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Complete angular distributions (&, =9°—90°) for the reaction 3C(13C,a)*Ne in the energy
range E_, =6.25—13.38 MeV have been subjected to a battery of tests to determine the existence of
a significant nonstatistical component in the cross section. The autocorrelation function, distribu-
tion of cross sections, and channel correlations were investigated. The data were also compared with
the predictions of Hauser-Feshbach calculations. A large nonstatistical component was found in all

tests and comparisons.

I. INTRODUCTION

The discovery of resonant structure in the >C+ !2C sys-
tem has spawned decades of theoretical and experimental
work to reveal the nature of the phenomenon in this sys-
tem and similar ones.!~* Only a few of these studies,
however, have explored the effect of valence particles on
the nuclear structure. An understanding of these effects
is vital since many current theories predict a smoothing
out of resonant behavior when one or two nucleons are
added to a-particle nuclei such as 2C or %0.2* Some
work has been done to discover the influence of one
valence neutron in the carbon-carbon system. Investiga-
tions of fusion and a decay of 2C+ 13C have shown that
system to behave in a manner similar to 2C+ '2C.>% The
effect of two valence neutrons has been examined in the
carbon-carbon system. Fusion experiments in the
3C 4+ 13C system found little or no indication of resonant
phenomena,?~° while elastic scattering and transfer reac-
tion experiments provided evidence of nuclear molecular
orbital effects.!® Reaction studies of *C+'*C (which
passes through the same intermediate nucleus as
13C4+13C) did not show structure in the & channel beyond
what is explainable with the statistical model,!!? but in-
elastic scattering and transfer reaction data suggest other-
wise.!* Thus, the evidence for strong resonant behavior in
%Mg is tantalizing, but not definitive. The subject
demands clarification. We chose to investigate the
BC(13C,a)?*Ne reaction over a broad energy range and in
great depth as a step towards this clarification.

The most difficult and controversial experimental prob-
lem in this field is the identification of resonances in the
midst of Ericson fluctuations. There exist a number of
criteria that can be applied to a data set to aid in such an
identification. The first and most obvious is to locate
peaks in an excitation function for a given state or com-
bination of states. The technique is most reliable when
one examines the angle-integrated cross section to avoid
misinterpretations arising from interference effects. In-
terference between the nonresonant reaction amplitudes
that contribute to the cross section can cause rapid fluc-
tuations in the excitation function at selected angles, but
these may not indicate any enhancement in the integrated
cross section. If fluctuations do exist in the data set, then
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more stringent tests must be applied to distinguish true
resonances from statistical fluctuations. The average
behavior can be examined. The autocorrelation function,
which will be described in detail below, is used to set lim-
its on the nonstatistical or direct component of the cross
section. In this discussion the term “direct” will refer to
any nonstatistical process which contributes to the cross
section. The distribution of cross sections about their
average can in certain cases be used to establish the ex-
istence of a direct component. The shape of the distribu-
tion can be quite sensitive to the direct part of the reac-
tion.

The energy dependent behavior of the data set can also
be studied for resonant effects. As mentioned above, one
can simply look for peaks in the excitation functions, but
this is not enough to separate resonances from statistical
fluctuations. The most important test is to look for chan-
nel correlations in the data. If a true resonance has been
made in the intermediate nucleus then one expects the
strength in some if not all exit channels to be enhanced.
The statistical model of the decay of a compound nucleus
can be used to predict the energy-averaged values of cer-
tain observables. These can then be compared with the
average behavior of the data set. Finally, the energy
dependence of the shape of the differential cross section is
characteristic of the amplitudes of different / values in-
volved in the reaction. One expects that one or at least
just a few amplitudes will dominate the cross section “on
resonance” and that it can be decomposed into its constit-
uents. The analysis techniques just described all suffer
from ambiguities or imprecisions of varying degrees
which have been cataloged in the literature.!*!> The re-
sult of any single test cannot be taken as unequivocal
proof of the existence or nonexistence of a direct com-
ponent in a reaction. One should use all the tools avail-
able, and if all the results point towards a single outcome
then one can have confidence in that conclusion.

In this paper we will present data for the
B(BC,a)?*Ne reaction. The angle-integrated cross sec-
tions over a broad energy range for the ground state and
the first two excited states will be exhibited along with the
results of a variety of tests and comparisons which estab-
lish the direct nature of most of the cross section. We
have used autocorrelation analysis, examined the distribu-
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tion of cross sections, searched for channel correlations,
and made comparisons with the predictions of the statisti-
cal model. The outcome of each method applied is
characteristic of a large direct component.

II. EXPERIMENTAL METHOD AND RESULTS

A 1BC beam was extracted from the University of
Pennsylvania FN tandem Van de Graaff accelerator and
bombarded self-supporting enriched (97%) '3C foils of
mean areal density 20 yg/cm2. The incident beam lost
about 60 keV (c.m.) in the target. Alpha particles were
detected with two position-sensitive slice detectors
designed and built by Zurmiihle and Csihas.!® Thin nick-
el foils placed in front of each detector stopped particles
heavier than a’s. Angular distributions were measured
usually in 125 keV (c.m.) steps in the range
E. ., =6.25—13.38 MeV. Typically, one detector was
kept fixed at back angles (i.e., near ¥, =90°) while the
second slice detector was moved to cover all the forward
angles. Each distribution spanned the region
Ve.m. =9°—90° and contained data at 141 angles. The an-
gular resolution was about 0.6°. Two solid state detectors
at +10° were used as beam monitors. Only the first few
states in 22Ne were resolvable because at excitation ener-
gies greater than 4.65 MeV, impurity peaks from
2¢(13C,q)?'Ne dominated the spectrum. Differential
cross sections were extracted for the 0" ground, 21(1.275
MeV), and 4%(3.357 MeV) states at 54 bombarding ener-
gies.

III. ANALYSIS

The excitation functions for the angle-integrated cross
sections are shown in Figs. 1—3. They exhibit gross struc-
tures of width I'_ ,, ~1.0—2.0 MeV which are fragment-
ed into narrower structures of width I, . ~200—400
keV. The magnitude of the fluctuations is considerably
more pronounced than what would be expected by the sta-
tistical model.'” This observation will be put on a more
quantitative basis below. The problem of separating the
resonant structure from the “noise” of statistical fluctua-
tions is critical as described above. We calculate the auto-
correlation function defined by the relation
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FIG. 1. Excitation function of the angle-integrated cross sec-
tion for the 0t #2Ne ground state. The dashed curve is the
energy-averaged statistical-model prediction.
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FIG. 2. Same as Fig. 1 for the ??Ne excited 27 state at 1.275
MeV.
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where o(E) is the angle-integrated cross section at energy
E, € is the energy interval, and T is the average width or
coherence width of levels in the compound nucleus. The
autocorrelation function can also be described by a
Lorentzian shape so that

21— le,k
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where Ny is the effective number of channels contributing
to a particular exit channel k, and Yp, is the ratio of the

average direct cross section to the average total cross sec-
tion. The mean square deviation, R (T,0), for each state
can be used to put limits on Yp, and Ni. At0°, Ny is one
and it rises to a maximum at 90° of N, =g /2 (g even) or
(g +1)/2 (g odd)—with

g =i +DQI+1DQi"+1)Q2I'+1),

R(T,e)=

L, (1)

R (T,e)=

where i and I are the spins of the target and projectile and
i’ and I' are the spins of the final fragments.!®* The
R (T',0) values and the allowed ranges of Yp, and Ny ob-

tained in the present work are shown in Table I. For the
ground state the smallest allowable Yp, indicates that ful-

ly 89% or more of the cross section is nonstatistical. For
the two excited states the case is not as clear. Because of
the nonzero spins of these final states the allowed number
of channels that can possibly contribute is greatly in-
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FIG. 3. Same as Fig. 1 for the ??Ne excited 4* state at 3.357
MeV.
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TABLE I. Autocorrelation results for *C('3C,a)**Ne.

N k YDk
Channel R(T,0) Min Mean Max Min Mean Max
o+ 0.101 1 1.5 2 0.89 0.92 0.95
2+ 0.096 1 5.5 10 0.20 0.69 0.95
4+ 0.073 1 7.37 13.732 0.0 0.68 0.96
2The value of N, for which Yp, goes to zero.
creased, creating an ambiguity in the analysis. - In fact, for , Ne—1 Yo+Y
the 4% state the limit on Ny is not that set by the factor g p(Yp )= N | Y exp | —N kT Dy
mentioned above, but by the fact that Yp,_ goes to zero for Dic Yp, | Yp, 11— Yp,
large Ni. Thus, all values of Yp, are allowed from 0.96
down to zero. The 2% level is only a little better with the 2N (Y Yp, )12
allowed range of Yp going from 0.95 to 0.20. While Xy, —1 R A E (5)
—Yp,

these results overlap with the limits on Yp, for the

ground state no strong conclusions can be drawn. Finally,
we determined the coherence width, I', of the transition to
the 2>Ne ground state to be 125 keV (c.m.) by measuring
the width of R (T',€) at half its maximum value at €=0.

The uncertainty in measuring R (I',0) arises mostly
from the finite range of the data. The relative standard
deviation is defined by
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AR(T,0)= _1+_Rn(_1_“’_(£

where n is the number of data points in the sample. The
fractional uncertainty in Yp, is then

AYp,

1| _R(,0)
Yp, 2

1—-R(I',0)

AR(T',0)
R(T,0)

4)

However, even large uncertainties in the values of R (I",0)
do not greatly change the values of Yp,. A 30% uncer-

tainty in R (I',0) for the ground state implies an uncer-
tainty in YDk of only 0.2%. It is not expected that an

Ericson fluctuation analysis can determine YDk with such

a high degree of accuracy.!®?® A more conservative ap-
proach would be to assert that the autocorrelation analysis
supports the conclusion that most of the cross section is
direct, but cannot distinguish between an 80% component
and a 90% one. Our measured values of Yp, are also

consistent within this uncertainty with other techniques
which will be discussed below.

The frequency distribution of cross sections for the
ground state is shown in Fig. 4. We define
Y, =0k (E)/{oi(E)) where {oy(E)) is the running aver-
age with an interval size AE_ ,, =1.50 MeV. The method
used to determine the width of the averaging interval will
be discussed below. We expect the probability density of
Y, to be given by!%?!

where Iy is a modified Bessel function of order N. The
solid curve in Fig. 4 represents the probability density cal-
culated with YDk and N, from the autocorrelation
analysis results of Table I. The curve is insensitive to the
ambiguities in Yp and N;. Different combinations of
Yp, and N, allowed by Eq. (2) make no visible change in
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FIG. 4. The distribution of cross sections for the 2Ne ground
state. The solid curve is p(Y}) calculated with the parameters
from Table I and the dashed curve is p (Y;) with YDk =0.0 and

Ny =2.0.
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TABLE II. Optical-model parameters for Hauser-Feshbach calculations.

Channel . Reference Vr (MeV) Ry (fm) ag (fm) V; (MeV) R; (fm) ay (fm)
Bc4+Bc 7 16.0 6.35 0.45 0.22E; . 6.35 0.30

n+2Mg 26 A? 5.121 0.660 B® 4.936 0.580
a+2Ne 27 204.40 3.78 0.576 73.27 2.36 0.130

24 =47.01—0.267E,,, —0.0018E2 .
B =9.52—0.53E, .

the distribution. The probability density agrees quite well
with the data. If Yp, were really zero the closest one

could get to the experimental distribution would be to set
N =2.0. The result would be the dashed curve in Fig. 4.
The data are clearly not represented by any such
distribution—thus emphasizing the difference between the
measured Y;(E) and the predictions of the statistical
model. The probability densities for the 2% and 4% states
predicted by the autocorrelation analysis are consistent
with the data within the uncertainty in Yp,_and Ni, but

again suffer from the same ambiguities since the distribu-
tions are insensitive to changes allowed by Eq. (2). Thus,
the distribution of cross sections for the ground state is
consistent with the autocorrelation analysis indicating a
large nonstatistical component in the angle integrated
cross section. The 2% and 47 distributions are also con-
sistent within uncertainties with the same analysis, but
suffer from the previous ambiguities.

Energy-averaged total cross sections were calculated us-
ing the Hauser-Feshbach expression in the computer code
STATIS.??> The exit channels included in the calculation
were the following: C+1C, a+%Ne, n+*Mg,
2n+24Mg, p+25Na, and t+2’Na. Transmission coeffi-
cients derived from the optical-model were input for the
BC4+ ¢, a+2Ne, and n+2°Mg channels and the code’s
internal parametrization was used for the remaining chan-
nels which make only a small contribution to the fusion
cross section. The input parameters for STATIS and the
optical-model parameters used to calculate the transmis-
sion coefficients are listed in Tables II and III. The ratio
of the average Hauser-Feshbach cross section, {(oyg), to
the average of the data, (o), is 0.24 for the ground
state and 0.28 for both the 2+ and 4% states. This ratio
yields Yp =0.72 for the ground state—a value that is

consistent with the previous results within the uncertain-
ties discussed above. A value of Yp, =0.72 for the excit-

ed states also agrees with the autocorrelation analysis and
distribution of the cross sections. The Hauser-Feshbach
calculations further support the notion that the statistical
model accounts for only a small fraction of the measured
cross section for the first three states.

The existence of correlations between different channels

is usually a distinctive feature that separates resonances
from a fluctuating background.'*?? Consider the devia-
tion function

1 N O'k(E)
D(E)=—
=N § (ow(E)) 1]’ ©
1 X 7
—';V—kgl(Yk—l), (7

where N is the number of excitation functions and
(o (E)) is a running average of the angle integrated cross
section with an averaging interval of AE_,, =1.50 MeV.
The size of the interval is determined by the behavior of
D(E) as the interval is increased. When it becomes suffi-
ciently greater than the coherence width of levels in the
compound nucleus the shape of D(E) will remain essen-
tially constant. The averaging interval we obtained in this
manner is consistent with the coherence width of 125 keV
that we measured with the autocorrelation function. We
use the running average in order to eliminate any
kinematic effects on the average cross section, such as the
presence of the Coulomb barrier at E, ,, ~6.4 MeV. The
probability density p(Y}) for a given channel, Yy, is given
above by Eq. (5). The probability distribution for the de-
viation function, p (D), is given for statistically indepen-
dent Y, by the Fourier transform of the product of the
characteristic functions, ®;(¢), of the original probability
densities for the different states, p(Y;).?> The charac-
teristic function for each channel is

o ()= [ “pi(Ve*ay, . ®

The characteristic function of D(E) is then

L

_it/qu>k . ©)
k

N
(I)D(t)= He

k=1

The probability density of D(E) is given by the Fourier
transform of ®p,
1 pe —iD
p(D):;f_wd)D(t)e iDid . (10)

We can now calculate the probability or confidence level

TABLE III. Level density parameters (Ref. 7).

ZSMg ZZNC 25Na 24Mg 23Na 13C
a MeV™!) 3.13 3.52 3.13 2.79 2.88 1.95
A (MeV) —1.40 1.50 —1.20 2.10 —1.00 2.250
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for D(E) from Egs. (5) and (8)—(10) using the parameters
from the autocorrelation analysis. The percentage of data
points with a deviation greater than x; or less than xjp is
defined by?

Q(xT)=fx:p (D)dD , (11)

Qxp)=[ " p(D)dD . (12)

In Fig. 5 we have plotted D (E) for the first three states in
22Ne along with the lines representing the 3% confidence
levels. Because we are using a running average the points
that are closer to the end of the data set than one-half the
averaging interval cannot be treated properly. Those
points have not been included. Outside the 3% level we
observe four peaks containing nine data points out of a to-
tal of forty-six data points (20%). Whereas statistical
. considerations would lead us to expect at most a few
events (one or two), we find nine. Thus, we observe strong
evidence for correlated structure in 3C(13C,a)?*Ne.

One expects that the ground state transition at these
correlated maxima should have angular distributions
dominated by a few [ values. In Fig. 6 we exhibit the dif-
ferential cross sections for the >*Ne ground state at the en-
ergies corresponding to the strongly correlated peaks in
D(E). Based simply on the number of minima in the an-
gular distributions the structures at 8.0 and 11.75 MeV
are dominated by / =4 and / =10, respectively. The graz-
ing [ values at these energies are approximately 6 and 9.5.
A more sophisticated analysis of the data performed by us
and presented in Ref. 24 for the region around the 9.63
MeV peak indicates that several / values contribute about
equally at this energy, but the most important amplitudes
are those for / =4 and / =6. The same technique applied
at the 11.38 MeV maximum shows it to have sizable con-
tributions from amplitudes for both / =6 and / =10. The
distributions at all the maxima except the 9.63 MeV one
are highly oscillatory—clearly suggesting that only a few /
values dominate the reaction amplitude at these energies.
A more detailed presentation of the partial wave decom-
position will be the subject of a future paper.

A wide variety of other statistical tests are presented in
the literature.'*!> However, these are generally not as ef-
fective at sifting out a resonant component of the cross
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FIG. 5. Deviation function for the first three states in 22Ne.
The solid lines represent the 3% confidence levels described in
the text.
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FIG. 6. Ground state angular distributions at E.,, =8.0,
9.63, 11.38, and 11.75 MeV. These correspond to the maxima in
D(E).

section from the background in the case of heavy ions.!*?
While no method is foolproof, the techniques we have ap-
plied are the most reliable.

IV. CONCLUSION

The compelling conclusion of our analysis is that the
BC(B¢,a)**Ne reaction proceeds largely via a nonstatisti-
cal mechanism. Despite any ambiguities in a particular
test, every one of our results points towards this result.
We have found that the average behavior of the angle-
integrated cross sections for the ground state and the first
two excited states in 2?Ne exceed the statistical expecta-
tion by a factor of about 4. Just as important, we find
strong evidence of correlations between different exit
channels in *C(!*C,a)??Ne at four energies. The angular
distributions at these energies are not completely dominat-
ed by a single / value, but it is clear that only a few
values are contributing to the cross section for at least
three of the correlated maxima. A number of theoretical
models like the band-crossing model, the double resonance
mechanism, coupled-channel models, and the barrier top
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model have had varying degrees of success in describing
similar data in other systems.»*!® Very few calculations,
though, exist in the literature for a two valence nucleon
case such as 1*C+13C. The density of states here is about
10? times that of 2C+'2C, yet we still observe narrow
structures that have not dissolved into a sea of compound

nuclear states. A full understanding of the physical pic-
ture of the influence of valence nucleons on heavy-ion res-
onances remains to be found.

We acknowledge financial support from the National
Science Foundation.
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