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High energy octupole resonance in116Sn
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~Received 10 August 1995!

The region of excitation energy from 7<Ex<38 MeV in 116Sn was studied with inelastic scattering of 240
MeV a particles. Parameters obtained for the isoscalar giant monopole resonance and the isoscalar
quadrupole resonance are in agreement with accepted values. A peak exhausting~67610!% of theE3 energy-
weighted sum rule atEx521.860.5 MeV with width G57.160.5 MeV was identified as the isoscalar high
energy octupole resonance~HEOR!. The energy and width are consistent with previous measurements ma
with proton,3He, anda particle projectiles. The observed strength of the HEOR is in agreement with me
surements made with3He inelastic scattering, but is roughly three to four times larger than measurements m
with a particle and proton inelastic scattering.@S0556-2813~96!01407-0#

PACS number~s!: 24.30.Cz, 21.60.Ev, 25.55.Ci, 27.60.1j
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I. INTRODUCTION

The high energy octupole resonance~HEOR! has been
studied in a wide range of nuclei ranging from 40<A<238
with a variety of projectiles including electrons@1–5#, pro-
tons@6,7#, 3He @8#, a particles@9,10#, and heavy ions@11,12#.
The tin isotopes116,118,120Sn have been investigated exte
sively and the energy-weighted sum rule~EWSR! strengths,
widths ~G!, and excitation energies (Ex) obtained are shown
in Figs. 1~a!, 1~b!, and 1~c!, respectively. Figures 1~b! and
1~c! show that in the tin isotopes the excitation energy a
width are consistently around 23 and 7 MeV, respective
Figure 1~a! shows that the measuredE3 strengths vary tre-
mendously, and those obtained for116Sn from inelastica
scattering~<19% of theE3 EWSR! are well below the ex-
pected values. Measurements made with 129 MeV inela
a scattering on116Sn identified~3166!% of theE3 EWSR in
a low lying Jp532 state and the low energy octupole res
nance ~LEOR! @13#. The remainder of theE3 strength
~;70%! should reside in the HEOR.

Inelastic scattering ofa particles at energies between 9
and 172 MeV has been very effective for investigating is
scalar giant resonances~T50!, in part because isovector gi
ant resonances~T51! are weakly excited. However, thi
beam energy range is not suitable for investigati
the HEOR in 116Sn. At these energies,a particles
from the pickup-breakup reactions~a, 5He!→~a,an! and
~a,5Li !→~a,ap! show up as broad bumps in the continuu
over the excitation region of the HEOR. AtEa596 MeV,a
particles from these processes have energies between 59
79 MeV @14#, and thus appear the same ina particle spectra
as inelastic scattering peaks from states with excitation e
gies between 17 and 37 MeV, which clearly overlap t
HEOR. As the bombarding energy is increased, the appa
excitation energy of the pickup-breakup peaks increases~this
is the method used to distinguish them from inelastic exc
tions!. However, even at 172 MeV, the pickup-breaku
peaks begin atEx526 MeV, which overlaps the tail of the
HEOR and may complicate the assessment of the continu
a particle studies of the HEOR in116Sn have been carried
out atEa5340 and 480 MeV@10#, where the pickup-breakup
peaks appear above an equivalent excitation energy o
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MeV and are not a factor. However, in these studies, ver
low EWSR strengths were obtained for even the well-know
isoscalar giant quadrupole~GQR! and isoscalar giant mono-
pole ~GMR! resonances in116Sn. Furthermore, isovector
strength is more strongly excited at these energies@15#, and
the isovector quadrupole resonance atEx;27 MeV @16# may
make observation of the HEOR more difficult. We have
therefore investigated the isoscalar HEOR in116Sn with 240
MeV a particles. At this energy, the products from5He-5Li
pickup-breakup reactions are well past the region of intere
~Ex>35 MeV! and the contribution from isovector reso-
nances should be negligible.

II. EXPERIMENTAL TECHNIQUE

Beams of 240 MeVa particles from the Texas A&M
K500 superconducting cyclotron bombarded a self
supporting foil enriched to 95.74% in116Sn in the target
chamber of the multipole-dipole-multipole~MDM ! spec-
trometer@17#. The target thickness, determined by weighing
was 5.7460.57 mg/cm2. Scattered particles which passed the
spectrometer acceptance were analyzed by the MDM spe
trometer and were detected by the modified Oxford detecto
Details of the detector and spectrometer were reported
Refs.@18–21# and @22#, respectively.

Data on both elastic and inelastic scattering were taken
two separate times which utilized slightly different experi-
mental setups. In the first run~set 1!, data were acquired over
the angle range 4°<u<8° using a solid-angle-defining colli-
mator withDu54° andDf52°. In the second run~set 2!,
data were acquired over the angle range 2°<u<6° using a
solid-angle-defining collimator withDu54° and Df54°.
The newly installed beam analysis system~BAS! @23# was
also utilized for data acquired in set 2, which helped to re
duce beam halo and improve beam momentum resolutio
For the giant resonance data, elastically scattereda particles
were stopped at the detector entrance.

Ray tracing was used to determine the horizontal compo
nent of the scattering angleu; however,f was not measured,
so the effects of the different vertical openings were ac
counted for by angle averaging and will be discussed late
An angular resolution ofDu50.15° was obtained by placing
72 © 1996 The American Physical Society
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54 73HIGH ENERGY OCTUPOLE RESONANCE IN116Sn
a software window on angle deviation as described in R
@20#. The spectrometer angle was verified from the kinema
crossover of elastic scattering from hydrogen with12C ex-
cited states. For a given spectrometer field setting, the f
plane position was calibrated ina particle momentum from
the locations of peaks from12C excited states~7.65 to 24.0
MeV @24#!.

III. DATA ANALYSIS

Each data set was divided into ten subsets of data~20
spectra in all!, each corresponding toDu'0.4° using the
angle obtained from ray tracing. A giant resonance spect
taken at the average center-of-mass angleūc.m.55.22° is
shown in Fig. 2~a!. The average angle~ū! was obtained by
integrating over the angle bin width and height~determined
by the vertical dimension of the collimator!. Absolute cross
sections were determined by normalizing the elastic sca
ing data to optical-model calculations. Cross sections for
giant resonance data were obtained by normalizing the g
resonance spectra to the elastic spectra in the region of e
tation energy between 10 and 20 MeV.

Optical-model calculations were performed with the co
PTOLEMY @21,25# using116Sn parameters@21# ~listed in Table
I! we obtained in a previous study. Angle-weighted-avera

FIG. 1. Comparisons of HEOR data for the tin isotopes fro
this work ~closed circles! and others~triangles@6,7#, diamonds@8#,
and open circles@9,10#!. ~a! The %EWSR strength as a function o
A. The dashed line represents theE3 EWSR strength remaining
after the subtraction of strength in the low lying 32 state and the
LEOR in 116Sn as reported by Ref.@13#. ~b! The width as a func-
tion of A. ~c! Ex as a function ofA. The dashed line represents
prediction using the harmonic-oscillator shell model approximat
@35#.
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cross sections were obtained for the different vertical dimen
sions of the collimators. Figure 3 shows the elastic scatterin
data and the optical-model calculations plotted versus ave
age angle. The error bars include statistical error and ang
uncertainty~summed in quadrature!. The angular distribu-
tions obtained with different vertical dimensions of the col-
limators differ significantly only foruc.m.<2.5°.

The giant resonance data were analyzed by first subtrac
ing a background/continuum and then performing a multipl
peak fit. For each spectrum, several assumptions for th
background/continuum were made to test the effects of di
ferent backgrounds. They were generally drawn@as indicated
in Fig. 2~a!# from high to low excitation energy as a smooth
curve ~fourth-order polynomial! that was extrapolated from
the slope of the continuum at high excitation energy~beyond
;30 MeV! and then curved up to the minimum in the spec
trum on the low excitation side. For the HEOR region
~Ex>20 MeV!, the curves obtained with the different as-
sumptions were nearly the same. They differed only in th

n

FIG. 2. a particle spectrum taken atūc.m.55.22° plotted versus
excitation energy for116Sn~a,a8!. ~a! The raw spectrum with lines
showing the result of a five-peak multispectrum fit and background
continuum. ~b! The spectrum with background/continuum sub-
tracted and the result of a five-peak multispectrum fit. The GMR
GOR, and HEOR are indicated.

TABLE I. Optical-model parameters@21# for 116Sn atEa5240
MeV.

V ~MeV! W ~MeV! Rv ~fm! Rw ~fm! av ~fm! aw ~fm! Rc ~fm!

88.0 21.4 5.89 7.05 0.83 0.80 6.34
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74 54H. L. CLARK, D. H. YOUNGBLOOD, AND Y.-W. LUI
regionEx<20 MeV. The effects of the different background
continuum show mainly in the EWSR strengths and will b
discussed later.

Spectra which did not contain the peak due to elastic sc
tering off hydrogen were fitted simultaneously with
multipeak-multispectra fitting routine with the requiremen
that all peaks have the same excitation energy and width
each spectrum@26#. Excellent fits to the spectra could b
obtained with three peaks in addition to the well-know
GMR and GQR. Figures 2~a! and 2~b! illustrate a spectrum
taken at ūc.m.55.22° with and without background/
continuum subtracted, and the results of the five-peak mu
spectra fit. The positions and widths from Ref.@27# were
used as initial parameters for the GMR and GQR. The b
multipeak-multispectra fit~x2;2! was obtained for positions
and widths of the GQR and GMR fixed atEx513.2 MeV
andG53.3 MeV for the GQR andEx515.6 MeV andG54.1
MeV for the GMR @27#. The heights of the GQR and GMR
as well as all parameters of the other three peaks were
lowed to vary. The positions and widths obtained for th

FIG. 3. The elastic scattering differential cross section obtain
for 240 MeVa scattering on116Sn is plotted versus average cente
of-mass angle. The solid line and dashed line represent an
weighted-average optical-model calculations forDf52° and 4°, re-
spectively.
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other peaks are given in Table II. For the spectra wh
elastic scattering off hydrogen in the target obscured
GMR and GQR peaks~ūc.m.>6.45°!, three-peak single-
spectra fits were performed to the excitation regi
10<Ex<30 MeV. In these spectra, the positions and widt
of theEx521.8 and 26.1 MeV peaks were fixed at the valu
obtained from the five-peak multispectra fit. The heights
these peaks and the parameters of the peak due to el
scattering off hydrogen were free to vary. Spectra tak
at ūc.m.53.08°, 3.47°, and 3.86° were excluded from th
analysis because, at the spectrometer field setting used,
tically scattereda particles were deflected off the spectrom
eter exit and into the detector, which created a broad bum
the region of interest. This bump was well below the regi
of interest for theūc.m.52.70° spectra and well above th
region of interest for spectra withūc.m.>4.25°.

A four-peak multispectrum fit was also attempted. T
GMR and GQR positions and widths were fixed at the valu
stated above. The rest of the parameters were allowed
vary, and the best fit was obtained with a narrow peak at 1
MeV and a broad peak~G511.2 MeV! at Ex523.0 MeV.
The quality of the fit~x2;10! was much worse than the
five-peak fit because the broad peak had different shape
the different spectra.

The angular distributions obtained for the peaks a
shown in Fig. 4. The angular distribution of the narrow pe
at Ex511.4 MeV was inconsistent and is not show
Distorted-wave Born approximation~DWBA! calculations
are also shown, and with the exception of the peak
Ex526.1 MeV, agree very well with the data. The error ba
on the data points represent the combined uncerta
~summed in quadrature! due to statistics and the quality o
the multipeak fit. The cross sections for the backgroun
continuum in the region 15<Ex<30 MeV from both data
sets are also shown in Fig. 4, and the error bars are
statistical uncertainties only. The reduction in the cross s
tion for the background/continuum in set 2~closed circles! is
due to the use of the BAS~which reduced beam halo! and
the larger vertical dimension of the collimator~allowing Df
54°, which reduced elastic slit scattering!. The vertical di-
mension of the collimator was smaller~allowing Df52°!

ed
-
le-
TABLE II. Five-peak multispectra fit parameters and EWSR values from this work and results from other work on116Sn. An asterisk
implies the values were fixed in the fits.

Work
Projectile,
E ~MeV! Jp Ex ~MeV! G ~MeV! %EWSR

Present a, 240 32 21.860.5 7.160.5 67610
Ref. @10# a, 340 23.560.3 5.060.4 1465
Ref. @10# a, 480 23.260.3 4.560.3 11.564
Ref. @8# 3He, 110–140 24.461.5 7.061.5 74620
Ref. @6# p, 800 22.961.0 6.561.0 2266
Present a, 240 01 15.6* 4.1* 100615
Ref. @27# a, 129 15.660.3 4.160.3 180660
Present a, 240 21 13.2* 3.3* 95620
Ref. @27# a, 129 13.260.2 3.360.2 84624
Present a, 240 26.160.6 7.360.4
Present a, 240 11.460.4 0.460.1
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and the BAS was not available for the data acquired in se
~closed triangles!.

For each state, the EWSR strengths were calculated
normalizing the differential cross sections to the DWBA ca
culations. The normalization is quoted as the square of
deformation parameter~b2!, and the fraction of the EWSR
strength exhausted by the resonance is determined by
ratio of the square of the experimental and theoretical de
mation lengths~b2R2, whereR is the nuclear radius!. The
errors in the EWSR strengths were determined by
amount that the DWBA calculations could deviate from t
best fit and still cross through thecombineduncertainty. The
combined uncertainty was determined from statistics,
quality, and fluctuations in the cross section due to differ
assumptions for the background/continuum~all summed in
quadrature!. The results with errors are listed in Table II.

The GQR and HEOR DWBA calculations were pe

FIG. 4. Angular distributions of the differential cross sections
the peaks and the underlying background/continuum plotted ve
the average center-of-mass angle. The curves represent DWBA
culations for the indicated resonances where the solid lines
dashed lines have been angle averaged forDf52° and 4°, respec-
tively. The solid triangles and circles represent the backgrou
continuum from set 1 and set 2, respectively.
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formed with the codePTOLEMY with internal collective form
factors [U(r )] of the usual form,

U~r !5R
dU0~r !

dr
, ~3.1!

whereR is the optical-model nuclear radius andU05V1 iW
is the optical-model potential with real (V) and imaginary
(W) potentials of the Woods-Saxon form. For such state
located at excitation energyEx that exhaust 100% of the
EWSR strength, the theoretical deformation length is

bL
2R25L~2L11!

\2

2mEx

4p

3A
, ~3.2!

wherebL is the deformation parameter andL is the angular
momentum of the state. Recently, Beene, Horen, an
Satchler @28# showed that the deformed optical potential
model does not correctly predictE3 strength for low lying
states excited by17O inelastic scattering; however, the value
we obtained@21# @using Eqs.~3.1! and ~3.2!# for the E3
deformation length of the 2.266 MeV state in116Sn measured
with 240 MeV inelastica scattering agrees with values ob-
tained from inelastic electron scattering@29,30#.

The isovector giant dipole resonance~IVGDR! calcula-
tion was also performed withPTOLEMY by reading in an
external form factor. The form factor and EWSR for the
IVGDR are described in Ref.@31#. For convenience, the
GMR and isoscalar giant dipole resonance~ISGDR! calcula-
tions were performed with the codeDWUCK4 @32# using in-
ternal form factors. A comparison of calculations with
DWUCK4 andPTOLEMY for 240 MeVa particles is described
in Ref. @21#. The GMR and ISGDR form factors are ex-
pressed as

U~r !523U0~r !2r
dU0~r !

dr
for L50,

U~r !5
1

RA3
S 23r 2

dU0~r !

dr
210rU 0~r !

1
5

3
^r 2&WS

dU0~r !

dr D for L51, ~3.4!

from Refs.@33# and @34#, respectively, wherêr 2&WS is the
mean squared radius of the Woods-Saxon optical-model p
tential. For the GMR and ISGDR which exhaust the EWSR
limit, the theoretical deformation lengths are expressed as

b0
2R25

\2

2mEx

20p

3A
for L50, ~3.5!

b1
2R1/2

2 5
6p\2R1/2

4

mAEx
~11̂ r 4&FM2 25

3 ^r 2&FM
2 !21

for L51, ~3.6!

from Refs.@33# and@34#, respectively, whereR1/2 and^r n&FM
are the half-density radius and mean radius to thenth power
of the Fermi mass distribution. For both the Woods-Saxo
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and Fermi mass distributions, the values for^r n& were ob-
tained by numerical integration.

IV. DISCUSSION

We obtained consistent fits to the spectra over the exc
tion energy range 11<Ex<30 MeV with five peaks, of
which three could be identified as the GMR, GQR, an
HEOR. The strengths obtained for the GMR and GQR we
~100615!% of the E0 EWSR and~95620!% of the E2
EWSR, respectively, and are consistent with the results
116Sn from Refs.@10# and@27#. The strength obtained for the
HEOR was ~67610!% of the E3 EWSR. In other116Sn
work, ~3166!% of theE3 EWSR has been identified in the
sum of the low lyingJp532 state and the LEOR@13#.
Therefore the strength of these states plus our strength for
HEOR then exhaust roughly 100% of theE3 EWSR. The
width ~G57.1 MeV! of the HEOR is also in good agreemen
with previous measurements on the tin isotopes perform
with protons@6,7#, 3He @8#, anda particles@9#.

Bonin et al. @10# report much lower strength for the
HEOR @~1465!% and ~11.564!%# in 116Sn from 340 and
480 MeV inelastica scattering, but they also only see 43%
and 49% of theE2 EWSR in the GQR and 28% and 22% o
theE0 EWSR in the GMR, where;100% of each are ob-
served in our measurement and are reported in numer
other experiments. Careyet al. @6# report 22% of theE3
EWSR in the HEOR in116Sn using 800 MeV inelastic proton
scattering, but do not report the strengths they obtained
the other resonances they observed. This is particularly
portant, since the GMR overlaps the HEOR, and the tw
resonances can only be separated by a multiple peak fit
.
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routine. However, Bertrandet al. @7#, also using inelastic
proton scattering, report similar low values of theE3 EWSR
for the HEOR in120Sn but also see only;35% of theE2
EWSR in the GQR.

The position we obtained for the HEOR~Ex521.8 MeV!
is slightly lower than previous measurements~Ex;23.5
MeV!; however, the peak atEx526.1 MeV has not been
previously reported in116Sn. If the excitation region contain
ing these two peaks is fitted by one peak, the position a
width are Ex523.0 MeV andG511.2 MeV, respectively.
This position is consistent with the previous average for
HEOR, but the width is much too large. Furthermore, as
angular distributions for the 21.7 and 26.1 MeV states diff
the x2 for the fit of the broad peak becomes considerab
worse. As shown in Fig. 4, the ISGDR DWBA calculatio
fits the angular distribution for the 26.1 MeV peak abo
uc.m.54°, but the ūc.m.52.70° data point is much too low
From the present data we cannot clearly identify the 2
MeV peak as the ISGDR due to this discrepancy, and a
since the cross section for this peak at large angles has l
errors, as it is near the detector cutoff. A future measurem
in 116Sn and other nuclei, in this excitation region and ov
the angles 1°<usp<8°, is presently being planned. If th
peak is indeed the ISGDR it should be much stronger th
the HEOR at small anglesuc.m.<3°.

ACKNOWLEDGMENTS

We thank Patrick Oliver and George Simler for their a
sistance in taking the data. This work was supported in p
by the U.S. Department of Energy under Grant No. D
FE05-86ER40256 and by the Robert A. Welch Foundatio
.

.
.

r-

,

@1# S. Fukada and Y. Torizuka, Phys. Lett.62B, 146 ~1976!.
@2# K. Hosoyama and Y. Torizuka, Phys. Rev. Lett.35, 199

~1975!.
@3# M. Sasao and Y. Torizuka, Phys. Rev. Lett.30, 1068~1973!;

Phys. Rev. C15, 217 ~1977!.
@4# R. Pitthan, F. R. Buskirk, E. B. Dally, J. N. Dyer, and X. K

Maruyama, Phys. Rev. Lett.33, 849 ~1974!; 34, 848 ~1975!.
@5# M. Nagao and Y. Torizuka, Phys. Rev. Lett.30, 1068~1972!.
@6# T. A. Carey, W. D. Cornelius, N. J. DiGiacomo, J. M. Mos

G. S. Adams, J. B. McClelland, G. Pauletta, C. Whitten, M
Gazzaly, N. Hintz, and C. Glashausser, Phys. Rev. Lett.45,
239 ~1980!.

@7# F. Bertrand, E. E. Gross, D. J. Horen, J. R. Wu, J. Tinsley,
K. McDaniels, L. W. Swenson, and R. Liljestrand, Phys. Le
103B, 326 ~1981!.

@8# T. Yamagata, S. Kishimoto, K. Yusa, K. Iwamoto, B. Sae
M. Tanaka, T. Fukuda, I. Miura, M. Inoue, and H. Ogat
Phys. Rev. C23, 937 ~1981!.

@9# H. P. Morsch, M. Rogge, P. Turek, P. Decowski, L. Zemlo,
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