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~ s t w i y  of ~ I W  % r 1% fmim maporation 

m u t t o n  has km undertaken fo r  3 u i n  r#aM) : 

1) - to make 8 systgatfc study o t  tM (bnutlon 

crols section fo r  each indlvldual -&tien 

mtdm owr r Brord excl tr t ion m i e n  

i n  she c w  nuclms %1 : ,Sb ta 62 mV. 
Prevlanly only total furlon ems-sectlo* 

haw ~m M.W spew e t  a1 W. Y' 
lowt -a by ~1 o t  81 2. *an= 

chanrwl tftrct has also bcrn laolaa for, a t  

one banbarding maw. usfng Uk. % + "C 

reaction. 

2) - w want to collprre a l l  msults to fusion- 

evaporation catculatlons done i n  th8 f r m  

of  the ~ w e r F ~ s c h b 8 c h  s k t i s t l u l  model. 

E~pac i r l l y  what cm be t e a m  frm ruth a 

c m ~ r r h t m l v e  cmrl%cm t 

3) - w knew thrt the u0 + 'C mac t im  I s  M 

thr 1 tght heavy ion tyrtca wkrr, orti1 kttanr 

h r ~  been found 18 the enem d)DI1WIMGI 01 tb 

total  furlan ctoss section. l f s l d l w  o s c f t l r  

ttm appears i n  thr i m t r t t t e  exc lk t lon  of 

I% + lzc  m8ctton as tws k+a *- in  our 

lrbwatory by Fmaran and Hias using r t c c h -  

ntgucr 3. H-, the totat ~ w i m  voss 

sectian rwsur id  by ~ w r r  rt a1 ' SIWWS r 

Uoath variation with babrrding m r g y .  thls 

has ken  confirard by tRe p r y  wOrL shawing 

that even I n  tb cr channels no marlled oscf l la-  

tlms wru observed. 

lncldmt lrkKItery babrrdty w e 8  r-ng tror 

32 n V  to W IlrV,  correspomHng % m a b  of r s s  

a te rg i n  rmglng from I t  to 16 ICV. Tblr inclwhs 

u ~ i n g H M n t ~ n r t  loo**('. ~ n r  

mrtiactrl b i l r  o f  f l i g h t  twhiqm k, Bwn uwd 

with Z ldmt i f i o t i on .  01 fig. 1 &n shmm 3 tgtcrl 

u s 6  s p u k r  dPklwd r t  th 3 inllulrl 1-twy 

badrrdiq #wtgln a t  Otab = MP. tk t i r  nr9fu- 

.. . . .... 

MASS 
Flg. 1 : Energy versus maas smctra fir the 

18O * 1 2 ~  reaction cncrsvred at  @lab 10. 
at  the three tndrcated laboratory banbsr- 
ding enargles. 



4' 
t ion of 200 ps was su f f i c ien t  to separate completely 

a l l  masses up t o  30. The fuslon-evaporation residues 

are located a t  masses a 20. Another characterlstlc 

I s  the growing Importance o f  d i rec t  channels with 

bombarding energy. On f ig .  2 are shown typical Z 

spectra masund a t  El& - 53.5 MeV. uslng an iont- 

zatlon chamber of 10 an long operating wlth a 90 X 

Ar - 10 2 CH, gas-mfxture a t  a pressure of 15 Torr. 

Fig. 2 : Energy-loss versus energy spectra measured 
to r  the 180 (El@ = 53.5 WV) + 12C reac- 
ti011 a t  the four tr~dicaced iaoordtory angles. 

A l l  cross sections have been obtained by ibtegratfon 

o f  the angular distr ibutions we nwasumd for labara- 

tory angles ranging fm 4' to 25'. One measurement 

o f  160 an 14c was rude a t  Elab = 50 h Y  and also an 
12 ~~dcpendent neasuremnt o f  160 on "c. The C con- 

tamination of the 14c target could be therefore 

correctly estimated using the e las t ic  scattering 

data. 

On the l e f t  hand side o f  Fig. 3 am presented 

the re lat ive cross-sectlons sumned fo r  each element 

over the corresponding isotopes. The advantage of 

thts representation versus bombarding energy I s  that 

I t  shows d i rec t ly  the dominant deexcitation channels 

the compound nucleus w i l l  follow and how they behave 

d t h  Increasing angular nurmnta i n  the entrance 

channel. The following remarks can be made : 

1) - the dominant fusion-evaporation pmcezs up to 

Ec.,. = 30 %V i s  t91. productim of m.,qnesi:m 

isotope: (atn channels) and i t  follows closely 

the energy dependence o f  the to ta l  fusion cross 

16 12 section. This i s  not the case for the 0 + C 

r ract ton where the 20 channel t e Z 0 ~ , w h i c h  i s  

Wle most able one t o  carry away angular nu- 

amta, dominates for the s l ~ l b  energy range. -- - 
t I 

EXP 21 - ' CUC.  
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Wg. 3 : Experimental and ca l cu l r kd  cross sectlons 

versus center o f  mass banbarding energies 
fo r  the 180 + 1% fusion evaporation e l t -  

-.* J 4.. 
n.r r o.S.uue5. 

2) - r s t r lk fng  aspect of these c u r m  I s  that a11 

r r r c t f on  channels are varylng strongly : the 

o and 2a as well as the nucleon oms. This I s  

not the case fo r  the carbon + carbon systems 

wc have also studied recently o r  f o r  

uo + 1% 6. 

3) - the corresponding resul ts f o r  the 160 "C 

. n r c t l o n  are presented on Flg. 3, by the 

squares. The energy has been corrretrd to the 

s u m  excitat ion energyof the carpound nucleus 

%i. The excellent agreement w l  t h  the '% + "C 

data demonstrates that the resul ts are not 

rrrsureably dependent on the way i n  which the 

compound nucleus i s  formed. The my 1- Q 

difference (934 keV) betueen these two systems 

certainly explains th is agreement by the fact 

that nearly the ram angular momenta contribu- 

te to  the fusion process 

On the r i gh t  hand sldc o f  f ig .  3 are presented t h ~ v  



corresponding predictions o f  the evapontion crlcu- 

l a t l on  code L I l I T A  from Comer kl C a w  and Stok- 

stadt ' : i t  catculrtes the s t r t i s t l c a l  Hauser- 

Fec,ihbrch cross sect ions by a Honte-Carlo technique. 

The c r i t i c a l  angular momenta introduced In thew 

calculations are extracted fm the total fusion 

-oss sectton Q t a  from Sperr a t  rl using the 

l r r p  cut-off approximation. Anoverall satisfactory 

,ree!nent wi th the data i s  found. Harever I t  i s  

interesting t o  look i n  de t r i  1, isotope by fsotope, 

f o r  the main d l  ffcrcnces betmeen experience and 

40 Ecw. = 40.0 MeV 

MeV 

idlr. 

MASS 

I 4 : :~ ,nozr ison  o f  the expcrirnt.rta1 n l C s  and Z 
cr%: rust  ion5 to thosc calcolatcd w t : h  
tvu :ode I I L I T A .  

theory. On Fig. 4 are reported, a t  4 energics which 

covtr the considered energy range, t)y mss as well 

as tln Z distr ibutions. The capr r lson wi th the 

calculated distr ibut ions shon that, i t  the Z onas am 

qui te # I1  reprodwed, the #ss distr ibutions a m  

not 90 mll prrdictetl. Ik, the other W e  tha d i f -  

hrmt cr lculat ion codes we used lead approrfsstlvely 

to the rrrw results. We compared i n  our pr@vlws 

r~rk a t  EC,.. 40 t k V  the p n d l c t l r  o f  USC13C 

from PUhlhofer and CROGI 2 o f  Grover m d  G I l r t  '. 
The resul ts o f  LIL ITA which am presented on Fig. 4 

rra I n  g d  a q m n t  with those nsu l t s .  U. also 

t r i e d  the cod@ JULIAN f ront t i  Il~nann a d  Fyal with the 

same conclusion. Though the more u c u r a G  predictions 

are obtained wi th the cede CAStAOE the cbaper one 

to run i s  LILITA ... which explains our choice ! 

Two m l n  differences between rrpcrimcntal and 

calculated dist r lbut iens can be o u t l i n d  : 

1) - the calculated n ~ c l e o n  cross uc t l ons  (leading 

t o  S i  and A1 Isotopes) are qcmral ly  o v c n s t b  

mated whereas the 2-n chmnels (Nam isoto- 

pes) arc underestinuted. This 1s a qui te 

gmcral behavior of such evaporation calculr- 

tlons also observed, fo r  example i n  the C 4 C 

syrtcmn or by Bt'hlhufer rt a1 for lgf + 12c '. 
2) - uhemas the to ta l  predict ion for the EQgnss iu 

.Isatapes 1% correct an I n n n l a n  In th cross 

Sections predicted for 24Mg md ah i s  observed 

8s shans i n  f ig. 5. 

I t Is  often suggested that pre-ccrpoud, o r  bet ter  

inconplete fusion occurs i n  such reactions a d  here 

also such a nrchanlsm could explain both 0bSew~d 

discmpmcies If m e  assumes that  m a p r r t i c l e  I s  

enl t ted hcfore furlon : fnr tcrd o f  "0 + "C a 

'*C + 12c fusion reaction could lead, by M U t r O f I  

evaporation to *'IS, and by .rrn t o  !&on isotopes 

(the a par t ic le  i s  only bcund by 6.2 F(cY tn  130). 

However, the "0 + I4c n9asuremnf rules out suck a 
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hypothesis because we obtained, wi th in  the experi- 

mental errors, exact ly  the same cross sections as 

i n  the ''0 + 12t react ion f o r  each Mg isotope and 

also f o r  each Neon isotope. 

Flg. 5 : Comparison between exper lmnta l  and pmdic-  
ted cross-sections f o r  2 4 ~  and 2 5 4  versus 
center o f  mass bombarding energy. 

One can also look a t  a l l  these resul ts  by  

analysing how the increasing angular mon*nta are 

evacuated when the energy i s  Increased. QI Ffg. 6 

are presented very recent ref u l  t s  of calculat ions 

by Abe and Iiaas l1 who count the number o f  a11 open 

channels avai lable per u n i t  o f  f l u x  versus the gra- 

zing angular m n t a .  Also p lo t ted  are the level  

densit ies f o r  the grazing angular momentun J 
9' 

J g  - 1 and J - 2. corresponding t o  tee m i n i m  o f  
9 

the ff r s t  curve. I n  fact  these 3 contr ibut ions dml- 

* ,  a t  each energy. the t o t a l  mdct ion cross- 

, c . c t ~ , , n .  One observes also that, fo r  ''0 + 12c. i n  

9 e . nJ 5 

. i 
a 

.Ji 
P 
3 r 
Z - lo' ' 

. t 

i 
Fig. 6 : Calculated d e n s l t y o f  states i n  the canpound 

nucleus JOSi for  the three indicated grazing 
angular momenta. The nufflber o f  open channels 
versus J i s  also reported f o r  the t h m  
indfcqte! vesrt!t-a:. 

the energy range considered hem, the nuuher o f  open 

channels able to evacuate the grazing angular w n t a  

i s  near ly  a fac to r  100higher c m p a n d t o  160 + 12c. 

Thls rxp la lns  the absence o f  resonant s t ructure I n  

the ''0 + 12t fus ion channels. hbnover, the cross 

sect ion f o r  the Mg isotopes f o l l o w  c losely  tha 

decmase o f  the avai lab le chmnels. A t  the highest 

energies (Ec.,. * 40 MeV corresponds t o  Lg = 24 h) 

the ca lcu lat ions show t h a t  the capound nucleus 

cannot absorb; the highest angular a # m t a  m d  i n  

f a c t  one observes experimentally the large increase 

o f  the d i r e c t  components. On Fig. 7 an presented 

f o r  3 angular ndnrnta the corresponding d l s t r l b u t t m s  

o f  the n m k r o f  open channels. Thls f i gu re  I s  a very 

n lce illustration o f  the compcti t ion k t w e n  the 

d i f f e r e n t  possible outgoing channels m d  f 1 l us t ra tes  

the main advantage o f  these non l i m i t r t i v e  calcula- 

t ions I n  the framework o f  the s t a t i s t i c a l  model. At 

low energies ( t  * 4 )  neutron chrnnels dominate Q 



-as a t  high energy the 5 strong d l rec t  channels f o r  the mcasured spectra but i t  i s  also clear 

r z rbwmd (indicated by a m )  are open. that  exclusive ~ lcasum~ents  w i  17 be necessary. 

4 

t i  o k  - 
La -24  i W r n - l l I  J 

- m 
2 m- La w (WIO *as1 

0 sl&?$J,ff#!ZIs'C f p'f i & i g t # t ~ f ~ ~ d t ~ o ~ ~ a t . a  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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;REaM ~n Chmntl- Lowst binding 
Ieact~ng to Excess -w (MV) I- 30si -- as [.ti. {XG~') 

l % + f Z ~  - 0.8 0 a : 6.2 

170 + *c + 2.3 3 n : 4.9 
I 
, lGO+ 14C - 1.7 0 a : 7.2 

'=N + 0.2 1 p : 10.2 

%+%I + 7.2 2 o : 4.0 
d 

effects and/or channel spin effects. Conjerud e t  

a1 1217 %lay have cap l red the to ta l  fusion 

cmss-cact~wu f o r  "0 + 12c and 170 + 13t : th. 

differences fo r  the extracted c r i t i c a l  angular 

r t f l e c t  exactly tRe mass excess dlffennces. 

Tiemfon? i t  dl1  be also Inter*sttng to look f o r  an 

evt*ntual channel spin effect f o r  th is  system. Such r 

ccutglete study 1s also a goad check for  incomplete 

12. n. Conjeaud e t  al.. Mote CEAIW-2070 

Pmsent &dress : Orookhrnn N a t i w l  laboratory. 

f:rsinn pMcesses. A t  least a t  one energy we havc 

*.nun t l a t  such reaction mchanism cannot account 
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