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INTRODUCTIQN
You mey find the title of this talk mlsleadlng. T will not try
to summarlze recent predlctlons concernlng super-heavy elements Thie

is done very well in a. paper by S. G. Nllsson et al.,’ avallable as a

' UCRL and to appear shortly in Nuclear Ph;ys:.cs.l There is even a Review

Article2 already available by’G T. Seaborg in Ann. Rev. Nuel. Sc1 (1968).
‘ The probable existence of an lsland of relative stablllty around
a2 llO N ] 18h is really old etuff by now, and 1t is more-exC1ting
to look at the second stage in the game. |

‘ The first stage was concerned with the:questioh "can super-heavy

v elemehts,exist and what are their lifetimes"?

The second stage ie centered on the questioh "how to makeithem:
and what are the cross sections"?
Y‘There are three ways of discovering or making super-heavy elements:
_ 1. Find them in nature.
2.Y'Uee massive neutron irradiatioh;
3,‘.Use heavy‘ions.

4 I will only discuss #5, since this is a conference on Heavy Ions.

.The basic 1dea is of course: bang together two nuclei and hope

a super-heavy nucleéus will come out. ‘Many combinations of target and

projectile have been suggested for the'reaction:



-Al.+ Aé + Hope = Super-Heavy Nucleus. -

»I would llke to cla551fy the reactlons 1nto three group 'accordiné fo
' the scheme 1llustrated in Flg. l-
There are two prin01pal dlfflcultles in all the proposals' . .” ;
'l‘ How to make the neutron to proton re@;o come out;ln the
nelghborhood of 18k: 110. | | | | |
2. How to make the reactlon sufficiently gentle so as not to
shatter the extremely brittle super-heavy nucleus one is +ry1ng to
form."'l o i |
AiLet;me stress the>secon§ difficu;ty,.because_it.is.less
obvious: 'The fact that euper-heavy nucleimwill probably haVe high
fission barrlers and long half-llves tends to obscure the fact that
.they are yery brlttle, By thls I mean that although they are qtablek
and stiffhthey can Stend only a small amouht of-dlstortlon from the :
spherlcal shape. I wouid.compére a'super-heaVy hucleue to a crystal
- ball, or even a crvstal wine glass. LIt\is very-sﬁiff éhdvpermanent if
left to 1tself, but beware of dlstortlng it ‘much from its symmetrlc
shape.v If you do 1t will shatter at once.
| ,?This brittleness may be thejbiggest ﬁector in cutting dorn'
Cross sectiohs for ﬁhe formation of.suﬁer-heavy'nﬁclei in heevy;ion
reactiohs; because,heavy?ion reectionszie violent .afféirs. Theyrleao | B
as a rule¥to large vibrations and rotatione of the system and this‘is
bad if you are dealing with a brlttle object.
' A quantltatlve measure of the brlttleness of a nucleus 1s.fhe
size ofvthe_crltlcal dlstortlon beyond which it will dls}ntegrete-—a

kind of_elastic'yield_point. In fission theory Jjargon this is called



-3-»
the saddle;pgint shape,-ﬁeyond which ﬁhéguéieus falls.apaft.A.Thé
.fo;lowiﬁg:table iliustrétes how nuclei beéome very»briftlé.ihzthg :
rélétiveiy-ﬁarrow range bf masseé betﬁeen Pb, sgy>'aﬁd- Z =.li0:-
o 7., . Critiééi Shaéé, :   'vi "‘ Bfittlgness_
Po . 1;  j, | (::::::) S v:_ ' like rubber‘ _
R N G

raam—’

like pléxiglaéﬁ'-

mo I (:\ “like erystal.

" ‘Recently very‘intefesting experiments in Dubﬁa}have:demonstrated
that the:Po;nucléus sometimes comes fo as a-fiésionvfragment in the
bombardment of U with Ar. This has led to some optimism that élements

like Z # 110' might come off in the fission of ‘U + Kr ér ‘Xe. . I.
hope I am wrong, but the extrapolation from Po- to 110 may be misleading.
Po:is véry resilient and.mayiwell survive the trauma oflits birth as a’
fiésioh,fragment. With the brittle nucleus 110 thé dangers are muéh
greéter. B

To summarize: From the pqint of view of brittleness Type I
reactions afé least objectionabie. From the point of view of the:
N7 'ratid.Type IT1 reactions are least unfavorable. (Type II reactions.
ténd to'havé‘Coulomb barriers lower in relatioﬂ to théif Q=-values than
Type I:féactions. This is sometiﬁes thoughﬁ of'asvan‘advantage which
would maké."cqld fusion"_poésible. The high Q vﬁlueé may or may not
be_an adVéntage, But the argument for cold fusion.is not sound;)

t HMaﬁy ingenious suggestions havevbeen.madenand ére being hade to‘
‘get aroﬁnd the tWO'principél difficulties of making super-heavy nuclei
vwiﬁh héaﬁy ions. What can one do to take these Suégesﬁioqs out of the’
realm of spéculatioﬁs? _‘. | | | .

|
o

} v _ .
o |
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‘What is needed 1s the accumulation of a body of theoretical
-~ and experimental understanding of the interactions oetween heavy nuclei.

“This.is_today an unexplored'field,_ but one in which;intense activity;

L

is to heseXpected inbthe nextAfew7years. I wiil spend theymainvpart of
my talk:ip'an attempt.to bring into focus.what I believe areAthebbasic
considerations underlying the theory of heavy-ion-reactions. This uill
be- concerned w1th the physics of such reactions rather than With super-
heavy elements. The understanding of the phySics is however essential
for the intelligent discussion of the prospects for super heavy nuclei

MACROSCOPTC AND LEPTODERMOUS APPROACHES

To me the central Simplifying feature of heavy ion reactions 1s
that both target and prOJectile contain large numbers of particles
' Hence the phySics of their interactions approaches the physics of
macroscopic obJects, characterized by A >> l This is really a new
Situation in nuclear reaction theory which historically has its roots -
in the idealization where the prOJectile is a structureless mass point.
AOn the other hand the discuss10n of the interaction of two macroscopic
obJects is a familiar concept in fiss10n theory, and one may use flSSlon
- theory as a guide in formulating the phys1cs of heavy ion reactions.
In fact the two fields are identical in their basic concepts and ‘one
:may'regard-them as different applications within the single domainvof‘
”nuclear macroephwﬁcsﬁ characterized hy' A >>1, A'particularly simple _ : .
verSion of the macroscopic approach results 1f the cube root of A may
be treated as large. This has to do with the requirement.that the
diffuseness of the nuclear surface should be small compared to.the |
-_nuclearnradius. Thus if a system possesses a reasonabiy well-defined

boundaryfit should be possible to describe itsAstate approximately in -
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" terms ofsmacroscopic quantities such as the.gebmetficél shape of this

boundary.

'ChinAFu Tsang in Berkeley has recéntly contributed»to.thé‘

. analys1s of" the valldlty of such a macroscoplc descrlptlon for an

assembly of partlcles characterlzed by a thin surface layer 5‘ We use

“vthe name LhPTODERMOUS to descrlbe a system whlch satlsfles Ehls condltlon

of having a thln surface. (From Greek: LEPTOS :vsmall,zthln;vDERMA'=
skin.) We have, of course; a loﬁ'of evidence'that,nuslei'ars:approxif
mately leptodermous systems.~ |

' The basic 51mp11f1cat10n in formulatlng the thesry of such

systems-ls that one may use the dimensionless quantlty

Surface dlffuseness

) 1/3

jg‘ A;l/j_

(Vblume

as a small parameter in a series expansion of properties of interest.

Let mwe point out that the macroscopic and léptodermous approxi-

mations are not to be confused with a classical approach. The following

table should make this clear, The criterion for a classical treatment

.

Approximation - Criterion. -

Macroscopic - A > 1.
Leptodermous ' » : Al/3;>>> 1

o . o ”' ‘ 1 - :
Classical '—2923225’ >> 1

Ry
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is that 1n e dynamical process the relevant actlon; measured 1n unlts
of A, should be large. Thls is not the same as the absumptlon A >> 1.
An example of a macroscopic but not classical treatment of a system is
the Thomas;Ferml descrlptlon ‘of atomlc electrons An example of a-
leptodermous but not cla551cal treatment is the dlscus31on of the'
bquantlzed osc1llat10ns of an ideallzed llquld drop | |

Ch1n~Fu Tsang has. extended earller work of Hlll and Wheeleru
and of Hilf and Sussmann5 to illus tretenthe convergence_of the’lepto-
dermons_expen51on in the case of systems resembling nnclei,ri,e.‘in the
case ofdfernions in a potential well of nnciear dimensionSQ

sonedeiemple he gives is the‘total energy»of>2t0 enchufermions
batvnuclear;density‘inside e ?otential Weli of varieble"shapef: Tﬁi;

energy can . be calculated exactly by summlng 240 elgenvalues, or it can

be approx1mated by a macroscoplc expan51on in powers of A l/é on3the
leptodermous model.
'The comparison of the results looks like.this

Order in Al/3 ' Energy N . % of Total . Running Sum-
| -‘ (MeV) N r o

A (=2%0) 4830 ‘ 1 69.86% - 69.86%
w2hs 1815 6.8 96,54
Al/3 L 3 225 ’ | " 3,266 . 99,80%
Totel © 6900 "

Exact Sum 691l | . ~ 100%

2o A% + Rest o - 0.20%

PN
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Erom suchsetudies we:conclude tnat the.lentodermous e#pansion
is quite andexcellent etarting foint for_describing_the.oVeralllprOPerties
of nuclear energies. | |
‘The fundamental.consequence wnich folloWS from'the7leptodermous
vcharacter of a system is that, the shape dependence of the potentlal

energy can- be predicted to be of the follow1ng form
PE= 01.(_‘,791?*'16')' + cz(s"slrfac.,e. Area)
'+v'c§(Integrated Curvature) + R
To this we may.add
+ (Coulomb Energy).

anie looks like & Liquid‘Drop mass‘formula--which it,is-—but
I want to stress that it is much more general in 1ts range of valldlty
As I sald, 1t applies to a whell model of quanflzed noninteracting
fermlons_;n a potential well no less than to a droplet of water.,dIn'
particularithe shape dependence-predicted by this formula has been-
tested by Chln-Fu Tsang to the- accuracy I indicated by vaxylng the
shape of the potential well and summlng the 240 elgenvalues

»Hav1ng satlsfled ourselves that the leptodermoua expansion is
_ well-founded, let us consider the approximation-invwhichxxmylading terms
are kepf;‘ These are (apart from a constant volume energy) a. surface ,
energy and a coulomb energy. From these we can. form a 51ngle | )
dlmen51onless parameter which spec1f1es the static’ propertles of a
charged leptodermous system. We may take thls_parameter to_be‘the

familiar/fissility parameter x of»nuclear'fission_theory, specifying
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the relative‘intehsity of electrification of'the.syStem‘

= 1 Ecoulomb(SPhere)
Xx = = 7 .
. surface(sphere) '
- '!; L (charge)
;Q (volume)(surface tens1on)
L1z
. 50" A

. for uueléi;'~

|  .This is:a.simble»uutkﬁasic'faef ofAb;tthissiOn theory‘end.heavy-'
ion physics as regards staties, the.princiﬁal featurés ¢f the'potential
energy may be dlscussed in terms of a surface energy and a coulomb energy,-
with a'single dlmensionless parameter specifying thelr‘relatrye strengths,
STATICS | e - |

--i will'illustrate the eensequences of this fact by consideriug'

vtwo-dlmensional potentlal energy maps relevant for heavy—lon reactlons

as well as forvflss1on physics., Such potentlal energy me.ps; show1ng

the energy as a function of the shape of fhe system, should 1n prlnclple
be ma ;_gz-dlmen51onal.v It turns out’ that if you s1mplify the prdblem as |
much as you p0551bly‘can w1thout fa151fying relevant qualltatlve features,
you end up w1th two d1mens1ons For a very 1mpoxtant ‘reason one. |
dlmen51on is not enough in 2r1n0121e, but two dlmensions are. O K.

(vaill.make a dlgre581pn to explaln this. Inchnyeutlonal - "

nuclear'reeCtiou theory, rooted in the mess—point deseriptiou:ef:uhe
prejecuiie; onevoften starus by drawiug a Qne-dimensionai'uotential

well,lwith a coulomb barrier if_thejprojeetiie'is charged. ' The most
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signifieqﬁt eingle feature of Fig..2' "is the divisien of the‘
ednfiguratignVSPace into two regions,'inSide and outside of the
barrier.' ; - o ,'  P . |
For “two or more dlmen31ons the role of a potentlal energy
’barrler is. played by a saddle p01nt Wlth one degree of 1nstdb111ty' (Flg 3)
.and the conflguratlon space gets divided 1nsteed 1nto EEEES reg;ons.
inside, thside and neithef. | | | |
;.Aefqrmal ahalogy of fhis situation in'the_caserof four dimensions

is the division of space-time into the three-regions: vﬁaet, futurevend
space;like regions.‘

| The failure fo appreciate this qualitative distinetion'betweeh
one4dimeheional andvmorefthaneone—dimensionai reactidn theory'has 1éa !
to ﬁery'down-to—earth'cOnsequeﬁces.v It is the root of mlsunderstandlngs
'.about whether overcomlng a coulomb barrler or the Q-value in a heavy-
1on~reactioﬁ is or is not enough}to lead to a.compound nucleus.' The_
qﬁestion is phrased as if the-amountvof energy b& itself could proviae
the-anSWef (as it'canbin the case of one dimeneion)' In the case of
more than one dimension 1f you happen to be in the "NEITHER" region the
question-eannot be answered on_the basis of the potentlal energy alone:v
the consideration of dynamics beco&es-necessery..‘The lessoﬁ ef this ie.
_that in heavy—ion and fission physics "twq—dimeneional thinkiﬁg” mus£
replace the "ene-dimensional thinking" of ordiﬁary reaction theory.)

The. two dimensions which T will use in my petentialﬂenergyfmaps

correspond to a separation coordinate, measuring the distance between

the two colliding nuclei (or the_separetion of the fission fragments)

- and an esymmetry coordihate, measuring the relative size of the two pieces.
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'MysparameteriZetion of the possible.nucleergshapes;will be in -
terms of;the.external'surfaces of two intersenting'sphereSIOf radiig
Rl and:.RD,'Whose centers are at a distance : (See Flg. u )
’ It turns out to be convenlent to deflne the follow1ng

dimen51onleSS‘polar coord;nates_ r, 8 :

o= TR o separation coordinate.
. ; 'Rl - R, _ B . .
‘;Qw = 5 ﬁI‘Iiﬁ” - v asymmetry coordrnate.

With this.choice,‘ T = o means infinitely.separeted fragments‘end

=1 means touchlng fragments (tneAscission oonfiguration51 uThe;

. case ,Q- O means eqpal fragments (or reflectlon symmetrlc shapes)
.and 6'¥ _:90 means very unequal fragments, in fact one fragment has
all the mass, the other one 1s & p01nt |
Note,also thet whenever- L < IR1:5 R21 e egain:heve a’single

~ sphere. invterms of'.r,'e this_condition'reeds‘
T  <  §-18|1,

'and thisrcorresponds to portions of two spirals, as.shown in‘Fig .5
Using thls coordlnate grid let us plot the potential energy of a nucleus
considered as a leptodermous system, i.e. hav1ng a»surfece energy endva
coulomb energy. o o

figﬁref? shows the case appropriete toa fairiy heeny‘nneleus{
(A1l the maps I will show are semi-quantitative. The spacing of the
oontour iines is one fiftieth of the surface energy of tne'compound

- system, which for a heavy nucleus would mean a spacing of SOne'lOe2O MeV.
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In 511 the blots the region of'separatedffragments;ibetveen r=1 and
'rv= 00, hes been_compressed;so that T =roo .is'shOWn as a semi-oirole
with radins tviee'the scission radins. The " compre551on 1s such that the
: coulomb 1nteract10n energy ‘decreases 1 rly to zero between r = l :
' vand T =roo,) |
Noteithe followingsfeatures-of Fig. 9.. _There_are_two regions
of'loﬁ,energyéw_the original sphere (a mountsinnlake with spiral
boundaries)-and’two fragments at infinitexSeparation (the ocean).
These are local ninima in’the energy. ’Between these two bodies’of'
- water is.a 1and mass w1th a. mountaln ridge runnlng across the map.v>
vThere are two mountain peaks end three passes across the mountalns
One pass 1s.a symmetrlc conflguration--thls corresponds to the standard
saddlefpolnt shape_of nuclear fission theory. The other passes are.r
.less famtliar configuretion of'uneéual fragmentsnat-infinity}j'Thev
mountain toﬁs are unstable asymmetric'configuretionsuof equilibrium, the
so-called Businaro-Gallone shapes of fission theory; 'Their physical:
31gn1ficance 1s, roughly speaklng, that systems ‘more asymmetrlc than
a Bus1naro-Gallone shape Wlll have a tendency to become even more_
asymmetrlc; whereas systems.less asymmetrlc w1ll tend_toward symmetry.
The above flgure refers to a rather heavy nucleus, or to a
heavy ion and a target that together would make a heavy nucleus. Let .~
us now see how the potential energy landscape changes as we: go.from
very light systems (with x % 0) to super-heavy systems (w1th X in
» exoessvof‘l;), | | | | o ‘
'thore t6 shows thetcaset'x-= OV(iae. surface»energy-Only).

The landsoape'eonSists of the lake (single sphere), a higherbregion

_ 1.,
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(separated fragments) and a cliff overlooklng the lake. 'The region of -
the Cllff corresponds to the front half of a fis51on barrler (1f you ’
cllmb the cllff along a‘symmetrlc path with 6 & O).or to the surface
_reglon of a nuclear potentlal well (if you cllmb 1t along a very
asymmetric path, with 6 close to + 90° ) In our dlagramSvthere.ls
thus a continuous connection between plots of flss10n barrlers and’ u
plotslof_nuclear_potentlal wells. Figure 7 corresponds to low X (llght
fnuclei),jiwe see the beglnning of a.low reglonucorrespondlng:to:equal
-.separated fragments. Notetthat at tnis stage the landeass,hasvonly a
1single mOUntain in the center.' The only passes are the conflguratlons
of unequal fragments at infinity. |

As5 X increases,a crltlcal stage occurs at whlch“the central
mountain]dlyldes‘lnto two mountalns,‘w1th'avnew pass between them,
.:This is%snorn in Fig. 8, corresponaingito.medium“nuclei, rNext is Fig,”9,
heavj'nuclel;'which I have discussed. .Finally,;Fig. l@-correspondsgto |
super-heavy nuclel; sThe mountain range has been breached b& tné ocean
across the symmetrlc saddle and there is a dlrect route from the lake
1nto,the ocean, ‘The spherlcal shape has lost stabllity agalnst dis-
integration,” | o

.V'Before leaving these Potential Energy maps let e make two remarks
_concerning-the:tWO'idealizations on which~they are taSed, namelyﬁ
ﬁl.v.farameterlzationbof nuélear snapes ln¢termsvof two
Iintersectlng'spheres.el: o |
2. . Disregard of shell effects in the leptodermous,
“macroscoplc approach.. _

”_ jOne knows from f1s31on theory that in order to get quantltatlvely

correct maps one has to improve the parameterlzatlon by 1ntroduc1ng more
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degrees'of~freedom.: However, it turns out that the qualitative

features remain as I have shown. These are:

L For!low .x: . Two minima
- (x} 51'0.396) N e Qne mountain |
’ " . i . . [Two ’pééjses ,
For, hi_éh x:  Two minima
. (x“ f ‘0.396)' - Two mouutaiﬁs‘v
| | Threetpasses.

: The div1d1ng line turns out to be x = O 596 in-a calculation which
: removes the restrlctive parameterlzation. These features are basic

v 1nvar1ants of the landscape, which characterize heavy'ioniaﬁdeissiOn :

theory in the leptodermous 1deallzat10n.

As regards shell effects, they would - 1ntroduce bumps and w1ggles
.on'top»df-the.average‘landscape that'I'discussed For example, a magic .
compound nucleus would depress the level of the mountaln lake (by some.

lO MeV). vAfmagic'fragment or pair of fragments Would'introduce a narrow

-canyon running along a fixed 8 from r = o to rr'= 1 and even a

little inside the sciSSion circle{ One speculates that such canyons

: mlght be responsible for the observed asymmetry of nuclear flsslon.

Strutinskl s secondary shells, responsible for spontaneous f1s51on

- isomers, are,rlpples between the mountaln,lake and the ocean.

seFor many purposes these depressions, canyons and ripples are

essential,:but they should be’viewed'in the fight perspective, as local

"fluctuations of a few MeV superimposed on the broad'features measured

in terms of tens of MeV and Whlch are the result of the leptodermous

_character of nuclei

.
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DYNAMICS
‘Nownlet'me say a few simple,things about-the dynamics of heavy
ion and fissiOn physics. ThlS is necessary 51nce the maps I discussed

provide only the stage on whlch the dynamical processes of flSSlon and‘

'v.fu51on are played out; In the 1dealization that T considered there

':were two building blocks, two pleces of phys1cs, from which the potential.:
: energy could be constructed the surface and coulomb energles. How :
hvmany new pleces of phys1cs do we have to 1solate in order to discuss
pdynamics?_id‘w | |
'A-.'My'ansWer~isbtyo;'once:more; fhe two dynamical'properties have
to do w1th the general structure of any equation of motion. Thus in‘
general any macroscopic equation of motion has three types of terms._s_
Those 1nvolving the zeroth, flrst and second time derlvatives of the'*
:generalized coordlnates of the system.,.In s1mple language the-terms
- with zeroth time derlvatives make up the Potential Energy, those w1th v
v second time derivatives make up the Klnetic Energy.‘ The'terms w1th
b‘first time derivatives are called friction, v150051ty or diss1pat1ve
:terms.fw v
In.g01ng beyond the statlc stage of our discuss1on there are .
thus two new pleces of phys1cs to be discussed | B
: l;g Generalized InertiaLCoeff1c1ents,_-v
| 2;:_Generalized,Friction Coefficients.
In nucleardphysics thelinertia'coefficients have.beenldiscussedfin'theb~
caSe of rotations, vibrations'and,hmore recently;Jnuclearﬁfissiong' A

cranking model is. often employed.
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'The:friction coefficients are usually.not-called.hy*that.name,
 put arelrelated to calcnlaﬁions[of.widths of (collecnive) modes of |
motion.i Inwgeneral each given problem is handled indiyiduallyj,the
inertia'andsfricﬁion coefficients being worked out from”scrafch'in the
~given slpnation.
| "Here T would'like to:pose a qnestions-wlthout heing able'to
give an answer. Is it not l1kely that when A >> 1 a macroscoplc
limlt is approached in Which the 1nert1a and frlctlon coeff1c1ents--
at leasﬁ_as regardsvaverage.trends--can_be deduced from‘average macroe_
scopiczproperties,'rather'than'from miCrOScopic calcnlations«on
' individnal‘nuclel? I feel there must be some llmltlng form of the
dynamics of very large nuclei which is derlvable from the propertles
of nuclear matter and. the gross shape of the nucleus. As'we saw_thls
ls true rn_the case of the potential energy, where one'does4nop have
to WOrh outrthe energy of each incividual nucleus from scrafch,‘hnt
can geﬁia good approximation of average propernies from'macroscopic'
considerathns;v. -' | '

Let me remlnd you of some s1mple consequences that would follow

from a dlmen51onal analysis if the. hypothes1s of a macroscoplc approach

. to‘nuclear dynamics turned out to be correct.

The validity of a macroscoplc approach would imply that it is
vposs1hle to define a local veloc1ty fleld v din the naclear fluld,, p
and the leptodermous assumption would imply that all fluld elements in
rthe bulk of the system have the same propertles One could then define

. a v1s0031ty coefflclent in the usual way as. related to the rate, per

: un1t volume, of dlssipatlon_of'energy caused by the presence of ve10c1ty
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' gradients:iﬁ the flow pattern. Thus _ : 'lV;;' D s
Ce el fffea ey

~viscosity coefficient.

=
i1

The dissipationvof euergy'cannot-depend on the first_pbwer.of d;
the gradient of v for obvious symmetry reasons. ‘I‘have simplified
somewhat ‘the definition of n , but L wrote down this equation only to

remindYYOu of_the diﬁensions of 1
: [vn] = ]-‘_,M'f .

: Let"us supp0selthat in‘nuclear macro-dynamics thére.is something
.'lihe'a viscosity coefficient,fWith the above diuehsions{-:We can then go
through an;elementary eXercisebin dimensional analysis to speculate on

some Simple-features ofEnuclear dynamics; (In what follows I have
assumed the validity not only of the macroscopic approach but also of
'the leptodermous approach In the case of dynamics I feel less strongly
about the validity of the latter, because the mean free path of nucleons
is not small compared to the’ size of even the heav1est nuclei. The’

mean free’ path provides in fact a further dimens1onal quantity not -
considered in the analys1s‘g1ven below, which would hold in the-llmit.
of a short,mean free pathf vIn fhe.opposite limit of a mean freevpath
very lgzgglcompared to nuclear sizes the situaﬁion is remiuisceﬁt of
the~calculation of the coulomb energy of a nucleus: because of the | .
long (ihfinite) rauge of the electrostatic interaction'avleptodermous
:approach-#a?division of the electricvenergy iuto bulk and surface.termS'

-~-does not hold. A macroscopic approximation is, hQWever,'still'valid).
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Con31der a blob of leptodermous nuclear matter with volume v, |

charge Q,‘ density p, surface tension 7 and v1scoslty 1 . The

'dimeneions of'these quantities are:

vl

(%] = These define statics.
Iy1
Lol |
These are required for dynamics.
(1] ' S

Frdm these‘five quantities we can form three basic units of
mass, length and tlme, approprlate to the system 1n questlon. ‘in
addlton we -can form two. dlmens1onless parameters.

:'Thus, for example, we may 1ntroduce these~units :

: SNYS I | -
' UL”-= t!“ ‘ =>YRo , radius of equivalent sphere;‘
: L . ’
>
'iuM‘-= Vo = My . total mass;
AL

= (period of fundamental mode of uncharged
o nonviscous sphere),

of
e
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These units tell us how to scale dlfferent systems in order to make
them comparable, for example, how to compare nuclei of different
31zes,‘or-how to compare a nucleus with a drop of water...

| » As:our;first‘dimensionlesspparameter we may nake_the fissility

parameter discussed.previously

o h 2

X = L8 x Z for nnclei.;'

0w '

Lastly we introduce the new dimensionless number, a "creep parameter':

2 o= =
L ( e foldlng tlme of creeplng return of uncharged)
. 5\/2' | spher01d to sphere B
' 19 e VY
. ] 'Tv'
o tA'l/6

for nuclei.

(T have'deduced the coefficient 5\/5/19 'frbm:Lamp,j.who duopes
Darwin, but have not checked 1t ) o

. If the creep parame+er is large, the dynamics of the system _
are creepy, like those of honey. If the creep parameter 1sismallbthe'e'
system is>mobile,_like mercury. | o |

] The fact that the A~ dependence is so exceedingly slow shows

~ that if nuclel 1n one nelghborhood of the perlodlc table can be shown
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“to be'mobileeor creepy, the conelusionishouldiholdvfor_essentielly the
" whole periodic'_b table. o |
4_Well, hownlarge is pz? .Are nuclel creepybor mobiler The.precise
‘answer mey”not be'simple;'for exemple, it w1ll depend on the degree of
excitationA(ire;,ne temperat&refdependence Of,thegVISCOSIty coefflcient).
T think hoWever there is rather good evidence from fission_thet even up
"to moderate ex01tations nuclei are not creepy.
Figure 11 shows Wix s calcuLations of the klnetic energy of
' f1551on fragments and an analys1s of the total 1nto pre sc1ssion and
post—scission contributions.;vThe-calculations were done With zero
viscos1ty and you can see that for the heav1er nucleiia very substantial
part of the kinetlc energy comes from the saddle-to-sc1ss1on stage.
Although the corresponding v1scous calculations have not been done, it
is surely‘true that 1f nucleimwere creepy fragments w0uld not begin to
accelerate until somewhere close to sciss1on and &. substantially lower
kinetic energy would result. The trend of the experiMentelvPOints seems
to exClude this‘possibility. | |
.Thns,’ certainly z P "1 ‘and, in fact, probably z. << 1.
To confirm this, and poss1bly determine Zy there is an
v outstanding need to repeat Nix's calculations—-at least the kinetic”
 energy release part--as a function,of v1sc031ty. _This would clear up
a fundanentel.question in nuclear macroFdjnamics, ”Perhaps it'nill
turn out that vz 0 is a good approx1mation and life would ‘be that pk
much ea51er when discu851ng the dynamics of heavy ion c011151ons and

[
super-heavy element formation.

-~
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PINCH-OFF REACT‘IONs

‘ : Let me end with an example of some unexpected things one might

find in. the dynamics of the fusion of heavy nuclei espec1ally 1f the | L.
viscosity should turn out to be small.

I am referring to a partial-transfer or. PTNCH-OFF type of
treaction, a prototype of which was found in Stan Thompson s group in
Berkeley SOme years ago in experlments on the fus1on of liquid drops.
Liquid drops, like nuclel, are leptodermouS'systems, and prov1ded one
scales the un1ts of time, mass and length appropriately, there 1s a
lot to be learned from such studies.

| The follOW1ng phenomenon was observed. If a small drop of
| Water 1s gently brought in. contact With a much’ larger drop (1n fact a_
plane surface.of water) a rather violent fuslon‘process takes place.
The dynamics of the'fusion turn. out to'be such,that—-quite‘unexpectedly-
_-only-part'of the drop‘gets absorbed;. (Thevpart closest to the plane
surface.)'[The rearvpart of the drop~d0es not haVe time'to follow the
Afusion dynamics and'gets.leftdbehind. Flgure 12 shOWs a sequence of |
frames from a movie which 1llustrates thls | L

Three 1nterest1ng variations of this partlal transfer or
PINCH OFF phenomenon have been found First, if one increasec the
V1s0051ty of the flu1d~~say if one goes from water to 011--the efiect
dlsappears. The-small drop gets absorbed in a creepy way,'as,one'
would expect. | - . | | .‘ .
Second if two gg__l drops are gently brought 1nto contact,

v the effect also disappears Figure l3 illustrates a-sequence of

‘photographs of the dynamicsvin this_case, You can see that there is
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an attempt:by the system to pinch off two smallervdropsfrom»the_two
'ends,fbut’the.attempt.is unsucceSSful.l | o '

vlThird; hy a_cleverhtrick‘involving-the uée,of gravity3 one may.
try to staqy'the effectvthat.a.volume-electrlfication;-such as is
jpresent_infnuclei--would have on the partialztransferiprocess} As
expected'the results suégestrthat'thefcoulomb energy“uould tend to'
increase the fraction of the droplet that gets pinched off

If .one applies the proper scaling laws to go from llquld drops

to nuclei, one. ends up with the expectatlon thaty prov1ded ‘the nuclear
v1scosity 1s not too.large, such partial transfer reactlons should
~occur follow1ng the contact of “two nuclel (at bombardlng energles close
to thencoulomb barrler) The effect 1s expected in partlcular if the
Htwo*nuclef.are unequal 1n_s1;e, but, because of the electrostatic
repulSlongtmight well occur‘als0finvthe case of comparable'nuclei.‘

'»This leadsvtohthe follouing_speculatlon,htoihe'added'to the

long 1ist'of hypothetical reactionsusuggested in connection with'
, ( el _ i

super-heavy nucle1 - K : |
Bring together two heavy nuclei, e.g. ,' Hg20& and Th232; and .
hope that by a plnch-off reaction a large central super ~heavy llh
nucleus 1s formed, with two smaller Ni fragments flylng off (See:_
Fig. 1k,) R
Perhaps such a reaction would have a better chance of formlng
the llh nucleus in a near- spherlcal shape than the very asymmetrlc

binary fission that I mentloned earlier.

"Let me summarize the|main points of»my talk.
ST o S ' ’

1y
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'I'belieVe that a macrosoopic approaoh to heavy-ion‘and fission

physics, 1i. e., NUCLEAR MACRO PHYSICS characterlaed bj A >> 1,

is the appropriate startlng point.

'In the case of statlcs, “the. LEPTODERMOUS model (Al/3 >> l) prov1des

a 51mple starting point. A similar approach should be explored 1n :

the case of dynamics.

... The questlon of the viScosity‘of'nuclear matter is thexoutstaﬂding

~ problem in.the'dynamics'-fAn-analysis of the kihetic ‘enerzy release

in flss10n should prov1de a measurement of the nuclear CREEP PARAMFTER
and thus determine the viscoslty.'
As regards the use of heavy ions in attempts to make super-heavy

nuclel, the extreme BRITTLENESS of the latter is the great danger

._.Model experlments w1th llquld drops, if Judlclously 1nterpreted,

may be helpful in understandlng nuclear macro-dynamlcs, for example,

the PINCH-OFF effect
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" FIGURE CAPTIONS

. Three extreme types of heavy-lon reactlons are located at the

corners‘ of a trlangle in a plot. w1th Aprogectlle ‘and Atarget

as'akes: The 1n51de of the trlangle corresponds to cases 1ntermed1ate

between these conventlonal ’ inverse f15$1on and overshoot reactlons.

In conventlonal reactlon theory the conflguration space is often.

'thought of as dlvided into two reglons' inside and out51de of a .

potentlal energy barrler.

>In reaction*theory with two or more dimensions 3the‘role oan barrier
is played by a saddle p01nt with one degree of 1nstab111ty and the

vconflguration space should be thought of as d1v1ded into three reg10ns°

' 1n51de, outside and nelther

A two-parameter famlly of shapes 1s spe01f1ed by two overlapplng or "

- separated spheres._ The internal surfaces are erased and the volume
_»re—normallzed to a standard value. | -

" The. two'deformation parameters~0f the’two-sphere family of shapes are
'plotted as polar coordlnates‘ r,"e;v The circle::r.z 00 corresponds
_ to separated spheres, r.=1 to tangent spheres and the reglon‘

r < ”%,19!' to a single'sphere.- For 6 = O the two spheres are

equal;'for 8=t 90 . one of the spheres is vanlshlngly small.

‘Energy map of two-sphere conflguratlons for x.= 0 (no charge‘on the

‘system).; An elevated glacier (white) overlooks the'lake with spiral

boundaries

Energy map of two sphere conf:guratlons for low charge (llght nuclei).

- Two low reglons are separated by a snow- capped mountaln, W1th two

passes‘on the edge of the map.
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12,
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Energy map of two- sphere conflguratlons for medium-welght nuclei.
The mountain range separat1ng the lake with splral boundarles from
the ocean in the upper part cons1sts of two peaks_and three passes.'

Energy map of two sphere conflguratlons for heavy nuclel. The.central

‘;pass (the flss10n barrier) across the mountaln range separatlng the
‘-lake with splral boundarles from the ocean is about to vanish
'Energy map of two-sphere configuratlons for super-heavy nuclel The

vmountaln range has been breached'and (in the absence of shell effects)

there would be no barrler agalnst fission.
Comparisons of calculated'and experlmental most probable fission-

fragment translatlonal klnetlc energles, as . functlons of the

vfiss111ty'parameter x. The dot—dashed curve gives the calculated
_ energy'acquired by the fragments,between the saddle p01ntland scission,

" the short-dashed curve that acquired after_SCiSSionyfand-the solid

curve the final total. If the motion of the drop
between“the saddle and sc1ss1on were very viscous one would expect
the results to.follow the trend of the dashed curve ' The fact that

they don t suggests that v1scos1ty is not large (see Nix's Ref 8)

"In the-first frame (selected from a .hlgh speed_mov1e sequence) a drop

~of w?té?,(or alcohol) is resting on a flat surface of»thepsame med ium,

equivalent to another drop of infinite radius.  (The small droplet on

the left should be disregarded.) Contact between the drop and. the

flat surface is prevented by a layer of air. 'In,the'neXt frame the

Aair has been squéezed out and fusion begins. The lower part of the_

drop 1s rapidly absorbed but the upper part does not have time to

follow (frame #3) and’ gets left behlnd (frame #h)
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13,- Foﬁr frames éhowiné the fusion Qf.two equal‘dréﬁs (restiﬁg oﬁ;a.
wfluid éurfaée but-éepafatedxfrom:it by & thin cushioﬁ‘of air)._

Fusion'hasbbegﬁn_in frame #o. In frame #B‘two p;ptubéraﬁées on

eitheftSide of thé central -drop witness to tﬁewdifficulty éxpefiénced

by the far sides bf the<¢Oalescing drobs in fdllowing the dynamiés

ofvtﬁe‘fusion.. Two smaller dropléts are almost;'but-not.Quite, left

_‘behind;ﬂphe’résult.isva single drop (frame.#h). |

14, 1A hypqﬁhetical reacﬁion.suggeétéd-by-studies-of coalescing liquid .
.fdrops. Two~héavy nuclei cbme into contaéf’and by a pinch-Off .

‘reactibn form a super-heavy nucleus and -two smallér fragmeﬁts;
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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