PHYSICAL REVIEW C

VOLUME 26, NUMBER 2

AUGUST 1982

Entrance channel effect for complete fusion of O + C isotopes

B. Heusch, C. Beck, J. P. Coffin, P. Engelstein, R. M. Freeman, G. Guillaume, F. Haas,
and P. Wagner
Centre de Recherches Nucléaires et Université Louis Pasteur, 67037 Strasbourg Cedex, France
(Received 1 December 1981)

The cross section for total fusion of the reaction *0 + !>C was studied over a large range
of energies from near the Coulomb barrier B¢ to ~6B¢. Good agreement was found be-
tween the critical angular momenta deduced from the experimental results and the predic-
tions of different models. The reaction 1’0 + 13C, leading to the same compound nucleus
%8i, was studied in the second fusion region (above ~2B¢). By comparing the relative
cross sections for fusion-evaporation to each isotope it is shown that for different entrance
channels, even at the highest energies studied, the reactions appear to pass by the formation
of a compound nucleus. The critical angular momenta were found to be systematically dif-
ferent from 0 + !>C. This difference, which may be due partially to the entrance channel
spin, is interpreted as arising from the effect of direct reactions diverting flux from the

compound nuclear processes.

NUCLEAR REACTIONS %0, 70, and 30 beams on C, 13C, and
12C targets, respectively; natural and enriched targets; Ej,=32 to 140
MeV; time of flight with Z identification technique; fusion evaporation
and direct cross section measurements from Z=35 to 14 and A=10 to
29; statistical model calculations; entrance channel effects discussed;
macroscopic model results for total fusion cross sections.

INTRODUCTION

The phenomenon of the saturation of the cross
section for complete fusion (oy,) at higher incident
energies has occupied both experimentalists and
theoreticians for about ten years. For the light sys-
tems which have been studied,!~* two distinct re-
gions are clearly apparent when oy, is plotted as a
function of 1/E_ ,, .

In the low energy region (B¢ <E. ., <2Bc) the
total reaction cross section og is mainly oy, and
Oy decreases linearly with 1/E_ ;. This behavior
is explained by the combined effects of the
Coulomb and centrifugal barriers. At E.,, ~2B¢ a
change in slope occurs where o7, saturates, and this
has been interpreted®~’ by requiring the incident
ions to reach a critical distance R, in order that
fusion can occur. In this second region oy, has
been observed experimentally to vary linearly with
1/E, . but the slope should now depend essentially
on the nuclear potential at this critical distance. A
quite different approach, where oy, is limited by
the properties of the compound nucleus rather than
the dynamics of the entrance channel, has been re-
cently proposed by Lee et al.® They introduced a
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“statistical yrast line” along which the density of
high spin states is high enough that the decay of the
compound nucleus remains sufficiently competitive.
At higher energies still a third region should appear
where oy, drops rapidly due to the lack of forma-
tion of the compound nucleus. Certain experimen-
tal indications? for this region have been well repro-
duced by the rotating liquid drop model® (RLDM),
as has been the case generally for heavier systems.

In this work we have been concerned with deter-
mining whether it is the entrance channel or a
consequence of the properties of the compound nu-
cleus which has the greatest influence on limiting
the mechanism of fusion at the higher energies.

In this framework we have undertaken the study
of the decay of the compound nucleus 3°Si over a
wide range of excitation energies formed by the en-
trance channels 0+ 2C, 0+ 3C, and
160 + 1C, and have looked for any entrance chan-
nel effects in the second region by comparing o,
for the first two of these systems. This study ex-
tends to higher energies than those undertaken at
Argonne'® (0 + 12C) and at Saclay* (170 + Q).

These experiments have involved the measure-
ment of the cross section for the formation of heavy
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fragments using the technique of time-of-flight as-
sociated with Z identification. Such an analysis,
where all isotopes have been separately identified,
has never previously been done for these systems. It
proved indispensable for the interpretation of sys-
tems like O 4+ C where evaporation channels, like
3aXn, feeding the oxygen isotopes used as projectile,
open at high energies and become an important con-
tribution to oy

EXPERIMENTAL PROCEDURE

The MP tandem at Strasbourg has recently been
upgraded to a maximum terminal voltage of 16
MV. This enabled us to work with 0 and 'O
beams of E;,=140 MeV corresponding to a
machine voltage of 15.6 MV for completely
stripped oxygen ions. Under these conditions beam
intensities in the vicinity of 10 to 15 particle nA
were obtained.

The experimental details concerning the time-of-
flight spectrometer with ionization chamber for Z
identification and the targets we have used, have al-
ready been described elsewhere.!! For the BC tar-
gets we used a 99% enriched *C isotope to obtain
self-supporting targets of 80 pg/cm? thick. From
the elastic scattering data the effective 'C contam-
ination was found to be 2%. Figure 1 shows typical
spectra for Z and mass obtained for the 'O (140
MeV) + 3C reaction. It is clearly seen that the
resolutions in time, energy, and energy loss in the
ionization chamber (200 ps, 0, 3% and 5%, respec-
tively) are sufficient to isolate all the isotopes
formed.

The angular distributions were in general mea-
sured between 6=3° and 8 in steps of 1° and at
60=10° 12°, 15°, and 20°. The absolute normaliza-
tions for the cross sections were determined from
the elastic scattering. The optical model potential
for the 130 + !2C system was chosen with great care
and the experimental results cover a large range of
incident energies: 32 MeV <E('30) <140 MeV.
For light systems Gobbi'? has proposed shallow im-
aginary potentials (weakly absorbing) with a linear
energy dependence. The code GENOA!? was used
for the calculations with the parameters given in
Table I. These values are the parameters given by
Webb!* adjusted to fit the present data. As shown
in Fig. 2 the fit is quite satisfactory both for
80 4+ 12C as well as for 70 + 3C for which we
have used the same potential. In the region where
our results for 80 + '2C overlap with those of
Sperr et al.'® (Ey, <70 MeV), the absolute values
for oy are in excellent agreement.

EXPERIMENTAL RESULTS

Our experimental results will be presented ac-
cording to two aspects: the statistical decay of the
compound nucleus 3°Si formed by one of the three
entrance channels 130 +2C, 70 4+ '3C, and
160 + '*C; and the energy dependence of the abso-
lute values of the cross section for the fusion pro-
cess.

These cross sections were obtained by integrating
the angular distributions of the evaporation residues
over the whole angular range (Fig. 3). The greatest
uncertainty arises from the optical model fit on
which our absolute normalizations depend and this
is estimated as ~6%. In comparison, the systemat-
ic errors inherent in the extrapolations necessary
over the angular ranges are small (1 to 2%) and the
statistical errors negligible (< 1%).

The results for the absolute cross sections are
summarized in Table I including the subtotal for
fusion products Z >9. It should be noted that the
cross sections for Z < 8, essentially the 3aXn chan-
nels, become very important for excitation energies
above 60 MeV in ¥Si.

The energy spectra for F, Ne, Na, and Mg which

ENERGY

FIG. 1. Two dimensional energy loss (AE) and mass
versus energy spectra measured with the ionization
chamber and the time of flight system, respectively, for
the "0 + °C reaction at E);,=140 MeV and 61,,=8".
Some typical Z and mass numbers are indicated.
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TABLE 1. Summary of the experimental results.

Ey E*(*'Si)
(MeV) (MeV) I(#)P O feaction™” ork (Z>9)° oFE (Z <8)° O fotal fusion” [P ()
170 + l3C
54.09 50.19 17.9 1296 1010+60 1010+60 15.3+0.5
63.46 54.25 20.1 1383 990+60 990460 16.5+0.5
76.00 59.68 22.7 1466 930+55 40+10 970460 17.9+0.6
85.39 63.75 24.4 1514 810+45 125+30 935+65 18.7+0.7
103.84 71.75 27.6 1584 700+40 200+50 900+75 20.3+0.9
120.00 78.75 30.1 1630 640+40 210450 850+80 21.3+1.0
130.00 83.08 31.6 1654 560+40 220+50 780480 21.2+1.1
140.00 87.42 331 1675 510+30 240+60 750475 21.6+1.1
180 + 12C
32.00 36.45 10.0 788 700+70 700+70 8.9+0.5
35.00 37.65 11.1 887 876+50 876+50 10.6+0.4
38.00 38.85 12.2 968 977+45 977+45 11.8+0.3
41.50 40.25 13.3 1047 993+50 993+50 12.4+0.4
45.50 41.85 14.4 1121 1038+45 1038+45 13.4+0.3
49.50 43.45 15.5 1182 1178+40 1178 +40 15.0+0.3
53.50 45.05 16.5 1234 1172+45 1172+45 15.6+0.3
70.00 51.65 20.0 1384 1093+55 1093+55 17.440.5
85.00 57.65 22.8 1471 1065+60 25+ 5 1090+ 65 19.2+0.6
100.00 63.65 25.3 1534 885+50 125+20 1010+70 20.0+0.5
110.00 67.65 26.8 1567 770450 170+30 940+70 20.34+0.7
120.00 71.65 28.3 1596 810+50 190+30 1000+60 21.9+0.7
130.00 75.65 29.7 1621 690+40 230+40 920450 21.9+0.6
140.00 79.65 31.1 1643 645+40 245+40 890+50 22.4+0.6

2All cross sections are given in mb.

%Optical model calculation with the following parameters: rcoy=1.35 fm; Vg =17.0 MeV; rz =1.35 fm; ag =0.49 fm;

W;=125+ 0.67E.,, (MeV); r;=1.35 fm; a;=0.35 fm.

‘I values using the sharp cutoff approximation: ofah fusion=7AXler+1)* with x~'=0.218 728V uE . ; p: reduced

mass.

are shown in Fig. 4 all have a broad contribution
characteristic of evaporation residues. The higher
energy contribution which appears for F and Ne
corresponds to a more direct process (transfer of
nucleons and an a particle, respectively) with a
velocity close to that of the projectile. The two
mechanisms are less readily separated when the
fragments have the same Z as the projectile, but we
have been aided by the M identification by time-of-
flight. This is illustrated in the case of O from
the %0 + 2C reaction at E;;=140 MeV and
61.5b=>5" in Fig. 5. An additional error of 10% has
been included in the corresponding cross sections to
take into account the uncertainties involved in mak-
ing the cut. We have not, of course, been able to es-
timate directly the contribution for the isotope
which is the same as the projectile. This is a crucial

problem and the way it has been dealt with consti-
tutes an original feature of this work. However, we
have the results for both reactions *O + 2C and
70 + 13C, where the cross sections to common
fusion channels are similar. Results for the 3aXn
channels for both reactions are shown in Fig. 6 and
the good agreement for '°0 can be seen. In this
way, an estimate could be made for the cross sec-
tion which could not be measured experimentally
and the total cross sections for the 3aXn channels
are listed in Table I. The cross sections of these
channels are considerable and for E*(3°Si)>75
MeV represent ~30% of o, In addition we have
been able to estimate, in the case of the 7O (130,
140 MeV) + 3C reaction, contributions of 10+10
and 30+20 mb, respectively (included in Table I),
for the 4aXn evaporation channels leading to car-
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FIG. 2. Elastic scattering data measured at the indicated bombarding energies for the *0 + '*C and "0 + 1°C reac-
tions. The full lines are optical model fits using the code GENOA with the same parameter set for both systems.

bon isotopes.

In order to study the statistical decay of the com-
pound nucleus 3°Si we have shown in Fig. 7 the re-
lative values of the cross sections for the different
elements formed as a function of incident energy.
Considering the results which have been obtained
for *0 + '2C (including our earlier measurement'®)
two regions appear:

(a) As we have recently shown,'® below E, ,, ~40

MeV all channels change rapidly, as opposed to
C + C systems for which the channels which decay
by the evaporation of nucleons only evolve more
slowly than aXn and 2aXn.!! In addition, for
E_ .. <30 MeV, the aXn channels feeding Mg iso-
topes dominate, although for the %0 + '2C reaction
it is the ?’Ne + 2a channel which dominates and by
itself it is able to remove the high angular momen-
tum over the same energy range.

(b) Above E_,, ~40 MeV all channels change
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FIG. 3. Total fusion angular distributions measured
for the 0 + '’C reaction at three bombarding energies.

less rapidly and finally decrease slowly with energy.
The channels 2apXn and 3aXn towards F and O are
wide open and the evaporation of many particles
(high multiplicity) allows a better removal of the
higher angular momenta.

The fact that the feeding of the different chan-
nels remains fairly stable in this region is well illus-
trated by the Ne isotopes which are individually
shown in Fig. 8. At high energy the marked in-
crease in the number of open channels, as for exam-
ple 2Ne + a3nucleons which opens at E~35 MeV,
results in the replacement in the decay chain leading
to 2Ne, of an a particle by the successive evapora-
tion of four nucleons which can carry away more
angular momentum. Hence the second rise in the
cross section 2?Ne + 2“a”.

In comparing the results for 7O+ *C and
0 + 2C no measurable effect of the entrance
channel appears either at low energy nor at high en-
ergy. It should be noted that although the differ-

T T
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- experiment
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FIG. 4. Kinetic energy spectra for element fusion
evaporation products for the 'O 4 '’)C reaction at
E\, =140 MeV and 6,,,=6". The histograms are the re-
sults of the LILITA Hauser-Feshbach statistical model

calculations. The considered energy cutoffs between
direct and compound components are indicated.

5° 180 +12C 1L0 MeV

MASS

YIELD

ENERGY

FIG. 5. The two dimensional mass versus energy
spectrum reported in the upper part of the figure has
been obtained for the '*0 + !2C reaction at E,;,=140
MeV and 6,,,=5°, by setting a window on the Z=8
component of the AE versus energy spectrum. In the
lower part of the figure the corresponding energy projec-
tion of the mass 17 component (1’0) and the cutoff be-
tween direct and compound contributions is indicated.
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FIG. 6. The individual oxygen fusion evaporation
isotope contributions (3aXn channels) extracted as indi-
cated for both reactions are reported along with the sum
of the three curves.

ence in Q values is small between *0 + '2C and
160 4 14C (4 934 keV), it is much more important
for the 1’0 + 3C channel (more than 3 MeV). The
interest of the present work arises particularly in
the fact that we have been able to compare the for-
mation of each residual isotope, because the agree-
ment in Fig. 7 could be fortuitous as the atomic
numbers are the same in all entrance channels. In
Fig. 9 the cross sections for all isotopes are com-
pared for E*(3°Si)=64 MeV, where the results for
180 1 12C and "0 + 13C are seen to be identical
within the experimental errors. The same excellent
agreement is found at higher energies as well as for

Ejo.. (MeV)
50 O

L0 60 70 80

T l T 15 T I T 'l T T
% L1 .S —
m o 4 Y T
@ "0 .+ % o Na o

07 /Cpg. (%)

FIG. 7. Experimental relative cross sections versus
center of mass bombarding energies for the %0+ 12C
fusion evaporation element residues. Results for the
160 4 C (1) and "0 4 3C (2) are reported at the corre-
sponding excitation energies in the compound nucleus
30Si. Relative errors of 5% on each relative cross sec-
tion are not reported for simplicity reasons.

the '°0 + “C channel, which tends to prove that
the reaction proceeds by a compound nucleus which
is well equilibrated in all degrees of freedom.

All the cross sections for complete fusion are
given in Figs. 10 and 11 as a function of E_,, and
are compared with the data of Eyal et al.!” and
Sperr et al.'® for 80 + 12C, and Wieleczko et al.*
for 70 + 3C. These curves will be commented on
in .detail during the discussion which compares a
certain number of existing models.

The result obtained for the cross section of the
direct channels are shown in Fig. 12, isotope by iso-
tope in a Z-N space representation, for the
70 4 3C reaction at 130 MeV and 0 + 2C at
140 MeV. At these energies the grazing angular
momenta are practically identical in the two reac-
tions (Table I). The absolute values shown in Fig.
12 have been obtained by integrating over the mea-
sured angular range (6 <20°); these are, therefore,
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FIG. 8. Experimental relative cross sections versus
center of mass bombarding energies for the '30 4 2C
fusion evaporation neon isotopes. The corresponding re-
sults for the %0 + C (1) and 0 + C (2) are report-
ed.

0 T T T T T T | T T Z’M
I
10A
5 m m =13
olEl Rlg To+Bc n ia
10 180+ 120 B
i ﬂa E ﬁE Z=12
wiope- LA - CALC.Th 1
.
- :
‘|(]r Z=1
& st @@
0; — afl _a
%E_ Z=10
§ng_ i
0 o . Z=9
0'0; o bAoA A8
s ! 7-8
oL fith Evgw rﬁ‘rﬁﬁ gYE\
r . v f
5+ g [N
il | Y TE
0 E ¢ rgfa\ i | }:_n_ M rﬁrﬁﬁ é 4

27726 25 24 23 22 21 20 19 18 17 16 'L Miggtope
MASS
FIG. 9. Experimental and calculated yield compar-

ison for the '®0 + "2C (E;;,=100 MeV) and 0 + "*C
(E1,5~85 MeV) reactions corresponding to the same ex-
citation energy of E*~64 MeV in the compound nu-
cleus Si. A mass versus Z map representation is used
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FIG. 10. Fusion cross section versus center of mass
energy plot for the '®0 + '2C reaction along with the

predictions of three theoretical models discussed in the
text.

not the absolute total cross section for the direct
channels, although the angular ranges covered
(6.m. <50°) are so similar that comparison between
the two reactions is justified. In the case where the
direct exit channel corresponds to the projectile, we
have proceeded as for the fusion cross sections and
have supposed that the cross sections to the same
exit channel are identical in both reactions. This
last point will be justified in the discussion.

DISCUSSION
A. Hauser-Feshbach statistical model
The results for the fusion-evaporation products

have been analyzed in the framework of the
Hauser-Feshbach formalism using the Monte Carlo

~ 10 -
7
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Z o8- i
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04 4 sacLay 1
2| § STRASBOURG -
0 1 1 1 | n 1 1 1 1 1
20 30 20 50 60

Ecrn (MeV)
FIG. 11. Fusion cross section versus center of mass
energy plot for the 70 + C reaction along with predic-
tions of two models discussed in the text.



50|

[=)

CROSS SECTION ( mb)
@

8

wn
o

6 7 8 9
NEUTRON NUMBER

FIG. 12. Three dimensional neutron number—proton
number—direct process cross-section representation for
the 80 (140 MeV) + 2C and O (130 MeV) + BC reac-
tions corresponding nearly to the same grazing angular
momentum: [~31%.

ENTRANCE CHANNEL EFFECT FOR COMPLETE FUSION OFO. ..

549

code LILITA."® The calculations (histograms in Fig.
4) give a good qualitative description of the experi-
mental spectra for products which are relaxed in en-
ergy, and help to decide where the cut should be ap-
plied with respect to the direct interactions. To-
wards the lower atomic numbers the average energy
of the residual nuclei decreases and their width in-
creases, consistent with the characteristic properties
of a fusion-evaporation mechanism. It is important
to show that the compound nucleus is formed in-
dependently of the entrance channel. The overall
agreement found between experiment and theory, as
illustrated in Figs. 9 and 13, is evidence in favor of
a strongly equilibrated compound nucleus which de-
cays in a statistical manner independent of the way
in which it was formed. Certain differences appear
for the 2!Ne and **Mg isotopes, where the theoreti-
cal predictions are inverted compared to experi-
ment. Similar differences have been noted in other
reactions, where the statistical model tends to
overestimate the evaporation of nucleons at the ex-
pense of several alpha particles. For example, in
the present case, the 3aXn channels to oxygen iso-
topes are badly underestimated. We dismissed the
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FIG. 13. Experimental (cross-hatched rectangles) and calculated (large white rectangles) cross sections for the
180 4 '2C reaction at eight bombarding energies covering the whole bombarding energy range. On the left hand side
are plotted the Z spectra and on the right hand side the mass spectra.
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possibility of an important preequilibrium contribu-
tion'® in these reactions, but we have been forced to
admit in our study of the C + C reactions'! that no
code can perfectly predict the distributions of eva-
poration residues at the higher energies.

B. Fusion cross section systematics

Two types of models have been proposed to ac-
count for the saturation of op,, one based on en-
trance effects, the other on the properties of the
compound nucleus. The models of critical dis-
tance,’~7 where it is supposed that all partial waves
which reach a critical distance R, fuse, belong to
the first category. When the two nuclei approach
each other they feel the nucleus-nucleus interaction
and the competition between the conservative and
dissipative forces comes into play. The friction
forces convert the kinematic into intrinsic energy of
excitation. When the energy loss is sufficient this
dinuclear structure becomes trapped in the potential
well and interacts for a sufficiently long time that

#fioR g2

14exp[2m(E .
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the system forgets its initial structure and fuses.
The cross sections are well described by the general
relationship

Ot Eem)=7R? |1— LK) (1)
c.m.
The radius R is given by
R=r(A11/3+A21/3), (2)

where r depends on the energy region. In the low
energy region (~1 to 2 times the Coulomb barrier
Bc) the reaction is dominated by the interaction
barrier which depends essentially on the dynamics
of the entrance channel, i.e., the specific properties
of the target and projectile nuclei. Gutbrod et al.'®
found the value r=1.4 fm for this region. In the
higher energy region, where the nuclei must
penetrate into each other sufficiently before a com-
pound nucleus can be formed, a value r=1.0 fm has
been found by Galin et al.> We have fitted our re-
sults to the predictions of the phenomenological
model of Glas and Mosel” which is applicable over
the whole energy range.

— V) /fiw] 3)

‘Tfus(Ec.m.)= 2Ec.m. In

where Rp(¥Vp) and Rc(V() are the interaction and
critical radii, respectively, and their associated po-
tentials. For the 80 + 2C reaction the Glas and
Mosel fit in Fig. 10 was calculated with the parame-
ters proposed by Schiffer.!® The agreement is excel-
lent over the whole energy range up to Ej,, =130
MeV, where the contribution from the direct chan-
nels becomes stronger.’’ The experimental results
for the 70 + 13C reaction (Fig. 11) were fitted us-
ing a similar set of parameters using a critical ra-
dius r,=1.00 fm. Although the agreement with our
points at high energies is satisfactory, the Saclay
data* between 20<E_,, <30 MeV are not repro-
duced very well. It should be pointed out that our
results are in disagreement with the values reported
by Wieleczko et al.* for which an r, =1.28 fm value
would be required to fit the data. A macroscopic
model like this does not include shell effects, since
such a description requires a more sophisticated
treatment where one has to take into account the in-
dividual structure of each ion of the incident chan-
nel and the competition between fusion and other
reaction channels. In the critical distance models it

’

1+exp | 2 [Eem — Vs —(Eem —VoIRC/Rp?]

|

is difficult to understand intuitively the origin and
physical nature of the parameters V. and Rc.
Horn and Ferguson?! have avoided this problem
and have simulated the nuclear structure by intro-
ducing into formula (1) a variable parameter p in-
stead of the fixed distance R.

Otus(Eem. )=mp(p—D) , (4)

where D =Z,Z,e?/E is the collision distance
p=mE +b . (5

The contact distance b contains information on
the structure of the target projectile nuclei as it is
taken equal to the sum of the radii at 1.35% of the
charge density at the center of the nuclei (cf. De
Jager et al.?®). The coefficient m =dp/dE depends
only on the mass of the compound nucleus and is
given by the empirical form

m~1=18[2.23— (4, +4,)*] . (6)

Acceptable fits are found in Figs. 10 and 11 consid-
ering the uncertainties inherent in the choice of
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FIG. 14. Fusion cross section versus 1/E . for the
180 4 12C reaction. The solid line correspond to the pre-
diction of the statistical yrast line model of Lee et al.
(Ref. 3). The RLDM limit is indicated.

parameters. The prescription of Lozano and Ma-
durga?® is similar to that of Horn and Ferguson but
differs in the choice of the contact distance b,
which is defined as the sum of the radii, where the
nuclear density is equal to 0.002 nucleons f,, 3.
Naturally, both models give similar results, as
shown for the '®0 + '2C reaction in Fig. 10. At the
higher energies they drop below the experimental
values and the predictions of Glas and Mosel.
However, the main weakness of these empirical
models is that they do not successfully reproduce
the break in cross sections as a function of 1/E_
that is so evident in Fig. 14. This is also true for
the friction models based on a proximity model?*
and for the time dependent Hartree-Fock (TDHF)
(Ref. 25) calculations which give a good qualitative
agreement up to a certain energy (E,,~2B¢), but
beyond which the sudden drop in cross section is
not predicted in a satisfactory manner.

In the second generation of fusion models the
limitation due to the yrast line of the compound nu-
cleus has been introduced as in the work of Glas
and Mosel?® and then Harar.?” Here the fusion
cross section is limited by the number of high spin
states available in the compound nucleus. Lee
et al.® interpreted the fusion cross sections at high
energy in terms of a statistical yrast line which lies

parallel to the conventional yrast line at an addi-
tional energy AQ:
E

y,sz=§21‘ICR(ICR+1)+AQ , (7

where the compound nucleus 4 is assumed to be a
rigid sphere of radius R =R4!/3 with moment of
inertia I =1 dg=%AR 2, Using the sharp cutoff ap-
proximation one arrives finally at an expression ap-
plicable in the second region:

O Ec.m. )=(wl /p)[1+(Q—AQ)/E. 1 ], (®)

where u=A4,4,/(4,+A4,) and Q the binding ener-
gy of the system. For the first region oy is taken
as equal to ox. In the 30 + '2C reaction the values
AQ=10 MeV and ry=1.2 fm have been adopted.
Figure 4 shows the remarkable agreement which is
obtained up to the highest energy. For the
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FIG. 15. Fusion cross section versus 1/E.,, for the
70 4+ BC. The solid line corresponds to the prediction
of the statistical yrast line model of Lee et al. (Ref. 3)
and the channel spin effect in these calculations appear
in the central part of the curve as the small dotted to
the full line difference. The RDLM limit is indicated.
The total reaction cross section calculated with the code

GENOA is reported.
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FIG. 16. Critical angular momentum [/(/ +1)] versus
excitation energy representation for the '*0 + C and
0 4 3C reactions. The grazing angular momenta for
both systems are plotted. The dotted lines are guides to
the eye, with a slope corresponding to the moment of in-
ertia of *Si considered as a rigid sphere.

170 + 13C reaction the results shown in Fig. 15 are
compared with calculations using the same parame-
ters. The effect of the channel spin (Fig. 15: dotted
line to full line) in this case is to slightly depress the
experimental values of op,.22 We have already
remarked that the Saclay results are in serious
disagreement with our total fusion cross sections.
If the Saclay values were correct it would imply
that the fusion cross section is practically equal to
the total reaction cross section (Fig. 15), and conse-
quently the direct reaction cross section should be
very small. This is in conflict with what we have
observed both in particle and ¥ ray studies.”’ For
example, for the intensity of the '*0 2+ —0? y tran-
sition alone, cross sections greater than 50 mb were
observed® for 15 <E.,, <25 MeV, where the con-
tribution of fusion processes is negligible. Although
we are not sure about the reasons for the discrepan-
cy, this would suggest that the Saclay cross sections
are overestimated.

To discern how the properties of the compound
nucleus °Si could effect the reaction mechanism we
have represented E¢y against /g in the convention-
al [(I 4 1) representation, for the fusion results of
80 4 2C and 0 + 3C in Fig. 16. The resulting
curves can be interpreted in the following way:

(a) In the first region (E* <45 MeV) the interac-
tion barrier is the dominant effect and Icg =/,
(AQ=3.098): Fusion is governed by entrance chan-
nel conditions.

(b) In the intermediate region (45 < E* < 80 MeV)
the two channels behave similarly. The slope of the
dotted lines, drawn through the experimental points
to guide the eye, corresponds to the moment of iner-

tia of %°Si considered as a rigid sphere. They are
shifted with respect to each other because of the
10% difference in cross section. However, the
points correspond to conditions in the compound
nucleus where the level density is sufficient
(10° <p < 10* levels/MeV) for fusion to take place.
In this respect we note that the criterion for the for-
mation of a compound nucleus in the model pro-
posed by Vandenbosch and Lazzarini®® is that the
distance between levels for a given angular momen-
tum J should be comparable or less than their
width: I';/D;<1. A very similar and even
stronger difference in fusion cross sections of
108 + 190 and '2C + !*N, leading to the neighboring
compound nucleus 2°Al, has been observed by
Gomez del Campo et al.>3! in this same so-called
second regime of fusion. Very recently, Chan
et al.* reported a similar effect for the reactions
0B + 170 and '>C + N leading to the same com-
pound nucleus 2’Al.

(c) At higher energies (E*> 70 MeV) the behavior
of the two systems appears to converge, although
the limit to the stability of 3°Si has not been reached
in contrast to the 2°Al case.>3! The limit (I=230%),
reported on Fig. 16, corresponds to the vanishing of
the fission barrier calculated with the RLDM.’
One should, however, point out that this fission bar-
rier drops under the particle thresholds (~10 MeV
for neutrons or a) for [~22#%; therefore, even if
“conventional fission” would not take place for
such a light compound nucleus as 3°Si, a new degree
of freedom for the deexcitation is open; one is prob-
ably already concerned with the deep inelastic re-
gion where the difference between the quasielastic
and longer processes becomes less distinct.

C. Direct channels analysis

Although the physical origin of the saturation of
Oy has not yet been clarified, the important point
is that at high energy there exists a critical angular
momentum /cg appreciably less than the grazing
angular momentum J;. The question arises as to
what happens to the flux in these partial waves be-
tween Icg and /.

The isotope distributions for the direct reaction
products (Fig. 12) for the '*0 + 2C and 0 + *C
reactions show similarities even though the mass
asymmetry is different in the entrance channels.
This is emphasized by the representation of Fig. 17
where the direct cross sections are reported versus
the number of particles transferred to the projectile,
at low as well as high bombarding energy. It should
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be noted that, for the same grazing angular momen-
tum, the 'O + 3C direct reaction cross section is
~10% higher than for ®0 + '2C (9, ,, <51°) than
for 1’0 + 13C (0, ,, <46°). This difference between
both reactions is also supported by our low energy
y-ray measurements>* (Ey,, < 80 MeV). The isotope
distributions (Figs. 12 and 17) are probably due to
the superposition of fast processes corresponding to
different degrees of damping in these most peri-
pheral collisions. On one hand, partial mass equili-
bration takes place explaining, for example, forma-
tion of '°N in the case of 130 + >C (a strong three-
nucleon transfer is unlikely). On the other hand,
one observes that many more elements further re-
moved from the target and projectile are formed in
the 70 + !3C reaction. It would mean, as has also
been suggested by Gomez del Campo et al.,*! that
the incident flux which does not fuse (/.; </ <[;) is
evacuated by these direct channels. Very recently,
Tabor et al.®* suggested that fragmentation phe-
nomena of the projectile could occur and they re-
port a total amount of 330 mb for 141 MeV %0 on
12C. Such contributions in our direct channel data
can surely not be ruled out; however, only precise
exclusive particle-heavy ion coincidence measure-
ments could distinguish between the different possi-
ble reaction mechanisms.

The fact that the direct channels are more intense
_in the 70 + 1BC reaction compared to *0 + 2C
can explain the differences observed for fusion (Fig.
16), since the flux missing from the fusion-
evaporation processes of 'O + 3C would be ab-
sorbed into the direct channels where there are open
channels available. This explanation follows along
the same line of reasoning developed by Haas and
Abe® on the origin of the resonant structures ob-

served experimentally, for the reactions '*0 4 !2C
(Ref. 33) and '%0 + !*C,3¢ for example. The num-
ber of open channel calculations predicts not only
the existence of a molecular resonance region” but
also how the flux of the reaction would be por-
tioned in the various exit channels.!'®

CONCLUSION

The study of the 7O + *C and 80 + '>C reac-
tions has shown that at incident energies corre-
sponding to the second region of fusion there is an
appreciable difference in the cross sections for com-
plete fusion and those for deep inelastic processes
(of several degrees of relaxation) confirming an en-
trance channel effect. It is suggested that the effect
of channel spin is not sufficient to explain this
difference but rather that it is owing to the differ-
ence in the availablity of open channels as suggested
by Haas and Abe.

This work has shown that at high incident ener-
gies it is important to identify each isotope formed
in order to determine all contributions to the cross
sections and to extract, in particular, the values of
the critical angular momenta for fusion. The es-
timation of the compound nucleus and direct con-
tributions, at high energies, has been facilitated by
the Hauser-Feshbach statistical model which
predicts the form of the energy spread of the eva-
poration residues which, in consequence, aids the
choice of the cut in energy which separates them
from the direct products. Experiment and compar-
ison with the calculation of the evaporation code
LILITA have demonstrated the existence of a com-
pound nucleus 3%Si, which is strongly equilibrated in
all its degrees of freedom and decays in a statistical
manner independent of the entrance channel by
which it was formed. These calculations cannot be
expected to perfectly reproduce the partition into all
exit channels, as the nuclear structure and deforma-
tion effects have not been incorporated into the
theory in a satisfactory fashion.

It appears from recent results that after a certain
energy threshold, precompound emission or frag-
mentation of the projectile cannot be neglected. We
have not considered them in this work because they
would not explain the difference in the complete
fusion cross sections between !0+ !?)C and
70 4+ 13C. In spite of these uncertainties it would
appear that the formation of the compound nucleus
08i is limited from an angular momentum for
which the fission barrier is smaller than the
minimum binding energy of the nucleons in the nu-
cleus. It would be informative to study the same
compound nucleus *°Si through a symmetric chan-
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nel "N+ PN and by an asymmetric channel
F 4 Up,
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