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Isoscalar EO-E3 strength in 116Sn, 144Sm, 1%4Sm, and 2%%Pb
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The giant resonance region from 10 Me\E,<55 MeV in 1185n, 144Sm, 15%5m, and?°®Pb has been
studied with inelastic scattering of 240 Me¥ particles at small angles including 0°. Essentially all of the
expected isoscald0, E1, E2, andE3 strength was identified in these nuclei.
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I. INTRODUCTION distributions for the various multipoles, without aaypriori

. . _assumption about their distribution. In lighter nuol&Mg,
Isoscalar giant resonances have been extensively studie i, 4°Ca, %8Ni) where earlier studies missed much of &

since the discovery of the isoscalar quadrupole resonance yeo stren : ; :

. ) gth, we have been able to identify essentially all
(GQR)in the early 1970$1] and most of the isoscalar quad- ¢ 116 GMR and GQR strengtti4]. M. Itoh et al. [15] and
rupole strength in heavier nuclei was identified in early stud-M_ Uchidaet al. [16] have also recently reported studies of

ies [2,3]. The isoscalar octupole resonance consistsfab 1 the isoscalar resonances in the Sm isotopes &b with
and 3w componentg3,4], dubbed the low energy octupole 400 MeV « particles.

(LEOR) and high energy octqpole resonancésEOoR). We report here a systematic analysis which identifies iso-
There have been several studies of the LEOR as well aScalar EO. El. E2. and E3 strength  between
several reports of the HEOR!]. The isoscalar giant mono- 15 g <35’ MeV,in 11es'n 1445y, 1545 and%%b. For cal-

X ] ] ) .

pole resonanceGMR), of particular interest since its energy ¢ ations with the distorted wave Born approximation
can be directly related to the nuclear compressibjiy was

identified in 1977[6] and was the subject of a number of 5000
studies through the 198(8,7]. The isoscalar giant dipole
resonancélSGDR) was first tentatively reported by Morsch 4000 |
et al.[8] in 2°%Pb and a definitive identification was made by
Davis et al. [9], also in?%%Pb. Like the GMR, the ISGDR is
a compression modd 0] and provides information about the
nuclear compressibility from which the compressibility of
nuclear matter(Kyy) can be obtained5]. Most of these
works used inelastier scattering(partly to suppress excita-
tion of isovector statgswith energies from 96 to 175 MeV. 1000 |
The highesta energy used in studies that included the 0°
scattering necessary to definitively identify the GMR was o , , , ,
130 MeV. In most cases, the strength of a particular giant 0 10 20 30 40 50 60 70
resonance was assumed to be collected in a narrow regiol EMeV)

with a Guassian or Lorentzian shape, and multiple Guassian: oo
were fit to data at different angles to extract giant resonance

3000 -

2000

counts/channel

parameters. 208
In the last several years, we have carried @yt') stud- 6000 Pb
ies of many nuclei at 240 MeV and measured inelastic scat-g 8c.m.=4.0

tering into 0° to extracEOQ strength distributions and deter-
mine the incompressibility of nuclear matter. We have
previously reportedEQ strength distributions i8%Zr, 116Sn,
144Sm, and?%%b[11] as well asEO andE2 distributions for
the deformed nucleu¥‘Sm [12] and isoscalaE1l distribu-
tions in °Zr, 1155n, and?®®Pb[13], where the observation of

4000 1

counts/channe|

2000 1

a low energy component of the isoscalar giant dipole reso- oL ‘ , , ‘
nance was reported for the first time. The studies at 240 MeV 0 10 20 30 40 50 60 70
have a much better peak to continuum ratio than the earliet Ex(MeV)

studies, and we have been able to extract actual strength _ ,
FIG. 1. Inelastica spectra obtained at two angles f3fPb. The

thick gray lines show the continuum chosen for the analysis. The

dashed line below 22 MeV represents a contaminant present at

*Present address: Nuclear Physics Division, Bhabha Atomic Resome angles in the spectra taken with the spectrometer at 0°. This
search Center, Mumbai-400085, India. was subtracted before the multipole analysis was done.
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FIG. 2. Inelastica spectra obtained fol**Sm and*®Sm. The thick gray lines show the continuum chosen for the analysis. The dashed
line below 10 MeV represents a contaminant peak present at some angles in the spectra taken with the spectrometer at 0°. This was
subtracted before the multipole analysis was done.
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FIG. 3. Inelastice spectra ob-
7000 5000 tained at several angles fét%Sn.

The thick gray lines show the con-
tinuum chosen for the analysis.
E T Thin black lines in three of the
E 42° E spectra indicate the extent of
§ 3500 ﬁzsoo- variation of the continuum as dis-
§ § cussed in the text. The dashed line
°© © below 10 MeV in the 1.1° spec-
T trum represents a contaminant
. . peak present at some angles in the
o 10 20 30 4 so s 70 spectra taker_1 with the spectrom-
3000 E.(MeV) eter at 0°. This was subtracted be-
fore the multipole analysis was
done.
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TABLE I. Optical and Fermi parameters used in DWBA calcu- of 240 MeV « particles from the Texas A&M K500 super-

lations. conducting cyclotron bombarded self-supporting foils, each
enriched to more than 96% in the desired isotope, located in
\% Vi ri a; c a the target chamber of the multipole-dipole-multipole spec-
(MeV) (MeV)  (fm) (fm) (fm) (fm) trometer. The horizontal acceptance of the spectrometer was
4° and ray tracing was used to reconstruct the scattering
11esn 36.7 2394 0998 1.047 5433 0515 angle. The vertical acceptance was settat. The focal

144Sm 43.2 3493 0.958 0963 5850 0.525 plane detector measured position and angle in the scattering
208pp 43.3 61.40 1.032 0567 6.670 0.545 plane and covered fronk,~8 MeV to E,>55 MeV, de-
1545 43.2 3493 0958 0963 6.107 0523 pending on scattering angle. The out-of-plane scattering
angle was not measured so the average scattering angle was
obtained by integrating over the vertical opening. Position
(DWBA) we have used the folding model which provides resolution of approximately 0.9 mm and scattering angle
transition strengths in agreement with electromagnetic valuegsolution of about 0.09° were obtained. Bhe=0°, runs
for L=2,3,4 transitions[14,17 rather than the deformed with an empty target frame had anparticle rate approxi-
potential model used in most previous studies. mately 1/2000 of that with a target in place andarticles
were uniformly distributed in the spectrum. Cross sections
Il. EXPERIMENTAL TECHNIQUE were obtained from the charge collected, target thickness,
The experimental technique has been described thodead time, and known solid angle. The target thickness'’s
oughly in Ref.[14] and is summarized briefly below. Beams were measured by weighing and checked by measuring the
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FIG. 5. The angular distributions of tH&Pb
cross sections for a 640 keV wide bin centered at
the excitation energy indicated on the figure for
inelastic @ scattering for three excitation ranges
of the GR peak and the continuum. The lines
through the data points indicate the multipole fits.
Contributions of each multipole are shown with
the same line types as in Fig. 4. Where errors are
not shown, they are smaller than the data points.

energy loss of the 240 Me\Ww beam in each target. The Samples of'1®Sn spectra obtained for average c.m. angles
cumulative uncertainties in target thickness, solid angle, etcfrom 1.1° to 8.5° are shown in Fig. 3.

result in about a £10% uncertainty in absolute cross sections.
24Mg spectra were taken before and after each run with each
target and the 13.85+.02 Mel=0 state[18] was used as a

check on the calibration in the giant resonance region.

IIl. DATA ANALYSIS

For this study we carried out density dependent single

Most of the data have already been reported in Refsfolding DWBA calculations as described by Satchler and
[11-13 and several spectra are shown in these works. Thegghoa [19]. Using such calculations, analyses of 240 MeV
data were taken at spectrometer angles 0° and 4°. Additionételastic a-particle scattering exciting low lying states in
data is included in this work that in some cases improved thé*Mg and®®Si [14] have been shown to giv&EL) values in
statistics and in other cases provided additional angles. Iagreement with values obtained from electromagnetic

particular, additional data were taken fdfSn with the spec-

probes. Optical parameters for the calculations were deter-

trometer at 6° extending the measurement range to the c.rmined from elastic scattering fét°Sn[20], *4‘Sm[21], and
angle 8.5°. Examples of a typical set of giant resonance speé®®Pb [21] and are given in Table | along with the Fermi

tra obtained for%Pb are shown in Fig. 1 and féf*Sm and

parameters of the density distribution of the nuclear ground

1545m in Fig. 2. At higher excitation, these spectra appear tstate. For each nucleu8(EL) values obtained from inelastic
consist of a shargfew MeV wide) peak sitting on a broad « scattering for low lying states agreed with electromagnetic
peak (15—-20 MeV widg, then blending into a continuum values. Elastic scattering data were not available!fégm,
aroundE,=40 MeV. The shape and relative strengths of bothso the parameters obtained fdfSm were used. The transi-
the sharp and broad peaks change as a function of angléon densities, sum rules, and DWBA calculations were dis-
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cussed thoroughly in Ref22] and, except for the isoscalar tions obtained for each of these bins to DWBA calculations.
dipole resonance, the same expressions and techniques wdtiee strengths of the isoscalg6, E1, E2, E3, andE4 con-
used in this work. The isoscalar dipole transition densitytributions were varied to minimizg?. For each nucleus the
given by Harakeh and DieperirjR3] (and described in Ref. known isovector dipole strength distributif?4] was used to
[22)) is for only one magnetic substate, so that the transitiortalculate the isovector giant dipole resonad®GDR) con-
density given in Ref[23] must be multiplied by the square tribution and it was not varied. The uncertainty for the mul-
root of 3 to represent inelastie-particle excitation of the tipole fits was determined for each multipole by increment-
ISGDR. The analyses reported in Regf$1,12 used the de- ing (or decrementing that strength, then adjusting the
formed potential model, which is knowii7] to give B(EL) strengths of the other multipoles to minimize toj@l This
values in disagreement with electromagnetic probes. continued until the newy? was 1 unit larger than the totgP

The analysis techniques used were described in detail inbtained for the best fit. In general our data do not go out far
Ref. [14]. Each spectrum was divided into a peak and a conenough in angle to distinguisB4 from higher multipoles.
tinuum where the continuum was assumed to have the shaptowever L=4 and higher multipoles are expected to be
of a straight line at high excitation joining onto a Fermi broadly distributed.
shape at low excitation to model particle threshold effects. A number of analyses were carried out for each nucleus to
Samples of the continua used are shown in Figs. 1-3. Thassess the effects of different choices of the continuum on
multipole components of the giant resonance peak and thine resulting multipole distributions. Analyses were made us-
continuum were obtained by dividing the peak cross sectiongig continua chosen with several different critefag., (a)
and continuum cross sections into multiple regidoiss) by  using a slope for the linear part which did not quite match
excitation energy and then comparing the angular distributhe data at high excitatiorib) lowering the continua so that
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FIG. 7. Strength distributions obtained from the peak analysi$*ft9m and'>Sm are shown by the histograms. Error bars represent the
uncertainty due to the fitting of the angular distributions and different choices of the continuum as described in the text. The lir€s on the
distribution for*44Sm represent Gaussians calculated with the parameters in Table Ill.

it was always below the dat&c) changing the low energy and the errors shown on the multipole distributions in Figs. 6
cutoff and slope of the continuum; aid) deliberately alter- and 7 were obtained by adding the standard deviations be-
ing the continuum slope and/or amplitude at only selectedween the results obtained from the different continua
angle$. The range of continua explored is indicated in Fig. 3choices to the errors obtained from the multipole fits in
for three of the*'®Sn spectra. In most of the analyses, similarquadrature. In general tHe0 and lower part of th&2 dis-
modifications were made to the continua at all angkeg., tributions were relatively insensitive to the continuum
lowering the continuum at all anglgsut the effects of dif- choices while thdel andE3 distributions were more depen-
ferent assumptions about the continua for spectra taken aent on the continuum choices. This is reflected in the errors
different spectrometer angles were also explaed., low- on the multipole distributions with thEl distributions hav-
ering the continuum for data taken with the spectrometer aihg the largest errors, and somewhat smaller errors o&3he
0°, and raising it for data taken at }4°As these analyses distributions. The errors on the0 andE2 distributions are
produced a large number of distributions for each multipolethe smallest. The errors obtained in the multipole fits for a
the distributions presented are the result of a weighted avegiven continuum are approximately the same for each mul-
age of the distributions obtained with the different continuatipolarity (they are a little larger for th&1 distribution, so
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FIG. 9. Inelastica spectra for''ésn obtained a¥, , ~5.7° in
E1 EWSR/MeV two runs at different spectrometer angles.

shown in Figs. 6 and 7. In all cases tB& distributions are
limited to a narrow peak at aboHy=62/A3 MeV and con-
tain approximately 100% of th&2 energy weighted sum
rule (EWSR), in agreement with previous works. THeO
distributions are peaked aroufig=66/A'3 MeV but in °Zr

; , the EO distribution extends up to arourg,=25 MeV (as

25 30 35 reported in Ref[11]), whereas in the other nuclei tHe0
strength is limited to a narrow peak. In each case approxi-
08 mately 100% of the&e0 EWSR is observed. The centroids of
the E3 distributions are approximately at 98Y2 MeV, and

E2 EWSR/MeV around 75% of the strength is identified, consistent with ap-
proximately 25% of theE3 strength expected in Aw
strength including the low energy octupole resonafitje
The isoscalaEl strength is split into an upper component
(Ex~109/A”3 MeV) and a lower component (E,
~63/AY3MeV) and within errors 100% of th&€1l EWSR
was identified in each nucleus.

The general features of the continuum choices that led to
these results can be seen in Figs. 1-3. The continua for all
angles are similar, except that at the larger angles the slope is
0.1 somewhat larger to match the data at high excitation. The
E4 EWSR/MeV first two spectra shown in Fig. 86,,=1.1° and 6,,=2.0°
taken with the spectrometer at)0&4ppear to have a broad
peak aboveE, =40 MeV that is not present in the spectra
005 4 taken with the spectrometer at larger angles. The origin of
this peak is not known but could be due to the pickup
breakup reactionga,°He— a+n) and (a,’Li — a+p) which
are particularly strong near 0° in 130 MeV inelasticscat-

1 tering[25]. There may also be real background contributions

2 25 20 35 from scattering off of thed and ¢ slits which are at 2°.

E,(MeV) As can be seen in Figs. 4 and 5, the multipole fits to the
o ) ) continuum angular distributions are fair f6tSn and very

_ FIG. 8. 1Sltrength distributions obtglned from analysis of the CONnoor for 208Ph, suggesting that the data is not well repre-
tinuum for +Sn are shown by the histograms. sented byEO-E4 multipole transitions. The fits to the con-
that most of the difference is due to the effects of differingtinuum distributions for“*Sm are similar in quality to the
continuum choices. 1163 fits. The £0,” “E1,” “E2,” and “E4” distributions(no

A sample of the angular distributions obtained for the gi-L =3 strength was required to fit the continuum distributjons
ant resonance peak and the continuum are showdfsn obtained from the fits to the continuum distributions are
and 2°8Pp in Figs. 4 and 5 along with the DWBA fits. For shown for!'®Sn in Fig. 8. For all the targets, the continuum
both nuclei, the angular distributions of the cross sections fodistributions are fit primarily byo=1 andL=2 angular dis-
the giant resonance peak change dramatically with excitatiotributions, with some small amouht=0 at lower excitation
energy, whereas those for the continuum are virtually theand in some casds=4 at higher excitation. This continuum
same over the entire energy range. Hie E1, E2, andE3  “E1” and "E2” strength corresponds to many times the
distributions obtained for the peak from the DWBA fits are EWSR’s for each of the nuclei and hengeost of i) cannot

08 +

Fraction E1 EWSR/MeV

5 10 15 20
E;(MeV)

04 4

Fraction E2 EWSR/MeV
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Fraction E4 EWSR/MeV
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2 E0 EWSR/MeV FIG. 11. E1 strength distributions obtained in this work are
4 shown as black histograms and compared to those from[R&f.
[723
E shown in gray. The vertical scales of tBé& distributions from Ref.
o 0.2 + [13] have been divided by three as discussed in the text.
.§ entrance to the spectrometer. In the spectra obtained with the
8 spectrometer at 4°, there should be some experimental back-
- ground in the spectra for the smallest ang(és,,=2.8°)
o TTT where scattering off the edge of the slit @f,=2° causes a
:5 1'5 2‘5 35 continuous(in E) contribution decreasing at larggx. With

E.(MeV) the spectrometer at 6.5°, a similar experimental background
is expected at the smallest angi ,=5.3°). Figure 9 com-
pares spectra obtained f&¥°Sn at similar angles not near a
slit edge, but taken with the spectrometer at 4° and 6°. The
spectra are in good agreement except near the low and high
be due to inelastic excitation d&1 or E2 strength in the energy cutoffs where the detector response depends on spec-
target nuclei. As the quality of the fits is not good, the smalltrometer angle, suggesting that there is little experimental
“E0” and “E4” contributions also cannot be ascribed to mul- background in these spectra. With the spectrometer at 0°, we
tipole processes. expect relevant background due to scattering off bothéhe
There are several physics processes that can contribute &md ¢ slits, both set at 2°, which will be considerably more
the (apparentinelastica cross section. These include multi- important for2°®Pb thantsn.
pole excitations of the target nucleus, more complex multi- The EO distributions obtained in this work fot'®Sn,
step excitations, excitations of noncollective states, quasi**sm, and?°%Pb are in good agreement with those from the
elastic scattering from target nucleons or clusters and pickuparlier analysis reported in RdfL1] as can be seen in Fig.
breakup reactions. Except for the lower multipole excita-10, though there are differences in strength as the earlier
tions, the other nuclear processes might be expected to for@ork used the deformed potential model. The normalization
a continuum of real physics on which the lower multipole of the E1 distributions reported by Clark, Lui, and Young-
peaks sit. The pickup breakup reactidgns°He— a+n) and  blood [13] was off by a factor of 3 because the Harakeh and
(a,°Li — o+ p) would result in broad peaks above an equiva-Dieperink [23] sum rule used is for only one magnetic sub-
lent E,=35 MeV. In addition there is a real background in state. The distributions fot'®Sn and?°%b from Ref.[13],
some of the spectra due to scattering off of the slits at theenormalized by this factor of 3, are compared to those from

FIG. 10. EO strength distributions obtained in this work are
shown as black histograms and compared to those from[RHf.
shown in gray.
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TABLE Il. Parameters obtained for the GMR.

This work Youngbloodet al? Osakd
my/mg r EWSR my/mg my/mg r EWSR
(MeV) (MeV) % (MeV) (MeV) (MeV) %
165n  15.85+0.20 5.27+0.25 112+15 16.07+0.12
¥4Sm  15.40+0.30 3.40+0.20  92+12 15.39+0.28 15.4+0.1 3.9+0.2 845
20%ph  13.96+0.20 2.88+0.20 99+15 14.17+0.28 13.5+0.2 3.6+0.4 765
“Referencq11].
bReference$15,1q.
the present work in Fig. 11. In both nuclei the present analy- IV. DISCUSSION
sis shows considerably moEel strength and shows tHel The GMR energies obtained in this work f8fSn, 445m,

strength extending to higher excitation energy. This differ-
ence is due to the lower continua used for the spectra taken
0° in the present analysis. The continua used in REZ]

apd 208pp are in agreement with those reported for the “slice
analysis” by Youngblood, Lui, and Clafd1], as would be
corresponds closely to the highest continuum shown in thgxpected since this is for the most part a reanalysis of the
1.1° spectrum in Fig. 3 as can be seen in Fig. 1 of Reg).  Same data. Hence the co_nclusmns drawn in that _Work th.at a
The ISGDR distributions are clearly quite sensitive to con-comparison with calculations using the Gogny interaction
tinuum choices, particularly for the 0° data and logically the[26] leads toKyy=231+5 MeV are not changed. More re-
results of Ref.[13] represent some lower limit of ISGDR Cent relativistic calculations by Piekarewi27] for 2°%Pb,
strength. However th&0, E2, andE3 distributions are not and by Vretenar, Nik& and Ring[28] for °°Zr, '°Sn,
s0 sensitive to continuum choices as can be seen by compar~'Sm, and?*®Pb, suggest that relativistic models withy
ing the distributions fot'%Sn shown in Ref[13] with those =~ ~250-270 MeV best reproduce GMR energies.
from this work. Experimental results for the GMR from work done at
The properties of the GMR, GQR, ISGDR, and HEOR Osaka on'*Sm [15] and ?°%Pb [16] are shown in Table II.
obtained in this work are given in Tables II-VI. The values The GMR energies fot**Sm agree, but the Osaka result for
in Tables II-V for the GMR, GQR, and HEOR are multipole Pb is a little lower than our result. We note that Uchéedal.
moments obtained from the strength distributions. The ful[16] report two different analyses fof%Pb both giving
width at half maximumFWHM), I" was obtained by multi- 13.5 MeV form,;/m, but obtaining 76 % +5% and 58% +3%
plying the rms width by 2.348 to convert to an equivalentof the EO EWSR in the peak. They also show a continuum of
Gaussian FWHM. The values for the ISGDR are the paramkeQ strength extending up paki=30 MeV. The centroid of
eters obtained from a two Gaussian fit to &k distribution  the entireEO strength showr16] in their Fig. 3(estimated
for each nucleus shown by the lines in Figs. 6 and 7. Thérom the plo} is approximately 16.5 MeV. Their analysis
errors given include systematic errors. does not subtract a continuum but rather assumes the entire

TABLE lll. Parameters obtained for the ISGDR.

Low energy peak

This work Clarket al? Osak&
E, I'  EWSR E, I EWSR E, I EWSK
(MeV) (MeV) % (MeV) (MeV) % (MeV) (MeV) %
1165 14.38+0.25 5.84+0.30 25+15 14.7+0.50 3.8+1.2 13+4
1445m 14.00+0.30 8.0+0.60 32+15
208ph 13.26+0.30 5.68+0.50 24+15 12.2+0.60 4.5+1.2 10+4 12.5+0.3 4.4+0.5 21+6
High energy peak
Total ISGDR Total ISGDR Total ISGDR
E, I'  EWSR EWSR E, I EWSR EWSR E, r EWSR EwsK
(MeV) (MeV) % % (MeV) (MeV) % % (MeV)  (MeV) % %

1165n 25.50+0.60 12.0+0.6 61+15 88+20 23.0+0.60 8.7+1.2 33+5 46+11
1445m 24.51+0.40 7.21+0.40 64+12 97+10-20
208pp 22.20+0.30 9.39+0.35 88+15 114+12-25 19.9+0.8 5.9+1.4 38+7 48+9  22.5+0.3 10.9+0.9 107+31 128+40

*Referencq13].
PReduced by factor of 3 from quoted value, see text.
‘Referencq16].
Yncludes 30% systematic error stated in Refergi&g.
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TABLE IV. Parameters obtained for the GQR.

This Work Youngbloocet al? GroningeR®
E, r EWSR E, r EWSR E, r EWSR
(MeV) (MeV) % (MeV) (MeV) % (MeV) (MeV) %

1165 13.50+0.35 5.00+0.30 108+12 13.2+0.2 3.3+0.2 84+25 13.39+0.14 2.94+0.31 134+28
1445m 12.78+0.30 4.82+0.30 98+13 12.2+0.2 2.4+0.2 45+15 12.70+0.14 2.62+0.20 123+29
208pp 10.89+0.30 3.00+0.30 100+13 11.0+0.2 2.7+0.3 105+25 10.9+0.3 3.1+0.3 120-1768

“Referencg25].
bReference{34].
‘Referencq33].

spectrum can be explained by a sum of multipole transitions=215 MeV(Coloet al) and 211 Me\Vretenaret al.). Con-
They also argue that their spectra contain no experimentainuum RPA calculations fof°®b by Hamamoto and Sa-
background. However, both thé‘Sm and?°%b multipole  gawa[31] usingskm* (Kyy=217 Me\) give results almost
distributions all contain, in addition to the GR peaks, a con-dentical to the Coloet al. result. For116Sn, 144Sm, and
tinuous component extending up to at le&t=32 MeV 2P, the observed low energy component is several MeV
which they do not explain. In several cases the integratetligher than predicted. The high energy component is in each
strength would considerably exceed the EWSR. They dease somewhat lower than predicted, suggestiniya
speculate that they have some other process which appearsstanewhat less than 211 MeV whereas the GMR data is best
anL=1 component in their spectra. The continu@@and  explained withKyy ~ 230 MeV. The peak positions from the
E2 strength above the GR peaks in their results would sugrelativistic RPA calculations by Vretenat al. are similar to
gest these other processes might also em&eand E2  those from the Col@t al. and Hamamoto and Sagawa cal-
strength. There is no such continuous component in our peatulations but the strengths of the two peaks obtained by
analysis, in part because it has been subtracted as part of tieetenaret al. are in better agreement with tf&€%b data.
continuum. Ma et al. [32] compared GMR and ISGDR results from sev-
The Osaka results for the ISGDR #%b are compared eral parametrizations corresponding kg, ~210-540 in
to our results in Table Ill. Their energy and width are slightly the relativistic random phase approximation, and concluded
lower for the lower component while our energy and widththat the energy of the GMR’s iff**Sm and?°%*b were con-
are slightly lower for the upper component. The strengthssistent withKy, ~250-270 MeV. However all of the calcu-
agree within the errors. Their data at both low and high ex{ations 0f?%%Pb, including another relativistic calculation by
citation deviates considerably from their fits, and at high ex-Piekarewicz[27] all resulted in energies for the ISGDR in
citation theE1 strength appears to be increasing up to the’?®®Pp from E,~24.5-25.5 MeV compared to our result of
highest energy shown. The energy reported by Datial. = 22.2+0.3 MeV and the Osaka res{5] of 23.0+0.3 MeV.
[9] for the upper componer(22.4+0.5 MeV is consistent The GQR has been studied extensiviy, and there are
with both measurements, but Daes al. report a width of  several earlier reports of the HEOR], however in these
3.5+0.5 MeV, nearly a factor of 3 less than either our resultstudies the parameters for the resonances were obtained as-
or that from Osaka. Morscht al. [8] could not definitively  suming the different GR components can be represented by
identify the ISGDR, but suggested a peak at 21.4+0.5 Me\VGaussian peaks, whereas our analysis makes no assumption
with a width of 5.65+0.6 MeV was due to the ISGDR. Our about the shape of the strength distributions. RPA-HF calcu-
experimental strength functions are compared to Hartredations[3] show the strength of each multipole distributed in
Fock—-random-phase approximatighlF-RPA) calculations several components, which would not inherently result in a
of Colo et al. [29] and relativistic calculations of Vretenat ~ symmetric shape for the strength of that multipole. Further-
al. [30] in Fig. 12 using interactions that result Kyy more, most of these earlier studies used the deformed poten-

TABLE V. Parameters obtained for the HEOR.

This work Clarket al? Careyet al® Yamagateet al®

E, r EWSR E, r EWSR E, r EWSR E, EWSR

(MeV) (MeV) % (MeV) (MeV) % (MeV) (MeV) % (MeV) %
1165y 23.3+0.8 10.9+0.6 70+12 21.8+0.5 7.1+0.5 67+10 22.9+1.1 6.5+1.0 22+6 24.4+1574
1445m  19.8+0.5 9.6+0.7 78%12 23.0+2.0
208 19.6+0.5 7.4+0.6 70+14 19.1#1.1 5.3+0.8 20+6 20.5%#1.0 78%15
*Referencd35].
bReference{SG].
‘Referencq37].
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TABLE VI. Parameters obtained fdP‘Sm.

Lower peak Upper peak
E, r EWSR E, r EWSR
(MeV) (MeV) % (MeV) (MeV) %
GMR? 11.05+0.05 3.2+0.1 3242 15.17+0.05 4.0+0.1 80+5
ISGDR 13.3+0.3 7.0+0.3 44+7 23.5+0.3 11.8+0.5 67+15
GQR 12.1+0.3 5.7+0.3 97+14
HEOR 18.5+0.5 10.0+0.6 74+15

dGaussian fits, errors do not include systematic errors.
PMoments obtained from the distribution.

8000

1%Sn ISGDR Strength

4000 r

ISGDR Strength(fm®/MeV)

25
E(MeV)

12000

ISGDR Strength(fm®/MeV)

40000

20000 +

ISGDR Strength(fm®/MeV)

E(MeV)

FIG. 12. TheE1 strength distributions obtaingdhown by the
histograms for 116Sn, 144Sm, and?°%b are compared to calcula-
tions by Coloet al. [29] shown by the thick gray lines and by
Vretenar, Wandelt, and Ring@0] shown by the thick black line.

tial model which is known to not reproduce electromagnetic
B(EL) values[17]. Below we describe comparisons with
other works where our results quoted are moments obtained
from the slice analysis with folding model calculations and
the other results are parameters from Gaussian peak fits and
a deformed potential analysis, so some differences would be
expected.

Our results for the GQR are compared to two other stud-
ies[33,34 in Table IV. The excitation energies and strengths
obtained in the three studies are in agreement¥8n and
2%%pp, however the excitation energy and strength reported
by Youngbloodet al. [25] for the GQR in'4‘Sm was some-
what lower than the present result and that reported by
Sharmaet al. [33]. The widths we obtaifrms widths con-
verted to a Gaussian equivalent FWhiMre substantially
higher, in part because the GQR peak differs somewhat from
a Gaussian shape.

Our results for the HEOR are compared with three other
studies[35-37 in Table V. For!®Sn the energies are in
agreement, and except for the 800 MeV proton st{@#]
which reported only 22% of the EWSR, each study found
approximately 75% of the EWSR expected in the HEQR
Bonin et al. [38] also reportedE3 strength centered
~23 MeV in 11%sn with both 340 and 480 Me¥ scattering
but identified less than 15% of the EWSR. The excitation
energy we obtain fot*4Sm is lower than reported by Yama-
gataet al. [37], however Yamagat&t al. do not report a
strength or width for the HEOR if*Sm. The energies ob-
tained for the HEOR in?°®b are in agreement, but the
800 MeV proton work identified only 20% of the EWSR.

1%4Sm has an axial deformation witg~0.3 and the ef-
fects of this ground state deformation on the isoscalar mono-
pole and quadrupole giant resonances have been investigated
both experimentally{39] and theoretically[40] in several
works. Nishizaki and And$41] in a fluid dynamical descrip-
tion also explored the behavior of the ISGDR and HEOR in
a deformed nucleus and Itat al. [15] showedEl andE3
strength extracted in the GR region in a 400 Me\éxperi-
ment on*>*Sm, but did not do a detailed comparison with the
Nishizaki and Ando work. Th&O andE2 strength distribu-
tions we obtain fort>*Sm are shown in Fig. 13. The GMR
clearly consists of two components and a two peak fit yield-
ing the parameters in Table VI is shown in the middle panel.
In the top panel, calculations using the parameters predicted
by Abgrall et al. [40], and by Nishizaki and Andg41] (for
m*/ m=0.7 andF,=-0.45 are shown superimposed on the
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03 FIG. 14. TheE1 (E3) strength distribution obtained fdf‘sm is
’ shown by the histogram in the tofpottom) panel. Calculations
025 | E2 EWSR/MeV using the parameters of Nishizaki and And] are shown by the
> gray lines. The dashed line is the shiftsdSm distribution for the
5 024 97+-14% lower component of the ISGDR as described in the text. The gray
cﬁ | line for the E1 distribution includes the contribution illustrated by
o451 the dashed line.
o O
w
5 The isoscalaEl andE3 distributions obtained id®*Sm
3 017 are shown in Fig. 14. As for the other nuclei, tB# strength
b is divided into two components, though iffSm the compo-
0.05 ¢ nents are definitely not Guassian in shape. There is some
o / [ . disagreement on the origin of the lower component ofEhe
5 1'0 1'5 2 strength[27,29-3], but the upper component is expected to

E (MeV)

be the compression mode, which is treated in the Nishizaki
and Ando[41] calculations. A calculation using the param-

FIG. 13. TheEO strength distribution obtained fo®‘sm is  eters from Nishizaki and Ando, with the strength normalized
shown by the histograms in the top two panels. In the top panel, ¥ the experimental strength of the upper component, and the
calculation using the parameters of Abgretlal. [40] is shown by  lower component taken from thESm analysigshifted in
the dashed line and one using the parameters of Nishizaki and Andenergy with 1AY3) is shown superimposed on the data. The
[41] is shown by the gray line. A two Gaussian fit to tB@ distri-  calculation gives a reasonable representation of the high en-
bution with the parameters in Table VI is shown in the middle ergy portion of the data. It would appear that the lower com-
panel. TheE2 strength distribution obtained fdP*Sm is shown by  ponent of the ISGDR is both shifted down in energy and
the histogram in the bottom panel and a calculation using the patself split into more than one component#fSm relative to
rameters of Nishizaki and Andg@t1] is shown by the gray line. 144Sm. The distribution of HEOR strength calculated using

the splitting predicted in Nishizaki and Ando calculation is
data. The widths of the peaks were chosen to best represestiown superimposed on the data in the bottom panel of Fig.
the data. It can be seen that the fluid dynamical calculation$3. Except for the dip in the middle of the data, the calcula-
give a fairly good representation of the data. A calculationtion gives an excellent representation of the data.
for the GQR strength using the same Nishizaki and Ando
prediction is shown superimposed on the GQR data in the V. CONCLUSIONS
bottom panel and also gives a good representation of the Within errors, all of the isoscald£0, E1, E2, and 3w E3
data. giant resonance strength was locatedsn, 4Sm, 1%%Sm,
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and 2%%Pb. The distributions 0E0 and E2 strength are in shift the centroid of the compression mode peak somewhat,
agreement with previous works, and in particular with thehowever most of th&1 strength in?°®Pb is accounted for.
location of the GMR reported in Ref11] which led to the  The 400 MeVa experiment$15,16 have a large continuous
conclusion thakyy ~231 MeV. The ISGDR is seen to con- E1 component, and do not help resolve this issue.

sist of two components, the upper compongaresumably For the deformed nucled§*Sm, the splitting of the GMR
being the compression mo(i27,29,3Q. Microscopic predic- s clearly apparent in th&€0 strength distribution. Th&1
tions for *%Sn, *44Sm, and®*Pb with RPA-HF calculations gistribution is also qualitatively different than that for the
[29,317 with the SGII (Kyy=215 MeV) and skm* (Kym  spherical nuclei, with almost flat top distributions for both
=217 Me\) interactions and relativistic calculatiof7,30  components of the ISGDR, compared to Gaussian distribu-
for Zoa'?b using the NLOKyy =224 MeV) and NL1 param-  tions for the spherical nuclei. This same behavior can be seen
etrization (Kyy=211.7 MeV} all show the compression i, the distribution obtained fof5Sm by ltohet al. [15].
mode peak higher than the experimental peak by 1-2 Me\Eycept for the lower component of the ISGDR, all of the
and the lower component at a lower excitation than the exissgm myltipole distributions are reasonably well reproduced
perimental peak. Studies using the relativistic random phas&ssuming the splitting for each multipole predicted with the

approximation[27,28,32 were able to reproduce GMR en- ,iq gynamical calculations of Nishizaki and An@id]. The
ergies with parametrizations haV|r1g\,M~250—27.O MeV, existence of this lower component of the ISGDR was not
but the predicted energy of the ISGDR compression mode i 5vn at the time of their calculations.

also 1-2 MeV above experimental values. By comparison to

the results we reported in RgfL3], it is seen that the experi-

rr_u_antal ISGDR st_rength extracted fr_om the data is quite sen- ACKNOWLEDGMENTS
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