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The direct and statistical neutron decay of the isoscalar giant dipole
resonance and a continuum region at higher excitation energy has been
studied in ?°Zr, 1'°Sn and 2°8Pb using the (o, a’n) reaction at a bom-
barding energy of 200 MeV. The spectra of fast decay neutrons populating
valence neutron-hole states were analyzed, and estimates for the branching
ratios were determined to compare to recent theoretical predictions. The
observation of the direct nucleon decay channels helped to separate giant
resonance strengths and suppress the underlying background and contin-
uum, which lead to an indication for the existence of the first overtone
mode of the isoscalar giant quadrupole resonance.

PACS numbers: 24.30.Cz, 25.55.Ci, 27.60.+j, 27.80.+w

1. Introduction

The experimental investigations of direct decay modes of giant reso-
nances are of special importance for a better understanding of how the mi-
croscopic structure of nuclei evolves to collective behavior. Since most of the
giant resonances are located above the particle separation thresholds, parti-
cle emission is the dominant decay process that can take place at different
stages of the damping process [1]. The particle decay can occur either from
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the initial 1p—1h state leaving a single-hole state in the A — 1 nucleus (direct
decay), or from the states with partially or completely equilibrated config-
urations, resulting in an evaporation-like spectrum of the emitted particles
(statistical decay). The observation of particle emission spectra following the
excitation of giant resonances and the determination of the branching ratios
thus provide information on the evolution of the decaying configuration and
on the microscopic structure of the giant resonance.

Beside the main interest of studying isoscalar giant resonances in particle-
decay experiments a systematic investigation of compression modes
(ISGMR, ISGDR) was pursued in connection with the experimental deter-
mination of the nuclear incompressibility due to its direct relationship with
the excitation energy of these resonances [2-5]. Singles experiments ( [6-15])
using inelastic a-scattering were devoted to deduce more precise values of the
incompressibility, which has a crucial role in the application of the nuclear
equation-of-state, e.g. in model calculations of various astrophysical pro-
cesses or in descriptions of heavy-ion reactions. These experiments focused
on the detailed investigations of the ISGMR in the last two decades following
its discovery in 1977 [16, 17|, while the first unambiguous evidence for the
existence of the ISGDR was reported only in 1997 [10]. The difficulties were
mainly caused by the relatively weak excitation of the 3hw ISGDR, which in
addition was distributed with a relatively large width superimposed upon an
overwhelming nuclear continuum and instrumental background. Moreover,
a partial overlap with the 3fw high-energy octupole resonance (HEOR) fur-
ther increased the uncertainties of the resonance parameters. Consequently,
very little is known about the ISGDR and its microscopic structure. The
only experimental result on its proton-decay properties in 2°®Pb was first
reported in Ref. [18].

In the last few years, experimental studies aimed at drawing a consis-
tent picture of the ISGDR systematics using multipole-decomposition anal-
ysis (MDA). However, the problem of separating the nuclear-background
components from resonance strengths still remained due to the unknown
multipole contents of the nuclear continuum [11-15]. This MDA technique
requires high-precision measurements in a wide angular region to decompose
the spectra confidently, however, the results strongly depend on the model
assumptions. Alternatively, the pronounced changes and large differences in
the shapes of the angular distributions at very forward angles can also be
exploited, and various multipolarities (especially L < 2) can easily be dis-
entangled in a less model-dependent way [10,19,20]. These measurements
close to 0° often suffered from a substantial contribution of instrumental
background in addition to the nuclear continuum of non-resonant processes
of quasi-free scattering and various pick-up/break-up reactions. The elim-
ination of the background components was the major difficulty in the sin-
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gles experiments, and the hypothetical choice of the background-subtraction
technique resulted in large uncertainties which added to the statistical error
of giant-resonance parameters.

Beside the main experimental goal of our decay measurements on study-
ing direct-decay properties and microscopic structure of the ISGDR, it was
important to overcome the problems connected with the background sub-
traction. Placing the coincidence detectors at backward angles the nuclear
continuum is expected to be suppressed, which filters out events associated
with forward-peaked processes like quasi-free scattering and pick-up /break-
up reactions. Furthermore, by gating on the particle direct-decay channels,
contributions from excitation of more complex (np—nh) states are removed,
and the direct decay from initial 1p—1h configurations is enhanced.

We report a description of our coincidence experiments for studying the
direct neutron-decay properties of the ISGDR in ?°Zr, "6Sn and 2°8Pb.
We also planned to focus on resonances in the continuum region above the
ISGDR, where overtone modes of the ISGQR and ISGMR are predicted by
continuum-RPA calculations [21]. This was primarily motivated by exper-
imental indications reported in the previous work on direct proton-decay
measurements [22], and by the intensive efforts of continuum-RPA calcula-
tions to describe the main properties of such high-energy resonance modes.

2. Experiment

The experiments were performed at the AGOR superconducting cy-
clotron facility at KVI, which provided an a-particle beam with energy of
200 MeV on PZr, 116Sn and 298Pb targets. The ejectiles were momen-
tum analyzed by the Big-Bite Spectrometer (BBS) [23], which is equipped
with a composite focal-plane detector system [24|. The decay neutrons were
observed in coincidence with the ejectiles with the large-coverage detector
array (EDEN) [25] placed in the backward hemisphere with respect to the
beam direction. In the present setup the neutron-detector array consisted of
30 organic-liquid scintillators of type NE213 built for precise time-of-flight
(TOF) measurements at a distance of 1.6 m from the target position. In
this arrangement the 30 detectors covered a solid angle of 2.9% of 4.

Various sources of the background events in the neutron detectors had
to be identified and suppressed in order to reduce the statistical error of
the TOF-measurement. On the other hand, the high flux of «-rays from the
target was identified and separated exploiting the pulse-shape discrimination
(PSD) capability of this scintillator material, which is based on the different
decay times of light signals induced by particles with different ionization
mechanisms in the scintillator material.
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An overall time resolution of 1.8 ns was determined for the prompt
~v-peak, which corresponded to an energy resolution of 1.5-2 MeV for fast
neutrons with a kinetic energy in the range of interest (E,=12-16 MeV).

The combination of the BBS and the ESN focal-plane detector was
an effective and well-suited tool to satisfy the requirements for particle-
identification, momentum analysis and the reconstruction of scattering angle
of the ejectiles. The ESN detector was designed to measure the incident po-
sitions and angles of scattered particles by two 2-dimensional vertical-drift
chambers (VDC) in the focal plane, which allowed the observation of an
excitation-energy range of 10-70 MeV due to the large momentum accep-
tance of the spectrometer.

An energy resolution of ~350 keV was determined with measurements on
a 12C target. However, this resolution in combination with that of the decay
neutrons in the direct-decay channels exceeded the average level distance at
low excitation energies in the daughter nuclei, which was obviously insuf-
ficient to resolve the individual neutron-hole states. Nevertheless, a good
separation of the direct- and statistical-decay components was still possible,
and integrated branching ratios for the direct-decay components could be
deduced.

3. Experimental results

Singles spectra of inelastic a-scattering were measured simultaneously
with the coincidence spectra to obtain differential cross sections of the
ISGDR for the determination of the branching ratios and exhaustion factors
of the EWSR. In general, multipole strengths in inelastic-scattering spectra
of inclusive measurements are evaluated with the multipole decomposition
analysis (MDA), provided a sufficiently wide angular region is measured.
However, the MDA can effectively be employed for strongly excited reso-
nance structures (e.g. ISGQR, ISGMR), where the relative contribution of
the background is small, while weak resonances at higher excitation energies
can only be analyzed with large statistical uncertainties and the resonance
strengths cannot be separated from the continuum for a given multipolarity.
This can mainly be the consequence of the assumption that several multi-
polarities are present in the nuclear continuum, and components of higher
angular momenta (L > 3) possessing similar angular distributions at the
forward scattering angles are less confidently decomposed. In the alterna-
tive technique of the difference-of-spectra (DOS), this feature of angular
distributions is exploited to separate multipolarities of high and low angular
momenta. The angular acceptance of the spectrometer in the present exper-
iments (1.5°-5.5°) covered a region, in which the differential cross section
for L = 1 has both a maximum and a local minimum. Contributions of
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multipole strengths, especially of the HEOR, overlapping in excitation en-
ergy with ISGDR had to be minimized by the appropriate choice of angular
regions in the DOS procedure. The (a, a/)-spectra were generated at these
angles and subtracted as shown in Fig. 1. The enhancement of the L = 1
component is significant in the difference spectra around the excitation en-
ergies of the ISGDR.

12
208, .
10 £ @ OZr(a,a’) (b) H85n(a,a7) (c) i +++ Pb(a,a”)
L=0 +(L=2) P
L=1 -(L=0) t
tt L=2 -(L=1)

d’0/dQdE, (mb/sriMeV)
[e0]

IIIIIIIIIIIIIIIIIIIIIIIIIIIII
A e
-
LB L L B L LR R I
AR RN R LN RN RN RERN R

2
¥,
0 t ; : #* +H'+ ++m++ “
2 AN
_|IIIIIIIIIIIIIIIIIIIIIIIIIIII -|IIIIIIIIIIIIIIIIIIIIIIIIIIII :IIIIIIIIIIIIIIIIIIIIIIIIIIIII
10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35
E, (MeV) E, (MeV) E, (MeV)

Fig. 1. Difference spectra in terms of double-differential cross sections from the
singles measurements. The plots represent difference spectra selecting multipolar-
ities with L = 0, 1, and 2. Contributions of other multipolarities are given in
brackets, which could not be eliminated by the difference-of-spectra procedure in
the observed angular region. The curves represent the cross section for the («, )
reaction composed of Gaussians for the ISGDR and the ISGMR (with opposite
signs), excluding the superimposed structures due to the contaminant 6O(a, o)
reaction.

At excitation energies above the ISGDR region some L = 1 strength is
still present, which can be attributed to the L = 1 component of the nuclear
continuum excited through quasi-free processes. The low-energy tail of this
continuum distribution was estimated by smooth curves (dashed curves in
Fig. 1) extrapolating in the ISGDR region. Further appearance of L = 0
and L = 2 strengths in the 3hw region is not expected, nevertheless small
contributions of L. = 0 and L = 2 4hw overtones to the ISGDR cannot be
excluded as they are predicted to have relatively large widths due to their
stronger damping and less concentrated particle-hole states.

The differential cross sections for the ISGDR regions were obtained by
the integration of the double-differential cross sections in the L = 1 difference
spectra excluding contributions of quasi-free continuum and reactions on
oxygen contamination of the target. The results are listed in Table I and
compared to the theoretical values from DWBA calculation.



1484 M. HUNYADI ET AL.

TABLE 1

Differential cross sections and direct neutron-decay branching ratios (Br) obtained
from the analysis of singles and coincidence data for the L = 1 strength in the
ISGDR region. The experimental and theoretical differential cross sections of giant-
resonance structures identified in the singles DOS were compared. The theoreti-
cal values were calculated in DWBA assuming 100% exhaustion of the respective
EWSR. The differential cross sections for the ISGDR, in the direct-decay channel
were determined by a simplified MDA (see in the text). Branching ratios (Br) for
the total direct-decay components were determined and compared to the results of
continuum-RPA calculations summed for the decay channels populating the valence
single-hole states.

Singles data | Direct-decay | This work | Theory [21]
Nucleus do/df? do/df? Br Br
(mb/sr) (mb/sr) (%) (%)
907y 16.5(2.0) | 0.80(0.10) | 4.8(0.9) 16.8
1Sy | 20.7(15) | 1.05(0.12) | 5.1(0.7) 10.85
208ph, | 38.0(5.0) | 3.99(0.31) | 10.5(1.6) 11.46

As a first step of analyzing the coincidence data, various background
components due to the instrumentally induced events and quasi-free knock-
out processes were eliminated in the spectra by correcting for random co-
incidences and by measuring the neutrons at backward angles, respectively.
The background remaining in the coincidence spectra must be associated
with inelastic scattering into the nuclear continuum. The discrimination
between this continuum and the resonance strengths exploits the principal
differences in their decay properties and their angular distributions. States
of complex np—nh excitations can also decay by particle emission, which
follows the statistical rules of particle evaporation.

The final-state spectra were generated for a region, where most of the
ISGDR strength is known from previous singles experiments to be concen-
trated, and for the continuum at higher excitation energies. The results
are shown in Fig. 2, in which the kinetic energy is converted to excitation
energy of the daughter nucleus (final-state energy FEfg ). The spectra were
compared to those of statistical decay calculations performed with the code
CASCADE [26,27], which are also plotted in Fig. 2. The steep shoulder
of the statistical component was well reproduced by the calculation using
a normalization to fit the experimental points.
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Fig.2. Final-state spectra projected for events in the excitation energy region of
the ISGDR (thick crosses) and of the continuum above (thin crosses). Statistical-
decay calculations are represented by solid curves normalized to the experimental
points. The excitation energy regions of the ISGDR and continuum were chosen
to be 23-28 MeV (?0Zr), 22-27 MeV (116Sn), 20-25 MeV (2°®Pb) and 30-36 MeV
(99Zr), 29-35 MeV (116Sn), 27-32 MeV (?°®Pb), respectively.

The direct population of single-hole states from the ISGDR. region ap-
peared as prominent structures in all the three nuclei, clearly separated from
the statistical components. However, the energy resolution of ~1500 keV,
stemming from the TOF measurement of faster neutrons, was insufficient
to resolve the individual low-lying neutron-hole states and to extract par-
tial branching ratios. It is worth noting that the population of single-hole
states from decay of the ISGDR region is still more pronounced compared
to that of the continuum at higher excitation energy. For the ISGDR re-
gion the semi-direct population of more complex final states in the energy
range Fr =3-6 MeV was not so visible as that of the single-hole states, but
for the continuum region a rather smooth distribution was observed from
the sharply rising edge of statistical decay to the lowest hole-states. The
remarkable feature of the continuum is that a significant part of its decay
could be attributed to non-statistical decay, which may suggest the presence
of other resonance strengths at excitation energies above the ISGDR. These
could most likely be attributed to modes with higher multipolarities and/or
overtone resonances predicted in this region.

The part of the direct-decay population associated with L = 1 strength
in the ISGDR region was determined on basis of the analysis of angular
distributions. It is assumed that from such a high excitation energy region
only giant resonances decay to low-lying valence-hole states, therefore only
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L = 3 multipolarity of the HEOR must be disentangled from the ISGDR.
Following a simplified procedure of MDA with only L = 1 and L = 3
components, differential cross sections and branching ratios can be more
accurately extracted than those from the DOS analysis.
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Fig.3. Angular distributions in terms of differential cross sections for the ISGDR
(left panels) and continuum (right panels) regions. The experimental points were
fitted with angular distributions of the DWBA calculations for multipolarities,
which are expected to be present in the given excitation energy regions: L = 1
(dashed) and L = 3 (dotted) for the ISGDR region; L = 1 (dashed) and L = 2
(dashed-dotted) for the continuum region.

The continuum region above the ISGDR was also analyzed by this fitting
procedure assuming the presence of strengths with L = 0, 1 and 2. The
results are shown in Fig. 3 selecting the pronounced bump of the low-lying
states in the final-state spectra below FE;, =2.5 MeV. It was found that the
direct-decay of the continuum region in “°Zr and ''%Sn can be associated
with a mixed multipole strengths of L = 1 and 2, but for 2°8Pb the best fit
was obtained for a pure L = 2 distribution. This observation is confirmed by
the result of our previous experiment on the direct proton-decay studies [22],
where a significant enhancement of I = 2 double-differential cross section
was found centering at E,=26.9+0.7 MeV. Based on the continuum-RPA
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calculation of Ref. [21], which predicts the overtone mode of the ISGQR in
208Ph at £,—30.5 MeV, the present observation of the L = 2 strength in
this excitation energy region may be assigned to this resonance mode.

The branching ratios determined for the direct decay from the L = 1
strength of the ISGDR region are listed in Table I and compared to the
results of the continuum-RPA calculations from Ref. [21]. Since the single-
hole states could not be resolved due to the insufficient energy resolution,
the theoretical partial branching ratios had to be summed up for the valence
neutron-hole states to compare with the experimental values.

As a result, the experimental branching ratios of the ISGDR showed an
excellent agreement for 2°®Pb, while those for °Zr and ''6Sn were found
significantly lower than predicted theoretically. In the case of ''6Sn, the
deviation of a factor of &~ 2 can partly be explained by an overestimation
of the calculations, since experimental values of the spectroscopic factors
for the single-hole states in question are typically 50-60% of the single-
particle limit. In the case of ?°Zr, this argument cannot account for the large
deficiency of single-hole-state population in the experiment, where a factor
of 3.5 was found with respect to the calculations. This disagreement cannot
be explained on the basis of the present theoretical descriptions.

4. Conclusions

In summary, we have investigated the direct neutron-decay channels of
the ISGDR. in 2°Zr, 16Sn and 2%®Pb by observing the population of low-
lying, single neutron-hole states in the respective daughter nuclei. The decay
properties of the ISGDR and a continuum region above the ISGDR were
studied, and direct-decay branching ratios were determined. The decay of
the ISGDR region showed an increased population of the single-hole states
compared to the decay of the continuum region, however, the presence of
resonance strengths at higher excitation energies could not be excluded.
On the other hand, the analysis of angular distributions for the continuum
region associated with the decay to low-lying states indicated the presence
of L = 2 strengths. In the case of 2%®Pb, this may be associated with the
overtone of the ISGQR, however weak indications for its presence were also
found in ?°Zr and 16Sn.
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