Rotational motion in odd-mass atomic nuclei
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The nonadiabatic description of rotational motion in odd-mass nuclei is reviewed. A theory of polarizationef-
fects leading to the renormalization of a number of one-particle matrix elements is developed. Rotational
spectra and electrodynamic moments are congidered in the intermediate coupling scheme. The dynamics of

nuclear rotation is studied approximately.

INTRODUCTION

In nuclei, sets of nuclear levels whose energies follow ex-
actly or approximately the law I(I+1), where I is the an-
gular momentum, are called rotational bands, As a rule,
the states in a band are connected by strong vy transitions,
whose probabilities are much greater than for transi-
tions between states of different bands. This definition

is neither complete nor unique, especially from the point
of view of the classification of the rotational bands with
respect to the quantum numbers of the internal states,
and it applies only in the case of weak interaction of states
from different bands (adiabatic approximation). Indeed,
strong departures from the I(I+1) law are observed in
rotational bands in which the contribution of only one in-
ternal state predominates (for example, in bands with K =
1/2). On the other hand, cascade + transitions can link
the so-called yrast levels, A i.e., states with minimal en-
ergy for a given value of the angular momentum. The
levels of an yrast line may belong to different rotational
bands.

The discovery of rotational bands in the spectra of
atomic nuclei led to the idea of their deformation, i.e.,
to nonsphericity of the self-consistent field. This enables
one to distinguish certain principal axes and think of the
orientation of the nucleus as a whole., The motion of nu=
cleons considered relative to the distinguished proper
coordinate system, which is oriented in a certain manner
in space, is called the internal motion (here and in what
follows the vibrational excitations are regarded as forms
of internal motion).

However, the presence of deformation is only a nec-
essary but not a sufficient condition for the existence
of a rotational spectrum. A second condition is one of
adiabaticity, i.e., independence (exact or approximate) of
the collective rotational motion and the internal motion.?
In view of the noninertial nature of the rotational motion,
an exact separation of the internal and rotational variables
is impossible, In a rotating system, centrifugal and Co-
riolis forces arise, and these couple the internal and
rotational degrees of freedom. Usually, it is assumed
that the adiabaticity condition is well satisfied if the fre-
quencies of the rotational motion are much lower than the
frequencies of the internal excitations. Thus, a "fast"
internal motion is realized ina "slowly" rotating deformed
self-consistent field. We can make a classical estimate
of the frequency of "slow" rotational motion:®

(J.}mt=:A'€[_,1_.g/‘2h% 1020 Sec'j. (1)

The vibrational cycle is shorter by a factor of ap-
proximately 2. Because of pairing correlations, adiabat-
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icity for one particle motion is well satisfied in even—
even nuclei. In odd and odd— odd nuclei, the adiabatic
conditions are not well satisfied, and this leads in many
cases to strong distortions of the rotational bands.

Our review does not include a discussion of all as-
pects of rotational motion, We restrict ourselves to ro-
tational bands in odd-mass atomic nuclei, invoking data
on even—even nuclei when necessary. We analyze the
semiphenomenological rotator model, in which the ro-
tation is described in terms of collective variables, as
in the Bohr— Mottelson model*® and the internal motion
is studied by modern microscopic methods. We shall not
here consider microscopic approaches to the description
of the rotation. A fairly complete review of the literature
on this question can be found in refs. 7-10.

1. NONADIABATIC ROTATIONAL MODEL

We shall consider deformed atomic nuclei in which
well localized principal axes (an internal coordinate sys-
tem) are distinguished., The spatial orientation of the
system is determined by the Eulerian angles 0j. In the
generalized model of the nucleus it is assumed that the
complete Hamiltonian consists of two parts:

HzHintr ‘EJHrot} (2)

where Hjnt,. describes the internal motion of the nucleons
i.e., itdepends only on the coordinates of the nucleons in
the internal coordinate system, and Hyot can be repre-
sented! in the form (G =1)

Ll

g
Hiot= 3} g (Ti— ] (3)
i=1

Here, Jj are the moments of inertia with respect to the
principal axes; I; and j; are the components of the total
and internal angular momenta, Such a form of the kinetic
energy operator presupposes that the total angular mo-
mentum I of the nucleus (an integral of the motion) is the
vector sum of the angular momenta of the collective mo-
tion (rotation of the nucleus as a whole) and the internal
angular momentum j formed by one or several unpaired
nucleons.! The operators I act in the space of collective
variables (Eulerian angles) and the operators j; in the
space of the internal variables of the nucleons, which im-
plicitly depend on the total angular momentum, Because
of the independence of these spaces, the operators Ij and
ji commute. As quantum numbers characterizing the
rotational states we can use the total angular momentum
I, its projection M onto the laboratory axis z, and the
projection K onto one of the principal axes, The first
two are integrals of the motion, while K is not conserved
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in the general case. This corresponds to what is known
as two-dimensional rotation, i.e., rotation about a fixed
axis,

For the following treatment, we must give a further
particularization of the self-consistent field and the
scheme of coupling of the internal and rotational angular
momenta. In the special case of an axially symmetric
form of the self-consistent field, the nucleus has a dis-
tinguished symmetry axis, along which we can take axis
3 of the internal coordinate system. The scheme of
coupling the angular momenta is determined by the rela-
tionship of the interaction energy of an external nucleon
(nucleons) with the nonspherical part of the self-consistent
field of the core nucleus (even—even nucleus) and the en-
ergy of rotation of the nucleus. In the case of strong
coupling, the first interaction energy is much greater
than the difference of the energies of the rotational levels,
i.e., the rotation can be regarded as a perturbation. With
increasing angular momentum of the rotation, the strong
coupling scheme may break down,

An active role in this process is played by the Coriolis
forces, which act on an outer nucleon in the rotating frame
(see below). These forces tend to align the rotational
and internal angular momenta, Such a decoupling process
is well known in rotational bands with K = 1/2 (refs. 5
and 6). In the limiting case when the angular momentum
of rotation and the internal angular momentum of the outer
particle are almost parallel, the coupling of the nucleon
to the rotation of the core through the Coriolis interaction
is greatly weakened. Then the energy differences in a
rotational band of an odd-mass nucleus are approximately
equal to the corresponding energy differences in the ro-
tational band of the ground state of a neighboring even—
even nucleus.!! The realization of such a coupling scheme
in a number of odd-mass lanthanum isotopes has been
discussed in ref, 12, A similar spectrum arises in odd-
mass nuclei in the weak coupling scheme, when the in-
teraction of the outer nucleon with the core is small com-
pared with the kinetic energy of rotation!® (for example,
at small deformations). In this case, j can be approxi-
mately assumed to be an integral of the motion.,

In what follows we shall discuss a variant of the ro-
tator model in an intermediate coupling scheme for an
axially symmetric deformation. As the axis of rotation
we can choose any axis perpendicular to the symmetry
axis, Since the rotational angular momentum is directed
along the axis of rotation,

L—jy=0; 5,=0{ [, =0,=J (4)
and the rotational Hamiltonian takes the simple form
Hiot =1y — j1)* + (T — ja)1/2J . )

For the subsequent discussion, it is convenient to
represent this Hamiltonian in the form

-Hmt == 1Ugcﬂ: *:' H'C*‘:’ HJ';

o= (I +1)— L)/2J; 6)
He= —2[1,jy -+ Lpj]/27;
Hy=[j}+ 3127
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Here, Hg is the Coriolis interaction of the outer nucleon
(nucleons) with the rotation of the core; Hj, which does
not depend on the total angular momentum, can be in-
cluded in the internal Hamiltonian (see below for discus-
sion of the role of I-Ij).

The internal angular momentum j in a deformed
nucleus is not an integral of the motion (unless it coincides
with I), However, in a standing nucleus (fixed orienta-
tion), the projection j; = K of this angular momentum onto
the symmetry axis is a good quantum number (strong
coupling scheme). This quantum number is usually used
to classify the internal states. We denote the additional
quantum numbers (parity =, principal quantum number N,
ete,) by p. We shall assume known the eigenfunctions and
eigenvalues of the internal motion:

(Hintr - Hy) @y = 6Dy @)

Then the complete symmetrized wave function of the nu-
cleus in a state with the quantum numbers I and M can
be sought in the form

[IM)y = 3 Cko| IMKp), (8)
K, p

where the adiabatic wave functions are!

| IMKp) =V (2T + 1)/T0m2 {® e, D11 (0))
pite . (8a)
= 1)1 G Qi Dir, _xc (0:)},

and the mixing amplitudes C%(p satisfy the normalization

N (Chp) = 1. (9)

K, p

In Eq. (8a), the states & and &, are conjugate with
respect to time, the time-inversion operation being defined
as in ref. 14:

TOgp = D, -

(=R, (10)

while the function &_g , is determined by the action of the
operator of rotation through an angle r about an axisper-
pendicular to the symmetry axis:!®

Ry@pp = (— 'UKH kA, K, 0 (11)

Here, the phase (— 1)l characterizes the parity of the state,

The eigenvalues of the Hamiltonian (2) and the am-
plitude C% can be found by directly diagonalizing the
Hamiltonigh in the space of states (8a), Using the well-
known properties of the £ functions (see, for example,
refs, 13 and 15), we write a diagonal matrix element of
the Hamiltonian (2) in the form!

(1) = 3 (Cico)® Exo-1- 8 (127
g, =IU+1)— N (Ci)® K* (12)
L, 0

(=) TR (L A2y (D).
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Here we have introduced the generalized decoupling pa-
rameter a(I), defined by

a(I)==(— )2 (I 1721 27 (IM | H | IM). (13)
In the general case, the decoupling parameter is a
function of the spin and is nonvanishing in any rotational
band, Note that exact diagonalization of the Coriolis in-
teraction essentially amounts to our abandoning the strong
coupling scheme and going over to an intermediate coupling.
The transition to the limit discussed in refs, 11 and 12
will be considered below. In all the equations that we
derive, the parameter J is the effective moment of inertia
corresponding to the collective rotational motion, i.e.,
it is the moment of inertia of the even—even core.

2. ADIABATIC APPROXIMATION

Let us consider the simplest variant of the model
formulated in the foregoing section, namely, when one
considers the motion of one particle in the field of an
axially symmetric rotator that does not have internal de-
grees of freedom.’ The Hamiltonian of the internal mo-
tion reduces in this case to a one-particle Hamiltonian
that describes the motion of a particle in a potential well,
whose role is played by the potential energy of the inter-
action between the particle and the rotator:

Hipty=Pr2m -V (r) +§%/2J. (14)

It is generally assumed that the rotator and the po-
tential V(r) have the same symmetry, In particular, V(r)
can be chosen in the form of the Nilsson potential or of
the Woods— Saxon type.”'15 The influence of the last term
in (14) on the one-particle spectra has been discussed in
refs, 19.

If the Coriolis interaction in the Hamiltonian (6) is
regarded as a weak perturbation, the spectrum of a par-
ticle in the field of the rotator is described as follows:?)

&I, Kp)=¢egp-[I (I +1)—2K*
L e V% AT 4 (15)
where g ~are the eigenvalues of the Hamiltonian (14).
The last term in the square brackets in (15) is the con-
tribution of the Coriolis interaction in the first order of
perturbation theory, and the one-particle decoupling pa-
rameter agy is obtained from the definition (13) in the
case of an isolated band with K = 1/2:

asy = (— D -1z, 0 J- %12, 005 (16)
where XK, are the eigenfunctions of the Hamiltonian (14)
(the phases are chosen in accordance with ref, 15). The
states of the system are then described by the adiabatic
wave functions (8a), in which ‘f’Kp is replaced by XKp*

Allowance for the pairing correlations between nu-
cleons of the core (see, for example, the extensive lit-
erature on this question in Solov'ev's monograph, ref, 20)
reduces in this variant of the model to replacing the one-
particle spectrum by the one-quasiparticle spectrum if
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one does not take into account the value of the moment
of inertia J, which figures here as a parameter.

In certain cases it is necessary to take into account
the Coriolis interaction in higher perturbation orders
and sometimes to diagonalize exactly H in the space of
states (8a) (for example, in the case of levels of one parity
and nearly equal energy with |[AK| = 1 (see ref. 21) or
when the one-particle matrix elements of the operator j_
are large (ref, 22). A systematic analysis of these cor-
rections in the framework of perturbation theory has
been developed in ref, 23, which gives the following equa-
tion, widely used by experimentalists:

€1, Kp)=exp+ AU I+ 1) — KN+ BUI+1) =K ...
+ (=)W — K

X {Aag -+ Bog [T (I 4-1)— K2+ ...}, (17)

where A, B, Ay, ...are regarded as parameters,

A more detailed discussion of the adiabatic model
can be found, for example, in refs. 2, 5, 6, 15, 24. In-
formation on the electromagnetic moments in this model
will be given in the subsequent sections whenever neces-
sary.

3. INTERNAL MOTION

Any generalization of the particle +rotator model
considered in the foregoing section entails the splitting
of an odd-mass nucleus into a core and outer nucleons;
more precisely, one must define a means of splitting the
total angular momentum into the rotational and the in-
ternal momentum, We write down the operator of the
internal angular momentum in the second-quantization
representation as the one-particle operator

Ju= X 0w |V aday, (18)
v, ¥

where (vlj |u'} are the one-particle matrix elements for

the p-th component of the angular momentum; aJ; and

a,are the operators of creation and annihilation of a

particle in the state |v), respectively.

Obviously, the posed problem reduces to determining
the configuration space of the states on which the oper-
ators j, act, If the summation in (18) is extended over
all neutron and proton states, the internal angular mo-
mentum must coincide with the total angular momentum
of the nucleus. In odd-mass nuclei, it is reasonable to
sum over only the space of odd-nucleon states coupled
by the Coriolis interaction, i.e., over the space of states
of one parity equal to that of the considered rotational
band, In special cases, when the odd nucleon is in one-
particle orbits that derive from spherical subshells with
large j, one can restrict oneself to the set of states of
this subshell,

Thus, it is impossible (and not necessary) to distin-
guish a priori the outer nucleons. This process is dy-
namical, depending on the characteristics of the internal
state and the total angular momentum, since even more
nucleons are involved in the Coriolis interaction when the
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latter increases., By way of an analogy, we may cite the
difficulty in separating the closed shells in deformed
nuclei, which is important for calculating effective charges.
By increasing the configuration space for the quadrupole—
quadrupole interaction, we can, for example, obtain B(E2)
values that greatly exceed the experimental values even
without allowance for effective charges.

We now turn to the description of internal motion in
odd-mass nuclei, using modern microscopic models. One
of the important questions is the choice of the residual
interactions. We approach this question from the point
of view of the influence that the various residual interac-
tions have on the results of diagonalizing the matrix of the
Coriolis interaction; these depend on the density and
quantum numbers of the low-lying internal excitations
and also on the one-particle matrix elements of the oper-
ators j ..

Thus, it is necessary to take into account pairing
correlations, which essentially determine the density of
quasiparticle excitations (see, for example, the discussion
in ref, 20). The residual quadrupole (octupole) forces
have rather little effect on the structure of the low-1lying
excitations and their density, The wave functions ofthese
states acquire small three-quasiparticle (or quasiparticle
plus phonon) admixtures, which are only manifested if
they participate coherently in a process. For example,
quasiparticle +quadrupole phonon admixtures can appre-
ciably perturb the probabilities of E2 transitions between
internal states.?’»* These effects can be regarded as due
to the renormalization of the one-particle quadrupole
moments, the renormalization depending on the frequency
of the collective excitations of the even—even core,

It is well known that the one-particle matrix elements
of the spin operators ¢, are renormalized by the residual
spin isovector forces (spin polarization effects) HET The
spin polarization effects can be regarded as generated by
the interaction of quasiparticles with 1™ (K = 0 and 1)
excitations of the even—even core.”® And although the
total three-quasiparticle admixtures are small in this
case (1-3%), they lead to coherent renormalization of the
gyromagnetic gg factors in the magnetic moments and
the probabilities of M1 transitions.

The list of polarization effects could be considerably
extended, but this is not the aim of our review. Here,
we wish only to emphasize that when one studies the Co-
riolis interaction it is necessary to separate out accu-
rately all the residual forces that lead to coherent re-
normalization of the one-particle matrix elements of the
operators j.. We therefore turn to a consideration of
the term Hj in the Hamiltonian (6). Having in mind the
representation (18), we shall regard it as the residual
centrifugal interaction (recoil interaction in the Bohr-—
Mottelson terminology®) between outer nucleons. The
source of these forces is the rotation of the core. To-
gether with the spin interactions, the centrifugal forces
foster the appearance of a collective 1% branch of in-
ternal excitations in the core and affect the renormaliza-
tion of the matrix elements of the operators j. and o
(see ref, 14).

Thus, to describe the internal motion we use the
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Hamiltonian
fe73 mtr—}jsp a”pauquTH; (19)

The individual terms in its second-quantization repre-
sentation have the form

Hsp = Eﬂ (ev— 1) (aday + @t az); (19a)
Hpajr= —GIMT; T -~*v2>JUﬂ Ay (19Db)
Hy: (1 8 (F(I‘)}+ FlP)
e (19c)
FiP= > (| oy — pos|v'Sakuys
v, v
Hj=(120)(1/4) X (FPy FP;
p=i
. (19d)
FP'= 3 (v]js—pi-|v) aiay. }

Here, £, are the one-particle energies; A is the chemical
potential of the system; G and % are the force parameters
of the pairing and spin interactions .3) The remaining
notation is standard. Note that the configuration space
in the operator F(p) is bounded in accordance with the
definition (18), but] in the operator F(p) there are no such
restrictions.

In what follows, we use the following symmetry prop-
erties of the matrix elements ofthe operator j'P)=j,. — pj_:

o=@ |j®|Vy=p P V)= —p & | [ |v). (20)

The matrix elements of the spin operators satisfy
the same symmetry relations., Note also that the matrix
elements 3,5;2 and jg,',). differ only in phase, i.e.,

("’) 1

ISk P =i = 3w (20a)

The scheme for solving the problem of the internal
motion is as follows.

1. A canonical (u, v) Bogolyubov transformation is
applied to the quasiparticles.?? From the Hamiltonian
Hsp+Hpair we separate the one-quasiparticle part

Hip= 2 .Ey (ovoey 4 amate), (21)
v>0

where o, are quasiparticle operators; E,, = [(e,— PNLES
AYY2 gre one-quampartlcle energies (A i the energy
gap).

In the quasiparticle representation, the operators
FJ(P) have the form!

FP =)+ (FP)s

(F™y :v {\_‘. 7P M e BE: (22)

(FP)a=(112) X pi-Low IART —pAR.

L
]
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Here we have introduced the notation

BR: = alo + potaz; A, =@y — posay; (23)

My = Uyllyr Vg5 Ly == Uy — Uy Dy (24)
Obviously, [F].(P)]B and [FJ(p)] A are, respectively, the
one-quasiparticle and the boson part of the internal angular

momentum operator (in the operators A(Vpl), the quasipar-
ticles are coupled in such a way that their total value is

K" = 1%. The operator F((TP) has the same form as (22) if
_](p) is replaced by U(p) (vloy— po_[v'), where o, = oy +
10’2.

2. The final spectrum & Ko of internal excitations is
obtained as the set of eigenvalues of the approximate
Hamiltonian

S intr = Hoqp -+ (1/8) * > {(F("’ (B,
(F(J-‘)) (F(?J)) (F gu))g (FLF) A}
+WRN)(414) X (FEPVE )

(F(.U)) (F(P])B ' (F(P)}B (F(B))A} (25)

To find the eigenvalues one can use the Tamm—
Dancoff method with trial wave functions of the typeused
in ref, 28 (in what follows, we omit the subscript p as
unimportant and assume throughout that K> 0):

Qg ={Nxak +(1/2) 2 ¥ ¥ Di¥ (p)
P=xl K MFK’
X ek A 4 Bk, 1261, 120 AR 13|03, (26)

where ]0) is the quasiparticle vacuum; Nk and D§{$ are
variational amplitudes, which sati.iy the normalization

o 31 [DEE (p)2 - 1. (27)
ot BT R
The wave function (26) takes into account the inter-
action of the quasiparticles with 1% excitations of the
even—even core (Tamm— Dancoff phonons), and the blocking
effect in the phonons is taken into account explicitly (AL =
K'). Note that K' = K+1, so that for K = 1/2 it is possible
for K'to have the same value as K, Omitting the details
of the derivation, we write down a dispersion equation
for the eigenvalues:

T i A S
e —8x = > Mkk { = kg ———— -+ 5 O}
K K KZ‘ s 97 JKK 2J+‘5$§g}\., 5 ey T S(“}(}
(28)
rle=(12) % B E Linel By + By + Ee— €)1; - (28a)
Sk = (14) ¥ (o0 Lis /(B - By + Ex— €10l (28b)

Here, we have introduced the effective matrix ele-
ments
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it @) o o ,
f;»‘?‘.)’ I.r?A) "'Gg? W-X(Jf:‘( (1= XSKK'). 1

DX " !
o = off — iR X/ (2T + Fxex); )

(29)

Xl = (/%) X (R L /(B By - Ere—8x)]. (292)

VK

The expressions for ? ggr and Siy are identical with
(28a) and (28b) if the effective matrix elements in the
latter are replaced by the one-particle elements.

We also write down an expression for the amplitude
of the three-quasiparticle admixtures:
th (p)

[—(172) N M e Ly /By 4 Ep - Ege- — Ex)]

X LR ARA2T + ¥

4 (1/2) ok oDx/(1 + %SEk)]. (30)

The shift of the levels of the one-quasiparticle spec-
trum EK'- & K in (28) is entirely due to the three-quasi-
particle admixtures, The solution of the problem in the
random-phase method does not lead to any qualitative
modifications in the spectrum of the internal excitations.

Thus, in contrast to the ordinary approaches we shall
take into account the influence of the collective branch of
1" excitations inh the even—even core. This leads to a
renormalization of the one-particle matrix elements of
the operators j(P) and ¢'P) (polarization effects), which
we shall discuss below. Here we should like to make
some comments on the properties of 1t excitations, There
have been many investigations of these states (see, for
example, refs, 30-34), It has been found that the physical
1% excitations in the spectra of even—even nuclei lie above
the energy gap. The coherent branch of these excitations
(magnetic dipole resonance) is expected at an energy of
order 8-10 MeV. States of this type were recently dis-
covered in 2®Pb (see ref. 35) and in nuclei with A = 140
(see ref. 36) in this region of energies. They are charac-
terized by strong M1 transitions to the ground state [ra-
diative width T, (M1) ~ 10? eVl.

4. POLARIZATION EFFECTS

Three-quasiparticle admixtures in the wave functions
(26) significantly perturb the one-particle matrix ele-
ments of the angular momentum and spin operators, For
example, for the matrix elements of the operator F(p) we

obtain in the quasiboson approximation®'s*

(D | FP | Oy = — pjifk-Myx: R (K, K'), (31)

where the polarization factor is
RO (K, K') = NxNi {27 /%) [Fk/(2d -+ § )

e ]f)}\/(z-f 01— 1} (31a)

The quantity in the braces differs from unity because of
the contribution of the boson part of the operator F§p).
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One can obtain a simple quasiclassical estimate (31a)
in the case ®=0 (effects of the centrifugal interaction),
For this, we consider interaction of closely spaced levels
with |AK| =1 (|[Eg— Egr| « Ey +E,,) and we ignore the
blocking effect in Egs. (28a) and (28b). Then we obtain

5 Gk o 2 (1/2) M,Y : ik Lin (En+Ey)] =} o, (32)

o

the summation being restricted to the space of states for
the internal angular momentum, Obviously, § . is the
contribution of the outer nucleons to the moment of inertia
(cranking model with pairing®®*?). For the polarization
factor, we obtain the simple estimate

R (K, K') lumo M NN (2 —§ (2T +3 )< 1. (33)

The amplitudes Ng are near unity for low-lying states but
decrease strongly near the threshold of three-quasipar-
ticle excitations.

To get a clear picture of the influence of the renor-
malization (31) due to the Coriolis interaction, we write
Hg in the form

c — PEMEENE (34)

Hoe=(— 120 (112) 3} s
p==1
The replacement of the one-particle matrix elements
of the internal angular momentum operator by the ele-
ments renormalized in the quasiclassical approximation
reduces to renormalization of the rotational parameter:”

120 — R 2. (35)

Thus, the polarization effects lead to a weakening of the
Coriolis interaction, at least between low-lying confi-
gurations,

The matrix elements of the spin operators are also
renormalized, For example, the matrix element of the
operator I‘(P) has the form?"3%

(g | B | D) = —pU(I?l)(’MKK'B&n (K, K'); (36)
R (K, K') = NeNg: {(1/0$k) [0k /(1 - xSk

/(1 +uSPN—1}, |K—K'|=1. (36a)

Here, the renormalization is essentially due to spin forces,
The matrix elements of the operator g; are renormalized
by only the spin forces.”® The corresponding polarization
factor is”
Ry (K, K'Y= NgNy {1 — %88 /(1 + %SEc
—KS"‘” '(1 S K)} (37)
K—K' =0

N(og)ineLia ((Ey—+ By + Ex — €x)l- - (37a)

St =3
AMFER
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Note that the polarization factors R(]) and R may be
very different since they arise from the mteractmn of
quasiparticles with 1* K =1 and 1" K = 0 phonons, re-
spectively, i.e., the matrix elements of the operators o(P)
and gy are renormalized independently, This is why one
distinguishes transverse and longitudinal spin polarization
effects.?™? It is important to allow for the spin polari-
zation for the magnetic moments and the probabilities of
M1 transitions,

5. ROTATIONAL INVARIANCE

The polarization effects considered in the foregoing
section arise from the interaction of quasiparticles with
the internal motion in the core, but not with the rotation,
However, because of the rotational noninvariance of a
deformed self-consistent field, the internal 1" excitations
of the core include one "ghost" state belonging to the ro-
tational branch of excitations.'» To restore rotational
invariance of the internal Hamiltonian, we can augment it
with effective residual interactions,’) whose character-
istics (force parameter and one-particle matrix elements)
are determined from the condition that the total Hamil-
tonian commutes with the angular momentum operator in
the internal coordinate system,'#!? This leads to the
separation of a "ghost" branch of 1t excitations with in-
ternal energy w= 0, The corresponding term of the Ha-
miltonian has the structure of rotational energy. At the
same time, all the physical 1T states are automatically
collectivized, even in the absence of other residual inter-
actions. In odd-mass nuclei, the very procedure for re-
storing rotational invariance renormalizes the matrix
elements of the internal angular momentum operator (here
it is important that j is not an integral of the motion).
Using the results of ref, 42, we obtain in the random-
phase method the following expression for the polarization
factor®® (w = 0):

Rj(K, K'Y= NgNg {1+ ) (3% (0;)/0w;)™
i==0

4o —Ex)s
(38)

X ¥el@i)(Ex —Ex)/oi 1 Ex 40— &x) — 1(Ex

where the energies wj of the 17 excitations of the even—
even core are solutions of the dispersion relation

¥ (o) = (1/2 V {(Fa By ) Linjhac (B - Ep)* —of]} =0. (39)

The function ¥ ,(wj;) has the same form as (39), but the
summation in it is restricted to the space of states on
which the internal angular momentum operator acts,
Thus, the sign of this function is not known a priori, and
it is therefore impossible in the general case to estimate
the magnitude of the factor Rj(K, K'). It follows from
(38) however that if the angular momentum j goes over
into the total angular momentum of the nucleus, then

# olwj) = ¥ (wj) = 0, and the polarization effect disap-
pears, which one would expect, The numerical estimates
(38) show that for low-lying states with |[Ex — Exr| < wj
the polarization effects due to the rotational noninvariance
of the self-consistent fieldare negligibly small,
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6. EFFECTIVE MOMENTS OF INERTIA
OF ODD-MASS NUCLEI

We have already mentioned that the parameter J used
in the nonadiabatic description characterizes the effective

moment of inertia of the core, The effective moment of
inertia of an odd-mass nucleus can be introduced by re-
lating the observed rotational spectrum to an adiabatic
equation of the type (15). We then obtain the following
relation, which is frequently used in the evaluation of ex-
perimental spectra:

(1 +1) — & (D2 -+ D] = (121" [1 = 8, 12 (— )Ty,
(40)

It is the quantity J eff that the experimentalists fre-
quently call the effective moment of inertia ofan odd-mass
nucleus and that is compared with the moments of inertia
that are usually calculated in the cranking model (see, for
example, ref, 43),
J and J¢If can have similar values., Using Eq. (12), we

obtain

(€ (I +1)—& (D2 (I + 1)) = 1/2J% + 1/2T%t, (41)
where, by definition,
17205 = [1/2(T s %  Exol(Cx e PR (4da)
172558 = (1/27) (1/2(I +1)) [g (I +1) — g (I)]
={i.-2J){1~—(—1)””3ur2(1 )] [(T-+3/2)a (I 1)
(L 4-1/2)a (D] —[1/2(I 1)) >‘ K2 [(CEAY2 — (Ckp)?l). (41b)

Here, J ?ﬁf, which is due to the fluctuation of the ex-
pansion amplitudes C% in the rotational band, is essen-
tially the contribution due to the rearrangement of the
internal spectrum as a result of rotation.?) The quantity

J ?gft arises from the variation of the kinetic energy of

1/218ff, kev —
Dy

22
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Fig. 1. Empirical values of the rotational parameters 1/2]61’f in even—even
nuclei and in nuclei with odd N (@) calculated in accordance with the def-
inition (40), For each odd-mass nucleus, data on all known rotational
bands are given: O corresponds to rotational bands associated with positive-
parity levels; @, to bands associated with negative-parity levels: a conti-

nuous line corresponds 1 even—even nuclei; a dashed line to the rigid-
body estimate (1/2 Jrig)-
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Let us consider under which conditions

rotation, Under definite restrictions on the generalized
decoupling parameter,

a(l) =8k, 120, i (42)
this quantity can be equal to JIf defined by (40). The
condition (42) can only be realized in the case of a com-
pletely isolated rotational band with K = 1/2, Thus, we
can expect in practically all cases that the values of J
used in the nonadiabatic approach and of J®* extracted
from the experimental energies by means of the relation
(40) will be different, From general considerations we
can also expect that the J values will be close to the val-
ues of the effective moment of inertia in the neighboring
even— even nuclei,

In order to give an impression of the spread of goff
values in odd-mass nuclei, we reproduce in Figs. 1 and 2
data obtained from an evaluation of observed spectra in
accordance with (40). We give data for all the known
rotational bands, these data being taken basically from
ref, 44, and also from the current literature, For com-
parison, we give observed values of the effective moments
of mertia in even— even nuclei (from the energies of the
first 27 levels) taken from refs. 45 and 46 and individual
cases from the current literature. A rigid-body estimate
of the moment of inertia was made in accordance with
the usual equatlon.”

Jrig=(2/5) AmRZ (1+0.31p), e

assuming Ry = 1.2A7Y3 F and 3~0.3.

It can be seen that in the odd-mass nuclei there is
an entire spectrum of J eff yalues between the rigid-body
value and the values in the even— even nuclei, Values of
Jeff near the estimate (43) correspond to the case of
strong Coriolis interaction in the bands. Such are the
rotational bands associated with positive-parity levels in
nucleiwith odd N (see Fig, 1) and negative-parity levels in
nuclei with 0dd Z (see Fig. 2), When 3% 5 5, expres-
sions of the type (15) or (17) become quite unsuitable for
evaluating a spectrum because of the strong distortions
and the J®ff values extracted from them have no more
than illustrative value.

To conclude this section, we point out that the defini-
tion of Jeff by Eq. (40) is not the only possible one, In

)‘/’z.ieff,kev
L 2y )
221
20

8
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Fig., 2. The same as Fig. 1 for nuclei with odd Z: O corresponds to rota-
tional bands associated with negative parity levels,
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ref. 48 we have pointed out that one can introduce a
"smoother" definition, which does not include Coriolis
interaction effects in the first order, namely:")

1T = (1/8) (8 (I +2) -+ 8 (I —2) —28 (1))- s

In the adiabatic approximation (without allowance for the
dynamics of the internal motion) the two eX}foressmns (40)
and (44) must give the same value geff = If eff which is
false even for levels that are the lowest w1th regard to
the spin. Naturally, this leads to ambiguity when one
compares the moments of inertia of odd-mass nuclei cal-
culated in the cranking model with the experimental data.
Evidently, such calculations are only qualitative, In the
following sections, we shall discuss the electromagnetic
moments of rotational states.

7. MAGNETIC MOMENTS

In the generalized model, the operator of the mag-
netic dipole moment is®

LL:g?% (Ig'j)_kgss"]"g[la (45)

where s and 1 are the spin and orbital angular momenta
of the outer nucleons; gDR, gg, and g; are the gyromag-
netic ratios.

The magnetic moment of a nucleus in the state [IM)
is

IM | pl | IM)
I'LI:( _|[:_ l| ; (46)

Using the wave functions (8), we obtain®’:%:4?

=+ 17 ((gh— 8) G (D) -+ gud (I +1)
- (gs—g) (LM |s1| IDMD); (47)

G =g)— U2 (— 1) I +1/2)a(D);
(IM |sL| M)y = kﬁ: CyChMy,

(47a)

% [8x. x (1/2) (Ga)rc. x Ro (K, K)-+(1/8) 31 p (0% RS (K, K')
p==

% (8xc, 1 VW
4 pbix, k-1 VI I—K+1)

1/2)0® R (K, K]}

+(1/2) Bk, 128, 12 (— DT H12) 0 (47b)

This somewhat complicated nonadiabatic expression for

the magnetic moment, which contains one free parameter,

gl , of the core, can be reduced to the well-known adia-
batic app_roximationa) (see ref, 16)

pgd = (I + 1y {(g5f'— ) Gre (N +8: I (I +-1)

- (get — ) (LMK | s1| IMEK)); (48)

Gr(I)y=T(I4+1)—K>+(1/2)8g, 12 (— 1" (1 +1/2) 4y (48a)
(UMK || IME) = K (03), x/2

+ 8, 12 (— DRI 172) (0. /4 (48b)
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by renormalizing the gyromagnetic factors gi and gg.

Comparing (47) and (48), we obtain the simple rela-
tions

gt — g = (gh— 1) (G (D)/Gx (1); (49)

gy ) (50
. : : eff eff .
Naturally, in the nonadiabatic approach g and gp will
depend on the spin and are not constants of a rotational
band. The experimentalists generally operate with these
factors, which are extracted in the adiabatic approxima-
tion from the values of the magnetic moments and the
B(M1) values in the rotational band, Let us point out
some consequences of Egs, (49) and (50). It is imme-
diately evident that geRff will differ in nuclei with odd N

and Z (since g; = 0 and 1, respectively, for n and p). TFor
the states of a rotational band of given parity with minimal
energy (yrast levels) we obtain the inequalities

gat V) < gp < g3 (2), (51)

which agree well with the theoretical estimates in the
cranking model****"+*! and empirical data.,® For the
same levels, one can obtain the asymptotic estimate

(8ol — g1~ (g, —g) [1—|a(d)]21], (52)

i e., with increasing spin, gEff tends asymptotically to
gR’ since |a(I)| changes slowly in this process .

The definition of gEff by Eq. (50) differs from the
renormalization used in the adiabatic approach®™® in that
it includes the Coriolis interaction effects. The latter do
not enable one to distinguish the longitudinal and trans-
verse spin polarization effects, to whichthere correspond
different factors R and R(J [Eqs (36a) and (37)]. There-
fore, in the nonadlaba.tlc approach gg may vary strongly
in a rotational band, which we shall show below,

To conclude this section, we note that in the non-
adiabatic model the magnetic moment is intimately related
to the spectrum since the spectral function g(I) also oc-
curs in the expression for yy. It is this circumstance
that enables us in calculations of the magnetic moments
to restrict ourselves to the single free parameter g&a (it
is expected that this parameter has a value near its val-
ues in the neighboring even—even nuclei). Intheadiabatic
approach, one must use two parameters (in the case K =
1/2, three parameters) and the relationship to the spectrum
is essentially lost.

8. ELECTROMAGNETIC TRANSITIONS

Let us consider M1 and E2 transitions between the
levels of one rotational band, The operator of an M1
transition has the following form in the laboratory frame:

MM, V)=V 3 4a Dy (py = eli/2me); (53)
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Dy=(gs—g1) 0:/2-- (g1 —gh) j=; (53a)

Doy = (1”/2) [(gs —g1) 02/2+ (g1 —ER) j <] (53b)

For the reduced transition probability one readily

obtains in the boson approximation the expression®’»?®

B(M1, I’ = I)=3/4n) ux| > CkCi-Myr
K, K
% 8k, 1 (I LKO | IK) [(gs — £1) (95)kx Ro (K, K) 24K (g1—gh)]
+(12V2) X Mg~ o) RS (K, K')/2
P=x
(g —gh) 1R e R (K, K] (P8, ag (I'AK -1 —1 | TK)
8 i (IME — 11| IK)]
-8, 108, o (— 1THRI12— 1| T—1/2)
< (12V2) ¥ pllg—e)of) o RS (K, K')/2
p=i
+ (g —gh) 1P ROE, KN [ (54)

In the adiabatic approximation, this quantity can be
expressed in terms of the same effective parameters as
'u?d’ namely® 15,54

B (M1, I'K — IK) = (3/4m) p, | (I'1K0 | IK)

% K (g —g&") [1 48k, 12b0 (— )=+ 2, (55)

where

(g — &5 by = — (g1 — 51" @sp -+ 8k, 12 (851" — g1) (01)k, -5/2- (552)

The definition of B(M1) here includes the three pa-
rameters g%ff, gK(ggff), and by. Obviously, the nonadia-
batic equation (54) cannot be reduced by the renormali-
zations (49) and (50) to Eq. (55). In other words, the ef-
fective parameters gS' (gi) and geff extracted from the
experimental B(M1) values (or their ratios) will differ in
the general case from the corresponding values obtained
from the magnetic moments. Thus, the wide use of the
parameter ggff/gs ~0.6 in calculations of y; and B(M1),
and also the neglect of the renormalization of the matrix
elements ]-(p) , are completely unjustified and actually
lead in some oceasions to contradictory results (see the
discussion in Sec. 10).

We also give simple nonadiabatic expressions for the
spectroscopic quadrupole moment Qg and the probabilities
of E2 transitions in the band:

Or=Gl3 \ (Cky K2 — I (I -+ DI/ +1) (21 +3); (56)

B(E2, I' - I) = (5/16x) 22| TV CkCR(I'2KO0|IK) ', (57)

Here, Qg is the internal quadrupole moment of the core,
regarded as a parameter, Its value must be close to its
value in the neighboring even— even nuclei (a certain dif-
ference may arise from the contribution of the odd nucleon
and its interaction with the quadrupole vibrations of the
core),
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Usually, nonadiabatic effects are clearly manifested
in the value of the mixing amplitude of M1 and E2 tran-
sitions:

8} = Ty (E2, I - T —1)/Ty (M1, I~ —1), (58)

where T.y is the probability of a v transition,

In the adiabatic approach, this quantity can be ex-
pressed®?,% in terms of the parameters gg, g%ff, by,
and Q:

eff
K —E8p

lall‘” Q

(148, 17200 (—1)=7P)|, (58a)

This enables one to extract these parameters from cor-
relation experiments. In the nonadiabatic approach, one
can also separate an effective quantity of the type!?

EK—ER

58b
Qo L

= (1/67) (B [MeV1,0.287 (21 -+ 2) (21 — 1),

which, however, is not a constant in a rotational band be-
cause of the Coriolis interaction.

Besides 6f, it is convenient to use the intensity ratio!®

N1
.y T e gy 0 (59)

which can be measured much more readily than 62,

The E2 transitions between levels of different bands
may be strongly perturbed by the interaction of quasi-
particles with quadrupole vibrations of the core, which
are not taken into account in the approach described here.
Therefore, we shall not consider them in what follows.

It is of interest to investigate the effect of the Coriolis
forces on the intensities of the E1 transitions between
bands. It is well known that in many cases Alaga's rules®
for these transitions are strongly broken, In the adiabatic
approach it follows from Alaga's rules that (except for
the case K = K' = 1/2)

B(El, IK —~I'K") (MKK'— K | 'Ky |2 (60)
B(EL, TE - I'K) ~ | UIEK—K|I'K’)

‘

Many attempts have been made in the literature to cor-
rect these relations by taking into account effects due to
coupling between the rotational and the internal motions,
In particular, a very felicitous parametrization of these
effects was proposed in refs, 56 and 57. A theoretical
calculation of the parameters entails allowing for the dy-
namics of the core rotation, the collective excitations in
the core (for example, octupole), and the Coriolis inter-
action. Basically, the coupling of the quasiparticles to
the octupole vibrations affects the absolute magnitude of
the matrix element of an E1 transition, and the Coriolis
interaction is very important for the ratio of the transi-
tion intensities. Detailed calculations of these effects have
been made in ref. 58. In all investigations, the Coriolis
interaction has generally been regarded as a perturba-
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tion and taken into account in the lowest orders, the num-
ber of model parameters increasing with increasing order
(for example, when Hg is allowed for in the second order
the minimum number of parameters is three.’®)

In the nonadiabatic approach, the reduced probability
of an E1 transition is®

B(E1, I->I')~| 3 CkCi 1K, K'—K|I'K’)
K, K’
X (Dg | M(EL, K' —K) | @)+ Bk, 1/20x7, 172

X (— 1T (@, | M (B, —K'—K) | Dg)

Y (MK —K' —K|I'—E [, §o1)

where the matrix element is given by

(O | M (EL, K'—K)[Dg) = NyNgr (Ugtge — vevie) (Gey) xie-
(61a)
An expression for (Ggy)gk' can be found, for example, in
ref. 16.

As can be seen from Eqgs. (61), the B(E1) value here
does not contain any parameters, since the amplitudes
Cl are known from calculations of the spectrum, Of
course, if octapole vibrations are ignored, one can hardly
hope to obtain the correct absolute value of B(E1), though
departures from Alaga's rules for transitions between
low-lyinglevels are reproduced entirely satisfactorily
(see Sec. 12).

To conclude this section, we mention that Alaga's
rules for E2 transitions within a rotational band are broken
only slightly by nonadiabatic effects. Appreciable devia-
tions from Alaga's rules are only expected in bands with
K ~1/2, 3/2 in the case of a strong Coriolis interaction .’

9, DYNAMICAL EFFECTS

As the angular momentum ofa rotational state changes,
so do the characteristics of the self-consistent field and,
therefore, the collective parameters J, g‘%{, and Q,. We
have already taken into account the rearrangement of the
internal spectrum, but only in the static limit with re-
spect to pairing., However, it is known that antipairing
effects, which weaken the pairing field, arise as a result
of rotation %% In recent years, intensive investigations
have been made of dynamical effects in the framework of
the cranking model (see, for example, the discussions in
refs, 8 and 64 and also in refs, 65 and 66), At large an-
gular momenta, one expects a phase transition of the nu-
cleus into the normal state, which has a strong effect on
the structure of the rotational spectrum, The moment of
inertia of the nucleus then takes the rigid-body value. A
very simple estimate of the critical moment I, can be ob-
tained from an equation that follows from the idea that
the nucleus can exist in a normaland a superfluid phase:‘”’67

(U2 —1/2 g} I (o + 1) = AYd, (62)

where d =~ 63/A (MeV) is the mean distance between the

one-particle levels, Substituting medium values, A ~160,
into this equation, we obtain the estimate I ~16. The
accurate theoretical treatment of the phase transition,®
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which differs qualitatively from our above treatment, does
not essentially alter this estimate, However, the reli-
ability of the estimate is still low (~20%).

Analysis of rotational bands to I ~20 made for some
rare-earth nuclei did indeed reveal an anomalous behav-
ior of the moment of inertia at angular momenta I >12
(see ref, 69). However, it is as yet impossible to iden-
tify this anomaly uniquely with a phase transition. The
possibility cannot be excluded that the discontinuities in
the moment of inertia are also due to reorientation of
the one-particle orbits at large angular momenta (see
the discussions in refs., 64, 70, and 71).

Here, we are essentially interested in the dynamical
corrections to the rotational spectrum at angular mo-
menta below the critical value. They can be taken into
account with good accuracy by means of the Chan— Val-
atin’™ equation, which in the case of an odd-mass nucleus
can be written®®

. 1 1 pl ‘
2/6=3 i 7 (c}.;;,)z—,i.k_p 7y~ aar gD D). (63)
v Kp

In the derivation of this equation, we have ignored
the shift of the quasiparticle spectrum due to the residual
interactions Hg; and H;, although polarization effects are
contained in g(I), The second term on the right-hand side
of (63) is due to the blocking effect. The main assumption
that is made in the solution of Eq. (63) is the definition of
the form of the dependence J(A), since in the foregoing
treatment this quantity appeared as a parameter. Inorder
to solve such a problem exactly, self-consistency is re-
quired. Here, we assume that J(A) has the usual form in
the eranking model with pairing. Equation (63) is solved
by perturbation theory in ref. 48 and by iteration in ref,
73. Finally, the case when the Coriolis interaction is
taken into account by perturbation theory has been con-
sidered in ref, 74. The qualitative results of these in-
vestigations can be formulated as follows:

a) Dynamical effects in odd-mass nuclei are weakened
by the Coriolis interaction between outer nucleons and
the core. In particular, the parameter B inthe correction
term in the energy that is proportional to I*I+1)% can
have the opposite sign to that in even—even nuclei;

b) in the case of a strong Coriolis interaction, the
energy gap may even increase for a while with increasing
spin (the initial value is taken to be the width of the gap
with allowance for blocking), i.e., dynamical effects in the
core are weaker than the effects due to the coupling of
the outer nucleons and the rotation, It is this competition
that stabilizes the gap right up to comparatively high
spins;

c) as a whole, dynamical corrections in the spectra
of odd-mass nuclei are appreciably smaller than in even—
even nuclei.

In Sec. 12 we give an example of the solution of Eq.
(63), and we discuss dynamical effects in more detail.
10, PHENOMENOLOGICAL

APPROXIMATIONS

Nonadiabatic effects in the rotational motion have
been allowed for by many authors, beginning with Kerman,?!
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who diagonalized the Coriolis interaction exactly in the
bounded space of one-particle states. In later papers,
this scheme was transferred to the space of quasiparticle
states, i.e., pairing correlations were taken into account.
Depending on the extent of known experimental data, the
parameters used in the diagonalization are taken to be
the energies of the internal states, the matrix elements

jg))K" the decoupling parameter agp» ete. As an example

of ‘detailed calculations, we may mention refs, 75-78, In
these papers, the experimental data on the energies and
the electromagnetic moments are used to find the exper-
imental values of the matrix elements and the effective
parameters, i.e., the polarization and dynamical effects
and occasionally also the Coriolis interaction effects,are
essentially parametrized. An extensive set of such pa-
rameters is collected in ref, 24,

Particularly intensive calculations of this kind have
been made in recent years in connection with an inves-
tigation of "long" rotational bands in reactions with o«
particles and heavy ions (see, for example, refs, 79-86).
In all these investigations it has been noted that a sat-
isfactory description of the rotational energies can be
obtained in the Kerman scheme only if the Coriolis in-
teraction is renormalized. In particular, for rotational
bands associated with one-particle levels it is found on
the basis of spherical subshells with large j (h11/ 95 133,29
ete.) that the experimental matrix elements are system-
atically smaller than the one-particle values of j%)K'

L
(i.e., in terms of polarization effects we have R(ja) ST

Therefore, it is customary to introduce appropriate cutoff
factors as fitting parameters. However, apart from rare
exceptions, a unique choice of these parameters from

the fitting procedure applied to the experimental data ap-
pears impossible. Usually, the one-particle decoupling
parameters are not completely renormalized, Further,
from calculations of the magnetic moments, it is known
that the gg factor must be renormalized, and one usually
chooses geff ~0.6g,. This same procedure is automat-
ically transferred to B(M1) calculations, in which the
matrix elements jIgK' are generally not renormalized.

As a result, it has been found that in certain nuclei a
renormalization of gg is very necessary,  ®4:5¢ while in
others it only worsens the agreement with experiment,8!,82,85
The reason for this discrepancy is that the parametriza-
tion of the polarization effects made for the magnetic
moments does not apply in the general case in calculations
of B(M1). In addition, in the general case, ggff does not
remain constant at all in a rotational band (see Sec. 12).

In some investigations, the dynamical corrections
in the rotational spectrum have been parametrized by the
introduction of a spin dependence of the rotational pa-
rameter:?!,24-88

1/2J (I)=1/2J4+ B [I (I +-1)—K?]. (64)
As yet, no theoretical justification for such a spin depen-
dence has been found.

From the point of view of a description of the ener-
getics of rotational bands,the phenomenological approaches
have been successful. However, this has been achieved,
as a rule, at the price of using a large number of param-
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eters (sometimes as many as 10-12). Of course, this
greatly reduces the amount of useful information that can
be obtained and the heuristic value of the phenomenological
analysis.

Attempts have been made to improve the Bohr— Mot~
telson parametrization of rotational energies in odd-mass
nuclei [see Eq, (17)]. One such attempt uses the projec-
tion method.’™ The internal wave function DK s which
does not have definite angular momentum, is projected
onto the space of states with definite quantum numbers I
and M. Then the variational problem for the original
microscopic Hamiltonian is solved with such a function.
The overlap integrals are not ecalculated exactly but rather
parametrized. This method enables one to give a better
description of rotational bands weakly perturbed by the
Coriolis interaction than can be obtained with Eq. (17) for
the same number of parameters.

Another attempt is associated with a generalization
of a model with variable moment of inertia to the case of
odd-mass nuclei However, as in the foregoing case,
it can only be applied for a weak Coriolis interaction,

11. LIMITING CASE IN THE
NONADIABATIC APPROACH

Let us consider the limiting case, when the rotational
spectrum in the case of strong mixing of internal states
with respect to K can be described by the simple rotator
equation. It was shown in refs, 48, 53, and 89 that there
is then a splitting of the rotational band into two groups
of levels, which are displaced with respect to one another,
with even and odd values of 1+1/2. Obviously, the lowest
group is the one in which [see Eq, (12)]

(— 12y <o. (65)

This group of levels with AI = 2 forms a yrast line of the

spectrum of given parity. Analysis of |¢(I)| shows that at
sufficiently high spins it becomes almost constant in such
a band, i.e,,

(=) Y2 4 (1) &~ —a — const, (66)

On the other hand, the amplitudes C% also change
smoothly and therefore

% (Ck)*Ex ~ const (AT -=2). (67)

As a result, the energy spectrum takes the very simple
form

& (1) ~ const+- (1/20) {I (I +-1) —a (I +1/2)}

==const - (1/2J) R (R -+- 1), (68)

where

R=T—a2. (68a)

This corresponds to the limiting case of decoupling, when
the energy spectrum is determined by the rotation of the
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Fig, 8. Yrast band of positive parity in the ¥°Er nucleus,

even—even core, and the odd "particle" is in a state with
effective angular momentum

Jett=a/2, (69)

and the internal angular momentum is approximately
conserved. It is a spectrum such as this that was dis-
cussed in refs. 11 and 12,

The realization of a spectrum of the type (68) in the
9Er nucleus is shown in Fig, 3, in which we reproduce
exact calculations from ref, 61 and their approximation
at the values

A=145 keV, a=0, (70)

In ref, 61 the calculations were made of 1/2J = 15 keV
and the calculated values of a(I) are shown in Fig. 3.
Naturally, the approximation (68) is suitable for describing
only the separated part of the spectrum of excitations of
given parity.

Thus, the decoupling process (reorientation of the
one-particle orbits) is a special case of the general non-
adiabatic model. Note that the band considered does not
correspond to any definite internal state &g. In reality,
we are here concerned with a complicated internal state,
which includes a mixture of states of the subshell i;q,
with® K = 1/2, 3/2, 5/2,.... The effective energy of the
corresponding quasiparticle can be defined as

2 4 1 a2
Bt 3 (Cr)l x— 557 (71)

kS
K

The rotator spectrum shown in Fig, 3 differs strongly

from the spectrum of the neighboring nuclei **Er and
1805y (see, for example, ref, 69), Note finally that the
case we have considered is not an exception, Similar
yrast bands can be separated out approximately in the
neighboring nuclei *'Dy, ""'Er, and others.
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12, CALCULATIONS IN THE NONADIABATIC
MODEL AND COMPARISON WITH
EXPERIMENTS

The nonadiabatic rotational model has been success-
fully used to describe rotational spectra and electromag-
netic moments in a large number of nuclei in the rare-
earth region, These results are described in detail in
refs. 37, 38, 49, 61, 91-93, In this section, we give only
some general conclusions and also mention some essen-
tially new results in order to illustrate the theory set
forth in the foregoing sections,

Choice of parameters and general re-
marks. In all calculations the scheme of one-particle
levels in the Woods—Saxon potential obtained in ref.
18 was used, The actual parameters of the potential are
given in ref, 25,

The problem of pairing correlations is solved without
allowance for the blocking effect (to simplify the cal-
culations), which gives the spectrum of quasiparticle
excitations with energy Eg. The spectral shifts Eg—
¢ g [Ed. (28)] due to the residual centrifugal and spin
forces are small (£ 100 keV) and almost homogeneous for
all levels of one parity with energy 2 MeV, i.e., they
have little effect on the results of diagonalizing the Co-
riolis interaction matrix, The total amount of the three-
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Fig, 4. Ground-state rotational band in the 151Dy nucleus: a) experimental
data,® b) nonadiabatic theory at the parameter values By = 0,32, 8, = 0,
A, = 0.58 MeV, and 1/2] = 1.21 keV; c) nonadiabatic theory at the param-
eter values By = 0,324, Byy = 0,04, Ap = 0.67 MeV, and 1/2] = 12 keV; d)
calculation in accordance with the phenomenological equation (17), The
parameters are given in the text,
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quasiparticle admixtures in the wave functions b [Eq.
(26)] does not usually exceed 1-3%, althoughbecause of the
coherent character of their contribution the polarization
factors are appreciably different from unity. The polar-
ization factors were calculated in accordance with Eqs,
(31a), (36a),and (37), in which sums of the type & (),
S%)K,, and X(pI)O were calculated in the quasiclassical ap-
proximationliwithout allowance for blocking).

The values of the factor R{?) depend on the configura-
tion space of the outer nucleons. In particular, for ro-
tational bands associated with levels of positive parity
(of the subshell ij3,5) in nuclei with odd N, typical values
are R{?) ~0,6-0.8 (see ref. 61). In the nuclei in which
the Coriolis interaction is weak, effects of centrifugal
polarization are manifested weakly. Centrifugal polar-
ization effects are also small in the case of strong mixing
with respect to K of just two levels, expecially in nuclei
with odd Z. For example, for the band 1/27[541] in the
11,181 4 nuclei we have R{? ~0.96 (see ref. 91). Inother
words, centrifugal polariZation is essentially dynamic,
and depends strongly on the state. In contrast to the cen-
trifugal polarization, the spin polarization (the factors
R} | and R,;) depends weakly on the quantum numbers of
thgcnztates. Typical values are R; ~0.6-0.7 (longitudinal
spin polarizationza). Effects of transverse spin polar-
ization are usually more strongly manifested [Rc; ~
0.4-0.6].

As an outer space one can use the space of all one-
particle states of one parity (for identical nucleons).
However, for the diagonalization of the Coriolis inter-
action matrix one can usually take only a set of states
for which the matrix elements j%'}){, are large. Extension
of this space leads to a small renormalization of the
model parameters.

The rotational parameter 1/2J is found from a least-
squares fit of the calculated & (I) to the experimental
data. In the process, the force parameter of the pairing
correlations (or A and A) may be varied slightly, since in
the case of strong K mixing of the states the low-energy
part of the rotational band is more sensitive to such a
variation®® than to a variation of 1/2J.

In the majority of cases, a change in the deformation
parameters has little influence on the energy spectrum,
leading to a slight renormalization of A and 1/2J. A typ-
ical example is given in Fig. 4 for the rotational band®
of the ground state of the nucleus '*'Dy, For comparison,
we also give the phenomenological evaluation of the spec-
trum in accordance with Eq. (17) with the parameters
(see ref, 22) A = 5.53 keV, B = 0.025 keV, A; = 6,77 * 107
keV. It can be seen that the phenomenological description
becomes unsatisfactory beginning with spin I = 19/2. In
some nuclei (for example, in 1*°Gd, 1"15%py, 161-165g
and others), the phenomenological description using a few
parameters is not possible at all (see refs. 48, 79, 80,
and 86).

Effective moments of inertia. We have
already pointed out that the parameter J is the effective
moment of inertia of the core, and we can therefore ex-
pect that it has a value near the ones in the neighboring
even— even nuclei, Systematic calculations in the region
of the rare-earth nuclei have confirmed this assump-
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tion!®™s% and shown that the observed strong difference

between the effective moments of inertia J& in even—
even and odd-mass nuclei (see Figs. 1 and 2) are basi-
cally due to the Coriolis interaction. Within the model
itself, the parameter J cannot be calculated in a self-
consistent manner, In the general case, calculations of
J by means of the cranking model do not have a sound
theoretical justification and can be used only for quali-
tative estimates,

As a rule, the effective moment of inertia of an odd-
mass nucleus, Jeff, as determined by Eq. (40) is not a
constant within a rotational band (Fig. 5). The oscillations
of 7% are due to a fluctuation of the internal energy (67)
with changing spin and with a change in the kinetic energy
of rotation. A measure of the fluctuation of the internal
energy is 1/208f [Eq. (41a)], which depends on the parameter
1/2J only through the amplitudes C%(. These amplitudes
are essentially determined by the form of the internal
spectrum and the values of the matrix elements J%){ The
change in the kinetic energy can be characterized by
1/23H [Eq. (41b)], which is directly proportional to1/2J.
Therettore, in the cases when the contribution of 1/2JiEff
to 1/27% is dominant, the entire spectrum depends weakly
on the choice of the parameter 1/2J, but it is more sen-
sitive to a variation of the energy gap A. A typical ex-
ample is shown in Fig, 5. It can be seen that here the
contribution of ,1/2J¢fis dominant for 1+1/2 = 2n. If the
fluctuation of the internal energy is ignored, the doublet
states in the spectrum (for example, the states 15/2 and
17/2, 19/2 and 21/2, etc., see Fig. 4) are almost degenerate.
Such degeneracy of doublet states is observed in rotation-
al bands associated with the state 1/2%[411] in nuclei with
odd Z and with the state 1/27 [521] in nuclei with odd N
(see ref, 24). In these bands, the mixing with respect to
the quantum number K is weak, and therefore the fluctua-
tions of the internal energy are small. In the case of a
strong Coriolis interaction, they wash out the doublet
structure of the spectrum in the lower part of the rota-
tional band.

Systematization of magnetic moments,
In calculations of the magnetic dipole moments, the non-
adiabatic model acquires an additional parameter — the

e e
\

[éf'f’fj 'é[x’)f/f(l’*f), keV

1 L 1 A L L 1 I L J
52 g2 82 12 132 152 172 1902 212 232 2802 272 ]

Fig. 5. Reciprocal of the effective moment of inertia in the ground-state
rotational band of the mDy nucleus: O, experimental values(ref, 84);
calculation in accordance with nonadiabatic theory (corresponding to Fig,
4c); @ ——@ shows the behavior of 1/21%F [Eq, (41b)).
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TABLE 1 (continued)

My
.| .0 eft ol
Kernel | 1™ [NnAl (ékev &r R g e, " Ref,
theo. exp.

12¢411] | 0 |0.35| o050 | 0.64 | —0.22]|-0.23 24]
sop | 302 8.4 036 | 078 | 0.67| 0.53(1) | [24]
M 52+ 118.2 0.36 0.62 0.50 | 0.70 (5) | [24]
12+ 138.9 0.36 | 0.79 .51 130(5) | [24]
12+ 401 | 0 |035] 0.50 | 0.63 | —0.21[+0.23(05)| [24]

P 7, 5.1 0.36 | 0.77 | 0,67
el (L5772 116.7 0.36 0.61 0.51| 0.8137)| [24]
7/2+ 129.1 036 | 0.7 1.50( 1.44 (14)| [95]
72+1404 | 0 |0.35| 046 | 0,7 2.00| 2.23(1) | [95]
5Ty | 9/2+ 113.8 0.42 0,69 2.31| 1.81(20)| [95]
11/2+ 251.4 0.41 0.68 | 2.65( 20 (1) | (93]
72¢0404 | 0 [0.35] 046 | 0.69 | 2.03| 2.24(1) | [95]

e | gl B o) 6 42 | os | 23
7/2¢404) | 0 |[0.35 52 | 073 | 2.28) 235¢1) | [95]
92+ 136.3 45 | 073 %g; sl
9/2-[514) | 6.3 5 0.7 5.20| 5.20(11)| 93]

g | 0O 88 48 | 07 | 5%
5/2+ 402] |482.1 37 | oa | 3.14] 328013 (99

/2% 36 | 074 | 30
18370 | 9/2-[514] [496.0( 0.35 | 0.5 0.75 | 5.31] 5.31(32)| [95]

1172~ 663.6 0.47 0.76 | 5.28
s s2+1402) | 0 |0.35] 0.7 g6 | 3.9] 347 (93]

Re | 73+ 125.3 0.37 0.76 304
sevpa02) | 0 lo3s| 037 | 0.7 | 3.7 3.2 [95]

wRe | o ! a2| | 037 | 075 | 30

collective gyromagnetic ratio for the core: gh. In refs.
37, 38, and 49 it was shown that the value of this param-
eter can be taken near the value in the neighboring even—
even nuclei, i.e., of order 0,3-0.4, The force parameter
of the spin interactions is chosen in a unified way for all
nuelei in the form?®%»?7

%=1.5(N—Z)/A MeV. (72)

The explicit isotopic dependence of % indicates that the
spin polarization effects are essentially due to isovector
forces (for more details see ref, 94),

With this choice of the parameters, systematic cal-
culations were made of the magnetic moments in odd-
mass deformed nuclei, and the results of these calculations
are shown in Table 1 together with the experimental data,
Table 1 also includes the calculated effective factors
g%ff and ggff[see Egs. (49) and (50)]. For each nucleus,
the spectrum of rotational excitations was calculated, and
then the values of the function G(I) [see Eq. (47a)]. Thus,
the calculated values of u; were made consistent with the
observed rotational spectrum, and this is something which
is virtually impossible in the adiabatic approximation,
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It can be seen from Table 1 that the nonadiabatic
calculations agree well with the experimental data and that
the spread of g), values is small, The adiabatic param-
eters'?) g8ff an gs " (or gx) can be calculated theoreti-
cally (see Table 1). Note, however, the relative impor-
tance of these quantities, since in many cases they are
not constants in the rotational band.?"*® To illustrate
this assertion, we have plotted in Fig, 6 the results of a
calculation of the parameters in the rotational bands of
a number of nuclei (see also Tables 2-5). In all these
cases, inequalities (51) are well satisfied, The difference
between gﬂa and gﬁff is due primarily to the Coriolis in-
teraction, It is this interaction that leads to the strong
oscillation of gﬁ in some rotational bands. The non-
constancy of ffin the band is the cause of the strong
difference between the calculated values of pr and the
adiabatic estimate u;"d, as is shown in Table 2,

Transition probabilities. Allowance for
nonadiabatic effects renormalizes the parameter of the
internal quadrupole moment Qq extracted from the ex-
perimental data on the spectroscopic quadrupole moments
Qg or the values of B(E2) within the rotational band, In
the general case, Q; is not a constant within a rotational
band, although oscillations of its value become appre-
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and *¥Gd (band of positive parity, see refs. 37 and 38),

ciable only in the case of strong K mixing of states®"s*®
(for example, in 155Gd they reach 20%), Therefore,Alaga's
rules for E2 transitions within the band are usually very
well satisfied.

The quantity Q, is regarded as some eifective pa-
rameter determined by matching the calculated values
of B(E2), 61, and Ap to the experimental data, It is ex-
pected that the values of @, are close to the values in the
neighboring even—even nuclei, though they need not nec-

essarily be equal to them, as is confirmed by numerical
calculations 37

In calculations of B(M1) values in rotational bands
one requires no further parameters, so that a compar-
ison of them with the experimental data serves to verify
the validity of the nonadiabatic approach. In Tables 2-5
we have given the calculated values of B(M1, I— I— 1)
for some rotational bands. Separating out the effective
adiabatic parameter

hn I@I+1)

(gK—gR)éff E*é’mB(ﬂfL I—I1—1)

(73)

from these values, we can readily see that it is not con-
stant within a rotational band (see Table 2), Athighspins
the fluctuations of this parameter reach 50%. The ab-
solute B(M1) values that we calculated agree well with
the few known experimental data (see the discussions in
refs, 37 and 38 and also Tables 2 and 3).

Nonadiabatic effects are pronounced in the ratios of
the transition probabilitie.s A; and the mixing amplitudes
61. As an illustration, we have plotted in Fig. 7 the be-
havior of these quantities in the ground-state rotational
band of the !¥!Dy nucleus. It can be seen that the non-
adiabatic calculations, using the single parameter Q; =
8.3 b, agree well with the experimental data. The adia-
batic estimate was made for the parameter value [(gg —
gr)/Qqligs = 2.75 * 1073 obtained from )y, = 0.29 (vef. 84).
In order to match the adiabatic calculations to the ex-
perimental 67 data, it is necessary to assume strong
variations of this parameter. For example, from &4y =
0.13 we obtain [(gg — gr)/Qolass = 7.4 1073, i.e., the pa-
rameter is larger by a factor of three. The calculated
values of Ay and 6y are compared with the experimental
data in other nuclei in refs, 37, 38, and 91 (see also Ta-
ble 3).

The Coriolis interaction strongly breaks Alaga's
rules for El transitions between levels of rotational bands
with |[AK| = 1. The nonadiabatic model enables one to

TABLE 2. Characteristics of the Ground-State Rotational Band in the 151py nucleus. Calculations Made with the Param-
eter Values By = 0,324, B = 0.04, 1/2] = 12 keV, A, = 0.67 MeV, gg = 0.30

399

Mixing amplitudes CII( % (1), keV iy, |oibnlinm parnee | (g
s L ; K
I a () [nyl [ty Zn [“12\1} 75’3)12:“
(4007 t|(6607 |r402] 4| (85114 |(842]1|18331 $|16241 1 theo. | exp.*
5/2+ 10,012 0.028]0.089|—0.1560.983 | — 1.10 0 0]-0.48| —0.46 | 0.12 - —
7/2+ |0.016{0.037|0.129(—0.222{0.958 | 0.118 | — —2.35 44 44 |—0.13| —0.02 | 0.16 0.65 0.20
9/2+ |0.038]0.089 | 0.165 |—0.2820.926 | 0,165 0.009 3.47| 102| 100 | 0.15 0.03 | 0.16 0.99 0.21
11/9+ [0.030|0.068|0.183|—0.309 | 0.908 | 0.203 (0,017 [ —3.89 | 184 184 | 0.47 0.21 | 0.18 5 Lo 0.20
13/2+ | 0,068 |0.161 | 0.215 [—0.359 | 0.863 | 0.222 0.023 4,91 2701 267 0.70 0.37 | 0.18 1.34 0.23
15/2+ 10.041]0.094|0.216 |—0.360 | 0.865 | 0,253 0.031| —4.73| 402| 407 1.06 0.52 | 0.20 1.24 0.20
17/2+ 1 0.098 | 0.231 | 0.249 |—0.409 | 0.802 0.2510.035 5,89 513| 508 1.24 0.67 | 0.20 153 0.24
19/2+ 10.049/0.113|0.239|—0.391 | 0.831 0.28710.044| —5.23] 705| 719 1.65 0.80 | 0.22 1.23 0.19
<912+ |0.123]0.293 | 0,272 | —0.441 [0.748 | 0.264 | 0.044| 6.56 836 | 826 1.80 0.93 | 0.21 1.66 0.25
2372+ 10.0550.128|0.254 | —0.410 | 0.804 | 0.312 0.057| —5.55| 1097 | 1119 2.25 1.06 | 0.23 1.18 0.17
25,2+ | 0.144 | 0,344 | 0.287 | —0.461 | 0,700 0.269 | 0.051 7.03| 1244] 1222 | 2.36 1.19 | 0.22 1.74 0.25
27/2+ 10.060]0.139 | 0,264 |—0.423 [ 0.783 | 0.332 0,069| —5.77| 1580 | 1602 [ 2.85 1.31 | 0.24 144, 0.16
29/9+ 10,160 0.386|0.297 [ —0.474 | 0.661 | 0,269 0.057 7.36( 1739 1693 2.94 1.43 | 0.23 1.79 0.26
31/2+ | 0.064|0.14%8|0.272|—0.432 | 0.766 | 0.348 | 0.081 | —5.93 2156 | 2162 | 3.45 1.55 | 0.24 1.04 0.15
332+ [0.173]0.421|0.304 [—0.481 | 0.627 0.267 {0,062 7.60| 2325| 2235 | 3.52 1.67 | 0.23 1.82 0.26
* Data of ref, 84, i
2* pdjabatic estimate (Eq, 48) with parameters (ref. 101) gg = 0,11 and gg = —0.30,
3* Corresponding experimental values (ref, 102) are equal to B(MI, 1/2 - 5/2) = 6.5(9)- 1072 | and B(M1, 9/2 ~1/2) =
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TABLE 8. Characteristics of Rotational Bands Associated with the States T/27[514] and 9/2%[624] in the *™Hf Nucleus.
Calculations Made with the Parameters By = 0.24, B4 = 0, Ay = 0.6 MeV, g& = 0,30, Q= 7.8 b. In Addition, 1/2J =
13.4 keV for the Band 7/27[514] and 14,9 keV for the Band 9/2t[624]

Mixing amplitudes C% ; € (), keV B (M1 2* A
Je —| e wp lugl | gt T‘g“} s
by
15237 1|t5 121 t](514] {5051} theo, | exp.* theo, | exp.t®
772- | 0.055|0.044 | 0,998 — | —0,23 0 0 0,92 0,26 = = = =
a/2- | 0i070 [0l067]|0.994 (0,031 0148 | 111 | 113.0| 1.2k 0.7 0.065 28.9 B 5
11/2- 0,102 |0,087(0,990 |0, 046 —0,71 248 249.7 1.54 0,27 0.093 30,5 i, 2 4,0 (4)
13/2- 0,123 0,%06 0,985 (0,059 0,91 406 409 4 1.85 0,27 0,104 32.8 9.9 7.0(1,0)
1572~ 0,143)0.124[0.979]0.070 —1.10 590 501. 2.15 0.28 0.106 35.7 172 17.8(3.8)
1773- | 0163|0152 o 072 vi08s | 420 | 799 | Taklk| 2l45 0.28 0,103 392 26,2 =
10/2~ 0.181 10,159 0,965 (0,091 | —1 46 1033 1017.7 2.74 0.28 0,097 43.4 36.8
o173~ | 0i199|0i176|0.957 |0 100| 1,63 | 1201 | 12603 3.04 028 0000 i1 G902
ixi i 1 (0, keV s
Mixing amplitudes Cg M, i RO . 1
1% a(l) mpleyl [ g k] 87 % 10
[642]11[[633] |[624] t|[615] ¢ theo,| exp.* N theo. exp.*
9/2+ [ 0.032(0.199]0.970| — 0.00 [ 321 | 321.3| —0.80 | 0.17 o b = =
1172+ | 0.05x | 0277 (0949 [0 14t | —2002 | A24 | 426.6| —o0l41 | 0.1y 0.11 1597 =3 -
1372+ | 0lo83 | 0332 o0 920 (o219t | 2:85 | 551 | s85.1| —o0lvx | 0l20 019 1.26 0,36 0,35 (4)
15/2+ 0.107|0,374|0,893 0,224 | —3.47 703 T08 .4 0.31 0.21 0,25 1,27 0.83 0,81 (8)
17/2+ 0.131|0.409]0,868 0,246 3.907 881 882.8 0.65 0.22 0.29 1.22 1,45 1,42 (14
1972+ | 0,154 | 0,437 |0.845 (0,263 | —4.36 | 1086 | 1086.9 0.98 0.22 0,32 1,29 2,05 1.95 (20)
o124+ | 00177 0460 |0 823 |0 275 | " 4.71 | 1319 | 1301.3 1230 | o023 0.35 {12 3115 3.35 (42)

*Data of ref, 99

2"Expel:ime:nl:::ll value (ref, 103) B(M1, 9/2™— 7/27) = 0,07%3)+1072 p%\].

3* Experimental value (ref, 99) &3 = 22.8(1.9).
4*Data of ref, 104.

make a parameter-free description (Fig. 8) of these ef-
fects, as we have pointed out in Sec, 8, It can be seen
that the observed departure from Alaga's rules, which
amounts to three orders of magnitude, can be explained
satisfactorily.“) However, allowance for the Coriolis
interaction alone does not enable one in the general case
to obtain the correct absolute magnitude of B(E1l). Here,
an important role is played by the interaction between
quasiparticles and octupole vibrations of the core (see,
for example, ref, 58). A certain role may also be played
by effects due to the rotational noninvariance of the self-
consistent field of deformed nuclei in the momentum space,
i.e., the presence of a ghost state among the internal ex-
citations with K™ = 1~ in even—even nuclei, which corre-

sponds to a motion of the center of mass of the nucleus *’

These effects can be allowed for by the method developed
in ref, 42,

Rotational spectra and dynamical ef-
fects. Inthisreview we have notaimed to give a complete
account of calculations of the rotational spectra in the non-
adiabatic approach. The results of such calculations can
be found in many papers. Here, we shall merely give
some new results in order to demonstrate the efficacy of
the nonadiabatic model. In Tables 2-5 we have given the
amplitudes of K mixing of internal states,w) the values
of the generalized decoupling parameter, the calculated
energies, and the electromagnetic moments, It is char-
acteristic of all the bands that the psrameter 4(I) has an
appreciable value, although none of the bands is associated
with a state with K = 1/2, It is this that is responsible

TABLE 4, Characteristics of Rotational Bands with Positive Parity in the 181g; Nucleus. Calculations Made with the Pa-
rameters By = 0.324, By = 0,04, Ap = 1.1 MeV, 1/2] = 15 keV, g‘é = 0.30, and Qy = 83 b

Mixing amplitudes Cl, € (D), keV

B(MI|
PEL a(l [L:lfj;_] gf;iff %lljill:). ﬁ}“’ 153

[660] 1][400] 1|[402] }| [6561] 1 |[642] t|[633] 1|[624] ¢ theo, | exp.* i
5/2+ 10.212]0.093(0.251 | —0.453 | 0.824( — —- 4.56( 213 213 | —0.96( —0.35 — — —
7/2% 10.13110.057[0.271 | —0.470 [ 0.815( 0.146 | — —5.42| 219 217 | —0.63 0.01| ~0.01| 0.12 —

9/2* 10.361 | 0.155(0.312 |—0.519|0.674(0.160 | 0.012 7.77| 189 189 | —0,62 0.02 — -—

11/2% 10.16210.070 | 0.300 | -0.497 [ 0.761 | 0.227 | 0.026| —6.39| 298 297 | —0.09 0.12 0.70] 0.71 1.46
13/2+ 10.440]0.185|0.326 [—0.524 [ 0.597 | 0.187 | 0.025 8.77| 273 268 | —0.11 0.12 — —
15/2% 10.17810.076 | 0.311 | -0.501 | 0.734] 0.273 | 0.044 | —6.91| 484 509 0.50 0.16 149 1.04 | 0.77
17/2+ 10.487|0.202|0.329 | —0.520 1 0.551 | 0.198 | 0.034 9.20| 469 466 0.46 0.15 — — —
19/2% 10,186 | 0.079 | 0.315|-0.500 | 0.716 | 0.304 | 0.061| —7.19| 807 849 1.09] 0,21 1.50] ; 4.25:1 4.67
21/2% 10.517}0.213]0.330 [—0.515(0.520| 0.204 | 0.042 9.42] 781 785 1.04 0.17 — - —
23/2+ 10.1910.080|0.317|—0.497 [0.704|0.329 | 0.077| —7.37| 1238 | 1308 1.89 0.21 1.72| 41.36 | 2.64
25/2+ 10.53710.220(0.329 [—0.510|0.499 | 0.208 | 0.048 9.56 | 1211 | 1208 1.63 0.19 — - —

* Data of refs, 79 and 105,
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of the Ir’lDy nucleus: O gives the experimental data (ref. 84) (unreliable
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data given in parentheses);
adiabatic estimate.

for the pronounced difference betwe=n the J and Jeff val-
ues and also leads to the doublet structure of the rota-
tional spectra, which is clearly manifested at large an-

gular momenta.
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Fig. 8. Ratio of the reduced probabilities of E1 transitions between levels
of rotational bands associated with the states 7/27 [514] and 9/27[624] in

the "Hf nucleus:

——— — adiabatic approximation (Alaga's rules);

nonadiabatic calculations (from the results of Table 3); I) experimental data
with error, from ref, 58,

fested at lower spin values. Physically, this result can

be understood, since the Coriolis interaction of an outer

nucleon with the core hinders the development of dynam-
ical effects in the core itself,'?

If both processes are treated in the framework of

perturbation theory, then in the lowest orders this com-

petition leads to a change in the sign of the parameter

B [Eq. (17)] in odd-mass nuclei as compared with even—
even nuclei,” However, in the case of a strong Coriolis

All the spectra were calculated inthe staticapproach,
i.e., under the assumption of constancy of the parameters
J,. A, gﬂR, and Q, in the band. The calculations show that
the stronger the Coriolis interaction, the better are the
results of such a calculation at high spins. In weakly
mixed rotational bands, the dynamical effects are mani-

interaction, perturbation theory is no longer applicable
and it is necessary to solve dynamical equations of the
type (63). The internal energy of the nucleus in this case
is given by the ordinary expression ina model with pairing
and with allowance for the Coriolis mixing of states (the
pairing interaction being replaced by a pairing field),
io.,Y

TABLE 5. Characteristics of Rorational Bands Associated with the State 7/27[743] in the ***U Nucleus. Calculations
Made with the Parameters Bpq = 0.22, B4y = 0.08, Ap = 0,38 MeV, 1/2] = 7 keV, gDR = 0,20, Qy = 10b

Mixing amplitudes CL, 8 ()keV
B (M1)
Pe e [LL".] g;rr x40 1;1(%%)1 a% iy
[761)+| (7521 | (74311 | (78411 | [725]¢ theo. | exp.* A (e
7/2- | 0.007 | 0.095 | 0.995 - — —0.58 0 0[-0.26 | 0.14 = — 5 =
9/2- | 0.014 | 0.130 | 0.982 | 0.126 — 1.45 45 46.3 ;10'3 0.14 0.36 3.33 | 013 | —
11/2= | 0.021 | 0.176 | 0.968 | 0.178 | 0.012 | —2.15| 101 103.1 0.23 [ 0.14 0.57 3.37 [ 0.13 | 0.48
13/2- | 0.029 | 0.207 | 0.953 | 0.219 | 0.021 2,72 168 170.7 0.45 | 0.15 0.71 2,90 | 0.13 | 1.12
15/2= | 0.037 | 0.235 | 0.938 | 0.252 | 0.030 [ —3.20| 246 2491 0.66 | 0.15 0.81 2.42 | 0.13 | 1.91
17/2- | 0.046 | 0.260 | 0.923 | 0.278 | 0.039 3.61| 337 338.7 0.86 | 0.15 0.88 2.01 [0.13 | 2.74
19/2= | 0.055 | 0.282 | 0.908 | 0.300 | 0.048 | —3.96| 438 | 438.5 1.06 | 0.15 0.94 1.68 | 0.13 | 3.85
21/2- | 0.064 [ 0.302 [ 0.895 [ 0.318 | 0.056 4.26| 554 550.4 1.25| 0.16 0.99 1.42 | 0.13 | 5.15
23/2= | 0.073 | 0.321 | 0.881 | 0.333 | 0.065 | —4.53( 681 670.9 1.45 | 0.16 1.03 1.21 | 0.43 [ 6.41
25/2- | 0.082 | 0.338 | 0.869 [ 0.345 [ 0.073 4.76| 821 804.9 1.65 | 0.16 1.06 1.04 | 0.13 | 8.09

* Data of ref, 77,
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TABLE 6. Results of the Solution of the Dynamical Equations (76) for the Ground-State Rotational Band of 161Dy. In the
Ground State, Aj = 0.59 MeV, Ay = 0.95 MeV, T = 40,6 MeV ™!

= s & 5

=& > 5 o = =

= 3 > E 8 ls €lg -] B

® .% 2 2 :‘; cla 2ls < e 1 S

| 3 = % T2 i< =la ola A €

Se e | e e 2 S|~ 3 2 tRl 2%
o wi 5 2 3 5 = 2 pill s & =2

5/2+ 0 6.71 —0.14 7.28 —0.43 0 0 0 0 0
772+ 47 6.89 0.22 9.56 —2.89 —0.02 0.03 0 11 0
9/2+ 109 7.18 —0.09 5.45 1.82 —-0.04 0.07 0 32 1
11/2+ 188 6.84 0.54 3.15 5.45 —0.04 0.06 0 26 2
13/2+ 277 8.60 | —0.20 | —4.73 13.53 —0.06 0.10 0 55 —2
15/2+ 406 6.58 0.29 7.53 1. 2% —0.03 0.05 0 32 —1
17/2+ 58 9,95 0.32 | —6.68 16.31 —0.06 0.10 —0,02 68 g
1972+ 707 6.29 —0.14 6.95 —0.52 —0.01 0.01 —0.01 32 —8
21/2+ 839 10.57 1.61 | —7.87 16.83 —0.04 0.07 —0.,04 T4 —20
23/2+ 1082 6.12| —1.00| 6.80 0.32 | —0.05 —0.07 —0.04 29 —30
25/2+ 1235 10.04 5.96 [—-10.59 14.67 —0.01 0 —0.07 72 —34
27/2% 1507 6.72 —3.69 8.03 2.38 0.21 —0.27 —0.07 19 —36
29/2+ 1701 —_— -— - — 0.03 —0.12 —0.09 65 —45

* §Ug = [Uo (I4-1)~Ua (NV/I2 (T + 1)].

2 6E = [1/[2 (I 4 D11 B [Bgdl + 1) €2 hr-rg iy el
K

2 6 (Ch)* = Uo+ X Ex (Ci0% (74)
I
Up =2 3 (ev—MNvi—2A D) uw,+AYG AN,  (T4a)

vl v

where N is the number of particles in the system and Ei¢
are the one-quasiparticle energies., The total energy of
the nucleus in a state with spin I has the form (12). For
the moment of inertia J of the core we use the ordinary
expression in the cranking model, multiplied by some
scale factor v chosen from the condition of the best de-
scription of the observed spectrum:

J=(2) 2 [JwLiv/(Eyt-Ey)l.
v, v>0
(n, p)

(75)
The scale factor v is introduced because the moments of
inertia usually calculated in the cranking model are

smaller than the experimental values (see ref. 43) by 10-
15%.

The total energy & (I) of the nucleus is minimized
with respect to A(n,p)' ?\(n, p): and CK’ i.e., one solves a
system of variational equations

08 (1)/0Awm, py=0; E(D)/OAn. py==0; 6E(I)/6CKk=0  (76)

with allowance for the normalization (9).

The results of solving Eq. (76) for the ground-state
rotational band of the ¥!'Dy nucleus for v = 1,15 are given
in Table 6. In this table we give the calculated energies,
the effective values of the rotational parameter 1/23¢ff
[Eq. (40)], and the contributions to it that arise from the
variation of the individual terms of the right-hand side of
(74) (06U, and 6E, respectively), and also the rotational
energy (1/2J‘13.£f%). In addition, we give results that char-

402 »Sov. J. Particles Nucl., Vol. 4, No. 4, April-June 1974

acterize the behavior of the moment of inertia (75), the
gap, and the chemical potential in the band.

It can be seen that the solution of Eqgs, (76) gives
approximately the same quantitative description of the
rotational energies as the static approach. Dynamical
effects in the values of the moment of inertia and the gap
become appreciable only for I $27/2, Uptoaspinl=
21/2, the gap A, even increases slightly from its ground-
state value, i.e., the Coriolis interaction of the odd nu-
cleon with the core is stronger than the antipairing ef-
fects in the core itself, Therefore, the potential energy
U, of the core changes weakly up to large values of the
spin, and the moment of inertia of the core also changes
slowly. The mean values Ay, (I) and J(I) agree well with

the parameter values used in the static caleculations (see
Table 2),

CONCLUSIONS

We have considered the possibility of describing ro-
tational bands right up to high spin values in odd-mass
atomic nuclei in the framework ofa semiphenomenological
nonadiabatic model that uses a small number of collective
parameters, The main assumption of the model concerns
the form of the Hamiltonian (3), which in the general case
can also be used to describe rotational bands associated
with the ground and excited states of even—evennuclei,'%"!
The relationship between this form of the Hamiltonian
and the equations of the self-consistent-field method has
been discussed in ref, 71. The freedom in the choice of
the configuration space on which the operator of the in-
ternal angular momentum j acts reduces to the definition
of the set of one-particle states coupled by the Coriolis
interaction, From this point of view, the definition of j
is dynamical, and it depends on the quantum numbers of
the actually considered rotational band. The value of the
rotational parameter 1/(2J) cannot be calculated self-
consistently within the model, In the general case, J is

Baznat et al 402



not the effective moment of inertia of the system in the
usual sense of the cranking model. A relationship to the
cranking model can only be obtained in the case of weak
nonadiabaticity. As yet it remains obscure how the ro-
tational part (3) is to be separated out from the many-
particle microscopic Hamiltonian, although a number of
constructive steps have already been taken in this direc-
tion (see, for example, refs, 7-9),

Numerous calculations have been made in the frame-
work of the nonadiabatic model of the rotational spectra
and the electromégnetic moments in odd-mass nuclei
and satisfactory agreement has been achieved with the
experimental data right up to large values of angular
momentum,

Restrictions on the model arise from the neglect of
the residual quadrupole and octupole forces and alsofrom
the assumption that the nuclei are axially symmetric, It
is a purely technical problem to lift the first restriction,
and one must merely use the basis of internal states de-
veloped, for example, in refs, 20 and 25. Nuclei may be-
come dynamically nonaxial at large angular momenta,
These effects were investigated approximately in refs,
13, 106, and 107, in which allowance was made for the
effective departure from axial symmetry.
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of the nonadiabatic model, We are grateful to I, N, Mi-
khailovfor a number of critical comments, We should
also like to thank H, Schulz and S. P, Ivanov for providing
a number of computer programs, S, I, Gabrakov for as-
sisting in the calculations, and Kh, Shtrusnyi for providing
some experimental data.
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Kishinev,
1';'In accordance with our definition of the internal motion, collective vi-
brations, for example, quadrupole and magnetic dipole vibrations, can
also contribute to j.

B)The appearance of the coefficient 2 for K* in (15) is due to the inclusion of
the # term in the average field.

a)flere, we use the same form of the spin interactions as in ref, 28, For
simplicity, we assume that u,, = Hpp = s Kpp = 0, and that the isotopic
dependence is included in this parameter. Interactions of the type V(ry,)-
olt) ng are not written down explicitly in the Hamiltonian but are allowed
for in all the calculations, These forces generate 1*(K = 0) excitations in
the core and are responsible for longitudinal spin polarization effects.
However, they do not affect the renormalization of the matrix elements of
[he operators jP/,

*/In this case, the one-particle matrix elements j(P)- are usedinthe diago-
nalizationofH . Note also that the rotational parameter in Hror. is not
renormalized,
5)The interactions Hj and Hg cannot serve as such interactions because of
their repulsive nature. They affect the moment of inertia but cannot
themselves generate a rotational branch of excitations,*?

%ee also the discussion in Sec, 12.

"Mhis definition is convenient for bringing out d1scontmumes in the mo-
ment of inertia, For an equidistant spectrum (1/2]§'') = 0. and at the
point of phase transition this quantity becomes negative.
8lere we use the effective gef factor instead of the gy factor. They are
related by Kgk = Kgg (gsff - g1 ) oy, k/2

he configuration space for the outer nucleons in this case includes all
states of the subshell i3/, and the states 1/27[400] and 3/21[402], which
are coupled to it by the interaction with AN =2,
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Ynote that in the nonadiabatic approach one can introduce a single effec-
tive factor gg‘ff instead of the two adiabatic magnetic parameters gy and
by (see, for example, refs, 24 and 54).
utSNote that to describe E1 wransitions it is important to allow accurately
for blocking effects in the pairing interaction in odd-mass nuclei, which
we have done in the present paper,
= Only the maximum amplitudes have been given. The internal states
are denoted by means of the asymptotic quantum numbers [Nn,A]Z.

he expressions are written down for an odd system, For an even sys-
tem the internal energy is described simply by the expression U,.
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