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The recently improved quasiparticle—phonon model of the nucleus is described. The calculated

energies and wave functions of all the nonrotational states up to 2.3 MeV in

156,158,160Gd

1601621647y, and '96'63Er are given, along with the probabilities for E1, E2, E3, E4, and M1
transitions from ground to excited states and the reduced probabilities of E1, E2, M1,

and M2 transitions between excited states. The corresponding experimental data are systematized
and compared with the results of calculations using the quasiparticle—phonon model. This

model gives a fairly good description of the energies, the reduced probabilities of EX and MA
transitions, and the largest two-quasiparticle configurations of one-phonon terms of the

wave functions of nonrotational states. Some predictions are made. © 1996 American Institute

of Physics. [S1063-7796(96)00306-3]

1. INTRODUCTION

Low-lying quadrupole and octupole collective and two-
quasiparticle states in even—even deformed nuclei have been
studied both experimentally and theoretically for almost half
a century.l‘4 Nevertheless, the structure of the first vibra-
tional states is still the subject of active discussion. For ex-
ample, it is only a convention to associate the first K },’=0f
and Zf' states, called beta- and gamma-vibrational states,
with vibrations of the nuclear surface. Moreover, in many
nuclei the first excited 0, state cannot be treated as a beta-
vibrational state even by convention, owing to the low-
intensity E2 transition to the ground-state rotational band.
The existence of collective two-phonon (or doubly vibra-
tional) states in strongly deformed nuclei remains uncertain.
It is more difficult to find such states in deformed nuclei than
in spherical nuclei because their energy centroid is shifted to
higher excitation energies, where the level density is fairly
large.s'6

Intensive experimental and theoretical studies have been
carried out for low-lying magnetic and electric dipole exci-
tations. The collective magnetic dipole excitation referred to
as the scissors mode was discovered in (e,e’) experiments in
156Gd (Ref. 7) and was later found in almost all deformed
nuclei. It was predicted in Ref. 8 using the two-rotor model.
The collective properties of these excitations have been de-
scribed in the random-phase approximation (RPA) in many
studies.” 12

Interesting new information about the structure of ex-
cited states has been obtained by studying the probabilities of
7y transitions between excited states. This information sig-
nificantly augments that obtained from elastic and inelastic
scattering, Coulomb excitation, one- and two-nucleon trans-
fer reactions, and B decay.

The present review is a continuation of the first part in
Ref. 13, where we described a version of the quasiparticle—
phonon model (QPM) of the nucleus for even—even de-
formed nuclei. The QPM has been developed in conjunction
with the study of the properties of deformed nuclei. The
improvements of the QPM made after the writing of Ref. 13
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are described in Sec. 2. The details of the calculations and
the interaction constants are given in Sec. 3. The experimen-
tal data and results of the calculations are given in Sec. 4 in
the form of two tables for each nucleus. The features of
nonrotational excited states are discussed in Sec. 5, where we
also compare theory and experiment. In Sec. 6 we formulate
the main conclusions.

In this review we use the same notation as in Ref. 13 if
not stated otherwise.

2. IMPROVEMENT OF THE
QUASIPARTICLE-PHONON MODEL

The basic statements of the QPM are given in Refs. 14
and 15. The mathematical formalism of the QPM, designed
to describe the energies and wave functions of low-lying
nonrotational states in strongly deformed even—even nuclei,
is described in Refs. 13 and 15.

As described earlier, the one-phonon states form a basis,
which is used in the QPM as the basis of single-particle
states. Special attention is paid to the construction of the
phonon basis using the RPA. As is well known, the RPA is
applicable to nuclei in which the ground-state correlations
are small, i.e., when the number of quasiparticles (a;r(,aqa)
averaged over the ground-state wave function is small. The
ground-state wave function of an even—even nucleus ¥ is
the phonon vacuum. According to the calculations of Ref.
16, the maximum number of quasiparticles in the ground
states of '®®Er, 1%Gd, and 5%Gd is 0.017, 0.035, and 0.040,
respectively. Since the number of quasiparticles in the
ground states of strongly deformed nuclei is very small, the
one-phonon states calculated in the RPA can serve as the
phonon basis in the QPM.

The ground-state correlations are taken into account in
describing the first quadrupole and octupole states in some
spherical nuclei with incompletely filled shells. For example,
the effect of ground-state correlations in %4-79Zn on the tran-
sition densities is significant for the first quadrupole and oc-
tupole states.!”
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Let us give the wave functions of one-phonon states and
the wave functions containing one- and two-phonon terms,
which will be needed to understand the results of the calcu-
lations without reference to Ref. 13. The Hamiltonian of the
QPM consists of the axially symmetric Woods—Saxon poten-
tial describing the mean field, monopole pairing, and also
isoscalar and isovector particle—hole (ph) and particle—
particle (pp) multipole—multipole and spin—spin interactions,
written in separable form.

The calculations are performed in the RPA using the
wave function

Q)Tp.i(r‘P09 (1)
where
Q:-p.iaz 1/22 {‘/’Z{LqizA (91923 10)
9192
— Py A(g,45:1(— 0))} )

is the operator for creation of a phonon of multipole order
Ap, i=1,23, ... is the number of the root of the secular
equation of the RPA, and V¥, is the ground-state wave func-
tion of the even—even nucleus. The quantum numbers of
one-particle states are denoted by qo, where 0==*1 and ¢
is equal to K™ and the asymptotic quantum numbers
Nn,AT for K=A+1/2or Nn,A| for K=A—1/2. The QPM
calculations are performed using a wave function containing
one- and two-phonon terms:
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Here n=1,2,3, ... labels states with a fixed value of X go.
Its normalization condition has the form
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The Pauli principle is taken into account in the two-phonon
terms of the wave function (3) by introducing the function
FEO(N iy Nopais), the explicit form of which is given
in Refs. 13 and 15.

The improvement of the QPM consists of, first, the ap-
proximate elimination of the ghost state in the calculation of
levels with K™=1" and the use of spin—spin interactions
together with quadrupole interactions in the RPA calcula-
tions, and, second, the RPA calculation of the energies and
wave functions of states with K"=0" and 1~ not only with
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the isoscalar and isovector ph and pp octupole interactions,
but also with the isovector ph dipole—dipole interactions.

In earlier calculations'®'®1° of excitations with
K™=17 the ghost state associated with nuclear rotation was
not eliminated. In the new calculations whose results are
presented here, the ghost state is approximately eliminated.
This is done by choosing the constant 1(2l of the isoscalar ph
quadrupole interaction to be larger tha.n its critical value
(k3. At the value (k2'),, the first solution of the secular
equation of the RPA vanishes. In Ref. 20 the procedure of
ehmmatmg the ghost state led to fixing of the constant

—( K Der- The following requirement is satisfied in our
calculatlons

Ko > (K5 )er- ®)
The ghost state is defined as

1
)= 5 11E) ©)
sp

with normalization
____ (gyphyphy _ ’
Nep (IT1%)=1, (6"
where
Nop= qEq (u qlq2)2[<q200|1 9100
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X{q100l1+|9200) 8k, — k1 (q2(— T _|g,070)
X{q100l! +|g2( = 00)) 8k + k1]

Nsp=Nsp(V)+Nsp(7T)- M

The overlap of the wave function of the one-phonon state
Q;l,-,,o‘lfo with the ghost state is

N;‘puz_(‘l Q21!¢70)<Q21"70 +> 121112“ (8)
N
where
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We note that if the ghost state is not eliminated, we have the
following normalization:

2 Nip,=1. (10)

When the condition (5) is satisfied, the ghost state is practi-
cally orthogonal to all the one-phonon states. For any one-
phonon state the overlap with the ghost state is less than
0.005. The sum over the first 20 states Z?ONipu has a value
from 0.010 to 0.025. The sum over all the states in %Dy up
to 30 MeV is 0.048. From this we see that the approximate
elimination of the ghost state is quite satisfactory. The over-
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lap of the ghost state with the excited states described by the
wave functions ¥ (K g %¢,), consisting of one- and two-
phonon parts, has the form

spu—

. 1 - -
N, _Iv_sp (V- (K,°=1 o) (XK,

1
=1+’UO)J+>=

> RIRLIMAN (11)
sp i’

The collective states with K™=1% excited in (e,e’) and
(v,7") reactions were predicted by studying the two-rotor
model.® It was assumed that the neutrons and protons ex-
haust the rotational oscillations about the axis perpendicular
to the symmetry axis of the deformed nucleus. Comparison
of the cross sections for the excitation of these states in
(e,e') and (y,v') reactions has shown that they are excited
via the orbital part of the M1-transition operator. The prop-
erties of these states are described microscopically in the
RPA.’-12

The microscopic representation of the wave function of
the scissors state is given in Ref. 11. It has the form

| ooy = (NN (V)N (1))~ VP[N () IR (w)
~No(»)IR(m)], (12)

where N, is given by Eq. (7), and Ny (v) and N,() refer
to the neutron and proton systems, respectively. The follow-
ing normalization conditions hold:

<\I’sc|\psc>= 1 (13)

2 ¥ Q3is Yoll*=1, (14)

where the summation runs over all the solutions of the secu-
lar equation of the RPA.

The overlap of the wave function of the state (12) with
the wave functions (1) and (3) has the form

Sc'= <Q21i\psc)(q,:::Q2+li>
NG (v) = NI ()]

NspNsp( V)Nsp( '7T) s (15)
— npt 21i
Sc T NN o(v)N () E RIR}[Ng(m)I5 (v)
~ NN (m N (mE ()
~Ng(I (m)]. (16)

3. REPRESENTATION OF THE RESULTS OF THE
CALCULATIONS

In our calculations we used the single-particle energies
and wave functions of the axially symmetric Woods—Saxon
potential. The nuclear part of the Woods—Saxon potential
consists of central and spin—orbit terms:

VNuc.ZV(r)—*—VIs(r), (17)

669 Phys. Part. Nucl. 27 (6), November—December 1996

TABLE 1. Parameters of the Woods-Saxon potential.

Vo ro a K
A p/n MeV F F! P
155 P 592 1.24 1.63 0.360
165 P 59.2 1.25 1.63 0.355
155 n 412 1.26 1.67 0.400
165 n 448 1.26 1.67 0.430
N.Z
V(r)= % (18)
1+exp{a[r—R(6,$)]}’
Vi(r)=—«(pXa)VV(r), (19)

where ¢ is the Pauli matrix and p is the nucleon momentum.
For the proton system it is necessary to add the Coulomb
term

_ 2 ' '
3 (Z—-1)e jn(r )dr (20)

VC(r)=Z7T- Rg [r—r"]

where n(r) is the charge density distribution in the nucleus:

n(r)={1+exp[a(r—R(0,¢))]}".

The shape of the nucleus is described by the expression

R(6,8)=Ro{1+ B+ ByY(0,8)+BaY 1(6.4)}, (21)
where Ry=roA" is the radius of the equivalent spherical
nucleus, and the constant B~ is often introduced to obtain the
best conformity with the condition of conservation of the
nuclear volume. Finally, B, and B, are the quadrupole
(A=2) and hexadecapole (A =4) deformation parameters.

Since the single-particle energies and wave functions of
the Woods—Saxon potential depend on the mass number A,
the regions of deformed nuclei are split into zones so that the
calculations do not have to be done for each value of A. The
rare-earth region is split into the following A zones: 155,
165, 173, and 181. The fit of the parameters of the Woods—
Saxon potential consists of the following four steps: (1) the
set of potential parameters determined is used to calculate
the single-particle energies and wave functions; (2) the equi-
librium shape of the nucleus is calculated by the shell-
correction method,! and the quadrupole and hexadecapole
deformation parameters B, and B, are thereby fixed; (3) the
phonons are calculated in the RPA; (4) the wave functions of
odd nuclei are taken in the form of a sum of one-
quasiparticle and quasiparticle® phonon components, the
quasiparticle—phonon interactions are taken into account,
and the energies and wave functions of the nonrotational
states of odd nuclei are calculated and then compared with
the corresponding experimental data. The agreement be-
tween the results of the calculations and experiment is im-
proved by changing the parameters of the Woods—Saxon po-
tential and then repeating the four steps of the calculations.
This procedure is repeated until a sufficiently good descrip-
tion of the experimental data on the low-lying nonrotational
levels of odd nuclei is obtained. The parameters of the
Woods—Saxon potential are given in Table I.

The calculations were carried out using the single-
particle energies and wave functions of the Woods—Saxon
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FIG. 1. Multipole-multipole isoscalar ph interaction constants xj* (in units
of F2MeV ™).

potential of the A= 155 zone in '3158160Gd with the equi-
librium deformations B3,=0.28 and B4,=0.04, and of the
A=165 zone in '®Dy with 8,=0.28 and 8,=0.02, and in
162Dy and '6168Er with B,=0.28 and B,= —0.01 and the
nonaxiality parameter y=0. All the single-particle levels
from the bottom of the potential well up to +5 MeV were
taken into account in calculating low-lying states with en-
ergy below 2.3 MeV.

The quasiparticle interaction constants were fixed as fol-
lows. The constant kj* of the isoscalar multipole ph inter-
action was taken to be that for which the calculated energy of
the first K_, state is close to the experimental value; the
isovector constant was k)%= — 1.5k5*, and the multipole pp
interaction constant was G = K();" . The isovector dipole ph
interaction constant was «*= — 1.5xg* . The location of the
giant isovector dipole resonance is described well for this
value of the constant. The numerical values of the constants
are given in Fig. 1. The constant K%l is larger than that for
which the first solution of the secular equation of the RPA is
equal to zero. In this manner we approximately eliminated
the ghost state with K”= 1" associated with rotation of the
nucleus as a whole. The isoscalar and isovector spin—spin

interaction constants are «y'=—0.0024 F>.MeV~! and

k"= —-0.024 F2.MeV~'. The monopole pairing constant
G, was fixed from the pairing energies, using the fact that
G*= K(2)0. The energies of the two-quasiparticle poles were

calculated taking into account monopole and quadrupole
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pairing, the blocking effect, and the Gallagher—Moszkowski
corrections.?

Our phonon basis consists of ten (i=1,2,3,...,10)
phonons of each multipole order A u =20, 22, 32, 33, 43, 44,
54, 55, and 65, and also twelve phonons of each order
Ap=21, 30, and 31. In addition to the energies and wave
functions, we calculated the reduced probabilities for EX and
M1 transitions from the ground state O+Og_s. to the excited
state with /=X using the expressions given in Refs. 13 and
15. The reduced probabilities for EX and M\ transitions be-
tween excited states were calculated using the expressions
given in Refs. 13 and 23. We use a restricted space of one-
particle states from the bottom of the potential well up to
+5 MeV. Therefore, the calculations of the B(EMN) for
A=2,3, 4, and 5 were performed with the following effec-
tive proton and neutron charges: e}(p)=1.2 and
e%n)=0.2. The calculations with the complete basis and
e )=1, e%)n)=0 give roughly the same values of the
B(EXN). The reduced probabilities B(E1) were calculated
with the effective charges e f}(p)=N/A and e{R(n)=—ZA,
and the B(M\) were calculated with g§ﬁ=0.7.

We calculated the energies and wave functions of non-
rotational states neglecting the Coriolis interaction. If neces-
sary, it can be taken into account using the wave functions
(3), as has been done in, for example, Ref. 16. The experi-
mental data and results of the calculations are presented in
the form of two tables for each nucleus. In the first we give
the experimental and calculated energies and the values of
B(EX)T for EX transitions with A>1 from the ground state
0+Og_t to excited states with fixed values of I"K, with
A=I. The calculated structure of the nonrotational state is
represented as the contribution (in percent) of the one-
phonon (A u); and two-phonon {()\lﬂl),-l,()\z,u.z),-z} terms
to the normalization of the wave function (2). Later in the
table we give the contributions (in percent) of several of the
largest two-quasineutron vv and two-quasiproton 77 com-
ponents to the normalization of the wave function of the
one-phonon state (Aw);. In these tables we give all the non-
rotational states with energy below 2.3 MeV. B(EX)T de-
notes the reduced probability for an EN transition from the
ground state O+Og_s. to an excited /”K,, state with /=X, ex-
pressed in one-particle units:

2

A1 (12A 1/3)2)‘(F)2)‘. (22)

41

3

3+

B(EX) T one-p. units —

In the second table we give the E1 and M1 transitions from
states with K"=0", 17, and 1* to the ground state and El,
E2, and M1 transitions between excited states. The values of
B(EX\) and B(MM) are given in units of e’F?* and
unF? 72, respectively. The y-transition probability is given
in inverse seconds.

4. THE EXPERIMENTAL DATA AND RESULTS OF
THE CALCULATIONS

The results of the calculations of the energies, wave
functions, B(EX)T, and the reduced probabilities for y tran-
sitions between excited states are given in Tables ITI-XVII
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TABLE I1. Nonrotational states in '*°Gd.

Experiment QPM calculations
E, B(EN)T Structure E, B(EN)T Structure %
K7 MeV one-particle units MeV one-particle units
oy 1.049 0.63 1.2 0.8 (20),:88
1.38 S(¢,p)=0.01 S(t,p)=0.2 {22),,(22)}: 5
_ _ {(33),.(33)1: 1
S(p,t)=0.10 S(p,t)=0.1 {(20),,(20),}: 1
p*=0.051 p*=0.004 (20),: vw5211-52171 56
mwal11—4117 27
(GR)) vw6511—6511 7
wm4l3]-413] 4
2f 1.154 4.46 1.1 40 (22),: 96
2.8 (d,p) {(20),,(22),}: 1
{(22),,(449),}: 1
(22),: w6421 —6607 20
vww5217+521]) 13
yw6517+6607 12
w43 411 12
05 1.168 0.31 1.8 0.1 (20),:93
0.32 S(t,p)=0.23 S(¢.p)=0.17 (20),: 1; (20)5: 2
_ (20),: w523]-523] 25
S(p,1)=0.10 vwS217-5217 18
p?=0.0037 p?=0.002 Tmall]—4117 17
(d,0(d,p) w6511—6511 6
1y 1.242 16.9 1.1 13 (31),:99
3.4 (31),: w5321 — 4111 26
(d.0) w6421 5211 19
0y 1.366 3.6 1.4 33 (30),:99
(30),: wwS5217-6511 30
Ch) w5321 —413] 5
4f 1.511 |gx—grl=0.5%0.1 1.5 0.6 (44),:94
7m413]+4117 large {(22),,(22)}}: 5
(44),: w413 +4117 83
w6421 +6511 8
w523 +5211 6
03 1715 S(1,p)=0.01 1.8 0.1 (20),:90; (20),:3
_ {(22),,(22),}:3
S(t,p)=0.02 (20);: 7w413|—413] 28
mwdl17—4117 23
w651T-6517 17
w523]—523] 10
27 1.780 1.7 30 (32),: 98
(d, (32),: w4111 -5231 51
w6607 +5217 23
v 523 —6607 5
2 1.828 19 0.1 (22),:86; (22),: 3
{(20),.(22),}: 3
{(22),.(44),}: 3
(22),: vi6421-6601 74
vw6517+6607 15
vw5217+521) 5
oF 1.851 22 0.01 (20),:91; (20): 5
{(22)1,22)4}: 1
(20),: w523 —523] 64
w6511-6511 12
vw5051—5057 8
4} 1.861 1.9 0.02 (44),:90; (44),: 3
(d,1(d,p) {(22),,22),}: 4
(44),: w523 +5211 85
wrdl3]+4111 12
2 1.934 2.0 0.2 (32),:96
d.v(d.p {(22),,(59:}: 2
(32),: v 5217+6607 77
w5237 —4117 19
0; 1.946 20 0.8 (30),: 96
(4 (30),: wwS32]—413| 28
w5217—-6511 17
w523 —6421 13
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TABLE II. (Continued.)

Experiment QPM calculations
E, B(EN)1 Structure E, B(EN)T Structure %
Ky MeV one-particle units MeV one-particle units
1y 1.966 0.16 1.9 0.04 (21),:99
(21),: wm413|—4117 89
v6427-6511 8
15 2.027 0.43 2.0 09 (21),:93
{20),,21): 3
(21),: w6427 —6517 63
w5231 -5321 18
wm413|—4117 10
w523 -5211 3
47 2.045 2.0 0.7 (54),:98 -
(54),: vw6517+523] 60
w5321 +4111 20
1; 2.0 0.4 (31),:96
{20),,61);} 2
(31),: vr 6421 -5211 76
w5327 -4117 19
77 2.138 28 vr5057+6511 100
15 2.187 23 0.07 (21)5:99
(21): w6517—6607 85
v 6427 —-6517 10
37 2.1 0.2 (33),:89;(33),: 6
(33): vw5211+6511 93
w5141 —4111 2
43 2.1 0.01 (44);:84;(44),: 3
{(22),,22),}: 8
(44),: mw413|+4117 94
w523 +5217 4
05 24 0.8 (30)5:93; (30),: 1
{(20),,(30)3}: 2
(30);: w5321 —413] 31
vv523|—6421 18
3f 23 40 (43),:97
(43),: vy 6421 +6607 16
vw532|+5211 13
23 2.3 0.3 (22),:80;(22),: 5
{(22),,(44),}: 5
(22);: v165114+6607 61
vw5217+521) 36
05 23 0.01 (20)5:95;(20)4: 2
{31,611
(20)s: vv 6421 -6421 41
7413 —413] 7

along with the corresponding experimental data. The results
of the calculations in Refs. 16, 18, 19, and 23-26 are quoted
in these tables together with the results of the new calcula-
tions. We give the ratios of the experimental and calculated
spectroscopic factors of (¢,p) and (p,t) reactions for transi-
tions to excited 0 states and transitions between ground
states, i, S,(£,0)=Su(t.0)/Sgs(t,P), Su(p,D)=S.(p.1)/
Sgs.(p.t). The experimental values of the two-quasineutron
vv or two-quasiproton 77 components of the wave func-
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tions of the levels excited in one-nucleon transfer reactions
and in B decay are given. The notations (d,t), (d,p), (*He,
@), and so on indicate high intensity of the corresponding
reactions. The experimental and calculated values of p? were
found from the matrix elements of EO transitions, and the
values of X(EO/E2) were obtained from the reduced prob-
abilities of EQ and E2 transitions.

The experimental data for P158.10Gq in Tables II-VII
are taken from Refs. 27-39, and the lower values for
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TABLE III. E1 and M1 transitions to the ground state and E1, E2, and M1 transitions between excited states in 156G,

B(EN)|, 2 F*

or

Initial state - Final state BM\)|, pudF?72
I"K, E,, or ng I"K, E,, exp. [Ref.] calculation
MeV Mx MeV
171, 1.242 El 1 0%0, 0 3.1073 35 30-1073
1-107 29
El 2 0*0, 1.049 2-107* 29 5-107¢
170, 1.366 El 1 0%0,;, 0 5.107% 35 40-1073
2.6-107% 29
El 2 2*0, 1.129 7-1074 29 3-107°
4%0, 1.298 E2 1 270, 0.089 61 29 55
46 30
E2 2 2*2, 1.154 3
4*4, 1.511 E2 1 2%2, 1.154 64
00, 1.715 E2 1 22, 1.154 28
El 2 171, 1.242 3.107*
El 3 170, 1.366 2.107°
240, 1.771 E2 1 2%0, 0.089 90 29 8
El 2 171, 1.242 5.107° 29 4.107°
El 3 170, 1.366 1.6-107% 29 7.107¢
272, 1.780 El 1 2*2, 1.154 1.8-107% 29 2-107°
Ml 2 272, 1.320 81072 29 0.02
2%2, 1.828 E2 1 2*045 0.089 6
E2 2 2*0, 1.129 15
M1 3 22, 1.154 0.003
E2 4 2%0, 1.258 2
0*o, 1.851 E2 1 2*0, 1.129 3
E2 2 2%2, 1.154 6
El 3 171, 1.242 4.107*
070, 1.946 El 0*0,s 0 81073
11, 1.966 Mi 0*0, 0 1-1073
1*1, 2.027 M1 070, 0 0.06 35 0.26
4%4, 1.861 E2 1 22, 1.154 24
M1 2 4%4, 1.511 0.04
E2 4%4, 1.511 0.2
272, 1.934 M1 1 271, 1320 3.1073
E2 2 370, 1.468 0.4
37(1) 1.9344 El 1 270, 0.089 5-107% 29 20-107°
El 2 2%0, 1.129 6-107° 29 4.107¢
E2 3 171, 1.242 290 29 03
El 4 3*2, 1.248 1.2:107% 29 2-1077
El 5 2%0, 1.258 (5:107%) 29 4-107¢
Mi 6 272, 1.780 (27-107% 29 0.002
170, 1.946 El 1 070, 0 (8+3)1074 35 60-107*
4.7-107* 29
M1 2 171, 1.242 0.01
El 3 2%0, 1.258 9-107* 29 3.1075
1*1, 1.966 E2 1 2%0,,, 0.089 20 33 13
Ml 2 22, 1.154 0.02
El 3 171, 1.242 8.107°
El 4 170, 1.366 2-107¢
11, 2.027 E2 1 2%0,, 0.089 55 33 100
120 29
Ml 2 2*0, 1.129 0.04 29 107*
MI 3 0%*0, 1.168 0.05 29 0.01
El 4 271, 1.320 0.038 29 2.1074
474 2.045 El 1 4*4, 1.511 3.107°

B(EN)T in Tables II, IV, and VI are taken from Ref. 39. The
experimental data for 160Dy in Tables VIII and IX are taken
from Refs. 30, 37, and 40—49. In Tables X and XI we give
the experimental data for '?Dy obtained in Ref. 19 and also
taken from Refs. 50—52. The experimental data for '**Dy in
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Tables XII and XIII were obtained in Refs. 45, 47, 49, 51,
and 53-58. The experimental data for 16Er in Tables XIV
andXV are taken from Refs. 49 and 59-64. The experimen-
tal data for '9Er in Tables XVI and XVII are taken from
Refs. 49 and 65-75.
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TABLE IV. Nonrotational states of %3Gd.

Experiment QPM calculations
E, B(EN)T Structure % E, B(ENT Structure %
KT MeV one-particle units MeV one-particle units
1y 0977 119 1.0 8.0 (31),:98
8 {(20),,(31),}: 1
(t,@): w5321 —4111 45 31);: v 64215211 46
(d,p):vv 64215211 40 w5321 —4111 25
27 1.187 3.4 1.2 3.6 (22),: 95
{(22),,(44) 11
(22),: vw5211+521] 21
vw523|—-521] 13
mral11+411] 12
mm4l13]—411] 10
16427 - 6607 8
0y 1.196 0.31 1.0 0.4 (20),:94
(d,p):vr5211—5211 {(20),,(20),}: 1.4
large p’=3.10" (20),: w5211 -5211 24
p*=(1.2%2.1)-10"* X(E0/E2)=0.03 vw523|-523| 18
S(p,1)=0.26 mm4llT—4117 16
v 5057 —-5051 15
vv402|—402| 10
o7 1.263 22 1.3 3.0 (30),: 97
2.7 {(20),,(30),}: 1
(30),: vv 6427 —523] 30
4y 1.380 (ta):mm413] +4117 1.4 0.6 (44),: 96
large {(22),,(22),}: 2
(44),: w413 +4117 80
vw523|+5217 13
v 6421 +6511 4
05 1.452 0.37 p*=0.032 1.6 0.2 (20),: 93; (20),: 1
X(E0/E2)=0.97%0.12 {(33),,(33),}: 2
p?=0.03 (20),: mral3]—413] 40
.ST(p,t) =0.23 X(E0/E2)=0.97 vy 52175211 20
vv 5057 —5051 15
S(p,1)=10"* mmall11—4117 10
a7 1.636 (d,p):vw5217+6427 72 1.7 0.3 (54),: 98
(t,a):mm 5321 +4117 (54),: vw5217+64271 73
significant mm532T+4117 11
057 1.743 (t,a):mm4117—-4111 1.8 0.02 (20)5: 97
significant (20): ww4llT—4117 40
vw5211-5211 40
w523 -523] 15
27 1.794 5.2 1.8 35 (32),: 98
(32),: w5231 —4111 58
vv6337T—5217 12
17 1.848 (t,@):mma13]—4117 1.8 0.01 (21),: 99
large (21);: wr413] —4117 90
1y 1.856 1.8 1.2 (31),: 98
(31),: v 64215211 48
w5321 —4117 42
sy 19 0.1 (55),: 97
{(20)1 »(55)1}-'2
(55),: vv 523 +6421 98
4 1.920 (d,p):vv523]+5217 ~75 1.9 0.002 (44),: 95
{(22),,(22),}: 2
(44),: vw523[+5217 83
mm413]+4117 16
1y 1.930 (t,@):mm413|—4111 1.9 0.003 (21),: 98
significant (21),: vw523|—5211 70
vv6427—-6511 9
75237 —5327 8
ww413|—4117 6
0; 20 15 (30),: 97
(30),: vv 523] —6421 18
vwS21T—6517 14
w5321 —413] 3
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TABLE 1V. (Continued.)

Experiment QPM calculations
E, B(EN)T Structure % E, B(EN)T Structure %
K7 MeV one-particle units MeV one-particle units
0} (1.952) 2.0 03 (20),: 94; (20),: 1
{22),,(22),}: 3
(20),: 7wmw413]—413] 55
w523|-523] 12
vw 5051 —-5051 5
ww5321-5327 5
13 23 0.2 (21)5: 94
{(21),,(20),} 3
21),: wS523|-5211 30
w6421 6511 2
7w 5231—-5321 17
37 2.1 3.8 (33),: 90
{(20),,(33),}: 2
(33);: Tn5141-41117 21
wS217+6511 12
w5231 —4207 12
4, 2.176 (t,@): w5321 +4117 2.1 0.2 (54),: 98
=5 large (54);: 75321 +4117 54
vw5211+6421 24
wS523]+6517 18
37 22 40 (43),: 97
{(30),,(33),}: 1
(43),: v 6421 +6601 13
6, 22 7w 413|+5231 100
43 22 0.01 (44);: 89
{22),,(22),}: 4
{(20),,(44)3}: 3
(44),: w6421 +6511 90
25 23 0.1 (22),: 83; (22)5: 2
{(22),,(20),}: 2
{(20),.(22);}: 2
{(22),,(44)3}: 3
(22),: vv 6421 - 6607 40
vw5217+521]) 28
vwS23|—-521] 18
Tw4l11+411) 4

5. NONROTATIONAL STATES AND »-TRANSITION
PROBABILITIES

5.1. General remarks

The energies and wave functions of quadrupole states
with A ©=20 and 22 and octupole states with A u=30, 31,
and 32 in the region 150<A <184 calculated in the RPA in
1965 using the single-particle energies and wave functions of
the Nilsson potential are given in Refs. 76 and 77. The am-

plitudes z'l“qlz and ¢2;‘qlz of the wave functions of the first

quadrupole and octupole one-phonon states are given in Ref.
76. A series of wave functions with large amplitude were
found in one-nucleon transfer reactions. The values of
B(E2) and B(E3) for the excitation of the first quadrupole
and octupole states are given in Ref. 77. For many years
these calculations served as the reference for experimental
studies.

The energies and wave functions of two-quasiparticle
states and the first two-phonon states with K™=0%, 2%,
07, 17, and 2~ calculated in the RPA with ph isoscalar
interactions using the single-particle energies and wave func-
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tions of the Woods—Saxon potential are given in Ref. 4. The
six largest two-quasiparticle components of the wave func-
tions of one-phonon states are given for each one. Many of
the predictions made in Ref. 4 were later confirmed experi-
mentally.

The energies and wave functions of hexadecapole states
with K™=3% and 4% in even-even deformed nuclei in the
region 158<A =188 were calculated in the RPA in Ref. 78.
It was shown that there are collective hexadecapole and two-
quasiparticle states among the low-lying states with
K™=3% and 4*. The features of quadrupole and hexadeca-
pole states are described in Ref. 79. The effect of interactions
of high multipole order with A=35, 6, 7, and 9 on the mixing
of two-quasineutron and two-quasiproton states with large
values of K in even—even deformed nuclei was studied in
Ref. 80. The description of the experimental data on the
mixing of two-quasineutron and two-quasiproton configura-
tions in '75'78Hf, 7'yb, '®Er, and '®Gd obtained in the
RPA is qualitatively correct. These studies show that in de-
scribing the structure of deformed nuclei it is also necessary
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TABLE V. El and M1 transitions to the ground state and E1, E2, and M1 transitions between excited states in **Gd.

Initial state EA Final state B(EN)|, e’F*
or or B(M\)|, uiF?2
I"K, E,, M ng I"K E,, exp. [Ref.] calculation
MeV MeV
11, 0977 El 1 00, 0 15-1072
00, 1.196 E2 1 20, 0.079 80.1+5.6 30 100
El 2 171, 0.977 1.23-107* 30 21074
4%, 1.407 E2 1 2%0, 0.079 229 30 30
El 2 371 1.041 4.107°
E2 3 22, 1.187 0.34
170, 1.263 El 1 0*0, 0 6.6-107% 35 20-1073
4*4, 1381 E2 1 2%2, 1.187 50
2*0, 1517 E2 1 0%0, 0 18.7 30 10
El 2 171, 0.977 5-107% 30 2-107°
E2 3 2%2, 1.187 6
El 4 170, 1.263 3.100* 30 5.1075
474, 1.636 M2 1 3*2, 1.265 0.03
El 2 4*4, 1.380 1073
240, 1.792 E2 1 440, 0.261 6
E1l 2 171, 0.977 2-107¢
E2 3 2%0, 1.259 0.06
El 4 170, 1.263 5.107°
272, 1.794 Mi 1 271, 1.023 0.004
El 2 2*2, 1.187 31073
1*1, 1.848 Mi 1 0*0, 0 3-107°
El 2 271, 1.023 8.107°
E1l 3 170, 1.263 2.107
171, 1.856 El 1 0*0, 5 0 4.107*
M1 2 171, 0.977 0.06
El 3 2*2, 1.187 7-107°
M1 4 170, 1.263 0.03
4*a, 1.920 E2 1 2*2, 1.187 20
Mi 2 4*4, 1.380 0.04
El 3 474, 1.636 2-1074
1*1, 1.930 M1 1 0*0,¢ 0 1-1073
El 2 11, 0.977 4.107*
Ml 3 2*2, 1.187 0.07

to take into account multipole interactions with X >3.

The calculations of the nonrotational states in even—even
deformed nuclei given in the present review differ signifi-
cantly from the calculations performed earlier’®7¢-"8 in the
following respects.

(1) More complicated secular equations of the RPA are
used. In the earlier calculations only isoscalar multipole—
multipole ph interactions were taken into account, whereas
here isoscalar and isovector multipole—multipole ph and pp
interactions are included. Spin—spin interactions are also
taken into account in describing one-phonon states with
K™=1"%. Isovector dipole-dipole ph interactions are in-
cluded in describing states with K™=0" and 1.

(2) The wave functions of the nonrotational states, which
consist of one- and two-phonon terms, have the form (3).

(3) All the constants are fixed in the construction of the
phonon basis. There are no free parameters in the calcula-
tions using the wave function (3).

Another difference is that we have calculated the re-
duced probabilities for EN and M\ transitions between ex-
cited states, in addition to those for EX transitions from the
ground to excited states. Calculations were performed for all
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the nonrotational states with excitation energy below 2.3
MeV.

5.2. 0" states

Let us consider excited 0" states. For many years the
first O] state was treated as a beta-vibrational state? and
described in the RPA with quadrupole ph interaction and
interaction of the superconductor type.>*’®”” The energies of
the first excited 0 states were described correctly in Refs. 4
and 76, and the B(E2)] were greatly overestimated, as was
found after measuring them. The experiments performed
during the last 20 years have shown that in deformed nuclei
of the rare-earth region the first 0] states cannot be treated
as beta-vibrational states, owing to the small values of the
reduced probabilities for E2 transitions to the rotational band
constructed on the ground state. In addition, the density of
low-lying 0" states discovered experimentally has turned out
to be larger than the calculated value.

Significant progress in the description of 0% excited
states in even—even deformed nuclei was made in Ref. 81,
where quadrupole pp interactions were included along with
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TABLE VI. Nonrotational states in '©Gd.

Experiment QPM calculations
E, B(ENT E, B(EM)T
Ky MeV one-particle units Structure MeV one-particle units Structure %
27 0.988 2.8 09 2.7 (22),:97
{2,489 1
(22),: w5217+521) 25
w523|—521] 42
Tw4l17+411} 6
4t 1.070 1.17 0.6 (44),:98
{22),,22): 1
(44),: w5231 +5217 51
ww4l3]+4111 45
0y 1.224 11.8 13 50 (30),:99
3.1 (30),: vw523| -6427 30
75321413} 4
%) (1.326)
o} 1.380 S(t.p)=0.14 1.3 0.3 (20),:84; (20),:3
(20),:6
{(33),,33)1: 2
{(33),(33)28: 2
(20),: w523|—523] 75
S(t,p)=024 wrdllT—4111 9
w521 —521] 6
i 15 2.1 (31),:99
(31);: vw6427—5217 71
7w 53214111 12
37 (1.462) 1.5 2.7 (33),:86
{(20)5,(33),}: 2
(33);: vw6427+521| 54
w5141 —4111 10
4 (1.531) 15 0.1 (44),:99
(44),: mw413]+4111 52
w523 +5211 47
27 (1.584) 1.8 0.2 (22),:95
{(22),,(49),}: 1
(22),: vw523|-521) 50
vw5217+521] 45
7wdl1T+411] 2
05 1.6 0.6 (20),:64;(20)5:20
(20),:11
{(33);,(33)4>: 2
_ 63,63 2
5(t,p)=0.04 (20),: w5211 -5211 61
vw523]|—-523] 23
wmr4ll]—4111 8
27 1.6 28 (32),:98
(32),: w6331 —5211 41
w5231 —4117 33
6421521 9
57 1.6 0.01 (55),:89
(55),: vw6427+523] 99
4 1.7 0.2 (54),:99
(54),: 6421 +5217 93
ww4117+5321 2
35 (1.688) 19 27 (33),:85
{(20),,(30)}:2
(33),: vw6421+521] 46
mw5141—-4117 13
05 1.8 0.01 (20)5:65;(20),:30
_ {(33),,(33)2k: 1
S(t,p)=1073 (20)5: w411 —4111 46
ww413|—413| 33
1y 1.9 1074 (21),:99
21),;: v 523|-5217 99
1 20 107 (21),:99
(21),: Tw4l17—411] 99
0; 1.967 1.9 1.7 (30),:99
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TABLE VI. (Continued.)

Experiment QPM calculations
E, B(EMT E, B(EN)T
Ky MeV one-particle units Structure MeV one-particle units Structure %
(30),: V1523 — 6421 18
w413 —5321 17
1; (1.997) log ft=5.2 from '°Eu 0~ 2.0 1.2 (31),:99
(31),: w5231 413 39
w7m5231—-413] large w5321 —-4111 28
V64215217 23
4 2.0 0.3 (54),:99
(54),: w5231 +411) 83
V521746421 5
2 2.1 0.02 (32),:98
(32),: V16421 —521] 88
V63315211 10
o} 2.236 20 1074 (20)4:96; (20)5: 1
S(1,p)=0.18 S(1,p)=0.19 (20),: v521]-521} 29
V16421 — 6421 14
v16331— 6331 11
23 (1.996) 2.1 0.2 (22);:14; (22),: 2
{(22),,(44),}:78
(22);: mmal11+411) 27
v5211+521] 26
wmal3]—411] 19
13 22 0.003 (21);:98
(21)5: v5217—-521] 97
13 (2.348) 2.4 0.2 (21),:98
(21),: V6331 —6421 73
w5231 —5321 14
15 22 0.2 (31);:97
{21),,32),}: 2
(31);: w5231 —-413] 91
w5321 —4117 8
55 22 0.01 (55),:98
(55),: V633145211 99
0 23 0.2 (20)5:95
S(t,p)=1073 (20)s5: V6421 —6421 58
wwal3]—413] 22
3f 2.15 3.0 (43),:88; (43),: 7
(43),: w523|+521] 32
v5121+521] 11
3; 23 1.3 (43),:90; (43),: 8
(43),: w523 +521] 68
27 23 0.2 (32),:97
(32);: w5231 —4117 52
V6331 —52117 45
1f 2.670 27 02 (21)5:93
(21)s: V6421 —6511 81

ph interactions. The condition for elimination of the 0%
ghost states due to the conservation of the average number of
neutrons and protons was used to obtain the equations for
monopole and quadrupole pairing. The quadrupole pp inter-
action is important, because as the constant G increases the
energies of the low-lying poles of the secular equation de-
crease, and the values of B(E2)7 also decrease. In the calcu-
lations with G%0= K§° the calculated values of B(E2) ap-
proach the experimental values, the density of low-lying
0" states grows, and their structure is changed compared
with the case of the calculations for G?°=0. The wave func-
tions of the low-lying 0 states calculated in the RPA are
very complicated. They consist of a large number of two-
quasiparticle configurations even when the value of B(E2)
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for a transition to the ground-state rotational band is very
small. The 0% states are a mixture of pair and quadrupole
vibrations.

Excited 0* states play a special role in nuclear theory,
because their description involves all the mathematical diffi-
culties which can arise. Therefore, the energies and struc-
tures of 0 states are not described as well as those of other
nonrotational states. For example, the calculated energy of
the second 0, state in '3%Gd is 0.632 MeV higher than the
experimental value. The calculated value of .ST(p,t) for exci-
tation of the second 0; state in the (p,t) reaction in 158Gd is
significantly smaller than the experimental value, and so on.

We note that the microscopic calculations of §(p,t) and
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TABLE VIIL El and M1 transitions to the ground state in '*®Gd.

Initial state El B(E1;1°K,—0%0,,), e’F*
or or
M1 B(M];1+ ln_"O*Og.s.)' /‘IZV
I"K, E,, MeV experiment (Ref. 36) calculation
170, 1.224 El (6.4*1.8)-1073 25-1073
171, 1.5% El ) 7-1073
11, 1.9% M1 - 1-1072
170, 1.967 El (1.2+0.2)-1073 11-1073
171, 1.997 El - 09-1073
1*1, 2.0* Ml - 3-1073
1*1, 2.4% Ml - 0.02
11, 2348 MI 0.07+0.01 0.2
171, 2.2% El - 03-1073
171 2.670 Ml 0.06+0.01 0.25
171 3.415 El (1.3+0.2)-1072 5-1073
171 3.460 El (1.120.2)-1072 2-1073
170 2.471 El (1.0x0.2)-1072 3-1072

171

*Calculated energies.

§(t,p) in Ref. 82 correctly reproduce the variation of these
quantities in going from one nucleus to another.

In several nuclei, for example, 1604, 162'“"“Dy, and
168Er, the calculated values of B(E2) for excited states with
I"K,=2%0, are very small, so that they are not excited
experimentally. The calculated values of B(E2) for the exci-
tation of 270, states in 1°%158Gd, Dy, and '%Er are fairly
large and agree with the experimental data.

In some cases the values of B(E2) for transitions to
2%2, states are larger than those for transitions to 2+O
This excess occurs for transitions from the first 0 and sec-
ond 0; states in 219Dy and !®®Er. It is associated with a
very small value of B(E2) for the transition to the 2*0g
state and a 2-4% admixture of the doubly gamma-
vibrational configuration in the wave functions of 0 states.
This excess of the reduced probability for the E2 transition
from the first O state to the gamma-vibrational state over
that for the transition to the ground-state rotational band is
not present for 5%158Gd, %Dy, and *Er.

A new interpretation of the first 0] state as a phonon
excitation on a gamma-vibrational state was proposed in
Refs. 83 and 84. It is based on dominance of the reduced
probability of the E2 transition to the gamma-vibrational
state over the same for the transition to the 2+Og‘s. ground
state. This interpretation sharply contradicts the QPM calcu-
lations. According to our calculations, the contribution of the
doubly gamma-vibrational component to the wave function
of the 0 state cannot be greater than 10%. This is sufficient
for such dominance if B(E2;0%0,—2%0,;) is very small.
As was shown in Ref. 85, the large set of experimental data
on one- and two-nucleon transfer reactions and on the EO-
transition strengths is inconsistent with the interpretation of
the O} state proposed in Ref. 83.

The following ratio was studied in Refs. 86 and 87:

Eor
Rﬁy E2+—E2+ ’
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where E2+ and E2 are the energies of the gamma-

v1brat10na1 and the 1 1’K 2%0 gs, states. According to Ref.
86, if the interpretation of the 01 state given in Ref. 83 is
correct, the ratio Rg, should take values between 1.2 and
1.8. The experimental data of Ref. 88 were used in Ref. 89 to
show that of the 50 nuclei in the region 150<A<190 the
values of Rg, lie in the range 1.2-1.8 only in 20 cases. For
all the nuclei in this region R g,, takes values from 0.7 to 2.4.
In Ref. 89 the calculated values of the energies E0+ E2+

and E 2F, Were taken from Ref. 76, and very good agreement

with the values of Rg,, for the experimental data was ob-
tained. This implies that the ratio R 5, can be described cor-
rectly by various models, and that it may not indicate a two-
phonon structure of the first 0] state.

5.3. States with K™=1*

Low-lying K™=1" states have been discovered experi-
mentally in a number of even—even deformed nuclei in one-
nucleon transfer reactions and in B decay. According to the
method we use to exclude the 11 ghost state, the first excited
K™=1" state must lie above the first pole, i.e., there must
not be any 1% states of energy less than 1.5 MeV. Of the
nuclei analyzed here, the 17 state in 2Dy has the lowest
energy, equal to 1.746 MeV. In the other nuclei this energy
is greater than 1.8 MeV. The values of B(E2;O+0g_s_—a
2*1,) are considerably smaller than those of B(E2;0
+0 «—2%2,). As a rule, they are less than 0.5 single-
pa.rtlcle units. In 5®Gd and '%*Dy the values of B(E2) for
excitation of the second 1, state are larger than for the first
1] state. The energies and structure of the low-lying
K™=17 states are described fairly well in the QPM.

Collective 17 states, which are strongly excited in M1
transitions, lie above 2.5 MeV. The fragmentation of one-
phonon states with K™=1" in the energy range 2.5-4.0
MeV is correctly described in the QPM.*° Fast M1 transi-
tions of energy of about 2.5 MeV between excited states
should be observed in deformed nuclei. They might indicate
the presence of large two-phonon components in the wave
functions of excited states.”® Several such fast M1 transitions
are seen in Tables IX and XIII. The intensities of M1 tran-
sitions are significantly larger than those of E2 transitions
between the same one-phonon states.

5.4. States with K™=2+

The first KT=2 states in all deformed nuclei are col-
lective states, the so-called gamma-vibrational states. As a
rule, their energies are less than 1.4 MeV, and B(E2;
0+0g‘s.—>2+21)>3 single-particle units. The energies and
the largest two-quasiparticle components of the wave func-
tions of the first 2] states are correctly described in the
QPM. The next three or four K7=2" states below 2.3 MeV
are weakly collective one-phonon states with values of
B(E2;,0%0,,—272,) less than 0.2 single-particle units.

5.5. States with K"=0"and 1~

The energies and wave functions of one-phonon states
with K"™=0" and 1~ are mainly determined by octupole—
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TABLE VIII. Nonrotational states in ‘*Dy.

Experiment QPM calculations
E, BENT E, BENT
Ky MeV one-particle units Structure MeV one-particle units Structure %
27 0.966 47 1.0 50 (22),:98
(22),: amdl17+411] 24
w5217+521) 14
vy 6421 - 66071 9
vv523|—-521] 9
2y 1.265 11 1.3 7.0 (32),:99
(32),: w5231 -4117 62
vw6337-5211 10
of 1.280 0.71 1.2 0.6 (20),:97
. _ {(20),,(20),}: 1
S(p,t)=0.16 S(p.1)=0.18 (20),: vw523|—523| 31
.ST(t,p)so.()l S(t,p)=0.32 vwS21|—521| 23
vy 5051 —50571 13
Tr4111-4111 12
i 402] —402] 10
1y 1.285 59 1.3 50 (31),:98
(d,t): vw6421—5217 (31);: vv 6421 —5211 69
large vw523|-6517 5
05 1.444 1.6 0.001 (20),:98
S(t,p)=0.02 .SZ(t,p)=0.01 (20),: vwS5211-5217 58
S(p,t)=0.01 vwS523|—523| 41
0y 1.489 6.0 1.5 6.0 (30),:99
(30),: vv 6421 -523| 19
vw6517—-5217 8
4f 1.694 1.7 0.2 (44),:97
{(22),,2} 23
logft=4.69 from '*Ho: (44),: vwS523|+5211 90
w523 +5211 v6421+6511 4
large
05 1.709 1.8 0.2 (20);:84;(20),:4
5 _ @0 9
S(t,p)=0.05 S(t,p)=0.01 (20),: 7w4l1T—-4117 52
S(p,)=0.01 w5051 —5051 12
vv 4021 —4021 7
vr5211-5211 6
4y 1.786 (*He,a): 1.7 0.5 (54),:98
v6421+5211 (54),: vv 6427 +52171 80
large ww5237T+411]) 12
1y 1.805 1.8 0.001 (21);: 99
21),: vw523|-5211 99
0: 1.953 2.0 _ 0.001 (20),:88:(20),:6
.S;(t,p)=0.04 (20),: vr 6427 —6427 61
S(p,1)=0.05 vv523|—523| 11
vw52171-5217 9
Tw4117T-4117 4
15 1.9 25 (31),:93
(31),: vv523|—6517 43
vv5217-64271 26
7w 52371—413] 4
43 2.097 2.04 0.1 (44),:89

{(22),,(22),}: 6.2
{(20),,(44),}: 3

logft=6.78 from '*Ho: (44),: vy 6421 +6511 90
w5231 +5211 vv523]+5217 8
small
d,n
05 2.0 0.6 (30),:98
(30),: 52116517 24
vr 523 —6421 2
47 2.0 1.1 (54),:98
(54),: mm523T+411] 47
vv523|+6511 25
vv 5211 +6421 18
57 2.0 0.03 (55),:99
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TABLE VIIL. (Continued.)

Experiment QPM calculations
E, B(EM?T E, B(EN)T
Ky MeV one-particle units Structure MeV one-particle units Structure %
(55);: V523 | +6427 94
w5231 +4111 5
5; 2.1 0.05 (55),:93
(55),: w5231 +4117 93
523 +6421 5
0f 22 0.02 (20)5:89; (20),: 4
_ {(32),,(32),}. 4
S(t,p)=0.001 (20)s: V6421 —6421 90
S(p,1)=0.007 wmdl1]—411] 6
27 22 0.1 (22),:72; (22),:18
{(20),,(22),}: 3
{(22),,(44)5}: 2
(22),: Tr4l17+411) 66
6607 —6421 15
w5211+521} 7
15 22 0.5 (31);:95; (31),: 3
(31);: w5231 —413] 55
w523|—6511 33
37 22 0.2 (33),:98
(33);: w5211+6511 97
4 23 0.2 (54);,:93
{(22),.(32)4}: 5
(54),: w523 +6517 71
w5231 +411] 28
15 23 0.15 (21),:94
{(20),,21),}: 4
(21),: 6421 +6511 88
v6331—-64271 5
2 23 0.3 (32),:94
(32);: m6331-5211 63
w5231 —4111 26
3 2.524 2.7 0.01 (43);: 93
(d,t) large (43);: 16421 +4007 96
TABLE IX. El and M1 transitions to the ground state and E1, E2, and M1 transitions between excited states in '*Dy.
B(E)\), ’F* y-transition probability
Initial state EX Final state or B(M\), u3F>? sec”!
I"K, E,, or I"K, E,, exp. [Ref.] calculation
MeV MM MeV
272, 1.265 El 2%2, 0.966 =9.10748 141074 6-10"
0%0, 1.280 E2 22, 0.966 - 5.1 -
171, 1.285 El 0%0,, 0 - 9-1073 2-10"
0%0, 1.444 E2 22, 0.966 - 12.8 -
170, 1.489 El 0*0,, 0 7.2-1072 49 52-1073 3.10™
4*a, 1.694 E2 2*2, 0.966 8.8 48 22 6-10°
0%0, 1.709 E2 22, 0.966 - 212 -
11, 1.805 M1 070, 0 - 0.003 1-10M
0%0, 1.953 E2 22, 0.966 - 1.0 -
4*4, 2.097 E2 2*2, 0.966 - 51 10"
1*1, 2.3% M1 070, 0 - 0.30 6-10'
1'1, 2.4* Ml 0%0, . 0 - 0.03 2-10"
170, 2.4* El 0%0, 0 - 20-1073 6-10"
1714 2.6* El 0%0, 0 - 1-1073 3-10"
171, 2.8% El 00, 0 - 2.1073 6-10"
170, 2.9% El 0%0, 0 - 8-1073 3.10"
171, 2.9% El 0%0, 0 - 3.6-1073 101
2%2¢ 3.0% E2 474, 1.694 . 530 2-10"2
171y, 3.1* El 2*2, 0.966 - 21-1073 3-10"
171y, 3.2% MI 272, 1.265 - 4-107° 5-10"
171, 3.7* M1 2%2, 0.966 - 0.072 3.108
*Calculated energies.
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TABLE X. Nonrotational states in 162Dy.

Experiment QPM calculations
E, B(EN)T Structure E, B(EMT Structure %
K7 MeV one-particle units MeV one-particle units
2y 0.888 4.5 0.9 5.0 (22),:98
(d,p) (22),: V5211 +521] 24
mmdl1T+411] 17
v523|—521] 14
V16421 —6601 6
w413 —411] S
2y 1.148 9.6 1.2 70 (32),:98
logft=4.95 from '©Tb: (32);: w5231 —4111 52
75231 —4111 large v16331-5211 17
(d,p)d.1) V6421 -521 5
(Vy 1.275 47 1.3 5.5 (30),:99
(*He,a) (30),: V1523|6421 34
w523 —-6427 vr521]—-6517 2
(a,°He) large
(d.p)(d.1)
of 1.398 S(t,p)=0.03 1.4 0.2 (20),: 97
{(22)1 ,(22)1}32
logft=5.1 from '**Ho: (20),: vv523|—523| 50
vw5237—52371 large v64271— 64271 23
(a,°He) o421 —6421 _ 7rdl17-4117 7
(d,p),(d,t) large S(t,p)=0.04, S(p,t)=0.01
57 1.486 logft=4.5 from 'Ho: 1.5 0.01 (55);: 99
v523| + 6421 large 551: w523 +6421 98
(*He,a)
(a,*He) w5231 +6421
d,r) large
(d.p)
4f 1.536 (*He,a) w523|+5217 1.5 12 (44),: 97
{(22),,(22),}: 2.3
(d,r) large (44),: w523 +5217 70
d,p) w413 +4117 10
v6421+6517 7
37 1.571 (d.p)} w6421 +521] 15 43 (33),: 97
large 33);: 6421 +521] 48
w5141 —4117 17
wn5231—411] 2
17 1.637 d.p) 1.6 2.8 (31),: 99
31),: v6421-5211 68
_ V16331 —-523] 8
0} 1.666 5(1,p)<0.004 1.7 0.07 (20),: 89; (20)5:9
(20),: w5211-5211 80
mmdl1T—4117 4
S(p.n=0.13 N vw523] —523] 3
S(t,p)=0.03 S(p,1)=0.05
17 1.746 d,r) w523 —5211 1.8 7-1074 (21),: 99
large 21);: v523|—5217 99
1.840 for I"K,=3*1,
(*He,a) w523 +5211
(d,t) large
3; 1.767 (a,’He) 6421 +521] 1.8 32 (33),: 96
(d.p) large {(22),,(55):}: 1
{(20);,(33)13: 1
(33),: V16421 +521) 52
maS141—4111 17
w5231 - 411} 3
67 (1.807) d.p)} v523| +6331 1.9 v¥523| +6331 100
4 19 1.6 (54),: 96
{(22),,(32)4}: 3
(54),: w5231 +411] 45
pr523]+6517 18
vr5217+6421 15
05 2.127 d.p)} V16421 — 6421 1.9 0.01 (20),: 88; (20),: 9
(20)5: w521 -521) 34
S(t,p)=0.08 16331 —6331 30
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TABLE X. (Continued.)

Experiment QPM calculations
E, B(ENMT Structure E, B(EMT Structure %
KT MeV one-particle units MeV one-particle units
VE642T —6421 24
S(t,p)=0.2 S(p,£)=0.01
2; 1.864 (d.p)} w6421 +521] 20 0.02 (32),: 9
large (32),: 6421521} 94
w5231 —4117 5
0y 2.0 3.0 (30),: 98
(30),: w523 — 6421 18
vw5217—6517 12
25 (1.999) d.p)} w523] +521] 2.1 0.2 (22),: 88; (22),: 2
{(20),,(22),}: 2
{(22),,(49),): 6
(22),: 52114521 69
Tm4l11+411] 19
w523 —-521] 8
1; 2.0 0.2 (31);: 9
(31),: 6337 —523] 82
v6427—5217 12
37 2.283 for I"K ,=5%3, 2.1 1.3 (43),: 98
(He,a)} w5051 —523| (43),: w5051 —523] 78
large
5, 2.1 0.1 (55),: 98
(55),: 75231 +4117 9
o} 2.1 0.06 (20),: 95
{32),,32): 1
(20),: wwal11-4111 59
vw523]—523| 21
wwdll]—411] 6
V6421 — 6427 5
S(¢.p)=0.001 S(p.)=0.003
15 2.623 23 0.3 (21),: 95
for I"K ,=6"1, (21),: V16331 —6421 55
(a,*He)} w6331 — 6421 V6421 - 6511 18
large wmw5327T—-5237 17
4y 22 0.3 (44),: 78; 443: 4
{22),.(22),}: 16
(44),: v64271+6517 59
wwdl3]+4117 23
w523 +5217 16
15 22 1.9 (31);: 98
(B1);: v6517-523| 30
w6421 - 5211 18
752371 —413] 14
4; 22 0.2 (54),: 93
{(22),,(32)}: 3
(54),: v5217+6427 84
523146517 9
mm523T+411] 6
05 22 0.02 (20)s: 95; 206: 3
(20)s: v6331—6331 46
w521]—521] 33
w523 —5211 10
2 22 0.2 (22)5: 93; (22),: 1
v {(20),,(22),}: 3
(22): vw523]—521] 56
wwdl11+411] 29
3 23 0.1 (43),: 98
(43),: w523 +521| 9%
43 23 0.1 (54);: 89; (54),: 4
{22),,(32),}: 6
(54),: v0523] 46511 67
wwS23]+411] 20
8} 2.203 (He,a)} w5051 +523 2.5 w5057+ 523| 100
large
27 2371 log ft=5.33 from 'Tb: 23 0.1 (32),: 98
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TABLE X. (Continued.)

Experiment QPM calculations
E, B(EN)T Structure E, B(EN)T Structure %
KT MeV one-particle units MeV one-particle units
w5231 —4111 (32);: v6337—5211 70
significant w5231 —4111 28
67 2.505 23 v6421+6331 100
for I"K,=7"6,
(a,°He)} 6421 +6331
large
27 23 0.004 (22),: 83
{30),,(32),}: 3
{(22)1 (44) 1}2 2
(22),: 6421 —-6607 73
w523 —-521] 12
wwal1]+411] 6
53 23 0.01 (55)5: 98
(55)5: v5211+6337 99
1y 2.4 0.02 (31),: 98
(B1),: w5231 —413] 77
v6517—-523] 22
35 24 25 (43);: 94
{(30)1 (333 1
(43);: ww5057—523| 19
w5121+5211 16
16331 —6607 12
43 2.4 0.2 (44)5: 35; (44),: 17
{(22),,(22),}: 40
(44),: wm4l13]+4117 62
w6421 +6511 24
33 24 0.01 (33)3: 99
(33)5: vw5211+6517 99
15 24 0.12 (21)5: 97
{(22),.(43)}: 2
(21),: w6421 —6517 70
V6337 - 6421 16
05 2.520 24 0.6 (30);: 96
{(30),,(20);}: 1
(30)5: v5217T—-6511 33
w5121 6427 15

octupole interactions. The first K;=0; and 1, states are
collective states with values of B(E3;070,,—37K,) lying
in the range of 2—12 single-particle units. Their energies and
B(E3) values vary considerably in going from nucleus to
nucleus. Their collective nature is weakened and their ener-
gies increase in going from Gd to Er isotopes. The experi-
mental data on the second and third 0, , 05, 1, , and 13
states is extremely sparse.

If one-phonon states with K"=0" and 1~ are described
with inclusion of octupole—octupole ph and pp interactions,
the calculated values of B(E1;070,,—170;) and B(EL;
0+0g.s.—’ 171;) are two orders of magnitude greater than the
experimental values. As was shown in Ref. 25, inclusion of
the isovector dipole—dipole ph interaction with the constant
Kk }¥=—1.5k3¥, at which the location of the isovector giant
dipole resonance is correctly described, causes the values of
B(El) to decrease by roughly a factor of 20. Comparison
with the experimental data*® has shown that the calculated
values of B(E1;0*0,,—170,) and B(E1;070,,—171,) are
3-5 times larger than the experimental values.”> Moreover,
the total strength of E1 transitions in the energy range 0-4
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MeV with K"=0" is 3—4 times larger than for states with
K™=1".

The probabilities of El transitions between one-phonon
terms of the wave functions of the initial and final states
depend on their small two-quasiparticle components. There-
fore, the results of these calculations are not very reliable.
The experimental reduced El-transition probabilities and the
probabilities of decays (per second) between one-phonon
terms of the wave functions of the initial and final states are
B(E1D=(10"3-10"7) ¢2F? and T(E1)=(10°—10"") sec™ .
Similar small B(E1) values calculated in the QPM are found
in Tables III, V, XI, and XVIL.

According to the QPM calculations, the intensity of El
transitions is large if the wave function of the initial state has
a relatively large two-phonon term consisting of an octupole
phonon with K"=07 or 1~ and another phonon which is in
the wave function of the final state. Examples can be cited
(see Ref. 91) in which the intensity of such transitions is
10— 10* times larger than the intensity of transitions to the
ground states and 10°—10° times larger than the intensities
of transitions between one-phonon states.
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TABLE XI. E1 and M1 transitions to the ground state and E1, E2, and M1 transitions between excited states in 162Dy.

Initial state Final state B(EM)|, e F2
or
BMN)L, uy F*7
I"K, E,, EX ns I"K,, E,, exp. [Ref.] calculation
MeV or MeV
MA
272, 1.148 El 1 2%2, 0.888 9.5-107° 50 0.003
El 2 3*2, 0.963 4.8-107° 50 0.002
170, 1.276 El 1 00 0 49-107% 49 12-1072
2%0, 1.453 E2 1 20, 0.081 - 10
E2 2 22, 0.888 - 16
El 3 170, 1.276 - 6-107°
4%4, 1.536 E4 1 0*0 0 - 4.10°
E2 2 2%2, 0.888 17 51 23
M2 3 472, 1.297 - 8.1075
373, 1.571 E1l 1 2%2, 0.888 - 1074
Ml 2 272, 1.148 - 0.04
171, 1.637 El 1 2*0, 0.081 - 5-1073
M1 2 272, 1.148 - 1073
E2 2 272, 1.148 - 0.2
M1 3 170, 1.276 - 1074
371, 1.739 El 1 2%0, 0 - 6-1073
El 2 2%2, 0.888 - 4-107¢
M1 3 272, 1.148 - 5.107*
2%0, 1.728 E2 1 0*0, 0 - 1.0
E2 2 2%2, 0.888 - 2.0
El 3 170, 1.276 - 1073
1*1, 1.746 M1 1 2*2, 0.888 - 6-1072
M1 2 20, 1.453 - 1073
M1 3 0*o 0 - 3.107*
373, 1.767 El 1 2*2, 0.888 - 1073
Mi 2 272, 1.148 - 0.03
E2 3 575, 1.486 - 20
El 4 44, 1.536 - 2-107*
372, 1.910 El 1 2%2, 0.888 - 1073
E2 2 370, 1.358 - 3.0
472y 1.973 El 1 3*2, 0.963 - 1073
M1 2 472, 1.297 - 7-1072
E2 3 570, 1.518 - 2.5
M2 4 4%, 1.574 - 0.1
170, 1.986 El 1 070, 0 4.107% 49 18-1073
22, 1.999 E2 1 0*0,. 0 - 10
M1 2 22, 0.888 . 2-1073
El 3 372, 1.210 - 2:-107%
272, 2371 El 1 2*2, 0.888 - 3-107*
M1 2 272, 1.148 - 0.19
170, 2.520 El 1 0*0, 0 2-107% 52 5-1073

The reduced probabilities of E1 and E3 transitions from
the ground state to excited states with K"=0" and 1~ and
between excited states have been calculated in Ref. 92. It
was shown that there is a correlation between the reduced
probabilities for E1 and E3 transitions from the ground
states. According to the calculations, the intensities of El
transitions are 10°— 10'° times larger than the intensities of
E3 transitions between the corresponding states. This implies
that states whose wave functions have a large two-phonon
term containing a phonon with K"=0" and 1~ can be dis-
covered experimentally from a fast E1 transition.

5.6. Octupole states with K"=2~ and 3~

The energies and wave functions of one-phonon states
with K™=2" and 3~ are determined by octupole—octupole
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interactions. The first K7=2 states in '3*'%8Gd are located
near 1.8 MeV. In '6%162184Dy their energies decrease to 1.0—
1.3 MeV, and their collective nature is significantly en-
hanced. In '5¢1%8Er their energy increases to 1.46—1.57 MeV,
and their collective nature is weakened. The second
K7=2, states are located near 2 MeV. The energy and
structure of states with K™=2" are described fairly well by
the QPM.

There is little experimental information about states with
K7™=3". The first K;=3] states in 10Gd, '©’Dy, and
16Er are located at the energies 1.452, 1.571, and 1.916
MeV, respectively, and the B(E3) values are unknown. The
states with K™=3" in '®Er, where there are six such states,
have unusual behavior.?? The first three states 3,,3,,and
3, are weakly collective, and account for 1.3 one-particle
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TABLE XII. Nonrotational states in '*‘Dy.

Experiment QPM calculations
E, B(EM)T Structure E, B(EN)T Structure %
KT MeV one-particle units MeV one-particle units
27 0.762 3.6 0.8 4.1 (22),:98
(d,p): vw523]—521] (22),: w523 ~521] 35
large am4l1T+411] 18
w5217+521] 16
ww413]—411] 6
2 0.997 719 1.0 5.4 (32),:99
(t,a): ww5231—-4117 47% (32),: w5231 —-4117 70
v6337-5217 10
47 1.588 (t,@): mm5237+411] 20% 1.6 2.4 (54),:95
{(22),,(32),}: 3
(54),: v6337+521] 45
w5237 +411) 30
of 1.655 B 1.6 0.1 (20),:85; (20),: 1
S(t,p)=0.1 S(t,p)=0.1 {(22),.22),}: 4
{(32)1-(32)1}3 3
(20),: w521 -521] 44
w523 -523] 13
16421 -6421 10
vw5121-5121 9
vi6331-6337 8
w4l 11— 4117 3
0y 1.675 3.0 1.8 20 (30),:99
(30),: V5127 —6421 36
523 —6427 4
67 1.680 (d,p): vw523]+6331 1.7 0.1 (76),: 99
large (76),: v523| +6337 92
m5231+413] 3
05 1.744 _ 1.8 0.04 (20),:82; (20);: 9
S(@t,p)=0.2 S(t,p)=0.1 {(22),,(22),}: 2
(20),: V16331 - 6337 63
vws521]—-521] 30
vr523|—-523| 7
25 (1.796) 1.7 0.4 (22),:99
(22),: wS217+521] 45
w4l 1T+411] 20
vv523|—521] 20
37 1.8 0.1 (33),:99
(33),: 6331521 98
1y 1.809 1.8 29 (31),:98
31),: v6331-523] 37
v6331-5121 22
6421 -5211 8
05 1.9 0.07 (20),:10; (20);:82
{(22),,(22),}: 3
{(32),,(32),}: 3
(20)5: mm4l17—4117 51
7m5237—-5231 24
rm6331—6337 8
1 1.841 (n,7) 2.0 0.002 (21),:98
(21),: 74l 17411 94
v5211-521] 5
25 (1.921) 2.0 0.1 (22);:96
{(32),.(54),): 2
(22): w4l 17+411] 45
v5217+521] 27
v5231-521] 25
1 1.948 (=2) 2.0 0.7 (21),:97
(n,y)(e,e") (21),: v6331—-6421 60
w5211-521] 18
75231 -532] 9
2 1.949 19 0.1 (32),:99
(32),: o421 -521] 80
w6331 -5211 10
vw5231T—-4117 6
3) 1.979 (d,p): vw523| +521] 1.9 0.3 (43),:90; (43),: 8
686 Phys. Part. Nucl. 27 (6), November—December 1996 Solov’ev et al. 686



TABLE XII. (Continued.)

Experiment QPM calculations
E, B(EMT Structure E, B(EMT Structure %
K7 MeV one-particle units MeV one-particle units
large (43),: w523|+521] 62
vw512|+521] 30
0y 2.0 0.1 (20),: 6; (20),: 7
(20),: 33; (20)5: 2
(20)6: 10
{(22),,22),}: 6
{(32),,(32),}: 35
(20),: w5121 -5121 25
v523|—-523| 20
w6421 - 6421 11
w5237 —5231 10
w5217-5211 6
3, 2.0 0.2 (33),:97
(33),: v6421+521] 95
5y 1.988 (t,@): mm523T+4117 42% 2.0 0.05 (55),: 99
(55),: v6331+5211 70
75231 +4117 27
33 (2.113) 2.0 12 (43),: 9; (43),: 88
(43),: w5121+521] 37
w523|+521] 35
mm5141—5411 8
2f (2.055) (d,p) 2.1 0.01 (22),:97
(22),: w5121-521] 68
163376511 26
1; 2.0 0.2 (31),:97
(31),: w6331 -523| 37
w6331 —5121 25
6427 —-5217 19
4, 2.0 0.01 (54),:18
{22),,(32),}:717
0d 2.1 2-107* (20)4:36; (20)5:10
(20)s: 4
{(32),,(32),}:33
{(22),,(22),}:15
15 2.1 0.1 (21);:98
(21),: wS5217-521} 75
V6331 —6421 14
amdl 11411 4
25 22 0.5 (32);:97
(32),: w6331 —5211 67
w5231 —4117 16
4y 2.206 2.1 0.1 (44);: 2; (49),: 1
{22),,(22),}:95
43 22 0.5 (44),:95
{(22),,(22),}: 3
(44),: w523 +5217 47
wm4l3|+4117 30
0 22 0.01 (20)5: 4; (20),:10
(20)5:50
{(22),,(22),}:22
{(32),,32),}:11
15 22 0.8 (31);:98
(31);: 6337-5121 49
w6421 -5211 22
6, 22 0.1 (76),:98
(76),: v6337T+5127 90
7w5237+413] 5
43 22 0.03 (54),:80
{(22),,(32),}:17
(54),: vw6337+521] 50
w5237 +411] 40
64 2.413 (t,@): Tw5231+413] 32% 2.4 0.2 (76)5:98
(76)5: 75231 +413] 85
v6337+5121 6
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TABLE XIII. El and M1 transitions to the ground state and E1, M1, and E2 transitions between excited states in 16“Dy.

Initial state E\ Final state B(EN) (e F?) Wri—f)
or or (sec™)
M1 B(MI) (13)
I"K, E, I"K, E, exp. [Ref.] calculation
MeV MeV
272, 0.997 El 2%2, 0.76 4-1073 6-10"
474, 1.588 E2 272, 1.0 9.9 1.10°
0%0, 1.655 E2 2%2, 0.76 89 6-10'°
170, 1.675 El 00, 0 (7.3%1.0)-107% 49 19-1072 2-10"
0%0, 1.774 E2 2%2, 0.76 27 4-10"°
171, 1.809 El 2%0, 0.073 5107 4.10"
MI 272, 0.98 0.15 2.10"2
1*1, 1.841 M1 0%0, 0 0.08 1-10"
11, 1.949 MI 0*0, 0 0.17 2.6-1071
3+3, 1.979 Mi 2%2, 0.76 2-107*4 6-10°
El 272, 0.98 6-1077 1-10"
El 474, 1.59 2-107° 2-10%
3*3, 2.113 Mi 3*2, 0.83 1.8-1073 -10"°
El 272, 0.98 5-107° 1-10"
4*4, 2.1% E2 2*2, 0.76 440 4.10"
1*1, 2.1% Ml 0%0,s, 0 0.26 43.10"
4%4, 2.2% E2 2%2, 0.76 73 6-10'°
11, 2.3* Mi 00, 0 2-107* 5-10'°
170, 2.330 El 0%0,, 0 (2.0+0.3)-1073 47 9-1073 5-10M
170, 2.671 E1l 070, 0 (1.4+0.2)-1072 47 13.1072 1-10%
11, 3.05% Ml 0*0, 0 2.1073 9.10"
M1 2*2, 0.76 0.06 1-10"
E2 2%2, 0.76 3.7 3-10"
11, 3.10% M1 0%0,5 0 0.003 2-101
MI 2%2, 0.76 0.17 4-101
E2 2%2, 0.76 18 1.5-10"
1715 3.24* El 0%0,, 0 0.2-1073 1-10"
El 22, 0.76 6-1073 1.4-10"
171y 3.84* El 070, 0 s 1078 1.2-10"
M1 170, 1.675 0.016 3-10"
El 1*1, 1.841 1.7-1073 2.2-10"

*Calculated energies.

units. The fourth state with K =3 is a collective state with
B(E3)=4.68 one-particle units, i.e., almost three times larger
than the first three. The first three states 3, , 3, , and 3;
cannot be considered to be two-quasiparticle states, since the
B(E3) values for their excitation are 30—60 times larger than
the B(E3) values for the corresponding two-quasiparticle
states. This unusual distribution of E3 strength among the
low-lying states in '*®Er is correctly described in Ref. 93
using the QPM. The reason for this unusual distribution is
explained in Ref. 15. The matrix elements corresponding to
the first three poles of the secular equation are small, and the
corresponding roots lie near the poles. The matrix element
corresponding to the fourth pole is large. In addition, the
fourth pole lies 0.8 MeV above the third. The fourth root is
much lower than the fourth pole, so that the state with
K, =3, is a collective state. It was shown in Ref. 15 that a
nonstandard E3-strength distribution of this type can occur in
other even—even deformed nuclei. On the other hand, there
are insurmountable difficulties in describing such a non-
standard E3-strength distribution by means of the
interacting-boson model. For example, in the description of
octupole states in deformed nuclei, in the IBM1+f boson
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model the first three states with K”=3 " in '®Er are simply
omitted.

5.7. States with K™=3*

Low-lying states with K™=3* have not been found in
156158,160Gq and '“Dy. According to our calculations, the
first 3] states in these nuclei are located in the excitation
energy range 2.1-2.3 MeV. The first 3} states in '%’Dy,
164Dy, and '®°Er have energies 2.283, 1.979, and 1.938 MeV.
The 3| state of energy 1.653 MeV in 'S®Er is strongly ex-
cited in the (d,d") reaction. According to our calculations,
states with K"=3" and energy below 2.3 MeV are hexade-
capole one-phonon states. Many of the wave functions of
states with K”=3" have a dominant two-quasiparticle com-
ponent. In all stable nuclei with N=98—-104 and
Z=68—72 the first K7 =3 states are collective states.

5.8. Hexadecapole and two-phonon states with
K1r= 4+

A state is considered to be a two-phonon state if the
contribution of the two-phonon component to the wave-
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TABLE XIV. Nonrotational states in '*Er.

Experiment QPM calculations
E, B(EMT Structure E, B(EM)T Structure %
KT MeV one-particle units MeV one-particle units
27 0.786 52 038 5.0 (22)1:98
d,1) (22),: 523 -521] 24
7Tmdl11+411] 23
v5211+4521} 16
Twal3|—411] 6
v6331-6517 5
27 1.458 5.3 1.4 53 (32),:97
(d,1): 6331 —-5211~58% {(20),,(32),}: 2
775231 —4111~4% (32),: v16337-5217 40
752314117 10
6421 —-521] 10
of 1.460 0.66 1.4 0.5 (20),:94
_ - {(32),,(32) 1}14
S(t,p)=0.15 S(t,p)=0.16 201: amd4ll]—411] 48
S(p,1)<0.0025 S(p.t)=0.004 vw5121-5127 11
w521 -521) 10
7m5231—5231 9
47 1.572 (He,d): 75231 +411]) 1.5 1.0 (54),:97
large {22),,32)1}: 2
(d,r): v16331+521|~4% (54),: w5231 +411] 88
v16331+521] 8
o7 1.662 2.8 1.8 238 (30),:99
(30),: 6421 —-523] 26
16421 -5121 8
7wmr4l1]—541] 2
2 (1.703) 1.9 03 (22),:97
{(32),,(59)}:2
(22),: w523 —521] 60
amdl11—-411] 37
0} 1.713 1.8 0.4 (20),: 91; (20)5: 2
S(1,p)=0.14 5(2,p)=0.09 {22),,(22),}:5
(20),: vw521]—521]) 28
S(p.1)=0.14 S(p.r)=0.04 w5121 -5121 14
wm5231-5231 14
wmdll|—411] 12
1y 1.812 1.8 19 (21),:98
2*1, 1910 d,n): v6337-64271 21),: v6331-6421 70
large 7m5231—-5147 13
1y 1.830 from '®Ho K™=0" 1.8 3.0 311:97; 312:1
logfr=5.2 v6331—-523| (31),: v6331-523| 56
large v6331-5121 9
w5231 —4121 6
6, 1910 d,r): v6331+523] 19 0.1 (76),:100
(CHe,a): large (76),: v6331+523] 97
37 1916 (He,d): w5237 —411] 19 0.4 (33),:97
large (33);: w5231 —411] 86
w6331 —521 6
37 (1.938) 1.96 0.6 (43),:79; (43),:20
(43),: w523 +521) 30
v5121+521) 11
03 1.935 5 2.0 0.006 (20)5:86; (20)4:4
S(p,r)=0.08 S(t,p)=0.014 (20),:3; (20)5:2
_ {(22)x '(22)1}1 4
S(p,t)=0.0012 (20),: v16337-6337 40
w521 —521] 37
4} 1.979 (at): 52314541 1.96 1.1 (44),:76
large {(22),,(22),}:21
(d.r): »r6337+6607 (44),: w523 +5211 37
noticeable 75231 +541) 32
V633146601 6
st 2.0 1.0 (65),:99
(65),: w523 +5127 71
w404 +4117 18
N 1.990 (He,d): 7m5231+404] 25 - (77),:100
689 Phys. Part. Nucl. 27 (6), November—December 1996 Solov’ev et al. 689



TABLE XIV. (Continued.)

Experiment QPM calculations
E, B(EMT Structure E, B(ENT Structure %
KT MeV one-particle units MeV one-particle units
(a,): large 7),: Tw5231+404] 100
2, (2.022) 2.0 0.1 (32),:99
(32),: v6421-521] 78
wmw523T—4117 12
vw63371-5211 7
45 2.022 (d,1): 63314521} 2.0 0.03 (54),:99
large (54),: vw6337+521]) 90
T5237+411] 9
3; 2.0 1.3 (43),:78; (43),:21
(43),: w5121+521) 47
w5231 +521] 19
6337 —-660T 10
w404 —411] 8
4 2.05 0.01 {(22),,(22),}:73
(44),: 3; (44),:23
25 2.08 0.01 (22);:97
{(32),,(54),}:2
(22),: wS5211+521]) 55
Tral1T+411] 30
vw523|-521 8
633716517 6
3; (2.080) (d,1): wl—521) 2.1 0.1 (33),:99
large (33),: vr6337-521) 86
. 75231 —411] 9
6F 2.1 0.02 (66),:100
(66),: v6331+64271 99.5
1; 2.1 23 (31),:97
(31),: V16337 —523| 44
v6337-5121 17
wmw5237T—4027 8
35 (2.132) 2.24 0.001 (43)5:95
(*He,d): 75231541} {(20),,(43),}:4
(ayt): large (43);: 7w5237-541] 95
logft=5.6 from '**Tm
24 2.160 for I"K ,=3%2, 2.2 0.002 (22),:97
(d.r): V63316511 {(22),,(49),}:1
large (22)4: vw6331-6511 82
ww5217+521) 16
0; 2.196 2.1 0.01 (20),4:89; (20)5:3
{22),,(22),}:2
(20),:1; (20),:1
5(t,p)=<0.03 S5(¢,p)=0.001 (20),: w523|—523] 28
S(p,1)=0.08 S(p,1)=0.04 w404 —404] 17
752315231 10
af 2.2 0.01 (44),:88
{(22),,(22),}:5
(44),: TwS23T+541] 60
w523 +5217 34
37 2.2 03 (33);:98
{(22),,31),}:1
(33);: 6421 +521) 87
0; 2.2) 22 0.8 (30),:99
(30),: w6421 -5121 23
6421 -523| 21
25 (2.055) 2.2 0.3 (32);:91
(*He,d): w5231 —4111 {20),,(32),}:3
(a,t): large {20),,(32),}:2
(32);: 7u5231 4117 50
ww6331-52117 45
05 22 0.02 (20)5:95
(20)4:2 5(20)5:2
(20)5: v6337—6337 40
w5121 —5121 7
vws523|-523] 6
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TABLE XIV. (Continued.)

Experiment QPM calculations
E, B(ENT Structure E, B(EN)T Structure %
K7 MeV one-particle units MeV one-particle units
w404 —404| 4
1; (2.378) 22 0.01 (21),:99
(21),: w5211-521] 98
57 2.244 2.2 0.1 (55),:99
(d,r): v6337+5217 (55),: w6337+5217 89
large v6421+523] 5
5141 +411] 4
17 23 0.2 (21),:7; (21);:89
{32), J(33)1):3
(21);: wm4l17T—411] 75
751475231 12
w5211-52142] 7
55 23 0.05 (55),:99
(55),: 523 +6427 89
6331 +5211 5
waS14T+411] 4
1y (2.464) 25 0.3 (21)4:73; (21)5:22
21),: w5147 —5237 50
w4111 —411] 20
w5121-5211 20
6, 2.4 0.02 (76),:100
(76),: w6331 +5121 96
3y (2.293) 2.5 0.5 (43),:96
d.n): v16337—6607 {22),,(21),}:1
large (43),: 6331 —-66071 41
w5121+521) 35
wm404] —411] 15
a4y (2.318) 2.6 0.3 (44)5:92
(2.633) {(20)1 ,(44)1}52
(44),: v6337+6607 53
vww523|+5217 20
6421 +6517 11
65 (2.608) 2.6 (76)5:100
(*He,d): w5231 +4021 (76);: 775237 +4027 94
(a,): large
0y (=2.7) 2.6 1.1 (30)5:96
{(22),,(32),}:2
(30)5: w6421 —-5127 18
v6337—514| 16
w5237 —404] 4
0; 2.8 0.2 (30)4:95
(30),: w633+—514] 25
75231 —404] 22
05 (~2.8) 2.9 1.0 (30)5:89
{22),,(32),}::8
(30)s: w5231 —404] 16
w6331 —-514] 7
65115211 7
8y (3.075) 2.8 (88),:100
(*He,d): 7w5237+5147 w5237 +5147 100
(af): large
9 (2.499) (d,0): v6331+5057 3.4 (9),:100
(*He,a): large 16331 +5057 100

function normalization is more than 50%. The energy cen-
troids of two-phonon collective states were calculated in
Refs. 5 and 6, where it was shown that the inclusion of the
Pauli principle in the two-phonon components of the wave
functions leads to a shift of the two-phonon poles to higher
excitation energies, where the level density is large. There-
fore, two-phonon collective states must be strongly frag-
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mented. In Refs. 5 and 6 it was stated that two-phonon states
consisting of two collective phonons should not exist in
strongly deformed nuclei of the rare-earth region. In most
cases this prediction is correct. In our earlier calculations
(Refs. 5, 6, 78, and 93) the shift of the two-phonon poles was
too large, especially for states K™=47{(22),,(22),}, where

a factor of 1/2 was omitted. In the more accurate calculations
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TABLE XV. El and M1 transitions to the ground state and E1, M1, and E2 transitions between excited states in 1%Er,

Initial state EX Final state B(EN)|, €2 F2
or or
Ml BMI)L, 4h
I"K, E,, ne I"K, E,, exp. (Ref. 49) calculation
MeV MeV
0*0, 1.460 E2 2%2, 0.786 1.1
170, 1.662 El 0*0,, 0 (8.9+0.5)-107* 30-1072
0%0, 1.713 E2 2%2, 0.786 95
1*1, 1.812 M1 070, 0 0.9
171, 1.830 El 0%0,5 0 ~1.1073 7-1073
373, 1918 El 1 2%2, 0.786 7-107°
Ml 2 272, 1.458 _ 0.03
0*0, 1.935 E2 2%2, 0.786 60
4% 4, 1.978 E2 2%2, 0.786 115
4*4, 2.05* E2 22, 0.786 500
3*3, 2.133 Ml 1 2*2, 0.786 0.001
E2 0.75
El 2 272, 1.458 1074
El 3 474, 1.572 3.107¢
Ml 4 2%2, 1.703 4.1074
El 5 373, 1.916 2-1073
El 6 474, 2.002 3.107¢
3*2, 2.160 E2 1 2%0, 0.081 0.08
Ml 2 2*2, 0.786 9-107*
E2 0.05
E2 3 2%0, 1.528 0.11
170, ~22 El 0%0,, 0 ~3.1073 7-1073
4% 4, 2.2% E2 2%2, 0.786 70
373, 2216 El 1 272, 0.786 107*
Mi 2 272, 1.458 0.01
M1 3 474, 1.572 5.107°
E2 4 11, 1.830 0.12
M1 5 373, 1.916 6-107°
Ml 6 474, 2.002 31074
373, 2.243 El 1 22, 0.786 107°
Ml 2 372, 1.514 2:1074
4*4, 2.6% E2 2%2, 0.786 0.42
170, ~2.7 El 070, 0 1-1073 12-1073
170, ~2.8 El 070, 0 4.1072 8-1073

*Calculated energies.

where the pp interaction is included along with the ph one,
the shift of the two-phonon poles consisting of two collective
phonons was 0.5-1.0 MeV.

In Refs. 18, 23, and 79 it was stated that the nuclei
164Dy and '661Er are the most favorable for discovering
doubly gamma-vibrational states with K™= 4% in the energy
range 2.0-2.3 MeV. The experimental studies of Refs. 72,
73, and 95 showed that there is a large two-phonon doubly
gamma-vibrational component in the first K f,’=4fL state in
168Er. According to the calculations of Ref. 23, in the QPM
the contributions of the hexadecapole one-phonon compo-
nent (44), and two-phonon component {(22),,(22),} to the
normalization of the state with K7=4] in '®Er are 60% and
30%, respectively. The calculated energies of the states with
KT™=2], KT=4], and K]=4{ and also the values of
B(E22%2,-0%0,,), B(E44%4,-070,,), B(M2;:4™4,
—2%2)), and B(E1;4%4,—~474)) are in good agreement
with the experimental data. This is shown in Tables XVI and
XVIL The calculated ratio
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B(E2;2%2,—4%4))
B(E2;070,,—2"2;)’

equal to 0.26, is consistent with the experimental values
0.40+0.20 (Ref. 72) and 0.53+0.12 (Ref. 95).

Let us consider the situation regarding two-phonon
states in '®Er. In the spectrum of nonrotational states in
165Er there is a gap between the first state with K :,T=2T and
the next state with K7=2 equal to 0.672 MeV. Because of
this gap, the density of two-phonon poles up to excitation
energies of 4 MeV is small, and up to 3 MeV there are only
five poles. Therefore, the contribution of two-phonon con-
figurations to the normalization of the wave functions of
states with K™# 4% and 0" and energies below 2.3 MeV is
less than 6%. Owing to the small density of levels with
KT=4% near the pole {(22),,(22),} and the small numeri-
cal value of the function U;‘Z‘}’m connecting the one- and
two-phonon  configurations, the two-phonon  state

4%{(22),,(22),} is weakly fragmented. On the basis of this,
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TABLE XVI. Nonrotational states in '*°Er.

Experiment QPM calculations
E, B(EMT Structure % E, B(EN)T Structure %
KT MeV  one-particle units MeV  one-particle units
2y 0.821 4.7 (f.a):mma13]| —411]| 50 0.8 44 (22),:94
Tmal11+411] 37 {(22),,(20)}:1
logft=5.2: (22);: am4l1T+411] 30
v523]—-521] wm4l13]—411] 26
noticeable wS5217T+521] 23
w523 -521] 16
47 1.094 (d,p):v6337+521| 70 1.0 25 (54),:99
(F,@):wwdl1]+5231 25 (54),: w633T+521] 66
am5231+411) 20
(/N 1.217 =0.1 (t,d):v16331—6337 60 1.3 0.07 (20),:64,(20),:23
{(22)| 7(22)1}:4
{(32),,(32)1}:2
(20),: wS127-5127 36
vw63371—-6337 34
vw521]-521] 14
mwall]—411] 2
1y 1.358 392 (d,1):vw5121-633] 80 1.3 43 (31),:94
(d,p):15121-633| 80 {(22),,(33),}:3
(31),: w5121 —-6337 76
0y 1.422 (r,d): 16331 —6337 =20 1.4 0.03 (20),:64,(20),:27
{(22),,(22),}:3
(20),: wS21]-521] 55
v6331—6331 22
w5121-512) 21
37 1.542 0.25 (d,p):v163371-521] 90 1.6 0.3 (33),:98
(;,a):wwﬁ231—41 1] 4 (33),: vw6337-521] 92
w5231 —411] 2
27 1.569 4.94 1.6 4.7 (32),:94
{20),,(32),}:2
(32),: w6331 -5211 29
w523t 4117 20
w6247 —5127 11
3y 1.653 (d,d’) large for 4%3, 1.6 0.8 (43),:98
(43),: wS12T+521] 91
0y 1.786 1.96 1.8 3.0 (30),:98
(30),: we421 5121 25
vw514|—6337 7
w5231 —404] 3
3 1.828 0.60 19 0.5 (33),:92
(33),: v6337—5107 80
w5231 —411] 6
w5141 —4111 3
0f 1.833 (f,0):mwal1]—411] 25 1.8 0.02 (20),:94
{(32),,(32),}:3
(20)5: wmrdll]—411] 44
w5237 —5237 28
w4117 —4117 9
w5127-51271 3
V16331 — 6337 2
2 1.848 1.8 0.02 (22),:96
(22),: wS5127-521] 97
4 1.905 (r,@):wma11]+5231 60 1.8 0.9 (54),:99
(d,p):v6331+521| 30 (54),: w411 +5237 60
v6331+521] 31
25 1.930 logft=6.2: 2.0 0.2 (22),:68; (22)5:8
w523 —521} {(22),,(20),}:9
small {(22),,(44),}:3
(22);: v5217+521] 63
wmdl1T+411] 16
1; 1.937 (f,a) small 1.9 0.4 (31),:96
(31),: w6337 —523] 85
633715121 9
35 1.999 0.42 (;,a):ww523T—4l 1] 75 2.0 0.6 (33),:96
(d,p):v6331—-5107 10 333: 75237411} 76
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TABLE XVI. (Continued.)

Experiment QPM calculations
E, B(EN)T Structure %o E, B(EN)T Structure %
K7 MeV one-particle units MeV one-particle units
v6331-5101 13
w5141 4117 6
4f 2.056 0.6 20 0.9 (44),:60
{(22),,(22),}:30
{(20),,(44),}:2
(44),: 7m5237+541] 50
wS121+512] 9
v514+521 8
45 2.060 (d,p):v6331+5107 33 23 0.002 (54)5:92
(1,d):v6331 +5101 33 {(22),,(32),}:5
(54);: 6247521 98
R 2.122 22 0.02 (77),:100
(77),: w5231 +404| 95
w514 +6337 4
17 2.134 2.1 0.2 (21),:82; (21)5:7
{31),,32)}:5
{(33),,(54),}:3
@21),: V6331 —6421 80
V62431 —6331 13
w5141 —5231 3
37 2.187 23 0.007 (43),:99
(43),: w523 +521] 91
2% 2.193 (f,a):w7r4l 17+411] 20-30 2.1 0.1 (22),:52
logft=4.8: (22);:18; (22)5:11
w523|-521| {(22),,(20),}:12
large {(22),.(44),}:6
(22),: vw523|—521) 60
wwadl17+411] 29
2 2.230 22 0.07 (32),:94
{(20),,(32),}:2
(32),: o421 —521} 83
45 2.238 2.4 0.2 (44),:47; (44),:23
{(22),,(22),}:31
(44),: 75237+ 541] 35
w514 +521] 33
3 2.263 4.68 23 2.4 (33),4:65
(33)5:3; (33)9:4
{(22),,31),}:21
(33),: w6421 +521] 39
w5147 —4117 23
wm5231—411] 16
5y 2.268 2.0 1.2 (65),:100
(65),: mwa04] +4111 55
w523 +5127 29
w514 +5217 4
55 (2.298) 23 0.04 (65),:100
(65),: vw523|+5127 68
mwd04] +4111 30
35 2.323 1.53 2.4 1.1 (33)4:25; (33)5:7
(33)97
{(22),,(31),}:60
15 2.365 (f,a):wmdl17+411] 23 4.107* (21),:93
large {(32),,(33)3}:2
(21),: mmdl11—-411] 93
57 2.366 22 0.3 (55),:100
(55),: vw5211+6247 60
wmS141+411] 31
7w5237+4117 5
2f 2.425 (f,a):mmal11+411] 2.4 0.01 (22)5:51
noticeable (22),:30; (22)4:12
logft=4.6: (22)5: vv6337—6517 30
v523|—521] wmdl1T+411] 8
large v523|—521] 5
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TABLE XVI. (Continued.)

Experiment QPM calculations
E, B(EN)T Structure % - B(EN)T Structure %o
K7 MeV one-particle units MeV one-particle units
47 2.663 0.2 (44),:42; (44),:20
(44),:18

{(22),,22),}:10
{(20), ,(44),}:2

(44)5: w514 +521] 47
wS127+5217 33
vw5237+541] 6

the existence of a doubly gamma-vibrational state with
K7=4[ and energy 2.05 MeV was predicted in Ref. 18.

Searches for a doubly gamma-vibrational state with
K™=4% in 'Er were carried out in Refs. 55 and 96 in
Coulomb-excitation experiments using a “*Ni beam. The au-
thors of Ref. 96 found a small part of the two-phonon con-
figuration {(22),,(22),} in the first KT=4 state with en-
ergy 1.978 MeV and a large part in the second K] =4, state
with energy 2.029 MeV. These experimental data confirm
the prediction of a two-phonon state in '®*Er made in Ref. 18
on the basis of the QPM calculations.

The situation regarding the doubly gamma-vibrational
state with K™=4" in %Dy remains unclear. According to
our calculations, a large part of the strength of the
4%{(22),,(22),} state is concentrated on one or two states
with K™=4"% in the energy range 2.1-2.3 MeV. In Ref. 55 it
was shown that the 4™ state of energy 2.206 MeV in Dy is
apparently a two-phonon state. A doubly gamma-vibrational
state with K™=4% in %Dy was sought in Ref. 97. From the
results of the measurements it was concluded that there is no
doubly gamma-vibrational state with excitation energy be-
low 2.06 MeV. The study of Ref. 97 did not exclude the
possibility that the collective two-phonon state has energy
2.206 MeV.

The first states with K7=4 in '6Gd and a number of
other nuclei were interpreted in Refs. 98 and 99 as doubly
gamma-vibrational states. This interpretation is based on E2
transitions to the gamma-vibrational state. According to our
calculations, the first and second states with K™=4" in
156.158.160Gd and in '®!®’Dy are hexadecapole states. Large
admixtures of two-phonon components {(22),(22),} are re-
sponsible for the fairly fast E2 transitions from K7=4 to
K7=2] states. Large two-quasiparticle components
vv523| +5211 and 7mw413|+4117 in the one-phonon
terms of their wave functions were found in (*He,a), (e,
3He), (t,@), and (d,p) reactions and in 8 decays. The results
of the calculations and their comparison with the experimen-
tal data (Tables II-VI and VIII-XI) show that the first and
second K"=4" states cannot be interpreted as two-phonon
states. As was shown in Ref. 100, all the available experi-
mentaldata, from E4 transitions to ground states, one-
nucleon transfer reactions, and B decays, suggest that states
with K™=47 in these nuclei are mainly hexadecapole vibra-
tional states.
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5.9. States with A>5

There is a considerable amount of experimental data on
states with K™=4"_ For example, in '%*Er there are three
one-phonon states with K"=47, where the first two are ex-
cited in (d,p) and (f,a) reactions. The first 4, state has a
large two-quasineutron component, and the second 4, state
has a large two-quasiproton component. Almost all the first
two states with K"=4" are one-phonon states with two
large two-quasiparticle components. The QPM calculations
give a fairly good description of the energies and structure of
states with K"=4",

Experimental data are available on states with
K™=S5% 57, 67, and 7. Most of these are two-
quasiparticle states. In some of them there are several small
components in addition to a large two-quasiparticle one. As
was demonstrated in Ref. 80, when calculating states of high
multipole order it is necessary to take into account the cor-
responding multipole—-multipole interactions.

6. CONCLUSION

On the basis of the QPM calculations of nonrotational
states in even—even deformed nuclei, the results of which are
summarized in this review, and comparison of the results
with the corresponding experimental data, we arrive at the
following conclusions.

1. The QPM gives a fairly good description of the avail-
able experimental data on the energies and structure of non-
rotational states of 1S6158160Gq 1601621640y - 4pq 166,168k,
and predictions have been made using this model. All the
nonrotational states with excitation energy below 2.3 MeV
have been calculated.

2. It is practically impossible to separate collective vi-
brational states, except for gamma-vibrational ones, from
less collective and two-quasiparticle states. Phenomenologi-
cal models are based on this separation. In contrast, the QPM
uses a unified basis for describing all nonrotational states.

3. The wave functions of all excited states with energy
below 2.3 MeV, except for states with K™=4" in %Dy and
166’168Er, have a dominant one-phonon term. The contribu-
tion of two-phonon configurations to the normalization of
their wave functions is less than 10%.

4. The sizable cross sections for one-nucleon transfer
reactions may be due to the corresponding large two-
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TABLE XVII. El transitions to the ground state and E1, E2, M1, and M2 transitions between excited states in 'S®Er.

B(EN)|, 2 F2

or

Initial state Ex Final state B(MM)|, u} F2 2
I"K, E,, or ns I"K, E,, exp. [Ref.] calculation
MeV M) MeV
474, 1.094 M2 1 2%2, 0.821 0.42 71 0.6
2%0, 1276 E2 1 0%0,, 0. <4 69 4
E2 2 2%0, 0.079 5.7
E2 3 22, 0.821 32
171, 1.358 El 1 070, 0. 1.5-107° 71 51073
1, 1.431 El 1 2%0, 0.079 2.2-107° 71 7-1073
El 2 3*2, 0.895 1.2:1077 71 5-107°
2*0, 1.496 E2 1 240, 0.079 2.0
E2 2 2%2, 0.821 18
E2 3 2*0, 1.276 4.107%
373, 1.542 El 1 22, 0.821 4.1-107° 71 6-107°
M1 2 474, 1.094 3.0-1072 71 1073
272, 1.569 El 1 2%2, 0.821 4.1073
3*3, 1.653 M1 1 22, 0.821 8-107%
El 2 474, 1.094 6-107¢
El 3 373, 1.542 1076
E1l 4 272, 1.569 1075
170, 1.786 El 1 0%0,¢ 0 9-1072 49 3-1072
373, 1.828 El 1 2*2, 0.821 3.107¢
E2 2 171, 1.358 8
Mi 3 373, 1.542 0.002
M1 4 473, 1.615 7-107*
22, 1.848 E2 1 0%0, 0 1.5
M1 2 2%2, 0.821 0.004
E2 3 2%0, 1.276 0.06
E2 4 2%0, 1.493 12
El 5 272, 1.569 2-107*
Ml 6 3*3, 1.653 8107
2%0, 1.893 E2 1 20, 0.079 32
E2 2 3*2, 0.895 9
474, 1.905 M1 1 474, 1.094 0.05
M1 2 373, 1.542 1074
2%2, 1.930 E2 1 0%0, 0 14
M1 2 2%2, 0.821 3.107°
E2 0.1
Ml 3 3*3, 1.653 81074
171, 1.937 El 1 0%0g 0 22-107*71 6-107*
Ml 2 171, 1358 6-1073
Mi 2 170, 1.786 1073
271, 1.972 El 1 2%2, 0.821 8-1077
E2 2 373, 1.542 4.7
373, 1.999 M1 1 373, 1.542 5.8-1074 71 8-1073
M1 2 272, 1.569 2.5-107% 71 0.02
El 3 3*3, 1.653 4.1077
M1 4 373, 1.828 0.01
474, 2.056 E2 1 22, 0.821 280+140 72 175
315 73
El 2 474, 1.094 5.5-107% 74 8-107*
474, 2.060 Ml 1 474, 1.094 21073
Ml 2 573, 1.707 5.1073
Mi 3 473, 1.892 2-1073
MI 4 474, 1.905 6-1072
E2 0.05
3*3, 2.187 El 1 373, 1.542 6-107°
Mi 2 3*3, 1.653 5-1073
22, 2.193 Mi 1 2*2, 0.821 7-1078
E2 2-1073
272, 2230 El 1 2%2, 0.821 4.107%
Ml 2 373, 1.542 8-1073
Ml 3 272, 1.569 5.1073
4%4, 2238 El 1 474, 1.094 1073
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TABLE XVII. (Continued.)

B(EN)|, e2 F2
or

Initial state - Final state B(MM)|, pd F*72
I"K, E,, or ns I"K, E,, exp. [Ref.] calculation
MeV M\ MeV

M1 2 4*3, 1.736 1073
E2 3 2%2, 1.848 0.4
El 4 473, 1.892 107°
El 5 474, 1.905 1073

373, 2.263 El 1 2%2, 0.821 4.107¢
Ml 2 473, 1.615 5.107*
E2 0.11
Ml 3 372, 1.633 4.1073
El 4 3%3, 1.653 3-107°
M1 5 373, 1.999 1073

2*2 2.425 E2 1 0*0, ¢ 0 5.6
MI 2 2*2, 0.821 8-1073
E2 3 0*0, 1.217 31.5

4*4, 2.663 El 1 474, 1.094 3-107°
Ml 2 3*3, 1.653 0.01

quasiparticle configurations of one-phonon terms of the
excited-state wave functions.

5. The first excited O] states in 21Dy and %6168Er
cannot be treated as beta-vibrational states, owing to the very
small probabilities of E2 transitions to the ground-state rota-
tional band. In these nuclei the reduced probabilities of E2
transitions to the gamma-vibrational band dominate over E2
transitions to the ground state. This dominance arises from
the small reduced probability for the E2 transition to the
ground-state band and the 2-4% admixture of the doubly
gamma-vibrational configuration in the wave function of the
0 state.

6. The nuclei '%*Dy and '¢'6%Er are the most favorable
of the even—even nuclei in the rare-earth region for observ-
ing doubly gamma-vibrational states with K™=4" in the en-
ergy range 2.0-2.3 MeV.

7. The wave functions of the first and second states with
K™=4"% in 13613810Gq and 190162y have a dominant one-
phonon hexadecapole term.

8. The reduced probabilities B(E1;0"0,,—17K,) for
transitions to states with K"=0" and 1~ are mainly deter-
mined by the isoscalar octupole—octupole and isovector
dipole—dipole ph interactions. The inclusion of the dipole-
dipole interaction leads to a shift of a large part of the El
strength from low-lying states to the region of the isovector
giant dipole resonance.

9. The calculated reduced probabilities B(El;
0%0,,—17K,) with K™=0" and 1~ are 3-5 times larger
than the experimental values. The full E1 strength up to 3
MeV for excited states with K™=0" is 3—4 times larger than
for the excitation of states with K™= 1". There are strong
correlations between the values of B(E1) and B(E3) for y
transitions to a given rotational band.

10. According to our calculations, there should be fast
El and M1 transitions between the large components of the
wave functions of excited states differing by an octupole
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phonon with K™=0" or 1~ or a quadrupole phonon with
K™=1"%.

11. The reduced probabilities for EX and M\ transitions
between one-phonon terms of the wave functions depend
strongly on the small components, so that in some cases their
description cannot be considered satisfactory. The intensities
of M1 transitions are larger than those of the corresponding
E2 transitions.

12. The Coriolis interaction is taken into account only
when necessary. Our wave functions can be used to calculate
the intensities of 7 transitions between rotational bands, tak-
ing into account the Coriolis interaction.

13. The fragmentation and mixing of one-phonon states
is enhanced as the excitation energy increases. This must be
taken into account when describing levels with energies
above 2.0-2.5 MeV.

14. To understand the properties of deformed nuclei it is
necessary to carry out experimental studies of nonrotational
states in the energy range 2—4 MeV.
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