QUADRUPOLE MOMENT OF Li’

pointed out that a negative quadrupole moment is in
agreement with the predictions of all the simple nuclear
models that have been proposed for Li’. However the
magnitude and even the sign of Q(Li”) must still be
considered to be in doubt for the following reasons:

(1) The quantity ¢ is the difference between two very nearly
equal terms which represent, respectively, nuclear and electronic
contributions. The electronic term in ¢ is much more sensitive
than the dissociation energy to changes in the wave function.
Because of this sensitivity improved wave functions may lead to
quite different values of ¢. One of us (M.A.M.) is repeating the
calculations with the more accurate 18-term wave function.

(2) The variational wave function has been determined for only
one internuclear distance, R=2.98A. The assumption made about
the variation of ¢ with R was based on calculations made with a
simpler wave function.

(3) The experimental value of egQ is rather uncertain, since the
satellite maxima could not be resolved. There seems to be little
doubt, however, about the sign.

(4) No average was made over the vibrational states of the
molecule, and no account was taken of rotational distortion. The
resulting errors are probably very small.

(5) In both of the wave functions used in these calculations,
the 1s functions are of the form e~e". No account has been taken
of the shielding effect due to the quadrupole moment induced in
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the 1s shell. Sternheimer?® has calculated a correction factor for
this effect in atoms. He finds that for the excited lithium atom
the observed nuclear quadrupole moment should be multiplied by
the factor 1.148. Although our use of molecular wave functions
for the valence electrons precludes a direct application of Stern-
heimer’s result, it seems likely that the correction would be of the
same order of magnitude.

It seems unlikely that Q(Li") can be calculated with
reasonable accuracy from the observed quadrupole
interaction energy until a molecular wave function for
Li, is developed which will compare in accuracy with
the James-Coolidge function for Ho.

We are indebted to Dr. R. J. Finkelstein and Dr. R.
D. Present for their valuable suggestions and discussions
concerning this work and to Dr. H. M. James who
kindly made available his manuscripts on the Li,
molecule.

Note added in proof—The calculations with the 18-term James
function mentioned previously have been completed, and the
following results were obtained: dissociation energy=—0.51 ev
(James originally gave —0.62 ev due to a slight error in his calcu-
lations). Using R=2.98A: ¢’ = —0.0030 atomic unit, Q(Li") = —4.2
X 10726 cm?,

9 R. Sternheimer, Phys. Rev. 80, 102 (1950); 84, 244 (1951);
86, 316 (1952).
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A general survey of excited states of even-even nuclei yields the following results: The nth excited state has
usually a spin 7 <2n. For n=1, the assignment I =2+ (even parity) is compatible with experimental results
for 66 out of 68 nuclei investigated. For #=2, of 26 nuclei investigated, about one-third have =2+, one-
third I=4+-, and one-third miscellaneous spins of both even and odd parities. The energy of the first excited
state plotted against the number of protons or neutrons in the nucleus varies rather smoothly and reaches
maxima at closed shells. Wherever the first excited state is very low, e.g., in the rare earths region and for
the heavy elements from thorium up, the one-particle model for odd 4 nuclei is likely to break down except
for the ground state. The lack of isomers of odd proton nuclei below magic number 82 may be due to this
fact. The average energy of the first excited state of the even-even core in this region is of the order of 0.1
Mev, whereas this energy is of the order of 0.5 Mev for the core of the corresponding odd neutron nuclei
(N <82). Isomerism in even-even nuclei is discussed. The results are compared with theoretical predictions
derived from an extended j-j coupling model and from the liquid drop model of the nucleus.

I INTRODUCTION

INCE the strong spin orbit coupling model*?
implying a “‘shell structure” of the nucleus was
suggested several years ago, nuclear physics has gravi-
tated toward the study of odd A4 nuclei. This model,
which received its first impetus from a consideration of
the pronounced stability of certain nuclear species,
soon scored a series of important successes wherever
the prediction of spins and parities of nuclear states
entered, e.g., in the fields of beta-decay and of isomeric
states. However, at the same time a number of features
* Work was supported by the U. S. Atomic Energy Commission.

1 M. G. Mayer, Phys. Rev. 75, 1894 (1949); 78, 16 and 22

(1950).
2 Haxel, Jensen, and Suess, Phys. Rev. 75, 1766 (1949).

became apparent which seemed to contradict a rigorous
single particle picture, such as the large values found
for the matrix elements of a number of E2 transitions,
the sign and size of quadrupole moments, and the
scarcity of odd-proton isomers for elements with
50 <Z <82. Also, the model in its present form does
not provide a basis for quantitative prediction of
energies of nuclear states.

Obviously, some interaction of the single particle
with the even-even core has to be taken into account.
Whether the whole core has to be considered* or, in
first approximation, only the “loose” particles with the

3 J. Rainwater, Phys. Rev. 79, 432 (1950).

1 A. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd.
26, 14 (1952).
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Fi6. 1. Distribution of known spins and parities of first excited
state of even-even nuclei. For methods of determination and
references see Table I, columns 6 and 7. For 66 nuclei, a spin
assignment of 2 and even parity is compatible with experimental
results. In 53 of these cases a spin 2 and even parity can be as-
signed with certainty. For eleven more nuclei a spin of 2, even,
seems probable, but the possibility that their first excited state has
aspin 1, even, cannot be excluded. For two other cases, it can only
be said that 7<2 for the first excited state. See Secs. II, 1 and
IIT, 1 of text.

same quantum numbers (,7) as those of the odd par-
ticle,5 ¢ is not yet clear.

At this point, it seems of great interest to survey
our empirical knowledge of even-even nuclei, for its
own sake as well as to promote a better understanding
of odd 4 nuclei.”

We restrict ourselves here to a survey of the spins
and parities of the first 3 excited states of even-even
nuclei and of the energy spacings between the ground
state and these 3 excited states.

208

Pb

qu" smlw
P1 196 ce 140
P19t 8%
Te'®? Mo®$
cd\ll Ni 60
Se™ Ti ¢

Sr% 24 GelZ  Mo®™ Ti*®

.
et 0" P Ng™ ze®t A Mgt
7- 6~ 5- 4- 3~ 2- 1= 0- O+ I+ 2+ 3+ a4+

F16. 2. Distribution of known spins and parities for the second
excited state of even-even nuclei. The light nuclei show a prefer-
ence of spin 4 and even parity for their second excited state. This
is in agreement with theoretical expectations for nucleon pairs
with low j. States with odd parity can be described as the result
of “splitting up” of a pair of nucleons. See Secs. II, 2 and III,
2 of text. According to a private communication by F. Metzger,
Os!86 has also 2+ for its second excited state.

5 D. Kurath, Phys. Rev. 87, 218 (1952).

6 B. H. Flowers, Phys. Rev. 86, 254 (1952); Proc. Roy. Soc.
(London) 215, 398 (1952); and previous publications.

7 Preliminary notes: G. Scharfi-Goldhaber, Phys. Rev. 87, 218
(1952) ; Physica 18, 1105 (1952).
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For the ground state of a nucleus, it is generally
assumed that an even number of equivalent nucleons
couple to zero angular momentum and, of course, even
parity. Only a small number of nuclear spins of even-
even nuclei have actually been measured,® but many
experimental facts indicate that this assumption is
correct. We therefore base our conclusions on spins and
parities of excited states on the assumption that the
ground state of an even-even nucleus has a total
angular momentum (hereafter called spin) /=0 and
even parity.

II. RESULTS OF THE SURVEY

1. Goldhaber and Sunyar? pointed out in 1951 that
the first excited states of even-even nuclei have pre-
dominantly spin /=2 and even parity.!° The summary
of the first excited states with spin and parity known
at that time yielded nineteen examples supporting this
“24 rule” and seven contradicting it. These seven
cases consisted of two cases with spin 0, even, and five
with spins 1 and 3, some of them with odd parity.

Meanwhile a great number of new spin assignments
have been made, often with more accurate methods.

FIRST SECOND
GROUND EXCITED EXCITED
STATE STATE STATE

100%

80%l- 4+ Fic. 3. Percentage
distribution of spins and
parities of ground state

60%} and first two excited
states of even-even nu-

o+ 2+ 2+ - clei. See Secs. II, 3 and

40%} . IIT1, 3 of text.

20%1

MISC.
~O+ .

Figure 1 shows the distribution of spins and parities of
first excited states of even-even nuclei: Apart from 2
nuclet, no sure exception from the 2-+ rule for the first
excited state exists. The nuclei listed range from very
light (Be®) to very heavy (Pu®$). There are now alto-
gether at least 66 nuclei for which a 2 assignment is
compatible with experimental results. Of these, 53
nuclei have 2+, 11 have either 24 or 14, and 2 have
either 2+ or 1+.

The two exceptions, O'¢ and Ge™, have spin zero and
even parity in their first excited state. No vy-radiations
are observed in these cases. The transition from the
much investigated 6.05-Mev state of O'¢ takes place by
pair emission with a half-life of 7107 sec,* whereas
the 0.68-Mev state! of Ge™ decays by means of internal

8 J. E. Mack, Revs. Modern Phys. 22, 64 (1950).

9 M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951).

10 Independently, Horie, Umezawa, Yamaguchi, and Yoshida
[Prog. Theoret. Phys. 6, 254 (1951) ] discussed the spins and par-
ities of first and second excited states of some even-even nuclei.

1t Devons, Hereward, and Lindsey, Nature 164, 586 (1949).

2 Bowe, Goldhaber, Hill, Meyerhof, and Sala, Phys. Rev. 73,
1219 (1948).
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(See Secs. II, 4 and III, 4 of text.)

conversion with a half-life of 0.3 usec. These lifetimes
are in agreement with theoretical expectations.* Pos-
sible interpretations of these 0+ states will be given
in Sec. III, 1.

2. The distribution of spins and parities for the second
excited state of even-even nuclet, as represented in Fig. 2,
indicates that spin 2 or 4 and even parity is preferred.

13 S, D. Drell, Oak Ridge National Laboratory Report ORNL-
792 (unpubhshed)

Among the light nuclei spin 4 predominates. For
medium heavy and heavy nuclei both possibilities
appear. In addition, spins of 1 or 3 occur, and some
second excited states have odd parity. Outstanding is
again O'® with a spin of 3—, and Pb%*, with 7—.

It must be borne in mind that the identification of a
state as a second excited state is not always certain,
since a second excited state, e.g., of low spin 0 or 1,
situated between a 2+ and a 44 state may be poorly
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The spins of the second excited state will be further
3. The percentage distribution of spin and parity of

a)

(

NEUTRONS, ———

populated and hence be missed, if the 44 state is low-lying, long-lived metastable states in even-even

mainly excited. It is much less likely that a first excited nuclei.

state is missed, unless it should turn out to have a very
high spin. In that case it would be a metastable state. discussed in Sec. III, 2.

There is at present no evidence for the occurrence of
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F16. 5. Energies of first excited states of even-even nuclei are plotted against number of neutrons. (a) N <60. (b) N> 60. Energies
for nuclei differing by 2, 4, or 6, protons are compared, where possible. “Energy columns” for nuclei with either a magic neutron or
proton number are cross hatched; energies of double magic nuclei are shown by black columns (see Sec. II, 4 of text).—For Te26

a-value of 0.64 Mev should probably replace the 2 alternative

the ground state and the first two excited states is
shown in Fig. 3. From this distribution and from the
fact that very few long-lived even-even isomers exist,
one can deduce that, as a rule, I<2x for the nth excited
state of an even-even nucleus. Occurrence of an isomer
would imply a spin change AI>3 between two suc-
cessive states.

The only long-lived even-even isomers known at
present are Pb?%™ (68 min), Hf!'8 (5.5 hr), and Pb2®»
(5.6 sec). Pb2™™ decays by means of a two step (E5-E2)
isomeric transition. Tts isomeric state is the 7-state
mentioned under II, 2. For Hf'%" and Pb?®?m15 gpin
and parity of the isomeric state are not known. Hf!8m
emits a very complex y-ray spectrum, suggesting that
the isomeric state is probably the fourth excited state
and that its spin 7>7.4

4. We come next to a consideration of the energy of
the first excited state. Goldhaber and Sunyar® have
already pointed out an interesting regularity: In the
rare earth region first excited states of very low energy,
of the order of 100 kev or less, occur, from which transi-
tions to the ground state with matrix elements >1
(some with | M |2~150) take place.

4 M. Goldhaber and R. D. Hill, Revs. Modern Phys. 24, 179

(1952).
15 N. J. Hopkins, Phys. Rev. 88, 680 (1952).

energy values.shown in the figure.

Meanwhile, a systematic survey of the energies of all
reasonably well-assigned first excited states of even-even
nuclei has been carried out.”6—18 The result is shown in
Fig. 4. Here, the excitation energy is plotted against
the number of neutrons in the nucleus. From this graph,
the following conclusions may be drawn:

A. The energy of the first excited state of even-even
nuclei varies smoothly and decreases—in general—with
increasing mass number. However, the curve has strong
maxima for the “double magic” nuclei, 0'%, Ca®, and
P8, i.e., nuclei with a magic number o f neutrons and a
magic number of protons. Smaller maxima occur for nuclei
with @ magic number of neutrons and still less pronounced
maxima for nuclei with a magic number of protons. As

. mentioned above, a deep and smooth trough appears in
the rare earth region between the neutron numbers 82
and 126 and the proton numbers 50 and 82. After
having reached a maximum for Pb?%8, the curve descends
again in the heavy element region to an energy as low

16 Independently, a similar survey was made by P. Preiswerk
and P, Stihelin, Helv. Phys. Acta 24, 623 (1952).

17 For heavy elements, the dependence of the excitation energy
of even-even nuclei on 4 has been considered by F. Asaro and
I. Perlman, Phys. Rev. 87, 393 (1952).

18 A, H. Wapstra [Physica 18, 799 (1952) ] discusses the branch-
ing ratio for alpha-emission leading to the first excited state of an
even-even nucleus.
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as 40 kev. At the last point, which denotes the first
excited state of Pu??, no indication of an eventual rise
is noticeable. On the whole, several remarkable regu-
larities may be discerned in Fig. 4: e.g., a certain sym-
metry around the points for Sn stands out. The element
lines for neighboring elements are frequently arranged
in parallel; which would indicate, as Preiswerk and
Stdhelin!'® have pointed out, that it may be possible to
construct the energy function for the first excited state
as a sum of functions, of which one depends only on
the number of protons and the other on the number of
neutrons. However, in the environment of ‘“doubly
magic”’ nuclei, this rule seems to be broken: the lines
for A(18) and Ca(20) intersect, and the point for Ph2*
lies below that of Hg?%2.

B. In a large number of examples, addition of two pro-
tons to a nucleus hardly affects the energy of the first excited
state. This is emphasized by the representation in
Fig. 5 (a) and (b), in which the excitation energies of
nuclei with the same number of neutrons are compared.
Strong differences appear only where the proton number
of one of the two nuclei is “magic.” Addition of a
neutron pair to a nucleus seems to have a slightly more
disturbing effect on the position of the first level, as is
indicated by the slopes of the lines in Fig. 4 connecting
points for isotopes of the same element.

C. If one adds a single nucleon to an even-even core
and considers the excitation of the odd nucleon and
that of the core in first approximation as independent,
one would expect the excitation energy of an odd 4
nucleus to be at least as low as, or lower than, that of
its even-even core. This expectation is found to be in
excellent agreement with the facts.

5. In Table I the energies, spins and parities of the
three lowest excited states of even-even nuclei are listed.
The method of measurement used and the reference are
given for each entry. The arrangement of the table and
the symbols used are explained in the caption.

Wherever the energy of a first excited state is known
with reasonable certainty from the knowledge of a
decay scheme or the Q value of a reaction, it appears
also in Fig. 4. In cases where it is known only that a
y-ray of a certain enérgy is emitted but the excited
state from which it starts is not identified, the energy
is given in parentheses in Table I and, as a rule, not
included in Fig. 4. For the determination of spin and
parity of an excited state a number of different criteria
were used. The most prominent among these were:
(1) Measurement of the K-conversion coefficiént of the
v-ray in question, which allows identification of the
order of transition by means of the table of Rose ef al.!®
(2) Measurement of the ratio of K-conversion electrons
to L-conversion electrons (K/L ratio) and comparison
of this value with empirical curves given by Gold-
haber and Sunyar.® (3) Measurement of y-y angular
or polarization correlation. (4) Measurement of -y
angular correlation. (5) Measurement of angular cor-

12 Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83,
79 (1951).
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relation of y-rays and particles emitted in a nuclear
reaction. (6) Intensity ratio of L-conversion lines.?°
(7) Wherever lifetimes were measured, the multipole
order of a transition could usually be derived by means
of Weisskopf’s formulas® or empirical curves.® (8) For
the case of 8-decay a clue is furnished, if spin and parity
of the mother nucleus as well as the character of the
beta-spectrum leading to the excited state are known.
(9) Measurement of angular distribution? and polari-
zation® of y-rays from aligned nuclei.

Wherever the lifetime of a first excited state has
been measured, it is also given in the table.

III. DISCUSSION

Let us now compare the results of this survey on spins,
parities, and energy spacings of excited states of even-
even nuclei with conclusions which may be derived
from various nuclear models. We shall start out with
the extended strong spin-orbit coupling model: An
even number # of equivalent neutrons or protons in an
unfilled subshell (quantum numbers 7, ), interacting
with each other, may be considered.

(1) For this model, under the assumption of short
range forces, the lowest state is always caused by the
excitation of a single pair of nucleons, with a resulting
nuclear spin of 2 and even parity.% ¢ This result is clearly
in agreement with most of the empirical data: the first
excited states of the majority of nuclei are 2+4. It also
provides a possible explanation for the two certain ex-
ceptions: In O the neutron shell as well as the proton
shell of 8 is filled. In order to excite this nucleus, we
may have to transfer a neutron pair, say, from the py
to the dgs shell, with resultant spin 0, even. Similarly,
in Ge™ the py2 neutron shell and the ps» proton shell
may be filled and excitation may take place by raising
a proton pair or a neutron pair to a higher configuration.

However, if this model were strictly adhered to, we
would not expect 24 levels for nuclei with filled sub-
shells. In this light the 24 levels of nuclei like Ce!4?
(k1172 neutron shell and gz proton shell filled) seem to
require additional explanation. On the other hand, this
fact would help with the interpretation of spin 1 and
even parity in a number of cases, if these assignments
should prove to be right: e.g., for C* this would cor-
respond to the splitting of a proton pair, ending up
with one p32 and one pys proton. Similarly, a 14 level
in Si?8 may be due to the splitting of a ds/» neutron pair,
with one neutron being transferred to the ds shell.

In particular, on this basis doubly magic nuclei are
not expected to have a lowest excited level with spin
2-+4-. We have already seen that this is borne out for O*
which has a first excited state 04-. Spin and parity of
the first level of Ca® (20-20) are not yet determined.

20 T W. Mihelich, Phys. Rev. 87, 646 (1952); Gellman, Griffith,
and Stanley, Phys. Rev. 85, 944 (1952).

2V, F. Weisskopf, Phys. Rev. 83, 1073 (1951).

2 Daniels, Grace, and Robinson, Nature 168, 780 (1951);
Gorter, Poppema, Steenland, and Benn, Physica 17, 1050 (1951).

2 Bishop, Daniels, Goldschmidt, Halban, Kurti, and Robinson,
Phys. Rev. 88, 1432 (1952).
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Pb*8 (82-126), however, is known to have I=2, even,
in its first excited state, in disagreement with this rule.
Pryce? has discussed this difficulty in some detail.

Another explanation for the 04 level of O'¢ has been
given on the basis of the alpha-particle model.?®

The liquid drop model yields a spin of 2 and even
parity for the first excited state of any even-even
nucleus. Therefore, the spin of the first excited state of
Pb»8 is compatible with it. For light nuclei this model
is, however, expected to break down.

On the whole, it may be said that the evidence con-
cerning the spin of the first excited state does not allow
a definite distinction between the various models to be
made at present.

(2) For the second excited state of an even-even
nucleus, the extended spin-orbit coupling model as
defined in Sec. II, 1 predicts 4+ for 2 nucleons or
2 holes with j=5/2,7/2,9/2,11/2, - - -, if it is assumed
that no change of configuration takes place.?®?” For
4 nucleons with j=7/2 and 4 or 6 nucleons with
7=9/2, however, a second 2+ state is possible.
This fact may explain why light nuclei (low j values)
have predominantly a second excited state with
I=4+, whereas for medium heavy and heavy nuclei
both possibilities appear. In this simplified model
(no interaction between protons and neutrons) a 3+
state appears for the first time for 4 or 6 nucleons with
7=9/2. At least one of the two 3+ states in Fig. 2, that
of A8, cannot be explained in this way. If one considers
the interaction of 2 loose protons and 2 loose neutrons
with the same 7, one finds that a 3+ state may result.
However, for A3 (filled neutron shell) this assumption
does not apply. In addition, even under the assumption
of the splitting up of a pair of nucleons a 3+ state
cannot be explained for A3 The 14 state of Nd#
may be attributed to the coupling of the spin 2+
of a proton pair with that of a neutron pair. The 7=0+
state of Pd'% may be due to the change of configuration
of a neutron pair.

The odd parity states require a change of configura-
tion of at least one nucleon in the j-j coupling model.
The I=3— state of O' may be interpreted as due to
the splitting up of a p1/2 neutron pair, with one neutron
changing over to a dgs state. According to Dennison,?
four alpha-particles can also be coupled to give a spin
3—. The I=7— state of Pb?*™ can be ascribed to the
splitting up of an ;32 neutron pair with one neutron
going to the pyse shell.

The predictions made on the basis of the “liquid
drop” model* for the second excited state of an even-
even nucleus are: =0, 2, or 4; even parity.

(3) For the higher excited states not too definite
conclusions can be drawn in the framework of the
“loose particle” picture. However, the rule derived
empirically : 7<2# for the nth excited state is in agree-

24 M. H. L. Pryce, Proc. Phys. Soc. (London) A65, 773 (1952).
2% D, M. Dennison, Phys. Rev. 57, 454 (1940).

26 H. J. Maehly and P. Stihelin, Helv. Phys. Acta 25, 624 (1952).
27D. C. Peaslee (unpublished).
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ment with this model and also with the liquid drop
model. The only well-studied case of an even-even
isomer, that of Pb?*™ which was discussed above, is an
exception to the rule 7<2x. In this connection the
isomer Mo%®™ is of interest.?® It can be explained as
due to isomerism of the core (spins 2, 4, 8 for first,
second, and third excited state, respectively), while the
odd neutron probably does not change its configuration.

(4) The rather smooth variation with 4 of the energy
of the first excited state of an even-even nucleus and
the deep troughs between closed shells may speak for
the existence of interconfigurational mixing.® The
greatest amount of mixing takes place in the middle of
a shell, which has the effect of lowering the level in
question due to the interaction of various configurations.

The low energies of first excited states in the rare
earth region may be responsible for the scarcity of odd-
proton isomers for 50 <Z <82, which, as mentioned
above, presents one of the difficulties for the strict
single particle model: Since the even-even core is easily
excited, the single proton may prefer to couple with
the 24 state of the core to form the first excited state.
Thus, the requirement for isomerism, A>3, will be
very rarely realized. On the other hand, the core
excitation energies for 50 <N <82 are of the order of
0.5 Mev, which is usually higher than the excitation
energy for the single neutron. Hence, a great number of
isomers appear for odd neutron isotopes.™

The generally smooth behavior of the energy function
agrees well with the liquid drop picture, but the specific
features of this function cannot be derived from it.
However, it is possible to compare the distortion
parameter 3¢ derived from different nuclear properties,
namely, from quadrupole moments and the variation of
isotope shifts, with the same parameter 8 derived from
the energies of the first excited states of even-even
nuclei. This has been carried out by Ford.?® The fit is
fairly good in the rare earth region, where a liquid drop
model seems to be most adequate, but differences
appear for lighter nuclei. For the heaviest nuclei few
data on quadrupole moments and isotope shifts exist.

SUMMARY

In conclusion, it may be stated that both the j-j
coupling model and the “liquid drop model” of the
nucleus can explain the regularities found for spins and

-parities of first and second excited states of even-even

nuclei. The extended j-j coupling model can explain
more specific features, but not all the spins of these
low-lying states. The smooth variation of the energy
spacing between the ground state and the first excited
state may be understood on the basis of the liquid drop
model, but not the shell structure aspects of the energy
spacing. The assumption of interconfigurational mixing
may be necessary for a qualitative understanding of
both features. Apart from the theoretical interest the
28 M. Goldhaber, Phys. Rev. 89, 1146 (1953).

29 A, de-Shalit and M. Goldhaber (unpublished).
30 K. W. Ford, Phys. Rev. 90, 29 (1953).
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smooth variation found for the energy of the first
excited state as a function of proton and neutron number
has many experimental uses, e.g., in the studies of
decay schemes and inelastic scattering of particles.

I should like to thank M. Goldhaber for frequent
inspiring discussions, and A. de Shalit and J. Weneser
for enlightening arguments of a theoretical nature.
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