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Electrofission and photofission of 2®U in the energy range 6-60 MeV+
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Experimental results are presented for the electrofission and photofission of **U in the energy range 6 to 60
MeV. The importance of the inclusion of the Coulomb corrections in the calculation of the virtual photon
spectrum is emphasized and the relative E1 contribution to the electrofission process has been evaluated using
the distorted-wave Born-approximation analysis of the experimental data.

sections of 23U in the energy range 6—60 MeV. Deduced relative E1 contribution
to the electrofission process using DWBA analysis of the experimental data.
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I. INTRODUCTION

The study of the photonuclear reactions, and of
photofission in particular, has been carried out in
several laboratories since the discovery of nuclear
fission. Although electron-induced nuclear reac-
tions have also been studied in the last two decades,
there are no data available on the electron-induced
fission cross sections of ?**U in the giant dipole
resonance region and only a few investigations'~?
have been reported for energies above this region.

The use of electrons and that of photons to in-
duce nuclear reactions is equivalent in the sense
that inboth cases, the nuclei are excited by means of
the electromagnetic interaction. Inthe case of elec-
tro-excitation, this interactiontakes place through
the virtual photon spectrum as compared to that
through the real photons in the case of photoexcita-
tion. The virtual photon spectrum differs from the
real photon spectrum mainly in that: (1) it con-
tains both longitudinal as well as the transverse
photons, and (2) it depends strongly upon the multi-
polarity of the photons. The electroexcitation pro-
cess can therefore, at least in principle, serve as
an important tool for the investigation of the multi-
polarities of the transitions involved.

Using plane waves for the incoming as well as the
outgoing electrons, Thie, Mullin, and Guth* ob-
tained the virtual photon spectrum for the E1, E2,
and M1 transitions in the plane-wave Born approx-
imation (PWBA). However, Gargaro and Onley®
have recently calculated the expressions for the
virtual photon spectrum for all the multipole or-
ders by using a distorted-wave treatment (DWBA).
The electron induced fission experiments men-
tioned earlier were reported before this distorted-
wave calculation of the virtual photon spectrum
became available. Therefore the spectrum calcula-
ted in PWBA was used in those investigations to

analyze the experimental data. Since these studies
were made at very high electron energies (60-1000
MeV), the use of PWBA in the data analysis could
be justified. However, in the energy region of the
present investigation, it has been shown recently®®
that this procedure is subject to large errors de-
pending on the electron bombarding energies and
the target atomic numbers.

The interaction of photons with nuclei, in general,
exhibits a typical characteristic: a resonance in
the photonuclear cross sections at an energy rough-
ly equal to (80/A"%) MeV, attributed to the electric
dipole (E1) mode of excitation, and usually called
the “giant resonance.” For photofission of 2*U,
this resonance is located at an energy of 14 MeV.
Fission fragment angular distribution studies™?® of
the heavier actinides, at energies near fission
threshold, have indicated the presence of a sig-
nificant electric quadrupole component. Also,

Bohr and Mottelson® '° have recently predicted the
possible existence of an isoscalar and of an iso-
vector quadrupole giant resonance at energies
roughly equal to (60/4'/%) and (135/A4'/3) MeV, re-
spectively. There have been several measure-
ments recently which confirm the existence of such
resonances.'!

One of the important characteristics of the DWBA
calculation of the virtual photon spectrum is that
it predicts a significantly larger intensity for the
electric quadrupole mode (and also for the magnet-
ic dipole mode) as compared to that for the electric
dipole mode. This is because the Coulomb correc-
tion expected for the electric quadrupole and mag-
netic dipole levels is much greater than that for the
electric dipole. This useful property of the virtual
photon spectrum then offers an opportunity to use
the process of electroexcitation as an important
tool for studying the otherwise weak multipole com-
ponents, other than electric dipole, in the nuclear
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spectrum in more detail than is possible with real
photons alone.

From the experimental point of view, the cross
sections for the electroexcitation processes are
roughly (1/«) times smaller than the correspond-
ing cross sections for the photoexcitation. Here
« is the fine structure constant. Thus the electro-
excitation yields are much smaller than those for
photoexcitation. However, it is much easier to ob-
tain well focused intense electron beams than well
collimated photon beams. It is also easier to
measure electron beam intensities than photon
beam intensities.

In the present paper, experimental results are
presented for the photofission (20 to 60 MeV) and
for the electrofission (6 to 60 MeV) of 2*®U. Pre-
liminary results of these measurements were re-
ported earlier'? but have been corrected in the
present paper. The relative E1 contribution to the
electrofission process has been evaluated using the
DWBA analysis of the experimental data.

II. EXPERIMENT

The electron beam was provided by the Univer-
sity of Saio Paulo linear accelerator. It consists of
two 3-m SLAC-type accelerating sections. The
electron beam is supplied by a 100-kV pulsed elec-
tron gun at a repetition rate of 60 and 120 Hz.
After acceleration, the beam is analyzed by two de-
flecting magnets and then focused on the target us-
ing two quadrupole magnetic lenses. The maximum
current of the analyzed beam is 1 A and the elec-
tron energy resolution is 1%.

An uranium target (natural UO,) was placed in
the center of a cylindrical vacuum chamber, making
an angle of 45° with the incident beam direction.

A simple illustration of the target geometry is
shown in Fig. 1. The fission chamber used in the
experiment was 21 cm high and had a diameter of
40 cm. The target was prepared by electrodeposi-
tion'® on a 7-pm aluminum backing. A target
thickness of 172 ug/cm? was measured by absolute
a particle spectrometry using surface barrier sol-
id state detector and the uniformity of the UO, de-
posit was checked by irradiating the target with a
known neutron flux at the Instituto de Energia
AtOmica de Sao Paulo research reactor and mea-
suring the (n,f) fission fragment spatial distribu-
tion with a mica foil.

The fission fragments were detected using mica
foils placed at different angles with respect to the
incident beam direction. The mica foils were pre-
etched in 50% hydrofluoric acid for about 20 h to
develop the fossil fission background and for about
10 h after the irradiations.'” Fission tracks were
counted using an optical projection microscope
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FIG. 1. A simple illustration of the target geometry
used in the experiment.

with a 100 xmagnification.

For the production of bremsstrahlung, an alumin-
um radiator with a thickness equal to 2.08x10~*
radiation length was placed before the target. The
electron beam was monitored by a Faraday cup for
the electrofission measurements andby a secondary
emission monitor (SEM),'® placed before the ra-
diator and the target, for the photofission experi-
ment.

The possible contamination of the electron beam
with bremsstrahlung and neutrons in the electro-
fission measurements was checked experimentally
and was found to be negligible. The bremsstrahlung
produced in the SEM aluminum foils during the
photofission measurements contributed about 4% of
the total bremsstrahlung induced fission yield and
this was corrected for. Corrections for the finite
thickness of the target and radiator were made us-
ing the method described by Barber.'®

III. RELEVANT THEORY AND METHOD OF ANALYSIS

The bremsstrahlung induced fission cross section
as a function of the end point photon energy, E,,
can be written as

Eq
a5(E,y) = f o,(E)KB(E,EO)dE, (1)

where
oy (E)=)" 0y (E)
AL

is the total photofission cross section; o;‘L(E) rep-
resents the partial cross section for fission in-
duced by A L photons where L defines the multipole
order of the transition and X its electric or mag-
netic character. KB(E,EO) is the bremsstrahlung
spectrum for a thin radiator.

The unfolding of Eq. (1) allows the determination
of oy(E) from the experimentally measured cB(Eo).
However, as Rabotnov et al.® have pointed out, the
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determination of cry(E) from this equation is an
improperly formulated problem and is subject to
uncertainties due to the “swinging” of the solutions.
This feature of the unfolding process then calls for
caution in the interpretation of any irregular be-
havior of o, (E) at certain energies. The resolution
in this method is determined mainly by the slopes
of the bremsstrahlung spectrum and of the photo-
fission yield curve. We have used the thin radiator
bremsstrahlung spectrum for intermediate screen-
ing'” and the photon difference method'® for the un-
folding of 0, (E) from Eq. (1). The unfolding tech-
nique was satisfactory as is shown later in Sec. IV.

The electron induced fission cross section o,(E,)
can be analyzed in terms of the photofission cross
section by means of the virtual photon formalism.
In this formalism* the virtual photon spectrum is
defined as:

NME,E)___ 1  do}ME,E)
E oyL(E)  dE

which reduces to

o E(E,) = f E°0¢L(E)N”(E,EO) dE (2)

: B

In Eq. (2), E, is the incident electron energy,
o) (E,) is the partial cross section for the fission
induced by X L virtual photons, and N*.(E,E,) is the
virtual photon spectrum. It is necessary here to
use the virtual photon spectrum calculated in DWBA
because in PWBA, it is underestimated.®*® As men-
tioned earlier, Gargaro and Onley have recently
published a DWBA calculation for the virtual photon
spectra for all multipole orders. Unfortunately,
this calculation requires very long computer times
and therefore analytical expressions have been ob-
tained recently®'® by a best fit to a few points cal-
culated for each spectrum using the original DWBA
program.® We have used these expressions in the
analysis of the experimental data in the present
work. The total electrofission cross section is then
given by

0o(Eg)= 3 00 H(Ey). ®)
AL

Besides the electric dipole, the other modes of
photoabsorption in the energy range of the present
investigation for the doubly even actinide nuclei
could be electric quadrupole and magnetic dipole:

0,(E) =03} (E) + 03 (E). (4)
Similarly, for the electroexcitation process:
0,(E,) =051(Eo) +°:d(Eo), (5)

where 03! and 0¥ represent the contributions due
to multipoles other than the electric dipole.
There is evidence™ for strong M1 transitions be-

tween 5 and 9 MeV in heavy nuclei up to **®Pb but
not as yet for doubly even actinides except for a
possible explanation®2! in terms of such an ex-
citation of the 6.2-MeV peak in photofission cross
sections of 2%U. Some analyses®*~%* of the angular
distribution data for the photofission of ?**U in-
dicate a significant quadrupole component in the en-
ergy region 6-9 MeV. A preliminary analysis® of
our electrofission angular distribution data also
supports this conclusion. Since the electroexcita-
tion process enhances the magnetic dipole mode as
well as the electric quadrupole mode almost equal-
1ly,° the presence of a significant sin26 component
in our angular distribution measurements suggests
that the M1 component, even if present, is at least
not dominant.

The relative contribution of the E1 excitation with
respect tothe total electroexcitation process can
then be obtained from the ratio

—O.EL(E )
R(EO)—TTg;(TO()L , (6)

where oe(Eo) is the experimentally determined elec-
trofission yield [0S (E,)] and ¢Z*(E,) can be calcu-
lated with a good approximation as
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FIG. 2. Bremsstrahlung induced fission yield oz of
28y as function of the maximum photon energy E,. The
solid line represents the yield curve obtained by folding
in the photofission cross section of 3y (as shown in
Fig. 3) with the bremsstrahlung spectrum for a thin radi-
ator (Ref. 17).
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oFVE,) = f

In Eq. (7), 0,(E) is*the photofission cross section
obtained by unfolding Eq. (1) and N¥Y(E,E,) is the
virtual photon spectrum calculated in the DWBA.
The value of 6Z(E,) obtained in this approximation
is overestimated by an amount equal to the integral

y(E)NFYE EO) (7

5o dE
ad (17 E
fo SSEINFNE, E)

The value of this integral is of the order of 3%
of 05! [as defined in Eq. (2)] at 8 MeV and of the
order of 1% above 10 MeV.?® These values are con-
sistent with the photoabsorption estimates for the
different multipole excitations as given by Axel*’
and by Blatt and Weisskopf,*® respectively.

IV. RESULTS AND DISCUSSION

The measurement of the photofission yield of ***U
as a function of the maximum photon energy E, is
shown in Fig. 2. Below 18 MeV, where only a few
points have been measured, we have folded
Veyssiére et al.’s monochromatic photon cross
sections® with the bremsstrahlung for a thin ra-
diator'” to obtain the yield curve, the solid line be-
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low 18 MeV in Fig. 2. This yield curve is in close
agreement with the points. The yield curve is
joined to our yield curve above 18 MeV and the to-
tal curve unfolded using the photon difference
method. The resulting photofission cross sections,
in the entire energy range from 6 to 60 MeV, are
shown as a solid line in Fig. 3. The experimental
points shown on the solid line are the original data
of Veyssiére et al.”® and the close proximity of
these points to the solid line is a check on the un-
folding technique used.

The results obtained in the present experiment
for the electrofission of ***U, ¢,, as a function of
the incident electron energy E, are shown in Fig.
4. This diagram also shows a comparison of our
experimental results with the semitheoretical
curves E1(DW), E1(PW), and QD (quasideuteron).
The E1(DW) curve was obtained by evaluating the
folding integral of Eq. (7) with ay(E) as obtained
in the present work (Fig. 3) and the virtual photon
spectrum as calculated in the DWBA. The E1(PW)
curve has the same meaning except that the virtual
photon spectrum used here was obtained in PWBA.

The curve labeled by QD also refers to o' but
with o,(E) calculated on the basis of the quasi-
deuteron model®:*! by the expression
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FIG. 3. Photofission cross section 0, ; of U as a function of photon energy E, is shown by the solid curve obtained
by the unfolding of the bremsstrahlung induced fission yields as described in the text. The experimental points shown
are the monochromatic photon cross sections of Veyssidre et al. (Ref. 29).
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FIG. 4. Electron induced fission yield o, of 23}V as a function of the incident electron energy E,. The solid lines
labeled by E1(DW), E1(PW), and QD are the semitheoretical curves as explained in the text.
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FIG. 5. The relative contribution of the E'1 excitation with respect to the total electrocxcitation process, as defined
in Eq. (6) of the text by the ratio R, is plotted as a function of the incident electron energy E,.
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0, (E) =03 (E)P,(E), (8)

where ¢QP (E) is the total photoabsorption cross
section given by the quasideuteron model and P,(E)
is the relative fission probability obtained from the
theoretical expressions given by Nix and Sassi.
The results shown in Fig. 4 can be summarized

as follows:

(a) The of! curve obtained in PWBA underesti-
mates by a large amount the electrofission yield,
indicating thereby that PWBA calculation of the
virtual photon spectrum is inadequate in analyzing
the electrofission data in this energy region.

(b) The QD curve agrees reasonably with the ex-
perimental points above 30 MeV, indicating thereby
that the quasideuteron process for the photoabsorp-
tion may be considered as a possible excitation
mechanism to describe the behavior of the electro-
fission cross section above the giant dipole reso-
nance. Since the fission barrier for 2*®U is only

6 MeV, it is expected that the photofission cross
section for this nucleus well above the fission bar-
rier should essentially reflect the photon interac-
tion cross section. Moretto et al.® have also found
a reasonable agreement between their photofission
measurements of ***U and the quasideuteron model
in the energy region 60-200 MeV.

(c) The E1(DW) curve agrees well with the experi-
mental points in the entire energy region showing
the dominance of the E1 giant resonance except at
low energies, where for example at 8 MeV, the
electric dipole excitation accounts for only about
60% of the total electrofission yield, leaving the

rest to other excitation modes.

This behavior of the decreasing dominance of the
electric dipole excitation mechanism in the low en-
ergy region can be better visualized in Fig. 5 where
we have shown the ratio R(E,) as defined in Eq. (6),
as a function of the incident electron energy E,.
The ratio fluctuates around unity in the energy re-
gion above 15 MeV but decreases rapidly in the low
energy region. This provides quantitative evidence
of a component, other than electric dipole, in the
low energy photofission of 2*®U. Although fission
fragment angular distribution results of Rabotnov
et al.® indicate a negligible amount of quadrupole
component in the energy region 6-9 MeV, other
measurements®*~2* do indicate the presence of a
significant quadrupole component. A preliminary
analysis®® of our electrofission angular distribution
data also suggests a large quadrupole component in
this energy region. Whether this quadrupole com-
ponent is distributed uniformly over a wide energy
region or is concentrated in a specific energy in-
terval to qualify as a quadrupole giant resonance
remains to be seen. As mentioned earlier, Bohr
and Mottelson® '° have predicted the existence of
an isoscalar quadrupole giant resonance at an en-
ergy roughly equal to (60/4'/%) MeV (~9.6 MeV for
zsaU)_
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