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Nuclear POTENTIAL ENERGY BW (1939)

B(N, 2) =
+avA (Volume energy)
—asA2/3B4(B) (Surface energy)
72
—aCA1/3BC(6) (Coulomb energy)
—a[(N ;Z)Q (Symmetry energy)

—0(A) (Pairing energy)



Nuclear Deformation Energy

Let the nuclear surface be described by

r(0,¢) = Ry [1 + aaP>(cos )]

The surface energy lowest order Taylor expansion:

2

By = EJ(1+ Zay®)

The Coulomb energy lowest order Taylor expansion

1
Ec = FE2(1 - 30‘22)

The energy at deformation c: relative to spherical shape

Eqet(a2) = Ec(a2) + Es(az) — (EZ + EY)

If E4ef is negative then the system has no barrier wrt fission

2 1
Eget(0) = 5@22E§ — goz22E8 <0

E?:




The surface energy for a sphere

E? = 17.80A4%/3

The Coulomb energy for a sphere
Z2
0 __
Eg = 0.7103—7

The fissility parameter x:




Single-Proton Energy (MeV)

Hexadecapole Deformation €, Hexadecapole Deformation €,
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Feynman:

e | do not care how smart you are
e or how complicated your model is

e |f it does not agree with experimental measure-
ments it is wrong!
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Mass Models Compared to AME2003

FRDM(1992):
o= 0.67 (MeV)
h=+0.02 (MeV)

N \

.Q'

VA"

"
A\

A

"
A

\ \\‘ / |
HFB(Sly4): \V
o= 5.11 (MeV) \ \
u=-2.94 (MeV)

o

20 40 60 80 100 120 140 160
Neutron Number N



120

100

80

60

40

20

Proton Number Z

60

40

20

H TR et e e e e e e rr et rr e et rp et re et

FRDM(2012) Compared to AME2012

Discrepancy (Exp. — Calc.)
IAE | (MeV)

15 .

1.0
0.5
0.0

~0.5

~1.0

- _15

I
N
o

'I:.#:::.- Oo353 = 0.5728 MeV

'Y

I I I | I I I I I I | | I
FRDM (1 92) Compared t E2012
Discrepancy (Exp. — Calc .)

IAE | (MeV)

[
© o o pRrPPEk
oo o wu

[
=
o

FTTTTTT T e e e et T e e e Tt

Lo
N
o u

el Gaes = 0.6478 MeV
ol [ ¥FE

LLTTTTTTTI

e b oo b s sE oo oo boocoo b b D e

| 17

o

Neutron Number N

20 40 60 80 100 120 140 160



Discrepancy (Exp. — Calc.) (MeV)
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Proton Number Z

Calculated ground-state spin compared to experiment
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Mass-Model Error with y correction

Mass-model error with €; correction

for 71 nuclei with |AE,| > 0.2 MeV for 78 nuclei with |AE,,| > 0.2 MeV
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EVEN A SUPERFICIAL GLANCE backward will teach us that
it is impossible to predict in detail the future of a fast-
moving science like nuclear physics. It will remind us
that often entirely unexpected events changed-the direc-
tion of endeavor in this field. These events were either of
an experimental nature, as, for instance, the finding that
beta rays have continuous energy spectra, or they con-
sisted in the formation of new concepts—as, for example,
of the liquid-drop model of the nucleus. |

It is, of course, similarly impossible to predict what
extraneous happenings may in the future affect scientifie
progress as profoundly as two world wars and political
persecution have affected it in the past. During the last
twelve years the great importance attached to atomic

difficulties that it took about another quarter century and
development of computers to reach the same stage.)

If we want to study events happening inside the nucleus,
its finite extension and the distribution of charge and cur«
rent inside it, we have a task of a higher degree of difficulty
than in the atomic case: (a) We do not know the exact

nature of the force between two nucleons, nor do we know:
(b) One cannot

whether a potential exists for this force.
consider, in first approximation, the interaction of two
nucleons only, because all nucleons are close to each other.
(¢) We do not know whether the laws of quantum

mechanies are sufficient to describe a nucleus completely..

Quantum mechanics may need to be modi=
fied, e.g., by the introduction of the concept
of a fundamental length, before nuclear

body system assuming that nuclear forces can be derived
from a two-body potential. The simplified case of infinite

iRy

energy has induced an unprecedented increase in the tempo i
of research, and new nuclear physies centers have sprung phenomena can be explained i
up all over the world. This development is viewed by
many with delight while others are afraid that it may have On the other hand, we have two important clues on the ' |:
a negative effect on nuclear physics as a pure science. nature of nuclear forces: 2|
In spite of all the uncertainties mentioned, it is useful to 1. Apart from the lightest ones, all nuclei have the same T
interrupt from time to. time one’s preoccupation with the density p = 1.7 X 10% nucleons/cm3, at least in their
problem at hand to investigate the trends that current central part, so that it is reasonable to speak of ‘‘nuclear
research seems to follow, both in experiment and theory, matter.” Hence, if it were not for the Coulomb repulsion
and to try to recognize how far these may serve to bring between the protons, nuclei of arbitrarily large size would
us closer to the solution of outstanding problems. _ exist. We therefore speak of the “saturation” of nuclear :
The central problem is to understand the nucleus in the forces, which prevents nuclear matter from collapsing to : ;"
same sense in which one might have said in 1926 that the a density less than p and from flying apart.
atom was understood: one knew then not only that the 2. Experiments have shown that the forces between twn 54
forces between the nucleus and the atomic electrons were protons, corrected for the effect of Coulomb repulsion, are :_"'
pure Coulomb forees, but also that the excited states in the same as between two neutrons, i.e., charge symmetry PEA
~ which the systefil could éxist were governed By the TW§6T™ "Prévails, and probably theToTees are ilso the same berwren 1
quantum mechanies, including the Pauli exclusion princi- a proton and a neutron (charge independence). '&
ple. (It is true, only the states of the simplest atom, hy- In recent years a number of theoretical physicists, under ﬁ;
drogen, could be exactly calculated, while already the the leadership of K. Brueckner, have tried to understand m
helium atom presented such overwhelming mathematical the nuclear phenomena by treating the nucleus as a many- A
i

)
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nuclear matter is considered first. A few months ago
P. 8. Signell and R. E. Marshak and independently J.
Gammel and R. Thaler showed that the phase shifts de-
rived from nucleon-nucleon scattering experiments up to
150 Mev can be fitted remarkably well by a charge-inde-
pendent potential including a spin-orbit term of the same
sign as in shell theory. This potential has alrcady heen
introduced in a Brueckner-type theory by de Dominicis,
and reasonable answers for the binding energy of infinite
nucleur matter have been obtained.

One would hope to apply similar methods to the more
complicated case of the finite nucleus, thercby demon-
strating the validity of the shell model for such a system.
The next decade may see an understanding of complex
nuelei based on interactions derived from nucleon-nucleon
seattering experiments.

While the solution of these very difficult fundamental
problems progresses slowly, experimental nuclear physicists
s Bre guided in their rescarch by a number of more phenomc-

_ nological nuclear models, each one of which ix limited n its
application. Usually these models are not born in a
finished form but have to be modified continuously to fit
the facts. Sometimes, they even seem to contradict
fundamental principles, as when the basic assumption of
.the shell model that a nmucleon may be conzidered to move
In g central potential seemed at first to violate the idea
3 tl.lat- the mean free path of a nucleon is of the order Of its
diameter. J. H. D. Jensen, in a talk given in 1956 at the
International Congress on Theoretical Physics in Seattle,
Trecounted how Maria Mayer and independently Haxel,
'I_OUSGH and Suess revived and modified —by the introduc-
!axou of strong spin-orbit coupling—the early sheil-model
Idens. {(which in turn were conceived in analogy to the
a'f-l?mm, case) merely as a working hypothesis. A possi-
bility of removing the apparent contradiction was first

_ Vol.15, No, 9 - September, 1957
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pointed out by Weisskopf, who emphasized the importance
of the role of the exclugion principle in simplifying the par-
ticle motions in the presence of strong forces.  Later quan-
titative studies of Brueckner, Eden and Bethe have shown
that this conjecture & correct and that the shell model can
be used to give a useful first approximation to the nueleus
up to ~10 Mev.

Two other model: which have played an important role
in recent vears ure the collective model developed by A.
Boly and B. Mottelson, which is likewise valid at low
energies only. and the optical model, which successfully
deseribes nuelear absorption and scattering processes, ¢.g.,
the so-called mountain resonances for neutrons and protons.

Let us now consider some of the aspects of these models
which are likely to lead to further m'ogres‘s’ in nuclear ve-
search: The ghell model will, of course, continue to he use-
ful for the construction of level schemes and in giving the
characters (spins and parities) of levels not only of stable
nuelei, but. also of radioactive nuclei, in providing a means
for the classification of heta decays and for the explanution
of the oceurrence of nuclear isomers, ete.  Of more far-
reaching importance are the possibilities for a quantitative
analysis of the energies of nuclear levels. In the near
future such an analysis will be restricted to the immediate
neighborhood of doubly magic nuclei, e.g., O and PHos,

The successful analvsis by Elliott and Flowers, by D.
Kurath and hy B. French and others not only of the level
energies of some light nuclel, but also of the transition
rates of a number of beta transitions, and of several electro-
magnetic transitions—-mainly of dipole character-—justifies
the expectation of further progress in this field.

As an example of a field where much progress can be ex-
pected in the near future, and in which the author has been
particularly interested, a few words may be said ahout
those even-even nuclei which have vibrational level schemes
and which lie between the “magic” nuclei and the rota-
tional region. The vibrational level schemes have been
tentatively interpreted on the basis of the Bohr-Mottelson
model in the region of weak to moderate coupling. Such
a model predicts a triplet, of characters 04, 24, 4+, at
about twice the energy of the first 24 state. Since states
differing in spin by 4 would escape detection with most of
the usual methods of determining level schemes, it is not.

s

G. Scharf-Goldhaber § i

Physics Department. Brookhaven National Laboratory;
has worked on nuclear energy levels, neutron and elec-
tron diflvaction, spontancors fission, and ferromag-
netism.
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surprising that only-one such close-lying triplet has been
found so far, namely, in Cd*t. The method used here was
the analysisof conversion electrons accompanying neutron
capture in Cd'® (H. Motz). A systematic search for
triplets by means of suitably chosen experiments should
throw light on the question of the nature of the vibrational
even-even nuclei and, in turn, of those odd-A nuclei of
which they form the core.

As is well known, the collective model has been enor-
mously successful in describing not only the level charac-
ters and energy ratios, but also the transition probabilities
of electromagnetic transitions, the log ft values, ete., in
strongly deformed nuclei.

Recent efforts to interpret the level scheme of F'?® have
led to an interesting discovery: the results of one group of
physicists who applied a shell-model analysis agreed sur-
prisingly well with those of another group who applied a
collective-model interpretation. Ironically, the theoretical
values agreed even more closely among each other than
with the experimental values. The reason for the good
agreement is by no means obvious and is now being studied
by a number of theoreticians. It allows one to conclude,
however, that it will be possible to set up a unified model
of the nucleus, in which the individual particle motions
and the collective motions are self-consistent as in mole-
cules. Important attempts in this direction have been
made by Peierls and Yoccoz and by Wheeler and Griffin.

Now a few words about higher-energy nuclear reactions:
As was mentioned above, the optical model is successful
in describing the energy dependence of the absorption and
scattering cross sections of the particles impinging on a
nucleus for a considerable energy range. However, a
theory has still to be evolved which will give the probabili-
ties and angular correlations for the decomposition of the
system target nucleus plus hombarding particle into the
various energetically allowed end products. It may be
added that the optical model is based on the assumption
that the energy spectrum of the incoming particles over-
laps many resonance levels in the target nucleus. It is
likely that with increasing energy definition this approach
will give way to a renewed interest in the fine structure,

- which is of particular importance in the fission process.

We can look forward to definitive progress
toward understanding the bewildering
variety of phenomena observed in fission

A few thoughts on beta-decay theory: the recent revolu-
tion in thought brought about by the discovery that purity
conservation and the conservation of charge conjugation
do not hold in weak interactions has attracted great interest
to this field. Although at present the nature of the inter-
actions for the nucleon-electron-neutrino system is not
known, it is very probable that by the end of the coming
decade it will be quite well understood. This will be
brought about by studies of polarization of the electrons
emitted in various types of beta decuy, by further efforts
to “detect double beta decay and by the refinement of
present neutrino-detection experiments.

The experimental determination of nuclear properties
will increase in accuracy and scope as the equipment and
methods grow in diversity and ingenuity.

124
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For example, the steady improvement in resolution and ;
efficiency of spectrometers will facilitate the determination . :
of level energies. -5

Tor character assignments to nuclear energy levels thera
are now a number of methods at our disposal, which wg
have just begun to exploit. For short-lived states pre-+
ceded by some previous radiation there is the delayed-coinie =
cidence method, which Sunyar has recently developed into ;T"-
a form that permits one to measure lifetimes as low ag g +
few times 10~ sec. For electric dipole or quadrupole
transitions leading to the ground state the Coulomb-ex«
citation method is able to cover a wide lifetime range.
As a final example, the use of molecular-beam and para~ o
magnetic-resonance methods for the spin determination of
radioactive nuclei will doubtless increase and serve to. .
check assignments made on the basis of decay-stheme = .
studies. Further, it may be expected that the refinement’
of the theoretical interpretation of experimental results;
e.g., a better theory of stripping, of internal conversion
and of the angular distribution of inelastically scattered
particles, will make level-character assignments of excited
states more definite. I

Radioactive nuclei will be found further away from the e
stability region, owing to the use of heavier bombardinig} 3
particles and faster detection methods. The study of the' .
binding energies of nuclei of this type may throw further » &
light on the nature of nucleon-nucleon forces. Also, the, &
number of known elements will certainly be increased. &

Relatively long-lived isotopes may well In
found among the far-transuranic nuclides.
because of magic-number stability

There may be, for instance, another region of relatjva, y
stability at the doubly magic nucleus 126X 310 (the closing
of the j neutron shell). R
New accelerators like variable-energy cyclotrons and ;
tandem Van de Graaffs capable of producing beams of well Bl e
defined and sufficiently high energies will make it possible® &
to study radiation and particle widths of excited statesye a@i®
of light nuclei with accuracy, thus testing the shell-model. g
wave functions, and to explore the level schemes of més i
dium-weight nuclei (50 < 4 < 150). R
Atomic-beam methods and possibly the study of p,-mcﬂ‘li:'_t;
X-rays will yield new data on clectric and magnetie =
moments of higher order. The boldness of some thinkers ':
in this feld is indicated by the title of a recent theoretieal
paper: ‘ Nuclear Hexadecapole Moments.” It may even "ﬁ §
be possible to get a better idea of the charge and current Ao -
distribution within the proton by means of the 6-Bev: gy
electron synchrotron now being constructed at Cambridge; s
Massachusetts, which will permit an extension of the Vﬂ'ﬁu
successful work carried out at Stanford. e
One important goal of nuclear-physics research 18 hh'
deduction of nuclear forces from meson fields. Alﬂﬂﬂ_‘
these fields the role of the w-meson field will probabl}* be - w%, ,
arst understood, but it is clear that any ultimate theary S 2L <.
will nob be able to ignore.the role of the “strange p@rjicl";"fff«'a‘, i
(K mesons and hyperons). In the meantime, the ﬂe‘}"” T
field of “hypernuclear” physics is likely : :
siderably and to help indirectly in the understanding ’t :
nuclear phenomena. i
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Five Essential Fission Shape Coordinates

< Q, >

45 Q, ~ Elongation (fission direction)

3DS a, ~ (M1-M2)/(M1+M2) Mass asymmetry
1DS g, ~ Left fragment deformation

1DS €., ~ Right fragment deformation

1DS d ~ Neck

[J 5 315 625 grid points — 306 300 unphysical points
[0 5009 325 physical grid points
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Nobel Symposium 27
Physics

Super-Heavy Elements—
Theoretical Predictions and
Experimental Generation

Proceedings of the Twenty-Seventh Nobel Symposium
held at Ronneby, Sweden, June 11-14, 1974

Editors Sven Gosta Nilsson and Nils Robert Nilsson
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Fusion configurations for a spherical projectile
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Figure 1
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Fusion configurations of deformed nuclel
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Figure 6
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150Nd + 150Nd

Shapes with large negative hexadecapole moments
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Potential Energy (MeV)
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Spheroidal Deformation ¢,




Qo Deviations beyond N = 126

Region Model Nuclei RMS
(MeV)

Z > 82 SkM* 46 2.6

Z > 82 Sly4 46 2.6

Z > 82 HFB21 145 0.409

Z > 82 FRDM(1992) 145 0.463
Z > 82 FRDM(2012) 145 0.326

Z > 88 SkM* 36 1.7
Z > 838 Sly4 36 2.2
Z > 3838 HFB21 101 0.367

Z > 88 FRDM(1992) 101 0.448
Z > 88 FRDM(2012) 101 0.274




Brownian shape motion

Five Essential Fission Shape Coordinates

Nuclear deformation energy: E, (i,j,k,/,m)

Bias potential: V, (i) = V, (Q,/Q,)

Level density parameter: a, = A/(8 MeV) _

= %5 Q, ~ Elongation (fission direction)
) —/— %5 g~ (M1-M2)/(M1+M2) Mass asymmetry
Tem peratu re 7'.. E*_ Edef - aA TZ X — k —— 1@? g, ~ Left fragment deformation

|
|

®

g, ~ Right fragment deformation

d ~ Neck
= 5315 625 grid points - 306 300 unphysical points
= 5009 325 physical grid points

=
(6]

=> V(x) =E s + V,,

ias

P. Moller et al, Nature 409 (2001) 785

Metropolis walk: N. Metropolis et al, J Chem Phys 26 (1953) 1087
V(x’) < V(x): move with P=1

Ch hape: x —> ' ? ’
ange shape: ¥ X { V(x ') > V(x): move with P = exp(-AV/T)

Scission: Critical neck radius ¢, = 2.5 fm

JR: NPF 2010
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CONCLUSIONS

All global nuclear-structure models are simple rep-
resentations of nuclear properties. To expect infi-
nite accuracy with global models is unrealistic.

Both Wood-Saxon and folded-Yukawa based mod-
els give properties of SHE elements to useful ac-
curacy.

Remaining differences between these models and
between the models and experiment must be con-
sidered unavoidable model uncertainties.

Obviously less deviations can be achieved by lo-
cal adjustments of parameters, but for those of us
who strive to improve global model accuracy, this
would be a null results.

Most HFB models have poor results for known nu-
clei, therefore their predictions in the SHE region
are irrelevant.

For heavy systems it is not the lowest minimum
that is the most stable, it is the minimum with the
highest fission barrier, a fact usually ignored in
HFB calculations.



FUTURE

e Study additional isotopes to establish Z, N of max-
Imum stability.

e More events to obtain fission-fragment mass dis-
tributions and TKE distributions.

e Investigate additional projectile-target possibilites
(hugging, transfer, .. .)



