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SUMMARY: OUR S0-YEAR ODYSSEY WITH FISSION

I Rayiord NIX

Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87515,
.S A°

On the uccasion of this International Conference on Fifty Years Rescarch in Nuclear
Fission, we summar:ze our present understanding ol the fisson proces: and the chal-
lenges that lie ahead. Tue basic properties of fission arise frcm a delicate competition
between disruptive Coulomb forces, cohesive nuclear forces, and fluctuating shell and
pairing forces. These static forces are primarily responsible for such experimental phe-
nomena & deformed ground-state nuclear shapes, fission into fragments of unequal size,
sawivoth neutron yields, spontaneously fissioning isomers, broad resonances and nar-
row intermediate structure in fission cross sections, and cluster radioactivity. However,
inertial and dissipative forces alsc play decisive roles in the dynamical evolution of a fis-
sioning nucleus. The energy dissip .ted between the saddle and scission points is small for
low initial excitation energy at the saddle point and increases with increasing excitation
energy. At moderate excitation encrgies, the diss.pation of collective energy into inter-
nal single-particle excitation energy proceeds largely through the interaction of nucleons
with the mean field and with each other in the vizinity of the nuclear surface, as well as
through the transfer of nucleons between the two portions of the evolving dutnbbell-like
system. These unique dissipation mechanisms arise {rom the Pauli exclusion principle
tor fermions and the details of the nucleon-nucleon interaction, which make the mean
free path of a nucleon near the Fermi surface at low excitation energy longer than the
nuclear radius. With irs inverse process of heavy-ion fusion reactions, fission continues
to yield surprises in the study of large-amplitude collective nuclear motion Future chal-
lenges include devising experiments to unambiguously distinguish dissipative effects from
analogous effects caused by collective degrees of freedom and computing tission direct!y
fr 'u the underlying hadronic interaction.

I INTRODUCTION

As this enjoyable conference comes to an end. it is tme for us to summarize what we
have learned from our 50-year odyssey with fission. Most of you have participated lirst-hand
i this odyssey, which began here in Berlin with an unexpected experimental discovery by
Hant ard Strabmann'  Like other epic journeys, fission research has boen full of surprise
from ot et As vivadly recounted by Herrmonn? in hus talk, the very wdea that o heav,
Loace s connd sphit mto two nudler of termediate mass was so astonishang that o 1130
Fertn! musinterpreted as transuramum elements the ission fragments that he had produceds
4 Rome Commenting on Ferm, s experunents, Noddack® immediately syggested that "Orne
corded thina that in the hombardment of hravy nucler with neatrons these nogciends integrate
Ltoseverasarge fragments 7 Yet her revoiationany wdea went anheeded  even tnoggt
was acoworkingn Bernn and fone vears tater Hahn and Stealmaeet o0 0o e e
aceptod ther own o herca evpdenoe g L had heen prodd Lo
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Fission has continued to surprise - ith division imo fragments of tnegi size sas ootk

neutron Vields. spontaneousiy fissior.... isomers, broad resonances and narrow intermediate

quite unike rhose responsible for vise ity in f! 's. Such phenomena provide an invaiaable
testing ground for many-body theories of large-amplitude collective nuclear motion. The
atomic nucleus is a unique quantal many-body system consisting of nucleons and mesons
at one level of approximation, or quarks and gluons at ar. *er. With its relatively smidl
numnber of degrees of freedom, the nucleus displays asvect at are both microscopie and
tmacroscopic on the one hand. and both quantal and classical on the other. The interplay
between these complementary aspects 'eads to a static nuclear potential-energy landsape
containing multipie minima. saddle poi:. -, and vaileys. as well as to a rich dynamic beravior
ranging from elastic vibrations of solids to long-mean-tfree-path dissipative fluid low wah
statistical luctuations.

Despite this underlying complexity. Meitner and Frisch® quickly recognized that fision
is basically a large-umplitude collective rearrangement of nucleon,, tnuch like the divicion
of a charged drop of liquid. On the basis of the liquid-drop model. Bohr and Whee,er
provided a satisfactory account of many of the ecarly properties of fission, as discussed by
Vandenbosch? in his introduction 1o the conference. This model. where hssion represents a
delicate competition between disri. ,ve Coulomb forces and cohesive nuclear forces ideaiized
as surface tension, was studied extensively® ' for the next quarter century. Yoo maty
experimental phetsomena lay outside its predictive capabiiities, and it became increasings
cicar that single-particle etfects also play decisive roles

A quantitative method for treating single-particle shell and pairing ceirections was devels
oped in 1966 by Strutinsky ™. whom we had the sleasure of hearing from at this conterenoe’
The idea of & macroscopic-microscopic method, in which smooth trends are “aken irom a
tacroscopic todel and local fluctuations from a microscopic model, had been introd.gced by
~wiateckt'™ in 1963 with a simplified procedure for calculating the microscopic tlactuations
that worked only for sinall deformations. These development: revolutionized the calcilation
of Lssion barriers This renaissance in our understanaing of static fission propertas wa- tol.
‘owesd o 1974 by another renaissance assocated with the dynamies of fission Through "he
work of Gross's Swiatecki?, and others, 0 was reabized that at low and modetate exoivas on
vresgoes e medhatian of nucear disapation s intimateis connected with the o cea,
e sttt of Suceons ihside & nudens

Scacntaneousiy, bully selfconsistent nucroscopie methods were also developed and g on

atoson ~tatiey and dynamiey . For a given offectine nacloon nucleon imteraction e oo
raned tatic Hartree-Fock approximation® *" was used to caloulate isson bagror e
Conie deperadent Hartree-Fook approvination®™ 5 was used fo calenlate the dvonae oa o
aan ot a e oning nuclens as wen s e sserse process o beavy gon o seaer

A e narny Line mean desd apnronmataont T was saed toocan nate cpontare Lt
. i |



Many new res:its were presented at the conference that contribute to our anderstand-
g of this vasr tieid. In attempting to summarize these contributions, I have decided o
concentrate o what 1ssion has taught us concerning the three fundamental quantities that
characterize arge-amplitude nuclear shape changes: the nuclear potential ene-gy of defor-
mation. the nuclear inertia. and nuc. ar dissipation. Nince these three quantities enter the
equations of motion for the collective coordinates of a fissioning nucleus, the properties of
fission can be computed at some level of approximation once they are known. Experimenta
results will be interspersed with the theoretical developments at appropriate points, even
though they are affected to some extent by all three quantities. | will be focusing on the
underiying physical principles involved : . her than on the mathematical or experimental
detaiis. Also, | will not have time to mention the work of everyone who spoke, but instead
wiil use those results that best illustrate the particular points | am trying to make. For
continuity, I will occasionally mention recent work that was not explicitly presented at the

conference,

2 NUCLEAR POTENTIAL ENERGY OF DEFORMATION

2 1. NSelfeonsistent Hartree-Fock calculations

As Herger®™ told us. the most fundameatal way to calculate the nuclear potential en-
ergy of deformation is to start with a realistic interaction between the underlying nuclear
constituents and solve the appropriate many-body equations in some approximation  To
put what 1s actually desoin proper perspective, let us remind ourselves that since nacleons
‘hemselves are composed of quarks and gluons, one should ideally start with the Lagrangian
o!f quantuti chromodynamics®™ and solve that somehow. To get to something tractabie, one
must tmake several approximations. First, one must approximate the confined quaiks and
R.uons by nucicons and mesons ~econd, one must replace the reiativistic equation satisted
by -«pln-; nucweons with a nonrelativistic equation. Third, one must replace the reaiisti
interaction between nucleons with an effective interaction.

For simpie effective interactions, such as those of Gogny and Skyrme, the constraied
Hartzee-Fock approximation has been used to compute the fission bareiers of 34 Puand orher
heavs tacer Results computed?? 3% with the finite-range interaction ol Gogny are shownn
Py | Ava asymmetry as taken into account at the first barrier, and reflechion asyine s

Sraner tooaceaunt hevond the secand mmitiam The upper curve, which s comge ted

Wt e argginal values of the constants in the Ay D interaction, hes signiticant s hogher
al the e ak, second minimun | second peak than experimental vajues' Cwhechare
b ated “he sertical arrows b cever, when the surface eneegy constant a, is reduocd

rot ats orghinal salue of 202 MeV to 190 MeV the caicalated and experimenstas vacos
agree to wthin about 2 MeV oaconuracy, as indicated by the lower curve

[he constramned Hartree Fock tission barrier tor 5% Pu has alsa bheen corpearetst oo

S sotocrange Skyreme MO onteracton, for whic b the sarface energy coetant g vl
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Fig. 1. Fission barriers??*% computed with the Gogny finite-range interaction.

MeV. These calculations impose axial symmetry and reflcetion symmetry, whose removal
would lower the second peak to helow the experimental value. The smaller value of u. in
th:s interaction compared to that in the Gogny interaction arises partly from the zero ranue
of the Skyrme interaction.

2.2, Macroscopic-microscopic method

Because of computational difliculties and other reasons, selfconsistent Hartree-Fock cal-
1ations of the fission barrier have been carried out for only a few nuclei. Instead, nearly all
tission barriers have been cale ulated by means of an alternative approach  the macroscopic-
thicroscopic method. This method synthesizes the best features of two complementary ap-
proaches. The smooth trends of the potential energy (with respect to particle numbers and
deformations) are taken from a macroscopic model, and the local flu tuations are taken from
a nicroscopic model, The method in its present form was developed in 1966 by Strutinsky
and has since revolutionized the calculation of fission barriers. The idea of a macroscopie-
i toscopie tethod had been introduced earlier by Swiatecki'® and others,

It this trethod, which s suitable for treating nuclear systems that containa larg. nher
of partices, the total nuciear potential energy of deformation s written as the sur ol twao

Larnely

Fhe Lest term s a stnoothly varying mactoscopic energy that reproduces the broad trends
of the potential energy  The second term contains osadlating mucroscopie correctone *hae
arise because of the discreteness of the individual particles The most anportans of v
purely microscopic contributions are the shell and paring corrections

[he caicuiation of the nudclear potential etnergy of deformation by tmeans of 2w o

iy pertormed an five steps 1 Specty Che paciear chape S0 Cal ate



Fig. 2. Fission barrier computed with the macroscopic-microscopic method. ‘lustrating the
effects of axial asymmetry and mass asymmetry®.

scopic energy. (3) Generate the single-particle potential felt by the nucleons. (1} Solve the
Schrodinger equation for the single-particle energies. (5} Calculate the microscopic (shell ane,
pairing) corrections. The total potential energy is then given by the ,um of the macroscop:c
cnergy calculated in step 2 and the microscopic corrections calculated in step 5.

As illustrated in Fig. 2. the fission barrier of a heavy actinide nucleus calcula: e
this method contains a secondary minimum surrounded by two peaks®?. The seco .ory
twitnimum arises from shell effects associated with a nuclear shape whose axes are in e
ratio 2 1. The dashed curve gives the potential energy for symmetric deformations as a
tunction of the distance r between the cenvers of mass of thie two nnascent fragments, in units
of the radius K of the spherical shape. The inclusion of axial asymmetry at the first peak
lowers the energy by approximately 1 MeV, whereaa the inclusion of mass asyminetry at
the second peak lowers the energy by approximately 4 MeV. Such tnass-asymmetric second
saddle points are intimately connected with asymmetric fission-fragment mass distrihator <

24 Laperanental consequences

~ingle-patticle effects of the type we have beea discussing lead 1o several mteresrg o
perinentally observed phenomena  As discussed by Habs ' the presence of o deep o ndany
nanimum in the fission barrier leads to some states of the svstem in which the wave hinee
woncentrated primarily at this larger deformation Such spontanenusiy Sssioning ivotn e
veere discovered experitientally i 1962 by Poikanov and comatkers™ & rihing aned cane
now been observed in 33 nudlerrang  tron VU 0 SRR Indt MU nd 2Ny e

decay back to he first well has bes teersed s additon o spontanens s e
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F:g. 3. Analssis of fission cross sections in terms of rotational bands of opposite parity™

garima decay back to the first well has been tentatively identified also in *¥3Th.

From detailed spectroscopic studies in the second minitnum®. the extracted moment~
of inertia and quadrupole moments correspond to nuclear shapes whu .o axes are n the
rat.o of approximately 2 1, in accordance with theoretical expectations. Seven high-~pin
superdeformed states corresponding to shapes with axes in the ratio of approximateiy 3 1
have been observed™? in rare-carth nuclei ranging from *°Gd to 32Dy,

When a nucleus undergoes fission through a barrier containing two peaks separated by
a ~econdary minimum, two distinct types of resonances in the fission cross section becone
possible. A classic example of the first type appears in the neutro: nduced fission « ros~
~ect.on of ¥ Th, which was measured at Harwell by James, Lynn. and Farwaker™  The
reiatinely bhroad resonance of width 40 keV at 720 keV incident neutron energy has tradi-
tonhiaudy been associated with a quasistationary vitrational !evel in the secondary i
of the tission harrier.

However. Bions described recent evidence indicating that this resonance :~ ac'uain
assocated woth o third minimum in the barrier corresponding to a mass-asymimetric detar.
mat.on s possibility had been pointed out in 1973 by Maller? as a resolution ot
“Lorocinoanoman that exasted at that time. The recent evidence, shown i Fig 3ocan- s
A cnontanen s anaivsis of the fission cross sections for the =Y Thinf) and ** Thid 5 e
Tt~ tertns of transition states corresponding to two rotational bands of opposite paros
Frowesiwhen!'” presented additional tentative evidenice for a third asymmetne o, o
‘errnis of a lorward-hackward amisotropy in fission-fragment angular distribations

A~ discassed by Weigmann™ the second type of resonance stractare arising frosn S
poaned Lasion harrio: occurs when e exaitation energy s ciose T a cotmpao i

eve tor the nuciegs sitgated at the cecondary maneteen Thos osailastrated o0 b g 1

Syt s aned Nssion o poss et o 4 l' LWl s e, red gt Gieen oy N e
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Fig. 6. sSchematic illustration of experimental fission-fragment mass distribution for the
spontaneous fission of heavy nuclei*® 4,

1 heobald®’. At the secondary minimum. scme of the energy is in the form of deformation
energy and is therefore unavailabie for forming compound states. The distance between the
groups of strong resonances is therefore much larger than the distance between the individual
resonances, which occur when the excitation energy is close to a compound nuclear level for
the nucleus situated at its ground state.

Experimental values are now available for the heights of the relevant saddle points and

subsegquent munitma in the potential-energy surface for numerous nuclei. From previous

cotparisons™ ¥ ¢ 42 hetween experimental and c.lculated values. we conclude that the

Lac roscoyie smicroscopic method s capable of reproducing the extrema in the potential-

cnergy ~urface to within an accuracy of abou 1 MeV. A detailed up-to-date comparison for

neacer thronghout the periodic table would be extremely valuable.

We heard from several speakers about the important role that single-particle etfects play
in fission-fragment mass and kinetic-energy distributions. As discussed by Itkiz*, recent
measurements show that at sutliciently low excitation energy the mass distributions for
* 'T! and other light nucler are asymimerrie Wagsmans® presented new results, ~hown o
Fig 5. indicating that in the spontancoss tsuon of plutonium isotopes. the addition of oy

“wonestrons enhances the doubiy g frageent shell eflects at 50 protons and 82 e
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Fig. 7. Calculated potential-energy surface for **®Fm, showing a new fission valley leading
to compact scission shapes ‘- the lower right-hand corner?’.

sufficiently to dramatically shift the peak in the mass distribution and increase the kinetic
energy.

Hoffman*® told us about the abrupt transition that occurs at ***Fm in fission-fragment
mass distributions, kinetic-energy distributions, and half-lives for the spontaneous fission
of heavy nuclei*s-4". As illustrated in Fig. 6, for ***Fm and certain nuclei beyond, the
mass distribution becomes very narrow, with a single peak at symmetry. The kinetic-energy
distribution for some of these nuclei becornes skewed, with a peak at high energy and a broad
low-energy tail. The spontaileous-fission half-iife decreases by several orders of magnitude.
All three of these phenomena are explained qualitatively by a new fission valley in the
multidimensional pot- -ial-energy surface.

As discussed by Brusa*® and others, this new valley is associated with doubly magic frag-
ment shell effects at 50 protons and 82 neutrons. Since these shell effects are maximum for
spherical shapes. it is essential for an accurate calculaiion that the shape parameterization
be capable of describing touching spherical fragments and that the finite range of the nuclear
force be taken into account in calculating the macroscopic energy. These items are included
in the potentiai-energy surface®” for *®Fm shown in Fig. 7.

Because the saddle point leading into the new “ssion valley in the lower right-hand
portion of Fig. 7 is lower than that leading into the uid fission valley in the upper right-hand
portion of the figure, spontaneous fission will proceed primarily into the new valley. However,
there is also a switchback path. which is lowered by mass-asymmetric deformations, that
branches off from the new path and leads into the old valley across another saddle poim:
This switchback path is probably responsibie for the low-energy tail of the kinetic-energy

Jistrtbution for this nucleus®?
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For compact dumbbell-like shapes, which are present both in the new fission valley and
at the fission saddle points for medium-weight nuclei, the finite range of the nuclear force
substantially lowers the macroscopic energy relative to that calculated in the liquid-drop
model. This is illustrated in Fig. 8, which was shown by Schroder®® in his talk. The
solid curve, calculated by Cierk®' with previously determined constants'? in the Yukawa-
plus-exponential model®?, satisfactoriiy reproduces the experimental®? fission-barrier heigh's
for asymmetric mass divisions. In contrast, the liquid-drop model yields barriers that are
approximately 10 MeV too high.

Moretto®* stressed in his talk that mass-asymmetric fission of the type shown in
Fig. 8 evolves continuously with decreasing mass asyrumetry into the statistical evapora-
tion of complex fragments. The spontaneous emission of complex fragments was discussed
by Price®® and Poenaru®. Asshown in Fig. 9, clusters ranging from !4C to Si have been ob-
served experimentally®S, with half-lives ranging from 10'! s to 10?® s. Since cluster emission
is intermediate between fission and a decay, theoretical approaches based on both fission
theory and the preformation of clusters have been used. The emitted clusters are neutron-
rich because this leads to tightly bound daughter nuclei close to ?"*Pb, with large energy

release.

3. NUCLEAR INERTIA
3.1. Role in spontaneous fission

We turn now to the nuclear inertia. which at low excitation energy is experimnentaily

tested primarily by spontaneous fission. Recent progress in selfconsistent microscopic treat.
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ments of spontaneous fission was discussed by Negele?®, who nused a Feynman path integral
to formulate an imaginary-time mean-field theory of tunneling in many-body systems. This
approach has the nice feature that the contributing paths in deformation space are deter-
mined automatically by the system's Hamiltonian. For a 3?S nucleus without spin-orhit
interaction and with the charge artificially increased to cause fission to occur, the resulting
Jominant path is significantly different from that corresponding to constrained mean-field
theory. lowever, because of computational difficulties, this approach has not ' been
applied to the spontaneous fission of a realistic heavy nucleus.

As discussed by Sobiczewski®’, actual calculations of spontaneous-fission half-lives are
usually performed by use of the semiclassical WKB approximation applied to a particular
one-dimensional path through the multi-dimensional deformation space. This path is in
practice determined either from cornsiderations of statics alone or dynamically by maximizing
the penetrability, which is related to an integral along the path involving the product of the
inertia with respect to this path and the potential energy relative to the ground-state energy.

3.2, Microscopic and semi-empirical irertias

The nuclear inertia tensor for spontaneous fission is frequently calculated microscops

cally*™ " by use of the Inglis cranking model. As illustrated by the solid and short-dashed
L]

curves”™ in Fig. 10, the microscopic inertia with respect to the distance between mass cen-
te-- r is an oscillating function of deformation and for small deformations is several timmes
the irrotational value. These properties arise from the rearrangement of nodal <trge e
in single-particle w e functions which occurs at the near crossings of single-pa:':ce leve
The microscopic inertia oscillates about a semi-empirical inertia, which is related o rhe o

tational inertia in such a way that both approach the reduced mass for separated trage oo
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Fig. 10. Increase in the nuclear inertia for spontaneous tission (cranking and semi-empirica:
values) relative to the irrotational value®®.

with an adjustable constant extracted from spontaneous-fission half-lives.

The original Inglis cranking model Las been generalized by Kunz®* "™ to include rhe
velocity dependence of the single-particle potential and the reaction of *he pairing tield ro
the collective motion. The inertia calculated in this generalized crankin.: .nodel a; .roaches
thy correct value in the limit of large pairing. in contrast to that calculated in the orgginal
Inglis cranking model.

3.3. Npontancous-fission half-lives

The important role that spontaneous fission plays in limiting the production of very
heavy nuclei was stressed by Lazarev®™ in his discussion of recent attempts at the JINR in
Dubna to produce eletent 110 through such reactions as ¥3¥Th - **¢ . 3110, He also
described how pairing vibrations can increase 'he tunneling, an idea wdyced in 1974 by
Moretto and Babinet®™ and recently used by Pomorski and co-workers™ in their haif-iife
calculations.

Minzenberg™ described the production of three atoms of 7109 at the GSLin Darmstadt
by use of "*Fe projectiles. The productinn of other heavy elemenis with neatron rich 70y
projpctiles was disc: | by Gaggeier™.

When comparing « aperimental and caleulated sponta. - ous-bssion half-hives, Hotfrnan®
noted the large discrepancy that previously existed for very heavy elements with neqteon
nuwber N - 15%  Asallustrated in Fig. 11, this discrepancy s 1o a Large extent resoived by
considering tunnel ag into the new tission valley that exists insuc ases® 4 The red ooton
in caleulated half-life arises both bHecause the potential energy s lower and hecag e e
inertia 1s less along the path leading into the new salley than the corresponding s s
along the path leading into the old valley  The agreement 8 even further anproved we .

the inluence of paimng vibrations on the tinneling 15 taken mto account’ !
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3.4. Inertia for induced fission

At high excitation energies and large deformations, where pairing correlations have dis-
appeared and near crossings of single-particle levels have become less frequent. the rotationa!
moment of inertia is close to the rigid-body vi.iue and the vibrational inertia is close 10 the
incompressible, irrotational value®’. The inertia tensor can then be calculated for a superpo-
sition of rigid-body rotation and ince- ressible, nearly irrotational flow. For this purpose

the Werner-Wheeler method. which <. :mines the flow in terms of circular layers of fluid'",

call be used.

t. NUCLEAR DISSIPATION

We turn now to nuclear dissipation and its role in the dynamical evolution ¢ a fissioning
nucleus. Dissipation mechanisms were discussed at the conference hy Weidenmuiller'?, and
Pashkevich®® presented a survey of macroscopic approaches to fission dynamics.

Up uinl about 1974, it was generally believed that the dissipation mechanism s tission
i two=body collisions, like that responsible for viscosity in fluids, and that the viscosity
voetlicient s relatively small.  But then. through the work of Gross'', Swiatecki® . and
others. it was realized that the long mean free path of nucleons inside a nucleus at low anid
moderate excitation energies, arining rrom the Pauiexclusion prinaple for fermions and the
details of the nucleon-nucleon interaction, alters hoth the mechamism and magnitude

41 Long-mean-free-path dy nanes

The effects of a long nucleon mean toee path on fission dynamics have boen incorporated
by mmeeny of several diferent macro pic and nucroscopie approximations. which have i d v
radically different pictures By assumang that the selos ity distpibution of nucleons <teo g

dmosing contaner wallis completeiy randor, Swiateckoand his cotleagros dernved woo e
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Fig. 12. Fission of ** U, starting from rest 1 MeV beyond the saddle po’ "

wall formula for describing such one-body dissipation, in terims of which nuaclei are predicted
to be highly overdamped® ®¥". |n contrast, by constraining the many-body wave function
to at all times be a Nlater determinant of single-particle wave functions, Negele et ai. treated
the dynamics by use of the time-depenident Hartree-Fock (TLF) approximation, in terins
of which nuclei dissipate much less energy?* 7.

These two contrasting extremes are illustrated?® in the first and last columns of Fig. 12
for the fission of ¥U. In the TDHF calculation, which is pe -formed with zero spin-orui
interaction and an effective pairing gap A - 2 MeV', the time required to reach the pomnt
neck ruptureis 3 4 « 10 ¥ s. This is only slightly longer than the 2.5 « 10 ¥ s required for
the nonviscous descent shown in the second column, but is substantially leas than the 129
+ 10 *!' 5 required for the descent with Swiatecki's wall formula shown in the fifth column

The relatively small dissipation present in the TDHF solution 18 associated with the
cutnplete negie 't of two-particle collisions in this approximmation. Several steps hasve been
taken in the unportant direction of incorporating two-particle collimons to the THHE
approximation?.  Although promising. these attempts have not yet led to any delititive
condlusiony because of both conceptual and ¢« putational ditticuities

42 Surface-plus-window dissipation

Pashkevich"® discussed another macroscopie approach, where long-mean free parh oy
nattiics and two-particle collimons are werged i a natural was™ o this approach, we o
v valin for intermediate excitation energies above which parring has disagpeared and Lo on

which the nudcleon mwean free path evoends the nudlear diameter, the desapation o



primarily in the surface region from two distinct mechanisims.

The tirst mechaniam is one-body dissipation, but with a mag=:tude that is subsatantially
reduced reiative to thiat of the wall formula. In calculations based on the random-phase
approximation for spherical :  lei, Griffin, Dworzecka. and Yannoulras have shown that the
effect of replacing three idealizations of the wall formula by n,re realistic features appro-
priate to real nuclei is to reduce the one-body dissipation coefficient to roughly 107 of the
wall-formula value™ 7. Alternatively, the reduction could arise because the nucleons retain
some memory of their previous collisions with the wall, which invalidates the assumption of
a random velocity distribution that was used to derive the wall formula.

The second mechanism is two-body collisions in the surface region. The Pauli e¢xclusion
principle, which suppresses two-body collisions in the nuclear interior “sappears as one
passes through the nuclear surface to the exterior’*. In addition. the 1. « nucleon-nucleon
cross section itself increases as one passes through the surface to the exterior hecause of
tts increase with decreasing kinetic energy. Since the density decreases to zero outside the
nucleus, the probability for two-body collisions peaks in the nuclear surface.

Under the assumption that the surface dissipation ia local, it can be calculated from the
leading term in an expansion of the time rate of change of the collective Hamiltonian H in
powers of the surface diffuseness divided by the nuclear radius?™. This leading term can be

written as
()
dt

where n is the velocity of a surface element dS, D is the normal drift velority of nucleons

k,pl-/(r'l - D)ids . (2)

surface

about to strike the surface element d, v is the average speed of the nucleons inside the
nucleus, p is the nuclear mass density, and k, is 4 dimensionless parameter that specifies
the total strength of the interaction of ei'.ner one or two nucleons with the moving nuclear
surface. A value of k, - 1 would correspond to the wall formula, but several types of
experimental data indicate that for real nuclei its value is much less than unity. The value
of k, could depend upon both the excitation energy and type of collective motion involved.

For dumbbell-like shapes, the transfer of nucleons through the window separating the
two portions of the system leads to an additional dissipation that is analogous to the «lassical
window formula of Swiatecki¥' “* " The result iy

dH

b
: ) . 3
dt gorartFla.) (3)

where a 18 the area of the window, r s the relative veloeity of the centers of mass of the * o
portions of the system, ¢ denotes the collective coordinates, ¢ denotes the collective velo gt

and Fg.q) describes the effect of 4 nonunitorm velocity ax a fundction ol posiion i



deforming fragments. There 1s no need to renormalize this part of the dissipation hecause
nucleons that have passed through a small window have a low probability of returning
through it while still retaining memory of their previous passage. The combination of these
two techanisms leads to surface-plus-window dissipation.

Pashkevich®™ and Schroder®® boch discussed dynamical calculations of fission that have
been performed with surface-plus-window dissipation™. For values of the strengt! corre-
sponding to dynamical motion that is somewhat overdamped. these calculations satisfacto-
rily reproduce the average kinetic energies for the fission of nuclei throughout the periodic
table at moderate excitation energies’!.

4.3. Generalized Fokker-Plank equation

Thus far we have been considering the effect of dissipation ~n mear iantities in fissic
As discussed by Weidenmiller®” and Pashkevich®®, the coupling between the collective
and internal degrees of freedom also gives rise to residual Huctuating forces, which diffuse
tne dynamical paths in phase space. When these stochastic forces are treated under the
Markovian assumption that they do not depend upon the system's previous history, one

arrives at the generalized Fokker-Planck equation

df

or "M haps

of [av  19(M Y, af ) oty
A AR R L RV AL WA oy ) B A

for the dependence upon time t of the distribution function f(q,p,t) in phase space of
collective coordinates and momenta. The last term on the right-hand side of this equation
describes the spreading of the distribution function in phase space, with a rate that is
proportional to the dissipation n and the nuclear temperature r, which is measured here in
energy units,

By solving a stationary Fokker-Planck equation in one dimension for the probability How
over the barrier, Kramers™ showed in 1940 that dissipation increases the asymptotic value
of the fission lifetime relative to the Bohr-Wheeler transition-state value®. As discussed by
Weidenmiller®” an i Pashkevich®®, this important result has only recently been incorporated
into studies of fission.

4.4. Neutron emission prior to fission

Solution of the Fokker-Planck equation (4) for twoother situations has made it possibie to
extract information on fission time scales and nuclear dissipation from neutron emission prior
to fission, as discussed by Hinde™, Gavron™, Dietrich’™, and Schroder®. First, an analytical
solution for the mean saddle-to-scission time has been obtained from a one-dunensional
stationary Fokker-Planck equation™ ™ Second, a numerical selution for the transient time
required to build up the quasi-stationary probability low over the fission barrier has heen
ohtamed from a one-dimensional time-dependent Fokker-Planck equation™ *!

During these saddle-to-scission and transient times, additional neutron etassion ca
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take place relative to that calculated from evaporation in a standard statistical model. Such
enhanced neutron emission has been observed experimentally in heavy-ion-induced fission
reactions™ 7. Although some important differences in the experimental results still remain,
the analysis of this enhancement in terms of neutron emission during the saddle-to-scission
and transient times nevertheless suggests that fission is somewhat overdamped®’.

4.5, Additional experiments related to dissipation

Bocquet*? described measurements of the odd-even effec' - fission-fragment charge dis-
tributions for the neutron-induced fission of nuclei runging trom thorium to californium.
For the fission of uranium isotopes, this odd-even effect decreases from about 23t for zero
excitation energy at the saddle point to about 4% for 4 MeV excitation energy at the saddle
point. This dramatic decrease in odd-even effect with such a small increase in excitation
energy led Bocquet to conclude that the energy dissipation between the saddle and scission
points is very small at low excitation energies. In particular, he found that the energy dissi-
pated between saddle and scission ranges from about 3 MeV for thorium to about 10 MeV
for californium.

Presenting a paper of Signarbieux®?, Gonnenwein showed highly resolved scatter plots
of fission fragments versus their mass and kinetic energy. In the extreme high-energy tails
of these distributions, essentially all of the energy released in fission goes into the kinetic
energy of the fragments, with zero neutron emission. Although these high-energy cvents are
only a tiny fraction of the total events, they nevertheless correspond tu situations in which
there is no dissipation of energy ctween the saddle and scission points.

Several other experin.ents were discussed at the conference whose proper analysis could
in principle yield information on nuclear dissipation. These include fission induced by muons,
antiprotons, and lambdas?®!, light-particle-accompanied fission®*®, scission neutrons®’, and
the emission of charged particles and gammas prior to scission.

Although several issues still remain to be clarified, our present picture is that the energy
dissipated between the saddle and scission points is small for low initial excitation energy
at the saddle point and increases with increasing excitation energy. At moderate excitation
energies, the dissipation of large-amplitude nuclear collective energy into internal single-
particle excitation energy arises primarily from the interaction of nucleons with the mean
held and with each other in the vicinity of the nuclear surface, as well as from the transfer
of nucleons through the window separat.ng the two portions of a dumbbell-like system. The
magnitude of dissipation at moderate excitation energies corresponds to dynamical motion
that 1+ somewhat overdamped.

5 FUTURE CHALLENGES
Ouar 50-year rdyssey with fission has led to a vast wealth of experimental data, a wenu
quantitative understanding of the process based on the macroscopic-microscopic method

and unportant progress with selfconsistent microscopic methods  Now that we have 1



turned to the birthplace of our odyssey and completed our assessment, we see that it i
not yet over. Fission continues to surprise us, and important challenges lie ahead. These
include devising experiments to unambiguously distinguish dissipative effects from anal-
ogous effects caused by collective degrees of freedom, further refining the predictions of
the macroscopic-microscopic method, and computing fission directly from the underlying
hadronic interaction.

In the last area, much remains 1o be done even within the restriction of an effective two-
nucleon interaction treated ir the nonrelativistic approximation. But it is also important
to extend this work by using a more realistic interaction, as well as in another direction by
using a relativistic approximation suitable for spin-% nucleons. The ultimate challenge is
of course to start at *he level of quantum chromodynamics, with explicit quark and gluon
degrees of freedom taken i..*o account.

Large-amplitude collective nuclear motion, as exemplified by fission, should continue to
provide an invaluable testing ground tor nuclear many-body theories. The next 50 years
could be even more exciting than the first!
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