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Overtones of isoscalar giant resonances in medium-heavy and heavy nuclei
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A semimicroscopic approach based on both the continuum random-phase-approximation method and a
phenomenological treatment of the spreading effect is extended and applied to describe the main properties
(particle-hole strength distribution, energy-dependent transition density, partial direct-nucleon-decay branching
ratio9 of the isoscalar giant dipole, second monopole, and second quadrupole resonances. The abilities of the
approach are checked by description of the gross properties of the main-tone resonances. Calculation results
obtained for the resonances in a few singly- and doubly-closed-shell nuclei are compared with available
experimental data.
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[. INTRODUCTION +random phase approximati¢RPA) calculations with the
use of the Skyrme interactions have been done to specify the

Experimental and theoretical studies of high-energy gianiSGDR energy and, after comparing with experimental data,
resonancesGRs have been undertaken in recent years toto draw conclusions about the nuclear incompressibility
understand better how the different characteristics aSSOCiatEEg!3,14J_ Similar goals are pursued in the approaches based
with  GR formation (concentration of the particle-hole on the relativistic version of the RPA and on the semiclassi-
strength, coupling to the continuum, the spreading eff@@  cal treatment of nuclear vibratiorisee, e.g., Refd15,1§,
affected with increasing the GR energy. Many of the knownrespectively. However, the microscopic structure and “dif-
high-energy GRs are the next vibration modéise over-  ferential” properties of high-energy GRs, which correspond
toney relative to the corresponding low-energy GRBe  to collective excitations of nuclei as finite-size open Fermi
main toneg The lowest-energy overtone is the isoscalar gi-systems, are of particular interest. Attempts to describe the
ant dipole resonancSGDR) experimentally studied in @ main propertiegthe strength distribution, energy-dependent
few medium-heavy and heavy nuclei via tfie «') reaction  transition density, partial direct-nucleon-decay branching ra-
[1-4]. The ISGDR is the overtone of the” Zzero-energy tios) of the ISGDR have been undertaken in Refs7,1§
spurious stat&€S9), associated with center-of-mass motion. within a semimicroscopic approach, based on both the con-
The experimental results of Refll—4] are concerned with tinuum RPA(CRPA) method and a phenomenological treat-
distribution of the corresponding dipole strengths. Only re-ment of the spreading effect. In these references the gross
cently have the direct nucleon decays of the ISGDR beeproperties(parameters of the strength distribution, transition
observed, using théa,a’N) reactions[5-7]. These studies density have been satisfactorily described for the ISGDR in
are planned to be continud8]. The isovector giant charge a few medium-heavy and heavy nuclei. Unlike the gross
exchangein the 8~ channel monopole and spin-monopole properties, the partial branching ratios for direct nucleon de-
resonances are the overtones of the isobaric analogue apdy of a particular GR carry information about its micro-
Gamow-Teller resonances, respectively. These overtonesopic structure and also about its coupling to the continuum
have been studied via charge-exchange reacfi®/i€)]. Di-  and the spreading effect. Initial attemgimdertaken in Refs.
rect proton decays of the giant spin-monopole resonancgl7,1g for the ISGDR in2°%Pb) to calculate the partial
have been recently observed using tffele,tp) reaction direct-nucleon-decay branching ratios ran into difficulties as-
[10]. Other candidates for studies of high-energy GRs are theociated with taking the spreading effect into account. A way
overtones of the isoscalar giant monopole and quadrupol® overcome these difficulties was given in REE9]. The
resonancedSGMR2 and ISGQR?2, respectivelyThe corre- overtone of the isoscalar monopole resonance was theoreti-
sponding main tones, having relatively low energy, havecally studied within a CRPA-based approach in R&0]
been experimentally studied at some lengith3]. However, mainly to search for narrotrapped’ resonances, having a
evidence for the existence of the ISGQR2 has been reportesinall relative strength. The gross properties of the ISGMR2
for the first time only recently5,6]. are described in Ref[21], where both the microscopic

Theoretical studies of the isoscalar overtones deal prima-lartree-Fock-RPA approach with the use of the Skyrme
rily with the ISGDR. Microscopically, this GR is mainly due interactions and a semiclassical approach have been em-
to 3hw particle-hole-type excitations, while the overtones ofployed. Within the semimicroscopic approach, the main
the isoscalar quadrupole and monopole GRs are mainly dueroperties of this resonance are briefly described in Réf.
to 4hw excitations. The first microscopic calculations of the  Motivated by aspirations to describe both the main prop-
strength distribution for the ISGDR and for all the above-erties of high-energy GRs and forthcoming experimental
mentioned isoscalar overtones were done in the 18R68fs.  data concerned with the isoscalar overtones, we pursue the
[11,12, respectively. In recent years Hartree-Fock following goals in the present work.
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TABLE I. The peak energy, total widttboth in MeV), and parametersg, (in fm?) calculated for the.
=0,1,2isoscalar GRs in the nuclei under consideration. The corresponding experimental(gataaswvith
errory are taken from Ref{3] (L=0,1) and Ref.[28] (L=2).

58N 907y 1165 1445m 208pp
ISGMR
@peak 17.7 16.2 15.7 14.8 13.6
16.620.1 15.410.1 15.3£0.1 13.420.2
r 4.4 4.2 4.0 3.9 3.9
4.9+0.2 5.5+0.3 383 4.0£0.4
ISGQR
Wpeak 14.7 12.7 11.9 11.2 10.0
14.0£0.2 13.20.2 12.240.2 11.0£0.2
r 2.8 2.65 2.6 2.4 2.2
3.4£0.2 3.3£0.2 2.4£0.2 2.7£0.3
ISGDR
M1 22.71 29.28 34.74 39.74 51.07
Oheak 9.21 121 9.3 12.0 7.02
17.8£0.5 15.60.5 14.240.2 13.0£0.1
Oheak 27.4 26.0 26.1 25.0 22.9
26.9+0.7 25.4+0.5 25:41 22.7+0.2
ISGMR2
M=o 42.04 52.75 55.57 54.50 75.25
Oheak 30.8 29.9 32.0 33.8 32.1
ISGQR2
M=o 24.38 30.50 35.90 40.41 52.54
Ohea 32.9 34.6 34.1 32.8 30.5

*The LE component has an additional maximum at 12.1 MeV.
®The LE component has an additional maximum at 11.4 MeV.

(i) Extension of the CRPA-based semimicroscopic ap-semimicroscopic approach. In implementations of the ap-
proach to describe direct nucleon decay of high-energy GRgroach the following phenomenological input quantities are

(ii) description of the gross properties of the isoscalaused: a realistic nuclear mean field and the Landau-Migdal
main-tone resonances to check the abilities of the approagbarticle-hole interaction bound together by self-consistency
and to find the probing operators appropriate for overtoneonditions; an energy- and radial-dependent smearing param-
studies; eter.

(iii) calculation of the partial direct-nucleon-decay

branching ratios for the high-energy component of the IS- A. CRPA equations
GDR;

(iv) description of the main properties of the second iso- Theé CRPA equations are taken in the form accepted
scalar giant monopole and quadrupole resonances; and ~ Within Migdal's finite Fermi system theor}22]. As applied

(v) comparison of the calculation results obtained fort® description of isoscalar particle-hole-type excitations in
singly- and doubly-closed-shell nucléfNi, %zr, 116sn, closed-shell nuclei, these equations are given in detail in
1445 and?%8Ph, with available experimental data. Refs.[17,18 and not shown hergFor the reader’s conve-

The paper is organized as follows. In Sec. Il the basidlience we uséin the main the notation of Refs/17,18 and
elements, ingredients, and new points of the approach a@metimes refer to equations, tables, and figures from these
presented. Section Il contains calculation results and availteferenceg.The nuclear polarizibilityP, (), strength func--
able experimental data on properties of the isoscalar giafton S.(w), and energy-dependent transition density
main-tone and overtone resonances. A discussion of the rex (7, ®)=p.(r,®)Y u(1) (o is the excitation energycorre-
sults and concluding remarks are given in Sec. IV. sponding to an isoscalar probing operatov, (r)
=V, (r)Y_u(A) can be calculated to describe gross properties
of the corresponding isoscalar GR within the CRPA. The
above-listed quantities are expressed via the radial part of the

The continuum RPA method and a phenomenologicagffective probing operator¥((r, ) (a=n,p is the isotopic
treatment of the spreading effect are the basic elements of thadex), which are different fromV,(r) due to core-

Il. BASIC ELEMENTS AND INGREDIENTS
OF THE APPROACH
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FIG. 1. (a) The relative energy-weighted strength function cal-  FIG. 2. (a) The relative energy-weighted strength function cal-
culated for the ISGMR(b) The reduced energy-dependent transi- culated for the ISGQRb) The reduced energy-dependent transition
tion density calculated at the peak energy of the ISG{&ble ). density calculated at the peak energy of the ISGQ@&ble I). The
The thick, thin, dashed, dotted, and dash-dotted lines aré®fir notations on each graph are the same as in Fig 1.
907r, 1165, 1445m, and?%%b, respectively.

comes not only from the effective probing operator, but also

o - - . _from the continuum-state wave function.
olarization effects caused by the particle-hole interaction. . ) . .
b y P t The partial direct-nucleon-decay branching rabb(&)

The w dependence of the above quantities comes from tha . .
of the free particle-hole propagator. The latter can be ex¢@n be reasonably defined as the ratio of the squared
pressed in terms of occupation numbefs radial bound- nucleon-escape —amplitude integrated over a certain
state single-particle wave functiong, and radial Green's €Xcitation-energy intervab=w,-w, to the corresponding

functionsgg,(r,r', e,%w) to take exactly the single-particle strength function integrated over the same interval. The total

) ; branching ratiobl, == b is equal to unity for arbitrary in-
E(;m('?)ugmeg'fto[ la8(]:]coun[see Eqs(1)«(3) of Ref. [17] and terval 6, as follows from the unitary condition, which is valid
When compared with Refi22], a new element of the within the CRPAEQ. (4) of Ref. [17]].

. . L . For comparison with the experimental branching ratios
CRPA equations is L_Jsed LWlthln the approach-the dlrectwe sometimes replace the occupation numiperi the ex-
nucleon-escape amplitudd (w) [see Eqgs(4),(5) of Ref.

ression fobt ==, b- with the corresponding experimental
[17]]. This amplitude is proportional to the product(af;)*? pressi u= =)0 W ponding experl

: ; . . spectroscopic factorS,. In this way, the coupling of single-
and the matrix element of the corresponding radial effectlv%gle statess‘l populaltled after dirgct nucleoﬁn dgecay ongRs

°pe“'?‘t°r tS"e” with the use of Fhe radial bound-state Waveg, low-energy collective states is taken into account phenom-
fLLI:])(;'[IOI’] X and the radial continuum-state wave functpn enologically.

Xe(n Lw is the set of quantum numbers for an occupied | gescription of the gross properties of high-energy GRs,

single-particle levelie=¢,+w and (\) are the energy and nucleon pairing in open-shell subsystems can be neglected
quantum numbers of an escaped nucleon, respecticely, with a high accuracy. To take into account the effect of

=u,(\),a is the set of nucleon-decay-channel quantumnucleon pairing on the direct-nucleon-decay branching ratios
numbers compatible with the corresponding selection tulesin the CRPA equations, we replace the occupation numbers
The » dependence of the direct-nucleon-escape amplitude, with the corresponding Bogoliubov factow%. The latter
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TABLE Il. Parameters of the ISGMR and ISGQR calculated for a certain excitation-energy interval. All
the parameters are given in MeV except fpmwhich is given in percent.

ISGMR ISGQR
Nucleus w1~ 0, o A X w1~ W, o A X
58Njj 12-31 18.21 3.06 89 10-20 14.89 1.90 70
90zr 10-25 16.47 2.64 87 9-18 13.07 1.78 70
1165 10-20 15.38 2.13 79 8-19 12.51 2.13 72
1l45m 10-20 14.85 2.05 80 7-19 11.91 2.31 74
208pp 10-20 13.89 2.05 79 6-17 10.51 2.18 71

can be calculated in an isospin-self-consistent way with the B. Smearing procedure

use of experimental pairing energiga3]. To phenomeno-
logically account for the coupling of single-quasiparticle
states populated after direct nucleon decay to low-energ

collective states, the calculateg value is divided by, and logically in terms of an appropriate smearing parameter.

multiplied by S, [23]. hat diff i . for th
An important aspect of the theoretical studies of GR over—Somew at different smearing procedures are used for the

-~ X . . .~ description of low- and high-energy GRs. The aforemen-
tones within the RPA is the choice of an_approprlate prObIngcioned w-dependent quantities, calculated within the CRPA

Sor a low-energy(“sub-barriery GR can be expanded in

condition that the main tone is not being excited. In this casg, s of nonoverlapping doorway-state resonaiioeBreit-
the overtone exhausts most of the respective particle-hol

strength. As applied to description of the ISGDR, charge—ﬁvIgner typg that have total escape widtis. To take into

: . account the spreading effect in evaluating these energy-
exchange glant monqpole, anq spm—monopgle .resonanc?é\'/eragedw-dependent quantities, each doorway-state reso-
the choice of appropna_te probing Qperators IS d.'SCUSSEd 'Hance is smeared independently. The smearing procedure lies
Refs.[17,23,26, respectively. In particular, the radial part of in the replacement of | by ' +1, or equivalently, the re-

the isoscalar second-order dipole probing operatd, r) placement ofw by w+il/2. The parametet (the mean
=r®= =11 is used for description of the ISGDR.ZThe param- qoorway-state spreading widtrs fitted to reproduce the ex-
eter 72—, is defined by the conditionfp:S()V{Z,(Nr?dr  perimental total width of the specific GR in calculations of
=0, wherepp2(r) is the spurious-state transition density. Tothe energy-averaged strength function. To calculate the
describe the properties of the second isoscalar giant monenergy-averaged direct-nucleon-escape amplitudes, it is also
pole and quadrupole resonances the radial part of the corr@ecessary to average the potential-barrier penetrability in a
sponding second-order probing operators is taken in the forrproper way, because the direct-escape nucleons have rela-

V(LZ)(r):r“—ner. The parameters,_ in this expression are tively low (“sub-barrier) energies. Thus, the energy-

Within the approach, the coupling of doorway states of
the particle-hole type to many-quasiparticle configurations
?‘Le., the spreading effects taken into account phenomeno-

determined by the condition averaged transition density and the partial direct-nucleon-
decay branching ratios can be evaluated within this approach
Q)20 without the use of any free parameters. This method has been

pr(r’wPea‘)VL (Nrdr=0, (1) employed in Ref[17] to quantitatively describe the direct

nucleon decay of ISGMR in a few nuclei. When applied to
wherep (r, wpeq) is the radial part of the energy-dependentdirect nucleon decay of the ISGDR i##?%b, the method
main-tone transition density taken at the peak energy of theesults only in qualitative description, however, because the
main-tone strength function. corresponding doorway-state resonances have significant

TABLE IIl. Comparison of calculated and experimental parameters of the ISGMR and ISGDR. The
experimental datégiven with error$ are taken from Refd29,2, respectively. All the parameters are given

in MeV.
90zr 16sn 208pp

ISGMR o 17.89+0.20 16.5 16.07%x0.12 154 14.17+0.28 13.9

A 3.14+£0.09 2.6 2.16+0.08 2.1 1.93+0.15 2.1

LE-ISGDR o 16.2+0.8 13.8 14.7+£0.5 13.9 12.2+£0.6 11.2
A 1.9+0.7 2.1 1.6£0.5 2.0 1.9+£0.5 1.9

HE-ISGDR o 25.7£0.7 254 23.0£0.6 25.1 19.9+0.8 20.7
A 3.5+0.6 3.5 3.7x05 3.2 2.5+0.6 2.4
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TABLE IV. Comparison of calculated and experimental param- .

52 () tm°Mev™)
eters of the ISGMR and ISGQR #iNi. The experimental data are

@

taken from Ref[30]. All the parameters are given in MeV. 0.08
0.07
ISGMR ® 20.30%%9 182
A 4259353 3.1 '
ISGQR ® 16.1+0.3 149 °%
A 2.4+0.2 19 004

overlap with each othefl7]. The smearing procedure out-
lined above is based on a statistical assumption: after aver.o
aging over the energy, each doorway state independently g 3u

“decays” into many-quasiparticle configuratiof]. Such 5 10 15 20 25 30 3 40 45 50
an assumption seems to be reasonable in view of the com ® (MeV)

plexity of many-quasiparticle configurations at high excita-
tion energies.

Per CRPA calculations of the strength functions for high-
energy (“overbarrier) GRs, the doorway-state resonances
overlap. In such a case, the smearing procedure lies in th
replacement ofw by w+il/2 in the CRPA equations. This
replacement results in the use of the imaginary part of the
single-particle potential, = (i/2)I(r,w), when the radial
Green’s functions and continuum-state wave functions are
calculated. As a result, the energy-averagedependent

guantities[the strength functioig (), the transition _density

pu(r,w), and the direct-nucleon-escape amplitudke(w)] ]
can be calculated at once with the use of a radial- ande.ggs

0.004 ] HE -4
] R (nop,) (m)

(b)

0.002 4

-0,006

energy-dependent smearing parameter in the CRPA equz o 1+ 2 3 4 5 6 7 8 8 10 M1 12
tions. In accordance with the statistical assumption, the fol- r (fm)
lowing parametrization for | is used: I(r,w)

=l(w)f,{r,R*,a), wheref, is the Woods-Saxon function 0.004
taken withR* >R (R anda are the radius and diffuseness of ]
the isoscalar part of the nuclear mean field, respectively
The calculated strength distribution and transition density 0f 0,000 Jencggeami
high-energy GRs are found to be almost independent of the ]
“cutoff” radius at R* >(1.7-1.9R. The energy-dependent °°°2'
part of the smearing parametdiv) is taken in the form

-0.004

(CU—A)Z > A -o.ooe-é
(w)={ 1+(w-A)B2 “~ % ) '
0, w<A,

-0.008 ]

-o.o1o-:
with universal parameters. Such an energy dependence i o 1t 2 38 4 5

6
used for the absorption potential in some versions of the r (fm)
ogtlcal rr:lc?deé for nupleon-nuc(ljeus hscat'k[)erlr[gﬂ. gh.e R FIG. 3. (a) The energy-averaged strength function calculated for
above-outlined smearing procedure has been used in %‘e ISGDR.(b) The reduced energy-dependent transition density
[18] to describe quantitatively the gross properties of the

. . ) calculated at the peak energy of the HE ISGDRble ). (c) The
ISGMR and ISGDR in a few nuclei. However, this procecmrereduced energy-dependent transition density calculated at the peak

cannot be directly applied to evaluation of the energy-gnergy of the LE ISGDRTable ). Curves with filled circles and
averaged escape amplitud&!%(w) (and, therefore, the cor- open circles correspond, respectively, to the additional maximum
responding branching ratipbecause of nonphysical absorp- for *Ni and 2°%Pb as given in Table I. Other notations on each
tion of escaped nucleons outside the nucleus. For this reasograph are the same as in Fig. 1.

in the present work all the energy-averageedependent

guantities are calculated using the “cutoff” radiB$=R  pendence of the continuum-state wave function, while the
together with the properly increased value of the intenaity calculated gross properties of a high-energy GR are found to
in Eq. (2). Such a choice allows us to correctly describe thebe almost the same within both versions of the smearing
corresponding single-particle resonances in the energy d@rocedure. In Refg18,23,26 the branching ratios calculated
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TABLE V. Parameters of the ISGDR calculated for different excitation-energy intervals. All the param-
eters are given in MeV except for which is given in percent.

LE ISGDR HE ISGDR
Nucleus w1~ 0, o A X w1~ W, o A X
58Nj 5-16 11.56 2.08 12 16-36 26.62 4.55 75
16-60 27.94 6.36 86
90zr 11-18 13.78 2.10 10 18-32 25.42 3.48 68
5-16 11.32 2.19 11 16-40 25.94 4.74 81
16-60 26.69 6.14 86
1165 11-18 13.91 1.99 11 18-32 25.09 3.23 67
5-15 10.50 2.36 13 15-35 24.78 4.22 75
15-60 25.91 6.13 84
1445m 5-15 10.74 2.22 12 15-35 24.20 4.04 77
15-60 25.22 5.92 85
208pp 8-15 11.18 1.89 14 15-24 20.73 2.39 42
5-15 9.90 2.55 17 15-35 23.02 3.90 74
15-60 23.96 5.83 81

for a few overtones irf°Pb are overestimated because thein Ref. [17]. Within the RPA, the isospin symmetry of the
absorption of escaped nucleons inside the nucleus is nenodel Hamiltonian can be restored. As a result, the isovector
taken into account. This shortcoming is partially eliminatedpart of the mean field is calculated self-consistently via the
in Ref.[19], where allo-dependent quantities are calculated Landau-Migdal isovector parametdr and the neutron-
using the smearing parameter with intermediate rafitis €xcess densitisee, e.g., Ref23]). The mean Coulomb field
=1.3R to take the spreading effect into account in evaluatioriS @lso calculated self-consistently via the proton density.
of the branching ratios for the ISGDR in a few nuclei. Within the CRPA, the d|str|but|on of the |sosca!ar dipole
In conclusion of this subsection, we define the energyStrength[corresponding to the probing operator with the ra-
averaged quantities suitable for description of the main prop(—]“aI part _V|_:1(r)=r] can be calculated for a given model
erties of the isoscalar GRs. The relative energy—weighte(aam'Iton'an' In the studies of Ref§l7,18, the Landau-

. = , igdal isoscalar parametdf*is chosen for each nucleus to
strength functiony, (»)=wS («)/(EWSR)_ is used to show ake the energy of the Ispurious state close to zero. If the

exhaustion of the respective energy-weighted sum rulgransiation invariance of the model Hamiltonian was fully
(EWSR) by a particular GR. The use of the reduced energyrestored, the spurious state would exhaust 100% of the
dependent transition densit)RL(r,w):rz,TL(r,w)S{l’z(w) EWSR corresponding to the above-mentioned probing op-
normalized by the conditioff R (r, )V, (r)dr=1 is conve- erator. Wi;hin the current version of the ap_proach, the SS
nient to compare the transition densities related to differen@xhausts in all cases more than 92% of this sum rule, the
energy regiong18]. The squared and properly normalized 8Xact percentage being dependent on the nug¢lendg. A
energy-averaged direct-nucleon-escape amplitude determing@@ll part of the spurious strengiess than 8%is distrib-

the corresponding differential partial branching ratio: g;[(ec(ijtartri]gggy among isoscalar dipoléd particle-hole-type
o D |ML(w)|2 _The calculation results presented in Sec. Il are qbtained
db;L,,(w) n with the use of model parameters taken, in the main, from
r R . 3 previous studies of Ref§17,18. The mean-field parameters
@ f S (w)dw and the Landau-Migdal isovector paramefter 1.0 are taken
oy from Ref. [17], where the experimental nucleon separation

. , . energies have been satisfactorily described for closed-shell

These quantities show how the partial and total bra”Ch'”%ubsystems in nuclei with=90—208. The isoscalar Landau-
ratios are formed. Migdal parameteff” is taken equal to 0.0875 in agreement
with the systematics of Ref§22,27, while the values of
parameterff®*=—(2.7-2.9 are found in Ref[18] in the man-
ner described above for each nucleus under consideration.

Within the approach, a phenomenological isoscalar part ofhe universal parameters of E@) used for description of
the nuclear mean field@ncluding the spin-orbit terinand the  the spreading effect,«=0.125 MeV'!, A=3 MeV, B
(momentum-independent_andau-Migdal particle-hole in- =7 MeV, are the same as in R¢L8], except for thex value
teraction are used as the input quantities for CRPA calculace=0.085 MeV?! is used in Ref.[18], together withR*
tions. Parametrization of these quantities is explicitly given=1.8R).

C. Ingredients of the approach
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¥ 2 (@) (MeV') TABLE VII. Calculated partial branching ratios for direct
nucleon decay of the HE ISGRs ?HZr(Sﬂzl). The branching ra-
tios are given in percent.

0.08

0.05

g_=1 bL:O E_:Z
0.04 a1 w w "
)% (18-32 MeV}  (23—-39 MeV}  (25-40 MeV
0.03 Neutron
002 (9/2* 10.2 7.6 14.1
' (1/2)” 2.8 3.6 2.1
001 (5/2)° 4.6 5.8 5.0
(312 5.7 7.3 4.8
0.00 (712~ 4.5 7.2 7.2
5 10 15 20 25 30 35 40 45 50 56 60
o (MeV) (1_/2)+ 0.9 2.4 1.8
bﬁ" 29.6 40.0 39.9
FIG. 4. The relative energy-weighted strength function calcu- Proton
oo
lated for the ISGDR irP®Ni. (112" 4.0 4.0 3.0
2)” . 2 4
IIl. PROPERTIES OF THE ISOSCALAR GIANT (2;2)_ g 2 3 3 24
MULTIPOLE RESONANCES (5/2) ’ ’ '
(712)~ 4.0 8.6 7.7
A. Gross properties of the main-tone resonances (1/2)* 1.7 3.3 26
We start with a description of the main-tone resonances. (3/2)* 0.8 3.2 1.9
This description allows us to check the quality of restoration ot 24.0 39.5 31.4
of the translation invariance of the model within the CRPA; P

to check the abilities of the semimicroscopic approach be-

cause the gross properties of the isoscalar g_iant mon_0p0|ﬁg neutron pairing into account. The radial dependence of
and quadrupole resonances have been extensively studied §¥z calculated transition densirffl(r) is found to be close

perim_entally; and to evaluate the parametegysin the ex- o dp(r)/dr, where the ground-state densip¢r) is deter-
pression for thg radial part of the_ second-order probing OPmined by the bound-state wave functions for the occupied
erators appropriate for microscopic studies of the overtone

Jevels:
The T spurious state associated with the center-of-mass

motion is the lowest-energy main-tone state. The method to 2+t o o
determine the properties of the SS within the CRPA is de- p =2 2 _lu_47-rr2 nalxa (1. (4)
scribed in detail in Ref{17] (see also Sec. Il CThe method asnp w

allows us to specify the value of the Landau-Migdal param-This result is quite reasonable, since the calculated relative

eterf® and to calculate the characteristics of the SS, relativetrengthx®S, is close to 100%. For the same reason, the

isoscalar dipole strengtp®, and transition density?S,(r).  parameteny, -, in the expression for the second-order dipole

The calculated values df* and szsl for the nuclei under operator(Sec. Il A) is almost equal to the valugr3)/3 [av-

considerationiexcept for>®Ni) are given in Table | of Ref. eraging is performed over the ground-state density of Eq.

[18]. For *Ni we obtain f*=-2.646 andx5,=96%. The  (4)]. This value is employed in many worksee, e.g., Refs.

valuesf®*=-2.789 and¢S, =94% are obtained fol'®Sn tak-  [11,13,14,17,1B. The 5., values used in calculations of the

main properties of the ISGDR in nuclei under consideration
TABLE VI. Calculated partial branching ratios for direct proton are given in Table |.

decay of the HE ISGRs if®Ni (S,=1). The branching ratios are The isoscalar monopole and quadrupole GRs in the nuclei

given in percent. under consideration have been experimentally studied in

— — — many works[1-3,28-3(. The strength distributions deduced
bl bl bl are presented either in terms of the peak eneaspégk and

wt (15-40 MeV (23-40 MeV) (25—-40 MeV) total widthI'| (obtained by a Lorentzian or Gaussian, fir

in terms of the mean energy, and rms energy dispersion

(712 16.4 125 19.7 A, (obtained for a certain excitation energy intejvdlhese
1r2* 4.7 6.0 41 data are used below for comparison with the results obtained
(3127 5.4 7.0 5.8 within the semimicroscopic approach. The energy-averaged
(5127 6.6 9.7 7.9 strength function§ (w) calculated with use of the radial part
(1/2)” 0.8 15 1.0 V (r)=r? (L=0,2) of the first-order probing operators show
(3/2)° 1.1 2.8 2.1 prominent resonances. The corresponding peak energies and
Eg" 35.0 39.7 40.6 total widths are given in Table I, together with the corre-

sponding experimental values. The relative energy-weighted
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TABLE VIII. Calculated partial branching ratios for direct nucleon decay of the HE ISGRE%n
(S,=1 and S”:vi are used in the calculations of proton and neutron branching ratios, respectivety
branching ratios are given in percent.

L=t pL=0 L2
“ © “
wt S, (15-35 MeV) (22—-38 MeV) (25-37 MeV)
Neutron
(/2" 0.006 0.04 0.20 0.06
(3/2) 0.007 0.07 0.27 0.07
(712~ 0.011 0.11 0.16 0.06
(11/2° 0.188 1.9 0.83 2.7
(3/2* 0.195 0.84 0.76 0.45
a/2* 0.362 0.89 1.0 0.46
(712* 0.862 4.65 3.7 4.75
(5/2* 0.896 6.7 5.9 4.4
(9/2* 0.992 4.9 5.8 8.7
(1/2)~ 0.994 1.8 2.3 1.4
(3/2)~ 0.996 3.45 4.8 3.2
Eﬁ’t 28.8 25.7 34.7
Proton
(9/2)* 45 8.2 9.0
(/2 2.2 3.6 1.9
(3/2)~ 3.9 7.3 4.0
(512~ 1.8 5.3 2.5
(712~ 1.1 5.6 3.1
a/2* 0.2 1.8 1.4
(3/2* 0.1 1.3 0.4
(5/12* 1.7 0.6
Egﬂ 14.0 35.0 22.9

strength functionsy, (w)=wS, (w)/(EWSR, are shown in Scalar second-order dipole probing operator with parameters
Fig. 1(a) (L=0) and in Fig. 2a) (L=2) for the nuclei under 7.=1 taken from Table I. The calculated energy-averaged
consideration. Microscopically, the ISGMR and ISGQR arestrength function Zz)l(w) [Fig. 3@)] exhibits a “bimodal”
mainly due to Zw particle-hole-type excitations. The low- energy dependence, corresponding to the low- and high-
energy component of the ISGQ[Rig. 2a)] is due to Gw  energy components of the ISGORE and HE ISGDR, re-
excitations corresponding to single-particle transitions in-spectively. As a resonance in the energy dependence of the
volving changes in both the radial and orbital quantum numstrength function, the HE ISGDR is prominent and can be
bers and, consequently, having a small relative strength. Theescribed in terms of the peak energy and total width, while
calculated strength functions are used to eval(atea cer-
tain energy intervalthe parameters of the ISGMR and IS-
GQR: mean energw,, rms energy dispersioq, relative
strengthx, . These values are listed in Table II. Comparison
with the available experimental data is given in Tables IlI — — —
and IV. The reduced transition densitiBs(r , wp.,) calcu- . b b b,
lated for the main-tone isoscalar monopole and quadrupole  #~ (15-35MeV  (21-38 MeV  (24-36 MeV
GRs in_ the nuclei undgr consideration are _shown in_l_:ﬁg) 1 (1/2)* 1.9 20 1.0
and Fig. 2b), respectively. These transition densities are

TABLE IX. Calculated partial branching ratios for direct neu-
tron decay of the HE ISGRs iH“Sm (S,=1). The branching ratios
are given in percent.

.

used to evaluate parametejsfollowing Eq. (1). These val- (Sg)_ 3.4 3'; ;';
ues are given in Table I. (11/2 52 4. '

(5/2)* 5.1 5.7 4.4

] (712)* 2.6 4.1 3.7

B. Properties of the ISGDR 9/2)* 18 43 5.2

The gross properties of the ISGDR in nuclei under con- ot 23.1 35.1 35.3

sideration are described within the approach using the isa
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the LE ISGDR is less prominent. The peak energies of both TABLE X. Calculated partial branching ratios for direct nucleon
components are given in Table | together with the latest exdecay of the HE ISGRs iR%®Pb (S,=1). The branching ratios are
perimental data. The relative energy-weighted strength funcgiven in percent.

tionsy(f:)l(w) are very close to those shown in Fig. 1 of Ref.
[18] for the nuclei under consideratigexcept for>®Ni) and i i i
are not shown here. The parameters of both components cal- #™ (15-35MeV}  (25-35MeV  (25-35 MeVf
culated with the use of the above strength functions are given

g_:l g_:o g:z

in Table V. Results for specific excitation-energy intervals _ Neutron

are compared with the available experimental data deduced (1/2) 0.7 0.2 0.2

for the same intervalgTable Ill). The strength function  (5/2° 2.5 0.7 13

y2,(w) calculated for®Ni is shown in Fig. 4. Because the ~ (3/2)° 18 0.6 0.6

main-tone transition density is nodeless, the energy- (13/2* 3.8 13 7.5

dependent transition densia{zz)l(r,wpeal) calculated at the (712 4.3 1.9 7.2

peak energy of each component exhibits one-node radial de- (9/2)~ 2.1 1.1 3.0

pendencdFigs. 3b) and 3c)]. ot 22.4 24.7 32,5
The direct nucleon decay of giant resonances is closely " Proton

related to their microscopic structure. For this reason, the R

decay probabilities are some of the main properties of GRs (172 1.2 2.6 1.2

together with the energy, total width, and transition density. (3/2" 14 4.4 2.2

The use of the CRPA method together with the phenomeno- (11/2~ 0.5 6.2 2.7

logical treatment of the spreading effect allows us to evaluate (5/2)* 1.4 7.2 3.5

the partial direct-nucleon-decay branching ratios for varioug7/2)* 0.28 3.1 0.8

GRs within the semimicroscopic approach. Turning to the (g/2)* 0.07 28 0.7

HE ISGDR in the nuclei under consideration, we present the 4.9 315 31.0

direct-nucleon-decay branching ratigﬁzl calculated with P

the use of unit spectroscopic fact@g for single-hole states

in closed-shell subsystems and of unit raig vy, for single- components of both overtones with the use of unit spectro-

quasiparticle states in open-shell subsysteéfables VI-X.  scopic factors, are given in Tables VI-X. Partial branching

Some partial branching ratios corresponding to population ofatios for direct proton decay of the above resonances in

deep-hole states are not shown, but they are included in th®3pp, are also calculated with the use of experimental spec-

values of the respective total branching ratios also given iRrgscopic factorgTable X).

the tables. The recent experimental data of R&g] on the

partial direct-proton-decay branching ratios for the HE IS-

GDR in 2%%Pb are given in Table XI together with the corre- IV. DISCUSSION OF RESULTS AND SUMMARY

sponding calculated values obtained with the use of the ex-

perimental spectroscopic factors. Calculated for the saqu
r

Within the CRPA-based semimicroscopic approach, all

resonance, the differential partial proton branching ratios o :nnglr':anﬁrgﬁgrrtzﬁe?fsﬁn g;;?/:/]aGlTsi?\anur?i(\e/ecrjszlc ngreadmgtee:s
Eqg. (3) are shown in Fig. 5. One can see from this figure the P P y 9 P

role of the penetrability factor in formation of the HE IS- Iﬂ;;nf)?'?hn;?:glgéaﬂgmhﬁs)\?igge;ﬁa)rggg ?é‘ dTC;S%rgrzi_rre-
GDR in different proton-decay channels.

sponding self-consistency conditions. In the present version
of the approach the spin-orbit part of the nuclear mean field
C. Main properties of the ISGMR2 and ISGQR2 is mainly responsible for incomplete restoration of transla-
tion invariance of the model. If this part was taken equal to

. . ONGero, the SS would exhaust more than 99.5% of the corre-
pole and quadrupole overtones in the nuclei under consideg,

1 . h di d-ord bi Eponding sum rule, while the gross properties of isoscalar
ation, using the corresponding second-order probing opergspg are essentially not changed. The self-consistency of the
tors with parameters;_ (L=0,2) taken from Table I. The

R . . resent version of the approach can possibly be improved,
overtone strength is distributed over a wide energy mtervag op P 4 P

L . . o rovided that the isoscalar spin-dependent part of the
e>fh|b|t|ng the main peak at a high excitation energy. The anqay-Migdal particle-hole interaction is taken into ac-
wpeak ValUES are given in Table I. The relative energy

_ ) TtV “count. This study is outside the scope of the present work
weighted strength functiony”(w) are shown in Figs.@  and will be addressed in a future publication.

(L=0) and qa) (L=2), while the parameters of the high- | discussing the results, we start from the gross proper-
energy components are given in Table XIl. Because theies of the isoscalar GRs. Takif§®Pb as an example, one
main-tone transition density has one node inside of thean see from the results of the semimicroscopic calculations
nucleus[L=0, Fig. I(b)] or is nodeles§L=2, Fig. 2b)], the  of the relative energy-weighted strength functigiiw) (Fig.
overtone transition density has two nodes-0, Fig. b)] or 8 the general tendency for changing isoscalar strength dis-
one nodeL =2, Fig. qb)], respectively. The direct-nucleon- tripution with increasing excitation energy. The main compo-
decay branching ratios", calculated for the high-energy nents of the ISGMR2 and ISGQR2 are not very collective
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TABLE XI. Partial branching ratios for direct proton decay of the HE ISGR¥#®b into some one-hole
states of2°TI. Experimental spectroscopic factof, taken from Ref.[31] are used in calculations.
Excitation-energy intervals are taken the same as in Table X. Calculation results for decays of the HE ISGDR
are compared with the experimental data of Rf#s7]. The branching ratios are given in percent.

T S [ [6] [71° b, b5
12" 0.55 0.65 23+1% 0.34+0.06 1.43 0.66
(312" 0.57 0.80 0.61+0.10 251 1.25
(11/2~ 0.58 0.29 1.2+0% 0.31+0.05 3.60 1.57
(512" 0.54 0.75 1.07+0.17 3.89 1.89
(712)* 0.26 0.02 0.81 0.21

EE; 2.51 12.24 5.58

4Decay into thé3/2)* state is included.
bDecay into the(5/2)* state is included.
“Preliminary results.

and exhaust around one-half of the total strer{@tble XII). description, the total width of low-energy GRexcept for

As a result, theA dependence Qf);’fakfor these overtones is the isobaric analogue resonantemainly due to the spread-
not so regular, as it takes place for more collective GRsng effect. Such a case is realized for the main-tone isoscalar
(Table ). According to the data shown in Tables I, Ill, and IV monopole and quadrupole resonances. CRPA calculations
the experimental energies of the ISGMR, ISGQR, and HE

ISGDR in nuclei from a wide mass interval are reasonablyo.o4s . /«
Y27 12 (@) (Mev (@)

described within the approach. The energy of the LE ISGDR,_,,
in the same nuclei is described satisfactofilables | and
lIl). The energy of the recently found ISGQR2 #Pb, 00
26.9+0.7 MeV[5,6], is also satisfactorily reproduced in the o.030
calculations(Table ). Thus, the calculated energies of the oo
second isoscalar giant quadrupole and monopole resonanct
in the nuclei under consideration can be used as a guide te.czo
search for these GRs experimentally. 0.
We try to elucidate the universal phenomenological de-
scription of the total width of an arbitrary GR using an ap- '
propriate smearing parameter with the saturationlike energy.oos
dependence of E@2). A similar attempt applied to isovector
GRs was found to be satisfactof26]. According to this

015

0.36

0.0012 ®)
0.30
0.0008
0.26
0.0004

0.20 0.0000

0.15 -0.0004

0.10 -0.0008

-0.0012
0.06

15 20 25 30 35 .0.0020
© (MeV)

r (fm)

FIG. 5. The differential partial branching ratios calculated for
direct proton decay of the HE ISGDR #%Db into several one-hole FIG. 6. (a) The relative energy-weighted strength function cal-
states of207T| (Sﬂzl). The thick, thin, dashed, dotted, and dash- culated for the ISGMR2(b) The reduced energy-dependent transi-
dotted lines are for decay intcsg3,, 2ds/s, 1hi1/5, 2dss, and tion density calculated at the peak energy of the ISGNRéble ).
states, respectively. The notations on each graph are the same as in Fig. 1.
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Y (@) (MeV') . @

¥, (o) (MeV™)

35 40 a5 50 55 60
® (MeV)

4 FIG. 8. The relative energy-weighted strength functions calcu-
00004 e lated for isoscalar GRs iff®Pb. The thick, thin, dashed, dotted, and

o.oooz-f ;o 5 dash-dotted lines are for the ISGMR, ISGQR, ISGDR, ISGMR2,
00000 ] ; and ISGQR2, respectively.

00002 5 this resonancgTable XII). It is worth noting that there ap-
pears to be considerable scatter in the experimental data for
the total width of the HE ISGDR3,5,§. This, as also the
spread in the experimental relative strengthds apparently
attributable to the uncertainties in the subtraction of the un-
derlying continuum in the analysis of they,a’)-reaction
cross sections. For this reason we do not compare in the
present work the calculateq values(Tables Il and V with
the corresponding experimental data. Nevertheless, one can
compare the calculate@rig. 4) and experimentalRef. [4])

FIG. 7. (a) The relative energy-weighted strength function cal- strength functionsyf:)l(w) for 58Ni and find satisfactory
culated for the ISGQR2b) The reduced energy-dependent transi- agreement.
tion density calculated at the peak energy of the ISGQR®Ie ). As expected, the radial dependence of the one-node tran-
The notations on each graph are the same as in Fig. 1. sition densityR, (r, wyeq) for the ISGMR and HE ISGDR

[Figs. Xb) and 3b)] is rather close to that of the correspond-

imply that a significant part of the total width of high-energy ing transition density calculated within the scaling model
GRs is due to the particle-hole strength distribution and thé¢32], provided the ground-state density of K4) is used in
coupling to the continuum. The rest is due to the spreadinghe calculations. This can be seen, for instance, in Fig. 2 of
effect, which also leads to the averaging of the strength disRef. [18]. We note also that the difference in the transition
tribution over the energy. We note that the widths of thedensities calculated at the peak energy of each ISGDR com-
ISGMR and ISGQR, and the rms energy dispersion for botlponent is not large enougfrigs. 3b) and 3c)] to warrant
components of the ISGDR are well described within our ap-exotic alternative explanations for the nature of the LE IS-
proach(Tables | and V. The experimental total width of the GDR. As is also expected, the overtone transition density has
ISGQR2 in2%%Pb, 6.0+1.3 MeV[5], agrees well with the one extra node inside the nucleus relative to the main-tone
rms energy dispersion calculated for the main component dfransition densityfFigs. Xb), 2(b), 3(b), 6(b), and Tb)]. We

-0.0004 4

-0.0006 3
-0.0008 J
-0.0010 4

-0.0012 4

0 1 2 3 4 5 7 8 9 10 1" 12

6
r(fm)

TABLE XII. Parameters of the ISGMR2 and ISGQR?2 calculated for a certain excitation-energy interval. All the parameters are given in
MeV except forx, which is given in percent.

ISGMR2 ISGQR2
Nucleus w1~ W) o A X w1~ W, w A X
58Njj 23-40 31.1 4.7 52 25-40 325 4.1 45
907y 23-39 30.6 4.4 51 25-40 32.2 4.1 48
1165 22-38 29.6 4.6 50 25-37 31.3 3.3 40
145m 21-38 29.2 4.7 56 24-36 30.4 3.3 43
208ppy 25-35 30.2 2.8 34 25-35 30.0 2.6 38
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further note that the use of the modified smearing procedurbeavy nuclei[8]. Some evidence for direct proton decay of
(as compared with that of Ref18]) leads to practically the the ISGQR2 in?°%b in coincidencga,a’p) experiments
same results, as can be seen from a comparison of the dataifs been found recent(,6]. It allows us to hope that the
Tables Il and V with those of Tables | and Il of R¢L.8]. calculated parameters of the ISGQR2 and ISGMR2Iud-

The use of the modified smearing procedg®ec. I By ing the energy, total width, transition density, and branching
allows us to describe within the present approach the direckatios for direct nucleon decayvould also be useful in ex-
nucleon-decay branching ratios for high-energy GRs. Therimental searches for these resonances.
corresponding calculation results obtained for the isoscalar In conclusion, we extend a CRPA-based partially self-
overtones in the nuclei under consideration are given irtonsistent semimicroscopic approach to describe direct
Tables VI-X. For the ISGDR, the total direct-nucleon-decaynucleon decay of high-energy giant resonances. The main
branching ratio decreases with decrease of the peak energyoperties of the isoscalar overtongSGDR, ISGMR2, IS-
(with increase of the mass numbeThe relative change is GQR?2 in a few singly- and doubly-closed-shell nuclei are
larger for the total proton branching ratios due to the differ-described within the approach and found to be in reasonable
ence in the penetrability factors. We note that the results ohgreement with available experimental data, including the
Ref. [19], where the main shortcoming in evaluation of the |atest ones. The ability of the approach to describe the main-
direct-nucleon-decay branching ratios for high-energy GRsone resonances is successfully checked. Predictions con-
was eliminated(Sec. 11 B), are close to those of Tables cerning forthcoming experimental data for the isoscalar over-

VI=XI. tones are also presented.
The recent experimental data of Ref§,7] on partial
direct-proton-decay branching ratios for the HE ISGDR in ACKNOWLEDGMENTS
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