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Giant resonances in'®0
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Giant resonances O have been studied with inelastic scattering of 240 Meparticles at small angles.
IsoscalarEO, E1, andE2 strength corresponding to 480%, 32-7%, and 53 10%, of the respective
energy-weighted sum rule was identified betwdgnr=11—-40 MeV with centroids of 21.130.49, 21.67
+0.61, and 19.760.22 MeV and root-mean-square widths of 87682, 7.13-0.52, and 5.1 0.17 MeV,
respectively. Elastic scattering and inelastic scattering to states at 6.13, 6.92, and 11.52 MeV were measured
from 6, ,,=2.5° to 11.5°.
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[. INTRODUCTION over the height of the solid angle defining slit and the width
of the angle bin. Cross sections were obtained from the
The isoscalar giant monopole resona@MR) has been charge collected, target thickness, dead time, and known
studied extensively betweeC and?*®b[1-6]. Generally  solid angle. Uncertainties in the subtraction process as well
in heavier nuclei, close to 100% &0 energy-weighted sum as target thickness, solid angle, etc., result in abottla%
rule (EWSR) has been founfll], and most has been identi- uncertainty in absolute cross sections.
fied in lighter nuclei with 97% found iA°Ca[7], 81% in?8Si Spectra oft®0 were obtained for each of the angle bins by
[8], and 72% seen ik*“Mg [4]. However, only 14.5% was subtracting the normalized C spectrum from the correspond-
located in'%C [6]. %0 is a doubly magic nucleus and has ing Mylar spectrum. Thé®0 spectra obtained at two angles
been the subject of several theoretical studies, however, theege shown in Fig. 1. The solid line in Fig. 1 indicates the
is no experimental data on the GMR. Therefore, it would bechoice of continuum underneath the giant resonai@e)
particularly interesting to measure th® strength distribu-
tion in 1%0. As 0° measurements required to enhance GMR 3000 -
strength eliminate using a conventional gas target due to
scattering from windows, we have used a My(leontains H, 160(0,. o
C, and Q target and measured C also. The C contribution E =(§2106)Mev
was then subtracted to obtain oxygen data. Isos&0aE1, 2000 1 “
andE2 strength distributions fot°0 were then obtained.

6, = 1.30°

II. EXPERIMENTAL TECHNIQUE AND RESULTS

A 240 MeV a-particle beam from the Texas A&M K500
superconducting cyclotron was used to bombard a 2.16
mg/cnt Mylar foil located in the target chamber of the
multipole-dipole-multipole spectrometer. Inelastically scat-
tereda particles were detected in a focal plane detector that
measured position and angle in the scattering plane. The out-
of-plane scattering anglé was not measured. Position reso- Ocm, = 2.08°
lution of approximately 0.9 mm and scattering angle resolu- 2000 |
tion of about 0.09° were obtained. The experimental
technique and the detector have been described in detail in
Ref. [4].

Giant resonance data were taken over the rangeELO 1000 -
<55MeV with the spectrometer at 0° and at 4°, with the
acceptancel 9=A¢p=4°. C data were taken immediately
after the Mylar data. Data were also taken wittMg and
285 targets at 4° to obtain the energy calibration. Elastic and 0 15 . : : . !
inelastic scattering data for discrete states were taken at spec- 0 10 20 30 40 50 60
trometer angles of 3.5°, 5.5°, and 7.5° at a higher dipole field E. (MeV)
setting with the vertical acceptance of the spectrometer re- *
duced to=0.8°. Each data set was divided into ten angle F|G. 1. Spectra obtained fdfO(a,a’) at E,=240MeV for
bins, each corresponding ®¢~0.4° using the angle ob- two angles. The average center-of-mass angles are indicated. The
tained from ray tracingg is not measured by the detector, so solid line indicates the division chosen between the GR peak and
the average angle for each bin was obtained by integratinthe continuum.

1000 -
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[e]
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FIG. 2. Angular distribution of the differential cross section for
elastic scattering of 240 MeV particles from®0. The solid line 1
shows the optical-model calculation. When not shown, statistical E =11.52 MeV ©
errors are smaller than the data points. x
peak. The procedure used to determine the shape of the con- 10 | o)
tinuum was similar to that described in detail in Réfl. The Q
GR peak extends up to aboHt=40MeV, similar to that
seen in other nucld#é,5].
The angular distribution of the elastic scattering is shown 1 :
in Fig. 2, while inelastic scattering to the 6.13 MeV 3tate, o 2 4 6 8 10 12
8, m (deg)

6.92 MeV 2" state, and the 11.52 MeV'2state are shown
in Fig. 3. The GR region (L E,<40MeV) was divided FIG. 3. (a) Angular distribution of the differential cross section
into 477 keV energy intervals and the cross section was obyy inelastic« particle scattering to the 6.13 meV tate in°0.
tained for each interval both for the GR peak and the conThe solid line shows ah =3 DWBA calculation forBR=1.02.(b)
tinuum. Angular distributions obtained for several energy in-angular distribution of the differential cross section for inelastic
tervals of the GR peak and the continuum are shown in Figsparticle scattering to the 6.92 MeV*2state in'®0. The solid line
4 and 5, respectively. shows anL =2 DWABA calculation forBR=0.71.(c) Angular dis-
tribution of the differential cross section for inelastiscattering to
the 11.52 MeV 2 state in*%0. The solid line shows ah=2

Ill. DISTORTED-WAVE BORN APPROXIMATION  (DWBA
( ) DWBA calculation for BR=0.54.

ANALYSIS

The transition densities and the sum rules for various multicles on*°O. Therefore, we have used optical-model param-
tipolarities are described thoroughly by Satchf6l. The  eters obtained fof®Si[5] for a deformed potential analysis
GMR has generally been considered a breathing mod# this study.

oscillation and the corresponding transition density is given Distorted-wave Born approximation and optical-model
by [9] calculations were carried out with the codgoLEmMY [11].

Input parameters farTOLEMY were modified 12] to obtain a

dp correct relativistic calculation. Radial moments 160 were
U=—ag3p+r a} obtained by numerical integration of the Fermi mass distri-
bution assuming=2.413 fm anda=0.523 fm[13].

The optical-model calculation for elastic scattering is
where for a state that exhausts the EWSR shown superimposed on the data in Fig. 2. The calculation is
52 in reasonable agreement with the data. DWBA calculations

a2=2n . for the 6.13 MeV 3 state, the 6.92 MeV 2 state, and the
0 mA(r*)Eg 11.52 MeV 2" state normalized to the data are shown in Fig.

3. They are in reasonably good agreement with the data and

While the folding model provides more accurate crossthe deformation lengths@R) deduced are similar to those
sections for higher multipoles, it has been demonstrated thdtom othera, o’ studies as can be seen in Table I. However,
the deformed potential model and the folding model yieldB(E2) values obtained from the deformation lengths are
similar 0° cross sections and angular distributions for thesmaller than those from electromagnetic measurenjédis
GMR [3,10] if the potential deformation length is assumed to This is consistent with the conclusion of Beene, Horen, and
be equal to the mass deformation length,¢=ayR;). Satchler[15] that deformed potential calculations result in
Elastic scattering data sufficient to determine optical modeB(EL) values that can be a factor of 2 smaller than the
or folding parameters are not available for 240 Me\par-  electromagnetic values for*2states. The cross section for
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FIG. 4. Angular distributions of the differential cross section for  FIG- 5. Angular distributions of the differential cross section for
inelastic« scattering for three excitation ranges of the GR peak ininelastica scattering for three excitation ranges of the continuum in

16 ars 9= U L
160, The solid lines show the sum of the distributions for the indi- - 1Ne solid lines show the sum of the distributions for the indi-
vidual multipolarities. The dashed lines show the 0 component. ~ Vidual multipolarities. The dash-dot-dot lines show the1 T=0

The dash-dot-dot lines show the=1 T=0 component. The dotted COMPonent, the dotted lines shdw=2 component, the dash-dot
lines show theL =2 component. lines showlL =3 component, and the short dashed line shows the

L=4 component.

the 6.92 MeV 2 state is about a factor of 1.83 smaller thanWere fit with a sum of isoscalar'Q 1-, 2+, 3~, and 4"

predicted using the e!ectromagn'etm value, therefore, Ja”.z strengths. The details of this slice analysis were described in
strength was normalized by this factor. The'deformatlonRefS_UA]_ Fits to angular distributions obtained for three
lengths extra_cted from the present work for discrete stateg, .itation ranges of the GR peak and the continuum are
and the fraction of the_energy we|gh_ted sum rule obtaine hown in Figs. 4 and 5, respectivelg0, E1, and E2
from the electromagnetic values are listed in Table . strength distributions obtained from the analysis of the GR
peak are shown in Fig. 6. Some of the apparent fragmenta-
tion in the higher excitation region may be because of rela-
tively poor statistics due to the subtraction of C data over the
Relativistic Hartree-Fock calculatiori46] predicted sig-  entire excitation region. The parameters obtained are listed in
nificant EQ strength up to 45 MeV in®0, andEO strength  Table II. Complete analyses with different normalizations in
was found experimentally up through 35 MeV Mg [4] the subtraction process as well as different choices of the
and 28Sj [5,8]. It is clearly important to investigate the continuum were also carried out to estimate the uncertainties.
strength distribution over as wide an excitation energy rang&herefore, the errors include the uncertainties in cross sec-
as possible, especially for light nuclei. As shown in Fig. 1,tion, the subtraction process, choice of continuum and fitting
there is clearly extra strength above a reasonable continuuprocess. Although the uncertainties in the centroids are quite
choice up tdE,=40 MeV. Cross sections obtained in the GR large, the accuracy of the energy calibration is approximately
data belowE,=11MeV are not reliable as the solid angle 50 keV, since the GR region was calibrated to the 13.88 MeV
changes due to cut offs in the detector; therefore, we havstate in>Mg before and after each experimental run.
analyzed the region between<E, <40 MeV. A total of 48+10% of EO EWSR is found in the region
Angular distributions of the GR peak and the continuumand about 15% of that is located between 30 and 40 MeV.

IV. DISCUSSION
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TABLE I. B8R values obtained for low-lying states #iO.

E0 EWSR/MeV

o
4

E, BR® EWSR BR° EWSR EWSK
(Mev) J7  (fm) (%) (fm) (%) (%)

2
=1
>

e
1<}
[N}

6.13 3 102 4.0 4.9 10.3
6.92 2> 071 6.0 0.70 5.8 11.0
11.52 2" 054 5.6 0.51 51 8.9 0

Fraction E0 EWSR/MeV
o
2

5 10 15

#Present work.

b, 0.06
Referencd 19].

‘Referencd 14]. 005 + ’ E1 EWSR/MeV

0.04 +

Two narrow 0" peaks were identified at 11.96 and 13.93 0.03 +

MeV containing 2.3% and 3.5% of tHe0 EWSR, respec-
tively. In inelastic electron scattering, these peaks were found 001+
to contain 9.9% and 6.5%i7] of the EO EWSR. NoEO o
strength was found in the continuum. The characteristic of 5
the monopole is the strongly forward peaked angular distri-
bution. The isovector giant dipole resonance is also forward
peaked, but it is much weaker than the other multipolarities
and has no impact on this analysis. This feature of the angu-
lar distribution is a unique signature &0 strength even in
the continuum(4,7], while strength distributions for other
multipoles cannot reliably be obtained for the continuum. 002 - “ﬂm_ﬂn Lj
IsoscalalEl strength corresponding to 3Z7% of theE1 0 Lol ’ ) . )
EWSR was found with a centroid of 21.60.52 MeV and 5 o5 220 26 30 3B 4
rms width of 7.16-0.43 MeV. In general, the isoscal&il
angular distribution fills in the first minimum of the iso-  FIG. 6. Strength distributions obtained are shown by histo-
scalarEO angular distribution, thus thEl results are more grams. Error bars represent the uncertainty from the fitting of the
sensitive to the choice of continuum than the other multipo-angular distributions.
larities. However, in the different analyses used to estimate
the errors,E1 strength varied from 29% to 34% with the within the limited angle range of this experiment, but less
centroid varying+=0.52 MeV and hence was less sensitivethan 20% of the EWSR was seen, with large uncertainties.
than in the recent analysis 6iCa[7]. This is, in part, due to There are several theoretical calculations using different
a low continuum and the fact that the angular distributionsapproaches and different methods to calculate the GMR in
change more slowly with angle than those for the higherl®0. Blaizot, Gogny, and Grammaticfi20] in 1976 used the
masses. random-phase approximatioRPA) and self-consistent wave
E2 strength corresponding to 530% of theE2 EWSR  functions with several Gogny interactions. More recently
was observed, mostly belof, =30 MeV as can be seen in Vretenaret al. used time-dependent relativistic mean-field
Fig. 6. The centroid of the distribution is at 19.76 theory with various parameter sets to calculate the properties
+0.22MeV and the rms width is 5.1#10.17 MeV. The of GMR [21]. Ma et al.[16] used the framework of relativ-
11.52 MeV state contained 941.5% E2 EWSR, in excel- istic RPA with nonlinear terms in the calculation. Each of
lent agreement with the 1042.0% extracted from the sepa- these relativistic models can correctly reproduce the energy
rate run measuring the elastic scattering and low-lying stateaf GMR for heavy nuclei, but some required a nuclear in-
Within the errors theE2 strength is in agreement with the compressibility much higher than thi€,,,=231 MeV re-
81+30% obtained by Knopflet al. [18] and the 60% ob- quired to fit the experimental GMR energies in heavy nuclei
tained by Harakelet al.[19]. Note that these strengths result with the Gogny interactiofil]. Wang, Chung, and Santiago
after applying the factor of 1.83 obtained for the 6.92 MeV[22] using the nuclear Thomas-Fermi approximation, obtain
2* state. TheE3 andE4 strength could not be separated a nuclear incompressibility of about 234 MeV. Using a linear

0.02 +

Fraction E1 EWSR/MeV

0.1
E2 EWSR/MeV
0.08 +
0.06 +

0.04 +

Fraction E2 EWSR/MeV

0
E,(MeV)

TABLE II. Parameters obtained fd0, E1, andE2 strength betweeR,=11—40 MeV in'¢0.

%EO0 EWSR m, /mg vmgz/my vmy/m_4 rms width
L (%) (MeV) (MeV) (MeV) (MeV)
0 48+10 21.13-0.49 24.8%0.59 19.630.38 8.76-1.82
1 32+7 21.6740.61 7.10-0.52
2 53+10 19.76£0.22 5.1 0.17
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TABLE Ill. Comparison of GMR energies itfO. 2
— 0.25XRef. 16
m, /mg \/m3 /my \/ml /m_, Kam " — slice analysis(histogram)
(MeV) (MeV) (MeV) (MeV)
21.13t0.49 24.8%0.59 19.630.38 Present work o ©
24.6 228 Ref[20] 3 o
25.30 281 Ref[16] Z
22.60 272 Ref[21] Z e
19.56 234 Ref[22]
24.60 240 Ref[23]
4
scaling assumption, they obtain GMR energies slightly be- !
low the experimental values in heavy nudl&]. Nayaket al. °s 0 15 2 2 a0 as 40
employed the extended Thomas-Fermi approximation to cal- E.(MeV)

culate coefficients based on Skyrme type interactions. These FIG. 7. The hist is th imen@D strenath

coefficients are used in the modified Leptodermous expan-_ - /- 'he histogram s ihe experimentalb strength con-

S . . . verted to monopole response function. The black line shows the

sion including higher-order terms to extract nuclear incom- ) L
- . . monopole response function from REL6] multiplied by 0.25 and

pressibility [23]. The moments obtained f&O0 strength in hift

6 o . . . . .shifted by 4.2 MeV.

O with interactions that give the best fit to heavier nuclei

together with the nuclear matter incompressibility are shown . . . .
in Table III. to match the experimental centroid and normalized their cal-

culation to approximately 30% &0 EWSR by multiplying

ment with the experimental values while that obtained byNe tr:]urve by a;fag}o;_of 3‘25 and th; rhesult is shown :n Figi
Vretenaret al. [21] is slightly above the experimental value. /- 1he normalized/shifted curve and the experimental result

On the other hand, the GMR energy 5O calculated by are in moderately good agreement on the shape of the gross

Wang, Chung, and Santiag®?2] is much too low. Ma'y16] structures, however, the calculation failed to predict the two

L 1 - + - -

and Blaizot's[20] values are considerably higher than the? dStTteS found at 11'96 and 13.93 MeV in both this work
experimental value. As we identify only about half tB@ an ﬁectron scattenr[lg?]. ibl

strength, a comparison of centroid, etc. may be misleading as There are Osevera possIble reasons our measur_ement
the missing strength is likely to be in the higher excitationY!€!ds only 48% of theE0 EWSR. The transition density

region and the centroids of all of the strength might be quité‘shed in DWBA clalclula_ltionshis the same as 'r? her?vy nuclei,
different. However, we note that tHe0 strength obtained by whereas RPA calculations have sugges@] that the tran-

electron scattering for states at 12 and 14 MeV were about jtion den'sity .in light nuclei is quitg different and this COUId.
factor of 4.3 and 1.9, respectively, higher than our resultsNave @ significant effect on predicted cross sections. This
which might imply our strength estimates are too low. If so could be tested if microscopic transition densities were avail-

16 . . .
we may have seen all of the strength, and the centroid Comalble for 0. In heavier nuclei the deformed potential and

parisons are valid. Then the result of Nayetkal. with the  0lding model gave similar cross sections 80 strength,
nonrelativistic RATP interaction and Vretenat al. with a  but this might not be true iR°0. Experimentally, the statis-

relativistic calculation and th&lL3 interaction would best tCS on the present measurement at higher excitation are rela-
describe the mass dependence of the nuclear compressibili@.’ely_poor because of the necessity for subtracting C data.
Later relativistic RPA calculations have shofi24] that if ons@erably better statistics might reveal more strgngth.
the Dirac sea states are included, interactions with nucledtiSO if the EO strength eétendss beyoriel, =42 MeV, it
incompressibilities in the range of 250—270 MeV reproduceVould be obscured by thé®O(a, Li—a+p) reaction. A
the GMR in heavy nuclei, but these calculations have nof!'gher beam energy would move the contributions from this
been extended t&0 [24]. Blaizotet al, in a 1995 calcula- Process higher in excitation.
tion [25] that fits the mass dependence from<48< 208,
also did not show results fdO. S V. CONCLUSIONS

Ma et al.[16] gave the calculated strength distribution for
180, and an actual comparison of the strength distributions The giant resonance region between 11 and 40 MeV in
could reveal whether disagreements are due to missinfO has been studied using 240 MeV particles at small
strength at higher excitation. The experimeri@l strength ~ angles. Slice analysis was used to extract isoscalar strength
distribution was converted to a monopole response functioiith 477 keV resolution. Substantial strength for=0, 1,
and is compared to the relativistic RPA calculation using theand 2 has been located with strengths fragmented throughout
TMI parameter set from Mat al. [16]. The centroid they the region. Int®0, 48+ 10% of theEO EWSR was identified
obtain is at 25.3 MeV, which is higher than the present exwith a centroid of 21.130.61 MeV. This is less strength
perimental result by 4.2 MeV. They did not give i  than that observed iA*Mg and %%Si but substantially more
EWSR for their distribution, but an estimate from their graphthan that seen if°C. If these results are normalized to elec-
gives about 120%. We shifted their calculation by 4.2 MeVtron scattering, then we have seen 90-200 % of Hie

The moment obtained by Nayadt al. [23] is in agree-
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EWSR. If the assumption is made that we have seen all oft al. [25] have been carried out in recent years, but not for
the EO strength, then the nonrelativistic calculations ofnuclei lighter than*®Ca. Hopefully this data will stimulate
Nayak etal. using the RATP interaction withK,, such calculations fot®O.

=240 MeV best describe the GMR energies in both heavy

nuclei and in'®0 and hence reproduce the compressibilities

of finite nuclei over a wide range @. The relativistic cal- ACKNOWLEDGMENTS
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