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The giant multipole resonances in " Sn have been studied using the (e, e'n) reaction. Data were
taken at effective momentum transfers of 0.37, 0.45, and 0.55 fm ' and a multipole analysis of the
data was performed. The inferred multipole strength functions identify the E2 and EO resonances
as distinct peaks at 12.2 and 17.9 MeV, respectively. The energy-weighted sum-rule strengths for
the E2 and EO resonances, obtained using a Lorentzian fit to the data, are 34+13% and 93+37%.
When compared with results from alpha scattering and pion scattering the sum-rule strengths ex-
hibit approximate agreement, but the EO strength identified in this measurement lies at higher exci-
tation energy, consistent with the trend observed in heavier nuclei. The (e, e n) data are compared
with a continuum random phase approximation (RPA) calculation of the E2 and EO strengths, and
with an open-shell RPA calculation of the E2 strength. Both calculations disagree with the data in
the region of the E2 resonance.

I. INTRODUCTIQN

The giant multipole resonances (GMR) are found in all
but the lightest nuclei and they are of fundamental im-
portance in understanding the collective behavior of the
nuclear many-body problem and the bulk properties of
nuclear matter. With the exception of the isovector gi-
ant dipole resonance (El ), relatively little is known about
the GMR except for the systematics of excitation ener-
gies and decay widths. Experimental progress has been
slow because the GMR are in the continuum and have
substantial widths and, consequently, overlap one anoth-
er.

Hadron-scattering and single-arm electron-scattering
experiments have provided most of the information about
the giant monopole and quadrupole resonances (EO and
E2). Hadron scattering is sensitive to isospin and can, in
principle, disentangle EO from E2 strength. In electron
scattering the interaction is electromagnetic and, in prin-
ciple, understood, and the kinematics can be chosen to
select longitudinal charge scattering or transverse mag-
netic scattering. Nevertheless, the analysis of the ha-
dronic and electromagnetic experiments are dificult and
susceptible to systematic error. The hadron-scattering
experiments must contend with nonresonant background
that need to be subtracted from the data, and the excita-
tion of many multipolarities, which make multipole
decomposition di%cult. In single-arm electron scatter-
ing, (e, e ), reliably subtracting the elastic radiative tail
from beneath the giant resonances is problematic and
reduces the accuracy of the probe. The problem of the
elastic radiative tail in electron scattering was first avoid-
ed in (e, e p) coincidence experiments. These experiments
remove the contribution of the elastic radiative tail at the
detection stage. The suppression of charged-particle de-

cay by the nuclear Coulomb barrier limits the use of the
(e, e'p) reaction to the study of GMR in primarily light
nuclei. Given that the GMR are collective excitations, it
can be argued that the GMR are best studied in heavy
nuclei. Recently the (e, e'n) reaction has been developed
for giant resonance studies in heavy nuclei. ' In heavy
nuclei the branching ratio for neutron decay, I „/I', is
approximately unity. The work reported here on " Sn is
part of a systematic study of giant resonances in heavy
nuclei using the ( e, e 'n ) reaction.

Our experimental program began with a study of the
@MR in Pb and, for several reasons, " Sn was chosen
as the next case to consider. First, (y, n) data are avail-
able on " Sn, providing an accurate estimate of the E1
multipole content in the data. There have also been
numerous hadron-scattering experiments on Sn isotopes,
so that comparisons can be made with other experi-
ments. In particular, Ullmann et al. have reported an
anomalous ratio of ~+ to m. scattering on " Sn, which
they have interpreted as indicating a large isovector com-
ponent in the isoscalar quadrupole resonance. Evidence
for this could be seen in an (e, e'n) experiment through a
low E2 sum-rule fraction; Ullmann et al. report 25% for
this sum rule. Because the Sn isotopes are medium-
weight nuclei, the EO centroid energy is an important
data point for analyses that determine the compressibility
of nuclear matter, providing additional input for the
dif6cult task of isolating surface from bulk compressibili-
ty. For heavy nuclei, the centroid energy of the EO reso-
nance has been found to be quite close to the 802
MeV value of the hydrodynamic model. For medium-
weight nuclei, the centroid energies have been found to
deviate increasingly from this value, suggesting the im-
portance of surface effects. Fina1ly, the Sn isotopes are
semimagic with a closed proton shell at Z =50, which
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simplifies calculations and makes comparisons with ex-
periments more reliable.

Compared to other types of coincidence experiments,
the technical problems in an (e, e'n) giant resonance ex-
periment are especially severe. One reason is that the
neutron detector must have adequate detection efficiency
for neutron energies as low as 1 MeV. This increases the
sensitivity of the neutron detector to y rays from the tar-
get, giving a high singles rate in the detector and a high
accidental coincidence rate. Another problem is that the
neutron energy is measured with the time-of-fight (TOF)
technique, so the true peak in the TOF spectrum is not a
sharp peak, but may be many tens of ns wide. Unfor-
tunately, the number of accidental coincidences that
must be accepted also increases with the width of the
peak. Finally, the detection efficiencies for neutrons
detectors are low and not easily measured, and therefore
introduce significant systematic error into the experimen-
tal results. This paper reports in depth on an (e, e'n) ex-
periment and the relevant experimental technique and
method used to perform a study of the E2 and EO reso-
nances.

To facilitate comparison with theory, a multipole
decomposition analysis is performed to separate the E2
and EO strength from E,1 strength. Despite significant
statistical and nonstatistical uncertainties, the data
presented here show clear evidence for resonance
strength in the excitation region from 10 to 20 MeV.
Furthermore, the data show evidence that the resonance
strength is localized at approximately 12.2- and 17.9-
MeV excitation. This strength is identified as the E2 and
EO resonances, respectively. The data are compared with
results from (a, a') experiments ' and a (~,~') experi-
ment. The resonance strengths inferred from these ex-
periments are in approximate agreement, although the
excitation energy of the EO resonance obtained from the
(e, e'n) experiment is higher than that obtained from the
hadron-scattering experiments. The excitation energy of
the EO resonance is close to the 803 ' MeV rule ob-
served in heavier nuclei. This result does not agree with
observations from other experiments on medium-weight
nuclei of a significantly lower EO energy. The (e, e'n)
data are also compared with the results of a continuum
RPA calculation for ' Sn and an open-shell RPA calcu-
lation for " Sn. In the region of the E2 resonance, both
calculations predict approximately twice the strength
seen in the (e, e'n) data. We conclude that more theoreti-
cal work is needed on Sn.

The rest of this paper is organized in the following
way: the experimental procedure and data analysis are
described in Sec. II; the multipole analysis of the data is
described in Sec. III; the results from this experiment are
compared with other experiments and theory in Sec. IV;
and finally, the results are summarized and discussed in
Sec. V.

II. EXPERIMENTAL METHOD
AND DATA ANALYSIS

A. Experimental apparatus

The experiment was performed using the electron-
scattering facility of the Nuclear Physics Laboratory at

the University of Illinois at Vrbana-Champaign (NPL).
100% duty factor electron beams with energies of up to
100 MeV and currents of up to 200 nA were incident on a
51.85-mg/cm isotopically enriched " Sn target. Scat-
tered electrons were detected in the NPL 200-MeV/c
magnetic spectrometer with solid angle of 5.0 msr, a
momentum acceptance of 6%%uo, and a momentum resolu-
tion of 6p/p of 10 . Electron events were identified by a
fourfold coincidence of a vertical drift chamber, two scin-
tillators, and a Cerenkov counter. The product of the
spectrometer solid angle and its electron detection
efficiency was determined by a comparison between mea-
sured " Sn elastic-scattering cross sections and a phase-
shift calculation of the elastic-scattering cross section us-
ing the known ground-state charge density it was al-

ways found to be greater than 90% of the geometric solid
angle. Data for (e, e'n) were taken at three different kine-
matic settings: E =68.3 MeV and 0, =55'; E =68.4
MeV and 0, =71.2; and E =99.4 MeV and 0, =59'.
Here E is the electron beam energy and 0, is the
electron-scattering angle. The corresponding effective
momentum transfers were q,z =0.37, 0.45, and 0.55
fm ', respectively. Cross sections were measured for ex-
citation energies from 10 to 20 MeV.

Two neutron detectors were employed for the experi-
ment. The neutron detectors were cylindrical glass Basks
28 cm in diameter and 5 cm deep filled with NE-213
liquid scintillant. Three Amperex XP-2041 photomulti-
pliers, each 13 cm in diameter, were coupled optically to
the Aask to detect light. The two neutron detectors were
placed in the electron-scattering plane with one approxi-
mately antiparallel to the momentum-transfer direction
and the other perpendicular to it. The neutron Aight
path was set at 1.0 m for each detector and each subtend-
ed a solid angle of 64 msr. To shield against photons, the
neutron detector was surrounded on all sides by 10 cm of
lead, except at the front of the detector where there was 5

cm of lead. The 5 cm of lead in front of the detector was
essential for reducing photon backgrounds from the tar-
get. To shield against background neutrons from the
room, the lead-encased detectors were surrounded on all
sides except the front by 20 cm of borated paraffin.
Borated paraffin collimators were placed in the gap be-
tween the front of the detectors and the scattering
chamber to complete the shielding.

To meet the specific requirements of the neutron detec-
tor logic, the tube base was designed so as to provide one
anode signal and two dynode signals. A neutron pre-
trigger was generated by passively inverting a signal from
the 14th dynode on each tube, passing it through a
leading-edge discriminator, and forming a two-out-of-
three (majority) coincidence between the tubes of a neu-
tron detector. To maximize the efficiency of the neutron
detection, the discriminator thresholds were set very low,
well into the tube noise; the majority coincidence require-
ment eliminated noise from the pretrigger. The anode
signals from the three tubes were averaged with an emit-
ter follower circuit, which provided a threefold analog
output that was sent to a constant-fraction discriminator
(CFD) and two charge-sensitive analog-to-digital convert-
er ADC's. The timing signal from the CFD was placed
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in coincidence with the pretrigger to eliminate noise sig-
nals and then used as a trigger to the coincidence-
processing electronics. " During data taking, typical sin-
gles rates in the neutron detectors were 50 kHz. Because
of the high accidental coincidence rates in this experi-
ment, it was essential that the relative timing between the
neutron detectors and the electron spectrometer be estab-
lished before data taking began. This calibration was
performed using a PuBe source.

300-

200-

B. Photon-neutron discrimination 100- rons

The number of photons observed in the neutron detec-
tors while taking data typically exceeded the number of
neutrons by an order of magnitude, greatly increasing the
accidental coincidence rate. To log data with an accept-
able trues-to-accidentals ratio and at acceptable rates, it
was necessary to discriminate against photon events both
on line (while taking data) and oF line (in the data
analysis). This was done by using both analog and digital
pulse-shape discrimination (PSD) techniques. For on-line
PSD, the signal from dynode 13 from each of the three
photomultiplier tube bases was passively added in an in-
tegrating preamplifier with a 5-ps time constant. The
preamplifier signal was then used as the input for a fast
analog PSD module designed and constructed at the
University of Illinois. In order to maintain neutron
detection eKciency as high as possible, the PSD cut was
adjusted so that approximately 10% of the photon events
would remain in the data after the cut. The remaining
photons in the data were eliminated o6'line by using digi-
tal pulse-shape discrimination. In this procedure, one
charge-sensitive ADC was gated to measure the charge in
the first 40 ns of the anode pulse, and a second ADC was
gated to measure the charge in the next 300 ns of the
pulse. In a contour plot of early gate charge versus late
gate charge, the remaining photons were identified and
removed from the data; an example of this is shown in
Fig. 1. In addition, an energy threshold was set for the
detector based on the charge in the early gated ADC; this
threshold was approximately 80-keV equivalent photon
energy.

Absolute fjight times in the TOF spectra were calibrat-
ed by reversing the digital pulse-shape discrimination
procedure to accept photon events rather than neutron
events. When this was done, a peak was observed in the
TOF spectra corresponding to the measurement of coin-
cident bremsstrahlung photons from the (e, e'y) reaction.
The "zero" time can be inferred from the location of this
peak, the known Aight path, and the velocity of light.
The coincidence-resolving time between the neutron
detectors and the electron spectrometer can also be deter-
mined by using this photon peak; it was less than 2 ns
FWHM. This resolving time is consistent with the 5-crn
depth of the neutron detectors.

After the photon cuts were made, substantial numbers
of accidental events remained in the neutron TOF spec-
tra; an example is shown in Fig. 2. The accidental coin-
cidentals were caused primarily by the high neutron sin-
gles rate from the target. The accidentals were subtract-

1

100 200

Late ADC gate charge

FIG. 1. Digital pulse-shape discrimination. The horizontal
axis is the late gate charge, and the vertical axis is the early gate
charge collected in the ADC. The dashed lines show the cuts
made for photon-neutron discrimination.
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FIG. 2. Neutron time-of-Aight spectrum for E =99.4 MeV
and 0, =59. The units on the horizontal axis are 0.25 ns per
channel. The events in this spectrum have passed analog and
digital pulse-shape discrimination.

ed from the coincident yield by using those portions of
the TOF spectrum that were known from energy con-
siderations to contain only accidental events. To provide
clean data for this subtraction, a 200-ns-wide coincidence
window was used for data acquisition even though the
base width of the neutron TOF peak was only 50 ns.
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C. Kf5ciency calibration

The efficiencies of the neutron detectors were calibrat-
ed both before and after the experiment. The calibration
was done with the detectors and the surrounding shield-
ing in the same configuration as was used for the experi-
ment to eliminate sensitivity to rescattering in the shield-
ing. The procedure used the coincident fission fragments
and neutrons from a Cf source. The efficiency was
calibrated by mounting the Cf source close to the face
of a solid-state detector and then mounting the detector
and source in the target chamber at the scattering center.
The solid-state detector was sensitive only to highly ion-
izing fission fragments, not neutrons or gamma rays.
Neutrons emitted in the fission event were detected in the
neutron detectors. To calibrate the detectors, the fission
signal from the solid-state detector was substituted for
the electron identification signal from the spectrometer in
the coincidence-processing electronics. The electronics
were started by a fission event in the solid-state detector,
and stopped by a neutron event in one of the neutron
detectors. To obtain the detector efficiency as a function
of TOF, the known' energy distribution of neutrons em-
itted in the spontaneous fission of Cf was convoluted
with the measured time response of the neutron detectors
and then compared with the measured TOF distribution.
The Cf data were analyzed using the same analog and
digital pulse-shape discrimination cuts as were applied to
the (e, e'n) data.

Because of the supports necessary to secure the Cf
source, the solid-angle acceptance for fission fragments of
the solid-state detector was 20%%uo of 2m. . During calibra-
tion, the angle of the source-detector assembly relative to

the neutron detectors was changed to check for anisotro-
pies in the neutron angular distribution, strong anisotro-
pies were observed. Figure 3 shows the typical
coincident-neutron yield per fission event as a function of
the detector angle. The angle is measured relative to the
vector normal to the surface of the solid-state detector.
These anisotropies were caused by the limited solid-angle
coverage of the solid-state detector for fission fragments.
Fission fragments resulting from the spontaneous fission
of Cf move at high velocity and, because of this, the
laboratory angular distribution for nonprompt neutrons
(those emitted from a fragment) is anisotropic and peaked
in the direction of the moving fragment. If the solid-
angle acceptance for fission fragments in the solid-state
detector had approached 2m, then the measured neutron
angular distribution would have been isotropic. ' This is
because the solid-state detector would have averaged over
all fragment directions, including neutrons emitted from
fragments moving away from the solid-state detector be-
cause the sister fragment would recoil into the detector.
Since it was not practical to build a detector with 2~
fission acceptance, or to have a Cf source deposited on
the surface of a solid-state detector, the neutron angular
distribution was measured as a function of the angle 0 be-
tween the normal vector to the solid-state detector and
the line between the solid-state detector and the center of
the neutron detectors, and the neutron energy E„. Then
the angular distribution was averaged over a 4m solid an-
gle to obtain a detector efficiency that is a function only
of E„. The solid-angle averaging was performed by
fitting an expression proportional to

1+a(E„)cos (0)

C
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FIG. 3. Measured neutron angular distribution in the Cf calibration procedure. The relative efticiency for neutron detection per
fission event is plotted as a function of the angle between the neutron detector and the normal vector to the surface of the solid-state
detector.
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In the distorted-wave Born approximation (DWBA) this
relation is approximately valid.

For simplicity, the transition charge density for each
multipole was assumed to be independent of excitation
energy. This approximation is supported by a RPA cal-
culation by Wambach and Co for Pb in which the tran-
sition charge form factors for the EO, E1, and E2 reso-
nances were calculated as a function of excitation ener-
gy. Their calculation showed that, at low momentum
transfer, the transition charge form factors are approxi-
mately independent of excitation energy, and that the
transition radii of the EO, E1, and E2 resonances are ap-
proximately equal to the ground-state radius. Therefore,
in the multipole analysis it was assumed that the half-
density radius parameter of the Tassie model satisfies

c„(E1)=c„(E2)=c
FIG. 6. (e,e'n) di6'erential cross sections averaged over neu-

tron solid angle for (a) E =68.3 MeV and 6, =55, q =0.37
fm ', (b) E =68.4 MeV and 0, =71.2, q =0.45 fm ', and (c)
E =99.4 MeV and 0, =59', q =0.55 fm '. The units are
mb/sr MeV.

tron decay is isotropic. Using the assumption that the
branching ratio for neutron decay for " Sn for these exci-
tations is approximately 100%, the (e, e'n) cross sections
were averaged and integrated over a neutron solid angle
to obtain equivalent single-arm electron-scattering cross
sections.

Radiative corrections were made on the data by calcu-
lating, ' for a given excitation energy bin, the amount of
cross section falling into successively higher bins because
of radiative effects. Starting from the lowest to the
highest excitation energies, this cross section was succes-
sively stripped away from higher excitation energy bins.
The resulting electron-scattering cross sections for the
three different momentum transfers are shown in Fig. 6.

D. Multipole analysis

The kinematics of this experiment (q,fr 0.55 fm

8, &71.2, co&20 MeV) were chosen to emphasize the
longitudinal excitation of the EO, E1, and E2 giant reso-
nances. With these kinematics, the E3 contribution to
the cross section is anticipated to be insignificant. For
comparison with theory and other experiments it was
useful to separate the contribution of the isovector E1
resonance from the contributions of the E2 and EO reso-
nances. This was done through a multipole analysis' '
in which the EO, E1, and E2 transition charge densities
were described by the Tassie form. ' It was not possible
to separate EO from E2 in such a multipole analysis be-
cause, for low-q values, the q dependence of these EO and
E2 form factors are identical and the total transition

The parameter c, and the diffuseness parameter z
were obtained by fitting the surface region of the ground-
state charge density' with a Fermi shape; the values ob-
tained were c, =5.28 fm and z, =0.58 fm. Using the
Tassie-model transition density, electron-scattering cross
sections were calculated as a function of excitation ener-
gy using DWBA. Values of dB(E1)/den and dB(E2)/
des were then fitted to the (y, n) (Ref. 4) and (e, e'n) data.
In the multipole analysis, the E1 strength was strongly
constrained at the q =co point by the (y, n) data, which
was dominantly E1.

Figure 7 shows the resonance strength inferred from
the multipole decomposition analysis. The uncertainties
shown in the figure include statistical and nonstatistical
errors. The nonstatistical error results from fitting the
data to model-dependent form factors that may not de-
scribe the momentum transfer and excitation energy be-
havior of the data reasonably. Evidence for this was
found in the average chi square per degree of freedom in
the multipole analysis; averaged over the 17 excitation
energy bins from 11.25 to 19.75 MeV, this value was 1.58.
For two degrees of freedom the probability of observing a
chi square larger than this is only 21% if the form factors
correctly describe the data. Additional systematic error
(not shown in the figure) is dominated by two main
sources. The first source results from uncertainties in
neutron detection efficiency and model error in the mul-
tipole analysis. The latter effect was tested by varying
c„(E1)and c„(E2)within reasonable limits (+10%) and
finding the change in dB(E2)/den The combined err. or
in the strength from uncertainties in neutron detector
efficiencies and model error in the multipole analysis is
estimated to be approximately +30%. The other major
source of systematic error derives from the absolute nor-
malization of the (y, n) data. To study the etfect of the
(y, n) systematic error on the multipole analysis, the
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FIG. 7. Multipole strength versus nuclear excitation energy
for " Sn. The data points are the results of this experiment.
The systematic error is not shown. The dashed and dash-dotted
curves show a Lorentzian fit to the data, and the solid curve
shows the sum of the two Lorentzians.

situation in Pb, where the E2 and EO were resolved in
an earlier (e, e'n) experiment.

Summing the strength from 11.25 to 15 MeV gives
20.6+2.8+7.4 % of the E2 energy-weighted sum rule,
and from 15 to 19.75 gives 61+8.8+22 % of the EO
energy-weighted sum rule, where the first uncertainty
contains the statistical and nonstatistical errors of the
multipole analysis, and the second uncertainty is the sys-
tematic error. To gauge the measured multipole strength
while including strength outside the excitation range of
the experiment, the (e, e'n) data were also fitted with two
Lorentzians. In the fitting procedure, the excitation and
strength of the Lorentzians were varied, but the widths of
both line shapes were fixed at 4.0 MeV to give a better
constraint on the fit. Systematic trends in giant reso-
nance data have suggested that 4 MeV is the approximate
width of the E2 and EO resonances in this mass region. '

The fitted positions and energy-weighted sum-rule
strengths for the Lorentzians are 12.2+0.7 MeV and
34+6+ 12 % for the E2, and 17.9+0.9 MeV and
93+17+33 % for the EO. Combining the statistical and
nonstatistical errors in quadrature with the systematic er-
ror gives 34+13 % and 93+37 % for the E2 and EO
energy-weighted sum rules, respectively. The Lorentzian
fits to the data are shown in Fig. 7.

(y, n) data were shifted up and down by an amount given
by the systematic error in that experiment, and then used
in the multipole analysis. The effect on the resonance
strength was +20%. Combining these two sources of er-
ror in quadrature gives a total systematic error of approx-
imately +36%. Clearly, this measurement has significant
uncertainties and would benefit from the future develop-
ment of large solid-angle and large momentum-accep-
tance electron spectrometers used in conjunction with
medium-energy 100%%uo duty-factor electron beams. The
measurement would also benefit from improved (y, n)
data.

Despite the significant uncertainties in the data, the ex-
periment clearly shows resonant strength in the excita-
tion region from 10 to 20 MeV. Furthermore, the data
suggest the resonant strength is maximized at excitation
energies of approximately 12 and 17.5 MeV. Systematic
trends' in giant resonance data support the identification
of these regions as E2 and EO resonances. The statistical
significance of the dip in the resonance strength at ap-
proximately 15-MeV excitation was tested by adjusting
the strength to a constant value from 11.25 to 19.75 MeV
and then calculating chi square. For this test, the con-
stant strength used, 152 e fm /MeV, was chosen be-
cause it gave the minimum chi-square fit to the data. Us-
ing a constant multipole strength caused the average chi
square per degree of freedom to increase from 1.58 to
1.87. Assuming that this multipole model correctly de-
scribes the co dependence of the data, the probability for
observing a larger chi square drops from 21 to 16 %%uo.

The (e, e'n) data presented here show evidence that the
E2 and EO strength is resolved. The peak-and-valley
structure seen in the " Sn (e,e'n) data is analogous to the

III. COMPARISON WITH OTHER
EXPERIMENTS AND THEORY

Figures 8 and 9 compare the results of this experiment
with the alpha-scattenng experiment of Bonin et al. on
"Sn and the pion-scattering experiment of Ullmann
et al. on " Sn, respectively. The upper half of each of
these figures shows the experimental error bands for the
combined EO and E2 strength inferred from the alpha-
and pion-scattering experiments, while the lower halves
of the figures show the separate contributions from EO
and E2 as well as the combined strength. The relative
weighting of the combined E2 and EO strength used to
produce the curves in these figures is given by Eq. (4).
The error bands were derived by combining the EO and
E2 uncertainties in quadrature. The figures show that
the quality of the (e, e'n) measurement is comparable to
what has been achieved using hadronic probes. They also
show that the (e, e'n) data and the alpha- and pion-
scattering data disagree on the shape of the resonance
strength. The (e, e'n) data show evidence for two peaks,
centered at 12.2+0.7 and 17.9+0.9 MeV, while the
alpha- and pion-scattering data exhibit a single peak.
The difference in shapes is due primarily to the position
of the EO resonance; the excitation energy of the EO
strength identified in this experiment is higher than that
identified in the hadron-scattering experiments. The
alpha- and pion-scattering experiments found EO
strength centered at 15.9+0.4 and 15.5 MeV, respective-
ly, which also agrees with another (a, a') result by Shar-
ma et al. of 15.69+0. 16 MeV for the EO centroid. The
sum-rule strengths resulting from this analysis are in ap-
proximate agreement with those from the hadron-
scattering experiments. Bonin et al. found 47+12 % and
25+13 % of the E2 and EO sum rules, respectively, while



1684 R. A. MISKIMEN et al.

600 6QP

500

400

t
:300

100

0

500—

400—
C

r,

200—

100
it

0

500 (b)
~ — ~ EP

E2+EO

500

400—
— ~ —~ EO

'300

BOO

100

it
it

it'

300

200

100

it,~' it
/

it
ip i(

r&

~ ipr

7
11 iI

I

0
12 14 16 18

Q
1

16 18

Excitat. ion Energy (MeV)

FIG. 8. (a) Multipole strength versus nuclear excitation ener-

gy compared with an alpha-scattering experiment (Ref. 6) on" Sn. The data points are the results of this experiment. The
error band shows the results of the alpha-scattering experiment.

{b) Same as for (a) except that the alpha-scattering results for
the E2, EO, and combined E2-and-EO are shown by the short-

dashed, dash-dotted, and solid curves, respectively.

Ullmann et al. found 25+8 % and 74+z8 %. Sharma
et al. found a significantly higher E2 sum-rule strength,
134+28 %, and an EO sum-rule strength comparable to
the other experiments, 101+22 %.

Figure 10 compares the data from this experiment with
a recent continuum RPA calculation' for the E2 and EO
strength in ' Sn. The calculation uses a phenomenologi-
cal Woods-Saxon basis and a Landau-Migdal effective in-
teraction. The effects of 2p-2h interactions are included
using a semiempirical model. The figure shows that the
calculation fails to describe the data and, in the region of
the E2 resonance, the theory is approximately twice as
large as the experimental result. Given the poor agree-
ment for the E2, it is interesting that the calculated posi-
tion and strength of the EO resonance agrees with the EO
strength inferred from the (e, e 'n ) data.

The result of an open-shell RPA calculation for the E2
strength in "8Sn by grown et al.2' is shown in Fig.
This calculation uses spherical Nilsson model
configurations from 2d- —,

' to 2f-—', with a separable quad-

rupole particle-hole force. The parameters of the force
were adjusted to place the 2,+ at its empirical energy, and
an effective mass ratio of 0.75 was used to place the E2
resonance at an energy of 643 ' MeV. This calcula-
tion used a realistic ratio of 1.04 for the ratio of neutron

Excitation Energy (MeV)

FIG. 9. (a) Same as for Fig. 8(a) except the comparison is for

pion scattering (Ref. 8) on '"Sn. (b) Same as for Fig. 8(b) except

the comparison is for pion scattering (Ref. 8) on " Sn.

to proton rms radii. All significant E2 strength was
found in five excitations from 9.5 to 13.2 MeV and was
dominated by a single state at 13.2 MeV. The result
shown in Fig. 11 was obtained by folding the state at 13.2
Me V with a Lorentzian of width 4 MeV. The E2
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FIG. 10. Comparison of data and the results of a continuum
RPA calculation for "Sn (Ref. 19). The dashed curve is the E2
strength, the dash-dotted curve the EO strength, and the solid
curve is the sum of E2 and EO.
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FIG. 11. Comparison of data and the results from an open-
shell RPA calculation (Ref. 21) for '"Sn that includes only the
E2.

energy-weighted sum rule is strictly satisfied in the calcu-
lation. Comparison of theory with the (e, e'n) data shows
that the open-shell RPA calculation fails to describe the
data. Like the continuum RPA calculation, the open-
shell RPA calculation is more than twice as large as the
(e, e'n) data in the region of the E2 resonance. Note that
the EO resonance is not included in the theoretical curve.

IV. SUMMARY AND CONCLUSIONS

An (e, e'n) experiment to study the giant multipole res-
onances in " Sn has been presented. Compared to many
other types of coincidence experiments, the technical
problems in an (e, e'n) giant resonance experiment are
severe but can be overcome. Because the neutron
branching ratio is approximately unity for GMR decay in
heavy nuclei, the (e, e'n) reaction is particularly well suit-
ed for studying the GMR in heavy nuclei. The experi-
mental techniques used in the measurement were dis-
cussed in detail. Despite significant statistical and non-
statistical uncertainties, the experiment clearly demon-
strates resonance strength in the excitation region from
10 to 20 MeV, and the quality of the data (including sta-
tistical, nonstatistical, and systematic errors) is compara-
ble to what has been achieved using hadronic probes.

The data show statistically significant evidence for two
peaks in the sum of the EO and E2 resonance strengths,
centered at 12.2 and 17.9 MeV, which were identified as
the E2 and EO resonances, respectively. Using a
Lorentzian fit, the first peak satisfies 34+13 % of the E2
energy-weighted sum rule, and the second peak satisfies
93+37 % of the EP energy-weighted sum rule. The
(e, e'n) results were compared with alpha- and pion-
scattering results, and there is approximate agreement be-
tween the sum-rule strengths observed in this experiment

and in the hadron-scattering experiments, although the
EO strength identified in this experiment is at higher exci-
tation energy. Given the different sensitivities of the had-
ron and electron probes to higher-resonance multipolari-
ties, isospin, nonresonant backgrounds, and nuclear form
factors, some disagreement should be expected.

The excitation energy of the EO resonance is a subject
of great interest because it can be related to the compres-
sibility of nuclear matter. For heavy nuclei (A ) 160),
systematic trends indicate that the excitation energy of
the EO resonance is at approximatly 80A ' MeV. For
lighter nuclei the data are not expected to follow this rule
because surface effects become more important as the
mass number decreases. The systematics of lighter nuclei
indicate a break in this trend in the direction of lower ex-
citation energy and, at A =60, the data suggest that the
E2 and EO resonances might well coincide in excitation
energy. To determine the compressibility of nuclear
matter it is necessary to measure the excitation energy of
the EO resonance over a large range of A, so that bulk
effects can be separated from surface effects. Therefore,
the existence of this trend is a matter of some impor-
tance. Experimental data show the EO sum-rule
strengths decreasing almost linearly from about 100%
depletion in A ) 160 nuclei to about 10% in nuclei with
A =60. This missing EO sum-rule strength in light- and
medium-weight nuclei may cast doubt on the validity of
the EO excitation energy systematics for light nuclei,
since the missing sum-rule strength could well be at
higher excitation energy. The EO excitation energy in-
ferred in this experiment, 17.9+0.9 MeV, is actually
higher than the empirical 80A ' MeV rule, which
gives 16.4 MeV for " Sn. Therefore, this measurement
does not agree with observations from other experiments
of a systematically lower EO excitation energy in
medium-weight nuclei ~

The (e, e'n) results were also compared with a continu-
um RPA calculation for ' Sn and an open-shell RPA
calculation for " Sn. For both calculations the agree-
ment between experiment and theory was poor, especially
in the region of the E2 resonance where the theories were
twice as large as the data. Despite this fact, the EO
strength predicted by the continuum RPA calculation
agrees quite well with the EO strength inferred from the
(e, e'n) data. The situation in Sn contrasts greatly with

Pb, a doubly closed-shell nucleus, where the agreement
between the (e, e'n) data and RPA was excellent. Clear-
ly, more theoretical work is needed on nondoubly closed-
shell nuclei such as Sn.
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