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Systematic study ofL =<3 giant resonances in Sm isotopes via multipole decomposition analysis
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Background-free inelastic scattering spectra have been obtained for five Sm isotopes with 388-MeV
particles at forward anglggncluding 09 to investigate the effect of deformation on the compressional-mode
giant resonances. The strength distributions forltke3 isoscalar giant resonances have been extracted via a
multipole decomposition analysis using angular distributions calculated in the framework of the density-
dependent single-folding model. We observed a splitting of the giant monopole resonance because of its mixing
with the giant quadrupole resonance. For the isoscalar giant dipole resonance, the observed effects of defor-
mation are different for the low- and high-excitation-energy components. Evidence has been obtained for the
theoretically predicted mixing between the isoscalar giant dipole resonance and the high energy octupole

resonance.
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I. INTRODUCTION ever, due to a large amount of instrumental background in all

. . ]early singles measurements, the peak-to-background ratios
The states of collective motion are a common feature o . o
e\éyere low, and none of these investigations could clearly

many-body syst_ems. Since such collective states are emb Qsparate between the GMR and GOR strengths, leading to
ded in the continuum, they are observed as resonances Qi iculti . . - .
ifficulties in reaching a definitive conclusion. In the

respon_ding o transitions between the ground state and th‘%8U(a a'f) reaction[5], where inelastically scattered par-
collective states. Among these, the giant monopole resonanG@ es \,Nere detected e{t and near 0° in coincidence with fis-

(GMR) and the isoscalar g|ant. dipole reson_ar@tﬁGDR), sion fragments, the splitting of the monopole resonance was
which are called the compressional-mode giant resonancegjicated free of any background.
are of considerable interest since their excitation energies Recently, Youngbloodt al. [6] have extracted the GMR
directly relate to the incompressibility of nuclear matter, angnq GQR strength distributions #¥Sm by fitting the ex-
important component of the nuclear equation of state whicherimental angular distributions with calculated angular dis-
plays a crucial role in describing nucleon motion in nuclei, iiputions of various multipole components. They provided
a_nd in cosmological events such as type-Il supernova explQsyidence for a mixing between the GMR and the GQR by
sions. _ fitting the observed strength distributions with three Gauss-
It was reported two decades ago that the giant resonangg, peaks corresponding to the number of components pre-
“bump” in the deformed nucleuS“Sm had a larger “lower” gicted in the adiabatic cranking modgI]. Their results
component when compared with that in the spherical nucleugnowed a fair agreement with the calculations of Abgedll
1445m [1]. This was interpreted as resulting frafsplitting 5 "yt not with several other calculatiofd—10.
of the giant quadrupole resonan@8QR) and a coupling There have been a few studies dealing with the effect of
between the GMR and th=0 component of GQR1,2.  geformation on the ISGDR and the high energy octupole
Further evidence for splitting of the isoscalar giant resOvesonancgHEOR). Theoretically, Nishizaki and Aridpre-
nances was provided by inelastic electron scattef#}gin-  gicted theK splitting and the coupling between the ISGDR
elastic®He scattering4], and fission decay o*® induced 44 HEOR some time agd1]. Experimentally, Youngblood
by inelastica scattering, i.e.73®U(a,a’f) reaction[5]. HOW- ot al have reported that the ISGDR strength 5HSm is
distributed roughly uniformly12], and no discernible effect
of deformation is observed on the ISGDR strength distribu-
*Present address: Research Center for Nuclear Physics, Osaltan. In the case of the HEOR, Morsdat al, in measure-
University, Ibaraki, Osaka 567-0047, Japan. ments on deformed rare-earth and actinide nydl&j, found
"Present address: Laboratory of Nuclear Science, Tohoku Univera broadening and a shift in the excitation energies of the
sity, Sendai, Miyagi 982-0216, Japan. resonances. However, they could not separate the HEOR
*Present address: Center for Nuclear Study, University of Tokyofrom the ISGDR which is also located in the same
Wako, Saitama 351-0198, Japan. excitation-energy region.
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In an earlier papef14], we reported the results df*Sm (a)

and®‘sSm. In this paper, we report the results of a systematic

study of both compressional modes of excitation, the GMR

and the ISGDR, for the isotopgé*148150.152.1%m \which

show gradual change in deformation from the spherical
nucleus'*’Sm to the deformed nucleu$*Sm. This is the

first time that the effect of deformation on the ISGDR has

been investigated systematically.

Il. EXPERIMENT

The experiments were performed at the Ring Cyclotron  /
Facility of the Research Center for Nuclear PhysRENP), ! 5 /
Osaka University*He'* beams were accelerated by the AVF [/
cyclotron and the ring cyclotron up to 386 MeV. At this en- /
ergy, the contributions from the pickup/breakup processes.. ' 0°Fa
such age, °He" ) — (*He", a'n) and (e, °Li") — (LI, a'p) re- e
actions are expected to be located well beyond the giant resc )
nance region. In order to get clean energy spectra, specie
care was taken to obtain a high-quality beam. To minimize  gean
beam halo, the beam was transported onto the target withou
any slits following a single-turn extraction from the ring cy-
clotron. The beam current was 1-20 nA, which was limited o
by the data-acquisition rate or by the maximum available uinm
current of the accelerator. The energy resolution was less Board
than 200 keV, sufficient to investigate the giant resonances
of interest which have widths of5 MeV.

The halo-free beam bombarded tli#+10 mg/cri), self-
supporting, metallic targets df“Sm, 148Sm, 15%Sm, 1525m,
and'‘sm. Inelastically scattered particles were analyzed by
the high-resolution magnetic spectrometer Grand Raider ¥ | Faraday cup Seattoring
[15]. The vertical and horizontal positions of theparticle in for 0" measurenents , Cnemer § Target
the focal plane were measured with a focal-plane detectol 0

S,\)ﬁ,t\/egcgczrﬂstm? |z;)sftict\e,‘,vgntiIrlrza'jclilg\r,]wé(e)un?élgésihgrggers FIG. 1. Schematic layout of the experimental setup. The beam
( ) P ' path is shown by a thick solid linga) The experimental setup of

The scintillation counters were used to generate trigger Sigt'he 0° measuremertb) An enlarged view of the focal-plane detec-

nals, and to I(_jentlf)a particles via energy-loss Slgnals. Ray- tor. (c) The schematic view of the experimental setup for the 2°—-6°
tracing technique was used to reconstruct the horizontal scat;easurements.

tering angle. The actual angular resolution of the MWDC'’s,
including the broadening of scattering angle due to the emittrigger rate with an empty target frame was lower than 5 cps
tance of thé'He?* beam and the multiple Coulomb-scattering for a beam current of 1 nA.
effect, was about 0.07°. The vertical acceptance was limited In the second settingfor the measurements at forward
to 20 mr by a 2-mm-thick tantalum collimator. angles from 2° to 6° the beam passed through the 26-mm
The angular distributions were measured with three dif-side gap of the firsQ magnet(Ql) of the spectrometer, and
ferent settings of the spectrometer system. In the first settingtopped in a Faraday cy@1-FC) [16] placed 1.55 m behind
(for the 0° measurementthe primary beam, after passing the target position. Since the beam was deflected outwards
through the spectrometer, was guided to a beam pipe locatdsy the magnetic field of th®1 side gap, the background due
at the high momentum side of the focal-plane detector antb edge scattering from the FC decreased significantly. Fig-
was stopped in a Faraday cypC) placed several meters ure 1c) shows the schematic layout of the second setting.
downstream from the detectors. The last dipole magnet wa&gain, the trigger rate without the target was lower than 5
used as a steering magnet with a bending angle of 1°-2° tops for 1 nA.
collect all electric charges oft beams in the 0° FC. The In the measurements beyond 6°, a FC located in the scat-
schematic layout of the setup for the 0° measurement igering chamber was used. The beam correction efficiencies
shown in Figs. a) and Xb). In order to reduce background for all three FC's were in agreement within +1% of each
events due to secondary scattered electrons from PS1, agher.
1.5-mm-thick aluminum board was placed between PS1 and Energy spectra were obtained for these targets in the en-
PS2. The scattered particles passing through the nonsensi-ergy range of & E,<33 MeV at several angles between 0°
tive areas of MWDC'’s were stopped at a lead block placedand 9°(for 14Sm, up to 13.5f the scattering angles were
near the beam pipe between MWDC1 and MWDC?2. Theaveraged over the acceptance of Grand Raiden. The momen-
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FIG. 2. Vertical-position spectrum at the focal plane of Grand
Raiden taken at 0°. The central hatched region representstirue
background events. The off-center regions represent only back:
ground events. The true events were extracted by subtracting th
background events from the true background events.

tum calibration was obtained from the actual magnetic-field
settings of the spectrometer. The absolute beam energy we

Counts/Channel (104)

0||||||||||||||||||||||||||||||

determined from the kinematic crossover angle between the 10 15 20 25 30 35
elastic scattering off hydrogen and th& inelastic scatter- ..
ing peaks. To check the calibration, elastic and inelastic scat Excitation energy (MeV)

tering peaks of’C were measured with several magnetic- o

field settings for the spectrometer: the energies of the low- FIG- 3. (@) Excitation-energy spectrum of té‘Sm(e, o) re-

lying states int2C were reproduced with errors of +30 keV. action at 0° for the vertical center region at the fogal pllane. The
The ion-optics of Grand Raiden enables particles scatf@tched spectrum corresponds to the off-center regiea Fig. 2

tered from the target position to be focused vertically andb Excitation-energy spectrum after background subtraction.

horizontally at the focal plane. Using this property, the in-

strumental background was completely eliminated. While ininto 1-MeV bins and carried out a multipole-decomposition

elastically scattered particles are focused at the focal plane (MD) analysis[17] for the angular distribution of the cross

vertically, background events due to the rescatteringrof section for each bin. In this method, the experimentally ob-

particles from the wall and pole surfaces of the spectrometetained cross sections®™ 4, E,) are expressed as the sum of

show a flat distribution in the vertical position spectra at thethe contributions from various multipole components:
focal plane, as shown in Fig. 2. The vertical centenoss

hatched region was treated as true background. The off- ox cale
center (slant hatchep regions were treated as background o™ 6,E) =2 a (E)ot™(6,Ey, 1)
only. Figure 3a) shows the excitation-energy spectrum for L
144Sm at 0° obtained from each region. The background o .
spectrum has no distinct structure in the giant resonance réthereEy and g are the excitation energy and the scattering
gion. Finally, we have obtained clean spectra by subtractingngle, respectively, andf®%(6, E,) is the distorted-wave
the background spectrum from the traebackground spec- Born approximation(DWBA) cross section exhausting
trum, as shown in Fig.(®). 100% of theenergy-weighted sum-rulEEWSR) value for

The energy spectra at Qaverage angle 0.7° in the labo- the transferred angular momentum Since the experi-
ratory frame are shown in Fig. 4 for the Sm isotopes inves- mental cross sections were obtained from the summation
tigated in this work. The ratio of the peak to the continuumof the yield of the particles scattered within the accep-
in the giant resonance region is about 6 in all cases. This haance of Grand Raiden, the DWBA cross sections
been possible because of practically complete elimination 0§, E,) were calculated by taking a weighted average
all “nonphysical” backgrounds in our data. The samariumof the angular distribution over the opening angle of the
targets contained about 0.1-0.4% hydrogen contaminant; ttepectrometer. The physical continuum underlying the gi-
contributions from that were subtracted using data taken wittant resonances was included in the MD analysis, assuming
12C and polyethylene targets. that it can be represented as an incoherent sum of the

contributions from various multipoles.
Il MULTIPOLE DECOMPOSITION ANALYSIS The fractions of the EWSRy, (E,), for various multipole

In order to identify strengths corresponding to differentcomponents were determined by minimizigg This is quite

giant resonances, we have divided inelastic scattering specteg@propriate since the angular distributions are characterized
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FIG. 4. Inelastica-scattering spectra at 06,,=0.7° and E,
=386 MeVfor 1447155m obtained in the present work. These SPeC-14g
tra have been subtracted from the background reasonably as shown m

in Fig. 3.
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30

FIG. 5. Differential cross sections of elastieparticle scattering
from 144Sm at 386 MeV. The open circles show the measured cross
sections. The solid line shows the result of the DW calculation with
an optical-model potential obtained via a single-folded potential
model.

by the transferred angular momentum according to the
DWBA calculations fora scattering.

In the DWBA calculations, a single-folded potential
model was employed, with a nucleaninteraction of the
density-dependent Gaussian form, as described in Refs.
[18,19. The nucleonx interaction is given by

VIIr =], po(r')] == V1 + Bypo(r' )2 lexp(= r = 1'%/ ay,)
— WL+ Bypol(r ) 3lexp= |r = 1" [ ay),
()

where the ground state densipy(r’) was obtained using
the relativistic mean-field (RMF) calculation code
TIMORA [20]. The parameter¥, W, ayw, and By in
Eqg. (2) were determined by fitting the differential cross
sections of elastiax scattering measured fdfSm atE,,
=386 MeV; the fit isshown in Fig. 5. The nucleon-in-
teraction parameters are listed in Table I, and were also
used in the calculation of optical-model potentials and
transition densities for the other Sm isotopes.

The following collective isoscalar transition densities
were used:

TABLE |. The nucleone interaction parameters.

V Qyy W ayy BV,W
(MeV) (fm?) (MeV) (fm?) (fm?)
28.20 4.1 15.79 4.2 -£9

*Taken from Refs[18,19.
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T
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; 1485111

Q

% FIG. 6. Double-differential cross sections for
é’ selected energy bins ##4-155m. The solid lines
o 150G, through the data show fits to the data from mul-
S tipole decomposition. In each panel, the contribu-
N% tions from L=0 (thick-solid), L=1 (T=0) (dot-

=]

dasheg, L=1 (T=1) (short-dashegd L=2 (long-
EN dasheg L=3 (dotted, andL=4 (thin-solid) are
m also displayed.

154,

Sm
d transition densities are also given in RE23].

IpL=olr, Ey) = ‘ﬁo(Ex)<3 + fa)Po(r), () Even in scattering of isoscalar probes, suclygsrticles,
the isovector giant dipole resonan@®GDR) may be ex-
cited by the Coulomb interaction and hadronic interaction

Spya(f B = B1(Ey) {3rzﬂ +10r - §<r2>g due to the difference between the proton and neutron densi-

e R\3 dr 3" ‘dr ties for N#Z nuclei (N, Z are the numbers of neutrons and

2 q protons, respectivelyThe IVGDR transition density and de-
+ 6<TW + 4a>}ﬂo(r), () ~ formation parameter were given in R¢21] as
N-z(d 1 d
BL_n(E)R[ 1\t d Op11=1(r, B = Br1=1(Ey) 7T<a + §Cw>po(r),
OpL=ar, Ey) == :(‘) ——po(r), (5
V2L +1 R dr (9)
where(rN) andR are, respectively, thBlth moment of the
ground-state density and the half-density radius of the nu- N
clei, and e=(4/E;+5/Ex)A%3mA (E,, E, are the centroid BB = ————, (10)
energies of the GMR and the GQR, respectiyeljhese ' 2m NZE

transition densities are described by Satcht] for the

GMR (L=0) andL=2 (Tassie transition densityand by ~ where y=3(c,—c,)A[2c(N-2)], andc,, ¢, c are the half

Harakeh and Dieperink22] for the ISGDR. radii of the neutron, proton, and nucleon distributions, re-
Assuming that the strength of each transition is exhaustegpectively. The contribution from the IVGDR was esti-

by one state at the excitation energyEf the deformation Mated using the strength distribution deduced from the

parameters, (E,), used to calculate the cross sections for thephotoneutron cross sectiofig4]. Contributions from the

100% EWSR fraction, are given by Coulomb excitation of the higher multipolarity isovector
states are negligibly small according to the theoretical cal-
5 _ 2mh? culations of Auerbach and Kleif25].
Bo(BJ = mAr2E,’ ©) The DWBA calculations were carried out with the code

ECIS95 [26] using external potentials. Multipole compo-
672 95 nents up toLya=19 for 14.4Sm, andLa=12 for 148‘1§‘Sm
5%(5)() = RZ/ (11<r4> - —(r®?- 10€<r2>>, (7)  were taken into account in the fits. The reduced chi-squares
mAE 3 (x?lv) were between 1 and 5, wherevas the number of the
degrees of freedom. The fitting errors were estimated by
5 2mheL R4 changing the magnitude of one componeynE,), until re-
Br=2(Ex) = MATEE, (8 fitting by varying the other components resulted in an in-
X crease in they> by 1. The number of data points, 34 for
wherem and A are the nucleon mass and the target mass$#Sm, 22 for'®Sm, and 21 fot48150.155m were enough to
number, respectively. These deformation parameters anabtain unique solutions in the fit. Figure 6 shows the results
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FIG. 7. The results of the MD analysis in
1445m with various choices fdr,, ground-state
density, and transition density. The solid lines
connect data points. The closed circles, open
% ] circles, and open squares, respectively, show the
C ] results forLy,ay (14, 16, and 19 The open tri-

r ] angles (UNFoLD) and open diamondgFERMI)
0 Db b b show the results of the MD analysis with the

L=0

—
wn
T

—_
T

So(E,) (10° fm*/MeV)

S,(E,) (10” fm*/MeV)

~ S DWBA angular distributions calculated from the
g g 6 } ground-state densities distributions in two alter-
< °g $% 1 native models. The closed triangléBM) show
E &8 LI the results with the DWBA angular distributions
= S B ARAPE calculated from the Bohr-Mottelson transition
:N 2| 51719 density. The open stars show the results from the
8 g L1 % data of thed, ,, <9° for 144Sm. See text for more
“ 0:.I....I....Iw...I....I.- “ O;AI---_I_--.\I...\M.‘\.|I..7 details.

10 15 20 25 30 0 15 20 25 30

Excitation energy (MeV) Excitation energy (MeV)

of multipole fits to angular distributions for several less than 9° fof*‘Sm. The effects were the same as those of
excitation-energy bins id*15%5m, various choices used when calculating the angular distribu-
The strength distributions obtained from the MD analysistions. Similar effects are observed in the other samarium
depend on calculated angular distributions and are affecteduclei as well. The slight differences between the results re-
by the choices made for, e.g., thg,, the ground-state den- ported in our earlier work14] and the present results come
sity and the transition density. Figure 7 shows the results ofnainly from these uncertainties.
the MD analysis for various choices in th#Sm data, start-
ing from the results obtained with the ground-state density IV. DISCUSSION
obtained from RMF calculations, transition densities from )
EQs.(6)~(8), andL,=19. Here Lais the maximum num- A. Coupling between the GMR and the GQR
ber of L taken into consideration in the MD analysis in Eq.  The extracted GMR and GQR strength distributions for
(1). unFoLD and FERMI show the results corresponding to the Sm isotopes are shown in Fig. 8. Both the GMR and
alternative model of the ground-state density used in th&sQR strengths have a clear peak each, but also extend to
DWBA calculation. InUNFOLD, the ground-state density is higher excitation energies. The total EWSR fractions inte-
calculated from the charge density and the nucleon form facgrated over the measured excitation-energy regions are over
tor, whereas irFERMI a Fermi-type density distribution with 150%. However, as pointed out in the preceding section, the
€=6.039 fm anda=0.470 taken from Ref[27] is used.UN-  strength distributions obtained from comparison with the
FOLD has been applied in our earlier wofk4]. However, DWBA cross sections depend on the transition densities used
since the proton and neutron density distributions are asn the analysis. Thus, a possible reason for the excess in the
sumed to be same, thuslFOLD density is not realistic for the EWSR fractions is that the macroscopic transition densities
N#Z nuclei. The nucleone interaction parameters were in- of the GMR and GQR used in this analysis are not valid in
dependently determined by fitting the elastic scattering anguthe high-excitation-energy region. Therefore, further analy-
lar distribution using each ground-state density. BM correses were carried out for the energy regions, from 9 to
sponds to substituting the Tassie transition densities in EqL8 MeV for the GMR, and from 9 to 16 MeV for the GQR.
(5) by the transition density of a surface vibrati¢28g], In the spherical nucleu¥“Sm, the GMR and the GQR were
which is often used for the analysis of the giant resonancesach fitted with a Breit-Wigner function. The fitting param-
with L=2 [21]. eters are listed in Table Il; the EWSR fractions for individual
The results for thé.=0 are practically independent of the peaks are obtained by integrating the Breit-Wigner functions
choices mentioned above. The 1 strength distributions are from 8 to 33 MeV; the “total” EWSR fraction listed is the
independent of the choice of thg,,,S; however, changing experimental strength integrated over the energy region.
the ground-state densities resulted in changes in the extract&yen if the shape of the high-excitation-energy tail is de-
strength of up to 10% in the high-excitation-energy region.scribed by a polynomial function beginning with the particle
For L=2, the effect of changing the transition density is tothreshold energy~8 MeV), fitting parametergpeak posi-
change the calculated cross section for the 100% EWSRons, widths, and EWSR fractionsn Table Il are not
fraction,aga'c(e, E,), by ~20%; the results are unaffected by changed so much. These changes in the fittings parameters
changes inL,,, and the ground-state density. The largestare included in the errors. Naturally, the introduction of the
effects are observed for the high-excitation region of ithe polynomial function to describe the continuum tends to re-
=3 strength distribution. To see the effect of the lack of largeduce the EWSR fractions of the high-excitation-endiigi)
angle datg > 9°) for all targets other thatf“Sm, we carried component. The errors arising from the differences of the
out the MD analysis with the use of angular distribution datafitting regions were not included.
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144
Sm |

148-155m was fitted with two-Breit-Wigner functions. The
widths were fixed using those of the GQR and the GMR in
1445m, since the “lower” component of the GMR arises from
the mixing with theK=0 component of the GQR. The GQR
strength, on the other hand, is predicted to split into three
components by Abgralet al. [7] and four components by
Nishizaki and And [11]. However, the strength distributions
for the GQR were fitted with only two-Breit-Wigner func-
tions in the excitation-energy region from 9 to 16 MeV, be-

. 1 cause very small strengths are associated with the other com-
+*‘*+¢++‘+*J,+H; ponents in the theoretical predictions. The results of the two-
PR Breit-Wigner fit for 144155m are also presented in Table II.

It should be noted that even though the peak positions were
treated as free parameters in these fits, the low-energy com-
ponents of both the GMR and GQR appear at more-or-less
the same energy, as expected from their mixing. We notice
that the HE component of the GQR caused by the K split-
tings seems to increase with increasing nuclear deformation,

though a small HE component exists*t{Sm.

Figure 9 compares the peak energy of each component
with that from the two theoretical models, viz., the adiabatic
FIG. 8. TheL=0 andL=2 strength distributions fot*4~155m cranking m(_)de_l of_AbgraIét_aI. [7] and the fluid-dynamical

obtained from the multipole-decomposition analysise text The ~ Model of Nishizaki and Andl [11]. Both models reproduce
thick solid lines show the results of a Breit-Wigner fit. The thin Well the peak energies of the HE component of the GMR.
solid lines show the results of two-Breit-Wigner fits to the peak However, the experimental low-excitation-energ¥) com-
region. The low- and high-excitation-energy components of thePonents are higher in energy than the theoretically predicted
GMR and the GQR are indicated by slashed areas. For the result ¥®lues. A similar behavior has been observed'f88m by
1545m, the calculations of the adiabatic cranking mogished  Youngbloodet al. [6].
lines) [7] and the fluid-dynamical modétiash-dotted lingg11] are Figure 8 also shows a comparison between the fits with
shown. two-Breit-Wigner functions to the GMR and GQR peaks in
1%4Sm and the strength distributions obtained from two the-
The GMR strength is expected to split into two compo-oretical models. The theoretical GMR strength was also cal-
nents because of the coupling to the GQR. For comparisoaulated with two-Breit-Wigner functions. The width of the
with the theoretical results, the “peak region” of the GMR in LE component, which couples with th€¢=0 component of

u."-.o....u

So(E,) (10° fm*/MeV)
S,(E,) (10 fm*/MeV)

152
S

15 20 25 30 10 15 20 25 30
Excitation energy (MeV) Excitation energy (MeV)

TABLE Il. The parameters for fits to the strength distributions of the GMR and GQR. The peak energy, width, and the EWSR fractions
obtained in the Breit-Wigner fits are listed.

LE component HE component Total

Target Fit-region Peak Width EWSR Peak Width EWSR EWSR

(MeV) (MeV) (MeV) (%) (MeV) (MeV) (%) (%)
GMR
ladgnf 9-18 15.30913 37158 84", 16914
1485m 9-18 12.32+0.45 47 1775 15.37918 3.7 64'3, 18545
1505m 8-18 12.58}7 4.7 19+11 15.48+0.28 37 6355 188+7
1525m 9-18 11.275% 4.7 173 15.44322 3.7 735 206+5
1545m 9-18 10.835% 4.7 173 15.45913 3.7 714, 17246
GQR
144snf 9-15 12.43+0.11 4.72+0.17 957 165+4
1445m 9-16 12.33+0.11 47 88+4 16.9+1.3 4% 2475
1485m 9-16 12.03+0.13 47 8415 15.6108 4.7 3473 18816
1505m 9-16 11.81+0.17 47 80+6 15.15+0.51 4% a4y, 2149
1525m 9-16 11.53+0.14 47 7145 14.86+0.39 4% 4013, 22245
1545m 9-16 11.24%0.14 #7 69+4 14.7393 4.7 4213, 21545

#The result of a single-Breit-Wigner fit.
®The width of the GQR in44Sm.
“The width of the GMR int*Sm.
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FIG. 9. The peak energies for the GMR and for Ke0 com-
ponents of the GQR if**1>8m are plotted as a function of the
deformation parametef. The open squares are results of the fluid-
dynamical model. The open triangles are results of the cranking
model. The lines are drawn to guide the eye.

the GQR, was taken to be equal to that of the GQR, and that E
of the HE component as equal to that of the GMRA4fsm. o°r ’“"'" T RS
For the calculated GQR strength distributions, the predicted Excitation energy (MeV)
number of Breit-Wigner functions was employed with the ! gy

Widt.h. of each taken as equal to th‘?‘t qf th_e GQF\”ﬁSm__ In FIG. 10. The ISGDR strength observed in the Sm isotopes. The
addition, the theoretical strength distributions were shifted tQyzqhed Jine indicates the division between the LE and HE compo-

a higher excitation energy by about 0.6 MeV. As shown inpenigsee text The results of two-Breit-Wigner fits are also shown.
Fig. 8, both theoretical GMR and GQR strength distributions

are in good agreement with the experimental strengths, e
cept for the aforementioned shift in the GQR energy.

%he LE component increased smoothly with nuclear defor-
mation, whereas that of the HE component did not change.
B. The isoscalar giant dipole resonance The ratio of the EWSR fraction of the LE component to

The extracted ISGDR strength distributions are shown ir;[hat of the HE component increases monotonically as the

. nuclear deformation for the measured samarium isotopes.
Fig. 10. Although the .ISGDR strength was calculated only The widths(I") obtained by the two-Breit-Wigner fit arg
for (;]ne of tEe magnetic SUbSt?lterS] n Otljr earlier pdrlh_él, hzatlso listed in Table Ill. The widths of the LE component
we have taken into account all the substates, resulting t N . X
the present ISGDR strength are larger by a factor of 3 tha‘?{\lere broadened with increasing nuclear deformation.
the previous results. Since the ISGDR strength distribution
has been known to consist of two compondit29,3(Q, the C. The high-energy octupole resonance

strength in'**Sm was fitted with twoil?;relt-W|gner func- Figure 11 shows the extractéd:3 strength distributions.
tions. The HE component &,=25.053MeV contained There are two components in the=3 resonance: the low-
91'%% of the E1 EWSR yalue, and the LE component at energy, Lw, 3~ resonanceLEOR), and the high-energy,
E.=14.2+0.2 MeV contained Z3% of the EL EWSR 344, 3~ resonance(HEOR). In previous measurements
value. The error reflects the effect of the choice for the range13 31,32, the LEOR and HEOR strengths have been found
for the Breit-Wigner fltS(12—28 MeV and 12-33 Me)\/ at about 3&‘1/3 and 110\_1/3 MeV. In 144Sm, these corre-

The observed ISGDR distribution was roughly divided spond to 6 and 21 MeV, respectively. In this section, only the
into an LE componen(8—17 MeV) and an HE component HEOR region(over 10 MeVj is discussed; the LEOR lies
(17-33 MeV as indicated by a dashed line in Fig. 10. Thepelow the lower-excitation-energy bound of our measure-
centroid energy and the EWSR fraction of each componentent.

are listed in Table Ill. The centroid energy was calculated by The HEOR region was also divided into two parts as the

the following equations: ISGDR: The LE part encompassing the excitation-energy
m, range 10—17 MeV and the HE part17—33 MeV. The centroid
EC= ”_b (11 energy and the EWSR fractions for each part are listed in

Table. IV. The HEOR strength appears to shift towards lower
wherem, is the kth moment of the strength distribution, excitation energy with increasing nuclear deformation, since
m.=/E,S(E,)dE,. Except for'®%Sm, the EWSR fraction of the ratio of the EWSR fraction of the LE part to that of the
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TABLE lll. The centroid energy and width for each component of the ISGDR.

LE component HE component

EWSRLE)

Target EC r EWSR EC r EWSR EWSRHE)
(MeV) (MeV) (%) (MeV) (MeV) (%)

144sm 13.04+0.34 4.8+0.8 23+1 25.4+0.6 19.9+1.9 109+2 0.21
1485m 12.95+0.45 5.6+0.9 25+1 25.2+1.1 19.4+2.8 103+3 0.24
150sm 12.91+0.61 5.6+1.3 33+2 25.1+1.4 20.7+4.5 12245 0.27
1525m 12.77+0.37 7.2+0.9 29+1 25.1+1.0 21.6+3.4 103+3 0.29
1545m 12.75+0.33 8.2+1.0 32+1 25.1+1.0 22.6+4.2 102+3 0.32

HE part increases with increasing nuclear deformation. Suchetween theK=0 and K=1 components of the two reso-
a shift for the HEOR in deformed nuclei was also reportednances. The data, thus, provide evidence for the expected
by Morschet al. [13]. mixing.
However, as pointed out in Rdfl4], a direct comparison
of the observed ISGDR strength f%Sm with theoretical
D. Coupling between the ISGDR and the HEOR predictions is complicated by the nature of the LE compo-

The isoscalar odd-parity giant resonances, the ISGDR an@ent of the ISGDR in spherical nuclei. According to recent
the HEOR, are also expected to coufjld]. As seen in theoretical work on the ISGDIRB3-37, this LE component
Tables Il and IV, the ratios of the LE part and the HE partiS of “nonbulk” origin—only the HE component of the IS-
for both the ISGDR and HEOR increase monotonically with GDR strength corresponds to a compressional mode. On the
increasing deformation. This implies a shift of strength fromother hand, considering the effects of deformation on the

the HE part to the LE part that is consistent with a mixing/SGDR and HEOR, Ref[11] takes into account only the
coupling between the HEOR and the compressional-mode

ISGDR. Further theoretical work to investigate the effect of
deformation on the “nonbulk” LE component of the ISGDR

" HEOR

10 ‘ LE HE ‘ strength is clearly most urgently warranted.
F o | ¢¢°..°‘ 3
S ey n LTI
o b et i V. SUMMARY
I L L LS
ok | ! 148g 1 Double-differential cross sections of inelasticcattering
a | + 44 ] at E,=386 MeV were measured for thg4148150.1521%m
~ st | L Te + ++++ 3 targets practically without any instrumental background.
o % soret $4: Measured angular ranges were<08,,,=<9°(13°for 144Sm).
Z 0o b ,.‘,"’,l, | —— Measured excitation-energy ranges were <33 MeV.
‘g 0 o : 130gm 3 Energy spectra were analyzed by the multipole decomposi-
- o | ] tion technique, using DWBA angular distributions calculated
8 s 1_. ! ! ++++ + * + 3 in the framework of the single-folding model with a density-
- " ‘Hr+ K * * dependent nucleoa-interaction. The strength distributions
@ o b ot el f for the GMR, ISGDR, GQR, and HEOR were determined for
;:,, L S ] the measured nuclei.
JL | m We have observed splitting of the GMR strength due to
C | ++++++ + . the mixing between the GMR and GQR in deformed nuclei.
Lo . i
oL : +‘ +.‘+‘ | ‘ o I"" TABLE IV. The centroid energy for each part of the HEOR.
L L L 4
154
: : + Sm LE part HE part
50! ' ] EWSRLE
! 4 ++:++++ +++++ ] Target EC EWSR EC EWSR WRHE;
A A H i MeV) (%)  (MeV) (%)
! P o
0 s 2 30 4Sm  125:25 5l  245:0.8  76+2 0.06
Excitation energy (MeV) 1%Sm  13.2+¢29 5+l 24426 6515 0.08
10S5m  13.1#35 5%1 23.9+42 588 0.09
FIG. 11. TheL=3 strength observed in the Sm isotopes. Thel®Sm  13.2+3.8 3+1 123.1+3.6 31+4 0.11
dashed lines indicate the regions of the LE and HE parts, respeéssm  14.0+1.7 9+1 22.8+2.9 34+3 0.27

tively (see text
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The peak energies of the high-excitation-energy componeritveen odd-parity giant resonances, the ISGDR and the
of GMR are in good agreement with the predictions of theHEOR, was evidenced for the first time via an enhancement
adiabatic cranking model of Abgradit al. [7] and the fluid- and broadening of the low-excitation-energy component of
dynamical model of Nishizaki and Add11]. However, the the ISGDR, and for the shift of the HEOR strength towards
low-excitation-energy components, which correspond to théower excitation energies.

coupling between the GMR and GQR, ar®.6 MeV higher

than those predicted by the theory. The strength distributions ACKNOWLEDGMENTS
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