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CHAPTER 1 

Introducti on 

In h,eavy-ion ind uced reactio ns, a la rge p a r t of the to tal 

r eaction :cr .. o'ss ;section consists of fus i on. deep-inelastic 

collisionr,.,,::quasii�elastic scattering and so on , where many degrees 

of· fre.ed.om- par·ticipate. These r eact i ons have been often analyzed 

dn,,t'er•m·s '  o:f::,mo::dels< r elevan t to macros copic aspects of the· 

rea·ctie>.n , · iec.>g . •  'a friction model. On the o the r hand , the r e  a r e  

als o :many. 'dir e:c:t�li1ke processes ·such as breakup and i nelas tic 

scatterin,g or .. •fe:w�nucleo·n t r ansfers,·to low-:lying. s tates. 

,especially i·n ,i·•e'a.ct :ions between· light-heavy nuclei (C. N. 0, Ne 

etc.').· These rea.ctions,, whe.re fewer degr.ees .of freedom 

parti;cipat;e , ·.have been. usujilly analyzed in terms of models bas e d  

o�£ull q u a n tufu ,mechanics s uch as· dis t o r t ed wave Born 

a·ppr•oximation (DWBA} or coupled-channel calculationsn Such 

analys·e s  have been used for deducing quantu m  numbers of d i scre t e  

sta t e s  such· as spin a nd pa ri ty , o r  .fo r  microscop i c  und e r standing 

of the reaction mechanism2·3> • 

As the bomba r ding ene rgy is inc r eased ,  a t  5 - 10 MeV/nucleon. 

sta t es with highe r exci t a tion energy a n d  spin can b e  populated by 

dir e c t- l i ke p r o ces s d ue to the kin ematical matchi ng cond i tion o f  

linear a n d  angu l ar momenta b e t w een initia l a n d  f inal channels4•5> • 

No te tha t the s e  s t a t es are ha r dly p6p u l a ted by li ght-io n ind u c ed 

r e ac tio n s , .  Wh e n  t h e s e  s t a t es l i e a b o v e  pa r t i c l e thr eshold, they 

s u b s equ e n t l y de cay by pa r t ic l e  emis sion . The final cha nne l of the 

r ea c tio n  c o n s is t s  of t h r e e  p a r t i c l es . F o r  exam ple � the c r os s  
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s e c t i o n o f  th e p re c e ss asso c i a t ed wi t h  a-p a r t i c l e  em i s s i o n i s  

cons i dera b l y  l a r ge d u e  to r e l a t i v e ly l o w a-p a r t i c l e  t h r es ho ld and 

a-c l u s t e r  struct·ure o f  t h e  l i gh t-h ea vy n u c l e i . Such a-par tic l e s 

a r e  s ome times det e ct ed t o  d· et e r m i n e th e p r o p e r ties ( s p i n, pa r i ty 

o r  p art<ial::.,widt h ): .of the decaying s ta tes6-9> o r  t o  inves tig a t e  the· 

reaction: m'eeh:an·i·sm by obtaining s pin-dis t ributions (sub-sta te 

popwla:tio:ns:) ·oJ'. the.· de:caying stat e s7• 1o.io. . In the former .cas e ,  

m,ode1....,:iin:dep:endent. determ i nation12> of s pin and p a rity· of the 

d.ecay\j,;ng; sita tie. have· o·f t en bee n, m a d e . 

· How:eov:err;, ;f:or· the� stud y o f  such high- l y ing s t a tes above 

p a r t i cle >thr.eshoJ;d,'. .a· s;er i ous inheren t  d i fficulty is .that various 

p rocesses ·po:s·s -i;bl1y: :lead to· the same· three-body final channel; whe n  

one ·inves,tigates- :a. ·spec·tfic proces·s or: decaying state , o.ther 

uhde:sir·ed processes: l eading to the sam e. final ·channel 

ih1tr'.udel�:-lS)_ . .  · S uch .un d e s i r ed p r oc e s s e s  s o  f a r  have been of t e n  

t r ea·te d o.nly' -as. "contaminants" , and s tudied les s qua ntitatively . 

H o wev er , c r o s s  s ec tio ns o f  s uch "con t amin a n t s" a r e  of t e n  of the 
• •• f 

s ame ord e r  o f  m a gn i t u d e  a s  t h a t o f  the s pe ci fic p roc ess . Such an 

exampl e i s  also . s e e n · in . t h e  stu dies of the breakup reac t i on s  

i nd u c ed b y  1 i g h t-heavy n u c l e i  15-20> • The r e for e ,  f r om a n e w  poin t of 

v i ew , it is i n t e r e s t i n g t o  i nv e s t i ga t e  va r i ous p r oces s e s  l ead i ng 

t o  the s ame f i na l ch a nn e l  o n  a n  e q u al footing for a thorou gh 

u nd e r s t a nd i n g o f  t h e  r ea c t i o n m e c h a n i s m. The n, i t  is p o s s i ble t o  

s t ud y  t h e  f o l l o w i n g i n t e r e s t i ng p r o b l ems: 

( 1 ) W h a t  p r oces s es co n t r i b u t e t o  a t h r ee-body f i n a l  chann e l  an d 

h o w  m u c h  i s  t h e  c r o s s  s ec tion f o r  e a c h  p r oc e s s? 

( 2 )  W h a t i s  t h e  m e c h a n i s m o f  e a c h  p ro ce s s: I s  i t  a s i m p l e  d ir e c t  
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trans i t i on 'of b i nary charac ter (with sequen t i al part i c l e  

d ecay)? 

(3) Is the r e  any is pect wh i ch canno t be under s t o o d  as a b i na r y  

p r oces s,. i.e. an effect where a l l  of the th r e e  p a r t i c l e s 

i nte r act a t  t h e  s ame time? 

In o rder to dis cus s t hes e p r oblems , i t  is neces sary to p e rform 

co i nc i dence expe r i ment where r e acti on p r oduc t s  a r e  de t e c t ed ove r a 
. :.--:- r \l J, <i f.; <� �-\ �;. '_: : ··"'-

w i de angula r r eg i on and a w i de dynami c  r ange of ene r gy. The data 
-- }�,� d f' t .  } .  · � ; _  2 :3 J ? n Ci -:-· 

ana l ys i s i s  t o  be p e rfo r med b a s e d  on th r ee-body kinem a tics d e a l i ng .-
- "� � --� ,-,,-1 c· V arid �:�. ,� . '. \ · 

w i th va r i ous p r oces ses a t  the same t i me. 
tc.� de·t.�:" _ .: 

We have i �ves t i g a ted t he 12c+12c-12C9.s.+cx+8Be9.s. reac t i on a t  
' ! l !. (� :-: ·:< � ,, ' 

b omba r d i ng energies a r ound 1 0  MeV/nucleon as one of the s i mp l est 

sys t ems whe r e  v a r i o u s  i n t e rmed i a t e  channels are t o  be o b s e r ved . 

In thi s  r e ac t i on ,  it  is possi b l e  to cons i der the following 

d i ffe ren t  p r ocess es: 

( i ) i nel as t i c  s c a t tering p r ocess w i t h  s u�sequen t a-d ecay 
; :� -;- ,· .. ·: .. ,; •. �:.' .. 

( i i ) alpha-transfer process w i t h  s ubsequ en t cx�decay 

( i i i ) 8Be- transfer process w i th subsequent 8Be- par t i c l e  decay 

( i v ) non-resonant ( d i r ect ) breakup process w i t hou t resonan t 

states i n  t h e  i n t e r me d i a t e channels 
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T h i s  r ea c t i on i s  c o n s ide r ed t o  b e  m o s t l y  d i r ec t- l i ke b e c a u se t h e  

compo u nd sy s t em (uMg ) a t  h i gh e x c i t at i o n e n e r gy e as i l y e v a p o r a t e s  

m o r e  t h a n  t h r ee p a r t i c l es . I n  t h is c as e , r ea c ti o n  p r od u c t s  o f  t h e  

p r i m a r y  p r oc e s s  a r e  em i t t ed i n  t h e  f o r wa r d  d i r ect i on .  P a r t i cl e s  
: .. �-' L J. S , · 

in t h e  f o rw a r d  d i r ect i on 12C a n d  a w e r e  d e t e ct ed in c o in c i d e nce 

ov e r  w i d e a n g u l a r r eg i on s  (5. - 20· f o r  12c an d a· - 50· f o r  

a-pa r t i c l es ) a n d  w i d e dy nam i c  r an g e  o f  t h e  e n e rg i es ( ty p i ca l l y , 

E•2<; > 1 0  M eV a n d  Ea> 1 Me V ) .  Ano t h e r  a-d e t ec t o r  wa s s et co ve r i ng 

1 oo· - 1 52· t o  d et e c t  a-pa r t i c l es d ec a y i n g i nt o  backwar d  an g l es . 

M o r e  d e t a i l s  of t h e  e x p e ri m e n t a l  p r o c e d u r e  a r e  d es c r i bed i n  
.... :; . .  · 

cha p t e r
.

2 .  

Fr om a n a l ys i s  b a s ed o n  t h e  t h r ee - b o d y  k in emat i cs , w h i c h  i s  

d es c r i be d  i n  a pp en d i x  A ,  p r o c e s s es ( i ) - ( i v ) w e r e c l ea r l y  

i de n t i f i ed . I t  was fo un d t h a t t h e  p r oc e s s e s  ( i ) ( ine l as t i c  

s c at t e r i ng ) a n d  ( i i ) ( a- t ra ns f e r ) h a v e  m o s t o f  th e c r o s s  s ec t i o n s  

a n d  t h a t  t h e  c r o s s  s ec t i ons o f  t h e  o t h e r  p r o c e s s e s  ( i i i ) and ( i v ) 

a r e  s m a l l. T h e  d a t a a r e  p r es e n t e d  and d i s c u s s ed i n  s ect i on 1 o f  

ch a pt e r  3. 
F o r  t h e  m a i n p ro c e s s e s  ( i ) a n d  ( i i ) ,  c o i nc i d e n c e  c r os s  

s ec t i o ns i n  t h e  f o r m  o f  d o u b l e-d i f fe r e n t i a l  c r o s s  s e c ti o n s6·n ( t h e  

a n g u l a r d i s t r i b u t i o n o f  t h e  p r i m a ry p r oc e s s a n d  t h e  ang u l a r 

c o r r e l a t i o n i n  t h e  d e c a y  p r oc es s ) w e r e  o b t a i ne d . T h e  o b s e r v e d  

d o u b l e-d i f f e r e n t ia l c r o s s  s ec t i o n s  f o r  t h e d i s c r e t e  s t a t e s  w e r e  

r e p r od u c ed w e l l b y  t h e  ca l c u l a t i o n b a s ed o n  a f i n i t e- r a n g e  DWBA . 

Fo r t h e  a- t r an s f e r  p r o c e s s, t h e  t r a n s f e r r ed a n gu l a r m om en t um i n  
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the p r i m a r y  p r o c e s s  w a s  d e t e r m in e d  by t h e  o s c i ll a t o ry angula r 

c o r r e l a t i o n p a tt er ns . We coul d al s o  e xp l a i n  the o b s e r v e d  s h i f t s  

of the c o r r el a t i o n f u n c t i o n s  d e p e nd i n g o n  t h e  an g l e  o f  t h e  p r i ma r y  

p r oc e s s . The expetimen tal da t a  an d d i s c u s s ion are given in 

s e c t ion 2!df �h� pter 3. 
Iti Ebf$i��action ,  there are kinem a tical regions where th e 

diffe�e�tlint�tm�diate channels of the p r oces s e s  ( i ) and (i i )  can 

contrit5utecat'-the··s ame time. As men tioned in ref. 21, at th e s e 

r eg i oi��theperiseatp6 s sibi l ity of interfe r ence b et ween th e 

different·interdted:i;ate channels. We obtained th e cro s s  s e ct i on s  

at s uch re� i6h s� ifiij then� f ound th at the c ro s s  s ecti on s cou l d  n o t 

b e  explain ed by a:'<simpli e< su m  of the c r os s  s ections est i m ate d 

individually for�this��tw6 in t er�edia t e  ch ann el s . Th er e fo r e , it 

is coricl ud ed that �vidi�ce· for the.interference of th e 

intermedia te channel s ha� been o b s e r ve d  for th e firs t ti me . By 

takin g into a c co unt- the interference b e t ween DWBA T-mat r i ces 

c a l cul ab ed independen tly f o r  the t w o  proce s s es, ch a r act eri st ic s o f  

the observed cr os s s ecti o n s  c ou l d  b e  un der st oo d  q u a lit at iv e ly. 

Section 3 of cha pter 3 i s  devo ted f o r  a d eta i l ed di s c us s i on o f  

this i n ter f e renc e effect. 

Chapter 4-gives summary and conclusions. 
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CHAPTER 2 

Experi me n t a l  pro c e dure 

The experi�ent s  were performed w i th 1 2c4+- projec t i l es of 90, 

110,, and 1'4'.9·· (�eV from the. AVF cyclotr on of the Resear ch Center for 

Nuclea�; J1·h.Mr��9�t .. Os aka University. Inc i den t beams wer e focused 

on)t;O' a ;Jl:.,J clDl?itfPm.2 natu r al carbon foil pos i tioned a t  the center o f  

'a: ..1 ;llL /P: . •. .  scat t.er ing c hamber. 

·' The exp�ri menta l setup for the 1�C-a coincidence measurement 

is. shown s�hem?ft;ically in f i g. 1. Heavy particles (12C ) wer e  

de tect.ed ·!it 5· .. ·""';:� zq; with a fixed detec t or-teles c ope, (HI) 
,c()nsl,s; t i 'n.� of. a'. ·ga�T�on.i_zat.ion chamber .. - ( L1E ). and a Si 

pos i tion-s1ensi,tiv.e. E-�eJector (PSD}. Alpha.,-par ticles were 

<l�t,ec.t.,e d  J>Y o ther tvo: Si detector • .;,-tel escopes (ao. and a1 ) 
c.,q�sisJ..ing. of PSD-L1E .·and E detecJ..or an� a Si f>SO (a2) .on a 

ni9va;bl,e: a:rm in the oppos-i te side :tp the HI-'de t e c tor w.i th r es pec t 

,to th,e b.eal!l d.irec t i on. By rotat i ,ng the. arm twice, angular reg i ons 

Of, .-8°. - -:f50" and -100� -" .:..t•52" for a,,.-part i c l es wer e  covered. 

F<;>r the process (i ) . and (iv) in chapter· 1 ,  the .12c- p a r tic l es 

�re emi t t ed ma i nly a r ound beam direc t i on and the a-parti cles frbm 

the t arge.t nucleus are. emi t ted u p  to the ba ckw a r d  ang l e  reg i on. 

The HI-de tector was set acros s the beam d i r ec t i on s o  as t o  de tec t 

1 2C- part i cles as forward as pos sible (up to S ), and thus 

i nc i den t beams were s top ped wi th a Farad ay-c u p  in front of the 

detector. Alpha-par t i cles emitted in a wi de angular regi on were 

detected by t he three a-detectors. For the proces s ( i i), uns t able 

160*- p ar t i cles are emit ted around beam direc t i on wi t h  a veloci ty 
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m u c h  l a r ge r  t han the r e l a t i ve v e l oc i ty b e t w e en 1 2C- a n d  

ex-pa r tic les d ecay i n g fr0m t h e  160*- p artic l es. Therefo r e  t h e  1 2C­

and ex-par t i c l es a r e  em i t t e d  ma i n l y  a t  f orw a r d  a n g l es and on 

oppo s i t e s i d e s  of the b�•m . By d e tec ting 12c- and ex-par t i c l es 

wi t h  HI-de t ectic:>r a n d  a0,, a;nd a1- d e t ec tors, mos t of 1 60*- p a rt i c les 

wer e  obs er/ved ·a t for wa.r;ct .angles cove r i ng o· . Fo r · the proces s  

(iii)�'.t:h,e.ex-pa r t i clesdrt.C:�the·.p rim a ry pro cess and the 

1 �<1:""'>Pa r  tiiic. l es decay i ng ':fkom •t·he· :res i d u al · 20Ne*- p a r  tic l es were 

d1etee·ted ·1by ao- and H!-":cie.tie:etors ,  r espec tive l y; Because o f  the 

rather larg.e · cen t et-of-mass: :.ve'1·o·ci ty of the 20Ne*-par t i cles, the 

1 �c- par ticles• ar;e emitted nnia.rfinl'ynat .forward .a»ng.les . There fore, 

mos t of · 1 2c- particles decayi:ng.'fifo'ill 20Ne*-pa.r ticles ·were d e t e c t ed. 

For the cali br·a tion ;of' the ·;de·t·ec tion angles, two masks 

consisting of a copper wire of .Gl.;5 . .  �...,. l mm diame t er, were p' l aced i n  

tron t  ·of :each PSD . . The ener g,y· c1a•lfrbration ·was performed b y  u s i ng 

t?c�•·par t ic l es sca t t e r ed ·el astical:lly, The absolu t e  m a gn i t u d es of 

the cro's-S .s e c tion s  w e r e  o b t a i ne d  by u sing the. m e a s u r ed t a r g e t  

t hickn:es.s ,and the i n t eg r a t ed beam· cha r g e . The absolu t e  cross 

s ections of elast i c  scat t ering in th'e sing l es meas uremen t we r e  in 

good agr eemen t wi t h  thos e taken by Kubo n o  et a·l. 22> Ene r gy, a ngle, 

and a bso l u t e  va lue o f  cross sec t i o ns in the l abor a t o r y  f�ame wer e 

de t e rmin e d  w i th i n 500 keV , O. 3· , a nd 20 % , r espe c t i ve l y . 

Sig n als of ene r gy- l os s  a n d  po si t i o n i n  the d ete c t ors a n d  of 

t i ming b e t w e e n  HI- and a-d e t e c t o.r s ,  time- t o-am p l i t u d e  conv e r t e r  

(TAC ) ,  w e r e  s tored o n  m a gne t i c ta p e s  eve n t  b y  even t th r o ugh t h e  

i n t e r fac e Raw Da t a  P r o c es s o r23l • The off- line a n a lysis w a s  

p e r f o rmed i n  thr ee s t e p s  a s  s h o w n  i n  fig . 2. 
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A t  t h e  fir st step , o nly C-a co i n cid e n t  e v e n t s  w e r e  s e l ec t ed 

b y  t he r equirem�nt of p a r t i c l e  i d e n t i ficatio n .  Fo r t h e  d e t ec t o r  

t elescopes (HI, ao a n d  a1 ) , p a r t i cle i d en tif i catio n  w a s  p e r f o rmed 

b y  JE- an�E��igna l s  (f i g . 3). Beca u s e  of t h e  l ow es t  thr ee-bo d y  

IQ I - val lie2f),;n<:>'f :the 12C9.s. + a +8Be9 .s . chann e l ,  o the r channels such as  ·· 

13C+a+7B�-;�or:td?c+p+llB ass o c i ated with ca r bo n  iso tope s  and/or l i gh t  

par tic l es c o u l d  b e  r ejec t e d  b y  s e l e c t i n g the Q-va l u e i n  t h e  n ex t  

s te p. The r e for e, i n  t h e  p r o c ed u r e  o f  pa r t i c l e  i de n t i f i ca t i o n, i t  

was no t nedes sa r y  to d i s t i nguish ca r bo n  iso topes and a l so 

a-p a r t i c l es f r om o t h e r  l i gh t  p a r tic l es. Co i ncid e n c e  even t s  w i th 

a2- d e t e c t o r  (E-d e t e c t o r  o n l y) a nd e v e n t s  w i thou t E-s i gnals of ao­

or a1- d etec t o r  w e r e  a l s o s t ored for the n ex t  s t ep of the 

ana l ys i s . The s e  s e l ec t ed even t s  were· s t o r ed on magne t i c  t a p e s  

wi th f l a g s  o f  t r ue/acc i d e n t a l  coincide n c e  b y  TAC ana l ys i s  (f i g. 

4). As a res u l t, mos t par t o f  u n d e s i r ed e v e n t s  was reje c t e d  (e.g. 

a b o u t 1.6xto6 e v e n t s  w e r e  s e l e c t e d  ou t o f  tOxto6 in the live d a t a  

a t  90 MeV ) . 

N e x t, f o r  e a c h  e v e n t s e l e c t e d  i n  t h e  f i r s t  s t e p, the 

thr ee-b o d y  Q-v a l u e w a s  c a l c u l a t e d  by using e n e r g y  and p os i t i o n 

i n f orma t i o n o f  the d e t e c t o r . He r e, e ne r gy loss i n  the t a r g e t  a n d  

t h e  w i n d o w  o f  t h e  gas c o un t e r  w a s  t aken i n t o  accoun t .  F i gu r e  5 

s h o w s  a typ i cal Q-va l ue s pec t r um a t  90 MeV . Peaks i n  t h e  Q-v a l u e 

s pe c t r a  c o r r es po n d  t o  f i na l  cha nne l s  of the r e ac t i o n as ind i c a t e d  

i n  f i g . 5: I n  t h e  f o l l ow i n g p r o ced u r e  o f  t h e  d a t a  r ed u c t i o n, o n l y  

eve n t s  o f  t h e  p e ak w h i c h co r r e s p o n d  t o  t h e  12Cg.s.+a+8Be9.s. f i n a l  

c h a n n e l i nd i c a t e d  a s  "Q999" i n  f i g . 5 w e r e  ana l y z e d . As men tioned 

b e f o r e ,  a l t h o u g h  t h e  p a r t i c l e  id en tif i c a tion in the fir s t  s t ep was 
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n o t c l ea r and no p a r t i c l e  i den t i f i c a t i o n w a s  m a d e  f o r  a2 and ao 

and a1 w i t h o u t E-s i g n al ,  t he o the r f inal c hannel s suc h  as 13C+a+7Be 

o r  12C+p+11B h a v e  been excluded by select ing the Q-va l ue . 

The s el ect ed eve n t s  w e r e  s t o r ed o n  a d i sk and used f o r  

further kinema:tical calcula tions .in the f inal s t ep o f  t he data 

r epuc.tiO'n, .d;e•SC.r i bed in the nex t chapter . 
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CHAPTER 3 

Resu l t s  and discussion 

T his c h a p t e r  consis t s  of t h r ee s ec t i o n s  c o r r es pond i n g t o  

thr ee p r o b l em s  ( 1  ) -{3 ) p'resen ted i n  c h a p t e r  1. In sec t i on 1, 

con t ribu ti o ns' o f  the cfour pr oces s e s  w i t h  d i f fere n t  i n t e r med i a t e 

channe l s  {i )- ( i v) disc,us·sed in cha p t e r  1 a r e  es t ima t ed .  I n  

.se.ct·io,n•2 , the co inc idencet·ctoss sec t i on s  of (i ) and ( i i) 

(i·nelastic s cat t e r i ng' a'nd a.;:-:t,ransfe r) are p res e n t ed in a f o r m  of 

doub:le ..... diffe r e n t i a l  c ross sec·ti·ons, and d i scu s s ed in t e rms o f  a 
. ·;. 

DWBA ana lys i s· .  · Then , in s·ectcion 3, e v i de nce o f  the in t e r ference 

effect b e t w een two i n termedia t'e• channels (i) and (ii ) i s  

;,.!1, 

SECTION 1. CROSS SECTIONS OF VARIOUS INTERMEDIATE CHANNELS 

. E:xcited s t a t es in t h e  in t e r med i a t e  channe l s  of sequenti a l  

proc e s s e s·. , ( i ) "'"'. ( i i i) are to be o b s e r ved as r es onant sta t e s  -

consis t i ng of two par ticles1 i n  the f i na l  c h a n ne l . The refo r e , i n  

o r d er - t o  i den t i fy t he s e  i n t e r m edia t e  c h a n n e l s  (i ) - ( i i i ) ,  s p ec t r a  

for rela t ive e n e r g i e s  be tween any pa i r  ou t o f  t h r ee pa r t i c l es in 

t h e  f i nal c h a n n� l we r e  exam i ned .  Typ ica l e x am p l es a r e  s h o w n  i n  

f i g .  6 f or t h e  i nc i d e n t  ener gy o f  110 MeV . Hor i z o n t a l  axes in 

f i gs . 6 ( a ) and ( b ) r e p r e s e n t  the r e l a t i ve e n e r g i es b e tween 12C and 

a (E1-2), and a a n d  8Be (E2-3), r es pe c tive l y . (He r ea f t e r , 12C-, a-, 

and 8B e-pa r t i cles i n  t h e  f i nal c h a n n el a r e  deno t ed as 1, 2, a n d  3 ,  

r e s p ec t i v e l y . )  The r e  a r e  seen i n  f i g . 6 " f o u r  a n d  t w o  s h a r p  peaks 
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wh i ch m a y  co r r espond to the a- t r a nsfe r t o  the d i s c r e t e  s t a t e s  of 

160* and to t h e  i n e l asti,c exc i t a t i o n o f  t h e  12C*- n ucl e i , 

respec t ively . The excitat i on en e r g i e s o b s erv ed f o r  t h e s e  p eaks 

are 10 .. 4; 14.7, 16.3, and.20 . 9  MeV f o r  160* and 9.6 and 14 . 1 MeV 

for 12C* , r es pect i v e l y . �Q-t,e that th.e exci tation e ne r gy i s  

obta i ned b y  addin·g the .,.pa,r.,tic1e- t h res ho l d  ene r gy to t h e  re l a t i ve 

en�·ngy.' Thes,e peaks wer:e ... also• o,bs erved at o ther incident 

e•n1e-rgies. . It shoul:d b.e ·riote.d -�t;hat the s e relative-e nergy spe c t r a  

are a.lte•r .native r ep r e.sen ta,1t:i0ons, o f\  th·e same da ta . The refo r e,. not 

all structures in a r e l a tive.:c.e;tt e r gy spectrum of the particles j 
and k correspon d  to th.e e·x:c i te.d ·�rt..�tes (j+k)* composed of .. .I 

pa·rticles j a.nd. k. This .. fac t. can J�¢ .seen more clearly i n  a 
t•w.o..,-d imens iona l >scatte:r p1ot as•. sh�o:�n ·in "figs . 7(a) and (b) 
plott.ed ,f,o·r  th.e inciden.t ener.gy o.f 90 a.nd 110 MeV, respe,c t i vely. 

Ii1'0r':i.z;ontal. and ve r tical axes i n  fig . 7 repr esent t he re l ative 

e ne r g i e:s: E2�3 and. E1�2" respective.ly.. States consisting of. p a r ticle 

j ·a.nd .k· :a�r;e i .d e.nt i f i ed by the · .p r.esenc e of locus.· w i t h E;-k=const . in 

the scatter plot . There a r e ·  four l •o c i  o f  El-2=cons-t . and t wo .of 

E2-3=const . which ind e e d  c orres:pond to t h e  sha rp peaks i n  f i g .  6 ( a ) 

and (b) , respe c t i v e ly . Compar ing f i g . 6 wi th f ig . 7, i t  i s  seen 

i mm ediate l y  that a bump cente r i n g around E2-3= 3 4  MeV in fig . 6(b) 

can n ot be a t t ributed t o  the highly excited contin u um s t a t e s  of t he 

1 2C*- n uc l eus , but is d u e  t o  d i scre t e s t a t e s  o f  the 160*-nu c l eu s . 

The s ca t t e r  p l o t  i n  f i g . 7 i s  a kind of Da l i tz-p l o t  as 

d escr i b ed in a p p e n d i x  A i n d e t a i l .  I n  o t h e r  w o r d s , t h e  r e l a t i v e 

energy b e t w een 8Be a n d  12C (E3-1 ) as we l 1 as El-2 and E2-3 is s h o w n  

i n  the s c a t t e r  p l o t . The value of E3-t i s  r epr e s e n t ed b y  a 
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d i s t a n c e  f r om t h e  axis w i t h  a g r a d ien t of -3/4 a s  i n d i c a t e d  i n  

f i g . 7. I f  t h e  sBe- t r a n s f e r  p r o c e s s  p o p u l a t i ng 20Ne*- s t a  t es 

(p r oc e s s  (i i i ) )  h a s  comparab l e  c r o s s  s e c tions to t h e  i n e l as t i c  

s ca t t e r i ng or a-tr a n sfer proces s ,  t he r e s h o uld b e  l oc i  w i t h a 

grad i en t  of -3/4 . Such loc-i could no t be obs e r ve d  a t  any i nc i d e n t  

ene r gy o f  t h e  p r es e n t  expe r i men t . I t  s ho u l d  b e  no t ed tha t 

a;-.particles a r e. d etected up to angles as f o rward as 7 d e g r ees , 

w he r e  l a r ge c r os s  s ect ion of d i rect sae-- t r a n s f e r  p r oces s  i s  

expe c ted , i f  any . Th i s  o bs e r va t i o n s u gges t s  t h a t t he Sae- t r an s f e r  

p r oc e s s  co n t r i b u t e s  o n l y  a sma l l p a r t o f  t h e  c ros s s ec t i ons o f  t h e  

r ea c t i on l ead i ng to the 12C9.5.+a+8Be9.s. f i na l  channe l. T h i s  fac t 

agrees w i t h a r gumen t s  t h a t  t h e  m ass i ve-cl us t e r  t r ans f e r  p r oces s e s  

have no t b een o b s e r v ed i n  t h e  d i r e c t- l ike p r oc e s s  f o r  s y s t ems o f  

l i g h t-heavy n u c l e i  l i ke 16o+1 2c a t  i nc i d en t e n e r� i es h i gher  t h an 8 
MeV/n u c l eon 13- 16> . 

:i ' -' 

The non-s e q u e n t i a l  ( d i r ec t ) b r ea k u p  p r ocess i s  t o  b e  

i d e n t i fied i n  t he s c a t t e r  p l o t  a s  even t s  s h o w i ng no l oc u s  w i t h  

cons t an t  r e l a t i ve e n e r gy c o r r es po n d i ng t o  t h e  d e f i n i t e  r es o n a n t 

s t a t e  of e i t h er p a i r  of p a r t i c l es o u t  o f  t h e  t h r ee . As s een i n  

b oth t h e  s ca t t e r  p l o t  and t h e  r e l a t i ve-e n e r g y  s p ec t r um s u c h  as 

f i g . 6 ( a ) ,  the non- s e q u e nt i a l  b r eakup p r o c e s s  c on t r i b u t es at m o s t 

on the l e v e l  of u n d e r l y i n g  bac k g r o u n d  y i e l d s i n  t h e  

r e l a t i ve-en e r gy spec t r a . Acco r d i n gly , t h e  n o n-s equen t i a l  b r e ak u p  

p r o c e s s  s eems t o  h a v e  by f a r  l es s  y i e lds t h a n  t h e  s eq u en t i a l  

( a- t r ansfe r o r  i n e l as t i c  s c a t t e r i n g ) p r o c e s s  i n  t h e  p r es e n t 

exp e r i men t. T his is c o n s i s ten t w i t h  r ecen t s t ud i es'�'� -0f t h e  

b r e aku p p r oc e s s i n  l i g h t-heavy- i o n r e ac t i o n s , w h i ch s h o w  t h a t t h e  
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s e q u en t i a l  p r o c e s s e s  d om i n a t e the n o n-seq u e n t i a l  o n e s . 

I t  was f o u n d  t ha t  by i n t e g r a t i n g the y i e lds o f  t h e  l oc i  i n  

t h e  s e a t  t e r  p l o t  (four for 160* a n d  t w o  f o r  12c*) t he 16o*+8Be an d  

12c+12c* cha n n e l s  acco u n t  fo r m o r e  t h a n  80 % o f  t he cro s s  s ec t i on o f  

t h e  12C+12c-12C9.s. +a+8Be9.s. r e ac t i o n  (in t h e  l abora t ory fr ame ) .  

SECTION 2. DOUBLE-DIFFERENTIAL CROSS SECTI ONS OF 

1f)o*+8se AND l2c+12c* CHANNELS 

As descr i be d  i n  s ec t i o n  1, t h e  s e q u e n t i a l  p r o c e s s e s  t h r o u gh 
, . 

160*+8Be a n d  12C+12C* i n t e r m ed i a t e  cha n n e l s  h a v e  d om i nan t y i e l d s i n  
. . . ·. · .. . : . ,, . ' . 

t h e  12C+12c-12C9.s.+a+8Be9.s. react i o n . I n  t h i s  s ec t i on , the 

co inc idence c r os s  s ec t i ons for the s e  channel s a r e  p r es e n ted and 

d i sc u s s e d  in detail. The coin c i d e nce cr o s s  s e c tions for  
• ' .! (.; 

s eq u en t i a l  p r oces s e s  a r e  e xp r e s s e d  i n  a f o r m  o f  
: . . .  < L. r ::· >: , 

d o u b l e-d i f f e r en t i a l  cr o s s  s e c t i on s6·7> d2a/d!2i-;kd!2;-k w h i ch cons i sts 

o f  t h e  angu l a r d i s t r i b u t i ons o f  t h e  p r i m a r y  p r oc e s s  and angu l a r  

cor r el a t i on f u nc tion o f  t h e  d eca y i ng p r oc e s s  ( s e e  eq. (C5) i n  

appendix C). Here, Oi-ik an d !2;-k ( ( i, j, k ) =  (3 , 1 , 2 )  f o r  a- t r a ns fer 

or (l , 2 , 3 ) fo r  i ne l as t i c s c a t te r i n g ) d e n o t e  t he s ol i d  a n g l es 

a s s o c i a t e d  w i t h  t h e  p r i ma r y  p r o c e s s  and de ca y i ng p r oc e s s  i n  t h e  

r eco i l c e n t e r -of-m a s s  s y s tem�> , r es p ec t i v e l y . I n  t h e  p r es ent 

i n- p l a n e  co r r ela t i o n experiment, the d o u ble-di f f e r en t i a l cro s s  

s ec t i on s  a r e  o f  a f u nc t i o n o f  two p o l a r  a n g l es ei-ik and 0;-k 
c o r r espo n d i ng t o  Qi-ik a n d  !'2;-k, r e s pec t i vely. The s e  a n g l es a r e  

s c he m a t i c ally sho w n  i n  f ig .  8 . The e x p e r i m e n tal 

doub l e-d i f f e r e n t i a l  c r o s s  s ec t i o n s  w e r e  a n a l y z e d  in  t e rms o f  DWBA 
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fo r m a l i s m . 

2.1. Experimental doub le-differential cross sections 

The eve n t s  f r om a rs e q u e n tial p roces s  w e r e  s elec ted by g a t i n g·· 

on  t h e  correspond i n g Io·cous: in t h e· scat t er p lot . Fo r t he s elec t ed 

events, the angles Bi-;k a;nd e;-k , az i m u thal acc ep t ance of 

d etectors, and Jac·obia n of the trans f o r ma t i on b et.ween the 

l abo rato�y and r�coil�ce n t er�of�m ass s y s tem �e r e  ca l cu l ated event 

by e,ven t .. .. !he n, thes e eve n ts wer e  s to r ed in an a r r ay cons i s t i n g  

of m eshes : fo:·r ,:Bi�;k and B;-k (:3 degrees i n  t his ana l y sis ) .  

Cc»·rrection>due to · the l ow--.ener gy thres hold· and the g eom e t r y  o f  the 

detec t ors-'wer e  taken in t o  acco un t . De t a i l p r ocedur e i s  p r e s ented 

in Appendix 'JiL •. ,, 

'Frgures .9., · 10, and 11 show the d oub l e---diff.e r ent i a l  eross 

s:ee ti:on:s .-0·£ " the a- t ransfe r p roces s es (12C+12c-16o* (-12c+a )+8Be ) a t  

incident· ,,energ.i·es ·  o f  90, 110, a nd 1 40 MeV, r es pec t i ve l y . I n  t h e s e  

fig ures, the hori z o nta l axis r epr es e n t s  t h e  d ecay ang l e  (01-2) o f  

the 1 2C- p a rt i cl·e i n  the r es t f r am e  o f  1 60*- pa rtic l e wi th res p ec t  t o  

the d i r ec tion o f  t h e  momen tum of the 1 60*-p a r ticle in t h e  t o t a l  

cente r....:o.f-ma s s  f r ame ( s e e  f i g . 8 a l s o ) .  S i nce the 

do ubl e-d i f f eren t i a l  cr o s s  s ec t i ons a r e  p r o po r t i ona l to  t h e  a n g u l a r  

co r r e l a t i o n  func t i ons w h i c h  a r e  u s u ally used i n  the co r r e l a t i o n 

expe r i m e n t s  ( d e f i ned by (C5) and (C6 ) i n  append i x  C ) ,  t h e y  can b e  

ca l l ed ( a n g u l a r ) c o r r� l a t i o n p a t t e r ns . The angle o f  the p r i m a r y  

p r o c e s s  (0c.m. (160*)=03-12-180. ) i s  sho w n  a t  the m i d dl e  column f o r  

each co r r ela t i o n p a t t e r n  ( 1. 5° , 4. 5· , etc. ) .  T h e  angu l a r 
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d i s t r i b u t i o n of the p r i ma r y  p r o c e s s  1 2C+ 1 2C- 1 60*+8Be c a n  b e o b t a i n ed 

b y  i nte g r a t i ng t h e  correla t i o n pa t t e r n  o v e r  t h e  s o l i d  ang l e  (D1�) 
i n  the r es t  f r am e  o f  1 60* . 

The Corr e l a  t i  on p a tte r n s a t  ec·•·  ( 16o* )=o· show o s c i l l a t i on s  

p r opo r t iona l t o  IP;l2 where J is s pin o f  t he 1 6o*- s t ates 12> . Here,·· 

P1 i s  t he Legendre p olyno� ial of ord er J. By fit ting t he 

corr ela tion p a t t e r ns wi t h  I Pi 12 the J7'- va l ues of t he 160*- s tates 

we r e  assigned to b e  4+, 5-, 5+, and 7- fo r t he sta tes at t he 

excitat i on ene r gy of 10.4, 14.7, 16�3. and 20.9 MeV, 

respectively. The s e  s t a t e s  have signifi cant 12C9.s.-cx c l u s t er 

c o n fi g u r ations, and l arge a-decay w i d ths, a n d  have been a lso 

o b s er ved select i ve1y·at�1o w e r  i ncid e n t e n e r g y� o r  inc the 

12C(6Li ,d)1�(1o•. r eac tio n10> • 

. ' When the;· angle of the pr i mary p roces s  · ec·•· ( 160* ) i nc r eases. 

t h e  p a t t e r n  changes i ts sha p e  l i t t l e  b u t  s h i f t s  i n  th e d ecay ang l e  

B1�2 Linearly with· ec·•· (160"') (see f i g . 12 f o r  an example). Such a 

phenomenon a lso has been r e p o r ted i n  o ther p a r t i c l e-y o r  

p a r t i cle-par.t i cle cor r e l at i on meas ureme n t s6·7·10· 11·25·26l 
• A s  s hown i n  

appen d i x  C ( s e e  eq . (C6 ) ) ,  the fac t  t h a t t h e  a n g ular co r r e l a t i on 

pat t e r ns sho w character i s t i c os c i l l a t i o ns even a t  ang l es 

ec.lll. ( 1 60� ):1;=0· s u gges t s  that the m i x i ng o f t h e  mag net i c  s u b-s t a t es 

i s  not s o  str o ng . 

F i g u r es 1 3 , 14, and 1 5  s h o w  t h e  d o u b le-d iffer entia l c r o s s  

s ec t i o n s  o f  the i ne l as t i c  s c a t t e r ing pro c es s es 

(12C+ 12c-12C+12C"'(-a+8Be ) ) a t  90, 110, a n d  140 MeV , r e s pec t ive l y . 

The p r e s e n t a t i o n of the s e  f i g u r e s i s  i d e n t i ca l t o  tha t o f  f igs . 

9- 1 1  w i th t h e  change o f  t h e no t a t i o ns (8 1�-8�3 ,  
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ac.m. ( 1 6o• )-ac.IJI. ( 1 2C ) =8 1 _23 ) 
• The o b s e rved ra n g e  o f  t h e  cor r e l a t i o n 

p a tte r ns w a s  l i m i t ed due to t h e  a b sence o f  a n  a-d e t ec t o r  a t  

50° - 1 oo· . Con t rary t o  the a- tra n s f e r  cas e , i t  i s  no t i ced t h a t 

the a ngu l a r c o r r e l at i on p a t t e r n s  h ave l es s  c ha r ac t er i st i c  

osci l l a tions . S i nce. the HI.,-detec t o r  d idn't·c o v e r  t h e  angu l a r 

r eg i on m o r e  f o r wa r d  than 5 d e g rees , a ng l es of t h e  pr i m a r y  

ine l ast i c  s c at t e r i ng d etected w e r e  more backward.than those o f  t h e  

a.,- transfer, whe r e  IBo•�pa r tic l es wer e  obs erved in the ver y  forward 

a n gu l a r  region betwe e n. the 'HI--d e t e cto r and the ao- a n d  

a,.,... d etectors . Since t h e  C o r re l a ti on p a t  t erns a t  ac·�· c12c )=0" w e r e  

not obse r ved , spins a nd p a r i t i�s o f  t he 12c*-states cou l d  no t be 

as S i gtied model-indepen d e ntly . �here f o r e , they ·were a s sumed t o  be 

w ell�k n6wn 3- and 4• s t a t e s  w h i c h  have the sime exci t a t ion 

ener.gies as·' the obse rved (9. 6 and .14. 1 MeV) . 

2 .2. DliBk ;analysis of double-differential cross sections 

I n  order �o .u n d ers t and the r eac t i on m echan i sm of a-tran s f e r  

and in e l as tic s ca tte r i ng p r oc e s s e s , ·calc u l a t ions ba s ed on a 

one-s t e p  fin i t e-r a nge DWBA forma l i s m  were carr ied o u t . The DWBA 

amp l i t u d e s  fo r the p r i m a r y  p r oces s es w e r e  ca l cu l a t ed by the code 

TWOFNR�> , and the d o u b l e- d i f f ere n t i a l  c r o s s  s ec t i on s  w e r e 

ca lcu l ated b y  us i n g r es u l t a nt DWBA amp l i t udes ( s e e  append i x  C ) .  

Fo r the a-t r a n s f e r , the o p t ica l -m o d e l par ame t e r s  used i n  t h e  

ca lcu l a t i o n  a r e  sho wn i n  t a b l e  1 .  The p aram e t e r s  w e r e  t a k e n  fr om 

the a n alys es o f  elas t i c sca t t e rings o f  12c+12c 22) and 9Be+16o 28> 

( i n s t ead of 8Be+ 1 60 ) . The wave func tion o f  t h e  12c- n uc l e u s  i n  the 
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i n i t i a l  ch a n n e l w as c a l c u l a t e d  o n  t h e  a s s um p t i on t h a t  t h e  

12c- n ucle u s  ·h a s. a c lus t e r  s t r u c tu r e  com p o s e d  o f  an a-par t i cle a n d  

a 8B e- n uc l eus b o u n d  by a Wood s -Saxon po t ent i a l . T h e  po t en t i a l 

d e p t h  was de t e r m i ned t o  re p r o duce the b ind i n g ene r gy C7. 367 MeV ) .  

Th i s  po ten t i a l  was· also us e d  as  the in ter a ction po t�nt i a l  o f  t h e  -

r eac t i on , as u s u a l l y  done in the pos t - f o rm DWBA. · As fo r t h e  

u nbound s t a t e s  o f  t he 160*-nucleus i n  the f i nal (in t e r m ed i a t e ) 

chan nel , i-t i s  dif f' i cult to i n-cor p o r a t e  the unb ound wav e  func t i o n 

in the .ca lcu l a· t ion code . The r efore , ·  by calcula t i ng the T-mat r i c es 

for the b ound-s t a te wave func t ions w i t h  dif f e r e n t b i nd i ng 

energies, the ·b ind ing-.ene.r gy  depe·ndence of T-matrix i s  ob t a ined , 

and the n  t he T'-ma t r  i x' is ex t rapolated, to the un bound states in t h e  
.. 

t6o* -- n uc'l e us . By us·ing. the ex t r ap,o l ated T-mat1r ix, the· 

double;--d i ffe r e n tia l cross sect i ons w e r e  evalua ted . 

Solid l i n es i n  figs . ·  9-11 sho w t h e  r esults o f  t he 

eal·euiation . On l y  o n e  n o r mal iza t i on par am ete r .was· u·s ed f o r  each 

t r a ns i t i;on ·. · Ra t h e r  good agr eemen t s  w i t h t he expe r imenta l da t a , 

no t only i rL  t he eo r r ela t i  o n  f unc t i ons b ut also in t he angu l a r· 

d i s tribu tions of t h e  p r i ma r y  p r o c e s s , a r e  o b t a i ned exce p t  f o r  t h e  

r eg i o n o f  &1�=180" �230" i n  f i g . 9 ( a) ( t h ese dis akreeme n t s  w i l l  b e  

d i s c u s s ed i n  s ec t i on 3}. Espec i al l y , the ca l cu l a t i on r e p r o d uces 

well t h e  sh i ft o f  t he c o rre l a t i o n p a t t erns . It was found t h a t t h e  

abs o lu t e  magn i t u des o f  t h e  DWBA c r os s  s ec t i o n d epended m u ch o n  t h e  

d is t o r t i n g pot en t i a l , wh e r eas t h e  c o r r e l a t i o n pa t t e r ns d i d  no t . 

To u n d e r s t a n d  t he s h i f t o f  t h e  c o r r e l a t i on p a t t e r n s t h e  

r a d i al i n t eg r al s  o f  t h e  DWBA cal c ul a tion we r e  exam i n ed ( s e e  

a p p e n d i x  C ) . F i g u r e  1 6 ( a ) s ho w s  t h e  r ad i a l  i n t e g r a l s  Ii�a o f  t h e  
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1 2c+1 2c-160* (6+ )+8B e  r e a ct i o n a t  90 MeV , wh e r e  La and Lb r e p r es e n t 

t h e  o r b i t a l  angu l a r  momenta o f  the i n i t i a l and f i nal cha n n e l s , 

r es p ec t i ve l y , an d the sp i n  o f  t he 1 60*-s t a t e J i s  6. I t  i s  s h o w n  

th at t h e  con t r i bu t io n f r om La=Lb+J t e r m s  (ali gned t e r m s ) d omina t e  

t h e  o thers and t ha t  L-d i str i b u t i on of Iltt.. has a sha r p  p e a k  

cente r ed at t h e  graz i ng angular momentum (La"'-22 a n d  Lo"'-16). Thi s 

tendency d i d n' t  d e p en d  o n  t h e  d i s t o r t i ng p o t e n t i a l s , and was a l s o  

s e e n  fb r the o t he r  160*- s ta t e s �lnd t h e  o t he r, i nciden t ene r g i es . 

T,hes·e. charac t e ris tics of the radia l integrals a r e determ i ned 

ma in l y by th e sim ple kinem atica l.  ma t c h i n g  condit i ons rather than 

by the de ta i l ed d ynamics of · t h e  r eaction such a s  shape O'r: d ep t h  of 

pb't;en•tial s . As d e s  er  i bed in deta i 1 in· a.ppe ndix. C, in the case 

whe re·, th
'e kinema tic.al ·matching conditions play an. impor tant· rol e , 

the s hif t· of pa t tern f'rom tha t at 9c.,m. (160* )=o· can be ap·proximated 

as. - ( (L9r.+1 )/ ( J+ 1  ))6c.m. ( 1 60* ) ' , where L9r. d�enotes the gra zing angula r 

momehtum i ·n t h e  i ni t i al c h anne l . Fo r the cas e  of the 

1�0*{6+)- s t ate , since Lgr."'-22 at 90 M eV and J=6• the s h i f t  p r ed i c t e d  

i s ab out - (23/7 ) 6c · 11 · (160* ) . Th i s  i n deed a g r ees w i th the 

obs e r va t i on as shown· i n. fi g .  12.·. 

For the inelastic sc a t t er i ng p r oces s , t he co l l ec t i ve 

for m-fac t o r  a n d  the same d i s t o r t i ng p o t en t i a l  as i n  t h e  i n i t i a l  

cha nn e l  f o r  t h e  a- tr a n s f e r  w e r e  us e d . D a s h e d  l i nes i n  f i g . 15 
show t h e  r es u l t s o f  t h e  ca lcula t i o n . 

As compa r ed w i t h  t he a- t r a n s f e r , a g r eeme n t  w i t h  t h e  

e xp e r i m e n t a l d a t a  i s  r a t he r  p o o r . I f  th e r e s ul t s o f  t h e  

cal c ul a t i o n a r e  n o r m al iz e d  a t  t h e  fo r w a r d  a n gl e  o f  ac.m. (12C), t h e y  

u n d er e s t i m a t e  t h e  da t a  at b a c kw a r d  a n g l e s . I n  o t h e r  w o r d s , t he 
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ca l cu l a t i o n p r e d i c t s t o o  s t e e p  a n g u l a r d i s t r i b u t i o n s  o f  t h e  

p r i m a r y i ne l as t i c  s c a t t e r i n g p r o c e s s . T h e  c a l c ul a t ed c o r r el a t i o n 

pa t t e r n s ( d a s hed l i n es ) a r e  l e s s  os c i l l a t o r y t h a n  t h o s e  f o r  t h e  

a-t r a n s fer (comp a r e  f i g �  1 5 ( a )  w i t h f i g . 9 ( d ) ) .  Th i s  agr ees w i t h  

t h e  t re n d  o f  t h e  ex p e r i me n t al r e s u l t s b u t t h e  expe r i men t a l  

p a t t e r ns s eem t o  b e  s t i l l  mo r e s t r uc t u r el es s  t han t h e  c a l c u l a t ed 

ones . 

I n  o r d e r  t o  i n ve s t i � a t e t h e  r eason why l es s  os c il l a t o r y 

c o r r e l a t i on pa t t e r n s a r e  p re d i c te d  b y  t h e  ca l c u l a t i on f o r  t he 

i ne l as t i c  .s c a t t e r i ng , t h e · rad i a l i n t e g r a l s  we r e  exam i ned i n  t h e  

s a m e  manner as t h e  a- t r ans fe r p r o cess . F i g u r es 1 7 { a ) and ( b ) s ho w  

the . r ad i a l  i n t e gf a l s an d t h e · s u b�s t a t e p o p u l a t i ons , r es pec t i ve l y , 

of  t he 1 2c+12C-·-·"'2c+12c* {4+ ) . r eac t i o n a t  1 40 MeV . I n  com p a r  i s  o n · w i t h 

t h e  a'""" t r ap s f e r  c a s e ( f i g . · 16 ( a ) )-; t h e  Lei=Lb+J "72 t e rms a r e  as l a r g e  

as  the L0=Lb+J t e r m s . Th i s · i s  d u e  t o  t he l i ne a r  momen t um m i sm a t ch 

i n  t h e  i n e l as t i c  s c a t t e r i n g p r oces s . T he r e f or e , t h e  c o r r e l a t i on 

p a t t e r ns canno t be a p p r ox i m a t ed b y  t h e . s um o nl y  of p� and Pi 
( s e e  eq . (C5 ) i n  a p p e n d i x  C ) .  Bec a u s e  o f  t h e  c o h e r e n t  s umma t i o n 

o v e r  v a r i o u s  t e r m s  o f  t h e  s u b-s t a t e  p o p u la t ions p, , the 

d o u bl e-d i f f e r e n t i al c r os s  s e c t i o ns de pe n d  o n  t he r e l a t i ve phases 

o f the r ad i al i n t e g r a l s o f  L0=Lb+ J  a n d  La=Lb+ J -2 t h r o ugh p' and 

thus o n  the d i s t o r t i n g - po t en t i a l s . In  f a c t i t was found t h a t  t h e  

DWBA c al c ul a t i o ns w e r e  s e ns i t i v e t o  t h e d i s t o r t i ng po t e n t i a l s a n d  

b e t t e r  a g r eeme n t  w i t h  data has b e e n  o b t a i n ed w i t h  a we a k i m a g i na r y  

p o t en t i a l  ( a b o u t ha l f  d e p t h  o f  W a s s h o w n  i n  t a b l e  1 ) . So l i d  

l i n e s  i n  f i g s . 1 3- 1 5 s h o w  t h e  r es u l t s o f  t h e c al c ul a t i o n . 
He r e , t h e  fo l l o w i n g c omme n t  o n  t h e  c h a n g e  o f  t he d i s t o r t i ng 
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p o t e n t i al can b e  m a d e . I n  t h e  1 2C+ 1 2c s y s t em , t h e  i n el as t i c  

t r ans i t i o n t o  t h e  l o w-l y i n g c ol l ec t i ve s t a t e  ( 2+ ;  4. 44 MeV ) i s  s o  

s t r o n g  t h a t  t h e  c o u p l i ng e f fec ts w i t h  t h e  2+- s t a t e  s h o ul d  b e  taken 

i n t o  a c c o u n t i n  t h e  el as t i c  s ca t t e r i n g and the i ne l as t i c  

s ca t t e r i ng s  t o  t h e  3- and 4+_ s t a t es . I n  one-s t e p  ca l c u l a t i ons 

s uc h  c o u pl i ng e f f e c t s  are not  t r ea t ed exp l ic i t l y . B u t  t h e y  can b e  

i ncl u d ed p h enomenol og i ca l l y  . i n  t h e  po t en t i a l s  as dynam i c  

po l a r i z a t i o n p o t e n t i�l s� . Suc h  dynam i c  po l a r i z a t i on po t en t i a l s  

fo r · v a r i o u s  s t a t es may n o t a l w a y s  b e  t h e  s am e . I n  our 

cal c u l a t i o n , be t t e r  a g r eeme n t  w i t h  the d a t a  w a s  ach ieved w i t h  the 

d i s t o r t i ng p o t e n t i al w i t h . weaker i ma g i na r y  p a r t t ha n  t ha t 

d e t e r m i ned to f i t t h e  e l as t i c  d a t a . T h e r e fo r e �  i t  may be 

s u g ges t e d  t h a t t h e  d y n am i c  po l a r i z a t i o n po t en t i a l  in t he i n e l as t i c  

s c a t t e r i ng .  i s  d i f f e r e n t  f r om t h a t  i n c l u d e d  i n  t h e  op t i ca l  

p o t en t i a l  f o r  t h e  el as t i c  s c a t t e r i n g . 

2 . 3 .  A b s o l u t e va l ue s  o f  t h e c ross s e c t i o ns 

I n  t h i s  s u b s ec t i o n , we d i s c u s s  t h e  a b s ol u t e  v a l ues o f  t h e  

c r os s  s e c t i o n o f  t h e  a- t r ans f e r  and t h e  i nel as t i c  s c a t t e r i ng 

p r o c e s s e s  and t h e i r e n e r g y  dependence . T h e  r eac t i on c r os s  s ec t i o n 

o f  e a c h  p r o c e s s  was d e d u ced b y  i n t e g r a t i n g t h e  e x p e r i men t a l  

c o r r el a t i o n  p a t t e r ns . I n  t h e  i n t e g r a t i o n t h e  a z i m u t h a l  angu l a r  

d i s t r i b u t i ons o f  t h e  c o r r el a t i o n p a t t e r n s ( o f f-pl ane co r r el a t i o ns ) 

we r e  a s s umed t o  b e  t h o s e  o b t a i ned by t he DWBA cal c ul a t i o n .  Do t s  

w i t h  d a s hed l i nes and s ol i d l i ne s  i n  f i g . 1 8 s h o w  t h e  i n t e g r a ted 

c r o s s  s ec t i ons  of  t h e  exp e r i m e n t al da t a  and of  t h e  DWBA 
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c a l c u l a t i o n , r es p e c t i v e l y . 

I n  t h e  DWBA c a l c u l a t i o n f o r  t h e  a- t r a ns f e r  p r oc e s s  ( f i g . 

1 8 ( a ) ) ,  b o t h  t h e  p a r t i a l  w i d t h a n d  t h e  s p e c t r os c o p i c  f a c t o r  w e r e  

s e t  t o  u n i t y  f o r  a l l t r an s i t i o n s . T h e  ca l c u l a t i on r ep r o d u c e s  t h e  

e x p e r i m e n t a l  va l u e w i t h i n  f a c t o r  o f  2-4 a t  a l l t h r e e  i nc i d e n t  

e n e r g i es . N o t e  t h a t  t h e  a bs o l u t e  m a gn i t u d e  p r ed i c t e d  b y  t h e  DWBA 

c a l c u l a t i o n s t r o n g l y  d e pe n d s  on t h e  am p l i t u d e  of t h e  t a i l s  of t h e  

w a v e  f u nc t i o n s  o f  1 2C- a n d  1 60'" - n u c l e i  b e c au s e  o f  t he l oc a l i z a t i o n 

o f  t h e  f o r m - f a c t o r s  a r o u n d  t h e  s u r f a c e  r eg i o n . T h e r e f o r e ,  t h e  

vav e  f u n c t i o n s  u s e d  i n  o u r  ca l c u l a t i o n a r e  r a t h e r  r ea s o n ab l e . 

Ho w e ve r , i n  o r d e r  t o  d i s c u s s  t h e  a b s o l u t e  m a gn i t ud e s  mo r e  

q u a n t i t a t i v e l y  i . e .  t o  d e d u c e  s p ec t r os c o p i c  fac t o r s  and/o r p a r t i a l  

w i d t h , m o r �  r e a l i s t i c  w a v e  f u n c t i o n s  a r e  n e e d e d  wh i ch t a k e  i n t o 

a c c o u n t  t h e  u n b o u n d  n a t u r e  a n d  c l u s t e r i n g f e a t u r es . I n  f i g . 1 8 ( a )  

i t  i s  n o t i c e d  t ha t  t h e o b s e r ve d  c r os s  s e c t i o n s  d e c r eas e w i t h 

i n c r e a s i n g t h e  i nc i d e n t e n e r g y , w h e r e a s  t h e  c a l c u l a t i o n t e n d s  t o  

p r ed i c t l e s s  s t e e p  e n e r gy d e p e n d e n c e  t h a n  t h e  e x p e r i me n t a l  d a t a . 

S u c h  a t e n d e n c y  h a s  b e e n  a l s o  r e p o r t e d  f o r  o t h e r  heavy- i o n  i nd u c e d  

t r a n s f e r  r ea c t i on s� · �> . Even w h e n  o n e  t o o k  w a v e  f u n c t i o n s  o f  t h e  

1 60*- n u c l e u s  w i t h  a l a r ge r  t a i l , w h i c h  s i m u l a t e s  t h e  u n b o u n d  

n a t u r e , t h e  e n e r g y  d e p e n d e n c e  a n d  s u b-s t a t e  p o p u l a t i o n s  c h a n g e d  

l i t t l e , a l t h o u g h  t h e  a b s o l u t e c r o s s  s e c t i o n s  b ecame m u c h  l a r g e r . 

As m e n t i o n e d  i n  r e f . 1 ,  t h e  e n e r gy d e p e n d e n c e  o f  t h e  c a l c u l a t i o n 

m a y  b e  i m p r o v e d  b y  t a k i ng i n t o a c c o u n t  t he e f fec t o f  m u l t i - s t e p  o r  

c o u p l i n g w i t h  t h e  l ow - l y i n g c o l l e c t i v e s t a t es . 

Fo r t h e  i n e l a s t i c  s c a t t e r i n g , e x c e p t f o r  t he t r a ns i t i o n t o  

t h e  s-- s t a t e  a t  t h e  i n c i d e n t  e n e r g y  o f  90 MeV , t h e  ca l c u l a t i o n 
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r e p r o d u c e s  t h e  e n e r g y  d e p e n d e n c e  r a t h e r  w e l l as  s h o w n  i n  f i g . 

1 8 ( b ) .  Con t r a r y  t o  t h e  a- t r a n s f e r  p r o c e s s , t h e  o b s e r v e d  c r o s s  

s e c t i o n s  d o  n o t c h a n g e  w i t h  t h e  i n c i d e n t e n e r gy . T h e  p a r t i a l 

w i d t h s  w e r e  s e t  t o  u n i t y , a n d  t h e  d e f o r m a t i on p a r am e t e r s  {33=0 . 25 

a n d  {34=0 . 2 1  fo r t he 3-_ a n d  4+_ s t a t es , r es p ec t i v e l y , w e r e  o b t a i n e d  

b y  n o r m a l i z i n g t h e  d a t a  a t  t h e  i n c i d e n t ene r gy o f  1 40 MeV . 

H o w e ve r , i t  i s  n e c e s s a r y  t o  p e r f o r m  a c o u p l ed-c h a n n e l c a l c u l a t i on 

i n  o r d e r  t o  e s t i m a t e  t h e  d e f o r m a t i o n  p a r am e t e r s  c o r r ec t l y , b e c au s e  

o u r  c a l c u l a t i o n  d o e s  n o t t a k e  i n t o a c c o u n t  t h e  c o u p l i ng w i t h  t h e  

2+ - s t a  t e e x p  l i c i t 1 y . 

H e r e , t h e  a bs o l u t e c r o s s  s e c t i o n s  i n  t h e  p r e s e n t  w o r k  a r e  

c o m pa r ed w i t h  t h o s e  o f  o t h e r  ( f i n a l ) c h a n n e l s  a r o und 10 

MeV/n u c l e o n  ( 93 . 8  Mev� > ) . T a b l e  2 s h o w s  the i n t e g r a t e d  c r o s s  

s ec t i o n s  o f  t h e  p r e s e n t  w o r k  t o g e t h e r  w i t h  t h o s e  o f  t h e  e l as t i c  

s ca t t e r i ng , t h e  i n e l a s t i c  s ca t t e r i ngs t o  t h e  l ow-l y i ng 2+- s t a t e s  

a n d  t h e  few-n u c l e o n  t r a n s f e r  r ea c t i o n s . I t  i s  n o t i ced t h a t t h e  

a- t r an s fe r  c h a n n e l s  h a v e  l a r g e r  c r o s s  s e c t i o n s  t h a n  e i t h e r  o f  t h e  

o n e - o r  t wo-n u c l e o n  t r a n s f e r  c h a n n e l s . Th i s  i s  p r o ba b l y  d u e  t o  

t h e  s i g n i f i ca n t  a-c l u s t e r  s t r u c t u r es o f  1 2c- a n d  1 60*- n u c l e i . 

SECT I ON 3 .  I NTERFERENCE EFFECT 

We come b a c k  to t h e  s c a t t e r  p l o t  ( f i g . 7 ) p r es e n t e d  i n  

s e c t i o n 1 .  I t  i s  n o t i c e d  t h a t t h e r e  a r e  s e v e r a l  c r os s i n g p o i n t s 

o f  t h e  l o c i  co r r e s p o n d i n g t o  t h e  e x c i t e d  s t a t e s  o f  b o t h  1 2C*- a n d  

1 60*- n u c l e i . I n  o t h e r  w o r d s , a t t h e  c r o s s i n g p o i n t s , bo t h  o f  t h e  

a- t r a n s f e r  a n d  t he i n e l a s t i c  s c a t t e r i n g p r o c e s s es co n t r i b u t e t o  

- 22 -



t h e  s am e  f i n a l  c h a n n e l . I f  t h e s e  d i f f e r en t p r o c e s s e s  w i t h  

d i f f e r e n t  i n t e r m ed i a t e c h a n ne l s  a r e  i n d e p e n d e n t , t h e  c r os s  

sec t i on s  a t  t:h.e c r o s s i n g  p o i n t  a r e  t o  b e  a s i m pl e s u m  o f  t h e  c r o s s  

s ec t i o n s  o f  ; i ndi v idu a l  p r o c e s s e s . I n  t h i s s ec t i on , we exam i ne 

whe t h e r · t h'e ·c)r os s s ec t i o n s  a t  t h e c r o s s i n g  p o i n t  a r e  o f  a s i m p l e  

s um o r  :n-0.t ·, 1 ,and 'discus s  a p os s i b l e  i n t e r fe r ence effec t . 

' ' .-; Jtt ·. 1 fli:-r.·s ti .;° 'a locus of E 1 -2=c o ns t . in the s ca t t e r  p l o t  i s  

co:n'Si:!:d e:}-l edi .c'' · ::E"v:.-e n t s  o n  t h a t l ocus ar e a l s o r ep r es e n t e d  as t he 

didu:b }.l:e�dd:f;fle rre ntd:al c r os s s ec t i o n s  o f  a n  a- t r an s f e r  p r ocess.  A t  a 

c r os s ifn'g :po.i· n'.td wit h ;  the ·  l ocus o f  E2.o:.3=c o ns t . wh er e bo th Er-2 and E2-3 

have · d e f i nite 1Via,Lue:s , a ll o f  t h e  r eJ:a t i Jre ve l oc i t i es v1-2 . v2-3 , and 

V3-t ·. a re• . .  dete.-r m'.ined . :u nt:que l y . •Ther" efo r e , t h e  '.s ha pe o f  the t r i an g l e 

i j:k i n  f:i g .  a- .( ('i , j , k );:: (.3 ,. 1, 2 )  i n  t hi s  cas e } whos·e s i de .s a r e  equ a l  

to -the ·  r e.l a tiv e ve l oc ities V t -2•> · ·  tJ2'"'3 • a n d  V3-t · is f i xed · •  .and t hen 

t he · decay:' ang l e  B 1 -2 is  . .f fxed i n d'epe nden t l y  o f  t h e  ang le - 83- 12 

(ffc ·11:-' ( 1 l?o* ) )· . o f  ··t h e  p r i m a r y  -a-tr ans f e r  process . I n  ot her; wo r d s . t o  

s p e'c itf:y - �Ez-3: on t h e  l ocus o f  E1 :...2=c o'ns t . i n  t he s c a t t e r  p l o t i s 

e q uiva l E!n e · :trn  'f i x  t h e  dec a y  a ng l e  B t -2 (no t  ac · • ·  (. 160* ) ) i n  t h e  

d o uble-d i ffe r ent i a l  cr o s s  s e c ti o n s  o f  t h e  a- t r an s f e r  p r o c e s s  (s ee 

eq .  (A3 )  i n ' a ppen d i x  A ) .  Fo r e x a m p l e , o n  the l ocus o f  E1 -2= 1 3 .  5 

MeV ( 1 60* (7- ) ) a t  90 MeV ( f i g . 7 ( a ) ) ,  t h e  c r o s s i ng po i n t s w i t h  t h e  

l o c i  E2-3= 2 . 3  MeV ( 1 2C* (3- ) ) and 7 MeV ( 1 2C'' ( 4+ ) ) c o r r es pond t o  t h e  

r e g i o n s  o f  8 1 -2"'200· and 230· i n  t h e  d o u b l e-d i f f e r e n t i a l  c r o s s  

s ec t i o n s  ( f i g . 9 ( a ) ) ,  r e s p ec t i v e l y , wh e r e  t h e  c a l c u l a t i o n 

u n d e r e s t i m a t es t h e  d a t a  c o n s i d e r a b l y  as m e n t i o n e d  i n  s e c t i o n 2 .  

Reve r s e l y , s t a r t i ng f r om a l oc u s  o f  E2_3=c o ns t . w h i c h co r r es po n d s  

t o  t h e  i n e l a s t i c  s c a t t e r i n g , t o  s p ec i f y E r �  o n  t h i s  l oc u s  i s  
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e q u i  v a l  e n  t t o  f i x  t he d e c a y  an g l e  B2-3 ( n o t  ec . m . ( 1 2C ) ) i n  t h e  

d o u b l e-d i ff e r e n t i a l  c r o s s  s ec t i o n s  o f  t h e  p r i m a r y  i n e l as ti c  

s e a t t e r i n g p r o c e s s  ( s ee eq . ( A 3  · ) i n  a p p e n d i x  A ) .  For e x a m p l e , o n  

t h e  l o c u s  o f  E2-3= 7 MeV ( 1 2C* ( 4+ ) ) a t  90 MeV , t h e  c r os s i ng p o i n t s  

w i t h  t h e  l oc i  Et-�= 9 . 6 MeV ( 1 60* (6+ ) ) and 1 3 . 5  MeV ( 160* (7- ) ) 

r e s pe c t i vel y co r res pond t o  t h e  r e g i o n s  o f  82-r-3 1 o· and 285" i n  

the dotib l e-di f f e t en�ia l  c r o s s  s ec t i o n s  o f  f i g . 1 3 ( a ) ,  wh e r e t w o  

peaks n de�i at i ng r f rem,. the DWBA c a l c u l a t i o n a r e  s e e n  a t  al l a ng l e o f  

t.h e r  p r i m ar y ·  p r o c es s 0c .• .  ( 12C") . 
I t  s ho u l d be n o t ed t h a t  t h e  s h a p e  o f  t he t r i angl e i j k i s  

f i x e d  b y  s p ec i fy i n g a c r o s s i ng p o i n t  b u t  t he s p a t i a l  d i rec t i o n  o f  
,4 ; 

t h e  tr i a ng l e  i s  no t f i xed . I n  othe r . w o r ds , the c r os s  sec tion a t  a ·  

cr bss i n g p o i n t  is o f  . .  a f u nc t i on of t h e  s pa t i a l  d i r ec t ion o f  the 

tr i angl e . I n  t h e  i n-pl ane c o r r e l a t i o n m eas u reme n t s , t h i s  

d i r ec t i on i s  d e n o t e d  b y  t h e  a ng l es ec. ra .  ( 1 60* ) ( 83- 12 ) o r  0c . m .  ( 1 2c ) 

( 8 1-23 ) . As s ee n  f r om t h e  ve l oc i t y  d i a g r am the r e  a r e s i m p l e 

r e l a t ions b e t w e e n  t h e s e  a n g l es . For  e x a m p l e , a t  t he c r os s i ng 

p o i n t  of the l oc i  E1 -2= 1 3 .  5 MeV a n d  E2-3= 7 MeV a t  90 M eV ,  the 
, · ... 

r e l a t i on i s  c a l c u l a t ed as fo l l o w s : 

B t -23 = 03- 1 2 + 20 1'  
o r  

( 1 ) 

( 1 . ) 

T h e r e fo r e , w e  d i s c u s s  t h e  c r o s s  s ec t i o n s  a t  a c r os s i n g p o i n t  a s  a 

f u n c t i o n o f  ec . ra .  ( 1 60* )  o r  eq u i  v a l  en t l  y o f  ac . ra . ( 1 2c ) .  

N o w  we d i s c u s s  h o w  t o  ev a l u a t e  t h e  c r o s s  s ec t i o ns o f  

d i f f e r e n t  p r o c e s s e s  a t  t h e  c r o s s i n g p o i n t"s .  A t  a c r o s s i n g p o i n t  
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o f  lo c i  E1 -2:::E?-2 a n d  E2-3=E�-3 , o n e  c a n  f o r m a l  1 y c o n s i d e r  t h e  

f o l l o w i n g  t h r ee t yp e s  o f  t h e  cr o s s  s e c t i-0 n s : 

(A ) = t h e  o b s e r v ed c r o s s  s e c t i o n . 

( B ) = t h e  c r o s s  s ec t i o n o n l y  o f  t h e  a- t r a n s f e r  p r oc e s s . 

(C ) = t h e  c r o s s  s ec t i o n o n l y  o f  t h e  i ne l a s t i c  s ca t t e r i ng p r oc e s s . 

I f  t h e r e  i s  n o  i n t e r ference e f fe c t , (A ) i s  a l w a y s  equ a l  t o  ( B ) + 

(C ) .  N o t e  t h a t  t h e s e  c r o s s  s ec t i o n s  s ho u l d  b e  es t i ma t ed i n  a 

comm o n  c oo r d i na t e s y s t em . I n  t h e  s ec t i o n 2 .  we t o o k  t w o  d i f f e r e n t  
; :. / ] .... .  ,-

coo r d i na t e  s y s t em s  c ac · • · ( 1 60* ) , 0 1 -2 ) a n d  c ec · • · ( 1 2C ) , 92-3 ) f o r  t h e  

a- t r a n s f e r  a n d  t h e  i n e l a s t i c  s ca t t e r i ng p r o c e s s e s , r es pec t i ve l y . 

Fo r s i m p t i ci t y . �we' ' 0'a.:ll these ·coo r d i na t e s ys t ems ( b ) and ( c ) .  The ' � -� . '! . �-) <.' � : : 

s ys t em s  ( b ) a n d  ( c ) a r e  na t u r a l  a n d  t h u s  conven i en t  f o r  the 

e s t i m a t i on of ( B ) and (C ) ,  r es pe c t i�e l y . They can be exp r es s e d  as 

f o l l o w s : 

Cc ( 0c · • " ( 1 2C ) ) - (C ) i n  s ys t em ( c ) 

LE?-2·.i1£, _2 d2a c . • .  1 2 . a e2-3 = c() dQ dQ ( 0  ( C ) , 92-3 (E1 -2) , E�-3 ) I Lne l . -aE dEt -2 c.1-r.d£1 -2 1 -23 2-3 1 -2 

w h e r e  t h e  s u f f i c e s  o f  a- t ra n s . a n d  i ne l . d e n o t e  t h e  

(2 ) 

(3 ) 

d o u b l e-d i f f e r e n t i a l c r o s s  s ec t i o n s  o n l y o f  t h e  a- t r an s f e r  a n d  t h e  

i n e l a s t i c  s c a t t e r i n g , r e s p ec t i v e l y , a n d  Ll E2-3 a n d  Ll E 1 -2 d e n o t e  t h e  
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w i d t h s  o f  l o c i . Fo r compa r i s o n  o f  (A ) w i t h (B ) + ( C ) ,  Bb a n d  Cc i s  

tr a n s f o r m e d  t o  t he s y s t em ( c ) a n d  ( b ) ,  r es p ec t i ve l y , a n d  t h e  

m a g n i tude o f  ( A )  i n  t h e  t wo c o o r d i n a t e  s y s t em s  i s  exp r es s e d : 

Bc ( (Jc . m .  ( 1 2C )) := (B ) i n  s ys t em ( c ) = JBb , 

" 

A c ( ec · 11 •  ( 12C ) ) - (A ) i n  s y s t em ( c ) 

-·· £· E?-2+ .dE1-2 d2a .  
( 0c . 11 . ( 12c )· ll (·E ) . r.-0  ·) I . 

a B2-3 dE 2 . .,.... , ". 
··· · d n  · dn · · · , 1:12-3 1 -2 , c.2-3 · obs .  ,.---a·

E 
· 1-E?-r.dE1-2 it f -23 u2-3 1 -2 

f . : ; . •  

·�: 

( 4 ) 

( 5 ) 

(6 ) 

(7 )  

w he r e  J d e n o t e s  t h e  J a c o b i a n  o f  t h e  coo r d i na t e  t r a n s f o r m a t i o n f r om 
j .  

s y s t em C b 5  t o  s ys t em ( c ) ,  a n d  s u f f i x  ob s . d e n o t e s  t h e  o b s e r ved 
' : :: 

d o u b l e�d i f f e r en t i a l  c r o s s  s ec t i o n s . No t e  t h a t  t h e  

(JC . II .  ( 1 60* ) - d e p e n d e n c e  i n  t h e  a b o v e  q u a n t i t i e s i s  e q u i va l en t  t o  t h e  

ec . IJI .  ( 1 2C ) - d ep e n d e n c e  b e c a u s e  o f  t he l i ne a r  r e l a t i o n be t w e e n  

ec · • · ( 1 60* )  a n d  ec · • · c 1 2C )  as me n t i o n e d  b e f o r e  ( e q . ( 1 ' ) ) .  

S i n c e  i t  i s  c o n f u s i n g a n d  c o m p l i c a t e d  a l i t t l e  t o  d i s c u s s  t he 

c o m p a r i s o n  o f  ( A ) a n d  ( B ) + ( C )  b y  t h e  q u a n t i t i es d e p e n d i n g o n  t h e  
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c o o r d i n a t e  s y s t e m , w e  i n t r o d u c e  a r a t i o  k o f  ( A ) t o  ( B ) + (C ) wh i c h 

i s  i n d e p e n d e n t o f  t h e  ch o i c e o f  t h e  co o r d i na t e  s y s t em . N a me l y , k 

i s  d e f i n e d  as f o l l o ws : 

, \ .  

k ( 0c . m .  ( 1 60* ) o r 9c . • .  C 12C ) ) = Ab! (Bb+Cb )  

. ·�·· 

-!' ' 

( i n  sys tem ( b ) )  

( i n  sys t e m  ( c ) )  

(8 ) 

w h e r e  1 the r e l a ti o n  o f · Cc/ Ac=Cbl Ab o r  Bel Ae:=Bb/A& i s  u s e d . I t  s h o u l d  

b e  n o ted t h a t Bb/A& and Cc/Ac c a n  b e  es t i ma t e d  i n  the s y s t em ( b ) 
and ' ( c ) .  r Efa·pec t ive l y : a nd t h e n  t h e  J a c ob i an J need no t be 
cal c u l a t ed . S i nce · t he c r o s s  s e c t i o n s  { A ) � ( B ) and · (C ) are o f  a 

firnc,t i on o f  9c . • .  ( 160' ) ( o r  9c . • .  ( 12c )  ) ' k i s a l s o  o f '  a f u nc t i o n o f  

l h Aset a h g l es · .  However , i f  the r e i s  no i n t e r fer ence e f f ec t , k i s  

a l w ays s t o� ber un i ty i ndependen t l y  o f  t h e s e  angl e s . I n  o t he r  w o r d s , 

t h �  i ht e r fet ert c e ;  e f f e c t i s  c h e c k e d  b y  e x am i n i n g t h e  

9c . ll .  ( 16o* ) - dependence o f  k .  

T h e  k � v a l u e  f o r  t h e· obs e r v e d  c r o s s i ng po i n t s  i s  es t i ma t ed . 

Fo r B& a n d  � we u s e d t h e  r e s u l t s  o f  t h e  DWBA ca l c u l a t i o n 

nor m a l i z ed a t  r e g i o n s  exc e p t  f o r  t h e  c r o s s i ng p o i n t  ( s o l i d  l i ne s  

i n  f i gs . 9- 1 1 a n d 1 3- 1 5 ) .  The q u a n t i t i es A& and Ac w e r e  es t i ma t ed 

f r om the e x pe r i me n t a l  d o u b l e-d i f f e r e n t i a l  c r os s  s ec t i ons b y  u s i ng 

eqs . (6 ) a n d  ( 7 ) , r e s p e c t i v e l y . As a n  e x a m p l e , w e  d i s c u s s  t h e  

c r os s i n g po i n t  o f  t h e  1 60* (T ) +8Be a n d  t h e  12C+ 1 2c* ( 4+ ) c h a n n e l s  a t  9 0  

MeV . A t  t h i s  p o i n t , ac · 11 · ( 1 2C ) i s  r e l a t ed t o  ec ·• · ( 1 60* ) a s  i n  eq . 
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( 1  · ) . F i g u r e  1 9 ( a )  s h o w s  k-va l u e s  f o r  t h i s  c r o s s i n g p o i n t  as a 

f u n c t i o n o f  t h e  a n g l e  ec . m . ( 1 60* ) ( o r  ec . m . ( 1 2c )  s ho w n  a t  t h e  t o p  o f  

t h e  f i g u r e ) .  As s ee n  i n  t h i s  f i gu r e , t h e  k-va l u e  cons i d e r a b l y  

d ev i a t es f r om u p i t y  a n d  s h o w s  o s c i l l a t i o ns . A l t h o u g h  t h e  a bs o l u t e 

magn i t u des c a n  b e  c ha nge d  a l i t t l e  by ch a ng i n g t he nor m a l i z a t i o n  

f a c t o r s  i n  t h e  es t i m a t i o n of Bb  a nd Cc , t h e  c ha r a c t e r i s t i c  

o s G i l l a t i on o f  k h a r d l y d e p e n d s  o n  t h e  n o r m a l i za t i on fac t o r s . 

This r e s u l t  s hows t h a t  t h e  c r os s  s ec t i o ns a t  t h e  c r o s s i ng p o i n t  

canno t b e  exp l a i ne d  b y  a s i m p l e  s um o f  t h e  i nd i v i d u a l  c r os s  

s ec t i ons o f  t h e  -a- tr a n s f e r  a n d  t h e  i ne l as t i c  s ca t t e r i ng \ ! : :  I 

p r oc e s s e s . As sho�ri·: Ti n f i g' :  2b , ' f o r  t h e  o t h e r  c r oss i ng p o i n t s  

( 1 60* (6+ ) - 12C* (4+ ) and ( 160* (7- )- 12C* (3- ) ) and those at o t h e r  i n c i d e n t 

ene r g i es ( 1�0* (7�,)+l?ct {·4t) a t  1 1 0 and 1 40 MeV ) , t h e  k-va l u e  s hows 

sim i l a r os c i l l a t o r y ec . m .  ( 1 60* ) - dependence and dev i a t es f r om u n i t y . 

The·r e f o r e , i t  i s  conc l uded t h a t .ev i dence o f  the i n  t e r.ference 

e f f ec t ' b e t wee n two d i f fe r en t . p r ocesses h a s  been found . .  in  t h e  

k i nema t i ca t �neg ion - whe r e  d i f fe r erl t  p r oces s e s  6an con t r i b u t e to t h e  

s ame · t J:tree+body f i n a l  channe l . a t  the s ame · t ime . 

· I n · o r d e r: · ' t o u nd e r s t a n d  the os c i l l a t o r y  c ha r ac t e r  o f  . t he 

k�va l u e ,. t he . i n t e r f e r ence e f fec t i s  d i s c u s s ed i n  t e r m s of t he DWBA 

�-ma t r i c�s w h �c h  a r e  cal c u l a ted i nd e p e n d e n t l y  fo r t h e  a- t r ans f e r  

and t h e  i ne l as t i c . s c a t t e r i n g .  T h e  q u a n t i t i es o f Ab  and Ac a r e 
e xp r e s s e d  theo·r e t i c a l l y as f o l l o ws2n : 

( 9 ) 
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Ac oc I Tc C 1 2C+ 1 2C* ;  ec . m . C 1 2C ) , 0�-3 CE?-2 ) )  

( 1 0 )  

wher e t h e  Tb and Tc a r e  t h e  T-m a t r i ces f o r  t h e  a- t r an s f e r  and t h e  

i ne l as t i c  s ca t t e r i n g , r es p ec t i ve l y , o b t a i ned by t h e  i nd i v i d u a l  
· \ ,  �-:� (�� �-1 !.. t' ' 
DWBA c a l c u l a t i ons . Us i ng eqs . (8 ) - ( 1 0 ) ,  t h e  k-va l u e i s  
c· f f ·' .  c L . 
exp r es s ed as fo l l ows : 

2 
= 1 + cos x . 

r + r-1 ( 1 1 ) 

w he r e  r = I ¥'JT1 /T3 I and x i s  t h e  phas e d i ff e r ence b e t w ee n  Tb a n d  

Tc . As a n  examp l e , t h e  q u an t i t i es 2/ ( r+ r-1 ) and x w e r e  ca l c u l a t e d  

f o r  t h e  c r o s s i ng p o i n t  o f  t he 1 60* (7- ) +8B e and 12C+ 12C"' ( 4+) chann e l s  

a t  90 MeV by u s i ng t h e  i nd i v i d u a l  DWBA c a l c u l a t i ons f o r  t h e  

a- t r an s f e r  a n d  t h e  i n e l as t i c  s ca t t e r i ng p r oces s e s . I t  was f o u n d  

t ha t  t h e  f o r m e �  q u an t i t y was a l mos t  cons t an t , and t h u s  t h e  

ec . m .  ( 1 60* )- dependence o f  k-v a l ues was m a i n l y  a t t r i b u t ed t o  t h a t  o f  

t h e  p h a s e  d i f fe r ence x .  F i g u r e  1 9 ( b )  s ho w s  ca l cu l a t ed x-va l u es 

ver s u s  9c . 11t .  c t 6o* ) .  The p h a s e  d i f f e r ence x s ho w s  a n  o s c i l l a t o r y  

b e h a v i o u r  w i th a s i m i l a r  p e r i od t o  t h a t i n  k-va l u e i n  f i g . 1 9 ( a ) .  

Th i s  s h o w s  t h a t t h e  o s c i l l a t o r y  b e h a v i o u r  o f  t h e  k-va l u es a r e  

q u a l i t a t i ve l y  ex p l a i n e d  b y  t h e  i n t e r f e r e n c e  be tween t h e  DWBA 

am p l i t u des f o r  d i f f e r e n t  p r o c e s s e s . N o t e  t h a t  t h e  a bs o l u t e  
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magn i t u d e  o f  x i s  n o t  d e t e r m i ned s i n c e  Tb a n d  Tc a r e  ca l c u l a t e d  

i n d e p e n d en t l y . Fo r f u r t h e r  i n ves t i g a t i o ns o f  t h e  i n t e r fe r ence 

e f f ec t , b o t h  of the T-m a t r i c es of t h e  a- t r an s f e r  and t h e  i ne l as t i c  

s ca t t e r i ng p r oces s e s  s ho u ld b e  ca l c u l a t ed i n  the s a m e  f r am e wo r k . 

Theo r e t i ca i mode ls w h i c h  take i n t o accoun t t h e  t h r ee-b o d y  a s p e c t 

and t h u s , d e s'c r i b e  d i f fe r e n t  i n t e r m e d i a t e  c h a n ne l s  a t  the s am e  t i m e  

a r e  Eequir•d for . �ua n t i t a t i ve u nd e r s tood fo r t h i s  i n t e r f e r e n c e  

effect < :.-, :. ,.·; ,cc, ; ;  , •  
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CHAPTER 4 

Summa r y  a n d  c o nc l u s i on s  

I n  o r d e r  t o  i nv es t i ga t e  t h e  m e c h a n i s m o f  t h e  

1 2c+ 1 2c- 1 2c . +o:+8Be · r e a c t i o n • .  12C-o: co i nc i d e nce meas u r em e n t s  have· g . s .  g . s .  

been ca r r i ed o u t in . a  v i de angu l a r  r a n g e  a t  90 , 1 1 0 and 1 40 MeV . 

C r o s s  :1 s e c t ions w e rc;e · deduced f o r  a l  1 p o s s i b l e  ( i n te r me d i a te ) 

channeLs G l e ad ing Gto 1 the s ame t h r ee-b o d y  f i n a l channe l : t h r ee 

i n  ter:medi.a:te " q,hann e ls c (12t+12c·* , 1 60*+8Be and .a+20Ne* ) and t he · 

n o n-res onant (direc t ·)« ;b r e aku p p r oce s s . I n  o r d e r  to i den t i fy t h e s e  

p r ocesses . da ta w e r e . rep ?1lese·n ted in a fo rm of s c a t t e r  p.l o ts w h ic h  

have c oo r d i nates o f · t e La t i  v e  · e-ner g·i es b e t ween th r ee pa i r s o f  t h e  

p a r t� c l es i n  t h e  f i na l  ch �rihet� a s  w e l l as in a form o f  

r e l a t iv e�ene·rgy s p ec t r a . Then , contr i bu t i ons from f o u r  p o s s i b l e  

i n t e r media t e  c·han n e ls have · been e va l u a t e d : 

( I ) TJ:le r,i nelas t i c  t ra ns i t i on to the 1 2c*- s t a t es (3- and 4+ ) and t h e  

a-;; t. r,ansfe r t o  t h e  160*- s t a t e s  (4+ , 5- , · 5+  a n d  7- ) o f  t h e · 

i n-t e t,m edia t e  cha n ne l s  1 2c+ 1 2C* and 16o*+8Be .  r es p ec t i ve l y ,  

acc6�nt J for mos t  pa r t o f  t h e  c r o s s  s ec t i on . 

( I I ) The lm ass i v e  c l us t e r - (8Be- ) t rans fer p r o cess l ead i ng t o  t h e  

o:+�Ne* �n t e r m ed i a t e channe l i s  no t o bs e r ved w i t h i n  t h e  

s e nsi tivi t y  o f  t h e  expe r i m en t . 

( I I I ) The non� r esonan t  ( d i r ec t ) b r e aku p p r oces s  co n t r i b u t es , a t 
mos .t , a few pe r ce n t  o f  the c r os s  s ec t i o n . 

The d o u b l e-d i f fe r en t i a l c r o s s  s e c t i o n s ( a n g u l a r d i s t r i b u t i o n s  

o f  t h e  p r i m a r y  p r oces s es and t h e  a n g u l a r c o r r e l a t i o n  p a t t e r ns o f  

t h e  s u b s eq u e n t a-d e c a y ) f o r  t h e  1 6o*+8Be a n d  1 2c+ 1 2c* i n t e r m e d i a t e 
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c h a n n e l s  wer e o b t a i ned a n d  a n a l y z e d  i n  t e r m s  o f  a o n e-s t e p  DWBA . 

T h e  f o l l o w i ng r esu l t s  we r e  o b t a i ned : 

( 1 ) F o r  t he 160*+8Be c h a n n e l , o s c i l l a t o r y  a n g u l ar c o r r e l a t i o n 

pa t t e r ns were o bs e r v e d . I t  w a s  f o u n d  t ha t  t h e  pos i t i o n  o f  

m a x i ma and m i n i ma s h i f t ed l i ne a r ly � i t h  t h e  s c a t t e r i ng ang l e  

o f  1�0� . , ;  ·These data were r e p r oduced wel 1 b y  the DWBA 

' ; C'a l,cu:J:;a;bi o n  a ssumi ng d i r ec t  a-c l us t e r  t r a n s f e r  m e chan i sm .  I t  

· ; :. ,, w:as �arl s'.:o·,nf.ound t h'a t t h e  s hi f t · o f  t h e  p a t  t e r n s  w i t h  the 
s·ca\ti.'·e r;i•ng 'ang le · of 160* was d e ter m i ned b y  t he k inem a t i ca l  

m atcfri1ngi c:9ndli•Vions and a p p r o x i mated as a func t i on m a i nl y  o f 

the g r a·z i ng :  .an1gul a;r; .mome n t um and t h e  s p i n o f  t he 1 60*- s t a t es . 

(2 ) For . the , 12c+A2c* � ·ch:a'nn:�ik,, , le·s s os ci l l a t o r y  .angular c,o _r r e l a ti on 

.pat te r ns · than . .  'in .. :t he dtio•+aB.e . ·  cas·e we r,e o b t·a i ned and · r ep r oduced 

hy· t h e  :DWBA caLcuiat1i:on[ vi.t h conv,en ti on a l  col lecti ve 
form�f:a·.c to r s  .. · Ca lcu la t i ons· w it h  a n  ima g in a ry po t·en t i a l  weake r  

:tlban tha t determ i ned i n  th.e a n al ys i s  o f  t h e  e l as t i c  s ca t t e r i ng 

data 'gave b e t t e r  a g r eemen t w i t h t h e  da t a . Thi s may b e  r e l a t ed 

to {the coup:li ng e f fec t t o . o t he r  c h a n n e l s  s u c h  as t h e  i ne l as t i c  

sca tt;.er:i'ng l ea d i ng t o  t h e  2+ s ta t e  of t h e  12c- nucl e u s . Less. 

o s c i ld at o r y  pa t t e r ns a r e  a s c r i b e d  to t h e  l i ne a r  mome n t um 

· mi'sma:t.chi . .  · 

The ang u l ar co r r e l a t i o n p a t t e r ns o f  b o t h  t h e  1 6o*+8Be and t h e  

1 2C+ 1 2G* channe l s  w e r e  i n t e g r a t e d . T h e  i n t e gr a t e d  c r os s  s ec t i o n s  

fo r the a-,. t r an s f e r  p r oc e s s  pop u l a t i ng 1 60*- s t a t e s  (4+ , 5- , 6+ a n d  

7- )  d e c r e a s e  w i t h  i n c r eas i n g i n c i den t e n e r g y , w h e r eas t h o s e  f o r  

t h e  i ne l as t i c  exc i t a t i o n ( 3- a n d  4+ s t a t e s  o f  1 2c* ) d o  no t change 

much w i t h t h e  i nc i d en t ene r g y . The DWBA ca l c u l a t i o n r e p r o d u c e d  
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t h e  e n e r gy d e p e n d e n c e  o f  t h e  i n t e g r a t e d  c r o s s  s ec t i on r a t h e r  w e l l . 

An  i n t e r f e r e n ce e f f ec t  b e t w e e n  t w o  d i f f e � e n t p r oces s e s  

( a- t r an s f e r  a n d  in e l a s t i c  s ca t t e r i n g ) was  d i sc u s s e d  i n  t e r m s  o f  

t h e  c r o s s  s ec t i o n s  o f  t h e  k i n em a t i c a l r e g i ons w h e r e  t w 6  p r oc es s es 

c an p a r t i c i pa t e ; S u c h  r e g i ons a r e  re p r es e n ted b y  c r os s i �g poin ts 

o f  l oc i LJ i ri  th e sca t t er p l o t . The obser ve d  c ross s ec t i ons dev i a ted 

fr!om >a ': s i:ni p l e1  s tim o f : the c r o s s  s e c t io n s of i nd i v i d ua l p r oces s e s . 

T:h:iis 1 •1 i s  � ·ani j ev;hience \-·o:f · :the in t e r fer ence e f fe c t be tween the 

a-:: tr ans;fte:r .· amfi'',the i nel as t i c  ·S Ca t t e r  i n g p r oces s es . The d ev i a t i on 

was exp l af·ned .q,uaT i fa t fv e Fy > by . the i n t e r f e r ence be tween DWBA 

T--ma t r· i ces c a lc u lated i nde penden tl y fo r t·he t w o  · p r oc es s es . Fo r 

t h e  q u a n  t i  ta> t i v e  j d es c r ip t ion : :of the i n t e r fe r ence effec t ,  it i s  

neces s a r y  to · ·ca l cu l a t e T-ma t r i ces f o r  d i f f er en t  p r oces s es :i n the 

s ame f r amewo r k . Theo r e ti ca l  mode l s  w h i ch ean t r e a t  v a r i ou s  

in te r m e d ia t e  ch anne ls .a t t h e  s a me t i me and a l so t a ke in t o  accou n t  

tihe �<.t1hr ee.L::body as p ec ts · a r e  r equ i r e d . 

T h e  h i g h l y  exc i t e d  and h i g h s p i n  s t a t e s  o f  1 60 po p u l a t ed i �  

t h e  1 2C+ 12e r e ac t i o n a t  ""' 1 0 MeV/n u c l eo n have been a s s i gned 

u n am b i g u o u s l y  b y  12C-a co i nc i d e n c e  m eas u r emen t s  i n  a w i d e  a n g u l a r 

r ange . C r o s s  s ec t i o n s  o f  t h e s e  s t a t e s  h a v e  been r e p r o d uced 

q u a n t i t a t i ve l y  b y  o n e-s t e p  DWBA c a l c u l a t i o n s  a s s um i ng d i r e c t  

a-t r a n s f e r . D i s ag r eem e n t b e t w e e n  t h e  d a t a  a n d  t h e  c a l c u l a t i on h a s  

been e xp l a i ne d  by a n  i n t e r fe r ence be t ween t h e  a- t r an s f e r  and t h e  

i ne l as t i c  s c a t t e r i ng p r oc es s es . The m e thod d es c r i bed h e r e , 

i n v e s t i g a t i n g  m a n y  compe t i t i v e p r oc e s s e s  o n  a n  e q u a l  fo o t i n g , m a y  

o p e n  u p  a ne w f i e l d  of  s p ec t r o s c o p y . 
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APPEND I X  A 

M o d i f i e d D a l i t z-p l o t  

I n  t h e  r eac t i o n P + T - 1 + 2 + 3 w i t h  a d e f i n i t e  Q�va l ue , 

t h e  s um o f  t h e  k i ne t i c  ene,r gy (Elf ) o f  each p a r t i c l e  (i = 1 - 3 )  i n  

t h e . ceri t e r -o f-m a s s  s y s t em is cons e r ved . I n  t h i s  case each even t 

can hbe · � �p�es e n t e d  by a p o i n t  X i ns i d e  an equ i l a t e r a l  t r i an g l e ,  

when one no t i ces tha t the '. s um · o f  t h e  d i s t a nce (Ri ) be tween X and 

e a c h  s i de ·'.o f t h e  t r i ang le i s : .cons tan t , i . e �  :E1�1 Ri is  p r o po r t i on a l  

El 
C . 111 . ( t o t a l  ce q t. er -o f-m a s s  ene r gy i n  t h e  f i na l  

t h r ee-body c hann e l ). Th i s - .i, de a  was o r i g i na l l y  o b t a i ned by 

Da l i t z32> an(fl - thus such a 'P lQ t i s  :c�J l ed as Dal i t. z-p l o t . 

I t • i s  r a t he r , conven i en t • however , t o  s e e  d i r ec t l y  t h e  

r e l a t i v e  e n e r g y  E;�k , b e tween -Par t i c le j and k ( o r  . equ i va le n t l y  

e�c i t a t i o n  ener gy of t he compos i t e p a r t i c l e  ( j +k } )  i n  t h e  c a s e  

t ha t � ea c h  p a i r  o u t  o f  t h r ee p a r t i c l es f o r m s  m a n y  s ha r p  r es onan t 

s t a te s � · Fg r  t h i s p u r p o s e , t h e  fo l l o w i n g  r � l a t i on can b e  u s ed : 

, m2+JQ3E m3+m 1 E m 1 +m2E f - -- - -- - l.f 2-3 + N 3.., 1 + N 1 -2 = Ee . a .  = const. , (A 1 ) 

whe r e  mi ( i=t - 3 )  deno t e  t h e  m a s s  o f  p a r t i c l e  i and N = Li�I mi . 
The d e r i va t i o n  o f  eq . ( At ) i s  e a s y  when one n o t i ces the f o l l o w i n g 

r e l a t i on : 

( ( i • j • k )= ( 1 ' 2 ' 3 ) '  ( 2 ' 3 ' 1 ) ' ( 3 . 1 • 2 ) ) .  (A 2 ) 
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Acco r d i ng - t o s i m i l a r a r g u m e n t s  a s  u s e d  f o r  t h e  Da l i t z-p l o t , o n e  

can r e l a t e each even t t o  a po i n t  X i n s i d e a t r i a n g l e , t h e  l en g t h  

o f  s i d e o f  wh i ch i s . p r o po r t i o n a l  t o  m;+mk ( f i g . 2 1 ) .  For exam p l e , 

i n  t h e  c a s e  o f  t h e  1 2c+ 1 2c- 1 2C+ a+8Be r e ac t i o n , t h e  r a t i o  o f  t h e  

l en g t h  o f  t h e  s i d e i s  3 : 4 : 5 ,  and t h u s  t he t r i an g l e  becomes a 

r i gh t-angle ; -0ne . We c a l l  s uch a p l o t  a s  a m od i f i ed Da l i t z-p l o t . 

F r o m  t h e  cons e r v a t i o n  o f  e ne r gy and mome n t um , i t  i s  found t h a t a l l  

even t s  a r e  c·o·nf i,ned .w�i th i n  the i ns c r i bed ci r c l e  o f  the t r i an g l e  

whos e r ad ius i s  e·qu&l to Et . • .12 . N o t e  t h a t the l oc i  pa r a l l e l  t o  

t he· s i de B C  (AB , ·  CA) i n  f i g; ,  2 1  co r r e spo n d  t o  t h e  even t s  o f  the 

·s equ
_
�n t i a l  p r oc ess 1 + (2+3:)* ( ' (1 +2 )* + 3 , . (3+ 1 )*  + 2 )  1 + 2 + 

3 w i t h  E2.:.3 (E 1-2 .  · E3-i J = c o ns t . 

I n  t h e  mod i f i ed Da l i t z -p l o t  s u ch a s  f i g . 7 ,  each eve n t  i s  

spec i f i ed on l y  by t h e  r e l a t i ve ene r g ies . T h e re f or e , no 

i nfo r m a ti on on t h e  a n g l es is  g ive n  e x p l i c i t l y  i n  t h e  p l o t . We 

d i s c us s  a n g l es i m p l i c i t l y  e x p r e s s e d  i n  the Da l i t z -p l o t  b y  us i ng 

t h e  ve l oc i t y  d i a g r am ( f i g . 8 ) .  Wh e n ·  a po i n t  i n  t h e  p l o t  i s  

s p e c i f i ed , t h e  s h a p e  o f  t h e  t r i a n g l e  i j k , d e f i ned b y  t h e  r e l a t i ve 

ve l o c i t i es , i s  f i xed as  s h o w n  i n  f i g . 8 .  F i gu r e  8 a l s o s hows t h e  

no t a t i o n o f  t h e  a n g l es w h i c h d e f i ne comp l e t e l y  t h e  p r i m a r y  a n d  

s u bs e q u e n t p r oces s es . Be c a u s e  o f  t h e  i n- p l ane co r r e l a t i on 

m e a s u r em e n t i n  o u r  c a s e , o n l y  t w o  a n g l es B ;-k and B i-;k a r e  

c o n s i d e r ed .  When t h e  t r i a ng l e  i j k i n  f i g . 8 i s  f i xed , c l ea r l y  t h e  

d e c a y  a n g l e  B ;-k i s  f i x e d . Th e r e f o r e ,  s p ec i f y i n g  t h e  p o i n t  i n  t h e  

m od i f i ed Da l i t z - p l o t  i s  eq u i v a l e n t  t o  f i x  t he d ecay a ng l e  B �k · 

Fo r e x a m p l e , f o r  t he f i n a l  c h a n n e l o f  1 2C ( 1 ) +a ( 2 ) +8Be (3 ) , t h e  
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r e l a t i o n b e t w e e n  t h e  d e c a y  a n g l e  a n d  t h e  r e l a t i ve e n e r gy i s 

c a l c u l a t ed as f o l l o w s : 

co s B 1 -2 (A3 )  

(A3 ' ) 

Fo r· t he t·r. i an;g l e  i j k f i xed c o r r es po n d i n g t o  t h e  s p ec i f i c  

r e l a t i ve ener g i es • .  however , t�� . s p a t i a l d i r ec t i o n  o f  �he t r i an g l e  

w�i t h  r e·s p e c t  t o  t he b e
,
am d i �e'd.

t i bn
, 
is  no t ye t f i xed . Th i s  d e g r ee 

of  f r:eedom , ' t he d l r e!c t i on f'o'r - fh!e· pr-i m a r y  p r ocess , i s  t r unca t ed i n  

t h e  m od i f i ed Da l i t z -p l o t . I n  t h e  do u b l e�d i f f e r en t i a l  c r o s s  

s ec t i on i whi c h  i s  comp l i me n t a r i t d  t he m od i f i ed D a l i t z-p l o t , t h e  

d i r ec t i on o f  t h e  p r i m a r y  p r ocess i s  g i ven exp l i c i t l y . 

' ; , ,  
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APPEND I X  B 

F o r m u l a t i o n t o  o b t a i n  

e x p e r i m e n t a l  d.o u b l e-d i f f e r e n t i a l  c ros s sec t i ons 

In t h is app�nd i � .  we p r es e n t t h e  d e t a i l s  o f  p r oc�d u r e  t o  

o b t a i n t h e  expe r i me n t a l  d o ub l e�d i f f e r e n t i a l  c r o s s  sec t i ons and 

J ac o b fart o fk coo � d i ri''a'.t e  t r ans f o r m a t i on . 

Fo r t h e - i n-p l ane co r r e l a t i o n m e a s u r em e n t  i n  o u r  c a s e , t he 

p r oc�dur e -: m'�;h:� ioned ' :i1n se:c 'tio n 2 .  1 o f c h a p t e r  3 i s  d e s c r i b ed a s  

fo l l o w i ng eq u a t i o n : 

d2a 
( BQ 90 . ..,.o Q. o )  . ,� i·: 

dOi-ikdH;-:k i-;k • ;-k • t!.. 1-k • cf( ¢ I ,  ¢ 2 ) 
a ,< ¢.i"7ik • ¢ ;-k ) 

- �  ;; - . 
x y ( I E j-k-E9-k I � J E j-k ' I Q-Q0 I � J Q '  I B i -;k-B9-;k I � J B i-jk/2 ' I a j-k-B9-k I � J a j-k/2 ) 

£BT J B i-ik LI B  ;-k L1 ¢ t LI ¢ 2s i n B?-;ks i n B9-k 

( . .  k ) - { ( 1 , 2 . 3 )  t t J ' - (3 t 1 ' 2 )  
fo r i n e l as t i c  s c a t t e r i n g 
f o r  a- t r a n s f e r  

I n  eq . (8 1 ) , Y i s  t h e  y i e l d  w h i c h  s a t i s f i es t he r eq u i r emen t s  

d e s c r i b e d  i n  t h e  p a r e n t he s e s , B a n d  T a r e  amo u n t s  o f  b e a m  a n d  

t a r ge t , r es p ec t i v e l y . B i-ik a n d  B ;-k r e p r e s e n t  t h e  a n g l e  o f  t h e  

p a r t i c l e  i w i t h  r es p e c t t o  t h e  beam a x i s  i n  t he t o t a l  

(B l ) 

c e n t e r -o f-ma s s  s y s t em and t h e  an g l e  o f  t h e p a r t i c l e  j w i t h  r e s p e c t 

t o  t h e  r e c o i l ax i s  o f t h e  p a r t i c l e  ( j +k ) * , r e s p e c t i ve l y . T h e  

d e f i n i t i o n  o f  t h e s e a n g l e s i s  a l s o  s h o w n  s c hema t i ca l l y  i n  f i g . 8 .  

LI B i-ik a n d J B ;-k a r e  m e s h s i z e s  f o r  t h e  d o u b l e-d i  f f e r e n  t i  a l  c r o s s  

s e c  t i  o n  ( s e t  t o  3 d e g r ee i n  t h i s a n a l y s i s ) ,  J ¢ 1 a n d  LI ¢ 2 a r e  

az i m u t h a l  a c c e p t a n c e  o f  d e t ec t o r s , a n d  c i s  t h e  e f f i c i e nc i es i n  

t h e  r e c o i l  
·
c e n t e r -o f-m a s s  s y s t em d u e  t o  f i n i te t h r es h o l d s o f  
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e ne r g i e s d e p o s i t e d  i n  t h e  d e t e c t o r s  a n d  a n g u l a r  a c c e p t a n c e  w h i c h  

a r e  l i m it e d  b y  t h e  g e o m e t r i es o f  d e t ec t o r s  a n d  t h e  masks men t i oned 

i n  c h a p t e r  2 .  F i gur e 2 2  s h o w s t y p i c a l  exam p l es o f  t h e  c a l c u l a t e d  

e f f i c i en c i es ( £ ) ( 160* (7- ) +8Be and 1 2C+ 1 2C* ( 4+ ) at 90 MeV ) .  The d a t a  

r ed uc t i on was per fo r med i n  t h e  a n gu l a r  r e gi ons w he r e  t h e  

e f fi c ienc i es a r e g r e a t e r  than 0 . 5 .  
The .l ac o b ian a ( ¢ 1 , ¢ 2 )/a { ¢ i-ik t ¢ ;-k ) i s g i ve n  a s : 

. a ( ¢ 1 , ¢ 2 ) 
a ( ¢ i-]k · ¢ ]-k ) 

Eo Eo · Llo . Llo 
= 

( m3 • .  i -ik ;-k J t /2 . s 1 n u i -;kS i n u ;-k 
N · EIE� s i n B l s i n e� 

w h e r e  El { B ! J and E� ( 0�]  a r e  l abo r a t o r y  e n e r g i es ( ang l es ) o f  

p a r  t;.,i c l e l ( 1�C ) and 2 ( ex ) ,  r e s pe c t i ve l y .  
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APPEND I X  C 

Ch a r a c t e r i s t i c s  o f  d o u b l e-d i f f e r e n t i a l  c r o s s  s e c t i o n s  

I n  t h i s  a p p e n d i x . w e  d e s c r i be t h e  d o u b l e-d if f e r e n t i a l c r o s s  

s ec t i ons f o r  t h e  s eq u e n t i a l  p r oc es s , A (a , b )B*-c+d , i n  t e r m s  o f  

DWBA am p l i t u des o f  t h e  p r i ma r y  r ea c t i o n . Then , t h e  

cha r ac t e r i s t i cs o f  t h e  d o u b l e-d i f fe r en t i a l  c r o s s  s ec t i ons w i l l  b e  

exam i ne d  i n  h eavy- i o n r e ac t i o n s  w he r e k i n em a t i c a l m a tch i ng 

cond i t i ons a r e  i m p o r t a n t . 

Acc o r d i n g t o  t h e  DWBA f o r ma l i s m , t h e  c r os s  s ec t i on o f  t h e  

r eac ti o n  A (a , b )B i s  w r i t t e n  i n  t h e  fo l l o w i n g f o r m  w i thou t 

s p i n- o r b i t fo r ce�> : 

(Cl ) 

(C3 )  

A l l n o t a t i o n s  i n  t h e  e q u a t i o n s  a r e  exac t l y  t h e  s am e  as t h o s e  i n  

r e f . 33 . Us i n g eq . ( C l ) ,  w h e n  a l l p a r t i c l e s i n  t h e  i n i t i a l  a n d  

f i n a l  c h a n n e l h a v e  s p i n  0 , t h e  d o u b l e-d i f fe r e n t i a l  c r o s s  s e c t i o n 

o f  t h e  r ea c t i o n A (a , b )B* C Ja=J )-c +d can b e  e x p r e s s ed a s  f o l  l ow s  1 1  ) : 
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= rc+d 
f tot  

(C4 ) 

w he r e  p' = [JJ•; (L . 1 [JJ• 1 2) l /2  i s  t h e  s u b�s t a t e  p o p ul a t i o n  

p a r am e t e r . I n  eq . (C4 ) ,  Ftot and Fc+d a r e  the t o t a l  w i d t h  o f  t h e  

t h e  r es on a n t s t a t e  i n  t h e  n u c l e u s  B *  a n d  i ts d ec a y  w i d t h i n t o c+d 

c h a n n e l , r es p e c t i ve l y . \ 

When k0 x k0 a n d  kb a r e  taken to b e  z- a nd x-axes , 

r es p e9 t i v e l y , t h e · d o u b l e-d i f fe r e n t i a l  c r o s s  s ec t � on () f  (C4 ) i s  

e x p r es sed f o r  t h e . in�p l a n ei co � r e l � t i on meas u r emen t s  as : 

d_2a 
dQi:,dO� 

w h e � e  ._:; 

r
r
c+d dd �b' . .< a ) Jr (fl ' l/J }; '  
tot  u 

ti( a .' w ) = 1 tp,, c a n 1 c � . w ) ' 1 2 
, :; • .  ·--- m _  - _ ,  

(C5 ) 

= I LPHB ) ( - 1  ) (J-m)/2e i•� ( ( J + m- 1 ) ! ! ( J-m- l ) ! ! ) l /2 1 2 (C6 ) 
_ 111 _ ( J +rn )  ! ! (J - m ) ! ! 

i s  a n  a n g u l a r  c o r r e l a t i o n f u nc t i o n . I n  t h e s e  equa t i ons , e 

a n d  l/J ar e t h e  s ca t t e r i ng an g l e  o f  t h e  p a r t i c l e  b w i t h  r e s pec t t o  

t h e  b e a m  a x i s  a n d  t h e  d e c a y  a ng l e  o f  t h e  p a r t i c l e  c w i t h r es p e c t 

t o  t h e  d i r ec t i o n o f  kb ,  r es pec t i ve l y . T h e  m-d i s t r i bu t i o n o f  t h e  

s t a t e  o f  B* , w h i c h i s  e x p r e s s e d  b y  t h e  s u b- s t a t e  p o p u l a t i o n 

p a r a m e t e r s  ( p, ( 0 )  ) ,  d e t e r m i nes t h e  c o r r el a t i o n  f u n c t i o n . F r o m  eq . 

(C2 ) ,  p7 ( 8 . )  i s  w r i t t e n as : 
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(C7 ) 

whe r e  

F (Lb , La , l , m ; 0 )  = :E<Lb La m-Na Na l l . m>l1!:• c 7r2 , -0 ) Yl;Ha• c 2
7r , 0 )  (C8 ) 

Ma 

i s, , a g e o,m e t r i c  (a c t o r  and N ( J , 0 )  i s a n o r m a l i z a t i on cons t a n t 
" ' - . . , . ·' 

d e t e r m i ned b y  t h e  c o nd i t i o n  L: . 1 p' ( 0 ) I 2= 1 . 

We w i l l  s e e  t h e  c ha r ac t e r i s t i cs o f  W ( 0 . � )  t h r ough p' ( 0 ) i n  

t h e  heavy- i o n  t r ansfe� r eac t i on whe r e  t h e  k i nema t i ca l  ma tch i ng 

c9n d i t i on i s  i m po r t an t . I n  eq . (C7 ) , t he k i nema t i ca l  ma t ch i ng 

c o nd i t i on can b e  d es c r i bed i n  t e r m s  o f  r ad i a l  i n te gr a l s  Il�a : 
( a ) Lb=La-1 t e r ms o f  Ilia • d em i na t e  t h e  o t h e r  t e r m s . 

( b ) La- d i s  t r  i b u  t i  o n  o f  I I��a I has a p e a k  ce n t e r ed a t  t h e  g r a z i n g  

a n g u l a r m o me n t um (L9r . ) i n  t h e  i n i t i a l  channe l . 
t . ._ As an ' e:Xtr em e 'case s a t i sf y i ng t h e  cond i t i ons ( a ) and ( b ) ,  w e  

assume fha t i'n  '
t he s umma t i o n o f  e q . (C7 ) o n l y  t h e  

La=Lb+ l =L"-L�r . t er m  co n t r i b u t es t o  t h e  p'- v a l u e s . Then , p '  i s  
exp r es s e d  as : 

= ( - 1 )L- (J+1t) /2 ( 2L -2 J + 1 ) ! ( 2 1 + 1 ) ! 
47r ( ( 2L ) ! 

w h e r e  

x G (L , J , m ; e ) , 

- 42 -

(J + m- 1 ) ! ! (J -m- 1 ) ! ! ) 1 /2 
( J + m ) ! ! ( J-111 ) ! ! 

(C9 ) 



G CL ' J ' m ; e )  

_ � . (L+N- 1 ) ! ! (L -N- 1 ) ! ! e•H9 - -';t (L - J -N+m ) ! ! (L- J +N-m ) ! ! ( J +m- 1 ) ! ! ( J -m- 1 ) ! ! 

= (L-:� � tJ ! a (l , J , m ;  9 ) e x p  ( i mb (L , J , m ;  8 ) ) . 

He r e , we i n t r od uc e  t h e  f u nc t i ons a and b for  t h e  abs o l u t e  

(Cl 0 )  

m a gn i t u d e  and t h e  p h a s e  o f  G ,  r es pe c t i ve l y . By s u bs t i t u t i ng eqs . 

(C9 ) and (C l 0 )  f o r  eq . (C6 ) ,  t h e  c o r r e l a t i on func t i on i s  exp r es s e d  

as 

'" ( e ' 1" ) = I w (L • J ; e ' 1" ) I 2 ,  
whe r e  

oc L ( J + m- 1 ) !  ! ( J -m- 1  ) ! ! w (L , J ; B , iJ! ) 
•. ( J +m ) ! ! ( J -111 ) !  ! 

x a (L , J , m ; B ) ex p ( i m (w+b (L , J , m ; e ) ) ) 

When L>J� l  , an a na l y t i c  a p p r ox i m a t i o n i s  o b t a i ned for t h e  

func t i o ns a a n d  b a s  f o l l o ws : 

Fo r s m a l l e ( < ( J + t ) / (L + l ) ) , 

a (L , J ,  m ; 9 ) 

and 

b (L , J , rn ;  e ) 

� 1 _ 1 (L+ l )  (L-J ) ( J +m+ l ) ( J-m+ l ) 82 
2 ( J +2 ) ( J + t )2 

.... L +
t ( t + 1 (2L-J + t ) ( L - J ) U +m+ t ) ( J -m+ t 2 e2 ) e 

J + 1 3 ( J I 3 ) ( .I I 2 )  ( J  + 1 ) 2 
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(Cl 1 ) 

(C1 2 )  

(Cl  3 )  

( Ct 4 )  



F o r  l a r ge B ( > J / ( 2L - J ) )  , 

and 

a (L , J , m�0 ; 0 )  

a (L , J . m=U ; B )  

- ( J ) (J- l a l  + 1 ) /2 
( 2L � J ) s i n e 

= (L-J ) ! J ! ! Pf !?112 (co.s 8 ) 
L !  s i n;;za 

� ( J . ] <J+O l2cos ( (L- 1- 1 ) a - 7t: ( J+ l ) ) (2L-J ) s 1 n a 2 4 

I m I b (L ,, J .  m�O ; a ) � (L J - I 2 I - t ) e - � ( J - I m I + 1 ) ' • 

b (L , J , m=O ; B ) = 0 • 

(Ct 5 )  

(C1 6 )  

(Cl 7) 

(C1 8 ) 

whe r- e  �R� , is, �n assoc.i a ted Legend r e  f u nc t i o n . .  By s u bs ti t u  t i ng eqs . 

(6 l3' } a,n·d . (;C,14 ) f o r  t h e  exp r es s i o n  (C 1 2 ) ,  w (L , J ; B , ijl )  i s  

a p p r o x i,mat:ed , f0r s m a l 1 a ( <  ( J + t ) / .(L + t ) ) as fo l l ows : 

L+ l w (L , J ; e , iJl )  oc e; c co s (1/1+ J + 1 a ) J 

1 (L+ l ) (L-J ) . 02 P;+1 ' ( c o s ( 1/l+ L
J

+
+ tl 8 ) ) , - 2 ( J +2 ) ( J + t )2 (Cl  9 )  

w h e r e P; ( x ) i s  t h e  Lege nd r e  p o l y n om i a l  o f  o r de r J an d  PJ+ t  • ( x ) i s  

t h e  d e r i v a t i v e ( d / d x ) P;+ 1 ( x ) .  Fo r l a r g e 8 ( > J / ( 2L- J ) ) ,  

a (L , J ,  m= ± l ) d om i n a t e  a (L , J ,  m�± J )  a c c o r d i n g t o  e q s . ( C l  5 )  a n d 

( C 1 6 ) .  T h e n , b y  t a k i n g o n l y  m= ± J t e r m s  i n  eq . (C 1 2 ) , w (L , J ; 0 , ijl )  
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i s  a p p r o x i m a t e d  as f o l l o ws : 

L + o  w (L , J ; B , iJ; ) ex: cos ( J (iJ;+ 
J + o 0 ) ) , 

w he r e  

( C20 ) 

(C2 1 ) 

The c or r e l a t�on p a t t e r n ,  W ( 0 , 1/J ) i s p l o t ted as a func t i on o f  iJ; f o r  

va r i o u s  v a lues ,o f 0 .  Th·en the f u nc ti o n  It' ( 0 , 1/J )  changes i ts s h a p e  

s m o o th l y  f rom s q u a r e o f  Legend r e  p o l ynom i a l  t o  s q u a r e o f  c o s i ne 

func t i on 'as 0 ,  i s  in c r ea s ed , and al s o  changes i t s -phase by the 

am o u n t  o:f ( (l:. + L1 ) / ( J + L1 ) ) 0 . He r e  Li = 1 for sma l l  a and Li = o 
(O�o<l ) f o r  l ar g e  0 .  The c h ang e :  o f  p h a s e means t he sh i f:t o f  the 

co r r e la t Lon pa t t.e r n s  by cha n g i n g  a .  T h e r efo r e , the amo u n t  o f  

s h i ft <.of' t he ' c o r r e l  a t i  o n  pa t t e r n s i s  e x p r es s e d  a s  ( (L+ Li )/ ( J+ Li ) ) 0 . 

These. ' Ca l.c ul a t  i o ns s e em t o  be t o o  s i m p l e .  Ac t ual l y , becau s e  

t h e  Lei- d i s tr'.i bu t i bn o f  I Itb=L0-J . La I d oes n o t h a v e  a s ha r p  peak , 

s ev e r a l · t er m's ' c on t r i b u t e  t o  the s umma t i on i n  (C7 ) . Bu t even i n  

s u c h  a c a s e , t h.e co r r e l a t i o n  f u nc t i o n It' ( 0 , iJ; )  i s  exp r e s s ed b y  eq . 

(C l l ) by r ep l a c i ng w (L , J ; 0 , iJ; )  w i t h an a ve r ag e o f  w (L , J ; B , 1/J )  t e r m s  

o v e r  s e ve r a l L-va l u e s  nea r Lgr .  . Th i s  av e r a g e  i s  app r ox i ma t e d b y  

r ep l a c i ng L w i t h  L� . i n  (C 1 9 )  a nd (C20 ) . I n  t h i s  case , t h e  

c o r r e l a t i on p a t t e r n i s  p r o p o r t i o n a l  t o  I w (Lgr . t J ;  0 ,  1/J )  I 2 ,  and t h e  

s h i f t  o f  t h e  p a t t e r n  i s  d e t e r m i n e d  b y  t h e  o r b i t a l  ( g r a z i n g ) 

a n g u l a r mom e n t um i n  t h e  i n i t i a l  c h a n n e l (L9r . ) and t h e  s p i n  o f  t h e  

p a r t i c l e  B ( J ) .  
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Tab l e  1 .  Op t i c a l -,m od e l  pa r am e te r s us e d  i n t h e  DWBA a n a l ys i s . 

Cha n n e l v rv av '" rw aw 
(MeV ) ( fm ) ( fm ) (MeV ) ( fm ) ( fm ) 

1 2c + 
1 2c 200 0 . 783 0 . 760 1 42. 3 0 . 783 0 . 760 

·f5 . n <a> 

8Be + 
1 60 1 84 . 8 0 . 670 0 . 92 1  3 1 . 0 1 .  023 0 . 939 
. . . 

("'. 

( a ) Us ed i n  th e ana l ys i s  o f  t h e  i ne l as t i c  s ca t t e r i ng t o  
a c h i eve b e t t er a g r eemen t w i t h d a t a  ( s e e  tex t ) .  

, . · 
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re 
( fm ) 

1 . 2 

1 . 2  



Tab l e  2 .  I n t e g r a t e d  c r o s s  s ec t i o n s  

I n c i d e n t  en e r g y  (MeV ) 88 . 3 (a) 
e l as t i c  
i ne l as t i c  (2+ ) . 

(2+ ; 2+ )  
(3- ) 1 2 . 4  
(4+ )  3 . 1 

n- tr an:s.fe r  
p- t r ans f e r  
( p n  ) - t·r::.an s f e r  
a- t r an s f e r  ( 4+ )  0 . 75 

(p:") . .. 1 . 5  
(6+ ) 3 . 6  

c:r:- )  . a . 7  

i n  va r i o u s  

93 . 9 (b) 

37 . 5 (c) 

45 . 5 {c) 

1 4 . Q ('C) 

2 .  02 <d) 

2 .  0 1  {d) 
3 . 49(d) 

channe l s  

1 08 . 6 (a) 

6 . 7  
3 .  1 

0 .  1 0  
0 .. 39 
1 . 2 
1 . 8 

( m b ) .  

1 38 .  5 Ca) 

8 . 6  
4 . 6 

0 . 29 
0 . 76 

( a ) P r esen t w o r k . The range· o·f i n t e g r at i o:n i s : o· - so· . ( b )  
R e f . 3 1 . The r ange o f  i n t e g r a t i on i s  1 0· - 65° . (c ) Thes e 
c r os s  sec t.i o�ns sho ul d be ,d itvided by two for · ;Com p a r i s on w i th 
t h e  o t h e r  ones , becaus e bo t h  t h e  s ca t t e r ed p a r t i c l es and t h e  
r e co i 1 11uc le u s  a r e  . .i nc lude;dr:1:� .>· . (d ) The s umma t i o n over t h e  
s t a t es o f  t h e  r es i d u a l n uc l e i  i s  g i  ven31 > 

• 

'· .. 
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F i g u r e  c a p t i o n s  

F i g .  1 . Schem a t i c  d r a wi n g o f  t h e  e x p e r i m e n t a l  a r r angemen t s h o w i n g 

the r el a t i v e pos i t i o n o f  t h e t a r ge t , Fa r ad ay-c u p  ( FC ) , 

and d etec t o r s . Th i c knes s o f  e a c h  S i --SSD and s o l i d  ang l e  

o f  each d e te c t o r  a r e  i nd i ca t ed . 

F i g . 2 . Fl ow , ,ch a n t s  of the d a t a  r ed uc t i on p r oc ed u r e .  So l i d l i nes 

deno t,e t h e  mai n f l ow f o r . t h.e f i na l  d a t a , w h i l e  dashed 

1 Ln es d.e.no t e  the, fl o w  f o r  ·th e, p r e-an a l ys i s  t o  d e t e r m i ne 

, g a t e s  and o,t h e r  P.a r ame t e r s . 

F i g . 3 . Typ i c al . pa,r t i:c:l e:,0id en:t;i f i c a t i on s pe c t r a  o f  ( a ) 

a 1 :... d e t,.ector ,and (b:) ; .ff�I,:...d e tec t o r  a t  1 40 MeV . 

F i g . 4 .  /Fyp l: c a l  TAC. s pe.c t r a  :foi( ;  !c oin c id ence of ( a ) a 1 ..,.. HI a nd ( b ) 

, ao- HI :de,t e c t o r s  ,at. 1,40 MeV: . 
F i g .  5 . A t y p i cal t h r ee-body 'Q-v.a l ue spec t r um fo r . t he i nc i d en t  

ene·t:gy o f  · 90 ·  MeV . A r r ow s  ind i ca,t e t h e  f i nal · Ch a n n e ls 

· 1�G9 . s.�+a+8Be9 . s . (Q999 ) , 12C9 . s . + a+8Be (2+ h and 12C (2+. )+a+8Be9 . s  . •  

F i g .  6 .  ".'.fy.p i ca l  . r e  la ti ve-ene r gy s pe c t r a  a t  1 1  O MeV for ( a ) ,  1 2c..,...a 

· " �· 1 60�) and (b ) a-8Be ( 1 2C* ) · p a i r s . . Sp i ns and par i t i es f o r  

s ta ��s o f  t h e  p e a k s  a r e  i nd i ca t ed . 

F i g . 7 .  ;Sca tt e r  . p l o t s o f  t h e  1 2C+ 12C-- 12C9 . s .  +a+8Be9 ,s . r eac t i on a t  ( a )  

9Q MeV a n d  ( b ) 1 1 0 MeV . 

F i g . 8 .  T h e  ve l oc i t y  d i a g r am i n  t h e  t o t a l  cen t e r -o f-mas s s y s t em 

and t h e  d e f i n i t i o n o f  t h e  a n g l e s f o r  t h e  s equen t i a l  

p r oce s s  o f  i + ( j +k ) * -- i + j +k ( ( i , j , k ) = ( t , 2 , 3 ) , (2 , 3 , 1 ) ,  
(3 , 1 , 2 ) ) .  

F i g . 9 .  D o u b l e-d i f f e r e n t i a l  c r o s s  s e c t i o n s  d�a/dfb- 1 2dr2 1 -2 o f  t h e  

- 5 1 -



F i g . 1 0 .  

F i g . 1 1 . 

F i g . 1 2 . 

1 2c+ 12c- 1 6Q*+8Be- 1 2C9 . s .  +a+8Be9 . s .  r e a c t  i o n f o r  t h e  s t a t e s  o f  

the 1 6o*� n u c l e i  ( a ) 7- , ( b ) 6+ , ( c ) 5- , and ( d ) 4+  at t h e  

i n 6 i d e n t  en e r gy o f  90 M e V  a s  a f u nc t i on o f  0 1 � 

( ho r i z o n t a l  a x i s ) and 0c · 11 · ( 1 60* ) =03- 12- 1 80° ( i nd i ca t e d  i n 

the m i ddl e coru m n ) .  So l i d l in e s  s ho w  t h e  r e s u l t s o f  t he 

DWBA ca l c u l a t i on . 

Same as f i g . 9 ·  f o r  t h e  i nc i d e n t e n e r gy O·f 1 1 0 MeV . 

Same as f i g . 9 f o r  t h e  i nc i d e n t  e ne r gy o f  1 40 MeV ( 5--
and 4+.;._ s ta t es ar:;e not i nc l uded ) .  

The pos i t i o n o f  t he max i m a ( d o t s ) and m i n i ma ( c r o s s e s ) o f  

t h e  c o r r e l a t i o n . pa t te r ns · f o r  t h e  a ..... tr ans fer t o  the 

. - 1�0* (6+, )- s t a t e  at ·90 ·.MeV: �· . · Da s h e d  l i nes r e p r esen t the 

s h i f t  o f  t he max i ma\ · p red i c t ed by the p l a n e-wave : Bo r n  

app r o x ima t i o n (PWBA ) .  · . , So l i d  l i n es w i t h a g r ad i en t  -7/23 
<�� (J+1 ) / (L� . + 1 ) see - t ex t )  s h ow t h e  p r ed i c t i on of DWBA . 

F i g .  1 3 .  Do u b l e-,d i f f e r e n t i a l  c r os s  s ec t i o n s  d2a/d01-23d02-3 o f  t h e  

1:2c+ 12C'""-·1 ?c+1 2c*- 12c9 . s . +a+8Be9'. s . .  r. eac t i o n  f o r  t he s t a t es o f  

the : 12G*- nu c l e i  ( a ) 4+  a n d  ( b ) 3- a t  t h e  inc i d en t ene r gy 

o f  90 · MeV a s  a f u n c t io n  o f  02-3 ( ho r i z o n t a l  ax i s ) and 

ac ·'! · (1 2C ): =0 1 -23 ( i n d i ca t ed i n  t h e  m i dd l e  c o l umn ) .  So l i d 

F i g . 1 4 .  

F i g .  1 5 . 

l in e s · s how t h e  r es u l t s o f  t h e  DWBA ca l cu l a t i on w i t h a 

weak i m a g i n a r y  p o t en t i a l ( s ee t e x t ) .  

Same as f i g . 1 3  fo r t h e  i n c i d e n t e n e r gy o f  1 1 0 MeV . 

Same as  f i g . 1 4  f o r  t h e  i n c i d e n t  e n e r g y  o f  1 40 MeV . 

Das h e d l i n es  s h o w  t h e  r es u l t s  o f  t h e  DWBA ca l c u l a t i o n 

w i t h t h e  p o t en t i a l  r e p r od u c i n g t h e e l as t i c  s c a t t e r i n g 

d a t a . 

- 52 -



F i g .  1 6 . ( a ) Ra d i a l  i n t e g r a l s  I I[,;..0 1  a s  a f u n c t i o n o f  La a n d  Lb 

a nd ( b ) s u b-s t a t e po pu l a t i o n s I p' I as a func t i o n o f  

ac . m .  Thes e q u a n t i t i es we r e  ca l c u l a t ed by t h e  DWBA f o r  

t h e  1 2C+ 12c-- 1 6o* (6+ ) +8Be r e a c t i o n a t  90 MeV . For  t h e 

ca l c u l a t i on o f  I p' I , t h e  q u a n t i z a t i o n ax i s  i s  t aken t o  

be p e r � e n d i cu l a r to t h e  r eac t i on p l ane . 
F i g .  1 7 .  Same as f i g . · 1 6  fo r the 1 2c+ 12c--1 2C+ 12C* ( 4+ ) r eac t i o n a t 1 40 

MeV . .  

F i g . 1 8 . I rtt e g r a t � d  c r os s  s ec t i o n s  o f  t h e  e x pe r i me n t  ( d o t s  w i t h  

d a s h e d  l i n e ) and o f  t h e  DWBA ca l c u l a t i on f o r  a- t r an s f e r  

( a ) a n d  i n e l as t i c  s ca t t e r i ng ( b ) p r ocesses . I n  t h e  

i n t eg r a t i o n o f  t h e  e x pe r i m e n t , t h e  a z i m u t h a l  angu l a r 

d i s tr i b u t i o n s  o f  t h e  co r r e l a t i on p a t t e r ns we r e  a s s u m e d  t o  

b e  t h o s e  o b t a i ned b y  t h e  DWBA ca l cu l a t i on . T h e  

expe r i m e n t a l  va l ues a r e  i den t i ca l  t o  t h o s e  i n  t a b l e  1 . 
F i g . 1 9 . ( a ) T h e  k -va l ues , r a t i o  o f  t h e  o bs e r ve d  c r os s  s ec t i ons t o  

t he s i mp l e  s um o f  t he a- t r a n s f e r  a n d  t h e  i ne l as t i c  

s ca t t e r i ng p r oces s e s  ca l c u l a t ed b y  t h e  DWBA , a r e  p l o t t e d  

as  a f u n c t i o n o f  ec . m .  ( 1 60* ) ( o r  ac . • . ( 12C ) ) f o r  t h e  c r os s i n g 

po i n t  o f  1 60* (7- ) - 12C* (4+ )  a t  9 0  MeV . So l i d l i ne i s  d r awn 

t o g u i d e  t h e  e y e . ( b ) P h a s e d i f fe r ences b e tween t h e  

T-m a t r i c e s  o f  t he s e t w o  p r o c e s s e s  ca l c u l a t ed b y  t h e  DWBA 

a r e  s ho w n  f o r  c o m p a r i s o n . 

F i g . 20 . Sam e as f i g . 1 9 ( a )  f o r  t h e  c r o s s i n g po i n t s o f  ( a ) 

1 60* ( 6+ ) - 1 2C' ( 4+ ) a t 90 M eV , ( b ) 1 60* (7- ) - 1 2C* (3- ) a t  90 MeV , 

( c ) 1 60* ( 7- ) - 1 2C' ( 4+ ) a t  1 1 0 Me V a n d ( d ) 1 60* (7- ) - 1 2C* (4+ ) a t 

1 40 M e V . 
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F i g . 2 1 . An i l l u s t r a t i o n o f  a m o d i f i ed Da l i t z-p l o t . An e ven t w i t h 

r e l a t i ve e n e r g i es Ez-3 , E1 -2 a n d  E3- 1 is r e p r es en t e d  by t h e  

p o i nt X .  The r a t i o  o f  t h e  s i d e s  o f  t h e  t riang l e  is 

The ins c r i bed c i r c l e w i t h  t h e  

r a<;l i us of El .m;j2 s h ow s t h e  b o undar y o f  t he d a t a . 

F i g . 22 . Two-d imensio n � ! p l o t s  o f  e f f i c i e n c y  E f o r  ( a ) 160* (I )+8Be 

. .  and .  1 2c (4+ )+ 12C* ··,<8',t 9 0  MeV .  Ho r i z o n t a l  and ver t i ca l  axes 
·••..•... ( b) · . :: ; . ; . 
. '.d eno t e  d ec ay angJes ( 0  j�k ) and p r i ma r y  ang l es c ac . • . ) ' (. r �- . ,  , :• . .. 
r es p e ct i v e l y. ·�  

•·. ' '"  . • '  !� 
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