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with increasing Z. w exception to the approximate
constancy ofIEA is in Cm where EA drops by 1.0 MeV from
24Bcm to 250Cm. In some cases an odd-even fluctuation of
0.30-0.50 MeV is observed in the experimental EA values.
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1. INTRODUCTION

At the last IAEA conference on the Physics and Chemistry
of Fission [11 in 1969 many of the exciting now developments
were related to the investigation of the qualitative
implications of the effects of deformed nuclear shells on the
potential energy surfaces associated with the fission
process and the wide va~iaty 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 actinida
nuclei, 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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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 subsecpent
papers at this conference both the current status of
potential e].e~gycalculations and recent theoretical efforts
to qualitatively understand the more difficult problems of
fission dynamics will be reviewed[2~31. In 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 Alarnos. 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 I
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 typ~!sof
experiment which have been used to obtain most of tke
current information on fission barrier heights. In 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 brnnching
ratio for deMV by fission relative to neutron or gamma
deexcitation (or the fission cross section) is measu’md.
This type n+ ~v~~r~.rne:tgives information primarily on the
height and curvature of the highest pea?<in the ficsion
barrier. However, in some cases reflonanceaarg observed
which can be associated wit-hvibrations 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 even-even fissioning nuclei whore these
rosanancc strut .1 es {Arcobserved will be prcsentod in the
following paperIf Fiquro 1 also illustrates schematically
the population of ; shape isomeric state in the second wall
followincjthe evaporation of a neutron. In most crisesof
experimental interest the isomeric states are populated
following the subsequent evaporation of two or

!Qf
ee neutrons

but qualitatively the data analysis is tho same In
practice fission isomer excitation iunctiona have ~een
analyzed usjl~gEA values from other sources and the e%p@ri-
mental data is used to determine EB and E1l. Thus, in the
heavy act.icideawhere UA > En the direct-reaction fission
and the fis~iotlisomer excitation function measurements are
complementary. In addition, intermediate structure
resonances from subbarier neutron iua on experiments can in

1!some cases be usdl to estimato E1l 516 . Finally, the
halflives for fission decay from the ground and isomeric
statea give information on the curvatures and/or average
mass parameters and tl~eseaspects will be discussed in
other contributions at this confcrenco.



The actinide nuclei which have been studied either by
direct-reaction fission or fission isomer techniques are
indicated in Figure 2. It is seen that the current direct-
reaction fission results plus earlier (d,pf) [71 and (n,f) ~81
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)I (P#) ~
(3He,u) 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. In 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) acme 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 EA and EB for actinide elements. A
discussion of resonance nhenoxnena and the analysis of data
from even-even fissioning nuclei will be given in the
following pnper. *

2. EXPERIMENTAL RESULTSO

Tho setup used in the direct-reaction fi~sion studies
is illustrated schematically in Fig. 3. The outgoing
reaction pnrticlo is ~clcntifiwland its energy measured
with a resolution of 40-1.00keV in a standard AE-E counter
telescope ~laced at in anqln neat 90°0 For each event the
excitation energy of the residual nucleus can be determined
from the kinetic 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
apoctrum) and in a configuration where no coincidence is
required (singles sp~ctrum) . Using a measured solid angle
for the fission detector and assuming that the coincident
fi~sion frngmonts are.isotropically distributed the ratio
of coincidence to singles spectra can be transformed to a
distribution of fifisionprobability as a function of ex-
citation energy in the residual nucleus. The ab o ute
energy scales are determined from known Q valuesTf9 and a
calib ation of the counter telescope with known energy

flines ~01 from appropriate reactions on lead targets.
Absolute excitation energies determined in this manner are
bslicvcd to bc accurate to 150 keV. Systematic errors
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in the absolute fission probabilities are believed to be
less than 120% for (3He df) cases , <*30% for (t,pf) cases,
and <t40% for (t,nf), (3He,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 evaporated on carbon backings.

‘!+~~yp~~~~~~~’~esetup is similar to previous experiments
describ ~ ‘n detail in a more comprehensive report on these

?i~esults ‘2 .
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 o~gen in the target and the solid
lin~s represent extrapolated estimates of the singles
counting rate from the actinide element. Four 3He reactions
the Q vaiues 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 magnitude of the accidental corrections in the
coincidence measurements. It is seen that in most cases
the acciden::alco=rcctions are negll;~klc. ?:= (t,pf) and
(d,pf) reactions the angle of the proton detector was varied
in the rar.gc70°-1000 in order to rL;LiKt~zGUie 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 enhance~ fission
penatrabi.litywhen the excitation energy overlaps the energy
of a vibrational state in the second well. The general
characteristics of these resonances will be discussed in thu
next paper[~~. In contrast the odd A and odd-odd nuclei
(fig*s) do not “show stibarrier resonant structure which ve
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
tt.eincreased density of compound levels in well II at the
top of the barrier.

previous comparisons [m of (t,pf), (d,pf) and (n,f)
reactions to the same retiidualnuclei Y.avashown 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 energies 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* Y]- ~n) taken from Eritt and Cramer .



.

3. STATISTICAL MODEL FOR ANALYSIS OF EXPERIMENTAII 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-sven nuclei show resonant penetration
of the two barriers hut to help in ~i~tpli+yingthe problem
only a few vibrational and rotational excitatl~-nsare
in~-olw-e~in the fission penetrability n~ai-thresl~old. The
excitation energies of these vitirati~nscan be

[f?!
irnated

from previous angular correlation measurements In
addition, the fission th~esholds for even-even actj.nide
nuclei are usually tieilbelow the neutron bindinq energy so
that in the region of most interest cnly fissian and gamma
ray deexcitation can compete.

For the odd nuclei since in most cases resonances are
not observed in the fission probability distributions, the
complete damping approximati~n 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 summations over distributions
of transition states about which there is no experimental
information.

‘J’hedifferent requirements of the two cases nave lea
us to develop two rather different statistical models. The
model used t~ fit tl~aeven-even nuclei will be discussed in
the following talk[41. The 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 uantitative

5!detail in a subsequent more comprehensive paper[ 41.
The statistical model we have used to describe the

fission of odd residual nuclei is shown diagrammatically in
Fig. 6. The transinissioncoefficients Tf a~e calculated
in the complete damping limit where the transmission through
the twc peaks are treated separately. In this limit:

Tf = ‘A ● ‘B ’11,
TA + TB ‘f(~

where f is a correction factor that takes into account the
finite widbh 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[121 that the fission probability is “

Pf = (1 + az + 2a coth(t/2))-l~~venby
where

a = (Ty + Tn)O(TA + TB)/(TA”TB)
and

t = 4~W11/D11 ~ TA + TB.



‘“Inthe limit where t>>l(i.e. levels in second well strongly
overlap) thisrexpression reduces to the more usual expression:

Tg

where

Pf = Tf + ‘~:+ ‘~

Tf = TA*TB~(TA + TB).

The calculation of the fission probability now reduces
to a calculation of the transmission coefficients TA, L’B,l’n,
and TY. The calculation of these transmission coefficients
involves estimating the distribution of residual levels
available for neutron and gamma deexcitation and the distri-
bution of saddle point transition states for TA and TB. At
the deformation of the first well, (Tn and TY calculations)
the residual levels were assumed to be discrete for excitation
energies less than 1 MeV and a continuous level density was
used fou 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 c lculated

?single particle levels as described previously[5 . Fox 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[5~15~161 with 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.
m~=. m
------ --, and Tn were e~timated from expressions Given
previo~sly~51 except that optical model transmission co-
S22iLiL;-LLSwere used in the Tn talc-~Sations. The TY values
were normalized so that calculated values of T

z
reproduce

measured values at the neutron binding e~~ergy or odd Pu
iSOtOpeSm

#

The level spectra used in the TA and TB 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 af penetrabili.ties through parabolic
barriers with curvatures %~A and”fitiB.

The leval spectra us~d 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 avsrage total density of the discret~ levels
for a given case. At the first saddle discrete levels from
Bosterli et al[151 and Tsang[161 are compared and it is seen
that the average densities are similar. Figure 8 shcws that
below 1 MeV the continuous level dens~ty calculation
scri~ml y underestimates the total nufier of levels. This
discrepancy is due to the inadequacy at low excitation
energies of the saddle point approximation[51 used in

,4..,”.

estimating the continuous level density.
Figure 8 compares the density of calculated one

Y
uasiparticle states with the continuous level density for
41PU. The continuous level density is normalized to the

measured value for 1/2+ states at the neutron binding e er
ml__ -k-...m;n G{m ? Y“Q =J~~the densitv of measured levels 17
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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 ean be used to estimate E1~, EB
and *aB. Therefore, in fitting the direct reaction fission
data in this region we have fixed EB andfioB 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~al data were then fit by
va~ing EAt fi~ 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 ~ isotopes this normalization
factor was an adjustable constant (Gn) multiplying the
function rn/rf. For the odd Am isotopes where the fission
threshold is below the neutron binding energy the adjustable
constant (GY) multiplied rY,JI’f.In addition to the results
obtained in the present experiment, data from previous
(d,pf)[~~and (fi,~E) Lo,J.81~tudi~~ \vere also fit to o~nt.aina
consistent set of barriers. The published (n,f) cross
sections were converted to fission probabilities as described
previously[131 . The fits obtained to the cxperirnentaldata
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 a,bovethe peak Pf value the calculations from
odd A nuclei dzcrease sharply whereas the data show a plateau.
This result indicates that the functional form.for I’ /rf

aobtained from the present statistical model is not a equate.
This point will be discussed in more detail in the next
seekicme

For the Pa and Np nuclei thtireis no independent
information available (e.g. from fission isomers) so that
the parameters EA, *~uA# E~F *~B~ and the normalization
factors Gnf or GY are all unknown. In genatal, fits to the
experimental. fission probability distributions were no-k
capable of uniquely determining all of these parameters.
Therefore, the experimental results were fit by fixing *U

fand*uB to average values determined from the heavier nuc ei
and then varying EA, EB, and Gn or G e

x
In most cases Gn

values were held fixed to averaae va ues determined from the
Pu-Bk results. In addition to ~he Pa and Np resu;lts fission
probabilities obtained[131 from (n,f) cross sections for-. m*t7 -90.. - ● .–_-_3 n---L- A.L.. n.-!.**G



the uncertainties on the barrier parameteL3 determined
for the Pa-Np region are greater than for the Pu-Bk nuclei.
The resultc 6f these fits-are shown in Figure 11. For
Zalpa and %3~Pa there a~pears to be some resonant structure
which can not be reproduced in the complete damping approxi-
mation used in our statistical model. This xesonant
structure ma

x
be analogous to the more pronounced str~cture

observed in a~llh,
The barrier parameters obtained from analysis of all

the odd nuclei ara given in Table I. Resul ~ for even-even
IInuclei are tabulated in the following paper .

5. EXPERIMENTAIJVS CALCULATED DECAY WIDTHS



ef:fectwill be discussed in detail in other contributions
to this conference 119~~ol,

This connection of low Gn values with an underestimg
of the level density at the saddle point is, however, not
consistent with the higher values obtained for G .
rn and I’

x
calculations are correct and the main ~iff;~u;;

is i.~ca culating l’fthen Gn and GY should be roughly eq~
and this is not the case. Therefore, it appears that th(
are still unsolved problems in the attempts to calculate
relative values of rf~ rn, ry.

6. EXPERINENTAL FISSION BARRIERS
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The

gamma emission near threshold wherea~ the odd N
nuclei.have fission thresholds above the neutron
binding ene.rcyy.Therefore, systematic errors in
the estimates of !’Yrelative to I’ncol~ldlead to
spurious odd-even effects. At present we believe
that the *0.2 MeV uncertainties in EA for these
nuclei are realistic but as noted in the previous
section the normalizations of the various decay
widths are not completely understood.
The EA values for Cm isoto es show a decrease

Yof~l.O MeV in going from -48Cm(N=152) to
250Cm(N=154) ● This decrease seems to be signifi-
cant

19
rester than the additional binding of*O.6

MeV[2 ~ 21 attributed to the N = 152 shell for
zl}ecmand is not apparentthe equilibrium shape of

in the EB estimates. The results suggest that
there is an additional decrease of*O.4 MeV in the
bindin at the first saddle point between 24aCrn

3and 2s Cm when measured relative to a liquid drop
mass surface.
expwimental barrier puameters for Th-Np nuclei

are shown i!t Fig. 14. The bar~ier parameters for-231Th are
taken from reference 23. The uncertaintiesin the estimated
barrier heights for odd A and odd-odd nuclei are somewhat
greater than in the Pu-Dk xegion because of the lack of
fission isomer results to ti.odown the EB and fiu~ values.
Tho results again chow ~A relatively constant and ER do-
cramlng with incrwming pxotw numhr. Th43 dependcnca
on nwitxon number and possible ctld-eveneffects do not sew
a8 prominnnk as ~~r t)m ma+!: Xw..Jhm but de!L[!i.l.!ti 4AxtJUb:i(!ul:c!d
by the laxgor uncwtaintim on the estimated barrier heights,

7. CONCLUSION
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.Table I. Estinated Barriers for Odd A and Odd-Odd Nuclei.
Values given in parentheses were estimate~ as described
in text and h’eldfixed during fitting of data. For Pa, U,
and Np nuclei values for Gn and G

3
not in parenth~tseswere

obtained from fitting the magnitu e of Pf but the values are
not unique and depend also on values of some of the other
parameters that were held fixed.
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Fig.1

Fig.2

Fig.3
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Fig.5

Fig. 6
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Fig.9

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.
tdeasuredcoincidence (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 probability distri- .
bution.
C’a.lculatlonsof the total level density as a function t
of excitation energy. Solicland dashed lines show
results obtained using the saddle point integration
method. Open andoclosed triangles show estimates of
the total density of discrete levels from the single
particle spectra of 1301stezliet.al. (Ref.15) and Tsang
(Ref.16), respectively.
Calculations of the total level density using the
saddle point integration methad (solid line) compared
with cn]culated discrete levels from Bolsterli et.al.
(Ref.1.5)and the experimentally observed levels of
Rickey et.al. (Ref.17).
Fission probabilities for Am and Bk nuclei. Solid
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Fig.12 l?actorsGn and GY obtain(?dfrom fits to the fission
probabilities for Pu-Bk nuclei.

Fig.13 Heights of the fission barriers for Pu-Bk nuclei
obtained from fits to experimental fission
probabilities .

Fig.14 Heights of the fission barriers for Th-Np nuclei
obtained from fits to experimental fission
probabilities.
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