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Preequilibrium proton decay in “°Ca
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The proton spectra of the giant quadrupole resonance dec#iZinis 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 lieved to be important to explain this nuclear excitation
mode, are being assessed. In this paper the decay modes of

The excitation and decay of giant resonan@@R’s) has  GR are revised with the application and generalization of the
been a topic of great interest in nuclear physics research fdtrevious model$14,12,19 which accommodates the statis-
several year§1-3]. Since the giant dipole resonance wastical, escape, and spreading effects in the evolution of the
first observed, experimental and theoretical advances led foP-nh excitations. In Sec. Il the formalism employed to the
the observation of new GR vibrational modes and to thedecay modes is discussed. Section Il presents the analysis of
development of new structure and reactions mechanismi§e proton spectra resulting from the giant quadrupole reso-
models. The microscopic structure, based on the collectivance(GQR) decay in“Ca and in Sec. IV the conclusions
small-amplitude nuclear response, is mainly built on randon@r€ given.
phase approximationRPA) models [4] involving one-
particle—one-hole (fi-1h) states with »-2h ground-state Il. PREEQUILIBRIUM DECAY
correlations or on other microscopic sophistications such as a | the hybrid preequilibrium decay formalism one incor-
second RPA5] that includes p-1h and 20-2h excitations  porates the GR12], to reflect collective nuclear effects, into
in the creation operators of excited nuclear states, or still |Qhe mu]tistep Compound em|SS|QMSCE) theory of Fesh-
an extended second RP§S] which improves the second pach, Kerman, and KoonitFKK) [11]. According to this
RPA including the p-2h ground state correlations in per- theory Hilbert space is divided into open and closed channels
turbation theory. As more complicated excitations in theith orthogonal and complementary projectérgopen and
chainingnp-nh are introduced to treat the GR spreading, Q (closed breaking the multistep process into two differents
more technical and numerical difficulties, e.g., the largetypes: the multistep direct reactions describedPtly and the
space and continuum effects, arise and the calculations beyytistep compound reactions described®¥, whereW is
come prohibitive[7]. Nevertheless, approximatior8,9],  the total wave function. Since the GR is the first stage of the
which include continuum effects in the RPA model, have agyo|ytion, feeding the increase op-nh excitations, one can
simple application for the escape amplitude estimates in GRoyrite P space in a way to include the GR, i.e.,
or still in the valuation of the spreading widths through thep_p’ 1 b \whereD treats the isolated doorway GR as an
inclusion of core excitations, as in a core-coupling R, effective open channelthe entrance channeand P’ ar-
to avoid the »-2h technical difficulties caused by a very ranges the multistep continuum effects in any evolution
large space. In the context of GR's decay modes the idea Qfiage. TheQ space contains the multistep compound stages
compound nucleufCN) formation through the evolution of i the various pieces of the evolution and couples the GR to

the chainingnp-nh [11,12, where the GR is regarded as the he CN vianp-nh (n>1). This Hilbert space subdivision
first 1p-1h doorway, can yield information about the micro- ya54s

scopic structure. The escape and/or spreading effects in each

evolution stage may be evaluated by the analysis of the mea- ,

sured emitted-particle spectrub3—16. Recently, with the P:Z Pi+D=P"+D, QZE}.: Q;. @

new facilities in nuclear physics experiments the double gi-

ant resonancefl7,18, excited by the first step in GR, are ~ The evolution stagesn(=1,2,...N) are arranged in

the new objects of study in this theme and the characterizedoorway classes of successive decreasing average widths

tion of the GR as excitations with small amplitudes and col-I",, according to their time delayAt,=#/I", with n=1 in

lectivity is being reviewed and nonlinear effedts7], be- the GR ton=N in the CN), defined as a “well-nested”
sequencd 20] where the mixing parameters between two
successive stages are defined as

rt
Mnam= I‘n:11 (2)
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where '} .=2#[|(n|V|m)|?]/D,, is the downward mixing

among classes, measured by the coupling of the classes of 500 16 < E*< 22 MeV 1
states through an effective two-body interactidf) (D, is (40ca)
the level spacing, anli, is given by 400 - 7 ]
. o 300 | I l{ H .
Mp=Tl+ > Thn, ® £ || HW
m=n+1 3 I
. . © 200 | H| -
Wherel“,ﬂ is the escape to theth stage. If only semidirect * |
and compound nuclei are taken into account, thg, be- 100 } * ]
comes the mixing parametgr of Ref.[14], which gives the f Hy
coupling between the GR and CN, measuring the trapped by b, ut | ¢
flux to the GR spreading. Thus, the Hauser-Feshbach formal- 0
ism can be generalized including the GR and CN decay with -4 039 4 8 12
transmission coefficient§,, to a final channet’, given by K Energy (MeV)
_.C D . FIG. 1. Statistical contribution td"°Ca E2GR decay(solid
Ter=Tat uTe @ curve) compared to the experimental data.

the superscript€ and D in the 7 transmission coefficients | . o
refer to CN and GR stages, respectively. Thus, the energywhereupp=I"pp/T'p andupc=T'pc/T'p are the mixing pa-
average cross section in ginduced reaction from an en- rameters which couple the GR to precompound and the pre-

trance channet to an open channa’ reads[14] like compound to the CN, respectively. Thg andI'p width are
defined in Eq(3), noting that the most important couplings
>, o+ o, are those between successive stages. The udp),

v B wpp(l—pupo), and uppupc factors give the semidirect,
precompound, and statistical branching decays where the
spreading to successive steps is measured by its respective
mixing parameters. The application of E@) to the analysis

- _ D c D
O =(1—p)7¢ D T C D
S Ton Sl Tort M)

where the factor ( u) gives the escape portion of the GR

to the continuum ange the spreading to the CN. The term . . . )

D . . , of the experimental data furnishes information on the escape
#Tg In the second member gives the_ feedback tdjrough and spreading widths of the GR’s decay and supplies, in a
the return of the CN to GR stage. It is worth at this point t0gimple way, the contribution of the preequilibrium branching
note that the sum indea” in the denominators runs over all yhen this component is evident through specificity and se-
channels of different particle types involved in the decaylectivity of states in the residual nucleus. In this way, this
process and the assumption of channel particle-type indepeRing of analysis can provide a selective test of the multipo-
dence[19] gets the same form for the..» as in Eq.(5) if we  |arity admixture in the GR’s excitations by reactions like
restrict the sum indeg’ to each particle type with an overall hadron or heavy-ion scattering.
extra factor on the right-hand sid®HS) of this expression
that accounts for the particle-type probability emission. 0

The generalization of Eq5) to accommodate one pre- ll. PROTON DECAY IN - "Ca

compound stage between the GR and CN, namely2R, is The proton spectra from the decay of the E2GR'i6a
done by a subdivision o space intoQp (precompountl  \as calculated with Eq7). In what follows, we will refer to
andQc (CN) projectors that generalize the transmission co+he first, second, and third terms in Eg) assd, pre, and
efficient T/, including thenp-nh stages: st, standing for semidirect, preequilibrium, and statistical
n-1 term, respectively. The E2GR itfCa is split into two peaks
Toomr ot S unTro ©6) centered at 14 and 17.5 MeV, with widths of 2 and 3 MeV,
me e ) mnamen respectively, and with a proton threshold-e8.3 MeV. The
experimental proton spectra was obtained [B¢,22 in a
where ther, ., describes the direct coupling of andnp- 40Ca+“%Ca reaction at 50 MeV/nucleon. The theoretical cal-
nh subspace. Since the doorway hypothesis is made, the coaulation was compared to the emitted proton spectra from the
pling between nonsuccessive stages can be ignored and, féiCa decay in the energy range of 16—22 MeV which leaves
the dominance of the statistical CN decay, remains assurethe residual nucleus®K in the range 0—13.7 MeV of exci-
in a good approximation, when we ignore the feedback taation energy. For such a large interval of excitation energy
¢’ terms. Then ther.., assumes the simple form as in Ref. of 3%, the use of a continuum level density to describe the

[12]: residual nucleus becomes necessary in the proton spectra cal-
culations. Thus, the Fermi gas backshifted fornj@iay, with
_ 5 TE, 7'5, parameters extracted from R24], was utilized for energy
Teor =T¢ (1_MDP)—D+MDP(1_MPC)E—P levels above 5.8 MeV, and below this energy, the discrete
o Ter ¢ Ter energy levels of théK [25] were used.
< In Fig. 1, pure statistical calculatidonly the st term in
+MDPMPC—CC‘11 (7) Eq. (7) with upp=upc=1] is presented in comparison with
ZorTen the experimental spectra. This calculation assumes that nei-
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FIG. 2. The same as Fig. 1 for the semidirect and statistical FIG. 3. The same as Fig. 1 with the all terms of Ef). This
contributions. Note that the population of the collective states infigure shows that the role of the preequilibrium component is to
3% in the 3.6 MeV region still remains underestimated. give a contribution to the collective states3#K, giving a good fit

with the experimental spectrum characterizing the precompound
ther semidirect nor preequilibrium components are present iBtage of the reaction.
the decay, accounting only for the compound nucleus evapo-
ration. The normalization with the experimental data wasEg. (7) where thepre term is added to the calculations of
performed for protons that populate th€K in energies Fig. 2. In Fig. 3 we observe that the preequilibrium contri-
above 4.2 MeV, where the dominance of statistical decay i®ution is crucial to give a good agreement with experimental
most probable. In this calculation each proton line is repredata and only this term can raise the valley in the 3.6 MeV
sented by Gaussians to fit the experimental spectra to th@gion missing in Fig. 2 so that the total proton count over
normalization region. As we can see in Fig. 1 the calculatiorthe whole energy range remains preserved. This component,
underestimates~16%) the total number of protons, show- assigned to the collective state population, points to the re-
ing that the single-hole 372 (ground stateand 1/2 (first ~ markable evidence of theptlh evolution to more compli-
excited and other nonpure single-hole stafg6—3( in the  cated(e.g., 20-2h) excitation modes and their eventual de-
3.6 MeV region have a proton population leakage whichcay.
forces us to conclude that other decay mechanisms must be The level separation was not performed since they are
important in this analysis to explain the measured spectra. very close which allowed us to just estimate their summed

In Fig. 2 thesd term is added to thet term, wpc=1 in average value corresponding t66% of the total protons.

Eq. (7). Here, we can observe that the ground stgte) and
the first excited state populations are increased with the in- IV. CONCLUSION

clusion of escape effects assigned [ IIh excitation modes The decay modes in GR are studied and the results show

in GR. This decay model is equivalent to a previous analysi . - S
[14,31 where the semidirect and statistical contributions are%hat the branchings of the semidirect and preequilibrium de-

considered to explain the GR’s decay mechanisms. Sthe cays must be included in the spectra analysis together with

contribution represents approximately 11% (7% for the g.the statistical calculations for the E2GR fiCa proton de-

and 4% for the first excited statef the total protons, noting cay. Aln d|mportant po:jnt |shthat one _?ggds, go fit the eﬁperli
that the analysis is based on the assumption of the indeperm?nt.a atr;,_ tﬁ cohnS| er:] € preequil I‘qum ecay in the cal-
dence of channel-particle-type emissipi®]. The require- cu anqn which s OWS.t e presence of excitations more
ment of the preequilibrium component to explain the experi-compl'cated than g-1h in the GR.
mental data is clear in Fig. 2, since the only collective states, This work was supported in part by Conselho Nacional de
adjusted by thesd term, are those of pure holes in the re- Desenvolvimento Cierfico e Tecnolgico (CNPQ, Brasil,

sidual nucleus. and Fundgao de Amparo @esquisa no Estado decsRaulo

Finally, Fig. 3 shows the complete calculation through(FAPESB, Brasil.
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