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Fisslon probability distributions are moasured for a
number of isotopas of Th Pa, U, Np, Pu, Am Cm and Bk
using (d,pf), (t,pf), (3 no ,at), (o,p'f), (} Ho,uf) and
(t,af) roactions. The rosultu along with pruvious data
available from (d,p€) and (n,f) studiocs aro analyzed with
a statisntical model and ecstimates aro obtalned for the
haightn, L and I and curvatures, fup and Auy,, of the two
peaks of t10 fins?on barrier for a wide range of actinide
nuclol. Tho statistical modal used for the analysis of
0odd A and odd-odd nuclei includes compatition between fission,
noutron amission and gamma ray de-excitation in the decay of
the compound nucleus. The results suggest that fission
widths which are greatar by about a factor of 4 than those
calculatad aro nucassary to reproduce the magnitude of the
measuraed fission probabilities. The results show that Ep is
roughly conatant throughout this rogion and Ep decroases
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- with increasing 2. An exception to the approximate

constancy of Ep is in Cm where Ep drops by 1.0 MeV from
248cm to 259Cm. In some cases an odd-even fluctuation of
0.30-0.50 MeV is observed in the experimental Ep values.
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1. INTRKRODUCTION

At the last IAEA conference on the Physics and Chemistry
of Fission[l] in 1969 many of the exciting new developments
were related to the investigation of the qualitative
implications of the effects of deformed nuclear shells on the
potential energy surfaces assoclated with the fission
process and the wide variety of experiments that had recently
confirmed the major predictions of this new theory. At
that conference experimental results were presented on the
existence of fission isomers in a wide range of actinide
nurlei, intermediate structure resonances in subbarrier
neutron fission, and gross structure resonances in (n,f)
and (d,pf) studies. All of these experimental phenomena
were found to be consistent with the concept of a two peaked
fission barrier that resulted theoretically from fluctuations
in the shell corrections to the single peaked fission
barrier predicted by the liquid drop model.
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tPermancnt address: Niels Bohr Institute, Denmavk;
supported by Statzn naturvidenskabelige forskningsrad,
Denmark

ttpresently at Nuclear Structure Research Laboratory,
University of Rochester; Permanent address: Los Alamos
~ Scientific Laboratory



Since the last conference there has been considerable
activity both theoretically and experimentally directed
toward trying to quantitatively determine the characteristics
of the potential energy surface involved in fission and to
try to understand how these complex potential energy surfaces
affect some aspects of the fission process. In subsequent
papers at this conference both the current status of
potential energy calculations and recent theoretical efforts
to qualitatively understand the more difficult problems of
fission dynamics will be reviewed(2,3), 1In our paper we will
present a review of current efforts to try to experimentally
determine fission barrier characteristics for actinide
elements with particular emphasis on recent direct reaction
fission results from Los Alamos. In general, the fission
barrier properties that can be most readily compared with
theoretical calculations are the energies of the tw> saddle
points and the secondary minimum relative to the ground
state. We will concentrate on these properties although
in some cases the experiments also yield information on
barrier curvatures.

Figure 1 illustrates schematically the two type:s of
experiment which have been used to obtain most of tre
current information on fission barrier heights. 1In a
direct reaction fission experiment a direct reaction (or
neutron capture reaction) is used to produce a residual
nucleus at a particular excitation energy and the branching
ratio for decav bv fission relative to neutron or gamnma
deexcitation (or the fission cross section) is measurcd.
This type nf evnarimant gives infermation primarily on the
height and curvature of the highest peak in the fission
‘barrier. However, in some cases resonances are observed
which can be associated with vibrations near the top of the
second well and a detailed analysis of the experimental
results gives information on both peaks. The results and
analysis for cwven-cven fissioning nuclel where these
resonance struc?ufes arc observed will be presentad in the
following paper al, Figqure 1 also iilustrates schematically
the population of a shape isomeric state in the second well
following the evaporation of a neutron. 1In most cases of
experimental interest the isomeric states are populated
following the subsequent evaporation of two or Tgfee neutrons
but qualitatively the data analysis is the same . In
practice fission isomer excitation functions have been
analyzed usiig Ep values from other sources and the experi-
mental data is used to determine Eg and Ery. Thus, in the
heavy actirides where Lp > Ep the direct-reaction fission
and the figsdion isomer excitation function measurements are
complementary. In addition, intcrmediate structure
resonances from subbarier neutron fiss*on experiments can in
gome cases be used to estimate Ery(3:6l, rinally, the
halflives for fission decay from the ground and isomeric
states give information on the curvatures and/or average
mass parameters and these aspects will be discussed in
other contributions at this confecrence.



The actinide nuclei which have been studied either by
direct-reaction fission or fission isomer techniques are
indicated in Figqure 2. It is seen that the current direct-
reaction fission results plus earlier (d,pf)[7] and (n,f)[8]
results provide a rather extensive survey of the actinide
region. For several plutonium, americium and curium
isotopes complementary information is available from both
types of experiment.

In the current direct-reaction fission studies a
variety of reactions including (d,p), (t,p), (3He,d), (p.,p').,
(3He,a) and (t,a) have been used so that a large number of
fissioning nuclei could be investigated starting from the
limited number of available target species. Of particular
interest is the (3He,df) reaction which allows the investi-
gation of many odd Z nuclei starting from the relatively
plentiful even Z targets. 1In general, it was found
that cross sections for exciting nuclei to energies near the
top of the fission barrier were quite adequate for (d,p),
(t,p) and (3He,d) reactions but the other reactions tried
were of limited usefulness.

In the remainder of this paper we will present:

1) scme of the general features of the experimental setup
and results, 2) a discussion of techniques used to analyze
the data for odd A and odd-odd residual nuclei and 3) a
survey of the experimental information currently available
on the barrier heights Ep and Eg for actinide elements. A
discussion of resonance rhenomena and the analysis of data
from even-even fissioning nuclei will be given in the
following paper.

2, EXPERIMENTAL RESULTS -

The setup used in the dircct-reaction fisszion studies
is illustrated schematically in Fig. 3. The outgoing
reactlon particle is identified and its energy measured
with a reasolution of 40-100 keV in a standard AE-E counter
telescope nlaced at an angla near 90°, For each event the
excitation e¢nergy of the residual nucleus can be determined
from the kinatic energy of the outgoing reaction particle.
In the experiment the spectrum of reaction particles are
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 spoectrum). Using a measured solid angle
for the fission detector and assuming that the coincident
figssion fragments arce isotropically distributed the ratio
of coincidence to singles spectra can be transformed to a
distribution of fission probability as a function of ex-~
citation energy in the residual nucleus. The abgolute
energy scales arce determined from known Q valucs 9] and a
calibTation of the counter telescope with known energy
1ines [10) from appropriate reactions on lead targets.
Absolute excitation energies dctermined in this manner are
believed to be accurate to #50 keV. Systematic errors



in the absolute fission probabilities are believed to be
less than #20% for (3He,df) cases, <*30% for (t,pf) cases,
and <*40% for (t,af), (5He,af) and (p,p'f) 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 coming from deuteron breakup re-
actions. The targets used in this experiment were all oxides
vacuum evavorated on carbon backings. T?is eTperimental
setup is similar to previous experiments 7,11]" and will be

described }n detail in a more comprehensive report on these
~esults [12]

Typical coincidence and singles spectra are shown in
Figs 4 and 5. In the (t,pf) reactions the peaks come from
reactions on carbon and oxygen in the target and the solid
iin="s represent extrapolated estimates of the singles
counting rate from the actinide element. For 3He reactions
the Q values and kinematics are such that light element
contaminants do not appear in this excitation energy range
at 90°, The absence of light element contamination in the
singles spectrum for (3He,d) reactions allows a more reliable
determination of the fission probability distribution for
these cases. The singles spectra have been normalized to
show the macnitude of the accidental corrections in the
coincidence measurements. It is seen that in most cases
the accidental corrections are negliziklz., rzxr (t,pf) and
(d,0f) reactions the angle of the proton detector was varied
in the rarge 70°-100° in order to miniilzZc Uie accidental
contributions in the threshold region.

The results for typical even-even nuclei (fig.4) show
pronounced resonance structure characteristicof the sub-
barrier resonant penetration of the two peaks of the fission
barrier. These resonances come from the enhanced fission
penatrability when the excitation energy overlaps the energy
of a vibrational state in the second well. The general
characteristics of these resonances will be discussed in the
next paper[4]. In contrast the odd A and odd-odd nuclei
(fig.5) do not show subbarrier resonant structure which we
interpret as being due to increased mixing (or damping) of
the vibrational states in the second well with other types
of compound excitations. The damping for the odd nuclei is
expected to be greater than for even-even nuclei because of
tha increased density of compound levels in well II at the
top of the barrier.

Previous comparisons(13] of (t,pf), (4,pf) and (n,f)
reactions to the same residual nuclci have chown that for
excitation energies above the neutron binding energy a
significant fraction of the singles protons from (d,p)
reactions come from breakup of the deuteron without the
corresponding excitation of the residual nucleus. This
effect leads to low estimates for the fission probabilities
from (d,pf) reactions for encrgies above the neutron binding
energy. In the current analysis of experimental data we
have corrected all (d,pf) fission probabilities by multipl¥I3]
ing by a function of (E* - B,) taken from Britt and Cramer



3. STATISTICAL MODEL FOR ANALYSIS OF EXPERIMENTAIL RESULTS

From the experimental results it is seen that there
are significant differences in the requirements for a
statistical model which will reproduce the results from
direct reaction fission experiments involving even-even
residual nuclei and those involving odd A or odd-odd nuclei.
In particular the even-even nuclei show resonant penetration
of the two barriers hut to help in simplifving the problem
only a few vibrational and rotational excitaticns are
involved in the fission penetrability nezrx thresliold. The
excitation energies of these vibrations can be TE 1mated
from previous angular correlation measurements[ .
addition, the fission thresholds for even--even actiulde
nuclei are usually well below the neutron binding energy so
that in the region of most interest cnly fission and gamma
ray deexcitation can compete.

For the odd nuclei since in most cases resonances are
not observed in the fission prcbabilityv distributions, the
complete damping approximation which considers the pene-
tration of the two barriers separately can be used. However,
for odd nuclei the competition from neutron emission as
well as gamma decay must be included and estimates of the
fission penetrabilities involve svmmations over distributions
of transition states about which there is no experimental
information.

The different requirements of the two cases nave lea
us to develop two rather different statistical models. The
model used to fit tig even-even nuclei will be discusesed in
the following talk[4]., fThe model used to describe the
fission of odd A and odd-odd residual nuclei is detailed
below in general terms and will be described in guantitative
detail in a subsequent more comprehensive paper

The statistical model we have used to describe the
fission of odd residual nuclei is shown diagramatically in
Fig. 6. The transmission coefficients Tg are calculated
in the complete damoning limit where the transmission through
the two peaks ara treated separately. In this limit:

T T W
A B £ II)

a*Ts  Prp
where £ is a correction factor that takes into account the
finite width of the compound levels in the second minimum
through which the fission is coupled. If the levels in
the second well are assumed to be equispaced then it can be
shown[12) that the fission probability is 3iven by

Pe = (1 + a? + 2a coth(t/2))~1/2

Tf=

where
a = (T.Y + Tn) . (TA + TB)/(TA'TB)
and
t = 4HWII/DII = TA + TB'



In the limit where t>>1(i.e. levels in second well strongly
overlap) this expression reduces to the more usual expression:

Te

Pf=
Y

Tf = TA'TB/(TA + TB) .

The calculation of the fission probability now reduces
to a calculation of the transmission coefficients TA, g, Tn,
and T, The calculation of these transmission coefficients
1nvolves estimating the distribution of residual levels
available for neutron and gamma deexcitation and the distri-
bution of saddle point transition states for T, and Tg. At
the deformation of the first well, (T, and T, calculations)
the residual levels were assumed to be dlscrete for excitation
energies less than 1 MeV and a continuous level density was
used for excitation energies greater than 1 MeV. For odd-odd
nuclei a continuous level density was used at all energies.
The continuous level density was obtained from calculated
single particle levels as described previously[5 . Foxr odd
A nuclei the discrete levels were taken as rotational bands
build on the one quasi-particle_states obtained from calcu-
lated single particle levels [5,15,16] yith the appropriate
shifts due to pairing. For even-even nuclei the discrete
levels were obtained from a composite spectrum based on
experimental measurements in the uranium-curium region.
w2 Ty and Ty were e~timated from c¢xpressions given
previouslyls] except that optical model transmission co-
¢fiicicuts were nsad in the Tp calculations. The T, values
were normalized so that calculated values of Ty reproduce
measured values at the neutron blndlng energy for odd Pu
isotopes. |

The level spectra used in the Tp and Tg calculations
were obtained in a similar manner except that single particle
levels appropriate to the first saddle and second asymmetric
saddle were used. The transmission coefficients were
calculated as a sum aof penetrabilities through parabolic
barriers with curvatures -hwp and ‘hwsp.

The level spectra used in these calculations are shown
in fig. 7 where solid lines indicate energy regions where
continuous level densities were used and the triangles
represent the average total density of the discrete levels
for a given case. At the first saddle discrete levels from
Bosterli et alll3] and Tsang[16] are compared and it is seen
that the average densities are similar. Figure 8 shows that
beiow 1 MeV the continuous level density calculation
sericusly underestimates the total numver of levels. This
discrepancy is due to the inadeguacy at low excitation
energies of the saddle point approximation[S] used in
estimating the continuous level density.

Figure 8 compares the density of calculated one
?uasiparticle states with the continuouc level density for

“1pu. The continuous level density is normalized to the
measured value for 1/2*+ states at the neutron binding e?er?y.
m1=~ ~heawem in Fir R are the densitvy of measured levels

where



for 235U and it is seen that the calculated density of
one quasiparticle states is in reasonable agreement with
measurements.

4, FITS TO EXPERIMENTAL RESULTS

Using the statistical model described in the previous
section experimental fission probability distributions for
odd A and odd-odd nuclei were fit in order to systematically
determine properties of the fission barrier for actinide
nuclei. In these fits different procedures were used for
nuclei in the region Pu-Bk and for the Pa-Np region.

As we pointed out in the introduction for many isotopes
of Pu, Am and Cm there is considerable data available from
fission isomer studies which can be used to estimate Epy, Ep
and fivp. Therefore, in fitting the direct reaction fission
data in this region we have fixed Ep and fwwp to the values
determined from fission isomer studies or in cases where
no data is available to values that were extrapolated from
nearby nuclei. The experimen:tal data werxe then fit by
varying Ep, fw, and a normalization factor to get the correct
plateau value %or the fission probability. For the odd Pu
and Cm isotopes and the odd-odd Am isotopes this normalization
factor was an adjustable constant (Gp) multiplying the
function I'p/T¢. For the odd Am isotopes where the fission
threshold is below the neutron binding energy the adjustable
constant (G,) multiplied T'y/Tf. In addition to the results
obtained in the present_experiment, data from previous
(d,pf) [7lana (n,£)12,)8] gtudies were also fit to obtain a
consistent set of barriers. The published (n,f) cross
sections were_converted to fission probabilities as described
previously[13]. The fits obtained to the ciperimental data
are shown in Figures 9 and 10. It is seen that using the
three adjustable parameters the shapes of the distributions:
can be reasonably well reproduced near threshold but at
energies above the peak Pg value the calculations from
odd A nuclei decrease sharply whereas the data show a plateav.
This result indjcates that the functional form for T,/T¢
obtained from the present statistical model is not agequate.
This point will be discussed in more detail in the next
section.

For the Pa and Np nuclei there is no independent
information available (e.g. from fission isomers) so that
the paramecters EA,'hmA,'EB,'hmB, and the normalization
factors G, or Gy are all unknown. In genzral, fits to the
experimental fission probability distributions were not
capable of uniquely determining all of these parameters.
Therefore, the experimental results were £it by fixing Hhu
and Hiwg to average values determined from the heavier nucﬁei
and then varying Ep. E, and G, or Gy. In most cases Gn
values were held fixed to average values determined from the
Pu-Bk results. In addition to the Pa and Np results fission
probakilities obtained[l3] from (n,f) cross sections for

nAm - aan__ . a___._ = Meiie Ll Llta T amb e



the uncertainties on the barrier parametevs determined
for the Pa-Np rcgion are greater than for the Pu-Bk nuclei,
The results of these fits are shown in Figure 1l1. For
231pa and ?3%pa there appears to be some resonant structure
which can not he reproduced in the complete damping approxi-
mation used in our statistical model. This resonant
structure mag be analogous to the more pronnunced stracture
observed in

The barrler parameters obtained from analysis of all
the odd nuclei are given in Table I. Results_ for even-even
nuclel are tabulated in the following paper

5. EXPERIMENTAL VS CALCULATED DECAY WIDTHS

Within the context of the statistical model described
in Section III the widths for neutron and fission decay are
calcul ated on an absolute basis and the adjustable normali-
zation in the gamma decay width was fixed by normalizing to
experimental data. Therefore, it was initially expected
that the normalization factors G, and Gy should each be
equal to 1 except for fluctuations due Zo systematic un-
certainties in the absolute experimental fission probabilities.
The results from the fits indicate that this is not the case
as is shown in Fig, 12,

Except for 2%'9Cm the values of G, are generally
consistent with 1 althougih tne au and Bk nuclel are better
fit with a value of ~2 and the Pa and Np isotopes (Table 1)
ghow a preference for values of 3-4. In contrast the Gy,
valucs are dcfinitﬁly not consistent with 1 and a value of
Gn = 0.2-0.3 gives the best average representation of all
the results. IFuthermore, the underestimates of the fission
probabilitics at hign eherglaes with the current atatistical
model suaqqgasts that the value of G, is even less at encrglos
of 1-2 MoV abhovae the figsion thresﬁold.

The 'y and e caleulations dinvolve only an estimate of
tha snuctrem of olaten avuilnblm for do-exeltotion in tho
flrat wvoll (rp) and across the (wo saddle polintys (I'p) . For
nuclaol in the region Pu-Bk Lho Lranuml“Jjon acrogss tho
first saddle point is of major lmportance in catimating I'eg,
Sinca avor ga proporties of the levol spectra involvaed in
tho I'n caleulation can bo chackoed againgt exparimont at
low anorgy and Lhe continuouns lavel doensitles are normalized
to oxporinoental values at high anergles it scems most
raagsonabla Lo connael. the low values of Gn wlth an undar-
ostlmi Le o My by ueing a slingle novaalization factor for
a1l the high onergy lavel dennitlios and troaating the discrota
lavaola in similary ways at the first minfmuam and tho saddla
polnts we have ufioct1vnly assumed that. the anhancoment of
tha lovol densitics duo to coupling with low=lying colloctive
oxcitations {a the aame at the minima and Che saddle pointe,
Tho low and poaaibly enerqgy depondont. value wo abtain for
Cp may Indieato that the lovel donnitlos at the naddle pointa
aro onhancod by coupling to additional low-1ying colleotivoe
oxceltationn,  Tho thearetical Justificeation oy aueh an



effect will be discussed_in detail in other contributions
to this conferencel19,20]

This connection of low Gn values with an underestime
of the level density at the saddle point is, however, not
consistent with the higher values obtained for G,. If tl
'n and TI'y calculations are correct and the main éifficult
is ia calculating I'¢ then Gn and Gy should be roughly eqt
and this is not the case. Therefore, it appears that the
are still unsolved problems in the attempts to calculate
relative values of I's, I'p, Ty.

6. EXPERIMENTAL FISSION BARRIERS

The barrier heights Ep and Ep extracted from the
experimental data for Pu-Bk isotopes are shown in Fig. 1.
Figure 123 includes results from the analysis of odd A an
odd-odd nuclei as described earlier in this paper, resul
from the analysis of data from even-even nuclel describe«
in the following paper[4] and estimates of lLp from the
analysis of fission isomer excitation functions(5). For
the two cases where there is overlap, 238pu and 240Upu, ti
Ep valucs estimated from the analysis of fission isomer ¢
agrce well with values obtained from these direct reacti
fission experimants.

In the discussion below we will concentrate on some
of the general trends for the barrier heights in actinid
nuclei and in a later paper(2] ut this conferonce these
barrier heights will be compared with various theoretica
predictions.

The outstanding churacteristics of the fission barr
for nuclel in tho Pu~Bk ragion aro:

1. The valuos for Ep show a decrease with incroasi
noeul.ron numbar but do not seom to vary signific
with proton numbor. This trend is contrarxy tn
mout thoeoretical caleulations which show Ep
incraaning with proton numboar.

2. The valuos of Fy do not seem to show a conslste
brond with neulron nimbar but doacreasa strongly
with lnureasing proton nuaibal. Those trands oy
qualitatively similar to thooratical predictior

3. fThe E; valuus for Pu and Am isotopes and poasik
tha Ep values for Am isotopes show an apparent
add=aven Finctuat.ion with Kp baing 0.3-0.3 MaVv
higbaor for odd neutron than for evan neutron n.
This result would be conslatout with a largoer
padring gap at. the naddla point and can bhe comy
to an averago value Agaddle~fground satates0.23
MoV oblained from vecont. theorotiocal caloulatic
which annume that the palring strength in
indapoendoent, of daformetion, The apparent
exporinental odd-aven fluctuations should he v
with nome caution, however, hecauss the even N
auclel fnvolve compet ftion between fiarion and



gamma emission near threshold whercas the odd N
nuclei have fission thresholds above the neutron
binding enerqgy. Therefore, systematic errors in
the estimates of Iy relative to TI'p could lead to
spurious odd-even effects. At present we believe
that tha 20.2 MeV uncertainties in Ep for these
nuclei are realistic but as noted in the previous
section the normalizations of the various decay
widths are not completely understood.

4. The Ep values for Cm isoto?es show a decrease

of ~1.0 MeV in going from 2%48Cm(N=152) to
250cm(N=154) . This decrease seems to be signifi-
canth greater than the additional binding of ~0.6
Mev(21,22] attributed to the N = 152 shell for

the equilibrium shape of 2“8Cm and is not apparent
in the Ep estimates. The results suggest that
there is an additional decrease of~0.4 MeV in the
binding at the first saddle point between 248cm
and 25°Cm when measured relative to a liquid drop
mass surface.

The expurimental barrier purameters for Th-Np nuclei
are shown in Fig. 14. The barrier parameters for ?31Th are
taken from reference 23, The uncertainties in the estimated
barrier heights for odd A and odd-odd nuclei are somewhat
greater than in the Pu-Bk region because of the lack of
fission isomer results to tiec down the Eg and fiup values.
The results again show Ep relatively constant and Ern de-
creasing with increasing protun number. The dependence
on neutron number and possiblce odd-even effects do not sreem
a8 proninant as for tho Pu-Bk region but detalls are vbuoured
by the larger uncertainti=2s on the astimated barrier heights,

7. CONCLUSION

T™n thig panar wo have presontod a summary of the now
data trom dlirect roaction fiaalon axhovimonts which whon
coupled with provious (A,nf) and (n,r) data and analyzad
with n realist.e atattationl aodal load Lo a snell con-
slatent nal of stugion bavelers tor a large pusnhaor of
actinide nuclel 1+=om Th(2~90) through BKk(%4~97)., "Thase
results along wlth aystematlce results from fission isoner
studiag form a mel ot oxperimoental barriers which can bhe
ugad Lo teat current thenretical estlimates of figalon harrier
propertiea, low well the vheorlea atand the toat of
experiment, will bo ﬁhqu in the theorotival chapter of thils
atory In a later papor (4],
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Table I.

For Pa,
not in parentheses were
of Py but the values are

Ectimated Barriers for 0dd A and 0dd-0dd Nuclei.
Values given in parentheses were estimated as described

in text and held fixed during fitting of data.
and Np nuclei values for Gp and G
obtained from fitting the magnitu

U,

not unique and depend also on values of some of the other
parameters that were held fixed.

us EA EB ‘th 'ﬁwB Gn GY

a 5.75:0.30 5.85:0.30 (0.8) (0.45)  (0.3) 3.6

a 5.75:0.30 6.10%0.30 (0.6) (0.45) 0.45 (3.6)

a 5.85+0.30 6.00:0.30 (0.8) (0.40)  (0.3) 1.8

| 6.10£0.30 5.65:0.30 (0.85) (0.50)  (0.3) (2.5)

| 6.35:0.30 5.95+0.30 (0.85) (0.55) 0.12 (2.5)

' 6.55:0.30 6.30+0.30 (0.90) (0.65) 0.05 (2.5)

p  5.35:0.30 5.00£0.30 (0.6) (0.42)  (0.3) 2.6

p 5.60:0.30 5.20%0.30 (0.8) (0.55)  (0.3) 3.6

p 5.70£0.30 5.20:0.30 (0.6) (0.42)  (0.3) 2.5

p 5.70:0.30 5.50£0.30 (0.8) (0.55)  (0.3) 2.8

p  6.00:0.30 6.00:0.30 (0.6) (0.42) . .04 (1.8)

> 5.8510.3C 5.50.0.33  (0.8) (0.55)  (0.3) 1.8

m 6.43%0.20 (5.50) 1.00£0.10 (0.55) 0.30£0.15 0.77:0.12
m 6.25:0.20 (5.50) 1.10£0.10 (0.55) 0.30:0.15 1.15:0.40
W 6.05%0.20 (5.60) 0.80%0.10 (0.55) 0.15%0.08 (1.2)

w 5.72t0.20 (5.45) 0.90%0.10 (0.55) 0.40:0.15 (1.2)

m 6.35:0.20 (4.80) 0.6010.10 (0.42) 0.70:.20  (1.2)

m 6.00%0.20 (4.80) 0.80+0.10 (0.55) (0.3) 1.8+0.9

m  6.38:0.20 (4.80) 0.500.10 (0.42) 0.08:.05  (1.2)

m  5.98£0.20 (4.80) 0.75%0.10 (0.55) (0.3) 1.8+0.9

m  6.1840.20 (4.80) 0.50%0.10 (0.42) 0.15£.07  (1.2)

w 5.88:0.20 (4.80) 0.85%0.10 (0.55) (0.3) 1.841.0

W 5.60:0.20 (4.80) 0.90:0.10 (0.55) (0.3) 1.a+g g

‘m 6.381.0.20 (4.20) 0.65%0.10 (0.55) 0.20.0.13 (0.4)

w 6.2040.20 (4.20) 0.7040.10 (0.55) 0.2000.10 (0.4)

m 5.8050.20 (4.20)  0.7510.10 . (0.55) 0.1%+0.08 0.3810.12
ko 6.0%5.0.20 (4.20) 0.08010.10 (0.%%) (0.3) 1.84.6%
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FIGURE

Fig.l

Fig.2

Fig.3
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Fig.6
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CAPTIONS

Schematic illustration of the major features of the
direct reaction fission and fission isomer population
processes,
Actinide nuclei for which data is currently available
from direct reaction fission or(n,f) cross section
measurements, DRF, and fission isomer excitation
functions and halflives. Heavily outlined boxes in-
dicate nuclei that were used as targets in the present
DRF studies.
Schematic diagram of the experimental setup for the
direct reaction fission experiments.
Measured coincidence (circles) and singles (triangles)
spectra for a variety of reactions. Solid lines
indicate interpolated singles cross sections for the
target element. Singles spectra have been normalized
to the level of the accidental contributions in the
coincidence spectrum.
Measured coincidence (circles) and singles (triangles)
spectra for a variety of reactions. Solid lines
indicate interpolated singles cross sections for the
target element. Singles spectra have been normalized
to the level of the accidental contributions in the
coincidence spectrum.
A schematic illustration of the statistical model used
to fit the experimental fission prcbability distri-
bution.
Mfalculations 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 orf Bolsterli et.al.(Ref.1l5) and Tsang
(Ref.16), respectively. ‘
Calculations of the total level density using the
saddle point integration method (solid line) compared
with calculated discrete levels from Bolsterli et.al.
(Ref.15) and the experimentally observed levels of
Rickey et.al.(Ref.l7).
Fission probabilities for Am and Bk nuclei. Solid
curves indicate best fits with the statisticzal mcdel
described in the text. Data for ?"2am and 24%am were
taken from Back et.al.(Ref.7).
Fission probabilities for Pu and Cm nuclei. 8Solid
curveos indicate best fits with the statistical model
dogcribed In tho toxt. Data for 23%pu werae taken
from Back ot.al.(Raf.?7) und (n,f) data were taken
from Au?hnmpaugh et.al.(Ref.6) and Moore and Keyworth
Ruf.18) .
Iisnlon probabilities for Pa and Np isotopas. Solld
curves indicate hast fits with the statistlical model
dascribad in the taxt,



Fig.l2 Factors G, and Gy obtainod from fits to the fission
probabilities for Pu-Bk nuclei.

Fig.1l3 Heights of the fission barriers for Pu-Bk nuclei
obtained from fits to experimental fission
probabilities.

Fig.1l4 Heights of the fission barriers for Th-Np nuclei
obtained from fits to experimental fission
probabilities.
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