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Microscopic description of excitation of nuclear isoscalar giant resonances by inelastic scattering
of 240 MeV a particles

A. Kolomiets, O. Pochivalov, and S. Shlomo
Cyclotron Institute, Texas A&M University, College Station, Texas 77843

~Received 22 June 1999; published 17 February 2000!

A microscopic description of the excitation of isoscalar giant monopole resonance~ISGMR! and quadrupole
resonance~ISGQR! in 28Si, 40Ca, 58Ni, and 116Sn by 240 MeV bombarding energya particles is provided
based on self-consistent Hartree-Fock–~HF-! random-phase-approximation~RPA! approach and the distorted-
wave Born approximation~DWBA!. The folding model is used to obtain optical potentials from the HF
ground-state density and a density dependent Gaussian nucleon-a interaction (Van). The parameters ofVan are
determined by fitting experimentally measured angular distributions for the case of elastic scattering. Angular
distributions of inelastically scattereda particles for ISGMR and ISGQR excitations of the target nucleus are
obtained using the folding model DWBA and both microscopic~RPA! and hydrodynamical~collective model!
transition densities~found from HF ground state densities!. A possible overestimation of the energy weighted
sum rules and shifts of centroid energies due to the collective-model-based DWBA reaction description is
reported.

PACS number~s!: 24.30.Cz, 21.60.Jz, 25.55.Ci
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I. INTRODUCTION

The study of nuclear giant resonances has long bee
subject of extensive theoretical and experimental rese
@1#. Among the most extensively studied isoscalar re
nances are isoscalar giant monopole resonance~ISGMR! and
isoscalar giant quadrupole resonance~ISGQR!. The determi-
nation of parameters describing ISGMR excitation in bo
heavy and light nuclei is currently a topic of high intere
The interest is stimulated mainly by the possibility of e
tracting the value of the nuclear matter incompressibility
efficient ~which is important for studies of the nuclear equ
tion of state, neutron stars, supernova explosions, and h
ion reactions@2#! from knowledge of ISGMR strength distri
butions and centroid energies in nuclei throughout the p
odic table@3–6#. The isoscalar giant quadrupole resonan
often needs to be studied simultaneously with the ISGM
due to the strong overlapping of their transition strengths

The main experimental tool for studying isoscalar gia
resonances in general and the ISGMR, in particular, is
elastic a-particle scattering. There are several reasons
this. First,a particles are selective as to exciting isosca
modes which either eliminates or greatly reduces the in
ference of other excitations. Second, angular distribution
inelastically scattereda particles at small angles are chara
teristic for some of the multipolar modes which makes
possible to identify contributions from these excited mod
in the experimentally measured angular distributions.

As a result of extensive experimental studies, signific
amounts of the ISGQR and ISGMR strength was obser
below 40 MeV excitation energy in all studiedA.90 nuclei
@7–9# and resonance energies as functions of nuclear m
number were found to be 60–65A21/3 MeV for the ISGQR
and ;80 A21/3 MeV for the ISGMR. However, until re-
cently, not more than 30% of the ISGMR strength was fou
in practically all A,90 nuclei @9#. This, to a great extent
could be attributed to the fragmentation of ISGMR stren
in light nuclei so that large parts of the ISGMR energ
0556-2813/2000/61~3!/034312~8!/$15.00 61 0343
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weighted sum rule are imbedded into the very poorly kno
continuum and subtracted as a result of the experimental
cedure.

Recently, experimental studies of isoscalar giant re
nance excitations in nuclei ranging from12C to 208Pb were
performed at Texas A&M University using 240 MeV bom
barding energya particles @10–13#. Excellent peak-to-
continuum ratios in the observed inelastic scattering spe
were obtained and the ambiguity associated with the c
tinuum subtraction was notably reduced. New conclusio
regarding isoscalar monopole strength distributions in so
A,90 nuclei have been drawn@11,12#. In particular, it has
been reported@11# that almost 100% of the ISGMR energy
weighted sum rule was exhausted in40Ca below 30 MeV
excitation energy which almost triples previous experimen
results@14,15#. At the same time, in58Ni, only about 30% of
the ISGMR strength was located forEx,30 MeV @10#.

The problem of missing monopole strength in58Ni was
addressed by Satchler and Khoa@16#, who examined the the
oretical aspects of the analysis of inelastica-particle scatter-
ing data. Based upon the most realistic folding models,
authors came to the conclusion that up to 50% of the ISG
sum rule limit has been observed in58Ni. However, these
folding model calculations were done assuming that the c
lective model form is an adequate approximation for t
transition densities.

In this work we consider the excitation of the ISGMR an
ISGQR in several nuclei by inelastic scattering of 240 Me
a particles and carry out a realistic microscopic analysis
the reaction cross sections based on recent and highly a
rate experimental data. On the one hand, it is interesting
compare the new experimental data with the theoretical p
dictions based on self-consistent Hartree-Fock–~HF-!
random-phase-approximation~RPA! calculations with zero-
range Skyrme-type interactions. On the other hand, it is
portant to investigate the consequences of some assump
made in the experimental analysis itself, in particular,
assumption of collective model radial shapes of transit
©2000 The American Physical Society12-1
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A. KOLOMIETS, O. POCHIVALOV, AND S. SHLOMO PHYSICAL REVIEW C61 034312
densities. This assumption needs to be carefully exami
especially for light nuclei since, as was reported in@17#, it
may lead to an overestimation of the isoscalar monop
~E0T0! energy-weighted sum rule~EWSR! by up to 30%.

The purpose of this paper is twofold. First, we give a f
microscopic description of isoscalar monopole excitations
28Si, 40Ca, 58Ni, and 116Sn based on self-consistent HF
RPA calculations. We use the SL1 parametrization of
Skyrme interaction@18# which gives a value of the nuclea
matter incompressibility of 230 MeV. The SL1 interactio
which is associated with an effective mass of 0.55, was fi
to the available experimental data on the E0T0. However,
theoretical results for the E2T0 obtained with this interact
@19# are somewhat higher than the corresponding experim
tal data by 3–5 MeV. Second, we give a theoretical desc
tion of 240 MeV a-particle scattering reactions within th
folding model distorted-wave Born approximation~DWBA!
and compare our HF-RPA results with the conclusio
drawn from the experimental-like analysis of cross sectio
We investigate how the approximate forms of the isosca
monopole~E0T0! and isoscalar quadrupole~E2T0! transition
densities deduced from the collective model may affect
results regarding the strengths and excitation energie
E0T0 and E2T0 resonances.

II. HARTREE-FOCK –RANDOM-PHASE-
APPROXIMATION FORMALISM

The delta-functional coordinate dependence of
Skyrme interaction makes it possible to give a simplifi
coordinate space formulation of the RPA in terms of Gree
functions@20#. The RPA Green’s functionGRPA(r,r 8,E) is
found from the equation

GRPA~r,r 8,E!5G0~r ,r 8,E!

1E dr
1
dr2G0~r ,r1 ,E!Vph~r1 ,r2!

3GRPA~r2 ,r 8,E!, ~1!

whereG0(r ,r 8,E) is the Green’s function of the free syste
andVph(r1 ,r2) is the zero-range particle-hole interaction.

In order to be able to consider both closed-shell and op
shell nuclei, we follow the ansatz proposed in Ref.@21# and
evaluate the free-system Green’s function from

G0~r ,r 8,E!5(
p,h

uh~12up!

3Ffp~r …fh* ~r …fp* ~r 8…fh~r 8!

E2«p1«h1 iG/2

2
fh~r …fp* ~r …fh* ~r 8…fp~r 8!

E1«p2«h1 iG/2 G , ~2!

where fk(r … and «k are the Hartree-Fock single-partic
wave functions and energies,G/2 is the smearing half-width
~taken to be 1.0 MeV!, uh andup are the occupation number
of the Hartree-Fock single-particle states, and the summa
03431
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over p and h states is extended to the entire single-parti
spectrum. In our calculations we include single-partic
states up to an excitation energy of 100 MeV~discretized
continuum!. For a spherically symmetric nucleus, the occ
pation numbers can be taken simply asul5Nl /(2 j l11),
whereNl and j l are the number of nucleons on the sing
particle orbitall and their angular momentum, respective
The expression forVph(r1 ,r2) in terms of Skyrme-force pa
rameters can be found elsewhere@20,22,19#.

The quantities characterizing nuclear excitations can e
ily be found using the RPA Green’s function~1!. In particu-
lar, the transition strength distributionS(E) and its energy
moments Mk for the one-body excitation operatorQ
5( i 51

A f (r i) are obtained from

S~E!52
1

pE dr dr 8 f * ~r …Im@GRPA~r ,r 8,E!# f ~r 8!,

~3!

Mk5E
0

`

dE EkS~E!

52
1

pE dE Ek

3F E dr dr 8 f * (r …Im[GRPA(r ,r 8,E)] f (r 8) G , ~4!

while the transition densitydr(r ,En… for the excited stateun&
having the excitation energyEn and the half-widthG/2 is
given by

dr(r ,En)56F2
G

2
Im@GRPA~r,r ,En!#G1/2

. ~5!

III. ‘‘MICROSCOPIC’’ VS ‘‘MACROSCOPIC’’
DESCRIPTION OF a SCATTERING WITHIN THE

FOLDING MODEL DWBA

The distorted-wave Born approximation has been wid
used in experimental studies in order to give a theoret
description of low-energy scattering reactions and, thus, a
lyze measured cross sections of scattered probes. The fo
model approach@23,24# to the evaluation of optical poten
tials appears to be quite successful and is extensively use
present in theoretical descriptions ofa-particle scattering
@16,25–27#. This approach provides a direct link to the d
scription of a-particle scattering reactions based on mic
scopic HF-RPA results.

Within the folding model approach, the optical potent
U(r ) is given by

U~r !5E dr 8V„urÀr 8u,r0~r 8!…r0~r 8!, ~6!

whereV„urÀr 8u,r0(r 8)… is the nucleon-a interaction, which
is generally complex and density dependent, andr0(r 8) is
the ground-state~Hartree-Fock! density of a spherical targe
nucleus. It is customary to adopt a certain form for t
2-2



er
is

he
a

ila

e

d

pi

o-
ra

hi
a
e
iv
hr

T
ve
e
in
r

of

ion
e
l–
i

on

nd

n

T0

la-

MICROSCOPIC DESCRIPTION OF EXCITATION OF . . . PHYSICAL REVIEW C 61 034312
nucleon-a interaction and obtain the interaction paramet
from the fit to experimentally measured elastic angular d
tributions. In this work, both real and imaginary parts of t
nucleon-a interaction are chosen to have the Gaussian sh
with density dependence:

V„urÀr 8u,r0~r 8!…52V„11bVr0
2/3~r 8!…e2urÀr8u2/aV

2 iW„11bWr0
2/3~r 8!…e2urÀr8u2/aW.

~7!

The parametersV, bV , aV and W, bW , aW in Eq. ~7! are
determined by a fit of the elastic scattering data. A sim
form of the nucleon-a interaction was used in Ref.@16#
where scattering of 129 and 240 MeVa particles by 58Ni
was considered.

For a state with multipolarityL and excitation energyE,
the radial formdUL(r ,E) of the transition potential can b
found from

dU~r ,E!5E dr 8drL~r 8,E!FV„urÀr 8u,r0~r 8!…

1r0~r 8!
]V„urÀr 8u,r0~r 8!…

]r0~r 8!
G , ~8!

wheredrL(r 8,E) is the transition density for the considere
state.

At this point, we can distinguish between the microsco
and the macroscopic approaches to thea-particle scattering
description based on the folding model. Within the ‘‘micr
scopic’’ approach, both the ground-state density and the t
sition density which enter Eqs.~6! and~8! are obtained from
the self-consistent Hartree-Fock–RPA calculations. Wit
the ‘‘macroscopic’’ approach, the transition densities are
sumed to have energy-independent radial shapes and ar
tained from the ground-state density using the collect
model. In particular, the so-called Tassie and Bo
Mottelson radial shapes of the transition densities@28# are
used in experimental studies of ISGMR (L50) and ISGQR
(L52) excitations:

drL50~r !52a~E! S 3r0~r !1r
dr0~r !

dr D , ~9!

drL52~r !52dL52~E!
dr0~r !

dr
, ~10!

where the energy-dependent factorsa(E) and dL52(E) are
determined by fitting measured inelastic cross sections.
amounts of E0T0 or E2T0 strengths concentrated in a gi
resonance state can then be deduced from knowledg
a(E) and dL52(E) in a straightforward manner, bearing
mind that for the stateER that exhausts 100% of E0T0 o
E2T0 EWSR the corresponding coefficient is given by@28#
03431
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a2~ER!52p
\2

mA^r 2&ER

, ~11!

dL52
2 ~ER!5

25

8

2p\2

mAER

^r 2&

^r &2
, ~12!

with m, A, and^r K& being the nucleon mass, the number
nucleons in the excited nucleus, and theKth moment of the
ground-state density, respectively.

It is not clear that the collective model results~9! and~10!
are good approximations for the E0T0 and E2T0 transit
densities, especially in lighter nuclei. In the following, w
test these approximations by performing a folding-mode
DWBA analysis ofa-particle scattering by several nucle
ranging from 28Si to 116Sn.

IV. RESULTS AND DISCUSSION

The numerical solution of Eq.~1! using Eq.~2! and the
SL1 parametrization of the Skyrme interaction@18# is the
core of our microscopic calculations. A detailed descripti
of analogous calculations can be found in the literature~see,
for example, Refs.@20,22,19#!. We obtain the E0T0 strength
distributions from Eq.~3! using

Q005
1

A4p
(
i 51

A

r i
2

and

Q2M5
Z

A
e(

i 51

A

r i
2Y2M~r î !,

which are the generally accepted forms for the E0T0 a
E2T0 excitation operators.

Our HF-RPA results for the E0T0 and E2T0 transitio
strength distributions in28Si, 40Ca, 58Ni, and 116Sn nuclei
are shown in Figs. 1 and 2. Transition strengths for the E2

FIG. 1. Isoscalar monopole strength distributions in28Si, 40Ca,
58Ni, and 116Sn obtained from the self-consistent HF-RPA calcu
tions.
2-3
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A. KOLOMIETS, O. POCHIVALOV, AND S. SHLOMO PHYSICAL REVIEW C61 034312
excitations~Fig. 2! are given in single particle units~s.p.u.!
per MeV, with

1s.p.u.5
e2

4p
~1.2A1/3!2LS 3

L13D 2

, L.0.

The resonance energies and percentages of the total E
and E2T0 EWSR exhausted below 40 MeV excitation
ergy are given in Table I and II and compared with expe
mental data. A significant difference between the theoret
and experimental amounts of E0T0 EWSR exists in58Ni.
Our microscopic results indicate that in58Ni, as well as in
other considered nuclei, nearly 100% of E0T0 EWSR
present below 40 MeV excitation energy in contrast with
more than 50% reported in recent studies@10,16# of 58Ni
based on the cross section analysis.

At the next stage of our calculations, using Eqs.~6!, ~7!
and the Hartree-Fock ground-state density, we construct

FIG. 2. Same as Fig. 1 for isoscalar quadrupole strength di
butions.

TABLE I. Resonance, centroid energies, and percentages o
EWSR exhausted within the energy region 10,E,40 MeV for
ISGMR excitation in28Si, 40Ca, 58Ni, and 116Sn nuclei. Compari-
son with experimental data is provided.

28Si 40Ca 58Ni 116Sn

ER ~MeV! 21.8, 30.0 18.6, 25.2 16.4, 20.8 16.2
M1

M0
~MeV! 24.0 21.1 21.2 17.2

Expt. 21.5a 18.9b

A M1

M 21
~MeV! 23.6 20.7 20.8 16.9

Expt. 20.7a 17.3b

AM3

M1
~MeV!

25.4 22.6 22.6 18.6

Expt. 23.7a 21.3b

% EWSR 91 94 96 95

aReference@12#.
bReference@11#.
03431
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optical potential and determine the parameters of
nucleon-a interaction (Van) of Eq. ~7! by fitting experimen-
tally measured elastic scattering angular distributions. N
merical DWBA calculations were performed with the com
puter programPTOLEMY @29#. Quite satisfactory fits~shown
in Fig. 3! were obtained with the parametrizations ofVan
given in Table III.

Having determined the parameters of the nucleon-a inter-
action, we calculate the cross sections of inelastically s
tereda particles for the case of E0T0 and E2T0 excitatio
of target nuclei using the transition potential~8! and both the
RPA transition densities, found from Eq.~5!, and the collec-
tive model transition densities obtained using the Hartr
Fock ground state density and Eqs.~9! and~10!. These tran-
sition densities are calculated for each energy value on
0.2 MeV grid. The radial shapes of the RPA and collect
model transition densities for some of the E0T0 and E2
resonance states are compared in Figs. 4 and 5, respect
It can be seen that in some cases the differences in the r
shapes are quite well pronounced which affects the ca
lated cross sections.

In order to see more clearly the impact of radial sha
differences between the microscopic and the collect

i-

FIG. 3. Elastic angular distributions for 240 MeVa particles.
Solid squares represent the experimental data taken from Refs.@10–
12# and @27#. Solid lines are our fit to the experimental data usi
the folding model DWBA with nucleon-a interaction given in Eq.
~7!. The parameters of the nucleon-a interaction deduced from the
fit are given in Table III.

he

TABLE II. Resonance energies and percentages of the EW
exhausted within the energy region 10,E,40 MeV for ISGQR
excitation in 28Si, 40Ca, 58Ni, and 116Sn nuclei. Comparison with
experimental data is provided.

28Si 40Ca 58Ni 116Sn

ER ~MeV! 23.4, 32.6 19.4 19.6 15.2
Expt. 1960.2a 17.760.2b 16.460.3c 13.260.2c

% EWSR 89 93 95 97

aReference@12#.
bReference@14#.
cReference@8#.
2-4
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MICROSCOPIC DESCRIPTION OF EXCITATION OF . . . PHYSICAL REVIEW C 61 034312
model transition densities on the results of the cross sec
analysis, we assumed that the cross sections calculated
the RPA transition densities are the actual experimental
to be analyzed by performing folding-model–DWBA calc
lations with the collective model shapes of transition den
ties. In this case the extracted transition strength distributi
and centroid energies can be directly compared to the co
sponding results of the RPA calculations and discrepan
may occur only as a result of the approximation of transit
densities by the collective model shapes.

The procedure for extracting the E0T0 strength from
cross sections is presented in Fig. 6 for28Sn. The middle
panel of the figure shows 0° double differential E0T0 cro
sections obtained with the RPA transition density~i.e., our
‘‘experimental’’ data!. In the lower panel we show the 0
E0T0 cross sections found using the transition potential~8!
with the RPA transition density~solid line! and with the
collective model E0T0 transition density~9! ~dashed line!
normalized to 100% of the E0T0 EWSR@see Eq.~11!#. The
dashed line in the upper panel of the figure is the ratio of
curve in the middle panel and the one in the lower pane
represents the fraction of the E0T0 EWSR per unit ene
reconstructed from our ‘‘experimental’’ cross sections. T

FIG. 4. Microscopic~RPA! and collective model radial shape
of transition densities for some of the ISGMR states in28Si, 40Ca,
58Ni, and 116Sn. The solid lines are the RPA transition densities a
the dashed lines are the collective model transition densities ca
lated from Eq.~10! using the Hartree-Fock ground-state densiti
Both transition densities are normalized to a 100% of the R
E0T0 EWSR.

TABLE III. Parametrizations of the nucleon-a interaction, Eq.
~7!, obtained by fitting experimentally measured elastic scatte
angular distributions of 240 MeV bombarding energya particles.

V
~MeV!

W
~MeV!

bV5bW

(fm2)
aV

(fm2)
aW

(fm2)

28Si 38.0 11.2 21.9 3.7 5.1
40Ca 38.0 10.0 21.9 3.7 5.1
58Ni 38.0 11.2 21.9 3.7 5.1
116Sn 38.0 11.4 21.9 3.7 5.1
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solid line in the upper panel shows the actual fraction of
E0T0 EWSR per unit energy as calculated from the E0
transition strength distribution of Fig. 1. The reconstruct
and actual E0T0 EWSRs for40Ca, 58Ni, and 116Sn are

d
u-
.
A

FIG. 5. Same as Fig. 4 for ISGQR states. The collective mo
transition densities calculated from Eq.~10! using the Hartree-Fock
ground-state densities.

FIG. 6. Reconstruction of the E0T0 EWSR in28Si from the
inelastic a-particle cross sections. The middle panel: 0° dou
differential E0T0 cross sections obtained with the RPA transit
density~i.e., our ‘‘experimental’’ data!. The lower panel: 0° E0T0
cross sections found using the collective model E0T0 transi
density ~dashed line! and the RPA transition density~solid line!,
normalized to 100% of the E0T0 EWSR. The upper panel: ratio
the curve in the middle panel and the dashed curve in the lo
panel~dashed line!, ratio of the curve in the middle panel and th
solid curve in the lower panel~solid line!. The dashed line in the
upper panel represents the fraction of the E0T0 EWSR per
energy reconstructed from our ‘‘experimental’’ cross sections wh
the solid line in the upper panel shows the actual fraction of
E0T0 EWSR per unit energy as calculated using the RPA.

g

2-5
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shown in Fig. 7. Percentages of the E0T0 EWSR rec
structed following the above procedure are summarized
Table IV and compared to the actual percentages dedu
from the HF-RPA calculations. It can be seen that the cr
section analysis based on using the collective model sh
for transition densities tends to overestimate the E0
EWSR by up to 20%. The difference in shapes between
collective model and the microscopic transition densities
also lead to deviations of the ISGMR centroid energies
duced from the reconstructed strength distributions from
actual centroid energies obtained from microscopic calc
tions ~see Table IV!. These shifts, however, are of the ord
of a few percent and not very significant for the conside
nuclei.

A similar procedure was applied for the case of the E2
excitation. In Fig. 8, taking as an example the28Sn nucleus,
we show the reconstruction of the E2T0 EWSR from t
E2T0 inelastic cross sections generated using the RPA t

FIG. 7. Same as the upper panel of Fig. 6 for40Ca, 58Ni, and
116Sn.

TABLE IV. Percentages of the E0T0 EWSR exhausted by
RPA strength distribution and the ones reconstructed~REC! from
0° cross sections, following the procedure described in the t
Also shown are the centroid energies of the ISGMR~in MeV! ob-
tained from the RPA strength distributions and the centroid ener
~REC! reconstructed from 0° E0T0 cross sections.

Nucleus
Energy
~MeV!

RPA
~%!

REC
~%!

M1

M0
~RPA!

M1

M0
~REC!

Diff.
~%!

28Si 10–40 91 113 24.0 24.5 2.1
40Ca 10–40 94 114 21.1 21.3 0.9
58Ni 10–40 96 113 21.2 20.8 1.4
116Sn 10–40 95 106 17.2 16.8 2.3
03431
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sition density. The cross sections are calculated at the
maxima of E2T0 angular distributions which are located
an angle of approximately 4° and are a characteristic fea
of angular distributions of inelasticallya particles corre-
sponding to the E2T0 excitation of the target nucleus. T
reconstructed and actual E2T0 EWSRs for40Ca, 58Ni, and
116Sn are shown in Fig. 9. An interesting feature of the
constructed E2T0 strength distributions, using the collect
model transition density, is the appearance of the hi
energy overtone state~see Fig. 9! which leads to an enhance
ment of the reconstructed E2T0 EWSR at high energies.
reason for this enhancement is the difference between
microscopic~RPA! and the collective model transition den
sity shapes. We demonstrate this point in Fig. 10 where
compare the RPA and the collective model transition den
radial shapes at the energy of the overtone state in116Sn.

As in the case of the E0T0 excitation, our results indic
that the cross section analysis of E2T0 excitation based
using the collective model transition density tends to over
timate the actual~in our case, obtained from microscop
calculations! E2T0 EWSR by up to 30%. These results f
all considered nuclei are summarized in Table V. In Table

FIG. 8. Reconstruction of the E2T0 EWSR in28Si from the
inelastica-particle cross sections. The middle panel: double diff
ential E2T0 cross sections at the first maximum obtained with
RPA transition density~i.e., our ‘‘experimental’’ data!. The lower
panel: E2T0 cross sections at the first maximum found using
collective model E2T0 transition density~dashed line! and the RPA
transition density~solid line!, normalized to 100% of the E2T0
EWSR. The upper panel: ratio of the curve in the middle panel
the dashed curve in the lower panel~dashed line!, ratio of the curve
in the middle panel and the solid curve in the lower panel~solid
line!. The dashed line in the upper panel represents the fractio
the E2T0 EWSR per unit energy reconstructed from our ‘‘expe
mental’’ cross sections while the solid line in the upper panel sho
the actual fraction of the E2T0 EWSR per unit energy as calcula
using the RPA.
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we also show the E2T0 centroid energies obtained from
reconstructed~dashed lines in upper panel of Fig. 8 and
Fig. 9! and the actual~solid lines in upper panel of Fig. 8 an
in Fig. 9! E2T0 strength distributions. As can be seen,
differences between these centroid energies do not ex
1%.

V. CONCLUSIONS

By performing self-consistent Hartree-Fock–RPA calc
lations, we provided a microscopic description of isosca
monopole and quadrupole excitations in28Si, 40Ca, 58Ni,
and 116Sn. Our results were compared with available expe

FIG. 9. Same as the upper panel of Fig. 10 for40Ca, 58Ni, and
116Sn.

FIG. 10. Transition densities of E2T0 overtone state atE
524.0 MeV in 116Sn. Solid line: microscopic~RPA! transition
density. Dashed line: collective model transition density calcula
from Eq. ~10! using the Hartree-Fock ground-state density. Bo
transition densities are normalized to 100% of the RPA E2
EWSR.
03431
e

e
ed

-
r

i-

mental data which include the most recent measurem
with 240 MeV a particles. Overall, satisfactory agreeme
with the experiment was obtained. However, while rec
studies of the 240 MeVa158Ni reaction were unable to
locate more than 50% of the E0T0 EWSR in58Ni, our mi-
croscopic calculations showed that almost the entire E0
strength in this nucleus is located in the energy regionE
,40 MeV.

Using the density-dependent Gaussian form~7! of the
nucleon-a interaction and the folding model DWBA, we
gave a theoretical description of 240 MeVa-particle scatter-
ing by 28Si, 40Ca, 58Ni, and 116Sn targets. Experimentally
measured elastic angular distributions were nicely rep
duced by the parametrization of the nucleon-a interaction~7!
given in Table III.

We tested the approximation of the E0T0 and E2T0 tr
sition densities by the collective model shapes from Eqs.~9!
and ~10!. Our results showed that the analysis ofa-particle
cross sections for the case of E0T0 and E2T0 excitation
target nuclei based on the approximations~9! and~10! tends
to overestimate both the E0T0 and E2T0 EWSR in so
cases by 30%. This type of cross section analysis may
shift the actual E0T0 centroid energies by up to 1% and l
to the appearance of overtone E2T0 states at high ene
whose strength is enhanced compared to the actual E
strength located at the same energy.

Our conclusions serve as an important guide to furt
experimental studies of E0T0 and E2T0 excitations. Poss
overestimation of the E0T0 EWSR in the experimen
analysis of cross sections due to the use of the collec
model shapes for E0T0 transition densities makes the p
lem of missing monopole strength in58Ni even worse. Fur-
ther theoretical and experimental efforts are, thus, neces
to reconcile the results of the experimental analysis with
theoretical predictions. As follows from our calculations, u
of microscopic instead of the collective model radial shap
of E2T0 transition densities may be necessary for exp
mental studies of E2T0 excitations in order to avoid a p
sible enhancement of E2T0 EWSR at high energy due to
approximation~9!.
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TABLE V. Percentages of the E2T0 EWSR exhausted by
RPA strength distributions and the ones reconstructed~REC! from
E2T0 cross sections using collective model transition density. A
shown are the centroid energies of the ISGQR~in MeV! obtained
from the RPA strength distributions and the centroid energ
~REC! reconstructed from the first maxima of the E2T0 angu
distributions.

Nucleus
Energy
~MeV!

RPA
~%!

REC
~%!

M1

M0
~RPA!

M1

M0
~REC!

Diff.
~%!

28Si 10–30 77 110 22.9 23.0 0.4
40Ca 10–30 94 122 19.5 19.3 1.0
58Ni 10–30 82 107 18.8 18.7 0.5
116Sn 10–30 83 114 15.2 15.1 0.7
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