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Fusion and peripheral reactions of C+ N at energies up to 13 MeV/A
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Angular and energy distributions have been measured for reaction products of the ' N + ' C system at nine

bombarding energies in the energy range F.„=— 34.1 to 178.1 MeV. The fusion and direct reaction
components for products from I.i to Al have been determined. The experimental fusion cross sections and

deduced critical angular momenta are discussed in terms of entrance channel models. for compound nucleus

formation and the rotating liquid drop model. Hauser-Feshbach calculations of the Z distributions, energies,
and angular distributions of evaporation residues are presented and compared to the data. The direct reaction

yield has been analyzed with a diffraction model and is also compared with time-dependent Hartree-Fock
calculations. The experimental total reaction cross section is in good agreement with optical model

calculations.

NUCLEAR REACTIONS N+~ C, Ef4N 34.1 to 178.1 MeV, measured d2g/dgdE
for reaction products from =-3 to 3. Extracted Of„„.,„, od,. „, , and 0;„„.

I. INTRODUCTION

The measurement of cross sections for fusion
and for direct reactions of heavy ions in the mass
range A-10-20 is of interest in that the division
of the cross section among these competing mech-
anisms is determined by a delicate balance of the
nuclear and centrifugal forces acting in a peri-
pheral collision. At high bombarding energies,
the effects of Coulomb forces are relatively small,
and one has the opportunity to study the dominant
effect of angular momentum on compound-nucleus
formation.

Considerable effort has been given to the study
of the "N+ "C system through measurements of
the cross section for primary emission of parti-
cles such as deuterons, ' A particles, " '*'I i
ions,"' and "Be ions." A review of such mea-
surements is given in Ref. 5. The major emphasis
of these studies has been on the reaction mecha-
nism and on the extraction of the critical angular
momentum (J', ) for compound-nucleus formation. '
However, in a recent analysis of the total yields
of "'Li and "Be (Ref. 4), it has been shown that
for E, ~ 30 MeV the method of extracting J,
from primary emission of evaporated particles
becomes difficult because of the presence of
strong non-compound-nucleus components in the
cross se".tion. On the other hand, a measure-
ment of the fusion cross section (o,„,), and there-
fore of J„can be obtained by direct observation
of the evaporation residues. Such a measurement
of J, is independent of statistical-model calcula-
tions of absolute cross sections.

The measure'ement of 0,„, by observation of the
evaporation residues is a technique routinely used

for heavier systems, ' A, +A, ~ 40, where the mass
or charge of the residue is sufficient to separate
it from other products. -However, for lighter
systems, ' "A,+A, «30, the separation of the
products of direct inelastic reactions from those
of fusion becomes more involved when the evapor-
ation residues have masses comparable to or less
than that of the projectile. A brief description of
our fusion cross section measurements and anal-
yses of the "N+ "C system has been given pre-
viously. ' We showed there that the fusion compo-
nent in the energy spectrum of a given element can
be identified by simple kinematic arguments.
The extracted energy and angular distributions as
well as the relative yields of the evaporation resi-
dues were then found to be consistent with statisti-
cal- model calculations. '"'" The measurements
and analyses of the fusion cross section have been
extended up to E„„=248 MeV (Ref. 12) using the
methods described in Ref. 7. A maximum value of
27k for the critical angular momentum J, has been
observed. This value agrees with the prediction of
the rotating liquid-drop model. "

In this article we present a complete description
of the data and analyses given in Ref. 7, and, in
addition, describe the analyses of the direct-reac-
tion components and the elastic scattering. The
experimental procedure and results are described
in Secs. II and III, respectively. Section IV pre-
sents a kinematical analysis of the evaporation
residues. A Hauser-Feshbach Monte Carlo cil-
culation and comparison to the data are given in
Sec. V. The direct-reaction yield is considered
in Sec. VI and the total reaction cross sections
in Sec. VII. The conclusions are given in the last
section.
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Figure 1 shows a typical two-dimensional E-&E
spectrum measured at &,4„=43.9 MeV and a labo-
ratory angle of 10'. The lines drawn around each
group identify the different elements. Figure 2

'

shows another spectrum taken at a laboratory en-
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Flo. 1. &E vs E array for the reaction products of
N+ C at E&,4 =43.9 MeV and 8»b=10 . The total ener-

gy E was obtained by analog summation of the signals
from the ionization chamber and solid-state detector.
The curves around the contours of constant Z are used
to obtain projections along the E axis.

II. EXPERIMENTAL PROCEDURE

Energy-analyzed beams of ' N extracted from
the Oak Ridge Isochronous Cyclotron were used
to bombard natural carbon foils at nine energies
covering the range from 34.1 to 178.1 MeV. The
thickness of the targets (156 pg/cm' and 257
p, g/cm') was determined both by weighing the foils
and by Rutherford scattering of "N ions at 19 MeV.
The results of these two measurements had uncer-
tainties of + 4% and + 6%, respectively, and were
in good agreement. The principal contaminants in
the target were "C(1%), "O(1.3%), and hydrogen
(~ 2%).

Reaction products with Z = 3 to 13 were detected
using &E-E counter telescopes. One of the detec-
tion systems was a position-sensitive &&-& tele-
scope' which was used to measure nine angles
simultaneously. The other detector was a narrowly
collimated ~E-E telescope used mainly to observe
particles at small scattering angles (-4'-8'). In
both cases, the &E element was an ionization
chamber. Angular distributions were measured
for the range of laboratory angles from 4' to 40'.
The absolute normalization for the cross section
was derived from the target thickness, detector
solid angle, and integrated beam currents. The
error on the fusion cross sections varied from
+ 8% to + 12%, depending on the bombarding energy.

I

III. RESULTS
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FIG. 2. &E vs 8 array for the reaction products of
N+ & at Ei4N=178.1 MeV and 8&,b=6 . Note the in-

creased yield for lighter elements relative to the data
shown in Fig. 1. The solid lines have the same meaning
as in Fig. 1.

ergy E„„=178.1 MeV and ~lab= 6 . Note the in-
creased yield of lighter elements at the higher
bombarding energy.

From the two-dimensional spectra such as those
shown in Figs. 1 and 2, the energy distributions
(d'a/dQdE) and the energy-integrated angular dis-
tributions for evaporation residues (d&r/dQ or
do'/d8) were extracted for each atomic number for
the nine bombarding energies measured. Typical
examples of these distributions are shown in Figs.
3 and 4 for ' N energies of 53.2 and 145.5 MeV,
respectively. The energy spectra such as those
shown on the right-hand sides of Figs. 3 and 4 ex-
hibit the basic features of the reaction mechanism
and can be understood by simple kinematic argu-
ments. For example, the energy spectra for Mg,
Na, and Ne shown in Fig. 3 havethe characteristics
of evaporation residues: The centroids of the
distributions occur at an energy corresponding to
a velocity approximately equal to that of the com-
pound nucleus. The spectrum for Ne ions shows
two strong groups that arise from the forward and
backward center-of-mass emission of an n particle
and a proton. Similar structures have been seen
in measurements of the residues of "C+"0 (Ref.
8).

The energy spectra for oxygen, nitrogen, and
carbon ions shown in Fig. 4 exhibit, in addition to
the lower-energy group characteristic of evapora-
tion residues, a component at higher energy whose
velocity is typical. of that of the projectile. These
higher-energy components arise from direct two-
body reactions in which one or more nucleons are
either transferred or are emitted by the projectile
after having been excited in a peripheral collision.
The dashed lines drawn in Fig. 4 for the low- and
high-energy components of carbon ions indicate
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the manner in which the evaporation-residue and
direct- reaction components were unfolded. The
angular distributions for the lower-energy (fusion)
components for 8= 6, 7, and 8 are shown on the
left side of Fig. 4. The angular distributions of a
direct-reaction product and an evaporation resi-
due, e.g. , for Z=6, are quite different, with the
former distribution being more strongly forward
peaked. This is illustrated in Figs. 5 and 6,
which show angular distributions for the evapora-
tion residues and direct-reaction components pro-
duced at E„„=145.5 MeV. Note in each of the
cases shown in Figs. 3, 4, and 5 how the angular
distribution for evaporation residues is shifted
toward larger angles as more mass is evaporated.
Figure 6 shows the rapid decrease with increasing
scattering angle of the differential cross section
for direct-reaction products. A quantitative dis-

pIQ. 3. Energy and angular distributions for reaction
products from Ne to Mg in the ~ N+ C system at E&4
= 53.2 MeV. The left side shows the angular distributions
in a {da/do)hb vs 8»b plot. The double structure seen
in the angular distribution for Z=11 corresponds to the
emission of 2P or 2pn (forward peaked) and n or en (at
larger angles). The energy distributions shown on the
right side for O~,b =5 display the characteristic features
of evaporation residues. The histograms are the results
of the Monte Carlo Hauser-Feshbach calculations dis-
cussed in the text.
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FIG. 4. Energy and angular distributions for reaction
products from 0 to C for the ' N+ ' C reaction at E&4~
= 145.5 MeV. The energy distributions for carbon ions,
plotted on the right side, show components characteris-
tic of evaporation residues {the lower-energy compon-
ent) and of direct reactions {the higher-energy compon-
ent). The dashed lines indicate the way these two com-
ponents were unfolded. The histograms have the same
meaning as in Fig. 3.

cussion of these kinematic considerations will
be given in subsequent sections. An important
point for the present analysis is that the direct-
reaction and evaporation-residue components in
the energy spectra have been unfolded in a syste-
matic manner (see Fig. 4) using the structure
present in the spectrum itself as a guide. Thus,
the deduction of the absolute cross sections is
essentially independent of a statistical-model
calculation. Confidence ih this procedure for un-
folding the spectra is provided by the fact that it
then yields angular distributions for the separate
components which are in general agreement with
predictions of models incorporating the essential
reaction mechanisms of compound-nucleus and
direct- reaction processes.

The fusion cross section was extracted for each
of the nine bombarding energies from 34.1 to
178.1 MeV by integration of the angular distribu-
tions for the evaporation residues. Typical ex-
amples of such distributions are shown for E,4„
=145.5 MeV in Fig. 5 for residues from sodium
to boron. No residues were observed for Mg or
Al. The solid lines drawn through the data points
indicate the trend of the data and were used to ex-
trapolate the cross sections outside the angular
range of the measurements. For large angles
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FIG. 5. Angular distributions for the evaporation resi-
due products of the fusion of ~4N+ C at E&&

——145.5
~~N

MeV. The solid lines drawn through the data points indi-
cate,the way the cross section was extrapolated toward
unmeasured angles. The total amount of extrapolation
is less than 6% of the fusion cr'oss section.

these lines were terminated at a value of 8
estimated with Eg. (6) (see Sec. lV). The integra-
tion of the angular distributions of Fig. 5 yields a
value of v, „,= 980 mb of which only 6% comes from
this extrapolation. This amount of extrapolated'
cross section was typical for all the fusion mea-

10

surements. Contributions from the low-energy
recoiling partner produced in direct peripheral
reactions (see Sec. VI) are negligible.

Table I shows the results for the fusion cross

I I I
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FIG. 6. Angular distribution for the direct-reaction
components of the N+ C system at E&4 = 145.5 MeV.
The solid lines drawn through the data points are the
results of a diffraction-model calculation discussed in
the text.

TABLE I. . Fusion cross sections and critical angular momenta for the N+ C system.

&&,b (Me% Z, m (MeV) Z„(Me~ Ofus (mb)

34.1
43.9
53.2
60.0
86.3

106.3
145.5
158.0
167.1
178.1
248.0

15.7
20.3
24.6
27.7
39.8
49.1
67.2
72.9
77.1
82.2

114.5

30.8
35.3
39.6
42.8
54.9
64.1
82.2
88.0
92.2
97.3

129.6

945 +75
967+ 75
964 +75
932 +75
895+80
913 +80

1005 + 80
987 +80
888 +85
932 +85
717+85

11.1 + 0.50
12.9 +0.50
14.3 +0.56
15.0 + 0.60
17.8+0.80
20.0 + 0.90
24.8 +1.0
25.7+1.0
25.0 + 1.2
26.5+1.2
27.5 +1.7

Values from Ref. 12.
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sections for the nine bombarding energies. Columns
1 and 2 give the laboratory bombarding energy E„„
and center-of-mass energy E, , respectively.
The excitation energy E„ in the.compound system
is given in column 3, while column 4 shows the
fusion cross section (mb). The errors contain
contributions from uncertainties in the target
thickness, solid angle, and beam current integra-
tion and also from uncertainties in the unfolding
of the energy spectra(of , consequence only for
residues Z ~ 7). The values of o, for E„„~145
MeV have been increased by small amounts cor-
responding to estimates of the yields of residues
with Z&5. As disussed in Sec. VI, the production
of I i and Be can originate with several mech-
anisms. It was not possible using the methods to
be described in Secs. III and IV to identify the I i
and Be evaporation-residue components, and hence
the estimation of these residues was done using the
statistical- model calculations. These estimates
are 2/g, 5%, and I/z of v, „, for the bombarding en-
ergies of 145.5, 167.1, and 178.1 MeV, respec-
tively.

The relationship between the fusion cross section
and the transmission coefficients T„describing
the probability of compound-nucleus formation
for a partial wave l and total angular momentum
J, is

IV. KINEMATICS OF THE EVAPORATION RESIDUES

The kinematical considerations for the identi-
fication of the evaporation-residue components
can be discussed in a more quantitative basis by
the use of the velocity diagram shown in Fig. 8.
V~ and V~ are the velocities in the laboratory sys-
tem of the compound nucleus and evaporation res-
idue, respectively, while I9~ is the laboratory
angle of the residue and 8, is the center-of-
mass angle of the resultant recoil velocity v„
given to the residue by the emission of several
light particles. The value of the recoil velocity
v„and angle 6, depend on a complicated mech-
anism of multiparticle evaporation. There is,
therefore, no simple analytical expression for
them. However, there are simple kinematical
considerations which govern the extreme limits
for these velocities.

The magnitude of the recoil velocity v„ is limited
by a maximum value v,„given by the requirement

10
+N+ C

EL,ASTIC SCATTERING
~ EXP—OP. MODEL

~c J+g
rA2

(2I+1)(2i+ I) ~, ~~~~

where i and I are the projectile and target spins,
respectively, and the channel spin is given
s = I+ i. For small partial waves T, -1, whereas
for l values somewhat less than the grazing E value
for direct reactions T, -0. Since the exact distri-
bution of T, values is not known in the region where
T, changes rapidly from 1 to 0, the sharp cutoff
approximation is made which results in the ex-
pression

10

5

b

b
2

10

a,„,= vX'(7, + I)'.

In evaluating Eq. (2), J, is allowed to take on non-
integral values. The J, values extracted using
Eq. (2) are presented in column 5 of Table I; the
errors are derived from the corresponding un-
certainties on 0.,„,.

The total reaction cross section is the sum of
the fusion and direct-reaction components and
may be compared with the total reaction cross
section predicted by the optical model. A pre-
cision measurement of the elastic scattering was
therefore made at an energy of E„=145.5 MeV
and is shown in Fig. 7.

I
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FIG. 7. Angular distribution for the elastic scattering
of 4N+ C at E&4 = 145.5 MeV. The solid line corre-

&4m

sponds to an optical-model fit using the parameters V
= 22.04, co= 1.25, ao= 0.52, 8'= 14.72, x,.=1.22, and
a&= 0.54, in units of MeV and fm. The deduced total re-
action cross section is 1398 mb.
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vc

IG. 8. Velocity diagram used to discuss the simple
kinematical properties of evaporation residues. V& and

V& are the laboratory velocities of the compound nucle-
us and residue, respectively.

that a residue be produced in its ground state and
that all recoil velocities are collinear. If ~,„ is
the maximum kinetic energy released by the evap-
orated particles to produce a given residue of
mass I„ in its ground state, then

e ~ =E„-(M, +M„-M~)c',

where E„ is the excitation energy of the compound
nucleus and M~, M~, and M, are the masses of the
evaporation residue, the compound nucleus, and
the sum of all light particles evaporated, respect-
ively. Assuming all recoil velocities are col-
linear, and using two-body kinematics, the maxi-
mum recoil v,„,„ is given by

fOr &max ~ ~g.
The kinematic quantities of interest for the

evaporation residues are the centroids and widths
of the energy distributions as well as the slope of
the angular distribution. Although these quanti-
ties are predicted in detail by the Monte Carlo
calculations to be described in the next section,
simple arguments can be used to derive analytical
expressions that account for some of the main
kinematic features.

Ideally, one would like to have an analytical ex-
pression for the distribution of the recoil velocity
v„ that would incorporate the effects of sequential
evaporation. Lacking this, a first step is to as-
sume that the angular distributions for all emitted
light particles are isotropic in the center of mass.
In this case, the central-limit theorem yields a
Gaussian distribution for the volume probability
for v; this probability distribution can be written
as

where K is a normalization constant, and the
standard deviation of the recoil velocity distribu-
tion s depends on the details of the evaporation
mechanism and, in the present work, can be re-
garded as an empirical parameter.

Transformation of Eg. (7) to the laboratory sys-
tem, together with Eg. (5}, yields the distributions
of laboratory recoil velocities V~

d2
=XV~'exp[- Vv' sin'6~/2s'j

dO~dV~

Furthermore, using the velocity diagram of Fig.
8 we obtain

x exp[- (V~ —V~ cose~}/2s'] (8)

sin6, „=v /V v (6)

V„=Vv cos8~ + (v,' —Vc' sin'0~)'~' .
The maximum laboratory angle Om, x for the resi-
due is thus given by

Note that the velocity dependence of the quantity

Vz 'd'v/dQldVz will be given by the Gaussian
term on the right-hand side of Eq. (8). Using the
values for the mass number A. given in Table II,
the experimental energy distributions were trans-
formed to a V„'d 'v/dQ~dV„plot and then fitted

TABLE II. Kinematic properties of evaporation residues for the ~4N+ C system.

E.b (Mev) E (Me V)
E„(MeV)

(Exp)
emax

(Cale)
Omax

(Exp)

53.2
53.2
86.3
86.3

145.5
145.5
145.5
145.5

50

50

90

90

10'
]00

10'
10'

12
11
10

9
9
8
7
6

24
23
21
18
18
16
14
12

26,2
24.9
36.3
31.2
53
46.7
40.9
35.0 (48)

26
24
39
33
57
48
42
45

16
a

26.5
37
37
41.2
54
57.1

18
27
30
36
36
4.3
b
b

Calcu&ated for Na. Maximum angle measured 45'.
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about 0, „-, =90', the two solutions are equally
probable and hence VR = V~cos I9~.

Equation (8) can be expressed in terms of the
kinetic energies EI, and Ec of the residues and
compound nuclei, respectively. Equation (8) then
becomes
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where E, is given by

E,= cos 8~ .MzEc
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FIG. 9. (a) Plot of the velocity distribution VR d g/
dQdVRfor oxygen ions at O~,b = 21' and E&4„at 145.5 MeV.
The solid line is the result of a Gaussian fit to the data
to extract the centroid Vz. (b) Extracted centroids Vz
for evaporation residues for Z= 6 to 11 for Ef4 145.5

N
MeV. The solid lines are the predicted centroids VR
= Vz cos 8&,b, in units of the velocity of light.

with a Gaussian term. An example of this is shown
in Fig. 9(a). The resulting centroids (Vz) are
given in Fig. 9(b) (data points) as a function of
laboratory angles for the data taken at 145.5 MeV
and for all residues from g =11 tog =6. The
solid curve corresponds to V~=V~ cos (9~, the
expected centroid from Eq. (8). The fact that the
experimental points lie along such a curve indi-
cates that the evaporation residues have the same
velocity as the compound nucleus (Vc), with the
cos 0~ term arising from kinematic effects. The
result that V~ cos 8~ gives the average velocity
of the evaporation residues can be also illustrated
by the double kinematic solution of Eq. (5), since
.the a solutions correspond to backward and for-
ward emission of the light particles, respectively.
Assuming that the emission process is symmetric

For cases where the range of energies E„allowed
by kinematics [as deduced from Eqs. (4) and (5)]
is large compared to s'MR, then the term ER'~'
can be neglected. The centroid of the energy dis-
tribution will then be given simply by Eq. (10).
Table II shows in column 5 the results of Eq. (10)
for several examples of evaporation residues and,
as can be seen, there is generally good agree-
ment between the experimental centroids ER
(column 6) and the predicted value E, For t.he
case of carbon ions at 145.5 MeV, E, deviates
significantly from E„, and in this case Eq. (9)
should be used. The value from Eq. (9) is given
in parentheses. The last two columns in Table II
give the results for 8,„[Eq. (6)] and for the ex-
perimental maximum angles.

Equation (9) can be used to fit the experimental
energy distributions with two free parameters,
Z and s. However, the predicted angular distribu-
tions, obtained by integrating. Eq. (9) over E~, do
not agree with the experimental ones. The diffi-
culty with Eq. (9) in this regard is the assumption
of isotroplc emission implicit in Eq. (7). In fac't
compound nuclei formed with large angular mo-
mentum will not have an isotropic emission of
light particles. If one allows for a small aniso-
tropy in the final c.m. angular distributions, the
prediction of the angular distribution of the evap-
oration residues is improved. A further discus-
sion of analytical approaches to the evaporation
process, as well as a physical interpretation of
s [such as that given in Ref. 15 where a similar
expression to Eq. (9) is used], is beyond the scope
of the present work and will be given in a future
publication.

V. ANALYSIS OF THE EVAPORATION RESIDUES

A. Hauser-Feshbaeh Monte Carlo calculation

Even though the fusion and direct-reaction com-
ponents for products with Z» 5 could be identified



using the kinematical considerations described
previously, it is of value to compare statistical-
model calculations with the experimental results
for the fusion component. Such a procedure en-
ables one to determine whether the shape of the
deduced energy distributions and angular distribu-
tions are consistent with those expected for evap-
oration residues. For these purposes a computer
code I,ILITA has been developed to calculate the
relative isotopic and elemental yields of the evap-
oration residues and their energy and angular
distributions in the laboratory system. Results
obtained with LILITA have been published pre-
viously for the evaporation residues of the N
+ "C system. '"

In the present work a general description of the
calculation and a more detailed comparison to the
experimental data are presented. The calculation
is of the Monte Carlo type, in which the history
of an excited nucleus is followed until insufficient
energy remains for further particle decay. To
calculate evaporation-residue cross sections, it
is thus necessary to know the state (i.e., excita-
tion energy and angular momentum) of the recoil-
ing nucleus once a particle has been emitted and
to follow the change of state of the recoiling nu-
cleus for all subsequent particle emission. After
the ith particle has been emitted, the properties
of the recoiling nucleus are completely defined by
a set of five quantities';, Z;, E„;,J;, and V„
where';, Z;, and E„; are the mass and charge
numbers and excitation energy, respectively. J&
is the total angular momentum of the recoiling
nucleus and V; is its velocity in the laboratory
system. When the next particle is emitted the nu-
cleus changes from state "i" to "i + 1" and the
problem is to determine the new set of quantities
that define the recoiling nucleus. The change in
A. ; and 8; is trivial depending only on the kind of
particle emitted (().'). In the present calculation
the emission of neutrons, protons, or o, particles
has been included. The change in the excitation
energy', the angular momentum J;, and the re-
coil velocity V ~ can be determined from the
amounts of orbital angular momentum l, and kin-
etic energy c, (measured in the c.m. of the re-
coiling nucleus} carried away by the light particle.
Clearly the change from state i to i+1 depends
on the probability P(n, 1.. .& . ,V, }for a given J;
and E„;. Rather than calculate P for all possible
combinations of its variables as well as for all
possible numbers of emitted particles, the pre-
sent approach consists of using the Monte Carlo
method in conjunction with probability distribu-
tions derived from the Hauser-Feshbach formula.

The starting point in the calculation consists in
the determination of the initial state, i =0 (the

compound nucleus). The quantities Ao, 2'0, E„o)
and Vo are completely fixed by the entrance chan-
nel. The distribution of the total angular momen-
tum Jo is governed by Eq. (1). Using the sharp
cutoff model for Eq. (1), together with Eq. (2),
the probability distribution P~ can be written

P, =(2J', + I)/(J, +1)'. (11

The probability distribution for n' and l, at
any step i of the evaporation process can be writ-
ten as

P~, (n', I,.) =F~.(().', l . Q F~,(c(",l, ),
(12)

where the function I' is defined by

and J; =l ~ +S, . The channel spin 8, is given by
J;,&

or J;,&
+ 2 for z-particle emission or proton

and neutron emission, respectively. The quanti-
ties p and 7.', , are the level density in the i+1
nucleus and the optical-model transmission coef-
ficient. With J; known, a' and l ~ having been
chosen according to Eq. (12), e, and J„,can then

be determined from their respective probability
distributions P, , and P&, , These are given by

p(~. ~;.i)~(„,(~'
So ~~~~+i

and

P~,.=p(~ ~;,i} Zp(~ (15)

Equations (12) to (15) are applied sequentially
until the excitation energy of the recoiling nucleus
is at or below the point where particle decay is
no longer possible.

The usual procedure for evaluating the level
density p and the transmission coefficients T, ,
is to use the Fermi-gas formula (see Ref. 16},
and to solve the Schrodinger equation for the op-
tical-model transmission coefficients, respective-
ly. However, this procedure would lead to un-
reasonably long computing times for cases where
the excitation energy and angular momentum of
the compound nucleus are high, since many par-
ticles are emitted before a residue is produced.
It is for this reason that the present calculations
were done using a constant temperature approxi-
mation for p (see Refs. 17 and 18) and the sharp
cutoff model for T, , for excitation energies in
the continuum region. For excitation energies be-
low the continuum (i.e., the region of discrete
levels), an energy-independent density for p and



2178 J. GOMEZ DEL CAMPO et a1. 19

a Fermi function for T, , were used. With these
approximations, Eq. (12) can be integrated ana-
lytically over r, , thus leading to a significant
reduction in computing time. The parameters
describing the level densities were taken from
well-known systematics' ' for the continuum re-
gion and A )20, and were obtained by fi.ts to known
experimental levels for discrete regions and A & 20
using the compilations of Endt and Van der Leun
and Ajzenberg-Selove. f The possibility of y decay
by levels above the threshold for particle emis-
sion was included explicitly, with values of
I',/I;„, taken from Refs. 20 and 21. This turned
out to be of minor consequence for the light nu-
clei encountered in this study. The radial param-
eter xo ——1.5 was used for the calculation of
Coulomb and centrifugal barriers, while xo ——1.4
fm was used for the rigid body nuclear moment
of inertia.

The recoil velocity V; is calculated from the
velocity of the light particle v, . (defined in the
c.m. system of the recoiling nucleus). The mag-
nitude of u ~ was obtained from q .. The remain-
ing unknowns are the polar angle v and azimuthal
angle 5. These angles are calculated using the
classical approach of Ericson and Strutinski.
Choosing the polar axis in the direction of the total
angular momentum J;, the azimuthal angle 5 at
which a particle is emitted has an isotropic proba-
bility distribution since the system has to be
rotationally invariant with respect to J;. The
probability distribution for v is determined using
the angular distribution given in Ref. 22 and can
be written

do'

dQ„(sin' v —cos' v, )' ~

B. Discussion of the fusion data and comparison with

Hauser-Feshbach calculations

A comparison between the Hauser- Feshbach
calculations and the experimental data for the
relative yields of the evaporation residues is
shown. in Fig. 10 for residues from Z =5—12 and

20

0 ~M~
20 ~

p I

40 ~

Z=12
I I I

I I I

Z=11

14N+ 12(:

EVAPORATION RESIDUES
~ EXP—CA LC UL ATION

I I I I

n=o

where A„are rotg, tional matrices of the angles v,.

and 6. Here, v, is the polar angle between J, and
J;,f. As is the case with v„v,. is determined by
a vector triangle and the magnitudes of J;, /&,
and S,, The initial condition (i=0) has the polar
axis perpendicular to the reaction plane, the Y
axis along the beam direction, 5 = 0, and Bp

=1.
The solutions of Eqs. (12) through (19) for a se-
quence of evaporated particles produces a resi-
due (event) in a final state f characterized by Az,
Z f Exf Jf and Vf. The procedure is then re-
peated until a sufficient number of events has
been generated in order to make a statistically
significant comparison to the data. For the pre-
sent calculations 10 events were generated for
comparisons to relative yields and 10 events for
energy and angular distributions.

where v, is the polar angle between 1 ~ and J,.
The value of v, is given by the vector triangle J;
=1 ~ + 8 ., since the magnitudes of the three vec-
tors are already fixed. The corresponding proba-
bility distribution P„can be written

20
~O

b 0
"v

b 20

20

Z=7

0 I I I I I I

40 I I I I I I ~ I

I I I I I

— 20—

. 2 Z-
2 sinv

(sin v —cos v, )' ~

where the range of values for v is given by v „
~

I vl (~/2 and cosv „=sinv, . The recoil veloc-
ity in the c.m. system v„. is determined from V
by a simple reflection of coordinates. To calcu-
late V; it is necessary to transform vr. to a vector
v„defined in the laboratory axes. Denoting the
matrix of such a transformation as A.;,we have
V; =V; f+v„,

«f»
Vr ~i Vr

40
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FEG. 10. Angle-integrated yields for evaporation res-
idues with Z= 5 to 12, expressed as a percentage of
0&„, for E&4 energies from 40 to 180 MeV. The solid
lines are the results of the Monte Carlo Hauser-Fesh-
bach calculations described in the text.
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FIG. 11. Angle-integrated yieLds for evaporation res-
idues vrith Z = 5 to 12 expressed as a percentage of Of„, ,
for two extreme bombarding energies of 43.9 and 178.1
MeV. The histograms are the results of the Monte
Carlo Hauser-Feshbach calculations described in the
text.

for E„bombarding energies from 40 to 180 MeV.
Theyiefds for Z= 13 are not included since they re-presentt

less than 1% of a,„,at all energies in the
experimental and calculatedyields. The agreement
between the calculations (solid lines) and experi
ment is better than30%for most ionsfromZ= 5 to
Z = 12 for the entire bombarding energy range. The
largestdiscrepancies (aboutafactor of 2) occur for
Z =6, 7, and 8in the bombarding energyrangefrom
40 to 120 MeV. However, itshould benotedthat
the theoretical predictions are lower for Z = 8
and Z= 6 by about the same amount as the excess
predicted for Z= 7. Since the trend in bombard-
ing energy for the data show~ in Fig. 10 is well
reproduced by the-calculations, we expect that
the discrepancies just mentioned come from un-
certain. ties in. the parameters used to describe
the discrete region, rather than arising from the
presence of nonfusion components.

To further illustrate the agreement between the
Hauser- Feshbach calculations and the evapora-
tion-residue data, Fig. 11 shows the Z distribu-
tions for two extreme bombarding energies, 43.9
and 178.1 Me V. As can. be seen, the maxima and
dispersion of the Z distribution are well repro-

duced by the calculations indicating that these
residues are consistent with an equilibrated corn-
pound nucleus. The comparisons for the energy
and angular distributions are shown in, Figs. 3
and 4 for the data at 53.2 and 145.5 MeV, re-
spectively. The residues for Z= 10-12 for the
bombarding energy of 53.2 MeV obviously have
energy spectra characteristic of evaporation
residues and, as can be seen from Fig. 3, the
Monte Carlo calculations (histograms) reproduce
the experimental data reasonably well. (The cal-
culated cross sections at 5' for Z=11 and Z=12
have been arbitrarily normalized to the data by
factors of 0.5 and 1.5, respectively, only to
enable a better shape comparison to the energy
distributions. ) The angle-integrated yields shown
in Fig. 10 are expressed-as a percentage of the
total fusion cross section, where both the experi-

mental and theoretical total fusion cross sections
are normalized to 100%.

A comparison between. the experimental angular
distributions and the calculations for E,4 = 53.2

N
MeV is given on the left-hand side of Fig. 3. The

~ agreement is particularly striking for the Ne
yield. At this energy the Ne cross section ac-
counts for almost 40% of a,„,. The double struc-
ture seen in the angular distribution for Na ions
(and reproduced by the calculations) comes from
the 2p. , 2', and from n, nn channels with the
most forward peaked component corresponding
to 2p, 2pjz emission. The calculated angular dis-
tribution for Mg ions has been multiplied by 0.5
because at this energy the calculation predicts
more Pn emission than 2p; however, these pre-
dictions could be improved by small adjustment
of the relevant level density parameters. Since
the general procedure adopted in the calculation
was to use level density parameters from pre-
vious systematics, "'"no particular effort was
made to optimize the fits to the experimental
data.

The comparison for the energy and angular
distributions at E,4 =145.5 MeV for oxygen,
nitrogen, and carbon residues is shown in Fig. 4.
The good agreement here is particularly impor-
tant, since it shows that fusion cross sections
can be extracted even for residues whose masses
are comparable to or less than those of the target
or projectile. As was pointed out in Ref. 7, one
cannot rule out, on the basis of these single in. —

clusive measurements, small contributions of
highly inelastic two-body-like processes to the
evaporation-residue spectra. However, the
agreement between the calculated and experimen-
tal energy and angular distributions, as well. as
the agreement in the relative yields as a function
of bombarding energy (Figs. 10 and 11), suggests
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that the major mechanisms producing the lower-
energy particle groups, for isotopes of atomic
number around the target or projectile, is that
of evaporation. of light particles by an equilibrated
compound nucleus. Coincidence measurements
made subsequently have confirmed the absence of
significant two-body contributions with large neg-
ative Q values to the yields designated as evapor-
ation residues. " "Two-body" in the foregoing
refers to two large products, e.g. , each with Z)5 in. the exit channel. Such products could con-
ceivably be produced in a binary fission process
followed by evaporation of a few light particles
by the highly excited fission fragments.

The fusion cross sections presented in Table I
are plotted as a function of 1/E, in Fig. 12(a)
(open circles) Th. e open triangles correspond
to measurements at 158 and 248 MeV taken from
Ref. 12, while the solid dots correspond to low-
energy measurements by Kuehner and Almqvist. "

One possible way to parametrize the energy de-
pendence of the fusion cross section is to assume
that fusion occurs when the relative separation of
the two nuclei reaches a critical radius R„."'"
Using the model of Glas and Mosel ' it is possible
to relate the magnitude of the Coulomb-plus-nu-
clear potential V„at R„ to the magnitude and
slope of o,„, (E) for energies larger than the in-
teraction barrier. Following Ref. 26, the fusion
cross section as a function of the center-of-mass
energy can be written as

C

o, =&I'P(2l+ 1) (1+exp[2(V —E .)/)i~1}
l=O

(20)
where l„ the critical angular momentum, is
given by

l,(l, + 1) = (2 iiR„'/'Ii')(E„-.V„)
and V» is given by

1000
V, = Vetch'f(l+1)/2iias', (22)
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F&G. 12. (a) Of„, vs 1/E, ~ . The open circles corre-
spond to the present measurements, the triangles to
those of Ref. 12, and the solid points to those of Ref.
24. (b) Values of the critical angular momentum &,
fplotted as J, (J,+1)] vs the excitation energy in Al.
The solid line is a fit to all data points except the point
at 130 MeV excitation.

where V~ is the interaction barrier and R„

the reduced mass in the entrance channel.
The solid curve drawn through the data points

in Fig 12(a). is the result of a fit of Eq. (20) to
the experimental fusion cross section with the
parameters V„=—1.9 MeV, ~„=1.11, ~~= 1.5,
V~= 6.'7, and h~=2 MeV. Although the experi-
mental fusion cross section is consistent with the
Glas-Mosel prediction up to E„=178.1 (1/E,
= 0.012), the critical radius r is slightly higher
than the value of 1.0 deduced for heavier sys-
tems. ~'

In Ref. 7 it was noted that the deduced value of
the nuclear potential at the critical radius was
consistent with a shallow Woods-Saxon, potential
of the type introduced by Maher et al. ,

"whereas
elastic scatter ing measurements for the system
"C+"C indicate a much deeper potential. " At
least a part of this discrepancy may arise from
the neglect of nonconservative interactions (Le.,
friction) in the Glas-Mosel prescription. The
introduction of friction would require a more
negative value of the nuclear potential in order
to fit the experimental data (see Ref. 29).

As noted in Ref. 12, the fusion cross section at
E„=248 MeV (717+85 mb) shows a marked

N
decrease from the value predicted by the Glas-
Mosel fit to the lower energies, thus indicating
that a limit lower than that imposed by the en-
trance channel is occurring.

The values of J, deduced from o,„,and given
in Table I are shown in Fig. 12(b) as a function
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of the excitation energy in "Al. The open circles
correspond to the present measurements and the
triangles to those in Ref. 12. The solid line
drawn through the data points is a least-squares
fit of the function E„=(8'/2S) J'(J+ 1)+E„where
the values of E, and 2@/8' are 16 MeV and 9.19
MeV ', respectively. Since the J', (J', +1) vs E„
line suggests rigid rotation, an alternative ex-
planation to the limitation of o~„, would appear
to be the maximum angular momentum that the
compound nucleus "Al can have at a given excita.
tion energy (i.e. , the location of the yrast line).
The value of the moment of inertia &/8' deduced
from the measurements of of is approximately
twice as large as that deduced for the ground
state band (calculated by fitting the known 5', 6',
and 7' states"). The yrast line, of course, must
be at or below the line shown in Fig. 12(b). Re-
cent calculatipns by alas and Mosel" suggest
that the yrast line is well below the fusion values;
this implies that the limitation occurs with the
entrance channel rather than. the compound nu-

cleus, at least for energies up tp 178 MeV.
For the highest excitation energy (-130

MeV) a sudden change is observed in the slope of

J,(J, + 1) vs E„and 8, appears to remain con-
stant for E„&100 MeV at a value of J,=27 5. As
discussed in Ref. 12, this fact (associated with
the drop on o,„,at E„=246 MeV) suggests the

N
maximum angular mpmentum which Al can
support has been observed.

It is commonly accepted that a nucleus spinning
with increasing angular momentum J will at some
point, J~„, become unstable to fissipn into two
comparable fragments. Conversely, we expect
that such a nucleus would not be formed (in equi-
librium) in a heavy-ion reaction proceeding by

the fusion of these two fragments. Currently, the
model which is used to estimate J ~ is the rpta-
ting liquid-drop model (Rl DM)." The suitability
pf such a model for systems with a, small nucleon
number can be questioned. While the RLDM may
be appropriate fpr a spherical "Al nucI. eus, the
number of nucleons contained in the neck region
at the saddle point configuration. at J=J,„ is
between 10 and 15% of the total number of nu-
cleons. Nevertheless, it is interesting to note
that the value of J „predicted by RLDM, 26.6h,
agrees with the experimental value of (27+ 1.5)h.

Predictions of the fusion crpss sections for ' N
+ "C have been made in the time dependent Har-
tree-Fock (TDHF) approximation. " These cal-
culations overestimate v,„,by amounts up to 30%.
A gradual decrease in o,„,with increasing bom-
barding energy is predicted, in contrast with the
rapid drop observed experimentally between E,4

=178 and 248 MeV.
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FIG. 13. Energy distributions for Z= 5 to 8 at Ef4N
= 145.5 and g),b

= O'. The dashed line at lower energies
corresponds to the unfolding of the evaporation residues.
The remainder of the yield at higher energies represents
the direct component. The dashed lines at higher ener-
gies illustrates the direct continuum underlying the se-
lective population of discrete states.

VI. DIRECT-REACTION DATA AND ANALYSIS

The direct-reaction components, which have a
centroid characteristic of the velocity of the pro-
jectile, are illustrated in the energy distributions
of Fig. 4 and in the angular distributions of Fig.
6. A further example at a more forward angle,
5, is shown in Fig. 13 for the energy distributions
of Z=5 to Z =8 at abombarding energy of 145.5
MeV. The dashed lines in the figure indicate the
unfolding of the evaporation residues and direct
components. The sharp peaks in the energy spec-
trum of Z = 6 to 8 = 8 arise from transfer reactions
to specific states or clusters of states in the
residual nuclei. An interesting feature of the en-
ergy distributions of Fig. 13 is the presence of
a continuous distribution underlying the discrete
peaks at high ejectile energies (particularly
prominent for Z = 6).
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We expect that the discrete particle groups seen
in the Z = 6 spectrum of Fig. 13 arise from the
transfer of a proton (and an undertermined num-
ber of neutrons) to form selectively excited states
in C or N isotopes. The underlying continuum,
however, may contain contributions not only from
the dense continuum states in these isotopes, but
also from the excitation of the "N projectile and

subsequent nucleon decay of this fragment.
The angular distributions such as those seen in

Fig. 6 were obtained by summing the continuous
and discrete portions of the high-energy compon-
ent. The contribution of the low-energy recoiling
partner to the direct-reaction. yield is negligible.

A simple diffraction-model analysis" was car-
ried out for the data shown in Fig. 6. In this ap-
proach the slope of the angular distribution is
given for the inelastic channels by the damping
factors

10

)0

E

b

)03

da 6Ie.m.
dQ sinh'(m68, )

and by

do 1
dO 8, sinh'(mL8, )

(23)

(24) 02

for elastic scattering. The center-of-mass scat-
tering angle is 6t, and 4 is related i,o the modu-
lus of the scattering matrix by

s, 1+exp[(I —I)/4]
'

The oscillations of the cross sections about the
damping factor expected for population of a single
state and described by a Bessel function are ne-
glected in the analysis. In order to obtain 4, the
S, were determined by fitting the elastic scattering
at 145.5 MeV with the optical model, as shown in
Fig. 7. The deduced optical-model parameters
from the elastic scattering were V= 22.04 MeV,
r, =1.25, and a0=0.52 for the real part and 8'
= 14.72, r

&

= 1.22, and a
&
= 0.54 for the imaginary

part. With these parameters, the deduced value
of 4 was 1.4.

The result of the diffraction-model calculations
for the elastic scattering [Eq. (24)] is shown in
Fig. 14 and for the inelastic channels [Eg. (23)]
in Fig. 6. For Z =5, the slope of the data for the
angular distribution is much smaller than that
given by Eq. (23). This may be interpreted as a
result of particle emission from the excited frag-
ment produced in the direct collision. The general
agreement between the diffraction calculation and
the data of Figs. 6 and 14 indicates that the basic
mechanism producing the higher-energy compo-
nents of Figs. 4 and 13 is that of a direct reaction.

Table III shows the contribution (in mb) to the

0 20 30 40 50

8, (deg)

FIG. 14. The elastic scattering at E&4N = 145.5. The
solid line is the damping factor from the diffraction
model.

TABLE III. Direct-reaction cross sections OD for the
~ N+ C system.

106.3
z„b (Mev)

145.5 167.3 178.1

8 6
7 209
6 178
5 47

25
119
155
49

17
150
112
49

23
162
145

58

440 +40 348 +28 328 + 26 338 + 31

total direct component for ions from Z =5 to Z = 8
at four bombarding energies, 106.3, 145.5, 167.3,
and 178.1 MeV.

Time-dependent Hartree-Fock (TDHF) calcula-
tions have been made for our fusion data and also
for the direct inelastic yield for Z = 7 by Maruhn-
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:"N+ "C
DlRECT REACTION PRODUCTS
5&Z&9

~ EXPERtMENTAL E« = &06 MeV
N

EXPER MENTAL Ei~ "45.5 MeV

--~ —TDHF CALCULATED E« =&12 MeV

&04 ==

~ IO~

~b
b'b

00
0

20

eLAB (deg )

40

fus
0-„' (O.M.)

34.1
43.9
53.2
60.0
86.3

106.3
145.5
167.1
178.1

945 ~ o o

967 140
964 300
932 320
895 400
913 440

1005 348
888 328
932 388

19
37
88
95
88

945-
1107
1264
1252
1314
1390
1441
1311
1408

950
1080
1170
1218
1322
1373
1450
1468
1482

' Optical-model parameters from Ref. 28.

of the I.i and Be yields. As was pointed out in
Ref. 4, the yields of 6 7Li and ' 'Be cannot be
accounted for completely by a process of first or
second chance emission from the compound nu-
cleus. The integrated yields of Li and Be from
the present experiment are plotted in Fig. 16 for
the E,4 range of 86 to 178 MeV, and the open
circles correspond to Hauser-Feshbach calcula-
tions (given in Ref. 4) for emission of Li and Be
from the compound nucleus and, as can be seen,
the calculations are about three times smaller
than the experimental values for the highest en-

TABLE IV. Summary of cross section measurements
for the N+ G system.

FIG. 15. Comparison of the direct-reaction angular
distribution, summed over all isotopes from Z = 5 to 9,
with TDHF calculations (Ref. 33). 10

Hezwani et al. ' The calculated direct inelastic
angular distribution had a i/sine, shape, in dis-
agreement with experiment. Recently, Cusson"
has improved the TDHF calculations allowing for
quantal corrections. Figure 15 shows the compar-
ison between our direct-reaction data at 106 and
145.5 MeV and the TDHF calculations" for E„„
= 112 MeV. The TDHF calculations correspond
to a direct inelastic excitation of the projectile
and target to all available excited states. These
calculations do not predict mass transfer nor do
they incorporate any subsequent particle decay of
the excited ' N and "C fragments. In order to
establish a meaningful comparison with theory we
have therefore summed over all direct-reaction
channels. As can be seen from Fig. 15, the slope
of the TDHF calculation is in reasonable agree-
ment with the data at 106 MeV. Up to this energy
the direct-reaction components have been extracted
only for isotopes Z ~ 5. The sum of these contri-
butions is labeled o~ and is given in column 3 of
Table IV.

VII. THE TOTAL REACTION CROSS SECTION

In this section we deduce the total reaction cross
section and begin with a discussion of the origin

Z=3+4
5 ~ Z=3

Z=4
o HAUSER-FESHBACH

Z =5+4

b
5

10
Li AND Be YIELDS

i4N gi2C

5
60 80

I

100
I I

120 140
I I

160 180

FIG. 16. The yields in mb of Li and Be as a function
of the bombarding energy. The squares and triangles
correspond to the Be and Li yieMs, respectively. The
solid circles are the experimental sum of Li and Be and
are to be compared with the open circles corresponding
to Hauser-Feshbach calculations given in Ref. 4.
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ergy. Also, the additional yield expected for
evaporation residues of Z =3 or 4 is too small
(see P'ig. 10) to account for the experimental yield.
These facts suggest that the excess yield must
come from a fragmentation of those direct-reac-
tion products which have sufficient excitation for
particle emission.

Column 4 of Table lV shows as OL, ~, the yield
of these isotopes expected to contribute to the di-
rect-reaction cross section. This cross section
is equal to the experimenta1. value minus the yield
expected from compound-nucleus evaporation.
The latter may be estimated by logarithmic inter-
polation of the Hauser-Feshbach calculations
(given in Fig. 16) and from evaporation residues
(given in in Fig. 10). The sum of o',„,+vD+&nL, s,
is the experimental total cross section o„and is
given in column 5.

%'ith the optical-model parameters obtained
from the elastic scattering data of Fig. 7, the in-
ferred total reaction cross section c„(O.M. ) is
1398 mb, while using the (Woods-Saxon) optical-
model parameters deduced from the "C+"C elas-
tic scattering" we obtained a value of o„=1440 mb.
Since at other bombarding energies we do not have
elastic scattering data as complete as those given
in Fig. 7, we decided to use the optical-model
parameters of Ref. 28 to compute 0„ for the entire
range of bombarding energy of the present experi-
ment. Figure 17 summarizes the results of our
measurements of o,„„aaand for the yields of Li
and Be. The solid line corresponds to o„(O.M.).
As can be seen from Fig. 17, the sum of 0,„, and

0~ is in agreement with the optical model up to
bombarding energies of 106 MeV. However, for
the higher energies the portion of the yields of Li
and Be denoted by OL, ~, have to be included in or-
der to account for the predicted reaction cross
section. Thus, we find good agreement between
the experimental total reaction cross section and
the optical model.

VIII. CONCLUSION

Heavy-ion reaction products for the '4N+'2C
system have been measured at a total of nine bom-
barding energies from 34.1 to 178 MeV. The en-
ergy spectra of products with 5~Z ~ 9 often ex-
hibit two components at forward angles which on
the basis of a straightforward kinematic analysis
can be identified with an evaporation residue pro-
duced in a fusio n r eaction and a product of a direct
peripheral reaction. These same kinematic con-
siderations verify that the products at larger
angles and with g &9 are evaporation residues.

N+ C

3600

1200

I EVAPORAT ION RESIDUES

0 DIRECT REACTIONS 5 & Z & 9
g Z= 3+4 YIELDS—OPTICAL MODEL

I I I

7p

c

E 800
b

400

I I I

360

I

400 80 )20
E A~'(MeV)

FIG. 17. Summary of cross section measurements for
the N+ 2C system for E&4 energies from 34.1 to 178.1
MeV. The solid bars are o f„, , the open bars correspond
to oa, and the dashed bars to the yields of Li+ Be. The
solid curve is the predicted total reaction cross section
o„with the optical-model parameters of Ref. 28.
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Thus, fusion and direct-reaction cross sections
are obtained independent of detailed statistical
model calculations. From a comparison of the
experimental evaporation 'residue Z distributions
and the energy and angular distributions with
Monte Carlo Hauser-Feshbach calculations, it
appears that, even at the highest energy, a com-
pound nucleus is formed in statistical equilibrium. ,

The measured fusion cross sections were found
to be significantly less than the total reaction
cross section. For energies up to E,4 =178 MeV,
the fusion cross sections appear to be limited by
the entrance channel rather than by the yrast line
of the compound nucleus. At energies above this,
however, the experimental data indicate a limit
of -271', which is consistent with the predicted
limiting angular momentum .for a rotating liquid
drop. " The sum of the fusion and direct compo-
nents was found to be in good agreement with the
total reaction cross section as given by the opti-
cal-model calculations.
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