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FISSION AND FUSION DYNAMICS. I*T
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) Institﬁte.of Physics; Aarhus, Denmark
and
Lawrénce Berkele& Laboratory
University of California

Berkeley, California. 94720
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I would like tovsay'a few simple things about the combined field

of fission and heavy ion fusion. I believe that fission and heavy ion

‘fusion should be discussed in a unified way, In boﬁh cases one has to

deal with drastic'rearrangemenfs of nuclear structures, where many
nucleons are ipvolved. One is:dealing_with a situation where, for many
purposes, é macroécopic.approéch is expected to be avgpod ;tarting »
point. A kind of nuclear.macro-physics, characterizgd by A:$>l; is
wﬁat one wanfs té explore.,

The characferiétic feature of a macroscopic app;oach_ié that
collective rather than singié-parficlg degrees of freedom becohe
convenient and relévant; Of course the microscopic approach’always
remains.the more fundahental one.and has to be used to ansyér'funda-

mental questions. But the macroscopic approach becomes a convenient

) technique‘for treating many phenomena.

In virtaue of the relative thinness of the nuclear surface

(the "leptodermous” character of nuclei), the shape of the nuclear

* . . .
Work done under auspices of the U.S. Atomic Energy Commission.
1 Based on a talk given at the Ebeltoft Conference, May 19, 1971, at

Ebeltoft, Denmark.
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surface is the relevant degree of freedom’in a macroscopic description
of fission and fusion;

In general many degrezss of freedom afe needed to specify accu-
rately the shape of a dividing or fusing nﬁcleus. If one is cléver in

one's choice of degrees of freedom this number may be reduced to a

,managéablg set. . I believe three degrees of freedom. is the barest

minimum necessary to display the essential features of fission and

fusion dynamics.
These degrees of freecom are something like this:

1. An elongation coordinate, say &2=

2. A necking coordinate, say ah.

3.. A mass-asymmetry coordinate; say &5.-

(We use tildes over Gy a3, ay, . to imply that these variables are

only vaguély related to thg‘coefficients of -Pz, P3; Ph in an expan-
sion of the nuclear sﬁapé in.Légendre Polynomials{‘ Having made this
point we drop the tildeé in the rest of the paper.) The nuclggr shapeé
corresponding to these degrees of freedom can be displayed_in a fhree4zﬁl
dimensional space like Fig. l.

' Thebfission of a nuéleus would be described by‘somé path;in,,

this .configuration space, starting from the sphere and gbing sémewheré?

. to the right. 'Similarly, fusion would be anothef path, very roughly

the reverse of fisgion. If we treat the problem quantum mechanicélly,
we shall be solving a Schrodinger equation inbthe. a2a3au space. In
order to constrﬁct a dynamical theory of such paths or to‘solve the
SchrSdingef equation, we will need information about certaiﬁ crucial
p;bperties of the nuclear systems considered. So before plunging into

the discussion of the fission and fusion paths or of the wave functions
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W(d : a‘), let us stop to ask what really are the cruc1al pleces of
information that we will need in ‘order to set up a dynamlcal theory of
fission and fu51en.
Well, ggl_thedry in applied physiecs may-be-said, einee the time

of Newton, to be based on Equations of Motion. This is true both in

classical and quantum mechanics. Now, in general, there are three -

‘types of terms in an equation 6f motion:

" Associated

"cﬁiations of inertia coefficients. Sven Bjernholm will deseribe some

with time . - : ]
derivatives Relevant Quantities
1. Potential Energy Terms | zEROTH V(a 0. )
'2, Friction, Damping or . |. FIRST . Rayleigh's Dissipation
© . » Dissipative Terms : Function or iw(aeajahaj
1.3, lInertlal Terms. S " SECOND aj(a2a3a””') B

. Tpe humbef three is no accident: it iS’associeted wieh"the fact thd£
‘equaiions of motion eoﬁtain.zefoth, first and secon&dtime'derivatiees_'b
.ef'the degrees of freedom, but no higﬁer. .
In cla531cal mechanlcs the dlss1pat1ve terms may.be descrlbed

: by somethlng called the Raylelgh dlss1patlon functlon In quantum .
‘mechanlcs the potentlal energy and the damping terms are sometlmes
;COmblned in a complex-potent;al V(a ah) + 1W(a ah) The 1nert1a1

tefms in classical ae weii es quantum mechanics give rise to a so-callea

inertia matrix or temsor M, e (a2 3ah.;), ﬁhich’deeeribes the ineptialv
"response of the system to changes in the degrees of freedom In any

)

case, there are three pieces of physics to con31der in maklng a

dynamlcal theory-

_the-huclear'shape, with ‘an accuracy of about = l”MeV. This.is one - |

* MeV out of a total binding energy of some 2000 MeV.

a2a3ah. is given Byfa_pock-markéd eurfaCe)kconsisting'of a smooth ~' | : oot

1. Potential Energy
2. Damping
3, Inertia.

In the case of nucleer ma.cro- phys1cs the sitﬁatieh today is

that we have a good understandlng of 1, a little of 3, and_very llttle ”L,[_
T

of 2. I believe.thet in the.future we will have to_concentrate on

. o ) N /-. . . v4 . V'
pulling up the information on Inertia and Damping to a level that -
matches our understanding of the Potential Energy.

In Szymarski's talk we heard about the progrees made in cal-

first steps in orienting‘eurselvee with regard to .the magnitude of_

damping tefms. N ﬁil; talk moeti& abeut the Potenpial Enetgy, with
some hetions aboutvineitia coefficients:slipped ih behindeyogr backs.
" our understendingvof_the‘nuclear potential energy has made
great_progrese invthe last few years, pripcipelly es a resplt'of'the
success of Strutinsky's prescribtidn for EOmbiniﬁg macrosocpic and -
micrqscopic"fheoriee. 'We are toaey“in a.poeition vhere we cgnfcel-

culate the petential energ& of & nucleus as.a function of N,Z and

What' have we learned?-_The ﬁotentiai energy as s functionAef

.

'part and shell effect'poékemarks. The eharacteristic undulations of
.the smooth part are generally of the order of tens of MeV, the pock-

" marks are oﬂ'the.order of a few MeV. The theory underlylng the smooth

part is well understood. - The pockrmarks, though not so:well'under7:
stood, are elso beginning to be related to simple features of the - . o v

nuclear shape,
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There is, or course, a wealth éf structure in the problem,
especially in the pock-marks.. I could not possibly describe in a few
minutes even the small partvof‘the structure that I understand. All I
ﬁill do today is to mention what I considei are the ﬁést important
featurgs ofythe smooth étructure. (1t will be like. describing a
pb:cupine'&s ajprolaté_spheroid, which could be embarrassing, or like
deScribing the éarth as an oblaté spheroid, which is pretty accurate.
The aceuracy of.describing the nuqléar pétential energy by meéns of
the sﬁboth structure is better than for porcupines and‘worsé than for

the earth.) |

?here are two really .fundamental properties of the smooth part

_of the potehtial energy'maps. The first has‘to do with the mass-

asymmetry coordinate, the second with é_mis-alignmeht of certain poten-

tial energy vélleys.

1. Existeﬁceﬂof'a Ciitical Mass Asymmetry
2. Existence of two'Misaligned Valleys.

Critical‘Asymmetry

As regards éssymetry the most important thing té keep:in mind
is that fﬁere exists é critic&l mass asymmeiry, & critical ratio of
masses of‘target-and projectiie. For méss asymmetries more extreme
thén tﬁe éritical (i.e., for-a light heavy ion) the target nucleus

tends to suck up the projectile. For asymmetries less extreme than the

critical (i.e., .for really massive heavy ions), the projectile tends

to suck up the target (until the two have become equal). Most heavy-

ion eXﬁeriments done to date lie on one side of the critical asymmetry.

Most heaVy ion experiments of the future (in particular those aiming
at super-heavy nuclei) will lie on the other side of the eritical

asymmetry. The crifical a§ymmetry is therefore an important feature

-6~
to bear in mind whgn extrapolating from past gxperience to future
experiments with realiy heavy ioné. (More‘abgut this in We J. Swiatecki,
UCRL-19405 gnd Prdc. of Int. Conf. on Nuclear Reactions Induced by
Heavy Ions, Heidelberg, July 15-18, 1969.) {An example of & system
with critical asymmetry is a neon ion and a heavy nucleus in contact.)

Misaligned Valleys

The nuclear shapes as functions of «

The second important feature of the Nuclear Potential Energy'
maps in agajah_ space is the existence of two valleys, similarly

oriented but mis-aligned. Let me explain.. Think now of a fixed mass-

,

asymmetry, i.e., a section through the 0203au space along a fixed. a§.

, and oy are shown in Fig. 2.

" The simplest way to summarize the findings of many people who

have investigated the potential enefgy in spaces like the aeah space

is to say that. there arg two vélleys, as shown. One valley starts from
thé vicinity of the sphere.' After & saddle,‘the enérgy goes down, but
there is stability against changes of the necking codrdinaterfor a
fixed elongation coordinate. Below this-valley is a roughly parallel
Two-fragmént ?alley_correspénding to approaching or separating
fragments. .

._(Farther up thére is. a fhird.valley, the Thrge-Fragment Valley,
about wﬁich I_will not say anything more.) '

. How do the valleys fit together? I have shoﬁn an oversimpli-
fied sketch té give you ahint §f whgt'the situation looks like. A
plaﬁ, an end viewvand a side view of.the potentiél energy surface as
function of a, and o). (See Fig.‘3.) 7

‘ I.hope you can see the fission valley with its saddle and-

' stable.sphefical shape and the misaligned two-fragment valley. Between

.the two_is a ridge running from A +to C. Remember also that on top
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of what I described are shell-effect pock-marks. (One of these is

shown: the maglc hole 'H, responsible for the stability of a super-

heavy nucleus. ) . -""\
. wlth thls potentlal energy surface as background we can now
shetch in a f1ss1on path-correspondlng to a d1v1d1ng system.,,The
nucleus. deforms, goes over the saddle ‘and rolls down the f1ss1on valley;
‘In the nelghborhood of p01nt C
and the system_is injectedilntO'the two-fragment-valley. ,3ecause of
the»misalignment_of?thenvalleys‘thevinjection»is off—aiis and the
representattve ﬁoint vibrates around the axis as_lt?descends_the;tyo-
}ragment valley.
of the-fragments i'e.gnto'fragment excitation. The _excitation energy .

S is roughly the’ dlfference in energy between points C and D;

Experlmentally it 1s typlcally 20 - 4o MeV and is eventually d15$1pated

in neutron evaporatlon from the fission fragments.

NOW'about fus1on.» The 31tuatlon is analogous. We - proceed up”

the Two Fragment Valley correspondlng to approachlng nuclel. At the

»'p01nt A, correspondlng to tangency, equlllbrlum agalnst an 1ncrea51ng

. eccentrlclty of the fragments is lost and the system is 1n3ected 1nto‘ .

the flss;on Valley,ﬂ’Because of the offecenter injection there is
vioration about the axis of the fission valley, which would eventually
lead:to:eXCitation of;the'fused system. The’amount of excitation is.

roughly the-difference between thefenergy at A dand at B.

An analogy to these flss1on and fu51on paths may be constructed',

in terms of the path of a beam partlcle in a linear accelerator. (Thls
seems appropriate at an accelerator conference.) Imaglne a llnear_
ccelerator con51st1ng of two mlsallgned segments -Each-segment has.~

radlal focu51ng (e gy quadrupole lenses) A short pre-accelerator ’

-up~hill into the pre-accelerator.

equlllbrlum agalnst necklng 1n 1s lost )

This_vibration corresponds to changes in eccertricity " super-heavy nuclei.

_ and B- went somethlng like this.

‘g

’

(the fission valley) injects a particle into the main accelerating

.o

‘tube, which, however, is misaligned. Conversely, in fusicn, =

i particle is sent Yack up the main'accelerator and is then injected

Because of thehmiSalignmenty
transverse oscillations ere_set_up in the_beam at‘injection._ These
oscillations correspond to fissionrfragment.excitationslin'the case
of.fission,for to the excitation of .the fused nucleus in the case of
fusion.

The questlon of estlmatlng the amount of exc1tatlon follow1ng

~a-fusion reactlon 1s one of the outstand1ng problems ‘in trying to make

(If there-is too much excitation one will not be

able to make them.) I am eurrently;trying to apply the picture of the

‘two misaligned valleys to estimate this excitation in the case of heavy

ion reactions.

From other considerations I believe there are actually rather

few combinations“of‘target and projectilehthat one should concentrate -

. on:

1. m? Ge76
R
3. Cmel_‘e-f 18

(B%Vabundance of projectile isotope)
(l% abundance-of projectile‘isotope)

(50 abundance of. proaectlle 1sotope)

«

-In the‘first of these my estimates :0f the energy dlfference between A

If in maklng the potentlal energy

. maps, one forgets about ‘the dlffuseness of the nuclear surface and

. the f1n1te;range.of nuclear forces, one gets

EA-i $B ~. 80 .MeV .

S



J

5 Y

PR
]

r'
T
e

of the point A.

broad51de) then the energy dlfference E

‘very steeply.

.."9 -
If one ellows for the diffuseness of the nuclear surface and the
finite range of nuclear forces the energy differencev EA - EB appears
to go down to’somethingvlike 40 Mev. This is because the nucleer
interections_help to lower the‘two-fragmentvvalley»in:the_vicinity

ren a further nice thing happened.
232

If one allows

for the ground state deformation of the Th
232

target, and one

considers reactlons where the Th is hit on the nose (rether than:

ap  E0€s down further to some-

thlng llke 20 MeV. -This is agaln because‘with an elongated target the

[y

“nuclear interactions can "reach>out" and- lower the energy of the point

A. With such a low nuclear excltatlon, my own ex01uat10n went up

Wlth only 20 or 30 MeV excitation in the _compound

~ nucleus one begins to-dream of .cross-sections for the formation of

28 _ 15729 en’.. One might one .

super-heavy nuclei in the range_of' iQ
day be making weighablesamounts_of the hew elements.

Then Sven BJornholm comes along and starts talking about large

damplng effects in f1551on, i.e., large frictional effects actlng on

tpe ball that is rolling around on the potentlal energy surface. (Thls
is.like having e:poor vacuum system in the accelerator. The vibrafing
partlcles in the beam get slowed down and are eventually lost ) ThlS

damplng, it large would damp my excitation con51derably You_can
probabiy see-at once»that too much friction will make fusion very

difficult if not impossible. This is because the point B is still

. some 10 or 15 MeV below the saddle that must be overcome in order to

enter the magic hole H. One hopes to provide this extra energy by

. increasing the bombarding energy'by 10 or 15 MeV over the Coulomb

barrier. But if there are large frictional losses, only a fraction of

‘the excess bombarding.energy will'go into the collective degree of

-10-

freedom leading from B to S, and the rest of the energy will go into

heat (excitation). If too: much goes into heat and too little into

‘collective motion? then one can say goodbye to super-heavy elements.

So the question of damping or friction appears to .be quite critical.
Let me summarize the main points of my talk:

1. Fission and Heavy Jon Fusion are parts of a single field

V.
ol
.

of nuclear macro-physics.
2. There are three pieces of physics one has to know to discuss
this field: Potential Energy, Damping, Inertia.

3. In the smooth part of the Potential Euergy the main features

.are’'a. critical mess'§§ymmetry_aud misaligned valleys.

L4, The prospects for super-heavy nuclei look reasonably- good
unless damping is too ierge.

Now let us see what Sven Bjernholm can say about the damping.
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