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The existing theoretical ideas about the structure and properties of nuclear monopole states
and E 0 transitions are analyzed on the basis of the most recent compilation of experimental
data. The main modes forming not only the low-lying 0™ states but also giant monopole
resonances are identified in light, magic, spherical, deformed, and transitional even—even
nuclei. Typical results are given of calculations obtained in collective and microscopic models,
as well as results based on qualitative considerations about the nature of these states deduced
from their systematic behavior. The intensity of E O transitions is characterized by “single-
particle” estimates and energy-weighted sum rules. Particular attention is devoted to
anomalies that are manifested in the decay properties of the monopole states and to their
physical interpretation. The results of a self-consistent approach to pairing correlations in
nuclei are presented in detail. The possibility of experimental investigation of monopole states

excited by the decay of a bound muon is discussed.

INTRODUCTION

There have been many experimental and theoretical
studies of monopole states (spin-parity /7 =0~ ) and £0
transitions in nuclei. Various aspects of this problem have
been considered in a number of reviews.'”” The particular
interest in nuclear monopole excitations arises because the
structure of the 0 states is distinguished by great complex-
ity and a variety of forms of the effective nuclear interaction
involved in their formation. Indeed, in many even—even nu-
clei several 0+ levels (sometimes up to five) are found be-
low the energy gap (E 52 MeV). This indicates that these
levels have a different nature and interact weakly with one
another. For otherwise the residual interaction would lead
to repulsion between them.

The simple listing of the experimental methods used in
their excitation is an indication of the variety in the nature of
monopole levels in nuclei. As a rule, 0" levels of similar
energies in a given nucleus cannot be excited by one and the
same reaction, and this also indicates significant differences
in their structures. The most information about monopole
states is provided by radioactive decay, the (p, p’) reaction,
double Coulomb excitation, reactions involving light ions,
and also the reactions (p,¢) and (*He,n) and their inverse
reactions, the (°Li,d), (a,2n), (p,2n), (n,y) reactions, and
so forth. The first three methods of exciting nuclei serve to
study the electromagnetic decay of low-lying 0 states. Gi-
ant monopole resonances are excited in inelastic scattering
of electrons, hadrons, and a particles. Reactions involving
the transfer of a pair of particles are helpful for investigating
the pairing component of the wave function. The remaining
reactions give more or less fortuitous information about
monopole nuclear states.

The aim of the present review is to give, as far as possi-
ble, a unified picture of the ideas and methods underlying the
various model approaches to the problem of monopole exci-
tations in nuclei. Historically, nuclear models developed fol-
lowing two limiting concepts: independent-particle models,

521 Sov. J. Part. Nucl. 17 (6), Nov.-Dec. 1986

0090-4759/86/060521-28504.40

which deal with single-particle motion, and continuum
models, which absolutize the collective forms of the motion.
Accordingly, the nuclear models can be divided into two
groups—the microscopic models and the collective or mac-
roscopic models. Usually, theoretical reviews are based on a
classification of the existing nuclear models, the experimen-
tal data being used to illustrate their achievements and diffi-
culties. The shortcoming of such an approach is that the
exposition is necessarily fragmentary, reflecting the objec-
tive state of the theory. In such a situation, it is more natural,
in our view, to present essentially the same material on the
basis of the observed properties of nuclei, taking one or other
model to describe them as appropriate.

Depending on their properties, nuclei can be divided
into large groups: light nuclei, magic nuclei and nuclei with
closed shells, spherical nuclei, deformed nuclei, and transi-
tional nuclei. Within each group, the properties of the mono-
pole excitations are qualitatively similar, and this makes it
possible to identify typical features and describe them by
means of definite models. On the transition from one group
of nuclei to another, or from certain properties to others (for
example, the excitation energies), the model representations
also change. This interdependence of the models and proper-
ties of nuclei is taken as the basis of the present review.

Its material is accordingly arranged as follows. In the
first section, we discuss the general properties of electric
monopole transitions. Then comes a description of charac-
teristic monopole states and transitions in light nuclei. The
following section is devoted to the properties of low-lying
0+ states in magic nuclei and closed-shell nuclei. In a sepa-
rate section, we discuss the properties of giant monopole
resonances observed in these nuclei. We then consider the
properties of collective monopole excitations in spherical
and deformed nuclei in the framework of the vibration mod-
el. The following section of the review is devoted to the inter-
action of the elementary modes that leads to anharmonicity
in the spectra of the transitional nuclei. We then discuss the
main results of the microscopic description of the structure
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of low-lying 0+ states in the superfluid nuclear model with
self-consistent pairing. The possibilities of the new method
of monopole excitation of nuclei through the decay of a
bound muon in a mesic atom are discussed in the final sec-
tion of the review. At the end, we give the main conclusions
relating to the theoretical description of 0 states and E0
transitions in even—even nuclei.

The main attention in the review is devoted to the de-
scription of monopole excitations in nuclear models without
a detailed description of these models themselves or of the
results of their application to other types of excitation. Ex-
cept where stated otherwise, details can be found in the well-
known monographs of Refs. 8-10 on nuclear physics. All the
experimental dataon 0" states and £ 0 transitions in even—
even nuclei used in the text, tables, and figures are taken
from the compilation of Ref. 11, which collects together the
information available up to the middle of 1985. Tables of
estimated experimental data are given in the Appendix.

ELECTRIC MONOPOLE TRANSITIONS

Electromagnetic transitions are extremely important
for understanding the nature of the various modes of nuclear
monopole excitations and analyzing them. Monopole transi-
tions of electric type occupy a distinguished position among
the electromagnetic transitions. They are associated with in-
teresting and rather poorly studied aspects of nuclear struc-
ture such as the changes in the rms charge radii, the isotopic
and isomer shifts, the compressibility of nuclear matter, ra-
dial oscillations of the density, breathing modes, etc.

The main factor giving rise to E 0 transitions is the Cou-
lomb interaction of the nuclear nucleons with electrons of an
atomic shell or the Dirac background. Residual interactions,
electromagnetic or other, usually play no part.' Single-pho-
ton E O transitions are strictly forbidden by angular-momen-
tum conservation. The E 0-transition probability

w (E0) = w, (E0) 4 w, (EO0) -+ 1w, (EO) (1)

is made up of the probabilities w, and w,, of electron and pair
conversion and the probability w,, of a two-photon transi-
tion. This last term refers to processes of higher order, and
usually w,, €w, ,. For example, for the mixed two-photon
(2E'1 + 2M 1) transition from the first excited 0 = state to
the ground state in the **Ca and °°Zr nuclei the ratio
w,, /w(E0) is 4.5(10)-10* and 1.8(2)-10~*, respective-
]y.lz

Pair conversion is a threshold process and occurs only
at transition energies exceeding two electron masses. The
probabilities of electron and pair conversion'?

w.,, (EO)= p (EO) Q,,, )
are proportional to the square of the dimensionless matrix
element

p (EQ; i—f) = (f | M (EQ) | i)eR:, (3)

which carries information about the nuclear structure. Here,
R, =ryA'" isthe charge radius of the nucleus, and Q. are
electron factors, which depend on the charge Z of the nu-
cleus and on the transition energy E and can be calculated
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independently of the nuclear structure."®'* The monopole-
transition operator

¥4
M(EQy=e 2 13 (4)
p=1

acts only on the protons, although neutrons are sometimes
taken into account with effective charges.

Besides the energy, the matrix element p(E0) is the
main characteristic of a nuclear monopole transition that
can be extracted from experiments. As a rule, monopole
transitions are accompanied by more intense quadrupole
transitions. In the cases when the lifetime of the investigated
level cannot be determined, one measures the £ 0/E 2 mix-
ing"’:

e?Rip? (E0; i — 5

X (E0/E2) ;—3%)_” (5)
The states / and f must have the same spins and parity. For
transitions between monopole states, E 2 transitions from a
given 0" level to the 2" level nearest the final state are
considered. The experimental information about a transi-
tion is often restricted to the value of precisely this param-
eter. On the other hand, since the ratio X (£ 0/E 2) does not
depend on the electron factors or on the transition energies,
it is helpful in comparisons with nuclear models.

The simplest qualitative estimate for the matrix ele-
ment, p(E0) = 1, corresponds to a transition with com-
pletely overlapping wave functions of the initial and final
states. It does not contain a dependence on the mass number
A and greatly exceeds the observed values even in light nu-
clei. In the single-particle model, £ 0 transitions within one
shell are forbidden. Low-energy E O transitions arise only
through correlations.® If the 0 states have two-proton
configurations,

108y =alj$ (0*)) + blj; (0*));
107) = —b[j1 (0*)) +aljz (0*)),
then the matrix element of the £ O transition between them is

proportionai to the change in the mean-square charge radi-
us:

(6)

p (EO; 0f —07) = 2ab ((r®); —(r®,)/ R}, (7)

We note that the connection between p (£ 0) and the change
in the charge radius still holds for more complicated config-
urations. In the oscillator approximation, {r?)y
= (N + 3/2)#/maw, and for (7) -vhen AN = 1 we can ob-
tain a simple estimate by setting @ = b = 1/y/2 (maximal
mixing of the states):

po (E0) = 0,70 4-13, (8)

This is sometimes called the “single-particle estimate.” To-
gether with the single-particle probability of the E 2 transi-
tion, B, (E£2) = 5.94-10 4% ¢ -F*,itleadstoanestimate
of the mixing parameter:

Xo =174, (9)

These estimates can be used as a scale for the analysis of
experimental data.
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To determine the degree of collectivization of the nu-
clear states and test the consistency of theoretical results,
energy-weighted sum rules are helpful®'®:

my = 2. Enl(n|M|0)]2, (10)

where M is the operator of the transition from the ground
state |0) to the excited states |n) with energies E, , measured
from the ground-state energy. On the right-hand side of
(10), it is possible to go over to the expectation value with
respect to the ground state. In particular, for k =1

my=-L 01131, (#, M1110), L

where H is the Hamiltonian of the nucleus. This gives for the
velocity-independent monopole-transition operator (4) the
expression

my (B0) =2 = 27 ¢, (12)

where Z is the charge, and (7 ) is the mean-square radius of
the nucleus. The connection with the global characteristics
of the nucleus and the rather general assumptions about the
nature of the Hamiltonian permit the designation of the sum
rule (12) as model-independent.

In Table I, which is based on the available experimental
data, we analyze the contributions s = ¢’R ¢ E, p;, (E 0) of
the lowest monopole states of the '® O nucleus to the sum rule
(10). The expression (12) gives m, (E0) = 7020 MeV? -F?
for the experimental value (*)! = 2.71 F. It can be seen that
even quite collectivized (according to the single-particle es-
timate (8), po (E0) =0.28) low-lying 0™ states make a
small contribution to the sum rule. The giant monopole re-
sonances are responsible for the main part of it.

Study of monopole transitions in nuclei permits conclu-
sions about fine details of their structure. Particularly im-
portant in the given context is the investigation of the depen-
dence of the reduced probability of E O transitions on the
excitation energy of the levels. With increasing energy, the
structure of the monopole states changes qualitatively, and
this can lead to significant changes in the decay characteris-
tics. For example, for 0" levels in the region of the two-
quasiparticle threshold we note (Fig. 1) a growth in
X(0* )=B(EO0;0,-0;")/B(E2;0,-2;") by two orders
of magnitude and more compared with the value character-
istic of the first excited 0% state.'” Such an anomaly can
serve as a qualitative test in the choice of definite models.
The conclusion that it has a structural nature is supported by
the appearance of a similar anomaly in other monopole tran-
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FIG. 1. Dependence of the ratio X(E0/E2) for0* and 2™ levels on the
excitation energy.

sitions. In particular, an analogous maximum is observed in
deformed nuclei for the ratio X(27) =B(EQ; 2,7-2,")
B(E2;2;-2") (Fig. 1), where 2, are states of the rota-
tional bands based on the excited 0,' state and the ground
0," state, which have, as a rule, a similar structure.

MONOPOLE EXCITATIONS IN LIGHT NUCLEI

In light nuclei (4 <40) with closed p and sd shells the
effects of the saturation of the nuclear forces characteristic
of heavier nuclei are absent. This governs the specific nature
of the theoretical ideas used to describe their structure. In
the first place, we must mention here the methods based on
direct solution of the Schrédinger equation

A A
{__,’”T S A+ D Vy—E}¥(L, 2, ..., A)=0
=1 i<j (13)
with an effective two-particle interaction V/;.

The greatest number of results on the description of the
structure of light nuclei has been obtained on the basis of the
many-particle shell model. In it, the wave function and ener-
gy spectrum of the nucleus are determined by diagonalizing
the Hamiltonian on a complete set of antisymmetrized sin-
gle-particle functions. The correlations in the motion of the
nucleons associated with the Pauli principle are taken into
account automatically. Since in reality the set of basis func-
tions is never complete, this approach is subject to the specif-
ic problem of the optimal choice of the representation, which
must admit fairly rapid convergence and simultaneously a
simple calculation of the matrix elements of the two-particle
interaction.

TABLE I. Contributions of the lowest 0* states of the '°O nucleus to the monopole sum

rule.
E(0,"), MeV 0, (E0) si™, MeV?-F* s /my (E0)
6.05 0.41 220 0.031
124 0.48 602 0.086
14.0 0.41 509 0.073
Sum 1331 0.190
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TABLE II. Structure and energies of the lowest excited states of the *°O nucleus.*'

iy Ground-state configuration E,. ... MeV E..,. MeV
0F (sd)* 0 0

27 (sd)* 1.869 1.674
47 (sd)* 3.620 3.570
03 (sd)® (p)~* 4.400 4.456

A restriction to relatively simple configurations and
model potentials makes it possible, at least qualitatively, to
describe the structure and position of the lowest nuclear lev-
els in the many-particle shell model.'®*° The excited 0 *
states always have a more complicated particle-hole config-
uration than the ground state and the neighboring states
with nonzero spins. As a typical example we can take the
interpretation of the lowest states of the *° O nucleus®' given
in Table II.

The influence of three-particle forces on the position
and structure of the low-lying levels in nuclei of the sd shell is
small.” Their inclusion leads only to a certain repulsion of
the levels, and this can be understood as due to allowance for
the Pauli principle for valence nucleons. In the shell model,
it is difficult to discuss the qualitative influence of the three-
particle forces on the properties of the low-lying nuclear
states on account of the effective nature of the two-particle
interaction, the parameters of which are determined inde-
pendently by fitting to experimental data and already con-
tain contributions from the three-particle interaction.

The wave functions of the shell model (independent
particles) take into account only the kinematic correlations
in the motion of the nucleons associated with the Pauli prin-
ciple and the symmetry of the state. The main difficulty in
the case of light nuclei is the separation of the center-of-mass
motion.”* The method of K harmonics is free of this short-
coming. **** Allowance for the collective degree of freedom
associated with the relative motion of the nucleons makes it
possible in this method to describe dynamical correlations
that have no analog in the shell model. This made it possible
to explain the structure of the ground states of light nuclei
and reproduce the essential difference between the proper-

ties of the ground and excited 0 * states. Table III gives the
results of calculations of the energies, rms radii, and quadru-
pole moments of 0™ levels in the >C and '*O nuclei. In
particular, the transition from a spherical or even oblate
(@ <0) shape of the nucleus in the ground state to a prolate
shape in the excited state can be described.>* The calculated
changes in the rms radii can be related to the monopole-
transition matrix element (7), and they are found to agree
well with the observed values of p (£ 0). For monopole exci-
tations with respect to the collective coordinate the method
of K harmonics gives much more accurate wave functions in
p-shell nuclei than does the shell model. The main contribu-
tion to the wave function of the excited 0* states of these
nuclei derives from 4p44 configurations.

Figure 2 shows the schematics of the experimental val-
ues of the matrix element p (E 0) in light nuclei together with
the single-particle estimate (8). Besides transitions that
agree well with the simple particle-hole picture of 0 * exci-
tations, for which p (E 0) =p, (E 0), there are in light nuclei
transitions that are significantly accelerated, p(EQ)
>po (£0).

In light nuclei, 4p4h configurations can be introduced
phenomenologically in the framework of the a-cluster mod-
el. It combines features of the single-particle and collective
models and is based on the idea that, as a result of short-
range correlations, the nucleons are combined into clusters,
the relative motion of which determines the state of the nu-
cleus. This model can be regarded as an extension of the shell
model. The choice of several a-cluster states can give a better
approximation to the correct nuclear wave functions than a
large number of many-particle-hole configurations in shell
calculations.?® If a nuclear excitation is due to transition of a

TABLE II1. Properties of the ground states and first excited 0+ states in the '>C and 'O
nuclei. The spread of the theoretical values is due to the choice of different two-particle

potentials.
12C 180
Parameter
o7 (3 of of
Theory N

E(07), MeV %ﬁlperimem 8 1.34—65;.6 8 5.75'—0;0

3\ 1/2 eory 2.6—=2.7 3.4—3. 2.7-2.8 3.2—3.
(FEYGE Experiment 2.49 i H 2.7 — ?
0 F Theory —(22—24) 105—110 0 79—81

' ey B4 06 0.8 : 0.33-0.39

(EO Theory = . - - TR
s A -~ - 0.72(2) - 0.41 (1)
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FIG. 2. Matrix elements p(E 0) in light nuclei.

cluster to a higher level, then it can be characterized by a
single-particle estimate taking into account the multiplicity
of the cluster charge.

In the a-cluster nuclei (> C, '° 0, 2° Ne, 2* Mg, ** Si) the
first 0* state corresponds to excitation of an & particle with
respect to the core, and therefore the matrix element p(E0)
must be about twice the estimate (8), as can be seen from
Fig. 2. With increasing excitation energy not only transitions
of a cluster to higher levels but also core excitations become
possible. Thus, the states of the '® O nucleus can be regarded
as excitations in the & + ' C system?®’ (Table IV). The 11.26-
MeV level corresponds to a two-quantum excitation of an a
cluster from which an E 0 transition to the ground state is
forbidden. The 12.05-MeV level corresponds to 0 excita-
tion of the core [E, + (*C) = 7.66 MeV, p(E0) =0.72]
and single-quantum excitation of a cluster, and it must there-
fore have a large value of p(E 0). As can be seen from Table
IV, such an interpretation is confirmed by the experimental
data on monopole transitions.

The cluster structure of light nuclei is confirmed by mi-
croscopic Hartree-Fock calculations with an effective den-
sity-dependent interaction.”® Such calculations, with
allowance for deformation and projection onto states with
definite spin, have shown that 4p4/4 configurations are energe-
tically more advantageous than the 2p2/ ones if they have an
a-particle nature. At the same time, the minima of the total
energy of the ¢ O and *° Ca nuclei for the ground states corre-
spond to a spherically symmetric equilibrium shape of the
nucleus but to a deformed shape for the excited 0," and 05
states.”

Details of the cluster structure can be studied experimen-
tally in a-particle transfer reactions, for example, (°Li, d). In
recent years, great progress has been achieved here in not only

TABLE IV. Cluster structure of 0+ levels of the '®O nucleus.

E MeV Ne Mg |

L 1

2y 26 A

1 1
20 22

FIG. 3. Energies of 0;+ and 2;* states in Ne and Mg isotopes.” The theo-
retical values are joined by the continuous lines, and the experimental
points by the broken lines.

the experimental investigation of the natural-parity states in
sd-and p f -shell nuclei® but also in their theoretical descrip-
tion on the basis of the resonating-group method.*!
Recently, light nuclei have been studied by the model of
interacting bosons,*” which takes into account phenomeno-
logically the anharmonicity in the spectrum of elementary
modes. In sd-shell nuclei (16 <A <40) a restriction can be
made to two-boson configurations: s* (L =0), sd(L =2),
and d* (L =0, 2, 4), by means of which the ground state

[07) =V T8 |82 (0)) +8ld= (0)) (14")
and the first excited state
123) == V 1=8; |sd (2)) + 8, |d* (2)) (14")

are formed. Higher excitations are given by combinations or-
thogonal to (14). The mixing amplitudes 8, , are determined
from the experimental energies and the quadrupole moment
of the 2, level. As a result, this model reproduces the lower
part of the spectrum in the Ne and Mg isotopes, in particular
the observed change in the order in which the 0," and 2,
levels follow on the transition from 2° Ne to 2* Ne, as is shown
in Fig. 3.

LOW-LYING 0* STATES OF MAGIC NUCLEI

By virtue of their properties, magic nuclei and closed-
shell nuclei occupy a distinguished position in nuclear phys-
ics. In the ground state, they have an *ideal” spherical shape.
The spectra of excitations of magic nuclei are characterized
by a lower level density and a higher energy of the first excited

p(E0)/po (E0)
E(0"), MeV Structure
Theory Experiment
0 a-4-12C: 3s - ay,
6,05 a12C: 4s 2 1,5(2)
11,26 o—+412C: 5s 0 —_
12,05 o-+12C*; 4s 2 1,7(2)
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state, which, as a rule, has spin—parity 3~ or0* and not the
usual 2+ (Fig. 4).%*** In the region of high excitation ener-
gies of these nuclei giant multipole resonances, in particular a
monopole resonance, are reliably allowed. The properties of
odd nearly magic nuclei can be well described by the single-
particle model. It is therefore natural to use it to analyze low-
lying excitations in nuclei with closed shells or ones close to
them in the framework of the particle-hole formalism. The
unperturbed shell estimate for the energy of the lowest excited
0+ state in magic nuclei appreciably exceeds the experimen-
tal values. An adequate description requires inclusion of
many-particle correlations. The majority of calculations are
made in the random-phase approximation using an effective
interaction. The particular variants differ in the choice of the
form of the interaction or the method of determining its pa-
rameters, in the single-particle model, and in the configura-
tion space.’® We must here mention the self-consistent calcu-
lations based on the Hartree—Fock method®® or in the
framework of the theory of finite Fermi systems.*

In the framework of the particle-hole formalism the de-
scription of low-lying states of positive parity in nuclei with
closed shells involves some difficulties. First, it is necessary to
know the nuclear single-particle spectrum in a wide range of
energies. Second, since the excitation energy is about two in-
tershell distances, 2p2h and more complicated configurations
become important, and the part which they play is greater in
light nuclei. For example, allowance for them in the '*O nu-
cleus lowers the calculated energy of the first 0* state from
13 to 9 MeV,*” and satisfactory agreement with experiment is
obtained only on 4p4# configurations.

Monopole properties of heavy nuclei such as the isotopic
and isomer shifts, the E O transitions between 0 " states, and
the energies of these states are to the greatest degree sensitive
to the density dependence of the effective particle-hole inter-
action. It is therefore natural to choose its parameters with
allowance for these data. Such calculations in the random-
phase approximation led to excellent agreement between the
theory and experiment for low-lying states with /7 #07" in
the 2% Pb nucleus.>® However, for the energy of the first excit-
ed 0" state such calculations give a strongly overestimated
value, the smallest of which is E . (0," ) = 10.48 MeV,
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FIG. 4. Lowest levels of magic nuclei.’***

whereas E,, (0," ) = 4.88 MeV. This discrepancy cannot be
eliminated by sensible variations of the interaction param-
eters. This indicates that the low-lying 0" states in magic
nuclei are not coherent particle-hole superpositions of vibra-
tion type, in contrast to the 2%+, 37, etc., states.

Another approach assumes the occurrence of static de-
formation in the excited states, i.e., it is based on the idea of
coexistence of different equilibrium shapes of the nuclear sur-
face.’® In the context of monopole excitations, a decisive ar-
gument is the fact that the first excited 0 © states in the magic
nuclei '°0, *°Ca, *°Zr, which are spherical in the ground
state, are the bases of rotational bands, i.e., they are deformed.

A static nuclear deformation arises as a result of a residu-
al neutron—proton interaction between valence nucleons. In a
closed-shell nucleus, the excitation of 2p24 configurations in-
creases the number of valence nucleons and leads to the for-
mation of deformed states. These are the so-called “intruder”
analog states, which are most clearly manifested in transition-
al nuclei with one closed shell. The gain in the energy due to
the quadrupole correlations and, therefore, the lowering of
the 0" level are proportional to the number of nucleons
(holes) of the other species outside the closed shells. This is
illustrated in Fig. 5 by the systematic behavior of the energy of
theintruder 0 * states, whose properties cannot be explained
by the vibration model, in Pb isotopes.*® Qualitatively, the
picture of intruder states is confirmed by microscopic calcula-
tions,>**! which give an additional minimum of the potential
energy corresponding to a deformed 0+ state for 2p2k and
more complicated configurations.

E(0+), MeV

£
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J -

|
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FIG. 5. Energies of intruder 0 * levels in the '*** Pb nuclei as functions of
the number of neutrons.*
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TABLE V. Energies of O™ levels and matrix elements of E 0 transitions in magic nuclei.

Nucleus E(0;"), MeV p(E0; 03 - 07) po (ED)
40Cq 3.353 0.17(3) 0.20
48C3 4.272 0,10 (2) 0.19
907y 1.752 0.058 (2) 0.16
16Gq 2.162 0.10 (1) 0.13

Proton 2p2h configurations must be characterized by an
E 0O-transition matrix element of orderp, (E 0). In heavy mag-
ic nuclei (N> Z) the density of neutron 2p24 configurations
is higher. In conjunction with variations of the energy gap in
the single-particle spectra, this may lead to a neutron 2p2h
configuration making a large contribution to the wave func-
tion of the excited 0 * states. This explains the decrease, com-
pared with the estimate (8), of the observed p (E0; 0;"-0;7)
values in magic nuclei with increasing neutron excess, as
shown in Table V.

The polarization effects due to addition of particles
above closed shells reduce the rigidity of the nucleus with
respect to monopole density oscillations. Besides lowering of
the 0," level, this leads to large changes in the rms charge radii
of the nuclei following excitation, as reflected in an increase in
the matrix elementsp (£ 0;0," -0," ) compared with the magic
nucleus. In Table VI, this is illustrated by the observed char-
acteristics of the 0," states in Ca isotopes, in which the neu-
tron f5,, shellis populated. In such cases, one speaks of effec-
tive neutron charges participating in the core polarization.

GIANT MONOPOLE RESONANCE

The experimental and theoretical investigation of giant
resonances is a rapidly developing branch of nuclear physics.
Many reviews (see, for example, Ref. 42) have described the
situation in it. We here consider only specific questions asso-
ciated with monopole resonances. An isoscalar monopole res-
onance corresponds to a so-called breathing mode, in which
protons and neutrons move in phase. Isovector monopole re-
sonances are polarization excitations in which the protons are
displaced relative to the neutrons without a change in the total
density. In the first mode, the restoring force is due to the
nuclear compressibility; in the second, to the symmetry ener-
gy. The energy of isovector vibrations is always greater than
that of isoscalar vibrations, since separation of the proton and
neutron densities requires additional work.

The experimental energies of the isoscalar monopole re-
sonances in even—even nuclei are shown in Fig. 6. To good
accuracy, these energies can be described by the universal law

E (0+) = (77 & 3) A1 MeV. (15)

The numerical coefficient was determined by means of all
known centroid positions of E 0 resonances irrespective of
their method of excitation. Sample systematics of the energies
of resonances excited, for example, in inelastic ¢-particle scat-
tering gives the nearly equal value 75 MeV with a somewhat
greater error. ¥ The universal law (15) means that the ener-
gies of the monopole resonances are basically characterized
by global characteristics of the nucleus and depend weakly on
the details of its structure. This makes it possible to describe
the breathing mode not only in macroscopic models but also
in the framework of the microscopic approach.

It is well known that the liquid-drop model corresponds
to the limiting case when the entire strength function is con-
centrated on one level. In this model®** (with surface effects
ignored), the energy of a monopole resonance is related to the
compressibility K, of nuclear matter (the compression mo-
dulus):

B oo gj:
E(0)=2 -;;-]/—;A s (16)

where m is the mass of a nucleon, and r, = 1.2 F is the radial
parameter. With allowance for the parametrization (15), this
leads to the value

Ko = (190 = 20) MeV. (17)

The error in this value has a statistical nature and is due solely
to the spread in the experimental data. The value (17) agrees
well with the value K ~200 MeV determined from the isoto-
pic shifts of x-ray lines.*®

In accordance with the symmetry conditions, transitions
of particles through two shells can contribute to the giant

TABLE VI. Energies of 0* levels and matrix elements of E 0 transitions in Ca isotopes

[ po (E0)=0.20].

Isotope E(0;"), MeV p(E0: 03 - 07)
40Ca 3.353 0.17(3)
42Ca 1.837 0.33 (5)
44Ca 1.884 0.30(2)
46Ca 2.423 —_
48Ca 4.272 0.10(2)
527 Sov. J. Part. Nucl. 17 (6), Nov.—Dec. 1986 N. A. Voinova-Eliseeva and I. A. Mitropol’skil 527



I 1 1

1
0 & 120 160

12 1 L I 1

i
A

FIG. 6. Energies of isoscalar monopole resonances in even—even nuclei.

monopole resonance. The energy of such uncorrelated 1plh
configurations is about 2w, =824 =" MeV, a value that
only slightly exceeds the observed values (15). Microscopic
descriptions of E 0 resonances have been obtained in models
based on the Thomas—Fermi approximation, the cranking
model, the time-dependent Hartree-Fock method, the meth-
od of K harmonics, the generator-coordinate method, and,
finally, the random-phase approximation (see, for example,
Ref. 46). In the harmonic limit of all these approaches Eq.
(16) holds, so that in order to describe the energy of the mon-
opole resonances it is sufficient to calculate the coefficient
F
In self-consistent microscopic calculations based on the
Hartree—-Fock method, the giant resonances are described in
the random-phase approximation by coherent superpositions
of particle-hole configurations. A fundamental role is played
here by the conditions of consistency between the average
field and the effective interaction.*’” Violation of this connec-
tion leads to a sharp increase in the calculated energy or even
to the destruction of the resonance. Calculations with realistic
internucleon potentials give for K values between 100 and
200 MeV, and calculations with effective density-dependent
forces give values greater than 190 MeV.*+*
The contribution of a giant monopole resonance to the
energy-weighted sum rule (12) is determined by
5= | Eo(E) dE/ { Eo(E)dE,

AE 0

(18)

where o' (E) is the experimentally determined resonance cross
section, and AE is the localization region of the resonance.
Figure 7 gives the experimental values** of the ratio (18)
and the results of theoretical calculations.™ It can be seen
that the main contribution of the resonance to the sum rule is
well reproduced by the theory. The energy-weighted sum
rules (10) can also be used to calculate the mean excitation
energies

E (0% = {my (E0)/m_y (EO)}/2, (19)

which agree well with the experimental data.*®
The experimentally observed widths of EO reson-
ances** are given in Fig. 8. They are appreciably greater
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FIG. 7. Contribution of monopole resonances to the energy-weighted sum
rule. The broken curve is the result of a microscopic calculation.™

than those calculated in the random-phase approximation
taking into account only 1plh configurations. This means
that direct single-nucleon decay is not the main mechanism
responsible for the width of the resonance. To describe the
width and fine structure of the resonance, it is necessary to
take into account as well more complicated configurations:
2p2h and those associated with low-lying phonons.*'** This
greater complexity of the structure leads basically to a broad-
ening of the localization region of the resonance, the position
of its maximum remaining practically unchanged. This justi-
fies the frequently employed resonance-broadening method,
which is based on averaging the spectra calculated in the ran-
dom-phase approximation over a certain energy interval.

VIBRATIONAL 0+ STATES OF SPHERICAL NUCLEI

The shape of nuclei in the region 40545140 or
190 S 4 5220, which have several particles or holes above
closed shells, is spherically symmetric in the ground state.
Their collective excitations correspond to vibrations of the
nuclear surface about the equilibrium shape without change
in volume. The dynamical variables in this case are the defor-
mation parameters @, , which characterize the shape of the
surface®:

R (9, fP):RU{1 +§1 e o (0 ‘P)}- (20

The monopole term (4 = 0) ensures conservation of the vol-
ume,

2 3 ml®, (21)

Ggp = —
Vi Al

and the dipole term (4 = 1) corresponds to displacement of
the nucleus as a whole and must be omitted.

r, MeV
5
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7

1 L A I
Y 60 80 Mo 120 Mmoo 160

't A

B0 200 A

FIG. 8. Widths of giant monopole resonances.
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The elementary excitations of surface vibrations can be
regarded in the harmonic approximation as noninteracting
quasiparticles—as phonons. Each phonon has spin A and par-
ity ( — 1)*. The excitation energy

E =2 n,lo, (22)
%

is determined by the number #; of phonons of each species.
The frequencies

0y, == VC?'IBJ., (23)

can be expressed in terms of the mass coefficients B, and the
rigidity coefficients C, , which are regarded as parameters of
the model.

In the hydrodynamical limit, these coefficients

(24)
(24%)

BY¥ = 3mARY/ 4.,

272
O = (h—1) (h+2) Rio— 5t o 7
are determined solely by the multiplicity A and the coefficient
of surface tension ¢, which can be taken from Weizsicker’s
mass formula, 4moR 2 =204 %* MeV. These coefficients can
be determined independently from the experimental values of
the energy of the single-phonon level (n; = 1) and the re-
duced probability of EA transition to the ground state:

B(EM: ny=1-»n,=0)= (4_18233)%/21/3&0,,. (25)

Such calculations for quadrupole excitations showed that the
values of the parameters B, and C, differ strongly from the
hydrodynamical values.**

In the majority of spherical nuclei, the experimental data
confirm the vibrational nature of the low-lying excitations.
The first excited 2+ states correspond to quadrupole vibra-
tions of the surface. The lowest 0 © states in this fnodel arise
as two-phonon excitations of quadrupole type. Usually, octu-
pole vibrations have an appreciably higher energy, and the
corresponding 0™ levels are not observed. An exception is the
208pp nucleus, in which the 0+ state with energy 4.905 MeV
has a two-phonon octupole nature.*

Figure 9 shows the ratios of the energies of the first excit-
ed 0" and 2" states of spherical nuclei. The deviation of

plED)
0,25
0.20
o0.1%
a.10

0,05

1 i 1 1 1
w0 110 20 8 v A

FIG. 10. Matrix elements of E O transitions in spherical nuclei. The contin-
uous curve is the single-particle estimate, and the broken line is the hydro-
dynamical estimate.

these ratios from the vibrational limit could be due to several
reasons. Small deviations can be explained by anharmonic
effects associated with nonadiabaticity of the internal motion.
In magic nuclei, in which E(0;" ) =E (2,7), the first 0" levels
are not vibrational. Finally, growth of the ratio E(0,")/
E(2;") due to the denominator indicates a change in the equi-
librium shape of the nucleus and the occurrence of static de-
formation. The first 2 * state in these nuclei is associated with
rotation and not vibrations of the surface.
In terms of collective variables, the operator (4),

3 5
M (E0) == eZR} D |aoy|?, (26)
u

is a two-quantum operator, and therefore the two-phonon
0 state must be coupled by a E 0 transition to the ground
state. The schematics of the observed monopole transitions
from excited 0+ states of spherical nuclei to the ground state
is shown in Fig. 10.

The matrix element of E 0 transition in the vibrational
model,

5 o8 2R

p(E0; 0 —0) =1/ o 2.

4dnn  B,w,

=V 5w, @D

is determined by the dynamical deformation parameter

FIG. 9. Ratios of energies of the first excited 0
and 2 states in spherical nuclei.
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TABLE VII. Characteristics of two-phonon 0 states of spherical nuclei.

Nucleus E@DH-E@h pe X p(ED) Pexp (E0)
40Ca * 1.34 0.014 — 0.042 <0,06

42Ca 1.21 0.059 0.043 (4) 0.178 0.33 ()
44Ca 1.63 0.048 — 0.145 0.30(2)
6ON{ 1.72 0,045 0.027 (4) 0.188 0.03—0,17
%6Zn 2.28 0.051 0.047 (8) 0,232 =0.014
98Zn 1.54 0.042 0.033 (2) 0.192 0.083 (40)
980Mo 1.47 0.031 0.008 (2) 0.194 0.11 (2)
100Ry 2.09 0.054 0.011 (1) 0.358 0.078
wspg 2.22 0.050 0.016 (3) 0.349 0.12 (2)
12Cq 1.98 0.035 0.026 (1) 0.252 0,19 (3)
14Cd 2.02 0.038 0.025 (1) 0.272 0.16 (1)
u28n 1.74 0.017 0.046 (8) 0,128 <0.11
1145 1.50 0.014 0.042 (8) 0.106 0.16 (5)
1163n 1.36 0.013 0.023 (7) 0.096 0,066 (11}
1188n 1.43 0.013 0.009 (1) 0.101 0.072 (10}
12050 1.60 0.013 0.007 (2) 0.095 0,051 (7)
1228 1.83 0.014 | 0.046(5) 0.106 —

%0 ph 1.46 0.001 —_ 0.017 0.031 (4)

*In the *°Ca nucleus, the second excited 0™ state with energy 5.213 MeV is considered.

ﬁz=<2 1a2,.|2‘>=%n/1/§;_c2. (28)
18

The value of this parameter can be determined from the prob-
ability of E 2 transition from the single-phonon 2" stateto the
ground state. The results of such calculations are given in
Table VII, in which we give the values of the deformation
parameter calculated in the framework of the vibrational
model with data from the tables of Refs. 54 and 56. These
values can be compared directly with the experimental ratio
N B (EQ; 05—0%);

X (BO/E2) = Fipoge—gti = B, (29)
which takes into account the features of the single-quantum
E 2 transition. Such an analysis of the decay properties of the
low-lying 0" states of spherical nuclei indicates that their
two-phonon nature corresponds to the experimental data. It
is interesting that the hydrodynamical estimate (24) for the
E 0O-transition matrix element gives a value practically inde-
pendent of 4, py,y4 (E 0) =0.07, for all spherical nuclei. In or-
der of magnitude, this agrees with the experimental values
(see Fig. 10).

The monopole moment is sensitive to the changes in the
radial energy distribution. Equation (26) was derived by
means of a homogeneous charge distribution in the nucleus.
Allowance for a diffuse boundary leads to the appearance of
an additional factor in the expression for the E O-transition
operator:

o eZRy > ey [ 14 5 (2a0/Ro)?] . (30)
where a, is the diffuseness coefficient.® This increases the
values of p (E 0) by about 30% at 4 = 40and 10% at A = 200.
As can be seen from Table VII, this correction improves the
description of the E 0 transitions in nearly magic nuclei, in
which the polarization effects are small, and the harmonic
approximation of the vibrational model must work well.
Single-phonon quadrupole states of spherical nuclei can

530 Sov. J. Part. Nucl. 17 (6), Nov.-Dec. 1986

be described microscopically by the “pairing-plus-quadru-
pole-forces” model.'™*” The quadrupole-interaction param-
eter (MeV) determined from the consistency conditions,

% = 240 (moo/h)2 A-53, (E2Y)

where fiw, = 414 ~'/* MeV, agrees remarkably with the val-
ues calculated by RPA fitting of the energies of the first 2
levels for practically all spherical nuclei.

Besides the quadrupole two-phonon 0 * states, there can
also exist in spherical nuclei single-phonon states generated
by various types of residual interaction, in the first place pair-
ing"®*° and spin—orbit® forces. The energy of the lowest 0 *
level of the pairing—vibrational branch lies in the region of the
two-quasiparticle threshold. It is characterized by weak E 0
and E 2 transitions to the ground state and the first excited
state. A specific test for this branch of nuclear excitations is
provided by two-particle transfer reactions.®' The introduc-
tion of spin—orbit forces leads to the appearance of a below-
gap 0 level with a high degree of collectivization and
strongly interfering with the pairing vibrations.** The mono-
pole nature of the spin-orbit forces is manifested in an in-
crease in the probability of E O transition from this state to the
ground state.

Unfortunately, a particular branch of nuclear excitations
is frequently observed experimentally in a pure form. As a
rule, interaction with other excitations significantly distorts
its properties, the distortion increasing strongly with increas-
ing excitation energy. One of the reasons for the greater com-
plexity of the structure of the states is the quasiparticle-
phonon interaction.®® It destroys the picture of harmonic nu-
clear vibrations, mixing states with different numbers of
phonons, and leads to mixing of the vibrational and two-qua-
siparticle excitations.%*

VIBRATIONAL 0" STATES OF DEFORMED NUCLEI

With increasing distance from closed shells, the residual
interaction leads to large polarization effects, as a result of
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which the nucleus acquires a static deformation. Three re-
gions of deformed nuclei are well known: the region of light
nuclei of the sd shell, 20<A4 <30, the region of rare-earth nu-
clei, 150 £ A < 190, and the transuranium region, 4 2 220.

The various models that treat the properties of low-lying
excitations of deformed nuclei are based on the rotational-vi-
brational Hamiltonian®®*

3
i Bt 4 8 o, @

H=3 mn B W w7
e g Sin gy} +V (B V) (32)
The first term here is the energy of rotation with moments of
inertia dependent on the shape parameters £ and y, which
determine the total deformation and the departure of the nu-
clear shape from axial symmetry. The second term is the ki-
netic energy of the vibrations of the nuclear surface, charac-
terized by the mass coefficient B. In the general case, the
energy V(B,y) can be a function of the two invariants 8 2 and
3% cos 3y with respect to three-dimensional rotations.®® The
actual models differ in the choice of this functional depen-
dence. Frequently, the choice is dictated by considerations of
simplicity and convenience. The physical significance of the
introduction of the new coordinates is in the possibility of
independent treatment of rotation of the deformed nucleus as
a whole and of the vibrations associated with the change in its
shape.

For small quadrupole harmonic vibrations about the axi-
symmetric equilibrium shape characterized by a deformation
parameter /3, the potential energy is

V (Br v) = 5 Ca (B— Bt + 5 Coi™

In this case, two types of vibrations of the nuclear surface are
possible: A vibrations, which deform the ellipsoid along the
symmetry axis and preserve the axial symmetry, and ¥ vibra-
tions, which correspond to vibrations in the perpendicular
plane for which the axial symmetry is broken. To these vibra-
tions there correspond states with K™ equal to0* and 27,
these being the bases of S- and y-vibrational bands in the
deformed nuclei.

In the adiabatic approximation, when there is no cou-
pling between rotation and the vibrations, the energies of the
low-lying excited states of the deformed nuclei,’

(33)

E:{‘}{I (I + 1) — K2} + nphog + (an+ -}%) hoy,  (34)

are determined solely by the spin 7, its projection K, and the
numbers 774, of vibrational quanta of each type. The effective
moment of inertia J and the frequencies wg, = /Cg,/B are
parameters of the model. In principle, they can be calculated
microscopically,®” but they are usually determined from the
experimental energies and probabilities of £2 transitions.’
For rigid nuclei, for which the vibration amplitudes are small,
i.e., |8 —PBo|<€B, and y <1, the operator (26),

M (EO) = - eZRIp? ~ 2 cZR3fo (B— B (35)

gives for the matrix element of the E 0 transition from states of
the 3 band to the ground-state band the expression

p(E0; I, ng=1—1, n3=0)=§4—VngZﬁuVﬁ/Bmﬂ, (36)

which does not depend on the spin. As can be seen from Table
VIII, the experimental values of p(E0) do indeed depend
weakly on the spin of the states, i.e., the condition of adiabati-
city for the EO transitions in these nuclei is well satisfied.
However, the values of the parameters in (36) calculated
from the energies of the 0+ levels and the E 2-transition pro-
babilities (the quadrupole moments) lead to values of the ma-
trix element p (E 0) that are too large.

The parameter of the mixing of the E Oand E 2 transitions
from the B band to the ground-state band has in the adiabatic
limit a simple spin dependence (/>2):

B (E0; I~I) (2 —1) (21 +3)
X, (BO/E2) = g gy = Xo (BOIE) iy
(37
where
B (E0; 05 —01) (38)

X, (E0/E2) = B (&2; 05—127) = 4f,

depends only on the equilibrium-deformation parameter. As
is shown in Table IX, the ratios X; /X, calculated from the
experimental data agree to within the errors with the theoreti-
cal values. The parameter X,,(E 0/E 2) canbe determined in-
dependently from the quadrupole moments of the nuclei.®®
The results of such a calculation appreciably exceed the ex-
perimental values (Fig. 11). This discrepancy can be due to
nonadiabaticity of the collective motion in the nucleus as well
as to the fact that the first excited 0 " state has a nature more
complicated than that of simple /3 vibrations. Allowance for
coupling of the rotational and vibrational modes, for example,
reduces the theoretical value of X, (E0/E2) by about two
times.%® The same effect leads to a difference between the

TABLE VIII. Matrix elements of E0 transitions between states of the 5 band and the

ground-state rotational band.

I 1818m 154Gd 159Gd 1
0 0.23 (3) 0.30 (1) 0.20(3) .220 (25)
2 0.25(2) 0.29 (2) 0.23(5) .23 (2)
4 0.24(5) 0.19 (6) 0,22 (3) .20 (3)
6 = 0.25(2) — .22 (3)
8 0.21 (6) =0.20 — —
10 0.28 (10) — = i
531 Sov. J. Part. Nucl. 17 (6), Nov.—Dec. 1986 N. A. Voinova-Eliseeva and I. A. Mitropol'skil 531



TABLEIX. Spindependence of the ratio X, /X, (£ 0/E 2) for transitions from the Sband to

the ground-state band.

Adiabativ
1 limit 1izam 192Gd 133Gd 159Gd 148Dy 14gr
i 3.50 3.99) 5.0(18) | 4.8(13) 1.9--5.2 1 =2.5 | 2D
4 3.85 6.0(30) | 4.9(10) | 5.0(22 20—6.9 | >3.3 | 7.2(45)
6 3.93 — - 3.8(17) | =2 >2.7 -
8 3.96 — - 5.3 (28) = =>3.5 —
10 3.97 — — 3.0(23) — - —

moments of inertia corresponding to the rotational bands
based on the ground state and the -vibrational state of the
deformed nuclei. Figure 12 shows the ratios of the moments of
inertia J; /J,, calculated from the excitation energies of the
corresponding 2 * states.”® The blocking effect decreases the
pairing correlations in excited states and, therefore, increases
the moment of inertia.'® Decrease in the moment of inertia J;
may be due to decrease in the deformation parameter in the
excited state. Indeed, in nuclei for whichJ /J, < 1 the defor-
mation parameter in the S-vibrational 0 * state calculated by
means of (38) from the observed X, (E 0/E 2) values is less
than the equilibrium value.

The theory of nuclei that are nonaxial in the ground state
has been presented in detail in Ref. 65. In this approach, excit-
ed states with K™ =2+ form an anomalous rotational band
and are associated, not with y vibrations, but with rotation of
the nonaxial nucleus around the major axis of the ellipsoid.
The energy of the first 0™ level from the band of ¥ vibrations
with K™ = 0" (this energy is determined by the rigidity pa-
rameter C,,) can be estimated from the simple relation

E (0f)=2E (2;)—E (2}), 39)
where E(2." ) is the energy of the first 2™ level of the anoma-
lous band. At the present time, 0+ states can be identified in
several deformed nuclei, as is done in Table X. These states
are well localized with respect to the energy, i.e., the distance
between the predicted 0," level and the nearest 0 state in

—
Xo(ED/EZ)

03
a2k

{75 )

FIG. ‘1 1. The ratio X o (£ 0/E 2) for the first excited 0+ states of deformed
nuclei. The continuous lines connect the theoretical values, and the broken
lines connect the experimental points.
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the spectrum of the nucleus is much less than the energy inter-
vals between the monopole states. We note that in the '*°Er,
'**Os, and '"°Pt nuclei the 0, state is the first excited 0 *
state.

In the model of a nonaxial rotator an expression equiva-
lent to (36) is valid for E O transitions between states of the 8-
vibrational band and the ground-state rotational band. The
ratio X(E0/E 2) is somewhat larger than (38), namely,

Xp=4p; (1+1/s), (40)

where s = E(2,Y /E(2;" ). The matrix element of E 0 transi-
tion from levels of the y-vibrational band to the ground-state
band,

p(EO; Il nv=1—)'ly n\’:O)zO'G'SZBz'I(QS_l)I (41)

is appreciably less than (36), in agreement with the existing
experimental data. The ratio
B(E0; 03—07)

Y= B(E2, 0£—21) (42)

~ 36, (1— g*/s%)72,
whereg = E(0; )/E(2;"), can take very large values for the
0, state in nuclei in which the energies of the 0; and 2,
states are comparable. Figure 13 shows the ratio of (42) and
(40), which does not depend on the deformation 3,, as a
function of the parameter E(0; )/E(2," ). The points corre-
sponding to the experimental values of the quantities that oc-
cur here lie remarkably well on the theoretical curve. Thisis a

r
TglJ,
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FIG. 12. Ratios of effective moments of inertia for the /S band and the
ground-state rotational band of deformed nuclei.
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TABLE X. Energies of 27 levels of the ground-state and anomalous rotational bands, 0,"

states, and 0 © levels closest to them in the spectrum of deformed nuclei, MeV.

Nucleus zof E 2005

E2]) E2h) E(03) E.,(0")
1168 m 0.747 1.648 2.549 : 2.611
1488m 0.550 1.454 2.358 0f: 2.358
158Dy 0.099 0.946 1.793 0%: 1.665
180Dy 0.087 0.966 1.845 03: 1.953
162Dy 0.081 0.888 1.695 0;: 1.670
158Fr 0.192 0.820 1.448 05 1.387
184Fr 0.091 0,860 1.629 0f: 1.702
166 0.081 0.786 1.491 03: 1.460
168Yh 0.088 0.984 1.880 0F: 1.904
182\ 0.100 1.221 2.342 0F: 2,284
184\ 0.111 0.903 1.695 0F: 1.615
186(0g 0.137 0.768 1.399 0i: 1.456
1880g 0.155 0.633 1.111 0F: 1.086
150 Pt 0.296 0.598 0.900 0f: 0.922

strong argument for a single-phonon nature of the y-vibra-
tional 0 * states of deformed nuclei.

The two variants of the rotational-vibrational model
have the same number of parameters, determined by the same
experimental data. The main difference arises in the treat-
ment of E 0 transitions from states of the anomalous band
(K™ =27 ) to the ground-state band. In the adiabatic ap-
proximation, they are forbidden with respect to K and take
place only by virtue of band mixing. Therefore, the observed
values of p(£0) and X(EO0/E2) for transitions from the
anomalous 2, level tothe 2+ level of the ground-state rota-
tional band in rigid nuclei are less than the analogous values
for 27 states from the B band by an order of magnitude and
more.”! For a nucleus that is axisymmetric in the ground state

0 (E0; 25 —2%) =~ 1.35ZB%/ ) 2s— 1 [q2— (s — 1)?], (43)
and for a nucleus that is nonaxial but sufficiently rigid with
respect to y vibrations
p (EO; 2% —2%) ~ 5.16ZBT4 sin 3y,/)/ 9—8sin?3y,, (44)

where ' 2 =25 — 1 (I’ <0.3), and ¥, is the parameter of the
equilibrium nonaxiality.*® Results of different calculations of
p(E0)and X (E 0/E 2) for these transitions were comparedin

g
Xy /X
i

% 106pg

T T 17T

Tovp x

*

T T TTT00

164
Tl = Er|
= X
_I L.L 1 1 | 11 1%L
04065 0.8 1 12 1%1§
E(05)/E(2g)

FIG. 13. The ratio X./Xp asa function of the parameter E(0; )/E(2,").
The crosses are the experimental points.
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Ref. 4. Figure 14 shows some of these results together with the
available experimental data. :
The observation of two-phonon states in deformed nuclei
is more difficult than in spherical nuclei, since for such nuclei
they belong to a region of energies in which there are not only
Jarge numbers of rotational levels but also many two-quasi-
particle and single-phonon states. In the quasiparticle-
—phonon nuclear model™ it has been concluded that there are
no two-phonon states in deformed nuclei, a result that is con-
firmed by analysis of the experimental data.” In particular,
for the0* levels with energies 1.217, 1.422, and 1.834 MeV
the admixture of two-phonon components is less than 5%.
This agrees with experimental data on (p,t) and (z,p) reac-
tions. In the spectra of the heavy Ra, Th, and U nuclei there
are no two-phonon 0+ states of octupole type with energy in
the region of twice the energy of the state with / "K' = 170.
Numerous studies have been devoted to microscopic in-
vestigation of single-phonon 0* states of deformed nuclei
(see, for example, Ref. 3). In the “pairing-plus-quadrupole-
forces” model,'® it is possible to achieve only a qualitative
description, this indicating that the nature of the first excited
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FIG. 14. Matrix elements of E 0 transitions from 2 * states of the anoma-
lous rotational band to the ground-state band. The continuous lines connect
the results of calculations in the model of a nonaxial rotator®; the broken
lines, the results obtained in the rotational-vibrational model.” The open
circles are the results of a microscopic calculation.”
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0™ states is more complicated than that of the 2+ states.
Numerical calculations in a model with a separable interac-
tion consistent with the average-field potential’® showed that
to achieve agreement between theory and experiment it is not
sufficient to take into account only the particle-hole interac-
tion; pairing must also be taken into account in a self-consis-
tent manner.

To describe several 0* levels observed experimentally
below the two-quasiparticle threshold, additional types of in-
teraction have been introduced into the theory: monopole,”
hexadecapole,’” spin-quadrupole,’ spin-orbit™ in the parti-
cle-hole channel, and multiple pairing in the particle—particle
channel.®® The best results were apparently obtained in Ref.
81, which used a density-dependent effective particle-hole in-
teraction and a §-function interaction in the particle-particle
channel.

MONOPOLE STATES OF TRANSITIONAL NUCLEI

Nuclei whose spectra occupy an intermediate position
between vibrational and rotational spectra are usually classi-
fied as transitional. In the study of the properties of these
nuclei, the effects of the zero-point vibrations of the average
field, which are not taken into account in the collective Ham-
iltonian (32), are particularly important. Figure 15 shows the
transition from the vibrational to the rotational type of nu-
clear spectrum in its dependence on the depth of the minima
of the potential energy ¥(/3,7) corresponding to prolate and
oblate shape and on the position of the level of the zero-point
vibrations.®? It can be seen that the deviation from the vibra-
tional type is due to the softness of the potential with respect
to the nonaxiality parameter.

In the intermediate situation of an anharmonic y-soft
vibrator, the first excited 0% state is by nature a three-
phonon state. The 0" level with energy 1.760 MeV in the
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3 Ba nucleus can serve as an example of this. For it, the
experimentally measured ratio of the single-quantum E2
transition to the 2," state to the two-quantum transition is
B(E 2;0," -2, )/B(E2;0,-2;" ) = 28.®® Thelarge observed
value of the ratio X (£ 0/E 2) =2.9 confirms this interpreta-
tion. For the following 0" levels in this nucleus,
X(EO/E2)s102,

In even-even nuclei with N =40 or Z ~40, the experi-
mental data indicate an abrupt lowering of the excitation en-
ergy of the 0," level (see Fig. 9). In the "2 Ge, **Zr, and °® Mo
nuclei it is the first excited state, as in the magic nuclei *® Ni
and *Zr. To explain this anomaly at the microscopic level,
shell calculations have been used,* but a model with mixing
of a two-phonon (four-quasiparticle) 0+ state with pairing
vibrations proved to be the most fruitful. In a large group of
nuclei, from *Zn to '**Sn, good agreement with experiment
for the energies of the monopole states and the values of B(E 2;
0,"-2;*) and p(E 0; 0," -0, ) was obtained.** In Fig. 16, the
results of calculations of the energies E(2;" ) and E(0," ) for
Ge isotopes are compared with experimental data.®® An ad-
mixture of a monopole phonon of pairing vibrations in the
wave function is needed to reproduce the observed probabili-
ties of the electromagnetic transitions and the amplitudes of
two-particle transfers. The calculated shape of the surface of
these nuclei is transitional from prolate to oblate, in agree-
ment with the ideas of the collective model.

Phenomenologically, details in the spectra of transition-
al nuclei exhibiting both vibrational and rotational properties
can be described by a model with intruder analog states corre-
sponding to different equilibrium deformations. In nuclei
having few valence nucleons of one type (near the magic
numbers 40 or 50), their number can increase because of tran-
sitions through a shell. Energetically, this is compensated by
the residual interaction. In the simplest case, such 2p2/ con-

FIG. I5. Nuclear spectra of vibrational, y-unstable, and rotational t ypes.*
Atthe top of the figure we show the form of the potential energy V(3,y) for

prolate (¥ = 0) and oblate (¥ = 7/3) shapes of the nucleus and the level of
the zero-point vibrations.
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FIG. 16. Energies of the first 2+ levelsand 0 * levels in the Ge isotopes.®
The results of calculations are given on the left, and the experimental data
on the right.

figurations make it possible to speak of the coexistence of
shapes in nuclei of the fpg shell.¥” At the same time, as occurs
in magic nuclei, the ground state usually has an almost spheri-
cal shape, while the first excited 0," state is deformed and is
the base of a rotational band. In the 7*7¢ Kr nuclei, the situa-
tion is the opposite, i.e., the ground state is deformed.*®

The idea of coexistence of shapes received strong experi-
mental support in the even isotopes of tin. In them, the first
0™ states are strongly excited in (*He,n) reactions, and this
permits interpretation of them as proton 2p2h configurations.
These states are the bases of rotational bands excited in
(a,2n) reactions. Detailed spectroscopic investigation of
these isotopes reveals a complicated mixture of proton 2p2h
configurations with quadrupole vibrations of a spherical
core.*

If the idea of intruder states is correct, then in this nu-
cleus one must observe a class of 2p2h excitations containing
the same correlations as the ground-state bands of the neigh-
boring nuclei having four particles or holes above a closed
shell. For example, in the ''®Sn nucleus with 16 valence neu-
trons one must observe proton 2p2h excitations having a
structure (energies, transition probabilities, etc.) similar to
the ground-state bands in ''? Pd and '*° Xe. Figure 17 shows
the spectra of these nuclei. It can be clearly seen that after
separation of the intruder analog states there remain levels of
only vibrational type. This evidently explains the employed
terminology. A similar systematics is obtained for the ''"*Ru,
114 0q, "8 Te, and '** Ba nuclei.”

Analysis of cross sections of the (°Li, d) and (d, °Li)
reactions taking place to the ground and the first excited 0 *
state of Ge isotopes showed that in the wave function of the
intruder 0;* state of the > Ge nucleus there is a large compo-
nent corresponding to a-particle excitation.”’ The short-
range attractive correlations in this state give an additional
gain in the energy and explain the lowering of the correspond-
ing level. The amplitude of the admixture of the a-particle
component, determined independently from cross sections of
the a- and 2n-transfer reactions, agrees well with the observed
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FIG. 17. Ground-state rotational bands in ''Pd and ' Xe and intruder
analog states in ''®Sn.”® The energies of the ground states of the deformed
nuclei are reduced to the energy of the first excited 0+ state in ''°Sn; the
vibrational levels are identified by the shorter lines.

value of the matrix element of E 0 transition to the ground
state.

Recently, the interacting-boson model (see, for example,
Refs. 92 and 93) has been widely used to describe the proper-
ties of transitional nuclei. In this model, the positive-parity
levels are regarded as excitations in a gas of interacting bo-
sons. Phenomenologically, it is possible to make a restriction
to just monopole (s) and quadrupole (d) collective bosons, in
accordance with the symmetry of the lowest excited states and
with allowance for the decisive part played by the quadrupole
surface vibrations and monopole pairing vibrations.

The normalized boson state for 2NV valence electrons (in

the simplest version of the model, no distinction is made
between neutrons and protons),

IN; B, vy =[N (14 B3N )12 (B |0y,
where

B*=s* +-p{cosyd; + ;}5 sin y(d34-d%)}

(45

(45")

is equivalent to the intrinsic state of the rotational-vibrational
model.** The advantage is associated with felicitous parame-
trization, which makes it possible to separate the y-unstable
limit.

The most general form of Hamiltonian with pairing bo-
son interactions,

H=¢,;s"s+ add“‘&"—i— ugststss -+ u,stdt ds + v, (d*d*ss + s*s*&ﬁj

+uo {ld*d*]y ds + s*d* [&'&‘]2} =) 2 Cp[d*d*], {agj,r_.y
¥ (46)
whered, = (—1)"d_,, and &, £ =&, — &, Uo2, Vo, and
C .. are parameters of the model, leads to the simple energy
surface
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whose minima determine the equilibrium values of the shape
parameters of the nucleus. In particular, y, = 0if v, >0 and
Yo = /3 if v, <0. For v, =0, the energy (47) does not de-
pend on y at all. Therefore, in the model which does not dis-
tinguish between neutrons and protons and a restriction is
made to two-particle interactions of the bosons the nucleus
can be either axisymmetric (prolate or oblate) or y unstable.
Triaxial equilibrium shapes arise only when allowance is
made for the interaction between three and morg bosons.

The Hamiltonian (46) has three limiting symmetries,
which admit analytic solutions: rotational (SU,)

Hy = %30 303,

for uy, =0 and x;=(1/5) ¢, = (4/11) g, = (1/2)
uy=vy= — (IA7) v,=(4/7) Co= — (8/3) C,=2C,
(the case x; < 0; is physically interesting); vibrational (SU 5)

(48")

= Ne,

(47)

(48")

Hy = e,d*d + nid*d*dd,
if only £, and C,, = 5x are nonzero; y-unstable (O )
Hg = %400

for nonvanishing coefficients », = (1/5) &, = ¢, = (1/2)
U, = vy (g <0). The type of a nucleus in the transitional re-
gion between these symmetries is determined by the ratio of
the characteristic parameters in the Hamiltonian (46). For
example, magic nuclei correspond to the region between the
SU s and O 4 limits. Proximity to the y-unstable limit made it
possible to find an easy explanation for the observed predomi-
nance of the decay of all excited 0+ states to the 2," level in
the Os isotopes as compared with the mixed decay to the 2,
and 2" levels in the Pt isotopes.®

The operators of the electromagnetic transitions in the
interacting-boson model are constructed in accordance with
the general rule for single-particle tensor operators. In partic-
ular,

(48")

M (EO) = ‘—‘5 Bodd -+ o8°s. (49)

In Table X1, calculations® of the matrix elementsp (£ 0)
are compared with experimental data for the ''"*Cd nucleus.
In the limiting cases (48) of the model there exist analyt-

TABLE XI. E 0 transitions in ''* Cd in the interacting-boson model.**
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FIG. 18. Dependence of the relative cross section of the (1, p) reaction
taking place to the ground state of the Sm isotopes on the number of neu-
trons.”

ic expressions for the amplitudes of two-particle transfers
between the ground states of the nuclei®:

2(4’\’—}-1)(21\14—3) _ _4N(f\"—1)
WET ) {9 N 3(2A’—1)}’SU3'

8y (N > N +1)={a? (N +1) (%—N) . S,

2 (VA1) (N+4) N (N—1)
Sl 1 {Q‘N—W}'Om

(30)

where @ is a normalization factor which reflects the coher-
ence of the fermion pairs, and £ is the maximal number of
nucleons in a shell. The first two expressions of (50) describe
well the observed cross sections of (¢, p) reactions on the Sm
isotopes, and the third describes those on the Os and Pt iso-
topes, as is shown in Figs. 18 and 19. Besides the dependence
on the number NV of bosons, the expressions (50) show that in
the limit of large N the amplitudes S, for the SU; and SU,

symmetries differ appreciably. The experimental data given
in Fig. 18 illustrate the transition from one symmetry to an-
other with increasing number of neutrons. The data on the
(2, p) reactions taking place to the ground state of the Os and
Ptisotopes (Fig. 19) match unambiguously the O , limit. This
confirms the y instability of these nuclei deduced from analy-
sis of their spectra.

The effective boson Hamiltonian can be constructed mi-
croscopically by the method of boson expansions of the fer-
mion operators.”** The interacting-boson model corre-
sponds to truncation of the resulting series, the coefficients of
which are regarded as adjustable parameters. The literal in-
terpretation is tantamount to neglect in this model of the in-
teraction in the particle-hole channel, for which no physical
grounds are evident.”’

-1 Pineor (EO) Pexp (£Q)
0F—07 0.277 0.164
00 0.068 0.039
—0, .033 0,020
2 ot 0.045 <0.09
2% ot 0.16 0.25
2o 0.05 0.18
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FIG. 19. Relative cross sections of the (z, p) reaction taking place to the
ground state of the Os and Pt isotopes.”

In the interacting-boson model, the excited 0," and 2,*
states of deformed nuclei have a structure similar to single-
phonon 3 and y states. The wave functions of the following
0" states do not contain two-quasiparticle or single-phonon
components. From the point of view of the microscopic ap-
proach, this model takes into account only the small fraction
of two-quasiparticle states that occurs in the 8- and y-vibra-
tional phonons. However, the experimental data on the quasi-
particle structure of phonons obtained from nuclear reactions
indicate large two-quasiparticle or single-phonon compo-
nents in the wave functions of these states. A more accurate
description of 0% excitations can be obtained in the micro-
scopic quasiparticle-phonon model of the nucleus,” accord-
ing to which the total contribution of the single-phonon com-
ponents to the wave functions of the second and third excited
states may reach 80% and more.

PAIRING CORRELATIONS AND MONOPOLE EXCITATIONS
OF NUCLEI

Pairing correlations of superconducting type play a uni-
versal part in the structure of nuclei. The essence of the super-
fluid model® consists of systematic application of the pairing
interaction to the description of nuclear properties. The
ground state of an even—even nucleus with developed pairing
is determined as the vacuum, a; |0) = 0, of the quasiparticles
corresponding to the generalized canonical transformation

ah:; (uraaa + vnadi)- (51)
The coefficients #,; and v,; and the quasiparticle energies E),
are solutions of the Hartree-Fock—Bogolyubov system of
equations

Epttyy, = 2 {(hane— o) wiar + Aot }s
v (52)
— Eyig, = 2} (o — pbaae) v + Baatomncs

where u, the chemical potential, determines the number of
particles of the given species, and /, the single-particle Hamil-
tonian, determines the representation,i.e.,s;;. =e;8,,.-.The
pairing field is

1 5
AM\' = —? Z I‘M..',‘v\" Z UpyUhy’y

o k

(53)

where I'¥ is the effective interaction in the particle—particle
channel.
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The overwhelming majority of the calculations are made
in the approximation of “constant’ pairing:
I's —G8, =0

3 — . -
AR NV Ve Sl L

(54)

which is attractive on account of its simplicity. In this approx-
imation, the system of equations (52) goes over into the equa-
tion of pairing correlations with a constant pairing field A,
and the condition (53) becomes an equation for determining
this constant. As was already noted in one of the pioneering
studies,” the use of the interaction (54 ) is admissible only for
the description of the ground state of the nucleus and the
Fermi (quasiparticle) branch of excitations; for the boson
branch, it is invalid. This is the case because the constant-
pairing approximation breaks the nuclear symmetries, in par-
ticular the gauge symmetry,*'%’ which ensures conservation
of the particle number.

In spherical nuclei, a correct microscopic description of
the properties of the vibrational 2* and 3~ states requires
allowance for the particle-particle forces on an equal footing
with the particle-hole forces,'”! but the interaction (54) does
not make a dynamical contribution to states with zero spin.
Allowance for it in the problem of nuclear dipole resonance
leads to pronounced unphysical effects in the photoabsorp-
tion cross sections.'” The approximation (54) corresponds
to zero angular momentum of a pair (monopole pairing), but
in deformed nuclei this condition is too strong—it is necessary
to have vanishing of only the projection of the pair angular
momentum onto the symmetry axis.

The simplest methods of constructing effective two-par-
ticle interactions with allowance for the symmetry conditions
are described in Refs. 103 and 104. For example, the corre-
sponding condition makes it possible to augment the pairing
interaction (54) by separable terms that, without changing
the single-particle picture, restore its gauge invariance. Then
there appears in the excitation spectrum of the nucleus a new
branch of collective motion—7-odd fluctuations of the pair-
ing. >*° These additional terms in the interaction represent
multipole pairing, which was introduced independently into
the theory phenomenologically in order to explain features in
the cross sections of two-particle transfer reactions with exci-
tation of the lowest collective states of both spherical'® and
deformed'?%'%7 nuclei. Simultaneously, the introduction of
multipole pairing improves the description of the energy lev-
els and transition probabilities for the lowest excited states of
spherical nuclei.'”®

The simplest interaction corresponding to the require-
ment of translational and rotational invariance is

T = —gd (r — 1) (55)

with one universal constant g (Ref. 109) instead of the two
constants G, , for the neutrons and protons in the constant-
pairing model. The locality of the interaction (55) automati-
cally ensures gauge invariance of the theory when allowance
is made for all its matrix elements that occur in the consisten-
cy condition (53). This leads to nondiagonality of the pairing
field on the single-particle basis, a reflection of its multipole
nature. The force constants for all multipolarities in (55) are
the same, in agreement with the results of a phenomenological
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TABLE XII. Dependence of the pairing field on the state.''

State Ay, MeV Ay, MeV
1/2 [521] 0.932 1.019
7/2[633] 0.951 1.019
5/2 [512] 0.987 0.926
5/2 [523] 0.928 1.190
7/2 [514] 0,983 1.158
1/2 [651] 1.015 0.858
5/2 [642] 1.017 1.110

analysis.'”® At the same time, each quasiparticle state is frag-
mented over single-particle states, in agreement with the ob-
served spectroscopic factors of single-nucleon transfer reac-
tions.''” The nondiagonality and the strong dependence of
the pairing field on the state in this approach eliminate the
unphysical crowding of the single-quasiparticle states near
the ground state of an odd nucleus characteristic of the tradi-
tional approach.® Table XII gives the diagonal components
A,; of the pairing field and the effective parameters A, as
determined from the relation E; = (e, —u)> + A} using
the calculated values E, and g in the '®Er nucleus. The
stronger dependence of A, on the state due to the contribu-
tion to £, of the nondiagonal components A ;. agrees qual-
itatively with the results of phenomenological analysis of sin-
gle-quasiparticle energies.''! Analogous results are obtained
in the model with projection with respect to the particle num-
ber.!!?

As has already been noted,”® calculations for deformed
nuclei made self-consistently with respect to the particle-hole
channel revealed the need to go beyond the constant-pairing
approximation. The self-consistent treatment of pairing (tak-
ing into account the invariance principles) made it possible to
describe well the energy levels of the lowest 0+ excitations in
deformed nuclei in the rare-earth region with a single univer-
sal parameter of the quadrupole forces''*:

this having a value close to the one obtained from the condi-
tion of consistency of the quadrupole interaction with the
average-field potential that occurs in the Hamiltonian /. The
interference of the pairing branch with the quadrupole vibra-
tions leads to a large admixture of the pairing component in
the wave functions of the lowest 0 * states, in agreement with
the results of other calculations®""'” and the data of experi-
ments on the excitation of these states in two-particle transfer
reactions. At the same time, the probabilities of £0 and E 2
transitions can be fairly well described without the introduc-
tion of effective charges,'"? as is demonstrated in Table XIII.

According to the estimates of Ref. 114, the most collecti-
vized 0" state of the branch of coherent pairing fluctuations
must lie in the region of the two-quasiparticle threshold
(E=2A) and must be characterized by an anomalously small
E 2-transition probability; it must therefore have a large value
of X(E0/E 2). Calculations in the model with self-consistent
pairing''® confirmed that in deformed nuclei with developed
pairing the “X anomaly,” discussed in the Introduction, is
indeed associated with this branch of nuclear excitations. As
can be seen from Fig. 20, calculations in the constant-pairing
model do not give 0 * states with large X(E 0/E 2).

In the distorted-wave Born approximation for a direct
single-step reaction mechanism the coherent properties of
two-nucleon transfer cross sections are determined by the
spectroscopic factors®!!'¢:

X -7/8 4 56 v =
% (0t) = 61 A-"% MeV/F, (56) 8. (4)=|(n, AIT|0, AF 2|2, (57)
TABLE XIII. Properties of low-lying monopole states of deformed nuclei.'"?
E(0*),MeV | B(E2),éF* | p&o; 0% - o) X(E0/E2)
e h Experi Experi Experi
- 1 ; B .
eory o Theory et Theory " Theory | Experiment
158Dy | 0.958 | 0.990 224 >77 0.16 | >0.08 0.20 0.08 (3)
1.708 | 1.665 9 — 0.13 - 3.01 —
‘ 2.013| — 1| — |oot]| — | 0.06 -
164E 1.246 1.246 352 >13 0.20 | =>0.02 0.22 0,14 (2)
1.664 | 1.702 2 — 0.12 —_ 12.2 0.39 (6)
1.960 | 1.766 215 — 0.19 — 0.33 0.644{11)
1.991 | 1.842 24 - 0.05 —_ 0.20 2.34 (70)
2447 | 2473 22 — 0.02 - 0.05 0.88 (18)
168Yh | 0.936 [ 1,156 1016 =, 0.47 | >0.01 0,42 0.11 (2)
1.188 1.197 387 <1 0.28 | =>0.04 0.39 0.51
1.718 | 1.543 2 <1 0.10 | >0.01 8.07 | >3.1
) 1.877 | 1.904 17 — |owos | = 0.27 L
SHE | 0.993 | 1.499 | 617 | <20 | 0.2t = 0.45 |  0,18(2)
1,571 | 1.434 213 270 0.16 — 0.25 0.11 (1)
1.718 1.772 6 —_ 0.06 — 1.12 0.57 (16)
1,850 1.817 12 —_ 0.03 —_ 0.13 —
538 Sov. J. Part. Nucl. 17 (6), Nov.-Dec. 1986 N. A. Voinova-Eliseeva and |. A. Mitropol'skir 538



I
X(ED/EZ) 168y 72y FF
0F q B 100 Th
l/' - E U
1 Fl -
3 | fi e Pu
& L . =
5Tk e % ‘¥ i
,\ L
\E? ql 1E
' | 5“\1
1 ' =
'. | -
-z - I - —
: ; ; e I
a.1+
! ] | I ! ! L
a5 1 1T 15 2 7 L5E(0T), MeV Lo e oo M S ]
228 232 236 240 A

FIG. 20. The ratio X (E 0/E 2) as a function of the excitation energy of the
0+ level.''s The open circles are the experimental values, the open trian-
gles are the calculations in the model with self-consistent pairing, and the
open squares are the calculations in the constant-pairing model.

where T are the operators of stripping or pickup of two parti-

cles. For reactions taking place to the ground state of the final
nucleus, the symmetry property

8o (4) =Sy (4+2) (58)
holds, and this is well satisfied in the experimental cross sec-
tions. In calculations, one usually ignores the difference
between the properties of the ground states of neighboring
nuclei. In the constant-pairing approximation (54) this leads
to the well-known result

+ -
50 = §© — (2A/G)2, (59)
where A, the corresponding value of the pairing field, agrees

+
with (58) only if the § {* do not depend on 4, a requirement
that, in general, does not agree with the experimental data.

-
The difference of the S is due to the inhomogeneity of the
single-particle spectrum near the Fermi surface and is par-
ticularly noted at the edges of the deformation region.

In the model with self-consistent pairing, the two
branches of coherent pairing fluctuations, 7-even and T-odd,
lead to an asymmetry of the spectroscopic factors of reactions
that take place with the excitation of monopole states of the
nuclei.''® Analogous results were obtained in the “pairing-
plus-quadrupole-forces” model with projection with respect
to the particle number'!” and in the model with a “mobile
basis,”!'® which takes into account the change in the pairing
field following excitation. The inclusion of additional 7-odd
components of the particle-hole interaction (spin-quadru-
pole,” for example) with adjustable parameters can bring
these results into quantitative agreement with experiment, al-
though the particle-particle channel must play the main part
in forming the nuclear 0™ states.

Calculations in the constant-pairing approximation
(54) encounter serious difficulties in describing the hin-
drance factors of a decay to low-lying 0 states. It is well
known that the observed rate of @ decay to the first excited
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FIG. 21. Hindrance factors of @ decay to the first excited 0 * state.'*” The
open circles are the experimental values, the open triangles are the calcula-
tions in the model with a mobile basis, and the open squares are the results
of traditional calculations.

0+ state in heavy deformed nuclei is less than the rate of
decay to the ground state.''” In contrast, the theoretical rates
of @ decay to the -vibrational state, calculated in the tradi-
tional approach, are greater. Here, an important part is
played by the condition of conservation of the average particle
number in the dynamically deformed system.'*® This condi-
tion is satisfied by taking into account a residual interaction in
the particle—particle channel, this corresponding to a change
in the chemical potential u following excitation. The hin-
drance factor of @ decay to the excited 0" state is

_ [ 8A, , 8Ap -2
F_{ Apn 1 Ap } ]
where 8A,, are the changes in the pairing field following
excitation as calculated in the random-phase approximation.

In Fig. 21, the results of the calculations are compared with
the existing experimental data.

(60)

EXCITATION OF A NUCLEUS FOLLOWING DECAY OF A
BOUND MUON

As is shown in Ref. 121, low-lying monopole states can
be excited by the decay of a muon in a K orbital of a mesic
atom. The calculation of the probability of this process de-
pends strongly on the model chosen for the structure of the
lowest nuclear 0 * states. Therefore, the experimental inves-
tigation of this process, which has dependent value, is also of
interest for theory.

The high energy of the electron produced as a result of
the u decay permits the conclusion that it leaves the region of
the atom instantaneously and enables one to ignore interac-
tion in the final state. In the “shake-off” approximation the
probability of excitation of the nucleus, normalized to one
decay event,

wy, = ORIV 107 2/E2 (07)s (61)
is determined by the properties of the monopole states. The
operator
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TABLE XIV. Estimate of the probability of excitation of the lowest 0 * states following

muon decay.
Nucleus E(0"), MeV p(E0) wl(®. 10
42Ca 1.837 0.33 <1
72Ge 0.690 0,10 5
723 0.937 0.30 32
98381 0.216 0.23 652
114Cq 1.134 0.16 28
1625y 0.685 0.23 397
153Gd 0.681 0,30 782
174H f 0.828 0,22 390
240pPy 0.862 >0.13 >262
rI) 0‘3 . . . .
Vol 5 { nE \ T \ reki(r) m_} (62) 'mcet extremely stringent requlremen.ts on the resolutlop time;
. ™o = it must separate the prompt x-ray emission accompanying the

o

acts only on the protons, where @ (r) is the radial part of the
wave function of the muon in the K orbital of the mesic atom.
It describes the Coulomb interaction of the muon with the
protons of the nucleus with allowance for the penetration ef-
fect. When the muon decays, this interaction is switched off
“instantaneously,” and this leads to excitation of the nucleus.

The matrix elements of the operator F'which occur in the
probability (61) are like the corresponding quantities
p(E0)."" This can be used to obtain a model-independent
upper bound for the probabilities (61) from the experimental
values of p, (E0) and £(0," ):

wn, < Wiy = {e2R2p% (0) p, (E0)}2/36E2 (03). (63)

In Table XIV, this bound is given for the first excited 0

states of various nuclei. In the microscopic calculation of the
probabilities (61) one must consider the question of the orth-
ogonality of the wave functions of the monopole states, since
only the spatial change of the potential (62) within the nu-
cleus operates on excitation. Such a calculation'** for 0,
states gave a result close to the bound (63) and made it possi-
ble to follow the influence of the structure of higher monopole
states on the excitation probabilities. Smallness of the prob-
ability of excitation of a nucleus following decay of a bound
muon agrees with the fact that an experimental study of the
252p transition in the ® Zn mesic atom did not reveal dynami-
cal E 0 excitation of the nucleus.'*

At the present time, an experimental search is being
made for excitation of nuclei following decay of bound
muons. The experiment is arranged to detect y rays of the
nuclear transition from the excited 0 * state in coincidence
with fast electrons from the g decay. The experiment must

atomic transitions of the muon from the nuclear ¥ rays, which
are delayed by the muon lifetime. The choice of the target
nucleus is dictated both by the estimate (63) and by the possi-
bility of conversion de-excitation of the excited 0 * level. Ta-
ble XV considers the ratios of the probabilities w, (E£0;
0,5 -0;" )andw, (E 2;0," -2, ) of conversion de-excitation of
the 0," levels to the probability w, (E 2; 0,"-2;" ) of radiative
transition in two nuclei with very different charges Z. Ele-
mentary calculations using tables of conversion coefficients
show that the 0," level in **Sm will be de-excited predomi-
nantly by ¥ rays, the 0," level in ?*? U with approximately the
same energy will be almost completely converted. As a result
of these calculations, one must recognize Sm or Gd nuclei as
the optimal choice for the target.

CONCLUSIONS

There is no doubt that it is important to obtain good
quantitative agreement between the theoretical description
and the experimental data, not only for the theory but also
from the point of view of the planning of new experiments.
Present-day models can explain nuclear properties in fairly
wide ranges, indicate regions in which a significant advance in
qualitative understanding is required, and identify problems
suitable for detailed calculations. This is true in full measure
for the problem of nuclear monopole excitations.

It has now been established that the formation of the
excited0 ™ states of even—even nuclei may involve the partici-
pation of the following basic modes of nuclear motion. First,
we have the particle-hole excitations characteristic of light
nuclei, or two-quasiparticle excitations for nuclei with devel-
oped pairing. Typical of this mode are weak E 0 transitions,
reflecting the small polarization of the nucleus and the radial

TABLE XV. Probabilities of conversion and radiative de-excitation of nuclear 0," levels.

Nucleus |E(0; ), MeV|E(2;"), MeV| X(EQ/E2) | w,(E2)/w, (E2) | w,(ED)w, (E2)
1628y 0.685 0.122 0.11 0.01 0.02
22(] 0.695 0.048 0.17 0.02 0.96
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redistribution of the charge following excitation. The residual
interaction may lead to collectivization of the states of this
type, when a large number of corresponding components con-
tribute to the wave function. We must here mention giant
monopole resonances and the branch of pairing vibrations.
The coherence of these states is manifested accordingly in
large amplitudes of the E 0 transition and the transfer of a pair
of particles to the ground state. The existing theory is capable
of giving a completely adequate quantitative description of
these states.

The more complicated 2p2h excitations are characteris-
tic of light nuclei with N £ Z and nuclei with closed shells.
Such excitations in the proton system lead to 0 * states cou-
pled to the ground states by E 0 transitions with an amplitude
of orderp, (E 0). The polarization of spherical nuclei of inter-
mediate atomic mass following 2p2h excitations can be very
appreciable, even changing the equilibrium shape. In this
case, one observes in the spectrum a branch of intruder states,

whose properties are analogous to those of the ground-state
rotational band of the neighboring deformed nuclei. In this
direction systematic self-consistent calculations, which
would make it possible to clarify the details of the “develop-
ment” of the nuclear deformation, would appear to be prom-
ising.

Monopole excitations can be associated with the occur-
rence or change of the relative motion of & clusters in nuclei.
This mode is a consequence of short-range correlations in
complicated particle-hole configurations (4p4h, for exam-
ple) and is characterized in light nuclei by strong E 0 transi-
tions. Here, the theory is capable of giving a quantitative de-
scription in the framework of specific models.

At the macroscopic level, the monopole states are de-
scribed by the vibrational model. Single-phonon 0" states
are observed in deformed nuclei (coherent two-quasiparticle
configurations); two-phonon states of quadrupole and octu-
pole types are observed in spherical nuclei; and, finally, three-

TABLE AL Observed energies of 0" levels and characteristics of E0 transitions to the

ground states of even—even nuclei.

Nucleus E(0"), MeV p (ED) X (E0/E2)
1He 20.26 0.55 (9) —_
10Be 6.18 0.22 —
12C 7.655 0.72 (2)* -
100 14.00 0.36 (8) —
140 5.930 — =
160 6.052 0.41 (1)* —

11,260 —- —
12.050 0.48 (3)* —
14.035 0,41 (3) —
180 3.632 0.38 e
0.61 (7)
5.33 <0.45 —_
24Mg 6.432 0.55 (4)* —
8.85 — —
9.30 — -
10.10 — —
10.716 0.32 (6) —
26Mg 3.586 0.24 (2) —
4.965 — —
285j 4.975 0.55 (4)* —
6.690 0.15(8) —_
308 3.788 0.10 (1)* —
a2g 3.778 0.69 (7) )
0.13 (2)*
343 3.915 0.10 (1)* -
883 3.338 0.09 —
38Ar 3.3717 0.43 (4) —
40Ca 3.353 0.17 (3)* —
5.212 <0.06 —
12Ca 1.837 0,33 (5)* 0.043 (%)
44Ca 1.884 0.30 (2)* —
16Ca 2.423 — —
18Ca 4.272 0.10 (2)* -
5ea <0.48 0.49 (8)
5iFe ‘ <0. g
4,292 0.28 (5) 0.65 (18)
56Ni 3.952 — —
“gli 2,942 0.0025 (3) 0.84 (18)
3.531 0.28 (6) 0.47 (8)
80N{ 2.285 0.03—0,17 0.027 (4)
3.318 0.28 (8) 0.49 (8)
3.588 =0.019 2.9(5)
62N 2.048 0.28 (8) 0,028 (35)
847Zn 1.910 0.062 (4) 2.30 (25)
2.609 0.089 (16) 0.03 (1)
66Zn 2.373 >0.014 0.047 (8)
3.106 — 5.0 (12)
$87Zn 1.656 0.083 (40) 0.033 (6)
0Zn 1.069 0.051 (15) 0.0029 (6)
0Ge 1.215 0.09 (1) 0.0042 (3)
2.307 — 0.23 (6)
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Continuation of Table Al

542

Nucleus E(0™), MeV p(E0) A (EQ/E2)
1Go 0,690 0.100 (6)*
1,709 — —
7280 0.937 0.304 (3)
0.176 (60)
e 0:516 0:23 (3 0.0%5
ﬂBSr - i
887 1,521 o 0.0051 (10)
00z 1.752 g.gﬁg 3(%2;
: )
4.125 o —
927y 1.375 0.09 (1) 0.020 (2)
847 1.300 0.41 (1) 0.043 (4)
i 1348 RN 0.008 (2)
s8)Mo 1. A1 (2) ;
95Mo 0.736 0.165 (15) =
100Mo 0.894 0.215 (28) 0.018 (1)
100Ry 1.130 0.078 0.011 (1)
i 0.092 8'31(5')(2)
102Ry 0.944 .092 ;
102pg 1.502 0.07—0,10 =40
104pg 1.334 0.07 (2) 0.012 (4)
106pg 1.134 0.12 (2)* 0.016 (3)*
1.56 - o
1.706 - 0.09 (3)
2.001 — 45 (8)*
2.278 — 0.17 (4)
2.624 = 0.120 (25)
2.877 - 0.07 (2)
3.082 == 1.6 (5)
3.162 - 0.9 (7)
3.221 — 0.05 (1)
3.320 - 0.15 (7)
12cd 1.224 0.19 (3) 0.026 (1)*
1.432 0.022 (3) 1.0 (2)
1140d 1.134 0,18 (1)* 0.025 (1)*
1.305 0.48 (6)* 18 (2)*
- xd 0.036 ol
: o 0,012 (4)
2.438 0.56 (5)
2.554 s 0.58 (9)
i12gp 2.191 <0,14 0.046 (8)
1148p 1.953 0.16 (5) 0.042 (8)
2.156 <0.037 <0.01
1188 1,757 0.066 (11) g.ggg (L
L0086 (18)
2.027 0.030 (3) 0.066 (11
1188 1.758 0.072 (10)* 0.0089 (8)*
ggg; 0.020—0,064 8.3%5(1)'
; i <
1208p 1.875 0.051 (7) 0.0070 (18)
2.160 <0.17 0.22 (5)
1225 2.089 = =
2.191 — 0.046 (5)
124Te 1.158 - 0.183
1.657 —_ 3 01q
1.883 —_ =3.5
: 3 - g
12 To —
18Xe 1.794 — 6 (3)
1o - e,
194y 1. —_
1 2.337 = =0.015
2,379 — 0,0010 2)
13683 1.580 — 0.11 (2)
138Ce 1.474 0.05 0.063 (9)
0.5 4
140Ce 1.902 0.12 (2) 0.051 (8)
3.017 - 0.17
142Ng 2.217 : —
1448m 1'676 =0.05 .
1885 m 1.42 s .016
1508m 0.740 0.15 (2)* 0.015 (3)*
0.829 — ;g.ﬁ (2)
1.256 ;
1528 0.685 0.23 (3)* ?)3{1‘7(2(‘)4)*
LU0
1.083 <0.015 0.035 (17)
1845m 1.096 — =
100G 2.162 0.10 (1) 0,02
3.016 o =
150G 1.207 - _
182G 0.615 0.25 (15) 0,0060 (2)*
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Continuation of Table Al

Nucleus E(0%), MeV p(ED) X (E0/E2)
0.047 (5)
1.048 - 0.09 (2)*
0.011 (3)
154G ? fiig; 0.30 (1)* 0.09 (2)*
166Gd 1.049 0.41 (5)* 0.1
0.20 (3)*
1.168 0.061 (19) <0.018
1.715 — 1.5 (3)
1.851 — 0.17 (5)
188Gd 1.196 — —
156Dy 0.674 — =>0.06
158y 0.990 =0,077 0.08 (3)
100Dy 1,280 = 0.27 (8)
1.953 —_ 0.65
162Dy 1.127 —_ —
1.400 <0.04 0.048 (4)
188y 0.806 — 0.036 (7)
160F 0.89% —_ —_
162Er 1.087 = 0.30 (9)
1.420 —_ 0.081 (74)
164y 1.246 >0.02 0.14 (2)*
0.26 (7)
1.417 s 0.14 (5)
1.702 — 0.39 (6)
0,069 (23)
1.766 — 0.64 (11)*
1.842 —_ 2.34 (70)
2.173 0.88 (18)
1.76 (25)
4,5 (15)
2.185 - 5.56 (184)
168E 1.460 —_ 0.037 (9)
168 p 1.215 — —_
168Yh 1.156 =0.0084 0.11 (2)*
1.197 0.035—0,081 0.51
>1.1
1.340 — —_
1.543 >0.0063 0.76
>3.1
170Yh 1.069 <0.007 0.003 (1)*
1.229 0.14 (3) 0.088 (7)
0.129 (16)
1,480 == 0.96 (3)*
1.566 — 0,93 (14)
0.57 (B)*
172Yh 1.043 0.048 (7) 0.028 (4)
1.405 <0.16 2.81 (31)
1.79% — 0.34 (4)
1.895 = 0.10 (3)
174Yh 1.149 — —_
1.305 — —
1.487 _— <<0.051
1.884 _ <0.175
172§ 0.872 —_ 0.121 (18)*
1.296 — 19 (4)*
1.336 —_ 6.0 (7)*
1741f 0.828 0.220 (25) 0.18 (1)*
=>0.7T1
176§ 1.150 —_ 0.22 (5)*
1.293 —_— 8.3 (10)*
178§ 1.199 — 0.18 (2)*
0.28 (3)
1.237 - —
1.434 — 0.41 (1)*
0.066 (7)
=0.15
1.444 = 0,54 (3)*
1.772 —_ 0.57 (16)
180y 0.908 0.03 (1)* g.gﬁi
182VY 1.135 —_ —
184y 1.004 0.0019 (4) 0.006 (3)
186\ i %35 = o
0.882 e =
1560g 1.086 <0.022 <0.0035
1.478 - 0-2872
. T04 - 1.
1 8 (iE)J (3)*
1.765 — -19@3)
.825 — 0.15
1.82 0.712)
1908 0.911 s -
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Continuation of Table Al

Nucleus E(0"), MeV p(ED) X (E0/E2)
184py 0.493 — 0.008 (3)
188py 0.472 — 0.0065 (20)
185pg 0.799 S 0.,0090 (15)
ekl 0.922 — 0.0062 (12)
R 1.195 — 0.022 (3)
194y 1.267 - 0.0074 (7)*

1,479 — 0.44 (8)
1.547 G 0.020 (4)
1.890 — —
2.086 —_ 5.6 (3)
2.164 - 1.5 (3)
2.357 s =>1.2
i 1 1.135 = <0.005
1.403 — 0,092
1.823 —_ <0.03
1,918 —_ 0.080
206ph 1.166 0.031 (4)* >1.6
205Ph 4.882 e i
208Pg 1,272 0.030—0.037 =0.7
212Po 1.801 0.037 (8)* —
2dpg 1.415 0.036 (1) —
228Th 0.831 —_— 0.83
230T | 0.636 o 0.22 (10)
232Th 0.730 — 0.12 (1)
232(] 0.695 - 0.17 (4)
284 0.810 — 0.50 (8)
236(] 0,919 — .
238 0.994 — 0.20 (6)
2,558 0.00003 0.32 (11
238Py 0.942 — 0.24
0.63 (20)
1.229 s 0.13
240py 0.862 0.13—0.30 0.05 (1)
244Cm 0.985 = 1.5 (2)
250C§ 1.154 — 0.27 (3)
1.267 = 2.5(3)

*Estimated values.

phonon states are observed in transitional nuclei. The nona-
diabaticity of the surface vibrations leads to appreciable
anharmonicity in the nuclear spectra, without allowance for
which it is impossible to obtain a quantitative description. The
first step in this direction is the phenomenological interact-
ing-boson model. A microscopic calculation of the param-
eters of this model on the basis of a self-consistent approach
would be of very great interest.

The experimental investigation of monopole excitations
encounters a number of specific difficulties due to the com-
paratively weak excitation of 0+ levels, the small values of
the E0/E 2 branching ratio, and other neglected reaction
channels. The main sources of the large uncertainties in the
experimental information about E 0 transitions are the inade-
quate energy resolution of the spectrometers, the use of in-
complete or incorrect decay schemes, and the use of estimates
(instead of measurements) of B(E2) or other matrix ele-
ments in the calculation of p(E0) and X(E0/E 2). It is to be
hoped that the development of experimental methods will
give qualitatively new information about monopole excita-
tions of nuclei and stimulate further theoretical investigations
in this direction.

We should like to thank I. A. Kondurov for constant
interest and support. We are grateful to N. L. Pyatov for inter-
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est in this work and helpful discussions, and also to the par-
ticipants of the seminars at which this work was reported for
friendly criticism, which we have attempted to take into ac-
count.

APPENDIX. ESTIMATED EXPERIMENTAL DATA

The most complete compilation of experimental data on
0" states and E O transitions in even—even nuclei is kept, to-
gether with the source, on magnetic tapes at the Data Center
of the Leningrad Institute of Nuclear Physics and is constant-
ly updated."' We give here tables of estimated data based on
this information (up to the middle of 1985), including energy
levels, matrix elements of E O transitions, and the ratios
X(EO0/E2).1InTable Al we give the energies of the 0 * levels
and the characteristics of E 0 transitions to the ground state.
As a rule, nuclei for which only the energies of the 0+ levels
have been determined experimentally and there is no informa-
tion on the monopole transitions have not been included in
Table AI. Also omitted are certain 0 levels whose decay
characteristics have not been determined. Data on E 0 transi-
tions between excited 0 * states or states with nonvanishing
spins are given in Table AII

The experimental information was evaluated in accor-
dance with the generally adopted prescription. Individual ex-
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TABLE AII Characteristics of E 0 transitions between excited states of even—even nuclei.

Nucleus % E,, MeV AE, MeV p(ED) X (E0/E2)
12Cqd 0 1.432 0.209 0.09 —
114Cd 2% 1.209 0.651 <<0.09 <0.01

0* 1.305 0.171 0.020 (1)* —
2F 1.364 0.806 0.24 (2)* =30
0.154 0.18 (1)* 0.032 (6)
4* 1.732 0.449 0.057 0.12 (2)
2% 1.842 1.284 — <0.2
0.633 0.12 0.71 (8)
0.478 — <0.014
4* 1.932 0.648 — 0.057 (22)
0.200 — <0.001
PAS 2.048 0.838 — <0.09
0.206 — <n.6
4+ 2.152 0.869 — <0.11
0.420 — <0.01
0.220 — <0.01
3* 2.204 0.340 - 0.052 (10)
2+ 2.219 1.661 — <0.3
0.855 e <<0.07
1148 0+ 2.156 0.203 <<0.36 0.9(3)
1185y o 2.027 0.271 0.32 (4) 7.4 (12)
118Gy (1 2.057 0.299 0.10—0,37 3.4 (15)
1208p o 2.1¢0 0,285 <1.14 8.0 (30)
124Te 2+ 1.325 0.723 — 0.059
(1 1.883 0.226 —_ 5
4* 1.957 0,709 — 1.04
2+ 2,039 1.437 —_ 0.21
0.714 = 0.094
ot 2.092 1.490 — 5.16
2+ 2.183 1.581 — 2.1
2t 2.323 1.7 - 7.10
144N 2 1.564 0,864 - 0.25
1465m 2t 2.103 1.356 - 0.13 (5)
2 2.156 1.409 - 0.27 (14)
6+ 2.223 0,441 —_ 0,025 (10)
4% 2.332 1.151 et 0,076 (22)
88 4 1.733 0,553 — 0.014 (7)
4* 1.895 0.715 - =().085
4+ 2.327 1. 147 0.071 (66)
1508 a2 1.046 0.712 0.22(7) 0.05
et 1.194 0.860 0,047 —
1628m 2t 0.810 ).688 0,25 (2)* 0.43 (3)*
(.09 (10)
4+ 1.023 o637 0.24 (5)* 0.66 (21)
0 1.083 11,398 <0.09 —
2+ 1.086 (1. 064 0.029 (4) —
4+ 1.372 1.006 0.09 (4) e
8+ 1.666 0,541 0.205 (60) -—
10+ 2.103 0,495 0.28 (10) e
15003 2+ 1.519 (1.880 0.105 (18) 0.062 (8)
4% 1.700 1,442 — .010 (10)
162(3d 2+ 0,931 0,586 — 0.061 (11)
4t 1,282 0.527 - 0,234 (23)
2+ 1.318 1.973 — 0.088 (11)
0,387 —_— 0.31 (8)
o 1.862 0.544 —_ 0.93 (18)
184054 2+ 0.816 0,693 0.29 (2)* 0,43 (2)*
2+ 0,996 0.873 0.062 (9) —
4+ 1,048 0.676 0,19 (6)* (1,45 (10)*
& 1.265 0.893 0.07 (3) —
6* 1.368 0.650 0.25 (2)* .34 (8)
&+ 1,756 0.612 =0.20 0.48 (15)
10* 2,194 0,557 — 0.27 (15)
156Gd 2F 1.130 1.040 0.44 (12) 0.19 (5)
0.23 (5)* 0,52 (9)*
2+ 1.258 1.168 <0.04 =
4+ 1.298 1.010 0.22 (3) 0.20 (4)
0.69 (16)
4+ 1,462 1.174 <0.12 —
6+ 1.540 0,956 — 0.18(8)
2+ 1,828 0.674 —_ 1.2
8+ 1.848 (.883 e 0.05—0,08
3 1.916 0.668 — 1.0
10* 2,220 0,804 0.06 (3)
158G 2+ 1.260 1.180 0. 027 (14) —_
2+ 1,517 1.438 0.16 (6) —
&t 1.667 1.406 <0.18 —_
156])y 2t 0.829 0.691 — 0.15 (2)*
2* 0.891 0.753 — 0,032 (15)
4+ 1.088 0,684 — 0,20 (1)*
4+ 1.161 0.757 — 0.045 (12)
6+ 1.437 0.666 — 0.16 (4)
6+ 1,525 0.754 - 0.085 (26)
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Continuation of Table AII

Nucleus I E,, MeV AE, MeV p(E0) X (E0/E2)
8* 1.859 0.643 —_ 0.209 (35)
8* 1.957 0.741 - 0.045 (43)
10+ 2.316 0.501 e 0,181 (41)
188Dy 2# 1.085 0.896 — =0.05
4+ 1.280 0.963 — 0.07 (3)
160Dy 2+ 0.966 0.879 0.007 (4) 0,0008 (50)
184Dy 2* 0.762 0.689 — 0.000023 (5)
4* 0.916 0.674 — 0.000011 (1)
6+ 1.154 0.653 — 0.000C05 (1)
164Ky 2+ 1.315 1,223 — 0.29 (5)*
& 1.470 1,170 s 1.01 (48)
2+ 1.484 1.392 — (.87 (25)
(o 1.702 0,456 - =0.09
0+ 1.766 0.520 — =0.05
2¢ 1,788 1.696 — 0.30 (3)
0,64 (19)
0.473 — 0.11 (3)
2t 1.833 1,741 - 0.89 (34)
2* 1.911 1.819 — 0.65 (21)
ot 1.955 1.863 — 0.13 (6)
0.49 (16)
0+ 2.173 0.927 — >2.9
0.407 — >0.M7
2% 2.278 2.187 — 0.052 (10)
13.9 (59)
0.963 — 0.70 (31)
0.795 — 0.47 (22)
170y p a+ 1139 1.054 <0.022 —
2r 1.146 1.061 <0.01 <0.0M7
2t 1,576 1,221 0.14 (5) 0.100 (12}
2% 1.534 1.449 = 0,64 (8)
2+ 1,634 1.549 — 0.101 (13)
172Yh 2+ 1.118 1.040 0.038 (8) 0,075 (20)
4+ 1.287 1.026 0.021 (16) 0.02) (4)*
2% 1.466 1,388 0,022 (18) 0.107 (10)
2+ 1.477 1.399 - 0,015 (3)
&* 1.658 1.397 0.049 (20) 0,029 (20)
2+ 1.849 1.771 it 0,12 (3)
2+ 1,956 1.878 s 0.03(3)
174 E o+ 0.900 0.809 0.23 (2) —
4% 1.062 0.765 0.20 (3) —
6* 1.308 0.699 0.22 (3) —
176[1f 2+ 1.226 1.138 — 0.9 (3)
0.14 (6)
2+ 1.379 1.291 — 1.0
0.16
&+ 1.390 1.100 — 0.10 (3)
6+ 1.629 1.032 = 0.10 (2)
8+ 1,933 0.935 - 0.09 (4)
10+ 2.295 0.814 — 0.04 (2)
173[1f 2+ 1,277 1.183 — 1.56 (15)
0.34 (9)
4+ 1,450 1.144 — 0.17 (1)
2+ 1.496 1,402 < 0.76 (4)
0.44 (3)
2+ 1.562 1.468 - 0.23 (2)
6+ 1.731 1.099 — 0.16 (2)
2+ 1.818 1.724 —_ 0.53 (4)
4+ 1.956 1.650 = 0.37 (4)
1823y 2+ 1,222 1.121 0.049 (11) 0.0016 (11)
2% 1.258 1.157 0.049 (6) 0.090 (24)*
4 1,442 1.113 — 0.011 (5)
184 2% 0.904 0.793 <0.021 <0.0017
2% 1.121 1.010 0.044 (12) 0,095 (19)
188Q)s o+ 0.633 0.478 0.022 (10) —
180Qg 2% 0,557 0.371 <0.030% 0.00: 04 (17)
184Pt, g+ 0.841 0.679 — =0.13
0.012 (2)
186 Py 2% 0.799 0.607 — 0.014 (2)
188py, 2+ 0.606 0,340 - <0.0011
2+ 1.115 0.849 — =0.50*
190pg 2t 0.598 0.302 == <0.0001
. 2+ 1.204 0.978 — 0.071 (28)
192py 2+ 0.612 0.296 0.016 (1)* 0.000013 (10)
0.004 (5)
2+ 1.439 1.123 — =>.25
2% 1.576 1.260 2= 0,025 (5)
194Py L 0.622 0.293 0.0109 (66) —
2+ 1.512 1.183 0.022 (9)
0.890 - 0.022 (15)
2+ 1,623 1.294 som 0,24 (9)
1.001 — 0.024 (12)
i 2,312 1.983 s 2.1 (7)
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Continuation of Table AII

Nucleus 7 E;, MeV AE, MeV p(E0) X (E0/E2)
186 Pt 2F 0.689 0,333 0.039 (7) -
<N.016*
186 o 2 0.621 0.216 — 0.027 (4)
188]g 2% 0,881 0.468 — 0.016 (3)
198Hg 2% 1.088 0.676 0.21—0.42 | >0.87
£23Th 2F 1.154 0.185 0.11 (2) —
232Th 2% 0.774 0.725 0.37 (6) —
23817 ar 1.037 0.991 0,097
0.43 (6)

*Estimated values.

perimental data are transferred without change. Independent
experimental values x; of any quantity with overlapping er-
N

rors were averaged: X = Z X;/N. The new error was deter-
i=1

N 1/2
mined statistically: Ax = [ Z (x, —X)¥N ] . In the tables,

i=1

estimated values are identified by an asterisk. Nonoverlap-
ping experimental data are transferred to the tables un-
changed, the chronological order being observed, i.e., the lat-
est value is given last. The energies of the levels and transitions
are, as a rule, determined with an error not greater than 1 keV,
and they therefore appear in the tables without an error.
When this is not the case, the reliable significant figures are
retained.
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