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Preequilibrium proton decay in 40Ca
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The proton spectra of the giant quadrupole resonance decay in40Ca is analyzed. The decay mechanism of
this excitation is studied by the inclusion of the semidirect, preequilibrium, and statistical modes through the
chaining evolution of the particle-hole configurations. Strong evidence for the contribution of preequilibrium
decay of the giant resonance is established.
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I. INTRODUCTION

The excitation and decay of giant resonances~GR’s! has
been a topic of great interest in nuclear physics research
several years@1–3#. Since the giant dipole resonance w
first observed, experimental and theoretical advances le
the observation of new GR vibrational modes and to
development of new structure and reactions mechani
models. The microscopic structure, based on the collec
small-amplitude nuclear response, is mainly built on rand
phase approximation~RPA! models @4# involving one-
particle–one-hole (1p-1h) states with 2p-2h ground-state
correlations or on other microscopic sophistications such
second RPA@5# that includes 1p-1h and 2p-2h excitations
in the creation operators of excited nuclear states, or sti
an extended second RPA@6# which improves the secon
RPA including the 2p-2h ground state correlations in pe
turbation theory. As more complicated excitations in t
chaining np-nh are introduced to treat the GR spreadin
more technical and numerical difficulties, e.g., the lar
space and continuum effects, arise and the calculations
come prohibitive @7#. Nevertheless, approximations@8,9#,
which include continuum effects in the RPA model, have
simple application for the escape amplitude estimates in
or still in the valuation of the spreading widths through t
inclusion of core excitations, as in a core-coupling RPA@10#,
to avoid the 2p-2h technical difficulties caused by a ver
large space. In the context of GR’s decay modes the ide
compound nucleus~CN! formation through the evolution o
the chainingnp-nh @11,12#, where the GR is regarded as th
first 1p-1h doorway, can yield information about the micro
scopic structure. The escape and/or spreading effects in
evolution stage may be evaluated by the analysis of the m
sured emitted-particle spectrum@13–16#. Recently, with the
new facilities in nuclear physics experiments the double
ant resonances@17,18#, excited by the first step in GR, ar
the new objects of study in this theme and the character
tion of the GR as excitations with small amplitudes and c
lectivity is being reviewed and nonlinear effects@17#, be-
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lieved to be important to explain this nuclear excitati
mode, are being assessed. In this paper the decay mod
GR are revised with the application and generalization of
previous models@14,12,19# which accommodates the stati
tical, escape, and spreading effects in the evolution of
np-nh excitations. In Sec. II the formalism employed to th
decay modes is discussed. Section III presents the analys
the proton spectra resulting from the giant quadrupole re
nance~GQR! decay in 40Ca and in Sec. IV the conclusion
are given.

II. PREEQUILIBRIUM DECAY

In the hybrid preequilibrium decay formalism one inco
porates the GR@12#, to reflect collective nuclear effects, int
the multistep compound emission~MSCE! theory of Fesh-
bach, Kerman, and Koonin~FKK! @11#. According to this
theory Hilbert space is divided into open and closed chann
with orthogonal and complementary projectorsP ~open! and
Q ~closed! breaking the multistep process into two differen
types: the multistep direct reactions described byPC and the
multistep compound reactions described byQC, whereC is
the total wave function. Since the GR is the first stage of
evolution, feeding the increase ofnp-nh excitations, one can
rewrite P space in a way to include the GR, i.e
P5P81D, whereD treats the isolated doorway GR as a
effective open channel~the entrance channel! and P8 ar-
ranges the multistep continuum effects in any evolut
stage. TheQ space contains the multistep compound sta
in the various pieces of the evolution and couples the GR
the CN vianp-nh (n.1). This Hilbert space subdivision
reads

P5(
i
Pi1D5P81D, Q5(

j
Qj . ~1!

The evolution stages (n51,2, . . . ,N) are arranged in
doorway classes of successive decreasing average w
Gn according to their time delay (Dtn5\/Gn with n51 in
the GR ton5N in the CN!, defined as a ‘‘well-nested’’
sequence@20# where the mixing parameters between tw
successive stages are defined as

mnm5
Gnm
↓

Gn
, ~2!
1246 © 1997 The American Physical Society
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55 1247PREEQUILIBRIUM PROTON DECAY IN40Ca
whereGnm
↓ 52p@ u^nuVum&u2#/Dm is the downward mixing

among classes, measured by the coupling of the classe
states through an effective two-body interaction (V), Dm is
the level spacing, andGn is given by

Gn5Gn
↑1 (

m5n11

N

Gnm
↓ , ~3!

whereGn
↑ is the escape to thenth stage. If only semidirec

and compound nuclei are taken into account, themnm be-
comes the mixing parameterm of Ref. @14#, which gives the
coupling between the GR and CN, measuring the trap
flux to the GR spreading. Thus, the Hauser-Feshbach form
ism can be generalized including the GR and CN decay w
transmission coefficientsTc8 to a final channelc8, given by

Tc85tc8
C

1mtc8
D ; ~4!

the superscriptsC andD in the t transmission coefficients
refer to CN and GR stages, respectively. Thus, the ene
average cross section in ag-induced reaction from an en
trance channelc to an open channelc8 reads@14# like

scc85~12m!tc
D

tc8
D

(c9tc9
D 1mtc

D
tc8
C

1mtc8
D

(c9~tc9
C

1mtc9
D

!
, ~5!

where the factor (12m) gives the escape portion of the G
to the continuum andm the spreading to the CN. The term
mtc8

D in the second member gives the feedback toc8 through
the return of the CN to GR stage. It is worth at this point
note that the sum indexc9 in the denominators runs over a
channels of different particle types involved in the dec
process and the assumption of channel particle-type inde
dence@19# gets the same form for thescc8 as in Eq.~5! if we
restrict the sum indexc8 to each particle type with an overa
extra factor on the right-hand side~RHS! of this expression
that accounts for the particle-type probability emission.

The generalization of Eq.~5! to accommodate one pre
compound stage between the GR and CN, namely, 2p-2h, is
done by a subdivision ofQ space intoQP ~precompound!
andQC ~CN! projectors that generalize the transmission
efficientTc8, including thenp-nh stages:

Tn,c85tn,c81 (
m51

n21

mmnTm,c8, ~6!

where thetn,c8 describes the direct coupling ofc8 andnp-
nh subspace. Since the doorway hypothesis is made, the
pling between nonsuccessive stages can be ignored and
the dominance of the statistical CN decay, remains assu
in a good approximation, when we ignore the feedback
c8 terms. Then thescc8 assumes the simple form as in Re
@12#:

scc8.tc
DF ~12mDP!

tc8
D

(c9tc9
D 1mDP~12mPC!

tc8
P

(c9tc9
P

1mDPmPC

tc8
C

(c9tc9
C G , ~7!
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wheremDP5GDP
↓ /GD andmPC5GPC

↓ /GP are the mixing pa-
rameters which couple the GR to precompound and the
compound to the CN, respectively. TheGD andGP width are
defined in Eq.~3!, noting that the most important coupling
are those between successive stages. The (12mDP),
mDP(12mPC), and mDPmPC factors give the semidirect
precompound, and statistical branching decays where
spreading to successive steps is measured by its respe
mixing parameters. The application of Eq.~7! to the analysis
of the experimental data furnishes information on the esc
and spreading widths of the GR’s decay and supplies, i
simple way, the contribution of the preequilibrium branchi
when this component is evident through specificity and
lectivity of states in the residual nucleus. In this way, th
kind of analysis can provide a selective test of the multip
larity admixture in the GR’s excitations by reactions lik
hadron or heavy-ion scattering.

III. PROTON DECAY IN 40Ca

The proton spectra from the decay of the E2GR in40Ca
was calculated with Eq.~7!. In what follows, we will refer to
the first, second, and third terms in Eq.~7! assd, pre, and
st, standing for semidirect, preequilibrium, and statistic
term, respectively. The E2GR in40Ca is split into two peaks
centered at 14 and 17.5 MeV, with widths of 2 and 3 Me
respectively, and with a proton threshold of;8.3 MeV. The
experimental proton spectra was obtained by@21,22# in a
40Ca140Ca reaction at 50 MeV/nucleon. The theoretical c
culation was compared to the emitted proton spectra from
40Ca decay in the energy range of 16–22 MeV which lea
the residual nucleus39K in the range 0–13.7 MeV of exci-
tation energy. For such a large interval of excitation ene
of 39K, the use of a continuum level density to describe t
residual nucleus becomes necessary in the proton spectra
culations. Thus, the Fermi gas backshifted formula@23#, with
parameters extracted from Ref.@24#, was utilized for energy
levels above 5.8 MeV, and below this energy, the discr
energy levels of the39K @25# were used.

In Fig. 1, pure statistical calculation@only thest term in
Eq. ~7! with mDP5mPC51# is presented in comparison wit
the experimental spectra. This calculation assumes that

FIG. 1. Statistical contribution to40Ca E2GR decay~solid
curve! compared to the experimental data.
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ther semidirect nor preequilibrium components are presen
the decay, accounting only for the compound nucleus eva
ration. The normalization with the experimental data w
performed for protons that populate the39K in energies
above 4.2 MeV, where the dominance of statistical deca
most probable. In this calculation each proton line is rep
sented by Gaussians to fit the experimental spectra to
normalization region. As we can see in Fig. 1 the calculat
underestimates (;16%) the total number of protons, show
ing that the single-hole 3/21 ~ground state! and 1/21 ~first
excited! and other nonpure single-hole states@26–30# in the
3.6 MeV region have a proton population leakage wh
forces us to conclude that other decay mechanisms mus
important in this analysis to explain the measured spectr

In Fig. 2 thesd term is added to thest term,mPC51 in
Eq. ~7!. Here, we can observe that the ground state~g.s.! and
the first excited state populations are increased with the
clusion of escape effects assigned to 1p-1h excitation modes
in GR. This decay model is equivalent to a previous analy
@14,31# where the semidirect and statistical contributions
considered to explain the GR’s decay mechanisms. Thesd
contribution represents approximately 11% (7% for the g
and 4% for the first excited state! of the total protons, noting
that the analysis is based on the assumption of the inde
dence of channel-particle-type emission@19#. The require-
ment of the preequilibrium component to explain the expe
mental data is clear in Fig. 2, since the only collective sta
adjusted by thesd term, are those of pure holes in the r
sidual nucleus.

Finally, Fig. 3 shows the complete calculation throu

FIG. 2. The same as Fig. 1 for the semidirect and statist
contributions. Note that the population of the collective states
39K in the 3.6 MeV region still remains underestimated.
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Eq. ~7! where thepre term is added to the calculations o
Fig. 2. In Fig. 3 we observe that the preequilibrium cont
bution is crucial to give a good agreement with experimen
data and only this term can raise the valley in the 3.6 M
region missing in Fig. 2 so that the total proton count ov
the whole energy range remains preserved. This compon
assigned to the collective state population, points to the
markable evidence of the 1p-1h evolution to more compli-
cated~e.g., 2p-2h) excitation modes and their eventual d
cay.

The level separation was not performed since they
very close which allowed us to just estimate their summ
average value corresponding to;5% of the total protons.

IV. CONCLUSION

The decay modes in GR are studied and the results s
that the branchings of the semidirect and preequilibrium
cays must be included in the spectra analysis together
the statistical calculations for the E2GR in40Ca proton de-
cay. An important point is that one needs, to fit the expe
mental data, to consider the preequilibrium decay in the c
culation which shows the presence of excitations m
complicated than 1p-1h in the GR.

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
~FAPESP!, Brasil.
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FIG. 3. The same as Fig. 1 with the all terms of Eq.~7!. This
figure shows that the role of the preequilibrium component is
give a contribution to the collective states in39K, giving a good fit
with the experimental spectrum characterizing the precompo
stage of the reaction.
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