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Excitation functions for the yields of ten residual nuclides from the '*C+ '>C reaction
have been measured over the range E_, =5.25—20.0 MeV in steps of 125 keV, using y-
ray techniques. Nearly all of the reaction channels, including those with light-particle eva-
poration, showed strong narrow structures. A qualitative statistical analysis performed on
the data gave useful information about the locations of possible nonstatistical structure,
based primarily on the very strong cross-channel correlation observed in the data set.

NUCLEAR REACTIONS '’C (2Cx); E,p =5.25—20.0 MeV; mea-
sured o(E) for production of 4=16—23 reaction products; statistical
analysis presented; deduced evidence for nonstatistical structure.

I. INTRODUCTION

The >C+'2C reaction is one of the most studied
“light”-heavy ion reactions, and one of the most in-
teresting. Since the first reported"? sub-Coulomb-
barrier structure in the gamma ray and light-
particle yields, much experimental work has been
done on this system. Recent work®~3® has shown
considerable structure both above and below the
Coulomb barrier. The question is whether any of
these fluctuations can be identified with
intermediate-structure resonances. Previous work
by Kolata et al.® investigating the '*C+'2C reac-
tion from E_, =14 to 31 MeV showed evidence
for unresolved structure in the excitation function
of the total fusion cross section, as well as in the
yields of individual reaction channels. Some of
these strong structures were very narrow, on the or-
der of 250 keV, which was equal to the center-of-
mass energy step size used in that experiment. The
object of the present work was to connect the vari-
ous experimental results by covering the energy
range from below the Coulomb barrier into the re-
gion previously investigated in Ref. 3, and to do it
in smaller energy steps to resolve the narrow struc-
ture previously noted. A qualitative statistical
analysis of the extracted data, carried out in an at-
tempt to ascertain the extent of correlations between
the various reaction channels, will also be presented.

II. EXPERIMENTAL METHOD AND RESULTS

The experiment was performed with 10.5—40.0
MeV !2C ions from the University of Notre Dame
three-stage Van de Graaff accelerator. The target
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was a natural carbon foil of approximately 20
pug/cm? thickness on a gold backing. To help
reduce the problem of carbon buildup during the
experiment, the target was surrounded by a liquid
nitrogen-cooled shroud which completely enclosed
it except for a 1 cm diameter beam entrance aper-
ture. Excitation function data were taken over the
center-of-mass energy range from 5.25 to 20 MeV,
in steps of about 125 keV, using standard y-ray
techniques. A 104 cm® Ge(Li) detector was placed
at 55° with respect to the beam, and the primary re-
lative normalization for the y-ray spectra so ob-
tained was derived from Coulomb excitation of the
gold backing, with charge collection serving as a
secondary standard. The absolute cross section
scale was determined by normalizing to the data of
Kolata et al.? over the region in which the two data
sets overlapped. For further details of the experi-
mental method, see Ref. 3.

Excitation functions for the ten major nuclides
produced in the '*C+'2C reaction were extracted
from the yield of characteristic y radiation. The en-
ergies of the y rays whose yields were measured in
the present experiment are listed in Table I, and the
seven strongest reaction channels are shown in Figs.
1—3. The three yield curves not shown each had
less than a 10 mb maximum cross section. Figure 1
shows the excitation functions for residues resulting
from single-particle evaporation from the ‘Mg
compound system. The three resonances first seen
by Bromley et al.’? in the y ray, proton, and
alpha-particle exit channels are indicated by aster-
isks. Single-proton evaporation from the compound
system forms 2*Na, and the arrows on the >*Na ex-
citation function (Fig. 1) indicate structures studied
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TABLE 1. Ground-state gamma-ray transitions ob-
served from the '>C+ '2C reaction and included in the to-
tal fusion cross section.

Evaporated E,

Nuclide particles (keV)
150 2a 6130.7

1B apn 937.0*

B3 ap 197.2, 1235.8
Ne an 238.3, 275.2
Ne a 1633.7

2INe 2pn 350.5°

2Ne 2p 1274.6

2Na pn 583.0, 890.9, 1527.9
Na P 439.8

BMg n 450.7

*Maximum cross section less than 10 mb.
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FIG. 1. Excitation functions for the production of
the single-particle-evaporation residues of Ne, >Na,
and Mg from the '>C+'’C reaction, as measured in
the present experiment.
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FIG. 2. The excitation functions for the production
of %0 and 'F measured in the present experiment.
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FIG. 3. The excitation functions for the production
of 2Ne and **Na measured in the present work.
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in previous work (Refs. 6, 17, 20, 21, and 30) on the
2C(12C,p)*Na reaction. Note that all of these
fluctuations appear in the present data, and that
several new structures are also apparent. The yield
of Mg (single-neutron evaporation) is very similar
to the 2’Na yield, but smaller in magnitude. The
third excitation function shown in Fig. 1 is the *°Ne
single-ar evaporation residue. Of all the '>C+"C
reaction channels, "?C('>C,a)*°Ne has been studied
the most extensively (Refs. 1, 2, 5—7, 9—11,
14—17, 22, 25, 27, and 33). The remaining arrows
in Fig. 1 indicate structures that have been previ-
ously identified in a-particle detection experiments.
For example, Erb et al.? identified structures in
their excitation functions at E_ ,, =6.49, 7.30, 7.45,
9.33, and 9.67 MeV that exhibited a “nonstatistical
character” and, to within our energy resolution, we
apparently see the same structures. Treu et al.*
observed resonances at E_., =11.4, 13.12, and
13.43 MeV which are quite prominent in the 2’Ne
excitation function of the present work (Fig. 1).
Galster et al.'"!'*3* identified several “presumably
nonstatistical structures” from a deviation analysis
of their data (see Table II) and the agreement with
this work is quite good. We note that all three
single-particle evaporation yield curves contain
more structure than previously noted, and that there
appears to be a very high degree of correlation be-
tween these reaction channels.

The two-particle evaporation residues 1%0(2a),
YF(pa), 22Ne(2p), and **Na(pn) are shown in Figs. 2
and 3. Of these, the '°0 yield is the largest, reach-
ing over 400 mb at E_,, =20 MeV. The arrows in
Fig. 2 indicate structures noted in previous
12C(12C,2Be)'°O work (Refs. 8, 12, 16, 18, and 19).
The excitation function for production of °F (Fig.
2) shows correlated structure, but the peak yield is
only about 25% as large. Figure 3 illustrates the
excitation functions for the *Ne and **Na yields,
which also show strongly correlated anomalies. The
structures noted by Lumpkin et al.?’ in their study
of the '2C('2C,d)**Na reaction are indicated by ar-
rows. Finally, the total reaction yield for the
2C 4+ 12C system, determined by summing the par-
tial yields, is shown in Fig. 4. Note in particular
the profusion of narrow structures, as well as the
broader anomalies which are likely to contain some
as yet unresolved structure.

III. ANALYSIS AND DISCUSSION

A statistical analysis of the measured excitation
functions, involving the calculation of individual

TABLE II. Resonantlike structure observed in the
gamma-ray yields from the '2C+ '2C reaction.

E ., (MeV)? References

to previous work
5.6 2, 10, 26, 31
6.0 2, 5, 10, 12, 13, 18, 26
6.5 2, 10, 12, 13, 18, 26
6.85 11, 12, 13, 26
7.4 6, 13, 17, 18
7.8 7, 11, 13, 17, 18, 33
8.25 11, 12, 13, 17, 18, 33
8.9 9, 11, 13, 17, 18, 33
9.1 .0 6, 11, 13, 17, 18, 33
9.9 7, 11, 13, 17, 18, 28, 33
10.4 8, 18
10.6 8, 11, 18
109 1079 8, 11, 18, 33
11.1 8,9
11.5 8, 11, 14, 15, 21
12.2 8, 33
12.5
13.1 14, 33
13.4 8, 14, 33
13.8° 3,9
14.3 3, 8, 21, 29, 30
14.8 30
15.3 8
16.0° 3,8
16.6
17.1 8
17.3% 3
18.4° : 8, 27
18.6 8, 16, 19, 27
19.3 3, 20, 21, 22, 27
19.6 29

*The energies of the structures noted in the present work
are given, along with references to previous experiments.
"Weak structures which in some cases are also not well
correlated.

deviation functions, a deviation function averaged
over all reaction channels, and an energy-dependent
cross correlation function, was performed to identi-
fy possible correlations among the structures ob-
served in the excitation functions. However, no
quantitative statement will be made regarding the
probability that a specific fluctuation is or is not of
statistical origin. This quantitative analysis has
been omitted due to questions regarding the applica-
bility of standard Ericson theory** to excitation
functions for which the number of open exit chan-
nels is a rapidly changing function of energy, as is
the case for many of the production cross sections
measured here. For example, the effective number



2030 SATKOWIAK, DeYOUNG, KOLATA, AND XAPSOS 26

1000 T T T T T T T T
- Total Yield :
800 |2C N |2C il
o 600 -
E — —
b 400r -
T 1
200} .

O ﬂl L | Il ] | | |

4 8 12 16 20

Ecm (MeV)

FIG. 4. The excitation function for the total fusion
cross section for the *C+ '?C reaction.

of channels calculated from the *’Ne autocorrela-
tion function for the first and last half of the mea-
sured energy range is 10 and 440, respectively. If
one assumes that statistical fluctuations will not be
correlated among the various reaction channels,
then a qualitative analysis may still give an indica-
tion of the probable origin of the observed struc-
tures. This is due to the fact that the random na-
ture of the fluctuations implies that in a sum of a
large number of excitation functions the structures
of statistical origin will average out and leave only
correlated nonstatistical structures. From this one
might then infer that the structures which are
strongly correlated from exit channel to exit chan-
nel may be of nonstatistical origin. It should be
noted, however, that under certain conditions sta-
tistical fluctuations may be correlated between
channels due to unitarity effects,®> and thus even
strong correlations cannot be regarded as a defini-
tive test of the nature of the observed anomalies.

A deviation function D;(E) was formed for each
excitation function according to the prescription:

0:(E)—(o;(E))

D,(E)Z (0',(E)) s

(1)
where o;(E) is the measured cross section for the
ith reaction channel as a function of energy, and
(0;(E)) is a local average over the same excitation
function. Usually, the average cross section,
(o(E)), is calculated with the techniques of Pap-
palardo.®® With this method the average behavior

of o is determined by averaging over a limited ener-
gy range at each point. The size of this limited en-
ergy range is determined by examining the auto-
correlation coefficient. The average cross section
(0;(E)) was calculated by employing fast Fourier
transform (FFT) techniques in an effort to obtain
an average yield which is less subject to the influ-
ence of large local fluctuations than other
methods.*® The FFT technique consists of deter-
mining coefficients X according to

N-—1
Xk+1,= 2 O”(E]+1)Cxp(27rljk/N)
Jj=0

for k=0,1,...,N/2 (2)
and

Xyi2j=X} forj=2,...,N/2,

where N is the number of data points, X}" is the
complex conjugate of X;, and i =V'—1. These coef-
ficients can be used with the inverse transform:

1 N+1
o(Ex  )=— > Xjyiexp(—2mijk /N)
Nj=0

for k=0,1,...,N (3)

to regenerate the original data. To form the average
cross section (o(E)), the real parts of the terms in
the sum of Eq. (3) which correspond to high fre-
quency behavior are set to zero (digital filter). The
remaining terms are those for which

0<J <Jeutoft
and
N"jcutoff+ 1 S] .<_N .

The value of j ¢ is adjusted to achieve a satisfac-
tory average behavior, in analogy with the adjust-
ment of the averaging interval in the method of
Ref. 36. In some cases, such as excitation functions
for the yields of '°F or !0 shown in Fig. 2, the data
exhibit a sharp break in the slope of the cross sec-
tion as the channel opens. The average cross sec-
tion calculated with the FFT method then tends to
oscillate in the region below the break. Such re-
gions were excluded from subsequent analysis [i.e.,
D;(E)=0 for E < Ey] on the assumption that the
channel was not open below the observed Ey ., sO
that oscillatory behavior of {o;(E)) was of no con-
cern. Examples of the results obtained with the
FFT method and the method of Ref. 36 are shown
in Fig. 5 for the >’Na channel. The averaging inter-
val needed for the method of Ref. 36 was deter-
mined from the autocorrelation coefficients of the
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FIG. 5. The average cross section calculated using
the fast Fourier transform (FFT) technique and the
method of Ref. 36.

total fusion excitation function. The averaging in-
terval was varied to find the first plateau and this
value was subsequently applied to the measured ex-
citation functions of the various residual nuclei. It
can be seen that the FFT method gives a smoother
average cross section, which is not so much influ-
enced by strong local fluctuations. On the other
hand, one cannot be as precise about the “averaging
interval” used as in the method of Ref. 36. It was
found that the qualitative analysis was not strongly
sensitive to the averaging method used.

The average deviation function D(E) was formed
by taking a weighted average at each point of the
eight independent deviation functions D;(E). The
assumed random nature of statistical fluctuations
implies that in this combination only correlated
structures of nonstatistical origin should survive, all
statistical fluctuations being averaged out or strong-
ly attenuated. The energy dependent cross correla-
tion function C(E) is defined by:

N
> D,(E)D,(E)

i>j=1

T N(N—1)

xX[R;R;17'2, (4)

where N is the number of independent deviation
functions, and R; is an autocorrelation coefficient
of the form

R;={D;(E)*)—(D;(E))?, 5)

where the averages are taken over the full range of
data. Again one can appeal to the random nature
of statistical fluctuations to suggest possible signifi-
cance for those anomalies which appear strongly in
this function. Note that the formulation given in
Eq. (4) is essentially identical to that of Ref. 37.
However, one extension of this procedure was made
with regard to the treatment of correlated minima.
With the definition of C(E) given in Eq. (4) it can
be seen that correlated minima will result in a posi-
tive peak in C(E). This behavior somewhat compli-
cates the interpretation of C(E). If no significant
anticorrelations [C(E) < 0] are observed or expected,
it is convenient to shift all the deviation functions
so that D;(E) is everywhere greater than or equal to
zero. This will result in an energy dependent cross-
correlation function in which only correlated maxi-
ma appear as peaks, but at the expense of eliminat-
ing any information regarding anticorrelations.

The various deviation functions, as well as the
energy-dependent cross correlation function C(E)
defined above, are shown in Fig. 6. A high degree
of correspondence between the curves is immediate-
ly evident. In the following, we discuss features
which are especially noteworthy.

5.6, 6.0, and 6.5 MeV. These three resonances
noted by Bromley et al.? gave the first indication
of narrow structure in light heavy-ion collisions.
The three structures are well correlated in all open
exit channels. Fluctuations at these energies are
seen in all single-particle-evaporation deviation
functions as well as in the summed total deviation
function and C(E).

6.85 MeV. This resonance was first noted by
Voit et al.!! in an alpha particle experiment. In our
data set, this structure is well correlated in all the
open channels (except **Mg), and in D(E) and
C(E).

7.4 and 7.8 MeV. The 7.4 MeV anomaly is corre-
lated in the °Ne and summed total deviation func-
tions as well as in C(E) and D(E). The 7.8 MeV
resonance, assigned J"=4% by Erb et al. 0B s
correlated in the deviation functions of all the open
channels, and in C(E) and D(E).

8.25 MeV. This structure is strong in many
channels. However, the multiplet nature noted pre-
viously'1317:18:33 ig only apparent in the 2°Ne exit
channel.
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FIG. 6. The deviation function D;(E) determined
from the cross sections of the various residues, the aver-
age deviation function D(E), and the energy dependent
cross correlation function C(E) are shown here. The
“tic” marks at the top and bottom are situated at ener-
gies discussed in the text.

8.9 and 9.1 MeV. Evidence for the existence of
this doublet comes mainly from previous a-particle
work.!D1317:18.33 The present data show a broad
structure centered at 9.0 MeV in several channels in
agreeement with the assumed doublet nature.

9.9 MeV. This structure has been noted in the
literature! 183933 a5 being a doublet. The present
data are consistent with a single anomaly, and are
well correlated in all open channels except the >*Ne
and »*Na exit channels.

10.4 MeV. This structure was seen by Wada
et al.'® and Fletcher et al.® in the 'O exit channel.
The present work shows that it is highly correlated
among the deviation functions of all the open chan-
nels, as well as in C(E) and D(E).

10.75 MeV. The present data indicate only a sin-
gle structure located at 10.75 MeV, although a
doublet nature was noted in previous work.'!!833

11.1, 11.5, 12.2, and 12.5 MeV. The anomalies at
these energies are well correlated in many exit chan-
nels. This correlation is also evident in the devia-
tion functions shown in Fig. 6. The doublet nature
of the 12.2—12.5 MeV structure was not noted in
previous work,®** but is evident in the present data
set.

13.1 and 13.4 MeV. Our data confirm the ex-
istence of structures at 13.1 and 13.4 MeV that were
previously noted by Treu et al.'*3* The 13.4 MeV
anomaly shows a high degree of correlation among
all the exit channels and in C(E) and D(E). The
structure at 13.1 MeV is also well correlated.

14.3 and 14.8 MeV. The resonance at 14.3 MeV
was first seen by Cosman et al.?»*° and later by
Fletcher et al.® The structure is well correlated in
the deviation functions of all channels and in C(E).
Cosman et al.?"3 also made a tentative identifica-
tion of a structure at 14.8 MeV, which is quite evi-
dent in the present work, and is well correlated be-
tween the various exit channels.

15.3 MeV. The structure at 15.3 MeV is correlat-
ed in most of the exit channels, although the results
from the »*Na and Mg residues may indicate a
somewhat lower energy (15.2 MeV).

16.6 MeV. The broad structure located at 16.6
MeV is well correlated in all the deviation functions
and C(E). There is apparently no previous mention
of it in the literature. The width of this new anom-
aly may indicate a multiplet nature.

18.6, 19.3, and 19.6 MeV. The broad structures
at these energies show a high degree of correlation
in all the open channels. The widths of the
anomalies at 18.6 and 19.6 MeV suggest possible

multiplet characteristics. Fortune et al.?’ assign
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four resonances in this region, at E_ , =18.4, 18.6,
19.0, and 19.4 MeV, respectively. On the other
hand, Dennis et al.>’ find only a single broad struc-
ture at E.,, =18.5 MeV, and suggest that the ap-
parent maxima at 19.0 and 19.4 MeV may be due to
a correlated minimum at E_ , =19.2 MeV reported
by Greenwood et al.??

The very strong channel-to-channel correlations
observed in the present data set tend to reinforce the
conclusions of other authors (see, for example, Ref.
33) that a large part of the anomalies observed in
2C4+12C excitation functions above the Coulomb
barrier is probably of nonstatistical origin. We note
that most of these earlier studies involved cross
correlations among excitation functions to several
excited states of a particular reaction product. In
some cases, it was not even possible to obtain
angle-integrated cross sections so that measure-
ments taken at only a few angles were compared.
In contrast, we have analyzed angle-integrated
yields for the ten major nuclides produced from the
12C +12C reaction, summed over all final states ex-
cept for direct ground-state yield. These inclusive
production cross sections should already have much
of the statistically fluctuating component averaged
out. Nevertheless, strong signals persist in both the
summed deviation function and the energy-
dependent cross correlation function at most of the
“known” resonance energies (Table II), and the cor-
responding structures are usually found to be well
correlated in most, if not all, of the open reaction
channels.

IV. CONCLUSION
Excitation functions for the formation of ten ma-

jor reaction products from the 2C4+12C system
have been measured in the c.m. energy range from

5.25 to 20 MeV in steps of 125 keV, as an extension
of previous work.® It was observed that the result-
ing yield curves are highly structured, and that the
structure is very strongly correlated from one chan-
nel to another. An attempted quantitative statisti-
cal analysis of the data was unsuccessful, primarily
because the local average cross section, and thus the
effective number of open exit channels, is a rapidly
varying function of energy for many of the produc-
tion cross sections measured. On the basis of
present results, it is estimated that a quantitative
analysis would require data with an energy step size
of less than 25 keV. On the other hand, a more
qualitative approach was able to demonstrate that
strong correlations do exist in the data set. One
new feature of this analysis was the use of the FFT
technique to generate the local energy-dependent
average cross section {o;(E)), in a manner which is
less subject than previous methods to the influence
of the large local fluctuations that characterize the
2C4+12C excitation functions. The results of this
qualitative statistical analysis indicate that, to the
extent that strong cross-channel correlations are a
signature of nonstatistical structure, a large number
of the anomalies observed in '2C+'*C excitation
functions in this and previous experiments is prob-
ably of nonstatistical origin. This includes struc-
tures which occur both below and above the
12C 4 12C Coulomb barrier. Of course, we have not
shown that these anomalies are isolated resonances,
and in fact out data suggest that at least some of
them are doublets or multiplets. A crucial point
here is the need to assign unique spins and parities
(if possible) to these structures,’® which we cannot
address on the basis of the present experiment.
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