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The change of the structure of low-lying excited states of even—even spherical nuclei in going
from closed-shell to transitional nuclei is studied using the quasiparticle—phonon model.

The transition charge densities of these states and the distribution of clectromagnetic transition
strengths are investigated for excitation energies of up to 5 MeV. The properties of low-

lying 17 states and states forming pygmy resonances are analyzed. The anomalous behavior of
the photoexcitation cross sections of isomers in odd nuclei is explained. The theoretical

results are compared to the available experimental data.
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INTRODUCTION

The development of modern technology has made it pos-
sible to design experimental setups and detectors with
record-setting performance. In the last decade this has led to
great progress in a traditional area of the physics of nuclear
structure: nuclear spectroscopy. A striking example is the
experiments using the new generation of germanium detec-
tors, which have resulted in the discovery of more than fifty
previously unknown levels in each isotope studied. The body
of data obtained for various nuclear reactions allows the
complete description of the nuclear spectroscopy for many
nuclei up to excitation energies of several MeV. Comparison
of the characteristics of closely spaced isotopes shows that
the properties of a system change fundamentally when only
two nucleons are added to the system. This cannot be attrib-
uted to a smooth change of global nuclear characteristics
such as the mean field.

The wealth of new experimental data on the properties
of low-lying nuclear states has stimulated theoretical studies.
In the present review we systematize the results of the stud-
ies performed during the last decade using the quasiparticle—
"phonon model of the nucleus. Because the region of nuclear
spectroscopy has been extended to energies at which not
only two-phonon but also three- and four-phonon configura-
tions are located, it is quite obvious that it is impossible to
describe the full set of experimental data if the individual
features of particular configurations in specific nuclei or the
interaction between them are neglected. We therfore pay spe-
cial attention to the interaction of simple (one-phonon) and
complex (multi-phonon) components of the wave functions
of low-lying states.

This review is divided into five sections. In the first we
briefly describe the formalism of the quasiparticle—phonon
model of the nucleus as applied to this problem. The second
is devoted to study of the transition charge densities of low-
lying states extracted from inelastic electron scattering.
There we also study in detail the changes in the structure of
low-lying states in going away from a closed shell. In the
third section we consider the distribution of the isoscalar
electromagnetic transition strength of transitions of various
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multipole orders for excitation energies of up to 5 MeV. The
corresponding experimental data were obtained from inelas-
tic proton and deuteron scattering. The reasons for the unsat-
isfactory description of these data for states of positive parity
by the phenomenological interacting-boson model are dis-
cussed. The fourth section is devoted to the description of
low-lying 17 states. The fine structure of pygmy resonances
is calculated. In addition, we study E1 transitions between
low-lying states which are forbidden in the model of ideal
bosons. Finally, in the fifth section we discuss some prob-
lems concerning the structure of low-lying states in odd nu-
clei. Special attention is paid to the theoretical interpretation
of the isomer photoexcitation process.

1. THE FORMALISM OF THE QUASIPARTICLE-
PHONON MODEL OF THE NUCLEUS

The Hamiltonian H of the quasiparticle—phonon model
(QPM) of the nucleus'™ is chosen on the basis of physical
considerations about the nucleons moving in a mean field
and interacting with each other via the residual interaction. It
can be written schematically as

H=H ¢+ Hy+H,; . (1)

The first term H ¢ corresponds to the mean field for neu-
trons (n) and protons (p). The second term H pair 18 the inter-
action leading to pairing correlations of the superconductor
type in monmagic nuclei. In the QPM this interaction is de-
scribed as monopole pairing with constant matrix element
G(TO) - The residual interaction H,; is chosen to be separable
in the form of a multipole expansion.

The basic equations of the QPM are obtained by step-
by-step diagonalization of the model Hamiltonian (1). In the
first step the first two terms are diagonalized, assuming that
the ground state of an even—even nucleus is the quasiparticle
vacuum | )q. For this we make a canonical Bogolyubov
transformation from the particle creation (annihilation) op-
erators to the quasiparticle creation (annihilation) operators
aj+m (jm):

+ _ + _1\j-m
Ajm=ujas, +(—1)""va;_,. (2)
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The result of this diagonalization is the well known BCS
equations. By solving them we obtain the spectrum of one-
quasiparticle excitations &; and the coefficients u; and v;; of
the Bogolyubov transformation.

We have defined the ground state of an even—even
nucleus as the quasiparticle vacuum. In this case the simplest
excited states of such a nucleus are two-quasiparticle states
a jma ]’m’I )4 corresponding to a hole—particle type of tran-
sition. The two half-integer angular momenta of the quasi-
particle fermionic operators are coupled to form an integer
total angular momentum corresponding to Bose statistics,
and so it is useful to project the bifermionic operators
[a a; MN p and [ajra;]\—, onto the space of quasrbosomc
operators i.e., phonons. In making this ‘“bosonic mapping,”’
we introduce phonon operators of multipole order N with
projection u as follows:

1 o8 ;
A +
Q:—IILI-=EZT 2[ {(ﬁj;'[a;aj'])\/t
JJ

— (DM Lapah- ) ®

The number of phonons of a given multipole order must
coincide with the sum of neutron and proton two-
quasiparticle states. The superscript i is introduced to distin-
guish between phonons of a given multipole order.

We obtain the spectrum of one-phonon excitations ,;
and coefficients l/l ., and <p , of the transformation (3) by
diagonalizing our model Hamlltoman in the space of one-
phonon states Q, ;u‘ Yph- As aresult, we find the well known
equations of the random-phase approximation (RPA).

The introduction of phonon operators and the diagonal-
ization of the model Hamiltonian on the basis of one-phonon
states allows it to be rewritten as

H=)‘2' @i O3 i O it Hine (4)
pi

1
Hp=—7 g:'. (=DM 40+ Ox— il

xzf\

ji'r T

B,(jj';N—p)tHe. (5)

i

B (jj";\p)= 2 (=1 M gy (6)

where 1/y2% ZT:‘ is a normalization factor. The term H;, in
(4) ensures the interaction of configurations differing from
each other in the number of phonons.

Now let us write down the wave function of an excited
state of an even—even nucleus of multipole order J™ as a
superposition of configurations containing different numbers
of phonons:
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azﬂz( )
P IM)= ES NQ;+ 2 ——=
Ly \/1+5a2,32
14 J)
”‘3/3373(
KIOLOE I+ D~
a3B373 \/1+6113,B3,y3
X[Q4.05.07, 1+ | Do
6a3,ﬂ3,-y3:6&3,ﬂ3+6(13,73—1—5ﬁ3y73+25¢1’3yﬁ3503,73' (7)

The Greek letters a, 8, and y denote combinations of indices
{\i}, and v numbers the different states described by the
wave function (7) with given angular momentum and parity.
In (7) it is understood that any combination {a,B,7} is en-
countered only once. Beginning with the two-phonon part,
the wave function (7) contains phonons of arbitrary multi-
pole order; only the fact that they add to form total angular
momentum J is important.

Let us restrict ourselves to three-phonon terms in the
excited-state wave function. Then, using the minimization
procedure

S{(WY(IM)|H| ¥ (JM))— EX (¥ (IM)| ¥ (IM))} =0, (8)

we obtain a system of linear equations for the eigenvalues in
terms of the coefficients SZI(J), D}, A (J), and Ta3 ﬂ373(1):

J ~a _
(0o, ~EDSy (1) + 2 Dazﬁzu)ua;ﬂ

et J J
;:, S5 (NI g +(wa, t 0, + 80l 5, ~ENDY 5,(J)

fTa2B2
a38373 0,

+ 2

14
J
P 108 “3ﬂ373( )

2 D} 5, (N0

aﬁy+(w ,Fogto, +Aw’

38373

—EDTY 5., ())=0, ©)

where

I
U™ 7 VIt 5a2,ﬁ2<Qa1IHim|[QZZQ;JJM)’

ffaaBy

1
Uogr, =7 VI+8a, 6,\1+8ay . .7,

X([Qa,28, )il Hinl[Q2,05,071m)  (10)

are the matrix elements of the interaction of phonon configu-
rations with number of phonons differing by unity. In obtain-
ing (9) we neglected the matrix elements of the interaction of
one- and three-phonon configurations, which are of next or-
der in smallness compared to the matrix elements of one-
phonon exchange. The energy shifts of the two- and three-
phonon configurations A w?, By and Ama3 Byy, A due to the

fermionic structure of the phonon operators. Technically, this
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implies that in calculating the eigenenergies of these con-
figurations we have used the exact, rather than bosonic, com-
mutation relations:

[Onui Q1 pri1]-=

6)\ )\I I i,il

1 i
XE;‘ [l/l”

— M ]
Pjjr ‘Pu

‘—2 2 ajm j'm'
]]]2”'”""2

{ ll' ) X.I/:LI
112 jm’12m2 jmjymy

_(_))\+)\'+[l.+p.’

Ai A—un A —
(P”2¢J Ja CJmlz’"zcj 'm ] m, } (1 1)

The same commutation relations (11) are used to obtain the
matrix elements T%', and %22 . Both the matrix ele-
@3B, a3B373

ments U and the energy shifts of multiphonon configurations
Aw’ are complicated functions of the amplitudes  and ¢ of
the phonons entering into them. Since they are cumbersome
we do not give them here, and refer the reader to, for ex-
ample, Ref. 3 for their explicit expressions.

The rank of the system (9) is determined by the number
of one-, two-, and three-phonon configurations included in
the wave function (7). As a rule, when describing the prop-
erties of low-lying states it is possible, guided by physical
arguments, to make a reasonable cutoff of the multiphonon
configuration basis and restrict ourselves to 1000—2000 lin-
ear equations of the system (9). This system can then be
solved numerically for the eigenvalues by diagonalizing the
matrix, giving the set of eigenvalues E} of states described
by the wave function (7), and also the eigenvectors or the
coefficients SZI(.I), DZZ/;2(J), and Tza ﬂ373(.l ).

Equations (9) represent the basic equations for calculat-
ing the excited-state spectra of even—even spherical nuclei,
given below. The expressions for the various physical char-
acteristics corresponding to physical excitations of these
states in experiments (such as the reduced electromagnetic
excitation probabilities or the reaction cross sections) will be
given below when needed.

To perform actual calculations we need to define the
parameters of the model Hamiltonian. In the QPM the mean
field for neutrons and protons is described by the phenom-
enological Woods—Saxon potential. Practically all the calcu-
lations given in this review were performed using the param-
eters of this potential for various mass ranges taken from
Ref. 4. In some cases, for example, in the calculations for
208ph, the energies of single-particle levels near the Fermi
surface were varied slightly to obtain a more accurate de-
scription of the spectra of low-lying states in the neighboring
odd nuclei. In the calculations we used all the bound and
quasi-bound states with small width of the Woods—Saxon
potential. The monopole pairing parameters for neutrons and
protons GS.O) were determined from the description of the
pairing energies. Their values are also given in Ref. 4.
The parameters x&‘}) describing the strength of the residual
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isoscalar (isovector) interaction were selected so as to cor-
rectly describe the collective nature, i.e., the value of B(E\)
for the lowest states of various multipole orders with A=2 in
even—even nuclei. Here we took x()‘)— —1. 2x(") . For
A=1 the parameters x(l) and x(l) were defined so as to
describe the location of the giant dipole resonance and ex-
clude the ghost state.

The main difficulty with the numerical calculations us-
ing the wave functions (7) is the high density of multiphonon
configurations. We therefore were guided by physical con-
siderations and included only those configurations which
play a significant role. The multiphonon components in the
wave functions (7) will be selected using the following con-
siderations. First, we want to exclude configurations located
far from the energy range studied. Second, we want to ex-
clude multiphonon configurations which are formed only
from noncollective phonons. For this we need to introduce a
numerical criterion for phonons to be collective. We shall
consider a phonon to be noncollective if one of the two-
quasiparticle components entering into its structure contrib-
utes more than 50-60% to its normalization. Multiphonon
configurations formed only from noncollective phonons have
matrix element U of the interaction with other configurations
which is many times smaller than that for the analogous
configurations containing collective phonons. Therefore,
noncollective multiphonon configurations practically do not
mix with one-phonon configurations and do not affect their
properties.

2. THE STRUCTURE AND TRANSITION DENSITIES
IN EVEN-EVEN SPHERICAL NUCLEI

The inelastic scattering of electrons on nuclei is one of
the most suitable processes for studying nuclear structure,
because the interaction of the electron beam with the target is
purely electromagnetic in nature. Knowledge of the reaction
mechanism makes it possible to extract information about
nuclear excited states from the scattering cross sections by a
model-independent analysis. In the last decade, the use of
high-resolution spectrometers in the (e,e’) reaction has al-
lowed the detailed study of the structure of excited states of
heavy nuclei up to 3—4 MeV as a function of the density of
states in each specific nucleus. The experimental data are
analyzed as follows. Measurements are made at several val-
ues of the momentum transfer (as a rule, this is regulated by
changing the beam energy and the scattering angle). The
location of the first maximum of the cross section is used to
determine the multipole order of each excited state resolved
experimentally. For each state the dependence of the cross
section on the momentum transfer is fitted by distorted-wave
calculations using the transition density of the excited stated,
specified parametrically as

Hmax
AN (@ ) (F<R.)
(=] 2 At ‘ (12)
0 (r=R,),

where A, are fitted parameters and Ja(qr) are Bessel func-
tions of order A The quantities g* e ~! are determined from the
relation j, _ l(q 'R)=0. A sufficiently large value is
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chosen for R, several times larger than the nuclear radius,
and usually pp.~15 is used. The parameters A, for the
chain of neodymium isotopes are given in Ref. 5.

The transition charge densities (12) extracted from ex-
periment in this model-independent manner can be directly
compared to the corresponding characteristics of the excited
states predicted by various nuclear models. The transition
density of an excited nuclear state is a characteristic which
indicates how the shape of the nucleus changes in going
from the ground state to the excited state. It therefore con-
tains detailed information about the changes in the radial
structure of the nucleus, whereas integrated characteristics
like the reduced transition probabilities B(EX) and B(M\),
related to the transition densities as

24+1

B(EM=737 11

B 2
Jo p)\(r)r)‘”dr} s (13)

are mainly sensitive only to the behavior of the transition
densities near the nuclear surface. The degree to which a
given state is collective can be judged from the shape of the
transition density. For low-lying states, collective excitations
correspond to transition densities with a well defined maxi-
mum near the nuclear surface, while the transition densities
of two-quasiparticle excitations have a maximum inside the
nucleus. Naturally, comparison of the calculated transition
densities with the experimental data provides a very sensitive
test of the available nuclear models.

As noted above, the transition charge density is defined
as the overlap of the nuclear wave functions in the ground
and excited states:

p(r)=<\1'f|§ S(r—rp)| V), (14)

where the integration runs over all the internal coordinates,
including r. Since nuclear excited states possess definite
angular momentum and parity, it is useful to make a multi-
pole expansion of (14) and to introduce the transition density
of multipole order A:

p()=eZ (=DM C! YDA,

px(r)=(‘1’11|§ ri 28(r=r)(~DM()|¥).  (15)

Multiplying (14) by i*Y,,(r), substituting the phonon
vacuum for the ground-state wave function and (7) for the
excited-state wave function, and integrating over angles, we
obtain the model expression for the transition density corre-
sponding to an excited state of an even-even nucleus de-
scribed by the wave function (7):

Dy i ni, (M)

RUN=2 SIMVPN T X e
A = A Miighais m

T (\)
Api{hgi a38373
><p)\lt1 2lz(r)-G- E,

azfzyy 1+ 50,3,33,73

a3B373
% (r).

(16)
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The transition density of the ith one-phonon component of
multipole order \ has the form
AW
. T
ph(r)=2 p(r) == (W + @3- 7
Ji'

For the transition density of the two-phonon component
[N i1 ®\,iz]) we find

Py =3 3

ji'i" Mitkaia

VN +1) (2N +1)

j j' j" (—) )‘lil )\21'2
X[ Ujj' (lpjljn‘pjuj

ANy A A
Niip  Nai
+ o P (1), (18)

Equations (17) and (18) are functions of the phonon ampli-
tudes ¢ and @, and also of the two-quasiparticle transition
densities

A

p?j,(r):(_l);’—uziz'—z—x AU (1+(= DI+
Ny
)
XCj(1/2)j'—1/2R}(r)Rj'("), (19)

where R;(r) is the radial part of the single-particle wave
function. Here we have used the notation X=+2\+1. We
shall not give the expression for the transition density of the
three-phonon component, since it is of next order in small-
ness even compared to the transition density of the two-
phonon components. Accordingly, we have assumed that
p:3ﬁ 3%3(7)=0 directly in the numerical calculations.

For the detailed study of how the properties of low-lying
states change in going from closed-shell nuclei to transitional
nuclei, the best objects are nuclei for which fairly long iso-
tope chains exist in nature. The presence of such chains al-
lows comparison of the theoretical predictions with the ex-
perimental data for all the isotopes studied.

One such chain is that of neodymium (Nd) isotopes. Ex-
perimental data on electron inelastic scattering with the ex-
citation of low-lying states for this chain have been obtained
at the electron accelerator at NIKHEF (Amsterdam).ﬁ‘9 The
beam energy varied from 112 to 450 MeV, covering the
range of momentum transfers from 0.5 to 2.8 F~!. The en-
riched isotopes 2Nd, '**Nd, and “Nd were used as targets.
Excited states were resolved experimentally up to 3.5 MeV
with momentum and parity varying from 0% to 97. The
structure of the excited states and the transition densities
were calculated theoretically using the formalism described
in Sec. 1. In the numerical calculations we used the single-
particle spectrum of the Woods—Saxon potential. The param-
eters of this potential for the neutron scheme were taken
from Ref. 4 and those for the proton scheme were taken from
Ref. 10, selected using the experimental data on electron
elastic scattering on Nd nuclei. The phonon basis was chosen
as follows. We included both collective and noncollective
one-phonon components of the wave function (7) up to
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TABLE L. Energies and reduced excitation probabilities B(EX) of states of various multipole order in '*Nd. The calculations were performed using the
one-phonon approximation—the RPA, where i is the phonon order, and using the wave function (7)—the QPM, where v is the order of the excited state of

a given multipole order.

Theory
RPA QPM Experiment
E., B(EMN), E,, B(EM), E,., B(EN),
A" i MeV FA 2 v MeV e?F1 2 MeV P S
1 1.90 0.382x 10* 1 1.63 0.406% 10* 1.58 0.281x 10*
2 2.48 0.124% 10° 2 2.42 0.248% 103 2.39 0.309% 10°
2% 3 2.60 0.269% 10° 3 2.53 0.173% 10°
4 3.30 0.133x 10* 4 3.05 0.705X% 10* 2.85 0.498x 10°
5 3.83 0.330x 10! 5 3.32 0.990% 10? 3.05
6 3.94 0.500% 10° 6 3.92 0.398% 102
1 2.50 0.200x 10° 1 2.05 0.185% 10° 2.08 0.262% 10°
3 2 337 0.110x 10* 2 3.28 0.236x 10*
3 401 0.132x10° 3.58 0.100x 10°
3 4.83 0.537X 10° 4 471 0.404% 10°
1 2.28 0.173% 107 1 2.16 0.195% 107 2.10 0.450% 107
2 2.48 0.650% 10° 2 2.43 0.776X 10° 2.44 0.210x 10°
3 2.67 0.410% 108 3 2.63 0.337x 10° 2.58 0.700% 10°
4* 4 3.63 0.347% 10’ 4 3.16 0.148x 107 3.08 0.620x 10°
5 3.93 0.360% 10° 5 3.46 0.145x 107 3.32 0.114x 10"
6 4.03 0.800% 10° 6 3.70 0.222x 108
7 4.08 0.200% 10° 7 3.99 0.464% 10°
1 3.00 0.174% 10° 1 2.67 0.158x 10° 2.74 0.121x 10°
5 2 3.34 0.100% 108 2 325 0.190% 10°
3 4.58 0.750% 108 3 3.84 0.950x 10°
1 230 0.863x10' 1 221 0.861x10'° 221 0.940% 10'°
6" 2 2.69 0.150x 10° 2 2.65 0.850% 10° 2.89 0.800% 10®
3 3.99 0.235% 10'° 3 373 0.226x 10" 3.41 0.200% 10
7" 1 3.16 0.148x 10'2 1 2.92 0.135%10"2 325 0.250x 10"?
3.34 0.650% 10" 2 3.25 0.750% 10"

4.5 MeV, two-phonon components up to 6.5 MeV, and three-
phonon components constructed from 2, , 3], and 4
phonons.

The results’ for the spectrum of excited states and re-
duced transition probabilities B(E\) in the semimagic iso-
tope *2Nd calculated using the wave function (7) are given
in Table 1. For comparison, in the same table we also give
the results calculated in the one-phonon approximation and
the experimental data. The transition charge densities pre-
dicted by our calculations and obtained by processing the
cross sections for the (e,e') reaction are shown in Fig. 1.

It is not possible to reconstruct the transition density by
a model-independent analysis for all the states extracted ex-
perimentally. As a rule, problems arise owing to admixtures
of states of different multipole order, which, in spite of the
high spectrometer resolution, cannot be separated. In such
cases the state seen experimentally is given only in the table;
very often this state, and also its spin and parity, are known
from other experiments, and from the amplitude of its form
factor in the (e,e’) reaction it is possible to assign a value of
B(E\) corresponding to its excitation in this reaction.

The quasiparticle—phonon model predicts that '“*Nd has
six quadrupole 2% states with excitation energy below
4 MeV. Their energies and reduced transition probabilities

B(E2) are given in Table L. Since 'Nd has a closed neutron
shell, there is no monopole pairing in the neutron system.
Therefore, the lowest particle—hole 2" configuration has en-
ergy higher than 5 MeV. The proton components thus domi-
nate in all the one-phonon 2™ states in Table I. The 2] state
is the most strongly collectivized. The 25 and 2] states are
almost pure two-quasiparticle states and are characterized by
very small values of B(E2). However, the 2 state is again
collective, and its value of B(E2) is only a third of that of the
27 state. This difference in the collective nature of 2%
phonons is also reflected in their transition charge densities.
The transition densities of the 2] and 2, states have maxima
near the nuclear surface, while the transition densities of the
27 and 2;' states are characterized by expressed peaks
inside the nucleus. The reason for the distribution of
collectivization among the low-lying 2* is buried in the shell
structure. The two proton subshells near the Fermi surface,
1g4, and 2ds,, are located close to each other, whereas the
other subshells, namely, 14,,,, 2d;5,, and 3s;,, have a
single-particle energy roughly 2 MeV larger. This means that
the quasiparticle energies of these levels are about 1 MeV
higher than for the 1g4, and 2ds;, levels. This effect is also
observed in states of odd nuclei. The 2 state contains
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FIG. 1. Transition charge densities of several low-lying
excited states in '>Nd. The curves with the experimen-
tal errors correspond to the densities extracted by a
model-independent analysis from the cross sections for

pu(r): 107 e ¢

electron inelastic scattering, and the solid lines are the
predictions of our calculations. The indicated excitation

energies correspond to the experimental values.

mainly the strength of two-quasiparticle configurations lo-
cated at higher energy, and owing to the energy gap is much
more collectivized than the 2; and 2, states. The one-
phonon 23 and 2 states are again noncollective.

After the mixing of the one-, two-, and three-phonon
configurations in the wave function (7), we again obtain six
2% states with energy below 4 MeV (see Table I). The ma-
trix elements of the interaction between the one- and two-
phonon configurations are small in '**Nd, and no significant
admixtures of three-phonon configurations are observed up
to 3 MeV. This is the usual situation in semimagic nuclei.!!
The lowest two-phonon configuration [2] ®2] ],+ has en-
ergy 3.8 MeV, and the other two-phonon configurations are
located above 4 MeV. One-phonon components (collective
and noncollective) therefore dominate in the wave functions
of 2 states below 3 MeV. Actually, the admixture of two-
phonon components does not exceed a few percent for the
four lowest 27 states. Since the absolute values of the tran-
sition densities of the two-phonon components is signifi-
cantly smaller than those of the one-phonon components, the
contribution of the admixture of two-phonon transition den-
sities is practically insignificant. The mixing of the various
one-phonon components in the wave function (7) and the
renormalization of their contribution due to the two-phonon
part of the wave function are more important. The transition
densities of the lowest 2 states seen experimentally are
compared to the predictions of our calculations in Fig. 1. In
all probability, the state corresponding to the 2 7 state in the
calculation was not seen owing to its small excitation prob-
ability.

Since the shapes of the transition charge densities of the
various excited states differ significantly from each other, we
can consider directly comparing the states observed experi-
mentally and predicted theoretically. We can therefore state
that our calculations correctly reproduce the systematics of
excited 27 states. The transition densities of the one-phonon

2; and 2 I components dominate in the transition densities
of the corresponding states. The other components give a
contribution of less than 1%, and add up to about 10%. The
situation observed for the 2; and 27 states is different. Here
the interaction with the two-phonon components leads to
mixing of the one-phonon 2; and 2; components at a level
of 10%. As a result, the value of B(E2) for the 2'{ state is
increased, while that for the 23 state is decreased owing to
destructive interference. This may be the reason why the 27
state was not observed experimentally. If the transition den-
sity of the 27 state is used to calculate the form factor, the
cross section for the (e,e’) reaction lies, within the experi-
mental error, in the radiative tail of the strong peaks located
at lower energies. A state with energy 2550 MeV has
actually been discovered,'? and its spin and parity are con-
jectured to be 2.

On the whole, the shapes of all three transition densities
of 2% states found in inelastic electron scattering are in good
agreement with the predictions of our calculations. The pre-
diction and discovery of the collective 2; state is the most-
interesting. As noted above, this is a consequence of the
energy gap in the  single-particle  spectrum
(1g72,2ds, 1Ry, 2d3y,3510). A characteristic feature
of our calculations is the overestimate of the amplitudes of
the inner peaks of the transition densities. Inner peaks which
are too strong are also present in the transition densities of
the one-phonon components. The reason for this is that the
contribution of the two-quasiparticle configuration
7(2ds, 2ds;,;) to the phonon structure is too large. This
effect is seen even more clearly in the transition densities of
47 states. It has recently been shown that the inclusion of
ground-state correlations beyond the RPA tends to decrease
the contribution of the main two-quasiparticle configurations
to the structure of the lowest collective phonons and thus
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significantly improves the description of the inner part of the
transition density of collective states.'?

Let us now consider the 3~ excited states in '2Nd. Only
two one-phonon 37 configurations have energy below 4
MeV. The energies and values of B(E3) of these states are
given in Table I. As in the case of quadrupole states, the
main contribution to their structure comes from proton two-
quasiparticle configurations. The first 3~ one-phonon state is
strongly collectivized, in contrast to the second, which is
practically a pure two-quasiparticle state. After including the
interaction of one-phonon configurations with multiphonon
ones, we obtain the spectrum of 3~ excitations, which is also
given in Table I

The 3, state is strongly collectivized; the one-phonon
3| configuration gives a contribution of roughly 84%, while
the contribution of two-phonon configurations is about 10%.
The 3, state remains practically a two-quasiparticle state.
The third 37 state is again a collective state, but the main
contribution to its structure comes from the two-phonon con-
figuration [2] ®37 ]5-. As already noted, the transition den-
sities of the two-phonon configurations are significantly
smaller than those of the one-phonon ones, and so the tran-
sition density of the 35 state is considerably weaker than that
of the 3| state.

Two 37 states of energy 2.083 and 3.580 MeV were
discovered in the (e,e’)'*2Nd experiment, However, owing
to the absence of diffraction minima in the form factor of the
second state, which most likely indicates that there is some
admixture of states of a different multipole order, it was not
possible to extract the transition density of this state. There-
fore, theory and experiment for this state were compared at
the level of the form factors, and good agreement was ob-
tained. The problems with extracting the transition density
for the lowest 3~ state were associated with the fact that the
lowest 4" state in '*’Nd has excitation energy 2.098 MeV.
The experimental resolution was not good enough to sepa-
rate the 3| and 4 levels, which are separated by 15 keV.
The experimental transition density of the 3] state, shown in
Fig. 1, was obtained only after subtracting from the total
form factor of the 3| and 4] levels the form factor of the af
level calculated with the transition density in the form of the
derivative of the mean field.

Our calculations predict five one-phonon 4% states in
12Nd with energy below 4 MeV. Their energies and values
of B(E4) are given in Table I. All these states, like the states
of other multipole orders, consist practically of only proton
two-quasiparticle configurations. The one-phonon 4, state is
less strongly collective than the 2 and 3] phonons, and the
main two-quasiparticle configuration 7(2ds,, 2ds;,) contrib-
utes roughly 90% of its structure. This is confirmed by the
results of a proton inelastic scattering experiment'* in which
the atypical angular distribution of the 4, state of energy
2.098 MeV was explained by the presence of a large contri-
bution to its structure from the two-quasiparticle component.
The 4, and 47 states are nearly pure two-quampartlcle
states. The next one-phonon 4; state, like the 27 state,
manifests the properties of a strongly collectivized phonon,
with a large number of different two-quasiparticle configu-
rations contributing coherently to its structure, which causes
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the value of B(E4) for this state to be larger than the corre-
sponding value for the lowest 4 phonon. Although many
different two-quasiparticle configurations contribute to the
structure of the 4; phonon, some of them interfere destruc-
tively, and so the value of B(E4) corresponding to this pho-
non is considerably smaller.

The interaction with complex configurations has practi-
cally no effect on the properties of the lowest three 4* states.
Both the values of B(E4) given in Table I and the transition
densities of these states are practically unchanged. However,
the strength of the fourth 4* phonon is distributed between
two states of energy 3.16 and 3.46 MeV. This occurs mainly
owmg to the interaction with the two-phonon conﬁguratlon
[2 ®21 14+, which is close in energy to the 44 phonon.
These two states have a similar structure: roughly 40% is
from the 4; one-phonon configuration, 40% is from the
above-mentioned two-phonon configuration, and 8% is from
three- phonon configurations. As a result, the two states 4
and 47 have similar values of B(E4) and similar shapes of
the transition charge density (see Table I and F1g 1).

As mentioned above, since the 37 and 4, levels in
2Nd are close, the transition density correspondmg to the
4] level is not known experimentally. The transition density
of the 4, level has the behavior characteristic of a noncol-
lective excitation, and agrees well with the theoretical pre-
diction. The most remarkable feature of the 4™ excited states
is the presence of two closely spaced levels, 4; and 47,
whose transition densities are very similar. This completely
corresponds to the theoretical predictions and is the result of
the interaction between one-phonon and multiphonon con-
figurations.

In going from semimagic nuclei to nuclei with non-
closed neutron and proton subshells, the collective nature of
the lowest states is enhanced. This is especially true of the
2] state, whose excitation energy is also considerably low-
ered. The enhancement of the collective nature tends to in-
crease the matrix element of the interaction of one-phonon
configurations with more complex ones. The decrease of the
excitation energy of the lowest one-phonon 2* configuration
leads to a decrease of the energy separation of the lowest
one- and two-phonon configurations, and so on. These two
effects operate in the same direction and lead to stronger
mixing of phonon configurations of various complexity in
nuclei with a non-closed shell. Let us discuss in more detail
the location, structure, and transition charge densities of low-
lying states of nonmagic nuclei for the example of the !*Nd
isotope.®

For "Nd our calculations predict the presence of eight
one-phonon 2" configurations with excitation energy below
4 MeV. Of course, the first of these is the most strongly
collectivized. It has excitation energy 1.48 MeV and B(E2)
=4.4X10° ¢’F*. The fifth one-phonon configuration with
E,=3.3 MeV and B(E2)=1.1X10% ¢%F* is also collective,
and the other one-phonon 2* configurations are practically
purely two-quasiparticle ones. The collective nature of the
lowest four one-phonon configurations is clearly seen from
the shape of their transmon densities. The transition density
of the one-phonon 2} | configuration has a prominent peak at
the nuclear surface, and the others have a shape characteristic
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TABLE II. Excitation energies, reduced transition probabilities B(E2), and principal components of the wave functions of low-lying 2% states in **Nd.

Experiment Theory
E,, B(E2), E,, B(E2), Q' g'Q* Q'o'ot
AT MeV 7 MeV e?pt Comp. Comp. Comp.
2} 0.696 4.60x 10° 0.708 3.8%x10° 27 —78% [27®4]],+—6% 2%
[37©3,],+—4%
[37©57]+—4%
2 1.575 7.9% 10" 25— 10% [2i®2{],+—63% 19%
2 -4%
2; 2.073 631X 107 2.105 1.5% 10 25 —70% [2{®2]1,+—T% 5%
[27®4]1,+—10%
(3785, ],+—2%
2 2.368 2.38%10% 2.440 2.0% 10? 2, —87% [27®4]1,+—4% 2%
2/-2%
23 2,527 3.47%10% 2.528 22%10 2{-2% [27®@4]1,+—4% 2%
2, —6% [2{®4;1,+—3%
25 —=71%
27 -3%
2¢ 2.864 1.0x10* 2{—5% [27®2]{1,+—2% 15%
25 —10% [27 @4 ],+—40%
2;-3%
2;—11%
25 —13%
2} 3.013 1.1x 10 2] —2% [27®4]],+—8% 14%
2; 3% [2/®451,+—3%
25 —44% [37®37],+—21%
2 3,354 3.6x 10 24 —20% [2]®4]],+—3% 25%
26 -2% [2 ®45],+—4%

[37®3] 1+ —35%
[37®5; ]+~ 6%

TABLE IIL. The same as in Table II for states with angular momentum and parity equal to 3~ and 4*. Only states for which the transition charge densities
were extracted from experiment are given.

Experiment Theory
E,, B(EN), E,, B(EN), o oo ote*o?
Ay MeV L MeV P2 Comp. Comp. Comp.
37 1.510 2.56% 10° 1.265 1.4x10° 37—56% [2{®3715-—26% 7%
3, 2% [2)y®5715-—5%
3; 2179 446X 10% 2.787 2.6%10* 37 -12% [2; ®3715-—36% 27%
(27 ®57]5-—22%
35 2.839 0.46% 10* 3252 3.0x10° 3[—5% [2] ®57]s-—20% 26%
3;-1% [37®4{15-—39%
3, 2.967 8.1x10° 3.359 4.1x10* 3, -13% [27®3;1,-—3% 15%
3;-33% [2;®3715-—2%
[2]®5113-—6%
[37®4;15-—25%
a} 1315 1.93x 10° 1368 1.6X 10° 47 —40% [27 ®2] 14+ —42% 12%
45 -2%
a; 2.109 3.14%x10° 2.039 2.1x10° 47 —45% [27®2]14+—29% 12%
45 —5%
45 2207 2.4%10° 47 -3% [27®2714+—2% 2%
45 —84% [2] @47 14+ —4%
a; 2.451 1.13x 10° 2.449 49x10° 45 —96%
4y 2.986 6.9x% 10° 3.256 6.5% 10° 45— 43% [2y ®2{]4+—2% 14%

[2{®6]]4+—8%
[27®65]4+—2%
[37®3714+—22%
[37©5714+—2%
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of two-quasiparticle densitics. We note that the 23 47,8 One-
phonon states are constructed almost only from proton two-
quasiparticle configurations, and the others also contain a
significant contribution of neutron components. This indi-
cates that the two valence neutrons outside the closed
N=282 shell are important.

The spectra of low-lying 2* states calculated using the
wave function containing one-, two-, and three-phonon com-
ponents are given in Table II along with the experimental
data. In this table we have restricted ourselves to only ex-
cited states whose transition densities were extracted from
data on the (e,e') reaction. The analogous results for 3~ and
4™ states are given in Table III.

In our calculations the 2| state consists primarily of the
lowest one-phonon 2* configuration (78%) with admixtures
of two- (14%) and three-phonon (2%) components. The 2,
state of energy 1.575 MeV is mainly the 2* component of
the two-phonon multiplet [2;@2?] with an admixture of
one- and three-phonon configurations. This state has not
been seen in electron inelastic scattering owing to the small
value of B(E2) for the transition. However, it is known from
the data on (p,p’) and (d,d’) reactions. The behavior of the
form factors suggests that in these reactions this excitation is
a two-stage process occurring via the 2} level. This indicates
that the two-phonon component makes a large contribution
to the structure of this state, as predicted by our calculations.

The contribution of two-phonon configurations to the
wave functions of low-lying 27 states in '**Nd exceeds 10%,
except in the case of the practically one-phonon ZI , 2F,

4 2719 A
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Y1 2967
24 8
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FIG. 2. The same as in Fig. 1 for excited states in
144Nd. See the text for details.
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and 2; states. For many low-lying 2* states the contribution
of three-phonon configurations is also large (=10%). This is
much different from the case of the low-lying 27 states in
12Nd discussed above, where the contribution of two-
phonon configurations is only a few percent, and the admix-
ture of three-phonon components is negligible. This is a di-
rect consequence of the enhanced coupling of phonon
configurations with different numbers of phonons due to the
two additional neutrons outside the closed shell. This results
in stronger mixing, the splitting of different configurations,
and decreased energy of the quadrupole excitations.

The experimental transition densities have been ex-
tracted for four 27 states in '**Nd. They are shown in Fig. 2
along with the calculated ones. Our calculations predict nine
states with given angular momentum and parity and excita-
tion energy below 4 MeV, which is the same as the number
of 2 states found in the (p,p’) and (d,d’) reactions in this
energy range. The shape of the transition density of the 2]
state of energy 0.696 MeV is reproduced well by the calcu-
lation, although the amplitude of the inner peak is slightly
overestimated. The shapes of the transition densities for the
levels at 0.696 and 2.073 MeV are very similar and coincide
with the calculated density for the 2| state. This suggests
that the 2] level arises as a result of the splitting of the
lowest one-phonon configuration and is not seen in the cal-
culation owing to the cutoff of the basis configurations.

The 2; and 27 states discovered in inelastic electron
scattering at £, =2.368 and 2.527 MeV agree fairly well in
excitation energy and value of B(E2) with the corresponding
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states in our calculations. However, this cannot be said of the
shape of the transition densities. Whereas the experimental
transition density of the state at 2.527 MeV is reproduced
fairly well by the calculated density of the 2, state, the
transition density of the state at 2.368 MeV corresponds
somewhat with the calculated densities of only the states at
about 700 keV higher (here we mean the 27 and 27 states in
our calculations, whose transition densities are shown in Fig.
2 by the solid and dot-dash lines, respectively). In the calcu-
lation the 27 and 23 states arise as a result of fragmentation
of the fifth one-phonon component (the most strongly collec-
tive after the lowest component) owing to the interaction
with two-phonon configurations (mainly with [3
®5 ]o+). The extension of the phonon basis relative to that
used in the present calculation has a stronger affect on the
properties of states containing collective phonons, which in-
teract more strongly with complex configurations. It is quite
possible that this leads to splitting of the fifth one-phonon
configuration and decrease of the excitation energy, which
approaches the energy of the 2} state seen experimentally.

For octupole excitations in 144Nd we have only two one-
phonon configurations below 4 MeV. The first is collective
with B(E3)=2.3X 10 ¢?FS and has excitation energy 2.350
MeV. The second is predominantly a two-quasiparticle con-
figuration with E,=3.369 MeV and B(E3)=9.8X 10> ¢’F°.
When the interaction with complex configurations is in-
cluded, the number of octupole states below 4 MeV in-
creases to five. The calculated and experimental [from the
(e,e') reaction] values of the location and B(E3) for octu-
pole states are given in Table III. The mixing of one-, two-,
and three-phonon configurations in the wave functions of 3~
states is significant. For the lowest 3 state the one-phonon
component is dominant (56%), but the wave function of even
this state contains admixtures of 31% from two-phonon and
7% from three-phonon configurations. The dominant contri-
bution to the structure of all the other 3™ states comes from
two-phonon configurations (up to 60% in the case of 3, and
35 ) with a large admixture, more than 15%, of three-phonon
ones.

Four 3~ states in '**Nd were discovered experimentally
in inelastic electron scattering. Their transition charge densi-
ties are shown in Fig. 2. The transition densities of all these
states are similar in shape, but have different amplitudes.
This is quite natural in view of the fact that the shape of the
transition densities of these states is, as shown by our calcu-
lations, determined only by the shape of the lowest one-
phonon 3~ configuration, while the amplitude is propor-
tional to the contribution of this configuration to the wave
function of each state.

As for states of other multipole orders, the experimental
distribution of the strength of hexadecapole transitions in
144Nd is reproduced quite well by our calculation (see Table
IIT). The experimental transition charge densities of the 4
states in this nucleus are shown in Fig. 2. The shape of the
transition densities of the levels found at excitation energy
1.305, 2.109, and 2.451 MeV agree well with the densitics
for the predicted 4; , 45, and 4] states, respectively. The
principal component of the first two is the lowest one-
phonon configuration, which contributes 40% and 45%, re-
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spectively. The strength of this configuration is split mainly
owing to the interaction with the two-phonon configuration
[2F®2]]4+. In "*Nd the two-phonon configuration of low-
est energy, [27 ®27 14+, lies considerably higher than the
lowest one-phonon 4* configuration. As a result, the lowest
4" state is practically a one-phonon state, and the two-
phonon configuration mixes mainly with the fourth one-
phonon configuration close to it in energy, forming the 4,
and 47 states. Owing to the considerable decrease of the
energy of the lowest one-phonon 2+ configuration, in *Nd
the two-phonon configuration [2] ®2] 14+ lies near the one-
phonon 4;" configuration, and mixing with it gives rise to the
4] and 4; states with similar shapes of the transition charge
density.

The transition density of the level at 2.451 MeV corre-
sponds well with the density of the 4: state, consisting pri-
marily of the noncollective third one-phonon configuration.
The 4; state most likely was simply not observed experi-
mentally owing to its small value of B(E4). Judging from the
shape of its transition density, the level at 2.986 MeV corre-
sponds to the eighth 4™ state in our calculations. Taking into
account the fact that in experiments on proton and deuteron
inelastic scattering, which are able to isolate weaker states,
seven (or eight) 4" states with energy below 3.7 MeV have
been discovered in *Nd, this correspondence seems quite
reasonable.

The transition densities of the two 5~ and one 6" level
found in '*Nd in the (e,e’) reaction are also shown in Fig.
2. The first 5 level at 2.093 MeV has a surface peak in the
transition density, indicating its collective nature, while the
peak of the second level at 3.053 MeV is shifted by about
1 F inside the nucleus. Our calculations predict six 5~ states
with energy below 4 MeV. The shape of the transition den-
sities of the 57 , 5, , and 55 states is mainly determined by
the density of the lowest one-phonon configuration, which is
strongly fragmented among these states as a result of inter-
action with the [27®371s-, [2{®5]]s-, and [3]
®4f]5— configurations. The shift of the maximum of the
transition density of the second state inside the nucleus is
associated with the destructive admixture of the second one-
phonon configuration in the wave function of this state. The
only 6% level seen in inelastic electron scattering corre-
sponds to the second 6% state in our calculations. The 6;
state at 1.822 MeV corresponds to the 67 level at 1.791
MeV seen in inelastic proton and deuteron scattering.'®

The main difficulties in describing transitional nuclei, for
example, the isotope “Nd, in our approach are associated
with the very strong interaction between different one-, two-,
and three-phonon configurations. The strong coupling of dif-
ferent configurations makes it necessary to take as many of
them as possible into account in the calculations. This leads
to problems of a purely computational nature. Therefore, in
the calculations for transitional nuclei we had to cut off the
phonon basis used in constructing the excited-state wave
functions much more strongly than in the calculations dis-
cussed above. In cutting off the basis, we tried to use all the
principal configurations which could contribute noticeably to
the structure of states with excitation energy below 3 MeV.
As a result, when studying **Nd (Ref. 9) we included di-
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TABLE IV. Excitation energies and reduced transition probabilities B(EX) in '“Nd.

Experiment Theory Experiment Theory
E;; B(EN), E., B(EM), E,, B(E)N), E,., B(E\),
MeV o MeV P +2 MeV P MeV R
2% State 4* State
0.453 6.91x 10° 0.565 5.44x 10° 1.044 1.50x 106 0.870 1.42%x 10°
1.303 1.640 2.42% 10! 1.747 3.61x10° 1.590 2.33x10°
1.470 6.8% 102 2.150 1.06x 10° 1.919
1.789 2.369 1.84x 10 1.987 2.1%10° 2.040 2.19%10°
2.490 2.66X 1072 2.340 1.64%10°
1.977 2% 10? 2.600 2.08% 10? 2.622 3X10° 2.450 1.98x 10°
2.198 2.980 1.82% 10? 2.935 1.6x 10° 2.520 1.83x 10°
2.665 1.68% 107 3.380 9.77x 10 2.580 1.15% 10°
2.976 6x 10! 3.430 2.80X% 10% 3.010 1.29%10°
37 State 57 State
1.190 3.52x10° 1.150 1.62x 10° 1.517 2.64%10° 1.670 1.91x10°
2.339 5.1x10* 2.380 5.34%x10* 2.570 8.5%10’ 2.520 5.25x 107
2.530 2X10* 3.010 492X 10* 2.748 2.93% 107 3.120 4.52%107
2.690 5%10° 3.180 6.26% 10° 2.877 3.170 1.39x 107
2.807 3.390 3.71x10* 2915 4.7%x107 3.510 1.97x 107
2.822 3.840 1.05% 10* 3.000 2.7%x107 3.810 1.83% 107
2.850 2x10*

rectly in the calculations all one-phonon configurations with
E,<4.0 MeV, which make up most of the multipole strength
in the energy range in question, and also largely determine
the shape of the transition charge densities of excited states.
We also included two-phonon configurations with
E,=<5.5(6.0) MeV, which determine the fragmentation of
one-phonon configurations among low-lying states. Three-
phonon configurations constructed from the lowest collective
2%, 37, 4%, and 5~ one-phonon configurations were also
included. This cutoff of the phonon space obviously leads to
restrictions on the applicability of the calculations to nuclei
with strong configuration coupling, especially for states with
high excitation energy. This results in the loss of some of the
weak states and underestimation of the total number of ex-
cited states of various multipole orders. However, in inelastic
electron scattering it is mainly levels with a significant con-
tribution from one-phonon configurations which are excited,
and so the restrictions we impose appear reasonable in de-
scribing the experimental data obtained in (e,e’) reactions.
The relatively simple picture of the structure of nuclear
excitations in terms of one- and multiphonon configurations
for the semimagic isotope '*?Nd is greatly changed in the
case of the transitional nucleus **Nd. The strong coupling of
different configurations leads to significant fragmentation of
the strength of the one-phonon components among a large
number of excited states, and as a result practically all the
states in the transitional nuclei considered below have a very
complicated structure. We shall therefore discuss only the
main features when comparing the results of our calculations
with the experimental data, and shall omit discussion of the
calculations performed in the one-phonon approximation.
In Table IV we give the results of our calculations of the
spectrum and reduced excitation probabilities B(E\) for
states with angular momentum and parity 2%, 37, 4%, and

57 in Nd. For comparison, here we also give the experi-
mental data obtained from inelastic electron scattering. The
transition charge densities of excited states extracted from
the form factors of this reaction are shown in Fig. 3 along
with the calculated ones.

The experimental distribution of the strength of the 2+
states in *Nd is reproduced well in our calculation. The
theory predicts the existence of three strong 2% states,
namely, 21, 27, and 2., and three weak states, which are
extremely difficult to find in the (e,e’) reaction. Comparison
of the experimental and calculated transition densities of the
21 state indicates that the deformation effect is present in the
146Nd isotope. Although the shape of the transition density is
reproduced well by the calculation, except for a slight over-
estimation of the amplitude of the inner peak (the reason for
which we know), the maximum of the surface peak in the
experimental transition density is shifted by 0.15 F compared
to the calculated one. The description of the transition den-
sity of the 25 level is also good. The main contribution
to the structure of this state comes from the two-phonon
[2T®41+]2+ configuration, which is shifted to lower ener-
gies as a result of interaction with three-phonon configura-
tions. The contribution of the two-phonon transition density
inside the nucleus is suppressed owing to destructive inter-
ference with the other components, and the small admixtures
from the collective first and second one-phonon componts
give the dominant contribution to the shape of the density.

The transition density of the 2/ level was not extracted
from the data on (e,e’) scattering owing to the nearby 4*
level, because its form factor was isolated only for the four
lowest values of the momentum transfer. However, compari-
son with experiment at the form-factor level indicates good
agreement between the calculation and the experimental
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data. On the whole, the description of the quadrupole states
up to about 2 MeV is quite satisfactory. Although some in-
dications of the presence of deformation are seen in the be-
havior of the transition density of the 2| level, the other
quadrupole states, in particular, the 2; level, correspond to a
purely vibrational picture of the excitation. The slight over-
estimation of the energies of higher states is of about the
same magnitude as in the case of the semimagic 142Nd
nucleus.

For octupole states, the transition densities of only the
two levels at 1.190 and 2.339 MeV were extracted from the
form factors of (e,e’) scattering. These two densities, shown
in Fig. 3, are very similar in shape. We have already encoun-
tered a similar situation when studying 3~ states in *Nd.
Here the reason is the same, namely, the presence of a single
collective 3| one-phonon configuration at low energies, the
admixture of which is decisive for the resulting transition
densities of the 3~ levels. In particular, for the 3; and 3,
states this configuration mixes most strongly with the two-
phonon configuration [2] ®3] ]5-. Our calculation predicts
only six 3 states with energy below 4 MeV, which is con-
siderably fewer than seen in experiment. The same underes-
timation of the number of states by the calculation also oc-
curs for '"Nd. One explanation might be that the
calculations should be extended to energies above 4 MeV for
nuclei with a nonclosed shell. Another might be the cutoff of
multiphonon configurations in the direct calculation. In gen-
eral, extension of the phonon basis should push simple
configurations to lower energies. This tends to increase the
number of octupole states in the energy range under study.
On the other hand, this should not strongly change the struc-
ture of the lowest octupole states, because we have taken into
account all the possible configurations in the region where
they are localized.

The hexadecapole states in 196Nd possess some curious
features. First, the transition charge density of the 4] level

has a maximum at an even larger value of r than the density
of the 2] level. This again indicates that this nucleus has a
positive hexadecapole moment, in agreement with the result
of the calculations of Ref. 16, which predict 8,=0.056 for
this nucleus. Second, the transition density of the 4, level
has a shape similar to that of the 4] level, but its maximum
is shifted inside the nucleus by 0.7 F. Third, the hexadeca-
pole strength of the 45 level is more than two times larger
than that of the 4] level. Since our calculational scheme
does not take into account the deformation of the nuclear
surface, we cannot attempt to explain the first two effects.
Regarding the third, the calculation also predicts a large
value of B(E4) for the second 4™ state compared to the first.
The reason lies in the structure of these states. As a result of
the interaction with three-phonon configurations, the pole of
the two-phonon configuration [2]®2]]4+ is strongly
shifted from 3.75 MeV to 1.04 MeV, i.e., below the energy
of the lowest 4* one-phonon configuration, 2.030 MeV.
Consequently, the 4] state consists of 50% two-phonon con-
figurations and 30% three-phonon ones, despite the low ex-
citation energy of this state. On the other hand, the 45 state
is characterized by a contribution of 20% from the lowest
one-phonon configuration, 45% from [2?@4?] 4+ (also
shifted from 3.46 to 1.81 MeV), and 20% from three-phonon
configurations. The bulk of the strength of the lowest one-
phonon configuration is concentrated at the third 4% state.
This third 4 state can be associated with the level at 1.987
MeV. The transition density for this level was not extracted
from the reaction form factor owing to the admixture of the
nearby 2 level, but comparison of the experimental form
factor with the form factor calculated using the transition
density of the 45 state completely favors this association.
The experimental transition charge density has been ob-
tained for two states with angular momentum and parity 5.
The first, at energy 1.517 MeV, has a maximum at very large
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r, as in the case of the lowest hexadecapole state. The den-
sity of the state at 2.748 MeV has a surface maximum at a
value of r corresponding to the spherical picture of the
nucleus. The structure of the calculated 5™ states is very
complex. The lowest one-phonon 5~ configuration is practi-
cally evenly distributed between the 57, 55, 55, and 55
states. In addition, each state contains roughly 50% two-
phonon and 20% three-phonon components. The only excep-
tion is the 5, state, which is a practically pure second one-
phonon configuration. The theoretical description of the 5~
states is obviously very sensitive to the choice of basis of the
one- and multiphonon configurations, and therefore serves as
a good test of the applicability of the configurational space
which is used. The agreement with experiment regarding the
distribution of the E5 transition strength among low-lying
57 states is completely satisfactory. The presence of a rela-
tively strong low-lying 5~ state and several weaker states of
high excitation energy with roughly equal values of B(E5) is
reproduced by the calculation. The shape of the transition
density for the experimental level at 2.748 MeV is also re-
produced well.

On the whole, we have shown that microscopic calcula-
tions based on a spherically symmetric mean field can be
used with few constraints to calculate the properties of low-
lying states in transitional nuclei. The structure of practically
all the excited states is found to be very complicated, and the
transition densities of some states indicate that deformation
is present. However, the general features of the strength dis-
tribution of one-phonon configurations is reproduced reason-
ably well by the calculation when a sufficiently large basis of
multiphonon configurations is used.

The transition charge densities of low-lying excitations
have also been calculated using the QPM for the nuclei !2Sn
(Ref. 17), 'Ce (Ref. 18), 2Ce (Ref. 19), and '6Pt (Ref.
20), in addition to the chain of neodymium isotopes. The
calculations for these nuclei also show that the model gives a
good quantitative description of the available experimental
data. The structure and electromagnetic properties of low-
lying states in other semimagic nuclei of mass A~ 140 have
been studied using the QPM with the wave function (7) also
in Ref. 21.

3. THE STRENGTH DISTRIBUTION OF ISOSCALAR
EX TRANSITIONS

The experimental data obtained in proton and deuteron
inelastic scattering are in some sense auxiliary to the data
extracted from electron inelastic scattering. High-resolution
studies of the (e,e’) reaction have shown that the E\-
transition strength in intermediate and heavy nuclei is sig-
nificantly fragmented. Accordingly, detailed information
about weak states, i.e., states characterized by a small value
of B(E\), cannot be obtained from the (e,e’) data owing to
the radiative tail of the ground state and nearby collective
levels. However, nuclear reactions involving hadronic par-
ticles (particles interacting with the target via nuclear forces)
and leading to nuclear excitations of the order of several
MeV, where the experimental spectra are sets of discrete
lines, are not susceptible to the influence of the ground state
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arising from various physical processes. Therefore, data on
the strength distributions of E3 and E4 transitions have
mainly been obtained from the scattering of hadronic par-
ticles, and particularly from the (p,p’) reaction.”>2* On the
other hand, since the nuclear interaction between the beam
particles and the target includes components pertaining to the
proton and neutron systems of the nucleus, reactions involv-
ing hadrons supplement the data obtained in (e,e’) reactions
with information about the neutron component of nuclear
excited states.

In this section we shall compare the strength distribu-
tions B(EX) of transitions in the neodymium isotope chain
142144.146Nd calculated in the QPM, using the same excited-
state wave functions as in the preceding section to calculate
the transition charge densities, with the experimental data.
The data were obtained at the KVI cyclotron (Groningen) in
the inelastic scattering of protons and deuterons at various
angles and energies 30.5 and 50.6 MeV, respectively. Energy
resolutions of 12-15 keV in (p,p’') and 15-22 keV in
(d,d") reactions were attained in these experiments. The
spin and parity of the excited states were determined by
comparing the momentum-transfer dependence of the cross
section with the calculations using the coupled-channel
method performed for various momentum transfers A.

The calculated strength distributions of the reduced
isoscalar-transition probability as a function of excitation en-
ergy in the nuclei '*>!"*!46N{ for states of various multipole
orders are shown in Fig. 4. There we also show the experi-
mental data from inelastic proton and deuteron scattering.
The experimental results are shown as points, and the theo-
retical results are shown by the vertical dashed lines. To
better appreciate the correspondence of the gross structure in
the transition-strength distribution, both the experimental and
the theoretical data are also presented in the form of strength
functions obtained using a Gaussian of width 200 keV as the
profile function. Since we have discussed the structure of the
low-lying excited states in these isotopes in detail in the
preceding section, here we restrict ourselves to only com-
ments of a general nature regarding the agreement between
the theoretical predictions and the experimental data. For the
] isotopes the calculations were performed using the
interacting-boson model® (IBM-1) in addition to the QPM.
When discussing the results we shall also consider the gen-
eral regularities and differences in the predictions of these
two nuclear models, which include the interaction of one-
and multiphonon configurations.

The most clearly expressed peaks in the energy spectra
correspond to the excitation of 2%, 37, and 4% states. Most
of the E2 strength is concentrated on the 2] state with
Bg(E2) increasing from 20 Weisskopf units in *2Nd to
43 W.u. in "Nd. The mass dependence of the results is
much weaker in the sense of exhausting the energy-weighted
sum rules (EWSRs). In fact, the 2 state in all the isotopes
accounts for 6—7% of the EWSRs, and all the other 2 states
below some fixed excitation energy Es account for 4—5%.
To construct a systematics for different isotopes at an
equivalent energy level, we took Es to be E(3])
+2.1 MeV.

The distribution of the E3-transition strength is also
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dominated by the lowest 3~ state with transition probability
ranging from 34 W.u. in '’Nd to 42 W.u. in *“Nd. The
percent contributed to the EWSRs by the lowest 3| state
decreases from 7% in *?Nd to 5% in 1%Nd, and for the other
3~ states below Eg it rises from 1.2 to 3%. This behavior
confirms the results of earlier studies: as the number of va-
lence particles grows, the low-lying states become more
strongly collective, and a significant part of the octupole
strength is transferred from the lowest state to the next
highest 3~ states. This strength redistribution occurs only
among the 3] and neighboring octupole states, and does not
affect higher states like, for example, the low-energy octu-
pole resonance. Theoretical calculations give a simple inter-
pretation of this phenomenon: the distribution of the E3-
transition strength at low excitation energies is fully
explained by the fragmentation of the lowest 3~ phonon or f
boson in the IBM.

The distribution of the E4-transition strength has a much
more complicated structure. In '2Nd the 4, state has the
largest value of B(E4), while in 1**Nd the value of B(E4) for
the 4 state is comparable to that for the second and third 4*
states. In '#Nd the lowest 4% state is already two times
weaker than the next state. This behavior is related to the
evolution in the interaction of the one- and two-phonon com-
ponents in the wave function of the 4* states. The 4% levels

FIG. 4. Strength distribution of isoscalar EN\ transitions
in neodymium isotopes 142,144,146N in Weisskopf units.
The experimental results are shown as points and solid
lines, and the theoretical ones as dashed lines. See the
text for details.

are very highly fragmented; in all the nuclei the number of
states with a given spin and parity is very large, which fully
corresponds to the theoretical predictions. The total E4-
transition strength below Es makes up about 2% of the
EWSRs.

The experimental strength distribution of isoscalar tran-
sitions in 'Nd and **Nd agrees well with the theoretical
predictions. The agreement for 1“Nd is somewhat worse, but
still acceptable. It is worse because of the difficulties associ-
ated with the enhanced interaction between the one-, two-,
and three-phonon configurations of the wave function in ap-
proaching the region of transitional nuclei. This problem has
already been discussed in the preceding section.

The IBM reproduces the strengths of only the first and
second excited 27 states well, and significantly underesti-
mates the strengths of higher-lying states. This is not surpris-
ing, because, as the QPM calculations show, at energies
above 2 MeV one-phonon configurations different from the
27 one are responsible for the E2-transition strength. For the
IBM this is equivalent to the need to introduce additional
d bosons.

The number of 3~ states with significant E3-transition
strength is slightly lower than in experiment, but the gross
structure of the distribution is reproduced well by the calcu-
lations. The most serious defects of the calculation appear in



574 Phys. Part. Nucl. 29 (6), November—December 1998

the case of the lowest 37 state, the strength of which is
systematically underestimated, this underestimate becoming
worse in moving along the isotope chain. The reason for this
is the following. The closed N=282 shell affects E3 transi-
tions most strongly, since such transitions are forbidden in-
side the subshell by spin—parity considerations. This prob-
lem cannot be eliminated by a simple change of the model
parameters used in the calculation. Actually, we can use the
parameters to enhance the collective nature of the fowest
one-phonon 3™~ configuration and thereby improve the agree-
ment with the experimental data on the E3-transition
strength, but this causes the lowest 2% and 4% states to have
too low an excitation energy. This effect is the result of the
interaction of the 2] one-phonon configuration with the two-
phonon configuration [3; ®3| ],+. The matrix element of
this interaction in neodymium isotopes is very large and
strongly depends on how collective both the one- and the
two-phonon configurations are. The same occurs for the
4? state.

For 3~ excited states our calculations and the IBM give
more or less equally good descriptions, which is easily ex-
plained. The IBM-1-sdf describes low-lying 3~ states as the
fragmentation of the strength of a single f boson with an
admixture of df or sd - sf configurations. Similarly, the QPM
describes the same states as the fragmentation of the lowest
3~ one-phonon component as a result of mixing with the
two-phonon components [2®3[ 13-, [2®5; 13-, [3]
®47 13-, [37 ®6] 13-, and so on.

Comparison of the theoretical QPM and the IBM calcu-
lations with the experimental data for the Ed4-transition
strength distribution gives results similar to those for the
strength distribution of quadrupole transitions. The IBM-1-
sdg reproduces the strength of low-lying 4% states, but
strongly underestimates it for energies above 2.2 MeV. On
the whole, the agreement of the QPM results with the experi-
mental data is significantly better. In our calculations the
E4-transition strength distribution is due to the lowest six 4
one-phonon configurations. This again indicates the need to
introduce additional bosons with higher excitation energy
than the d and g bosons.

4. LOW-LYING 1~ STATES AND E1 TRANSITIONS
BETWEEN LOW-LYING STATES

4.1. Low-lying 1~ states in spherical nuclei

The properties of low-lying dipole states in spherical nu-
clei differ fundamentally from those of low-lying states of
other multipole orders. This is because, in contrast to states
with A=2, there is no collective low-lying one-phonon 1~
state which largely determines the properties of the strength
distribution of electromagnetic transitions of this multipole
order at low excitation energies. More precisely, there is
such a state, but it is a ghost state corresponding to motion of
the nucleus as a whole, and a large number of studies have
been devoted to the problem of correctly including it (see,
for example, Ref. 26). As a result, the first one-phonon 1~
states appear in the calculations at energies above 5 MeV and
are of practically pure two-quasiparticle nature. On the other
hand, two-phonon states constructed from one-phonon 2}
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and 3| configurations appear in the energy spectra at lower
excitation energies, especially in nuclei with an open shell, in
which the energies of the first 2% and 3~ levels are greatly
lowered. However, the probability of exciting collective two-
phonon states [2{ ®3[],- in nuclear processes is greatly
suppressed owing to the single-particle nature of the transi-
tion operator. In fact, a direct transition to a two-phonon or
2p2h configuration via the single-particle operator of the ex-
ternal field is of next order in smallness compared to a tran-
sition to a one-phonon or 1plh configuration. Such a transi-
tion is completely forbidden in models in which excited
states are treated in the language of ideal bosons. When the
fermionic structure of the phonons is taken into account, as
in the QPM, the direct transition g.s.—[2] ®3],- becomes
allowed owing to ground-state correlations, but, of course, it
is strongly suppressed.”’” The two-stage excitation of [2¢
®3, ]~ states is even weaker, since it includes the matrix
element of the E3 transition.

Therefore, electric dipole transitions at low excitation
energies are a special tool for studying nuclear structure. In
studying these we encounter the problem of the very sensi-
tive balance between, on the one hand, the weak matrix ele-
ments of the main components of the wave function and, on
the other, the strong matrix elements of E1l transitions to the
weakly admixed one-phonon configurations belonging to the
giant dipole resonance. However, despite the small values of
the reduced transition probability B(El,g.s.—[2] ®3] ];-),
low-lying 1~ states were discovered long ago (see, for ex-
ample, Refs. 28-30), and the structure of these states was
successfully interpreted as being of a two-phonon
nature.?’3!32 However, only the appearance of modern,
highly efficient Ge detectors has made it possible to experi-
mentally detect 1™ states at higher excitation energies.

The first data on the distribution of the El-transition
strength among low-lying 1~ states were obtained for the
semimagic isotope !“Ce in photon resonance scattering.>?
The energy range from 4.8 to 8.9 MeV in “Ce had been
studied earlier in tagged-photon experiments.’* However,
owing to the limits on the energy resolution, individual states
were not distinguished in this early experiment; only the
gross structures in the photoabsorption cross section, referred
to as pygmy resonances, were seen. The properties of pygmy
resonances have been studied using the QPM to calculate the
El-transition strength function in this energy range, with the
1~ states described by a wave function containing one- and
two-phonon components.35 Of course, the strength-function
method cannot be used to obtain information about the struc-
ture of the states forming these resonances.

The experiment was performed using bremsstrahlung
gamma quanta obtained at the S-DALINAC linear accelera-
tor in Darmstadt. Excitation energies up to about 6.7 MeV
were studied. The experimental transition strength distribu-
tion B(E1) for 1°Ce is shown in Fig. 5a. It should be noted
that in this experiment it was not possible to determine the
parity of a transition but only the spin, and so the distribution
shown in Fig. 5a was obtained assuming that all the excited
states are 1~ states. The probability that some of them are
1 states will be discussed below.

The experiment recorded the 1, state known earlier at
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FIG. 5. (a) Experimental El-transition strength distribution. (b)—(d) Results
of the calculation using the wave function containing one-, two-, and three-
phonon configurations; (c) is the one-phonon part and (d) is the two-phonon
part of the El transitions. In this calculation, three-phonon configurations
are mainly responsible for fragmentation.

3.643 MeV, which is the 1~ component of the two-phonon
multiplet [27®37] with B(E1;0"—17)=(18.2%2.2)
X10~3 ¢2F%. The 1~ state at 5.66 MeV, also known
earlier,®*” was also recorded. Using the known ratio I'¢/T"
=0.95(5) from Ref. 36, an unexpectedly large El-transition
strength with B(E1;0%—17)=(24.8+49)X1073 ¢’F
was found for this state. In addition, a large number of
weaker transitions (52 altogether) to states which were not
known before were discovered.

To analyze the experimental El-transition strength dis-
tribution, we performed calculations using the wave function
(7) containing one-, two-, and three-phonon components. We
calculated the excited-state wave functions and transition
probabilities B(E1;0*—17) and B(M1;0*—1%) in 1*Ce.
All one-phonon 1~ configurations up to 20 MeV were in-
cluded. The effect of the dipole resonance on low-lying El
transitions is usually referred to as the core dipole polariza-
tion effect’® and is described by introducing effective
charges of the E1 transitions. Since all the one-phonon states
forming the giant dipole resonance are taken into account
explicitly, there is no need to introduce the static polarizabil-
ity x in these calculations. The calculations included two-
and three-phonon configurations formed from phonons of
natural parity with J7=1"—6" up to excitation energies of
9 MeV. Since the density of multiphonon configurations
grows strongly with excitation energy, we excluded those
configurations which do not play a significant role in the
El-transition strength distribution up to excitation energies
of 7 MeV.
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The results of the calculation are shown in Fig. 5b. The
agreement with the experimental transition strength distribu-
tion B(E1) shown in Fig. 5a is quite good. We again note
that in spherical nuclei there are no collective one-phonon
1~ configurations in the low-energy region. Therefore, there
are three basic mechanisms which can explain the experi-
mental El-transition strength. The first is the effect of the
giant dipole resonance. In phenomenological approaches this
effect is described by extrapolating its low-energy tail. In
microscopic theories it is treated in a natural manner as the
result of coupling between one- and two-phonon configura-
tions. Since the giant dipole resonance is located about
10 MeV above this energy range, only a very small part of its
total strength is felt at energies of a few MeV. The second
mechanism is the excitation of noncollective and weakly col-
lectivized 1~ states having relatively small values of B(E1)
but located in the region under study. The last mechanism is
the direct excitation of two-phonon configurations from the
ground state. Although the direct excitation of two-phonon
configurations is an effect of next order in smallness com-
pared to the excitation of one-phonon configurations, the ex-
citation of some collective configurations, in particular,
[2f ®3[];-, plays an important role, because the other two
mechanisms also give small values of the El-transition
strength.

All these mechanisms for exciting 1~ states have been
included in the calculation whose results are shown in Fig.
5b. The El-transition operator consists of two terms corre-
sponding to the excitation of one- and two-phonon compo-
nents, respectively. The reduced probability of the direct
electromagnetic excitation of two-phonon states [)\::1

® )\;2])\17, consisting of an i; phonon of multipole order A

and an i, phonon of multipole order A™, from the nuclear
ground state IO; ,) in our approach has the form

B(EN;Og —~ [N 'ONMhn)= (2N +1)(20;+1)
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The simplest method of calculating the matrix element of the
transition from the ground state to the two-phonon state is to
use the Marumori expansion®® of the single-particle, fermi-
onic, electromagnetic-transition operator a;“ma j*m’ INtO an in-
finite sum of boson (phonon) operators.

To display the role of each of the mechanisms for excit-
ing 1~ states and the result of their interference in different
regions of the energy spectrum, in Fig. 5¢ we show the con-
tribution of the one-phonon and in Fig. 5d the two-phonon
component of the El-transition operator to the complete El
strength distribution over the set of the same states as in
Fig. 5b.

The experimental values of the energy and excitation
probability of the 1, state in 190Ce are reproduced well in
the calculation. The interference between the one- and two-
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phonon components of this state is destructive. The calcula-
tion indicates that the [2"®3 ],- configuration contributes
85% to the wave function of this state.

The experimental E1-transition strength near 4.5 MeV is
underestimated by the theory. The collective two-phonon
configuration [3| ®4, ;- located roughly at this excitation
energy has matrix element for excitation from the ground
state much smaller than the [2] ®3[],- configuration. On
the other hand, the matrix element of the interaction with the
one-phonon configurations forming the dipole resonance is
not large enough to contribute significantly to its dipole
strength.

At energies E,~5.5—6.5 MeV we observe significant
constructive interference between the one- and two-phonon
components, which practically doubles the transition strength
B(E1) near 6 MeV compared to the purely one-phonon
strength and is important for describing the experimental
results.

We have also calculated the M1-transition strength dis-
tribution up to excitation energy 7.5 MeV. Most of the
strength is associated with the direct excitation of two-
phonon conﬁguratlons The total strength is SB(M1;0;
—11)=0. 87,uN If we rescale this strength to the cross sec-
tion for photon inelastic scattering, the total B(M1) corre-
sponds to less than 5% of the total experimental cross sec-
tion, which gives an idea of the validity of the assumption
that all states with unit spin found experimentally have nega-
tive parity.

4.2. The possibility of finding the 2* component
of the two-phonon multiplet [37®3;] in reactions
involving gamma quanta

The high efficiency of the new generation of germanium
detectors demonstrated in the experiment on the El-
transition strength distribution in the low-lying region has
made it possible to propose a new experiment to discover the
2% component of the two-phonon multiplet [3,®3]] in
298ph using the (7,7') reaction.® The present subsectlon is
devoted to this possibility. The search for two-phonon octu-
pole states in the doubly magic 2°®Pb nucleus is one of the
most interesting problems in the physics of nuclear structure
and has a rather long history. In spherical nuclei such as
208pp_ collective excitations of the nuclear surface form the
lowest excitation modes, which are well described in the
phonon approach. In this approach there naturally arise mul-
tiplets of multiphonon states located at an energy equal to the
sum of the energies of their phonon components. Study of
the properties of such multiplets may answer the question of
how well the harmonic picture applies to real nuclei. More-
over, the energy splitting of the multiplets makes it possible
to study the role of effects due to the Pauli principle, and also
the general effects associated with the phonon—phonon inter-
action.

The states corresponding to two-phonon [2]
®2 Jo+ 2+ 4+ configurations are well known in many spheri-
cal nuclel It has been shown that the 1~ —5~ quintuplet of
[2 ®3 ] states exists in closed-shell nuclei and nuclei ad-
jacent to them. This, in particular, is true for the 1~ compo-
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TABLE V. Properties of the excitation and decay of the 2* component of
the two-phonon [3; ®3| ] multiplet in *®®*Pb. See the text for details.

I(Ia, 1b) (Ila, 11b)

B(E2g.5.—[37®3] 1,+), € F* 104 (5.1, 17.7)  40.2 (19.0, 54.6)

To(E2[37®37],+—gs), meV 658 (321, 11.2)  25.4 (12.0, 34.5)

F3l—(E1,[31_®3,_]2+—>3,_), meV 14,0 (126, 17.0)  13.7 (129, 14.3)

T'5- /T, 2.13 (3.93, 1.52)  0.54 (1.08, 0.41)

nent of this multiplet selectively excited in (7y,y’) experi-
ments (see the preceding paragraph), and fairly complete
information about this multiplet has been obtained for '*Nd
(Ref. 41). On the other hand, the experimental evidence for
the existence of the [3] ®3| ]Jo+ o+ 4+ 6+ multiplet is rather
slight.*?~% The most su1tab1e candidates are the two nuclei
'%%Gd and 2®Pb. Their lowest excited states have spin and
parity 37, and so the terms of this multiplet are the states of
lowest energy of two-phonon nature in these nuclei.

In the first stage we assume that the mixing of one- and
two-phonon configurations in the low-energy region is neg-
ligible. Then the E1 transition between the two-phonon state
|2¥)=[37 ®3 1,+ and the one-phonon state 37 , and also
the direct decay of the two-phonon state |2*) to the ground
state, are forbidden in models which treat excited states as
ideal bosons. Only by using the exact commutation relations
between phonons and quasiparticles, i.e., by taking into ac-
count the fermionic structure of the phonons, can we obtain
nonzero values for these transitions. The reduced probability
of E2 decay of the two-phonon state |2*) to the ground state
is described by (20). For the reduced probability of E1 decay
([3,®3,1,+—3]) we obtain

BED=1715| > (LIMEDI )73 (-1
Jai'i"
ja i 1
-1 .1 3 3 3
<1/ J 3 el’(")[(!ﬁj:‘,/w];l"p]l}]l
3 3 J

+‘P I(P II(P" 1)812+(¢ I(P /I‘PIII

2

1 3 2
NI AR R e 1){3 X JH .

where (j,|M(E1)|j,) is the reduced matrix element of the
electromagnetic transition. The numerical factors in (21)
arise as a result of the (2\+1) factors of the phonon opera-
tors included in the problem. In the calculations we used the
effective charges e,,(,)=1(0) and N/A(—Z/A) for E2 and E1
transitions, respectively.

The results of the calculation are shown in column I of
Table V. The probability B(E2) of excitation of the [3]
®3, ],+ state from the ground state is about 300 times
weaker than the value of B(E2) known from experiment for
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the lowest 27 state. The calculation reveals a significant par-
tial transition for the decay of this state to the lowest 3~
level. For the latter transition there is also a collective E3
transition with large matrix element (3| [|E3[|[3] ®3 1,+)
corresponding to phonon annihilation. However, owing to
the high multipole order, its contribution to the partial decay
width is negligible.

When studying such weak transitions, we should also
take into account possible weak admixtures of other configu-
rations which can be excited via the strong, collective tran-
sitions allowed in bosonic space. In the region of the two-
phonon octupole multiplet in 2Pb, the one-phonon 2
configuration is obviously such a configuration, since the en-
ergy difference between these configurations is only slightly
greater than 1 MeV. The mixing of the different configura-
tions in the wave function of the [3] ® 3] ],+ state was taken
into account by diagonalizing the model Hamiltonian on the
basis of the wave functions of the 2™ states of the form

| W,y = Zs,-Q;,.Jr >

SULY1)
)\ziz + +
Dxlil[QMHQMiz]”

ﬂ 1 + 5x1 ,)\251'1 'i2

where i numbers the roots of the RPA equation for each
multipole order A”. In this calculation we took into account
all the one- and two-phonon (constructed from A= 2%, 37,
and 4% phonons) configurations up to excitation energy
13 MeV, i.e., including the isoscalar quadrupole resonance.
The diagonalization gives the energy spectrum of the 2%
states and the coefficients S; and Di?if respectively reflect-

|¥gs), (22)

ing the contribution of each one- and two-phonon configura-
tion to the excited-state wave function (22).

The transition probabilities from this calculation are
given in column II of Table V. The calculation shows that
the contribution of the isoscalar quadrupole resonance is
negligible in the low-energy region, but the contribution of a
few percent from the one-phonon 2, configuration to the
wave function of the [3] ®3] ],+ state increases its excita-
tion probability by about a factor of four. The width of the
decay to the 3| state is practically unchanged, since the
amplitude of the matrix element of the El transition
(37IM(E1)||2]) is of the same order as the matrix element
BrIMED|3] @37 Io+)-

The reduced probability of the E1 decay [3] ®3] ],+
—3] is 0.73X 1073 ¢*F2. This value agrees well with the
experimental values B(E1,[3] ®3] ],+—37)=0.95x10"3
€?F2 and 1.20X 1073 2F? for the possible candidates *Zr
(Ref. 44) and "“Sm (Ref. 46). It is not surprising that the
calculations for 2®Pb give a somewhat lower value for the
transition than for lighter isotopes. This is related to the fact
that the ground-state correlations responsible for the transi-
tion matrix element are weaker in the doubly magic lead
isotope. This is confirmed by the results of a trial calculation
of the strength of this transition for the 144Sm isotope. It
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agrees well with the experimental data of Ref. 46 and the
analogous calculations for this isotope performed using the
theory of nuclear fields.*’

These calculations are extremely sensitive to how collec-
tive the 3] state is, which depends on the value of the
strength parameter of the residual interaction. To evaluate
the reliability of the predictions, we performed additional
calculations in which the value of B(E3,g.s.—3] ), which is
the input in the calculation to determine the strength of the
residual interaction, was artificially varied by +30% relative
to the experimental value. The results of these calculations
are given in columns Ia, Ila and Ib, IIb, respectively, of
Table V. The y-decay width of the [3; ®3| ],+ state to the
ground state varies by about a factor of two for this variation
of the strength parameter, while the width of the decay to the
3] state is stable to within 20%.

The values given in Table V can easily be rescaled to the
(7,7") cross section. The goal of the proposed experiment is
to record transitions to the ground and excited states and
determine their spins from the angular correlations (0; .
—2%—0,, and 0;,,—2"—37) in measurements at two
angles (90° and 130°). On the basis of the experience of
earlier studies,”® we can definitely state that the transition
from the two-phonon 2™ state to the ground state can easily
be measured using the EUROBALL cluster detector even in
the least favorable case (column Ia). Observation of the
2% 3~ transition, which has roughly half the energy of the
7y transition, is more problematic owing to the strongly grow-
ing contribution of the background in going to lower y en-
ergies in the nuclear resonance fluorescence reaction.

The background expected in the 208ph(y,y') experiment
for maximum energy of the bremsstrahlung spectrum 7 MeV
was calculated by the Monte Carlo method using the
GEANT program.” The two EUROBALL clusters were lo-
cated at angles of 90° and 130° using a geometry similar to
that described in Ref. 48. The photon flux was normalized
such that it corresponded to an experiment of a week’s du-
ration under the experimental conditions described in Ref.
48. The background spectrum of the ground state, including
the efficiency of the cluster detectors and their statistical
fluctuations, is shown in Fig. 6 for the photon energy range
E,=2.52—2.58 MeV. It can be described by a simple expo-
nential line (the straight line). The effect of the [3
®3]],+—3] transition with photon energy 5.16—2.62
=2.54 MeV is shown by the dotted line as a Gaussian. Its
width is taken from the experimentally determined resolution
of the cluster module, and its height is normalized to the
partial decay width from column II of Table V. We conclude
that the transition can be clearly isolated from the reaction
background. In spite of the somewhat worse peak-to-
background ratio in the measurements at 90°, this is also true
there within 3¢ error.

5. THE STRUCTURE OF LOW-LYING STATES IN ODD
NUCLEI AND ISOMER PHOTOEXCITATION

The problem of isomer photoexcitationl) has recently at-
tracted renewed interest.’®>* The studies in this area have
mainly been motivated by the suggestion that the population
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FIG. 6. Monte Carlo calculation of the spectrum of the 2%Pb(y, y') reaction
at 130°. The statistics of the ‘‘data’ shown as histograms correspond to an
experiment of a week’s duration under the conditions of Ref. 48. The reac-
tion background is well described by an exponential (sloped line). The peak
in the cross section corresponding to the transition B(EL,[3;®3]],+
—37) (dotted line) is represented as a Gaussian with amplitude normalized
to the calculated results. See the text for details.

or decay of isomers be used together with resonance photo-
absorption to design a 7y laser.”> Although experiments on
isomer photoexcitation have a fifty-year history, surprisingly
little is known about the structure of the states at intermedi-
ate energies, also called activation states, responsible for iso-
mer population. A detailed discussion of the physics research
devoted to the problem of isomer states can be found in
Ref. 56.

Most of the work on photoactivation has dealt with ei-
ther the low-energy region (see, for example, Refs. 57 and
58) E<2 MeV, or the giant-resonance region,” %! in which
the statistical properties of y decay and the competition with
other decay channels have been verified. However, experi-
ments at intermediate excitation energies have revealed very
interesting regularities. It should be noted that it is this en-
ergy range which is most attractive from the viewpoint of
designing a <y laser. These regularities are the following for
spherical nuclei. It has been shown that the dependence of
the isomer yield on the maximum energy of the bremsstrah-
lung spectrum is linear over an energy range of order 1 MeV.
Then there is a sharp jump followed again by linear behavior
over a wide energy range. This suggests that there are several
activation states connected to the isomer by a fairly simple
transition scheme, and reaching these states strongly in-
creases the isomer yield. Despite the relatively high density
of excited states at these excitation energies, the number of
activation states is quite limited.

The photoexcitation of an isomer via an activation state
is shown schematically in Fig. 7. Here we shall discuss the
nature of the activation states in the isotopes "Br (Ref. 62),
$1Br (Ref. 63), and ¥Y (Ref. 64).

We begin our discussion with the isotope ¥Y. It is at-
tractive mainly because there are experimental data for it not
only on isomer photoactivation, but also from the nuclear
resonance fluorescence reaction. A combined study of these
data can allow the reliability of the theoretical predictions to
be evaluated. This is because the accuracy with which the
energy of excited levels is measured in the nuclear resonance
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FIG. 7. Schematic representation of the reaction mechanism in which an
isomer of energy E;, is populated via states at intermediate energy (shaded
region). The intermediate states are characterized by excitation energy E;
and decay width I'. The partial widths b, and b, describe the decay of the
intermediate state to the ground state and to the isomer, respectively. The
value of by, is the sum of all the unknown cascades via which the interme-
diate state decays to the isomer via the levels shown by the dashed lines.

fluorescence reaction is very high, whereas in photoactiva-
tion experiments it is of order 200 keV. Moreover, as we
shall see below, the cross sections for these two reactions are
related to each other. The isotope ®Y is also interesting be-
cause it is semimagic. Restricting the configuration space
makes it easier to isolate the most important features of the
nuclear structure. Also, there is additional information from
spectroscopic studies® up to relatively high excitation ener-
gies. The ground state of ®Y has spin and parity J™=1",
and the isomer state with J™=3* has excitation energy E;,,
=0.909 MeV. As for many nuclei in this mass range, the
decay of the isomer to the ground state in Y is associated
with the M4 transition 3~ —2*.

The calculated cross section (aT'){ for the photoexcita-
tion of low-lying states in ®Y and the corresponding experi-
mental data from the nuclear resonance fluorescence reaction
are given in Fig. 8. The calculations were performed using
a wave function containing quasiparticle and
quasiparticle® phonon components. The phonons of the %Sr

@f S ®Yr.y) @
o) 53
N ISS
o -“*.55?-
: v
L
%é oo 1 3 4
40 } ) é
o S
2} e 8
0 T l
) i 3 3 4
E, MeV

FIG. 8. Comparison of (a) the experimental cross sections (oT"), in the
reaction *°Y(y,y’) for decay to the ground state with (b) the calculated
results. The spin and parity for the experimental data are taken from Ref. 65.
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core were used to calculate the particle levels, and those of
%Zr for the hole levels. In the calculation we included pho-
tons of natural parity of multipole order A\"=17,...,6% up
to 12 MeV, but the calculations themselves showed that only
collective 2% phonons play an important role in describing
photoexcitation up to energies of about 5 MeV, since the
interaction of the various configurations is quite weak in this
nucleus. The numerical calculations were performed using
the PHOQUS program.5¢

Since in photoexcitation a significant contribution to the
reaction cross section comes from transitions of low multi-
pole order, we calculated only the spectra of excited states
in Y connected to the ground state by El, E2, and M1
transitions. We found only six transitions with energy below
4.5 MeV having a sizeable matrix element. The degree of
fragmentation of the states was found to be markedly smaller
than observed experimentally, which is due to the restriction
of the model space. However, since the contribution of mul-
tiphonon configurations to the excitation cross section is neg-
ligible, the main features of the results on the (7y,7y’) reac-
tion can be explained even at the level of the one-phonon
approximation.

The two lowest states in the calculations have energies
1.540 and 1.838 MeV and correspond to the well known
lowest levels with J™=32" and 3=, which, as shown in Ref.
67, are respectively characterized as single-particle D3y and
fsi2 levels. The result of the calculation for the 3~ level,
(0T)p=70.2 eV-b, is in excellent agreement with experi-
ment. The E2/M1 mixing coefficient 6= —0.254 is slightly
overestimated compared to the experimental value
6=—0.139, which probably indicates overestimation of the
admixture of the [p,,®2] 13,- configuration, which en-
hances the contribution of the E2 transition. The i~ state is
excited much more weakly and is not seen experimentally.
The available data® give (oT )o=4.67 eV-b for it, which
also corresponds well with our calculation, being the value
of the smaller fluctuation of the reaction background.

The next transitions correspond to a group of practically
degenerate states which originate in the pairing of the quasi-
particle configuration of the ground state with the low-lying
collective quadrupole phonons of the neighboring even—even
nucleus *%Zr, ie., states possessing the structure [py,
®2f3]3,2~,5,2—. It should be noted that the energy degen-
eracy of these states is the result of neglecting more complex
configurations in the calculation, and would be lifted if two-
phonon configurations were included. The state with energy
3.147 MeV and J™=3" corresponds to the experimental
state at 2.881 MeV and, possibly, the state at 3.067 MeV. At
least, the amplitudes of the cross sections suggest this corre-
spondence. The 3~ state in the calculation can reasonably be
associated with the group of states fragmented up to
3.5 MeV. The states formed as a result of pairing with the
23 one-phonon configuration can be identified as the experi-
mental levels at 3.992 and 4.170 MeV.

The structure of these states indicates that the creation of
a quadrupole phonon is responsible for the strength of
(7,7') transitions. Accordingly, the ¥~ —3~ transition is
primarily an E2 transition. The lowest 2~ state also possesses
some M1-excitation strength owing to the 8% admixture of
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FIG. 9. Calculated level scheme and decay widths for the isotope Y. The
scheme is limited to only states pertaining to the description of isomer

photoexcitation. The %‘ states are on the left, the %- states are on the right,

and the %* states are in the center. The energies of the states are given in
MeV and the decay widths in meV. Weak transitions are shown by the
dashed lines.

the p,,, single-particle component of the wave function. The
dominance of collective E2 transitions explains the good
agreement with the data obtained in inelastic nucleon scat-
tering.

In the experiment on isomer photoactivation in Y, two
Jumps were discovered in the dependence of the isomer yield
on the maximum energy of the bremsstrahlung spectrum.
These jumps at 2.9 and 4.0 MeV indicate that in this nucleus
in the energy range from 2.2 to 5.0 MeV there are only two
activation states responsible for isomer photoexcitation.
Since the energy accuracy is not very good in photoactiva-
tion experiments, this can in principle indicate two groups of
low-lying states unresolved experimentally. However, the
precise data on nuclear resonance fluorescence reject this
possibility. Since the spectrum of the (y,7y’) reaction is
completely explained by M1 and E2 transitions, the total
change of the spin and parity A7™=4"% in the transition to
the final isomer state requires a two-stage cascade including
an E1 transition to change the parity. In Fig. 9 we show the
scheme of selected levels arising in the calculation which
satisfy this condition. For the first stage of the cascade decay
we restricted ourselves to %+ states, and two of them were
found in the energy range in question. Transitions from 3=
and 3~ states to intermediate states with other values of the
spin and parity, which also can in principle be included in
the final decay to the isomer, are so weak compared to the
transition to the ground state that they were not considered.

Whereas the partial decay widths of the 2~ and 37 states
are essentially comparable, there is a huge difference be-
tween the probabilities for their involvement in populating
the 3* state. Decay to the state of higher energy (3.308
MeV) in the model space is extremely weak owing to the
practically pure [p,,®3] ]s,+ structure of this state. It is
allowed only owing to the 2] —3 transition which, as we
know from the preceding discussion, is of next order in
smallness compared to the collective transition of one-
phonon exchange. States with angular momentum and parity
2~ have small but significant amplitudes for decay to the
lowest 5/2" states. The widths of the decay of the 3~ states
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TABLE VI. Excited states of 3'Br from the energy range from 3 to 4.5 MeV with largest values of the cross section for excitation from the ground state
Ty, and contribution of the quasiparticle (a*) and the principal quasiparticle®phonon (¢ Q") components to the structure of these states.

E, O3~

Jy (MeV) Transition (mb-MeV) at atQ?t

52% 3.18 El 0.375 2ds(12.9%) 1g9n27 (83.0%)
2% 3.65 El 0.094 25y4.34%) 1f5,37(94.9%)
3/2% 375 El 0.002 1dy(2.11%) 2 f5,37 (66.6%)
5t 391 E1l 0.007 1d5,(0.49%) 1f523, (83.9%)
1/2- 3.97 E2 0.002 2p.,,(0.01%) 23,25 (99.9%)
32 3.97 E2 0.005 2p12(0.01%) 2p¥23(99.9%)
3/2° 4.04 Ml 0.043 2p32(0.38%) 2panl 1 (99.0%)
1/2- 4.18 M1 0.014 2p12(0.78%) 23l (99.0%)
3/2° 427 M1 0.002 2p32(0.21%) 2p 121 1(99.3%)
3/2% 428 E1l 0.003 2d4,(0.97%) 2p 3,37 (60.8%)
5/2* 429 El 0.018 2ds5;,(0.46%) 1p3,371(51.7%)

to the same 3* state are considerably weaker compared to

those of the 2™ states, because they have El-transition matrix
elements roughly an order of magnitude smaller. The lowest
3* state is strongly coupled to the isomer via the [go)
®2fr] component of its wave function, and so transitions
from 3~ states are the mechanism responsible for populating
the isomer. This result is in complete agreement with the
experimental data, which indicate the presence of only two
activation states of roughly equal strength, and the calcula-
tion reproduces the energy location of these activation states
well.

We have also studied the processes responsible for iso-
mer photoexcitation in nuclei with an open shell, 7**!Br.
There are no data from the nuclear resonance fluorescence
reaction for these isotopes, but, as we shall see below, the
theoretical calculations lead to a fairly unambiguous conclu-
sion about the structure of the activation states responsible
for the isomer population.

The isomer yield as a function of the maximum energy
of the bremsstrahlung spectrum has been measured experi-
mentally in the range from 3 to 4.2 MeV for the isotope 8'Br.
A single jump at energy 3.45+0.15 MeV was found in the
yield curve. The absence of data from the (7y,y') reaction
does not allow us to decide for sure in this case whether we
are dealing with a single activation state or a group of closely
spaced levels. The latter is possible in principle, especially in
view of the fact that we can expect stronger fragmentation of
configurations in the transitional nucleus Br than in the iso-
tope 5°Y.

To determine the structure of the activation state of ®Br,
we calculated the spectrum of excited states in the energy
range from 3 to 4.5 MeV using a wave function containing
quasiparticle and quasiparticle®phonon components. The
ground state of ®'Br is a level with quantum numbers 3. We
therefore calculated the spectrum of states with J ™= 3=, 3=,
and %1, which can be excited from the nuclear ground state
via the E1, M1, or E2 components of the electromagnetic
field. In addition to the excitation energy and structure of the
excited states, we also calculated the cross sections for their
photoexcitation from the ground state. The states whose
cross sections o3, s, are not vanishingly small are given

in Table VI. In this table we also give the contributions of

the quasiparticle (a*) and principal quasiparticle®phonon
(a*Q™) components to the structure of these states.

Our calculations show that the energy range from 3.0 to
4.5 MeV in 3!Br contains excited states characterized by
small admixture of the one-quasiparticle component in the
normalization of the wave function. Therefore, valence tran-
sitions to these states from the ground state are strongly sup-
pressed. Transitions with collective-phonon exchange, which
have large values of B(E(M)X), are also suppressed. The sup-
pression is purely energetic. The collective 2;’ phonon has
too low an energy for the energy range in question, whereas
the 1* phonon forming the M1 resonance is too high, as are
even the noncollective 1~ phonons. The exceptions are the
state with angular momentum and parity
J™=%* and excitation energy E,=3.18 MeV and, to some
extent, the state with J™=1" and E,.=3.65 MeV, which
contain a significant contribution of the quasiparticle compo-
nent in the normalization of their wave functions.

Let us discuss the state with J™=3%* and E,
=3.18 MeV in more detail. The reduced probability for its
excitation from the ground state is 0.03 ¢2F? and is deter-
mined exclusively by the valence E1 transition 2~ — 2*. The
surprising feature of this state is the presence of a sizeable
admixture of the single-particle component in its wave func-
tion. The one-quasiparticle level m(2ds,) lies considerably
higher; in our calculations it has energy 7.1 MeV, but owing
to the interaction of the quasiparticle and
quasiparticle®phonon configurations, a significant part of the
strength of this level is pushed to lower energies. This effect
is clearly seen in Fig. 10, where we show the fragmentation
of the m(2ds,) one-quasiparticle component among states
with angular momentum and parity J™=3*. The low-energy
peak in this distribution forms the activation state observed
experimentally. An additional argument (along with the large
value of the excitation cross section o _, ,j) in favor of this
statement is the principal quasiparticle® phonon component,
which contributes more than 80% to the wave function of
this state. The quasiparticle part of this component has quan-
tum numbers 5*, and so this component is coupled via col-
lective E2 decay to the 3* isomer whose yield was measured
experimentally.
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FIG. 10. Distribution of the strength of the quasiparticle component
m(2ds;;) among excited states with J™= 3" in ®'Br. The line with the arrow
indicates the position of the one-quasiparticle level 7(2ds,).

Let us now consider the decay of the state with
J™=3% and E,=3.18 MeV to the * isomer state. In our
calculations the lowest §* state has excitation energy 1.63
MeV and consists of the one-quasiparticle configuration
129/2(64%) and the configuration [1g¢,®2] Jop+ (30%).
The experimental value of the isomer energy in 8'Br is 536
keV. Below we shall discuss in detail the effect of including
configurations of the type quasiparticle®2 phonons on the
properties of low-lying states in odd nuclei. It will be shown
that the inclusion of these configurations significantly im-
proves the description of the energy location of low-lying
levels. In particular, their inclusion in 8'Br lowers the energy
of the lowest 3* state to 0.87 MeV, significantly closer to the
experimental value, while the location of the %*’ activation
state is essentially unchanged. The direct transition between
these 3% and 3% states is largely (~90%) due to the ex-
change of a collective 2| phonon and is B(E2])=386 ¢2F*.
We can use this value to estimate the isomer ratio assuming
that the main contribution to I';,, comes from the direct col-
lective transition to the isomer state, while that to I" comes
from the transition to the ground state, i.e., I=I"y. We then
obtain I';;,/T'=6X 102, The estimated total cross section
for the production of the nucleus in the isomer state via the
3* level with E,=3.18 MeV for this value of [',,,/I" is of
order 20 ub-MeV, which agrees well with the experimental
value of 5 ub-MeV in view of the fact that the experimental
value has an error of about a factor of 3, mainly owing to the
uncertainty in the intensity of the photon beam.

Regarding the state with J"=3* and E,=3.65 MeV,
whose excitation probability is four times smaller than that
for the state with £,=3.18 MeV, its contribution to the total
cross section for isomer photoexcitation is negligible owing
to the large difference in spin from the isomer (AJ=4) and
the structure of its wave function.

The picture of the photoexcitation of the 3+ isomer for
the isotope Br is very reminiscent of that for the neighbor-
ing isotope 3!Br. The calculation predicts the presence of
two activation states in the energy range from O to 4 MeV.
The first state with J™=2" located at excitation energy
1.1 MeV has wave function

7
‘I’('z_) =(0.34)2 f7,+(0.85)[2p3p®2  J7p-++++ . (23)
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This state is excited owing to the collective 2] phonon con-
necting the state (23) to the 3~ ground state of the nucleus. It
decays to the isomer via the valence E1 transition 2 f7,
—1gg5. A 17 level of energy 0.761 MeV and also a level at
1.8 MeV, which is assumed to have the same spin and parity,
are known experimentally. Assuming that the state (23)
(which naturally will fragment when the coupling to more
complex configurations is taken into account) corresponds to
these two experimental levels, we obtain very good agree-
ment between the absolute value of the isomer photoexcita-
tion cross section near the maximum bremsstrahlung energy
up to 2 MeV and the experimental data.

The strong activation state near 3.2 MeV with J7= 3+ is
the analog of the corresponding state in 3'Br, discussed in
detail earlier. In "Br its wave function has the form

5 +
\P(T) = (0.38)2d5/2+ (090)[ 1 89/2® 2-1‘-]5/2+ Frrem N (24)
and its excitation and decay to the isomer are the opposite
compared to the state (23): the valence El transition 2p,,
—2ds, for excitation to the isomer and collective E2 decay
to the isomer.

CONCLUSION

We have reviewed the theoretical studies on the structure
of low-lying states in spherical nuclei based on use of the
quasiparticle—phonon model of the nucleus, and have com-
pared the calculated results with the latest available experi-
mental data obtained for various nuclear reactions. We have
studied the interaction of simple (one-phonon) and complex
(multiphonon) components of the excited-state wave
functions in detail and the changing role of this interaction in
determining the properties of these states in going from
closed-shell nuclei to transitional nuclei. We have shown that
this model gives a good quantitative description of the large
amount of recent experimental data on the properties of these
states obtained in various nuclear reactions.

This study was supported by the Russian Fund For Fun-
damental Research, grant No. 96-15-96729.

DAn isomer is an excited state located near the ground state of a nucleus, but
with greatly different angular momentum. As a result, isomer decay to the
ground state is strongly suppressed by the high multipole order of the
electromagnetic transition, which means that the isomer has a relatively
long lifetime.
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