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Experimental evidence for dinuclear structure
of ' 0+ ' C resonances in the Coulomb barrier region
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The total reaction cross section o~ for ' 0+ ' C has been determined between 8.5 and 14
MeV (c.m. ) from elastic data using the optical theorem. It exhibits the well-known ' 0+ ' C
resonances as pronounced structures. Elastic partial widths have been deduced from 0~ for
all resonances. Some of them represent a large fraction of the single particle width. This is

a strong hint that the corresponding resonances have the structure of a dinuclear molecule.

NUCLEAR REACTIONS ' C(' 0 ' 0) ' C(' 0 ' C), E=8.5—15 MeV

(c.m. ), b,E=85 keV; measured o(O, E), deduced total reaction cross sec-

tion and quasimolecular resonances and their elastic widths.

' 0+ ' C is one of the heavy ion systems where
quasimolecular resonances show up most clearly.
Nevertheless there are still controversies about
whether certain structures observed experimentally
are due to true resonance states in the composite
A =28 system or merely statistical fluctuations. Be-
sides this, very little experimental information exists
concerning the structural configuration of the true
resonances. In this work we have tried to unarnbig-
uously determine ' 0+ ' C resonances in the vicini-

ty of the Coulomb barrier. Moreover, we have in-

vestigated whether or not these resonances have the
structure of a dinuclear molecule, as has been sup-
posed for a long time.

An unambiguous determination of resonances
from measured excitation functions as well as exper-

imental investigations concerning the structure of .

resonance states suffer from the fact that the total
width I' of the true ' 0+ ' C resonances (see Table
I) is comparable to the average width I',„
(I',„=150—200 keV; see Refs. 1 and 2) of normal
compound nuclear states. The latter are populated
by the ' 0+ ' C reaction at an excitation energy in
2sSi where many of these states (with the same angu-
lar momentum) overlap strongly. As a consequence,
one has to choose an experimental energy resolution
5E(I,„,I in order to reveal true ' 0+ ' C reso-
nances. This results in the well-known problem that
one has to disentangle true resonances from corn-
pound nuclear states in excitation functions mea-
sured for individual exit channels.

Moreover, it is rather difficult —if not

TABLE I. ' 0+ ' C quasimolecular resonances observed in the total reaction cross section
together with resonance parameters. The J assignments are from Refs. 18—21. The values

for o & and l,l are estimated to be correct within 20% and 20—30%, respectively. The fourth
column gives the partial reaction cross section cr„=m.k -(2J+1) calculated in the unitary lim-

it.
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impossible —to determine partial widths I; from ex-
citation functions of individual exit channels in or-
der to get structural information for the true reso-
nances. This is due to the existence of interference
effects between true resonances and coinpound nu-

clear states.
It is worthwhile to mention that one cannot

separate the two resonance species experimentally
just by using energy averaged cross sections, a pro-
cedure one would use if t,„were significantly small-
er than I, nor can one describe the experimental
data using an energy averaged S inatrix. If one
analyzes, however, the excitation function of the to-
tal reaction cross section o.~ one can—in certain
cases—overcome the problems mentioned above.
Structures in this excitation function are most likely
of a nonstatistical origin. Moreover, 0~ does not
contain interference effects between true resonances
and compound nuclear states if both species of
states mix weakly or not at all, as will be shown in
the following. Thus, the total reaction cross section
offers a unique possibility to pin down true reso-
nances and to deduce elastic partial widths I,~

which are needed in order to decide whether or not
the true resonances have the structure of a dinuclear
molecule.

The total reaction cross section oui for transitions
from an initial state a with total angular momentum
J to all possible final states c&a can be written (us-

ing standard notation) as follows:

2

os ——n.A, g g (21+1) S„
c+a I =J,I',s'

where S„are the off-diagonal elements of the
scattering matrix which can be written as

acS = —ie
E —Eg+ —iI ~

J . J
gpa gpc

E —E + —,i 1
(2)

The index p labels a true resonance state
~ p) em-

bedded in a continuum of normal compound nuclear
states

~

A, ) labeled A, in Eq. (2).
The ansatz made in Eq. (2) uses the assumption

that true resonance states
~ p) are eigenstates of the

composite system rather than doorway states. The
states

~ p) are then orthogonal to the normal com-
pound nuclear states ~A, ) and do not mix with

these, as already expected from the structural
mismatch between both species of states. In fact, it
will be shown as a result of this paper that indeed
most of the states

~ p) investigated have the very
simple structure of a dinuclear molecule compared
to the much more complicated structures of the
compound states

~

A, ) (other simple states with
widths larger than I,„do not exist for the reaction
' 0+ ' C in the energy range considered, as can be
shown by averaging the measured total reaction
cross section). A further assumption used in Eq. (2)
is that direct contributions are negligibly small. Sta-
tistical analyses indeed show that these contributions
are small for the ' 0+ ' C reaction' (as well as for
the '2C + '2C reaction ) at energies in the vicinity of
the Coulomb barrier.

With Eq. (2) one obtains an expression for o's
which contains, besides two quadratic terms, the fol-
lowing interference terms:

J . Je ~ J Je
gka gi, 'a ~gA, c gA. 'c

m'k g (21+1) '2Re g
I =J,I',s' &~~, (E —E,+-,'ir', )(E —E,.——,'ir', , )

J Jg ~ J Jg
Spa gAa ~ gpc gAc

+ 2Reg
(E E+—,ir )(E —Ei , iri )——

The quantities g~, and g~, are normally distributed
(with respect to A, ) with mean value zero. They are,
however, not a priori statistically independent in the
case of overlapping states, due to the unitarity of the
scattering matrix. The mutual dependence de-
creases, however, with an increasing number N, of
channels c into which the states

~

A, ),
~

A,') decay.
If this number is large, as in the present case, gi,

I

and g~, can be considered to be independent with
respect to c. This means that products like g~ g~,
are also independent variables with mean value 0.
Then g,gi, .gi", is normally distributed with mean

value zero if Nc is a large number. The same holds
for g,g~.gi', . It should be noted that the quanti-

ties gpc do not have a statistical distribution
since they belong to the special states

~ p) which are
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assumed not to mix with the states
~

A, ).
Thus, the above interference terms vanish and one

is left with the following expression for os.

pJ .pJ
(@+I)g

I =z, t,g i~p (E —Ei, )'+( —,I i, )'

pJ .pJ
+ (2J+ I)

(& —Ep)'+ ( —,I'p)'

where

f A, reac= g ~A,c
C+0

J
lpreac Xlpc .

CQC

It can be assumed that the first term in Eq. (3) has a
smooth energy dependence if the number of states

~

A, ) within 6E is large. This is the case for the
' 0+ ' C reaction in the energy range studied. '

The important consequence of these considerations
is that the total reaction cross section 0.~ decom-
poses into a background term and a resonance term

os and that therefore the determination of I~
=I',l can be readily achieved using Eq. (4):

I „(I'—I'„)
og' 4nki(2J+——I ). (4)r'

where I =I &.
16O + 12C total reaction

cross section os in the vicinity of the Coulomb bar-
rier with the aim of determining elastic partial
widths for ' 0+ ' C resonances. The method used
to get 0.~ is that proposed by Holdeman and Thaler7

(the sum-of-differences method), who have shown
that os can be obtained from carefully measured
elastic data. Starting from the optical theorem the
authors of Ref. 7 show that os can be expressed in
terms of the measured elastic cross section o,i(8) in
the following way:

orat
——A +2ir f (oc(8)—o,i(8))sin8 d8, (5)

where crt(8 } is the Couloinb cross section and 8o is
an angle which should be equal to or smaller than
the angle 8c for which o',l(8} starts to deviate from
oc(8). The first term on the right hand side of Eq.
(5) depends on the nuclear scattering amplitude
f~(0) at zero degree. It can be dropped in the case
of heavy ion reactions with moderate absorption and
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FIG. 1. Angular distributions of the elastic scattering
of '60 on '2C. The arrows mark the cutoff angle Ho [see
Eq. (5}].

large values of the Sommerfeld parameter due to the
fact that the absolute value of tv(0) is small in this
case.s ' It is obvious that the application of Eq. (5)
for the determination of os is limited to small ener-
gies due to the condition L9O (8c.

We have measured angular distributions consist-
ing of 45 angles equally spaced between 8l,b ——6' and
50' every 85 keV in the energy range 8.5—15 MeV.
Each angular distribution was measured simultane-
ously using a multidetector array in which thin Si
detectors were positioned on both sides of the beam
axis both below and above the horizontal plane. The
most forward angles were used to correct the data
for the effect of small changes in the beam spot po-
sition and to get an absolute normalization of the
data.

Figure 1 shows angular distributions measured.
The arrows mark the cutoff angle 8o used to evalu-
ate os according to Eq. (5). The choice of 8o is a
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FIG. 2. Total reaction cross section for the reaction
' 0+ ' C obtained from elastic data together with fusion
cross sections (Refs. 13 and 14) and cross sections ob-
tained from y-yield measurements (Refs. 11 and 12).

delicate problem if the scattering data oscillate
about the Coulomb cross section at forward angles
as in the ' 0+ ' C case. It is then almost impossi-
ble to choose Hp according to the prescription given
above, since the oscillations start at extremely small
angles. It has been shown, however, that only a rela-
tively small error is made if Oo is chosen within or
at the limit of the oscillations. " We have studied
this point for the ' 0+ ' C case, i.e., we have inves-

tigated the influence of different 80 values on the
absolute value of 0~. For this purpose Oz was cal-
culated according to Eq. (5) with different 80 values
from the experimental data and from optical model
angular distributions obtained as a best fit to the ex-
perimental data. 80 was varied between Oc (the an-

gle for which the final breakoff from the Coulomb
cross section occurs} and the smallest angle possible
(0' for optical model angular distributions).
Analysis of the optical model angular distributions
showed that one obtains

0 =m.ft' g (2I +1)T(
I

if 80 =0' and oz values which are consistently 10%
to 20%%uo higher than oz if 80 ——Oc. 80 values in be-
tween give cross sections between the above limits.
Similar results were obtained for the analysis of the
experimental data: Op ——Oc gives cross sections
which are roughly 10% higher than those obtained
for 80 & He in the energy range up to 11 MeV and
roughly 20% higher for higher energies.

The cross sections shown in Fig. 2 are calculated
with Op=He. This choice is the best possibility to
define 80 in a clearcut way consistently over the
whole energy range. It follows, however, that the

actual values of o~ might be consistently up to 10%
smaller for energies below 11 MeV and up to 20%
smaller for higher energies.

The limited angular range investigated
(8,„=140' instead of 180') is an additional source
of error. In general one obtains az values which are
smaller than or equal to the actual 0~ value [equali-

ty holds for the case that cr,&(8)=oc(8) for all
8 & O,J. The maximum missing cross section
60.~'" is given by

ho+'" ——2m I oc(8)sinOdO .
max

It drops from 60 mb at 9 MeV to 20 mb at 15 MeV.
The actual missing cross section was estimated to be
roughly one third of b,erg'" using angular distribu-
tions which were measured up to very backward an-

gles. ' ' This error could be approximately ac-
counted for using 8,„=180' and assuming
0',~(8}=0',~(140') for 140'& 8 & 160' and

o,~(8)=a, (8) for 8 & 160' in our analysis.
Figure 2 also contains fusion cross sections and

reaction cross sections obtained from y-yield mea-
surements. Agreement with the latter data is rather
satisfactory as far as absolute values for cd are con-
cerned. Unfortunately this comparison is not possi-
ble for higher energies since total reaction cross sec-
tion data are missing for these energies.

It should be mentioned that the absolute values
for oa are ill defined for energies larger than 14
MeV. This is due to the fact that the corresponding
angular distributions do not contain enough angles
smaller than 80 (see Fig. 1) in order to normalize
these distributions as mentioned above (one should
have at least four angles less than 80,' up and down
from and left and right of the beam direction).
Therefore these (ra values have been eliminated in
the following.

Figure 3 also shows the total reaction cross sec-
tion for the reaction ' 0+ ' C. It is obvious from
this figure that oz exhibits pronounced structures
superimposed on a smooth background. It should
be noted that these structures are to a large extent
independent of the choice of the cutoff angle Oo as
long as 80&8&. We observe deviations of the reso-
nance structures from the average cross section
(oz ) (averaged over 1 MeV) of the order of 10% to
40%. The probabilities for these deviations being
statistical fluctuations have been calculated using
N, rr values (the number of effective channels) ob-
tained from Hauser-Feshbach calculations ( parame-
ters of Ref. 1). The calculated probabilities are
smaller than 10 in all cases. Vfe therefore con-
clude that these structures are of a nonstatistical ori-
gin. They are true resonances of the A =28 system.
In fact, all resonances found in the total reaction
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FIG. 3 160+ i2C total reactjpn cross sectjpn. The J~
values are from Refs. 18—21. The smooth lines (dashed,
dotted) represent assumed background cross sections {see
text). The solid line is drawn to guide the eye.

cross section have already been observed as
anomalies in other investigations. The fact that they
show up in the total reaction cross section is an ulti-
mate proof that they are true resonances. Table I
lists the resonances observed in this investigation. It
is interesting to note that all resonances can already
be found as pronounced minima in the 90' elastic ex-
citation function (see Fig. 4).

From the measured total reaction cross section we
finally deduced elastic partial widths l,i according
to Eq. (4) for the '60+ ' C resonances below 14
MeV. To do that one has to know the background
cross section. Instead of using an optical model pre-
diction we preferred to choose the smooth back-
ground contribution shown in Fig. 3 (dashed line).
It represents a hand-drawn line and gives the small-
est I,i values, among other possible choices for
background contributions. Fram the two solutions
of Eq. (4) the smaller one was chosen. The values
obtained for I',i are given in Table I. They are es-
timated to be accurate to 20—30 1o as a result of cal-
culations using different absolute values for oa
(within the estimated limits) and different back-
ground contributions (for instance, the dotted line
shown in Fig. 3).

The elastic widths have been converted to reduced
widths y,i using ro ——1.S fm as the radius parame-
ter. They are compared in Table I with single parti-
cle widths y~ calculated in the Wigner limit. It
turns out that the reduced elastic widths represent in
all cases—with the exceptian of the two J =7 res-
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FIG. 4. Excitation functions of the elastic scattering of
' 0 pn ' C measured for different angles. The 90' data
points are connected by a solid line. The vertical lines
mark the position of the ' 0+ ' C resonances.

12

onances at 12.79 and 13.07 MeV—a large fraction of
the corresponding single particle width even if one
takes the lowest limit given by the 30'flo uncertainty
of I',i. It is of course obvious that the elastic width
of a resonance populated by the ' 0+ ' C entrance
channel cannot be very small. The values obtained
in this investigation are, however, particularly large.
In fact, we think that such large values are direct
evidence that these resonances have the structure of
a dinuclear molecule.
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