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Chapter  9 .

SI]MMARY AND CONCLUSIONS

9 .1  .  I n t r oduc t i on

The oain a im of  the research descr ibed in th is thesis r^ras to obtain

a deeper insíght  into the evolut ion of  the mechanism of  l ight  heavy- ion

induced  reac t i ons  f r om ene rg ies  c l ose  t o  t he  Cou lonb  ba r r i e r  t o  ene rg i es

o f  seve ra l  t ens  o f  MeV /u .  Tak ing  ea r l i e r  s t ud ies  pe r f o rned  a t  t he

fV f i - 3 )  as  a  s t a r t i ng  po in t  i t  was  a t t e rnp ted  t o  accomp l i sh  t h i s  goa l  by

co l l ec t i ng  a  l a rge  se t  o f  da ta  f o r  one  reac t i on ,  14 * *159 tb ,  i n  o rde r  t o

sys tema t i ca l l y  obse rve  i t s  behav iou r  as  a  f unc t i on  o f  ene rgy .

Also inclu i l ing resul ts ear l ier  obtained at  the KVII)  inc lusive data

were obtained in the energy range of  6-22 l teV/u,  f rom which the global

r eac t i on  sys tema t i cs  cou ld  be  obse rved  .  A t  6 .5  MeV /u  i nc l us i ve

neasurements were also performed wi th a few other targets to study the

reac t i on  sys tena t i c s  a t  1ow  ene rg ies .  A t  h i ghe r  ene rg i es  t he  l a rge

var iety of  possib le react ion channels and their  conplex nature required

the addi t ional  use of  a more elaborate exper imental  technique.  Therefore

the ( Io(-ray)  nethod involvíng Ehe rneasurer0ent of  coincidences betr^reen

part ic les and K(-rays,  which was in i t iated at  the KV14),  was furËher

developed and appl iecl  to the 
l4N+l59Tb react ion at  energies f rom I  to 22

MeV/u.  A very large and unique data se!  was thus obtained for  the

l4 lÊf59Tb react ion.  In re lat íon to the l { ( - ray method oeasurements were

carr ied out  to obtain nore lnsight  into the rnechanism of  I0(-ray emission

in heavy ion react ions.  Sorne of  these lat ter  oeasureaents have not  been

lnc l uded  i n  t h i s  t hes i s  bu t  have  been  pub l i shed  e l sewhe re5 ) .

I n  sec t i on  9 .2  t he  resu l t s  o f  t he  s tud ies  r epo r t ed  i n  t h i s  t hes i s

are surnmarized.  The nain conclusions are presenËed in sect ion 9.3.

Sec t i on  9 .4  con ta i ns  an  ou t l ook  on  f u tu re  deve lopmen ts .

9.2 .  Summary

Production cross sections of targeË lO(-rays due to direcÈ K-shell
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i on iza t ion  by  the  pro jecc i le  rÈre  r reasured fo r  beaos  o f  14 ! i  
" r  

92 ,  IO3,

115 and 180 MeV ard  40At  
" t  

180 ard  300 ) teV on  ÈargeÈs n ich  acou ic

numbers ranging fron 40 to 90. I t  was found thaÈ Èhese cross sections

can be well  reproduced with a plane wave Born calculaÈion, provided Ehat

cor rec t ions  fo r  Ëhe oou lomb def lec f ion  o f  the  pro jec t i lê ,  the  inc reased

binding energy of the K-she11 elecËron and relat ivist ic effects of the

K-she11 wave function are taken properly into account.

Inclusive angle and energy integrated cross sections were obtalned

for  p ro jec t l le - l i ke  f ragments  (PLF 's )  w lÈh Z<6 ern l tËed in  the  reacEions
14N+60Ni ,  rL2ga, 159Tb .rrd 1974u ar 92 Mev. The Èotal cross secrion of

PLFrs  w i th  Z>3 is  l i t t le  dependent  on  the  ta rge t .  These PLF 's  can be

at t r ibu ted  to  quas i -e las t i c  per iphera l  co l l i s ions .  The lso top ic  c ross

sec t ions  fo l low the  Qr r -sys temat ícs  on ly  in  the  case o f  p ro jec t i le

s t r ipp íng  lead ing  to  carbon and boron e jec t l les .  0 f  the  c ross  secÈions

of protons and o-part icles part is due to sequential decay of PLF?s and

to evaporation from the target- l ike nucleus. The renaining part 1s

s t rong ly  dependent  on  the  ta rge t ,  wh ich  suggests  tha t  i t  can  be

associated with a non-peripheral process that is determined by the

occurrence of an angular Í lonpntum l ini tat ion for fusion.

Inclusíve angular distr lbutions and energy spectra for isotopes

with Z<9 were reasured for the 14M159Tb reactlon at 92, 236 arÉ, 3O9

MeV. For conpleteness data at LLz, 140 and 168 MeV prevlously obtained

at  the  KVI I )  re re  inc luded.Over  the  who le  energy  range PLFrs  w i th  Z)3

are  na ln ly  p roduced 1n  a  quas i -e las t i c  p rocess ,  i .e .  they  are  en l t ted

wlth approxinately bean energy. At the higher energies a snal l  fracÈlon

of  the  PLF 's  appear  to  o r ig ina te  f rom deep- ine lasE ic  reac t ion  channe ls .

The roass f low is almst excluslvely ín the direct lon of the target. The

total angle integraËed cross section for the forrnation of PLFrs with

3<2<6 r i ses  f l rs t  and then s tays  ra ther  cons tan t  as  a  func t ion  o f

borobarding energy. The cross secÈions for l ight part icles with Z(2 were

separated into components due to evaporation ard to oon-evaporatlvê

processes, respectively. Both conponents increase in nagnitrde wiËh

increasing bonbarding energy over the whole energy range.

Measurenents of part icle-K(-ray colncj.dences lrere perforned for the
14N+159Tb reaction at 5 energies betwêen 8 arÁ 22 MeV/u with the charged

part lcle detector placed near the gtazi-r.g angle. I f l th the lo(-ray method

par t ia l  c ross  sec t ions  do /d0(PLF,Zres)  o f  pLFts  as  a  func t ion  o f  the



a tom ic  number  o í  t he  res i dua l  nuc leus  (2a " " )  and  Ehus  t he  c ross  sec t í on

ba lance  we re  deÈe r ro i ned .  I t  was  f ound  t ha t  t he  i nc l us i ve  c ross  secE ions

can  be  accoun ted  f o r  Eo  w i t h i n  - 20 " / "  by  t he  sum o f  t he  (exc l us i ve )

pa r t i a l  c ross  secÈ ions  w i t h  t he  use  o f  ave rage  IQ ( - ray  nu l t i p l i c i t i e s .

F ron  t he  pa r t i a l  c ross  sec t i ons  i t  was  deduced  t haE  a  l a rge  f r acE ion  o f

t he  i nc l us i ve  PLF  c ross  sec t i ons  o r i g i na tes  f r on  "non -b i na ry "  r eac t i on

channe l s ,  i n  wh i ch  add i t i ona l  cha rged  pa r t i c l es  a re  e rn i t t ed .  The

evapo raE ion  o f  l i gh t  cha rged  pa rE i c l es  f r om the  t a rge t - l i ke  nuc leus  was

observed to be only a n inor source of  these charge non-binary channels.

A t  l f 5  and  f 68  MeV  p robab l l i t l e s  f o r  sequen t i a l  decay  o f  p r i na r y

fragrnents were obtained,  which are in good agreenenÈ wi th resulEs f rom

pa r t i c l e -pa r t i c l e  co r re l a t i on  expe r i nen t s .  The  Qr * -dependence  does  noE

g i ve  a  sa t i s f ac to r y  desc r i p t i on  o f  t he  c ross  secE ions  f o r  cha rge  b i na ry

channe l s  a t  t he  h i ghe r  ene rg i es .  The  bu l k  o f  t he  reac t i oo  channe l s  i n

whlch a PLF \ . r i th Z>3 is erni t ted were atEr ibuted to quasl-e last ic

pe r i phe ra l  co l l i s l ons ,1n  wh i ch  a  p r i Í 0á r y  f r agnen t  1s  f o r roed  i n  a

pa rÈ i c1e  s tab le  o r  uns tab le  s t a te .  ï he  quas i - e l as t i c  cha racEe r  o f  Ehese

channels was under l ined by 1-ray nul t ip l ic i t ies measured in rhe saroe

expe r imen ts .

Employing the resul ts f ron Èhe inclusive and f ron Ehe part ic le- lQ(-

tay coincidence Í leasureÍ lenEs for  the l4N+l59Tb react ion the cross

secË ions  o f  c -pa r t i c l es  we re  deconposed  i n t o  Lh ree  componen ts .  These  a re

( I )  o -pa r t i c l es  evapo ra ted  f r om the  t a rge t -11ke  nuc leus ,  ( 2 )  a -pa r t i c l es

eui t ted in coincidence wi th a PLF wi th Z>3 which were ascr ibed to the

sequen t í a l  decay  o f  exc i t ed  p r i r na ry  f r agmen ts ,  and  (3 )  c -pa r t i c l es  f r om

d i ss i pa t i ve  f r agmen ta t i on - l i ke  (DFL )  channe l s  i n  wh i ch  on l y  ( f as t )  l i gh t

pa r t i c l es  Ld th  Z<2  a re  em i t t ed .  The  ave rage  nunbe r  o f  a -pa rÈ l c l es

en i t t ed  pe r  co l l i s i on  i nc reases  rap id l y  w i t h  bean  ene rgy  f o r  each  o f  t he

three components,  whereas the angle integrated tofa l  cross sect ion of

DFL channels tends to leve1 of f .  The DFL channels rdere found to be the

ma jo r  sou rce  o f  t he  l a rge  c ross  sec t i ons  o f  f as t  c -pa r t i c l es  a t  f o rwa r i l

ang les .  F rom y - ray  u r l t t p l l c i t y  da ta  i t  was  deduced  t ha t  t he  DFL

channels involve a s igni f icant ly  larger exci tat ion of  the heavy residual

nuc leus  ( i ne l as t i c l t y )  t han  t he  (quas i - e l as t i c )  channe l s  i n  wh i ch  a  pLF

w i t h  Z>3  i s  en l t t ed .  Howeve r ,  f r on  t he  nea r  bean  ve loc i t i e s  o f  t he  s -

pa r t i c l es  assoc laÈed  w i t h  t he  DFL  channe l s  1 t  was  conc luded  t ha t  t hev

a re  e r i t : ed  ? r l o r  co  Èhe  a t t a i n ren t  o f  f u l l  ene rgy  danp ing .



T h e  l a r g e  s ê È  o f  d a t a  o b r a i n Ê d  f o r  r h e : - \ - : 5 9 - 1  r è a c : : o r  . . i r s

f u r t he r  e rnp loyed  Èo  obÈa in  a  de ta i l - ed  dêconpos i  r i on  o :  r r €  r o ra l

r eac t i on  c ross  sec t i on  and  hence  t o  obse rve  rhe  depe rdence  o i  : . -È

va r i ous  reac t i on  channe l s  on  Ehe  bonba rd ing  ene rgy .  The  reac t i o : 1

channe l s  we re  d i v i ded  i n t o  ( 1 )  quas i - e1as ! i c  channe l s  i n  wh i ch  a  p r i ea r ; ;

f r agnen t  h r i t h  Z>3  i s  en i t t ed  i n  a  pa rË i c1e  s tab le  o r  uns tab le  s t a te ,  ( : )

DFL  channe l s ,  and  (3 )  channe l s  l ead ing  t o  f us i on .  The  c ross  sec t i ons  o :

the pr ixnary f ragnents ur i tht  Z>3 r ise f i rs t  and Ehen become conscanr as a

funct ion of  the bornbarding energy.  The fusion cross sect ions at  236 arÀ

309 l ' ÍeV, which could be deduced f ron the ld-ray data,  consÈi tute unl ike

those  a t  t he  l owes t  ene rg i es  on l y  a  m ino r  f r ac t i on  o f  t he  EoÈa l  r eac t i on

c ross  sec t i on .  The  c ross  sec t i ons  o f  p r i na r y  f r ag rnen t s  and  t hose  o f

charge binary channels r ,Ëre compared v i th predict ions of  the sun-ru1e

mode l  o f  l ^ I i l c zy í sk i  e t  a . . . 2 ) .  No  sa t i s f ac ro r y  ag reeuen r  was  f ound .  The

behaviour of  the var ious cross sect ions as a funct ion of  the borobarding

ene rgy  i nd i ca tes  t haE  geone t r i ca l  l im iËa t i ons  re l a ted  t o  t he  ove r l ap  o f

the col l id ing nucleí  becorne important  at  Ehe higher energies.  However,

no  onse t  o f  bas i ca l l y  d i f f e ren t  p rocesses  was  obse rved  i n  t he  ene rgy

range  cons ide red .

9 . 3 .  C o n c l u s i o n s

With respect  to the rethod of  r rEasur ing coincidences bet \ . /een

parEic les and Id-rays (rhe Io(-ray nethod) as appl ied ro rhe l4N+l59Tb

reac t i on  a t  ene rg i es  up  t o  22  MeY /u ,  r €  conc lude  t ha t  i t  i s  a  ve r y

powerfu l  technique which of fers the possib i l i ty  of  readi ly  obserwing and

ident i fy ing a large set  of  react ion channels at  the same t ime. Conbined

w i t h  i nc l us i ve  Deasu renen t s  t he  t o ta l  r eac t i on  c ross  sec t i on  can  be

decomposed .

One of  the nain resul ts obtained wi th th is technique for  the
l4N+159Tb react ion is  the establ ishment of  the fact  that  the very large

c ross  sec t i ons  o f  f as t  a -pa r t i c l es  ( and  rps t  1 i ke1y  a l so  o f  f as t

procons) at  forward angles are mainly due to the hi therto unident i f ied

dlssipat ive f ragrentat ion- l ike channels.  In these channels only l ight

part ic les are eni t ted and the heavy nucleus is  re lat ively st rongly

exc i t ed ,  bu t  conp le te  ene rgy  damp ing  i s  no t  a t t a i ned .  I t  appea rs
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