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Fission probabilities and mass distribution have been measured as a function of excitation energy for ***Ra
excited in the 2**Ra(t,pf) reaction. Triple peaked mass distributions are observed for which the symmetric
component has an apparent higher threshold by over 1 MeV. Results are analyzed in a statistical model which
suggests the presence of a resonance in the fission probability for the asymmetric mass component and the
need for level density enhancements (possibly due to axial asymmetry at the barrier) in the analysis of the

fission probability for the symmetric component.

or symmetric and asymmetric components; deduced fission barrier param-
eters, fission mass distributions.
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I. INTRODUCTION

The most striking experimental feature of the
fission of nuclei in the “Ra region” is the simul-
taneous occurrence of symmetric and asymmetric
components in the mass distribution.’”* Recent
direct reaction experiments® of the type
#26Ra(*He, xf) (where x=p,d, t, @) have yielded two
important features:

(1) The symmetric and asymmetric mass com-
ponents occur in the fission of a single isotope at
well defined excitation energies and are therefore
not the result of a mixture of possible symmetric
and asymmetric components in adjacent isotopes
produced by first and second chance fission com-
petition.

(2) For 2*"Ac and ?*®Ac the symmetric and asym-
metric components are shown to be associated
with different thresholds. This indicates that for
these nuclei the decision on whether fission pro-
ceeds via the resolved symmetric or asymmetric
components is strongly influenced in the region of
the saddle point; it cannot be simply a property
of static and/or dynamic effects in the region of
the scission point.

Theoretical developments which use the Strutin-
skii method for calculating potential energy sur-
faces and include octopole deformations have
shown that the second (outer) saddle point for the
actinide nuclei favor reflection asymmetric
shapes.®® This has been interpreted as being a
major cause for the observed asymmetric fission
of the actinide nuclei. In the Ra region the triple
peaked mass distributions are more difficult to
explain. The calculations predict a reflection
asymmetric saddle point for these nuclei (as they
do for the heavier actinides), with a low first bar-
rier that is not expected to influence the fission
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process. It is therefore difficult to understand why
the mass distribution in these isotopes should ex-
hibit both symmetric and asymmetric components
from an analysis of the saddle points of the pub-
lished potential energy surfaces.

Since the theoretical calculations that have been
published are for even-even nuclei and the recent
direct reaction data have been for odd-A and odd-
odd nuclei, the apparent inconsistencies could
possibly result from odd particle effects. To
eliminate this possibility we felt that it was desir-
able to study the fission of an even-even nucleus
formed by bombardment of an even-even target.
The only convenient target available in this region
is the 1600-yr ***Ra. In this paper we present
fission probability distributions for symmetric and
asymmetric components from the ?*Raf(t, pf) reac-

tion.

Analysis of the experimental data show that the
fission barrier is far more complex than is evi-
dent in published potential energy surface calcula-
tions. There is reason to believe that in the mass
asymmetric surface there are two barriers of ap-
proximately equal height. In the mass symmetric
surface, a large level density enhancement factor
is necessary to fit the fission probability. This
could mean that the second barrier involved in
symmetric fission is axially deformed.

II. EXPERIMENTAL ARRANGEMENT AND DATA
REDUCTION

A 23 MeV tritium beam was supplied by the
three -stage Van de Graafffacility at the Los Alamos
Scientific Laboratory and used to bombard a
75 ug/cm? 2°Ra target which had been vacuum
evaporated onto a 30ug /cm? C foil. Data were
obtained during two separate runs'® representing
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approximately 80 and 100 beam hours. In the
second run an improvement in detection solid angle
was obtained and therefore it was possible to have
a lower beam current (~90 nA as compared to

~130 nA in the first run) and still obtain acceptable
counting rates (~1 identified coincident fission
event per minute). This lowering of the beam in-
tensity resulted in a decrease of the accidental
coincidence yield from a total accidental to true
ratio of 0.295 in the first run to a value of 0.136 in
the second and thus resulted in improved sensitiv-
ity.

The experimental configuration for the second
run is shown in Fig. 1. The outgoing protons from
the direct reaction **Raf(t, p)**®*Ra* were identified
and had their energy measured using a AE -E solid
state counter telescope which was located at 95°
with respect to the beam axis. From the known @
value and kinematics of the reaction it was then
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FIG. 1. Diagram of the experimental setup.

possible to convert the measured proton energies
to excitation energies in the residual ??®Ra nucleus.
The fission fragments were measured in coinci-
dence with particle signals from the counter tele-
scope in two pairs of 300 mm? solid state surface
barrier heavy ion detectors which were located at
~0° and 90° relative to the recoil axis of the **Ra
reaction product. The telescope was covered with
a 60 um Al foil which was used to prevent the a
particles from the decay of the *?Ra target mater-
ial from reaching the AE detector. The electronic
system utilized standard fast-slow coincidence
logic with the fast signals being generated from
constant fraction discriminators and pileup rejec-
tion being employed in the telescope circuit. The
timing gate for the proton fission coincidence was
~1.3 ns. The digitized pulses were stored event
by event using an on-line SDS 930 computer which
also provided for monitoring control and data in-
spection. The stored events were sequentially
written on magnetic tape for eventual off-line an-
alysis.

The fission detectors were calibrated using a
252Cf spontaneous fission source. The calibration
procedure was repeated frequently during the
course of the experiment in order to measure pos-
sible pulse height changes in the detector response
caused by radiation damage. The proton energy
calibration for the counter telescope was obtained
using the °2Pb(¢, p)*°Pb* reaction to the known
levels of 2'°Pb. The measured energy resolution
for protons was ~200 keV.

The data were processed into three event types,
each as a function of the excitation energy in ?®Ra.
Event type (1) consisted of AE-E counter telescope
coincidences which gave the proton spectrum
[*®Ral(t, p)***Ra* + contaminants; Fig. 2(c)] and
was used to obtain the probability for leaving the
228Ra* at any specific excitation energy. Events
of type (2) were coincidences between the counter
telescope and one of the fission fragment detectors
F1 or F3 (the closer of the two fission fragment
detectors at 0° and 90°, respectively.) These
events were used to extract the fission probability
P;=T,/T,, [Figs. 2(a) and 2(b)]. Events of type (3)
were coincidences between the counter telescope
and two fission fragment detectors (either F1-F2
or F3-F4). For these events fission fragment
mass analysis was performed using the correlated
pulse heights of the two complementary detectors,
the Schmitt procedure’' for pulse height defect
correction, mass and momentum conservation,
and a correction for prompt neutron emission.'?
The extracted mass spectra for the total mea-
sured ?2°Ra excitation energy range (7-13 MeV)
and for the 7.00-8.85 MeV excitation increment
are shown in Fig. 3.
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The prompt coincidence timing data were stored
in a spectral display which recorded the digitized
output of a time-to-amplitude converter (TAC)
that was started with a fission fragment and stop-
ped with a suitably delayed pulse from the AE de-
tector. This arrangement permitted a simple cor-
rection for the background chance coincidence
events. The constant background in the TAC spec-
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FIG. 2. (a) Fission yield of the 0° fission detector in
the second run. (b) Fission yield of the 90° fission de-
tector in the second run. (c) Open circles: Singles
spectrum of the reaction 2%¥Ra(t, p)**®Ra + contaminants
in the second run. Full line: Singles spectrum corrected
for the contaminant contribution (correction described in
the text).

trum gave the probability for a chance event.
These chance events were assumed to have the
same spectral distribution as the singles data
[Fig. 2(c)] and could be appropriately subtracted
from the measured coincidence data to give the
true distribution. From these corrected data the
tission probabilities and anisotropies [o,,,,(0°)/
04,.5(90°)] were calculated. The fission probabili-
ties were obtained assuming a P,(cos6) form for
the angular correlation. Due to the large experi-
mental solid angle the ?°Raf(¢, p)***Ra* singles
spectrum was obscured by broad carbon and oxy-
gen contaminant peaks which were caused by reac-
tions on the carbon backing and oxide of the target.
To generate a “corrected” singles spectrum we
measured the fission yield as a function of excita-
tion energy for the reaction **!'Paf(¢, pf) (using the
same geometry and beam energy as the Ra experi-
ment). The fission probability for #*Pa is known'?
up to excitation energies of 11 MeV. By assuming
the fission probability was constant and equal to
the value at 11 MeV for E*>11 MeV the singles
spectrum for *'Paf(¢, p)***Pa could then be extrac-
ted from the known data:
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FIG. 3. Open circles: Mass spectrum of the reaction
226Ra(t, pf) obtained in the 0° detector pair during the
second run summed over the excitation energies 7 MeV
=E, =14 MeV. Full circles: ‘Mass spectrum summed
over excitation energies 7 MeV=E, =8.85 MeV (inter-
threshold range),
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Opiss(E*, ***Pa)
s

For excitation energies E*>6 MeV there should
be no essential difference between the reaction
21pa(t, p)**Pa and *°Ra(t, p)**°*Ra and therefore the
extracted “singles” spectrum for the population

of excited states in ?*Pa was also used for the
evaluation of the fission probability of ***Ra (except
for a slight correction due to the different Cou-
lomb barriers). Fission probabilities and frag-
ment anisotropies were evaluated for both the
events having a single measured fission fragment
in coincidence with the protons in the counter tele-
scope (type 2 events) and for the symmetric and
asymmetric components of the mass distribution
as calculated from the kinetic energies of the de-
tected binary fission events in coincidence with
protons (type 3 events). To obtain the fission prob-
ability for the symmetric mass division component
the counts in the symmetric mass gate (Fig. 3)
were multiplied by a scale factor transforming the
area in the gate to an area corresponding to a
symmetric mass distribution having a Gaussian
shape with =12 amu.?

III. RESULTS

The mass distribution for *?®Ra summed over the
excitation energy range (7 MeV=<E, <14 MeV) is
shown in Fig. 3 (open circles). A triple humped
shape is obtained with distinct minima between the
peaks. This conclusively demonstrates (since
second chance fission is energetically most im -
probable) that symmetric and asymmetric fission
occur in the same even-even nucleus. Similar
results were also found for the fission of the odd-A
nucleus ?*’Ac and odd-odd **®Ac.5

The fission probabilities and fragment aniso-
tropies which were obtained from summing both
experimental runs are presented in Fig. 4 as a
function of excitation energy in 22°Ra for the total
fission yield (open circles, no mass gate) and for
the symmetric fission component (closed cir-
cles).!* The total fission probability begins to
rise at E*~7 MeV, reaches a peak of P;=2.6
x 107 (at E*~8 MeV) andthendrops at higher E*
to an approximately constant value of P,=0.8
X 107, The symmetric fission probability, how -
ever, is very low for 7 MeV=E_=8.85 MeV and
starts to rise only at ~9 MeV. The symmetric
fission yield in the 7-8.85 MeV energy range is
consistent with zero and has, from analysis of
the second more sensitive Ra experiment, an up-
per limit relative to the symmetric yield above
9 MeV (averaged from 9-10.85 MeV) of less than
4% with a 95% confidence level. This strongly sug-
gests that in the fission of the even-even nucleus
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FIG. 4. Fission probabilities and fragment anisotropies
as a function of excitation energy in the fissioning nucleus
228Ra, separately for total(O) and symmetric (®) fission.
The approximate total anisotropy is repeated as a dashed
line in the field of the symmetric anisotropy.

228Ra symmetric and asymmetric fission are as-
sociated with different thresholds.

Near threshold large anisotropies are found due
to the population primarily of the lowest K=0
bands. As the excitation energy is increased ad-
ditional K states can contribute to the total fis-
sion probability and the anisotropy is decreased.!®
The symmetric yield also seems to exhibit this
type of behavior though not as clearly because of
the poorer statistical accuracy.

The ratio Py(sym)/P,(asym) as a function of ex-
citation is presented in Fig. 5. The important
point in this figure is that at excitation energies
greater than 14.5 MeV the yield of symmetric fis-
sion has crossed the yield of asymmetric fission
and has become the dominant component. A simi-
lar situation occurs in 2*228Ac 5 however, in those
cases the “crossing point” was above the threshold
for second chance fission and had to be extrapola-
ted from the first chance fission trends.

IV. THEORETICAL ANALYSIS AND DISCUSSION

We have attempted to analyze the asymmetric
and symmetric fission probabilities within the
framework of previously developed statistical mod-
els,’1¢ and for this discussion will separate the
analysis intwoparts: (1) the mass asymmetric com-
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FIG. 5. P,.&ym/Pf.wm as a function of excitation energy
in the fissioning nucleus 228Ra,

ponent (which for low excitation energies is equiv-
alent to the total fission probability) and (2} the
mass symmetric component.

A. Asymmetric component

Using a statistical model which includes possible
enhancement effects,’® and assuming the first bar-
rier to be axially symmetric and the second to be
mass asymmetric, we obtain the best fit using bar-
rier parameters listed in Table I. The results of
this analysis are shown as the solid line in Fig. 6.
While there is reasonable agreement between the
calculated and experimental fission probabilities
well above the barrier, the model is not able to
reproduce the narrow peak around 8 MeV. The
model assumes there are no additional band heads

TABLE 1. Fission barrier parameters obtained from
fits to the experimental data as described in the text.
Uncertainties in the barrier heights are ~+0.3 MeV for
the highest of the two peaks within the framework of the
models used for analysis. Uncertainties in the heights
of the lower of the two peaks can be somewhat greater
and for the nonresonant analysis are dependent on the
absolute normalization of the fission probabilities. The
two barriers can be interchanged without affecting the
results. All units are in MeV.

E, E, Ey hw, hw, hwp

Asymmetric component

Nonresonant 7.8 **+ 89 1.6 - 0.5
Resonant 8.2 7.1 82 20 21 20

Symmetric component

Axial symmetric 7.5 ~**+ 91 07 - 05
Axial asymmetric <7.5 ¢** 9.3 ccc e 0.7

between 8.0-9.0 MeV and the drop in the calculated
fission probability above 8.0 MeV is due to neutron
competition with the first spin-0 fission channels
and their rotational bands. Therefore, with this
model which uses nonresonant penetration through
the two barriers (i.e., complete mixing in the
second well), there is no method to obtain a more
narrow peak. It is evident that the observed nar-
row peak can only be reproduced by attempting to
analyze it as a transmission resonance. Using
such a resonant penetration model'® which has been
modified to include neutron competition, we ob-
tain a much improved fit (the dashed line in Fig.
6). This model, which uses discrete channels, is
only applicable in the region near the fission bar-
riers where the level density has not become ex-
cessively large. The extracted barrier param-
eters are listed in Table I (E, and hw, are the
height and curvature of the second minimum).
From this analysis we conclude there is reason-
able evidence that the peak in the fission probabil -
ity at 8.0 MeV is caused by a transmission reson-
ance. Even if this is not a resonance, both models
predict that the two fission barriers are of com-
parable size. This is contrary to existing theo-
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FIG. 6. Model analysis of the total fission probability.
The full line is the calculated asymmetric yield plus the
experimental symmetric yield and describes the fit ob-
tained assuming a double humped barrier with complete
mixing in the second well. The dashed line describes
resonant penetration in the barrier region.
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retical calculations in which a very low first bar-
rier is predicted.®® It is possible that we are ob-
serving the effects of a triple peaked fission bar-
rier. In this case the second broad barrier has
split into two parts whereas the (calculated) first
barrier is indeed too low to have significant effect
on the fission probability. Such an effect has been
suggested by Moller and Nix'" to explain the “thor-
ium anomaly” in which transmission resonances
are observed for isotopes where theoretically the
two peaks of the fission barrier are predicted to
be substantially different.

B. Symmetric component

The initial analysis of the symmetric fission
probability was made assuming the contributing
second barrier was mass (reflection) and axially
symmetric. The results of this analysis are shown
as a full line in Fig. 7 where the best extracted
barrier parameters are listed in Table I. The
calculated fission probability overestimates the
experimental value at the barrier but then de-
creases to a value ~5 times lower than the ex-
perimental probability. The fission probability
is being limited by the number of levels available
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FIG. 7. Model analysis of the mass symmetric fission
probability: the full line assumes an axially symmetric
second barrier, and the dashed line a ¥ deformed one.

above the second barrier. The number of levels
could be increased by decreasing the height of

the second barrier but this would only result in
large discrepancies with the symmetric fission
threshold. This situation is similar to what we
had previously encountered in actinide fission
where the fission probability was being limited

by levels above the first barrier.'®* The solution
to that problem, and also apparently for our sym-
metric Ra fission, is that a large enhancement to
the level density is necessary to fit the experimen-
tal results. Such an enhancement can occur by
having an axially asymmetric shape at the saddle
point. Very recent calculations by Larsson’® in-
dicate that the second symmetric barrier in 2®Ra
is quite soft with respect to axial asymmetric (y)
deformations. He finds a shell + pairing energy
gain of 6 MeV for y deformations of 20° at the €, €,
(0.90, 0.12) coordinates which correspond ap-
proximately to the ?®Ra symmetric saddle point.
Some 5 MeV of this gain is compensated for by
the increase in the liquid drop portion of the po-
tential energy surface at this y deformation. If
we use these results and assume the second, re-
flection symmetric, fission barrier in Ra to be
axially deformed (R point group symmetry's), we
obtain the fit shown as the dashed line in Fig. 7
barrier parameters given in Table I. Though en-
hancement effects are essential to obtain a good
fit to the data, we are not yet in a position to un-
equivocally imply that the second barrier is ax-
ially asymmetric. Other enhancement effects such
as low lying vibrations or even possibly dynamical
considerations (though these appear less likely
since there is such a sharp drop in symmetric
fission probability below 9 MeV) could contribute
to the observed phenomena. We note also that the
first barrier is essentially undetermined in this
analysis: the fission probability is controlled en-
tirely by the second barrier.

It is worth remarking that the required enhance-
ment effects cannot be obtained by reasonable
variations in the calculated intrinsic level densi-
ties. We have found that even by varying between
single particle levels appropriate to shell and anti-
shell regions, the calculated level densities (which
include pairing) differ by no more than a factor of
2 at excitation energies below 10 MeV. The re-
quired enhancement factor to fit the data is of the
order of 5-15 (depending on E,). Enhancement
effects in the symmetric fission component also
seem to be required for other fissioning nuclei in
this region. We have been able to obtain adequate
fits to the published® actinium fission data only
by assuming axialasymmetry in those nucleiat the
second mass reflection symmetric barrier.

An additional comment about the implication of



different thresholds for asymmetric and symmet-
ric mass division should be made. Since our ex-
traction of the fission barrier properties is in
such large discrepancy with any published theoret-
ical prediction it is not appropriate to make a de-
tailed comparison of predicted saddle point prop-
erties with the observed mass distribution. How-
ever, the occurrence of significant amounts of
symmetric and asymmetric fission components,
even though they have substantially different
thresholds (from our analysis a difference of over
1 MeV between asymmetric and symmetric fis-
sion), is contrary to the spirit of the analysis of
Pauli’ in which he infers significant yields of the
two components only when the thresholds are quite
similar. Also, the existence of different fission
thresholds means the system must make the quali-
tative decision between symmetric and asymmetric
fission at the saddle point and (at least for this as-
pect of fission) not be dominated by the potential
energy surface closer to scission.

V. CONCLUSION

In conclusion the experimental data have shown:
(1) Triple peaked fission mass distributions occur
in first chance fission of even-even nuclei. (2)
There is an apparent different threshold for asym-
metric and symmetric fission. (3) Once above
threshold the symmetric fission increases more
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rapidly than the asymmetric and eventually be-
comes the dominant component.

From our analysis of the fission probability
we conclude: (1) There is reasonable evidence
that the peak in the fission probability at 8.0 MeV
is caused by a transmission resonance. (2) This
resonance is qualitatively consistent with the hy-
pothesis that the asymmetric outer barrier may
have split into two components which would re-
sult in a triple peaked fission barrier. (3) The
symmetric second barrier requires a large en-
hancement factor which may be due to an axially
asymmetric shape. From the evidence for reso-
nance phenomena and level density enhancement
we conclude that the potential energy surfaces in
the vicinity of the fission barriers of the Ra re-
gion nuclei are much more complicated than pub-
lished theoretical predictions.
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