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The isoscalar giant quadrupole resonance in Si, studied by Si(e, &'c) angular corre-
lation experiments (in which the charged particle c =+0, o'. I, po, p~ 2), constitutes the first
obvious case of a dominant direct nucleon decay of a giant quadrupole resonance.

PACS numbers: 24.30.Cz, 23.90.+w, 25.60.Cy, 27.30.+t

The general question of the damping of high-
frequency nuclear vibrations is of definite inter-
est, but many important issues are not well
understood theoretically or experimentally. '
Does the initial coherent one-particle-one-hole
(lp-1h) excitation decay in a "direct decay" by
emitting the unbound nucleon, leaving the residual
nucleus in specific hole states, or is the informa-
tion on the 1p-1h configuration lost in a slower
"statistical decay" through more complex np-nh
degrees of freedom and the eventual evaporation?
Random-phase approximation (RPA) continuum
calculations predict direct decay to be unimpor-
tant in heavy nuclei for both the isoscalar giant
quadrupole resonance (GQR) and the giant dipole
resonance (GDR); for the GQR this prediction
holds even for very light nuclei (A -16).' Experi-
mentally, the results of the few kinematically
complete studies of the GQR decay have been
found to be compatible with the assumption of
statistical decay in the mass region A -40-70.'~
On the other hand, a "O(a, a'c) coincidence ex-
periment' (in which c = a„a„p„p,,) gives the
first evidence for a dominant direct decay of a
GQR which surprisingly did not manifest itself
in a nucleon but rather in the z-decay channel.
Significantly, this observation was traced back
later to the microscopic SU(3) structure of the
GQR. ' We briefly present here some results of

an extensive study' of the GQR decay in "Si which
exhibits for the first time the characteristics ex-
pected for direct decay, namely a resonant
strength distribution in specific nucleon (proton)
channels.

The charged-particle (c) decays from the GQR
region in "Si were studied via the "Si(a, a'c)
reaction with use of the momentum-analyzed 155-
MeV n-particle beam from the Julich cyclotron.
The z' particles were detected by two ~-E tele-
scopes at fixed angles of 0„.=6.5 and 13.5',
corresponding to the second and third maximum
of the L =2 (a, a') angular distribution. As de-
scribed previously, "decay products were meas-
ured in coincidence by four sets of ~-E,-E,
telescopes providing a unique particle identifica-
tion for energies E, ~ 2.8 MeV. The measured
in-plane angular correlation functions (ACF's)
cover the range of laboratory angles 6, between
—40' and —260' (+100') including both the direc-
tion parallel (Os = -56' for F.„=19 MeV) and anti-
parallel to the recoiling excited "Si nucleus.

Figure I shows a singles n' energy spectrum
taken during the coincidence runs at 6.5' with a
resolution of 180 keV. The data agree well with
those from previous (a, a') experiments" con-
firming both the deduced centroid energy ((E„)
=19.7 MeV) and width (I"~&=5.1 MeV) of the
GQR covering the range of excitation energy of
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FIG. 1. The Si(&, G". ) singles spectrum measured at
6.5 . An H2 contaminant is marked by the shaded area;
the particle (x) thresholds ~„and the kinematic limits
for u particles from mass-5 breakup are indicated.
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15.4 -E„-24.8 MeV. From the presence of fine
structure which has been shown' to exhibit signa-
tures" of intermediate structure we might al-
ready suspect an incomplete damping of the early
doorway configurations into the compound levels.
In an adjacent nucleus with a higher level density
like "Al, the GQR shows much less dramatic
ampl j.tude modulatj. ons. '

Following a suggestion of Balashov et al. ,
"we

present, in Figs. 2(b)-2(e), the (n, n') strength
distributions of the relevant decay channels (c
= uo, u„po, p») as observed in "antiquasifree
kinematics" demanding particle c to be detected
opposite to the recoil direction (8~+180'). Non-
sequential quasifree scattering (QFS) contribu-
tions to the measured e'c coincidence yields are
thus minimized. As a unique feature we observe
in the GQR region both in the n and p channels
an impressive peak-to-background enhancement
relative to the singles spectrum (Fig. 1). These
resonant strength distributions indicate different
modes of disintegration of the GQR and the under-
lying continuum, and thus our coincidence re-
quirement enhances the decays of the GQR over
the evaporation process; note that the decay en-
ergies in the displayed channels are all well
above the Coulomb barrier.

Figures 2(b)-2(e) show that different parts of
the GQR exhibit strongly different decay branch-
es; at E„=17.6 MeV we observe, for example, a
particularly strong n, decay. The correlation
between the fine-structure peaks in the singles
and coincident spectra is considered evidence' '"
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FIG. 2. (a) The enlarged part of the Si(&, G", ) singles
spectrum at 6.5 with the background (see Fig. 1) sub-
tracted; (b)-(e) the Si(a, &'c) spectra measured in
coincidence with 0' decay leading to the ground (p) and
first excited (&j) state in Mg, and with protons decay-
ing to the ground state (po) and first excited doublet
(P~ 2) in Al. The decay particles were detected at
about the opposite Si recoil direction.

for an intermediate structure phenomenon. " We
note here the general similarity of the total E2
strength in the singles spectrum [Fig. 2(a)] with
that in the p. ..decay channels. Since a.ll these
p channels lead to known" hole states in "Al, we
observe a feature expected for a direct decay
from the primary 1p-1h doorway states. This
represents a nontrivial result when contrasted
with the strikingly different behavior of the GQR
in ' 0 where the weak strength in the p channels
has a flat nonresonant shape. '

ACF's for u„n„p„and p» decay from the
GQR are given in Fig. 3. An incoherent back-
ground was subtracted in those (n, u'c) spectra
measured at decay angles close to the recoil axis;
there the contributions from nonsequential QFS
processes are known to take their maximum
value. These (large) background corrections
were estimated by comparing the (n, n'c) yields
in question with those measured in antiquasifree
kinematics, and the deduced shapes of the QFS
continuum turn out' to be surprisingly well de-
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TABLE I. Experimental branching ratios for the par-
ticle decay of the GQR in Si into channel x and com-
parison with Hauser-Feshbach (HF) predictions. The
quoted experimental values are an average of two meas-
urements at ~o = 6.5' and 13.5' which agree within 20/0.
The given errors include an estimate of the uncertainty
in the background yield subtraction. Z denotes summa-
tion over all open channels.
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FIG. 3. The measured ACF's for ep, o'$, pp, and

pf 2 decay from the indicated GQR region in Si; angles
are measured with respect to the Si recoil direction.
The solid curves are PW fits that assume 98~/0 E2 and
2/o EB cross section: deduced mixing parameters 6(Lj
I ') =(rz/Iz, i)' are inserted. The dashed curve serves
to guide the eye.

scribed in simple plane-wave (PW) impulse ap-
proximation. Even after substracting a max-
imum of incoherent background, the o.p ACF still
exhibits a strong forward-backward asymmetry
indicating, according to Bohr's theorem, "the
interference with additional overlapping multi-
pole strength of opposite parity. The same inter-
ference phenomenon has also been observed' in
' 0 and it proves" that the no decay is a fast
"direct decay" process. This result is obtained
either from interference with fast QFS ampli-
tudes, implying a short lifetime of the interme-
diate resonance in the sequential decay, or from
interference with another resonance of opposite
parity but before the compound stage is reached,
else symmetry about 0, =90 would be restored
from phase averaging. In fact, calculations
based on the assumption of a dominant E2 strength
interfering with a weak (2%) E3 amplitude and the
PW Born approximation nicely reproduce the ex-
perimental n„o., and p, ACF's (solid curves in
Fig. 3). No fit was attempted to the p, , ACF
since the final states could not be resolved.

The branching ratios of Table I were obtained
by integrating the experimental in-plane ACF's
and assuming axial symmetry (PW) about the re-
coil axis. The summed partial widths of all ob-
served charged-particle decays account for the
total decay width within the 20% estimated error.
This is not surprising because of the high neutron
threshold of 17.2 Me7 in "Si. We find the dom-
inant part (70%) of the total E2 strength in the o „
p„and p, , channels. As in "0,' the pt, branch
is weak but p 1„~I'~ changes from about 5 in
"0 to 1 in "Si, emphasizing the large p branches
of the GQR in the latter nucleus. For comparison,
Table I also lists the Hauser-Feshbach (HF) pre-
dictions for a statistical decay of the GQR. The
HF calculations have been performed with the
nuclear evaporation code CASCADE, ' with use of
the canonical average optical-model parameters"
and the known level schemes of the residual nu-
clei as input. The excess of the measured branch-
es in the dominant decay channels by 50% to 100%
over the statistical model predictions provides
a further independent piece of evidence for a pre-
dominant direct decay of the GQR in "Si. While
the p decays immediately reflect the GQR's 1p-1h
primary doorway configurations, it is not clear
which stage of the early Ip-nh hierarchy is rep-
resented by the n decays. There are indications
for attributing them to secondary doorways, e.g. ,
cluster configurations. "'" On the other hand,
SU(3)-model calculations predict for "Si still a
sizable direct overlap of the 2hu 1p-1h GQR exci-
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tation with n-cluster wave functions although it is
about five times less than in "P."
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