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The fusión cross section for '°B +  has been measured at four excitation energies in 
^^Al of E* =  48.4, 55.1, 66.9, and 74.4 MeV in order to study possible compound nucleus 
limitation effects on fusión for light heavy-ion systems at intermediate excitation energies. 
Comparing this data with other measurements for different entrance channels populating 
the same compound nucleus it is found that for £ *  < 60 MeV all fusión bands in the E*-J 
plañe of ’̂A l appear to be parallel and displaced by the corresponding differences in 
separation energies, and that for E* >60  MeV the bands tend to converge indicating a pos­
sible compound nucleus limitation effect. The data are compared with existing models for 
entrance channel and statistical yrast Une limitations.

NUCLEAR REACTIONS ‘’O +  '°B, £{‘’0 ) =  54, 72, 104, and 124 
MeV; measured d^cr/díldE  for reaction producís from Z  =  3 to 12. Ex-

tracted o-fusion-

I. INTR OD U CTIO N

T he gross behavior o f  th e  com plete fusión cross 
section fo r heavy-ion system s G4cn <  80) as a func- 
tion  o f  bom barding energy can be sum m arized ' as 
show n in F ig. l(a). T h e  low energy región (dom ain 
I) reflects the  properties o f  the  en trance channel po- 
ten tia l a t the barrie r w here po ten tia l trapp ing  and 
penetration are solé prerequisites fo r am algam ation. 
T he in term ediate  energy región (dom ain II) is the 
región w here dynam ical com petition  between fusión 
and peripheral reactions is expected to  be im por- 
tan t. U p  un til now  only very lim ited  Inform ation  
has been accum ulated  in  th e  h ighest energy región 
(dom ain III) w here th e  fusión cross section de- 
creases drastically  w ith  increasing energy.^ T his 
behavior can be in terpreted  in term s o f  asym pto tic  
properties o f  the  com pound nucleus such as th e  “ ro- 
ta ting  liqu id-drop  lim it” to  fusión.^’̂

M ost en trance channel m odel descriptions'*’  ̂ for 
fusión in región II require qu ite  specifíc inform a- 
tion  regarding the  dynam ics o f  the system . O ne ex- 
am ple is the  m odel o f  G las and Mosel'* w here the 
po ten tia l strength  at the  critica l distance, is re- 
la ted  to  the slope o f  the  fusión excitation  function  
in región II. Even though  the  reduced critica l d is­
tance param eter, /•„(i?cr =  ''c r(^ /> '^ ^ + ^ r '^ ^ ) . has

the valué o f  about 1.0 fm  fo r m ost systems,* em piri- 
cal valúes fo r ex tracted  from  experim ental data  
do  not show  clear system atic trentís.”*’* It is gen- 
erally believed th a t the  fusión processes in  th is  ener­
gy dom ain  can be very com plicated  and d ifficu lt to 
describe.

M ore recently several au thors^’* have po in ted  out 
th a t a sim pler p ic tu re  fo r fusión in th is energy re-

FIG. 1. (a) The gross behavior of the fusión cross sec­
tion for heavy-ion reactions as a function of l/E¡..m 
(based on Ref. 1) and (b) schematic illustration for the 
relationship between the J„  trajectories corresponding to 
channels with different Q valúes (g i and Q2) populating 
the same compound nucleus as implied by the statistical 
yrast limitation model (Ref. 8).
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gion could  be obtained by postu lating  th a t lim ita- 
tions due to  in trin sic  p roperties o f th e  com pound 
nucleus is the  actua lly  dom inating  m echanism . 
With increasing bom bard ing  energy th e  angu lar 
m om enta b ro u g h t in to  th e  system  will eventually 
exceed the  absorp tion  lim it o f  th e  com pound  nu- 
deus and the corresponding  partia l waves cannot 
fuse. H ow ever, in  o rder to  connect the  presum ably 
simple en trance channel confíguration  to  a m ore 
com plicated C N  confíguration , a  large and  strongly  
intercoupled subset o f  levels in  the  E * -J  phase space 
at the po in t o f  injection is necessary.^ C onsequently  
the lim ita tion  to  fusión  need no t by and  in  fac t 
should no t be th e  sam e as th e  physical y rast line o f 
the nucleus. T h e  existence o f  a “ sta tistica l yrast 
line” is suggested. In  o rder th a t th e  concept o f  th is 
effective lim ita tion  line be m eaningfu l it should  be 
characterized m ain ly  by th e  s tru c tu ra l properties of 
the com pound nucleus and  no t by en trance channel 
dynamical quantities. V andenbosch et a lJ  have 
given a detailed  d iscussion on  how  to  estím ate th e  
iocation o f  th is  line by em ploying the  criterion  th a t 
T j ~ D j  w here T j  is th e  w id th  o f  the  com pound n u ­
clear states in th e  excitation  región E*  and  D j is the 
corresponding level spacing. Lee et a l} '^  have tak- 
en another approach  by sh ifting  the  sta tistica l yrast 
line upw ard in  excita tion  energy by a  constan t valué 
of A 2 c n  w ith  respect to  the  physical y rast line. 
Since the  actual y rast line is no t well know n fo r 
light nuclei these au th o rs  have relied on the  rigid 
rotor approxim ation.*

One in teresting  aspect o f  the  “ sta tis tica l yrast- 
line” m odel is th a t it im plies a very defín ite rela- 
tionship between the  fusión  cross sections fo r dif- 
ferent channels popu la ting  th e  sam e com pound n u ­
cleus. In  th e  m odel o f  Lee et al. th e  fusión cross 
sections in  región II  fo r d iffe ren t en trance channels 
are related by®

i r  r ' M

í^fús.. = ------^ [ l + ( G ¡ - A e c N ) / £ o . m . / ]  > (1)
í̂¡

w here i is the  entrance channel label, ^i¡ and Q¡ are 
th e  corresponding reduced m ass and  Q  valué for 
com pound nucleus form ation , ^ c n  >s the m om ent 
o f  inertia o f the  com pound nucleus, and A 0 c n  is 
the  sta tistica l y rast line displacem ent energy. A t 
high excitation energies the  individual trajectories 
o f the  critical angu lar m om enta fo r fusión o f  these 
channels should m erge to  coincide w ith  the  yrast 
lim ita tion  line o f the  com pound nucleus [Fig. l(b)]. 
T his tw o-param eter m odel can be over determ ined, 
and  henee tested, by studying a t least th ree  different 
channels populating the  sam e com pound nucleus. 
Such a test is the  m ain  m otivation  o f th e  present 
m easurem ent.

T he '°B  +  '^O system populates the  com pound 
nucleus ^^Al. I t can  be seen from  T able I th a t th is  
channel has a m uch  h igher Q  valué fo r com pound 
nucleus form ation  (28.4 MeV) than  the  o ther sys- 
tem s " B  +  ‘*0, *^C + ’^N) readily
available fo r experim ent. T he '°B +  channel is 
also unusual in th a t the^ ^round sta te  spins fo r both  
nuclei are qu ite large ( j  and  3+) as com pared to 
o ther nuclei in th is m ass región. Conseq^uently the  
en trance channel sp in  can be as h igh  as - y  un its o f 
^  w hich is a substantial fraction  o f  the  grazing o rb i­
tal angu lar m om entum  ( ~ 2 0  —30^) a t the  energies 
o f the  present study.

It should be noted th a t fo r system s w ith nonzero 
entrance channel spin, tw o different valúes fo r the  
critical angular m om entum  can be extracted from  
the experim ental d ata  (by the  sharp  cu to ff  model 
fo r fusión) depending on w hether one requires the 
cu to ff  on the  orbital angu lar m om entum  (/^^), o r on 
the  to ta l angular m om entum  (y^r)- In  the  fírs t case, 
the result is identical to  th a t o f the  spin-0 case, 
nam ely.

(2)

In  the  la tte r case, however, one would have instead

TABLE I. Heavy-ion entrance channels populating the compound nucleus ’̂A l.

Channel CcN (MeV) Channel spin

lOg 17q 28.4 (5.5)
'^C +  “‘N 23.2 (1.5)
"B  +  ‘*0 21.1 (1.5)
’^C +  '^N 17.2 o M “ (0.5)
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j=o

a j  =
(2J +  \ )n k ^

(3)(2/ ,  +  1)(2/2  +  1) 

h+^i J+ i
X 2  2  o ( i g - i ) ,

w here O is the  usual step function , h  are  the 
spins o f  the  projectile and ta rge t nuclei, I  is the 
channel spin, / is th e  orb ita l angu lar m om entum , 
and  Ig denotes the  en trance channel grazing angu lar 
m om entum . T he constra in t / <  Ig assures th a t only 
p artia l waves sm aller than  the  grazing partia l wave 
can con tribu te to  com plete fusión. T his condition  is 
show n explicitly  in  (3) so th a t fo r J  < J „ ,  term s 
w ith l = J  + /  larger than  Ig are not included. Re- 
su lts obtained from  (2) are often  quoted  in the 
litera tu re  fo r system s w ith nonvanishing channel 
spins even though  we th in k  th a t the  valúes from
(3) are m ore app rop ria te  fo r com parison concem ing 
com pound nucleus lim ita tion  effects. I t is neverthe- 
less tru e  th a t the  difference between and J „  is 
usually very sm all and is im p o rtan t only at low en- 
ergies.

II. EX PERIM EN T

T he m easurem ents were perform ed w ith  the 
M P -T andem  o f  th e  B rookhaven N ational Laborato- 
ry T ándem  F acility  a t beam  energies o f 
=  54, 72, 104, and 124 M eV. T he fusión cross sec- 
tions were deduced by in tegrating  the m easured an ­
gular d istribu tions o f  the  heavy residues.

A. Experimental setup

T he experim ental setup is show n in Fig. 2. T he 
m ain  detector was a particle  telescope com prised  o f 
an  ion ization  cham ber A £  coun ter and  a position 
sensitive Silicon coun ter ( ~  1000 ¡xm th ick) as the  E  
detector. E n trance w indow s fo r the  ionization  
cham ber were m ade o f  stretched  polyproplane foils 
~ 8 0  /ig /cm ^  th ick  and puré m ethane gas (14 — 20 
T orr) was used as the  detector gas. T he A E  and E  
signáis w ere gain m atched  by m eans o f  an a  source 
and sum m ed to  yield the  to ta l energy signal. A n 
angle defining slit m ask w as positioned in fro n t o f  
the telescope so th a t fou r angles could be m easured 
sim ultaneously. T he slits were separated  by 2.0 + 
0. r  and each slit subtended an in -plane acceptance

EXPERIMENTAL S E T U P

MON
(R)

Ü

1000/xm

F IG . 2. Experim ental setup for the '“B +  '^O mea- 
surement.

angle o f  1.8°. T he solid angle o f  the individual slits 
(~ 0 .4  msr) was determ ined by a calib rated  a  
source. Tw o m on ito r detectors w ere m ounted  sym- 
m etrically  on either side o f  th e  beam  to  provide ad- 
d itional m onitoring  and  relative norm aliza tion  In­
form ation . T he detectors were aligned w ith  respect 
to  the beam  axis w ith  an optical telescope w ith  an 
estim ated accuracy o f  ~  0.1°.

T he target w as com posed o f  an iso topic '°B 
(97% ) self-supporting  foil ~ 5 0  ^ g /c m ^  in areal 
density. A  flash  o f  gold ~  1 f ig / c m ^  th ick  had  been 
evaporated on to  the  beam  side o f  th e  ta rge t in  o rder 
to  obtain  the  absolute norm aliza tion  o f  the cross 
sections. T he '°B  to  A u  ta rge t th ickness (in 
l ig /cm ^)  ra tio , R ,  was 1:0.0275 as determ ined  by 
R u th erfo rd  scattering  at £iab (’^O) =  20 M eV at 
fo rw ard  angles. D ue to  the  target fab rica tion  pro- 
cess there was an approxim ately  8%  oxygen con- 
tam in an t in the target. T he consequences o f  th is 
con tam ination  and the  procedure we have applied 
to  correct th e  experim ental d a ta  will be described in 
Sec. III.

B. D ata acquisition

T he m easurem ents were conducted  in singles 
m ode w ith  a valid telescope event com prised  of 
th ree  param eters; the position  P, A E ,  and Ej^ 
( =  A E  + E ).  T he position  signal was obtained by an 
analog d iv ider w hich has an £ -p u lse  th reshold  of 
~ 5 0  mV. Softw are gates w ere draw n on th e  P  vs 
E j  spectrum  to  generate fo u r A E - E j  m aps each of 
w hich corresponded to  a single detection  angle. 
T he events were sorted  on line accord ing  to  th e  po-



25 '®B +  '^O FUSION CROSS SECTIONS 1413

sition. Sam ple tw o-dim ensional spectra  fo r  P  vs Ej^ 
and A £  vs E j  a re  show n in Figs. 3 and  4. B oth  th e  
position reso lu tion  and charge separations w ere suf- 
ficient fo r o u r purpose. T he bending o f  th e  position  
bands a t low  E  signáis (Fig. 3) caused by th e  non- 
linear response o f  th e  detector and  analog divider 
were taken care o f  by draw ing th e  tw o-dim ensional 
gates accordingly.

C. Absoluta nonnalization

The C oulom b scattering  o f on A u  together 
with the m easured to  A u  ta rge t th ickness pro- 
vided th e  absolute no rm aliza tion  fo r ou r data . Be- 
sides avoiding th e  uncertain ties usually  associated 
with the absolute ta rg e t th ickness and  beam  curren t 
integration, th is  m ethod  o f no rm aliza tion  is neces- 
sary in ou r case as the  beam  cu rren t was blocked by 
the physical size o f  th e  telescope fo r the  m ost for- 
ward angle m easurem ents. By aligning the  detector 
angles accurately  the  uncerta in ty  in  th e  absolute 
cross section due to  th is  no rm aliza tion  procedure 
was estim ated to  be ~  5% .

III. DATA RED U CTIO N

128

32
AEÍchonnel no.)

There w ere tw o m ajo r problem s in  ex tracting  the  
fusión cross sections fo r  th e  present experim ent.

FIG . 4. Two-dimensional L E -E j  map for a single 
slit. The spectrum was taken at 0jab= 15° and Eiat, ( '’O) 
=  124 MeV.

40 80

E y (chonnel no.)
2̂0

FIG. 3. Position versus total energy spectrum taken 
at 0|ab=lO” and £,ab(‘’0 )  =  124 MeV.

T he fírs t is due to  the  strong  overlapping o f  the  
peripheral reaction  and  fusión  residue com ponents 
in  th e  energy spectra fo r residues w ith  Z  valúes 
cióse to  th a t o f  th e  beam . T his d iffícu lty  is inheren t 
to  fusión  m easurem ents in  th is  m ass región. F igure
5 shows the  residue yield p a tte m  fo r '°B  -|- (124 
M eV) estim ated  by the  M onte  C ario  evaporation 
code LILITA.'® I t can  be seen th a t the  yield streng th  
is dom inated  by atom ic num bers cióse to  th a t o f  the 
beam . S pectrum  decom position is necessary in  th is 
case to  separate out the  d irect com ponents.^ A no th - 
er problem  is the  oxygen con tam ination  in  the  ta r ­
get. T he fusión o f  '^O +  will also produce resi­
dues cióse to  o u r región o f  interest. By assum ing an 
identical cross section as fo r '°B  and  an  8%  oxygen 
con tam inan t the  Z  yield p a tte m  fo r  ‘®0 + ' ’O  is 
show n by the  b lank  h istog ram  in  Fig. 5. Residues 
w ith  a tom ic num ber Z  =  8 and  up are affected. To 
rem edy bo th  these problem s we have relied on eva­
p oration  m odel spectra  sim ulations in  guiding the 
d a ta  reduction  process.
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FIG. 5. Estimation of the effect of the oxygen con- 
tamination ( '‘O +  ’’0 ) in the target on the residue yields 
at Eiab ('^O) =  124 MeV. Identical fusión cross sections 
for ‘*0 and “*B, and an 8% oxygen contaminant were 
assumed.

A. Spectra decomposition

T o decom pose the energy spectra in to  peripheral 
and com pound com ponents, the energy centroids 
and w idths o f  the  residue yields in  the  laboratory  
system  were sim ulated  w ith the  code LILITA.''’ 
F igure 6 shows the  com parison between the experi­
m ental and calculated  energy spectra  at El^^, ('^O) 
=  124 M eV w here m ixing is expected to  be the 
strongest. T he calculations were arb itra rily  norm al- 
ized to  the experim ent fo r each Z . F o r residues 
w ith  Z  >  10 the  agreem ent between d a ta  and calcu­
lations is good and  no decom position was necessary. 
However, substan tia l sub tractions had  to  be m ade 
fo r elem ents w ith  Z  =  9 and sm aller. T he good 
agreem ent between calculations and d a ta  fo r h igh  Z  
residues gave us confidence in the  reliability  o f  th is 
ex traction  procedure. It is probably also the  only 
way fo r extracting  fusión cross sections in  th is  m ass 
región w ithout evoking m ore exclusive coincidence 
m easurem ents.

It should  be noted  th a t only th e  calculated  peak 
centro ids and w id ths were used in  the d a ta  reduc- 
tion  process but not the predicted  yields. T herefore

f

A

FIG. 6. An example of decomposing the residue en­
ergy spectra into compound and peripheral components. 
The histograms were generated by the Monte Cario code 
LILITA.

ou r analysis is m odel dependent in the kinem atic 
sense but not on the details o f  the  param eters used 
in the  calculation. In  fact the  calculated  peak cen­
tro ids and  w id ths w ere no t sensitive to  th e  statisti- 
cal m odel param eters.

It is in teresting  to  note th a t tw o d istinct com ­
ponents could also be observed in som e o f the ener­
gy spectra fo r h igh Z  residues (e.g., Ne) at forward 
angles and a t low bom bard ing  energies (Fig. 7). 
These com ponents, however, appear to  be of 
kinem atical origin corresponding to  the difference 
in recoil energy o f the residue w hen accom panied by 
forw ard  and backw ard a  em ission. N o decom posi­
tion  was needed. T o  exam ine th is  effect calcula­
tions were perform ed to  separate the  residue yields 
in to  tw o parts  corresponding to  backw ard (B) or
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forward {F) ligh t partic le  em ission (Fig. 7). T he re- 
sult agrees well w ith  the experim ental observation 
and supports the  previous sta tem ent. S im ilar ef- 
fects were not observed fo r residues accom panied 
only by nucleón em issions (e.g., Mg) due to  the 
smaller ligh t partic le  mass.

B. Correction for oxygen contam inant

Since th e  energy cen tro id  o f  a given residue from  
the +  '^O reaction  usually  lies low er in energy 
than th a t resu lting  from  '°B  +  '^O, and  as the  con­
taminant reaction  con tribu tion  is usually  sm all and 
does not form  d istinct peaks, the  energy decom posi- 
tion m ethod becom es less useful. T o correct the 
data we have m ade use o f  the  fac t th a t to  reach the 
same final daugh ter nucleus the (‘^ 0 +  '^O) 
compound nucleus has to  em it six m ore nucleons 
than does ^^Al ('°B  +  '^O). C onsequently  the angu­
lar d istribu tion  fo r the  residues has a m uch  wid- 
er spread in  angle. A n exam ple is show n in F ig. 8 
comparing the  calcu lated  M g (Z  =  12) yields from  
both reactions at £|a(, (’^O) =  54 M eV. It can be

inK
ZDOO

20 40 60 80 

E, CHANNEL NO.
100 120

FIG. 7. The kinematical origin of the two components 
observed in the Z  =  10 yield at 0j3b=4.8° and £iat, (‘’O) 
= 54 MeV. The histograms are results of the LILITA 
calculation sorted according to forward {F) or backward 
IB) particle emission.

« l a b

FIG. 8. An example of subtracting the oxygen con- 
tamination yield by normalizing the calculated angular 
distribution at large angles to the experimental yield. 
The inset shows the calculated Mg energy spectrum ori- 
ginating from the ’̂ O +  reaction as compared with 
the measured spectrum (heavy lined histogram) at
0,ab =  2O“.

seen th a t fo r 0jab >  20°, the  code p red ic ts essentially 
no yield (w ithin the  sta tistics o f  the  M onte C ario  
calculation) fo r the '°B +  '^O reaction w hile the  ex­
perim ental angu lar d istribu tion  agrees well w ith  the 
calculation  fo r '* 0  +  ‘^O at large angles. T he com - 
parison  o f  th e  experim ental and calcu lated  energy 
spectra at 0iab=2O° fo r th e  M g residual is show n in 
the  inset o f  F ig. 8. B oth support the in te rp re ta tion  
th a t all the 20° counts actually  com e from  the  oxy­
gen target con tam inant. T he experim ental cross 
section was corrected  by norm alizing  the  calculated  
angu lar d istribu tion  to  the raw  d a ta  a t large angles 
and  sub trac ting  o ff  th e  in tegrated  yield.

T he am oun t sub tracted , due to  the  oxygen con- 
tam ination , from  the  individual residue lies between 
3 — 5 %  and is sm aller than the  uncertain ties associ- 
ated w ith  the  spectrum  decom position  process. T he 
uncertain ty  in the  to ta l fusión cross section arising 
from  the  h igher Z  residues is even sm aller since 
they con tribu te only a sm all fraction  o f  the  to ta l 
residue yield.
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IV. RESULTS

T he results o f  the m easurem ent are sum m arized  
in T able II. T he largest fusión cross section we 
have observed is 1250 ±  110 m b fo r the 104 M eV 
data  point. T he uncertain ties are estim ated to  be 
~  7%  fo r the  tw o lowest energy po in ts and ~  9%  
fo r the tw o h igher energy points. A lso  listed are  the 
critica l angu lar m om enta valúes / „  and extract- 
ed from  the d a ta  by using the  sharp  c u to ff  m odel 
according to  Eqs. (2) and (3), assum ing the 
transm ission  coefficients are independent o f  the 
channel spins.

T he percentage residue yield as a function  o f  Z  at 
d iffe ren t bom barding energies as well as the eva- 
poration  m odel calculations are show n in Fig. 9. 
T he LILITA calculations (shown by b lank  histo- 
gram s) w ere perform ed w ith  sta tistica l m odel 
param eters obtained either by fitting  the  know n 
low -lying levels o f  the  nuclei o r from  the  system atic 
study o f Ref. 11. G enerally  speaking, the yield fo r 
the h igher Z  residues can be well reproduced by the 
code, even though  large discrepancies exist fo r resi­
dues lying below the  beam . These low Z  residues 
usually correspond to  the  late stages o f  the  deexcita- 
tion process w here particles are em itted  from  a rela- 
tively low excitation región o f  the paren t nuclei. 
T he accuracy o f the calculation m ay have been af- 
fected by the approxim ations em ployed in treating  
the level density and  transm ission  coefficients at 
low excitation  energies.'®

T he com parison o f the valúes from  the present 
w ork to  those o f  W ieleczko et fo r +  ” 0  is 
show n in Fig. 10. A lso included are o ther know n 
experim ental results fo r the  related channels 

+  ' X  " B  +  '^O, and '^C +  '^N  taken from  the 
litera tu re .'^ ’'^ T he agreem ent o f our 54 and 72 
M eV d ata  w ith  the  Saclay w ork is good. T he 124 
M eV d ata  po in t also lies w ithin an erro r b ar to  the 
po in ts fo r '^C +  and ” 3 +  '* 0  m easured at 
approxim ately  the  sam e excitation  energy. A t these 
energies, / „  and are alm ost identical and  the 
cióse prom ixity  o f the  valúes fo r at least th ree

104 MeV <T^ = 1250 *- 100 mb

I j l
5 6  7 8 9  10 11 «2 5 6 7 8 9 to 11 12

FIG. 9. Experimental percentage residue yields for 
+  ’’0  (solid histograms) compared with LILITA cal­

culations (blank histograms).

channels a t E*  (^’A 1 )>  70 M eV supports the  s ta tis t­
ical yrast lim it p icture.

V. EN TRA NCE CH A N N EL M ODEL 
CALCULATIONS

T o exam ine the d a ta  fu rth e r  we have perform ed 
som e sim ple m odel calcu lations fo r the fusión cross 
sections induced by th e  fou r channels show n in Fig. 
10. Even though  the orig inal m otivation  was to 
study the com pound nucleus-lim ita tion  effects on 
fusión, it is in teresting  to  see how  well th e  en trance 
channel m odels can reproduce the data.

A ccording to  the m odel o f  G las and M osel the 
fusión cross sections in  dom ains I and II are given 
by^

¡cr
=  1  Í2I +  \ ) [ l + e x p í 2 M V B i - E ) ] / i k o ) \ - ^  ,

1=0

(4)

TABLE II. Summary of experimental results for ' ‘*B +  ' ’O in the present measurement.

£iab (MeV) £c.n,. (MeV) £ cn (MeV) CTfus (mb) /cr m J„ ifi)

54 20.0 48.4 1046 ±60 13.2 14.1
72 26.7 55.1 1128±60 16.0 16.7

104 38.5 66.9 125G±1I0 20.5 20.5
124 45.9 74.4 1239±110 22.4 22.4



25 '“B +  ’̂ O FUSION CROSS SECTIONS 1417

FIG. 10. Summary of existing fusión data for the 
^^Al system. The curves are Glas-Mosel model calcuia- 
tions.

w here R ^ r iR s )  and VcA ^ b 'I are  th e  critica l (barrier) 
radii and po ten tia l strengths. T he / „  valúes 
corresponding  to  fusión cross sections calcu lated  by 
the  G las-M osel m odel are show n by d ifferen t curves 
in Fig. 10 and the  param eters used in  the calcula- 
tions are  tabu lated  in T able III. T he valúes were 
obtained from  the  experim ental d a ta  by use o f  Eq. 
(2). T he trend  o f  th e  d a ta  at low excita tion  energies 
fo r all channels can be well reproduced by using al- 
m ost identical barrie r param eters. T his is con- 
sistent w ith  the  p ic tu re  th a t at low energies the  fu ­
sión system atics follow  basically the  geom etrical

scaling o f  th e  en trance channel. T he separation  o f 
th e  trajectories in th is  región is sim ply due to  the 
d ifferen t Q¡ valúes o f  the  individual channels.

H ow ever, in o rder to  describe the d a ta  at h igher 
excitation  energies [£'*(^’A1) >  60 M eV], the 
10b +  '^O channel requires a relatively large 
valué o f  1.28 fm . T he valué needed for 
' ^ C + “*N and " B  + '*>0 , r , , =  \ .2 0  fm , is also 
larger than  the  nom inal valué o f  1.0 fm.* F o r com - 
parison, the param eters fo r '°B  +  '^O and 
'^C +  ' ‘*N (which popúlate  the  com pound nucleus 
^*A1 and d iffer from  the present system  by only a 
single neutrón) are also listed in T able III. It is in- 
teresting  to  notice the sim ilarity  between these tw o 
system s in th a t the channel w ith  the h ighest Q¡ 
valué also requires the largest valué. It is con- 
ceivable th a t even though  k inem atical m atch ing  
conditions are com parable, the  larger com pound n u ­
cleus phase space seen by the  channel w ith  the 
h igher Q¡ m ay be reflected as an increase in  in 
the  en trance channel descrip tion  fo r ligh ter system s.

VI. COM POUND NUCLEUS LIM ITA TIO N  MODELS

C om pound nucleus lim ita tions on fusión cross 
sections are descríbed by the m odels o f  V anden- 
bosch et a V  and Lee et a l }  F o r the sake o f  clarity  
only the d a ta  fo r the  '°B  +  '^O and  '^C +  '^N  ch an ­
nels, together w ith  a high energy d a ta  po in t fo r the 
> 3 c + 1 ‘̂ N reaction  a t £*(^^A1) =  98 M eV ,'^ are 
p lo tted  against J { J  +  1) in Fig. 11. T h is provides a 
w ide dynam ical range fo r com parison.

K o la ta '”̂ has pointed  out th a t the fusión cross 
sections fo r '* 0  +  '*’0 ,  '^C +  '^C, and “ -O +  '^C at 
high energies appear to  be lim ited by the  extrapolat- 
ed ground  State band  o f the  com pound nucleus. 
T he dotted  curve in Fig. 11 shows the  extrapolated  
ground  Sta te  band fo r ^^Al based on know n low- 
lying levels. It can be seen th a t th is band is not lim- 
iting the present system .

T he results o f  the m odel calculations are show n

Channel rs (fm) Vb (MeV) /•„ (fm) (MeV) üco (MeV)

lOfi Hq 1.5 6.7 1.28 0 .0 2 .0

” C +  '“N 1.5 6.7 1 .20 1.0 2 .0

"B  +  “’O 1.5 7.7 1 .2 0 0 .0 2 .0

‘̂ C +  '^N 1.5 6.7 1 .2 0 0 .0 2 .0

lOp 16q 1.5 6.7 1.35 2.5 2 .0

‘̂ C ‘“N 1.5 6.7 1.11 - 1 .9 2 .0
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FIG. 11. Statistical yrast limitation calculations ac- 
cording to the model of Ref. 8.
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FIG. 12. The location of the statistical yrast hne for 
the ^^Al nucleus as estimated by the model of Vanden- 
bosch et al?

in  F igs. 11 and  12. D ue to  th e  uncertain ties associ- 
ated  w ith  the  d a ta  the  param eters could  no t be 
unam biguously  determ ined. In  fact, the  h igh  ener- 
gy d a ta  po in ts can be fitted  qu ite  well by a sim ple 
rig id  ro to r  m odel w ith  ro = 1 .2 3  fm  (dashed curve, 
F ig. 11). B ut since th is  curve m isses the  sa turated  
región o f  the  '^C  +  '^N  channel a m ore reasonable 
f it based on th e  m odel o f  R ef. 8 can  be obtained as 
show n by the  heavy solid curve in  F ig. 11. T he 
param eters, ro =  1.28 fm  and  A 0 c n  =  5 M eV, d iffe r 
qu ite  significantly  from  the  valúes o f  1.20 fm  and 
10 M eV  deduced by Lee et a l }  fo r o the r system s.

T h e  m odel o f Lee et a l }  only provides a 
param etrized  fo rm  o f  th e  sta tistica l yrast line tra- 
jectory . T o  see if  the  param eters deduced are physi- 
cally reasonable we have estim ated the  location  of 
the  lim iting  trajectory  fo r ^^Al accord ing  to  the 
m odel o f  V andenbosch et a l?  In  th is m odel, the 
criterion  fo r a partia l w ave l, corresponding to  
channel spin S  and to ta l angu lar m om entum  J,  to  
be absorbed by the  com pound nucleus is th a t 
T j ~ D j  w here Fy is the  local com pound nuclear 
level w id th  and  Dy is the  corresponding level spac- 
ing. T he param eters suggested by V andenbosch 
et a lJ  were used. T h e  average level spacing was 
calculated  using the  back-sh ifted  F erm i gas m odel

w ith  the rigid ro to r spin cu to ff  param ete r ro = 1 .1 6  
fm  and F j  was calculated  by the  /- in d ep en d en t em- 
p irical fo rm ula  o f S hap ira  et al.,''^

Fy =  14 ex p (- 4 .6 9 5 )  , 

S  =  { A / E * ) ' ' \
(5)

w here A  is the  atom ic num ber o f  th e  nucleus and 
E*  the  e x d ta tio n  energy. T he level density and 
pairing  energy param eters w ere obtained from  R e f  
15. T he result, show n by th e  long dashed curve la- 
beled ro = 1 .1 6  and  T j = D j  in  F ig . 12, does not 
have the  sam e slope as the  h igher energy po rtion  of 
the  data. F o r com parison, the  calcu lated  curve 
corresponding to  the  requ irem ent th a t T j  =  \ D j  is 
also p lo tted  (dotted-dashed curve). Even though 
th is la tte r  curve lies closer to  the  d a ta  in  excitation 
energy, th e  slope o f  th e  em pirical trajecto ry  is still 
n o t reproduced. C hanging  th e  /-q param ete r drasti- 
cally from  r o =  1.16 to  0.95 fm  generates a  trajecto­
ry (short-dashed curve) w hose slope is m uch  closer 
to  th a t o f  the  em pirical line bu t lies too  h igh  in  ex­
cita tion  energy.

These calcu lations w ere found  to  be no t very sen- 
sitive to  varia tions in  the  level density  param ete r a. 
I t  should  be noted, how ever, th a t Fy is independent 
o f  J  due to  th e  approx im ations m ade above and this
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fact m ay have affected  th e  results. T h e  sp in  c u to ff  
param eter fo r has also been deduced by
G óm ez del C am po et a l } ’’ by studying  a  em ission 
from  th e  '^C  +  '^N  reaction . T he valué rep o rted ,’’ 
r o = 1 .4 5  fm , is substan tia lly  d iffe ren t from  th a t 
suggested by Ref. 7. T he calcu lated  curve 
corresponding to  th is valué is show n by the  do tted- 
dashed line in  F ig . 12 w hich  deviates even fu rth e r  
from  the  data . These d iscrepancies are m ost likely 
due to  lack o f  accurate  in fo rm ation  on Fy and  D j  
and do  no t necessarily invalídate the  criterion  
T j ~ D j  w hich seem s physically  very acceptable. 
H ow ever, these problem s ind ícate th a t cau tion  
should  be exercised in  com paring  th is  m odel to  ex­
perim ental results.

VI. SUMM ARY

W e have extended the  com plete fusión cross sec- 
tion  m easurem ents fo r  '°B  + '^O  to  £* (^^A 1)~ 75  
M eV. T he low energy po in ts agree well w ith  those 
o f Ref. 13. These m easurem ents and  existing fusión

d ata  fo r '^C +  and ” B +  '^O  a t h igh  excitation 
energies'^’*̂  yield valúes i o t  (fusión) th a t appear 
to  approach  a com m on trajectory . T his trend  is 
consistent w ith  the  existence o f  a  com pound nucleus 
lim ita tion  on the  fusión cross section a t h igh  excita­
tion  energies o f  ^^Al. D a ta  po in ts are scarce in  th is  
energy región, how ever, and results fo r the 
12c -|- '^N  channel are still unavailable. It w ould be 
very desirable to  have h igh  energy '^C +  '^N  m eas­
urem ents to  fill in  th is gap.
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