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(Talk given at the International Conference on Nuclear Reactions
Induced by Heavy Ions, Heidelberg, Germany, July 15-18, 1969.)

UCRL-~19405
PROSPECTS FOR SUPER HEAVY NUCLEI
W. J., Swiatecki
" Lawrence Radiation Laboratory
University of California

Berkeley, California

July 25, 1969

INTRODUCTION

You may find the title of this talk misleading. I will not try
to summarize recent predictions concerning super-heavy elements. This

is done very well in a paper by S. G. Nilsson et al., available as a

UCRL and to appear Shortly in Nuclear Physics.l Thefe is even a Review

o
Article” already available by G. T. Seaborg in Ann. Rev. Nuel. Sci., (1968).
~ The probable existence of an island of relative stability around
Z ~ 110, N =~ 184 is really old stuff by now, and it is more exciting

to look at the second stage in the game.

The first stage was concerned with thefquestion ”cgn super-heavy

elements exist and what are their lifetimes"?

The second stage is centered on the question "how to make them

and what are the cross sections"?

There are three ways of discovering or making super-heavy elements:

1. Find them in nature.

2. Use massive neutron irradiation.
3. Upse heavy ions.
I will only discuss #5, since thils is a conference on Heavy Ilons.

The basic idea is of course: bang together two nuclei and hope

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

projectile have been suggested for the reaction:

' JUMEN NLIMT
DISTRIBUTION OF THIS DOCUMENT 1S U

i ‘



Da
.Al + A2 + Hope = Super~Heavy Nueclcus.

I ﬁouid'like to classify the reactions into three groups according to
: tﬁe scheme illustrated in Fig. 1. | | |

‘Thére are two principal difficultiesAin'all the proposals:

.l. Héw té make the neutron to proton ratio'come out:in the
neighborhood of 184:110. |

2. ﬁow to make the reactibn sufficiently gentle so as,nét to
shatter ﬁhe extremely brittle su?eraheavy nucleus one 1is frjing'to-
form. | |

.Lgt;me stréss the second difficulty,'because it is less
dbvious: The fact that super-heavy nuclei will probably.have high
fission barriers ahd long half-lives tendé t6.055cure_the,fact that
they are Yéry brittle. By this I meaﬁ that althqugh they are atdblei
and stiff they can stand only a Small amougt of distortion trom the
spherical sb@pe. I wouid éémpare A super=heavy ﬁﬁgleud to o crystal
ball, QfAévén a crystal wine glass. It is very stiff éﬂd permanent if
left to ;tgelf, but beware of‘distorting it much.frém'its s&mmetric
shape. | ;i‘fyou do it will ‘shatter at.onoe.

.This brittleness may be fhe,biggest fﬁctOr in cutting down
cross sections for the formation of super-ﬁeavy'nuclei in heavy—ion
reactighs, because heavy-ion reactionsete‘ﬁolent .affairs. They lead
as a rule:tQ large vibrations and rotations of the syétem and this is
bad if you ane dealing with a brittle objcet.

'jA:quantitative méasure of the brittleness of a nucleus is the
size of»the_criticél‘distortion beyond which it wili.disintegrate--a
kind of elastic yield point. 1In fission theory jargon this isAcalied

a
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the saddle-point shape, beyond which the nucleus falls apart._ The
following»table illustrates how nuclei become very brittle in the .

relatively narrow range of masses between Pb,.sayy and 72 = 110:_

L  Critical Shape = - Brittleness
Po : - (::::::) : . 1ike rubber
U-Fm L ’ ( fj) o ) like plexiglas ‘

10 - () like erystal.
. ——”

.'Receotly very interesting experiments in Dubnalhaye.demonstrated
that the Po nucleus sometimesAcomes off es a fission fragment in the
bombardment of U with Ar ThlS has led to some optlmlsm that elements
like Z = llO mlght come off in the fission of U +Kr or Xe. I
hope I am wrong, but the extrapolation from Po to 110 may be misleading.
Po is vefy resilient and may well survive the trauma of its birth ae a .
fission fragment; With the brittle nucleus 110 the dangers are much
greater. | |
To summarize: From the point of view of brittleness Type I
reactions are least ohjectionable. From the point of view of the -
N:Z ratio Type III reactions are least unfavorable. (Type II reactions
tend to have Coulomb barriers lower in relatlon to their Q-values than
Type I reactlons. This is sometimes thought of as an advantage which
would meke "cold fusion" possible. The high Q values may or may not
be an adventage, but the argument for cold fusion is not sound.)
| .Meoy,ingenious suggestions have been made and ere being made to
get aroﬁnd‘the two;principel difficulties of making super-heavy nuclei
with heavy ions. What can one do to take theee suggestions out of the

realm of speculations?
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‘What is needed ie thevaccumuiation of a:hody of ﬁheoretical
~and experimental understanding of the‘interactions between heavy nuclei.
This isitoday an nnexplored field, but one iniﬁhich‘intense actinity
is to he expected in the next.few\years. i will'spend the main part of
my talk in an attempt to bring into focus what I believe are the basic
c0ns1derations underlying the theory of heavy- 1on reactions This will
he concerned with the phyuics of such reactions rdther than with super-
heavy elements. The understandlng of the phy51cs is however essential
for the intelligent discussion of the PTOSPECtb -Por super- heavy nuclel

MACROSCOPEC AND LEPTODERMOUS APPROACHES

T'o me.the central oimplifylng feature ol heuvy-ionnreactions is
that both target and progectile contain large numbers of particles .
Hencc the phy51cs of their 1nteractions approaches the physics of
macroscopic objects, characterized by A >> 1. This is really a new:
situation in nuclear reaction theory which, historicall&; has its roots
in the idealization where the projectile is A structurelecc maso point.
On the other hand the discussion of the interaction Of‘tWO macroscopic
objects is a familiar concept in fission theory, and one may use fission
theory as a guide in formulating the ph&sics of heavy ion rcactions.
In fact'the.tﬁo fields are identical in their basic concepts and one
L may rege?d»them as differentiapplications within the single.domain of
"nuclear ma.cro-:phys:‘;:s'\l characterized by A >>-1. A particularly simpie
version of the macroscopic approach results if the cube root of A may
be treated as large. This has to do with the req_uire_mentvtha.t. ‘the
diffuseneés of the nuclear surface should be small compared to the
~‘nucleariréaius. Thus if a system possesees a reasonabiy well-defined

boundany‘it should be possible to aescribe its'étate aypproximately in



S
terms of meerpscoPic quantities such as the geometfieél shape of this "’
boundary. | | » | '
Ch1n Fu Tsang in Berkeley has recently contributed to the :
analys1s of the valldlty‘of such a macroscopic descrlptlon for an

3

assembly of partlcles characterlzed by a thln surface layer We use

the name LhPTODERMOUS to descrlbe a system whlch satlsfles this condltlon
of having a thln surface. (From Greek: LEPTOS = small,_thln; DERMA =
skin. ) 1We have, of eourse; a 1ot of evidence that,nuelei‘are approxi-
mately leptodermous systems., -

The basic 31mp11f1cat10n in formulatlng the theory of such

systems is that one may use the dimensionless quantity

Surface diffuseness - __ -1/3
1/3 ~ A
(Volunme)

as a small parameter in a series expansion of properties of interest.
Let me point out that the macroscopic and leptodermous approxi-
mations afe 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 > ]

" Py 1" .
Classical ~action >> 1

AR
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is that in a dynamical process the relevqﬁt acﬁiqn; measured in units
of A, sheuid be large. This is not the same as the assumption A >> l;
An example of & macroscopic but not classical treatment ofla system is
the‘ThomasEFermi description of atomic electrons. jAnlexeﬁple efla
leptodermous but not classicai treatment is the.discﬁseion of the
quantized oscillations of an idealized liquid drop. |

. -.chianu iseng has extended earlier work of ﬁill and Wheelerh
and of ﬁilf'and Sussmann? te iliust;ate the convefgence of the lepto-
dermous expension in the case of syetems.resembling hﬁelei, i.e. iﬁ the
case of‘fefmions in a potential well of nuciear dimensions.

'Oﬁe;example he giﬁes is the total energy ef‘EAO euch’fermions

at nuclear'density.inside a potential well of varieble shape. This

energy'can be calculated exactly by summing 240 eigenvalues, or it can

o , -1

be approximated by & macroscopic expansion in powers of A 3. on the
leptodermous model.

The comparison of the results looks likelthis
Order .’Ln.Al/3 - Fnergy % of Total Running Sum
_ ‘ e (MeY) |
A (= 240) ' 1830 69.86% - - 69.86%
42/3 18k . 26.68% ~ 96.5U%
A3 | 225 3.26% . 99.80%
Total . 6900 ' - '
Exoct Sum 691N oo

s A 4 Rest 14 | 0.20%
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Fr§m such étudies we,cdnélude that the leptodermous expaqsion
is quite an excellent starting boint for'describipg the overall properties
of nuclear energies.

The'fundgmental cbnsgquencé which follows from the leptodermous
charécté; ofva system is that the éhape-dependence Qf thé.ﬁotential

energy can-be prediqted to be of the followiﬁg form-
P.E. = cl(Voluﬁé) + cg(Surface Area,)
+ cB(Integrated Curvature) + ««-

To this we may add

+ (Coulomb Energy).

.Tﬁfs looks like a Liquid Drop mass formula--which it is--but
I want‘t§ étress that it is much @ore general in its.rapge of'validity.
As I said,:it applies to a shéll model of quahtiiedunoninteracting
fermiﬁné_in a potential well no less than to a ércplet of water. iIn
particular the shape dependence predicted by this formula has bheen
tested by Chin-Fu Tsang'to the accuracy I indicated by varying the
shape of the potential well and suﬁming the 240 eigenvalues.

Having satisfied ourselves‘that the leptodefmous expansion is
well-founded, let us considerAthe approximation in which aily leeding terms
are kept}: These are (apart from a constant volume energy) a surface
energy and é coulomb energy. From these we can. form aksingle'
dimensionless parametér which specifies the static‘properties‘bf a
chargéd 1é§todermous system. We may take this parametér.to bé'the

familiaf‘fissility parameter x of nuclear'fission_theory, specifying
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the relative intensity of electrification of the system

1 E-‘coulomb(Sphere)

E

surface(sphere)

1 : (chargefi '

= —

10

(volume)(surface tension)

&

122
90 A
for nuclei.

This is a simple but 5asic‘facf ofAbgthffisééon theory and héavy~
ion physics: as regards statiéé, the.princiﬁal featufééﬁéf the potential
energ& may-be discussed in'terms of a éurface energy and a coulomb energy,
wiﬁh a single dimensionless parameter specifying theih relative stpengths.
STATICS  | ' |

T will illustrate the consequgnCes.of this racl by consideriﬁg
twq-dimenéional potential energy maﬁs relevant. for heavy-ipn reactions
as wéll as Tor fissién physics. Such poéential'energy maps, showing
the energ#~as a function of the sﬂépe of the system,- sﬁould in principle
beAgggx-dimensional. It turns out that if you.simp;ify the problem as |
much aé you. possibly can without faisifying relevant qualitative features,-
you end up with two diﬁensidns. For a very important rcacon égg
dimension is not enough in principle, but two dimensions ﬁré 0.X.

(I will make a digression to explain this. In conventional
nuclear'régction theory, rooted in the mass-point‘desgriptioﬂ of fhe
perecti;é; one often starﬁs by drawiné a pne-dimensionai ?otential

well, with a coulomb barrier if the'projectile'is charged. The most
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significant single feature of Fig. 2 1is the diviéidn of the
configuratioh space into two regions, inside and outside of the
barrier.'i ' .;AZ

Fq? two or more dimensions the role of a potential energy
parrier-is played by a "sa‘ddle‘point with one degree of instability" (Fig.3)
'and the c§nfiguration space gets divided instead into Egggg regions:
inside, outside and neither. | |

jiA‘formal aﬁalogy of fhis situation in the.case of four dimensions
is the division of space-time into the three regions: past, future and
space-like regions.
| The failure to'appreciate this qualitative distinction between
one-dimensional and more-than-one—dimensional reaction theory'has‘led ‘
“to very dowﬁ-to-earth consequeﬁces. It is the root.bf misunderstandings
about whether overcoming a coulomb barrier or the Q-value in a heavy-
ion reaction is or is not enough to lead té a»compound'nucleus. Thé
question is phrased as if the amount'of energy by itself could pro?ide
the answer (as it can in the case .of one dimenéion); "In the case of
more than one dimension if you happen to be in the "NEITﬁER" reglon the
question cannot be answered on the basis of the potential enéfgy alone:
the consideration of dynamics beco&es-necessary. .The lessoﬁ §f this is
_that in heavy-ion and fission physics "two-dimensional thinking" musﬁ
replace-the "one-dimensional thinking" of ordinary reaction theory.’)

The two dimensions which I will use in my potential energy‘maps'

correspond to a separation cobrdinate, measuring the distance between
the two colliding nuclei (or the separation of the fission fragments)

and an asymmetry coordinate, measuring the relative size of the two pieces.
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My parameterization of the possible nuclear“shapes will be in
terms of,thé.external surfaces of two intersectihg spheres of radii
R, and ,Re,‘whose centers are at a distance £ . (See Fig. b.)

‘Tt turns out_toAbe cohvenient to define the following

dimensionleés polar coordinates r, 8 :

r = IR separation coordinate.
' x 1 " B o . 3
R = 5 T asgymmetry coordinatce.
2 Rl + Re 4 S _

With this choice,k r= " meaﬁs infinitely separétgd ffagmgﬂts and
r.= 1 méaﬁs touching fragments (the<sciséion configurafﬁon); vThe'
.case 6 = 0. meaﬁs eéﬁal frggmeﬁfs (or refiection symmetric shapés)
and © Q'tA9O? means very uneqpailfragments;'in fécf one fragment has:
all thglmass, the other one‘is a point. |

Notc also that whenever £ < [R, = R,

ol we agaln have g single

spliere. .Iu Lerms ol r, & Lhils condition réads‘
T .<"% o],

and this corresponds to portions of two spirals; as<shown in Fig. 5.
Using this coordinate grid.lef us‘plot the potential energy of a nucleus
cpnsidered as a léptodermous system, i.e.:havingia surface.énergy and a
douloﬁb energ&. |

fiéuref? shows the case apprqpriate toa fairly heavy nﬁcleus{
(ALl the maps I will show are semi-quantitative. The spacing of the
éontdur lines is one fiftieth of thé surface enefgy of the compound

system, which for a heavy nucleus would mean a spacing of some 10-20 MeV.
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In all the plots the region of'separated'fragments; between r = 1 and

‘r = 00, has been compressed so that r = o 1is shown as a semi-circle

with radius twice the scission radius. The compression is such that the
coulomb'interaction energy decreases linearly to zero between r =1
and T =foo.)

Note the following features of Fig. 9.. There are two regions

of low energy: +the original sphere (a mountain lake with spiral

boundaries) and two fragments at infinite separation (the ocean).

These are local minima in the energy. Between these two bodies of

~water is a.land mass with a mountain ridge running across the map.

-There are two mountain peaks apd three passes across the mountains.

One pass‘'is a symmetric configuration--this corresponds to the standard

‘saddlefppint shape of nuclear fission theory. The other passes are

less familiar configuration of unequal fragments aﬁ-infinity.' The

mountain fops are unstable asymmetric configurations‘of equilibrium, the
so-calied Businaro-Gallone shapes of fission theory. fheir physical
significance is, roughly speaking, that systems more asymmetric:than
a Busiﬁa?o-Gallone shape will have a tendency to becbme even more
asymmetric, whereas systems less asymmetric wiii tend toward symmetry.

The above figure refers to a rather heavy nucleus, or to é
heavy ion énd 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 syé@ems (with X in
excess of 1.) | ' | ‘ |

Figﬁre ‘6  shows the case x = O‘(i.e. surface energy only).

The landscape consists of the lake (single sphere), a higher region
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(separated fragments) and a cliff overlooking the lake. The region of
the cliff Eorresponds to the front half of a fission barrier (if you
climb thé ciiff along a symmetric path with 6 ® 0) or to the surface
iégion of a nuclear potenhal well (if you climb 1t along a _véfy
asymmetrie path, with @ closé to %t 960). In our diagrams there is
thus a qoﬁtinuoﬁs connection between plots of fissiqn bérriérsAand
plofé of nuclear poteptiai wells, Figure 7 correspondé to low k (;ightA
.nuclei).TIWe see the beginning of a low region corresponding to .equal
.separate@ fragments. Note that at this stége ﬁhé land mass'ﬁas'onl& a
‘single mountain in the centér. .The‘oﬁly passes are fhe'ébnfigupatidns
of uneéuai fragments at iﬁfinity. . iA
As . x increases,a critical stgée occurs at whiéh—the central

mountaiﬁ]@ivides into two mountéiﬁs; with a new pass betﬁeen them.
This is shoﬁn in Fig. 8, corresponding_to mcdiumtnuc;gi. ‘Nexb is Flg. 9,
heavy nuclei{ Whicﬁ I have discussed. Finally, Fig. lb corresponds to
super=heavy nuclel. :The mountain range has béeﬁ breached b& the ocean
across thé»symmetric saddle and there is a Qirect route %Ynm the lake
into thé_ééeani The spherical shape has lost stability'aéaiﬁst dis-
lqtegr&tion.A K |

'Before leaving these Pbtenfial Energy maps let ﬁe make two remarks
concerning the two idealizations on which-théy are BaSéﬁ; hamely:

C 1. 'Parameterization-of nuclear shapes in:terms of ﬁwo

‘intersecting spheres.~‘l
5. Disregard ot shell effects in the leptodermpﬁs,
macroscopic approach. '
' One knows from Pission theory that in order to get quantitatively

correct maps one has to improve the parameterization by introducing more
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degrees of freedom. However, it turns out that the qualitative

features remain as I have shown. These are:

~For low x: . Two minima
. (x £ 0.396) One mountain

Two passes -

For high x: Two minima
(x 2 0.39) Two mountains
Three passes.

The div;ding line ﬁurns out tb be x = 0.396 in a calculation which

: removes'the restrictive parameterization. These features are basic"
invariants bf the landscape, which characterize heavy ioﬁ aﬁd fission
theorj ih ﬁhe leptodermous idealization.

As regardslshéll effects, they would introduce bumps and wiggles
on top éftfhe averége landscape that I discussed. For example, a magic
compourd ﬁucleus would deprésé the level of the'ﬁoﬁnféiﬁ laké (by some
10 MeV). A;magic fragment or pair of fragments would introduce a narrow
canyon running along a fixed © .from r=mw %to r=1 qha even a
little”inéide the scission circle. One speculates that such éaﬁyons

. might be réspoﬁsible for the observéd asymmetry of‘nucleaf fission,
Strutinski‘é'secondary shells, responéiblé for spontaneous fiésion
isomers, dre‘ripples be£Ween the mountgiﬂ.lakevand the oceon.

For many purposes thesé depressions, can&ons and ripples aré

‘essentiél{'but they should be viewed in the right perspegtive, as local
'fluctﬁéﬁiéns of a feﬁ MeV superimpoéed on the broad features measured

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

character of nuclei.

i

g
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DYNAMICS

Now‘iet me say a few simple things about;the dynamics of heavy
ion end fission physics. .This is necessary since the maps I discussed
provide only the stage on wﬁioh the dynamical processes of fission and
fusion are played‘out. In the idealization that I considered there
ﬁere two building blocks, two pieces of physics, from'yhich the potential
energyfoouid be constructed: the surface and coulomb energies. How

,,,,,

dynamlcs°

My answer is two, once more. The two dyudmleal properties have
to do with the general structure of any cquatlon of motlon. Thus ;n
generalrany macroscopic equation of motion has three types of terms.
Those involving the zZeroth, first and second timeﬁ@erivatives of the
generallzed coordlnates ot the system. In simple'iaoguage'the terms
with zeroth time derlvatlves make up the Potential Energy, those with
second time derivatives make up the Kinetic Energy. The terms with
first time derivatives are called friction, yiscosity or dissipative
terms.

Iﬁ going beyond the static stage of onr diseussion there are
thus two new pieces of physics to be discussed.

1. Generalized Inertia Coefficients.

2; Generalized Friction Coefficients.
In nuclear physics thevinertia'coefficients have beeﬁ discusseo in'the
case Of rotations, vibrations and,.more recently;'nuc]ear fission. A

cranking model is often employed.
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The friction coefficients are usually not called by that name,
. but are relgted to calculations of widths of (collecfive) modes of
motion. Iﬁ'general each given problém is handled individually} the
inertia and fricfion coefficients being worked out from scfatch in the
givén siﬁu’ation.

| Here I would like to pose a question--without being able to
give an answer. TIs it not likely that when A >> 1 a macroscopic
limit is.gppfoached in which the inertia and friction coefficients--
a£ least as regards average. trends--can. be deduced from average macro-
scopic properties, rather than from microscopic calculations on
individual nuclei? I feel there must be some limiting form of the
dynamics of very large nuclei which is derivable froﬁ thé propefties
'of nuclear matter and the gross shape of the nucleus. Aélwe saw this
is true in the case of the poﬁéntial energy, where one does not have
to work out -the energy of éach individual nucleus from scratch, but
can geﬁ a good approximation of average propertiés from macroscopic
considerations. '

Let me reﬁind.you of some siﬁple consequences that would follow
from a dimensional analysis if the hypothesis Qf a macfoscopic approach
to nuqlear dynamiés turned out to be correct. .

_Tﬁe validity of a macroscopic approach would 1mply that it isr
possible to define a local velocity field v in the nuclear fluid,
and tﬁeAleptodermous assumption would imply that .all fluid elements in
the bglk of the system have the same properties. One could then define
K:? Qiscosity coefficient in the uéual way as related to the rate, per

unit volume, of dissipation of energy caused by the presence of velocity
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gradients in the flow pattern. Thus

. 4R [f, 2
T -nf[ (grad v_). d.x dy ‘dz

viscosity coefficient.

-]
i

The dlSSlpdtion of energy cannot depend on the flrst power of
the gradient of v for obvious symmetry reasons. I have 31mp11f1ed
-6 .
somewhat the definition of -1, but I wrote down this_equation only to

remind,you of the dimensions of 1

.‘Let'us suppose'that'ip nuclear mecro-dynamics there_is semething
like a viécosity eoefficient,-ﬁith the above dimensions.-‘We can then go
- through enfelementary exerciseAin dimensional analysis to speculate on
some simple features ofinuelear dynamics. (In what follows I have
assumcd thcAyal;dity not only ef the macroseopic approach put also ofA
the leptodeymous approacl, 'Iu Lhie case ul dynamles T feel less_strongly
about the‘validity of the lotter, because the mean free path of nucleons
is not small compared *tn the size of even fhe heaviest nuclei. The
mean free path provides in fact a further dimensional euantity hot
considered.in the analysisngiven below, which would hold in the limit
of a shertAmean free path. Tn the‘opposite limit of e mean free path
very ;gggg:eempared to nuclear sizes the situation is femiﬁiécent of
the~caieﬁlation of the coulomb energy of a nucleus: because of the
long (infinite) raﬁge of the electrostatic interaction a‘lepﬁodermous
<approadh-—a division of the electric energy into bulk and surface terms

~-does not hold A macroscoplc approx1mat10n 13, hOWever, still valld)
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Coheider a blob of leptodermous nuclear matter with volume V, |
charge .Q, density Py surface,ﬁension' Yy and viscosity n .e The
dimensions of these guantities are:

en SO EEE AR
' ii[V1

[Q?]’ -———}? -~ " These define statics.

lel =

These are required for dynamics.

[n] =

Bl= Ul = 4 8
' Al

'7‘/ijA o

A Q: Py
_...-«—-—-m’?‘_.’_

" From these-five qnantities we can form three basic units of -
mass, length and tlme, approprlate to the system 1n questlon. 'in

addlton we - can form two d1mens1onless parameters.

.Thus, for example, we may 1nt:oduce these-qnits -

Ez— " ='-RO , radius of equivalent spﬁere;'

1l

by, -

= = (period of fundamental mode of uncharged
“nonviscous sphere);
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These units.tell us how to scale different systems in order to make
them compdfable; for example, how to compare nuclei‘of d;fferent
sizes, or how to compare a nucleus with-é drop of watér.-

AS<our first dimensionlésétpargmeter We may ﬁaké‘the fissility

parameter discussed previously

X = i-i or':- —?i for nu‘clei”
10 Vy . A e - ‘

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

P T

o
( a-fqlding,timg,of ereeping return of unéhargei)
_ sy2 spheroid to sphere :
719 , 3
' : T
-1/6

oc A for nuclei.

(I have deduced the coefficient 5\/5/19 frbvaamb,7'§h6 éuotés
Darwin, but have not checked it.)
| If the creep paramefer‘is large, the dynamicé §ﬁ thg,sysfém
are creepy, like‘thosé of honey. I the creep paramétef is'sméll.thev~
system is-mobile,_like mercury. |
__The fact that the A-dependepce is so exceedinglylslow shg#s '

that if:nuciei in one neighborhéod'of the periodic table can be shown
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té Be mobile or creepy, the cogqlusionishould'hold for essehtiaily the
whole periodi¢ table.

',Wéil; how large is z? ‘Are nuclei creepy or mobile? The precise
.ansver méy'not be simple; for example, it'will depend on the:degree of
excitation'(i.e., a températ&re'dependence of thej?iécosity coefficient).
I think.héwever theie_is rather good,evidencé from fissioﬁ thét even up
to modefgﬁe‘éxciﬁéﬁions'nucléi are ggg'éreepy.

.Figuré 11 shows Nix's calculations of the kinepic enérgy of
' fiésion fragments and an anquéis of the total inio'prefscission and
post-sciésion contributions. ThéAcalculations were done with zero
viscosity and. you can see that for the heavier nuclei a very substantial
part_of the kinetic energy'cémes from the saddle-to-scission stage.
Although the corrésponding viscous calculations héve not been done, it
is surely true that if nucleifwere creépy fragments would nét begin to
aécelefaté'until somewhere qioée‘to scission and a'substantially lower
kipefic energy.ﬁould result. The tfgnd of the gxpe?imental points seems
to exélﬁde this possibility. |
Thﬁs, certainly z > 1 and, in fact, probably z << 1.
To confirm this, and possibly determine 2z, there is an
Qutstanding need to repeat Nix's calcﬁlations—;at least the kinetic
- energy reiease part--as a function of viscosity; This Vould clear up
a fundﬁmgntal question. in nuclear macf&-dynamicé. Perhaps it will
turn out that’ z =~ 0 1is a good épproximation and life.woui@ be that
much easier when discussiﬁg'the dynamics:of heavy ion éollisions and

super-heavy é¢lement formation.
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PINCH-OFF REACTIONS

Let me end with an example of some unexpected-things one might
find in the dynamics of the fusion of heavy nuclei, éspecially if the
viscosity should turn out to be small.

I am referring to a bartial-transfer or . PINCH-OFF type‘of
rea;tion,‘a.prototype‘of which was found in Stan Thompsoﬁ‘s group in’
Berkeley soﬁe years ago in éxperiments on tﬁe fﬁsiohiof liquid drops.
Liquid dfop;, like nuclei, arevleptodermous systems, and provided one
scaleé the units of time, mass and length appropriately, theré is a
lot to be leérned from such studies. |

‘ “The,following phenomenon was observed,"If,a small drop'ofl
Water i$ﬂgently brought in contact with*a much 1arééf dfoP (in fact a
plane surfaée of water)la rather‘viblent fusion:proéess:pakes place.

‘ Thé dyﬁamics of the fusion turn out to be such thatf-quité unexpéctedly
--only part of the drop gets absorbed. (The pért glosest to the plane
cwface.) The rear pert of the drop doec not‘have time to follow tho
Afusion dynamics and gets left behind. Fiéurellz éhqws a sequence of
frames fro@_a movie which illustrates this. | |

" Three interesting variations of this partial transfer or
PINCH-OFF phenomenon have been found. First, if one increases the
viscosity'of the fluid--say if one goes from water to oil--thg'effect
disappears. The -small drgp gets absorbed in a creepy way, as pne'
would eXbéct. |

.Second, 1f two equal drops are gently brought into contact,
the eff;cp also disappearsﬁ ‘Figure 15 1llustrates a'sequence'of

'photographs of the dynamics in this,casé. “You can See that there is
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an attempt~by the system to pinéh off two smaller drdps from the two
ends, but thé attempt is unsuccessful. |

'Thifd; by a clever trick involving the use of gravity, one may.
try to étud&ithe éffeét that a volume electrification-fSuch as is
.preseﬁt iﬁ'nﬁciei--woﬁld have on fhe paftial transfer'pfocess. As
éxﬁected the résults suégest that the coulomb enérgy'wduid tend to 
increase the fraction of the droplet that gets pinched off.

. -If;one applies thé proper scaliné lﬁws to gd from.liquid drops
to nucléi,ﬁbneAendé up with'the expecﬁation that,-provided the nuclear
viscosiﬁj,is not-tooAlarge, such pﬁftial transféf réactions éhéuld'
occur follqwing the contact of ﬁwo.nuclei (at qubarding energies close
to the-coﬁlomb barrier). Thé effectlis exbected>in parti¢ulﬁr if the

.Atﬁo nuciei.ére unequal inAsize, but, because of tﬁé'electrostatic
repulSion;'might well pccuf.alsoAin the case of éqmparable-nuclei.

This leads to the folldwing,speculation, tb be added td the
long list of hypothetical teacfionsbsuggested in éonneétion with
sﬁper-heévy nuclei: o

Bfing tOgether two.h%avy nuclei, e.g., Hg2°4 and_Thgig, and
hope that by a'pinch-off reaétion.a large éentral su?ef—heavy.llh
nucleu$ is formed, with two smaller Ni fragménts’flyihg off. (See
Fig. 1k.) | "

'féfhaps such a reaction would have a better chance of forming
the llh‘nucleus in a,near-sphérical’shape than the very asymmgtric
binary fission that I mentioped earlier. |

"Leﬁ me summarize the main points ofAmy talk.
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'I'belie?e that a macroscopic appreach to heavy-ion and fission -

physics, i.e., NUCLEAR MACRO-PHYSICS characterized by A >> 1,
is the appropriate starting point.

/3

In the case of statics, the. LEPTODERMOUS model >> 1) provides
a simpie starting point. A similar approach should be explored in .

the case of dynamlcs

.. The qpestlon of the v1scosity of nuclear matter 1s the outstandlne

'problem in the dynamics -An analy31s of the klnetlc energy release

in f1531on should provide a measurement of the nuclear CREEP PARAMFTER
and thus determine the visc051ty.
As regards the use of heavy ions in ettempte to make Super-heavy

nuclei, the extreme BRITTLENESb of the latter is the gleaL danger

.-<Model experlments with liquid drops, if Judlclously 1nterpreted,

may be helpful 1nAunderstand;ng nuclear macro—dynamice, for example,

the PINCH-OFF effect.

;
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FIGURE CAPTIONS

- Three extreme types of heavy-ion reactions are located at the

corners of a triangle in a plot with A and A

projectile — target

as akes; The inside of the triangle cprrespohds-to.qases intérmediate

between these 'conventional', "inverse fission" and 'overshoot" reactions.

In conventionai reaction theory the configuration space is often
thought  of as divided into ﬁwo rééions: inside and outside of a
potential energy barrier.

In reaction theory with two or more dimensions the role of a barrier

is played by a '"saddle point with one degree of instability" and the

configuration space should be thought of as divided into three regions:
inside, outside and neither.

A two-parameter family of shapes is specified by twoloveriapping or

separated spheres. The internal surfaces are erased and the volume

re-normalized to a standard value.

The two detormation parameters of the tWo-sphere family of shapes are

plottéd as polar coordinates  r, 8. The cirgle' r = 00 corresponds

to separated spheres, r = 1 to tangent spheres and the region

r < §,|6| to a single sphere. For 6 =0 the two spheres are

equal, for © = % 90o one of the spheres. is vanishingly small.

Energy map of two-sphere configurations for x = O (no charge on the

system). An elevated glacier (white) overlooks the }aké with spiral
boundarics. '

Energy map of two-sphere configurations for low charge (light nuclei).

" Two low regions are separated by a snow-capped mountain, with two

' passes on the edge of the map.
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Energy map of two-sphere configurations for mediuﬁ-weight nuclei.

The mountaln range separatlng the lake with spiral boundarles from

the ccean in the upper part cons1sts of two peaks and three passes.
Energy map of two-sphere conflguratlons for heavy nuclei. The central
pass (the fission barrier) across the mountain range separatlng the
lake With sp1ra1 boundarles from the ocean is about to vanish

Energy map of two-sphere configurations for super-heavy nuclei. The
mountaic range has been breached and (in'ﬁhe-absence of shell effects)
there would be no barrier against fission.

Comparlsons of calculated and experlmental most probable fission-
fragment translational kinetic energles, ascfunctlons of the

fissility parameter x. The dot-dashed curve gives the calculated
energy acquired by the‘fragments between the:saddle point and scission,
the'short-dashed curve that acquired after.scission,‘and the solid

curve the final total. If the motion of the drop

‘between”the saddle and 501531on were very viscous one would expect

the results to follow the trend of the dashed curve The fact that
they don't suggests that viscosity is not large (see Nix's‘Ref. 8).

In the first frame (selected from a:lhigh speedcmovie sequence) a drop
of wate? (cr alcohol) is resting on a flat surface of the same mediuny
equivalent to another drop of infinite radius. (Theﬂsmall 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

~air has been squeezed out and fusion begins. The lower part of the

drop.is fapidly absorbed but the upper part does not have time to

follow (frame #5) and gets left behind (frame #L4).



15.

'14’

-26-

‘ Four frames show1ng the fuslon of two eqpal drops (restlng on a

ifluld uuri‘ace but separated rrom it by a thin cushion oF 411)
Fu51on has begun in frame #2 In frame #3 two protuberances on
elther s1de of the central drop w1tness to the dlfflculty experlenced

by the far sides of the coalesc1ng drops 1n follOW1ng the dynamics

_ of the fu31on Two smaller droplets are almost, but not qulte, left~d

behlnd the result is a 51ngle drop (frame #h)
IA hypothetical reaction suggested by studles of coalesc1ng llquld o
|drops ' Two heavy nucle1 come 1nto contact and by a plnch oif

reactlon iorm a super-heavy nvcleus and two smallel fragments

-
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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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