o r .  For example, a  gas pressure near 10 t o r r  i s  e q u i v a l e n t  

t o  a s i  1  i c o n  d e t e c t o r  about 1  pm t h i c k ;  i i )  they  a re  n o t  damaged by 

heavy ions; i i i )  they a r e  o f  easy c o n s t r u c t i o n ;  i v )  the  c o s t  i s  low. 

These aspects make our  CiE-E p a r t í c l e  i d e n t i f i e r  an impor tant  to01 i n  
the s tudy o f  heavy i o n  r e a c t i o n s .  

We w ish  t o  thank Dr .T.  Polga, A.  P. Teles, M.D. F e r r a r e t t o  and M. 

Cappel lo  f o r  t h e i r  s i g n i f i c a n t  c o l l a b o r a t i o n  d u r i n g  .the development o f  

t h i s  p r o j e c t ,  and E..!.i.C'; Cadavid D., N.N. Pimenta and E .  Crema f o r  

t h e i r  coopera t ion  d u r i n g  the t e s t s  o f  the  p a r t i c l e  i d e n t i f i e r .  
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The behaviour o f  the resonances o f  a one-dirnensional square we l l  wi t h  a 

squarre b a r r i e r  i s  inves t iga ted as a f unc t i on  o f  the width o f  the barr ier .  

A non-monotonic dependence o f  resonance energy and width on the width o f  

the b a r r i e r  i s  found. Impl icat ions o f  these resu l t s  f o r  the i n t e r p r e t a t i o n  

o f  resonances near deuteron threshol ds i n nuclear react ions are d i  scussed. 

Investiga-se o comportamento das ressonâncias em um p,oço quadrado un id i  - 
mensional, de b a r r e i r a  quadrada, em função da largura da ba r re i  ra. Encon- 

tra-se uma dependência não monotônica da energia de ressonância, e da cor-  

respondente largura, em função da largura da bar re i  ra. Discutem-se as con- 

sequênci as desses resul  tados na interpretação das ressonâncias, próximas 

aos 1 imiares do deuteron, em reações nucleares. 

/ 

Recently, a number o f  resonances i n  react ions invo lv ing  few nucleons were 

i n te rp re ted  as po ten t i a l  resonances i n  a s p e c i f i c  channel lY2.  Shape and 

width of the b a r r i e r  are o f  great  irnportance t o  understand the behaviour 

o f  such resonances. I n  Ref.1, a number o f  resonances near thresholds were 

analysed. Mai n l y  deuteron thresholds were consi dered but  6 ~ i ,  f o r  example, 

* Assessor o f  the Instituto de ~Zs i ca ,  Universidade Nacional ~utÔrwrna de 
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may a lso  be o f  i n t e r e s t .  I t  i s  notable t ha t  these fragments have large mt 

mean square radi  i and by consequence give r i s e  t o  a wide, f l a t ,  Coulomb 

b a r r i e r .  

The purpose o f  the present paper i s  t o  show tha t  such a property o f  the 

b a r r i e r  i s  s i g n i f i c a n t .  Indeed, we s h a l l  see tha t  we c a n  considerably 

re in force  the arguments given i n  Ref.1 by discussing a simple mode1 f o r  

guch a s i  tua t ion .  

1 

We choose a square we l l  w i t h  a square b a r r i e r  and analyse the behaviour 

of the poles o f  the sca t te r i ng  ma t r i x  as a f unc t i on  o f  the w id th  o f  the 

b a r r i e r .  I n  t h i s  way, we w i l l  be able t o  discuss the behaviour o f  energy 

and width o f  resonances as we l l  as t h a t  6 f  the energy o f  bound states.The 

parameters V,, VI o f  the po ten t i a l  (Fig.1) are chosen i n  such a way tha t  

we may study simultaneously the behaviour o f  bound states, resonances l y i n g  

deep i ns ide  the b a r r i e r  near threshold, others l y i n g  near the top o f  the 

b a r r i e r  and others f a r  above. The dimensions are chosen such tha t  rn = 1/2 

and f i  = 1. The behaviour o f  the poles o f  the S-matrix, i n  the complex k- 

-plane, as a f unc t i on  o f  the b a r r i e r  width b ,  ranging from O t o  1.5, i s  

shown i n  Fig. 2. 

The behaviour o f  those poles, corresponding t o  energies near the top o f  

the b a r r i e r ,  below o r  above, i s  notable as i t  impl ies  a non monotonic be- 

haviour o f  energy and width as a func t ion  o f  the b a r r i e r  width,  b. I n  o r -  

der t o  d isp lay  the proper t ies  o f  the poles m r e  c lea r l y ,  we show i n  Fig.3, 

the energies o f  the f i  r s t  bound s ta tes  and resonances, as we l l  as thewidth 

o f  the resonances as a func t ion  o f  b .  We no t i ce  the f o l  lowing features: 

a) The energy o f  the lowest bound s ta te  i s  1 i t t l e  inf luenced by the bar- 

r i e r  bu t  increases monotonical l y ;  

b) The energy o f  the second bound s t a t e  increases m n o t o n i c a l l y  up t o  the 
, 

threshold; the f o l  lowing decrease i n  energy corresponds t o  a v i  r t u a l  s ta -  

t e  as may read i l y  be seen from the p o s i t i o n  o f  the corresponding pole on 

the negative imaginary k- axis. For even wider bar r ie rs ,  the  pole migrates 

t o  complex k values and a mnotonous increase o f  the energy as a func t ion  

o f  the b a r r i e r  w id th  i s  recovered. The i r r e g u l a r i t y  o f  the behaviour here 

i s  due t o  the threshold exc lus ive ly .  This i s  conf i  rmed by the f a c t  that an 



Fig.1 - The potential  used for  the computation. 
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Fig.3 - The energy E + 25 f o r  the lowest bound s ta te  and resonances, as 

we l l  as the width r of the l a t t e r ,  are displayed on logar i thmic  scale as 

a  f unc t i on  o f  the b a r r i e r  w id th  b. 



analogous behaviour  occurs f o r  the  e x p u l s i o n  o f  a bound s t a t e  i n t o  the  

cont inuum f o r  a w e l l  o n l y  as a f u n c t i o n  o f  the w e l l  depth3.  

c) The t h i r d  p o l e  near b u t  below the  top  o f  the  b a r r i e r  d i s p l a y s  a nota-  

b l e  behaviour as a f u n c t i o n  o f  energy, t h a t  may be o f  irnportance i n  r e l a -  

t i o n  t o  nuc lear  reac t ions .  Whi l e  f i r s t ,  as expected, we f i n d  an increase 

i n  energy, as the  b a r r i e r  grows broad the  energy decreases again. The width 

o f  the  resonance decreases monotoni c a l  l y  as a f u n c t i o n  o f  the wi d t h  b o f  

the b a r r i e r ;  

d) The f o u r t h  and f i f t h  s t a t e s  d i s p l a y  s i m i l a r  f e a t u r e s :  the  resonance 

energy increases f o r  srnall b a r r i e r  w i d t h  i n  o r d e r  t o  decrease as the  bar-  

r i e r  becoms w ider .  I n  t h e  r e g i o n  where t h e  energy behaviour  becomes mo- 

n o t o n i c a l  l y  decreasing, we f i n d  a l o c a l  minimum f o ~  the resonance w i d t h .  

These and a11 h i g h e r  po les (no t  d isp layed)  approach the  top  o f  the b a r r i e r  

i n  t h e  l i m i t  o f  l a r g e  b .  

We MY add t h a t  o t h e r  s e t s  o f  parameters Vo ,  V, were analysed and the  re-  

s u l  t s  s u b s t a n t i a t e  the  above remarks. 

I f  we argue i n  terms o f  resonances i n  a w e l l  and p e n e t r a t i o n  f a c t o r s , t h e -  

se r e s u l  t s  a r e  r a t h e r  puzz l  ing; i f, on t h e  o t h e r  hand, we consider the m- 

vergence o f  the poles towards the  t o p  o f  the  b a r r i e r ,  we get  a h i n t  as t o  

the understanding. Indeed, ~ u s s e n z v e i ~ ~  has shown ( i f  we take  i n t o  account 

t h a t  he p l o t s  t h e  po les  i n  a kb r a t h e r  than a k-plane) t h a t  f o r  a p u r e l y  

r e p u l s i v e  square p o t e n t i a l  a1 1 po les  a r e  drawn towards the  top  o f  the  bar-  

r i e r .  I f  the  w i d t h  d f  a b a r r i e r  becomes l a r g e  we expect  a s i m i l a r  behavi-  

our .  

Discussing, e.g. the  t h i r d  pole,we may then  argue as f o l l o w s :  w h i l e  the  

b a r r i e r  i s  narrow, no poles a r e  near and the  increase o f  p o t e n t i a l  energy 

w i t h  i n c r e a s i n g  b a r r i e r  w i d t h  w i l l  push the  energy up i n  a s i m i l a r  way as 

i t happens f o r  low l y i n g  s t a t e s .  As the  b a r r i e r  gets  broad,  many po les  

converge towards the  top  o f  the  b a r r i e r ,  and we may invoke leve1 repuls ion 

t o  e x p l a i n  t h e  consequent decrease i n  energy o f  the resonance correspon-  

d i n g  t o  the t h i r d  po le .  Using the language o f  p e r t u r b a t i o n  theory, t h e  

increase i n  energy i s  a f i r s t  0rde.r e f f e c t  whi l e  the  decrease i s  a h i g h e r  

o r d e r  one. 



Having thus gained a  q u a l i t a t i v e  understanding o f  t h i s  behaviour, we pro- 

ceed t o  discuss some possib le imp l ica t ions  f o r  nuclear react ions.  As men- 

t ioned e a r l i e r ,  t h i s  study was o r i g ina ted  by the i nves t i ga t i on  o f  c e r t a i n  

react ions i n  few nucleon systems tha t  seemed t o  d i sp lay  " threshold states", 

t ha t  were po ten t i a l  resonances j u s t  above c e r t a i n  deuteron, t r i t o n  o r  3 ~ e  

thresholds. Whi l e  t h i s  i n te rp re ta t i onl  seemed q u i t e  successful i n  some ca- 

ses and proved t o  have p red i c t i ve  power, i t  f a i l s  t o  exp la in  why these re- 

sonances cons is tent ly  occur above the threshold whereas an occurrence be- 

low would seem equa l ly  l i k e l y ;  s i m i l a r l y ,  they could occur f u r t h e r  above 

and be too wide t o  observe. The present resu l t s  i nd i ca te  t ha t  these reso- 

nances are ra ther  associated w i t h  the broad top o f  the Coulomb ba r r i e r ,  t ha t  

i s  present i n  a11 cases discussed i n  Ref.1, than w i t h  the threshold. This 

would immediately take care o f  the above mentioned f a c t  as the non mono- 

t on i c  behaviour o f  a  resonance i n  t h i s  region as a  f unc t i on  o f  energy ma- 

kes i t  very s tab le  againsX changes tha t  may occur from one system t o  the 

next. Should the we l l  be a c t u a l l y  deep enough t o  b ind  a  given s ta te ,  ano- 

ther  one should migrate down towards the top o f  the ba r r i e r ;  note t ha t  i n  

these react ions the ba r r i e r s  are not  as high as i n  the model, thus e l i m i -  

na t ing  the p o s s i b i l i t y  o f  resonances deep ins ide  the b a r r i e r .  

On the o ther  hand, i f  the we l l  i s  not  deep enough,the ef fectmaydisappear 

because, a1 though a  purel  y  repuls i ve  po ten t i a l  a t t r a c t s  poles, t he i  r wi dth-  

- to-energy spacing r e l a t i o n  i s  such tha t  i so la ted  resonances do not  occur. 

Thus, t h i s  argument cannot re fu te  the ob jec t ions  ra ised i n  Ref.2 against  

the occurrence o f  such s ta tes  i n  deuteron-deuteron and s i m i l a r  channels. 

This a l so  sheds some l i g h t  on some recent proposals i n  heavy ion  r e a c t i -  

ons, where resonances on top o f  the b a r r i  e r  were supposed t o  exp la i  n  cer-  

t a i n  features4.  While a  more de ta i l ed  discussion, inc lud ing complex poten- 

t i a l s  i s  necessary, we can surmise tha t  the loca l  minimum o f  the width ( d )  

may we l l  be responsi b l e  i n  reducing the number o f  con t r i bu t i ng  poles, and 

thus conclude t h a t  the a t t r a c t i v e  p a r t  o f  the po ten t i a l  i s  a l so  o f  impor- 

tance. 

F ina l l y ,  we wish t o  note tha t  the e f f e c t s  discussed above are e s s e n t i a l l y  

a  feature o f  the sca t te r i ng  process and we cannot expect t o  f i n d  the men- 

t ioned e f f e c t  by a  quasibound ca lcu la t ion .  This i s  r e a d i l y  understood be- 



cause, i n  a quasibound ca lcu la t ion ,  we have t o  t runcate our func t ion  a r -  

b i  t r a r i  l y  i ns ide  the b a r r i e r  i n  order t o  avoid approxirnating a threshold 

ra ther  than a resonance. 
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