


1. Introduction

The energies and wave funotions of two-quasiparticle and
one-phonon states in déubiy-even deformed nuclel were caloulated
in 1960-1975. A good enough description was obtained (see [1-4])
of the available at that time experimental dataj the predié-
tions were made which were later obnfirmed experimentally in
many cases., It seems to us that néw calculations of vibrational
states in deformed nuclei are needed. This is necessitated by

a large amount of new experimental data in addition to the first

quadrupole and ootupole states. The experimental data are avai-
lable on hexadecapole states and on higher-lying collective

and weakly collective states. Many experimental data are expec-
ted at a new generation of accelerators and the results of
calculations may turn out to be useful. Vibrational states are
to be calculated on a new basis. As is known, there are par- ’
ticle-hole (p-h) and particle-~particle (p-p) effective inte-
ractions between quasiparficles. Particle-hole interactions
are responsible for the formation of vibrational low-lying sta-
tes and giant resonances. Therefore, only p-h interactions are
usually taken into account. It is necessary to take p~p inte-
ractions as well. It is to be mentioned that p-p interactions
greatly influence the double } decay [5), probabilities of

g decays in spherical [6-8] and deformed [9] nuclei and

the strength functions of (n,p)‘transitions [7}« A new series
of calculations is performed within the quasipartiole-phonon

nuclear model (QPNM) [10-13] with the wave functions containing
one- and two-phoncn components and taking account of the Pauli

principle in two-phonon components. The role of two-phonon com-
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ponents of the wave functions and the influence of the Pauli
principle have been studied in [14-16], hexadecapole Viﬁrational
states in [17], influence of the quadrupole pairing on the ener;
.gies of two-quasiparticle states in [18] and the influence of
p-p interactions on the properties of K?;2+ states in [19].
The importance of the monopole pairing is evident and. it is
interesting to study the influence of the quadrupole pairing.

In recent years, low-lying states in deformed nuclei have
been studied within the interacting boson model (IBM). It is
important to compare the description of deformed nuclei in the
QFNM and IBM and to reveal shortcomings and advantages of each

model. This comparison has been made in [20] on the basis of

earlier calculations. It showed the necessity of new calcula-
tions within the QPNM and IBM and further experimsntal studies
of deformed nuclei. )

It is reasonable to develop a general description of non-
rotational states of well deformed nuclei with monopole and
quadrupole pairing and isoscﬁlar and isovector multipole  p-h
and p-p interactions between quasiparticles, Thén, spin-multi-
polq interactions and states of the magnet;c type are to be
studied. Further, detailed calculations should be made with
the'cdriolis interaction. As a first step, the general QPNM
Hamiltonien and equations for Ot states in deformed nuclei have
been de:1v94 1n4[21]. In the present paper, as a second step,
we shall describe in the QFNM vibrational states of the electric

type with K"# 0% and demonstrate its specific features  taking
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and as an exanple,

. m N .
2. Equations for K £O+ Vibrational Statea and tue Details

of Calculations

The mathematical apparatus of the QPNM for deformed nuclei
has first been given in [10,11,14,16] and in wore detail in

[12,13]. Formulae allowing for p-h and p-p interactions are
given in [19,21] 3 they will be used in the present paper, There-
fore, we shall give only several necessér&~formu1ae and llqo
formulae that have pot been given in [21). The QPNM Hamiltonian
contains an averag€ field of neut:on and proton systems &8s a
deformed axial symmetric Saxon-Wocds potential, monopole and'
quadrupole pairing and the effedtiée p-h and p-p interactions.
In this paper, we shall use only the multipole interactions.

The Hamiltonian is transformed by using the Bogolubov transfor-

mation

Qgs = Ugelge + & Uy 4;_6. ()

+
and introducing the RPA phonons Q)ﬂid‘ and thif where

Q+ - 2L [\PMA(CH,J,{&‘) 3’ Atm }4-6‘)]

dul (2)

A (‘H pe)= Z 7 6'K-K), j6 ;s"’d; € or E,,Jsm K’))aﬁdqd’d:;'é
Here QG‘ are quantum nunbers of one-particle'states, % equals
Kﬂ—and asymptotic quantum numbers introduced by S.G.Nilsson,
& -31; K ie the projection of the angular momentum onto the
nuclear symmetry axis, d;c and dqﬁ- are the creation and
absorption operators of quasiparticles.
The QPNM Hamiltonian is written in tne form

HGPN qs € qé- +H,+H rg (3)
where Z? ig the quasiparticle energy witm the monopole and
quadrupole pairing [16,21]. The explicit form of the Hamiltonian
and notation are given in [21]. To derive taue RPA equations

the following variational principle is used:
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The RPA equations for K:r=0+ states are given in [21]. Tne RPAY
equations for multipole states Mo with Au g20, i.e, with

K™ #0* gtates have the followmg form:
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and 2, are the isoscalar and isovector constants

of the p-h interaction of multipolarity A with projection
A

' G— M is the p-p interaction constant; E, —Eq Eq/ H

the single-particle matrix elements F%(qq’) <qu,\(r)‘r’Aﬁ(9y)lq)

'b V(r)

are taken with R,(r)= wnere V(v) is the central part

of the Saxon-Woods potentisal,
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Summation over single-particle states of the neutron and

proton eystems is denoted by Z;, 3 ZT_ implies summation
SR Y3 9! ;

i

over the levels of the neutron at c=n and proton at T=p
éystems. Eqs. (5) and (5') are used to derive the secular equa-
tion for the energies 00»‘,; of one-~phonon, states as am equality
‘to zero of the determinant of rank 6.

To describe deformed nuclei in the QPXM we can use more

complex interactions. Thus, in [22] the QPNM equations with
effective separable interactions of a finite rank are derived

for spherical nuclei. For separable interactions_ of the rank
N, the RPA secular egquation is given as an equaiity to zero
of a deterninant of the rank 61, . .

Le% us give formulae for nonrotationsl states with Kﬁ-;é()+

of doubly even deforzed nuclei within the QFNU taking account

of p~h and p-p interactions whose wave functions consist of

one and two-phionon .terms, namely
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The function JS,’(X.}:,L., ,y,x,‘) is responsible for the
effect of the Paull principle in two-phonon terms of the wave
function (6); its form is presented in [13,14,16],

Using the variational principle we get the followiﬁg equa-

tions
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Prom eqs, (8), taking gccount of condition (7), we calculate
the energies 1v and functions RL and PA‘:;:,L,X.}:.Z,_ . .
Equations (8) coincide with those of f13,16,23]. These for-
mulae will be used in further calculationsa,

The calculations are perf‘ormed with the single-particle

energies snd wave functions of the Saxon-Woods potential with
the parameters for the zones A = 165,173 and 181 fixed in 1968-
=73 and presented in [4,24]. For all nuclei of the zone the

same deformation parameters B, and P4_ are uged, Thus, for

178Hf B, =0.24 and 34= -0.03, the parameter of the hexadecapole
deforzation 34 differs from toe one proposed in [25] where
P4 ==0.125. This difference of B4 influgyces the energies of
gome two-guasiparticle poles, The single-particle speétrum ig
taxen from the bottom of the well up to +5 ﬂev. The wmonopole
and quadrupole pairing constants were fixed L18] by the pai-
ring energies and those of two-quasiparticle states with K> 4.
Tne energies ¢f two-quasiparticle poles were calculated'taking
account of tne blocking effect and the Gallagher-Moszkowski cor-
rections. A3 has been shown in [13] , the inclusion of the quad-

rupole pairing does not practically improve the description of

te enerzies of two-quasiparticle states witn K >4 . The iso-
vector interaction constants are equsal to af” u=1,5 w}” 3 with
this relatior a good description of the isovector quadrupole

and octupole giant resonances in deformed nuclel was obtained,

The calculations performed with 2?’:—&:*

, when the neutron-
~-proton interactions are increased, do not provide conéiderable
effect, The cnnatants Xguand G;F were chogen from the experi=
mental energies of the first 1(3:4 nonrotational étates deéc-
ribed by the wave function (6)._The dependence of the charac-
teristics of K™ 2+ states on G hhs been studied in [191;
it was shown that for G% <o5@ the influence of the
p~-p interaction is negligible and it can be neglected, at
G:Z- (0.8 = 1.0)231 the best deacription of the energies
and B(E2) values is achieved, for G- >1.1%  the discre-
pancy with the experimental data is observed and for'G:?>1.28f
RPA becomes inapplicable. ]
The dependence of p-p interactions on the truncation of
the space of single-particle states has been studied in [19];

it was shown that the decrease in the nuaber of single-par=-

ticle states for the p-p interaction can be compensated by



renormalisation of the corstant Gi? .. In our.calcula£ions we
have used the sawme single-particle basis for p-h and p-p in-
teractions and assumed G’:,F = G—:)‘ =¥ and M- o.éla%}‘ .

In this paper we study the states witn KW¥C+.‘A9 a basis
we taxe in%o account phonors with aultipolarities M =20,22,
30,31;32,33, 43 and 44, and for each A #e uee 10 RPA pho-
nons. Phonons with K"#zo are calcﬁlated with p~-n and p-p
interactiona. Phonors witn M =20 are calculated with Gi? =0.
A zore detailed description of phonons witn Mi =20 is unneces~
sary as these pnonons enter only into two-pnonon teris of the
A

wave function (o). The constants % are fixed for each

value of lu. equally for all nuclei except for afl that cnan-
ges within 10%; Wfs in 168Er and 234 in 178Hf are taken
10% less than in other nuclei.

The preeentkcalcglations pretend to a qualitatively correct
description of vibrational stétgs. For a detailed description

one needs to take the Coriolis interaction into account, to

determine more accurately the parameters of the Saxon-Woods
potential for each nucleus and to calculate tpe parameters of
the quadrupole and'hexadecapole deformation.

W9 have calculated the energies and wave functions of non-
rotational states and the reduced pfobabilities of E2, E3, and

+
E4 transitions from the ground state st to the excited ones

with a fixed value of ITK +» The reduced probabilities of elect-

romagnetic and isoscalar transitions are written as

B (e, 0g s >T"K,)=C00 Al K>2{>_L: RL & [eett)- o

=P @ o eff —n ) ,\' ica 12
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where ,p)ﬂ{%g;) is the single-particle zmatrix element of tne
operator V%\Lf@ﬂ"ﬁaj); ,G:?f is the proton or neutron ef=-
fective charge. Cur calculations are performed with the radial

Vi)
dependence of multipole interactions in the form of =y

in [3,4] , which leads to a certain decrease

e3t
in B(EX) values. The B(E)}) calculated with etf =0

instead of r’
are close
to the B(ISE).) values., More correct are the B(E})-values
calculated with e:?*-o.z'aince we use the truncation of the

space of single-particle atates, Calculations with single-par-

‘ticle states from the bottom of the well up to +50 MeV with

e:}f-o gdve almost the same B(E)) -values as the calculations

with gingle-particle statea from the bottom of the well up to
+5 MeV and with e:f# =0,1550,20, In the last case, the B(E))
values calculated with eeﬂ

T
those calculated with Qﬁ” =0,

=0,2 are almost twice as large as

+
3. Low=Lying Vibrational States with K" #0" in 168gr,
172Yb and 178Hf

We shall now calculate quadrupole with K“-=2+, octuﬁole

with K“‘ao‘, 17, 27 and 37 and hexadecapole with K" = 3% and

1683r, 172Yb and 17840 for which there are the

4% gtates in
most complete experimental data, Tne results of calculaiions
are listed in Tables 1-4 only for the states for which there
are experinental data, The B(EX) values are extracted from the
Couloamb excitation; B{ISEM) values are obtained in [26] from
the inelastic scattering of d particles and deuterons. Since

B(EMN) and B(ISEA) values are close to each other, we will

9



Table I. Vibrational stateswith K™= 2%, 3% and 4* in

168Er

- Experiment Calculation in the QPNM
K’ Mﬁl‘ !B(El)s.p.u;' Structure% .Mix\l ‘B(EA)_ ..y, Structure #
27 |0.821 | B(E2)=4.7 0.8 [ B(E2) = 4.6 221: 96
PP 413F- 411450 221 : pp 4131 - 411t 40
P 4114 + 411¥ 37 pp 4114+ 4114 30
nn 523t - 521 20
nn 5214+ 5214 8
2, [0.848 1.7 | B(E2) = 0.01 222 : 98
. 222 mb5124- 521 97
' PP 411+ 411% 2
z; 1.930 1.8 | B(B2) = 0,2 223 : 94
' 223: nn 523t- 521t 60
. ! Py {11++ 411y 13
2t 2.193] (E) 2.2 | B(E2) = 0,06 224: 98
pp 4114+ 4114 224% nn 5214+ 521t 65
(20-30) pp 4114+ 4114 28
2t |2.425) (F): D 2.3 | B(E2) = 0,2 225 : 97
’ pp 4114+ 4114 © 225t nn 6334- 651 36
nn 5214+ 5214 16
PD 4114+ 411¢ 15
, nn 6244 - 642} I0
37 |1.653] (ad') 1s large for 4¥3;| 1.5 | B(B4) = 0.4 431 : 99
431 nn 512p+ 521+ 98
35 | 2.186 2.0 B(E4) = 0,003 4323 98
14328 an 523+ 5214
47 | 2,055 B(E4) = 0.6 2.1 | B(E4) = 2.0 441 : 88
1201, 441) ¢ 4
i 441t nn 514f + 5214 15
; nn 5124+ 5124 14
; nn 5234+ 521+ 10
{ pp 523b+ 541t 6
45| 2,238 20 B(B4) = 0.1 442153 4433 38
. 1221, 22133 1
4423 nn 514+ 521% 62
‘ - nn 5124+ 5124 32

10

Table 2. .Octupole states in '168Er
x Experiment Calculation in QPNM
7- ﬁy = M9 ; ,
Ty B(f”‘ )s.p.u Struct%re E?'e? B(EX)S.p.u. Structure ®
oy [1.786 | B(E3) =1.96 1.9 | B(E3)=3.0 30I:98 ‘
301: nn 642¢- 512¢ 25
nn 5144- 6334 7
pp 5234- 4044 3
\ 1~ |1.358| B(E3) = 3.92 1.4 | B(E3)=4.6 311:98
. (at),(ap) : _
nn 6334~ 512t &0 311% an 633t~ 512¢ 72
} nn 6334~ 523¢ 4
17 [1.936 (%,4 )% is small 1.9 | B(E3)=0,35 31239634221 3113 : 1
312: nn 633t- 523t 85
2 |1.569| B(E3) = 4.94 1.5 | B(E3)=4.6 321:94; |201,321%: 3
321 nn 6334~ 521 25
nn 6424- 5214 IO
pp 5231— 4111 29
25 | 2,230 2.1 | B(E3)=0.2 322196 '
37 {1.542] B(E3)=0.25 1.6 | B(E3)=0.14 331:98
(dp):nn633t- 521 90 331: nn 633t~ 5214 95
(£,4)ipp523t 4114 4 PP 523- 411y 2
37 | 1.828| B(E3)=0.60 2,1 | B(E3)=0,60 322375; 333:20
’ (dp):nn633t— 5214 10 332% nn 5214+ 642t 80
PP 5234~ 4114 12
nn 6334~ 5214 2
3; 1,999 B(E3)=0,42 2.2 | B(E3)=0,3 333:72; 332122
(T,4)3pp523t 4114 75 333t pp 5234~ 4114 76
(dp) :nn633%t-5214 I( pp 5144~ 5124 9
’ nn 633t~ 5214 1
¢ 35| 2.262| B(E3)=4.68 2.4 | B(E3)=2.0 334:91; 33312;
{221, 311} 32
3341 pp 5144. 4114 51
nn 624t~ 5214 12
11.
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Table 3. Vibrational states with K #0  1n 1721

Experiment Calculation in QPNM
g e | 1Y ’ %
E S %
Ky H:V' B(EX)s.p.u Str%Fture e B( h)s.p.u. tructure
2] | 1.466| B(E2)=1.4 1.4 [B(B2)=1.5 221:60; 222:10
: (at) {201,221%: 2
{201,2221: 1.5
221: nn 5124- 521§ 32
nn 5124- 5104 14
2; 1.608 | B(E2)=0,42 1.6 (B(E2)=0,7 222:81; 221:I0.
(ap) (at): 222% nn 5124~ 5214 65
nn 5124~ 5114 islarge
37 | 1.172| B(E4 )=6.9 1.16 |B(E4)=2.7 431399
P 431% nn 5124+ 5214 50
nn 5124+ 5214~ 70 pp 404}- 4114 25
(pd)
pp 4044~ 4114 ~ 27 - \
3, | 1.663| (pd): 1.65 | B(E4)=0.2 432:99
PD 404 — 411y 26 432inn 5124+ 5214 48
pp 404}~ 4114 40
33 | 2.175 1.9 |B(E4)=0,03 433:99
47 | 2,073} (pd )t 1.9 [B(E4)=0.13 411:92 {20I,441%:3
pp 4044+ 4114 f221,222}:1I
is noticeable 441% nn 514+ 5214 80
o pp 4044+ 411417
43 | 2.344 2.1 |B(E4)=0.01 442:93
43 2,599/ 2.3 |B(E4)=2.5 443:80; 44112
0 | 1.600[ B(E3)=0.63 1.68|B(E3)=1.1 30I:98
301: nn 5144- 6334 40
nn 5124- 642¢ 4
pp 523t- 404+ 1
I7 | 1.155( B(E3)=1.3 1.2 |B(E3)=1.8 311:97
(at):| nn 6334~ 5124 onn 6334~ 512¢ 92
is large
12
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b

Continuation of Tabdle 3

Experiment Calculation in QPNM
w
KV' e B(El)s.p.uﬂstructure % g;v B(Eh)s.p.u. Structure %
27 |1.757[B(E3)=5.2 1.6 [B(E3)=2.5, 321: 97
321t nn 6244~ 512% 83
nn 633t- 521t 2
pp 5l44-~ 402¢ 3
pp 523t- 4114 2
37 [2-030(B(E3)=4.7 2.0 |B(E3)=2.3 321:98
331% nn 633t~ 521t 54
nn 6154~ 512% 9
nn 6244~ 52;0 6
PP 514¢- 4114 18

not disvinguish between tnem. The exrerimental and calculated

B(E)) values are given in the single-particle units. The expe-

rimental data on the structure of states are obtained, as a

rule, from the one-nucleon transfer reactions. The contribu-~

tion of a two-quasiparticle component is determined in some

cases given in Tables 1-4 in per cent whereas in other cases

it is shown through what two-quasiparticle component the reac-~

tion proceeds.

The calculations were performed with the single-particle

energies and wave functions of the Saxon-Woods potential of

the zones A = 165 for 1°8Er, A w 173 for 172fb and A = 181 for

1784¢, The energies and B(E)\) values are calculated without
taking the Coriolis interaction into account.’ The caloulated

structure is given as a contribution (in per cent) of the one~

-phonon Ak: and two-phonon {L)l.h,h}l,i;‘) components to

normalisation (7) of the wave function (6). In the contribution

13
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Table 4. Vibrational states with X~ # 0% in 17%me

Experiment

Calculation in QPNM

o

B(E))s.p.u. Struct;re

MeV

B(EX) Structure %

S.PeU.

1.174

1.891

1.758

(1.942)

1.554

(2.007)

1,310

1.260

1.567

B(E2)=3.9
(dp): nn 514}~ 5124

(dp): nn 5144 - 512§’

(dp): nn 514~ 5104

(ap): nn 5144+ 5104

B(E3)=4.0
(dt): nn 6244~ 5124

1l.12

2.0

1.9

1.5

2.0

l.4

1.9

B(E2)=4,1 221394 {221,441}: 1

2213 nn 514+- 512+
nn 5124~ 5104

29
32

nn 512¢- 5I0% 9 1
nn 6424 6424 2 !

B(E2)=0,01 222:92 {202,221} : 3
222: nn 514+~ 512§ 56
nn 512+~ 5I0% 40

B(E4)=1.7 431:99
431% nn 514¢- 5I0t 21
nn 5143~ 5214 IO
pp 404y- 411+ 37
pp 4024- 411y IO

B(E4)=0.4 432:99
432% nn 514¥- 5I0%¢ 77
pp 404F- 411+ 10

B(E4)=2.0 441394; {221,221) 3
4413 nn 5144+ S5I0F 60
nn 5124+ 512¢ 23

B(E4)=0,0004 442:99
442% pp 404y + 400¢ 98

B(E3)=0,5 311189
331t nn 5144 - 6244 96
pp 4044- 514t 1 ,

£
B(E3)=2.0 321198 !
321t nn 6244— 5124 86 g

pp 5144 402¢ 8 N

B(E3)=0,8 322396
322t pp 5144_ 4024 88
an 6244 512¢ IO

14
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Continuation of Tadle 4

Experiment Calculation in QPNM
T
K N -
Y ﬁ%v B(EX)s.p.u. Structure % QEQ B(E))s.p.u. Structure %
25 [L.857 2.6 | B(E3)=0,02 323198
323% nn 6154~ 514¢ 98
37 ft.803 1.9 | B(E3)=4,0 331:98
331: nn 615t- 512% 45
nn 624t - 521¢ 4
PD 5144 - 4114 24
pp 5054 402¢ 5

of two~-phonon componenie we take into account the factor

Ko - .
4+ K (l¢‘u,x9htﬂ}. Then, we 1ist the largest two-guasineutron

nn_ and two-quasiproton pp
of one-phonon atates ML

we use the asyoptotie quantum nuanters
at K=A-%

and NnyAd

components of the wave functions

. To denote single-particle states

Tne results of calculations of

158

2. In 168

+

Er and experimental data [26-28]

Er five states with K'=2%

2] and 2, are excited in the (£

calculations, each wave function of

NngAt  at

K=A+3

the vibrational ststes in
ere listed in Tables 1 and
are observed. The states
reaction, According to the

the first five K" =2* ata-

tes hags the dominating one-phonon component. The first 2:;state

is collective and the other is weakly collective. The calcu-

lations are reasonable in agreement with experimental éata on

the structure of the first five KT-Z+ atates., Thus, a larger

part of the configuration pp4tt+411}

belongs to tha 2;

and 2: stateas and a smsller part, to the 2; and 2; states;

however, the 2; state has not been obgerved in the(;d) reaction.
According to [29) the states I"K =4"3, in the Er, Yb
and Hf isotopes are strongly exoited in the (dd') resctions,

)

15



which indicates collectivity of the 3: states. Description of

the K"=3* and 4% states in the QPNM has been made in [17].

In the present calculations we have taken into account the p-p
43 44

interaction and a better f£it of the constants % and X,

was made, The states 3:, 3;, 4; and 4; have the dominating one-

-phonon components; the total contribution of two-phonon compo-

nents in the 4: and 4; states is less than 10%. In comparison

with the calculations in 117] the 4; state energy decreases
and becoﬁeé close to the experidental one, the difference tet-

ween tne energies of the 4: and 4; states becomes larger whe-

reas in [17] they were close to each other. The calculated

B(E4) value for the 4; state turned out to be three times as
larger as the experimental one,

Tre first octupole states O;, 1; and 2; in 166Er are col=-
lective and the B(E3) values for excitation of the I"K, =37k,

states are large., According to the calculatidis the C7, 17

and 2; states are collective and the 05, 15 and 25 states are
weakly collective. Ail of them have the dominating one-phonon

conporents. The siructure of tne 1;’state is correctly descri-
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bed. The K“‘-B' states in Er nave an unusual tehaviour,

The fourth 3; state is collective; the E3 gtrength concentrated

on it is 3.5 times as large as that on the 3;, 3; and 3; states.

The 37, 3, and 3; states are also collective since the B(E3)
value is rather large. Their wave functions contain two-quasi=-
particle componants nn 6334 -521¢ and pp 523%1-411¢ whose
distribution is qualitatively correctly reproduced by calcu-
lations. A qualitatively correct description of the energies
and sfructure of octupole states is obtained.

According to the experimeﬁtal data 1287 on the (dp) and
(:J) reactions the 4; and 45 states in 168Er are not pure two-
~quasiparticle states. The wave function of the 4;»atate with
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'the'energy 1,094 MeV includes the components nn 633t+ 521 ~70%,
PP 4114+ 523t~25%, in 47 with the energy 1.905 MeV pp 4114+
+ 523} ~60% and nn 633%+ 521} ~30%, Thus, the two-quasineutron
and two-quasiproton components are distributed among the 47
and 45’states. To describe this mixing, in (18] the multipole

168

interactiona with Mx =54 have been introduced. For Er the

. . 5 -
following results have been obtained: at 3%4-= 0.018 fa2MeV 1

the energies and structure of the 4; and 45 states are equal to
IA) 541 = 1.0 eV, nn 633t+ 521} 86%, pp 411+ 523t 12%;

w

542 = 145 MeV, nn 6334+ 5214 123, pp 4111+ 523 €7%;

at 2% 2 0,020 rouev=! are equal to
W 541 = 0.95 MeV, nn 6334+ 521¢ 813, pp 4111+ 5234 16%;
Wsgp = 1.5 eV, nn 6334+ 5214 1c%, pp 4114+ 5234 &0%.

Tnus, thnere is mixing of a two-quasineutron witn a two-quagi-
proton state. The energy &3542 is less than the experimental
one due -to the scheme of single-particle states. This example
indicates that in gome cases multipole interactions of such a
high multipolarity as A =5 are important,

The calculated energies of two-quasiparticle states in
1685, are close to the energies given in [4] since the inclu-
sipn of the quadrupole pairing does not improve cohaiderably
their description. =

The results of calculations and experimental data [26,30-33)
for 172Yb are shown in Table 3.1In 172Yb a very rare case takes
place when not only the 2; state but also the 2; ataté are
collective. Acoording to the calculations [2,4], the B(E2)
value for the 2; state ip larger than that for the 2; state,
The p-p interactions improve the description: the B(E2) value
for the 2: state is twice larger than for the 2; state and the
wave function of the 2; state contains the component nn.512f -

= 521} owanifesting itself in the (dp) reaction.

17



The 3; gtate in 172¥b has earlier been treated [1,4] as
a two-quasineutron state, Experiments on the («ld'), (dd’ ) end
(pd ) reactions and measurezeént of the magnetic moment have
ghown that the state is collective with a complex structure.
represented in Table 3, The calculations correctly reproduce
the collecfivity and structure of the 3; gtate and weak col=-
lectivity of the 3; and 3; states, Cne should remember thaat
the structure of the 2:, 2;. 3; end 35 states in 172Yb is
strongly complicated oy the Coriolis interaction diaregarded
by us,

There are three K11'--‘1;+ states in 172Yb which are not ho-
vever obgerved in the ( dd’) reaction [261]. The calculated ener-
gies of the 4+ states are 0;15 - 0.30 MeV as less as the expe~-
rimental ones. Accofding to our calculations, the 4: and 4;
atates are weakly collective and tne 4; state is collective,
It would be interesting to measure experimeﬁtélly the B(E4)
value for the 4; state. The structure of the 4; state we have
calculated differs from the one in [17), which ipdicates the
dependence of the structure on p-p interactions, The wave funce
tions of the four l(r- 3+ and 4+ gtates have one dominating
one~phonon component.

In "¢y 811 four octupole states with Kj =03, 15, 27 and
3; have been observed; they turned out to be collective. The

B(E3) values shown in Table 3 are taken from [26] where the

B(IS E3) values have been determined in the (dd’) reactiong
they somewhat differ from the B(E3) values obtained in [31]
from the Coulomb excitation. The B(E3) valuea oalculated by us
are between the values obtained in [26,31] and more close to
the values in {31]. The wave functions of the first fcur octu-
pole ;tacea with XK'= O;, 1;: 2; and 3; have one dominating

one-phonon component.
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Viorational states in '/2Yb should be studied in the (dp)
énd (dt) reactions.

We shall list thne two-quasiparticle.state energies in
172¥b calculated without quadrupole pairing Gflo and with
quedrupole pairing with the constant Gé? =0,5 &, and taking
account of tne tlocking effect. The energy of K3-=6; nn 633+

A 2 .20
+ 5124 state is equal-to 1.5 MeV at &, =0 and 1.4 MeV at G, =

20 - .
0.5 #, . The energy of 4] nn 633t+ 521 agtate in both the
cases equals 1,7 MeV, The energy of the 5; nn 6424+ 512% state

2 pig
equals 2.2 MeV at G. =0 and 2.0 MeV at G:°=0.522 ., The state

8% pp 523t+ 514% has fpe energy 2.7 and 2.4 MeV, whereas the
energy of the 8~ nn 633+ 5241 state is f.9 MeV at Gio =0 and
1.8 MeV at G2 = 0.5%°,

The results of calculations and experimental data [34-36]
for 178Hf are listed in Table 4, The first 2; Qtate is collec~
tive, the two-quasinéutrdn configuration nn 5144~ 512 enters
into the wave functions of the 2; and 2; states. Therefore,
they are well excited in the (dﬁ) reactions. These properties
of the é; and 27 states are well repréduced in the caloulations.
At'the same time, the calculated 2; energy equals 2 MeV, which
is due to the absence of two-quésiparticle poles with an energy
less than 2.2 MeV. If the I" = 2% state with the energy 1.561
MeV has K=2, then there is descrepancy with the calculated re-
sults. It cen be due to the hexadecapole deformation Jh--0.16

given in [25] whereas our caloulations have been pcrforméd at
'Bq,-.o'.oj' | »
According %o the calculations, ihg 3: gtate in 178%4r is

collective and it should be well excited in the (dp) reaction;

.the second 3; state is weakly collective. The states 3;, 3:

and 3; have the energies 2.2, 2.3 end 2.4 MeV, The wave func-
tions of these states have one dominating one-phonon component.

|
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The 47 state in ''SHf is collective with the dominating compo-
nent Aul =441 in the wave function; the contribution of the
t#o-vhonon component {221,221) equals 3%. According to expe-
rimental data[36] there is no evidence for E2 collectivity of
the transition frem the 4: state to the 2; one. The contribu-
tion of the two-phonon component {221,2213 to the 4;. 4;
and 4: statgs with-the energies 2,0, 2,3 and 2,4 MeY does not
exceed, 2%, The energy and structure of the KT-2+, 3% and 4%
states in 178Hf are influenced by the Coriolis interaction.
The experimental data on the octupole states in 178Hf are

scarce, Thus, the Kc-- 0; state was not detected., Among the
1;, 2; and_J; states only the B(E3) value for excitation of
the 3'21 state was meésured. The calculated B(E3)-values for
the 1;, 2; and 2; states are small; therefore, it is not sur-
prising that they were not measured experimentally. The calcu-
lated energies of the 2; and 2; states lie above the experi-
mental ones. i

‘The energies of two—quasiparticle states calculated with
the monopole and quadrupole pairing are close to the data from
[4]. The energies of two states with K'= 6% and 5~ are over-
est;mated as compared with the experimental ones. Here we again

observé shortcomings of the scheme of single-particle levels.
It would be desirable to add rich experimental data on

178y by new measurements of the (dp) and (dt) reactions as

"in 28] and (del') reactions as in [26].

The calculations performed with the p-h and p-p interac-
tion§ are shown to give a reasonable description of the
energies and structure of vibrational states.

The structure of states depends rather strongly on the ener-
g;es of single-particle states and blocking effect:; The B(EA)
vaiues depend on the constant Gé”;‘with'increasing Gé” _the

B(E X ) valuea decrease.
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4, Distribution of tne "ITA -Strensth Azong Low-Lyinz Stateg

The first quadrupoié p-and [ states are assuzed to
be collective and there are no otrer collﬁctive states up to
collective states forming giant isoscalar and isovector quad-
rupole resonances.'ln the case of octupoles, apart from the
first octupole states collective are the states forming the low-
~lyirg (LEOR) and high~lying (HECR) isoscalar and isovector
octupole giant resonances. In some nuclei, the low-lying col=~
lective hexadecapole states were observed. The .collectivity
of the first quadrupole and octupole states and absence of
higher-lying collective states up to the giant resonances un-
derlie phenomenological models including the interacting boson
model (IBM),

Let us study the E)l-strength distribution asmong low=lying
states with an energy up to 3 MeV. The coupling between the
vibrational and rotational motion will be neglecfed. Experi- ]
ments [26] on inelastic scattering of o particles made it pos-
sible to atudy the isoscalar EX -strength diatribution.

Let’us consider the gquadrupole strenéth distribution,
Experimental data and results of calculations in the QPNM andb
IBM [25] are listed in Table 5. In '°Er and '7®Hr & standara
cage iaxes place - the main part of the E2 strength is concent-
rated on the Y vibrational state, According to our calgu-
lations. there are about 30% in 1663r and 15% in 178Hf of the
E2 strength of the ¥ vibrational state in other 2% states.

The E2 strengtn distribution in '/2Yb differs qualitati-
vely from 168Er, 178Hf >and' other nuclei. The E2 gtrength
distribution in '12Yb is specified by that both the first 2}
and second 2; states are collective and a considerable part 
of the E2 strength is concgn:rated in the energy interval

2 + 3 MeV, It is very difficult to describe phenomenologically
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Table 5, E2-Strength Distribution

B ' B(E2)
Nucleus Kﬁ 6 » He¥ b
y calc. calce.
Al , Mev exp. ref. QPNK IBY [26]
2¥ | o.821 4.7 |26 4.6 4.7
168 L :
TotoY 2t | 1.2-2.5{ - 1.5 0,02
172y, 2{ 1.47 1.4 [26,31) 1.5 1.0
2 1.61 " 0.42]26,31] 0.7 0,007
o¥ | 1.0 -2.0f o0.005 [26] 0.9 0.2
‘ 0.66 [31
o%, 2%, | 2.0 -3.0[ 2.4 [26) 1.0 0.2
178ye 27 1.174 3.9 [l 4. -
2* | 3,0 -3.2 - " 0.6

the cases ;hen both the first 2; and the second 25 states

are collective. Thus, according to the IBM calculations [26],
in 172!b the E2 strength concentrated. on the 2; state is 100
times as less as on the 2: gtate, i.e. there is. & sharp dis-
crepandy with experiment. Our calculations provide reasonable
agreement with experimental data. According to the experimentél
data [26], in 172Yb the E2 strength in the energy interval )
from 2 to 3 MsV is 1.3 times larger than in the first two col-
lective states and 1.7 times larger than in the 2: state. This
is & new and very important result which shows a marked dis-
crepanc& with the generally accepted E2 strength distribution.
This distribution of the E2 strength cannot be described in the

IBM. According to our calculations about 2/3 of the E2. atrength
on the 2] state 1is concentrated in the interval 243 MeV.

22

Now let us consider the isoscalar E3 strength distribu-

1683r. Accordihg to [26]) there are first collective

tion in
states with O;, 1; and 2; ans six collective K" =3~ states.

On the first taree 37, 37 and 35 states there are 1.3 8.P.U.}

and on tne fourth 3; state, 4.68 8,p.u.. In the interval from
2.25 to 2.50 MeV 7.9 s.p.u. are concentrated. This distribu-

tion of the E3 strengtb sharply differs from the standard 6ne.

168Er is shown in Fig, 1,

' The E3 strength distribution in
These are experimental data froa [26]), our calculations within
the QPNM, the IBM calculations in [261 and the calculations
[37] within the IBM -1 + f boson model. In the calgulatione
[26) the B(E3) values were normalized to the experimentsl value
of the 371, state. As a result, for the first 373, state the
calculated B(E3) value turned out to divergze by a factor of
500 from the experimental ones If most of the EA .
strength is concentrafe&“not on thé first -K:r state, it is
praétically impossible to describe it within the IBM. This
is confirmed by the calculations in [37] in the IBM-1 + £
boson model in which the firat three K"= 37 levels are omitted.
The main part of the E3 s}rength is concentrated on the.3;
state which is considered by them as a firat collective K =3~

Btate, It should be noted that in [373 weakly collectivé K';J'

states with energies larger than the 3; state énergiea are
listed for 1°CEr, The first three K™= 3~ states in '®CEr have

been omitted in [37]) as two;quasipartiole ones and the whole

E3 strength is concentrated on one K:'-az state, According to
the experimental data [26] on inelasticvaoattering of ol pare
ticles, the 37, 3; and 3; states are colleotive enough, and

according to the expefimental data [28] on the (dp) and (%)
reactions, tueir wave functions contain the sum of two-quasi=~-

proton and two-quasineutron terms. If the 37, 35 and 3; states
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Pig. 1. E3 strength distribution in 168Er. K. -=values equal

to 07, 17, 2~ and 3™ are given above the virtical lines.
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are close tothe two-guasiparticle ones, the B(E3) values are
equal to 01005, 0.02 and 0,005 s.p.u. Hence, it is seen that
the B(E3) values for the 37, 35 erd 3; states listed in Table 2
are 30-50 times larger than the B(E3) values for the corres-
ponding two-quasiparticle states. All this shows that these
states are not two-quasiparticle ones,

Our calcula@ions, as is geen from fige. 1, describe cor-
rectly tne E3 strength diastribution in 158Er. The calculated
B(E3) values for the first 0;, 1;, 2; and 3; reasonably agree
with the experimental ones. The fourth 3; state amoné tae KV;B-'
states nas tne largest B(E3) value. According to the calcula-
tions, at the energy 2.4 MeV there is a state 3'13 with B(E3)=s
=4.9 s.p.u. It is probable that the calculated B(E3) values
for the 3'34 and 3"13 states can describe the experimentally
observed states with I'=3~ and energies 2.324 and 2.486 MeV,
According to the calculations, the E3 strength equal to about
5 SepPeu. is concentrated on the K'=0™~ states in the interval
2.8 -~ 3.4 MeV, The total octupole E3 strength concentrated on
the states with an energy up to 2.5 MeV equals 20 BePelle,
according to the experimental data [26], and 20.3 &.p.u.,
according to our calculations.

‘ All the first octupole states that turned out to be ool-
lective were observed in 17%Yb [26]. Their total E3 strength
equalas 12 s.p.,u. According to our calculations, all the first
octupole stateg are collective; their total E3 strength equals
8 s.p.u. The total E3 strength equal to 11 s.p.u, is concentra-
ted in the interval 2 + 3 MevV,. According to tne calculations
[37) in the IBM-1 + f boson model the E3 strength is concentra-
ted on the firgt octupole states; and only about 3%, on the
3'12 state. It would be intereating to check this discrepancy

in tte distribution of the E3 strength at 2-3 MeV experimentally.
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Experimental data on the E3 strengtn distritution in 178Hf
are scarce. According to our calculations for K-2 and 3, the
E3 strength is concentrated on the first states. The O1 and
OE states have thne enerzies 2.0 and 2.4 eV and B(23) values
equal to 2 and 4 s.p.u.; in the interval 1.5 - 3.0 MeV the E3
strengtn is equal to 0.5 s.p.u. The E3 strength distribution
on the K%=1" states is the following: on the first two states
there are 0.8 8.p.u.; and in the interval 2-3 MeV, 745 8eDPole,
i.e. the main part of the E3 strength is above the first two
17 and 15
with the results of calculations [37].

states., In this case, there is a strong discrepanecy

Note that in the calculations of LECR in deformed nuclei

in [38] the E3 strength was observed to be somgwhat higher
than the first octupole states, k

Data qn the B4 strength distribution are scarce. It fol-
lows from the analysis of the experimental @ata [29] that in
the isotopes of Er, Yb and Hf the first Kz--J: states and in
the isotopes of 05 the first k“--4: states are collective,
Thie collectivity of the 31 and 41 gtates is correctly described
in [17] and confirmed by the present calculations.

According to our calculations, in 1685 for the I“Kr4+31
state B(E4) =0.4 s.p.u., and according to the calculations [39]
in the sdg IBM B(E4) = 50.8 s.p.u. Such a large discrepancy
ghould be verified experimentally. Accoréing to our calcula-
tiona in 198Er for the K" =3" states with the energy 2-3 MeV
the E4 strength equals 1 s.p.u. and the B(E4) value for the

172y the most part of the E4

4: statea is overestimated. In
strengtn is concentrated on tne 3; state, and on all other

K1;3+ states up to 3 MeV it equals 1 s.p.u. As concerns the

K¥=4% states in 172Yb, tue most part of the E4 strength is con-
, - . 17
centrated on the 4; state with the energy 2.3 MeV. In aﬂf
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the most part of the E4 strength is concentrated on the 3;',
3; and 4: astates; on tﬁé other levels up to 3 MeV it equals
0.7 s.p.u. ) .

It should be noted that according to the experimental data
[40] a large part of the hexadecapole strength with 42 is
concentrated on [~ -vibrational states of some rare-earth nuglei.
A satisfactory description of these experimental data has been
obtained in [41] in the RPA calculations with a simultaneous
inclusion of quadrupole §H =22 and hexadecapole Ju=42 inte~
ractions, )

It should be emphasised that p-p interactions .congiderably
influence the E) atrength distribution among the low-lying
states, With increasing G'- part of the EX strength is shifted
towards first and second etates with fixed value of Kv-,

5. On Enérgy Centroids of Two~Phonon COIiectivo.Statea

Baged on the caloulations in the QPNM we, .~  have
concluded in [14,16] that collective two-phonon states cannot
exist in deformed nuclei. If the contribution of the two-phonon
component to the wave function normalisation exceeds 50%, this
state is thought to be two-phonon one. The existence of two-
-phonon states is still being discussed in a number of papers,
for instance, in [39,42-44]. Yet, there are no experimental
data on collective two-phonon states in deformed nuclei. The
fragmentstion of two-pnonon states cannot be calculated in
the QPNM since for these calculations the wave function ()
should be supplemented by three-phpnon terma, Therefore, we
shall discuss only the energy centroids of two-bhonon states.

Increase in the energy centroids of two~phonon states

{A@M.i.,A,/Qi¢} with respect to the sum 6f energies of the

vibrational states with the dominating one-phonon components
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of their wave functions is caused by two reasons. The first
ie anharmonicity of vibrations since the energies of one-phonon
atates are larger than the energies of the states with the

dominating one-phonon component described by the wave function

(6). The second is the shift of the two-phonon pole sw ( )UM, Ly

M jni,) after taking the Pauli principle into account in the
two-phonon terms of the wave function (6). In tpe~calcula-
tions [16,26], a very large shift of AW  was obtained for
strongly céllective states; in some caseg this ghift exceeded
2.3 MeV, Since the shift AW  1is due to going beyong the bo-
son approximation for phonons, then a very large shift AW
makes the applicability of the RFA doubtful. A large shift of
Aw(A,};( U hfialy) 1s due to a.strong collectivity of the
first H 1.;,—1 gtates in the sum over u and to a large
value of \'J{ (A,);'b-f)\z)a’_ —l))

The present calculations takiug account of p~h and p-p
interactions provide the energies and B(EA) values for the 21
and first octupole states which are in reasonable agreement
with the experimental data., With p-p 1nte_ractions included
the collectivity of the first 2‘; and octupole states decreases
thus dimnlahlna the shift of AW . The results of calculations
of the shifts Aw(A iy, ,_}J,zq), quantities 4+ KX (AT WISy
and energy centroids of two-phonon states are shown in Table 6.
The function A1+ SCK“O,ﬂ,Lle,g)entering into normalisation
(7) differs from unity due to the Pauli principle. It is seen
from the Table that shifts AW are from O.1 to 1.5 MeV, As
a rule, AW 1increases with decreasing ‘H'IH/ , This is respon-
givle for a larse shift 4w(221,221) for the K a4t gtate in
comparison with the KT-O*' gstate. The largest shifts appear for
the K" = 4%} 221,221} states; for other atates they do not

exceed 1 MeV,
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Table 6. Centroid Energles of Two-Phonon States

Nucleus( KT Mo, Nepiat,  [Stletnis dapie) oA Bt i Centroia
A Sl MMt M Mste) | en
’ MeV ¢ ”‘ Bl He;rgy’
168g. | o* | 221, 221 0.9 0.90 2.7
4t | 221, 221 1.5 0.75 3.3
2= | 221, 301 0.4 0,95 3.2
3~ | 221, 211 0.4 0.95 ] 2.7
172y | o* | 221, 221 0.5 0.94 3.4
ot | 221, 222 0.2 0.97 13403
ot | 321, 321 0.1 0.98 3.3
2* 221, 441 - 0.6 0.42 | -aa
a* | 221, 222 0.6 1 0.47 3.6
4: 221, 221 1.1 0.60 1 4.0
4" | 222, 222 0.4 Q.62 3.7
1= 221, 311 1.0 0,45 3.7
2~ | 221, 301 0.3 0.95 3.4
3= | 221, 311 0.2 0.96 : 2.7
178 | o* | 221, 221 1.0 0,90 3.5
o: 321, 321 0.1 0.99 2.5
2 30I, 321 0.1 0,97 3.1
4t | 221, 221 1.5 0.78 4.0
4t | 221, 222 0.4 o.88 3.9
o~ | 221, 322 13 0.65 .- 3.9
2~ 221, 301 0.6 0.88 3.8
3~ | 221, 1 0.2 0,95 2.8
3~ | 431, 301 0,2 0.93 4.0

The energy centroid of the 0% }221,221]) atate in 198y
equals 2,7 MeV; according to the calculations ‘in: [43] 1t

~equals 2,9 MeV and 1n[44]» it equals.2,8 ?MQV.::,‘The ,gﬁerg)‘..:’ce'nt‘

roids of the 0%]221,221) states calculated in the GENM are
approximately the same-as- thoae caloulatad 1n [44] by “tha mul-
tiphonon method. The disorepanoy takaa placa ton the 4"{221 221}
states, It im unclaar from thia discrepancy what 1: ‘more 1m—-

Rt
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portarts a large number of degrees of freedom as a large number
of one= and two-phonon states in the QFNM or one degree of
freedom as a Y -vibrational phonon and the wave function with
muitiphonon configurations in the multiphonon method, In [16]
the wave function (6) has been added by three-phonon terms and
the shifts of thrse-phonon poles have been calculated. It is
showxn that these phifts may exceed thnree or more times the
shifts of two-phonon poles. It has been shown in

[15] that the energy sthift of 7, of tae 2] states with respect
to the one-phonon energies &)221 is spproximately twice smaller
wnen the Pauli principle is taken into account in comparison
with the case when it is neglected. The aultiphonon terms of
the wave Tunction does nbt usually lead to a strong shift of
the root from the correéﬁbnding pole. If nevertheless the root
,»q/v ig stronzly lowered with respect to the pole wk)‘-'tq +(oh}‘:7"-
4-Atu(h1y4hlk5plg) the two-phonon state turns out to be strongly
fraémented. Therefore, additional large shifts of tne energy
centroids of two;phonon gtates can hardly ve expected without
strong fragmentation when multiphonon terms are added in the
wave function (6). v

According to our calculations, the shifts AL:(&}.G,Aypr)
are as a rule congiderably less than the aum m&ﬂﬁf-w&ﬂJL .
The shifts are caused by two reasons: first, deviation of t?e
phonon operators from the ideal boaons, and second, collecti-
v;ty of phonona., In case of large shifts, decrease of the B(E})
value by (10-20)% leads to decrease of the shift Aw by 1/3.
We can state that in well deformed nuclei of the rare-earth
region the RPA can undoubtedly be applied to describe the QFNM
phonon basis. ’
As is seen froum Table 6, the energy centroids of colleoc-

tive two-phonon states equal 2.5 - 4.0 MeV. At these energies
the two-phonon strength should be distributed over many levels.
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The present calculations confirm the conclusion we have made
in_[14,153 that collective two-phonon states canﬁot exist in

well deformed nuclei,

6. Conclusion

The study of vibrational states with K“;0+ in well defo;-
med doubly even nuclei has shown that the energy and structure
of each state are determine@ mainly by the single-particle
energies and wave functions of the Saxon-Woods poténtial. nono-
pole pairing and p-h isoscslar pultipole interacfion. The‘mul-‘
tipole p-h isovector interaction, quadrupole pairing and mﬁltif
pole p-p interaction are-of minor importgnce.‘lnglusion of the
P~p interaction imp}oves the descfiption of Qibrational states,
Moreover, it justifies the applicability of RPA to describe »
states with an energy less than 1 Hev, . ‘

Nonrotational states with K's0™, 17, 2%, 3% and 4* with
energiéa up to 2.5 Hbv;have dominating one-phonon components.
For the states wi;h an energy up to 2 MeV tﬁe dominating ons-
-phonon component contributes more than 90% and the two-phonqn;
components not more than (3-5)% to normalisation of the wive
function, Taking into account the fact that in our calcula-
tions we disregarded the Coriolis interaction and~used the
single-particle energies and wave functions of tha Saxon-Woods
potential with tpe.paiameters fixed in 1968-1970 we can state
that the experimental data on the energles, B(EL) values and
structure of vibrational states in '68gr, 172y ana 1ue are
desoribed correctly.

A qualitatively new result became evident in the picture

of low=-lying vibrational states: the E) strength distribution
differs in some cases from the generally accepted one. In par-

ticular, there are cases when collective is not the firat but

a higher lying state with a given K“r', or .the largzest part
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of the EXA strength ia concentrated not on the first states
* but in the enerzy interval 2 + 3 MeV. This distribution of the
E) strength can hardly be descrited within phenocaenclogical '
models even in such as the sdg IBM or sdf IBM.

With the inclusion of p-p interactions the pole shifta
of two-pnonon collective states decrease in comparison with

those when p-p interactions are dis-regarded., They equal 0,.1-1.5

MeV. The calculated energy centroids of the lowest two-phonon
.states equal 2.5 ¢ 4.0 MeV. The cornclusion we have made earlier
about the absence of collective two-phonon states'in deformed
nuclei is valid.
We can asserf that in the framework of the QPNM we have
conastructed the basis for describing the astructure of states
of deformed nuclei. If necessary, the methematical ;pparetus
of the QPNM can be generalised, as in [22], to ths finite rank
separable interactions that can reproduce complex effective
interactions between quasiparticles. In further caloulationa'
one should take into account the coupling between vibrational
and rotational motion, introduce additional sones with respect
to A and determine more accurately the parameters of the
Saxon-Woods potential. Maybe the form of the potential descri=-
bing the average field of & nucleus will need to be complioated.

We hope that the present caloulations will Be ugeful in
experiments at a new generation of accelerators. Of great in-

tereat, is experimental study of excited states of deformed

nuclei 8t 2-3 MeV,
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ConosbeB B.I'., lupukosa H.W. E4-89-211
OnucaHHe HH3KOJIexauuX BHOPALHOHHBIX COCTOSAHHHA
¢ K#0%* pmedopmupoBaHHbIX saep
B KBa3HW4yaCTHYHO—-POHOHHOH MO eNH Axpa

Honyuennl ypaBHenus KOMA ¢ yuerom p—h u p-p B3auMopeii-
cTBHI. PaccuHTaHbl KBaApynoNbHble, OKTYNOJNbHblEe H TeKcaaexKa—
MONbHble BHUGpauuoHHbie cocroauus B 198Er, 172Yb u 178Hf u
[IOJIYy4E€HO coOrJjlacHe C 3KClepHMeHTalIbHbIMH [aHHbIMH. HcecnepoBa-
Ho pacnpepgeniedHe EA-cunsl B AebopMHPOBAHHBIX AApax H 1oKasaq
HO, 4YTO B psAfde CJiy4yaeB OHO OTJIHYHO OT CTaHAAapTHOIO. HmeloTH
cA cnydad, xorgma ana gaHHoro K™ EA-cunma CKOHLEHTpPHpOBaHa
He Ha IepBOM, a Ha 6oJiee BHICOKOJIEXAMHX COCTOAHHAX. J10e3: &
TBepXOeHO paHee cjejlaHHOe yTBepkaeHHe 06 OTCYTCTBHH KOI-
JeK THBHBIX OBYXGOHOHHHX COCTOAHHE B AebOopMHPOBAHHBIX AApax.

Pa6oTa BbmosHeHa B JlaBopaTOpHH TeopeTHYecKOH GH3HKH
OUsIH .

MpenpuHT O6BeAHHEHHOr0 MHCTHTYTa ANePHLIX HeetenosaHwii. ly6Ha 1989

Soloviev V.G., Shirikova N.Yu. E4-89-211
Description of Low-Lying Vibrational K'#0*
States of Deformed Nuclei in the

Quasiparticle-Phonon Nuclear Model

The QPNM equations are derived taking account of p-h
and p-p interactions. The calculated quadrupole, octupole
and hexadecapole vibrational states in '6%Er, 172Yb and
178Hf are found to be in reasonable agreement with expe-
rimental data. It is shown that distribution of the EA
strength in some deformed nuclei differs from the stan-
dard one. There are cases when for a given KT and EA
strength is concentrated not on the first but on higher-
lying states. The assertion made earlier about the absen-
ce of collective two-phonon states in deformed nuclei
is confirmed.

The investigation has been performed at the Laboratory

of Theoretical Physics, JINR.
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