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and would consist, in the case of solutions that are regu-
lar everywhere, of finite contributions from both the
spinor field and the electromagnetic field. It is clear that
different types of solutions should yield different masses
corresponding to these solutions. We anticipate, in
fact, the appearance of a mass spectrum.!

It should also be possible to understand by a theory
of this type the reason for the fact that certain kinds of
particles, like magnetic poles, do not exist in nature,
because it is conceivable that no solutions regular in
the interior can be found which would fit to a solution
of the exterior corresponding to, say, a magnetic pole.

It appears also reasonable to expect that within the
framework of such a theory one may be able to grasp
unstable particles, and particles which possess excited
states. In fact, the ultimate aim of this effort is to
understand all particles, from the electron up to the
unstable nuclei of the heaviest elements in terms of
excitations of a medium which is described by a
variational principle of the type (1).

Work to produce solutions of the field equations
[(3), (4), (5)]is under way.

1 Since the basic action principle (1) does not contain any
constants from which one can build any constant of the dimension
of mass, it is obvious that the anticipated mass spectrum must
appear in terms of a smallest mass which remains completely
undetermined in the classical theory, and which by similarity
transformation of the solutions may be fitted to the experimental
value. The situation is analogous to that encountered by J. A.
Wheeler in his theory of classical geons [Phys. Rev. 97, 511

(1955)7], which may be called “particles” built up out of gravitons
and photons.
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HE nuclear shell structure and the equilibrium
shape of the nucleus are intimately related.
Thus, the nuclear distortions are a consequence of the
centrifugal pressures exerted by the individual nu-
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cleons.! In turn the deformation of the nuclear field
implies important modifications of the nucleonic
motion.? This interplay between nucleonic motion and
nuclear distortion is most easily studied in nuclei
possessing large equilibrium distortions. In the present
note we report a classification of the nucleonic states in
the deformed nuclei in the region 150 <A <194. From
the ground-state configurations we then calculate the
equilibrium deformations.?*

The level spectrum of individual particle motion in
an ellipsoidal potential with the inclusion of a spin-orbit
force has been calculated as a function of the nuclear
eccentricity.® The adjustable parameters in the poten-

TaBLE I. The expected ground-state spins, I¢heo, Obtained from
Figs. 1 and 2, are compared with measured nuclear spins taken
from reference 6. The assumed nuclear deformations are deduced
from the measured intrinsic quadrupole moments where available;
in other cases interpolated values are employed.

Assumed
deforma-

Nucleus tions Ttheo Texp
8853 Eulst 0.16 3/2+,5/2+ 5/2
04, Ey 63 0.30 5/24, 3/2+ 5/2
945, Th159 0.31 3/24, 5/2+ 3/2
98g;Ho16% 0.30 7/2—,1/24+ : 7/2
1004, Trn!6 0.28 1/2+4,7/2— 1/2
104,,T u178 0.28 7/24,5/2+ 7/2
108, T'q181 0.23 5/2+, 7/24 7/2
110, Relss 0.19¢ 9/2—, (5/24) 5/2
112, Rel87 0.19 9/2—, (5/2+) 5/2
14, Triot 0.14 3/24,1/24,11/2— 3/2
16,198 0.122 3/2+,1/2+4,11/2— 3/2
815,G 15 0.31» 5/2+,3/2— >3/2
935, G167 0.31» 3/2—,5/2+ >3/2
95, Dyl6L 0.312 5/2_

97, Dy1es b

90 Fr167 0.29 1/2—, 7/2+ 7/2
101,y hin 0.29¢ 7/2+4, 1/2— 1/2
108, Y h178 0.298 5/2— 5/2
105, { {177 0.26 7/2—

107, {179 0.27 9/2+

100, /163 0.21 1/2—,7/2—,3/2— 1/2
11,0187 0.18= 1/2—,3/2—,9/2+

13,0189 0.15 1/2—,3/2—, 11/2+ 3/2

a Interpolated value.
b Prediction sensitive to assumed deformation.

tial, such as the strength of the spin-orbit force, have
been chosen to reproduce as well as possible the ob-
served single-particle spectra in the approximately
spherical nuclei near closed shells.® It is found necessary
to choose slightly different parameters to reproduce the
neutron and proton spectra respectively. For the
protons we use the parameters corresponding to Table
Ib of reference 5, while for the neutrons the parameters
of Table I of the same reference are employed. The dif-
ferences between these two choices of the parameters
are in the general sense of favoring proton orbits of
higher angular momentum as compared with the cor-
responding neutron orbits.

The parts of the spectra relevant to the present dis-
cussion are reproduced in Fig. 1, which covers the
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proton orbits from Z =350 to Z=82, and in Fig. 2, which
covers the neutron orbits from N=82 to N=126. The
abscissa is the deformation parameter § which is related
to the intrinsic electric quadrupole moment Qo by
means of the relation

Qo=$ZRA(1+30+- ), ¥

where Z is the nuclear charge number, and R, is the
mean radius for the nuclear charge distribution, which
we take to be Ro=1.2XA4%0"® cm. The individual
orbits are labelled by the parity and the component
Q, of the nucleon’s angular momentum along the
nuclear symmetry axis. Each orbit may be occupied
twice, corresponding to the two possible signs of Q,.
The absence of degeneracies, except that associated
with the sign of Q,, implies a very simple coupling
scheme for the particle motion. Thus, in an odd-4
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Fic. 1. Spectra for protons from Z=>50 to Z=382 as a function
of the nuclear deformation. Only prolate deformations are shown.
The numbers labelling the orbits on the right are arbitrarily
assigned and correspond to the notation of reference 5.

nucleus the ground-state spin is equal to the value of
Q, for the orbit occupied by the last odd nucleon [except
for certain exceptional orbits Q,=%, see (2) and (5)].

It should be noted that the spectra of Figs. 1 and 2
contain many deviations from the usual shell model
rules as to the relation of spin and parity in a given
shell.

In order to employ these level schemes in the classi-
fication of the nuclear states it is necessary to have an
estimate of the nuclear equilibrium deformation. We
use for this purpose the measured nuclear quadrupole
moments Qo and the relation (1). The values of Qq are
taken from a recent summary? of Coulomb excitation
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and lifetime determinations, and the resulting values
of & are given in Table 1.

Employing the observed deformations one can obtain
from Figs. 1 and 2 the expected nuclear ground-state
spin and parity. The values obtained in this way are
compared with the experimental spins in Table I.
Where the calculated spectra give several close-lying
states, the exact sequence may be somewhat fortuitous,
and in such cases several possibilities are listed in
column three of Table I. One expects the alternative
states to occur as low-lying intrinsic excitations in the
nuclear spectra and in many cases these have already
been observed. Thus, for example, in Lu!” the 5/2+
state occurs at an excitation of 342 kev.® In W!8 the
3/2— intrinsic excitation occurs at an energy of 209 kev,
while the 7/2— state is at 453 kev.?

Additional low-lying excited states in the nuclei in
the region 4~190 may result from the nucleonic states

32_%6—) A 61 70 39
65
625
st
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F1G. 2. Same as Fig. 1 but for neutrons from N =282 to N=126.

of low ©, from the next higher shell (these levels are
not shown in the figures). Such configurations would be
characterized by appreciably larger deformations than
in the ground state.

The agreement between the observed spins and those
obtained from Figs. 1 and 2 is seen to be excellent and
thus to support the coupling scheme employed in the
description of the nucleonic motion.

The very great difference in the deformation in Eu!%
and Eu'® implies rather different intrinsic spectra in
these two isotopes. In Eu!'®® the ground state has
Q,=5/2+, and the excited configuration at 103 kev
has the expected 2,=3/2+ character.® Although Eu!®
also has a ground-state spin [/=35/2, the measured
magnetic moment identifies the configuration as Q,
=5/2— (orbit No. 36 in Fig. 1).

The observed magnetic moment and rotational
spectrum of Tm'® has been discussed previously™ and
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found to be in good agreement with the present classi-
fication.

Following the filling of the 7/2+ orbit in Lu'’%, the
next two protons appear to fill the 9/2— orbit pairwise.
The 7/2+ orbit then occurs a second time as a ground
state in Ta!8!, and the Re isotopes have the Q,=5/2+4
ground-state configuration. Although the 9/2— orbit
thus does not occur as a ground-state configuration,
its existence is verified by its occurrence as an excited
configuration in Lu!”®'? in Lu!”’® and in Re!%”.1® The
occurrence of this small irregularity in the level sequence
may be associated with the residual interactions between
the nucleons."

The experimental evidence concerning the spins of
Hi""7 and Hf'” is conflicting. Tentative hyperfine
structure measurements'® have been interpreted as
suggesting a spin of £ or §. However, more recent evi-
dence'® from the nuclear rotational spectra seems more
consistent with the high spins expected from Fig. 2.

In the discussion of the nuclear ground-state spins,
we have used the experimentally measured deformation.
One may, however, obtain a theoretical estimate of
this quantity by considering the total nuclear energy
obtained from Figs. 1 and 2 as a function of the defor-
mation and thus obtain the equilibrium shape for each
configuration.’” It is found that the calculated equi-
librium shapes have the observed prolate type of
deformations for the nuclei considered in the present
note. The calculated deformations for the ground-state
configurations are also found to follow rather well the
variation of the nuclear distortions as deduced from
the observed electric quadrupole moments (see. Fig. 3).

Qo] o Experimental deformations of even-even nuclei
x Experimental deformations of odd - A nucle/
~~ Calculated deformations for odd - A nuclei

150 155 160 165 170 175 180 185 190 195 A

F16. 3. The calculated ground-state equilibrium deformations
are compared with those deduced from the observed intrinsic
quadrupole moments.

In particular the dramatic increase in the nuclear
deformation which is observed!8 in going from neutron
number V=88 to N=90 follows as a consequence of
the breaking up of the %;1/2 shell which occurs at this
point.
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During the course of the present work we have
enjoyed many illuminating discussions with Dr. A.
Bohr, and it is a pleasure to acknowledge the stimu-
lation which he has provided.
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EAN lifetimes for heavy mesons from cosmic

rays have been reported by various groups using

cloud chambers and Cerenkov counters.'? We have
carried out a measurement of the mean lifetime of
artificially produced K+ mesons by making use of their
decay in flight in nuclear emulsion. -



