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Fission probability distributions have been measured using (d, pf), (¢t, pf), CHe, d f), ("He, af), and
(t, af) reactions to excite a variety of odd-4 and odd-odd actinide nuclei. Fission of the residual
ﬂuclei 229.231Th’ 23\,232,233Pa’ 23"235'236'237'233’239Np, 241Pu’ 240‘241,243,245,247Am’ 249Cm’ and 249Bk was Studlcd
These results and other data available from previous (d, pf), (t,pf), and (n, f) studies are analyzed
with a statistical model to obtain estimates of the heights and curvatures of one or both peaks of the
double humped fission barrier. Estimates of barrier parameters are obtained for the above nuclei and
for 233Th, 235237239y, 239243245py  202244A 1 245247Cmy and 253Cf. Systematic variations of the barrier

parameters are discussed.

NUCLEAR REACTIONS, FISSION Measured fission probabilities, E*=7.5 MeV
for 292317y, 231,232,233y  234,235,236,237,238,230N,  241py 240,241,243, 245, 24T Ay 290y
and Bk using (d, pf), (¢, pf), (He,df), (He, af), and (¢, af) reactions. De-

duced properties of the double peaked fission barrier for these nuclei and for
233y, 235,237,2387)  239,243,245py U224y 25,2470y and 233CH.

I. INTRODUCTION

In a previous paper! results were presented on
the fission of doubly even nuclei excited by a
variety of direct reactions. In many cases sub-
barrier resonance structures were observed in
the fission probabilities and these resonances
were interpreted as vibrational excitations in the
second potential well. A detailed statistical model
of the direct-reaction induced fission process
which included resonant penetration of the double
humped fission barrier was used to analyze the
experimental results and estimates of the heights
and curvatures of the two barrier peaks were
extracted. The observed resonance structures
were significantly broader than predicted from
the penetrabilities of the two peaks of the barrier
because of damping in the second well,'"3 re-
sulting from the coupling between the vibrational
excitations and other compound excitations.

These same direct reaction techniques can be
used to study odd-A and doubly odd nuclei. For
these cases it is generally found that the fission
probability distributions do not show subbarrier
resonances. The lack of observable resonance
structures in odd-A and doubly odd nuclei has
been attributed® in part to an increased damping
caused by the higher density of compound states
in the second well as compared to even-even cases
and in part to an increased density of fission
transition states. These experimental fission

probabilities which do not show resonant structures
can be reproduced by a statistical model in which
a complete damping of the vibrational strength in
both wells is assumed. In this limit the pene-
trabilities through the two peaks of the barrier
are treated incoherently. These calculations re-
quire an estimate of the spectrum of fission transi-
tion states which is more complex for odd nuclei
than for the doubly even nuclei and it is also
necessary to consider competition with neutron
decay as well as Y emission. These requirements
lead to a statistical model for describing the direct-
reaction induced fission of odd nuclei different
from the one used for treating the even-even nuclei.
In this paper we present experimental data on
fission probability distributions for a number of
odd-A and doubly odd isotopes of Th, Pa, Np, Pu,
Cm, and Bk. A statistical model for the direct-
reaction induced fission process is developed
and used to analyze the present data as well as
previous results from (n,f), (d,pf), and (t,pf)
studies. The analysis yields estimates of the
height and curvature of the highest peak of the
fission barrier or, in some cases, of the heights
of both peaks of the barrier. These barrier
heights, combined with results from the analysis
of fission probabilities for even-even nuclei and
with results from analysis of fission isomer
excitation functions, yield a detailed picture of
the systematic behavior of fission barriers in
the actinide region.
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II. EXPERIMENTAL RESULTS

A. Experimental setup

The experimental setup was identical to that
described in detail in the previous paper.! There-
fore, only a brief outline of the most important
features will be given here.

The setup is illustrated schematically in Fig. 1.
The outgoing reaction particle is identified and
its energy measured with a resolution of 60~150
keV in a standard AE-E counter telescope placed
at an angle near 90°. For each event the excita-
tion energy of the residual nucleus is determined
from the kinetic energy of the outgoing reaction
particle. In the experiment the spectrum of reac-
tion particles is measured both in a configuration
where a coincidence is required with a large
annular fission detector (coincidence spectrum)
and in a configuration where no coincidence is
required (singles spectrum). Using a measured
solid angle for the fission detector and assuming
that the coincident fission fragments are isotropi-
cally distributed, the ratio of coincidence to
singles spectra can be transformed to a distribu-
tion of fission probability as a function of excita-
tion energy in the fissioning nucleus. Due to the
large solid angle of the fission detector, the as-
sumption that the fragments have an isotropic
angular correlation is found to be adequate for
the determination of the fission probability dis-
tributions.!

The absolute energy scales are determined from
a calibration of the counter telescope with known
energy lines from appropriate reactions on lead
targets. Absolute excitation energies determined
in this manner are believed to be accurate to
+50 keV. Systematic errors in the absolute fis-
sion probabilities are believed to be less than
+20% for (*He, df) cases, +30% for (¢,pf) cases,
and +40% for (¢, @f) and (°*He, af) cases. For
(d,pf) reactions to excitation energies above the
neutron binding energy systematic uncertainties
in the fission probabilities are estimated to be
less than +30% with part of this estimate being
due to uncertainties in the corrections for protons
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FIG. 1. Schematic diagram of the experimental setup.
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coming from deuteron breakup reactions. Cor-
rections applied to the (d,pf) results to account
for this breakup are described in more detail
in a later section.

B. Experimental data

The odd-A and doubly odd nuclei which were
studied in this experiment are listed in Table I
along with various experimental conditions for
each measurement. Also listed in Table I are
the results from previous d,pf), (t,pf), and
(n,f) studies®® that we will analyze with the
statistical model described in a later section.
The energy scale for the (t,pf) results from
Ref. 6 has been shifted by 0.1 MeV to allow for
the systematic deviations of these results from
the present measurements (see Ref. 1 for dis-
cussion).

The results obtained in the present experiment
are shown in Figs. 2-5. The singles spectra
have been normalized to indicate the magnitude
of the accidental correction which was applied
to the coincidence measurements. For (d,pf)
and (¢, pf) reactions, strong peaks are observed
in the singles spectra from reactions on carbon
and oxygen impurities in the target. In calculating
fission probabilities the extrapolations indicated
as solid lines in Figs. 2-5 were used as estimates
of the singles rate from the actinide element.

In previous analyses of direct-reaction induced
fission datal*3:'® it has been assumed that the
fission decay does not depend on the type of reac-
tion used to excite the nucleus except for effects
due to the different parity and total angular mo-
mentum distributions for the fissioning nuclei.
This assumption has been tested® by comparing
(n,f) and (¢,pf) reactions involving the same
fissioning nuclei and finding that the fission
probability distributions are essentially the same.
In Fig. 6 we compare experimental fission
probabilities from the present experiment for
2¥Np excited by both (*He, df) and (¢,pf) reactions
and it is seen that the results agree within the
estimated error on the absolute fission probabili-
ties (x20%). In Fig. 6 we also compare our
results for the *’Np(d, pf) reaction with the pre-
vious measurement of Back et al.? and it is seen
that they agree reasonably well.

III. (n,f) AND (d, pf) DATA FROM
PREVIOUS MEASUREMENT

The (r,f) and (d,pf) reactions lead to the same
fissioning nuclei but it is not possible to directly
compare the experimental results. In the case of
odd neutron nuclei neither reaction gives a direct
measurement of the fission probability. For (n,f)
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TABLE I, Various experimental conditions for odd-A and doubly odd nuclei studied, and

results from previous studies.

Beam Detector
Compound energy Detector resolution
nucleus Reaction Target (MeV) angle (keV) P Reference
29Th 3He, o BOTH 24 90° 135 0.11  Present exp.
BiTh d,p B0Th 15 90° 75 0.10 Present exp.
B3 Th n.f B2Th cee oo cee 0.035 Ref. 4.
Bipy %He,d 80ThH 24 90° 80 0.50  Present exp.
B2py d,p B1py 15 100° 55 0.22  Present exp.
#py %He,d B2ThH 24 90° 80 0.68  Present exp.
By t.p B3y 18 130° ~120 0.40  Ref. 6.
By t.p 85y 18 150° ~120 0.28  Ref. 6.
8y n,f B8y cee oy 0.18  Ref. 5.
B4Np %He,d 8y 24 90° 95 0.79  Present exp.
25Np 3He,d By 24 90° 110 0.69  Present exp.
28Np 3He,d #5y 24 90° 80 0.64  Present exp.
BTNp 3He,d sBéy 24 90° 100 0.66  Present exp.
28Np d,p BINp 15 90° 50 0.55  Present exp.
BINp %He,d B8y 24 90° 105 0.72  Present exp.
BIpy d,p B8py 13 140° cee 0.48  Ref. 3.
Hipy t.p BIpy 15 90° 85 0.33  Present exp.
Mpy n,f 2U2py e e cee 0.49  Ref. 7.
U5py n,f Uipy e e 0.30  Ref. 7.
M0Am *He,d %9py 24 90° 125 0.63  Present exp.
MAm %He,d 20py 24 90° 125 0.3¢4  Present exp.
H2Am d,p MAm 13 140° oo 0.54  Ref. 3.
MAm %He,d M2py 24 90° 125 0.65  Present exp.
MAMm d,p M3Am 13 140° e 0.44  Ref. 3.
U5Am t,p M3Am 15 90° 65 0.54  Present exp.
MTAm t,a 2U8Cm 16 90° 145 0.83  Present exp.
#5cm n,f Micm 0.60  Ref. 8.
#1Ccm n,f 246Ccm oee 0.50  Ref. 8.
MCm d,p U8Cm 15 90° 75 0.48  Present exp.
9Bk 3He,d 248Cm 24 90° 70 0.51  Present exp.
28of n,f 2520 f ves e Ref. 9.

reactions the fission probability is obtained by
dividing the measured fission cross section by a
calculated total capture cross section, and for
(d,pf) reactions at excitation energies above the
neutron binding energy a significant correction
must be made for contributions to the proton
spectrum from deuteron breakup reactions. In

a previous paper® calculations of fission probabili-
ties from (n,f) cross section data are described.
In addition, an empirical correction for deuteron
breakup effects in (d,pf) reactions was developed
from comparisons of (¢,pf), (d,pf), and (n,f)
results. The correction function determined by
Britt and Cramer® has been applied to the (d,pf)
data obtained in the present experiment and to
the results of Back et al.® for the nuclei listed

in Table I. A comparison of the corrected fission
probabilities from (d,pf) reactions with fission

probabilities obtained from (n,f) results'® using
the total reaction cross sections described pre-
viously® is shown in Fig. 7 for six different cases
from 232Pa through #°Cm. It is seen that, except
for 23°Pu, the agreement between (d,pf) and (n,f)
results is very good. This agreement is even
more remarkable since the (d,pf) experiments
were performed under different conditions (deu-
teron energy and proton angle) than those in Ref.
6 where the breakup correction was determined.
There is no a priori reason to expect this breakup
correction to be independent of the experimental
conditions but at least in these cases the previous
correction function seems to work satisfactorily.
The reason for the disagreement in 2**Pu is not
clear but may be due to a normalization error in
one of the experiments, both of which involve the
very difficult target 2%®Pu.
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FIG. 2. Measured coincidence (circles) and singles spectra for a variety of reactions. Solid lines indicate interpo-
lated singles cross sections for the target element. Singles spectra have been normalized to the level of the accidental

contributions in the coincidence spectrum.

IV. STATISTICAL MODEL FOR ANALYSIS
OF EXPERIMENTAL RESULTS

In the previous section it was seen that com-
bining the results of the present experiments with
previous (n,f), (d,pf), and (t,pf) data yields a
comprehensive set of fission probability distribu-
tions for a wide range of actinide nuclei. By
analyzing these results in a consistent manner
it should then be possible to generate a set of
experimental fission barrier parameters which
can be used to look for general trends and to com-
pare the theoretical calculations. In following
sections we will discuss some of the general fea-
tures of the statistical model which we have used
to extract information on fission barrier properties
from the experimental data. Also a discussion of
the level densities used in the model and test
calculations to illustrate the sensitivity of the
calculated fission probability distributions to
various assumptions are presented.

A more comprehensive discussion of the calcula-
tion of fission probabilities in a variety of limiting

cases is given in Appendix II of Ref. 1 and in Ref.
11

A. Calculation of the fission probability

It is a central assumption in the statistical
model used to analyze results from odd fissioning
nuclei that the vibrational strength in the second
well is completely mixed (or damped) into the other
compound excitations. This implies that fission
proceeds in two steps; first the nucleus moves
from well I to well II and then from well II to
fission. This picture is shown schematically in
Fig. 8. In this limit the probability that a state
of particular spin and parity at a particular ex-
citation energy E will fission can be written as

N, (EJm) > 1
Ny (EJn)+N, (EJw) + N, (EJT) / ° ®
where N,(EJw), the number of open decay channels,
is equal to 27T ;(EJm)/D, (EJm), T, is the decay
width for each process, and D, (J7) is the average

spacing of compound levels in the first well. The
effective number of fission channels can be written

as
CMaa (W)
—NA+NB Dy’

P, (EJ1r)=<

N, @)
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FIG. 3. Measured coincidence and singles spectra for a variety of reactions. See Fig. 2.

where N, and N, are the effective numbers of
transition states at the two saddle points, W,

and Dy, are the average width and spacing of
levels in well 1I, and the function f (W /D,, ) takes
into account the coupling between levels in the
first and second wells. If the levels in well II

are very sharp then many of the more dense states
in the first well will have only a small overlap
with a state in the second well so that f (W, /D)
is small. Conversely, if the states in the second
well are broader than their spacing then it is
always possible to couple between the states

in the two wells and f (W /D, ) approaches 1.

It has been shown in Refs. 1 and 11 that under the
assumptions that the energy spread in the measure-
ment is large compared to D, the line shape is
Lorentzian, and the levels in well II are spaced
equidistantly, the average fission probability can
be written as

1
1 +a?+2acothz (N, +N)[1/2’

Pf (EJTI)= [ (3)

where

- Ny +N_, )N, +Np)
Ny Ng )

Equation 3 is an approximation which neglects
two effects: (1) the Porter-Thomas fluctuations in
the over-all fission width and (2) the fluctuations
in the spacings of individual levels in well II. The
effect of Porter-Thomas fluctuations has been
discussed in Refs. 1 and 3 and shown to be small
when there is more than one open fission channel.
The fluctuations in spacings in well II do not affect
the fission probabilities in the limits {>>1 or
t<<1 but could have a small effect in the region
t~1, where t=N, +Ny. Neglect of these two fluc-
tuation effects leads to a small overestimate of
P, calculated with the present model.

Finally, in the model the predicted fission
probability is obtained by averaging over all
possible angular momentum and parity values:

P, (E)= ) a(BJn)P, (EJT),

Jm
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FIG. 4. Measured coincidence and singles spectra for a variety of reactions. See Fig. 2.

where a(EJw) are the relative probabilities of
exciting states with a particular J7 in the direct
reaction. In the model the a(EJr) coefficients
are assumed to be energy independent and cal-
culated as described in Ref. 1.

The calculation of the fission probability now
reduces to a calculation of the number of decay
channels N4, Ny, N,, and N,. For these quantities
the expressions given in Ref. 12 are used, except
that optical model transmission coefficients'?
were used in the N, calculations. The N, values
were normalized so that calculated values of T’y
reproduce measured values at the neutron binding
energy for odd Pu isotopes.

As discussed in Sec. IV B, there are difficulties
in some cases in estimating absolute values for
the quantities N,, N,, N, and Ng. To facilitate
fitting of the experimental data two adjustable
constants G, and Gy, which multiply the quantities
N, and Ny, were introduced. As is seen in Eq.
(1), the function P, is not sensitive to the absolute
values of the number of decay channels of a given
type but is sensitive only to the ratios N, /N, and

Ny/N,. Therefore, deviation of the values of G,
and G, from 1 can result from uncertainties in the
N, calculation as well as in the N, and Ny esti-
mates. The experimental values obtained for the
G, and G, parameters and their significance are
discussed in Sec. VIA.

B. Calculation of level densities

In a recent calculation of fission isomer excita-
tion functions!? a method was developed for ob-
taining level densities directly from the theoreti-
cal single particle level spectra at the appropriate
deformations. However, this approach employed
a saddle point approximation which is not adequate
at excitation energies below 1 MeV in doubly even
or odd-A nuclei where the specific character of
the states involved in fission or neutron deexcita-
tion becomes important. For this reason N,, Ny,
and N, were calculated as a sum of two separate
contributions when the decay involved an even-even
nucleus (i.e., neutron decay from even Z, odd N)
or an odd-A nucleus. The first contribution came
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FIG. 5. Measured coincidence and singles spectra for a variety of reactions. See Fig. 2.

from states above 1 MeV where a continuous level
density was used, whereas the second contribution
from states below 1 MeV used a discrete spectrum
of levels. The levels used are shown in Figs. 9-
11 for the decay of even Z-odd N, odd Z -even N,
and odd Z -odd N fissioning nuclei, respectively.
The continuous level densities were the same
ones used in the fission isomer calculations.!?
They were determined from single particle spectra
calculations for 2%°Pu at the ground state deforma-
tion (including the hexadecapole deformation), at
the first saddle (not including the stable y deforma-
tion), and at the second asymmetric saddle. At
the second saddle point the level densities are
multiplied by 2 to take into account the two de-
generate solutions at the mass asymmetric saddle
point.'* The enhancement!* of the level densities
due to the low-lying rotational levels has not been
included but since P, depends on ratios of level
densities these factors should cancel to first
order. One potentially serious effect that is
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FIG. 6. Comparison of fission probability distributions
for ®Np excited by (¢, p) and (*He, d) reactions. Com-
parisons of results for the 2"Np(d, pf) reaction obtained
in this experiment and reported previously by Back et al.
(Ref. 3).
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neglected is that caused by the additional rotational
levels!* that may be present at the first saddle
point for those heavy nuclei which have axially
asymmetric shapes at this saddle. In the present
model the neglect of various level density en-
hancement effects should be compensated to first
order by values of G, and G, that are different
from 1.

Level densities for odd nuclei were obtained by
shifting the energy scale by A, for odd N-even
Z cases, by A, for even N-odd Z cases, and by
A,+4, for odd N-odd Z cases where A, and 4,
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FIG. 7. Comparison of figsion probability distributions
obtained from (n, f) experiments with (d, pf) results for
a variety of nuclei. The (d, pf) results have been cor-
rected for contributions to the proton spectrum from
deuteron breakup reactions as described in the text.

are the pairing gaps at the ground state or ap-
propriate saddle point deformations obtained in
the microscopic single particle calculations. The
continuous level densities were normalized to

the measured density of 3* states in 2*!Pu at the
neutron binding energy. The level densities for
other spin states were calculated using a spin
cutoff function with 0=5.5. The level densities
were assumed to be the same for both parities.

In principle the spectrum of discrete levels is
different for each nucleus but in most cases it is
not possible to obtain a very reliable estimate of
the detailed discrete spectra, especially for those
involved in the N, and N calculations. Therefore,
we have used a single discrete spectrum for the
neutron and fission decay to each type of nucleus
(even Z-odd N, odd Z-even N, or odd Z-odd N).

For neutron decay to an even-even residual
nucleus we assume a spectrum of vibrational
excitations (see Fig. 9) which are obtained from
an average of the excitations experimentally ob-
served in the uranium-curium region. Each vibra-
tion is assumed to contain a rotational band with
spacings given by a rotational constant of 7 keV.
For neutron decay to odd Z -even N nuclei (see
Fig. 11) the discrete level spectrum is taken as

FISSION PROBABILITY IN COMPLETE DAMPING LIMIT

I ZZZTZ

t
ENERGY

POTENTIAL ENERGY

CONTINUOUS LEVEL DENSITY
DISCRETE LEVELS

FIG. 8. A schematic illustration of the statistical
model used to fit the experimental fission probability
distributions.
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the spectrum of one-quasiparticle proton states
generated from the calculated!?'!® single proton
states for 2*°Pu. The energies of the one-quasi-
particle states are obtained from the relation

El=(EL2+n2)/2 A,

where A and A are the pairing gaps at the ground
states and at E!, respectively. The pairing gap
A(E) is obtained from the level density calcula-
tions'? which use the same set of single proton
states. Each one-quasiparticle state is assumed
to have a rotational band built on it with a rota-
tional constant of 7 keV.

For the fission decay of even Z-odd N nuclei
(Fig. 9) and odd Z -even N nuclei (Fig. 10) the
single neutron or single proton spectra'?'!5 at
the appropriate saddle points are used to generate
one-quasiparticle states. These one-quasiparticle
states are then used to calculate the contribution
to N, and N from the discrete levels for each
case. At the second saddle the levels correspond
to an asymmetric shape and are, therefore, taken
as doubly degenerate. Such one-quasiparticle
states are assumed to head a rotational band with
a rotational constant of 5 keV.
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FIG. 11. Level spectra used in the calculations of N,
N,, and Ny for an odd Z-odd N fissioning nucleus.
Levels are obtained from the calculations of Bolsterli
et al. (Ref. 15) as described in the text.
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Figures 9 and 10 also show discrete level spectra
at the first saddle point taken from Tsang.!® The
details of the two sets of discrete spectra are
different but the total number of levels available
between 0 and 1 MeV are similar. This is illus-
trated better in Fig. 12 where the total discrete
and continuous level densities are shown at the
relevant deformations. Figure 12 also shows that
below 1 MeV the continuous level density calcula-
tions considerably underestimate the level densities
for doubly even and odd-A nuclei.

C. Sensitivity of the model to various effects

In order to test the sensitivity of our model
calculations to the adopted level spectra, a series
of test calculations were performed and the results
are shown in Fig. 13. In sections (a) and (b) of
the figure it is seen that the introduction of the
discrete levels in the calculation of N, produces
a large shift in the apparent threshold whereas the
calculations using levels predicted by Bolsterli
et al.'® or by Tsang!® give very similar results.
Thus, we conclude that the inclusion of the correct
number of discrete levels is very important but
the calculations are not very sensitive to the
detailed ordering and spacing of the discrete
levels. Sections (c) and (d) (Fig. 13) show that
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FIG. 12. Calculations of the total level density as a
function of excitation energy. Solid and dashed lines
show results obtained using the saddle point integration
method. Open and closed triangles show estimates of the
total density of discrete levels from the single particle
spectra of Bolsterli et al. (Ref. 15) and Tsang (Ref. 16),
respectively.

the inclusion of discrete levels in the neutron
decay has a significant effect but not as great as
the inclusion of the discrete fission levels.

Finally, in section (c) the effect of including
the couplings between levels in the first and
second wells is seen to be important only at en-
ergies below the top of the lowest peak of the
barrier (E, =5.50 MeV in this case).

V. FITS TO EXPERIMENTAL RESULTS

The statistical model as described in Sec. IV
contains a total of six adjustable parameters;
E,, hw,, Eg, AWy, G,, and G,. In the analysis
of the experimental fission probabilities it is
usually possible to determine only three of these
parameters and, therefore, estimates of some
of the parameters must be taken from other
sources. If one peak of the barrier is much higher
than the other then the height and curvature of this
peak is determined from the fit to the threshold en-
ergy and the slope of the fission probability. If both
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FIG. 13. Tests of the sensitivity of the theoretical
calculations to various effects. The solid curves show
calculations with the statistical model described in
the text. The other curves use the same set of param-
eters with the following changes in the model: Sections
(a) and (b), the dashed curve uses Tsang levels (Ref.
16) at the first saddle point and the dot-dashed curve
shows the effect of replacing the discrete levels with
the continuous level density at the first saddle point.
Sections (c) and (d), the dashed curve shows the effect
of replacing the discrete levels with the continuous
level density at the first minimum. Section (c), the
dot-dashed curve shows the effect of assuming strong
coupling between levels in the first and second minima.
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statistical model described in the text. Data for (d, pf) and (z, f) reactions were taken from Refs. 3, 7—9.

peaks are of comparable heights then the height
and curvature of one peak can be determined if
the height and curvature of the other peak are
known from some external source or, in some
cases, estimates for both E, and E; can be ob-
tained if Zw, and %#w, are fixed at reasonable
values. The third parameter is either G,

or G,. For nuclei where the fission threshold
is below B, the maxima in the fission probabilities
occur below the neutron binding energy and the
fits are most sensitive to G,. For the few cases
where B, occurs near the fission threshold,

estimates can be obtained for both G, and G,
(e.g., 2**Pu, ?*'Py, and 2°Cm). When the fission
threshold is above B, the fit is most sensitive
to G,.

A. Plutonium and heavier nuclei

In these nuclei E, is greater than Ey and in
many cases values for E, and 7wy are known
from the analysis of fission isomer data.'? Thus,
the calculated fission probability distributions
are most sensitive to E, and #Zw, and estimates
for E; and iwy, can be obtained either from the



10 FISSION OF ODD-A AND DOUBLY ODD ACTINIDE NUCLEI... 1959

T
00 ZPuCHe, 0 %am euChe, a)**am | | Z*am(a, ph?%am |
E, =24 Mev E,* I3 Mev
H
geg0e P 8 -140°
- d I
10 + 3F 1t Back et al.
i
|O_2r {{ EN tb
[
. r B
i s
63 1 1L
|64 1 | | . P
10° L | ZE S —
>
= -
S0k L L
o
L2
<
&g . .
c T
(=] i 1
- l !
[
i g3 “PruCre, aN®Pam | | *am(d,pn**hm | | | 2 pf)%*Am
E, =24 MeV E,= 13 Mev t [l E,~15 Mev
H
| g-90° 8,- 140°  Back et al. Il 890"
IO4 4 L S S S
10° , _ 50 60 70
|0—l’ 2
162 L
_ 248Cm(t. af) 24~(Am 24 8
107 E,=16 MeV 3F (3He, an®*
6,=90° 3 =24 MeV
Io-4 ) Od 90° ) ) ) |
40 50 60 70 40 50 60 70

Excitation Energy (MeV)

FIG. 15. Fission probability distributions for Am and Bk nuclei. Solid curves indicate theoretical fits with the statis-
tical model described in the text. Data for (d, pf) reactions were taken from Ref. 3.

isomer results or from extrapolations of the
isomer results from nearby nuclei. (For americi-
um and heavier nuclei the difference in heights

E, - Ep is generally greater than 1 MeV and the
calculations are very insensitive to the values
assumed for E, and fwy.)

Theoretical and experimental fission probabilities
in this mass region are shown in Figs. 14 and 15
and the parameters obtained from the fits are
listed in Table II. In general the calculations
reproduce the experimental fission probabilities

in the threshold region but at high energies they
tend to underestimate the fission probabilities for
odd-A nuclei and predict too high fission probabili-
ties for doubly odd nuclei. Possible causes of
these systematic deviations will be discussed in
Sec. VI. The errors quoted for E, and Zw, include
our estimates of the effects of systematic errors
in the level densities used in the width calculations.
The errors quoted for G, and G, reflect only the
experimental uncertainty in the absolute fission
probability.
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TABLE II. Barrier parameters estimated from analysis of experimental fission probability
distributions. Values given in parentheses were estimated as described in the text and held

fixed during fitting of the experimental data.

Nucleus E, Eg hw, Rwg G, Gy
29Th (6.02) 6.30£0.20  (0.90) 0.65+0.10  0.70%3:3¢ (1.0
BlTh (6.02) 6.22£0.20  (0.90) 0.52+£0.10  0.85:)3¢ (1.0
B3Th (6.02) 6.28+0.20  (0.90) 0.45£0.10  0.903338 (1.0
B1py 5.75+0.30  5.85+030 (0.8) (0.45) (0.3) 3.5:%
B2py 5.75+£0.30  6.10+0.30  (0.6) (0.45) 0.45:3-3%  (3.5)
Wpy 5.85+0.30  6.00£0.30 (0.8) (0.40) (0.3) 1.8:1:3
By 6.10£0.30 5.65+0.30 (0.85) (0.50) 0.30:3:%2  (2.5)
By 6.35£0.30  5.95+0.30 (0.85) (0.55) 0.1283:37  2.5)
By 6.55+0.30  6.30£0.30 (0.90) (0.65) 0.05:0:%%; (2.5
B4Np 5.35+£0.30  5.00£0.30  (0.6) (0.42) (0.3) 2.5%3-3
5Np 5.60+0.30 5.20+0.30 (0.8) (0.55) (0.3) 3.5:3:3
BENp 5.70£0.30  5.20£0.30  (0.6) (0.42) (0.3) 2.0:1-8
BNp 5.70£0.30  5.50+0.30  (0.8) (0.55) (0.3) 2.8t}-4
%8Np 6.00+£0.30  6.00£0.30 (0.6) (0.42) 0.0413:%  (1.8)
B9Np 5.85+0.30  5.50+£0.30 (0.8) (0.55) (0.3) 1.8t
BIpy 6.43+0.20  (5.50) 1.00£0.10  (0.55) 0.303:3§ 0.7513:12
AUlpy 6.25£0.20  (5.50) 1.10£0.10  (0.55) 0.30%3:20 1.15%-48
U3py 6.05£0.20  (5.60) 0.80+£0.10  (0.55) 0.15:3-33 0.75
Uspy 5.72+0.20  (5.45) 0.90+0.10  (0.55) 0.40:3:31  (1.2)
MAm 6.35:0.20  (4.80) 0.70+£0.10  (0.42) 0.08:3:31 .2
MAm 6.00+0.20  (4.80) 0.80+0.10  (0.55) (0.3) 1.841:3
MAm 6.38+0.20  (4.80) 0.50+0.10  (0.42) 0.08:8:07  (1.2)
MAm 5.98+0.20  (4.80) 0.75+0.10  (0.55) (0.3) 1.853:3
MAm 6.180.20  (4.80) 0.50+£0.10  (0.42) 0.15%3:9%  (1.2)
UAm 5.88+0.20  (4.80) 0.85+0.10  (0.55) 0.3) 1.848-4
HWAm 5.60+£0.20  (4.80) 0.90£0.10  (0.55) (0.3) (1.8)
M5cm 6.38+0.20  (4.20) 0.65+0.10  (0.55) 0.20%3-%2 (0.4)
HCm 6.20£0.20  (4.20) 0.70+£0.10  (0.55) 0.20%3-34 (0.4)
MCcm 5.80+0.20  (4.20) 0.75+0.10  (0.55) 0.1558-42 0.38%3-12
UK 6.05+0.20  (4.20) 0.80+0.10  (0.55) (0.3) 1.84-8
B 5.60£0.30  (4.20) 1.10£0.10  (0.55) 0.15 2.5

B. Pa, U, and Np nuclei

The isotopes of Pa, U, and Np have E, = Eg

and there is at present no independent information

available on any of the barrier parameters. For

these nuclei we first tried calculations with fixed

values of 7w, and Zwy and allowed E, and E to
vary. From the systematics for nuclei in the
Pu-Bk region we estimated #Zw, =0.8 MeV and
7wy =0.55 MeV for odd-A nuclei, and 7w, =0.6
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MeV and 7wy =0.42 MeV for doubly odd nuclei.
With these values we obtained reasonable agree-
ment with all of the experimental results for Np
isotopes. For the U isotopes it was necessary to
increase 7w, in order to correctly reproduce the
shape of the fission probabilities, and for odd Pa
isotopes 7Zw, had to be decreased slightly to obtain
agreement with the experimental results. For all
of these nuclei it is possible to reproduce the data
with a range of correlated values for Zw, and
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nwg so that the fits do not give a very significant
determination of these quantities. Different com-
binations of Zw, and Zw, also lead to slightly
different values for E, and Ej for these nuclei.

The fits to the experimental data are shown in
Figs. 16 and 17 and the corresponding parameters
are listed in Table II. In most cases we again see
that at high energies the calculations underestimate
the fission probability for odd-A nuclei and over-
estimate it for odd-odd nuclei.
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FIG. 16. Fission probability distributions for Pa and Np nuclei. Solid curves indicate theoretical fits with the
statistical model described in the text.
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C. Thorium nuclei

For the thorium nuclei Ej is greater than E,
and a previous estimate of E, and Eg has been
obtained from an analysis!” of the subbarrier
fission resonance of 2%!Th. In this case calculated
fission probabilities are most sensitive to the
second barrier, and consequently we used values
of E, and 7w, from the analysis by James, Lynn,
and Earwaker,!” of 23!Th for all three thorium
isotopes and varied E and 7wy in the calculations.
For #*'Th this type of analysis gave Ez=6.22 MeV,
nwg=0.52 MeV in very good agreement with the
values Eg=6.27 MeV, 7wy =0.57 MeV obtained
by James et al.!” This agreement provides a
consistency test for both analyses since James
et al.'” fitted the subbarrier resonance properties
while we ignore the resonance and concentrate
on reproducing the over-all behavior of the fission
probability distribution.

The fits to the experimental data are shown in
Fig. 17 and the corresponding parameters are
listed in Table II.

VI. DISCUSSION

In general the estimates for barrier heights and
curvatures (see Table II) are obtained from the
energy and the slope of the measured fission
probability near threshold while the normalization
factors G, and G, are sensitive to the absolute
value of the fission probabilities. Therefore,
errors in the absolute level densities used in the
various width calculations are reflected primarily
in the G, and G, values. For example, if the
2%Ppy and 2*'Am data are refitted using the con-
tinuous level densities at all energies at the saddle
points, the estimated values for E, decrease by
0.3 and 0.2 MeV, respectively, and the values of
G, and Gy change by factors of 3-6. This complete
neglect of the discrete levels at the saddle point
is an extreme limit and, thus, we conclude that
uncertainties in the estimates of the discrete
level spectra will not affect the barrier parameters
within quoted errors but could lead to systematic
errors in the Gy and G, values.

The reliability of the extracted barrier param-
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eters can also be judged by comparison to barrier
parameters obtained in other ways. As discussed
in Sec. VC the E and /iwg values for 2*'Th agree
very well with values obtained by James et al.'”
from fits to the observed subbarrier resonance.
In addition, comparisons to barriers extracted®
for 2%Np, 2%Puy, *2Am, and ***Am using a very
different statistical model show an average devia-
tion from our values of ~0.06 MeV with maximum
deviation of only 0.15 MeV.

A. Normalization factors G, and G,

The values obtained for G, and G, from the
analysis of the experimental fission probability
distributions are shown in Fig. 18. If the statisti-
cal model described in Sec. IV were adequate for
describing these experimental results and the level
spectra shown in Figs. 9-11 gave a good average
representation of the level spectra involved in
y-ray, neutron, and fission decay, then we would

expect G, =G, =1 within experimental uncertainties.

The results in Fig. 18 show that in many cases
the values of G, and G, deviate significantly from
unity. These deviations may arise from sources
of two general types: (1) errors in defining the
level spectra (Figs. 9-11) used in the various
width calculations and (2) inadequacies in the
statistical model which are compensated for by
searching on the values of G, or Gy.

The major fundamental effect that has been
neglected in our level spectra is the triaxial y
deformation at the first saddle point, an effect
which has been predicted to be important for Pu
and heavier nuclei.'®'!? Since the saddle point
with a stable y deformation corresponds to a
shell region with a positive shell correction to
the liquid drop surface and the axially symmetric
saddle point corresponds to an “antishell” or
negative shell correction, the single particle
spectra at these two points might be significantly
different. In particular, the increased shell
energy would lead to a decrease in the density of
the intrinsic states at low energies for the y stable
shape. However, the triaxial shape has a lower
rotational symmetry and the total density of com-
pound levels arising from each intrinsic state
should be of the order of 5 times greater than for
an axially symmetric shape.'* Balancing these
two factors probably still leads to a significantly
larger density of compound states at a saddle point
with a stable y deformation.

At the second asymmetric saddle point the total
energy surface is quite flat over a relatively large
region so the exact position of the saddle point is
difficult to locate and may change from nucleus to
nucleus. This flat region corresponds to an ap-

proximate cancellation of strong variations in both
the liquid drop and shell correction energies.
Since the density of fission transition states is
dependent primarily on the shell energy it may

be difficult to define this spectrum even though
the theoretical calculations may be adequate for
calculating the total potential energy (liquid drop
and shell energies) at the second saddle point.
Further discussion of these points are given in
Refs. 12 and 13. Also one must count the approxi-
mate treatment of the various fluctuation factors
(see Ref. 1) as still another source of uncertainty
inthe derived G, and Gy factors.

In the following subsections we will briefly
discuss some possible interpretations of the G,
and G, values in a few limiting cases but it should
be kept in mind that there may be several factors
contributing to the observed variations so that
only the most general trends can be interpreted
with a degree of significance.

1. Even Z-odd N nuclei; G,

For even Z -odd N nuclei in the first 1 MeV of
excitation energy above the neutron binding energy,
T, is calculated using average experimental levels
in the residual even-even nucleus (see Fig. 9)
and should be reasonably reliable. In this case
deviations of G, from 1 presumably reflect errors
in the assumptions on the transition state level
density at one or both saddle points. The results
in Fig. 18 show that for these cases G, decreased
from a value of ~1 for Th nuclei to a value of
~0.2 for Cm nuclei. The average value G,~0.2
for Cm nuclei may indicate that the neglect of
axially asymmetric deformations leads to an un-
derestimation of the density of transition states
of approximately a factor of 5. In contrast, for
the Th nuclei, fission is dominated by the second
barrier which presumably corresponds to the case
G,~1.

For neutron decay energies above 1.0 MeV we
have used a continuous level density and the results
shown in Figs. 14 and 17 indicate that the calcu-
lated fission probabilities systematically decrease
too rapidly in this region. This result may indicate
that the continuous level densities are too large
at least at the lowest energies. Consistent with
this conclusion are the low values of G, for cases
where the fission threshold occurs more than 1
MeV above the neutron threshold (see 2*’U and
Z”U).

2. 0dd-Z nuclei; G,

For odd-Z nuclei at energies above the peak in
the fission probability distribution the calculations
systematically overestimate P, for odd-odd nuclei
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FIG. 18. Normalization factors G, and G, obtained
from fits to the fission probability distributions.

and underestimate P, for odd-even nuclei (see
Figs. 15 and 16). These cases involve odd-odd
nuclei in the T, and T, calculations, respectively,
and the deviations suggest that we are systemat-
ically overestimating the slope of the level densi-
ties for odd-odd nuclei at the lowest energies.
This result is similar to the conclusion for even-
even nuclei at energies above 1 MeV (see Sec.
VIA 1).

The values for G, obtained from odd-odd nuclei
are generally about 2 times lower than would be
expected from the systematics of nearby even-Z
nuclei. This suggests a systematic discrepancy
for the estimated levels for odd-Z relative to even-
Z nuclei but it is not possible to determine whether
this discrepancy occurs in the neutron levels, the
fission levels, or both.

3 G,
If the deviations of G, from 1 are primarily due
to underestimates of the density of transition states

then we might expect G, ~G,, but the results
shown in Fig. 18 indicate that this is not the case.
For the three cases (**Pu, 2*!Pu, and 2*°Cm) where
Gy and G, can both be determined in the same
nucleus we find that G, ~3G,. Most of the other
determinations of G, are very uncertain but they
generally lie in the range of 2-10 times the values
for G, in neighboring nuclei. The reasons for

this systematic difference between G, and G, are
not understood.

B. Systematics of the barrier heights

The barrier heights determined from the analysis
of the experimental fission probabilities are listed
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FIG. 19. Fission barrier heights obtained from fits
to the fission probability distributions. Results for
even-even nuclei are taken from Ref. 1. Triangles
indicate estimates of Eg taken from Ref. 12.

in Table II and plotted in Fig. 19. Also plotted in
Fig. 19 are results for E, obtained'? from the
analysis of fission isomer excitation functions and
E,, and Ej values for even-even nuclei discussed
in a previous paper.! In the previous paper the
E, and Eg values for even-even nuclei were com-
pared with various theoretical calculations and
this comparison will not be repeated here.

The most remarkable feature of these experi-
mental barriers is the relative constancy of E
at ~6+0.5 MeV over the entire region from Th
through Cf and the steady decrease of Eg from
~6.3 MeV in Th to ~4 MeV for Cm isotopes.

Superimposed on these trends are some apparent
odd-even fluctuations in E, (and possibly in Eg
for Am isotopes—see Ref. 12 for more discussion).
For U, Pu, and Am isotopes the results show E,
values that are 0.3-0.5 MeV greater for odd-N
than for even-N isotopes but this effect is not
apparent in the Pa and Np isotopes. For the Cm
isotopes the odd-even fluctuations could be masked
by the anomaly?®® in the E, values as the N=152
shell is crossed. For the Am isotopes an odd-even
fluctuation of the same magnitude also occurs in
the ground state masses?! and so our results in-
dicate no odd-even fluctuation in the saddle point
masses when measured relative to a spherical
liquid drop mass surface. For the U and Pu nuclei
the odd-even fluctuation in the saddle point masses
determined in the same way would be even greater
than those observed in the £, values. The apparent
odd-even fluctuations should be viewed with some
caution, however, because the even-N nuclei
involve competition between fission and Yy emission
near threshold whereas the odd-N nuclei have
fission thresholds above the neutron binding energy.
Therefore, systematic errors in the estimates of
T', relative to T, could lead to spurious odd-even
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effects. At present we believe that the £+0.2 MeV
uncertainties in E, for these nuclei are realistic
but as noted in the previous section the normaliza-
tions of the various decay widths are not com-
pletely understood.
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