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The systematic behavior of the isoscalar giant dipole resonance(ISGDR) in 90Zr, 116Sn, 144Sm, and208Pb is
studied with inelastica scattering atEa=386 MeV. Multipole-decomposition analysis is applied to extract the
excitation strengths of giant resonances from thesa ,a8d differential cross sections atulab=0.64° –13.5°. The
bimodal structure of the ISGDR is discussed and compared with recent theoretical results from
Hartree-Fock+random-phase-approximation calculations.
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The isoscalar giant dipole resonance(ISGDR) has been
studied for more than 20 years because of its importance in
determining the incompressibility of nuclear matter, as is the
case for the isoscalar giant monopole resonance(ISGMR).
This subject remains one of the active fields in nuclear-
physics research because of continuing developments in ex-
perimental techniques as well as theoretical calculations. In-
dications of the excitation of the ISGDR were reported as
early as in the 1980s[1–3], soon after a theoretical descrip-
tion for this mode was reported by Harakeh and Dieperink
[4,5]. However, the first direct evidence for this mode was
provided by Daviset al. in 1997[6]. They demonstrated that
in 200 MeV inelastica scattering near 0°, the giant reso-
nance bump at 3"v excitation energy could be separated into
two components, the ISGDR and the high energy octupole
resonance(HEOR), by using the difference of spectra(DOS)
method[7]. Further evidence for the ISGDR was obtained by
Clark et al. from 240 MeV inelastica-scattering measure-
ments on 90Zr, 116Sn, 144Sm, and 208Pb [8], using a
multipole-decomposition analysis(MDA ).

Prior to our measurements, the ISGDR data presented a
problem in that the experimental centroids of excitation en-
ergy of the ISGDR were significantly different from those
obtained from the Hartree-Fock plus random-phase-
approximation sHF+RPAd calculations. For example, the
centroid of the ISGDR in208Pb was reported by Clarket al.
[8] to be located at 19.9±0.8 MeV. This low value was in
disagreement with the theoretical values predicted at
Ex.22 MeV [10–16]. Also, the ISGDR energies in Ref.[8]

and the known ISGMR energies[9] led to values of the
incompressibility of the infinite nuclear matter that are dif-
ferent from each other by as much as 40%. The low values
for the centroids reported by Clarket al. [8] now appear to
have resulted from their background-subtraction procedure
which rendered the ISGDR strength zero atEx.24 MeV. In
our recent paper[17], this discrepancy was resolved for
208Pb by using the MDA without any background subtraction
in the analysis thanks to clean spectra obtained at extremely
forward angles, including 0°.

An interesting aspect of the ISGDR strengths in208Pb is a
bimodal distribution. The first experimental trial to extract
the low-energy(LE) component of the ISGDR was per-
formed by Clarket al. [8]. The low-energyL=1 strength has
been predicted also in calculations that correctly account for
the spurious 1− state [10–12,14–16]. This component has
been suggested to be related to surface oscillations or the
toroidal modes[13]. A reliable experimental extraction of
this LE ISGDR strength over a wide range of nuclei is im-
portant to confirm the theoretical prediction. However, it is
very difficult to experimentally disentangle the LE ISGDR
component from other modes of giant resonances by using
simple analysis techniques such as the DOS method[6], be-
cause there are many modes of giant resonances such as
ISGMR, isoscalar giant quadrupole resonance(ISGQR),
low-energy octupole resonance(LEOR), and isovector giant
dipole resonance(IVGDR) overlapping in the same
excitation-energy region. The multipole decomposition
analysis would appear to be the most suitable and effective
approach to distinguish the various giant-resonance modes.
In this article, we report results on the systematic behavior of
the bimodal isoscalar giant dipole resonance studied via the
90Zr, 116Sn, 144Sm, and208Pbsa ,a8d reactions.

The experiments were performed at the Research Center
for Nuclear Physics(RCNP), Osaka University, using inelas-
tic a scattering atEa=386 MeV and at extremely forward
angles, including 0°. Self-supporting targets of90Zr, 116Sn,
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and 208Pb were bombarded with a 386 MeV4He2+ beam
from the RCNP ring cyclotron. Inelastically scattered par-
ticles were momentum analyzed with the high-resolution
magnetic spectrometer Grand Raiden[18]. The focal-plane
detection system consisted of two multiwire drift chambers
(MWDC’s) [19] and two plastic scintillation counters. De-
tails of the experimental setup and data-analysis procedures
are described in Refs.[17,20,21]. The energy spectra for
each nucleus, virtually free from instrumental background,
have been obtained in the range of 8øExø32 MeV at a
number of scattering angles between 0°,u,13.5°. The en-
ergy scale was calibrated using the discrete levels of12C
(g.s., 4.439, 7.654, and 9.641 MeV states) in elastic and in-
elastica-scattering.

Figure 1 shows the excitation energy spectra for90Zr,
116Sn,144Sm, and208Pb atu=0.64°. Broad bumps are clearly
recognized atEx,15 MeV for all target nuclei. These
bumps are mainly due to the ISGMR excitation. The peak
positions of the bumps shift to lower excitation energy with
increasing mass number of the target nucleus, which is con-
sistent with the empirical mass dependence of the ISGMR
[9]. The high-energy components of the ISGDR are expected
in the energy region between 20 and 30 MeV. The bumps
corresponding to the HE ISGDR are visible at the high-
energy tail of the main bump, especially in144Sm and208Pb.
The ISGQR and the IVGDR overlap in the region of
ISGMR, and the HEOR coexists with the ISGDR. This ex-
perimental situation makes the extraction of individual giant
resonance components difficult with simple peak-fitting
methods.

The angular distributions of the differential cross sections
were obtained for each nucleus by sorting excitation-energy
spectra in terms of scattering angles. Multipole decomposi-
tion analysis [22] was applied to extract the excitation
strengths of the giant resonances in90Zr, 116Sn and208Pb.
Diffraction patterns of differential cross sections are empiri-
cally characterized in terms of the transferredJp values.
Thus, it is possible to reproduce experimental angular distri-
butions at any excitation-energy region by a superposition of
the calculated distorted-wave Born approximation(DWBA)
cross sections for different sets ofJp values. Since in inelas-
tic a scattering only the natural parity states are excited, the
Jp values to be considered are sufficiently reduced, which is
a great advantage overse,e8d and sp,p8d reactions. In addi-

TABLE I. Parametrizations for the density-dependent effective
a-nucleon interaction.

Target
V

(MeV)
aV

sfm2d
bV

sfm2d
W

(MeV)
aW

sfm2d
aW

sfm2d

90Zr 33.50 3.62 −1.9 13.21 4.55 −1.9
116Sn 29.70 3.82 −1.9 14.82 4.15 −1.9
208Pb 29.80 4.03 −1.9 16.97 4.17 −1.9

FIG. 2. Angular distributions of selected 1 MeV bins for the
116Snsa ,a8d reaction at 386 MeV.(a) Results forEx=15.5 MeV,
where the ISGMR is dominant.(b) Results for Ex=25.5 MeV,
where the ISGDR is expected to be enhanced. The solid circles are
the experimental data. The lines show contributions fromL=0 (thin
solid line), L=1 (thick solid line), L=2 (dotted line), L=3 (dashed
line), and other higher components including IVGDR(dot-dashed
line).

FIG. 1. Excitation energy spectra for90Zr, 116Sn, 144Sm, and
208Pb at u=0.64°. The arrows indicate the locations of the HE
ISGDR. Note that the144Smsa ,a8d spectrum from our previous
work [21] is also included.
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tion, the excitation of isovector resonances is greatly
suppressed—the IVGDR is the only isovector resonance ex-
cited with any discernible strength in these measurements
and is accounted for in the analysis.

The ISGMR and ISGDR strength distributions were ob-
tained in the MDA. In this approach, the experimental angu-
lar distribution for each 1 MeV bin was fitted by using the
following equation:

S d2s

dVdE
suc.m.,ExdDexpt

= o
L=0

Lmax

aLsExdS d2s

dVdE
suc.m.,ExdD

L

calc

,

s1d

wheresd2s /dVdEdL
calc are the calculated DWBA cross sec-

tions corresponding to the full energy-weighted-sum-rule
sEWSRd for a given multipole L. The fraction of the
EWSR,aLsExd, relates to the strength values ofSLsExd as

SLsExd = m1
aLsExd

Ex
, s2d

where m1 is the full EWSR value defined asm1
=oExSLsExd.

The DWBA calculations were made in the framework of
the single-folding model with a density-dependent effective
a-N interaction[23] written as

V„ur − r 8u,r0sr8d… = − V„1 + bVr0
2/3sr8d…e−ur − r8u2/aV

− iW„1 + bWr0
2/3sr8d…e−ur − r8u2/aW. s3d

All the parameterizations for thea-N interaction were deter-
mined by sa ,ad reactions at the same incident energy, and
are listed in Table I. The calculations were performed using
the codeECIS95 [24], and the transition densities used in the
calculations are described in Refs.[25,26]. The contributions
from the IVGDR were subtracted by using the photoabsorp-
tion data[27] before performing the MDA, on the assump-
tion that the EWSR value is exhausted.

Figure 2 shows the typical results of the MDA for the
angular distributions of the 116Snsa ,a8d reaction at
386 MeV. In the fittings, we used the maximum number of
the multipolarity asLmax=14, resulting in a reducedx2 of
x2/n,1, wheren is the number of degrees of freedom. In
practice, the strengths and peak energies of the ISGMR and
the ISGDR obtained from the MDA were stable in the case
of Lmaxù10.

The strength distributions for the ISGMR and the ISGDR
in 90Zr, 116Sn, and208Pb are shown in Fig. 3. The results
obtained for the ISGMR ensure that the present analysis us-
ing the MDA is globally consistent with those obtained from
the previously employed methods.

In the case of the ISGDR, the strength distributions have
a clear two-peak structure in the region of
10,Ex,30 MeV. This is expected in the theoretical calcu-
lations. An additional peak atEx,10 MeV is seen in each
target. This might be part of the low-lying ISGDR strength
observed previously by Poelhekkenet al. [28] in their
sa ,a8gd study, or belong to the vortex mode states proposed
in a recentsg ,g8d measurement in208Pb [29]; however, the
present measurements can not distinguish between those

TABLE II. Peak energies, widths, and EWSR fractions for the ISGMAR and ISGDR. The errors in fitting theL=0 andL=1 strengths
with the Breit-Wigner functions are included.

ISGMR LE ISGDR HE ISGDR

EISGMR

(MeV)
G

(MeV)
EWSR

(%)
EISGDR

(MeV)
G

(MeV)
EWSR

(%)
EISGDR

(MeV)
G

(MeV)
EWSR

(%)

90Zr 16.6±0.1 4.9±0.2 101±3 17.8±0.5 3.7±1.2 7.9±2.9 26.9±0.7 12.0±1.5 67±8
116Sn 15.4±0.1 5.5±0.3 95±4 15.6±0.5 2.3±1.0 4.9±2.2 25.4±0.5 15.7±2.3 68±9

144Sm [21] 15.3−0.12
+0.11 3.70−0.63

+0.12 84−25
+4 14.2±0.2 4.8±0.8 23−10

+4 25.0−0.3
+1.7 19.9±1.4 91−17

+25

208Pb 13.4±0.2 4.0±0.4 104±9 13.0±0.1 1.1±0.4 7.0±0.4 22.7±0.2 11.9±0.4 111±6

FIG. 3. Experimentally obtained strength distributions of the
ISGMR and the ISGDR in90Zr, 116Sn, and208Pb. The error bars are
determined by changing theE1 strength withinxtotaløxmin

total+1 in
the MDA. In the case of the ISGMR, the results of fitting with a
Breit-Wigner function are indicated. In the ISGDR’s case, the re-
sults of fitting with two Breit-Wigner functions for the region of
Ex.10 MeV, and a Gaussian function for the peak atEx,10 MeV
are included.
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modes. It should be noted that the absolute value for the
ISGDR strength in208Pb is larger by a factor of 3 than that
described in our previous paper[17], because the definition
of m1 in Eq. (2) is different in our present paper according to
the formula given in Ref.[26]; in Ref. [17], the formula used
was taken from Ref.[5].

The high-lying tails of theL=1 component, which are
typically observed in208Pb atEx.28 MeV, are partly due to
the physical continuum with a characteristicL=1 transfer,
for example, from direct knock-out processes ofsa ,a8pd and
sa ,a8nd. This is a limitation of the MDA in that theL trans-
fer from the resonance and quasifree parts cannot be distin-
guished. In recent coincidence experiments at KVI and at
RCNP, protons emitted from the ISGDR in208Pb have been
measured at backward angles using solid-state detector ar-
rays in coincidence with inelastically scattereda particles. It
was found that the contribution from the physical continuum
was reduced thanks to the kinematical suppression, and the
resonance parts of interest were greatly enhanced[31,32].
Although the obtained EWSR fractions and the widths de-
rived from the MDA will be affected by the treatment of the
physical continuum, the peak position for the ISGDR in
208Pb remains consistent in both the singles and coincidence
measurements.

Table II summarizes the experimental results for peak en-
ergies, widths, and EWSR fractions for the ISGMR and IS-
GDR. The EWSR fractions are derived by integrating the
extracted strengths in the energy region of 8,Ex,33 MeV.
The results for the ISGDR are illustrated in Fig. 4. The peak
energies of the ISGDR are compared with the theoretical
calculations by Colòet al., and found to deviate from the
133A−1/3 curve for 90Zr and 116Sn. This result suggests the
possibility that the strengths of the ISGDR for lighter nuclei
are fragmented at high-excitation energies ofEx.32 MeV.
The lower EWSR fraction values for90Zr and 116Sn would
support this possibility. In fact, Colòet al. suggest the exis-
tence of fragmentedL=1 strengths in90Zr and 116Sn at
Ex.32 MeV. In addition, Colò has shown that the centroid
of the calculated ISGDR strength comes down by,1 MeV
when the effects of the continuum and the 2p-2h couplings
are taken into account[30], leading to an incompressibility
of infinite nuclear matter,Knm=215 MeV, in 208Pb. TheKnm
value obtained in the analysis of144Sm is found to be 205
øKnmø240 MeV in Ref.[20], which is consistent with the
present analysis in208Pb. It is noteworthy that the experi-
mental results for the peak energies of the LE and HE com-
ponents are in global qualitative agreement with the theoret-
ical calculations.

In conclusion, we have reported the strength distributions
of the ISGDR in90Zr, 116Sn,144Sm, and208Pb obtained from
the sa ,a8d experiments atEa=386 MeV. The bimodal struc-
tures of the ISGDR have been found, and discussed in rela-
tion to the recent theoretical results. The peak energies of the
ISGDR in 144Sm and208Pb agree with the theoretical results

with the incompressibility ofKnm,215 MeV. In 90Zr and
116Sn, small disagreements still remain between the experi-
mental and theoretical results for the ISGDR peak energies.
It should be noted here that the recent results for the ISGDR
reported by Youngbloodet al. [33] are very close to our
present results. Experimentally, further work is required to
extract reliable ISGDR strengths at high excitation energies
in lighter nucleis90Zr, 116Snd by means ofsa ,a8d singles as
well as sa ,a8pd coincidence reactions.

This work was supported in part by the U.S.-Japan Coop-
erative Science Program of the JSPS, the U.S. National Sci-
ence Foundation(Grant Nos. INT-9910015 and No. PHY-
9901133), and the University of Notre Dame.

FIG. 4. Systematics of(a) the ISGDR peak energy and(b) the
E1 EWSR fraction as a function of mass number. The solid squares,
open circles, open triangles and stars are the results from the present
work, from Clarket al. [8], current results from Youngbloodet al.
[33], and the theoretical calculation by Colòet al. [11], respectively.
The error bars quoted for the EWSR fractions are only statistical.
The systematic errors for the HE component of the ISGDR are
estimated to be large due to theL=1 contributions from the con-
tinuum, especially at high excitation energiess28,Ex,32 MeVd,
which might result from processes unaccounted for in our analysis
(for example, quasifree scattering and second-order effects). A
133A−1/3 curve, adjusted to pass through the144Sm and208Pb data
points, is shown to guide the eye.
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