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The coincident electrofission (e, e'f) cross sections of "'""U were measured in the excitation

range 150—550 MeV. The probability of fission was found to be near unity in the delta resonance

region (250—550 MeV), but less than unity in the quasifree scattering region (150—250 MeV). The

data are analyzed with a model based on the quasifree and delta reaction mechanisms. An excita-
tion energy of 25 MeV is found for the residual nucleus in the quasifree region and over 40 MeV in

the delta region.

I. INTRODUCTION

When a heavy nucleus is excited by a high-energy pro-
jectile, the probability that the nucleus will undergo
fission after direct reaction products leave the nucleus is a
function of the excitation energy E* and ratio Z /A of
the residual nucleus. These features can be used to study
the reaction mechanisms between the projectile and tar-
get.

In Refs. 1 and 2 the photofission cross section of urani-
um isotopes was found to equal the total absorption cross
section for photon energies above 40 MeV. In particular,
in the excitation region of the delta resonance (320 MeV)
a measurement of the (y, f) cross section with tagged
photons was found to be a convenient way to study the
nuclear medium effects on bound nucleon resonances.

In this experiment we measure the fission probability of
two uranium isotopes following inelastic electron scatter-
ing (virtual photon absorption) as a function of energy
transfer to the target. As will be seen, the fission proba-
bility as a function of virtual photon energy is different
from that of real photons. We use the known dependence
of fission probability on Z /A and E* to explain the
difference in terms of the differing interaction mecha-
nisms of real and virtual photons and to extract E'
versus electron energy transfer.

Electron kinematic variables follow: k, and k2 are the
incident and scattered electron three-momenta,

q = k&
—kz is the three-momentum transferred to the tar-

get, co=k& —kz is the energy transferred (neglecting the
mass of the electron), and Q =q —co is the square of
the four-momentum transferred.

II. EXPERIMENTAL ARRANGEMENT

The experiment was performed at the Bates Linear Ac-
celerator Center using electrons of 720 and 830 MeV.
The design and operation of the linac and recirculation

system have been described elsewhere. The beam energy
was measured to an accuracy of 0.5% in this experiment.
The electrons were scattered from targets of UO2 and

UOz. The uranium isotopes are separated to )99.4%.
The targets were 957 and 947 micrograms per cm of
uranium with titanium backings of 253 and 257 micro-
grams per cm for UO& and UO&, respectively. Elec-
trons scattered at 37.5' were detected using the dispersion
matched energy-loss spectrometer system ELSSY.

The beam charge was measured by a pair of toroids
that have been calibrated to an absolute accuracy of
0.1% at peak current. The average beam current used
was restricted to below 0.5 pa in order to limit the instan-
taneous rates in the fission detectors to 1 MHz. Back-
ground events were thought to be Mgller electron in-
duced and not a product of beam halo.

The solid angle of the electron spectrometer was limit-
ed to keep the dead time below 10%. The solid angle ac-
ceptance was determined by a pair of slits in front of the
spectrometer and 1.8 m from the scattering chamber.
The height and width of the slit openings were measured
to an accuracy of 0.08 mm, corresponding to an uncer-
tainty of 0.26% at the smallest solid angle used.

A time coincidence requirement was imposed between
events detected in a pressurized gas Cherenkov detector
and the focal plane wire chambers to discriminate against
pions. Two atmospheres of Freon-12 were used as the
light emitting medium. The Cherenkov detector is de-
scribed in a previous article on electron scattering in the
delta region. The detector has a pion threshold of 1.9
GeV/c and an electron threshold of 6.8 MeV/c.

Each time the electron spectrometer detected a good
event, a system of 16 parallel plate avalanche counters
(PPAC) (Ref. 6) signals were read out to the computer
data taking system. These signals were used to achieve a
coincidence between the scattered electron and a fission
fragment from the uranium target. Figure 1 shows the
experimental arrangement.
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done in two steps: (1) A time coincidence between a plas-
tic scintillator paddle (which detected the cascade y from
the Cf source) and the PPAC's (which detected the Cf
fission fragment) was used to set up the relative timing
between the PPAC's, (2) the plastic scintillator paddle
was then taken to the ELLSY detector shielding hut and
placed on the fast trigger detector and a Sr source was
used to establish the relative timing between the fast
trigger and the moveable paddle. All that remained to be
done was to adjust a single delay that was approximately
equal to the time difference generated by the differences
in lengths of PPAC and ELSSY fast trigger cables and
electronics.

The signals from constant-fraction discriminators were
fanned out to CAMAC scalers so the counting rate of
each PPAC could be monitored throughout the experi-
ment. To get the total counting rate of all the PPAC's a
hardware sum signal was also connected to a CAMAC
sealer. The CAMAC system was controlled by a micro-
VAX computer running a real-time data acquisition code
called Q, developed at Los Alamos. This system was also
used in the off-line data analysis.

FIG. 1. Experimental arrangement showing parallel plate
avalanche counters in front of the electron scattering target and
the electron spectrometer at 37.S' to the incident beam. TAPE, -

ST AT ION
g-VAX

The PPAC's were 80X 160 mm with an effective detec-
tor thickness of 3.4 mm. They consisted of a polished
printed circuit board with a plastic frame spacer covered
with aluminized polyethene of 10 micrometers thickness.
The PPAC's were operated in a gas chamber with win-
dows of the same foil as the detectors. In the gas
chamber a pressure of 8 Torr of Aowing isobutane was
maintained with a Cartesian manostat. A voltage of
480—540 V between the foil and the board of the PPAC's
was used. The pressure and voltage were optimized for a
maximum signal from fission fragments. The PPAC's
were mounted in four aluminum gas chambers with four
detectors each. Each detector was read separately to
avoid too high counting rates in the data taking electron-
ics, see Fig. 2. The total solid angle of the 16 PPAC's
was 2.10 sr.

The signal from the PPAC's was amplified by a preamp
connected as close as possible to the cable feedthrough of
the scattering chamber and by a main amplifier in a NIM
bin. From the amplifier one signal was fed directly to the
CAMAC analog-to-digital converter (ADC) via delays.
Another signal from the amplifier was taken to a
constant-fraction discriminator (CFD) in a NIM bin situ-
ated in a radiation shielded room adjacent to the spec-
trometer room. The CFD's were used to get a stop signal
from each PPAC to the corresponding time-to-digital
converter (TDC), which was started by a good event in
the electron spectrometer.

Cf yf decays were used to set up the time coin-
cidence between the PPAC's located in the ELSSY
scattering chamber and the spectrometer's fast trigger
detector, a plastic scintillator paddle. The timing was
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FIG. 2. Diagram of the electronics arrangement that corn-

bined signals from the electron and fission detectors to form the
time coincidence.
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III. DATA ANALYSIS AND RESULTS

Event mode data were collected from the ELSSY elec-
tron spectrometer and from each PPAC. In the spec-
trometer focal plane, good events in hardware required a
two out of three coincidence between the transverse drift
chamber array, a large plastic scintillator, and a large gas
Cherenkov detector. Both the scintillator and Cherenkov
detector spanned the momentum acceptance defined by
the VDC. The transverse array provided scattering angle
definition and the Cherenkov detector was used to elimi-
nate pions and very low-energy electrons and positrons.
The scintillator was used to establish the Cherenkov
detector efficiency in a region where pions were kinemati-
cally forbidden (co(m ) At. the highest electron ener-

gies, there was some loss of gain in the Cherenkov pho-
tomultiplier tube (PMT) due to magnetic flux leakage
from the spectrometer. This was monitored through
comparison with the plastic scintillator, which did not
show any sensitivity to the stray field. In data replay
only the transverse array and Cherenkov detector coin-
cidences were used as triggers for the VDC TDC's and
for the ADC/TDC pairs associated with each PPAC. In
addition to coincidence mode data, singles events from
each PPAC were recorded. These latter data, converted
to electrofission cross sections, were used to check the
relative solid angles between the different PPAC's calcu-
lated from their known geometries.

Dead-time corrections were applied to the data, as
were corrections for average focal plane detector
inefficiency. Correction due to efficiency variations
across the focal plane were made based on differences be-
tween the scintillator and Cherenkov detector responses.

A summed TDC spectrum for the PPAC's is shown in
Fig. 3. Corrections in timing due to lack of isochronism
in ELSSY were not made because the main contribution
to the time resolution is expected to come from the veloc-
ity differences between the fission fragments. We could
not correct for this as the PPAC's do not provide infor-
mation about total energy (hence flight time). The overall
coincidence resolving time of about 15 ns was neverthe-

less adequate to make separations of true and accidental
coincidences. As seen in Fig. 3, the peak is quite clear
above the background, even though singles rates in indi-
vidual PPAC's was as high as 10 /s. To find the true
coincidences from each PPAC, the timing spectrum from
all runs was summed and the upper and lower limits of
the timing ~indow set. The data were then replayed, and
events within the window summed. The background
from random coincidences was obtained by summing all
the events outside the coincidence time window and nor-
malizing to the same time interval as for trues. The num-

ber of true coincidences was obtained by subtracting the
randoms from summed events within the window. With
knowledge of the solid angles for ELSSY and each
PPAC, of the integrated charge on target, and of the tar-
get thickness, it was straightforward to obtain the cross
sections.

The target thickness associated with backing material
did not contribute to the coincidence counting channels
because the associated nuclei would not give fission frag-
ments. The target thickness was computed from the
measured total areal density, the known Ti backing foil
density, and the known stochiometric atomic ratio of the
uramum compound (

' UOz).
Radiative corrections to the coincidence cross sections

so obtained are necessary. However, these corrections
are different from those for inclusive scattering (see Fig. 4
as an example) in that the elastic channel is excluded as is
the region below fission threshold by reason of detecting
a fission fragment. Processes such as low-e fission fol-
lowed or preceded by radiation emission will contribute
to the observed number of events at larger energy loss.
Corrections are made for such processes and nonradiative
results presented. We treat the inelastic radiation effects
in the peaking approximation, using a heuristic model for
the nonradiative (e, e') cross section. Radiative correc-
tions and unfolding are accomplished by "radiating"
model results, using exponentiated Schwinger radiative
corrections and peaking approximation radiative tails,
and comparing these results with the nonradiative model
results.
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FIG. 3. Timing spectrum of PPAC signals using the electron
signal as the start. FIG. 4. Model fit to the "'U(e, e') data of Ref. 9.
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FIG. 5. Meausured cross section of "'U(e, e'f) vs energy
transferred to the nucleus. The incident electrons of 720 MeV
were scattered at 37.5'. The curve is a parametrization of the
(e, e') cross section.

In this analysis, we wish to generate experimental, non-
radiative results for the fission cross section (e, e'f) as well

as for the ratio of the fission cross section to the inclusive
cross section (e, e'). Radiative corrections to the ex-
clusive channel (e, e'f) would be the same as for inclusive
results if the two cross sections, which enter the integrals
over lower energy-loss contributions for the two process-
es, simply scaled by a constant branching ratio. Quite
clearly they do not scale in the quasielastic peak region,
nor do they scale at energies below the giant resonance
(-15 MeV). We find that radiative contributions to the
quasifree (QF) and to the delta (resonance) region from
the giant resonance region are very small, and have
neglected them in the radiative unfolding procedure. The
raw ratio of fission to inclusive results indicate that in the
QF region there is a fission branch of 0.5 for U and 0.8
for U. Based on these results we use the heuristic mod-
el for the inclusive results, and describe the (e, e'f) cross
section by empirically reducing the QF contributions by
the preceding factors. As indicated by the raw data, a
0.75 adjustment was made in the delta region. We then
"radiate" this latter model of the fission cross section, to-
gether with the full inclusive cross-section model.
Correction factors, (nonradiative)/(radiative) model re-
sults, are applied to the data.

For U and 720 (830) MeV, the preceding model ra-
tios vary from 1.04 (1.07) at co=100 MeV, to 0.78 (0.84)
at co=550 MeV. For U and 830 MeV, these ratios
vary from 1.12 at co=100 MeV, to 0.83 at co=550 MeV.
The corrected cross sections are shown in Figs. 5 and 6.
The uncertainties sho~n are statistical only. These data
represent combined results from single field settings of
the spectrometer.

In computing exclusive to inclusive cross-section ra-
tios, we used inclusive results from the model code,
which reproduces the U(e, e') results of Ref. 9. Figure
4 shows our model results and experimental results of the
latter experiment. For the ' U targets we used
kF =287 MeV/c, and separation energies (for QF
knockout and delta production) of 20 and —10 MeV, re-
spectively. The sole modification from the published in-
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FIG. 6. Similar to Fig. 5 except that circles are A =238 and

squares are A =233. The incident electron is 830 MeV.

elusive cross-section model is in the (A, Z) dependence of
the quasideuteronlike component, changing the factor
(NZ/A) to (NZ/A) A . This change is seen primarily
in the dip region, increasing the dip cross section by
about 30 percent. Use of calculated (e, e') results was
necessary because of difficulties encountered in subtrac-
tion of Ti-backing foil and oxygen contributions to the
observed counts. It is apparent from Figs. 5 and 6 that
the fission branch in the QF region is different for the two
targets and from unity, as we had expected. It is also ap-
parent that the branching ratio varies with energy loss,
rising to near unity in the delta region.

IV. INTERPRETATION

The fission cross section for U is constant within
measurement uncertainties as seen in Figs. 5 and 6. In
the delta region (centered around co = 376 MeV for
k, =720 MeV and co=400 MeV for k, =830 MeV) the
fission cross section reaches around 75% of the (e, e')
scattering cross section. For an energy transfer around
the quasifree peak the fission cross section is only half of
the (e, e') cross section for U. These observations are
unexpected since for real photons at these energy
transfers there is equality between the fission and absorp-
tion cross sections. '

To explain the low fission probability in the energy
range of the quasifree peak we consider a simple two-step
model in which the initial step consists of the knockout of
a proton, (e, e'p), or neutron, (e, e'n), resulting in an excit-
ed nucleus with (A —1) nucleons. The excitation energy
E* is dissipated mainly by neutron evaporation. For
heavy nuclei like the two uranium isotopes used in this
experiment, fission competes in every step of the deexcita-
tion until the excitation energy of the remaining nucleus
falls below neutron and fission thresholds.

The total fission probability may be calculated from the
following expression:

Pf"=R„+(1—R„)R„
(1—R „)(1—R„,)R „ i+

where A is the atomic weight of the target nucleus minus
one and R~, is the fission probability for the nucleus
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FIG. 8. Prediction of the probability of fission versus urani-
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FIG. 7. Parametrization of the ratio of neutron to fission
widths taken from Ref. 7.

(3 i) —R=. I f/(I f+I „), where I is the decay width

for the indicated channel. In the calculations presented
here, the values of I „/I f were obtained from systemat-
ics for Z =91 and 92, see Fig. 7.

The fission probability for a given nucleus (A, Z) de-
pends strongly on the value of Z /A as this ratio deter-
mines the relation between the repulsive Coulomb and at-
tractive surface tension as seen from macroscopic mass
formulae. Thus the fission probability R „decreases with

increasing mass number A and decreases with decreasing
charge number Z. The (e, e'n) channel leads initially to a
higher fission probability than does the (e, e'p) channel.
In a similar way, starting out with U as a target results
in a higher total fission probability than for the case of
238U

From Eq. (1) we may calculate Pf" with the propor-
tions of Z=91 and 92 from (e,e'p) and (e, e'n) cross-
section estimates obtained with an analytical model of
electron scattering in the continuum. In this model the
contributions to the total (e,e') cross section from the
quasifree, dip, and delta resonance regions are described
with simple analytic expressions. For the q and co ranges
used in this experiment, the model leads to good agree-
ment with (e, e') data, Fig. 4. Calculated value of Pf"'
for A =233 and 238 are shown in Fig. 8. The steps are
caused by the onset of the fission thresholds.

The experimentally determined cross sections
d cr(e, e'f )IdQdco may be used to deduce the total
fission probability from the experimental data

Pf'"t'( co ) = [d o ( e, e 'f ) ld 0

dc@�]

l[d o (e, e '
) Id 0

dc@�]

(2)

as a function of the energy transfer co. For
d o(e, e')ldQ des we used the model of Ref. 8. The cal-
culated (e, e') cross sections are given in Figs. 4 and 5 for
the uranium isotopes used. The ratios yielding the value
of Pf'"~ from Eq. (2) are shown in Fig. 9. As we have used
two different electron energies in this experiment, the
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FIG. 9. Measured probability of fission, Pf'"~, given by the ra-
tio of fission to total cross section versus energy transfer refer-
enced to the quasifree peak. Inverted triangles are for A =238
in the 720 MeV run; circles are for A =238 in the 830 MeV run;
squares are for A =233 in the 820 MeV run.

measured values of the total fission probability are shown
as functions of the quantity co —

co&F, where co&„ is the lo-
cation of the quasifree peak obtained from systematics.

From a comparison of the two quantities Pf", Eq. (1)
and Fig. 7, and Pf'"~, Eq. (2) and Fig. 9, we may obtain
values of the excitation energy E* for various values of
the difference co —co&„. The deduced values are shown in

Fig. 10. The plot shows the excitation energy of the tar-
get nucleus after the initial fast reaction step as a func-
tion of the energy transfer relative to the quasifree peak.
For a region of about +100 MeV around the quasifree
peak, the average value of E* is around 25 MeV. In Fig.
10 the circles and triangles refer to A =238 and the
squares to A =233. Within the measurement uncertain-
ties the two target isotopes give the same result for E*.

In the case of photofission it was found in Ref. 1 that
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particles will be lower in the real photon case and both
neutrons and protons will leave the nucleus. Final-state
interactions may modify this simple picture, but the basic
reaction mechanisms appear correct.

In the delta resonance region the reactions proceed in a
similar way with an energetic nucleon and a pion created
in the nucleus. The fission probability for virtual photons
is seen to increase in the delta region even if it does not
reach unity as is the case for real photons.

U. CONCLUSION
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FIG. 10. Excitation energy of the residual nucleus versus en-

ergy transfer as inferred from the analysis. Symbols are as de-

scribed in Fig. 9.

for A =238 a fission probability close to unity was ob-
tained already at a photon energy of 40 MeV. The main
difference between the two reactions (e, e'f) and (y, f) is
the initial reaction step. In the case of virtual photons,
the emission of a proton is more likely than the emission
of a neutron because of the difference in their electromag-
netic coupling constants, whereas in the case of real pho-
tons the reaction mechanism is more likely to involve a
proton and a neutron that are correlated at the moment
of photon absorption. Thus the kinetic energies of the

Measurements of the electrofission coincidence cross
section U(e, e'f ) for two isotopes of uranium
(A =233,238) show the fission probability to fall well

below unity in the quasifree excitation energy region.
This finding was unexpected because for photon absorp-
tion the fission probability is unity for all excitations
above 40 MeV. The fission probability in the quasifree
region depends on the mass of the uranium isotope.

The results can be understood in terms of a model of
quasifree proton and neutron knockout followed by com-
petition between fission and neutron evaporation as the
target nucleus deexcites. We extract an average excita-
tion energy E' from the data as a function of the original
energy transfer to the target. In the quasifree region
E'=25 MeV for both isotopes while in the delta region
E'&40 MeV. This difference reflects how the reaction
mechanism influences the excitation energy left in the nu-

cleus after the fast products leave.
The energy E* differs from the energy shift of the

quasifree and delta peaks of bound nucleons. These shifts
are understood in terms of the momentum-dependent
single-particle potentials of the nucleon and delta. ' '"
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