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I'„/I'f for actinide nuclei using (3He, df) and (3He, tf) reactions
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The fission probability was measured for a series of actinide nuclei as a function of the
excitation enery using ( He, df) and ( He, tf) reactions. From these data, I „/I'f was deter-
mined from threshold up to -12 MeV of excitation energy, and fitted by evaporation calcu-
lations which do not contain any arbitrary normalization factors. For heavier actinides, these
fits are possible only if one assumes the fission process to proceed through a first saddle po int
which is not axially sy~metric. These results and calculations also reproduce previously
known empirical trends of average values of I'„/ I'&, as a function of A and Z.

NUCLEAR REACTIONS, FISSION Measured fission probability in Pa,
231 232U 233 239Np 237-238Pu 239 243Am 241-244Cm Determined barrier heights.

I. INTRODUCTION

During the past few years direct-reaction fission
techniques have been used to obtain fission prob-
ability distributions P& (F&/(Fz+ ——F„+F&)) on a wide
variety of nuclei. " These distributions have been
analyzed with various microscopic statistical mod-
els in an attempt to obtain systematic information
for these nuclei on the heights and curvatures of
the two peaks of the fission barrier (E„,h~„,
Es, @&us). In the model used to fit the nonresonant
fission probabilities for odd A and odd-odd nuclei'
it was found that an arbitrary normalization factor
on F„/Fz had to be introduced in order to repro-
duce the correct magnitude of P&, and in most cas-
es the model still did not reproduce the shape of
the P& distribution above the neutron binding energy.

The aim of the present series of experiments
was to provide a systematic determination of I'„/Ff
from measurements of P& for an energy range of
several MeV above the fission barrier and to inter-
pret these results in terms of barrier heights and
curvatures without employing any arbitrary nor-
malization factors. This analysis is made possible
by the use of microscopic level densities based on
shell corrected single particle levels with the in-
clusion of the level density enhancement factors
arising from the coupling of collective and intrin-
sic degrees of freedom in the nucleus. ' We have
found that the fission probability of the heavier
actinides can be fitted only if it is assumed that
the nucleus proceeds to fission through an axially
asymmetric first saddle point. Thus these results
provide evidence to support the theoretical predic-
tions of axial asymmetry presented in Ref. 4. Our
data agree qualitatively with the empirical trend

of F„/Fz as a function of Z and A presented by
Vandenbosch and Huizenga'; however, these em-
pirical trends are averages over relatively large
excitation energy bins, whereas our data provides
detailed information on the excitation energy de-
pendence of F„/Fz.

('He, d) and ('He, t) reactions were chosen to
form the various compound nuclei for two reasons:
First, there are no light element contaminant
peaks below excitation energies of -11 MeV in the
"singles" d or t spectra. Second, 'He breakup into
d+P was found to be unimportant in the excitation
energy range considered. The fission probabilities
of various compound nuclei formed by both ('He, d)
and ('He, t) reactions (using different target nuclei)
were compared and found to be approximately
equal, thus providing some insight into the accu-
racy of the method. From this we estimate the
overall systematic error in determination of Pf
to be less than 10%%up. Preliminary results of this
work have been presented in Ref. 6.

II. EXPERIMENTAL PROCEDURES AND
DATA REDUCTION

A. Experimental setup

The 'He beams were provided by the Los Alamos
FN tandem Van de Graaff and the reactions per-
formed at 25 MeV bombarding energy. Targets
were prepared by vacuum evaporation on to -50
pg/cm' carbon foils and were usually 80-200 p, g/
cm' thick. The experimental configuration is
shown in Fig. 1. The light particles emitted by the
nuclear reaction were detected in a E-bS counter
telescope: The AE and E detectors were 300 p, m
and 2 mm thick silicon surface barrier detectors,

2374



r„jr, FOB ACTINIDE NUCLEI USING ('He, df) AND. . . 2375

respectively. The telescope was placed at 120 in
order to eliminate the effect of carbon and oxygen
contaminant peaks in the singles spectrum. Two
fission detectors, E1 and I"2, are placed at angles
close to 0' and 90 relative to the recoil direction
of the compound nucleus. The exact distance and

angles in the laboratory are presented in Fig. 1.
The fission detectors were 300 mm' surface bar-
rier "heavy ion series" detectors.

The electronic instrumentation was similar to
that described in Ref. 1. The use of a time-to-
amplitude converter (TAC) to determine the fast
coincidence requirement between a charged parti-
cle and a fission fragment enabled us to record
simultaneously true and random coincidences;
this facilitates subtraction of the random coinci-
dence background, which was typically 2-4% of the
total number of fission events.

The events (comprised of E+ bE, bE, TAC, and

fission detector pulse height signals) were record-
ed and analyzed on line by an SDS-930 computer.
The computer program was able to identify the
light particle by considering its position in the
(E+ bE), bE plane. It was thus possible to sepa-
rate ('He, f) events from the dominant ('He, d) ones.
The number of "single events" (i.e. , particles not
detected in coincidence with fission fragments)
were scaled down by a factor of 10 or 100 in order
to minimize the computer dead time.

The particle telescope was calibrated with the
'"Pb('He, d) reaction. Using this calibration and

Q values obtained from mass tables for the ('He, d)
and ('He, t) reactions, ' one obtains the compound
nucleus excitation energy as a function of the E
+ AZ pulse height for each target nucleus.

The solid angles subtended by the fission detec-
tors were determined from a ratio of the counting
rate at the distance used in the experiments to that
for a distance of 10 cm from the source (where the

solid angles can be determined accurately from
the geometric dimensions).

B. Data reduction

The fission probability P& is determined at each
excitation energy from the ratio of the coincidence
rate to the singles rate, using the expression

where N„,.„ is the fission-particle coincidence rate
in the 90' fission detector, N,-„, is the particle rate
in the telescope, and 1+ e is the ratio of the coin-
cidence rates per unit solid angle in the 0' and 90
fission detectors, respectively. (This assumes a
1+ e cos'8 type angular distribution). Each of these
rates, and hence c, are determined for each exci-
tation energy (which is measured by the particle
kinetic energy detected by the telescope). 0 is the
solid angle subtended by the 90' fission detector.
The fission angles are referred to the center of
mass system for the recoiling nucleus. The fis-
sion probabilities were also corrected for various
instrumental effects including:
(1) The dead time in the TAC (approximately 5

psec per start pulse). At rates of 10 kHz, this
amounts to 5/g dead time. The rate of start pulses
was recorded in each run, the dead time calculat-
ed, and the fission probability raised accordingly.
(2) Some of the targets used were found to be con-
taminated with tungsten. This does not effect the
number of fission events, but increases the num-
ber of single events, thus decreasing the fission
probability. The magnitude of the W contaminant
was determined by measuring 'He elastic scatter-
ing at 20 MeV beam energy at backward angles
where the W and actinide peaks could be resolved
in energy. Appropriate corrections were made to
the Pf distributions. This method could detect
contamination in the singles spectra of &2%%ug and
corrections to the data ranged from 0-15'Po except
for "'Th, where a 30%%up correction was necessary.
Details are presented in the Appendix.

III. RESULTS

58' 45'

60. ~

/g
Target

FIG. 1. Experimental setup.

In the experimental fission probabilities the re-
sults were generally cut off above an excitation
energy region of 11-12 MeV for one of the follow-
ing reasons: (1) The ('He, d) singles spectrum ex-
hibits a large contaminant peak in the neighbor-
hood of E, -12 MeV. (2) Above this excitation en-
ergy, the number of ('He, d) and ('He, I) events de-
creases ."apidly because of the Coulomb barrier.
(3) The triton spectrum is cut off because tritone
with lower kinetic energy are stopped in the ~
detector.
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FIG. 2. Measured fission probabilities: open circles, from (SHe, tf3 reactions; closed circles, from ( He, df) reac-
tions; full lines, model fits as discussed in the text.

The measured fission probabilities for the re-
sidual nuclei studied in this experiment are shown
in Fig. 2. Typical systematic errors in the deter-
mination of absolute fission probabilities are less

than 1(P/o.

The fission probabilities for four compound nu-
clei ("' ' 'Np "'Am) were determined using both
('He, d) and the ('He, t) reactions. This enables a
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determination of the dependence of the fission
probability on the reaction used to produce the
compound nucleus. In general the maximum dis-
crepancy between the two sets of data is 15/o. How-

ever, somewhat above the fission barrier the dif-
ference is much smaller. This implies that there
is no important contribution to the singles spec-
trum in the ('He, d) results from the 'He "breakup"
into a deuteron and proton in the energy range we
have measured. If appreciable breakup occurred
it would result in an increase in our measured
singles spectrum and thus give an apparent lower
fission probability. For the same compound nucle-
us the ('He, cff) fission probability would then ap-
pear smaller than that for the ('He, tf) reaction,
since breakup type reactions cannot contribute to
the ('He, t) singles spectra. The dip in the fission
probability in "'Am from the ('He, t) reaction at
10 MeV could possibly be due to an "0 contaminant
peak in the singles spectra. Similar dips are no-
ticeable in some of the other fission probabilities
determined by the ('He, f) reactions, at comparable
excitation energies. Therefore, we may be sys-
tematically underestimating Pz with the ('He, tf )
measurements in this energy region.

Our results can be compared with the general
systematic trends presented by Vandenbosch and
Huizenga. ' These trends are presented in Fig. 3
together with our results for F„/F& (obtained by
assuming Pf = (F,&/[(F,& + &F„&])(taken at excitation

10.0

energies of 8 and 11 MeV corresponding approxi-
mately to 2 and 5 MeV, respectively, above the
fission barrier). The results in Fig. 3 generally
show that our measurements agree reasonably well
with data previously obtained from (s,f), (y, f),
and spallation measurements. Near the region of

P stability our results show very little energy de-
pendence for F„/Fz. However, for very neutron-
deficient nuclei a significant increase in F„/Fz
with increasing E„ is apparent.

We have also compared calculated neutron-fis-
sion cross sections (obtained using our values for
F„/F& and reaction cross sections obtained from
optical model calculations) to experimental cross
sections. Good agreement was obtained. This is
presented in detail in Ref. 8.

IV. THEORETICAL ANALYSIS

The fission probabilities presented in the pre-
vious section were fitted using a modified version
of a statistical model which was described in de-
tail in Ref. 1. The model was modified so as to
include the effects of collective enhancements to
the intrinsic state densities. The intrinsic state
densities were obtained from microscopic calcula-
tions using appropriate single particle levels. The
most significant requirement for this analysis is
that it is necessary to assume that the first saddle
point is axially deformed in order to obtain ade-
quate fits to higher mass (A a 235) actinide nuclei.

In the following sections, we will present a brief
review of the model presented in Ref. 1, explain
how the collective enhancement effects are intro-
duced, and discuss various aspects of the quality
of the fits to the experimental data.

i.o A. Review of the statistical model

4 o. i--

2=92

I.O

O. I

230 235 240
Mass Number

245 250

FIG. 3. 1 „/1"& values deduced from measured fission
probabilities at 8 and 11 MeV excitation energy. Solid
lines show the empirical trends of Vandenbosch and
Huizenga (Ref. 5). Open squares at left indicate the un-
certainty in I „/I'& due to a 10% uncertainty in P~.

Ãg= [N N)(A'„+ N )]f(„Dn
(2)

The statistical model considers the decay chan-
nels available to the excited compound nucleus.
These are (1) y decay in the first well, (2) (above
the neutron binding energy) neutron decay to the
A-I nucleus, and (3) transition over the first bar-
rier to the second well. We assume the vibration-
al states in the second well to be completely
damped into aQ the other compound states; in this
case, a nucleus in the second well can either fis-
sion (over the second barrier) or return to the ini-
tial deformation over the first barrier. Denoting
N„as the number of available transition states at
the first barrier (at a specific excitation energy E,
spin J, and parity II) and, similarly, IVs as the
available states at the second barrier, the effec-
tive number of open channels to fission N& is
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where f (Wn/Dn) is an additional factor which ac-
counts for partial overlap between levels in the
first and second wells (see Ref. 2), and is unity
for excitations significantly above the two peaks
of the fission barrier. Denoting as N„and N& the
number of channels open to neutron and y decay,
respectively, P& is given by

Pg (Ng/——(Ng + N„+ Ny )) . (3)

The average (again for fixed E,J, II) is taken
over the various compound states whose decay
widths and level spacings fluctuate. Averaging
over all possible angular momentum and parity
values (as described in detail in Ref. 1) gives us
the final values of Pz(E„) which can be compared
directly to the experimental results. 'The number
of open channels can be calculated using the ap-
propriate level densities and transmission coeffi-
cients. The intrinsic state densities were calcu-
lated from theoretical single particle level spec-
tra" at the appropriate deformations using a mi-
croscopic state density code obtained from Moret-
to." Level densities were obtained from the in-
trinsic state densities by incorporating collective
enhancement effects as described below. For E,
below 1 MeV the contribution of the discrete lev-
els was calculated directly. Further details are
presented in Ref. 1. Both the level densities and
the discrete level spectrum of '"Pu were used
throughout our calculations for all nuclei.

B. Collective enhancement of level density

It has been noted that in previous fits to fission
probability data' for actinide nuclei it was neces-
sary to incorporate arbitrary normalization con-
stants. Generally, it was necessary to decrease
I'„(or equivalently, increase 1&) by a sizeable
factor in order to fit the data Bjp'rn.holm, Bohr,
and Mottelson' have noted that deviations of a nu-
cleus from spherical symmetry cause an increase
in the level density due to the introduction of low

lying rotational bands built on each intrinsic state.
The incorporation of rotational enhancement fac-
tors for axially symmetric (deformed) nuclei has
been investigated by Huizenga et al."and by Doss-
ing and Jensen. " They have found that by incor-
porating such enhancement factors in state densi-
ties calculated from realistic single particle lev-
els, a reasonable agreement was obtained with
measured neutron resonance spacings (no adjust-
able parameters were used in obtaining the agree-
ment).

We denote m(E) as the intrinsic state density at
an excitation energy E. (This is obtained directly
from single particle spectra without any adjust-
able parameters. ) The level density p(E, I) for a

K I(I+ 1) —IP
2o

~~ (E) 2c~'(E)

This is approximately equal to

p (E,I)= (2I+ 1)exp[-I(I+ 1)/2o~'(E)]

x &u(E)/[(8w)' 'g„(E)]. (6)

0'j[ is obtained from the single particle levels" and
0'~ is taken to be 5.45." p is enhanced relative to
p ~„by a factor of o'/o~~ —- o „'(E) at each excitation
energy E.

For a shape lacking any rotational symmetry,
the level density p„, (E,I) can be obtained by sum-
ming the intrinsic level density over all the rota-
tional levels built on each intrinsic level. Denot-
ing E„(K,I) as the rotational energy of a state hav-
ing spin I and an expectation value of I, (the com-
ponent of the angular momentum along the intrin-
sic 3 axis) equal to K,

p„, (E,I)= g u[z —E,(K,I)].

K runs over all the 2I+1 possible projections. We
obtain

p„, (E, I) = (2I+ l)&u(E) exp[-I(I+ 1)/2o (E)]. (8)

o is an average spin-cutoff parameter.
The approximation involved in this equation is

good as long as I& o. Again, we note that p„, is
enhanced relative to p by a factor of -(8r )'I'o„.
Using levels of Ref. 10 to generate &u(E) and g(E),"
the enhancement factor for a completely nonsym-
metric first saddle point (relative to an axially
symmetric one) ranges from 12 (at 1 MeV above
the barrier) to 30 (6 MeV above the barrier). lf

specific angular momentum I in a spherical nu-
cleus is'

p „(z,I)
= (2I+ 1)exp[ I(I+-1)/2o'(E)]&a(E)/[(8v )' 'c'(E)) .

(4)

The spin cutoff parameter o(E) (as a function of
E) is obtained directly from the single particle
spectrum using the same code. " Thus p~„(z, l)
is obtained without any adjustable parameters.

For a deformed, axially symmetric nucleus,
rotational levels are important as long as the ro-
tational energy is small compared to the tempera-
ture of the nucleus. Summing the level density
over all the members of a rotational band built on
each intrinsic state, one obtains'

p (Z, I) =[(o(z)/[(8v)"o„(z)]]
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SYMM are attempted fits to the data assuming an
axially symmetric first barrier. In all cases, N„
is too small above the barrier to obtain a reason-
able fit. No further lowering of Ea (increasing Na)
can compensate for this, since N&= N„. There are
some nuclei which cannot be fitted when assuming
axial asymmetry together with D, symmetry: the
reduction in N„by a factor of 4 (relative to the no-
symmetry case) produces a fission probability
which is more than 10% lower than the experimen-
tal results. These nuclei are "'Pu, '"Am, and
a41-a~ m.

D. Results of calculations

Results of the statistical model calculations are
presented in Fig. 2 along with the experimental
results. The calculations employed level densities
obtained from the single particle levels of Ref. 10.

We will later discuss the effects of using differ-
ent sets of single particle levels. The calculated

values of P&(E,) presented in the figures were ob-
tained when assuming the first saddle point to be
devoid of any rotational point group symmetry.

The model calculations reproduce the experimen-
tal data quite accurately over the entire range of
nuclei (91 & Z &96, 230 &A &244) and excitation
energies (5 &E, «12 MeV). There are, however,
some systematic differences noticeable, especially
in the even-odd nuclei. Immediately above the
neutron binding energy, the calculated Pz(E„) lev-
els off due to the neutron competition with fission.
Such effects are not present in the experimental
data.

The barrier parameters used in the calculations
are summarized in Table I. We note that, gener-
ally, ther-e is little difference between the param-
eters used when assuming no point group symme-
try and the parameters used when assuming 180
rotational symmetry around a single axis at the
first barrier (N= 2). When assuming ellipsoidal
(D, ) symmetry (N=4), the second barrier is often

TABLE L Barrier parameters used in the analysis of the fission probabilities. N is the order of the rotational
point group assumed at the first barrier. SYMM shows results using an axially symmetric first barrier. These
results were obtained using a harmonic oscillator potential (Ref. 10). The column labelled FY presents results
obtained using the level density obtained from levels in Ref. 16 using a folded Yukawa potential. k~ is the curvature
of the higher of the two barriers. All units are MeV.

N=l N=2
E~ Eg &~ Eg Ea

N=4
h~ Ez Eg h~

SYMM FY(N= 1)
EJ, Eg A~ E& E3 A~

Pa 23Q
231
232
233

5.60 5.65
5.95 5.70
6.55 5.90
5.30 6.00

0.40 5.60
0.80 5.85
0.90 6.45
1.10 5.70

5.65
5.60
5.80
6.00

0.40 5.50 5.65 0.40
0.70 5.70 5.60 0.60
0.90 6.35 5.55 0.90
1.10 5.30 5.95 0.70

4.00 5.65 0.40
3.80~ 5.80 0.50
4.00 ~ 6.10 0.50
4.00 5.90 0.55

6.05 5.45 0.75
6.10 5.80 0.80
6.40 5.80 0.90
6.01 6.00 0.70

U 231
232

5.20 5.40
5.60 5.70

0.65 5.00 5.40
0.70 5.65 5.55

0.60 4.80 5.40 0.55
1.05 5.50 5.55 0.70

3.80 5.50 0.55
4.00 5.70 0.60

5.20 5.40 0.90
5.50 5.70 1.10

Np 233 5.35 4.95
234 5.60 5.50
235 5.80 5.30
236 5.75 5.40
237 5.70 5.30
238 6.15 5.55
239 5.70 5.20

1.15 5.25
0.76 5.45
0.85 5.70
0.50 5.65
0.50 5.65
0.40 6.10
0.40 5.65

4.95
5.50
5.30
5.40
5.10
5.45
5.00

1.15 5.10 4.95 1.15
0.80 5.30 5.50 0.80
0 85 5 60 5 10 0 80
0.50 5.65 5.20 0.50
O.5O 5.6O 4.8O O.47
0.40 6.05 5.00 0.40
0.38 5.60 4.60 0.33

3.80
4 00
b
4 00
b
b
b

5.30 1.15
5.50 0.70
b b
5.60 0.42
b b
b b
b b

5.35 4.95
5.50 5.35
5.80 5.40
5.70 5.30
5.80 5.40
6.00 5 ~ 30
5.80 5.20

1.05
0.70
0.80
0.50
0.50
0.40
0.45

Pu 237 5.60
238 6.20

5.10 0.80 5.45
4.60 0 ~ 75 6.05

5.10 0.80
4.20 0.65

5 35 5 00 0 70 b
b b b b

5.60 5.50 0.90
6.05 5.00 0.80

Am 239
240
241
242
243

5.30
6.45
6.00
6.40
5.75

5.50 0.63
5.45 0.65
5.10 0.55
5.05 0.38
4.95 0.50

5.75
6.30
5.95
6.30
5.70

5.40 0.63
5.30 0.55
4.80 0 ~ 55
4.60 0.35
4.60 0.50

5.70
6.15
5.80
b
5.55

5.30 0.63 b
4.90 0.47 b
4.00 0.48 b
b b b
4.00 0.32 b

6.05 5.30 0.75
6.40 5.20 0.70
6.20 4.80 0.70
6.20 5.10 0.30
5.85 4.95 0.50

Cm 241 6.00
242 6.25
243 5.95
244 6.20

5.65 0.70 5.90
4.60 1.10 5.95
5.50 0.60 5.75
4.60 0.90 6.03

5.55 0.70
4.2O' O. 8O

5.20 0.45
4.OO~ 0.90

5.90 5.20 0.70 b
b b b b
b b b b
b b b b

6.20 5.50
6.10 4.95
6.40 4.90
6.10 4.50

0.55
1.00
0.80
0.95

These values should be considered an upper limit.
Cannot be analyzed using these assumptions.
Second barrier strongly dependent on collective enhancement at first barrier.
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markedly lower and, in some cases, no fit is pos-
sible at all.

V. DISCUSSION

The two main conclusions we have drawn which
should now be discussed in terms of the errors
involved are: (1}The first barrier of the heavier
actinide nuclei is axially deformed; (2) both the
first and the second barrier heights (E„and Es)
are determined by the high energy fission prob-
ability data for a significant number of nuclei.

Since the barrier parameters determined from
fits to experimental fission probabilities are mod-
el dependent, it is now appropriate that we should
consider how they relate to previously calculated
properties of the fission barrier and how various
assumptions and calculations used can effect our
results.

It is important to stress that these experiments
sample the saddle point of the level density in the
multicoordinate space rather than the potential en-
ergy surface saddle point. Thus, an axially sym-
metric potential energy surface which is soft to-
wards y vibrations can give rise to fission through
an axially deformed level density saddle point if the
symmetry breaking enhances the level density
enough to offset its decrease due to a decrease of
excitation energy.

Our conclusion that the first barrier is axially
deformed is compatible with various theoretical
calculations' which indicate that the first barrier
would be decreased by -1 MeV for the heavier acti-
nides by axially deforming the nuclear shape.

A. Systematic uncertainties

1. Level densities

Our conclusions regarding the degree of symme-
try of the transition state depend on the accuracy
of the level densities and neutron transmission co-
efficients involved. To check these effects we have
used different level densities and different trans-
mission coefficients. The effect of using different
intrinsic single particle levels to generate the lev-
el densities can be seen in Table I. Barrier pa-
rameters obtained using single particle levels of
Bosterli eE al."at the first minimum and at the
two saddle points are compared to parameters ob-
tained using the Nilsson type single particle lev-
els" at the first minimum and at the first barrier.
These two sets of single particle levels used to
generate the compound level density are calculated
using different physical assumptions. The single
particle levels of Bolsterli et aL" were calculated
using axially symmetric shapes, whereas the Nils-
son single particle levels were calculated for an

axially deformed first barrier. Despite these
physical differences, one set of level densities
never differs from the other by more than a factor
of 2, over the first 10 MeV range of excitation en-
ergy. This is true both for the ground state defor-
mation and that of the maxima and is due to the
fact that the shell and pairing phenomena have op-
posite effects on the level density at low (&10 MeV)
excitation energies. If the single particle level
spacing is large ("shell" ), the pairing gap 6 will
be small and so will the temperature T. Since
d(lnp)/dE = 1/T (p-compound level density), p will
increase faster, offsetting the effect of the low
single particle density. We can therefore, con-
clude that the error in p involved in the intrinsic level
density at the barriers and minima is at most a
factor of -2. Our conclusion of the existence of
axial asymmetry at the first barrier is based on
the necessity for an enhancement factor which in-
creases the level density by at least a factor of 10
in order to provide a consistent fit to the data for
all the nuclei we analyzed. Such a factor cannot
be due to systematic errors in the level density
and we thus conclude that the compound nucleus
fissions through an axially deformed first barrier.

2. Enhancement factors

The determination of the order of point group
symmetry of the first barrier is more question-
able. If we assume the first barrier to have 180
rotational symmetry around a single axis, the en-
hancement factor is reduced twofold. The P&(E,}
results can then be fitted with slightly modified
barrier parameters (see Table I). This is not so
for D, symmetry (180 rotational symmetry around
three perpendicular axes). Some nuclei cannot be
fitted at all when the enhancement factor is divided
by 4. We do not, however, think that this is con-
-clusive evidence of the lack of D, symmetry at the
first saddle point due to possible errors in the lev-
el density. Discrepancies of factors of 2 in calcu-
lated level densities (and occasionally larger)
were also observed by Huizenga et at. ,

"who com-
pared calculated level densities to measured neu-
tron resonance spacings at the neutron binding en-
ergy of a large number of deformed nuclei. Vibra-
tional enhancements to the level density have not
been included in our analysis. Crude estimates of
frequencies involved indicate that these enhance-
ment effects could be a factor of 2-4. Therefore,
it is possible that the first barrier has D, rotation-
al symmetry but the level density is approximately
equal to that of a barrier lacking any rotational
symmetry (N= 1 in Table I) due to the increase of
level density caused by vibrational enhancements.

Throughout the analysis we have assumed the
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second barrier to be axially symmetric and mass
asymmetric. This results in a factor of 2 enhance-
ment to the level density at the second barrier.
Additional enhancement factors could be incor-
porated at the second barrier. These would modify
the height of the second barrier determined by fit-
ting the data and large changes could be expected
for cases where E~«E„. Therefore, in many
cases the determination of the height of the second
barrier is model dependent. This is particularly
true for those cases which show large changes in

E~ when fits are performed using different point
group symmetries at the first barrier. Similarly,
for some light nuclei where E„&E~, values of E„
are also model dependent. In addition, if large en-
hancements were present at the second barrier
then there are many cases where the first and sec-
ond barriers could be interchanged in the present
analysis.

B. Uncertainties in barrier parameters

We now summarize the various errors which
contribute to the total error in the determined bar-
rier heights. There are two major factors in the
total error: (1) errors in the data used as input to
the model; (2) errors due to various inadequacies
and lack of complete knowledge of the symmetries
and enhancement factors in the model itself.

The first category contains errors in the level
densities and in the neutron transmission coeffi-
cients used to calculate the neutron decay width.

We have already pointed out that the error in level
densities in the energy range considered is at most
of the order of a factor of 2. Comparing the first
and last columns of Table I shows the effect of us-
ing level densities generated from different single
particle levels: average differences are of the or-
der of 0.1-0.2 MeV, although in certain cases
there are differences of 0.4 MeV.

Selection of a set of neutron transmission coeffi-
cients also has a significant effect on the barrier
heights determined by the model fits. In our calcu-
lations we have used the transmission coefficients
produced by optical model calculations with the pa-
rameters of Rosen et al. " Use of other sets of
transmission coefficients generally resulted in a
higher calculated probability; in order to refit the
data, the barriers had to be raised. As an extreme
case, the Blatt and Weisskopf" transmission coef-
ficients were used to reanalyze "'Np and "'Cm.
Using the barrier parameters of Table I, the aver-
age fission probability was increased by 2 F/p in
"'Np and by 8/0 in "'Cm. In order to refit the da-
ta, the second barrier had to be raised by 0.2 MeV
in both cases.

A similar analysis shows the effect of a 1G%%uo er-

ror in the measured fission probability on the de-
termined barrier heights assuming E„&E~: The
first barrier is generally effected to a very small
extent (&0.1 MeV). The second barrier (which de-
termines the overall normalization) generally can
be changed by 0.1-0.3 MeV by this error. For
E„&EJ, generally only an upper limit on E„can be
set which is not very sensitive to the overall nor-
malization.

We now discuss the model dependency of the bar-
rier heights. Considering Table I, we see the ef-
fect of the point group symmetry at the first bar-
rier (N the order of the point group) on the bar-
riers. The differences between the barrier heights
using different point group symmetries are of the
order of 0.2 MeV although there are much bigger
differences in certain cases. In these cases, the
lower of the two barriers is most sensitive to the
degree of collective enhancement at the first bar-
rier and the results should be regarded with ex-
treme caution. If additional symmetry breaking
occurs at the second barrier, E~ would have to
be raised accordingly to compensate for the en-
hancement involved.

Significantly different barriers resulting from
different symmetry assumptions exist in the pro-
tactinium-uranium region: In this region the data
can be analyzed when assuming an axially sym-
metric first barrier. This can be done by lower-
ing the first barrier by 1.5-2.0 MeV without sig-
nificantly changing the second barrier.

Two additional model dependent factors should be
mentioned, although we have no quantitative estimate
of their effect. First, the collective enhancement
factors are essentially due to states which are at
high energies in nondeformed nuclei that come
down to low energies at some finite deformation.
This implies that at higher excitation energies
these states will be missing and the enhancement
factor may consequently decrease with increasing
E„. It is not obvious where the enhancement factor
starts decreasing. (See Ref. 3 and the discussion
following it. ) Second, the dynamic saddle point at
high excitation energies could be completely dif-
ferent from the saddle point at low energies which
is probably close to the potential energy surface
saddle points. A possible example of such an ef-
fect could be the increase in symmetric fission at
higher excitation energies.

No attempt has been made in this work to provide
a detailed fit to the shape of the fission probability
curve in the barrier region. The height of the sec-
ond barrier was generally determined from the
fission probability above the barrier. The height
and curvature of the first barrier were determined
by the fit to the barrier region; however, the
curvature results should not be taken literally
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+0.2 MeV for the highest barrier and the barrier
heights determined here generally agree with pre-
viously published values. '~'
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FIG. 5. Comparison of barrier heights obtained here
(full circles, the lower points corresponding to the
higher degree of point group s~~etrjj at the first
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col~~a is the first barrier and the right side, the
second barrier.

VI. SUMMARY

We summarize our results as follows:
(1) ('He, d) and ('He, t) reactions can be used to
obtain fission probabilities (and hence I"„/I'z) up
to excitation energies of -12 MeV. We estimate
the overall error in P& to be on average less than
10%.
(2) The statistical model we have used can repro-
duce the experimental data with reasonable agree-
ment both in the overall magnitude and in the gen-
eral trend.
(3) The assumption that the first barrier is axially
deformed is essential to the fit for the heavier
actinides and consistent with results for lighter
actinides.

since the quality of the fits in this region often
leaves much to be desired. This is probably due
to the nonparabolic shape of the actual barrier. "
(Alternatively we can say that hm changes as a
function of E„an effect which is not included in
our model which assumes the barrier to have a
parabolic shape. }

As a final check on the degree of model depen-
dence, Fig. 5 presents a comparison of barriers
determined here, to those determined by reso-
nance fitting' and by isomer excitation function
data, "together with barriers obtained previously
when arbitrary normalization factors were includ-
ed. ' The agreement is generally good although
there are a few cases in which there are discrepan-
cies of the order of 0.5 MeV.

APPENDIX: CORRECTION TO "SINGLES" SPECTRUM
FOR THE CONTRIBUTION OF TUNGSTEN CONTAMINANT

We denote N(E) the "singles" energy spectrum
at an excitation energy of E. (The same treatment
applies to deuterons and tritone. ) N(E) is the sum
of the actinide "singles" U(E) and the tungsten
singles W(E):

N(E) = U(E}+W(E) = U(E)[1+ W(E)/U(E)] . (Al)

W(E}/U(E) is determined as follows: Denoting the
'He elastic intensity at a bombarding energy E„
U„(E,) (for the actinide), and W„(E,) (for tung-
sten}, the correction factor 1/f(E) is determined
by

f(E)= I+ W(E)/U(E)
—

W(E)
—

U(E)
-

W„(25)
W„(25) U„(25) E„(25)'

where W(E)/W„(25) and U(E)/U„(25) are deter-
mined at 25 MeV for a tungsten and actinide tar-
get. W„(25)/U„(25) is determined by

W„(25) W„(20) Ws(25) U„(20)
U„(25} U„(20) W„(20) U„(25)

' (A3)

The elastic peaks are well separated at 20 MeV
and the ratios W„(25)/W„(20) and U„(20)/U„(25)
are determined by using tungsten and actinide tar-
gets, respectively, and normalizing to a unit cur-
rent integrator value.
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