VoLuME 29, NUMBER 19

PHYSICAL REVIEW LETTERS

6 NOVEMBER 1972

Structure in the Excitation Functions of 12C(160, p)?"Al, '2C(1°0, d)?°Al,
and 2C( 10, o) *Mgt

E. R. Cosman,* A, Sperduto, T. M. Cormier, and T. N. Chin
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

and

H. E. Wegner, M. J. LeVine, and D. Schwalm
Brookhaven National Labovatory, Upton, New Yovk 11973
(Received 19 September 1972)

The excitation functions for the above reactions show evidence for a large statistical
conpound-nucleus contribution. In addition, a broad structure (~1 to 2 MeV) is seen in
12¢(180, ) Mg, and narrower correlated resonances (~300 keV) appear in 12C(1%0, p)?'Al,
one of them, at E. ,, =19.71 MeV, having the same position and width as a recently found
anomaly in %0+ 12C elastic and inelastic scattering.

The recent discovery of resonances in %0 +**C
elastic and inelastic scattering!'? and of selec-
tively enhanced transitions in the reactions®**
12C(1%Q, p)2"Al and '2C(*°0, a)?* Mg has provoked
speculation on possible direct reaction and inter-
mediate structures involving nuclear clusters
and quasimolecules. A crucial input in clarifying
the questions raised is more complete excitation
functions for the charged-particle reaction chan-
nels. ‘

Here we have studied the reactions '2C(*°0, p)?'Al,

12C(150, d)?6Al, and '2C(**0, a)?**Mg for E,;, = 20—
65 MeV,° E. ,,.=8.5-28 MeV, using the Brookha-
ven National Laboratory (BNL) double MP tandem
Van de Graaff facility. Two counter telescopes
at 6y, =15° to the beam were used, one to detect
p’s and d’s, and the other to detect a’s. With 10-
wg/em? carbon foils, an overall resolution of
about 120 keV was achieved. Sample spectra are
shown in Fig. 1. Marked selectivity of final
states and large variations with bombarding en-
ergy in their yields are evident. The excitation
functions extracted for a number of the stronger
groups are shown in Fig. 2. From these data,
there are indications that both statistical com-
pound-nucleus and nonstatistical reaction mecha-
nisms are involved. The evidence for each is
elaborated below.

In a statistical compound process, the %0 +2C
fusion into compound ?%Si levels and the subse-
quent decay modes are governed only by statisti-
cal level densities and transmission factors.

The evidence that this mechanism is, with the ex-
ception of certain anomalies discussed below,
dominant in giving rise to the backgrounds and
narrow peaks is observed in the following: (1) A
Hauser-Feshbach calculation®® of the relative

total yields of the p, 4, and a spectra matches
closely the measured values, suggesting that the
net direct-reaction contributions are compara-
tively small; (2) a narrow rapidly varying struc-
ture of width I' . from =100 to 500 keV appears
in the excitation functions of nearly all groups
and often shows no obvious correlations in posi-
tion or widths. This is particularly evident for
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FIG. 1. Spectra of (a) 12C(!%0, p)2"Al, (b) '2C ('O,
d)%A1, and (c) ?C (%0, 0)**Mg at various angles of inter-
est. The labeled excitation energies are accurate to
about +30 keV. The data were obtained with the coun-
ter-telescope arrangement.
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FIG. 2. Excitation functions from the counter-telescope data for a selection of the stronger transitions seen.
Solid lines are merely guides to the eye and representative error bars are shown for some cases.

the 2C(*%0, a)?*Mg groups. Greenwood et al.’
have recently done a detailed correlation analysis
for this reaction with very fine energy steps in
the range E . ,,.=19.6-23 MeV and agree with this
conclusion.

Two additional remarks on the consistency of

the compound-nucleus interpretation can be made.

First, it predicts the enhancement of high-spin
states, since the average angular momentum
brought in by the heavy ions during fusion is
much larger than can be carried off by the emit-
ted light particle. Indeed, recent spin measure-
ments'® of the selected final states in the p and o
spectra support this. Secondly, the criterion for
sharp states to be strongly visible in these light-
particle channels is that there exist few other
channels that can carry off the high angular mo-
mentum brought into the compound system. By
simple energetic arguments,® this occurs when
the target and projectile are most tightly bound.
There is a growing body of data'' which confirm
this, too, and which show that the most dramatic
selectivity occurs for reactions induced by such
combinations as 2C +!2C, 60 +!2C, %0 +!°Q, !'2C
+%Ne, and so on,
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The most interesting question is to what extent
intermediate structures and nonstatistical pro-
cesses are involved in the heavy-ion collision.
The light-particle emission spectra are in prin-
ciple natural probes for this. The criterion of
the last paragraph for pronounced selectivity in
these spectra is equivalent, in optical-model
terms, to weak absorption or transparency in
the %0 +!2C interaction potential for surface par-
tial waves,? which means that shape or quasi-
molecular resonances may exist or that these or
other intermediate structures may not be severe-
ly damped. Since by angular-momentum match-
ing, the selected states in the a, d, and p chan-
nels are themselves mappings of the entrance
surface waves, their excitation functions might
be expected to manifest such structures. Two
examples from our data indicate that they do.

First, in *C(*°0, @)?**Mg, we have summed ex-
citation functions for various groups of states,
as shown in Fig. 2. In the sum over the lowest
36 prominent levels up to E,=17.5 MeV, for ex-
ample, a broad structure modulating the under-
lying evaporation curve is evident with charac-
teristic half-widths of order of 1 to 2 MeV. A



VoLUME 29, NUMBER 19

PHYSICAL REVIEW LETTERS

6 NOVEMBER 1972

[ al
14f

Iof o, -(0i) 1

oy |7 T
D [OL |5y |
°F 1
oF VW AN
E b
E ” °
I0F f \ Sem: 176
E o o
E t",'v"’ XP\.

O 1 1 1 T...
= E C
E t- o
3 A e =I5
) lab,

ok I. ab.

& f i
o F kS
€ E, A SN
£ ] L e 2

05 r=0427 »,/M: w
% 1 Ailf TR 3 b S
< 0
b F o d .
©1oF O °

EoL e d -1
¢ 3 1 L L L —~
Q5E J‘A“" Ojgby 225
n \\x 3

7 18 5 20 2 22
Ecm, (MeV)

FIG. 3. Comparison of the excitation functions from
(a) %0(g.s.) + 1?C(g.s.) elastic scattering from Ref. 1
(this is the angle-integrated correlation function D
which measures the deviation from the mean elastic
cross sections); (b) 80%(6.05+ 6.13) + 12C(g.s.) inelastic
scattering from Ref. 2, (c),(d) 2C(%0,p)?"'Al reaction
excitation functions to the E, =15.63~ and 15.83-MeV
states, respectively, at 0y, =15° and 22.5° (6. p, =19.8°
and 29.7°) from the present work using the MIT multiple-
gap spectrograph data. An anomaly at E , ~19.7 MeV
is evident in each case.

distinct minimum is seen at £, ., =19.2 MeV,
which was noted previously by Stokstad et al.?
These broader structures, in contradistinction
to the narrower ones cited above, probably arise
from shape resonances or intermediate struc-
tures in the entrance-channel surface waves.

The second example is the appearance in the
reaction 2C(*%Q, p)2"Al of narrow correlated res-
onances in certain highly excited states of 2"Al.
Figure 3 displays the best example, studied with
finer energy steps using the Massachusetts In-
stitute of Technology (MIT) multiple-gap spectro-
graph.'®* Two proton groups at £, =15.53 and
15.83 MeV show anomalous enhancements at E .
=19.71 MeV, just the energy where Refs. 1 and 2
have recently reported resonances in the °0(g.s.)
+2C(g.s.) and unresolved *0*(6.05,3 +6.13,0")
+12C(g.s.) channels. They estimate the resonance
width to be between 350 and 400 keV. Qur data

indicate that the resonance may have a substruc-
ture, the overall width of the anomaly being about
427 keV. No evidence for similar resonances at
this energy was found in the o channel or in the

d channel; however, other candidates exist in
120(1%Q, p)?"Al, for example, at E. . =16.9 and
18.2 MeV, where several proton groups are en-
hanced together (see Figs. 1 and 2).

Two explanations for correlations in the p +27Al
channel at E_,,, =19.71 MeV can be given: (1) An
intermediate structure in a high partial wave (!
=14 has been suggested in Ref. 1) associated with
the 0 +!2C and *®0O* +'2C configuration acts as a
doorway to more complex compound states in
288i, which then evaporate protons statistically
to high-spin states of 2?Al, This might be more
visible for protons because they are fed by fewer
J states in 28Si than heavier-particle channels.
(2) There is a spectroscopic connection between
the resonating 27Al levels and the intermediate
structure in ?8Si, the widths of the latter to the
180 +12C, %0* +'2C, and p +*"Al* being large be-
cause of favorable configuration overlap. This
is a speculative but tempting interpretation be-
cause it would imply that the resonating 2Al
states have an exotic structure, probably of °N
+12C nuclear molecular character. In this pic-
ture, quantitative knowledge of decay widths to
p +27Al* could distinguish between models already
suggested for the resonances in ?®8i; viz., core
excitation' and o clusters,’® or indicate the need
for other configurations perhaps involving va-
lence proton exchange. The systematics, spins,
and decay modes of such structures are needed
to clarify further their origin,
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A solution for the gravitational field is presented, which reduces to one of the Weyl met-
rics in the limit of angular momentum J =0 and reduces to the Kerr metric in the limit of

J=m?,

The Kerr metric has been the only known example! of an exact exterior solution representing the
gravitational field of a spinning mass. In this note we shall present a solution for the metric which
does not reduce to the Schwarzschild metric in the limit of angular momentum J =0, unlike the case of
the Kerr metric, but does reduce to one of the Weyl metrics® representing fields of deformed masses.

According to the formulation of Ernst,® stationary axisymmetric solutions in empty space can be de-
rived from a complex function § which satisfies the following equation:

(££% =1)V2E=2£4V ¢ VE.

1)

A solution of Eq. (1) has been obtained as & = px — igy,® where x and y are the coordinate variables, and

p and ¢ are the parameters defined by J and gravitational mass m: g=J /m?andp=(1=-¢q

%)/2, Besides

the above Ernst solution from which the Kerr metric is derived, we found a new solution given by

g=2 25t + g%y* = 2ipgxy(x® = ) =1
T 2px(a®=1)=2gy(1 —y%) -
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