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PREFACE

It could be argued that the trigger which set off the explosion of interest in the
physical sciences since the second World War was the possibility of harnessing the
enormous energy released in nuclear fission. Yet despite the pioneering work of
Bohr and Wheeler a long time elapsed before it became possible to explain the
detailed fission mechanism, and only in recent years have many of the outstand-
ing questions in this field been clarified. At the same time the whole question of
nuclear stability and the possible existence of relatively long-lived superheavy
elements has been the subject of deep scrutiny. Many of the experiments suggest-
ed to test the new theories involve heavy ion reactions at energies close to, or
above, the Coulomb barrier and the consequent need to design and build a new
generation of heavy ion accelerators with which to carry out these experiments.

Paralleling these developments in terrestrial nuclear physics the discovery of
pulsars and the suggestion that they may well be neutron stars has once more
emphasized the importance of understanding nuclear processes in astrophysics.

It thus appears a timely exercise to prepare a brief, unified introduction to these
matters. Many of the ideas related to the topics discussed are in state of flux.
Thus in no way is this presentation intended to be definitive. I have enclosed a
few references, and by and large these are not original research papers but rather
reviews which I have found particularly readable and through which the reader
will find a more extensive bibliography of original material.

I would like to acknowledge many helpful discussions with my colleagues in
Manchester and in particular Dr. C. Pwu. Most of the results presented in Chapter
7 are taken from his Ph.D. thesis and the results in Chapters 8 and 9 relied heavily
on computer codes for which he was responsible. I am grateful to Miss V. Harney
for the most efficient way she translated my often unintelligible scrawl into a
legible typescript.

Finally, I would like to dedicate this book to Ritchie Middlemass, a patient
and considerate teacher.

Manchester 1974. I.M. L
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INTRODUCTION

Qur topic is the structure of heavy, superheavy, and ultra-superheavy (i.e. neutron-
star) nuclei. That is, we are interested in nuclear matter. Not in the rather
academic sense of an infinite equal number of neutrons and protons in which the
Coulomb force has mysteriously been switched off, which technically is the
meaning of the term ‘nuclear matter’, but rather in the sense of the possible
states of matter composed of nucleons at densities comparable to, or greater
than, those found in terrestial atomic nuclei (Bethe 1971 Irvine 1972).

Where we draw the line between what is heavy and what is not, is, of course,
rather arbitrary. We shall draw the line at 2°8Pb, and our study will concentrate
on nuclei with 4 2 208 and Z > 82. We shall be particularly interested in those
phenomena which are essentially statistical in origin, reflecting the participation
of very many particles, e.g. collective rotations, fission, shape isomers, super-
fluidity, etc. This is not to say that some or all of these effects are not seen in
lighter nuclei. In particular, the discussion of collective rotations would be app-
licable to an account of the rare-earth nuclei. Indeed we shail briefly discuss the
phenomena of the ‘back-bending’ of moments of inertia (Sorensen 1973) which
to date have only been observed in the rare-earth nuclei but which, if our current
ideas have any validity, should also be displayed in the heavy actinides.

In our region of interest there are only ten naturally occurring elements,}
although there are many more isotopes, and if this was all there was to discuss
we would indeed be severely restricted. However, since the detonation of the
first atomic bomb man has been manufacturing new nuclei, and there are current-
ly fourteen man-made elements and their associated isotopes which can be added
to our catalogue. One of the subjects we shall discuss concerns the stability of
these very heavy nuclei and of the possible existence of an ‘island’ of stability of
superheavy elements (Nix and Swiatecki 1965). This leads naturally to the
suggestion that there might exist a continent of ultra-superheavy elements whose
mass is so great that their self-gravitational interaction is the dominant stabilizing
influence. In order to produce such enormous gravitational potentials these giant
nuclei would require to be of stellar masses. Extrapolating from the growing
neutron excess in heavy nuclei we conclude that these giant nuclei would be com-
posed mostly of neutrons, and hence the term ‘neutron stars’ (Harrison, Thorne,
Wakano, and Wheeler 1965). Although the existence of such strange objects was
postulated by Landau in 1932 and has been strongly advocated by Zwicky since
1934, it was not until the discovery by Hewish in 1968 of ‘pulsars’ that a

+Most of which are short lived decay products of longer lived uranium isotopes.



2 INTRODUCTION

possible identification of neutron stars with any observed astronomical object
became likely.

Thus our subject matter covers a wide range of physical phenomena. Such
short volume as this cannot attempt to be definitive. Instead we have attempted
to outline some of the more outstanding properties of the known heavy nuclei
and to develop the theories which have been used to describe them. We have then
used those theories to discuss some of the possible properties of superheavy ele-
ments and neutron stars.

The possible production of superheavy elements has not been discussed.
Great hopes have been pinned on producing superheavies in heavy-ion fusion
reactions and these require high-energy heavy-ion accelerators which are only
now under construction. In fairness it should be stated that at present the indi-
cations are that the fusion cross-sections are likely to be disappointingly small.

It is just possible that superheavy elements may be synthesized in neutron stars
and may subsequently be found in meteorites or cosmic rays.

Our discussion of neutron stars is extremely brief. Much current work is
extremely speculative. However, it is probably true to say that there is a greater
richness of physical phenomena possibly associated with neutron stars than with
any other objects in nature. We have not discussed star quakes nor pulsing mech-
anisms.

What we have attempted to do is to develop certain central ideas and provide
the reader with the necessary introduction which will allow him to follow the
current literature. There are many variations on the theories we have developed
and, with apologies to the authors of these variations, we have claimed that these
are minor perturbations on our main theme. In order not to confuse the reader
we have not developed all the variations simultaneously. The path we have
followed involves a personal view of the subject, but as always this is the author’s
perogative.
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THE OBSERVED SYSTEMATICS OF HEAVY NUCLEI

Fig. 2.1 shows a chart of the observed nuclides in the plane of the neutron
number N and the proton number Z. In this Figure we indicate the naturally
occurring isotopes and the principal decay modes of the short-lived isotopes. It
is immediately obvious that the region of heavy nuclei is characterized by three
novel features not typical of the remainder of the chart:

(1) alpha decay becomes the dominant decay mechanism for an increasing
number of nuclei;

(2) amongst the heaviest observed nuclei spontaneous fission becomes im-
portant, and in a few cases it rivals alpha decay as the dominant decay
mechanism;

(3) the density of naturally occurring nuclides falls off rapidly with increasing
mass number.

In Fig. 2.2 is shown the region for 4 > 208 in considerably more detail, and
we immediately notice that it is populated almost entirely by unstable nuclei.
The only exceptions to this are 2®Pb which is completely stable and **Bi
which, although we might expect it to be alpha-particle unstable (see p. 113), has
an observed half-life in excess of 2 x 10!2 years and hence, to all intents and
purposes, may be considered to be completely stable. We can consider these
two isotopes to be anomalies in our region of interest, and their principal value
to us will be as sources of information which may provide us with a key to the
understanding of their heavier neighbours.

It is well known that the measured masses of nuclei are not equal to the sum
of the masses of the particles of which they are composed. The missing mass is
interpreted as the binding energy of the nucleus B(4,2),

B(4, Z)= AM(A, Z)c* = (Nmy + Zm,, = M(A4,2))c? 2.1

In Fig. 2.3 we plot the observed value of Bpax/A as a function of mass number
A, where B,y is the binding energy of the most stable nucleus of a given value
of A. We see that for nuclei with masses greater than *°Fe there is a general
trend towards a declining binding energy per particle. This decline shows a
marked acceleration beyond 2°®Pb. In Table 2.1 we present some more detailed
information on the binding energies, lifetimes, and decay modes of the heavy
nuclei.

Fig. 2.4 is a contour diagram of the binding energy per particle of the nuclides
in the &, Z-plane. We see that the diagram resembles a peninsula in which the
naturally occurring isotopes form a mountain ridge with peaks corresponding to
particularly stable nuclei, and the artificially produced radioactive isotopes
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THE OBSERVED SYSTEMATICS OF HEAVY NUCLEI 5

appear at progressively greater depths as their binding energies decrease. A cen-
tral problem in modern nuclear physics concerns the possible existence of off-
shore islands, i.e. either stable or near-stable exotic nuclei, with neutron excesses
which are much greater or much less than those observed along the peninsula, or
superheavy elements which appear as off-shore continuations of the peninsula. If
we assume that pulsars are indeed neutron stars then we could claim to have
observed a reappearance of the peninsula of stability at 4 > 10%% . Rather a new
continent, dominated by gravitational effects, than another island in the
archipelego.

Throughout the periodic table it is observed than even—even nuclei are more
stable than either their odd-4 or odd—odd neighbours. In addition, the ground-
state spins and parities are invariably 0. This relative stability is even more
pronounced in the heavy nuclei (see Table 2.1). The observed low-lying spectra
of the most stable even—even nuclei as a function of mass number A4 is plotted in
Fig. 2.5. This Figure shows the truly remarkable result that for A 2 230 the
spectra becomes independent of mass number. There is no other region of the
periodic table where such an independence holds for such a wide range of mass
numbers.

It is usual in a weakly interacting many-fermion system to think of adding
particles to states at the top of the Fermi sea and to consider the low-lying
excitation spectrum to be provided by the interaction between such particles
near the Fermi surface. If this were the case the spectra would depend critically
on the mass number, as indeed it does for 4 < 220 and for all odd-A4 nuclei.
However, for a strongly interacting system it is possible to spontaneously gener-
ate collective excitations of the system in which a large fraction of the particles
behave coherently. Such a spectrum would then be insensitive to small fluctua-
tions in the mass number (note that in going from 4 = 230 to 4 = 250 the mass
number has changed by less than 10 per cent). This view of the nature of the
excitation spectrum of the heavy nuclei is reinforced by the observation that the
spectrum closely resembles that of a quantal rigid rotator,

Ey=J(J + DR*[2 Lesr, 2.2)
where Ly is the excitation energy of the state of angular momentum J and .# o¢¢
is the effective moment of inertia. The constancy of the spectra for A > 230

indicates that the effective moment of inertia is constant. With £, = 0-04 MeV
we deduce that £ ¢¢ has the value

Seff=6n*[2E, =3-25 x 107* MeV s2. (2.3)
This may be compared with the classical rigid-body moment of inertia obtained
by considering the nucleus to be a sphere of mass M and radius R =4 ¥ ro,
I rigid ZAT x 107 MeV s, (2.4)

For 4 ~250 we find that #jgig &3 F¢r. In Chapter 5 we shall use this dis-
crepancy between the rigid-body value of the moment of inertia and the effective
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THE OBSERVED SYSTEMATICS OF HEAVY NUCLEI

TABLE 2.1

Binding energies, half-lives, and principal decay modes of the ground states of some

Nucleus

210 PO
211 Po
212 Po
213 PO
214 PO
’ZlSPO
216 PO
217 pg,
218 PO

211 At
212 At
213 At
214 At
ZISA‘
216 At
217 At
218 At
219 At

215Rp
216 R
217 Rﬂ
218 Rn
219R
220 Rn
221 Rp
222 Rp

217 Fr
218 Fr
219 F[
220 Fr
221 Fr
222 Fr
223 Fr
224 Fr

219 Ra
220 Ra
221 Ra
222 Ra
223 R4
224 Ra
225 Ra
226 Ra

Binding Half-life
energy

(MeV)

1645 1384 days
1650 25s
1656 45 s
1660 42 X 107¢ s
1666 1464 X 107 s
1670 1478 X 1073 s
1676 015 s
1680 <10's
1686 305 min
1648 7+21 hours
1653 03s
1659 short
1664 2%X107¢ s
1670 ~ 10" s
1675 3X 1074 s
1681 003 s
1685 2:0s
1690 09 min
1669 107¢ s
1676 4.5 X 107% s
1681 54 x 107% 8
1687 0:04 s
1692 45

1698 55s

1702 25 min
1708 3-82 days
1679 short
1684 5x 1077 s
1691 0-02s
1696 275 s
1703 4+8 min
1707 14+8 min
1713 22 min
1718 < 2 min
1689 1073 s
1697 0-02s
1702 29s
1709 37-5 s
1714 114 days
1720 364 days
1725 14-8 days
1732 ~ 1600 years

Principal
decay

PR RRRRRRR

E

) RRRRRRRRD
R

PWR R R R LRR

KGR R R R R

PR RRRRR

heavy nucleit

Nucleus

227Ra
228 Ra
221 AC
222 AC
223 Ac
224 AC
215 Ac
226 Ac
221 AC
228 AC
229 AC
230 Ac

223 'I'h
224 'r‘h
215’1"}1
226'1"].1
227’I‘h

228 Th
229’1‘}-\
230 Th
231 Th
ZSZTh
233 Th
234 Th

225 py
226 Pa
227 Pa
228 Pa
229 Pa
230 Pﬂ
231 Pa
232 Pa
233 Pa
234 Pa
235 Pa
236 Pa
237 Pa

228 {j
229 U
230 U
231 U
232 U
233 U

Binding

energy

(MeV)
1736
1742
1700
1706
1712

Half-life

412 min
67 years
short
S5s
2:2 min
2+9 hours
10 days
29 hours
21+5 years
6+13 hours
66 min
< 1 min

09s
1-05 s
8:0 min
309 min
18-2 days
1.91 yeass
7340 years
8 x 104 years
25+52 hours
1°41 X 10'° years
22-4 min
24-10 days

0-8s
1-8 min
38+3 min
22 hours
1:5 days
17:5 days
3:25 X 10* years
1-31 days
27-0 days
6-75 hours
23-7 min
12 min
39 min

9-1 min
58 min
208 days
4:3 days
72 years
1:62 X 10° years

fWhere more than one decay mode has a greater than 10 per cent intensity, the decays are
listed in order of probability.

Principal
decay

e e rr uy

g, Ec

RTRRWRRR R RRRR H{HHY

Ec, a

Ec



10 THE OBSERVED SYSTEMATICS OF HEAVY NUCLEI

Table 2.1 continued

Nucleus Binding Half-life Principal Nucleus Binding Half-life Principal
energy decay energy decay
MeV) MeV)
By 1779 2:47 X 10° years a #sCm 1842 9.3 X 102 years P
Y 1784 71 X 10® years -« 1 Cm 1848 55 X 10? years @
28y 1790 239 x 107 years & 27Cm 1853 1:6 X 107 years o
570 1796 67 days B #sCm 1859 47 X 10° years «, SF
28U 1802 4-51 x 10° years o wicm 1864 64 min 6
29y 1807 235 min 8
20y 1812 14-1 hours g 243 Bk 1827 4+5 hours Ec
4 Bk 1833 4+4 hours Ec
231 Np 1756 50 min « 5 Bk 1840 4-98 days Ec
BINp 1763 13 min Ec 246 Bk 1846 1-8 days Ec
23INp 1770 35 min Ec 247 Bk 1852 1.4 x 10? years «
34 Np 1776 4-4 days Ec 248 Bk 1858 16 hours g, Ec
235Np 1783 410 days Ec 249 Bk 1864 314 days g
236 Np 1789 22 hours Ec, f 25° Bk 1869 193-3 min 8
BINp 1795 2.14 X 10° years @
BENp 1801 2:10 days i »ACt 1831 25 min o
239 Np 1807 235 days g usCf 1838 44 min Ec, &
#O0Np 1812 - 63 min g M Cf 1845 35+7 hours o
#Np 1818 16 min i #1Cf 1851 2:5 hours Ec
#ECt 1858 350 days a
234 Pu 1775 9 hours Ec #oCf 1863 360 years o
235 py 1781 26 min Ec 2s0Cf 1870 132 years «
236 Py 1788 2:85 years a 251 Cf 1875 800 vears o
27py 1794 45 days Ec 252Cf 1881 2+65 years o
238 py 1801 86-4 years a 230t 1886 17+6 days 8
239 4 ear a
oy 112% 265?;3900yyeaiss o MEs 1841 7:5 min Ec, o
241 pyy 1819 132 years g usES 1848 3'0 min I%C
wip, 1825 379X 10° years ¢ mEs 1854 5 min Ee
u3py 1830 4-98 hours & Es 186l 2 hours Ec
284 pyy 1836 76 X 107 years @ 0Eg 1867 8 hours Ec
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moment of inertia to deduce some features of the nuclear structure of these
nuclei. Table 2.2 indicates how closely the experimental energy levels correspond
to the quantal rotator values predicted by eqn. (2.2) in the case of 2** Cm. We see
that up to, and including, the 6" level the agreement is excellent. However, a
discrepancy of a few per cent has appeared by the time we reach the 8" state,
and the discrepancy increases rapidly thereafter. Such results are typical through-
out this region.

TABLE 2.2
A comparison of the observed ‘rotational’ energies in *** Cm compared with the
predictions of eqn (2.2)

Eexp Erot
2+ 0-0429 0-0429
4+ 01423 01430
6+ 0-296 0-3003
8+ 0-502 0+5148

Further evidence supporting our interpretation of the ‘rotational’ bands
comes from a study of the gamma-decay spectrum. The sequence of decays . . .
8" > 6" > 4" > 2" > 0" is characterized by the observation of extremely strong
electric quadrupole radiation such as would be expected to arise in large-scale
charge-density fluctuations corresponding to collective motion.
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Fi1G. 2.5, Low-energy excitation spectra of the most stable heavy even—even nuclei

as a function of mass number 4.

Turning to the spectra of even—even nuclei in the range 210 <A < 230 the
only obvious systematic is that the first excited state is always a 2" level and that
its energy falls rapidly with increasing mass number. There is always a gap of at
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least 100 keV between the first 2" level and the next excited state, but above
this the density of energy levels increases rapidly with excitation energy.

If we study the odd—odd heavy nuclei we find that very little is known about
the excitation spectra. Indeed there are fewer than a dozen nuclides throughout
the whole region in which confident spin and parity assignments can be made for
levels other than the ground state. The only completely unambiguous statement
that can be made is that the density of low-lying states is much greater for the
odd-odd nuclei than for even--even nuclei. In all cases the first excited state lies
within 300 keV of the ground state, and most commonly at less than 100 keV
excitation.

Turning to the spectra of odd-4 nuclei we consider first the odd—even nuclei,
i.e. those with even numbers of protons. In Table 2.3 we present a study of the

TABLE 2.3
Ground-state spins and parities of heavy odd—even nuclei

+ + +

209 Pb % 229 Th % 241 Pu %
11 9: 29 i* ,1_+
2 Pb 2 2 U 2 241 Cm 2
211 I 231 _5_-_‘- 3 r
Po 2 Th 2 *Pu 2
213 PO % 231 U _g; 243 Cm %+

9* s 7*

215 = 233 ~_ 45 =
Po 3 U p) #Cm 2
217 Rn %+ 235 U 77'__ 249cf %__

23R, 1 237y g 1Cf ’g

2

225 Ra %_ 237 Pu %: 253 Cf %+

225Th %+ 239 P.u %’ 255 Fm _‘;j

3* 5* 9*

227 =~ 23¢ =~ =
Th 5 U 2 »7Fm >

observed ground-state spins of odd—even nuclei. While there is nothing as drama-
tic as the situation in the even—even nuclei we notice the following regularities:

(1) a large majority of the nuclei have positive-parity ground states;

(2) the negative-parity ground states have relatively high spin;

(3) the nuclei tend to form groups of neighbours with the same ground-state

spin.

Table 2.4 shows a study of the observed ground-state spins of even—odd
nuclei. Again there is a tendency for neighbouring nuclei to have the same ground-
state spin, and the majority of the states have negative parity.

In both odd—even and even—odd nuclei the density of low-lying states is
similar to that exhibited by odd—odd nuclei.

As may be seen from Fig. 2.1, among the lighter nuclei the stability of the
ground states is completely determined by the energetics of beta decay. Nuclei



