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Fast-neutron emission from the giant quadrupole resonance in ' Sn was studied for the119

first time by measuring the deexciting neutrons in coincidence with the inelastic 0" from
the reaction "Sn(&, &'). The neutron time-of-flight spectrum shows both the slow evapor-
ation component corresponding to the spreading process and the fast component corre-
sponding to the direct escape leading to single-hole states in the residual nucleus ' Sn.

PACS numbers: 23.90.+w, 24.30.Cz, 25.60.Cy, 27.60.+j

Decay properties of the giant quadrupole reso-
nance (GQR) and other giant resonances (GR) are
of current interest in view of the dynamic and
microscopic aspects of these resonances. The
GR is a kind of collective mode consisting of a
coherent sum of one-particle, one-hole (lp-lh)
states. Direct particle escape (escape width)
from the GR leaves the corresponding one-hole
states in the residual nucleus. Successive inter-
nucleon collisions (spreading) lead to many-par-
ticle, many-hole states, which may eventually de-
excite by statistical particle evaporation. Coin-
cidence measurements of deexciting particles
with the inelastically scattered particles have re-
cently been carried out to clarify the deexcitation
mechanism. ' " iMost of them have been limited
to charged-particle (mostly proton and alpha) de-
cays from the GQR in light and medium-light nu-
clei. ' ' Direct decay of the GQR has been ob-
served in "0' and "Si,' while the GQR's of the

Ca, "Ni, ' and Zn isotopes' have been suggested
to decay by statistical particle emission. Several
groups studied the fission process for the GQR
in heavy nuclei. " "

The major decay channel of the GQR in medium-
heavy nuclei, however, is the neutron decay, be-
cause charged particles are greatly suppressed
by the Coulomb barrier. If both direct escape
and statistical decay coexist in the GQR decay
channel of these nuclei, one may observe fast
escaping neutrons as well as slow evaporating
neutrons. Thus a detailed coincidence measure-
ment of neutrons is crucial to clarify the deexci-
tation process of the giant resonance in medium-

heavy nuclei. One group briefly studied neutrons
from the GQR in medium-light nuclei, "and sug-
gested the statistical decay. Another group re-
cently reported neutron work' on the GQR in
"'Pb, claiming also the statistical neutron decay.

This Letter reports the first extensive study of
fast neutrons from the GQR in medium-heavy
nuclei. The nucleus '"Sn was chosen because
the low binding energy of neutrons favors obser-
vation of the fast neutrons and the high Coulomb
barrier greatly inhibits charged-particle emis-
sion. The GQR was excited by the inelastic scat-
tering of 109-MeV n particles provided by the
Osaka University cyclotron. Measurements were
made of energy and angular correlations for the
~' particles and the decaying neutrons from the
reaction '"Sn(o, n'n). The n. ' particles were
measured by a 4E-E counter telescope consisting
of 8 & 24-mm & 500- p,m position-sensitive silicon
surface-barrier (~) and 500-mm'x 5-mm Si (E)
detectors. It covered the angular range from 6
=14.6' to 23.7'. The neutron energy spectra were
measured by a time-of-flight method. Two 5-in. -
diam & 3-in. NE-213 liquid-scintillation counters
were set 60 cm apart from the target, one at |I „
= —70 and another at 6I „=110'with respect to the
beam. These angles correspond, respectively,
to forward and backward angles with respect to
the direction of the recoil momentum in the a. '
scattering.

The GQR with 12.9-iVIeV excitation energy and
4.2-MeV width is clearly seen as shown in the
singles n' spectrum [Fig. 1(a)]. It is in accord
with observations for other nuclei. " The higher
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excitation tail of the GQR at this angle may in-
clude some giant monopole component.

Neutrons decaying from the GQR are enhanced
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(a) Singles energy spectrum of the &' partic]es
from the reaction Sn(&, &') at 0~ =15.8'. (b) Two-
dimensional energy correlation contour map of the &'

at ~~r =15.8 and the decaying neutrons at the recoil
backward angle ~„=110 for the reaction Sn(&, &'n) .
Equidistant lines of the contour map correspond to an
exponential decrease of the cross section with increas-
ing neutron energy E„ for a given excitation energy E„
(target) (namely for given E&I ) .

at both the recoil forward (0 „=—70') and the re-
coil backward (9 „=110')angles. Fast neutrons
from the continuum region are due to knockout
and preequilibrium processes. In fact, they are
emitted preferentially at forward angles with
respect to the recoil and the beam axes, and are
much reduced at backward angles. " Thus obser-
vation of the fast neutrons from the GQR at the
recoil b+&~~«d angle is quite advantageous. The
n' -n energy correlation contour map for the
reaction '"Sn(o., o' n) observed at the recoil
backward angle (t) „=110') is shown in Fig. 1(b),
where the fast component due to the GQR is sig-
nificantly enhanced as indicated by the clear
bump. This is in contrast to the simple expon-
ential falloff of the yield as E„ increases in the
continuum region beyond the GQR excitation en-
ergy. The fast-neutron emission from the GQR
leaves the residual nucleus '"Sn with excitation
energy around 2-4 MeV. This is seen by pro-
jecting the bump observed at the GQR excitation
region (E„=12-18 MeV) onto the E„('"Sn) exci-
tation energy axis [ see Fig. 1(b)].

The singles n' energy spectra for the angular
range from 0 =14.6 to 23.7' and the corre-
sponding n' energy spectra gated by the 4-6-
MeV fast neutrons are shown in Figs. 2(a) and

2(b), respectively. (Note that the recoil angle
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FIG. 2. (a) Singles &' spectra for the reaction Sn(o. , &'). Each shows the summed spectra over the angular
range of &~o =2.3 . (b) Coincidence &' spectra gated by 4-6-MeV neutrons at 0„=110';~6)~ =2.3'. The dotted
line is the Hauser-Feshbach statistical calculation. The arrows indicate the effective separation energies for neu-
tron proton alpha and bvo-neutron decay channels. Here the neutron kinetic energy of 5 MeV for one neutron and
the Coulomb barrier for the charged particles have been corrected for. (c) The angular distributions of (top) the
&' bump of the GQH region g„=12—18 MeV), after subtraction of the background, and (bottom) the continuum re-
gion (E„=20-26 MeV) measured in coincidence with the 4-6-MeV fast neutrons at ~„=110', &~o.~ =0.57'. The solid
lines indicate the corresponding angular distributions of the singles spectra.
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does not change more than &6 „=2 in the range
of the n' detection angle. ) The coincidence
measurement with the fast neutrons at the recoil
backward angle makes the GQR stand out against
the underlying continuum background. The emis-
sion of the 4-6-MeV gating neutrons costs 11.5
MeV of the separation energy, which is the (y, n)
threshold energy for 4-6-MeV neutron emission
from "Sn. Furthermore, the fast-neutron emis-
sion from the GQR of the '"Sn predominantly
leaves the 2-4-MeV excited states of '"Sn as
shown later. Thus the effective separation energy
for such fast neutrons amounts to even 13.5 MeV.
Consequently the lower excitation region (12-13
MeV) of the GQR peak is "shaved off" in the n-
gated n' spectra [ Fig. 2(b)]. This gives rise to
a shift of the excitation energy of the GQR peak in
the n-gated coincidence spectra [Fig. 2(b)] by 1-
2 MeV above the GQR peak energy in the singles
spectrum [Fig. 2(a)]. (Actually, the GQR in the
0. ' energy spectrum gated by slow neutrons peaks
at the same excitation energy as the GQR in the
singles spectrum. )

The present fast neutrons from the GQR are due
to the first-stage doorway process, where a fast
particle is emitted directly from the GQR con-
sisting of 1p-1h components before statistical
equilibration. The cross section of this direct-
eseape (n, n'n) process is of the order of 0.1
mb/sr' MeV at the GQR peak [see Fig. 2(b)].
Evaporation neutrons (mostly below 2 MeV) fol-
lowing the statistical decay hardly contribute to
the present e' spectra gated by the 4-6-MeV fast
neutrons. Actually, Hauser -Feshbach (HF)
calculations including all open channels of p,
and 2n decays do not reproduce the observed GQR
peak, as shown in Fig. 2(b). The opening of the
proton decay channel effectively around 17 MeV,
which is beyond the GQR, has little effect, and
the HF calculation gives an extremely small
cross section of about 0.0001 mb/sr' IV(eV for the
(o., n'p) process around E„=20 MeV. This is be-
cause of the large Coulomb barrier and the large
proton separation energy. The opening of the 2n
decay channel gives only additional slow neutrons,
and results in little additional contribution to the
present ~' spectra gated by the fast neutrons.

The angular distribution of the GQR peaks in
the e' spectra gated by the 4-6-Me V neutrons is
fitted well by that of the GQR peak in the singles
o. ' spectra [see Fig. 2(c), topJ. Here the smooth
background has been corrected for ithe dashed
lines in Fig. 2(b)]. These GQR angular distribu-
tions are characteristic of the quadrupole excita-
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FIG. 3. (a) Energy spectrum of neutrons for the re-
action " Sn(o. , Q."n) gated by the ~' feeding the higher
excitation region of the GQB g„=14.4 MeV). The
dashed line shows the energy spectrum of neutrons de-
caying from the continuum region of p„=20 MeV.
(b) The spectroscopic factors of the neutron single-hole
states in "Sn obtained by the (P, d) reaction (Ref. 19) .
Solid, dashed, and dotted lines present /„= 4, 2, and 0
transfe rs, re spec tive ly.

tion. They are in contrast to the monotonic dis-
tributions [Fig. 2(c), bottomJ for both the singles
and the coincidence e' in the 20-26-MeV contin-
uum region beyond the GQR excitation energy.

The ~' -n coincidence measurement in the inter-
vals &„=—34 to —130 and 6 „=40' to 130 gave
a branching ratio of the order of 20~/0 for the fast
escaping neutrons from the GQR. It is much
larger than the HF calculation.

The neutron energy spectrum at 0„=110 in
coincidence with the n' particles leading to the
higher excitation region of the GQR (E„=14.4
MeV) is shown in Fig. 3(a). This excitation re-
gion lies well above the (y, n) threshold energy,
and the directly escaping neutron can have energy
large enough to be separated from the evaporat-
ing slow neutron. Figure 3(a) gives the population
strength of the excited levels in the residual
'"Sn after the neutron decay from the GQR and
the underlying continuum. The spectrum consists
of the slow component with the evaporation pat-
tern and the fast component peaking at E„=4-6
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MeV. The slow component agrees, as shown in
Fig. 3(a), with the energy spectrum of the neu-
trons decaying from the non-GQR continuum
region with 20 MeV excitation energy, where no
strong giant resonances are excited in the pre-
sent (n, o. ') reaction. The fast component cor-
responds to the population of the excited levels
around 3.5 MeV in '"Sn. Direct escape of the
unbound neutron particle out of the GQR leads to
such one-hole states as (1g,~,) ', (2d, y, )

(2d, ~,) ', and (3s, ~,)
' in '"Sn. The population

strength for the fast neutrons following the GQR
in '"Sn is in accord with the spectroscopic
strength distribution for the single-hole states
populated by the reaction '"Sn(p, d)'"Sn, "as
shown in Fig. 3(b).

In short, the present (o, o. 'n) coincidence work
demonstrates that the GQR in a medium-heavy
nucleus shows up selectively above the continuum
by measurement of inelastically scattered parti-
cles in coincidence with decaying fast neutrons
at backward angles with respect to the recoil
axis. Although the fast-neutron branch is a
small fraction of the major nondirect spreading
process, such direct-escape neutrons carry in-
deed a microscopic particle-hole feature of the
GQR.
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Revised Formulation of the Phenomenological Interacting Boson Approximation
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Previous interacting-boson-approximation studies of deformed nuclei have used differ-
ent forms of the quadrupole operator in the Hamiltonian and F2 operators. A revised
formalism is proposed which employs consistent operators and embodies a simpler
Hamiltonian. It yields improved agreement with the data for deformed nuclei, a number
of parameter-free predictions for transition regions, a specific form of the O{6) limit
which agrees with that found empirically, and a closer relation to the neutron-proton
version of the model, IBA-2.

PACS numbers: 21.60.Fw, 21.60.Ev, 23.20.Lv

The interacting boson approximation" (IBA) rep-
resents a significant step forward in our under-
standing of nuclear structure. It offers a simple
Hamiltonian, capable of describing collective
nuclear properties across a wide range of nuclei,
and is founded on rather general algebraic group-

theoretical techniques which have also found re-
cent applicatian to problems in atomic, mol. ecular,
and high-energy physics. " The application of
the phenomenological version of this model (IBA-
1) to deformed nuclei is currently a, subject of
considerable interest and controversy. ' Recent
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