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Electrofission and photofission yields and electrofission-fragment angular distributions for U have been
measured with fission-track detectors for incident electron energies from 5.5 to 33.0 MeV. Analysis of these
data with the use of virtual-photon spectra calculated in distorted-wave Born approximation, combined with the
known photofission cross section, results in the simultaneous determination for this nucleus of (a) a giant
isoscalar E2 resonance located at 10.8+0.4 MeV, having a width of 61 MeV, and exhausting ~70% of the
isoscalar energy-weighted sum rule, and (b) a small M 1 component located at 5.8 +0.2 MeV whose strength is <2%
of that of the giant isoscalar E2 resonance. No evidence is seen for a giant isovector E2 resonance between 22 and

30 MeV.

NUCLEAR REACTIONS 23U(e,f); measured fission-fragment yields and angulax]
distributions, 5.5 to 33.0 MeV; deduced GQR characteristics.

I. INTRODUCTION

The giant electric dipole resonance (GDR), dis-
covered more than 30 years ago and located at
energies ranging from 73 to 8141/ MeV, is one
of the best known and most familiar characteristics
of the nuclear spectrum; it has been studied
through all of the photonuclear reactions, and for
most of the elements of the periodic table,! '

The “new” giant resonances, i.e., those having
multipolarities other than E1, have been studied
only recently, mainly by means of the inelastic
scattering of electrons and hadrons.?~* More
recently still, combined results from electro-
fission and photofission measurements have been
used as well to study the new giant resonances for
very heavy nuclei.”® Among these new resonances,
the most thoroughly studied is the giant isoscalar
electric quadrupole resonance (GQR), located just
below the GDR at excitation energies from 60 to
65A"1/% MeV, and predicted theoretically by Bohr
and Mottelson.’

An isovector GQR also was predicted theoretical-
ly” and detected near 1304-1/8 MeV, but the ex-
perimental results are neither as abundant nor as
convincing as for the isoscalar GQR.?

For the case of a giant magnetic dipole reso-
nance, the experimental evidence is still con-
troversial, but it is believed that such a resonance
might be located in the energy range from 30 to
45A718 MeV.>* However, the experimental evi-
dence supporting the existence of such a resonance
for heavy nuclei is not compelling.

Substantial uncertainties are associated with the
methods heretofore utilized most extensively for
the study of the new giant resonances, namely,
inelastic electron, proton, deuteron, and alpha-
particle scattering, for at least two reasons.

First, there are difficulties which stem from the
subtraction of the large continuous backgrounds
that appear under the observed peaks; and second,
the analysis of inelastic-scattering data requires
the use of phenomenological models, so that these
methods never can give a model-independent
determination of the multipolarity of the transi-
tion, .

The electro-excitation of nuclear reactions has
proved to be a sensitive tool for the study of E2
and M1 excitations involved in photonuclear reac-
tions. This sensitivity results from the fact that
the intensities of the E2 and M1 virtual-photon
spectra calculated in the distorted-wave Born ap-
proximation (DWBA) are considerably larger than
that for the E1 spectrum,® whereas for real
photons the spectral intensities are the same for
all multipoles. For example, Fig. 1 shows the
El, E2, and M1 virtual-photon spectra for an
uranium nucleus (Z=92) and for an incident elec-
tron kinetic energy of 9.5 MeV.? Although for real
photons the E2 and M1 cross sections are typically
much smaller than the E1 cross section, it is
clear from Fig. 1 that the use of electro-excitation
measurements facilitates greatly the observation
and delineation of the E2 and M1 parts of the photon
absorption cross section. The accuracy of the E1
virtual-photon spectra calculated in DWBA has
been demonstrated by Nacimento ef al.® The un-
certainty in the E2 spectra is no larger than 20%.1°

Even though one is faced with the disadvantage of
dealing with integrated yields (as a function of ex-
citation energy) in the analysis of electro-excita-
tion data with the virtual-photon formalism, the
advantages of this technique, compared with single-
armed inelastic-scattering experiments, are con-
siderable. These are (2) the absence of any signifi-
cant background to be subtracted from the yields;
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FIG. 1. E1, E2, and M1 virtual-photon spectra calcu-
lated in DWBA for electrons having energy Ey=9.5 MeV
incident upon uranium (Z=92) nuclei (from Ref, 8).
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(b) the independence from nuclear models; (c) the
insensitivity to EO transitions (relative to E2
transitions) because of the overwhelming domi-
nance of very-low-momentum-transfer events;
and (d) at low energies, the ability to distinguish
E2 from EOQ transitions by means of the analysis
of the electrofission-fragment angular distribu-
tions.

For the actinide nuclei, experimental informa-
tion on the new resonances have been very sparse.
Only %%y has been the subject of reasonably in-
tense study, through the analysis of the electro-
fission cross section,!!*!? fission induced by elec-
trons and positrons,13 and inelastic scattering of
protons.!4 All these studies had the purpose of
estimating the relative contributions of the E1 and
E2 multipolarities, and the results obtained are
not conclusive in the sense that they do not include
the parameters of the detected resonances. Very
recently, however, coincidence studies of the
(a, a’f) (Ref. 15) and (Li, ®Li’f) (Ref. 16) reactions
have been reported, with strongly conflicting and
controversial results regarding the absence!’ or
presence'® of the fission channel as a major decay

mode of the GQR. These results for 238U are dis-
cussed at length in Ref. 17; the results for 2°U
are the subject of the present paper. It suffices
here to note that part of the controversy owes its
origin to the equating of the fission probability
with the strength of the GQR. The reader is re-
ferred to Ref. 17 for details.

The new technique used here, and described in
Ref. 5, for obtaining the E2 and M1 components in
the photofission channel requires the following
experimental data: (a) the electrofission cross
section, (b) the electrofission-fragment angular
distributions near the fission barrier, and (c)
accurate photofission cross sections measured
with real photons. This last information is now
available for several actinide nuclei from recent
measurements performed by a joint Los Alamos-—
Livermore collaboration at Lawrence Livermore
Laboratory.!® The final result is obtained by the
unfolding of an integral yield curve; in order to
obtain reliable results it is necessary (a) to have
as many data points as possible to delineate the
yield curve (this is a well-known characteristic of
unfolding techniques) and (b) to have data points as
low in energy as possible to avoid a dubious extra-
polation to the reaction threshold. Therefore, the
(e,f) yield data must be obtained from energies
below the fission barrier at ~6 MeV in small steps
(<0.25 MeV), and extended up to energies well
above the resonances under study (~30 MeV); such
measurements therefore require the use of an elec-
tron accelerator that operates reasonably well
from ~5 MeV.

Although the photofission of U has been studied
elsewhere,!% % no information on the giant multi-
polar resonances other than the GDR has been ob-
tained. No previous electrofission measurements
for this isotope have been reported. The present
study of 2%¢U was motivated mainly by the necessity
of a systematic study of the new resonances in the
actinide region and by the desirability of the study
of a nucleus similar to **®U (although its fission-
ability is quite different), not only in order to in-
crease the data base for the very heavy nuclei, but
also as an important test of the analysis techniques
employed. Preliminary results for U (Ref. 6)
indicate the presence of the isoscalar GQR in the
photofission channel having properties very similar
to those for 23y, as well as the presence of a third
component, different from E1 and E2, near 6
MeV, whose separation and identification is ac-
complished in this work by means of a detailed
analysis of the fission-fragment angular distribu-
tions. In addition, the data have been extended in
energy up to 33 MeV.in order to establish limits
for the strength of the isovector giant E2 resonance
predicted to be located near 22 MeV.
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II. EXPERIMENTAL DETAILS

Many of the experimental features of the present
measurements have been described previous-
ly.5»121 Only the more important of these fea-
tures and the details particular to the present ex-
periment are described here.

The electrofission yields and fragment angular
distributions reported here were obtained by ir-
radiating thin targets of ***U with the electron
beam from the University of Sao Paulo Linear Ac-
celerator, in steps of 0.5 MeV from 6.0 to 15.5
MeV and of 1.0 MeV from 15.5 to 26.5 MeV and
from 26.0 to 33.0 MeV. The fission fragments
were detected with mica-foil track detectors
(whose efficiency is 100%) located at twelve dif-
ferent angles between 10° and 100° for energies
up to 11,5 MeV and at seven angles for the higher
energies. A 27 counting geometry (a **®U target
and a detector placed against it) also was used to
measure electrofission yields at 5.5 MeV and
from 5.75 to 11.75 MeV in steps of 0.5 MeV, and
bremsstrahlung-induced fission yields from 9 to
‘19 MeV in steps of 2 MeV.

The target samples were of UO,, enriched to
89.38% *%®U, vapor plated onto 5- um thick titani-
um backing foils. The diameter of the UO, sam-
ples is 4.45 cm, and their thicknesses are 218
ug/cm?  The vapor plating was performed at
2800 ° C while the flat backing foils were simul-
taneously revolving about the central axis of the
plating boat and rotating about their own axes, in
order to smooth out density irregularities. The
mass of ***U was obtained indirectly to +2% by
simultaneously making an identical deposit on a
weighable substrate and alpha counting to obtain
a specific activity for the material used. The
uniformity of the central 3.8-cm spot was verified
to + 2% by alpha counting of 1.25-mm diameter
spots across the target surface. The principal
isotopic contaminant was ¥3%U (9.20%), whose ef-
fect on the fission yields and angular distributions
was accounted for with the use of independent
electron- and bremsstrahlung-induced fission
measurements with pure ¥35UQ, foils performed
under identical experimental conditions. Spurious
fission events caused by room-returned (thermal-
ized) neutrons interacting with the ?*°U contaminant
were found to be of negligible importance by
‘means of an experimental check in which a 235y
foil adjacent to the reaction chamber was exposed
both with and without a cadmium-foil wrapping,
The target foils were aligned at 45° to the elec-
tron-beam direction. _

The size of the electron-beam spot at the target
position was measured to be approximately 1 cm
in diameter at 6 MeV, and smaller at higher ener-

gies. Particular care was given to the monitoring
of the absolute beam intensity, with a short-necked
Faraday cup coupled directly to the reaction cham-
ber, close to the target position. The beam size
at the entrance to the Faraday cup also was mea-
sured with a target foil in place and was found to
be ~3 cm in diameter at 6 MeV, comfortably
smaller than the 7-cm-diam aperture, even at low
energies, Beam-off runs of 1-2 h duration showed
that leakage currents in the Faraday cup were
negligible, even when an external voltage (up to
several hundred volts) was applied, No nonlinear
response was likely at the low beam currents

(=1 pA) used for the experimental runs. The
energy of the electron beam was monitored with

a rotating-coil gaussmeter, and was calibrated,

by means of an activation technique with reference
to the photoneutron thresholds of %3Cu (10.84 MeV)
and '2C (18.72 MeV), to be accurate to +1% (~60
keV at 6 MeV) throughout the energy range studied.

The bremsstrahlung runs were performed with a
copper radiator whose thickness is 0,076 radiation
length (0.962 g/cm?. Contamination (of the order
of 20%) of the photofission yields with electrofis-
sion events was accounted for by means of the
method developed by Barber,??

Other backgrounds, resulting from neutrons at
the target location and from bremsstrahlung
photons contaminating the electron beam, were
shown to be negligible,* as were the effects of
target thickness on the angular distributions or on
the absolute cross sections, !

Other details of the accelerator, beam-transport
system, shielding walls, reaction chamber, moni-
toring devices, and detection techniques and pro-
cedures can be found in Refs. 11 and 21.

III. DATA ANALYSIS

The number of fission tracks observed at each
angle during an experimental run at a given energy
was typically between 2000 and 3000 (sometimes
reaching 5000), so that the total number of fission
events (per energy) ranged from 20000 to 30 000.

The electrofission differential cross section do,/
dQY, is obtained from

do,(6) 1 l\f_(i)
aQ —2N,¢[AQ]’ @)

where N, is the number of target nuclei, ¢ the
number of electrons per cm?, N(6) the number of
fission tracks in a mica detector located at angle
0 (as explained in Sec. II) and whose area S defines
a solid angle AQ= S/R? where R is the radius of
the reaction chamber, and hence the distance from
sample to detector.



An angular distribution having the form

N(6)
AQ
has been assumed.? The coefficients 4, B, and
C were obtained by the least-squares fitting of
Eq. (2) to the experimental data,
The total electrofission cross section is given by

=A+Bsin%6 + C sin?26 2)

do, (6) 1 " N(6)
= —'——-— Q=—
f d N 27 , A8 sin6d6
=—N,¢> A+4B+§0). (3)
Using a 27 geometry we have
N.
0, =— 4
e N¢¢ ’ ( )

where N is the total number of fission events
registered for 27 sr,

The term N,¢ appearing in Egs. (1), (3), and 4)
is given by

Nip= (xQ),

where N, is Avogadro’s number, A is the target
mass number; g, is the electron charge, X is the
target thickness (in ug/cm?), and Q is the inte-
grated beam current (in pC).

From the virtual-photon formalism, the electro-
fission cross section, as a function of incident
electron energy E,, is given by ’

0, (Eg) = :[z fo "o oM (E)NM(E,E)E"'dE, (5)

where ) identifies the electric or magnetic charac-
ter of the transition and L its multipolarity, N*?
is the virtual-photon spectrum calculated in
DWBA,? E is the real or virtual photon energy,

and the photofission cross section ¢ is given by

o@=§o“®, ®)

where the 0** represent the partial cross sections
for the transitions AL, both isoscalar and iso~
vector, namely

AL(E) OKL"(E)-FOAL'”(E) (7)

We next select the principal multipolar com-
ponents AL present in the photofission process to
be E1 and E2, Other multipolarities that possibly
play a role are (a) E0, (b) E3, and (c) M1:

(a) Many theoretical calculations have predicted
the existence of a giant E0 resonance, and some
evidence for its observation has been reported
recently.?*?* The isovector mode has been pre-
dicted to be located at ~1784 ~*% MeV, or at ~29
MeV for 2%y, and the isoscalar mode nearly to
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coincide with the isoscalar GQR, at ~584 /3

MeV (Ref, 25); however, the available experimen-
tal evidence suggest its position to be much closer
to the GDR (~784 /% MeV).?»% In any case, the
total electron inelastic-scattering cross section

is dominated by small momentum-transfer events
(corresponding to small scattering angles), for
which the longitudinal component is small with
respect to the transverse one.® Thus, inclusive
electrodisintegration measurements, like the one
reported here, are almost equivalent to thin-target
bremsstrahlung photodisintegration measure-
ments, with the exception that for the latter all
multipole orders contribute equally. '

(b) There are experimental observations re-
garding the existence of an isoscalar giant E3
resonance located at ~324*® MeV and an iso-
vector one at ~1724~3'MeV,% 2" which therefore
lie outside the energy range covered in the present
work (5 to 27 MeV). Moreover, for incident elec-
trons in our energy range, the momentum transfer
imparted to the nucleus is far below that for which
E3 transitions become important (relative to E1
or E2 transitions). For these reasons, an E3
component is not included in the present data
analysis.

(c) Notwithstanding some considerable.contro-
versy concerning the detection of a giant M1
resonance, the data to date suggest the probable
occurrence of at least some M1 strength at ~40
A~1/3 MeV,** and thus near the fission barrier
for %%y, Therefore, there is no argument which
supports.the exclusion of M1 strength a priori
from the present study, except that there is no
clear-cut experimental evidence supporting a
concentration of M1 strength in heavy nuclei suf-
ficiently strong to classify it as a giant resonance.

Then, for AL limited to E1, E2, and M1, one can
eliminate o?! from Eqs. (5) and (6), groups terms,
and apply certain small approximations® to obtain
the cross-section difference

AO‘ (Eo) = 0‘ (EO) - 0':" (EO) )

By
=0,(E,) - f o(E)N®! (E, E)E~'dE
0

= f E"o“"’(E)[ NEYE,E)-NEYE, E)]E~1dE,
0
®)

where o} is the El1 cross section, o, the total
electrofission cross section, and

o*(E) =0 F*(E) + F(E)o ¥!(E), ©)

where (F(E)) =(N*!/N®?). The ratio N¥\(E, E;)/
NEYE, E,;) in the region of excitation energy E near
6 or 7 MeV is almost independent of E,; also, for
E ranging from 5 to <7 MeV the mean value for
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(N¥!/NE?) is equal to 3.1 with a dispersion of 0.2.%
The cross section ¢4% which is the solution of the
integral equation (8), represents the contributions
of the additional multipoles, i.e., those other than
E1l.

The main results of this work are obtained from
a combined analysis of the absolute electrofission
cross section 0, measured at this laboratory and
the absolute Los Alamos—Livermore photofission
cross section 0. In order to be sure that the two
sets of data, measured at two different labora-
tories, do not contain serious systematic errors
working in opposite directions, which would result
in a Ag, with no physical meaning, we have ob-
tained the bremsstrahlung-induced fission cross
section o5 by measuring the total number N of
fission events at 27 sr, as described in Sec. II.
Then the relation 0,=N,/N,$ contains the same
factor Ny¢ that was used for the determination of
0,. We have compared these values for 0,4, for
E =9, 11, 13, 15,17, and 19 MeV, with

Eg
05(Eg) = fo O0(E)Ng(E, E))dE (10)

obtained from the numerical integration of o(E) in
the bremsstrahlung-spectrum kernel Nj.

The kernel N, in Eq. (10) is the thin-target
bremsstrahlung spectrum,?? corrected for the
finite thickness of the radiator.?® This correction
consists of (a) dividing the radiator thickness ¢
into # slices ¢t,=%/n (n = 10); (b) calculating N,(,)
for each slice, taking into account the electron
energy degradation in all the preceding slices; and
(c) evaluating the integral of Eq. (10) in a multiple-
step process for each Ny (f,). These calculations
of Ny(t,) and J? 0 (E)N »(E, E,)dE are achieved with
the use of the routine SABRE 2.>° The combined un-
certainty in the bremsstrahlung intensity and in
these correction procedures does not exceed 10%.

The six values for the ratio of the experimental
value for oy to that from Eq. (10) had a mean of
1.04 with a dispersion of less than 5%. This means
that the quantity Ag, cannot be attributed to for-
tuitous systematic errors, such as, for example,
an overestimate of g, an underestimate of 0. It
also means that the total absolute systematic uncer-
tainties of both the S3o Paulo and Los Alamos-Liver-
more photofission measurements are less than 10%,
and probably considerably less (unless they both
are in the same direction, which would not ap-
preciably affect the conclusions of this paper). An
appreciable uncertainty of the E1 virtual-photon
spectrum also can be ruled out, for the same rea-
son,

Certain important points should be emphasized
here:

(a) The presence or absence of contributions

from multipoles other than E1l is determined only
by the electrofission cross-section difference Ao,;
that is, if Ao, =0 the process is pure E1,

(b) The hypothesis of an M1 component in gA%
is initially only a formal procedure; i.e., its ef-
fective presence (or absence) will be determined
below, based upon the analysis of the fission-
fragment angular distributions.

(c) The sensitivity of this method to detect the
presence of an M1 component is embodied in the
factor F(E) of Eq. (9). It can be seen from the
virtual-photon spectra shown in Fig. 1 that at ener-
gies near the end-point energy (9.5 MeV) the M1
spectrum is much more intense than the E2 spec-
trum; thus, even a small M1 component will pro-
duce a large electrofission yield in the low-energy
region [since F(E) is large there; see above].

(d) The bremsstrahlung-induced photofission
cross section 05 was measured only for cross-
check purposes (as explained above) and is not
used in the determination of the photofission com-
ponents different from E1 in gA%,

IV. RESULTS AND DISCUSSION

A. Electrofission cross sections

The experimental results for the electrofission
cross section o, are the data points shown in Fig.
2. Note that for all but the two lowest-energy
points, the error flags are smaller than the plotted
symbols. The error flags contain the propagation
of both count-rate statistics (~1%) and systematic
uncertainties (in the target thickness, mica-detec-
tor areas, and reaction-chamber radius); no un-
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FIG. 2. Measured electrofission cross section o, for
238y (data points). Except for the two lowest-energy
points, the statistical uncertainties are smaller than the
plotted symbols. The solid curve represents the cross
section ¢} which would result from the E1 component
only, obtained by integrating the photofission cross sec-
tion o(E) of Ref. 18 with the E1 virtual-photon spectrum.
The uncertainty here is of the order of the thickness of
the line.
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certainty has been included for the beam-moni-
toring device (see Sec. II). The solid curve in Fig.
2 represents the E1 cross section of [Eq. (5)]
which was calculated from the values for o(E) from
Ref, 18 up to 18.3 MeV. Because of the lack of
experimental data for the photofission of 33U above
this energy, the higher-energy values of ¢} were
obtained by extrapolating the high-energy tail of
o(E); it should be noted, however, that the high-
energy behavior of of is for all practical purposes
insensitive to g(E)—it does not vary appreciably
even if we assume o(E) to be equal to zero above
20 MeV.

The differences. Ao, [ Eq. (8)] between the electro-
fission cross section and the solid curve of Fig. 2 are
shownin Fig.3. The absolute uncertainty inthe Los
Alamos-Livermore cross sectionisless than'7%.'®
We included a 7% uncertainty in o below 7 MeV and 5%
above that energy in the error flags of Fig. 3,

 along with the uncertainties in o, listed above. In
order to test whether the differences Ag,=0, - 0}
can be attributed to an erroneous experimental °
procedure rather than to the presence of transition
strength of multipolarity other than E1, we plot
the ratio ¢} /0, as a function of E, in Fig. 4. First,
it can be seen that this ratio is about 0.7 through
most of the energy range (above ~8 MeV), indi-
cating that such an error would have to reach 30%,
which is unlikely. Moreover, the fact that o% /o,
varies strongly below 8 MeV (from 0,1 to 0.7)
proves the existence of a strongly varying ghdd
[Eqs. (8) and (9)] at these low energies.

Figure 5 shows 0% obtained by solving the inte-
gral equation (8), using the least-structure un-
folding technique of Cook.3® This unfolding tech-
nique is characterized by the smoothing out of any
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FIG. 3. Electrofission cross-section differences Ao,
between the data and the curve of Fig. 2 (data points).
The dashed curve is the foldback of ¥ in Eq. (8); i.e.,
insofar as the true representation of ¢*¥ is given by the
curve of Fig. 5, then the cross-section differences plot-
ted here should lie upon the dashed curve.
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FIG. 4. The ratio of the E1 electrofission cross sec-
tion and the total electrofission cross section for 23y,

structure not compatible with the experimental
errors (as long as it is not pushed too far in the
attempt to delineate fine structure). This tech-
nique was not used above 23 MeV, because the ex-
perimental errors in Ao, above that energy (see
Fig. 3) are too large to yield an unambiguous and
stable solution of Eq. (8) there. As will be seen
below, however, it still is possible to establish
both upper and lower limits on the strength of an
(isovector) E2 resonance between about 23 and 30
MeV. The uncertainty in 04% (represented by the
shaded band in Fig. 5) includes the uncertainties
both in Ag, and in the unfolding procedure. Until
now there has been no precise test for the E2
virtual-photon spectrum; however, an upper-limit
of ~20% has been established as the maximum
uncertainty.!® The propagation of that + 20% in
NZE? changes the fractional error in the strength

[ f oAY(E)E~%E, as discussed in Sec. IVC] to a
value about twice as large.

B. Separation and delineation of the £2 and M1
components

From the previous discussion (Sec. III), we
conclude that the cross section 4% (Fig. 5)
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FIG. 5. “Additional” (of multipolarity other than E1)
cross section ¢*(E) for 238y obtained by solving the in-
tegral equation (8) using the least-structure unfolding
procedure of Ref. 30. Both systematic and statistical

.uncertainties are included in the error band.
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represents either mainly E2 transitions or else a
mixture of E2 strength plus some M1 strength,
the latter amplified by the factor F(E) [Eq. (9)].
The sharp peak in g Addat 5.8 MeV, corresponding
to ~404 "1 MeV, gives rise to a reasonable
suspicion that it could result from a non-negligible
M1 contribution. However, in order to test first
whether, despite the strong smoothing inherent in
the unfolding procedure, this peak could have
arisen from an unknown experimental uncertainty
in the determination of Ao,, we display in Fig. 6 a
linear plot of Ag, in the energy range from 5 to 7
MeV. [ The point with no error bar at 5.25 MeV
was obtained by assuming that o(E) falls ex-
ponentially below this energy (sub-barrier photo-
fission).] It can be seen that there is a clear in-
flexion near 6 MeV that gives rise to the peak in
0*%. in order to remove this inflexion from the
data it would be necessary that (a) the values of
Ao, between 5 and 6 MeV be overestimated by al-
most 100%, and (b) the photofission cross section
o(E) fall abruptly to zero at 5.3 MeV so that Ag,
~0 for E,=5.3 MeV. The first of these conditions
is surely not reasonable, and the second is simply
not true, as can be seen from the photofission
cross-section data of Lindgren et al.* for 3%y
between 5 and 7 MeV, which complement the Los
Alamos- Livermore data!® below the fission bar-
rier and which were used in the present analysis.
The structure found at 5.8 MeV could result, at
least in part, from penetrability through the fis-
sion barrier; however, the analysis of the angular
distributions (see below) can tell us how much of
the strength concentrated in that structure results
from transitions other than E2 (M1, in the present
situation).

The angular distributions of electrofission frag-
ments are given by the differential cross section

d—‘;ﬂs—(z@ =A(E,) +B(E,) sin’0 + C(E;) sin’26 (11)

for L=1,2, where the coefficients A, B, and C

are in units of mb/sr. For L=0, the angular dis-
tribution is isotropic. It is customary to define
the angular-distribution function W(6) by

W(6) =a +b sin®0 +csin®20, (12)

where the normalized and dimensionless coeffi-

cients @, b, and c¢ are obtained from the A, B, and

C of Eq. (11) by dividing them by A +4B +§C);

this latter quantity multiplied by 27 is the total

electrofission cross section [Eq. (3)], so that

the quantity (2a +4b +4c¢) is normalized to unity.
Figure 7 shows the electrofission-fragment
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FIG. 6. Linear plot of the cross-section difference
Ag, (data points, scale on left), along with 0444(E) over
the same low~energy range (solid curve, scale on right)
for 236y,

FIG. 7. Electrofission~-fragment angular distributions
for %8y for incident electrons having energies from 6.0
to 21.5 MeV. The curves are least-square fits of the
function W(6) [Eq. (12)] to the experimental points. Both
systematic and statistical uncertainties are included in
the error flags, and were used in the fitting procedure.
The redundant data points at 97.5° are not shown.
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angular distributions W(6) for 2y for values of
E; from 6.0 to 21.5 MeV. No angular-distribution
data were obtained below 6.0 MeV; above 21.5 MeV
the angular distributions were essentially iso-
tropic, and hence are not presented here, The
solid curves were obtained as least-squares fits
of W(6) [Eq. (12)] to the experimental points. It
should be noted that systematic as well as sta-
tistical uncertainties have been included in the
error flags on the points and were used in the
fitting procedure. The systematic enhancement
found in W(6) near 45° reveals the presence of a
major E2 component (at least up to ~11 MeV).
Assuming that' near 6 MeV (in the fission-barrier
region) all the E2 fission reactions proceed through
the K=0 channel (K is the projection of the total
angular momentum along the nuclear symmetry
axis), we havel®? for the coefficient of sin%26 in
Eq. (11)

15 [ B

CE) =55 ) ' oPUBINT"!(E, E) - $ NP> (E, Ey)

- ";‘NEL2<E: Eo)] E—idE7
13)

where the NE%¥ are the virtual-photon spectra
for each magnetic substate M. The absolute
values for C(E,) obtained from least-squares fit
of Eq. (13) to the angular-distribution data are
shown as the data points in Fig. 8. The dashed
curve shown in Fig. 8 is obtained from Eq. (13) for
the case 0A¥=¢Z? je., assuming no M1 com-
ponent; a large discrepancy between it and the
data is observed. However, by assuming the
existence of a small M1 component represented
by a Breit-Wigner shape at 5.8 MeV having a
width of 1 MeV and a peak cross section of 0.4
mb, subtracting it from o Add [taking into account
the amplication factor F(E)], and again integrating
Eq. (13), we obtain the solid curve shown in Fig.
8. This curve agrees with the data up to ~6.5 MeV;

1072 T l 7

1
236 -

1073

C (mb/sr)

107 7 9 11
Electron Energy (MeV)

FIG. 8. Absolute values for the coefficient of the
sin?26 term in the electrofission differential cross sec-
tion C(Ey) [Eq. (11)], obtained from the measured angu-
lar distributions for 2%U (data points). The solid curve
represents this coefficient as computed, using Eq. (13),
from ¢4 after M1 subtraction; the dashed curve as-
sumes there to be no M1 component in ¢ A%,

at this energy the opening of the K=1 fission chan-
nel acts to reduce C(E,),?* so that the fact that the
data points shown in Fig. 8 fall below the solid curve
above this energy is expected. The results of this
decomposition of 044 into its E2 and M1 com-
ponents are shown in Fig. 9. From Eq. (9) and
the o ¥!(E) obtained above we determine o *(E) to
be equal to ¢ A%(E) — (F(E))o ¥'(E). Although the
uncertainty in the strength of the M1 component
obtained from this analysis is of the order of 20%,
its location is well fixed by the pronounced peak in
oAdd gt 5.8 MeV.

A stringent test of our technique and result is
obtained from a comparison with the photofission
angular distributions. Figure 10 shows (as the data
points) the values for ¢Z? obtained from

_ 8c(E)/15
~a(E) +2b(E)/3 +8¢(E)/15

for the K=0 channel, where the values for the co-
efficients a, b, and c¢ are taken from the photo-
fission angular-distribution data of Ref. 20 and
o(E) from Ref, 18 as before. This procedure gives
0 7% normalized to the Los Alamos- Livermore
cross section.!® The lower solid curve, which
agrees very well indeed with the data points, is
the result for o F%(E) of the above analysis, while
the upper solid curve corresponds to the case o5
=o M This comparison shows that the structure
observed in 0% at 5.8 MeV is incompatible with a
pure E2 hypothesis, confirming the electrofission
angular-distribution results (Fig. 8), whether or
not its assignment is M1.

Owing to the controversial nature of the results
reported to date in the literature related to the
detection of M1 strength in heavy nuclei, we com-
ment here on certain other possible sources of
error regarding the present M1 assignment:

(a) The possibility of an appreciable difference
in the energy scales for the two sets of data (o,
and 0}) used to determine Ag, can be discarded
because our bremsstrahlung cross check is very
sensitive to such a calibration difference, par-

o F(E) o(E) (14)

Cross Section (mb)

5 10 15 20 25
Photon Energy (MeV)
FIG. 9. Partial photofission cross sections o*%(E) and

oM (E) for 236y, obtained from the decomposition of
o™4(E) (Fig. 5), as described in the text.
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FIG. 10. E2 photofission cross section ¢®(E) for 23y,
obtained, using Eq. (14), from the total photofission
cross-section data of Ref. 18 and the photofission angu-
lar-distribution data of Ref. 20 (data points). The lower
solid curve with the error bandis o E) from Fig. 9;
the upper solid curve is o*¥(E) from Fig. 5.

ticularly below 16 MeV, where the slopes of the
integral [, °0(E)Ny(E, E,)dE [ Eq. (10)] and of the
cross section 04(E,) are accentuated. Changes in
energy as small as ~0.3 MeV would have been
noticed, whereas the electron-beam energy reso-
lution is 1% (much smaller than 0.3 MeV).

(o) Since the M1 strength reported here is con-
centrated near the neutron-emission threshold, it
is natural to suspect that the onset of the neutron-
emission channel would bleed off much of the
strength from the fission channel and thus give
rise to the observed peak at 5.8 MeV. However,
the photoneutron threshold for **y is greater than
6.5 MeV, and 0*%(E) already is decreasing at least
0.5 MeV below that energy; therefore, the onset
of the neutron-emission channel plays no important
role in our M1 assignment.

(c) Among the parameters obtained for the M1
component, the strength is the one that depends
most strongly upon the angular-distribution co-
efficient C(E;). The formalism that results in
Eq. (13) assumes that K (the angular-momentum
projection) is a good quantum number, and al-
though there is no evidence to date that this is
not true, we cannot evaluate the exact extent to

which a breakdown of this assumption would affect
the magnitude of the assigned M1 strength. The
inclusion of K mixing in the fission process mainly
involving an admixture of K=1 strength into the
predominantly K=0 cross section would decrease
the values of C(E;) which have been obtained from
Eq. (13), and consequently, if this were the case,
the M1 strength would have been overestimated
here. On the other hand, it would appear from the
change in slope of C(E,) near 6.5 MeV for 2y
(Fig. 8), as well as for #8U (Ref. 21), that a well-
defined threshold for the opening of the K=1
channel has been established, at least for these
nuclei,

Finally, since for this case there is no discrim-
ination against either isoscalar or isovector
modes, we have, from Eq. (7), that

0FE) =0 PH4(E) + 0 BH(E). (15)

For ¥%U the separation between the peaks corre-
sponding to 0 %% and 0 Z%? is ~13 MeV, which
leads us to conclude that the GQR obtained here
(Fig. 9) is predominantly isoscalar. The question
of isovector E2 strength above ~20 MeV will be
discussed below.

C. Comments on the GQR parameters

The position of the resonance peak (~674 /3
MeV), given in Table I, agrees reasonably well
with the experimental systematics for other heavy
nuclei,®3

The width (~8 MeV; see Fig. 9) is con-
siderably larger than the experimental systematics
for other heavy nuclei. We note here that these
large widths are not artifacts of the unfolding pro-
cedure;* we found that reasonable changes in the
smoothing parameter used in the unfolding pro-
cedure have very little effect on the widths of the
structure obtained. On the other hand, our tech-
nique for the determination of o £2 does not dif-
ferentiate between first- and second-chance fis-
sion, and both are included in the E2 cross section
of Fig. 9. In an attempt to subtract the second-
chance E2 photofission cross section 0% from the
total E2 photofission cross section ¢Z*=0F2+0Z?,
we have assumed, as in Ref. 17, that the ratio

TABLE I. Parameters for first-chance fission decay of the GQR.

Peak energy FWHM % EWSR % EWSR
Nucleus (MeV) (MeV) 1 Unit? 1.3 Units® Reference
238y 10.8+0.4 ~6 72+10 =55 Present work
238y 9.9+0.4 ~5 242 5, 17

2 Assumes that the total E2~photoabsorption strengih exhausts one isoscalar EWSR unit.
b Assumes that 1.3 EWSR units (130% of the isoscalar E2 sum rule) are exhausted (see
text).
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FIG. 11. First-chance E2 photofission cross section
o2 (y,f) (solid curve), obtained from the total E2 photo-
fission cross-section om('y,F) (solid curve below the
second-chance fission barrier B,;=12.3 MeV, dashed
curve above B,;) as described in the text. Both system-
atic and statistical uncertainties are included in the
error band.

0%%/0 % for E2 transitions is the same as that ob-
tained experimentally!® for E1 transitions. Figure
11 shows both the first- and second-chance E2
photofission cross sections from the decomposition
of the total cross section (0Z%; Fig. 9), and all the
parameters are given in Table I, along with those
previously obtained for %%y (Refs. 5 and 17). The
width, equal to ~6 MeV, is still large, but it should
be noted that the %y nucleus, like 238y, is statical-
ly deformed.!® The splitting of the GDR for sta-
tically deformed nuclei has been studied exten-
sively and is at present well established, 1»1831-3
However, it is still an open question as to whether
and to what extent the GQR for deformed nuclei
also are split or broadened or both, Predictions
regarding the splitting of both isoscalar and iso-
vector giant E2 resonances have been made,3% 38
and their broadening has been treated in terms of

a quadrupole-quadrupole nucleon-nucleon effective
interaction.?” Broadenings of ~1 MeV between
1445m and !%Sm and ~2 MeV between !42Nd and
150Nd have been observed in measurements of the
GQR by means of the (d,d’) and (e, e’) reactions,
respectively.®”3 Therefore, the possibility of a
substantial broadening of the GQR for #3U cannot
be discarded.

The strength of (72+10)% of one EWSR (energy-
weighted sum rule) unit, after subtraction of the
second-chance fission cross section, shows the
likely dominance of the fission channel in the decay
of the GQR for #*¥U. Assuming an uncertainty of
+20% in the E2 virtual-photon spectrum, we obtain
an uncertainty of ~+30% in the strength, that is,
(72£22)% of one EWSR unit, and even the lower
limit for this strength (72% - 22% =50%) is still
larger than the GDR fission-decay strength (34%).!8

1t has been found, moreover, that for 23U the
fission probability P, in the energy range from 6
to 12 MeV is nearly constant and lies between 0.3
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and 0.4 for photofission!? (which is dominated by
L =1 excitation), but lies somewhat higher, be-
tween 0.5 and 0.8, for excitation energies from 6
to 7 MeV, for the (¢,pf) reaction®*4’ (for which
several L values are important). In a recent
study'” we have shown again that the fission barrier
heights B, play a critical role in the determination
of the fission probabilities; in particular, a change
of only 0.5 MeV in the barrier heights causes an
appreciable change in. P, (for the GQR fission
near 10 MeV), namely, a sharp increase, fromP,
=0.5to P,=0.9. This calculation was performed
with a conventional statistical model using a
Fermi-gas level density. In such a calculation, if
a given nucleus has B, (J"=2") <B,(J"=1"), then
P,(GQR)> P;(GDR). We refer the reader to Ref.
17 for a more complete discussion.

Finally, it should be noted that the calculation
of the EWSR strength depends upon several as-
sumptions, the most important of which is the
value assumed for the nuclear radius parameter
R,. [We have taken R, to be 1.15 fm (see Ref. 18),
from which the EWSR prediction for o_, (the
second moment of the integrated cross section) is
0.329 mb MeV-*for 2°®U.] Moreover, thereis no
guarantee. a priori that the total isoscalar E2 value
for o_, does not exceed the EWSR prediction; it
is well known,! for example, that the integrated
GDR typically exceeds the Thomas-Reiche-Kuhn
(TRK) sum-rule prediction by some 20% [ and for
26y, by 26% (Ref. 18)]. I, for instance, the
nuclear radius parameter were underestimated
by 10%, the new value for the total isoscalar E2
sum rule would increase by ~20%. Also, a recent
measurement®! of the GQR in ***Th(a, o’) found
evidence supporting a strength of 130% of the
EWSR. For illustrative purposes (only), we show
in Table I how the results would look if the GQR
were to exhaust 130% of the E2 isoscalar EWSR.

D. The M1 component

The strength of the M1 component in the fission
channel for 2*U is very small (less than 2% of the
E2 strength). However, it is worth emphasizing
that its detection was made possible not only be-
cause of the greater intensity of the M1 virtual-
photon spectrum than that of the E2 spectrum [by
the factor F(E)], but also because it is more
concentrated in energy than the E2 strength. Such
a peak in the M1 strength could result from the
(17,1) level of the transition nucleus (the saddle
point), as in ¥8(U, located around 6 MeV, and not
from a resonance of the M1 photoabsorption pro-
cess. The relatively broad width of 1 MeV (com-
pared to a narrow level) could owe its origin part-
ly to the smoothing technique employed in the un-
folding procedure and partly to the finite energy
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resolution associated with the determination. of
Ao (from the 0.25-MeV steps).

E. Limits on the isovector E2 strength

It has been predicted, in Refs. 35, 42, and
elsewhere, that the isovector GQR strength greatly
exceeds the isoscalar strength. Yet, the experi-
mental results for both ¥y and #3%U (Ref. 5) indi-
cate that very little isovector E2 strength appears
in the fission channel, even though a substantial
isovector GQR is seen in the neutron-emission
. channel, "4

The unfolding of o A% (E) from the cross-section
differences Ao, was carried out above only up to
~23 MeV, owing to the fact that large uncertainties
are associated with the high-energy tail of o2%(E)
(see Fig. 5), where the isovector E2 strength is
expected to lie. Since, however, Ao, is an inte-
grated cross section, it will be sensitive to the
presence of an appreciable isovector E2 com-
ponent only at higher energies (>30 MeV). In
order to establish limits on the isovector E2
strength, we carried out some simulations. Ini-
tially we separated the quantities 0 %% and ¢ %"
of Eq. (15) explicitly in Eq. (8); i.e.,

Ag, = f "o [0 E%3(E) + F(E)o "Y(E)]
0

X [NEYE,E)) - NP\(E, E))] E"'dE

E
+ f °oE2'"(E)[NE2(E, E)- NPYE,E\)] E"dE.
0

(18)
The simulations consisted of assuming the presence
of an isovector E2 component ¢ Z%? near 22 MeV
having a width of about 7 MeV, folding back Eq.
(16), and calculating the values for y? between the
experimental Ao, and the Ao, obtained by numeri-
cal integration of Eq. (16) over the energy range
from 23 to 33 MeV (the last experimental data
point). Values for y? of ~1,0 were obtained for
isovector E2 strengths from a lower limit of zero
to an upper limit of ~10% of the corresponding
EWSR. Thus, the electrofission yields above 23
MeV are compatible with an isovector E2 com-
ponent that exhausts no more than 10% of the *
EWSR in the fission channel for 3¢y,

One would expect a suppression of the fission
component for any isovector excitation, since the
classical description of such an excitation consists
of a vibration of the neutrons against the protons

in the nucleus (like the hydrodynamic model of the
GDR), and this motion would have to get damped
into the compound nucleus before fission could take
place. One also might expect that at the higher ex-
citation energy of the isovector GQR there would
be a larger direct-reaction component, which also
would favor neutron emission over fission. But it
is somewhat surprising that even both of these ef-
fects combined could suppress completely the
fission decay of the isovector GQR. Nevertheless,
this apparent selectivity of the fission decay chan-
nel with respect to the isoscalar or isovector
nature of the mode of excitation of the GQR might
very well prove to be a valuable tool for studying
collective excitations in nuclei.

V. CONCLUSIONS

The characteristics and parameters of the iso-
scalar GQR and, more tentatively, a small M1
component for **¥U have been delineated in this
work, with the results given in Fig., 11 and Table
I, and limits have been set on the isovector GQR
component in the fission channel. These results
depend upon the precise knowledge of both the
electrofission and photofission cross sections and
of the virtual-photon spectra in order that the ex-
traction of the E2 and M1 components of the photo-
fission cross section be unambiguous. This being
the case, in our judgment, we believe that the
present results add significantly to our knowledge
of the excitation and decay mechanisms of the new
giant resonances. Clearly, further studies, for
the actinide nuclei and for other nuclei as well,
should be pursued in order to expand our knowledge
of the systematics of these important collective
features of the nuclear spectrum.
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