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Excitation and fission decay of U using the (' 0,' 0') reaction
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The inelastic scattering of 375 MeV ' 0 projectiles was used to study the giant resonance region
in 2"U. The energy, width, and strength of the giant quadrupole resonance (GQR) were extracted
from singles spectra and fission probabilities were deduced from singles and coincidence data. An-

gular correlations between fission fragments and inelastically scattered particles were measured to
search for evidence of E conservation in the fission decay of the GQR.

I. INTRODUCTION

Giant resonances in U and, in particular, their
fission decay properties have been the subject of a num-
ber of recent investigations, ' often with conflicting re-
sults. Recent (e,e'f) measurements have apparently laid
to rest the controversy over the fission probability of the
isoscalar giant quadrupole resonance (GQR). However,
there remain uncertainties in the centroid, width, and
strength of the GQR, and the possibility of K conserva-
tion ' in the fission decay of the GQR has not been
resolved. The present studies were undertaken to address
these points.

II. EXPERIMENTAL PROCEDURES

The measurements were made using 375 MeV ' 0 ions
from the coupled accelerators at the Holifield Heavy Ion
Research Facility. Scattered particles were detected at
the focal plane of the Broad Range Magnetic Spectro-
graph. An absorber was placed over part of the focal
plane detector to keep elastically scattered particles, and
most of the particles from transfer reactions, from enter-
ing the detector. The energy resolution was approxi-
mately 300 keV full width at half maximum (FWHM).
The spectrograph was set to accept approximately 4' in
the scattering plane and particle trajectories determined
by the focal plane detector allowed measurement of the
scattering angle to better than +0.1'. Calibration of the
solid angle was obtained by comparing measured elastic
scattering cross sections with optical model calculations.

For the coincidence studies, fission fragments were
detected by four 8.2 X9.4 cm position-sensitive
avalanche detectors which formed a box with sides paral-
lel to, and 6.2 cm from, the beam line. Opposing detec-
tors were offset parallel to the beam line in order to ob-
tain partial coverage of all fission angles (measured rela-
tive to the recoil axis). The detectors were arranged to
detect both fission fragments for reactions having open-
ing angles near 180' but, due to nonuniform detection

eSciency, for many events only one fragment was detect-
ed.

The targets were self-supporting metallic foils of dep-
leted uranium with thicknesses of approximately 0.50
mg/cm . During the coincidence measurements, the tar-
gets were oriented at an angle of 45' to the beam line to
minimize shadowing of the fission detectors by the target
frame.

III. SINGLES MEASUREMENTS

Inelastic spectra were taken at spectrograph angle set-
tings of 10' and 13' and a typical spectrum is shown in
Fig. 1. The region below about 2 MeV of excitation was
eliminated by the absorber in front of the focal plane
detectors. A broad peak is observed at about 10 MeV of
excitation which, based on comparison with results re-
ported for zosPb using 160 and '70 projectiles 9'10 i
buted primarily to the GQR. The peak/background ra-
tio is, however, considerably smaller than for Pb. This
can be attributed in part to the higher density of low-

lying states in U which results in the strong continuum
observed at lower excitation energies. In addition, the
GQR is predicted to have a larger width in deformed nu-
clei due to fragmentation of the resonance into its
separate E components. "'

To obtain the angular distribution for the GQR, the
data were divided into 0.25' (lab) angle bins and a least-
squares fit was made to each spectrum. The background
was constructed from a linear component to fit the region
above about 15 MeV plus a skewed-Gaussian to repro-
duce the low excitation region. The GQR can be fit by ei-
ther an asymmetric Gaussian skewed to the high energy
side, or a symmetric Gaussian plus a second peak at
about 13 MeV having a cross section -20go of that of
the GQR. The second alternative was chosen since it ap-
pears reasonable to assume that the peak at 13 MeV can
be attributed to the giant monopole resonance. The ener-

gy is consistent with values reported ' for U (GMR)
and the yield is consistent with the relative EO/E2 cross
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FIG. 1. Singles spectrum from the "'U("0,"0') reaction at
E("0)= 375 MeV. The solid line is the GQR peak obtained in
the least-squares fit and the open circles show the continuum
obtained by subtraction of the GQR from the singles spectrum.

sections reported' in the Pb(' 0, ' 0') reaction.
Initially, the position and width of the GQR were al-

lowed to vary during the fitting process, resulting in
somewhat different values for each angle bin. The aver-
age value obtained for the centroid of the GQR was
9.7+0.2 MeV. The widths obtained from these fits
displayed larger variations and resulted in an average
value of 3.6+0.5 MeV FWHM. The position and width
of the GQR were then fixed at the average values to ob-
tain the final peak areas. The resultant cross sections,
corrected for spectrograph solid angle and converted to
the center-of-mass system, are shown in Fig. 2. The error
bars reflect the large uncertainty in the peak width and
the decreasing peak/background ratio at 8 & 12'. An ad-
ditional uncertainty of +10%%uo in the overall normaliza-
tion is not included. Also shown in Fig. 2 is a coupled-
channels prediction for an L =2 transition calculated
with the code pTQLEMY. ' The calculations used a de-
formed optical potential with p=0.0845, and geometry
taken from a study' of 400 MeV ' 0 scattering from
2csPb. A deformed nuclear potential with pi=0. 27 and
p4=0. 051 was used for the U nucleus. Only the
ground state and GQR were included in these calcula-
tions. The predicted shape agrees with the data for
0&11', but the predicted maximum near 10' is not evi-
dent in the data. Comparison of the measured and calcu-
lated cross sections over the angular range from 12' to 16'
results in a strength of (90+20)%%uo of the E2 energy-
weighted sum rule (EWSR) in the 9.7 MeV peak.

The parameters deduced for the GQR are in reason-
able agreement with those reported in (a, a') measure-
ments and recent (e,e'f) coincidence studies, s and with
systematics for the GQR. ' The energy is somewhat
lower than the value of 10.8+0.3 MeV reported in (a,a')

FIG. 2. Comparison of the measured angular distribution for
the GQR with a distorted-wave Born approximation prediction
assuming 100/o E2 EWSR.

but appears to be in good agreement with the (e, e'f ) re-
sults. The width agrees, within the experimental uncer-
tainties, with the value of 3.0+0.4 MeV reported in
(a, a') but appears to be significantly broader than the
peak observed in (e,e'f ). The strength obtained in the
present study is also larger than that obtained in the
(a, a') measurement which may indicate that other reso-
nances, such as the L =4 resonance reported in (a, a'),
make a significant contribution to the 9.7 MeV peak.

IV. COINCIDENCE STUDIES

An inelastic spectrum recorded in coincidence with
fission fragments is shown in the upper part of Fig. 3.
The complexity of the coincidence spectra, as compared
to singles, is due to variation of the fission probability
(I'f) with excitation energy. The peak near the fission
barrier at about 6 MeV and the rise at the threshold for
second-chance fission at about 13 MeV are well known
features of U fission gated spectra. In the interven-
ing region from 7 to 12 MeV there is only a relatively
smooth "hump" which cannot be readily decomposed
into continuum and resonance components. We can,
however, determine the fission probability for the com-
bined continuum plus GQR by dividing the coincidence
spectrum, integrated over all fission angles, by the singles
spectrum.

The coincidence data were first corrected for the solid
angle and detection efficiency of the fission fragment
detectors. The solid angle was calculated from the detec-
tor geometry and the efFiciency corrections were deduced
from the ratio of double (' 0'f ) to triplet (' 0'ff) coin-
cidences. The result is shown in the lower part of Fig. 3.
The correction factors varied considerably with fission
angle, particularly for 50' & Of (70' which corresponds to
fragments hitting near the edges of the detectors, and in-

troduce an estimated +20%%uo uncertainty in the normali-
zation of the coincidence data. The correction factors
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were, however, nearly independent of the excitation ener-
gy. Thus, with the possible exception of energies near the
fission barrier where the angular correlation is sharply
peaked around the recoil axis, the dependence of Pf on
excitation energy is believed to be unafFected by these
corrections. The results shown in Fig. 3(b) are somewhat
smaller than, but otherwise in very good agreement with,
values deduced from photofission measurements. ' '

The first point to note from Fig. 3(b) is that for ener-
gies between about 10 MeV, where the GQR cross sec-
tion is a maximum in the singles spectrum, and 12 MeV,
where the GQR is relatively weak, the fission probability
is nearly constant. If Pf for the continuum is assumed to
be constant over this energy range, as found in
photofission studies" for dipole transitions then Pf for
the GQR must be nearly identical to that for the continu-
um, in agreement with the conclusions of Refs. 3 and 8.
If Pf for the GQR and continuum are identical at all ex-
citation energies, then the coincidence spectrum can be
decomposed as shown in Fig. 3(a). Here, the GQR and
continuum obtained from singles have been multiplied by
the fission probabilities shown in Fig. 3(b). Also shown

for comparison is the GQR peak shape obtained in sin-
gles, normalized to the same area as in coincidence. The
net effect on the GQR peak is a slight broadening and a
shift of the centroid to about 9.5 MeV in the coincidence
spectrum. There is no indication of any significant
difference in Pf for the GQR and the continuum at lower
excitation energies as one might have expected on the
basis of recent statistical model calculations. '

The present results are consistent with photofission
measurements up to about 14 MeV, but at higher excita-
tion energies Pf is considerably smaller than the
photofission values. A similar effect is also apparent in
the results reported for the U( Li, Li'f) reaction.
The most likely explanation for this difference is that in
heavy-ion scattering, the energy lost in the reaction is not
always due to inelastic excitation of the target nucleus,
but includes more complicated reactions which do not
lead to fission.

The angular correlation between inelastically scattered
particles and fission fragments is a potentially useful
means of studying the fission decay process. For excita-
tion energies near the fission barrier, fission fragments are
emitted preferentially along the recoil axis' due to the
dominance of K =0 transition states at the saddle point.
With increasing excitation energy, the density of transi-
tion states at the saddle point with K )0 increases, even-
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FIG. 3. (a) Spectrum obtained in coincidence with fission
fragments integrated over all fission angles (solid points). The
open points and the peak shown by the solid line were obtained
by multiplying the continuum and GQR peak from singles data
by the fission probability shown in (b). The dashed line is the
GQR peak shape from singles. (b) Fission probability obtained
by dividing the coincidence data by the singles spectrum, with
solid angle and efBciency corrections applied as noted in the
text. The inset shows the region of the GQR on an expanded
energy scale.
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FIG. 4. (a) Angular correlation between inelastically scat-
tered particles and fission fragments for E*=10—11 MeV and
15—16 MeV. The solid lines are fits to the function
W(8) = Ao+ A2sin 8. (b) Anisotropy, W(90)/W(0), as a func-
tion of excitation energy. The data were normalized to give
isotropy for energies from 25 to 35 MeV.
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tually resulting in an isotropic angular correlation. '

The absolute cross sections for individual fission frag-
ment angle bins have large uncertainties due to the solid
angle and detection eSciency corrections which could
mask any small anisotropy that might be present. There-
fore, spectra gated by fission fragments emitted in 10'
wide angle bins were normalized to give the same number
of counts for E* between 25 and 35 MeV. The angular
correlation for each 0.5 or 1.0 MeV wide excitation ener-

gy bin is adequately described by a simple function of the
form W(8) = Ao+ A2sin 8, except for energies near the
barrier. The anisotropies, W(90)/W(0), obtained from
these fits are plotted in Fig. 4. The expected strong an-

isotropy below about 8 MeV is clearly evident and for en-

ergies above about 14 MeV the correlation is isotropic
within the experimental uncertainties. However, in the
region from 9 to 13 MeV, there appears to be a prefer-
ence for decay at 90'. The nonuniform eSciency of the
fission fragment detectors cast some doubt on this result,
but it seems unlikely that the detectors could introduce
an anisotropy in such a localized energy region. It is in-
teresting that the asymmetry is largest for energies
around 10—12 MeV, i.e., the high energy side of the
GQR. This would correspond to the predicted position
of the E =2 component of the GQR, for which the angu-
lar correlation would be peaked at 90'. The angular
correlations for the 10-11 and 15—16 MeV energy bins
are shown at the top of Fig. 4 to indicate the quality of
the fits.

A recent (e, e'f) measurement found that the E2 reso-
nance has a larger symmetric fission component than oth-
er resonances. In that study, I z/I „has a peak in the
region of 10—12 MeV which the authors interpret as an
enhanced coupling of the GQR to the fission process.
Perhaps the present result is a further indication of
unusual fission decay properties of the GQR.

V. CONCLUSIONS

From the singles measurements, we obtain values of
9.7+0.2 MeV and 3.6+0.5 MeV for the centroid and
width of the GQR, respectively, and conclude that the
GQR in U exhausts a large fraction (90+20%) of the
E2 energy weighted sum rule. Fission probabilities are
consistent with photofission data up to about 14 MeV of
excitation and indicate that the fission probability for the
GQR is essentially identical to that for the underlying
continuum. A small anisotropy is indicated for excita-
tion energies from 10 to 12 MeV which may suggest an
anomalous decay mode for the K =2 component of the
GQR.
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