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We have measured the coincidence cross sections 23¥Ul(e,e’f) at three values of momentum transfer
(g =0.26, 0.40, and 0.55 fm~!) over the range from 5 to 23 MeV in excitation energy; these values of
q correspond approximately to the first maxima of the electric dipole, quadrupole/monopole, and
octupole form factors, respectively. The angular distribution of fission fragments is peaked along
the direction of q near fission threshold, indicating the dominance of K=0 states, but becomes iso-
tropic above 10 MeV. We have integrated our cross sections over fission angle and compared them
to recent calculations of multipole strength derived in the quasiparticle random phase approxima-
tion. Using model-dependent form factors generated from the Tassie model and the quasiparticle
random phase approximation, we have extracted strength functions for the lowest electric mul-
tipoles. The deduced E1 strength agrees well with photofission results for reasonable choices of the
model form factors. The E2/EOQ distribution displays resonant structures at 10 and 13 MeV which
agree in position with the collective E2 and EO strength, respectively, predicted in the quasiparticle
random phase approximation. If we make such an assignment for the multipolarity of these two
structures, the observed EO strength agrees with the theoretical prediction, whereas the E2 strength
is low by a factor of 2—3. Higher order multipoles also contribute substantially to the cross section
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at our highest value of q.

I. INTRODUCTION

Most of the experimental evidence for the giant mono-
pole (GMR), quadrupole (GQR), and octupole (GOR) res-
onances comes from observations in which large back-
grounds dwarf the resonant contribution.! This back-
ground renders these measurements insensitive to mul-
tipole strength that is not well localized in excitation ener-
gy. The broad overlapping nature of the multipole reso-
nances further complicates attempts to identify them.

Two most widely used reactions for these studies have
been the inelastic scattering of alpha particles and elec-
trons. Alpha particles are useful because they predom-
inantly excite isoscalar resonances. Therefore, the giant
dipole resonance (GDR) will not interfere with the isoscal-
ar GMR and GQR. Both inclusive (a,a’f) (Refs. 2 and
3) and coincidence (a,a’) (Refs. 4—10) experiments on
uranium display a large continuum background due to
multistep processes which is not fully understood. Elec-
trons, on the other hand, although exciting isoscalar and
isovector resonances equally, interact with the nucleus in a
well-understood and simple manner. Electron scattering
proceeds almost exclusively through the exchange of a
single virtual photon. However, the inclusive scattering
(e,e”) (Ref. 11) at forward angles and low g suffers from
the large radiative tail of the elastic scattering which ac-
counts for at least 95% of the cross section in the giant-
resonance region. Although one can, in principle, calcu-
late the radiative tail to any degree of precision, in prac-
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tice the presence of even a small non-target-related back-
ground leads to large systematic uncertainties. One must
therefore parametrize the shape, fit it to the observed tail
in a region devoid of inelastic excitation, and extrapolate
to the region of the giant resonances. This is particularly
difficult for high-Z nuclei with large inelastic scattering
contributions throughout a full range of excitation energy.

Inclusive electrofission experiments 23¥Ul(e,f) (Refs.
12—19) do not provide the resonant strength directly; they
record a convolution of that strength with a spectrum of
virtual photons produced by the electron’s field. The elec-
tric dipole contribution dominates in these cross sections,
making an extraction of E2 strength very sensitive to the
absolute magnitude of the cross section and the precise
form of the theoretical virtual photon spectrum used for
unfolding. No one yet knows either of these quantities to
sufficient accuracy to make a realistic determination of
the E2 strength.!”” The various experiments yield E2
strengths in the fission channel ranging from 0% to 70%
to a full sum rule. In the course of our coincidence exper-
iment we have measured (e,f) cross sections between 45
and 120 MeV (Ref. 19) and have compared these with cal-
culations incorporating the most recent distorted wave
calculations of the virtual photon spectra which include
the finite nuclear size.?® These results are consistent with
the coincidence results presented below, but shed no new
light on the problem.

Demanding a coincidence between the scattered elec-
tron and decay particle alleviates many of the problems
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with inclusive electron scattering experiments. The large
radiative tail from the elastic scattering disappears, and
the coincidence spectrum becomes free of background.
Thus, these exclusive measurements hold the promise of
accurately determining multipole excitation functions,
even when the strength is not concentrated in a resonance,
as well as giving a precise account of the nuclear decay in
the continuum. Coincidence experiments have only re-
cently become possible with the advent of a new class of
high-duty-factor electron accelerators. A group at the
University of Illinois has performed the first (e,e’f) mea-
surement on 2**U.2! In the present experiment we have
extended their measurements to higher momentum
transfer q and excitation energy . This paper expands an
earlier letter concerning our work and condenses an un-
published report of the same.??

II. ELECTRON SCATTERING FORMALISM

Electrons of initial relativistic momentum k bombard a
thin uranium target. Those scattered at 6.=40°, having
momentum k’, enter a magnetic spectrometer for analysis.

1 d30'f
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in which oy, is the Mott cross section given by
Z’a*cos’(0,/2)

M= 3 T
M= 4E2sin%(6./2)
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E, is the incident beam energy, Z is the nuclear charge, a
is the fine structure constant, V¢, Vr, Ver, and Vpp are
kinematic factors, | Fc |2 and | Fr|? are the Coulomb
and transverse form factors, P;" are the associated Legen-
dre polynomials, 47", By, and C}' are the angular corre-
lation coefficients of the decay, and the summation index
k runs from O to 2A constrained by the fact that P;* must
be defined. We use the coordinate system in which 2=4q
and ?-——ﬁ xk’, whereas Kleppinger uses a system with §
and —RX exchanged.”® The form factors are tied to the
Coulomb and transverse multipole operators by the rela-
tions?®

| Fe|?= | (A||Ma(9)][0) | %, 2

| Fr 2= (AIT@I10) |* .

The Coulomb matrix elements depend on the radial tran-
sition charge density p:}(r) and the spherical Bessel func-
tions j, (qr):

(MIM@)10) = [ 7 jalgrphirridr . (3)
In the low-g limit and also in the hydrodynamic model

for collective excitations,?* the transverse (current) matrix
elements are related to the Coulomb elements by

The virtual photon produced in scattering transfers
momentum g=k —k' and energy o=k —k' to the urani-
um nucleus, thereby exciting the giant resonances. Be-
cause the recoil kinetic energy of the heavy target nucleus
is negligible, essentially all of the energy w goes into inter-
nal excitation. The subsequent decay of the giant reso-
nances in 23®U proceeds almost exclusively? by fission or
neutron emission. We have measured this fission decay at
various angles in the present experiment. We assume that
the decay of the giant resonances is independent of the
electroexcitation mechanism which formed them, and
therefore that these two processes can be treated separate-
ly.

A. Electroexcitation

Kleppinger and Walecka? have derived a general ex-
pression for the coincidence electron scattering cross sec-
tions in the plane-wave Born approximation (PWBA).
For a single resonance with spin and parity A" in a nu-
cleus with a 0 ground state, we choose to write

=(Vc | Fc|*+Vr | Fr|Y'S Ay Py(cosd) + VrReFEFr S, By Py(cosf)cosd
k k
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The angular correlation coefficients 4; depend on the
multipolarity of the transition and on the decay mecha-
nism. Once these are known, however, the coefficients By
and Cj can be calculated directly. For comparison with a
continuum spectrum, e.g., the giant resonance region with
overlapping resonances, Eq. (1) must be summed over
multipolarity.

For discrete states, the transition charge density results
directly from a Fourier transform of the experimental
form factor o /o). Such a transformation is possible be-
cause these states are narrow and easily identified, even at
large momentum transfers where the cross sections are
small. The broad resonances in the continuum, on the
other hand, overlap with resonances of other multipolari-
ties. In addition, the idea of localized resonances with
well-defined shapes is not well founded; one should speak
more precisely of a strength function dB(BA,w)/dw
which may be broadly distributed in excitation energy.
Although measurements of the continuum response over a
large range of g would permit the determination of both
the strength function and the transition densities of all
multipolarities in a self-consistent and unambiguous way,
this goal is a long way off, in practice. In the present
work, which was limited to onlg three values of g, we
must assume some model for p;(r) and calculate the g
dependence of the form factors.

Fortunately, at low momentum transfers the form fac-
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tors depend only on average values of the charge distribu-
tion. For reasonably small values of g, gr will be small
compared to unity wherever p:r(r) is nonzero. Therefore
we can write

it
(2A+D1°

and the form factor will only depend on an average prop-
erty of the transition density, the transition radiUS'

/A
Rﬁ: [ fo A+2p£}(r)dr/f rpn.(r)dr

The transition strength of a particular state is also defined
in this low-q region where the momentum transfer factors
out of the integral:

B(EA)=1imO{[(2x+1)!!]2q—2*| (A||M;(0)]]0) |3
q—-)

Jalgr)= (5)

(6)
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Because the volume integral of the transition charge
density vanishes for the compressional monopole vibra-
tion, it must be treated as a separate case:

B(E0)=lim[41r36q —41€0||Mo(g)|[0) | 2]

“47T|f rion(r) dr‘ . (8)

In heavy nuclei like uranium the plane wave Born ap-
proximation fails due to the large Coulomb force, thus
making the distorted wave Born approximation (DWBA)
necessary for all calculations. The distorted waves mix
the Coulomb and transverse contributions to the cross sec-
tion and fill in the minima of the form factors. In this
case the matrix elements depend on Ej and 6. as well as
on q.

B. Fission decay

In a deformed nucleus such as uranium (prolate), a new
quantum number K arises from the projection of the total
angular momentum onto the body-fixed symmetry axis.
The quantum mechanical wave functions for such a sys-
tem are those of a symmetric rotor. These are the rota-
tional wave functions Djx(a,B,y) for which (a,B,y) are
the Euler angles required to rotate the lab system to the
body fixed system. Since fission fragments are gr&sumed
to emerge along the body-fixed symmetry axis,?’ the dif-
ferential cross section as a function of angle is proportion-
al to
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| Dix(a,B,7) | *sinBdBda .

The q direction defines the z axis for the fissioning sys-
tem; therefore, B=6; and sinfdBda=d )y, and

d
z |dyk(6,) |

dQ « | Dygla,B,y) | =

2J+1 —=— Wik (6)) . ©)

The angular distribution functions W,{,K(Bf) are nor-
malized such that their integral over all solid angle is uni-
ty. Table I lists these angular distribution functions for
various values of J and K. In the PWBA limit M must
be exactly zero. The contribution from M =0 states at the
energies of this experiment are expected to be small.

These angular correlation coefficients in the framework
of the electron scattering formalism can be expressed as

2J
Wik(67)= 3 DyPy(cosby) , (10)
k=0
in which the coefficients D; are nonzero only when k is
even due to the symmetry imposed by fission fragments
being emitted back to back. Equation (10) determines the

coefficients of Eq. (1) for a state with particular values of
Jand K.

III. EXPERIMENTAL SETUP

A. Spectrometer

The inelastically scattered electrons were analyzed in a
91 cm double-focusing magnetic spectrometer,?® instru-
mented with 24 NE102 plastic scintillators in combina-
tion with an NEI102 backing counter and a lucite
Cerenkov counter. The 24 counters, of dimension
0.95x0.95% 10.2 cm, overlapped each other by a third,
forming a total of 47 channels. The momentum accep-
tance of the system was Ap /p=0.04, implying better than
200 keV resolution per channel for electron beams below
200 MeV delivered by the Stanford Superconducting Re-
cyclotron.?

The solid angle-efficiency product was determined by
measuring the elastic scattering from a '’C target of
known thickness: Indeed, taking the nominal solid angle
of 3.6 msr from ray-tracing showed the focal plane array
to have an efficiency of [(100+5)%].

We determined the location of the focal plane, the
dispersion calibration of the detectors, and the final ener-
gy calibration using a combination of actual electron
scattering data on '2C and calculations using the program

TABLE 1. The angular correlation functions Wi (0).

J K=0 K=1 K=2 K=3
0 7

1 3cos?0 2sin%0

2 +(3cos?9—1) 2 cos?0sin’9 —-sin*0

3 +(5cos’0—3 cosd)? 2L (5cos?6— 1)%sin%0 1% cos?@sin*g ¥ sin%0
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TRANSPORT (Ref. 30) and ray-tracing codes.

The calculated dispersion of each of the 47 spectrome-
ter channels relies on the incorrect assumption that each
channel is exactly 0.32 cm wide. To allow for size varia-
tions, we have assigned a relative efficiency, close to uni-
ty, to each channel. Measurements of these relative effi-
ciencies were made from the smooth portions of the
12C(e,e’) radiative tail. We fitted the observed scattering
spectrum to the theoretical radiative tail plus a 1/E back-
ground. The form of the background results from the as-
sumption that each detector sees the same non-target-
related background count rate. The normalized spectrum
of these events (counts/MeV/uC) will have a 1/AE;
dependence, for which AE; is the energy dispersion of an
individual element in the focal plane. Since AE; is pro-
portional to the mean energy of electrons analyzed in
detector i, the background varies as 1/E. The relative ef-
ficiencies were defined as the ratio of counts in a particu-
lar channel compared to the smooth fitted curve. Even
channels, which correspond to overlap between two physi-
cal scintillators, had efficiencies less than unity. Odd
channels, which correspond to the middle third of each
scintillator, had efficiencies larger than unity. The effi-
ciency correction preserved the number of total counts
recorded in the focal plane and, in general, merely redis-
tributed counts from the overlap channels into their
nearest neighbors.

The scattering angle of 40° proved to be a compromise
between high coincidence counting rates at small angles
(due to the rapidly rising Mott cross section) and high
momentum transfer for a fixed beam energy at large an-
gles. This was still far enough forward in angle such that
only electric multipoles contributed significantly to the
cross sections.

B. Parallel plate avalanche counters

Parallel plate avalanche counters (PPAC’s) have been
demonstrated to provide fission fragment identification in
an intense electron background,’! an environment which
easily overloads scintillators and solid state detectors.
Furthermore, fission fragments rapidly damage solid state
detectors, whereas PPAC’s are impervious to such dam-
age.

We have used arrays of PPAC’s in two configurations
(shown in Fig. 1) during the present experiment. Al-
though the six detectors in Fig. 1(a) are arranged symme-
trically about the beam axis, they see different angles with
respect to the direction of momentum transfer q. Table II
lists the mean angle with respect to ¢ and the deduced
solid-angle efficiency product for each PPAC in the two
configurations.

Each rectangular PPAC was roughly 4 cm X8 cm in
size and consisted of an aluminum cathode embedded in a
lucite body and a 2 um aluminized Mylar anode mounted
on an aluminum frame. The anode and cathode were
separated by 3 mm. A second Mylar window retained the
propane gas which constantly flowed through the
PPAC’s. This window bulged slightly at the operating
pressure of 12 Torr; however, the anode window remained
parallel to the cathode at all points. A positive voltage of
~650 V produced an excellent signal-to-noise ratio.

(a)

FIG. 1. The PPAC configurations used in the present experi-
ment, for (a) the first and third runs, and (b) the second run.

Leading edge discriminators were used for the fast ( <5 ns
rise time after transmission through 100 m of 50 Q coaxi-
al cable) PPAC signals.

The solid angles of the PPAC’s were measured in two
ways. We placed a 252Cf source at the target position and
recorded relative counting rates for the PPAC’s with
respect to a solid state counter of precisely determined
solid angle. This method, when applied to the array of
Fig. 1(a), agreed within the accuracy of the measurement
(5%) with a geometrical determination of the solid angle
deduced by numerical integration over the rectangular
faces of the detectors (accurate again to 5%); this agree-
ment was assurance of the 100% efficiency of the
avalanche counters. For the arrangement of Fig. 1(b) the
source test was not accurate for the detectors 3', 5’, 6/, and
7' since the fission fragment distribution of the 252Cf
source falls off at small angles with respect to the plane of
the foil. Nor could the geometrical results be relied upon
entirely, because detectors 3’ and 7' were partially sha-
dowed by the target in the actual experiment. Hence, we
determined relative solid angles using the accidental coin-
cidence events collected during the experiment; these will
have the angular distribution of the singles 2*®U(e,f) cross
section which is known to be isotropic'3~!* at the beam
energies of this experiment. We then obtained the abso-
lute solid angles by normalizing to the results of the detec-



TABLE II. Angular positions of the centers of the PPAC’s
with respect to a momentum transfer direction of 65° from the
beam axis expressed in the coordinate system with 2=@ and
?:E xk’. Detectors used in the second and third experimental
runs are indicated with primes and double primes, respectively.
Deduced solid angle-efficiency products are also given for each
detector.

PPAC 9 (deg) & (deg) AQ (msr)
1 128 206 202
2 82 227 197
3 170 270 193
4 85 315 195
5 128 333 197
6 62 272 200
1 174 275 155
2’ 140 271 150
3 55 270 115
4’ 87 271 152
5 133 184 202
6’ 90 220 234
7 85 187 113
1 170 270 169
2" 128 206 121
3" 82 227 182
4" 62 272 142
5" 85 315 146
6" 128 333 211

tor for which the 2*’Cf source test and the geometrical
calculations agreed. Again, the estimated uncertainty is
5%.

C. Other details

The targets employed in the measurements consisted of
536, 454, 455, and 369 ,ug/cmz of depleted uranium be-
tween layers of 40 ug/cm? carbon. The carbon not only
reduced target oxidation, but also provided the necessary
thermal emissivity to carry off the energy from the elec-
tron beam. We deduced the thicknesses with 4% accura-
cy using Rutherford scattering of 12 MeV alpha particles
produced at the Lawrence Livermore National Laboratory
Cyclograaff facility. These numbers agreed with esti-
mates made during target fabrication.

A toroid current monitor 20 cm upstream from the
scattering chamber integrated the beam current. We cali-
brated the integrator by drawing a known current through
a wire which passed through the toroid. The integration
system proved reliable to 2% accuracy in the final data-
taking run.

We have taken the present data in three separate runs,
the first and the third using the configuration of Fig. 1(a)
and the second using the array of Fig. 1(b). These data
correspond to incident beam energies of 80.3 and 118.4
MeV in the first run, 82.5, 120.7, and 163.8 MeV in the
second run, and 81.6, 119.1, and 159.9 MeV in the third
run, and cover a number of overlapping spectrometer set-
tings spanning 5—23 MeV in excitation energy. Typical
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beam currents were 10—40 pA, and with duty factors of
50%, except at the highest energies.

IV. DATA REDUCTION

A. Cross section

For each coincident event, a CAMAC time-to-digital
converter recorded the time difference between the elec-
tron and the fission signals. The corresponding spectrum
(see Fig. 2) shows a large peak due to true coincidences,
typically 8 ns wide [full width at half maximum
(FWHM)], on top of a flat background. The electronic
gating of the coincidence circuitry limits the background
plateau to 100 ns in duration. The events in the region
away from the true coincidence peak allow for an accurate
subtraction of accidental coincidences from true events.

The number of true events divided by the energy width
of the spectrometer channel, the solid angles of the fission
counter and the spectrometer, the target thickness, and
the integrated charge yields the triply differential cross
section, which is a function of excitation energy and fis-
sion angle. We have divided the measured number of fis-
sion fragments by 2 so that the deduced cross sections re-
flect probabilities for fission rather than for fission-
fragment production (two per fission). Since the disper-
sion of the spectrometer is not uniform, we rebinned the
data into equal-energy intervals 200 keV wide.

Figure 3 shows the resulting cross sections for an in-
cident electron energy of 118.4 MeV using the PPAC con-
figuration of Fig. 1(a). The electrofission cross section
rises dramatically at 5.9 MeV once the fission barrier is
reached. At 6.14 MeV neutron emission begins to com-
pete with fission, causing the cross section to drop sharp-
ly. The result is a prominent peak at threshold. The an-
gular distribution of fission fragments in the threshold re-
gion is clearly peaked along the direction of q. The spec-
tra at higher excitation energies reflect the giant-
resonance structure modified by the probability for giant
resonance decay by fission. The fission probability rises
sharply near 12 MeV, where second chance fission (emis-
sion of a neutron and then subsequent fission decay) be-
comes possible, and near 18 MeV at the third chance fis-
sion threshold.

T T T T T T
800+ ‘ —
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600 |- 4 i
&4 +
= ¢+
5 !
3 400 - ' TN —
+
200 - P —
i oveaaw" T,
oLt I ! | L
50 100 150
At (ns)

FIG. 2. The time spectrum for coincidence events. True
coincidences in the large peak sit on a flat background of ran-
dom coincidences.
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FIG. 3. Triply differential cross sections d’o,/dQ.dQ;do
at six different fission angles (see Table II) for an incident ener-
gy of 118.4 MeV.

B. Radiative corrections

Although the coincidence requirement removes the ra-
diative tail due to elastic scattering, the inelastic spectrum
itself is subject to radiative corrections. The measured
cross section for a discrete inelastic state (integrated over
an energy interval AE which starts at the energy of the in-
elastic state and extends to higher energy loss) takes the
form

do(AE)
Q| dQ
with dog /d() being the actual inelastic cross section and

85 the Schwinger correction. Maximon®? has given this
correction as

(1-8s),

V'E\E 2
=22 | |log Xtz 131, 4"
m AE 12 n12
17,1, 2 Er
+ 36+ log E, (11)

in which E;| and E, are the incident and scattered elec-
tron energies, respectively, AE is the integration interval,
and m is the electron mass. Equation (11) includes four
second-order Feynman diagrams: soft photon emission
before and after scattering, the vertex correction, and the
vacuum polarization. Hard photon emission is simply
bremsstrahlung, which, along with Landau straggling, is
negligible for our setup with thin targets and no interven-
ing windows between spectrometer and scattering
chamber. In order to include many of the higher order di-
agrams in the radiative correction, we have used e %
rather than 1— 8 as the correction factor.

We have applied the Schwinger correction for discrete
states to the present case of continuous inelastic states us-
ing a method developed by Crannell.>3 This technique as-
sumes that Eq. (11) is exact and that the statistical errors
of each successive small correction to a channel add in
quadrature. The radiative correction increases the magni-
tude of the coincidence cross section near threshold by
20%, but at 20 MeV the modified cross section is larger
by only 3—5 %.

We performed the third of the three runs with careful
attention to the absolute normalization of the cross sec-
tions. The data from the first two runs proved to be
slightly smaller in magnitude at equivalent fission angles
than the final data set. We have traced this difference
back to a systematic problem in charge integration during
the first two runs. Nevertheless, the absolute cross section
between runs agrees to within 20%. In order to produce a
self-consistent data set, we have scaled the first two runs
upward slightly (<20%) to agree in magnitude with the
final data set. We also took into account the variations in
beam energy between the three runs by scaling by the ratio
of Mott cross sections (i.e., the nominal energy 80.3 MeV
results from actual runs at 80.3, 82.5, and 81.6 MeV).
This assumes that the nuclear form factor is not changing
rapidly over a small change in beam energy. For the three
runs, the relative cross sections between 80, 120, and 160
MeV incident energies as a function of excitation energy
agreed to better than 5%.

C. Angular correlations

In order to obtain giant resonance strengths, we must
integrate the triply differential cross sections over fission
angle. The analysis of the fission fragment angular distri-
bution given in Sec. II predicts a possible dependence on
¢, the azimuthal angle with respect to q. Within our sta-
tistical accuracy of 7%, we saw no ¢ dependence between
detectors with roughly the same values of 6. Hence, we
were satisfied to fit all of our angular distributions to the
form

d30'f

m= %akPk(cosef) s (12)

in which a; are constants which depend only on excita-
tion energy, P, are Legendre polynomials, and 6 is the
polar angle between q and the fission axis. Odd terms do
not contribute to the sum because fission fragments
emerge back to back. We omit higher order polynomials
due to the predominance of low order multipolarities in
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our data. Fits using coefficients up to a, provided
reasonable results, whereas the fit which included agq
displayed wild oscillations in the a4 and a¢ coefficients as
a function of excitation energy, indicating that the data do
not contain enough information to accurately extract ag.
Hence, we have restricted ourselves to determining ag, a,,
and a4 only.

We averaged both P, and P, over the solid angle sub-
tended by the PPAC’s for each value of excitation energy,
taking care to rotate our coordinate system with the
changing direction of q. (At fixed beam energy, 6, varied
from 50° to 70° as @ moved from threshold to 25 MeV.)
We then fitted the data to these new averaged functions
using a least-squares method for generalized functions
which properly calculates associated errors in the coeffi-
cients ag, a,, and a, as well as an overall X2. The X? per
degree of freedom in each of these fits was near unity.

Figures 4—6 show the results of these angular fits using
all of the triply differential cross section measured in the
three runs. The data at each energy show a marked aniso-
tropy near threshold but an isotropic distribution above 10
MeV. One expects deviations from isotropy only near the
barrier where fission will proceed from the compact
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FIG. 4. Results of the least-squares fit of the fission-
fragment angular distribution at 80.3 MeV. The angular corre-
lation coefficients ag, a,, and a4 are described in the text. The
bottom panel is the experimental form factor, along with two
calculations of the E1 contribution. These were obtained from
the Saclay (Ref. 35) photofission data and (a) Tassie model and
(b) QRPA form factors.
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FIG. 5. Results of the least-squares fit of the fission frag-
ment angular distribution at 118.4 MeV.

ground state shape to binary fragments through relatively
few transition states at the saddle point.>* The bottom
curve of each set is simply 4ma, normalized to the Mott
cross section; this is the angle-integrated experimental
form factor. The curves below the data indicate the El
contribution to the cross section calculated using a
strength function deduced from the photofission work at
Saclay®® and either (a) Tassie model or (b) quasiparticle
random-phase-approximation (QRPA) form factors.
Clearly, the E1 component comprises a major portion of
the cross section at 80 MeV, but diminishes in importance
at 160 MeV.

The peaking of the cross sections along the direction of
q at threshold indicates the dominance of K=0 states, as
expected from a Gaussian K distribution.’’ Figure 7
shows the angular distribution of fission fragments at
threshold. The shaded region, resulting from the angular
fit to the data, peaks along the direction of momentum
transfer, consistent with the assumption of K=0 states.
However, at all three energies the shape cannot be fitted
to a single value of J. The solid line indicates the angular
distribution resulting from equal fractions of the EO, El,
E2, and E3 sum rules calculated with Tassie-model form
factors. These curves scale roughly with the data, but do
not give the correct shape. One might expect better re-
sults with less EO strength and more E2 and E3 strength.
With more detailed angular distributions at threshold, one
could determine both J and K, but this is not possible
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FIG. 6. Results of the least-squares fit of the fission frag-
ment angular distribution at 163.8 MeV.

with the present data.

At higher excitation energies one could still expect the
angular distribution to be determined by J and K of the
resonance if K remains a good quantum number as the
nucleus proceeds from its mildly prolate ground state
shape to the more distended saddle point. This should be
true in spite of the fact that fission could proceed through
any of a number of allowed transition states with fixed J
and K, even though the density of these states is very
great. Whether K is actually conserved in processes like
these remains an interesting open question. The present
data indicate that K is not conserved from giant reso-
nance to scission. The 80 MeV data of Fig. 4, measured
at low momentum transfer, are predominantly E1 in char-
acter. The dipole resonance splits into two components
due to the intrinsic deformation of uranium, a K=0 mode
centered at E, =11 MeV and a K=1 mode centered at
E, =14 MeV. If these K values were, in fact, conserved
through the fission process, one would observe a forward
peaking of the cross section at 11 MeV and a peaking at
90° near 114 MeV. Any anisotropy above the second-
chance fission barrier (Ej <12 MeV) will not be as
marked as at lower excitations because K of the giant res-
onance is probably lost in the initial neutron decay for
roughly half of the observed cross section. However, nei-

65 (deq)

FIG. 7. The angular distribution of fission fragments at
threshold. The data points correspond to the triply differential
cross sections integrated over 5.5 <E, <6.5 MeV. The shaded
area is the result of the fit to ao, a,, and a4. Although the fit
incorporates integrating the angular correlation functions over
the detector solid angles, the data points themselves are un-
corrected. The solid line corresponds to the cross section result-
ing from equal fractions of the EO, E1, E2, and E3 sum rules at
threshold assuming that only K=0 states contribute.

ther above nor below 12 MeV do we see the anisotropy
which would have indicated that K is conserved.

V. THEORETICAL PREDICTIONS

Unlike the discrete states, the overlap of many broad
resonances in the giant resonance region makes a model-
independent extraction of multipole strength difficult.
For a data set covering a limited range in g, some assump-
tions must be made about the transition charge density.
We have calculated the electron scattering cross section
per unit B(EA) as a function of momentum transfer using
a model transition charge density and the distorted wave
code FOUBESFIT,*® which uses a Fourier-Bessel expansion
of the transition charge and current densities assuming ir-
rotational flow. The form factors are calculated as a
function of effective momentum transfer>®

4 Za
qetf=9 1+—3_E0A1/3 (13)

By fitting the measured cross sections to these model-
dependent form factors, we have extracted corresponding
values of B(EA) for 200 keV (or 1 MeV) intervals in exci-
tation energy from 5 to 23 MeV. The details of the fitting
procedure are given in the following subsections and Sec.
VL
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A. The Tassie model

The simplest assumption for p:}(r) comes from the hy-
drodynamic Goldhaber-Teller model*® extended by Tas-
sie*® to include multipolarities other than the E1 reso-
nance. The assumption of incompressible and irrotational
fluid flow leads to the surface-peaked form (for A > 1)

dpo(r)

palr=rt-l——, (14)
in which A is the multipolarity of the transition and pq is
the ground-state charge distribution. The hydrodynamic
transition density for the monopole vibration is given by*!

dpo

po(r)= ~3polr) —r—— . (15)
In the limit of low g, the form factor depends only on the
transition radius R and on no other details.

We have taken a Fermi form

Po

—(r—cg)/t

polr)= (16)

1+e

for the ground state charge distribution in uranium with
the half-density radius ¢;=6.805 fm and the skin thick-
ness t=0.605 fm from the electron scattering data of
Cooper et al.*? and Creswell.* The dependence of the
form factors on the transition charge radii may therefore
be explored conveniently by varying arbitrarily the half-
density radius. We have chosen values of ¢, /cq=0.9,
1.0, 1.1, and 1.24 for which to calculate form factors.
[Pitthan et al.,'! in the analysis of their (e,¢’) data, sug-
gest that the K=0 and 1 substates of the dipole resonance
have transition radii corresponding to 1.24¢, and 0.9¢,
respectively, reflecting the intrinsic prolate deformation of
uranium in its ground state.]

Figure 8 shows the calculated Tassie model dipole form
factors corresponding to various values of the transition
radius. As ¢, /co (and thus the transition radius) de-
creases, the form factor peaks at a larger momentum
transfer and grows in magnitude [note that these curves
are normalized to unit B(E1)].

Figure 9 shows the A=1-—4 Tassie model form factors
for ¢, /co=1 normalized to a full EA sum rule at E, =10
MeV for each multipole. Note that at the maximum of
the EA form factor, the form factors for A+1 are only re-
duced by a factor of 2 from their maximum values. For
the purpose of illustration one may consider the case in
which equal fractions of the sum rule strength are present
for each multipole at a particular excitation energy. The
experimental form factor as a function of ¢ would in-
crease monotonically, or only slowly turn over at large g
(as indicated in Fig. 9 for multipolarities up to A=4). In
this scenario, any multipole decomposition resulting from
reasonably placed values of g will result in a “truncation”
error, principally on the strength of the dominant mul-
tipole of highest g. For example, the present data were
taken at g =0.26, 0.40, and 0.55 fm~!, which correspond
to the maximum of E1, E2, and E3 form factors, respec-
tively. Any appreciable E4 strength will result in an
overestimation of the E3 strength at that excitation ener-

83 08—
-l& [
C L=1[B(EN) =1.0 €2 fm?]
i w=10 MeV
B 8=40°
L 1 1 1 1 1 1 J
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E,(MeV)
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0 0.2 04 0.6

qe,,(frﬁl)

FIG. 8. The calculated Tassie-model dipole form factor per
unit B(E1) at w=10 MeV for various ¢ /co, and thus various
transition radii.

Egp (MeV)

80 120 160

1
0] 0.2 0.4 0.6

FIG. 9. Tassie model form factors for E1—FE4, assuming a
full sum rule of strength at =10 MeV for each multipole. The
total form factor in this case peaks between the maximum of the
E2 and E3 form factors. If higher multipoles were included,
the total form factor would continue to rise. The points
represent the experimental form factor for 5.5 < E, < 6.5 MeV at
fission threshold (arbitrarily normalized) and the dashed line is a
guide for the eye.
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gy in a fit restricted to A <3. Figure 9 also shows the
measured form factor, arbitrarily normalized, in the
threshold region (5.5—6.5 MeV), a region previously con-
sidered to be dominated by 2% states. This form factor
continues to rise even at high g, suggesting that there is a
rather uniform fraction of sum rule strength in this region
for all multipoles up to at least E3.

B. The QRPA

The random phase approximation (RPA) works well in
describing the giant resonances microscopically.** For the
case of uranium Zawischa and Speth® have calculated
EOQ, E1, and E2 strength functions using the quasiparticle
RPA (QRPA). This calculation includes 300 1p-1h states

TABLE III. The QRPA results. The numbers in parentheses refer to an exponent [e.g., 0.189( —3) is
equivalent to 0.189x 10~3]. B(EA) values are in units of e?fm?*, except for B(E0), which has units
e?fm*. The cross sections o /0, are dimensionless and yield the QRPA form factors when divided by
their corresponding B(EA) values. The 3~ and 4% states are rotational levels built on the 1~ and 2+

resonances, respectively.

1) B(EA,w) /oy /oy /oy
JT AT K (MeV) (e*fm*) (80.3 MeV) (118.4 MeV) (163.8 MeV)
(1hs 0 0 1.41 6.0(2) 0.730(—5) 0.610(—5) 0.280(—5)
o+ 0 0 4.45 2.4(2) 0.210(—5) 0.130(—-5) 0.158(—5)
(0hs 0 0 6.44 1.7(2) 0.168(—5) 0.120(—5) 0.086(—5)
(0hs 0 0 9.4 12.6(2) 0.196(—4) 0.265(—4) 0.143(—4)
ot 0 0 149 37.6(2) 0.644(—4) 0.108(—3) 0.817(—4)
o+ 1 0 17.5 18.2(2) 0.275(—4) 0.457(—4) 0.323(—4)
o+ 1 0 23.7 39.6(2) 0.524(—4) 0.955(04) 0.726(—4)
1- 1 11.3 263 0.189(—3) 0.142(—-3) 0.661(—4)
1- 1 1 12.7 34.1 0.288(—3) 0.246(—3) 0.108(—3)
2+ 0 2 1.16 45.2(2) 0.172(-3) 0.273(-3) 0.192(—-3)
2+ 0 0 1.47 18.7(2) 0.530(—4) 0.640( —4) 0.290(—4)
2+ 0 1 3.08 5.0(2) 0.160(—4) 0.226(—4) 0.126(—4)
2+ 0 2 4.22 9.1(2) 0.330(—4) 0.510(—4) 0.320(—4)
2+ 0 0 44 7.8(2) 0.190( —4) 0.220(—4) 0.091(—4)
2+ 0 1 5.66 8.14(2) 0.250(—4) 0.349(—4) 0.175(—4)
2+ 0 0 6.47 5.0(2) 0.133(—4) 0.160( —4) 0.077(—4)
2t 0 0 9.2 17.1(2) 0.447(—4) 0.667(—4) 0.380(—4)
2+ 0 1 104 34.8(2) 0.108(—3) 0.196(—3) 0.153(—-3)
2t 0 2 11.0 25.0(2) 0.829(—4) 0.163(—3) 0.142(-3)
2+ 0 0 14.6 3.39(2) 0.108(—4) 0.227(—4) 0.217(—4)
2+ 1 0 17.3 12.8(2) 0.288(—4) 0.458(—4) 0.266(—4)
2t 1 1 19.7 24.5(2) 0.635(—4) 0.122(-3) 0.969(—4)
2+ 1 2 21.1 17.2(2) 0.481(—4) 0.103(-3) 0.957(—4)
2+ 1 0 23.7 11.1 0.129(—5) 0.540(—5) 0.114(—4)
3- 0 11.3 21.6(3) 0.970(—6) 0.300(—5) 0.260(—5)
3- 1 12.7 12.7(3) 0.150(—5) 0.235(—5) 0.290(—5)
4+ 0 2 1.16 12.9(5)
4+ 0 0 1.47 46.5(5)
4+ 0 1 3.08 10.5(5)
4+ 0 2 4.22 0.84(5)
4+ 0 0 4.4 21.5(5)
4+ 0 0 6.47 2.0(5)
4+ 0 0 9.2 20.4(5)
4+ 0 1 10.4 31.7(5)
4+ 0 2 11.0 7.7(5)
4+ 0 0 14.6 0.71(5)
4+ 1 0 17.3 27.0(5)
4+ 1 1 19.7 35.5(5)
4+ 1 2 21.1 4.5(5)
4+ 1 0 23.7 0.11(5)




and the corresponding 2p-2h combinations. The single-
particle basis was derived using a modified Woods-Saxon
potential with parameters fitted to 2®Pb data and modi-
fied for the ground state deformation in uranium using
the results of Brack et al.*® The inclusion of 2p-2h states
provides a partial spreading width for the collective states.
Without performing continuum RPA calculations, they
could not reproduce the escape width of the resonances.
Hence, for all comparisons with data, we must convolute
the theoretical results with a phenomenological width.

Table III lists the results of the QRPA calculations for
uranium. As predicted in simpler calculations like the
cranking model,*’ not only the dipole, but also the quad-
rupole, states are split into their corresponding K com-
ponents. In fact, since a prolate nucleus cannot sustain a
purely radial (monopole) vibration, the A=2, K=0 and
A=0, K=0 states are mixed, and give rise to K=0 states
at 9 and 15 MeV. However, the mixing is slight and most
of the isoscalar monopole strength resides at E, =15 MeV
and most of the isoscalar quadrupole strength lies at
E, =10 MeV.

The E1 strength calculated in the QRPA agrees well in
strength and central energy with the photofission data of
Saclay.’® However, the QRPA does not produce a large
enough K splitting in this case.

The QRPA gives the transition charge density for the
collective EQ, E1, and E2 states that we have used to cal-
culate form factors and cross sections using FOUBESFIT.
Electron scattering cross sections for the kinematics of the
present experiment have been generated from the QRPA
strength and form factors and are also listed. The transi-
tion charge densities of the QRPA for collective states are
generally surface peaked like the Tassie model densities;
however, they do show some contribution from the nu-
clear interior. Figure 10 demonstrates this fact for the
two modes of the dipole resonance. The resulting cross
sections as a function of g, in Fig. 10(c) have similar
shapes. The K=1 mode peaks only slightly higher in ¢
than the K=0 component.

Transition radii for the QRPA states are listed in Table
IV. For all cases these radii do not differ significantly
from those of unmodified (¢, /co=1) Tassie transition
densities. This gave us confidence that, in the subsequent
analysis, permitting excursions in the ground state half-
density radius by +10% in calculating Tassie form fac-
tors more than amply encompasses the possible variations
of the true EA form factors with excitation energy.*®

Figure 11 shows the results of the QRPA calculations
as compared to the angle-integrated cross section
4mag/oy. Because the width of the states is not repro-
duced in the QRPA, we have spread each state into a
Breit-Wigner shape with a full width at half maximum
given by I'=0.28 E,, a value suggested by (e,e') (Ref. 11)
and (a,a’) (Refs. 2 and 3) data on uranium. These cross
sections were then multiplied by a parametrization of the
E1 fission probability as a function of excitation energy
deduced from (y,f) (Refs. 36, 49, and 50) work. Figure
12 shows this fission probability. The large threshold
peak arises from competition between fission and neutron
emission 200 keV above fission threshold. The subsequent
rises in the probability indicate the onset of second and
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FIG. 10. The QRPA densities and form factors for the
GDR. (a) and (b) show the transition charge densities for the
K=0 and 1 modes, respectively. The solid line is the proton
density and the dashed line is the negative of the neutron densi-
ty. This difference in sign signifies an isovector resonance. (c)
shows the resulting cross sections as a function of g..

third chance fission. The curves of Fig. 11 agree reason-
ably with the data in both shape and magnitude. A few
differences are worth noting, however. The 80 MeV spec-
trum falls below the theoretical curve in places, and shift-
ing the central energy of the calculated peaks will not ac-
count for the difference. This is probably due to the fact
that we find less E2/EOQ strength than predicted by the
QRPA. This deficiency, though present in the 118 MeV

TABLE IV. QRPA transition radii, calculated using Eq. (6),
for the collective dipole and quadrupole states.

Jm K AT R}
1- 0 1 1.03
1- 1 1 0.96
2+ 1 0 0.98
2+ 2 0 0.95
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FIG. 11. Doubly differential 2**Ule,e’f) cross sections
d’o;/oudQedo (taken from the bottom panels in Figs. 4—6) at
(a) 80.3, (b) 118.4, and (c) 163.8 MeV, compared to the QRPA
calculations (solid lines) as described in the text.

spectrum also, is not as pronounced due to rising E3 con-
tributions. The calculated cross sections at 160 MeV fall
well below the data since contributions from E3 and
higher order multipoles will be significant at this momen-
tum transfer and the QRPA calculation did not include
them.

The comparison of Fig. 11 is encouraging, but a more
detailed comparison of theory and experiment is possible
using the multipole decomposition presented in Sec. VL.

1.2

1.0

08

PyLEN

06 |

0.4

0.2

Ey (MeV)

FIG. 12. The dipole fission probability Ps(El,w) deduced
from Refs. 49 (dots) and 35 (squares) with our own parametriza-
tion of these data (solid line).

C. Sum rules

The general properties of the nuclear ground state’!
limits the total available energy-weighted transition
strength. Under the simplest assumption that the nuclear
Hamiltonian consists of a kinetic energy term and a po-
tential which depends only on spatial coordinates, the
electromagnetic energy-weighted sum rules are

S(E0)=27’f—z<r2> ,

9 # NZ
SEV="or =" (17)
_AM2A+1)* # A2
S(EAN)= o —2M2<r ) forA>2,

in which M is the nucleon mass, # is Planck’s constant di-
vided by 27, and

(rA-2)= fp"(r)r”dr/ fptr(r)rzdr

is the (24 —2)th moment of the ground-state charge distri-
bution for the nucleus with N neutrons, Z protons, and A
nucleons. Weneser and Warburton®? justify a division of
the strength into isovector and isoscalar components
(N/A)S(EA) and (Z /A)S(EM), respectively.

The sum rules listed in Table V were derived from the
deformed nuclear ground state charge distribution mea-
sured by Cooper et al.*? and Creswell.*® Integration over
the angular dependence results in a radial charge distribu-
tion which is used in calculating the moments of Eq. (17).
These values are slightly larger than those calculated as-
suming a simple Fermi distribution with ¢(=6.805 fm
and t=0.605 fm.

V1. MULTIPOLE DECOMPOSITION

In order to understand the nature of our coincidence
data in more detail, we have decomposed the coincidence
spectra into multipoles using the model form factors cal-
culated in Sec. V. The double-differential cross sections
can be written as

dB(EA,w)
do ’

(18)

L 4% S b gh ol Eg.o)
oy dodQ, _Eo fEmse it

TABLE V. Calculated energy-weighted sum rule strengths.
Here, {r**~2) are moments of the ground state charge distribu-
tion in units of fm*~2 deduced from Cooper et al. (Ref. 42)
and Creswell (Ref. 43). S(EA) represents the full sum rule,
whereas S(EA, AT=0) is only the isoscalar part of the sum.
The EO sums have units MeV fm®, whereas sums for the other
multipoles have units MeV fm?*.

A (r+-2) S(EX) S(EA, AT =0)
0 2.60%10° 1.01x 10°

1 839 (AT =1)

2 34.1 2.59x 10° 1.00x 10°

3 1547 3.45%107 1.33x 107

4 1.181x 10° 421x10° 1.63x10°

5 7.686 < 10° 5.11x 10" 1.98x 10"




in which P is the fission probability which may depend
on multipolarity EA, F 2 is the nuclear form factor, and
dB/dw is the strength function for each multipole.
Given model form factors F2, one may fit the spectra and
deduce Ps(dB/dw)(EA,w) for the most important mul-

1 d’os dB(El,0) ., 1
——  —P(El,0)—7""FXEl,q, 7 Pf(EQ,
oy dodQy rELo) do FAELgo)+ 7 Fp(EOw)

+PpE3,0) B0 Fy g g0)
(0]

The combination of EOQ and E2 strength results from
the fact that for the low-g region the EO form factor has
the same shape as the E2 form factor with half the mag-
nitude. In the Tassie model the ratio

FXEO0,q,0)/FXE2,q,0)=25/16m=7 .

For the QRPA the ratio varies from 0.35 to 0.60 for the
collective isoscalar 01,27 states. The similarity in shape
makes any separation of EO and E2 strength by their ¢
dependence impossible.

We term the decomposition performed with the present
data at three values of g “unconstrained” since no special
constraint is made on the magnitude or shape of the El
contribution. On the other hand, the available photofis-
sion data can be included in the present analysis as a
fourth data point with>

167°a

© dB(E1,0)
9 .

dw

oy ;=P/El0) (20)

We label this type of fit “constrained” because the photo-
fission data overwhelmingly dominate the determination
of the E1 strength function. Although it may appear ob-
viously advantageous to make use of the information
about the E1 distribution afforded by the photofission
data, one must regard the results with caution: Even
small errors in the absolute normalization of the (y,f)
data will produce large errors in the determination of the
other strength functions.

In order to investigate the model dependence of the
strength extraction, we have used Tassie model form fac-
tors with ¢, /c0g=0.9, 1.0, and 1.1. As has been men-
tioned, this should easily bracket the real variation in
form factors, which in the low-gq regime can only depend
on RX. For simplicity of notation, we shall refer to fits
using a given set of form factors with the triplet
[(ce/co)EL, (¢ /co)E2/ EQ, (¢ /co)E3]. To improve the
accuracy of the extraction, we have integrated the data of
Fig. 11 over 1 MeV intervals in excitation energy.

'A. Constrained fits

In the case of the constrained fits, we were able to
search the 27 combinations of transition radii for the best
X? using the photofission data of Saclay.’® The data
prefer an enlarged E1 radius and a reduced E3 radius,
with the combination (1.1,1.0,0.9) yielding the best X2.
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tipoles, up to the number of different values of g mea-
sured.

In the present case we are limited to fitting only El,
EO/E2, and E3:

dB(EO0,w)
dw

+P(E2,0) 20 | PAED g0)
w

(19)

I

The small E3 transition radius is easy to understand; since
the 160 MeV data contain large contributions from E4
strength, the best fit to the data will be obtained for a
model E3 form factor which peaks between the maximum
of the actual E3 and E4 form factors, but moving the
first maximum of the form factor out in momentum
transfer is equivalent to reducing the transition radius.
The magnitude, however, is also changed and the E3
strength is overestimated.

The large E1 transition radius suggests either that the
absolute magnitude of the Saclay data is too large [since
increasing ¢, /co decreases the magnitude of the electron
scattering form factor and thereby the E1 cross section
per unit B(E1)], that the E1 data actually imply a larger
radius, or that the longitudinal E1 matrix elements de-
duced in electron scattering are not as simply related to
the transverse matrix elements of the photon work as Eq.
(4) implies.

The first alternative is impossible to verify without in-
dependent measurements of each cross section involved.
Although recent measurements of the photofission cross
section from Giessen™ agree with the data of Saclay*®
rather than the data set of Livermore® (which is con-
sistently 20% larger in magnitude), there is perhaps some
indication that the Giessen data lie systematically 5—10 %
below the Saclay results. Using the Giessen rather than
the Saclay data in the multipole decomposition does not
change the preference for an enlarged E1 transition ra-
dius. Regarding the absolute normalization of the elec-
tron scattering data, we have integrated the spectra over
the interval 7 < E, <12 MeV and compared our data and
the Illinois data®! on a common plot versus g.¢. The data
sets are in general agreement with ours, tending to be
~20% higher. Nevertheless, the two experiments were
performed at very different energies and angles, and in the
DWBA the experimental form factors are not functions
solely of g., but of the kinematical variables as well.
Thus such a difference in no way necessarily implies a
discrepancy. Indeed, there is real hope that strength func-
tions and transition radii will be determined precisely
through a more extensive data set in g.

The second alternative contradicts the work of Danos
and Okamoto,”> which predicts an increased radius
¢ /co=1.24 for the K=0 state of the dipole and a de-
creased radius c,,/co=0.9 for the K=1 state.!! Since the
K =1 state contains twice the strength of the K=0 state,
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FIG. 13. Experimental and theoretical strength functions in-
tegrated over intervals of 1 MeV excitation energy. (a) El,
QRPA; (b) E1, photofission data from Ref. 35; (c) El, this
work, unconstrained fits with [(cy/co)F!, (e /co)E?/EC,
(¢ /c0)E?]1=(0.9,0.9,0.9) (solid curve), (1.0,1.0,0.9) (dashed
curve), (1.1,1.0,0.9) (dotted curve); (d) E2/EO constrained fits
with (1.1, 1.0, 0.9) (solid curve) and (1.0, 1.0, 1.0) (dashed curve);
(e) E2/EO unconstrained fits, key as in (c)—inner (outer) scale
for E2 (EQ); (f) E2 (solid line), EO (dashed line), QRPA. The
QRPA results are multiplied by the E1 fission probability. Er-
ror bars indicate statistical errors only.

the weighted average c,./co=21.0. However, the cross sec-
tions themselves do not agree with the Danos conclusion.
If we calculate the 80.3 MeV E1 contribution to the elec-
tron cross section using the Saclay data and the K=0 and
1 form factors with the modified radii ¢, /co=1.24 and
0.9, respectively, the electron scattering data are over-
predicted by at least 10% at 14 MeV.

The third possibility stems from the fact that electron-
scattering experiments do seem to show E1 strength below
Ej\; =10 MeV, which is not seen in the real photon data.
We shall discuss this in more detail in the next section.

Figures 13(d) and 14(b) show the resulting strength ex-
traction for the constrained data for two combinations of
transition radii. Because of the strong influence which
the photofission data exerts on the fit, the deduced E2
strength varies wildly as (¢, /co)E! varies. The extracted
E1 strength, on the other hand, agrees with the Saclay re-
sult simply by the nature of the fit. The strength function
labeled “E3” represents an upper limit to the actual E3
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FIG. 14. Experimental E3 strength functions for (a) uncon-
strained and (b) constrained fits using the transition radii of
Figs. 11(e) and 11(d), respectively.

distribution, since it contains the strength of all higher
multipoles as well.

B. Unconstrained fits

The same 27 combinations of transition radii have been
used in the unconstrained fits. The fits for a few of these
combinations are shown in Figs. 13(c), 13(e), and 14(a). In
this case, we have no X2 to guide us in choosing the best
solution. We therefore have demanded that the fit repro-
duce the E1 strength function as best as possible. Being
guided by the QRPA transition radii for collective states
(all near c¢,/co=1.0), we believe the combination
(1.0,1.0, 0.9) to be best, with the reduced E3 transition ra-
dius resulting from E4 contributions as discussed earlier.

Encouragingly, the extracted strength function for El
agrees extremely well with the photofission results. At
low energy (5—7 MeV) the electron scattering yields more
strength than the photofission result. This has been noted
in (e,¢’) experiments on lead*® and nickel,’” but its cause is
not understood. Sasao and Torizuka®® claim that the
discrepancy perhaps results from a problem with their
form factor in this region. Although the present experi-
ment does not offer an explanation for this E1 discrepan-
cy, it does imply that the structures in the (e,e’) data are
not due to background in the singles spectrum.

Figures 13(a) and 13(f) show the QRPA predictions for
El, EO, and E2. Although the calculated E1 strength
distribution is not broad enough, the energy-weighted
strength agrees with the Saclay results. The E2/EOQ re-
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sults suggest a concentration of E2 strength at 10 MeV
and a concentration of EO strength at 15 MeV. These en-
ergies correspond closely to the locations of the peaks we
see in our extracted (unconstrained) E2/EO spectrum.

The E3 spectrum of Fig. 14 shows a few interesting
features. The threshold bump due to the fission probabili-
ty is evident at 6 MeV and a significant rise near 13 MeV
is probably due to second chance fission. The peak at 10
MeV shows up at roughly the position at which various
RPA calculations®® on 2°®Pb predict a large collective E4
state. Without this bump at 10 MeV, the spectrum is con-
sistent with the low energy octupole resonance at 5 MeV
and the high energy octupole resonance at 15 MeV.

VII. COMPARISONS TO OTHER DATA

Table VI lists the extracted energy-weighted strengths
for various combinations of transition radii in units of the
sum rules of Sec. V. For the E2/EO determination, as-
suming that everything below 11 MeV is isoscalar E2
strength, and that from 11 to 17 MeV is isoscalar EO
strength, we obtain a reasonable fraction of the sum rule
exhausted for the monopole, given a normal (i.e., the E1)
fission probability, in keeping with the alpha-scattering
results. The amount of E2 strength, no matter what com-
bination of transition radii is considered, is consistently
lower (by at least a factor of 2), assuming normal fission
probability, than either QRPA or sum-rule estimates (see
Table VI). Though we cannot determine whether this in-
dicates missing E2 strength or a reduced E2 fission prob-
ability, our results are not inconsistent with the KVI
(a,a’f) measurements®~% at E, =120 MeV which claim
an anomalously low fission probability for the quadrupole
resonance. An Oak Ridge collaboration* found in a simi-
lar experiment, however, that the quadrupole resonance
fissions with roughly the same probability as the nuclear
continuum (~22%). Because this measurement was
made at a different energy, E,=152 MeV, and at a sin-
gle, special angle of fission decay (in the momentum
transfer direction), we find it difficult to compare these
results with our own or the KVI work.

Figure 15 shows our preferred estimate for the E2/EQ
differential strength function dB/dw in 200 keV bins,
with ¢, /cy=(1.0,1.0,0.9). The hatched area corre-
sponds to the extracted E2/EO strength from a similar
(e,¢’f) experiment at the University of Illinois.?! Howev-
er, that experiment covered only a slightly smaller range
of momentum transfer. Those data were fitted to E1 and
E2/EQ only, using the Saclay photofission data to con-
strain the fit. Since their cross sections for © between 5
and 12 MeV are, at worst, 20% smaller in magnitude than
ours when plotted smoothly versus g., their larger
E2/EO strength can be accounted for by E3 contributions
to their spectrum in a similar way as our E3 distribution
contains contributions from E4.

Figure 15 extends to 23 MeV even though the 160 MeV
data did not reach that excitation energy. These data
were added from the unconstrained fit (1.0,1.0,0.9) in
this region where the contribution from the dipole is less
important. The peak near 22 MeV probably corresponds

o
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FIG. 15. Experimental E2/EO0 strength function for

(1.0, 1.0, 0.9) with 200 keV resolution. The dots come from the
unconstrained fit and the open circles from the constrained fit in
the region above 17 MeV, where the E1 contribution is small
and no 163.8 MeV data exist. The solid line is the best fit to
Breit-Wigner resonances modified by Py(El,w) (see Table VII).
The shaded region is the strength function deduced in Ref. 21.

to the isovector E2 strength expected in this region and
observed in (e,e’) (Ref. 11) to lie at 21.5 MeV and to ex-
haust 50—70% of the isovector sum rule. Assuming a
Breit-Wigner shape to the line, our data account for
roughly 70% of the isovector E2 EWSR. Table VII lists
the results of a parametrized fit to the extracted strength
functions for ¢, /cy=(1.0,1.0,0.9). Although the data
do not necessarily resolve into pure Breit-Wigner shapes,
this table gives some indication where the strength is con-
centrated. The extracted sum rule strengths from the res-
onance parameters are slightly larger than the values de-
duced directly from the data.

In general, the location of strength in the (e,e’) experi-
ment!! agrees with our own determinations. However,
Pitthan et al. have not fitted their data, which span ap-
proximately the same region of momentum transfer as the
present data, to EO strength. In addition, they have
chosen the transition radii ¢, /co=1.24 and 0.9 for the
two modes of the dipole. Our data do not support these
radii. The strength which we attribute to the isoscalar
monopole vibration lies beneath the upper lobe of the di-
pole. If we neglect the monopole, attribute the cross sec-
tion around 14 MeV to the dipole only, and use a form
factor which is too large (e.g., ¢, /c;=0.9), we deduce the
same B(E1) as if we considered some of the cross section
to be due to EO and used a smaller form factor (e.g.,
¢y /co=1) to derive the E1 strength. This may explain
the good agreement Pitthan et al.!! achieved with the real
photon data even though they use a form factor which we
believe to be incorrect. Interestingly, the (e,e’) measure-
ments do not find a full sum rule of isoscalar quadrupole
strength, but for unmodified Tassie model form factors
see only 40% of the isoscalar sum rule. This is not incon-
sistent with our results.
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TABLE VI. Percent exhaustion of energy-weighted sum rules by multipolarity. Except for E1, and where noted, all strengths are
reported relative to the isoscalar energy-weighted sum rules, EWS,R. Numbers cited in parentheses refer to strength seen in the fis-
sion channel numbers; those without parentheses refer to total strengths. For the present work, these result from assuming P(E1) for
each multipole. The E3 EWS(R fractions represent upper limits only. Numbers in square brackets refer to the parameters [ E,,T']

obtained in a fit of the data to a resonance line shape.

E, MeV) El EO E2 E3 Ref.
QRPA 5.5—-17.5 87 66 84 45
(7,tot) 5.5—-17.52 88 36
(a,a’) [9.3,2] 30 2
[13.7,3] 65
[10.8,3] 66°
(a,a'f) [9.3, ~3] (3.5) 16 58
(a,a'f) [10.6,2.2] 150° 50¢ 4
1004 754
(a,a'f) 7—16 80° 10
(e,e) [9.9,2.9] 38f 11
778
[10.8,3.2] 36
[13.9,4.5] 81
[21.6,5.0] 515
[28.4,8.1] 91f
(e,e’f) 5.7-1.0 (3.78% 21
7.0—11.7 (10) 4s*
(e,e’f) <6.5! (0.9+0.4) 13 Present
(1.0+0.4) 15 work
(1.1+£0.4) 17
<175 82+4 (41£4) 148™ (21£2) 74" (24+1) 76
80+4 (48+6) 168™ (24+3) 84" (29+2) 94
88+4 (61£4) 212" (30+£2) 106 (27+2) 86
<11 (6.7£1.0) 30
(7.9+1.2) 33
(9.3+£1.0) 39
11.0—17.5' (28+4) 88
(32%5) 102
(42+4) 132
<6.5° (1.5+0.2) 2.2
(1.5+0.2) 2.3
<17.5° 87+0.4 (39+2) 140™ (20+1) 70 (31+1) 101
87+0.4 (63£2) 221™ (32+1) 1117 (26+2) 84
<12° (10.7+0.4) 44
(14.1+0.4) 59
12—17.5° (18+2) 52
(35+2) 103

*Limited to the excitation range of the present experiment.

L =4 assignment is also consistent with the data.

“Assumes complete K mixing.
dAssumes K conservation.
°Ey ~12.5, T ~ 6 after correction for P/(E1).

fc,,/co= 1.0.
gcu—/Co‘—' 1.1.
.hC“-/Co-_-‘ 1.24.
‘e /co=0.9.

’With respect to the isovector sum rule.
kOnly E1, E2/EO included in fit.

IFit unconstrained by the photofission data. The three rows correspond to ¢ /co=(1.0,0.9,0.9) (1.0, 1.0, 0.9), and (1.1, 1.0, 0.9),

respectively.

™Assumes all E2/ EO strength is EO.
"Assumes all E2/EO strength is E2.

°Fit constrained by the photofission data. The two rows correspond to ¢ /co=(1.0, 1.0, 0.9) and (1.1, 1.0, 0.9), respectively.
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TABLE VII. Fit of the extracted strength distributions to Breit-Wigner line shapes modified by the
E1 fission probability. The first set of six resonances comes from the unconstrained results with
¢y /co=(1.0,1.0,0.9). The second set of seven resonances comes from the constrained fits with the
same set of transition radii. Because these parameters only indicate trends in the data rather than pre-
cise determinations of resonance parameters, we give no error bars. The strengths cited in percentages
are given with respect to the energy-weighted sum rule of the appropriate AT.

E, r

EA (MeV) (MeV) Area X*/v % EWSR AT
E1l 11.0 2.4 33 117 43

El 14.5 5.0 36 : 62

E2 9.2 2.4 48 < 10? 1.26 44 0
EO 13.2 2.8 44%10? ‘ 116 0
E3 9.3 4.4 77x 10* 1.96 54 0
E3 16.1 6.3 76 < 10* ’ 92 0
El 11.0 2.5 30 17.3 39 1
El 14.0 3.7 39 ’ 65 1
E2 8.3 43 42x10? 35 0
EO 10.8 5.5 39x10? 1.37 84 0
E2 21.7 4.6 52 10? 71 1
E3 9.6 4.6 85x10* 1.85 61 0
E3 15.7 6.3 90 10* : 106 0

VIII. CONCLUSIONS

The data presented constitute some of the first results
from coincident electron scattering experiments. Such
measurements are plagued neither by the large radiative
tail nor non-target-related backgrounds, both of which
limit the accuracy of (e,e’) singles measurements. The
present data realize the expectation that broad overlap-
ping continuum strength of different multipoles may be
separated. Nevertheless, our strength extractions are
somewhat model dependent due to the truncation of data
in g; this truncation obviously most affects the highest
multipoles incorporated into the fit.

The E1 distribution agrees well with that determined
from photofission work, except for the discrepancy in the
region around 8 MeV, where the present data show
strength not seen in real photon work. A similar situation
exists in (e,e’) on 2°®Pb and *®Ni, and thus strongly indi-
cates that the effect is not an artifact, but is physical in
origin. Large differences in the transition radii corre-
sponding to the K=0,1 modes of the GDR suggested in
Ref. 11 are excluded. The isotropy of the fission frag-
ment angular distribution above E, =10 MeV and partic-
ularly where the K substates of the isovector dipole reso-
nance are well separated confirms that K is not conserved
in the descent from saddle to scission.

E3 and higher multipoles are significant throughout the
excitation energy range studied. The rise at threshold of
the E3-and-higher strength distribution is probably due to
the low energy octupole resonance (LEOR), while a nar-
row structure around 10 MeV could correspond to a col-
lective AT=0 E4 state. RPA calculations in’®®Pb have
shown such a state at that energy.

While the E2/EO strength function shows considerable
sensitivity to the choice of model form factors, resonances

at 9.5 and 13 MeV are obvious under any variation. Asso-
ciating the upper with the GMpR (isoscalar GMR) yields
good agreement both in position and strength (=~ 100% of
the isoscalar EO sum rule) with the monopole resonance
predicted in QRPA and seen in (a,a’f). On the other
hand, the GQyR (isoscalar GQR) at 9.5 MeV is certainly
missing strength, accounting for only 3+—+ of the QRPA
prediction of 84% of the EWSyR (isoscalar EWSR) in
that state. Nevertheless, this is considerably more than
the upper limits set by the KVI (a,a’f) measurements. A
suppression of the strength in the fission channel could ei-
ther be due to a dynamical inhibition of the fission mode
associated with this particular vibration, or markedly
enhanced nonstatistical neutron decay, again specific to
the quadrupole vibration. Either of these would be very
surprising, and thus this problem must be considered one
of the outstanding puzzles in giant resonance studies to-
day. A direct measurement of the branching ratio I',/T's
(rather than I';/T, which is usually measured) and the
neutron decay spectrum has been performed and is being
analyzed.”
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FIG. 1. The PPAC configurations used in the present experi-
ment, for (a) the first and third runs, and (b) the second run.



