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States in *Na were populated using the ?C('*N,a) reaction. Excitation functions were measured in the energy
range E,, =9.51-17.33 MeV for 41 states in **Na from 0 to 12.2 MeV in excitation energy. Angular distributions
were measured at selected energies between about 2° and 110° (c.m.). A large number of correlated resonantlike
structures with ~400 keV (c.m.) widths were observed in addition to statistical fluctuations in the ?C(**N,) data.
Forward peaking of the on-resonant angular distributions appear to be a signature of the excitation of high-spin
states in the compound nucleus. Elastic scattering excitation functions measured at backward angles show structures
which are not well correlated with the anomalies seen in the reaction channels. The >C(**N,a) data suggest that the
resonant portion of the cross sections can be attributed to the population of high-spin levels close to the yrast line of

the compound nucleus.

NUCLEAR REACTIONS C(!°N,a), E;5 =21.4 to 39.0 MeV, measured ¢(E) for
6,0,="7°; measured o(6) for 2< 6 <110° (c.m.) for selected energies; elastic
scattering, Eys =22 to 31.8 MeV, measured o(E) at 160.2°, 161.4°, 162.6°,
163.8°, and 165° (c. m.); measured o(f) for 142 <6 <170° (c. m.) for selected
energies, fluctuation, Hauser-Feshbach and single-level analyses.

I. INTRODUCTION

Nuclear reactions induced by heavy ions with
energies of a few MeV per nucleon, in which light
ions are emitted, predominantly proceed by com-
pound nucleus formation and decay. The strong
absorption of the incident projectiles, the high
excitation energy with which the compound nucleus
is formed, and the large number of exit channels
that are typically open favor an evaporation pro-
cess as described by the statistical model.** As
a result heavy ions have been extensively employed
to investigate statistical processes in light nuclei
(see, e.g., Ref. 3). The high angular momentum
with which the compound nucleus is formed makes
feasible the study of the effects of high spin in
both the compound and residual nuclei. High-spin
states in sd shell nuclei formed by the emission of
light ions have been determined by comparison of
data with Hauser-Feshbach calculations (see, e.g.,
Ref. 4). Angular momentum effects also make it
possible to extract the moment of inertia of highly
excited compound nuclear states from fluctuation
analyses of excitation functions.®

In contrast to the success of the statistical model
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in describing many reactions involving light nuclei,
it is just in such systems, particularly for *2C
+12C, 2C +'Q, and 0 +'°0, where pronounced
resonant effects have been observed in heavy ion
reactions.® In addition, observation of a direct
or semidirect mechanism has been reported for
the 2C(*3C, @) reaction.”® Although resonant and
other nonstatistical effects have been clearly
identified in systems involving even-even nuclei,
the situation is less certain for non-even-even
mass nuclei.® Resonant strength can be further
fractionated due to extra nucleons outside of even-
even cores. However, evidence for nonstatistical
structure in such systems is also accumulating,
as resonant and correlated structure have been
reported in the elastic and/or the reaction chan-
nels of such systems as °B + N (Refs. 10 and 11),
2C +°Be (Refs. 12 and 13), 2C +!'B (Ref. 14),
2C +13C (Refs. 15-17), 2C +N (Ref. 18), and
2C +15N (Ref. 19). Possible direct transfer of
eight nucleons has been observed in the 2C(*°B,d)
reaction.?®

In reality, all heavy ion reactions should display
a gradation of effects arising from direct to sta-
tistical processes. Those cases where one reac-
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tion mechanism dominates are most easily inter-
preted. However, for many reactions both statis-
tical and nonstatistical effects can be significant
and each contains information about the nuclei
involved. It is difficult to untangle resonances
from statistical fluctuations; they cannot only mask
but masquerade as one another. Nevertheless, a
careful analysis of such data can often be informa-
tive.

In this paper we present 2C(**N, a) excitation
functions which indicate the presence of a strong
and abundant nonstatistical structure. Detailed
angular distributions were measured at energies
on and off these anomalous peaks. Comparison of
the excitation functions and angular distributions
with single-level calculations suggest that the
origin of the anomalies arises from the excitation
of levels close to the yrast line of the compound
nucleus. Since the level density of such states is
low, a statistical model is inappropriate for levels
with high-spin values. Shell-model calculations
of the yrast states in 27Al for excitation energies
of about 30 MeV and with spin values < Z.* per-
formed by McGrory®! are consistent with the pro-
posed interpretation that states near the yrast line
are being populated in the present experiment.
Initial results of this work were reported earlier.®

II. EXPERIMENTAL PROCEDURE AND RESULTS

Self-supporting carbon foils (~10 pg/cm?) were
bombarded with *N ions accelerated by the ORNL
EN tandem. Thirty excitation functions at 7° (lab)
were measured in 200 keV intervals for bombard-
ing energies between 21.4 and 39.0 MeV by detect-
ing the emitted o particles at the focal plane of a
split-pole spectrograph. Excitation functions for
an additional 11 states from 9.5 to 12.2 MeV in
23Na were measured over a more limited range
of incident energies. A typical spectrum is shown
in Fig. 1. Several of the peaks are labeled by the
excitation energies (MeV) in ®Na and spins taken
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FIG. 1. A (YN, &) spectrum measured at a bom-
barding energy of 35 MeV and a lab angle of 7°.
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from Refs. 5 and 22-25,

To minimize carbon buildup during irradiation
a cold trap was placed between the scattering
chamber and the diffusion pump initially used in
the experiment. Later the diffusion pump was
replaced by a cryopump. During the measurement
of the excitation functions the carbon buildup was
monitored by recording the total number of o
particles detected every 10 uC. Uncertainties
in the extracted cross sections were +10% due to
target thickness uncertainty, counting statistics,
and carbon buildup.

These measurements, covering a wide interval
of incident as well as excitation energies in 2*Na,
then yield a very large sample (containing over
3000 cross section values) for comparison with
the statistical model. Figure 2 displays excitation
functions, for states between 0 and 6.04 MeV in
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FIG. 2. Excitation functions for states excited in *Na
from 0 to 6.04 MeV. The solid and dashed lines are the
results of Hauser-Feshbach calculations discussed in
the text. The short heavy lines indicate structures with
widths about 2 or 3 times as broad as the coherence
width in 2Al,
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23Na, which are typical of those measured. As
expected, oscillations are observed with widths
approximately that of the fluctuation or coherence
width (~100-200 keV). Determination of the co-
herence width by the conventional method of
counting the peaks due to the most rapid fluctuations
in the data yields a width of ~150 keV for excita-
tion energies between 28 and 33 MeV in 27A1.26
This value is in reasonable agreement with sys-
tematics in this mass region.?”

However, in addition to the rapid fluctuations ob-
served in the data, and which are expected from
the statistical model to be strongest at a forward
angle such as 7°, a second underlying structure is
also apparent in the excitation functions. A large
number of peaks such as those indicated by short
horizontal lines are several times as wide as the
coherence width. These structures will be dis-
cussed in Sec. IIIA. Despite the observation of
resonant-like structures in the excitation functions,
the energy averaged cross sections can be com-
pared with Hauser-Feshbach calculations, par-

- ticularly in energy regions where the structure is
not pronounced. Such comparisons with energy
averaged excitation functions and angular distribu-
tions have been used to suggest high-spin states
in 2Na.282° The solid and dashed lines in Fig. 2
correspond to Hauser-Feshbach calculations to be
described in Sec. III.

In order to gain further information about the
nature of the observed resonant-like structure,
detailed angular distributions were measured at
selected energies both on and off resonance. These
measurements were performed with a position
sensitive solid state counter mounted directly in
the scattering chamber. A collimator with 14 slits,
separated by 1 2° (c.m.), was used to define the
angles. Angular distributions were measured over
a range of angles, which in come cases extended
from 2° to 110° (c.m.). Figure 3 shows, as an ex-
ample, distributions measured on and off one of
the more prominant peaks observed in the excita-
tion function corresponding to the 2.07-MeV state
in 2Na. These two energies are indicated on the
portion of the excitation function shown as an in-
sert in the figure. Figure 3 illustrates what ap-
pears to be the most characteristic features of
the angular distributions. First of all, they are
much more strongly forward peaked on resonance
than off resonance. Second, the integrated cross
section on resonance is not only, as expected,
larger than off resonance, but the differential
cross section is also larger on resonance at most
of the angles measured. This implies that excita-
tion functions measured at various angles will
generally also display the bump seen at 28.6 MeV
in the 7° excitation function appearing in Fig. 3.
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FIG. 3. Angular distributions measured on and off the
prominent peak observed at 28.6 MeV in the 7° excitation
function for the 2.07-MeV level of ®Na (insert). The
solid lines are guides to the eye indicating the forward
peaking which occurs on resonance.

The angular distributions and their analysis are
further discussed in Sec. IIIB.

The forward peaking of the angular distributions
on resonance as seen in Fig. 3 indicates that the
resonant-like effects will be obscured as the reac-
tion angle increases. However, recent elastic
and inelastic scattering measurements involving
light and sd shell nuclei reveal pronounced reso-
nant effects at angles near 180°.3° Consequently,
the back-angle elastic scattering of *N from '2C
was investigated, since it had promise of providing
additional information of resonant behavior in this
system. The recoiling *C ions were detected at
the spectrograph focal plane at five scattering
angles from 5.1 to 9.9° (lab) which correspond to
back-angle scattering between 169.8 and 160.2°
(c.m.). Excitation functions were measured for
bombarding energies between 22 and 31.8 MeV.
At isolated energies of interest indicated by the
(**N, @) reaction data more detailed angular dis-
tributions were measured between 140 and 170°
(c.m.). The hybrid counter system employed at
the focal plane of the spectrograph is discussed in
Ref. 31. The data were measured simultaneously
at the five angles by means of a multislit aperture



located at the entrance of the spectrograph. The
elastic scattering results appear in Sec. IIIC.

III. ANALYSES

A. Excitation functions

1. Fluctuation analysis

The presence of intermediate width structure
underlying the fine structure in the excitation func-
tions is evident in Fig. 2. An analysis by means
of autocorrelation functions can provide informa-
tion concerning the width of the structure in exci-
tation functions. If the reaction mechanism is
purely statistical then the expectation value of the
autocorrelation function is given by

(o(B)o(E + e,

RO = BNy @, -

1, 1

where intervals I, and I, are (E,, E, — €) and

(E, +€, E,), respectively, and E, and E, are the
lowest and highest energies under consideration,
approaches a Lorentizian with a width at half-
maximum of I', the average decay width of the
compound states, as the energy interval E,-E,
increases without 1imit.32+3® Figure 4 presents
the autocorrelation functions obtained from the
_excitation functions for the 0, 0.44, 3.84, and
8.45 MeV states in ?®Na measured at a laboratory
angle of 7°. For comparison are shown autocorre-
lations functions obtained by Halbert et al.3* for
the first two levels populated in the *C(*®0, )
reaction. Although there is evidence for nonsta-
tistical contributions to this reaction,**3% never-
theless, at the energies of concern here, the
12C(*%Q, @) reaction appears to predominantly
proceed by a compound nuclear process.343:37
The *C(*®0, @) autocorrelation functions shown in
Fig. 4 support this picture, as the widths at half
maximum of the curves are ~100-125 keV (Ref.
34) and are close to the expected values of the
coherence width.2” The vertical lines in Fig. 4
labeled T and 3T represent a width equal to the
measured coherence width of 158 keV in ?"Al (for
E,=32 MeV) (Ref. 5) using the peak counting tech-
nique and a value three times this width. Clearly
the autocorrelation functions for the 2C(**N, o)
reaction are very different than those for *C(*°0, a).
The width obtained from the *C(**N, a) autocorre-
lation functions, 223+ 118 keV, is not only sub-
stantially larger than the extracted coherence
widths, but also has a standard deviation 2 to 3
times larger than that expected from a purely
statistical ensemble of data. As indicated by the
dashed lines in Fig. 4, the autocorrelation func-
tions display a structure resembling two over-
lapping Lorentizians with widths of about I" and 3T.
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FIG. 4. Comparison of autocorrelation functions for
the 2C(1%0, ) (Ref. 34) and the *)C(!®N, a) reactions.
The dotted and vertical lines indicate how the izc(“N, @)
functions appear to be approximated by two Lorentzian
curves with different widths.

Further evidence of the width of the structures
dominating an excitation function can be obtained
by plotting the value of the autocorrelation func-
tion R(e =0,A) determined for an averaging inter-
val A, as a function of the averaging interval.3®
This function should increase for values of A
smaller than the width of structures in the data
but begin to flatten out and then remain constant
as A approaches and then exceeds the width.
Figure 5 presents typical results obtained from
analyzing the excitation functions. Definite bends
begin to appéar in the set of curves at A values
greater than ~2.5 times the coherence width, thus
collaborating the structure suggested in Fig. 4.

It is true that the widths obtained from autocor-
relation functions often exceed those obtained from
the peak counting method (see, e.g., Refs. 26 and
27). This difference is, however, itself indica-
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FIG. 5. Autocorrelation functions for €=0 plotted as
a function of the energy interval A used to average the
data in the excitation functions. The solid lines are
merely guides to the data points.

tive of the presence of structure in the excitation
functions other than that due to only statistical
fluctuations. In a purely statistical ensemble of
data the two methods should give identical values
for the coherence width (except for the expected
statistical uncertainties). But generally widths
determined from these two techniques differ by
factors between ~1.2 and 1.5. However, the auto-
correlation function analyses shown in Fig. 4 and
5 indicate the presence of structures with widths
from 2.2 to 3.5 times the coherence width (as do
the excitation functions themselves).

2. Hauser-Feshbach analysis

In order to emphasize the underlying resonant
structure, a running average of the data was per-

formed using an averaging interval A equal to
about 2.5 times the coherence width. Averaged
cross sections for some of the data, such as
shown in Fig. 6, were then compared with Hauser-
Feshbach calculations.?**® The formalism for the
cross sections and level-density formulas needed
in the computer code HELGA*® used in these cal-
culations are described in Ref. 41. For example,
the total cross section is of the form
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FIG. 6. Excitation functions for the 120(15N, a) reaction
averaged over an interval A equal to ~2.5 times the co-
herence width. The results of Hauser-Feshbach calcula-
tions without angular momentum cutoff (dashed curves)
and with cutoff (solid curves) are indicated for states of
known or probable spins.



where unprimed and primed quantities refer to
the entrance and exit channels, respectively.
Each channel o’ has orbital angular momentum 7’,
and channel spin §’ =1’ +1' leading to a total angu-
lar momentum J. The spins I’ and i’ of the two
reaction products are denoted by I and 7 in the en-
trance channel. The optical-model transmission
coefficients T%, were calculated for each energy
of the incoming and outgoing particles by using
optical-model parameters included in the input
list of the program.

The demoninator G(J) of Eq. (2) includes all
decay modes energetically open to the compound
nucleus as follows:

E
G(J)= Z (ﬁ T{!”,nsn
aprgn o

Emax
+ Z f p(G,I”;"")T‘L"V’s"d€> b4

s,
@)

where the double primes refer to all possible exit
channels. The sum from E, =0 to E, is over known
discrete levels, and the integral from E_ to E
is for continuum states calculated from the level
density p(e,I, 7) and extends from an energy E_,
selected above the last discrete level included in
the calculation, up to E,.. the highest excitation
which is kinematically allowed. The quantity G(J)
is a measure of the number of open channels
available for the decay of the compound nucleus
excited to states with total angular momentum J.
The level density and optical-model parameters
employed in the calculations (see Table I) are
standard and very similar to those used to success-
fully fit a variety of statistical reaction data (see,
e.g., Refs. 3, 4, 17, 18, 22, 28, 29, 36, 37,
and 41). As indicated above in Eq. (2), the cross
section can be written as a sum of terms for
different values of J, the total angular momentum,
extending up to the maximum value permitted by
angular momentum conservation. However, there
is ample evidence that in many cases the sum °
over g, in Eq. (2) should be terminated at a lower
angular momentum value, the critical angular
momentum J,, above which compound nucleus
formation is inhibited.?***~% The solid and dashed
lines drawn through the averaged excitation
functions in Fig. 6 are the results of Hauser-Fesh-
bach calculations with and without the effects of
the above angular momentum cutoff. These values
for the angular momentum cutoff J, were obtained
by using the sharp cutoff approximation to the
fusion cross sections measured by Kovar et al.2
As seen in Fig. 6, the resulting calculations des-
cribe the excitation functions of known spin states
in energy regions where correlated structure is
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absent. Such regions occur, for example, above
12 MeV (c.m.) for the 0.0 and 4.43 MeV states,
above 13 MeV for the 2.7 MeV doublet and 4.77
MeV level, and between 13 and 15 MeV for the
0.44 MeV state. In general, the Hauser-Feshbach
calculations gave reasonable fits to nonresonant
regions of the excitation functions or pass through
the minima in the resonant structure, and so
adequately account for the portion of the observed
cross sections due to statistical processes. How-
ever, the average cross sections are not predicted
by the Hauser -Feshbach calculations [for example,
the experimental ratio of the average cross sec-
tions for the 2.98 and 0.0 MeV states is about two
(see Fig. 6) while those calculated, with or without
cutoff, are less than one]. Furthermore, the
large peaks observed in the data are frequently 2
and 3 times the average Hauser-Feshbach back-
ground and thus are not easily explained on the
basis of the statistical model alone.

In addition, many of the peaks for the different
particle groups appear to be correlated at various
incident energies. For example, in Fig. 7 are some
of the 13 or more excitation functions which peak
near 10.7 MeV. The shifts in the energies at
which the maxima of the peaks occur are small
compared with the width of the structures them-
selves. Figure 8 shows, as another case, some
of the approximately 20 excitation functions which
peak near 13.2 MeV.

The number of apparent correlations observed is
also hard to reconcile with the statistical model.
The 41 measured excitation functions contain 216
identified peaks with widths of ~3T". If one divides
this number of peaks by the total number of bins
of this width in the data set in order to estimate the
probability p of observing such a peak in an exci-
tation function, then the probability of finding a
number 7 of such peaks in N statistically indepen-
dent trials or excitation functions is approximated
by the binomial distribution

A _A;‘)m P —p)¥T. @)
Figure 9 compares the predicted and observed
probability distributions. The main peak in the
distribution of the data is shifted from the calcula-
ted value of eight events and there are both more
and fewer correlations observed than predicted by
the simple binomial distribution. The clustering
near zero may be a result of the averaging inter-
val used to smooth the data as well as overlooking
smaller structure in the excitation functions.
However, Fig. 9 indicates that there are more
correlations present than expected from a random
set of data.
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FIG. 7. Some of the 2C(!®N, @) excitation functions
displaying correlated structures near 10.7 MeV (c.m.).

3. Single-level analysis

The energy averaged cross sections then contain
216 identified peaks whose widths, magnitudes,
and degrees of correlation are all large. Although
these features may partially result from statistical
processes, the number and strength of the observed
structures indicate the presence of strong non-
statistical processes in the data. The widths,
areas, and centroids of these peaks were analyzed
after first subtracting a smooth background pass-
ing through the minima of the resonant-like struc-
ture. The average width was 0.44+0.1 MeV. The
resonant energies of apparently correlated states
were averaged to obtain values for the average
resonant energy E and the standard deviation A,
which was typically 0.1 MeV. Figure 10(a) dis-
plays the number of such a-particle groups as
histograms whose positions and widths correspond
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FIG. 8. Some of the 12C(“‘N, a) excitation functions
displaying correlated structures near 13.2 MeV (c.m.).

to Ex+ A (also see Table II). Some correlation
may, of course, be purely statistical in origin.
However, the observed structure shows large
widths and large deviations from the average
cross sections as well as correlated maxima, and
these three features of the data appear unlikely

to be due to statistical fluctuations alone.

Angular momentum considerations may account
for the origin of the resonant structure. When the
compound nucleus 27Al is formed at an excitation
energy of 32.8 MeV the value of J, is 3L. An ex-
trapolation from the known low-lying yrast states
according to the relation E, o< J(J+1) yields a
value of & for the yrast state near this excitation
energy if a constant moment of inertia is assumed.



1112 M. E. ORTIZ et al. 22

I T

0.2 — —

A\ 20(*N,a)

04 /

20

FIG. 9. A histogram showing experimental frequency -
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tribution for observing correlated peaks in statistically
fluctuating data as calculated from the binomial distri-
bution.

Actually, this value represents a lower limit since
the moment of inertia has been shown to increase
for the neighboring nuclei 2°A1 (Ref. 53) and 28Si
(Ref. 54). Therefore, in the presént experiment we
are in the vicinity of, or approaching the members
of the yrast line at high excitation energies in 27Al.
This fact is illustrated in Fig. 11 in which are
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FIG. 10. (a) A histogram indicating the number of
correlated states observed as a function of the incident
energy (c.m.). See text for further explanation. (b) The
sum of the yields, or resonance strengths, for the cor-
related resonances of (a). Solid and dashed lines are
calculated theoretical resonance yields for the spins and
parities indicated.

TABLE II. Summary of correlated structures ob-
served in the 12C (N, @) reaction.

Number of

Ej(c.m.) E, Al correlated states
10.43 27.73 5
10.68 27.97 13
11.00 28.29 12
11.32 28.62 13
11.71 29.00 14
12.19 29.49 19
12.71 30.00 12
13.19 30.49 20

- 13.61 30.91 11
13.88 31.17 10
14.26 31.56 15
14.76 32.06 15
15.12 32.42 16
15.47 32.77 14
15.97 33.26 12
16.32 33.62 13
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FIG. 11. The extrapolated ground state band (solid
line) and Hauser-Feshbach critical angular momenta
(dotted line) for the 12C+ 15N system. The short horizon-
tal lines in the top figure are the lowest energy %1, z, %ﬁ,
and -221 states suggested from the experimental data by
the curves in Fig. 10(b). The states shown in the bottom
2

figure are the lowest energy positive parity %, 223, and

2-25 levels according to shell-model calculations (Ref. 21).




plotted angular momenta relevant to the present
experiment. The ground state rotational band of
27A1 is shown €xtrapolated from the few members
identified at low energies up to high excitation
energies. The spin cutoff values J, determined
from the **C +N fusion measurements of Kovar
et al.* are also displayed.

Shell-model calculations for sd shell nuclei using
large shell-model codes such as those performed
by McGrory and Wildenthal®® have successfully
described high-spin states in these nuclei,??41:58:57
Calculations?! have recently been made for the
case of the 27Al nucleus including positive parity
states with spins up to 3L (the maximum spin
allowed using the full sd shell basis). Results of
these calculations are shown in Tahle III. The
calculated average level spacings for spins 3-*,
B+ 2* and Z* are then 0.80, 0.93, 1.13, and
3.15 MeV, respectively, and range from two (3-*)
to ten (3-*) times larger than values predicted by
the statistical model.

Comparison of the curves in Fig. 11, along with
the shell-model states shown in the botton half
of the figure (calculation), indicate that the
angular momentum cutoffs used in the Hauser-
Feshbach calculations are close to the spin limita-
tion imposed by the yrast line in ??Al. The num-
ber of available states in the compound nucleus with
spin values close to those of the yrast line are
limited. Furthermore, the number of available
exit channels also diminishes, as seen in Fig. 12
by comparing the number of open channels given
by the quantity G¢J) [Eq. (3)] for J,> % with those
available near the maximum of the curve. Since®®:*

L, .6

the values of I'/D obtained from Fig. 12 decrease
from around 120 for J=2t down to two for J=22.
As one condition for the validity of the statistical
model requires that I'/D > 1, it is clear that the
applicability of this model for J values greater
than about 3+ for the *C(**N, o) reaction is dubious.
The bumps or “resonances” observed in the
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2C (5N, ) excitation functions may well then rep-
resent a breakdown in the assumption of strongly
overlapping levels in the compound nucleus.

In this picture each resonance is due to the ex-
citation of a single or at most a few isolated com-
pound nuclear levels. The resonance strengths
may then yield information concerning the com-
pound nuclear spins involved as demonstrated by
analyses of (a,p) and (a,n) reactions (see, for
example, Refs. 60 and 61). The cross section was
approximated by a single-level Breit-Wigner term
in which the partial widths were replaced by
readily calculable optical-model penetrabilities.
Analyses of a particle induced excitation functions
with this approximation®®! resulted in theoretical
curves which form distinct bands for each indivi-
dual J value, as do the measurements also (based
on excitation functions for known spin states). It
might be expected that the calculated curve for
each J value would need to be independently nor-
malized to the measurements for states of that
spin in order to account for the fact that the data
were taken on resonance while the Hauser-Fesh-
bach penetrabilities correspond to average cross
sections. However, the entire set of calculations
for all J values could be reasonably well adjusted
to the data by using a single normalization fac-
tor.%°#! Consequently, the different energy depen-
dencies of the bands could be used to suggest the
value of the compound nucleus spin involved.

A similar analysis of the *C(**N, o) data in
Fig. 10(b) shows the resonant areas as a function
of the c.m. energy. The areas of all the peaks
correlated at each energy have been summed,
after first subtracting the nonresonant background,
in order to obtain a measure of the total strength
of each resonance. The solid and dashed curves in
Fig. 10(b) correspond to calculations for positive
and negative parity states. However, it is necess-
ary to normalize the set of calculated curves to the
data at one point. Only a narrow range of spin
values can contribute to the observed resonant
structure. Spins less than J, will be included in
the Hauser-Feshbach calculations and the contri-

+

TABLE IIL. Shell-model calculations of the lowest 3 —3 states in %Al (Ref. 21).

2J* E(*'Al)

21  26.65,  27.33, 28.21, 29.63, 30.14, 30.65

23 2359,  24.18, 25.17,  26.88, 27.73,  28.22, 30.78, 33.34
25 28.39,  29.60, 31.03, 32.20,  32.94

27  33.69, 36.84
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FIG. 12. The Hauser-Feshbach denominator G(J)
equal to the number of open channels for the decay of
the compound nucleus 27Al at 32.86 MeV into different
spins J.

bution of levels with these angular momentum
values will be in the general background underlying
the resonances. If the total angular momentum is
greater than 3., then the transmission coefficients
are vanishingly small. Consequently, only spin
values between 3 and %~ can produce resonances,
since these levels are close to the yrast line and
therefore have widths comparable to or less than
the level spacing; an argument supported by the
shell-model calculations (see Table III). Only
normalizing the curve for spin 3* to the second
resonance at 10.7 MeV provides the satisfactory
fit to all the data seen in Fig. 10(b). Note that the
curve for each J value terminates at the excitation
energy at which J=J_, since for higher energies
overlapping resonances are to be expected.
Therefore, the observed 2C(**N, @) resonances
appear associated with a limited range of high-
spin values near the yrast line of 27Al. If the
resonances at incident energies of 10.4 and 16.0
MeV (c.m.) are interpreted as due to 32+ and %L+
levels, then the excitation energies of these
states, 27.6 and 33.2 MeV, respectively, are
close to those predicted by an extrapolation of the
ground state band. Although the curves in Fig.

10(b) suggest a value for the spin of the level in
27Al corresponding to each observed bump, these
values merely indicate the approximate magnitude
of the spin involved. Difficulties in locating all
the resonant strength, which is spread over many
exit channels, in the background subtraction, in
the use of data measured at a single angle rather
than the integrated cross section, in the use of
transmission coefficients rather than partial
widths, and in choosing the proper optical-model
parameters all contribute to the uncertainty in
the spin value. However, the spin values suggested
in Fig. 10(b) are indicated in Fig. 11 (top, experi-
mental) where short horizontal lines locate the
lowest &, 22, and 2 levels proposed by this -
analysis. The experimental and calculated states
shown in Fig. 11 are in reasonable agreement.

B. Angular distributions

The angular distribution shown in Fig. 3 dis-
played strong forward peaking on resonance. In-
deed this forward peaking is a significant feature
of the angular distribution of an isolated high-spin
state in the compound nucleus and is a signature
of the excitation of such a high-spin state. In Fig.
13 are calculated angular distributions for a single
compound nuclear level of the spin and parity
shown. The curves are symmetric about 90°. In
these calculations the level widths involved were
again approximated by the appropriate optical-
model transmission coefficients. Clearly, the
higher the spin the more forward peaked is the
angular distribution, and thus it is at forward
angles that resonant effects such as those observed
here will most likely be identified. At more back-
ward angles it becomes more and more likely that
the single-level contribution is lost in the sea of
Hauser-Feshbach contributions due to the lower
spin states in the compound nucleus.

The angular distributions were analyzed by the
program PAZIT developed to extract resonant
spins from systems where some of the spins may
not be zero.®® This program using the formalism
of Lustig® assumes that the cross section consists
of a resonance term, a background term, and a
term describing the interference between these
two. The resonance contribution can arise from
a single level, many states of the same spin and
parity,®® or a doorway state weakly coupled to the
compound nucleus.®® In addition, the background
term may be replaced by a second resonance term
so that the cross section due to two states of
different spin and/or parity may be computed.

Figure 14 displays angular distributions mea-
sured on and off the resonances shown in the in-
serts of the figure which occur in the excitation
functions of the 0.44 and 4.78 MeV levels of ?*Na.
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FIG. 13. Angular distributions for isolated compound
nucleus levels of various spins calculated with a single-
level approximation. The state in the residual nucleus
was assumed to be the 2.07-MeV 15-" level in ®Na.

The strongly forward-rising, on-resonance,
angular distributions are reasonably well fitted,
assuming compound nuclear spins J¢y of 2. These
fits are insensitive to the parity of the compound
nuclear state, as an arbitrary normalization was
used in order to obtain the minimum 2 value in
the fitting procedure, since in this case positive
and negative parity states whose spin values differ
by one unit of # will give similar results. This
fact is illustrated in Fig. 15, where the x® values
for even and odd parity values are given by the
solid and dashed lines, respectively. However, a
given spin value produces very different angular
distribution shapes at forward angles for plus and
minus choices of the parity.

The significant feature in Fig. 15 is that the
curves have deep minima clearly favoring a
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FIG. 14. Comparison of measured angular distribu-
tions with single-level calculations on and off the reso-
nant-like structures observed in the excitation functions
at 7° for the 0.44-MeV (3') and 4.78-MeV (}') states in

Na.

limited range of high-spin values. In contrast to
the situation on resonance, the off-resonant angu-
lar distributions are not well fitted, although the
most forward angle portion of the data indicates a
Jcn value which is definitely lower than the value
on resonance. Furthermore, the x? plots, while
favoring lower Jcy values, have a broad rather
than a sharp minimum representative of the poorer
fits seen in Fig. 14.

The difficulty in fitting the angular distributions,
particularly off resonance, is due in large part to
the background contribution to the cross section.
As seen in Fig. 13, except at the most forward
(and backward) angles, the resonant contribution

¢ (N, @)
£, =207
£ =24

FIG. 15. Sample x? plots for single-level fits at reso-
nant energies. The solid and dashed lines are for posi-
tive and negative parity, respectively. These plots are
for the angular distributions shown in Figs. 14 and 16.
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of a high-spin state will not' dominate those due to
the large number of low-spin states also present.
Describing the background by a Hauser-Feshbach
term can only be an approximation, since the an-
gular distributions are not averaged over a range
of incident energies. The form of the interference
term also presents a problem.

Furthermore, the cross section probably often
results not just from a single high-spin state
whose contribution is more accurately described
by a resonance term rather than the statistical
model, but from states with a range of spin values
whose contributions cannot be accounted for by a
Hauser-Feshbach treatment. To illustrate this
point, Fig. 16 shows the angular distribution mea-
sured on one of the bumps observed in the 7° (lab)
excitation function of the 2.07 MeV (3*) state in
23Na. In the upper half of the figure it is seen that
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FIG. 16. Single-level calculations for spins of 225‘ and
'155* which, respectively, provide the best fits for the
forward angle and more backward structures in the an-
gular distribution measured at the maxima of the peak
observed at 24 MeV in the excitation function for the
2.07-MeV level of ®Na.

the most forward maximum in the angular distri-
bution requires a Jey =% * contribution for a fit.
The oscillatory structure appearing at more back-
ward angles is best fitted with the Jgy =$* con-
tribution shown in the second half of the figure.
Including both the 22* and * terms together with
interference between them yields the calculated
curve appearing in Fig. 17. Clearly, interference
effects are important in fitting these data, and the
possibility of having several resonant-like terms
as well as a statistical contribution make it un-
likely that detailed fits can generally be obtained.

It appears significant, however, that the shape
of the angular distributions on resonance indicate
that one or a few high-spin states in the compound
nucleus are being excited. As the energy is in-
creased from off resonance to on, and then further,
to off resonance again, the value of the angular
momentum required in order to obtain an accept-
able fit to the forward angle data must first in-
crease and then decrease by at least several units
of angular momentum. This is yet a fourth fea-
ture of the data (see Sec. IILA), which is not com-
patible with present statistical theories.

C. Elastic scattering data

The *C(**N, @) angular distributions as well as
elastic scattering measurements of light nuclei®®
imply that further support for the presence of
resonant effects in the *C +!°N system might be
found from observing backward angle scattering of
15N from '2C. Excitation functions were measured
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FIG. 17. The data of Fig. 16 fitted with the curve due
to resonant and interference terms from two compound
nuclear states with spins of 4* and 4*.



at five angles, 160.2° <0, <169.8°, spaced at
1.2° intervals. In Fig. 18 the excitation function
resulting from an integration over these five
angles is plotted. More complete angular dis-
tributions measured between 140° and 170° (c.m.)
at selected energies appear in Fig. 19.

The excitation function is not featureless, but
displays pronounced structure. However, except
for the peak at 29.4 MeV (lab) the maxima do not
appear to be correlated with the anomolies ob-
served in the a-particle data. Although the an-
gular distributions become more structured as
the incident energy is raised, this prdbably merely
reflects the increase in the grazing angular mo-
mentum. Thus, the elastic scattering does not
generally collaborate the structure observed in
the reaction data. The peak at 29.4 MeV (13.06
MeV c.m.), which may be identical to that seen in
many of the final state excitation functions from
the 2C(!®N, o) reaction (see Figs. 8 and 10) indi-
cate that some correlations may exist, however,
particularly at the higher energies where the
scattering described in the optical model dimin-
ishes. The grazing angular momenta, and the
total angular momenta at which the Hauser-Fesh-
bach cross sections have their maximum values,
are sufficiently equal for the elastic and a-particle
channels that spin cutoff factors or other angular
momentum considerations cannot account for the
difference in the behavior of these two channels.
It therefore appears that the resonant effects sug-
gested by the reaction data are not due to entrance
channel effects.

However, the resonant effects observed in the
elastic scattering of light nuclei have been des-
cribed in terms of surface transparent optical
models at both forward and backward angles.% ~¢°
On the other hand, the nonstatistical effects in the
present reaction data have been attributed to the
population of states near the yrast line in the com-
pound nucleus. The elastic cross sections pre-
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FIG. 18. The excitation function for 120 4 15N elastic
scattering averaged over the angular interval 160.2° to
169.8° (c.m.).
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 dicted by the Hauser-Feshbach calculations in the

angular range of Fig. 18, although comparable,
are lower than the measured data. Therefore,
even at these backward angles, shape elastic scat-
tering may still be dominanting the compound elas-
tic scattering and so masking resonance effects
similar to those observed in the reaction data.

1IV. DISCUSSION

The usual criteria for the existance of reso-
nances or intermediate structure in reactions re-
quire: (1) deviations from the average cross sec-
tions larger than expected by the statistical model
and (2) correlations between the structures ob-
served in the excitation functions for different
final states, exit channels, and reaction angles.
The size of the structure seen in the *C(*N, a)
reaction seems outside the limit expected from a
statistical reaction mechanism. Although detailed
excitation functions were only measured at 7° (1ab),
the angular distributions indicate that excitation
functions measured at various angles will generally
also display the anomalies seen in the excitation
function at 7°. However, if these anomolies are
due to relatively isolated high-spin states in the
compound nucleus, then, as suggested by Fig. 13,
the single-level contribution becomes increasingly
harder to identify as the reaction angle is in-
creased. The existence of structure in the *C
+1N neutron channels has been investigated by
measuring the total emitted neutron yield with the
ORNL 47 graphite sphere detector.™ Although the
yield curve is smooth and displays no resonant
effects, such a measurement places a severe con-
dition on the observation of resonances since all
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neutron emitting processes, all final states, and
all angles are included. As pointed out by Fesh-
bach,”™ the variation in partial widths for different
exit channels may prevent a resonance from being
seen in some channels. However, the structure

in the o channel should appear in the elastic
scattering if the resonances are due to entrance
channel effects. Failure of correlated structure

to be present makes the interpretation of the
2C(*®N, @) data more difficult. Nevertheless, the
explanation of the a-particle anomalies as originat-
ing from the population of high-spin states near

the yrast line of the compound nucleus is compat-
ible with the present data although the Hauser-
Feshbach calculations are not significantly lower
than the backward angle elastic scattering. Cou-
lomb and shape elastic scattering will tend to mask
structure from this proposed mechanism in the
elastic scattering at more forward angles.

The location of the yrast line in ?’Al clearly is
important in understanding the present data. Re-
cently the determination of level densities and the
position of the yrast line in sd shell nuclei have
received attention since they affect the nature and
location of quasimolecular states and resonances’ "
and the understanding of angular momentum limi-
tations imposed on fusion cross sections.™~7®
Calculated yrast lines using the Strutinsky method
and including pairing corrections for nuclei in the
mass region of 27Al indicate that the yrast states
with spins between 10 and 16 7 occur for excitation
energies between about 20 and 35 MeV.”*""™ The
shell-model results of McGrory®! are in agreement
with these calculations. In addition, Lee et al.™®
suggest that the limitation on light heavy ion fusion
cross sections can be understood in terms of a
“statistical yrast line,” approximately 10 MeV
higher than the actual yrast line, and which deter-
mines the level in the compound nucleus in which
the level density is sufficiently high that fusion
can occur. These points indicate that the position
of the levels shown in Fig. 11 are at excitation
energies where the level density is low enough
so that the applicability of the statistical model is
suspect.

However, it is possible that the low density of
high-spin states in the compound nucleus excita-
tion energy region populated in the present ex-
periment may not simply require that the excita-
tion of these states be described by a single-level
or R-matrix-like approach. The low density may
cause an increase in different fluctuation pheno-
mena. For circumstances where the number of
open channels is small, Moldauer has shown that
fluctuations can produce widths which may be
several times as large as the coherence width.”
But the angular momentum features observed in

the **C +N system are not explained in this pic-
ture. Of course, the Hauser-Feshbach formalism,
the number of open channels, and the compound
partial widths which determine the coherence width
obtained from analyzing the fluctuations in excita-
tion functions all depend strongly on the total
angular momentum J involved.?® However, in
deciding whether or not a set of excitation func-
tion data can be described by the statistical model,
the number and magnitude of observed peaks must
also be compared with expected values. The usual
probability functions used to analyze the number of
peaks in an excitation function, Eq. (4), and the
distribution of cross section values about the
average value [Eq. (1) of Ref. 41], are largely in-
sensitive to the spin values J in the compound
nucleus. Although the distribution of cross sec-
tion values involves N, the number of effective
channels participating in the reaction, which in
turn depends upon a summation over angular mo-
menta including J'®; N . depends most sensitively
on the spins in the entrance and exit channels.
Furthermore, it is difficult to determine param-
eters such as N from fitting experimental prob-
ability distributions.* As a result, it is not easy
to test the dependence of measured cross section
distributions on the spin values which may be
populated in the compound nucleus. The low den-
sity of high-spin states populated in the present
experiment may cause fluctuations in the number
or spin of high-spin states excited about the
average distribution predicted by the statistical
model. Thus a more general fluctuation picture
may encompass the present data.

The forward peaked angular distributions are
also compatible with direct reactions. But such a
reaction mechanism does not seem capable of
describing either the resonant-like peaks observed
or the high angular momentum effects indicated
by the excitation functions and angular distributions.
Massive transfer such as of !B nuclei also seems
improbable at these energies.

V. CONCLUSIONS

Analysis of the excitation functions of the
2C(!°N, @) reaction at a laboratory angle of 7°
indicate the presence of a large number of anom-
alies that fall outside statistical model predictions.
These anomalies manifest themselves as large
fluctuations (resonances) with widths of two or
three times the coherence width and with an un-
usually large number of correlations among the «
groups studied. An explanation for the observed
resonances based on the resonant strengths in
the excitation functions appears to be the popula-
tion of high-spin states close or at the yrast line



of the compound nucleus 27Al.

Angular distributions measured at selected
energies between 2° and 110° (c.m.) have been
compared with single-level calculations. These
calculations, assuming the excitation of high-spin
states in the compound nucleus, reproduce the
strong forward peaking of the angular distributions
measured on resonance. Furthermore, the angu-
lar distributions favor higher compound nuclear
spins on resonance than at nonresonant energies.

The elastic scattering excitation functions at
backward angles display structure as well, but
this structure is not well correlated to that ob-
served in the a-particle channels. Therefore,
the anomalies in the reaction data do not appear
to be an entrance channel phenomena.

These data are generally understandable as
arising from high angular momentum states for
which the number of open channels is small, and
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hence for J values which should not be included
in Hauser-Feshbach calculations. Thus, these
anomalies appear to be due to relatively isolated
levels resonanting, in contrast to mechanisms
such as shape or molecular resonances used to
interpret many heavy ion scattering and reaction
data. However, the growing profusion of reso-
nances being reported for heavy ion systems sug-
gest that effects similar to those discussed here
should be kept in mind.
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