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High-resolution excitation functions were measured in the energy range E.  =19-25 MeV
for the 12C(*%0, a) reaction to highly excited states in **Mg (Eexc ~ 13.5—17.5 MeV). The
strong, rapid observed fluctuations suggest a predominately compound-nucleus reaction
mechanism. The selective population of high-spin states in 24Mg by the present reaction in
contrast to the lack of such selectivity in the “N(4N, @) reaction can readily be explained by
Hauser-Feshbach statistical-model calculations. A fluctuation analysis indicates coherence
widths of 90-150 keV, and cross correlations were found to be small and thus compatible with

a purely statistical compound-nucleus process.

I. INTRODUCTION

The selective population of prominent states at
high excitation in ?**Mg, observed by Middleton,
Garrett, and Fortune' in the *0O(*2C, a) reaction,
as well as the absence of such selectivity in the
N(**N, a) reaction, has led to much interest and
speculation concerning the nature of the reaction
mechanism for populating these states.?™® With a
direct-reaction mechanism (e.g., ®Be transfer),
the selective population of a few states in a region
of many overlapping levels would be due to nuclear-
structure or angular-momentum-matching effects.
A semidirect mechanism proceeding through door-
way states of quartet character, for example,
might also explain the selectivity. Evidence for
such processes has been found recently by Middle-
ton etal.,® who studied the '2C(*2C, a)2°Ne reaction
in which two K =0 bands at very nearly the same
excitation energy were observed to be populated
with very different intensities.

Alternatively, as proposed in this paper, the
selective population of states in 2*Mg may be ex-
plained by a compound-nucleus reaction mecha-

nism. For the largest angular momenta brought
into the compound nucleus in a heavy-ion collision,
there will be only a few open channels that can
carry away the angular momentum, and therefore
these channels will be strongly populated. As
shown in more detail later, this leads to a selec-
tive population of high-spin states, regardless of
their structure. Particle-particle correlations
show that the prominent states in 2*Mg indeed have
high spin.?*®* We have performed Hauser-Feshbach
statistical-model calculations which readily ex-
plain the salient features of the 2C(*°0, a)?**Mg and
the N(*N, «)**Mg reactions. This compound-
nucleus picture is also in accord with the earlier
results of Halbert, Durham, and van der Woude,”
who studied the '*C(*%0O, a) reaction to the first few
excited states in 2*Mg at lower incident energies.
Similar statistical-model calculations for heavy-
ion reactions have also been performed by Vogt
etal.® for the '*C(**C, )*°Ne reaction and by Shaw
etal.® for the °0('°0, )?8Si reaction.

Supporting evidence for the compound-nucleus
picture also arises from elastic scattering
studies. Whereas compound elastic effects are
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strong in the '2C +!%0 scattering,'® as evidenced by
large fluctuations, the “N+!*N excitation func-
tions!'! are very smooth.

In order to investigate the reaction mechanism
further, high-resolution excitation functions were
measured for the *C(*0, a) reaction over the en-
ergy range E ., =19-25 MeV for excitation ener-
gies E, =13.5-17.5 MeV in 2*Mg by use of a recent-
ly developed position-sensitive proportional coun-
ter!? in the focal plane of an Enge split-pole spec-
trograph. Preliminary accounts of the present
work on the excitation-function measurements'?
and the statistical-model calculations'* were pre-
sented in 1971 at the Saclay conference. Similar
excitation-function measurements with poorer
energy resolution were recently reported by
Gastebois etal.,? Stokstad etal.,'s and by Cosman
etal.'® Strong and rapid fluctuations observed in
the present excitation functions support a com-
pound-nucleus reaction mechanism. The data have
been subjected to a fluctuation analysis and in ad-
dition Hauser-Feshbach calculations have been
performed. Although a significant direct-reaction
component cannot be excluded in the present anal-
ysis, the available data are in good agreement with
the simple Hauser-Feshbach statistical compound-
nucleus model.

II. EXPERIMENTAL PROCEDURE

The excitation functions were measured with
self-supporting carbon foils, about 5 pg/cm? and
thus about 40 keV thick to the incident *0 beam
from the Argonne FN tandem accelerator. In
order to minimize carbon buildup on the targets,
they were enclosed in a copper sleeve cooled by
liquid air. The carbon buildup measured 1 ug/cm?
per mC of beam particles, as compared with about
5 times this rate without the cold sleeve.

The a particles emitted at an angle of 7.5° (1ab)
were momentum-analyzed by an Enge split-pole
spectrograph with a solid angle of 2x1072% sr and
were detected in the focal plane by a recently de-
veloped wire proportional counter.'? This combin-
ation made the experiment feasible, since we were
able to obtain a large number of high-resolution
spectra in a rather short time. Furthermore, the
data were available for on-line analysis; it was
not necessary to develop and scan hundreds of nu-
clear emulsions.

The counter measured 24 cm in active length,
and its position resolution was about 1 mm [full
width at half maximum (FWHM)]. The counter
consisted of a single high-resistance wire enclosed
in a sealed box filled with a mixture of argon (90%)
and methane (10%) at a pressure of 1 atm. Parti-
cles enter the counter through aluminized Mylar
windows. The particle position was determined by

using a time-to-amplitude converter (TAC) to mea-
sure the difference between the rise times of the
pulses traveling towards the two ends of the anode
wire, a procedure due to Borkowski and Kopp.'’
The anode pulses were also summed to obtain a
signal proportional to the energy loss AE. The AE
signal was then used to discriminate against un-
wanted particles or noise by gating the TAC. The
resultant TAC pulses were analyzed by an analog-
to-digital converter, stored in the memory of an
on-line ASI computer, and recorded on magnetic
tape.

1II. RESULTS

The spectra, such as those shown in Fig. 1,
were analyzed with the peak-fitting computer code
AUTOFIT.!® A composite spectrum obtained by tak-
ing five overlapping runs with the counter is shown
in Fig. 2 for E..=0-22 MeV. The combination of
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FIG. 1. Comparison between sample spectra for Eq,y,
=48.75 and 48.25 MeV. Note the strong and rapid changes
in the prominent states. The resolution in this case was
about 30 keV (FWHM), although most of the data were
taken with poorer resolution (~50 keV FWHM).
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a large continuous background (due to low-spin
states and breakup) and the high density of rapidly
fluctuating levels made it difficult to extract small
yields (<0.5 mb/sr). Furthermore, some transi-
tions were not adequately resolved; in particular,
the 14.14- and 16.55-MeV yields include contribu-
tions from adjacent states. The 16.55- and 16.59-
MeV yields were added together, since they were
not always resolved. However, the 16.59-MeV
(6*) state is strong below E., =21 MeV, but virtu-
ally disappears at higher energies. Ten levels
were analyzed completely, five more were ana-
lyzed over parts of the energy range, and at least
10 more can be distinguished at selected energies.
All of the levels seen are given in Table I. Abso-
lute excitation energies were measured to within
+30 keV and were normalized to previously report-
ed values for convenience.

Absolute cross sections were determined by
measuring the ratio of the « yield to the elastic
scattering intensity for all charge states. Elastic
angular distributions were then measured and com-
pared with optical-model calculations, which give
nearly the same results as Rutherford scattering
at small angles. Corrections for carbon buildup
were determined by repeated measurements. The
estimated error in the absolute cross sections is
+30%. It should be noted that the preliminary
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cross sections published previously'® in the pro-
ceedings of the Saclay conference were found to be
too large by a factor of 1.6. Further, as a result
of a recent energy recalibration at the Argonne
tandem accelerator, the energy scale has been
changed by about 0.6%, i.e., by about 200 keV
(c.m.) at 48 MeV.

Excitation functions for the 10 most prominent
levels are shown in Figs. 3 and 4. The excitation
functions are dominated by strong, rapid fluctua-
tions over the entire energy range. Such fluctua-
tions are typical of compound-nucleus formation
and are in sharp contrast to previous results by
Gastebois etal.,® but in agreement with the results
of Stokstad efal.'®> There do not appear to be any
significant cross correlations between the excita-
tion functions, and this conclusion is supported by
a fluctuation analysis (Sec. IV).

The total « yield observed between E . =13.5
and 17.5 MeV was obtained by summing all counts
in the spectrum from the proportional counter,
after correcting for changes in the spectrograph
dispersion. The result (Fig. 5) is a very smooth
function of energy. Also shown is the sum of all
10 of the most prominent levels (Figs. 3 and 4) and
the difference between this sum and the total yield.
The sum we presume corresponds to all of the
high-spin states (1= 6) while the difference is the
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FIG. 2. A composite spectrum obtained by taking five overlapping counter spectra. The reaction at an incident energy
of 53 MeV gives excitations up to E, =22 MeV. The resolution at the highest excitation energies is poor because of an
error in the computer code used to calculate kinematic-shift corrections.
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sum of all low-spin states (I<5). The fact that all
of these functions have a smooth energy depen-
dence indicates that there are no large cross cor-
relations and that the reaction is consistent with a
purely statistical process. The solid lines are
Hauser-Feshbach statistical-model calculations
(Sec. V) which agree very well with the total yield
and with the trend of the data.

The angular distributions of the total a yield
(Fig. 6) were also measured at three energies.
Individual levels were not resolved due to an error
in the computed kinematic corrections for the
spectregraph. The dashed lines in the figure are
least-squares fits to the function 1/sin, which is
the expected energy-averaged angular distribution
for a statistical compound-nucleus model involving
many large angular momenta.!® Supporting evi-
dence by Middleton et al.® has shown that energy-
averaged angular distributions for states at lower
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FIG. 3. Excitation functions for five prominent levels
below 16.1 MeV in 2Mg. The incident energy was varied
over the range E. n, =19-25 MeV in steps of 54 keV
(c.m.). Note that the functions are plotted on a logarith-
mic scale.

excitation (E, =5.22-9.28 MeV) indeed have very
nearly a 1/sin6 angular distribution.

IV. FLUCTUATION ANALYSIS

In order to determine to what degree the excita-
tion functions are compatible with a purely com-
pound-nucleus process, a standard Ericson®® fluc-
tuation analysis was performed for all levels.
Autocorrelations were determined by use of the
relation

_ (o(E)o(E + €) _
R(T, €) (O(ENW(a(E +€)) 1

where o(E) is the measured differential cross sec-
tion at energy E, € is the energy interval, and I
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is the average coherence width (I';). Average
cross sections were calculated by the method of
moving averages, in which the averaging interval
was varied to obtain consistency for R(I', 0) and T
The coherence width I was taken as the half-height
on the assumption that R(T, €) has the Lorentzian
shape
r: [1-v/

R(T, €)= +e& Ny °’
where N, is the number of effective open channels
and Y, is the ratio of the direct to the total cross
section. The resulting values of R(I,0) and I' are
given in Table I. The coherence widths varied
from 90 to 150 keV, and the values of R(T, 0)
varied from 0.05 to 0.22. If Y, is small, the finite
size of the statistical sample of data introduces
about 2 10-20% error in I and in R(T, 0). The
rather small values of R(T, 0) imply either a siz-
able direct-reaction component or large values
of Negr.
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FIG. 5. Total « yields for the excitation range E,
=13.5-17.5 MeV in %Mg. The top points are the total
a yield seen by the proportional counter. The middle
points are the sums of the cross sections to the ten most
prominent peaks (shown in Fig. 3 and 4). The bottom
points represent the “background” obtained by subtract-
ing the sum of the 10 most prominent peaks from the to-
tal. The smooth curves are Hauser-Feshbach calcula-
tions in which it was assumed that the sum of the 10
most prominent levels represent all high-spin states
(I = 6) and that the “background” was due to low-spin
states (I =5). Note that the total yield is well described
by the calculations.

In addition to the foregoing analysis, probability
distributions for the ratio y=o(E)/(0(E)) were com-
puted in an attempt to obtain better limits on the
values of Y, and Ny These probability distribu-
tions are described by a modified x* distribution.?*
If Y, is assumed to be zero (no direct-reaction
component), then N must lie between 4 and 14,
depending on the level in question. The number of
open channels can have values in the range 1 < Ny
< 3(2I+1), where I is the spin of the final state.

It is expected to rise rapidly from N,=1 at 0° to
1(21+1) at 90°, the rapid increase with angle being
due to the large angular momentum involved in the
120(10, o)?**Mg reaction. For the present case of
6.m.=12° N, has been estimated® at about half
the maximum value, which is N y=4-6 for /=6-10.
The fact that the measured values of N are slight-
ly larger than expected may be due to several fac-
tors. First of all, the value N =5 implies that
R(I', 0)<0.2, the actual value depending on Y,, and
one might question the accuracy with which such a
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small value of R(T, 0) can be determined. This is
especially of concern, since many of the levels are
not isolated but contain measurable contributions
from nearby states. For example, the 14.14- and
the 16.55-16.59-MeV levels were not resolved,
and these showed the highest values of Ny. Furth-
er, all of the levels ride on a continuous back-
ground due to low-spin states and breakup. As
previously mentioned, the background subtraction
was difficult for low yields (<0.5 mb/sr); and the
resulting uncertainty might tend to fill in the min-
ima in the excitation functions and thus lead to
smaller values for R(T, 0) and, if Y,=0, to larger

2117

required values of Ny. The highest resolution used
in the present experiment was 50 keV (FWHM),
which was not sufficient to resolve many closely
spaced weak levels observed at all excitation en-
ergies throughout the excitation function.

In order to ascertain whether or not the excita-
tion functions showed significant correlations be-
tween transitions to different final states, cross
correlations were computed from the relationship

(0, (E)ou(E +€))
(0L (EW(0(E + e))-

for the 10 excitation functions. The values were

R.(a,a’)=

TABLE I. Observed levels in 2Mg, with measured and calculated cross sections, autocorrelation coefficients R(T,0),
and coherence widths from fluctuation analysis.

do o b do o ¢
E, (24Mg) @ <dQ 2 )> exp <dQ . )> H.F. T
(MeV) (mb/sr) g7 (mb/sr) R(T,0) (keV)
13.86 1.2 5-d 0.3 0.12 95
1414 2.0 3 . 03 g 0.07 75
14.31 0.8f
14.54 1.1f
14.90 0.6f
4+d 0.06
15.15 3.8 3( © 8 18 2 0.08 110
15.19 1.5f
15.77 1.4 0.09 100
16.08 1.2 6*h 0.3 0.14 120
16.22 1.9 0.22 145
gte 1.3
16.29 3.0 { 9-e 1.8 } 0.15 135
10*e 4.4
16.46 <1
16.55 g*e 1.2
-e
5.81 1g+e iz 0.05 100
16.59 6*h 0.2
6+d 0.2
+e
16.85 3.2 g_e i:g 0.13 120
10*e 3.7
16.93 <«f
17.03 «f
17.20 2.0 0.125 125
17.52 «f
17.59 < f

2 Absolute energies normalized to other work (Refs. 1 and 4). Accuracy in present work +30 keV.

b present work. Energy-averaged from 19-25 MeV (c.m.).

¢ Hauser-Feshbach cross section at 12°, calculated on the assumption of a 1/siné angular distribution.

4 M. J. LeVine et al., Bull. Am. Phys. Soc. 17, 77 (1972).
€ Reference 5.
f Not seen at all energies.

8 Suggested by Ref. 4, although unlikely due to work of Ref. 2.

hReference 2.

i The 16.55-MeV level (8*,97,10%) was not resolved from the 16.59-MeV level (6*), although the 16.59-MeV level was

weakly populated above E . ~21 MeV.



2118 L. R. GREENWOOD e¢ al. 6
TABLE II. Level-density parameters (Ref. a) a, A, Y, E., and E_,, , optical-model parameters V, r, a,, W, 7;,
and a;, and the Coulomb interaction radius R, -

UMg+a  2TAl+p  YSi+n  2BAl+d  BMg+iHe BNa+5Li YNe+PBe UN+UN YC+180 i
ab 3.58 3.71 3.711 3.96 3.7 3.84 3.26
ab 5.13 1.8 1.8 0 0.25 2.67 e 3.89
Yy°© 0.17 0.17 0.17 0.15 0.14 0.20 L) 0.20
E, d  (MeV) 10 4.5 2.65 2.5 3.9 2.6 12.5 6 16.5
E_,.° (MeV)  25.5 25 21 14.2 12.2 10.9 12.5 6 16.5
v Mev) 125.3F  47.28  48h 7t 1559 7.5+04E ., ¥
7 (fm) 447f 3158  3.81h  3.10f 3.167 1.35(4,3 +4,/%) k
ay  (fm) 054 0.65% 066"  0.861 0.801 045k
w o (Mev)  30.7f 7.58 9.601 1891 15.07 04+0.125E *m
v (fm) 4.60f 3.758  3.81h 4.71 5.2 1.35(4,1/3 +4,1/3)k
a;  (fm) 039f 0708  o047h  o0.541 0.6/ 045k
Regy  (fm) 447t 3.15% 3.851 4.17 1.35(4,13 +4,173) k
2 The notation is that of Facchini and Saetta-Menichella (Ref. 30), who write
level density =p(E)(2@2m)!2c®]11 P, 35 (2 1+1) expl-I(1+1)/207],
where p(E) = [VT /(1249104 expl2@U)"?], U=E - A, and 0%=1.444%3 at/m* with ¢=[(E —A)/al'2.
bValues of the parameters have been taken from Ref. 30.
CE vt = YI(I +1) =maximum energy for spin I.
Energy above which discrete levels were unknown and continuum level densities were used.
¢ Maximum energy for which level densities were calculated.
fp.p. Singh, R. E. Malmin, M. High, and D. W. Devins, Phys. Rev. Letters 23, 1124 (1969).
8 L. Rosen, Helv. Phys. Acta, Exp. Suppl. 12, 253 (1966).
T‘F. Perey and B. Buck, Nucl. Phys. 32, 353 (1962).
! T. J. Yule and W. Haeberli, Nucl. Phys. 117, 1 (1968).
J'W. P. Alford, D. Cline, H. E. Gove, K. H. Purser, and S. Skorka, Nucl. Phys. 130, 119 (1969).
kR. E. Malmin, Ph.D. thesis, Indiana University, 1972 (unpublished).
I The imaginary well was of the surface type in this case; all others were volume.
™A deeper well with W; =-17.2+1.86E_, , 7;=3.90 fm, and a;=0.80 fm gave nearly identical results.
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then normalized by the relation

m_ Regla,a’)
Ce=o(a’ @ )—[Re=o(a)Re=o(a’)]1/2'

The resultant cross-correlation coefficients are
shown as a probability distribution in Fig. 7. It
can be shown?3:2 that the probability distribution
for the cross-correlation coefficients between syn-
thetic uncorrelated excitation functions (generated
by random numbers) will be a Gaussian symmetric
about zero. The figure shows the least-squares
fit of a Gaussian (smooth curve) to the measured
distribution; it can be seen to describe the data
rather well. Even though this is not a rigorous
analysis, it shows that the measured cross cor-
relations are compatible with purely statistical
fluctuations. That is, we would expect to see sub-
stantial deviations from the Gaussian shape if
meaningful cross correlations were present. The
largest cross correlation was 0.62 for the 16.07-
and 16.20-MeV levels. These functions, however,
fail to show very striking correlations (Fig. 8).
Furthermore, there does not appear to be any
correlation of possible gross structure between the
excitation functions as suggested by Gastebois
et al.® Although the excitation functions show evi-
dence of gross structure, this might be expected
even for purely random or statistical fluctuations.
The correlations reported by Gastebois et al.®
appear to be due to their poor energy resolution and
are not substantiated by the present work with high
energy resolution. For example, the small fluctu-
ations with coherence widths of 90-150 keV (c.m.)
seen in the present work were completely smoothed
out in the results of Gastebois et al.? because their
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energy spread was 100-130 keV (c.m.) and their
measurements were in steps of 330-500 keV (lab).
This is what led them to the conclusion (contradict-
ed in the present work) that statistical fluctuations
do not exist.

In summary, although we cannot rule out the
presence of a significant direct-reaction component,
we conclude that the results of the fluctuation anal-
ysis are compatible with a purely statistical com-
pound-nucleus reaction mechanism.

V. HAUSER-FESHBACH STATISTICAL MODEL
CALCULATIONS

The observed strong and rapid fluctuations in the
12C(%0, a)**Mg reaction are indicative of a com-
pound-nucleus process. The presence of strong
prominent states in the spectra, as well as the
absence of such states in the M“N(!*N, «)?**Mg reac-
tion, can be explained by Hauser-Feshbach statis-
tical-model calculations. As discussed previously,
such an explanation is in accord with the conclu-
sions reached by Halbert, Durham, and van der
Woude” from a similar study of the 2C('¢0, a)?*Mg
reaction at lower energies. We also expect this
model to explain the presence or absence of prom-
inent states in other heavy-ion reactions such as
lzc(mo’ p)27A1, 25 lzc(IBO,a)ZSMg’ZG 14C(12C, a)ZZNe’Z’I
léc(IGO’ a)ZSMg’2'7 l60(160’ a)ZESi’Q ZGMg(ISO’ a)SBAr,”
and 2C(*2C, a)?*°Ne,® although we have not explicitly
performed calculations for these cases. In view of
the present results, it also appears possible that
(**N,%Li), '2C(**N, d)**Mg,?® or other exotic reac-
tions may proceed via a compound-nucleus process
rather than via a direct eight- or twelve-nucleon
transfer.

N

25Mg+3He

23Na+5Li

=

27si+n

37
MeV
30

/|4 NN

65 / N+4N
5.1 20

20Ne +8Be
12¢ 4160 o
24Mg+a

285;

27p +p

FIG. 9. The compound system 28Si and the nine most important open channels used in the Hauser-Feshbach calculations.
Note that the N + !N system is at a much higher energy in 28i than in the 12C + 160 system.
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It is not clear a priori, that the Hauser-Feshbach
theory should be applied to heavy-ion reactions,
especially in cases involving high angular momen-
tum for which the density of states in the compound
nucleus is low. However, the results of Vogt et al.®
and Shaw ef al.® encourage us to believe that such
a straightforward application of the statistical mod-
el is indeed justified. In retrospect, perhaps the
best justification arises from the excellent agree-
ment between the Hauser-Feshbach theory and the
available data for the present reaction.

In the Hauser-Feshbach picture, the compound
nucleus statistically decays into all available open
channels. The larger the number of open channels
available, the smaller will be the average flux into
each of them. The number of open channels in-
creases rapidly with excitation energy and de-
creases rapidly with increasing angular momentum
in the compound nucleus. For high-spin states in
the compound nucleus, there are few open channels
(usually involving heavy decay products) which can
carry away the angular momentum.

The most impertant decay channels of the 288i*
compound nucleus are shown in Fig. 9. As can be
seen, the “N+'“N system opens up at a higher en-
ergy in *8Si* than does the '2C +!%0 system. For
the same excitation energy in 28Si*, the incident
energy must be larger for 2C+'®0, and therefore
the grazing angular momentum will be larger.

The grazing angular momentum, defined as the
L value for which the transmission coefficient falls
to T, =3, is shown in Fig. 10 as a function of ex-
citation energy in various channels. The calcula-
tions, performed with the code ABACUS,?° are for
an excitation energy of 38.2 MeV in 28Si*, corre-
sponding to an incident energy of 50 MeV for 6O
on '2C. The optical-model parameters, taken
wherever possible from elastic scattering studies,
are listed in Table II.

The Hauser-Feshbach denominator G(J), defined
as the sum of the transmission coefficients for all
open channels in the compound nucleus, is plotted
in Fig. 11 as a function of the total angular momen-
tum J for an excitation energy of 38.2 MeV in 28Si*,

TABLE III. Calculated peak-to-background ratios for
high-spin 2/Mg states populated by the 12C (10, a) and
4NN, @) reactions at an excitation energy of 38.2 MeV
in the compound nucleus 28si. A Gaussian-peak shape
with a width of 50 keV (FWHM) was assumed.

J 12C (160’ a)“Mg 14N(14N, a)24Mg
6 0.6 0.07

7 1.4 0.08

8 3.1 0.08

9 5.8 0.08
10 10.8 0.08

L. R. GREENWOOD et al. 6

The number of open channels was determined by
summing over all known discrete levels and by
using level-density relations for the continuum, as
discussed in detail below.

As shown in Fig. 10, the grazing angular mo-
mentum in the '*C +'®0 incident channel is L, ,,
=167 at 38.2 MeV in 28Si*, whereas that in the '*N
+'N channel is L,,, =7k (J=5-9 in ?88i*). If we
now consider the total number of open channels
available, as shown by G(J) in Fig. 11, the 2C+'®0
channel at J =16 has G(J)< 10, whereas the *N +*N
channel at J =5-9 has G(J)> 10%. Hence, the larg-
est angular momentum brought into the compound
system 28Si * by the '2C +%0 channel can be carried
away only through a relatively small number of
channels, primarily high-spin states at high ex-
citation in ?*Mg, whereas these high-spin states
must compete with a large number of open chan-
nels in the N+ !N case. Furthermore, the transi-
tions to the high-spin states in the 2C(*°0, a)**Mg
reaction will be enhanced in the spectra relative to
those low-spin states, since the latter states must
compete with a large number of open channels.

The total angular integrated c.m. cross sections
were calculated explicitly by use of the Hauser-
Feshbach formula

TJ Tigry
o - (2J+1) ;,) asSt SZI,:' a's’t
e SN BT D@D S Tieam

J a’s"y”

where unprimed quantities refer to the incident
channel, primed to the exit channel, and double
primed to all possible channels. Each channel a has
channel spin S(§ =1 +*i), orbital angular momentum
1, and total angular momentum J; and ¢ and / are

16
|2C+|60
12 16 %
- cC+ 0 6. 12 —
0+ °C
Ecm=21.94 MeV
12+ 28, —
E, (7Si)=38.3 MeV
~ o 24Mq+a
~
o\ y N
o x%
- Z E -
3 Q , EXC ; PRI
- \4 i/»« 28g; n
X 2, (4
> ) R E—
z sl*" ZGSi |
8 20,
"Be +2'Ne Be +“ " Ne
o T [ T T T T
o 10 20 30
EEXC(MeV)

FIG. 10. The grazing angular momentum, defined as
the L value for which the optical-model transmission
coefficient is , for the main reaction channels at an in-
cident energy of 50 MeV. The incident angular momen-
tum in the 2C +1%0 system is 16%.



the intrinsic spins of the incident and target nuclei,
respectively. The quantities T, are the optical-
model transmission coefficients. The denominator
is summed over discrete known levels and contin-
uum levels computed by level-density equations.3°
Since identical particles collide in the *N +“N re-
action, its cross section must be multiplied by 2
to take account of restrictions on the possible L
values that can couple with the channel spin (0, 1,
or 2). In the calculations, it was assumed that all
of the absorption implied by the transmission co-
efficients was due to compound-nucleus processes.
If the direct-reaction components were subtracted,
the transmission coefficients (especially for sur-
face partial waves) would be reduced and the cross
sections would thus be smaller. The resultant
cross sections are thus upper limits for the com-
pound-nucleus contributions.

In order to simplify the calculations of the de-
nominator, the reflection coefficients n (7, =1
~|n.|?) were calculated at a number of selected
energies and fitted as a function of L at each ener-
gy by a three-parameter Fermi function

NL(E)=ALE)+[1 - Ay(E)]
x {1+exp[(Ly(E)=L)/a,(E)]}™.

T T T T T T T T 3
28 _. 3
Eex( Si)=38.2MeV 7

1

1 lAAlllli

TT HH"]
1.1 llIllll

G(J)
o
T

11 Illllll

11 lllllll

TT VIITTII

FIG. 11. The Hauser-Feshbach denominator G (J),
which is equal to the “number of open channels,” for the
decay of the compound nucleus %8Si at 38.2 MeV into dif-
ferent spins J. The total contributions from the 12C +160,
14N+“N and Mg + o channels are also shown. Only de-
cays from natural-parity states in 28Si* were included.

6 '2C (%0, a@)?*Mg EXCITATION FUNCTIONS... 2121

The three parameters, Ay (E), Ly(E), and A, (E)
were then fitted to a quadratic function of the ener-
gy E. The procedure was found to be accurate
within 10% for all important channels. Exact val-
ues of the transmission coefficients were used to
calculate the numerator of the Hauser-Feshbach
cross section, as well as the most important term
in the denominator, the !2C+!'%0 channel. The de-
nominator was explicitly calculated from the re-
lation

G(J)= Z( Z T ")+fim (E,I)T,(a”),

a”si

where the sum from E, =0 to E, is for known dis-
crete levels and the integral from E_ to E,, is for
continuum states calculated from the level density
p(E, I). Ata given excitation energy in the resid-
ual nucleus, the state of maximum allowed angular
momentum (yrast level) was determined from
EyI)=yI(I+1). The parameters E,, E_,, and Y,
and the level-density equations used are given in
Table II. For large J, the denominator is domi-
nated by the 2C+!%0 and ?*Mg + a channels, the
latter of which is sensitive to the level-density
parameters used. However, the qualitative shape
of the denominator G(J) is not affected by these

T T T T T
14
IZC(IGO’G)ZQ q “N( N. 0)24Mg
00— 28
E E,(7si) = 38.2 Mev
. —io
10p=< j
E °
- ~N
F —! N
r 3 e
r ] P
] -
3 'R °
€ E 1 <
£ E -
. L —ou 3
= B €
s T 15
® o 1 3
HET $_ 10+ 4 N
E 1=6*-10 Y
i §ﬁ09|
0.01— ]
F o*
F \_: O-OOI

0.001 1 1 1 1 ]
I

£, Cg) Mew)

FIG. 12. Total Hauser-Feshbach cross sections for
the population of natural-parity states in Mg at E, =12—
18 MeV in *Mg for an incident energy of 50 MeV (Eem.
=21.4 MeV). The right-hand ordinate represents the
differential cross section at an angle of 7.5°(lab) (6, .
=12°) on the assumption of a 1/sin6 angular distribution.
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uncertainties. The contributions t¢ G(J) from sev-
eral important channels are also shown in Fig. 11.

Figure 12 shows the resultant cross sections to
various I" states at 12-18 MeV excitation in #**Mg
formed in the (%0, o) reaction at E(**Q)=50 MeV.
The left-hand ordinate is the total cross section
and the right-hand ordinate is the differential cross
section at 6 _, =12°as calculated on the assumption
that the angular distribution has a 1/sin6 shape.
States with I, =6-10 are very strongly populated
relative to states of lower spin in the 2C+1%0
reaction, in marked contrast to the *N +!*N re-
sults.

Figure 13 shows the partial cross sections for
the transition from a state of each J in 28Si to
states with spins 7 =0*, 4%, and 8" in ?*Mg for
both reactions. Clearly, high-spin states in Mg
are fed strongly by states of high angular momen-
tum J in 28Si, for which there are few open chan-
nels. States of lower I in 2*Mg are seen to be
much weaker, since they are fed by lower J val-
ues. For N +!N induced reactions, the incident
angular momentum is much lower and the states
in Mg are fed by a larger range of low J values

T |' T T T ’ T T T ,
3.0 N
24 +
I2c('so,a) Mg 8 |
£, (2°si) =38.2 Mev
2.0+ 24 —
E (" 'Mg)=15 MeV
L 4
1.0 —
< 0 (x100)
a IR
€ 0 e ——
bﬂ
0.008
0.004

FIG. 13. Partial Hauser-Feshbach cross sections for
2c (0, a)*'Mg and NN, )2Mg reactions, plotted as
a function of total angular momentum J. The calculations
were for decays from the 38.2-MeV level in the com-
pound nucleus 28Si to 2*Mg levels having the indicated I™
and energies near E, =15 MeV. Note that the 4" and 0"
cross sections are multiplied by factors of 10 and 100,
respectively, for the 12C(“;O,oz)“Mg reaction, whereas
the cross sections for the 1“N(“N,oz)z"Mg reaction re-
quire no such scale factors.

than in '2C +!%0 reactions, as seen in Fig. 13. The
marked difference between the *C +'®0Q spectra
and the '*N +!*N spectra can be easily understood
from Figs. 12 and 13.

In order to show that the high-spin states in **Mg
should be prominent in the '2C + %0 case and not in
the N + N case, peak-to-background ratios were
calculated (Table III) on the assumption that all of
the prominent levels have I = 6 and that the back-
ground consists of all levels with I <5. A Gaussian
peak shape with a width of 50 keV (FWHM) was
used. Clearly, the calculations predict that the
1201160 spectra should have prominent peaks for
high-spin states, whereas the *N +'“N spectra
will be smooth.

VI. COMPARISON OF CALCULATIONS
WITH EXPERIMENTAL DATA

The computed Hauser-Feshbach cross sections
have been compared both with the present data and
with other studies. Table I shows a comparison
between the measured cross sections for the 2C
(*%0, @)**Mg reaction, averaged over the energy
interval E ., =19~25 MeV, and the computed
Hauser-Feshbach cross sections, similarly aver-
aged and estimated at 6, =12° on the assumption
of a 1/sing angular distribution. Since only three

TABLE IV. Comparison of theoretical Hauser-Fesh-
bach cross sections o f'F- with experimental data o$*P
for the 12C (0, w)24Mg reaction.

E, O.%xp U;LF.
(MeV) JT (mb) (mb)
0 0* 2.87+0.342 2.6°
1.37 2 6.42+0.502 6.4°
4.12 4+ a 8.8 b
423 2+} 13.85+0.8 4_7}13.5
5.22 3t 6.21+0.46 2 4.0Pb
6.00 + .
6 44 §+} 9.39+0.282 (7)2} 8.0b
5.22 3t 7.9¢ 5.0
6.00 47 9.8¢ 8.0d
6.44 0+ 1.7¢ 0.9d
7.35 2+ 3.0¢ 2.74
8.12 6" 14.0 ¢ 11.04
6" 8.04
9.28 17.5¢ 7-10.04
8t 22.04

4 Measurement by Halbert, Durham, and van der
Woude (Ref. 7) at E. ., =12.5-14 MeV.

b Calculated for E. .. =12.85 MeV.

¢ Measurement by Middleton et al. (Ref. 6) at E .
=13.5-14.5 MeV. This value of o, was estimated by
integrating energy-averaged angular distributions with
unknown error.

d Calculated for E...=14.2 MeV.
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levels have known J " values, this comparison is
unfortunately very limited. Nevertheless, the val-
ues are in reasonable agreement, generally within
a factor of 2.

The computed cross sections have also been com-
pared with the total « yields, as shown in Fig. 5.
The Hauser-Feshbach cross sections were com-
puted for the excitation range E, =13.5-17.5 MeV
covered by the counter. The total cross section is
fitted very well, especially at lower energies.

The sum of the cross sections for reactions to
the 10 most prominent levels, for which we assume
126, is lower than the calculated curve, while the
background (assumed to arise from levels with
<5) is higher than the computed curve. This might
be explained by assuming that some of the less
prominent levels not included in the sum have I =6,
since the total cross section is fitted quite well.
Generally, the calculated cross sections fit the
data quite well; however, a more detailed com-
parison must await more precise determinations
of I™.

The theoretical calculations have also been com-
pared (Table IV) with the total energy-averaged and
angular integrated cross sections of Halbert, Dur-
ham, and van der Woude” for the first few excited
states in >*Mg. The measured cross sections agree
very well with the calculations. Furthermore,
Halbert, Durham, and van der Woude have shown
that the reaction mechanism for these states is
well described by the compound-nucleus picture.

Furthermore, we have compared (Table IV) the
calculations with the energy-averaged angular dis-
tributions of Middleton efal.® for excitation ener-
gies E,=5.22-9.28 MeV in ?*Mg at incident ener-
gies E , =13.5-14.5 MeV. As previously noted,
these angular distributions appear to be well de-
scribed by the function 1/sin6 and the total cross
sections agree rather well with calculations.

The computed cross sections for the “N(**N, a)-
2¢Mg reaction are compared directly with the mea-
sured values of Middleton, Garrett, and Fortune®!
in Table V. In general, the computed values ap-
pear to be about a factor of 3 too high, depending
on the optical parameters used. Both the potential
given in Table II (based on '2C+'%0 scattering)'®
and a potential derived by Gobbi etal.!* for N + N
scattering were tried. The two results were sim-
ilar. There are several possible reasons for the
discrepancy between the calculations and the data.
First, the N +!“N optical-model parameters are
not well established. This might be very important
since the computed transmission coefficients ap-
pear to be changing rapidly in this energy region.
Secondly, the cross sections, measured at only
one angle and energy, are subject to local fluctu-
ations which might produce large errors (e.g., the

present excitation functions in Figs. 3 and 4 show
order-of-magnitude fluctuations).

VII. CALCULATION OF COHERENCE WIDTHS
AND FIT TO HAUSER-FESHBACH
DENOMINATOR

The coherence widths calculated with the Hauser-
Feshbach theory may be compared with the average
coherence widths I'=(I';) derived from the fluctu-
ation analysis. The latter values of I" are given by
the weighted sum

w B/

where P, is a weighting function and 3}, is over
the partial widths I'; in ?88i. The latter are ob-
tained from the relationship®°

- GW)
77 [27p(E,)/202](2J + 1) exp[-J(J +1)/202]’

where G(J) is the Hauser-Feshbach denominator,
p(E,) is the level density, and 202 is the spin-cutoff

2
O T T T 7T T 1T T T T T T TS
= E,,, ('°0)=50 Mev .
B lab € ]
o E, (?%si)=38.2Mev |
' = =
S B _
g -1
S 10 2 =
- 3 20°:28.4 3
(B E -
102~ =
|0'3 1 | 1 l L 1 | I
(0] 4 8 12 16 20 24

FIG. 14. Partial widths I'; as a function of total angu-
lar momentum J at 38.2 MeV in the compound nucleus
8si for two different values of 202. The top curve
(20%2=28.4) was calculated with the level-density pa-
rameters (Ref.30) and corresponds to a rigid-body mo-
ment of inertia model with radius »=1.33 fm. The bot-
tom curve was calculated with 20%=31.5 (r=1.40 fm).
Note that I'; is not independent of J as was assumed in
Sec. VII.
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parameter in 28Si. Such calculations appear to be
quite sensitive to the value chosen for 202, as
shown in Fig. 14, but the relative values of the co-
herence widths for different values of / in 2*Mg are
independent of it.

If P, is taken as the compound-nucleus formation
cross section, then I'=140 keV at E,, =50 MeV.
However, a physically more reasonable weighting
function is the actual Hauser-Feshbach cross sec-
tion for the decay of a 28Si* state with total angular
momentum J to a state with given /™ and excitation
energy in 2*Mg* (Fig. 13). This procedure appears
to predict the dependence of I' on the I " value and
the excitation energy in 2*Mg, as shown in Fig. 15.
The data points are the coherence widths measured
in the fluctuation analysis on the assumption that
the finite size of the data sample contributes a 20%
error. The spin-cutoff parameter was arbitrarily
chosen at 202=30 to best fit the magnitude of the
data. The shapes of the calculated curves do not
depend on the value of 202 chosen. This corre-
sponds to a rigid-body moment-of-inertia calcula-
tion with a radius of 1.37 fm. This value is not un-
reasonable, since a similar value was obtain by
Shaw et al.® for the *0(*°0, «)?8Si reaction at lower
energies in 283i. Although the absolute values cal-
culated for the coherence widths should probably
not be taken seriously, the relative dependences on
I™ and excitation energy in 2*Mg agree rather well
with the data. This demonstrates that the observed
coherence widths are compatible with the statisti-
cal model.

Both the coherence widths derived in the present
work and the computed values agree rather well

L | ! I T I
COHERENCE WIDTHS

I
Elab‘6°" 50 MeV

Ex(®®si)=38.2 Mev
—202:30

150—

I' (keVv)

100

E (2*Mg) (MeV)

FIG. 15. Comparison between the coherence widths
derived from the fluctuation analysis (points) and those
calculated from Hauser-Feshbach theory (curves). Cal-
culations were performed with 2¢? =30 at E;,, =50 MeV.

with other studies. Halbert, Durham, and van der
Woude” found an average coherence width I'=118

+ 17 keV for the 2C(*0, a)?**Mg reaction at lower
incident energies and excitation in 2*Mg. Similar
studies by Vogt et al.® for the 2C(**C, a)?*°Ne reac-
tion and by Shaw et al.® for the *O(!¢0, «)?8Si reac-
tion also have found reasonable agreement between
experimentally derived coherence widths and those
computed from the Hauser-Feshbach statistical
model. However, the widths found in the present
study may not be compatible with the results of

TABLE V. Comparison between calculated Hauser-
Feshbach cross sections and the measured cross sec-
tions for the N(*N, ¢)**Mg reaction.

E, (da/dw)exp 2 (@o/dw)y g °
(MeV) (ub/sr) JT (pb/sr)
0.0 <1l 0t 3.3
1.37 6 2+ 13
4.12 6 4t 20
4.23 4 2% 12
5.22 2 3+ 12
6.00 5 4% 20
6.44 1 [\ 3.0
7.35 4 2+ 12
7.56 2 1~ 7
7.62 3 3 15
7.75 5 1t 3.0
7.81 3 () 19
8.12 6 6* 21
8.36 8 3~ 15
1- 7
8.44 8 { @ 18
8.65 ~1 2% 12
8.86 3 2- 7
9.00 5 2+ 11
9.15 3 1- 7
2% 11
9.28 12 { 3- 15
4+ 18
2% 11
9.46 6 { 37 15
4* 18
4* 18
9.52 5 { 6 21
9.83 5 @+ 2.0
9.96 =2 1t 2.0
10.02 } e
10.06 4 { 2+ 11
10.16 6 ... ..
10.35 17 2% 11
10.58 10 ve ..
10.66 4 0t 3

2 Obtained at E_, =10.1 MeV, 0,,, =7.5° by Middle-
ton, Garrett, and Fortune (Ref. 31). The estimated
error is +30%.

bpresent work. The values were calculated on the as-
sumption of a 1/sin@ angular distribution.
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TABLE VI. Calculated least-squares fit to the approx-
imate form of Eberhard et al. (Ref. 33) for the Hauser-
Feshbach denominator

G(J) =@nTy/Dy) (2J +1) expl—dJ (J+1)/20?] .

Ec.m.

(MeV) J max 2 202 2mLy/Dy

17.2 =20 20.6 3431
=12 22.1 3269

21.4 =20 23.7 18936
=12 25.6 17149

25.7 =20 26.5 93097
=12 28.6 79480

2 Highest value of J used in the least-squares fit.

other studies, such as **Mg(a, «)**Mg,?® or 7Al-
(b, ¥7%81.%2

For convenient comparison with other studies,
the Hauser-Feshbach denominator has been fitted
to the approximate form of Eberhard etal.®® on the
assumption that I'; = I';, independent of J. This ex-
pression is

GW)=2m(Ty/Do)(2J +1) exp[-J(J +1)/202],
Dy=20%/p(E,),

where T,/D, is the ratio of coherence width to lev-
el spacing for spin-zero levels in the compound nu-
cleus 28Si and o2 is the spin-cutoff parameter. It
was found that the entire G(J) function could not be
well fitted with this simple expression. Conse-
quently, the denominators were also fitted with a
calculation in which high J values were excluded.

The computed values of I';/D, and 202 are listed in
Table VI. It should be pointed out that the use of
such a formula in our case would not agree very
well with the actual calculated cross sections be-
cause the errors on G(J) for high J values are rel-
atively large. Furthermore, I'; is clearly not in-
dependent of J, as shown in Fig. 14.

VIII. CONCLUSIONS

In conclusion, we find that all of the available
data are consistent with the compound-nucleus
statistical model. Although we cannot rule out the
presence of a direct-reaction component, there
does not appear to be any compelling evidence that
such a process is present. Contrary to the con-
clusions of previous studies,?'3:® there is no indica-
tion of a direct excitation of “quartet states” in
28Gi, These states should exhibit much larger
yields than are predicted by a statistical compound-
nucleus process and should produce definite gross
structure or cross correlations in the excitation
functions, but no such effects are evident in the
present work. The success of the Hauser-Feshbach
statistical model in describing the present data, as
well as in other studies, would lead us to suggest
that other similar heavy-ion reactions also proceed
predominantly by a compound-nucleus reaction
mechanism.
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Angular correlations have been measured near several isobaric analog resonances observed in
the 50Ti(p, p’y) reaction populating the *OTi 2* state at 1.555 MeV. In this manner the limita-
tions on the J values of parent states in °!Ti were obtained. Combining the present results with
the I values previously obtained from 5'Ti(d, p) gives the following J ™ values for the indicated
parent states: 2.136 MeV, 4§ or f; 2.189 MeV, §; 2.896 MeV, 4 ; 2.92 MeV, =#; and 3.164
MeV, a}_. The wave function of the 2.189-MeV state of °!Ti is shown to have configurations
other than the previously known p,/, neutron coupled to 5°Ti 2* component.

I. INTRODUCTION

The analogs of the excited states of >'Ti were
first studied by Cosman, Slater, and Spencer! in
the inelastic scattering of protons from 3°Ti. Be-
low a bombarding energy of 5 MeV the excitation
function of protons inelastically scattered from
the 2" first excited state (1.55 MeV) displayed
three prominent resonances at lab energies of
3.620, 4.315, and 4.575 MeV which were identified
as the analogs of the three p-wave states observed?
in ®°Ti(d, p) at 2.189, 2.896, and 3.164 MeV.
Superimposed on this gross structure there were
fine-structure fragments with width and spacings
of approximately 15 keV. The fine structure was
attributed to fluctuations in the density of the 7.
states in the compound nucleus *'V which have the
same J" as the analog state.

Later Price® studied the lowest of these three
resonances by observing the y rays from the °°Ti-
(b, P’v) and the *°Ti(p, y) reactions. Using a very
thin target (<1 keV) he was able to resolve the
3.62-MeV structure into two distinct resonances

located at lab energies of 3.598 and 3.614 MeV,
respectively, each having a total width of approxi-
mately 4 keV. From the angular distributions of
the y rays observed at each resonance, Price
assigned the 3.598-MeV resonance as the analog
of the f-wave state in °'Ti at 2.136 MeV and the
3.614-MeV resonance as the analog of the p-wave
state at 2.189 MeV. This assignment implies a
Coulomb displacement energy of 7770 keV for the
f-wave state and 7733 keV for the p-wave state.
Cosman et al.! found the same resonance energy
for the analog of the 2.189-MeV state, but quoted
average Coulomb displacement energies of 7702
keV and 7739 keV for the p-wave states and f -wave
states, respectively. This is the same difference
in Coulomb displacement energies (37 keV) ob-
tained from the results of Price, but Cosman et al.
apparently used an erroneous neutron separation
energy, S,, for *'Ti. We use S,=6378.7TkeV*to
obtain the displacement energies from the reso-
nance energies of Price. From a study of 5°Ti-
(P, v) at the analog of the 5'Ti p,,, ground state,
Maripuu obtained a Coulomb displacement energy



