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Escape width of the giant monopole resonance in90Zr
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The proton and neutron decay of the giant monopole resonance in90Zr is analyzed in terms of collective and
statistical doorway states. For this purpose the hybrid model of the decay is used in the context of channel
particle competition. The semidirect components are compatible with the particle-hole continuum random-
phase-approximation calculations. The protons spectra are found to be predominantly statistical while the
neutron spectra contain semidirect contributions.@S0556-2813~97!00203-3#

PACS number~s!: 24.30.Cz, 24.10.Eq, 24.60.Dr, 27.601j
so
v-
c
th
s
d
o
,’’
g
ra

he
on
h

ic
o
re
i-
ys

om

the
nd
of

e
e
ffi-
r
or-
h

or
-
po-
are
ype
m-

ore,
The study of the decay properties of giant multipole re
nances~GMR’s! is of paramount importance for the unra
eling of their dynamical and microscopic structure. Sin
giant resonances are located at high excitation energies,
mainly decay by particle emission. Treated as isolated re
nances, the GMR are characterized by a width compose
two pieces: the ‘‘escape width,’’ representing the coupling
the GMR to the continuum, and the ‘‘spreading width
which measures the degree of fragmentation of the stren
due to coupling to complicated intrinsic nuclear configu
tions ~e.g., two-particle–two-hole! @1#. The first step of the
reaction, namely the giant resonance population, is a co
ent process in which one-particle–one-hole configurati
act in phase, the other step is more complicated enoug
call for a statistical treatment.

It has been a common practice to analyze the part
spectra originating from the decay of GMR with one of tw
extreme models. Both of which ignore the intermediate p
equilibrium stages@2–5#. Such models assume the dom
nance ofG↑, meaning that the GMR predominantly deca
‘‘directly,’’ or the predominance ofG↓, which necessarily
implies that the fragmentation of the resonance into the c
plex background is complete@3,4#. In the latter case the
Hauser-Feshbach theory@6# is used in the analysis.

On the other hand, in the theory of the hybrid model@7#,
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the GMR decay by particle emission accounts both for
direct component and the direct equilibrated compou
nucleus part. This theory was only used in the analysis
exclusive data of the giant monopole resonance~E0GR! in
208Pb @7,8#. This analysis is based on the equation

bi5~12m!
t iD

( jt jD
1m

t iC1mt iD
( j~t jC1mt jD !

, ~1!

wherebi is the branching ratio for particle emission to th
i th level of the residual nucleus. It is written in terms of th
compound nucleus and GMR doorway transmission coe
cients, t iC and t iD 5 2pG i

DrD , and a mixing paramete
m5G↑/G measuring the degree of fragmentation of the do
way. The quantitiesG i

D andrD are the partial escape widt
and the density of the 1p-1h states, respectively.

In the application of the above-mentioned theory f
E0GR decay in208Pb @7,8# the meaning of the mixing pa
rameter is completely connected with the statistical com
nent of the neutron channels, since only these channels
open. In some particular situations where more than one t
of channel is open, the connection with the statistical co
ponent of each channel is not possible, since in Eq.~1! it is
necessarily the same for all types of channels. Furtherm
TABLE I. Number of experimental levels~expt! compared with the calculated levels~theor! for 89Y.
Above 3.0 MeV only the total number of experimental levels is presented since no spin distribution is
available.

Spin 1/2 3/2 5/2 7/2 >9/2 Total
DE ~MeV! Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt.

0–1 1 1 0 0 0 0 0 0 1 1 2 2
1–2 0 0 1 1 1 1 0 0 0 0 2 2
2–3 0 0 0 1 2 1 2 2 3 3 7 7
3–4 4 — 5 — 4 — 3 — 7 — 23 21
4–5 3 — 6 — 9 — 11 — 46 — 75 41
5–6 2 — 4 — 5 — 6 — 34 — 51 48

*On leave from Departamento de Fı´sica, Universidade Federal da Paraı´ba, C.P.5008, 58051-970, Joa˜o Pessoa, PB, Brazil.
1998 © 1997 The American Physical Society



o
l i
m

c
p

r
on

on
c

n

si

pro-

tor

own
at-

rum
the
tal

e-

ntal

55 1999ESCAPE WIDTH OF THE GIANT MONOPOLE . . .
the analysis of experimental data is complicated when m
than one type of particle channel is present, because al
formation for types of channels is required at the same ti

In order to resolve such difficulties we have developed@9#
a generalization for the hybrid model which takes into a
count the separation and independence of the types of
ticle channel. In this model the parameter is composed
severalmk’s, belonging to each type of open channel, whe
themk provides the respective branching. The final equati
obtained for the analysis of the experimental data is

bi
k'~12mk!Pk

t iD
k

( jt jD
k 1mkPk

t iC
k 1mkPkt iD

k

( j~t jC
k 1mkPkt jD

k !
, ~2!

wheremk is defined as

mk512
1

Pk

Gk
↑

G
, ~3!

with Pk the emission probability of thekth particle~obtained
from the experimental data! andGk

↑ is related witht iD
k . Fur-

ther details are outlined in@9#.
The aim of this work is to present a numerical applicati

using Eq.~2! for the decay of the giant monopole resonan
of 90Zr @10#.

The E0GR in90Zr has its centroid at 16.1 MeV excitatio
energy and presents a total width ofG53.1 MeV. The neu-
trons, protons, and alpha are the possible particle emis

FIG. 1. The calculated protons spectrum~continuum line! using
Eq. ~2! is compared with the experimental data.
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channels for this energy. The most relevant ones are the
tons and neutrons, with emission probability ofPp50.1 and
Pn50.88, respectively@10#.

The proton channels opens atEx58.36 MeV, populating
89Y at excitation energy of;7.8 MeV. The level density for
89Y in the proton spectra calculation, by means of Eq.~2!,
has been divided into two parts: for 023 MeV, the energies
and spins of experimentally measured levels@11,12# and
above 3 MeV the predicted levels by the particle-vibra
model was used, coupling one proton to the88Sr core. We
illustrate in Table I the level distribution for89Y predicted by
the model. The calculated proton spectrum results are sh
in Fig. 1. It was verified that the proton spectrum is comp
ible with the statistical decay, givingmp.1, corresponding
to a null escape for that channel. The experimental spect
@10# has been measured with a resolution at 400 keV for
proton lines. The normalization takes into account the to
number of protons in the energy interval 0<Ex(

89Y!<4.5
MeV.

The threshold for neutron decay is 11.98 MeV. This d
cay populates the energy levels in89Zr up to approximately
4.5 MeV. For this case, use has been made of experime
spins and energy levels@11,12# up to 2.1 MeV. Above this

FIG. 2. The calculated neutrons spectrum~continuum line! us-
ing Eq. ~2! is compared with the experimental data.
ion is

xpt.
TABLE II. Number of experimental levels~expt! compared with the calculated levels~theor! for 89Zr.
Above 2.0 MeV only the total number of experimental levels is presented since no spin distribut
available.

Spin 1/2 3/2 5/2 7/2 >9/2 Total
DE ~MeV! Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. E

0–1 1 1 0 0 0 0 0 0 1 1 2 2
1–2 0 0 1 3 2 3 1 1 3 1 7 8
2–3 3 — 3 — 4 — 5 — 23 — 38 28
3–4 4 — 9 — 10 — 12 — 31 — 66 23
4–5 8 — 17 — 24 — 27 — 126 — 202 11
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energy the predicted levels are from the coupling of t
protons and a neutron hole to88Sr @13#. The predicted level
distribution is shown in Table II. The calculated neutro
spectrum has been normalized in relation to the total num
of neutrons in the energy interval 0<Ex(

89Zr)<4.2 MeV,
using a variable energy resolution of 250–500 keV and
detector efficiency curve@10#. The fitting of our results to the
experimental data@10# has been presented in Fig. 2. It w
possible to verify that;16% of the emitted neutrons popu
late the hole states at the lowest energies in89Zr through a
semidirect contribution, obtainingmn50.85, and an escap
width of 410 keV, distributed among the levels 9/21, 1/22,
3/22, and 5/22 in 89Zr ~see Table III!. The calculations were
performed with the optical potential parameters from@14#.

Using a purely statistical calculation@10# it has been
shown that the proton decay is statistical and the neu
decay presents;5% of the semidirect contribution popula
ing the ground state (9/21) in 89Zr, corresponding to an
escape width of;150 keV. These results are in accordan
with ours regarding the proton spectra and the neutron
cape width to the ground state in89Zr. However, our analysis
led to a semidirect contribution for the population of t
1/22, 3/22, and 5/22 levels in 89Zr not predicted in@10# ~see
Table III!. One of the reasons for this disagreement is due
a difference in the energy level densities in89Zr. In order to
describe89Zr, above 2.1 MeV, we used the particle-vibrat
model in our calculations while in@10# a continuum Fermi
gas level density was used. Of course, the accuracy of
results will depend on how well the level density is rep
sented. In our particular case the excitation energies of

TABLE III. Comparisons between the spectra based in Eq.~2!,
the continuum RPA method of@15# and the statistical calculation
of @10#.

Eq. ~2! RPA @10#
k i Exi ~MeV! Gki

↑ ~MeV! Gki
↑ ~MeV! Gki

↑ ~MeV!

9/21 0.0 0.130 0.170 0.150
1/22 0.59 0.095 0.0 0.0
3/22 1.09 0.085 0.0 0.0

n 5/22 1.45 0.100 0.330 0.0
Gn
↑ ~MeV! 0.410 0.500 0.150

mn 0.850 – –
p Gp

↑ ~MeV! 0.0 0.020 0.0
mp 1.0 – –

n1p G↑ 0.410 0.520 0.150
m 0.848 – –
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residual nuclei is not high~5–6 MeV! enough so that leve
density would be well represented by a continuum level d
sity @3#. Another difference in the analysis is that we ha
included the escape effects directly in the calculations of
spectra, as has been illustrated in Eq.~2!, while @10# is a
purely statistical calculation.

The results which have been obtained using Eq.~2! for
the E0GR decay in90Zr are in agreement with the continuum
RPA calculations with continuum descretization metho
presented in@15#. These calculations are done with Wood
Saxon potentials for protons and neutrons and the Land
Midgal residual interaction parametrization presented
Table IV. The microscopic calculation predict a centroid
the E0GR at 15.84 MeV, with the escape width
G↑5520 KeV, exhausting about 50% of the classical EWS
in the 0–30 MeV interval. The widthG↑, composed by
Gp
↑520 keV andGn

↑5500 keV, is in agreement with escap
widths obtained with Eq.~2!. However, they show small de
viations in relation to the neutron partial width for th
1/22, 3/22, and 5/22 neutrons holes, as has been presen
in Table III.

In this work we have shown that the analysis of the em
ted particle spectra in the decay of the GR is much simplifi
and transparent when we utilize the separation of the typ
particles~as proposed in@9#! in the general model of@7#. One
advantage is that one could analyze the spectra for each
of particle independently of each other. Consequently, i
possible to adjust the partialmk ~and the correspondent es
cape width! in each spectrum.

This work was supported in part by Conselho Nacional
Desenvolvimento Cientı´fico e Tecnolo´gico ~CNPq!, Brasil
and Fundac¸ão de Amparo a` Pesquisa no Estado de Sa˜o
Paulo.

TABLE IV. The Landau-Migdal residual interaction paramete
and Woods-Saxon potential for continuum RPA calculations.

Landau-Migdal interaction

C0 ~MeV fm3) f 0in8 f 0ex8 f 0in8 f 0ex8

300 20.3 22.45 0.60 1.50
g0 g08 R ~fm! a ~fm!

0.55 0.70 5.10 0.60
Woods-Saxon potential

Particle V0 ~MeV! Vls ~MeV fm! RWS ~fm! aWS ~fm!

p 55.3 25.5 5.69 0.70
n 48.7 25.5 5.69 0.70
J.
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