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Carbon + carbon fusion-evaporation reactions have been studied in two series of measurements: (i) The system
3C + '*C has been studied for laboratory bombarding energies betwen 30 and 60 MeV in 5-MeV steps. Angular
distributions for all residual nuclei have been measured and the corresponding yields versus bombarding energy are
compared to a fusion-evaporation calculation. It is also shown that, at least at one bombarding energy, the fusion
evaporation residue yields for the '*C 4+ '“C and '>C + ">C systems are almost the same, confirming the
independence of the way in which the compound nucleus Mg is formed. (ii} The systems '*C 4 '>C, *C + 2C,
BC 4+ C, and “C + 'C have been studied at E,, =40 MeV. This energy corresponds approximately to the
maxima of the fusion evaporation cross sections for all these systems. The yields to final residual nuclei show that
the additional neutrons strongly affect mainly the axn and 2axn channels and this is well reproduced by the Hauser-
Feshbach statistical model. The results are compared to those obtained for neighboring fusion-evaporation systems.

NUCLEAR REACTIONS 1%C and !3C beams on '?C, 13C, and !4C targets; natural

and enriched targets; 30 <E (lab) <60 MeV; time of flight with Z identification

technique; fusion-evaporation yields; comparison with statistical particle evap-
oration calculations.

I. INTRODUCTION

Many experimental and theoretical studies have
been devoted to the complete fusion of heavy
ions, !+ with two main fields of interest: the sat-
uration of the fusion corresponding to the concept
of a critical radius, and the resonance phenomena
observed essentially for the a-like nuclear sys-
tems such as '*C +!2C, '2C +1%0, and '°0+!°0.?
For such systems it has been shown that gross
and intermediate structures are observed as much
for fusion evaporation (mainly o channels) as for
direct channels. However, the influence of an
additional valence neutron to such q-like systems
seems to wash out these oscillations from the
fusion channels, whereas they remain in the direct
channels.* In this context it was interesting to
make systematic studies of the carbon+carbon
systems by analyzing first the decay of a “non-
resonating” system (*3C +'3C) over the “plateau”
of the total fusion-evaporation cross section* and,
second, by looking at the influence on these cross
sections of the addition of up to three neutrons to
the '2C +!2C system at an incident energy E ., =20
MeV. This value near twice the Coulomb barrier
corresponds approximately to the maximum of
all total fusion-evaporation cross sections.?

Mass and Z identification have been achieved
for each evaporation residue. Such a detailed
study has never been done for such very light sys-
tems; only isotope-integrated cross sections have
been reported for *2C +2C (Refs. 3 and 5) and
12C +13C.® However, precise excitation functions
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have been obtained in our laboratory, by the use
of y techniques, for '2C +'2C, ¢ 12C +13C,* and

14C +12C." Knowing the advantages and disadvan-
tages of each technique, the present experiments
appear as complementary to our y studies in the
sense that only the total residue formation yields
presented here can be compared in detail to evap-
oration calculations.

The “statistical” aspect of the compound nucleus
deexcitations has been checked by measuring the in-
fluence onthe evaporation residue yields of changes
in the bombarding energy (and hence angular mo-
mentum dissipated) and of changes in the neutron
excess of the compound system. In each case, a
detailed comparison with the statistical model of
Hauser-Feshbach has been carried out.

II. EXPERIMENTAL PROCEDURE.

Beams of '2C and '°C were obtained from the
Strasbourg MP tandem accelerator. Self-support-
ing '2C and '°C targets of 80 pg/cm? were used;
the 3C targets were 98.5% isotopically enriched.
The '4C target obtained from the University of
Munich was 100 pg/cm? thick, 80% isotopically
enriched. From the present elastic scattering
cross section measurements, the '2C contamina-
tion was found to be 23.8%.

The mass identification was obtained from a
time of flight system already described else-
where.%® The start detector consisted of a carbon
foil-channel plate assembly, and the stop signal
was given by a solid state detector (300 pm thick
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with a 450 mm? surface) located at 150 cm from
the start detector. A time resolution of 200 ps
[full width at half maximum (FWHM)] was ob-
tained, corresponding to a total separation of each
mass. In Fig. 1 typical spectra measured for all
systems at E,, =40 MeV and 6, =10° are present-
ed. The Z identification was achieved by an ioni-
zation chamber 10 cm long, operating with a 90%
Ar, 10% CH, gas mixture at a pressure of 15
Torr. In Fig. 2 typical spectra measured for the
reaction *C +1°C at E,, =60 MeV are presented.
Two monitors, located at +11°, near the target,
and out of the time of flight-beam plane, were
used for normalization purposes.

Angular distributions were measured at least
at five angles (6,,, =5° 10° 15° 20° and 25°)
for all systems and energies. The normalizations
have been achieved using either the Rutherford
scattering or an optical model calculation (code
GENOVA!), However, a difficulty of these simul-
taneous mass and Z measurements is related to
the angular straggling in the start foil, which is,
for low heavy-ion recoil velocities, larger than
for the elastic scattered carbon ions In Fig. 3
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FIG. 1. Two-dimensional energy versus mass spectra
measured for each indicated reaction at Ey,, =40 MeV
and 6y,, =10°. The underlined ion is the projectile.
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FIG. 2. Two-dimensional energy-loss versus energy
spectra measured with the ionization chamber for the
reaction 13C +13C at Ey,=60 MeV. The angular distri-
bution has been measured at the five indicated labora-
tory angles.
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FIG. 3. Calculated efficiency loss percentages, for
three recoiling heavy fragments, versus their energy,
due to the angular straggling in the start foil. The geo-
metrical experimental conditions are indicated.
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the results of such a calculation using the collision
theory of Meyer!! are illustrated. It can be seen
that for recoil velocities less than 7 MeV, and
down to the 4 MeV threshold, this effect can be
large. Corrections to the data for this straggling
effect, which become important for beam energies
Ep < 40 MeV, along with the energy threshold
effects, have not been carried out. Such correc-
tions could be possible but, beside the fact that
they are ion mass and energy dependent, they

are also affected by stopping power and foil thick-
ness uncertainties, leading to too large uncertain-
ties in the absolute fusion-evaporation residue
cross-section values at low energies. Therefore
we report only relative cross sections which are
sufficient for the purpose of the present studies.
For these values, although the error due to stragg-
ling is greater for the heavier ions, there is a
compensating effect, as the energies are also
greater. It is difficult to correctly estimate quan-
titatively these effects on the relative yields, but
we did have an additional check, the calculated
angular distributions using the code LILITA .!2

In the extreme case we estimate that there could
be additional uncertainties up to + 5% for bom-
barding energies below 40 MeV. It should be no-
ticed that our yields are in very good agreement
with those extracted for 2C+'%C at E_,, =20 MeV
by Kovar et al.® and Conjeaud ef al., ® and for

13C 4+12C py Kovar et al.®

II. EXPERIMENTAL RESULTS

In order to emphasize the most striking behavior
of the measured yields, we will present our re-
sults by considering first, for each Z number,
the sum over the corresponding isotopes, which
is directly comparable to other published results.
Then, going into greater detail, the individual
residue feedings will be presented. All measured
yields have + 5% errors, which are composed of
+1-3% statistical uncertainties and + 3-5% errors
in the estimation of the integral of the angular
distributions. For the angles beyond 25°-30° only
the 2axn, and to a lesser extent axn, channels
have non-negligible contributions. The value at
30° was obtained by linear extrapolation of the
values at 20° and 25°, assuming zero at 35°,
whereas for 2C +!2C and !2C +'*C we measured
out to 30°. We confirmed that the curve so ob-
tained followed the form calculated by the code
LILITA.!? From this we estimated a + 5% error,
whereas the statistical error was only about +19%.

A. The 13C +13C reaction

In Fig. 4 the experimental results are presented
on the left-hand side, along with the theoretical

predictions (discussed in the next section) on the
right-hand side. The system !3C +!3C has been
studied between 30 and 60 MeV bombarding energy
in 5 MeV steps. The trend of all excitation func-
tions is that they are nearly all monotonic with
two dominant features: (i) the Ne and O isotope
yields have very strong, but exactly opposite,
evolutions within the bombarding energy range,
decreasing for Ne, for instance, from 50% down
to 20% of the total fusion evaporation cross sec-
tion; (ii) all other channels display less sensitivity
to the energy. However, the same tendency is
observed as for the axn and 2axx channels, that
is, the higher the energy, the greater the number
of particles which must be evaporated to reduce
the temperature of the compound nucleus. For
example, the pxn channels (leading to Na isotopes)
have an opposite trend to the apxn ones (leading
to F isotopes) with increasing energies. In Fig. 5
all the corresponding individual isotope yields
along with the theoretical predictions (see next
section) are shown. As is illustrated in an inset
of Fig. 5, one observes over the whole energy
range a constant total feeding of all oxygen and
neon isotopes with a mean value of (66.6+1.8)%

of oy (the total fusion-evaporation cross sec-
tion); at low energies the axn (mainly an to 2Ne)
can remove enough angular momentum, whereas
at high energy the 2axn (2axz to O and 2a2nr
to %0; see Fig. 5) evaporations are neces-
sary. In the case of '2C+!2C, only the 2o channel
to %0 dominates over the same energy range (see
Fig. 4 of Ref. 3), whereas for N +!2C (forming
the isobar compound nucleus 2¢Al) and *°N +2C
(Fig. 11 of Ref. 3) all cross sections are nearly
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FIG. 4. Experimental and calculated relative element
fusion evaporation yields versus bombarding energy for
the 13C + 13C reaction. The corresponding results for the
12¢ on 4C study are indicated inside the squares. Rela-
tive errors of + 5% on the experimental values are not
shown. The calculated values are obtained using the
code LILITA,
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FIG. 5. Experimental individual isotopes relative cross sections (full lines) versus bombarding energy for the B3¢
+13C reaction. Relative errors of +5% are not shown. The dotted lines give the predictions of the evaporation code
LILITA. Experimental results for 120 4+ 14¢ are indicated inside the squares.

constant, varying within less than 10% of o,
for 15<E_, <26 MeV.

The cross sections for the 3C +3C direct chan-
nels have also been obtained and are given in Fig.
6. Here, neither the energy threshold nor the
straggling effect influence the results, since these
channels correspond to much higher recoil veloci-
ties than for evaporation residues. Therefore
we report absolute cross-section values corre-

sponding to the measured angular range (8,,, < 30°).

By “inelastic” we refer to the cross sections cor-
responding to the excitation of the three bound
levels of **C at 3.09, 3.65, and 3.85 MeV. The
same sum is obtained for the mutual excitation

of the beam and the target !3C ions. The cross
sections for the transfer channels are dominated
strongly (near 90%) by the one-neutron transfer
to 12C +*C over the whole energy range; the other
main channels are 'B+!°N (about 4%) and °Be + !0

~3%).
B. The C+C systems
The experimental results obtained for the sys-

tem !2C +%C, which leads to the same compound
nucleus (*Mg), as '3C+!3C, are also plotted in
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FIG. 6. Direct channel absolute cross sections meas-
ured for the reaction 13C +13C, versus bombarding ener-
by, in the angular range 6,, < 30°.
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Figs. 4 and 5. This study, done at E, (**C)=40
MeV, corresponds exactly to the same excitation
energy in *®Mg (E =40.77 MeV) as the system
13C+13C at E, (*3C)=36.62 MeV. The important
amount of 2C in the 'C target could be correctly
estimated using the elastic scattering data of the
12C beam on '*C and **C, which were well separated
for 6, =15°. The contribution of the 2C +2C
evaporation residue cross sections have been sub-
tracted by appropriate normalization to the

12C +12C study at E,, =40 MeV. Though the errors
are larger for 'C+!C (10% versus 5% for

13C +13C), we can say that good agreement is found
for the two entrance channels, except for ®0; this
will be discussed later.

All C+C systems have been studied at the same
bombarding energy, E,;, =40 MeV. In Fig. 7 the
results, together with the corresponding predic-
tions are presented. For the '*C +*C system,
the contribution of !2C in the 'C target must also
be subtracted in the same way as for 2C +C.

The lines drawn between the different points have,
of course, no physical meaning but, guiding the
eye, they illustrate the trends of the results which
follow: (i) the neon and oxygen isotopes, which
correspond to axn and 2axn deexcitation channels,
dominate strongly, always taking more than 609
of o ; the oxygen feeding decreases very rapidly
with the increase of the neutron number, whereas
the neon has nearly exactly the opposite trend;

(ii) the other deexcitation channels have a quite
smooth variation from one system to another,
except for the !3C +%C system, where a strong
feeding of the Mg isotopes is observed, corre-
sponding essentially to the evaporation of 2 and 3
neutrons.

For the two dominant fusion-evaporation residue
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FIG. 7. Experimental and calculated relative element
fusion evaporation yields for all indicated C + C sys-
tems, at E,, =40 MeV, the first indicated nucleus being
the projectile. Lines between all points are only a guide
to the eye. Relative errors of + 5% on the experimental
values are not shown.

formations for all C+C systems, the individual
isotope feedings are reported in Fig. 8. This
figure illustrates the drastic change in these o
emission channels. For example, for '2C+!%C,
the feeding of 'O corresponds to 60% of the fusion-
evaporation process, whereas for 3C +'C, no
individual isotope of oxygen accounts for more
than 4% of oy . The differences between the
residue distributions observed for '2C +!2C up to
13C+1%C are due to a continuous increase of the
tendency to return to the g-stability line when
the number of neutrons increases. The differ-
ences in the magnitudes of the different deexcita-
tion channels are also related to the possibility,
for neutron-rich systems to dissipate enough
angular momentum by pxn and axn channels,
whereas for '2C +*2C only the 2¢ channel can do
this.

IV. DISCUSSION

All calculated cross sections reported in Figs.
4, 5, 7, and 8 have been obtained by using the
code LILITA, '2 which evaluates the predictions of
the Hauser -Feshbach statistical model by a Monte
Carlo method. In these calculations all parameters
have been taken as in our preceding %0 +!2C (Ref.
13) and %0 +!%0 (Ref. 14) studies; the sensitivity
to the particular chosen parameters for level den-
sities and transmission coefficients has been
discussed in Ref. 13. The critical angular mo-
menta [, introduced in the present calculations
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FIG. 8. Experimental and calculated (LILITA code re-
sults) oxygen and neon individual isotope yields for all
C+ C systems at E,;,=40 MeV. Lines are only a guide
to the eye.
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are listed in Table I. These values are obtained
using the sharp cutoff approximation, either from
experimental absolute cross section measurements
or by extrapolating them from the latter using

a Al=+0.5% criterion for one additional neutron.
However, in contrast to the absolute total fusion
cross sections, the relative yields reported in
Figs. 4, 5, 7, and 8 are rather insensitive to a
small change in the value of ;. For example,
for the '°C +!%C system at E_,, =20 MeV, we took
1o =137 (corresponding to og =990 mb);

a Al,=+0.57% gives maximum deviations of 0.5%
for Mg, Ne, and F isotopes, and 1.0% for Na and
O for the calculated relative yields (Fig. 4),
whereas it corresponds to Agp =+ 70 mb (7%
effect). From an overall comparison between
experimental and calculated isotope yields, two
main conclusions can be drawn: (i) generally
good agreement is found between the predictions
of LILITA and all element distributions measured
either for !*C +!3C versus bombarding energy
(Fig. 4), or for the C+C systems at E,,, =40 MeV
(Fig. 7). (ii) The individual isotope predictions
(Figs. 5 and 8) are, however, worse in magnitude
and, moreover, in some cases a shift of the cal-
culated curve is observed; we verified that this
cannot be attributed to a critical angular momen-
tum choice problem. In respect to the approxima-
tions made in the LILITA code, especially for the
level densities, it does not seem worthwhile to

B. HEUSCH et al.
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TABLE I. Critical angular momenta introduced in the
evaporation calculations.

Reaction E . m MeV) L, )
Bec+13¢ 15.0 10.5
17.5 12.0
20.0 13.02
22.5 13.5
25.0 14.5
27.5 15.0
30.0 15.5
120 +12¢ 20.0 12.0b
B3¢ +12¢ 19.2 12.5¢
Bc + ¢ 20.7 13.5

3Value taken by analogy to !’C + 1N at E_;, =20 MeV
from Kovar et al . (Ref. 3) and Conjeaud et al. (Ref. 5);
lo =(13£0.3)4.

Y Mean value extracted from Kovar et al . (Ref. 3);
0p £, =906 mb at E_ ., =19.97 and Conjeaud et al. (Ref.
5); 0 =936 mb at £, , =20.0 MeV.

®Kovar et al . (Ref. 3) report oy gz = 944 mb at E
=19.14 MeV, which corresponds tol =12.1%.

adjust the corresponding parameters to obtain a
better individual isotope fit, especially since they
have been optimized for the neighboring system
12C 4+ N, We also ran the fusion-evaporation code
CASCADE from Piihlhofer!® In this case we used
the whole set of parameters used by Puhlhofer!®
for '°F + !2C with the critical angular momenta
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FIG. 9. comparison between experimental mass distributions obtained for 13C +13C at four laboratory bombarding
energies and the calculated ones using either the code CASCADE (left hand side) or LILITA (right hand side).
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given in Table I. The major difference between
the two codes is that the discrete energy levels
are not considered in LILITA, whereas in CASCADE
the experimental energy levels up to 7.5 MeV
excitation energy are introduced into the calcula-
tion, CASCADE should therefore be more realistic,
though both codes give good results, isotope by
isotope, for 2C+ !2C. The good results for LILITA
can be judged in Figs. 7 and 8, and for CASCADE
see Conjeaud ef al® But for 2C+ 2C, the results
are relatively simple, with only one isotope
appreciably populated for each Z, in general. For
the other systems, a wider range of isotopes is
formed. In Fig. 9 the results of the caleulations
for the '*C + '3C fusion-evaporation mass distribu-
tions are presented along with with the data. The com-
parison of the LILITA and with CASCADE calculations
tothe data (Fig. 9) shows essentially that both codes
give reasonable overall predictions but that, for
the '3C + !3C system, precise individual isotope
fits are difficult to obtain. As is illustrated in
Fig. 8, except for 2C+ '2C, this is a general trend
in all neutron-rich carbon systems, and is also
observed for the neutron-rich %0+ 2C system we
studied recently!’ However, for systems where
the compound nucleus is close to the stability line
[12C+ IZC, 14N+ 12C’12 19F+ 12C’15.16 160+ 12C (Ref.
18)] the element and the individual isotope yields
are well predicted. These calculations depend on
a detailed knowledge of the yrast lines of the in-
termediate nuclei; this information is not so well
known for neutron-rich nuclei, and this may be
the origin for the differences we have noted with
experiment.

It is often suggested that precompound particle
emission occurs, which could also explain these
observed discrepancies between data and evapora-
tion calculations, as has been shown for the
19F +12C system at a higher energy.'® If such a
mechanism were important, it could result in
detectable differences between the isotope pro-
duction cross sections for the two systems 3C +13C
and '2C +!%C, as the valence neutron is bound by
only 4.9 MeV in '3C, whereas for the second sys-
tem it is the ¢ particle of '2C which is the least
bound. In general, we have not observed any dif-
ferences between the two systems, at least for
energies around E,, =40 MeV. The only signifi-
cant discrepancy is for %0, which is not formed
by the emission of neutrons. This agrees with a
similar conclusion we were able to draw recently
by comparing the *Q+!2C and %0+ !*C systems.!”

For the direct channels we present the different
contributions for the '3C +!3C system in Fig. 6.
For the other systems where target and projectile
nuclei are not identical, the separation between
transfer and inelastic is not possible. In Fig. 10,
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FIG. 10. Angular distributions of the inelastic and
mutual excitation of the 12C nuclei measured for the 12¢
+12C reaction at Ej,=40 MeV. Lines have been drawn
for integration purpose for 6, < 30°.

for '2C +'%C, the only direct channels observed
at 40 MeV, which are the inelastic and mutual
excitations are plotted; by integrating these angu-
lar distributions over the measured angular range
we obtained 55 and 29 mb, respectively. These
values are in good agreement with those ob-
tained by Cormier et «l.*® (84 and 44 mb, re-
are smaller by a factor ~ % since we included
measurements only up to 6., =60° rather than to
90°, The comparison of our total direct cross
section (84+ 10 mb) for '2C+'2C at E,, =20 MeV
to the corresponding value for 3C +3C (120+ 15
mb) illustrates the growing importance of the
direct channels with the increasing number of
neutrons. This is essentially due to the transfer
channels such as '*C +*C for the *3C +'3C reaction.
In this context it is interesting to look at very
recent calculations by Abe and Haas, > who count
the number of all open channels available per unit
of flux versus the grazing angular momentum for
all possible binary products, which include the
compound and direct reaction channels. In Fig. 11
the corresponding results for all C +C systems
we studied are plotted. The rise at high energies
is due to the increasing importance of the direct
channels, which are more capable of removing
the highest angular momenta introduced in the
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FIG. 11. Number of open channels per unit of flux
versus grazing angular momentum calculated, for all
C +C systems, by Abe and Haas (Ref. 20).

entrance channel. This is illustrated in Fig. 6

for 13C +!3C by the increase of the total direct
cross section with bombarding energy. There

are fewer competing open channels for the '2C +C
system, and consequently the direct reactions
should be stronger. In particular, if the @ trans-
fer is stronger in '2C +!C, this would explain the
discrepancy in the 0 production between the two
systems which was noted above and has also been
observed in y measurements.? The enhancement
of the ¢ transfer cross section, which could also
be due to the intrinsic a structure of the 2C nucle-
us as well as the number of open channels, has
also been observed in the '°0+!*C reaction.*

V. CONCLUSION

We present in this work a complete identification
in mass and atomic number for the fusion evapora-

tion residues formed by the reaction '3C on 13C
between 15 and 30 MeV center-of-mass energies.
The corresponding relative yields show that, al-
though the neutron and (or) proton deexcitation
channels vary little over the considered energy
range, the axn and 2axn yields vary drastically
with opposite trends: the axn channels drop with
increasing energy, whereas the 2axn channels
are increasing, corresponding to the necessity of
removing greater excitation energy and greater
angular momentum. For all carbon + carbon
fusion-evaporation systems also studied at E,, =40
MeV, these general observations remain, but
this time with a large increase of the axn chan-
nels (and a large decrease of 2axn ones) with
larger neutron numbers. This corresponds essen-
tially to a tendency to return to the p-stability
line for the heaviest Mg compound isotopes. All
of these trends, generally considered character-
istic of evaporation reactions, are less apparent
in neighboring systems such as 2C +12C, !2C + N,
or 2C+15N, for example; this is interpreted as
due to @ -value effects.

Evaporation calculations have shown that an
overall satisfactory agreement is found for all
C +C systems we studied either versus the bom-
barding energy or versus the neutron number
only as far as the element distributions are ccn-
cerned. As in the '%0+!%C reaction, we can con-
clude that the differences between such calcula-
tions and the data for individual isotopes cannot be
attributed to incomplete fusion processes at the
considered bombarding energies. The present
systematic studies suggest that the failures of
compound nucleus deexcitation calculations are
mainly related to the estimation of the yrast line
in neutron-rich nuclei.

Besides the statistical aspect of the compound
nucleus deexcitation, we have shown the growing
importance, between *2C +!2C and '3C +°C, of
all direct channels. A calculation of all open chan-
nels capable of removing the angular momentum
introduced in the entrance channel shows that
their number can be very different from one sys-
tem to another, explaining therefore a different
partition of the total reaction cross section.

*Permanent address: Brookhaven National Laboratory,
Upton, New York.
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