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Fusión cross sections for the ‘‘*N +  ‘^C system have been measured by detecting the 
evaporation residues at five bombarding energies which correspond to high excitation ener- 
gies in the compound nucleus: £*(^’A1) =  64— 110 MeV. The ” A1 nucleus can be populat- 
ed by four different heavy-ion entrance channels— '^N +  '^C, '^0 + "B , and
'■ '0+“’B— which are accessible to experimental measurements. Comparing the present 
data with those already existing for the above channels, it is found that for E* > 60 MeV 
the curves E* vs 7^ for each system converge, which may be indicative of a limitation im- 
posed by the compound nucleus. The data are discussed in terms of existing models for en­
trance channel and statistical yrast line hmitations. The highest energy point also suggests 
the existence of a máximum absolute angular momentum hmit of ~28ñ.

NUCLEAR REACTIONS '“N +  '^C £ (“'N) =  86.0, 103.8, 149.0, 161.3, 
and 180.0 MeV; measured d^a/díldE for reaction products from Z  =5 

to 12. Extracted o-fus, a^, ctr.

I. INTRODUCTION

In the last few years a considerable effort has 
been made in the study o f heavy ion fusión reac- 
tions, experimentally as well as theoretically. 
Fusión cross sections have been measured for a 
large number o f systems. From these measure­
ments, it was well established that fusión excitation 
functions for light heavy ions show clearly three 
different regimes': at lower energies (región I) the 
fusión cross section af„s is rather cióse to the total 
reaction cross section ur  , and the penetration o f the 
Coulomb and centrifugal barriers is the mechanism 
goveming the order o f magnitude o f cTfus; at higher 
energies (región II) afû  decreases substantially 
below <T/{, owing to the onset o f the dynamical com- 
petition between fusión and direct reactions. A  
third energy regime (región III) has been observed 
in a few systems^ at very high energies where the 
CTfus drops proportionally to l/£c.m.- This behavior 
has been attributed to the limitation o f fusión aris- 
ing from rotational properties o f the compound nu­
cleus such as the liquid drop limit.^

By systematically examining the measurements 
performed in the mass región

A I < A — 80 ,

it seems clear that the fusión cross section at low 
energies (región I) is govemed primarily by entrance 
channel effects. However, the behavior o f in 
región I I  is not yet clearly understood. Several ex- 
planations have been presented in order to describe 
this intermedíate energy regime. A ll these ap- 
proaches generally fall into two categories— those 
which rely on the properties o f the projectile and 
the target (entrance channel models) and those 
which emphasize the properties o f the compound 
nucleus. Among the former models, that o f Glas 
and Mosel'* has been quite successful in describing 
the fusión cross section, especially the low energy 
regime and the prediction o f the bend in Cfus. A l- 
though the parameters Rg  (the interaction barrier 
radius) and V {R g ) (the interaction barrier) extracted 
from the experimental data follow a clear trend 
making possible the applicability o f the model, the 
valúes extracted for the critical radius and the 
potential at do not show a systematic
trend.

In searching for altemative explanations to 
describe the behavior o f ct{̂  ̂ at high energies, 
several attempts have been reported recently^’  ̂ pos-
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tulating that the structure o f the compound nucleus 
plays a dominant role in the limitations observed; 
generally, these limitations are discussed in terms o f 
the critical angular momentum 1̂  ̂ which can lead 
to fusión. With increasing bombarding energy 

the entrance channel may bring in an angular 
momentum larger than the compound nucleus can 
support (the yrast spin at the corresponding excita- 
tion energy E *), and therefore the compound nu­
cleus cannot be formed. The question o f whether 
the compound nucleus is the limiting factor would 
be answered by the location o f the yrast line. How- 
ever, the problem is that the yrast lines are not 
known empirically for the relevant angular momen­
tum range for fusión in the light systems 
U cn < 6 0 ). Motivated by this fact, Diebel et alJ 
performed calculations based on the cranked de- 
formed shell model to obtain yrast lines in the mass 
región from A =2 4  — 60. Their calculations for the 
nuclei ^*A1 and ‘̂‘M g have clearly shown that fusión 
reactions do not popúlate, and therefore are not lim- 
ited by, the yrast line because this always lies below 
the experimental fusión band. Recently, it was sug- 
gested that a heavy ion system, in order to fuse, 
must reach an effective yrast line in which the com­
pound nucleus has a sufficient level density. Using 
different approaches, models have been proposed by 
Lee et al.^ and by Vandenbosh and Lazzarini^ to 
calcúlate the statistical yrast line relevant for 
fusión. In the model o f Lee et al.,^ it is assumed 
that the statistical yrast line lies parallel to the usual 
yrast line, with a shift in energy AQcn and a slope 
determined by a rigid-body moment o f inertia 
Vandenbosh and Lazzarini^ define the statistical 
yrast line using the criterion that the average width 
o f compound nucleus levels F j  divided by the aver­
age spacing o f a particular angular momentum D j 
is the order o f unity.

In order to determine which mechanism, either 
the entrance channel effects or the compound nu­
cleus properties, imposed the more restrictive limit 
to fusión, one has to study different entrance chan- 
nels populating the same compound nucleus. In 
this sense, the ^^Al nucleus is unique among the 
light systems because it can be populated by four 
different heavy-ion entrance channels which are 
readily accessible to experimental measurements. 
These channels ['^N + '^C (2 cn =  17-2 MeV), 
'^ 0 + " B  (ecN =21 .1  MeV),
(2 c n = 23.2 MeV), and 4 - '°B (ecN = 2 8 .4  
MeV)] provide a large data set to test the various 
theoretical models for fusión, particularly those re- 
lated to the gcN  '^lue dependence and compound 
nucleus limitations. Although fusión cross sections

for all these systems have been measured by the Sa- 
clay* and Argonne^ groups at the excitation energy 
range in ^^Al below 60 MeV, little Information is 
yet available at higher energies in the región which 
is most relevant to the above-mentioned models and 
limitations. Recently, we reported measurements at 
higher energies involving the -|- ’ °B and 

+  '^C systems.'®’ "  The intent o f this article is 
to present fusión cross sections extracted for the 
''‘N  +  '^C system at fíve bombarding energies cov- 
ering the range o f excitation energy in ^^Al 
£ * = 6 4 -1 1 0  MeV. In Sec. II, we discuss the ex­
perimental technique which was used. The analysis 
o f the data and the results are described in Sec. III. 
In Sec. IV, the fusión cross sections extracted are 
discussed in terms o f the existing models.

II. EXPERIM ENTAL TECHNIQUE

Measurements were performed at the Oak Ridge 
Isochronous Cyclotron using beams o f to bom- 
bard self-supporting isotopically enriched (99%) ’^C 
targets at fíve different bombarding energies: 
£ ,4n =  86.0, 103.8, 149.0, 161.3, and 180.0 MeV. 

The thickness o f ‘ ^C foils (57 and 125 ^ig/crn^) was 
determined by measuring the energy loss o f a parti- 
cles (provided by a calibrated ‘̂*‘*Cm source) in the 
material. A  thin deposit o f gold (1 ^ig/cm^) had 
been evaporated on the '^C target for normalization 
purposes. Cross sections were extracted by detect- 
ing the evaporation residues resulting from the 
compound nucleus formation and subsequent parti- 
cle evaporation. The Identification o f the reaction 
products with Z  =  4 to 12 were made by measuring 
the energy loss A £  and total energy £  in a conven- 
tional A E -E  detector consisting o f a position- 
sensitive solid-state detector for the E  element and 
an ionization chamber for the A £  counter. This 
counter telescope enabled the detection o f nine an- 
gles simultaneously in one-degree steps with a total 
solid angle o f 3 msr. In addition, two solid state 
\F.-F. telescopes, both employing a 10 /xm A.E and a 
2000 /xm E  counter, were used at small scattering 
angles (4° and 9°). Angular distributions were mea­
sured for the range o f laboratory angles from 4° to 
35°. Data were stored on disc in a large three- 
dimensional array (A £  vs E  vs position) for the 
position-sensitive telescope and in two-dimensional 
arrays (A £  vs E) for the other two £ -A £  counters.

Absolute normalization was determined by Ruth- 
erford scattering o f ' ‘*N from Au at E'iab (*'^N) =  86 
MeV together with the measured '^C to Au target 
thickness. This procedure provides an accurate 
measurement o f the detector angles (~ 0 .1°) and es-
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E=161.3(M eV) 

+ EXP. -ru  CALC.

A E  (a r b i t r a r y  uni ts)
FIG. 1. A \s E  array for the reaction producís of 

the '“N + '^ C  system at £ ('‘'N) =  103.8 MeV and 
0iab=12.2°. The total energy E was obtained by analog 
summation of the signáis from the ionization chamber 
and solid State detector. The curves around the contour 
of constant Z  were used to obtain projections along the 
E  axis.

tablishes an uncertainty in the absolute cross section 
estimated to be o f the order o f ~ 5 % . However, 
other uncertainties also contribute to the total error 
in the cross section, such as counting statistics, ex- 
trapolation o f the angular distribution to angles less 
than 4° and greater than 35°, and the identifícation 
o f the evaporation residues. In our measurements, 
the statistical uncertainties are negligibie (< 1 % ) 
and the uncertainties arising from the extrapolation 
procedure are estimated to be < 2 % . The most im­
portan! source o f error in the fusión cross section 
arises from the identifícation o f evaporation resi­
dues due to their strong overlap with the peripheral 
reaction components, especially when the fusión 
producís have masses comparable to or less than 
that o f the projectile. In the fusión cross sections 
reported in this paper, the absolute errors are es­
timated to be 9%.

III. ANALYSIS OF THE D ATA  
AND  RESULTS

A  representative two-dimensional E -A E  spec- 
trum, measured at £iab{'‘*N )=  103.8 MeV and a 
laboratory angle o f 12.2°, is shown in Fig. 1. The 
various reaction products are clearly well-resolved 
from Z  =  4 to Z  =  11. The curves around the con-
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FIO. 2. Energy spectra of reaction products of Z  =  9 
to Z  =  1I for the ‘‘‘N  + system at £ ('“'N )=  161.3 
MeV and 6|ab=12.2°. The histograms are the results of 
Monte Cario calculations of the energy spectra of the 
evaporation residues of a fully equilibrated ^̂ Al com- 
pound nucleus.

tours o f constant Z  were used to extract projections 
along the E  axis, which represents the total energy 
obtained by analog summation o f the signáis from 
the ionization chamber and the solid State detector. 
Typical examples o f the energy distributions 
id^a/d íldE ) for several reaction products are
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FIG. 3. Energy spectra of reaction products of Z  =  6 
to Z = 8  for the ‘‘'N +  '^C system at £ (‘‘'N) =  161.3 MeV 
and 0|ab= 12.2°. The histograms have the same meaning 
as in Fig. 2. The dashed lines indicate the deconvolu- 
tion procedure used to separate the evaporation residues 
(lower energy group) from the peripheral reaction com- 
ponent (higher energy group).

shown in Figs. 2 and 3. The shape (centroid and 
width) o f these spectra can be understood in teirns 
of simple kinematic arguments.'^ For example, the 
yields o f fluorine, neón, and sodium nuclei (shown 
in Fig. 2) are characteristic o f residues o f compound

nucleus formation followed by evaporation o f light 
particles.

The energy distribution o f the evaporation resi­
dues exhibit centroids (£ er ) which are localized 
around the average kinetic energy o f the compound 
nucleus

ECN ~  (-^proj / ^ C N  ^^proj >

where Mp^oj and Ep̂ oj are the mass and laboratory 
energy o f the projectile, respectively. The centroids 
£ er are given approximately by

£ER~(MER/AícN)£cNCOS^0]ab ,

where M ^ r is the mass o f the evaporation residue, 
and the width o f the energy distribution gets 
broadened by the recoil imparted by the light parti­
óle emission. Energy spectra corresponding to oxy- 
gen, nitrogen, and carbón (Fig. 3) nuclei contain, in 
addition to the evaporation residue compound, con- 
tributions from peripheral two-body reactions. 
These components have centroids E^/, whose velo- 
city is typical o f the projectile, and are given ap­
proximately by

££)/~(AÍ£,//Mproj)£proj ,

where is the mass o f the fragments produced 
by the peripheral process. In these cases, spectrum 
deconvolution is necessary to separate out the fus- 
ing and the direct reaction components. To illus- 
trate kinematic effects on the evaporation residues, 
it is convenient to transform the measured energy 
spectrum d^a/dñdE  into a velocity distribution 
VR~^d^(r/dil dVü, where Vr is the velocity o f the 
evaporation residue, in a way similar to that o f Ref.
2. For a complete momentum transfer and equili- 
brium decay the centroids o f the velocity distribu­
tions are given by FcnCos0¿, where Kcn is the 
compound nucleus velocity and is the laboratory 
angle. Since Z, but not A, was identified in the 
present experiment, the mass used to transfer the 
energy spectrum into a velocity distribution was 
that given by Monte Cario calculations. The uncer­
tainties in these procedures are usually less than 5% 
since the mass spread for a given Z  is not very large 
(only 2 to 3 mass units). Figure 4 shows the veloci­
ty distributions for the case o f ' “‘N  +  '^C at 
£ (''*N )=  161.3 MeV, 0,ab=12.2° and reaction prod­
ucts from Z  =  6 to 11. The line labeled FcnCos0¿ 
corresponds to the expected centroid o f evaporation 
residues coming from a fully equilibrated com­
pound nucleus. The fact that the lower velocity 
groups peak near the KcnCos0¿ line is a strong in- 
dication o f complete fussion and equilibrium decay.
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FIG. 4. Plot of the velocity distribution Vg,-Hd^rj/dO,dVf,) for ions of Z  =6  to 11, produced by the ‘“'N +  '^C reac- 
tion at £ ( ' ‘'N )=  161.3 MeV. The horizontal scale gives the velocity of the evaporation residue Vr in terms of the speed 
of light c. The vertical line indicates the expected centroid (FcnCOs0¿) for complete fusión and equilibrium decay.

TABLE I. Evaporation residue cross sections measured at five bombarding energies for the 
'"N +  '^C system.

l̂ab
(MeV) Z  =  5 Z = 6 Z = 7 Z = 8

(mb)
Z = 9 Z  =  I0 Z  =  l l Z  =  12

86.0 51 165 328 153 228 117 34
103.8 33 124 221 321 145 140 69 10
149.0 87 314 257 193 90 56 21 3
161.3 138 314 232 168 80 45 14
180.0 119 278 186 133 59 30 15
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®lob <‘‘ «9)

FIG. 5. Experimental angular distributions (points) of 
evaporation residues of Z  =9  to 11 for the '''N +  '^C re- 
action at £ '{ '‘*N )= 161.3 MeV. The histograms are the 
results of the Monte Cario calculations using the cede 
LILITA.

By integrating the energy spectra measured at 
each angle, one can obtain angular distributions for 
the fusión component for each atomic number for 
the five bombarding energies. Angular distributions 
for evaporation residues with Z = 6 — 11 at 
£iab('‘̂ N )= 161.3 M eV are illustrated in Figs. 5 and 
6. Inspection shows that the angular distributions 
become more widely spread in angle as more mass 
is evaporated. The contributions o f each atomic

FIG. ó. Experimental angular distributions (points) of 
evaporation residues of Z  =  6 to 8 for the '“'N +  '^C re- 
action at £ ( ' ‘*N )=  161.3 MeV. The histograms are the 
results of the Monte Cario calculations using the code 
LILITA.

number to the fusión cross section are obtained by 
integration o f the angular distributions, such as 
those shown in Figs. 5 and 6. These results are 
presented in Table I which shows the contribution 
az  (in mb) o f the evaporation residue components 
for ions from Z = 5  to Z  =  12 at five bombarding 
energies— 86.0, 103.8, 149.0, 161.3, and 180.0 MeV. 
The total fusión cross sections were obtained by 
summing the individual contribution o f each eva­
poration residue oz - The results are summarized in 
Table II. Columns 1, 2, and 3 give the laboratory 
bombarding energy £iab, the center-of-mass energy 

and the excitation energy E *  in the com- 
pound nucleus, respectively. Column 4 shows the 
fusión cross section cTfus (in mb). Because o f the



1496 D. E. DiGREGORIO et al. 26

TABLE II. Summary of experimental results for ''^N +  ‘^C in the present measurement.

£,ab (MeV) £c.m. (MeV) CTfus (mb) Jcr (fi)

86.0
103.8
149.0 
161.3
180.0

41.4
50.0
71.7
77.7
86.7

64.6
73.2
94.9

100.9
109.9

1076±95 
1063 ±95 
1043±95 
1042±95 
924+85

20.4±1.0
22.4±1.0
26.7±1.3
27.8±1.3
27.7+1.3

fact that the yields o f residues with Z  < 5 cannot be 
clearly separated (using the method described 
above) from those due to other mechanisms, their 
contributions to cffus were estimated by employing 
statistical model calculations. Henee, the measured 
fusión cross sections for 149.0, 161.3, and 180.0 
M eV were increased by the amounts o f 2%, 5%, 
and 11%, respectively.

Even though the fusión and the direct reaction 
components could be properly identified using sim­
ple kinematical arguments, it is more convenient to 
perform statistical model calculations in order to 
give credence to our analysis o f the evaporation 
residues. We have used the Monte Cario evapora­
tion code LILITa ' 3 to obtain laboratory energy spec- 
tra, angular distributions, and relative yields o f the 
evaporation products.

In Figs. 2 and 3 the histograms show the results 
o f the statistical model calculations for the energy 
distributions o f residues with Z = 6 — 11. The 
agreement with the data exhibited here indicates the 
reliability o f the Identification o f the evaporation 
residues and o f the deconvolution procedure for 
separating out the direct reaction components. Also 
the calculated angular distributions (histograms) 
shown in Figs. 5 and 6 reproduce the experimental 
data (full dots) well. Both the predicted energy and 
angular distributions have been arbitrarily normal- 
ized to the data to enable a better shape comparison. 
In Fig. 7 the relative yields o f the evaporation resi­
dues, expressed as a percentage o f the total fusión 
cross section extracted from the measurements, are 
compared with those yields predicted by the 
Hauser-Feshbach Monte Cario calculations at five 
different bombarding energies. The reasonable 
agreement, for a wide energy range 
£,ab =  86.0— 180.0 MeV, between the observed and 
predicted yields suggests the formation o f a com- 
pound nucleus in statistical equilibrium.

IV. DIRECT-REACTION COMPONENTS 
AN D  TO TAL REACTION 

CROSS SECTION

As shown in Fig. 5, the energy distributions o f 
oxygen, nitrogen, and carbón ions exhibit a double-

peaked shape: one peak at low energies, typical o f 
the evaporation residues, and the other at higher en­
ergies with a centroid characteristic o f the velocity 
o f the projectile. The dashed lines in the figure in­
dícate the way both components (fusión and direct 
reaction) were unfolded. The latter component con- 
tains contributions o f the two-body reactions in 
which one or more nucleons are either transferred 
or are emitted by the projectile after having been ex- 
cited in a peripheral colhsion. Similarly, as for the 
fusión components, these high energy components 
can be integrated over energy and angle to obtain 
the direct reaction cross sections. Table II I  shows 
the contributions to the total direct cross sections o f 
ions from Z  =  5 to Z  =  8 at the fíve bombarding en­
ergies measured. Providing there has been no 
double-counting o f fragments, and that no reaction 
products have been lost, for example, through 
detector thresholds, then the sum o f the fusión cross 
section cTfus and the direct reaction cross section a¡) 
should give the total reaction cross section o r . In 
Table IV, the results for CTfus, crj), and un at the five 
bombarding energies are summarized. By fitting 
the elastic scattering data using the optical model 
one can obtain the total reaction cross section 
(OM). Parameters used in the calculations are also 
given in Table IV. Since complete elastic scattering 
data exist at two bombarding energies, 103.8 and 
161.3 MeV, we performed the optical model 
analysis keeping all the parameters fixed except the 
depth o f the imaginary potential W j, which was 
varied until the best fit was obtained at these two 
energies. For the other bombarding energies the de- 
duced energy dependent W¡ was used. Reasonably 
good agreement was found between the experimen­
tal total reaction cross section and that predicted by 
the optical model.

V. DISCUSSION

The question remains as to whether the entrance 
channel properties or the structure o f the compound 
nucleus plays the dominant role in the observed lim- 
itations o f CTfus at high energies. Therefore, we will 
discuss our present results in the +  '^C sysfem



26 '^ N + ” C FUSION CROSS SECTIONS AND  COMPOUND . . . 1497

-  “  fus

E ,= 7 3 .2  
=1063

J t H L

E^=100.9  
o* =1042fus

n n n iLtÜ L

5 10
Z

YIELDS OF EVAPORA!ION  
RESIGUES OF THE 
’^N+’^C SYSTEM

I EXP 
W  CALO

FIG. 7. Experimental (solid bars) and theoretical (histograms) evaporation yields, plotted as a percentage of afus- 
The comparison between experiment and calculations is shown for each of the five bombarding energies observed in the 
present experiment. The calculations were done with the Monte Cario code LILITA.

TABLE III. Direct-reaction cross sections for the '“'N +  ‘ Ĉ system.

Í̂ Lab
(MeV) 5 6

Z
7 8 (Ti, (mb)

86.0 76 135 158 8 377±35
103.8 85 175 123 35 418±40
149.0 115 125 111 31 382±35
161.3 98 158 127 38 421 ±40
180.0 115 169 131 34 449±40
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TABLE IV. Summary of cross section measurements for '“'N  +  '^C system.

í̂ lab
(MeV)

^c.m.

(MeV)
«■fus
(mb)

(̂ D
(mb)

o-jí
(mb)

ffR (OM)“ 
(mb)

86.0 41.4 1076 377 1453 1344
103.8 50.0 1063 418 1481 1365
149.0 71.7 1043 382 1425 1392
161.3 77.7 1042 421 1463 1398
180.0 86.7 924 449 1373 1404

upiicai moaei parameiers: in e  reai pan  was iiacu lor aii eiieigies lu d c  y r = l i . mcv ,  

r  ̂=  1.25 fm, and ««=0 .5 2  fm. The geometry of the imaginary potential was taken to be 
r/=l,22 fm, a/=0.54 fm, and its strength »̂ / =  6.05+0.083£c,n..

at £c.m. =41 — 87 M eV together with existing exper­
imental data for the same system at low energies 
(£c.m =15 — 30 M eV) and for the related channels 
' ’ O +  ‘°B, “ B +  '*0 , and +  '^N taken from the 
literature.®“ ’ ‘

Frequently, the fusión cross sections are dis- 
cussed in terms o f the classical expression

o-fus('Ec.m.)='n-«‘ 1 -

V (R )

E c .
(1)

where the radius R  is given by

R =riA ,^ ^ ^ + A 2 ^ ^ ^ ),

and r is a parameter which depends on the energy 
región. The Glas and Mosel model'* combined this 
energy dependence with the concept o f quantum 
mechanical penetration o f the interaction barrier 
Vs(Rb) at low energies, and the criterion that the 
two colliding nuclei must reach a critical distance 
R „  in order to fuse at high energies. In this frame- 
work, the fusión cross section as a function o f the 
center-of-mass energy can be expressed as

<^fmiE,,rn,)=TTk^'^{2l +  l ) { l + e x p [ 2 7 r { V B , - E , ^  )//Kü]-'| , 
1=0

(2)

where the critical angular momentum, is given 
by

/ „ (/ „+ 1  ) =  2^/?er'M£c.m . -í^cr ) O)

and Vgi is given by

VB, =  VB+-ñ^lU +  l)/2fM R B \ (4)

where R^ARb ) and V „{V b ) are the critical (barrier) 
radii and potential strengths, and is the reduced 
mass in the entrance channel. The result o f fítting 
Eq. (1) to the experimental points using the parame- 
ters r „ = l - 1 8  fm, F „ = - 1 . 4  MeV, /-b =  1.45 fm, 
Vb =6 .7  MeV, and ficú =  2.0 MeV, is shown in Fig. 
8 as a solid curve drawn through the data points.

An important feature shown in Fig. 8 is the fall- 
o ff  o f afus at the highest energy measured. The 
dashed line intersecting the origin gives the expect- 
ed trend o f CTfus vs 1/£<, „, for a constant máximum 
angular momentum o f ~ 2 7 .M . This would indi- 
cate the saturation o f the angular momentum with 
increasing energy. It seems reasonable to associate 
this angular momentum limit with asymptotic 
properties o f the compound nucleus; henee, it can 
be taken as evidence in favor o f a liquid-drop limit
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FIG. 8. The fusión cross section for the
'“N +  ‘^C system, plotted versus the inverse of the 
center-of-mass energy The circles are the present
measurements and the squares are those of Ref. 8. The 
solid line through the experimental points is the result 
of the Glas-Mosel fit with parameters given in Table V. 
The dashed line intersecting the origin indícales that 
CTfusal/£c.m. at high energies, consistent with an abso- 
lute angular momentum hmit of —27. SU.
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effect as was found in (Ref. 2) and
The valué o f 21M  agrees with the valué predicted
by the rotating liquid drop model o f Ref. 3.

Another convenient way to study limitations on 
fusión is to transform the measured crfus(£(..m.) data 
into a completely equivalent representation E * ( l „ )  
by using the well known expression for the fusión 
cross section in the sharp cutoff approximation,

and the relation

■1)^ (5)

(6)

where /„ is the critical angular momentum in the 
entrance channel and Q is the separation energy. In 
the representation the experimental fusión
data form separate bands for each entrance channel 
which populates the same compound nucleus. The 
” A1 nucleus has been studied in the past through 
the different experimentally accessible channels: 
'^O +  ' ‘B, '■‘N  +  '^C, '^C +  and +  '°B at 
lew energy (£c.m. <30 MeV) (Refs. 8 and 9) and  ̂
more recently, measurements in the latter two sys- 
tems have been reported at higher energies.'®’ "  In 
Fig. 9, all the available experimental data together 
with the results o f the present measurements are 
displayed. Glas-Mosel model calculations have 
been also performed for each individual entrance 
channel to fit the experimental data. The parame- 
ters extractad in the fitting procedure are given in 
Table V and the results o f the calculations are plot- 
ted in Fig. 9.

Included in Table V  for comparison are the 
Glas-Mosel parameters for '°B +  (Ref. 14), 

+  '^O (Ref. 2), and ' “N  +  As can be seen, 
the valúes o f and V „  do not follow any sys- 
tematic trend. This behavior indicates that the 
fusión cross section at high energies shows drastic 
changes with respect to the addition or removal o f 
nucleons from target or projectile and should be

X„ (ti)
FIG. 9. Plot of the center-of-mass energy £c.m. plus 

separation energy Q¡ versus the critical angular momen­
tum (/cr) deduced from the fusión cross section. Data 
points are shown for ‘‘*N +  ‘^C, '^N +  ‘^C, '°B *^0, 
and "B  + '*0 measurements. The open circles, dia- 
monds, and triangles are measurements of the Saclay 
group (Ref. 8) and the solid squares are those of the Ar-' 
gonne group (Ref. 9). Closed circles and triangles, and 
open squares are the present measurements and those of 
Refs. 10 and II, respectively. The lines through the 
data points correspond to the Glas-Mosel fits with the 
parameters given in Table V.

taken as evidence for the strong influence o f micro­
scopio structure in the fusión process.

From the comparison o f the different fusión 
bands that popúlate the ^^Al compound nucleus

TABLE V. List of parameters used in the Glas and Mosel model calculations.

Channel ra (fm)“ Vb {MeVr (fm)*’ (MeV)>> f e  (MeV)
lOB ^  17q 1.50 6.7 1.28 0.0 2.0
'^C -h ‘“N 1.45 6.7 1.18 -1.4 2.0
"B  +  “’O 1.50 7.7 1.20 0.0 2.0
'^C +  ‘’N 1.53 6.7 1.05 -8.3 2.0
'°B +  '*’0 1.50 6.7 1.35 2.5 2.0
'^C +  '^N 1.50 6.7 1.11 -1.9 2.0
10b +  ■'‘N 1.50 6.8 1.17 -1.9 2.0

“Valúes deduced from low-energy measurements given in Refs. 2, 8, 9, and 14.
‘’Values deduced from the high-energy measurements of this work and those in Refs. 2, 8,
10, 11, and 14.
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j (j+i) (ti )̂
FIG. 10. Plot of the excitation energy in ’̂Al vs 

J (J  +  1). The valué of the compound nucleus angular 
momentum J is extracted from the fusión measurements 
using the sharp cutoff approximation, i.e., 
(Tfus =  irkHj +  1)̂ . Data points are shown for '“'N +  
(present measurements), '^N + '^C (Ref. 11), and 

+  ‘’O (Ref. 10). The solid line is the least squares 
fit of E* =Eo+fi^/2j^J(J +  1) to the data with extract­
ed valúes of £o =  27.4 MeV and J^/^  ̂=  5.5 M eV"'.

shown in Fig. 9, two different energy regimes seem 
to be well defíned. For excitation energies below 60 
MeV, the fusión bands are parallel and displaced by 
the differences in the separation energies, Q,, o f 
each channel. Quantum mechanical penetration o f 
the interaction barrier is the dominant effect. Also, 
the barrier parameters rg and Vj¡ are very similar 
(see Table V). A  completely analogous behavior o f 
the fusión cross sections at low energies has been re- 
ported recently for the ’°B +  '^C and "B  +  ’^C sys- 
tems.'^ The limitations imposed by Q valúes can be 
an extremely important factor, as was demonstrated 
in the comparison o f the ' ‘‘N  +  '°B and ’^C +  ’ ^C 
systems.''*

The unique feature o f the data shown in Fig. 9 is 
that above 60 M eV o f excitation all the fusión 
bands converge to a single line, and therefore the 
limitation on the fusión cross section appears to be 
dependent on the compound nucleus properties. In 
the study o f ’°B +  ' ’ O (Ref. 10), suggestions were 
made to explain this effect in terms o f the statistical 
yrast line treatment o f Lee et al.^ and Vandenbosch 
and Lazzarini,^ although, as in the case o f Glas- 
Mosel fits, the extracted parameters that fit the data 
are quite different for every channel. Using the 
model o f Lee et al.^ to fit the data given in Fig. 9,

we extract valúes o f A g  =  25 M eV and ro =  1.45 fm 
which are quite different from the valúes o f 10 
M eV and 1.20 fm suggested in Ref. 6. Also, using 
the model o f Vandenbosch and Lazzarini requires 
the valúes o f ro =  1.45 fm and r / í )  =  500, rather 
than the suggested valúes^ o f ro=1.16 and 
T /D  =  \.

To further illustrate the limitation imposed by 
the compound nucleus, the data obtained at Oak 
Ridge National Laboratory for the ''*N +  '^C 
(present measurements), '^N + '^C (Ref. 11), and 
I7Q _|_ lOg jQj systems are shown in Fig. 10 in 

an E *  vs / (y  + 1 ) plot. The solid hne through the 
data points is a least squares fít o f

E * = E n  +  (f^ / 2 jr )J (J  +  \) ,

where the bandhead E q =  11A  M eV and J'/ñ^ =  5.5 
M eV “ '. It is important to point out that the valué 
o f J^/f^ extracted from the fusión data is essential- 
ly the same as that obtained by the coherence width 
analysis o f the ‘^C('^N, á) reaction data at lower en- 
ergies,'^ indicating that, indeed, the extracted mo- 
ment o f inertia is that o f the compound nucleus 
■̂̂ Al.

VL SUM MARY

The “‘‘N  +  system has been studied at five 
bombarding energies from 6 to 13 MeV/nucleon. 
The fusión and peripheral cross sections were ex­
tracted and their sum agrees well with the total re­
action cross section predicted by the optical model. 
The dominant mechanism leading to evaporation- 
residuelike events is that o f complete fusión and 
equilibrium decay, even at 13 MeV/nucleon. The 
study o f the fusión o f ‘ '‘N  +  ’ ^C at high energies to- 
gether with the existing data for '°B +  '^O, 
’ ^C +  '^N, and '*B +  '^O shows that in the E *  vs J  
plot the fusión bands converge to a common trajec- 
tory, indicating that the limitation on the fusión is 
imposed by the compound nucleus. Nevertheless, 
the extracted effective yrast line for fusión deviates 
quite significantly from predictions o f current 
models. A t the highest energy studied, a saturation 
o f the angular momentum is found at =
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