LEGIBILITY NOTICE_

A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1



L‘lUl" "“Al"ﬂ

Cow F.8J4R1-- T Received by 2]

JUN O 7 1989

Los ADmEt MECOAD' LEDS 010 y @ 208108 Dy Mo Unag sy of Lo nig lov o Un ‘0@ Breten Depertment o[04y WhEs: SOMMOL L RLEE O 7Y

- i ey a@ e g rar
: - -

) LA-UR--89-]1748
DEB9 012733

Tns SU'MMARY: OUR 50-YEAR ODYSSEY WITH FISSION

AUTHONS) J. Ravford Nix

SUPMITTLD 0 Iresented at the Internattonal Conterence on Fifty (ears
Resedarch In Naclear Fission, Berlin, West Germanwv, aApril -7, PR

DISCLAIMER

hao report wes prepared as an accounc .f work sponsored by an agency of the Uimled Sisles
CGovernment  Nedher the Unided States CGiovertnmenl nor sny agency theteol. nor any of thea
employees, makes any wareanty, express o implied, e assumes any legal lishiddy or cesponst
iy for (he accurscy. completenesa. or usefulness of any (nformetion, apparalus, praduce, D

! prixess doclimed, o reptesents thet s use wisuld not infunge privately nwned rgghty Refet
ente heren G amy specific commercial product, primess, s wervice by 1rade name, trademaek,
manufacturer . atherwise dies pat peveassnd: comtitute s mply s cndutseinctl], 1oumn:
mendatuin. 1 lavoring by the Uinied States Guvernment i any agencs thererl The -ewy
and spiions ol authy eapressed hecein do nne necevattdy ~tate o0 relledt thine - the
1 nited Ntates Guvernment » ans agency theteo!

' SLLOPO"ES OF g VW T Pu' -ng! (gSay " FO0 TGt N0 U B GoverAment (9145 § ASRBITILUID FIYENT - 08 IR 070 1B Pulnh ¢ (00 SO

N Pubpiag vl of Pa W v oEom G B w2 = 3 Y § Soverrnem SP B
o Les Aumas hprane' /. \veen B T SuB'thY ecly g LI 04 SPN PIN AR 80" To svinam ¥ e U § Deeeimes o LAty

16 N\ Los Alamos National Laborator
'@g A @WU@ Los Alamos.New Mexuco 8754

s o 00 o _f‘-'k- ! t?

| gl D AS PUC T80t a


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


SUMMARY: OVRS0-YEAR ODYSSEY WITH FISSION

B Rayimrd NIX

Theoretical Division, Los Alamos National Laboratory, l,os Alamos, New Mexico 37519,
.5 A

On the vccasion of this International Conference on Fifty Years Rescarch in Nuclear
Fission, we summar:ze our present understanding of the fiss'on proces: and the chal-
lenges that lie ahead. Tue basic properties of fission arise frcem a delicate competition
betwenn disruptive Coulomb forces, cohesive nuclear forces, and fluctuating shell and
pairing forces. Those 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 isotners, broad resonances and nar-
row intermediate structure in fission cross sections, and cluster radioactivity. l{owever.
inertial and dissipative forces also play decisive roles in the dynarmical evolution of a lis-
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 viinity of the nuclear surface. as well as
through the transfer of nucleons between the two portions of the evolving duinbbell-like
system. These unique dissipation mechanisms arise (ot the P’auli exclusion principle
for ferrnions 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 is inverse process of heavy-ion fusion reactions, fission coutinues
to yield surprizes in the study of large-amplitude collective nuclear motion Future chal:
lenges include devising experiments to unambiguously distingmish dissipative etfects from
analogous effects ciaused by collective degrees of freedont and computing tission direciiy
f »n the underlyimg hadronic interaction.

1 INTRODUCTION

Ax this enjoyable conference cotes to an end. 1t s time for us to summanze what we
have learned trom onr 50-year odyssey with fission. Most of yoa have participated first-hand
1 thas oddyssey, which began here in B3erlin with an anexpected experitnental discovery by

Lhane it <trabmann!

Like other epic journeys, fission researchi has been foll of sarprise
frren ot ataet As vovidly recounted by Herermonn? in s talk, the very wdea that a heay,
Lovceis comnd spht mto two nudder of mitermediate mass was so astomshing thar e gy
Festn Y nsinterpreted as transuramum elements the fission fragments that he had peoed e
2 lteene Commenting on Fermo s expernments, Noddack® immediately suggested that “One
sorsl think thatin the bonnbardment of hravy nacler weth neatrons these nep el tegrace
toseveracaarpe fragments 7 Yer her revolanonary slea went aphesded  even et
was o owarkeegm Hertos o amd fone vearciater Habkn and SeaBuent 00 e L
e aer own chere s ey b e 0 e bl heer aeae! e
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Fission has continzed to surprise - th division ino fragiments of siegint stz s el
neutron viehis, spontanconsty fission....g isomers, broad resonances and narrow intensedte
structure . saon vross sections. cluster riadioactivity, and unigoe dissipation inecharisins
qrite unlke those responsible for vise ity in ! cso Such phenomena provide an invataable
testing grourd for many-body theories of large-amplitude collective nuclear motion. “T'he
atoimic nucleus is a unique quantal many-body system cousisting of nucleons and 1esons
at one level of approximation. or quarks and glions at ap- *“er. With its relatively sidl
nuinber of Jdegrees off freedom, the nucleus displays asnect al are both microscope and
macroscopic on the one hand. and both quantal and classical on the other. The interplay
between these completnentary aspects ‘eads to a static nuclear potential-energy Landsape
containing multipie minima. saddle poi:. +. and vatleys, as well as to a rich dynan:ie heiaviar
ranging from elastic vibrations of solids to long-mean -tree-path dissipative fluul tlow wah
statistical fluctuations.

Despite this underlying complexity. Meitner and Frisch® quickly recognized that fisson
is basically a large-.amplitude collective rearrangement of nucleon., inuch like the division
of a charged drop of liquid. On the basis of the liquid-drop model. Bohr and Wheeor
provided a satisfactory account of many of the ecarly properties of fission, as discussed o
Vandenbosch? in his introduction 10 the conference. This model. where hission represen:s .
delicate rompetition between disri. ,ve Coulomb forces and cohesi e nuclear forces udeaiized
as surface tension. was studied extensivelv® ' for the next quarter centery. Yeo naty
experimental phet:omena lay outside its predictive capabiities, and it berame increas:ngi
vicar that single-particle effects also play decisive roles

A quantitatnive method for treating single. particle shell and pairing ceirections was des el
nped i 1966 by Stratinsky'™. whotm we had the aleasure of hearing frorn at this conterenoc’
The nlea of a wmacroscopic-microscopic method, in which smooth trends are akea irae o
macroscopic tmodel and local Huctuations fraan a microscopic model, had been mtrodac el by
~wiatecki'™ in 1963 with a simplified procedure for calenlating the microscopic thioruatms
that worked only for sinall deformations. These developizents revolutiomzed the calesilanon
of tsswon barriers This renaissance 1n our understancing of static fission propertes wa- ol
‘owe b 19TH by another renaissance assoc:ated with the dynamics of lission Threoggn ke
work o Grosst Swiatecki?, and others, ©1 was reahized that at low andmoderate exor e o
crengas the nedhamsan of nacear dhissipation soannieateiy connected wath the e e,
e et o suceons inside a nudclens

~entaneconsiy, hully selfeonsistent uncroscope tnethods were alsndeveloped aed e o0

ot sems ~taties amd dynanues Foroa geven olfectve nackoon nucleon snteractior e e
ragesl <tatic Hartree-Fook appracmation® owas user] tecealoulate tissooey bz o e
s depetslent Hartree Fack approvaanation®™ =7 was ased tocaboalate the dvie oo

toncnl e oming npclens ) as wen as the serse process o heavy o bieaot o

At ety ime mean heeh apatonat et wae e te g et e cpoetas e



Many new res:its were presented at the conference that contribute to onr andersiand-
g of this vast nend. In attempting to sammarize these contributions. |y e decied s
concentnee o wia! ftssion has taught us coucerning the three fandarmental quantities that
characterize arge-amplitudde nuclear shape changes: the nuclear potential ene=gy of defor-
ination. the nuclear inertia. and nuc.w ar dissipation. Nince these three quantities enter the
equations of motion for the collective coordinates of a tissioning nuclens, the properties of
lission can be computed at some level of approximation onve they are known. Fxperinenta
resilts will be interspersed with the theoretical developments at appropriate jeants, even
thongh they are affected to some extent by all three quantities. | will be focusing on the
nuderiyiag physical principles involved @ :ner than on the mathematical or experiinental
detaiis. Also. | will not have time 1o mention the work of everyone who spoke. but mstewl
wil! nse those results that best illustrate the particular points | i trying to mike. For
continaity. | will occasionally mention recent work that was not explicitly presented at the

conference,

2 NUCLEAR POTENTIAL ENERGY OF DEFORMATION

2 1. Selfeonsistent Hartree-Fock caleulations

As Herger®™ told us. the most fundamental way to calculate the nuclear potennal en-
ergy of deformation is to start with a realistic interaction between the underlying nudlear
constitaents and solve the appropriate many-body equations in some approximation o
put what 13 artually desoin proper perspective, let us remind ourselves that since mincleons
“lemselves are composed of gquarkys and gluons, one should ideally start with the Lagraugia
v guantun: chiromodynamics®™ and solve that somehow. To get to somnething tractabic, one
must make several approximatians. First, one must approximate the confuted quasks and
R.uans by nucicons and mesons ~econd, one must replace the refativistic eqratian satished
hy spm-; nncceons with a nonrelativistic equation.  Third, one must replace the reaiistu
ateraction between nucleons with an effective interaction.

For simpie effective interactions, such as those of Gogny and Skyrnne, the constrasnml
Hartore-Fack approxnnation has been used to compute the fission barriers of ** Puand ther
heavs scer Results computed?? 3% wath the finite-range interaction of Gogny are shaw om
P b Axa asvitanetry s taken into arcount at the first barnier, aned reflecnion acv ey

ane:s ooaccenin! hevond the second mmpeiam The upper carve, which s comge ted

W he arinagl values of the constants i the L1 DL anteraction, hes sigmiticant s haogher
w! the N cak, second nnmimum I second peak than expenimental valires Cwhechare
dabewred “he sertical arrows L cever, when the surface energy constant a, s pabacod

rotn ats orghinal value of 202 MeV 1o 190 MeV, the caicubated and experimmestas wanas
agree to w.rth abont 2 MeV oacouracy, as nihicated by the lower curve
[he costraned Hartree Fack bssion baseier tor 24 Pa has abso heen cengeinoatst oy o

e pororange Skyemie MO e e, Yar whc b the sarlace eneegy oot L
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Fig. 1. Fission barriers’*?% computed with the Gogny finite-range int-raction.

MeV. These calculations impose axial symmetry and reflection symmetry. whose removal
would lower the second peak to below the experimental value. The smaller vialue of . in
this witeraction cotnpared to that in the Gogny interaction arises partly from the zero range
of the Skyrme interaction.

2.2, Macroscopic-microscopic method

Becanse of computational difliculties and other reasons. selfconsistent Hartree-Fock cal-
ations of the fisston barrier have been carried out for only a few nuclei. Instead, nearly all
tission barriers have been calealated by ineans of an alternative approach  the macroscopic-
tcroscopic method. T'his method synthesizes the best features of two complementary aje-
proaches. The smooth trends of the potential energy (with respect to particle numbers anl
Jdeformations) are taken from a macroscopic model, and the local flu-tunations are 1aken from
a tmicroscopic thadel. The method in its present form was developed in 1966 by Strutinsky
atd has since revolutionized the calculation of fission barriers. The idea of a macrascopie-

nicroscopic method had been introduced earlier by Swiateckt'™ and others.
[t this neethodd, which s suitable for treating nuclear sy stems that contamn a larg. nher

w2 particies, heaotal nuciear potential energy of deformation s wrtten as the s ot wa

s ey

Fhe tret term s a smoothly varying mactoscopie energy that repeoluces the heowd teends
of the llllll'll\;dl tnergy The secomld term contains os dlating mucroscopae carrectns e
arise bevanse of the discreteness of the imhvidnal particles The st aneportazs o e
parely micrascopic contnbitions are the shell ansd paarig coreections

Phe caicnianion of the nudlear potential energy ol defarmation by means o 220 g o

ciany pertormed s five steps 1 specay Che popciear e S 2 UG e e
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Fig. 2. Fission barrier computed with the macroscopic-microscopic method. ilusirating the
cffects of axial asymmetry and mass asymmetry®.

scopic energy. (3) Generate the single-particle potential felt by the nucleons. (4) Solve the
Schrodinger equation for the single-particle energies. (5) Calculate the microscopic {shell an.
pairing) corrections. The total potential energy is then given by the .um of the tnacroscop:e
cnergy calculated in step 2 and the microscopic corrections calculated in step 3.

As illustrated in Fig. 2. the fiss‘on barrier of a heavy actinide nucleus calcula’ v
this method contains a secondary ininimum surrounded by two peaks??. The seco ..ary
mintmum arises fromn shell effects associated with a nuclear shape whose axes are in .l
ratio 2 1. The dashed curve gives the potential energy for symmetric deformaions as
function of the distance r between the cenvers of mass of the two niascent fragments, in uints
of the radius R of the spherical shape. The inclusion of axial asymmetry at the first peak
lowers the energy by approximately 1 MeV, whereas the inclusion of miass asyrmnetry at
the second peak lowers the energy by approximately 4 MeV. Such inass-asymmetric secoml
saddle points are intimately connected with asymmetric fission-fragment mass distiibaton <

~ 4 ropenmental consequences

~mgle-particle effects of the type we have beea discussing lead to several miterescg ox.
perinentally observed phenomena  As discussed by Habs ' the presence of o deep so anlany
namtnutinan the fission barrier leads to some states of the system in which the wave tunce
s concentrated primanly at thas larger Jdeformation Sch spontatienusiy Qesjomng o
viere discovered experunentally w1902 by Poitkatnov and cowarkers™ 0 b, ared case
now heen observed in 33 nudderrang ctror YU G0 SCRR It ST G TN e

decgy back to Jhe fiest well has b eyl e b, o st ey s e
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F:g. 3. Analvsis of fission cross sections in terms of rotational bands of opposite parity™

gatiina decay back to the first well has been tentatively identified also in #33Th.

From detailed spectroscopic studies in the second minimum?®®. the extracted monen:s
of inertia and gnadrupole moments correspond to muclear shapes who-v axes are :n i
rat.o of approxirnately 2 1. in accordance with theoretical expectations. Seven hgh-<pin
superdeformed states corresponding to <hapes with axes in the ratio of approximan<y 3 1
have been observed™ in rare-carth nuclei ranging from '*Gd to '3*Dy.

When a nacleus undergoes fission through a barricr containing two peaks sepitrated b
a ~ccomdary minimam. two distinct types of resonances in the fission cross section beconie
possibie. A classic example of the first type appears in the neutro: aduced fission «ross
sectwon of *3 Th. which was measured at Harwell by James. Lynn, and Earwaker® The
reiatavely broad resonance of width 40 kel at 720 keV incident neutron energy has trah-
foakany been associated with a quasistationary vit-rational level in the secondary smnonn
al the fissior: barnier.

However. Hions® described recent evidence indicating that this resonance s actuainy
assocated woth o third minimum in the barrier corresponding to a mass-asvimmet s delar.
mat.on Fhs possibihity had been pointed out in 1973 by Moller? as o resolniges e
Cheroatoanesnans that existed at that time. The recent evidence, shown :n Fig 3oeon e
Wt s anaiy sis of the fission cross sections for the =¥ Thinf) and Pl e e
Yoaos s ez ol transition states corresponding to two rotational bands of opposte e
Froevessehuen ' presented adiditional tentative evidence for a thard asymmetne noas ac
rerrns b s lorward-hackward atmisotropy in bssion-fragment angular distnibanions

A~ discassed by Wegmann™ the secoml iy pe of resomance strnctire arisng o
soaresl Lasing harea : ocoues when e exotgion esergy 18 ciose Toca oo
coe S the ciegs Sirnated at the cecomslary nansesm Phos cculusteated o b e
e \

. Lo e Uasiar o pose seet e U P s el at G N e
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Fig. 6. Schematic illustration of experimental fission-fragment mass distribution for the
spontaneous tission 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
grouaps 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.

Experitmental values are now available for the heights of the relevant saddle points and
subse.:ient minima in the potential-energy surface for numerous nuclei. From previous
compatisons® ¥ ¢ 42 hetween experimental and c.lculated values. we conclude that the
o roscenieanicroscopic method is capable of reproducing the extrema in the potential-
energy ~irtace "o within an accuracy of abon 1 MeV. A detailed up-to-date comparison for
neaca thiocghout the periodic table wonld be extremely valaable.

We heard from several speakers about the iniportant role that single-particle etfects play
i lission-fragment mass and kinetic-energy distributions.  As discussed by Itkiz, recent
incasurements show that at sutliciently low excitation energy the mass distrtbutions tor
VI andd other light nucler are asynunerre Wagemans® presented new results) how oy
F:g 5. auhicating that in the spontancoss fisaon of plutommm isotopes. the addirion ot ey

woseitrons enhances theoloubiv gt Tragenent shell eflects ar 50 protons el 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*®~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 becomes skewed, with a peak at high energy and a broad
low-energy tail. The spontaieous-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- rial-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 chape 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 incinded
i the potentiai-energy surface*” for ***Fm shown in Fig. 7.

Because the saddle point leading into the new “ision valley in the lower right-hand
portion of Fig. 7 is lower than that leading into the oid 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 saddbe pone
This switchback path is probably responsihie for the low-energy tail of the kinetio e

distaibution for this nucleus®?
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Fig. 8. Fission-barrier height as a function of the charge of the lighter fragment®?:5}-53,

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 mode! 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 asvrumetry into the statistizal evapora-
tion of complex fragments. The spontaneous emission of complex fragments was discussed
by Price®® and Poenaru®*. Asshown in Fig. 9, clusters ranging from '*C to Si have been ob-
served experimentally®®, with half-lives ranging from 10*! s to 10?® s. Since cluster emission
is intermediate between fission and a decay, theoretical approaches based on hoth 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 cnergy

release.

3. NUCLEAR INERTIA
3.1. Role in spontaneous fission
We turn now to the nuclear inertia. which at low excitation energy is experimentaily

tested primarily by spontancous fission. Rtecent progress in selfconsistent microscopi treat.
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ments of spontaneous fission was discussed by Negele?®, who used a Feynman path integral
to formulate an imaginary-time mean-field theory of tunneling in many-body systems. 'I'his
approach has the nice feature that the contributing paths in deformation space are deter-
mined automatically by the system's Hamiltonian. For a %S nucleus without spin-orbit
imteraction 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. llowever, because of computational difficulties, this approach has not ' heen
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 considerations 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, Mirroscopic and semi-empirical ipertias

The nuclear inertia tensor for spontaneous lission is frequently calculated nneroscom:

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

curves”* an Fig. 10, the microscopic inertia with respect to the distance between nss cen-
te-- ras an oscillating function of deformation and for small deformations is several tiimes
the irrotational value. These properties arise from the rearrangement of nolal ~teactre
in single-particle w .e functions which occurs at the near crossings of singlepa: e e 0
The microscopic inertia oscillates about a semi-empirical inertia, which is related ol e

tanional 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-etupirica.
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 tiwe
velocity dependence of the single-particle potential and the reaction of *he pairine tield o
the collective motion. The inertia calculated in this generalized crankin. .nodel ., ,.rouches
thy correct value in the linit of large pairing, in contrast to that calculated in the orgginal
Inglis cranking model.

3.3. Spontancous-fission half-lives

The important role that spontaneous fission plays in limiting the production of very
heavy nuclei was stressed by lazarev™ in his discuss:on of recent attempts at the JINR
Dubna to produce element 110 through such reactions as ¥3Th - **¢* - 3110 He also
described how pairing vibrations can increase the tunneling, an idea Wduaced i 1971 by
Moretto and 3abinet®! and recently used by Pomorski and co-workers™ in their hail-iife
caleylations.

Minzenberg™ described the production of three atoms of 37109 at the GSLin Darnstadt
by use of "*Fe projectiles. The production of other heavy elemenis with neatron rak 1 4
arojecnles was disce 1 by Gaggeier®®.

W hen caaeparing » aperimental and caleulated sponta. - ous-tssion half-hves, Hotfrzan
noted the large Jiscrepancy that previously existed for very heavy elements with neatron
number N 158 Asallustrated i Fig. 11, thay discrepancy 1s to « lirge extent resaived by
vonsidening tunnel g into the new lission valley that exists mosae ases®™ ¢ The red Loty
i calcidated half-life arises both becanse the potential energy 1s lower and becasi e e
mertia s less along the path leading into the new salley than the correspordisg g o
along the path leadhing into the old valley  Fhe agreement i even further anpoeoned e

the mfluence of paining vibrations on the tunnehing 1 taken into ac ount !
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Fig. 11. limproved agreement between cxperimental and calculated spontaneous-tission
half-lives when the new fission valley is considered** ¢,

3.4. Inertia for induced fission

At high excitation cnergics and large deformations, where pairing correlations have (lis-
appeared and near crossings of single-particle levels have beco:me less frequent. the rotationa!
imoment of inertia is close to the rigid-body viiiue and the vibrational inertia is close to the
incompressible, irrotational value®. The inertia tensor can then be calculated for a snperpo-
sition of rigid-body rotation and ince- ressible, nearly irrotational low. For this purpose
the Werner-Wheeler method, which . :mines the flow in terms of circular layers of Huid'™,

can be used.

i NUCLEAR DISSIPATION

We turn now to nuclear dissipation and its role in the dynamical evolution ¢f a fissioning
nucleus. Dissipation mechanisms were discussed at the conference hy Weidenmiiller' ¥, anid
P'ashkevich®® presented a survey of macroscopic approaches to fission dynatmnics.

Up unad about 1974, it was generally believed that the dissipation mechamism n tission
¥ two=body collisions, like that responsible for viscosity in fluids, and that the viscosiry
voctlicient s relatively small. Hlut then. through the work of Grosa''. Swiatecki® | .l
atners. it was realized that the long mean free path of nucleons insude a nucleus ar low anid
moderate excitation energies, ansing irom the Panh exclusaon pnnaple for ternnons and the
detais of the nucleon-nucleon interaction, alters both the mechamsm and magnmirade

11 Long-mean-free-path dynans

The effects of a long nucleon inean toee path on fission dynaimics have boeen inoarpon gl
by meanyof several different macro pic and e roscopic approxaimations. which have ot o

sachically s hfferent puctures By assanang thar the velooty dhistnbutian of mon levas o1z -

amovitgeontaner walbis completeiy ravdon. Swieckand s niteagoes dernved w o g
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t'ig. 12. Fission of ¥ U, starting from rest 1 MeV beyonid the saddle po’ w**

wall formula for describing such one-body dissipation, in terins of which nuclei are predicted
to be highly overdamped® ®* ™. |y contrast, by constraining the many-body wave functien
to at all times he a Slater determinant of single-particle wave functions, Negele et ui. treated
the dynamics by use of the time-depetident Hartree-Fock (T1/UF) approximation, in terms
of which nuclei dissipate much less energy?*?’.

These two contrasting extremes are illustrated?® in the first and last columns of Fig. 12
for the fission of ¥, In the TDHF calculation, which is pe formed with zero spin-orint
interaction and an effective pairing gap A - 2 MeV, the titne required to reach the point
neck rupturcis 3 1 - 10 3 s. This is only slightly longer than the 2.5 + 10 ' s requured for
the nonviscous descent shown in the second column, but is substantially leas than 1the 129
+ 10 *! 3 required for the descent with Swiatecki's wall formula shown in the fifth column

The relatively sinall dissipation present in the TDHF solution is associated with rhe
complete negie 't of two-particle collisions in this approxitnation. Several steps have bren
taken :n the amportant direction of incorporating two-particle colhmions wto the hiE
approxunation?”.  Although prommising, these attempts have not yet led to any detimive
condclusions because of both conceptual and ¢o putational ditficylties

42 Surface-plus-window dissipation

Pashkevich"® discussed another macroscopic approach, where long-mean free parh oy
nattey atd two-particle collisions are werged moa natural war™ bnothas approach, we .-
s vaha for intermediate excitation energres above which pairing has disag.peared and Le oo

whih the nucleon nwean free path esseeds the nuclear diameter, the dusipatiom e o
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primarily in the surface region from two distinet mechanisms.

The tirst mechamsny is one-body dissipation, but with a mag-:tude that is sabatantially
reduced reiative to thiat of the wall formula. In calculations tased on the random-phase
approximation for spherical :  lei, Griffin, Dworzecka, and Yannouleas 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 coeflicient 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 assurnption of
a random velocity distribution that was used to derive the wall form:la.

The second mechanism is two-body collisions in the surface region. The Pauli exclusion
principle, which suppresses two-body collisions in the nuclear interior  “sappears as one
passes through the nuclear surface to the extertor’*. {n addition, the 1. . nucleon-nacleon
cross section itself increases as one passes through the surface to the exterior hecause of
ity increase with decreasing kinetic energy. Since the density decreases to zero outside the
nucleus, the probability for two-body collisions pcaks in the nuclear surface.

Under the assumption that the surface dissipation is 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
(%)
de

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

about to strike the surface element d5, v is the average speed of the nucleons inside the

k,pr/(r’t - DS . ()

surface

nucleus, p is the nuclear mass density, and &, 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
experithental data indicate that for real nuclei its value is much less than unity. The value
of ky 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 1hat is analogous to the « las<cal
window formula of Swiatecki¥* “*™ I'he result is

dH

‘ 2 .
. ) . 3
dt 291 ar‘F(q.q) 13)

shere a 18 the area of the window, r 18 the relative veloaity of the centers of s of the *
portions of the systern, ¢ denotes the callecnive caordinates, ¢ denotes the colleciive ven

and Fg,q) deseribes the effect of 4 nonumitorm veloaty as a fundction of posdon i
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deforming fragments There 1s no need to renormalize this part of the dissipation harcause
nucleons that have passed through a small window have a low probability of returning
throngh it wnile still retaiming memory of their previous passage. The combination of these
two meckanisins leads to surface-plus-window dissipation.

Pashkevich® and Schroders® boch discussed dynamical calculatious of fission that have
been performed with surface-plus-window dissipation™. For values of the streng:: corre-
sponding to dynamical motion that is somewhat overdamped. these calculations satisfacto-
rily reproduce the average kinetic encrgies 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 1antities in fissic
As discussed by Weidenmilier®” and Pashkevich®®, the coupling between the collective
and internal degrees of freedom also gives rise to residual tuctuating forces, which diffuse
tne dyinamical 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

b) J V BIRY AR
‘,f,, (M l).,p, f 15 ) . 1 )Ll )a Bf
Jt J

M e e f) ey L
9 dq, 2 Jdq. PrPy dp, -t J.ap( Py s Jp,dp,

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 tlow
over the bharrier, Kramers’™ showed in 1940 that dissipation increases the asymptotic value
of the fission lifetime relative to thc Bohr-Wheeler transition-state value®. As discussed by
Weidenmiller®” an | Pashkevich®®, Lthis important result has only recently been incorporated
into studies of tission.

4.1. Neutron emission prior to fission

Sohrtion of the Fokker-Planck equation (4) for two other situations has made it possible te
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 analyiical
solution for the meun saddle-to-scission time has heen obtained from a one-dimensional
stationary Fokker-Planck equation™® Second, a numerical sclution for the transient time
requured to build up the quasi-stativnary probability low over the fission barrier has toen
vhtaimed from a one-dimensional time.dependent Fokker-P'lanck equation™ *!

During these saddle-to-scismion and rranmient nmes, additional neatron erasoen



take piace relative to that calculated from evaporation in a standard statistical model. Such
enhanced aeutron emission has been observed experimentally in heavy-ion-induced fission
reactivns™ 7. Althongh some important differences in the experimental results still rema,
the analysis of this enhancement in terms of neutron emission during the saddle-to-svission
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 23"t 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 events are
only a tiny fraction of the total events, they nevertheless correspond to situations in which
there is no dissipation of energy «tween the saddle and scission points.

Scveral other experinents 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 cnergy
dissipated between the saddle and scission points is small for low initial excitation cnergy
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 pritnarily from the interaction of nucleons with the mean
tield 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 dutnbbell-like system. The
magnitude of dissipation at moderate excitation energies corresponds to dynamical mation
that 14 sommewhat overdamped.

5 FUTURE CHALLENGES
Oar 50-year dyssey with fission has led to a vast wealth of experimental data, a0 wenn
quantitative understanding of the process based on the macroscopic-microxeopn npilel

and unportant progress with selfconsisient mucroscopic methods Now that we luve n
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turned to the birthplace of our odyssey and completed our assessment, we see that ar s
not yet over. Fission continues to surprise us, and important challenges lie akcad. These
include devising experitnents to unambiguously distinguish dissipative effects from anal-
ogous effects caused by collective degrees ol 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 to 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
nsing 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 glion
degrees of freedom taken 1..'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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