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FOREWORD

This third international Symposium on the Physics and:Chemistry of
Fission, heldin Rochester, N.Y,, from 13 to 17 August 1973, was a worthy
successor to the important symposia held in Salzburg (1965) and in Vienna
(1969). -Although there may not have been in Rochester quite the excite-
ment that prevailed in Vienna (where the beautiful verification of the struc-
tured fission barrier provided by the Strutinsky calculations was presented),
the present meeting reaped the benefits of this revolutionary discovery.
The firstdirect experimental verifications of the deformed fission isomers
have also only recently been achieved.

The present Symposium, somewhat more than previous cnes, concen-
trated on theoretical concepts and calculations concerning the figsion pro-
cess itself, and only on those new experimental results most pertinent to
the theoretical development. Contained in these two volumes are the full
texts and discussions of the 62 papers presented at the Symposium, and
abstracts of those contributions that, because of time limitations, could
not be presented,

These Proceedings of course do not represent the last word on this
obviously complex topic, It is apparent that even the liquid drop features
of the fission process have not yet been fully, or even adequately, worked
out, the most obvious deficiency still being a reliable treatment of the
dynamics, where a better knowledge of the 'viscosity' is obviously needed.
The importance of quantum mechanical, single particle effects in the
fission process is emphasized in these Proceedings, and a number of
advances in microscopic calculations are included,

Itis clear, inview of the large participation and the quality of the work
presented, that scientists throughout the world find these meetings a
valuable international forum for the exchange of information and welcome
the Agency's initiative in promoting this continuing series of symposia.
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The papers and discussions incorporated in the proceedings published
by the International Atomic Energy Agency are edited by the Agency's edi—
torial staff to the axtent considered necessary for the reader's assistance.
The views expressed and the general style adopted remain, however, the
responsibility of the named duthors or participants.

For the sake of speed of publication the present Proceedings have been
printed by composition typing and photo-offset lithography. Within the limi-
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EXPERIMENTAL FISSION BARRIERS
FOR ACTINIDE NUCLEI*

B.B. BACK, Ole HANSEN
Los Alamos Scientific Laboratory, University of California, USA

H.C. BRITT
Los Alamos Scientific Laboratory, University of California, and
Nuclear Structure Research Laboratory, University of Rochester, USA

J.D. GARRETT
Los Alamos Scientific Laboratory, University of California, and
Brookhaven National Laboratory, USA

B. LEROUX
Los Alamos Scientific Laboratory, University of California, USA, and
University of Bordeaux, France

Abstract

EXPERIMENT AL FISSION BARRIERS FOR ACTINIDE NUCLEIL.

Fission probability distributions are measured for a number of isotopes of Th, Pa, U, Np, Pu, Am, Cm
and Bk using d, pf), (t,pf), CHe,df), (p.p' D, (He,af) and (t,af) reactions. The results, together with
previous data available from (d, pf) and (n, f) studies, are analysed with a statistical model and estimates are
obtained for the heights, Ea and E, and curvawres, hwy and hwp, of the two peaks of the fission barrier for
2 wide range of actinide nuclei. The statistical model used for the analysis of odd A and odd-odd nuclei
includes competition between fission, neutron emission and gamma-ray de-excitation in the decay of the
compound nucleus, The results suggest that fission widths which are greater by about a factor of 4 than those
calculated are necessary to reproduce the magnitude of the measured fission probabilities, The results show
that EA is roughly constant throughout this region and Eg decreases with increasing Z. An exception to the
approximate constancy of Ep is in Cm where E4 drops by 1,0 MeV from **Cm t0°*'Cm. In some cases an
odd-even fluctuation of 0.30~0.50 MeV is observed in the experimental E 4 values.

1. INTRODUCTION

At the last IAEA conference on the Physics and Chemistry
of Fissionll] in 1969 many of the exciting new developments
were related to the investigation of the gualitative
implications of the effects of deformed nuclear shells on the
potential energy surfaces associated 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
nuclei, intermediate structure resonances in subbarrier

* Work supported by the US Atomic Energy Commission.
Permanent addresses of the authors are: B.B. Back, Niels Bohr Institute, Denmark (supported by Staten
naturvidenskabelige forskningsrad, Denmark); Ole Hansen, Niels Bohr Institute, Denmark; H.C. Britt,
Los Alamos Scientific Laboratory, USA; J.D. Garrett, Brookhaven National Laboratory, USA; B, Leroux,
Universify of Bordeaux, France. The present address of H. C. Britt is: Nuclear Structure R h Laboratory,
University of Rochester, USA.
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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. -

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 other
papers at this symposium both the current status of
potential energy calculations and recent theoretical efforts
to qualitatively understand the re Tif!icult problems of
figssion dynamics will be reviewedl(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 two saddle
points and the secondary minimum relative to the ground

\

NOTATION
£
2 s

DIRECT REACTION FISSION

T
e (—1
<W*H*U>
= '(TA'TB’
= 'I(EA,tUA, Ea,tﬂa)

%:%:-a f(Tg T Ty 1)
9% T T
 1'{€g, Eg, E) * 9
PROMPT FISSION
-==\CISOMERIC FISSION

FIG. 1. Schematic {llustration of the major features of the direct reaction fisston and fission isomer population
procemes.
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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 types of
experiment which have been used to obtain most of the
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 decay by fission relative to neutron or gamma
deexcitation (or the fission cross-section) is measured.
This type of experiment gives information 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 J

‘ - analysis for even-even fissioning nuclei where these

resonance structureg are observed will be presented in
another paper [4]. Figure 1 also ililustrates schematically

the population of a shape isomeric state in the second well
following the evaporation of a neutron. In 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

practice, fission isomer ekcitation functions have been
analyzed using Ep values from other sources and the experi-
.mental data is used to determine Ep and Eyy. Thus, in the

REACTIONS
KEY STUDIED
DRF (THIS EXPT) 1soMER E* TJ
DRF (PREV.EXPT.) | | ISOMER T, [sa]os] %2 1s]
| te
o7 2 244] 24! | Bk
| 24) ) 242] 24 7 9l250] Cm
g 9 237/ 2344 2 ! 7l Am
- 235] 236 237 % i ] Py
b
g9 341235 Np
£ 0 w| v
9t t Pa -0 R /
90 I 33 b3
e L A ' 'y 2 - - A 1
139 140 141 142 143 144 145 146 147 148 149 (30 5! 152 153 154
NEUTRON NUMBER

FIG.2, Actinide nuclei for which data are currently available from direct reaction fission or (n, f) cross-section
measurements, DRF, and fission isomer excitaton functions and half-lives. Heavily outlined boxés indicate
nuclei that were uséd as targets in the present DRF studies.
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heavy actinides where Ep > Ep,the direct-reaction fission
and the fission isomer excitation function measurements are
complementary. In addition, intermediate structure
resonances from subbarrier neutron fiss}on experiments can in
some cases be used to estimate Ery(5:,6], Finally, 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 conference.

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 direc?-
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), (%He,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 2 targets. In general, it was found
that cross-sections for exciting nuclei to energies near the
top of the fission barrier were guite 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) some 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 Ep for actinide elements. A
discussion of resonance phenomena and the analysis of data
from even-even fissioning nuclei will be given in

Paper IAEA-SM-174/27 (see Ref, [4].

2. EXPERIMENTAL RESULTS

The setup used in the direct-reaction fission studies
is illustrated schematically in Fig. 3. The outgoing

ANNULAR FISSION
TECTOR (0' “=8%)

ADJUSTABLE
surs | STARGET  papapay
BEAM I— ‘*7 —
m/
I D | suT(a~02%)
1
INSULATED S=o=3--AE DETECTOR
SHIELD £ DETECTOR

FIG.3. Schematic diagram of the experimental setup for the direct reaction fision experiments.
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lines {ndicate interpolated singles cross-sections for the target element. Singles spectra have been normalized
to the level of the accidental contributions in the coincidence spectrum.



