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The total reaction cross section for '*C + '2C has been deduced in the energy range E ., = 5.5-12.8 MeV from
elastic angular distributions using the sum-of-differences method. It exhibits as pronounced structures all
quasimolecular resonances found in the a -particle exit channel and additional new resonances.

NUCLEAR REACTIONS YC(!%C,%C), E=5.5-12.8 MeV (c.m.), AE=25 keV;
measured o (0, E), deduced total reaction cross section and quasimolecular
' resonances,

Ever since the discovery of the quasimolecular
resonances in the 'C+ 12C reaction,' it was a
problem to separate resonance structures from
statistical fluctuations. This is due to the lack of
criteria which allow us to determine true reso-
nances unambiguously. Thus, often controversies
arose as to whether to call a structure a reso-
nance or not.

The aim of this paper was to investigate if the
total reaction cross section o measured in fine
energy steps allows an unambiguous determination
of true resonances. It is expected that problems
which arise from the existence of statistical fluc-
tuations are absent if o, is used for this deter-
mination. On the other hand, it is, however, not
a priori clear if resonances are not completely
damped as well. We have measured the 2C + 2C
reaction cross section at Coulomb barrier ener-
gies. It contains resonance structures which must
be attributed to the quasimolecular 2C + '2C reso-
nances.

Total reaction cross sections can be obtained in
different ways: (i) from y-yield measurements,
(ii) from the total yield of all reaction products,
and (iii) from elastic scattering data. In this work
we have determined oy from elastic data using the
sum-of-differences (SOD) method?®?® since rather
reliable data can be obtained in this way as will
be shown later.

We have measured elastic angular distributions
in steps of 25 keV between E_ , =5.5 and 12.8
MeV. Each angular distribution was measured
simultaneously at 30 angles between 6, , =6.4°
and 90°. It is sufficient to take data only up to
90° due to the identity of the scattered particles.

The detectors were mounted in a multidetector
array on both sides of the beam axis and in two
different planes above and below the horizontal
plane. This geometry allows us to place the nec-
essary number of detectors within an angular
range of 90 degrees (6,,,=+45°) inside our 60 cm
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scattering chamber. Moreover, it is possible in
this way to monitor the position of the beam spot
and to determine exactly the actual scattering
angles (assuming pure Coulomb scattering for the
most forward angles). The exact knowledge of the
scattering angles is very essential in particular
for the forward angular range. Surface barrier
detectors were used, having a depletion depth
equal to the range of the scattered '2C ions. This
enables a separation of all light particles from
heavy ions originating in the '2C + '2C reaction.

The 2C targets had a thickness of approximately
10 pgem™ and were frequently changed in order
to keep the increase of the target thickness due to
carbon buildup small. The angular distributions
were normalized to the Mott cross section at the
four most forward angles (6, <18°).

Figure 1 shows typical angular distributions to-
gether with the results of an optical model (OM)
calculation. The parameters used for this calcu-
lation were V=100 MeV, 7,=1.19 fm, and a,
=0.48 fm for the real part and W=15 MeV, 7,
=1.26 fm, and a; =0.26 fm for the imaginary part
of the potential.

The total reaction cross section oy can be
written in terms of the elastic cross section and
the nuclear part of the scattering amplitude f,(0)
as i
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where dog,/dS is the Coulomb cross section,
do,,/ds is the measured elastic cross section,
1 is the Sommerfeld parameter, o, is the Coulomb
phase shift for /=0, and 6, is a scattering angle
for which 6,<[_ ., . should be fulfilled.

The absolute value of f,(0) is usually small in
the case of heavy ion reactions. This is due to
the fact that both the Sommerfeld parameter and
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FIG. 1. Angular distributions of the elastic scattering
12C + 12C normalized to the Mott cross section. The
solid lines are the results of an optical model calcula-
tion using the parameters given in the text.

the absorption are rather large for these reac-
tions. In fact, Wojciechowski et al.® have shown
that the last two terms on the right side of Eq. (1)
can be dropped for heavy ion reactions.

Equation (1) has to be modified if applied to
identical particles such as ?C+!2C. Then it
reads

asy as

/2
og= 27!]; (dﬂ - doel)sin@d& , (2)
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where doy/dQ is the Mott cross section. Terms
containing f,(0) and f,(7) are already dropped in
Eq. (2), using the same arguments as given above.
The possibility of getting reliable values for o
from elastic data using Eq. (2) was tested. For
this purpose, ox was deduced according to Eq. (2)
from OM angular distributions, which were calcu-
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lated with the parameters given above (a few of
these distributions are shown in Fig. 1). The cut-
off angle 6, was chosen to be 6,=2arctan (exp
-3m/2n) and corresponds to the angle of the third
minimum of the Mott interference structure.

The total reaction cross section o deduced in
this way was compared with the total reaction
cross section 02" calculated according to

oQM=2mx2 D, (20+1)T,. (3)
1=even

It turns out that oy differs at most by approximate-
ly 10% from ¢QM. Since the OM angular distribu-
tions reproduce the measured distributions fairly
well it is expected that o, values deduced from
the measured data contain comparable errors.

Figure 2 shows the total reaction cross section
og deduced from the actual scattering data. It
exhibits pronounced structures superimposed on
a smooth background. Since one can safely as-
sume that statistical fluctuations are completely
damped, those structures must be true resonances
of the quasimolecular type. Figure 2 also shows
a comparison between these resonance structures
and resonances found in our earlier investigations
of the a-particle reaction channel.* The additional
curves in Fig. 2 are angle integrated cross sec-
tions for 12C(*2C,2J;a;) *Ne summed up over con-
tributions from the maximum number of final
states which were accessible to our measure-
ment.

It is obvious that a remarkable correspondence
exists in most cases between resonances found in
o and those found in the @ channel, even though
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. FIG. 2. Total reaction cross section g5 for 2C+1%C
and angle integrated cross sections of the reaction
12¢(2%C,23;;)*"Ne. The vertical lines connect reso-
nances found in ¢z with resonances (solid lines) deduced
from the « channel and with structures whichwere orig-
inally not assigned to be resonances (Ref. 4) (dashed
lines). Note the different scales for oy (left scale) and
the angle integrated cross sections of the a-particle
channel (right scale).
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TABLE I. Resonance energies deduced from oy (first and sixth column). Columns 2-5 and
7-8 indicate (R) if the resonances have been found already in particular reaction channels.
The following references have been used for this compilation: « channel, Refs. 1, 4, 6, 7;
8Be + 180 channel, Refs. 8, 9; elastic channel, Refs. 10, 11; (2C,v) channel, Ref. 12.

E.s MeV) oa+2Ne O®Be+'0 elastic (2C,7) E,, MeV) a+¥Ne ®Be+!0
5.65 R R 9.05 R R
5.82 R 9.30 R
5.93 R R 9.66
6.04 R R 9.85 R
6.25 R 10.03 R R
6.39 R 10.25 R

10.42 R
6.53 10.66 R R
6.68 R R R R 10.83 R R
6.87 R R 10.96
7.72 R R R 11.39 R R
7.82 R R 11.65
-8.26 R 12.16
8.48 R R 12.31
8.87 R R

not all of the structures which exist in the a
channel have been attributed to resonances in our
earlier work due to rather severe resonance cri-
teria. In any case, it is interesting to note that
all resonances found in the @ channel show up in
o as well.

The absolute height of oy is in good agreement
with the results of Patterson ef al.,” who have
determined o5 from the measured yield of light
particles. This can be interpreted as additional
support for the validity of the SOD method applied
in this work.

In Table I we have listed all resonances showing
up in 0z. In addition, it is indicated in which re-
action channels these resonances have already
been found. Table I shows that the majority of the
resonances has been known already. New reso-
nances exist at £, =6.53, 9.66, 11.65, 12.16,

and 12.31 MeV.

In conclusion, we find that the total reaction
cross section for '2C + !2C deduced from elastic
scattering data exhibits pronounced resonance
structures, most of which are already known
from investigations of different reaction channels.
Thus the total reaction cross section seems to be
well suited for an unambiguous determination of
quasimolecular resonances in heavy ion reactions.
Moreover, comparison with OM calculations and
already existing oy values® shows that the cross
sections determined with the aid of the SOD meth-
od are rather reliable. This offers a unique pos-
sibility for the determination of partial widths for
these resonances.

This work was supported by the Deutsche
Forschungsgemein-schaft, Bonn, West Germany.

!E. Almqvist, D. A. Bromley, and J. A. Kuehner, Phys.
Rev. Lett. 4, 515 (1960).

%3, T. Holdeman and R. M. Thaler, Phys. Rev. Lett. 14,
81 (1965).

3H. Wojciechowski, D. E. Gustafson, L. R. Medsker,
and R, H. Davis, Phys. Lett. 63B, 413 (1976).

‘W. Galster, W. Treu, P. Diick, H. Frdhlich, and
H. Voit, Phys. Rev. C 15, 950 (1977); H. Voit, W. Gal-
ster, W. Treu, H. Fréhlich, and P. Diick, Phys. Lett.
67B, 399 (1977); W. Treu, H. Frohlich, W. Galster,
P, Diick, and H. Voit, Phys. Rev. C 18, 2148 (1978).

5J. R. Patterson, H, Winkler, and C. S. Zaidins, Astro-
phys. J. 157, 367 (1969).

SK. A. Erb, R. R. Betts, D. L. Hanson, M. W. Sachs,
R. L. White, P. P, Tung, and D. A, Bromley, Phys.
Rev. Lett. 37, 670 (1976).

F. Cogu, J. Uzureau, S. Plattard, J. M. Fieni,

A, Michudon, G. A. Keyworth, M, Cates, and
N. Cindro, J. Phys. (Paris) Lett. 38, L421 (1977).

®D. R. James and N. R. Fletcher, Phys. Rev. C 17, 2248
(1978).

°R. Wada, J. Schimizu, and K. Takimoto. Phys. Rev.
Lett. 38, 1341 (1977); R. Wada, E. Takada, M. Fukuda,
and K, Takimoto (unpublished).

103, K. Korotky, K. A. Erb, S. J. Willett, and D. A,
Bromley, Phys. Rev. C 20, 1014 (1979).

UR, Wada, J. Schimizu, E. Takada, M. Fukuda, and
K. Takimoto, in Proceedings of the Intevrnational Con-
ference on Nuclear Structure, Tokyo, 1977, edited by
T. Marumori (Physical Society of Japan, Tokyo, 1978)
p. 633.

12A. M. Sandorfi and A. M. Nathan, Phys. Rev. Lett. 40,
1252 (1978).



