


I. Introduction

The energies and wave functioms of two—quasiparticle and one-
—phonon states of doubly even deformed nuclel were ca;cﬁlated in _
1960-1975, Quadrupole and cotupole states were calculated in the ran-
dom phase approximation (RPA), The results of caloulations are 00l-
lected in refs.’ ™™ . Good enough description of the available at
that time experimental data was obtained and rrediotions were made
most of which were later confirmed experimentally. In recent years,
many new and more complete experimental datz on the energies, B(Ex )-
values and spectroscoplc factors of one- and two-nucleon transfer
reactions were obtalrned. Many experimental dats are expacted at the
new. generation of accelerators and detectors. Therefore, new, more
exact and complete microscopiec calculations of vibrational states of
deformed nuclei are needed.

All subsequent calculations of noarotational states of deformed
nuclel were made in the quasiparticle-phonon nuclear model (QPMM) the
basic assumptions of which are formulated in refs. . In those
caloulations the wave functions of excited states were reyresented as
sums ¢f one—phonon and two-phonon terms, It was shown in ' '/ that Que
to the shift of two~phonon poles c¢eused by the allewance of the Pauli
principle, the energy centrolds &f collective two-phonon states ex—
ceed 2,5 MeV. At these energies the fragmentation of the two ?honon
strength should take place, Therefore, it was coneluded in 7 that
two-phonon collective states are absent in deformed nuelei. The cgl-
culations used not only quadrupole and octupble states. In raf. y
the caleulations of hexadecapole vibrationael states showed that ool-
leotive states with K™= 3% should exist 1in the tsotopes of EBr, Yb,
Bf and with K¥= 4" in the isotopes of Us. It was shown in ref.’®
that in some cases multipole interactions with A= = G led to the
mixing of two—quasiproton and two—quasineutron states in doubly even
deformed nuclei and they should be taken into account.

Another stage of calcoulations is the inclusion of particlewpar-
ticle (pp) interactions alongside with particlehole (ph) ones’:3-15/,
The calculated quadrupole, octupole and hexadécapnle states ianBEr,
170, 172,174y, and L78He gve in good agreement with experimental data.
These caloulations sre limited)by the states with K+ 0% . In ref.

s equations for describing kv= ot states with inclusion of ph
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and pp interactions were derived within the QPMM, From the condi-
tion of exclusion of spurlous 0% states in the BRPA there were derived
equations for monopole and quadrupole palring which have been studied
in 16/ This allows one to include 0% states in the general scheme
of caloulations In the QPMM of all states of the electric type.

In the present paper, we glve the transformed QPMM Hamiltonian
for multipole ph and pp interactions which contalns terms with ﬂao’
i.e. including o* states. Nonrotational states of some doubly even
isotopes of Th, U and Pu are caloulated and compared with experimental
data. The E2 and EJ strength distributlon in 238y among the states
with the exciltatlon energy up to 6 MeV is given.

1. The Hamiltonian and basic equations of the QPRM

The initial OPNMM Hamiltonlan contains the average field of the
neutron and proton systems in the form of a deformed axial-symmetric
Woods - Saxon potential, monopole and quadrupole pairing and the
effeotive ph and pp multipole interactions. To transform the Hamil-
tonian we use the canonical Bogolubov transformation

-+
a = + Iy
qe = Ugslgr ¥ Ugdq 5
and introduce the phonon operators Q*ﬂ;“" and Q}«;&i“' where
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ot ana ciqs- arg the operators of creation and absorption of
gquasiparticles, 4’2? and Q%wb are the direct and inverse amplitudes,
1=1,2,3,+.. %5 the root number of the RPA secular equation. Single~
‘_particle states are specified by gquantum numbers qG‘ where 6=%A
and q includes K7 sy where K is the angular momentum projection
onto the symmetry axis of a nueleus and W 1s parity, and the
asymptotic quantum numbers Nm AT at KsArtz  and Nn Ad at
K=N-1/2.
After transformations (see refs./5’6/ ) the QPMM Hamiltonian is
written in the form

+
H =q§€8qd—76’dq€+HJ+qu 3 (2)

where the first two terms describe free quasiparticles and phonons,
and the third describes the interaction of quasiparticles with pho-

nons; 8? 1z the quasiparticle energy with moncpole and quadrupole
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We use the following notationt &?‘ and 3939‘ are the lsoscalar and
igovector constants of ph interaction of multlpolarity A with
projection Mo Q-»' 1s the constant of pp interaction, .ﬂl"‘(ﬁj -

= <ql f"Y (99)]9’) are single-particle matrix elements, where
v(r) is the central part of the Woods — Saxon potentlal. Summation
over single-particle states of the neutron and proton systems 1is
derioted by ZT at ¢=n and T=p , respeotively,
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The one-phonon wave function can be written in the form

Qi 1o, (12)



where lpo is the ground state wave function of a doubly even
nucleus, defined as a phonon vacuum. Now, we f£ird an aversge value

+
q5
over the stete (12) and using the variational principle we get the
RP4 aguations. Their explicit form 1s given in 15/ for K" = 0% ang
inn‘B’u/ for K¥# 0% states.
Nonrotatlonal exclted states of doubly even deformed
nuclei will be calculated wlth the wave function

L YoF ‘. (4-!—3\1‘ . . )4/"
K %6} = ZR‘ Q LY Ptz Az e gy . .
B {L" o M, My & B*'gko,o("“@«;ouvz (C¥))
)\,_/t,},tﬁ;_

'% py - * +
5';}(‘4-6‘#&., °R0 )fy"l bl))cﬂ;liQNM L'G:, QM}“‘I% ]Ll'ld ?

-
where ¥ =1,2,3, ... i3 the state number with a given value of k,," .
Using the variational principle we get eguations for the energles

E, and %nﬁi;z;; Rf; and PK#“«EH)‘!,“!"*:.' Their explieit form is
given in * 7?°7? . In the two-phonon terms of the wave function
(14) the allowance is made for the Pauli principle.

2. Description of nonrotational states of nuclel in
the actinlde region

The calculations are made with single-particle energles and
wave functions of the WoodseBaxon potential for the zones A=229 and
239, The parameters of the potential and e%uilibrium quadrupole and
hexadecapole deformations are taken from . The isovector ph cons-—
tants are egil;a.l to aﬂfj"a—ijété". The pp constants are equal to

G—"*“::O.S&° . The constants of isoscalar ph interactions are taken
in the range &ow"a 0,012 ~ 0.017 fmz MeVl ang 2% 20,020 m2Mevt,
The constants. of the monopole pairing & are caleulated by palring
energles at fixed values of B%. The energies of two-quasiparticle
poles are caloculated with inclusion of monopole and quadrupole pairing,
blocking effect and the Gallagher-Moszkowski corrections.



The reduced probabilities of E2, E3 and E4 transitions from the
ground state to the exoited states I“’K are calculated by the for-
mulae (see 76,14/ ) with the effective charge e:+= 0.2 and are given
in single-particle units Bs.pu.(E)‘)" 24 (“5) (0.42A'/3)2‘Xe"40'”)\-
Calculations of nonrotational states a.re made without the inclusion
of the Coriolis interaction which should be taken inte account for a
detalled desoription of each nuclei. The calculated structure of a
nonrotational state is glven as a contridution {in per cent) of one-
~phonon Mi and two-phonon { Xapaba, M Maie} components to the norma-
lisation of the wave function (14). The Paulil principle is takern inte
account in the contribution of two-phonon components. Then, we give
(in per cent) several largest two—quasineutron nn and two—quasiproton
Pp components in the normalisation of the wave function (12) of the
one-phonon state M; . The efficlency of ealculations in the QPHM
is demonstrated by 23811 and 240Pu and nonrotational states of other
nuclel in the actinlide region.

The excited 0' states play an important role 1n the nuclear
theory; they as though concentrate ma.nj difflcultles of the theory.
Description of several first 0% states of deformed nuclei in the RPA
and QPNM with ph interactions and in other models 17/ cannot be
thought to be satisfactory. In /18 s the anergles and spectroscopic
factors of (pt) and (tp) reactions with excitation of 0% atates were
caloulated for some deformed muclei of the rare-earth region. The
calculations are made by an exact dlagonalisation with allowance for
effective palring and neutr on-proton quadrupole interactions. The ob--
served enhancement of (tp) transitions to execited U states in some
nuclei was reproduced by the caleulation. It is a pilty, the structures
of the ot states and B(E2) values were not presented.

As is shown in -1 /, in deseribing K'r+0+ atates in the
QPMM,pp interacticms do not influence greatly though somewhat lmprove
the agreement with experimental data. In describing 0% states the role
of pp interactions 1s considerable as with changing G'2 the energies
of se‘veml first poles of the RPA secular equation also change. At

¢*=p. '920 the B(E2) values for excitation of I Ky=2%0, state and
the energies of 0 and 0 states decrease and the structure of 0

0"' and 0 atates cha.nges in comparison with %= 0, The inclusion of
pp interactions on the whols improves the description of 0% states.

The results of calculations of nonrotational states 238g and
240py and the experimentzl data /19-24/ 1o shown in Tables 1 and 2. -
Experimental data on the first three 0% states are insufficient and
contradictory. Experimental data on ot states in Tables 1 and 2 are
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Nonrotational states in

Table T

Calculation in QPNM

- Experinent
K| & 1B@)E, | B(E Strueture %
Y| MeV is.puf Mev |sp-u. —_—
07](0.926)| 0.4 | 0.95[ 0.8 |201 96 {221,221} 1 201t nnb22r- 622F 36
624y - 624 30
Pp523¢- 5234 10
phB314 — 834 6
0; 0,993 |1.2}1.2 |0.04 jp02 98 2021 nn62M — 6244 4O
nn622t — 6224 36
nn631 - 6314 20
o071(1.482)] 2 - [1.35) 0,00 |203 99
oI 1.6 10,08 [204 92 {221,201} 1
o*| 2.558 | 1077 3,2 |6 107§
27| 1.06 [3.0[1.1 [4.0 [221 98 221t nn633 -~ 6314 20
1n6224- 63L 12
2'2’ 1.22 {0,5}1.3 /0,5 [222 o9s 222: né224 -~ 631y 88
mnE33H ~ 631 4
23’ 1.9 |0.1 j223 64 224 25 2233 pp523k- 5304 77
or! 0.68 |25 jo0.63]18 [301 98 3013 nn74M - 6244 19
nn7524— 6634 5
0y 1.7 {1.2 |302 98 302 nn7434- 6244 320
n7524 - 6224 6
17| 0.93 |8.1]o0.97/11 311 98 311% mn7434~ 622k 62
PD6424. 5214 4
17 {1,113 1.7 |5 312 93 312% o743~ 6224 35
. nné324 — 7434 14
27| 1.129 [6.4 }1.1 |6.7 321 96 {204,321} 1 321% nn734 - 6224 25
pp6at ~ 530t 46
25 1.7 |0.01 (322 96 {204,321} 2 322% nn7344- 6124 61
pp6424.- 5034 38
37 1.6 |0.2 331 98 331% mn7434— 6314 96
3 1.9 2.7 [332 92 }204,332) 3 332: pp642t+ 5304 58
nn7524 - 6314 6
3{ 1,059 1.1 |2.6 |431 99 431% nn63M + 6224 67
o n6244 — 631§ 19
3;' 1.5 [0.4 432 o8 432% nn6244- 6314 63
nn6224+ 6314 25
Thy 1.5 [0.2 |s41 99 441% nn6244 + 631 96
43 2,0 [1.2 |aa2 96 4423 nm614+ 6314 46
. pp642t+ 6514 12
57 1.6 551 T00 5513 nn734k+ 6314 93
ppoacé+ 5234 2
53 1.9 552 100 552: nn7524+ 6224 93
ppéé24+ 5234 5.8
53 2.0 553 I0Q 553% ppé424+ 523¢ 87
7 nn75248+ 6624 6.5



Nonrotational states in

Table 2

24 OPu

Experiment Calculation 1n QPNM
K‘: g, BlEn) E, | 8@\ Structure, %
MeV  |spa.|MeV | s pu
oI} o.861 0.8 (0.8 | 201 90 201: nu622t- 6224 JL
1624 - 6244 3
{221,222 9.5 PD5234~ 5234 20
63l ~ 6314 7
o*a' 1.091 1.1 | 0.03 | 202 96 202: nn6224— 622+ 48
nn6244 - 6244 36
203 2 nn63Lt— 631 7
031(1.525) 1.3 /0,07 | 203 76 204 15 203t nn63N - 6314 38
202 3 201 2 pDp523§— 5234 36
o;' 1.4 10,10 | 204 79 2043 pp5234- 5234 22
203 18 7434~ T4 20
2{ 1,137 | 2.3{ 1.2 | 2.6 221 96 221% nné224— gsu 30
mé334 - 6314 21
{201, 221} 0.5 pn63i4+ 631 7
6224~ 6204 6
2*2‘ (1.223) 1.3 (1.0 222 96 222t nn6224- 6314 69
001 2 633 -~ 631 I0
07| 0.597 {17 { 0.6 |13 301 94 3011 nn7434— 6244 17
Pp523H — 6424 14
nn7524- 6226 4
o3 (1.411) 1.2 1 0.3 302 88 302: pp523§— 6424 34
nh73M— 6244 15
o5 1.7 (2 303 98 303t nnT434- 6244 18
anT52¢— 6224 17
17| 0.938 5.6 | 0.94|7 311 96 311t nnT4H -~ 6224 65
pp6a2¢ - 5214 17
1; {1.488) 1.4 {2.2 312 94 312% pp6424- 5214 58
mmT434 .- 622¢ 31
27| 1.241 | 10.8 1.24(8 321 98 321t nn?34t- 6224 45
ppb424— 5304 12
pp6334- 5214 B
25 1.9 11.5 322 &8 3223 nn7344~ 622% 50
j221,301% 1 ' ppb424- 5304 25
37 1.5 331 99 331: nn7434- 6314 96
371 1.0% 1.0 |1 431 99 431t nn6z2t+ 6314 90
iy 1.35{0,3 | 441 99 4413 nn6244+ 6314 90
ppoa3t+ 5214 6
57| 1.308 1.2 551 100 551% pp6424+ 5234 I00
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shown for 23% acoording tollg/ and for 24°Pu according to/22/. In
238y 4p (o, dl'F ) ama (*60,1%0 % ) reactioms 7207 tpe Ty =2*0,
state with energy 0.967 MeV 13 not observed. lccbrding to/25 0: and
. 0; states in (tp) reaction are not excited. The 0;' state energy 1s
not reliable. In some papers, the second 0% state 1s treated as a
beta-vibrational one. Inlzl the first 0% state is treated as a two-
~phonon gamma-vibrational state which we cannot agree with.

The first two O states in 24'Pu are excited in (dp) ana (pt)
reactions. Aecording to 24/ thne ratio Sy (P“U/Sg, {pt) of the spectro—
scopic factor for the 0: state to that for the ground state 1s equal
to 0.15 for the 0; atate and 0,10 for O} . Excitation of 0': and 0:
atates in (dp) reaction means that in the one-phonen parts of thelr
wave functions there should be the configuration nn 631y- 631¢. The
posttion with B(E2) values for IVK, = 2+0,, and 270, states is in-
definite as the rotational state ?_"'04 bas the energy ©0.900 MeV, and
in {dd') reaction there excites the level with energy 0.939 MeV and
B(E2) = 1.8 a.p.u. The energy of the rotational state 2"'01 1s close to
the 272, energy and the corresponding B(E2) value is ascribed to the
2+21 state. '!E?e yhird 07 state has the energy equal to 1.526 MeV
according to 220 or the energy 1.410 MeV geocording to /23’26/.

The calculations of O% states in 238y and 2‘1'0Pu are made with
the same constants &, =0,014 MoV ana  6%= 0.923° According to
the calculations, the wave functlons of the first five ot states have
dominating one—-phonon components. The contribution of two-phonon
components §221,221% 1s equal or less than 1%. By changing the cons—
tants %> and & one can get small B(E2) values at state energles
close to the experimental ones. However, one cannct obtaln B(E2)
value for the 2"'01 state larger than for the 2+01 state, which takes
place in 238y, the ene rgles of 0: and oz states in 238y are close,
and for comparison of the theory with experiment 1t is insignificant
which of them is Dbelow.

The calculated ratlos SV(P‘b)/%(P'L') for O and Oz states
in 238y and 2401’11'11e in the irmterval 0.01-0,02 which is one order
of magnitude less than the experimental values 724/ for 24 Pu,
’According to the calculations Sg(er/S?,('pt) equals 0.3 for 0: and
0.05 for 0: sta.te?. For the third and higher 01 states these ratios
are small., In /18 and other papers it is shown that the increase of
spectroscople factors in (pt) and (t‘p) reactions with excitation of
0% states is observed in nuclei which have a gap fear the Fermli level
in the positlon of energies of neutror single-particle states. Por
N = 146 in the position of single-particle levels there is no gap.



According to the calculations, in the wave functions of 0+ and
Oz states 1in 238U and 240 Pu there is a considerable contribution of
the conflguration nn 6314 - 631¥; therefore, these states should be
excited in (dp) reactions, which 1s in agreement with experimental
data /24/ for 24°Pu. Agcording to /19/, at the energy 2.558 MeV in
238y there 1s 0% state with B(E2)= 107 5. p.u. for transition to
2+0& state. Agcording te our caloulations, there are states with
energles 2.5 MeV and B(E2) = 10~ g.p.u. and 3.3 MeV and B(E2)=6 10~°
8.p.u., Our present calculations allow us to assert that with the pp
interaction introduced the description of o* states hecomes better
but not sufficient.

The data of Tablezs 1 and 2 show that here 1s good description
of the energles and B(EX ) values for K" =2 and firsg octupole
states. Due to a relatively small pairing energy in Pu the first
poles with K"= 07,1” and 2~ 1ie very low, snd therefore, too low
calculated B(E3) values are obtained in comparison with experimental
ones., Experimental data on hexadecapole states in 238U and 24OPu are
very scarce. According to the calculations, the wave functions of all
nonrotational states up to 2 MeV have dominating one-phonon components.

Nonrctational states ;n 232Th and 234U are calculated. Descrip-
tion of experimental' energles and B(EX ) values is almost the same
as in 238y and 24°Pu. The caleulated energles of Kj= I states are
0.4 MeV higher than the experimental ones, and B(E3) values for
excitation of fwk,s 370, states are somewhat lower than the experl-
mental ones. The energies amd structure of hexadecapole states in
234y are tne following: Ky= 3] , Oy =1.5 MeV, 431 99%, 431:
nn 633+ 6314 40%; pp 5230+ 530f 25%, nn 620t+ 6314 16%; Ky = IF ,

&= 1.7 MeV, 432 998, 432¢ mn 632+ 6314 56%, pp 5234+ 5304 22%,
an 6224+ 6314 15%; Ky = 41, E,=1.8 MeV, 441 96%, 441: nn 633}+ 6311
25% , pp 6424+ 6514 20%; k,, = 42, €, = 1.9 MoV, 443 88%, 444 5%
443! nn 7434+ 5014 80%. These results of calculatlons are in satis-
factory agreement with the experimental data in /27

The energy centroids of two—phonon states are calculated. In
these calculations with Gm= 6.9 a-ﬁ" in ¢comparison with the calcula.
14/ witn 6%= 0 the shift of two-phonon poles 4w (Ze4,hud)
became oconsiderably less, and therefore, the energy centroids of two- *
phonon states }261,)u4 ] decreased. Thus, in 2387 the shift Au>(201,
221) = 2.4 MeV at G#0= 0 ana A® (201,221) = 1.1 MeV at £7=0.922°
Agcording to the present calculations the largest shifts amount to
' 2.5 MeV for two—phonon poles 201, 301} . Other shifts Aw {201,iul1 )
are less than 2.0 MeV; in the cases when phonon 201 does not parti-
oipate the shifts are AW < 1.5 MeV.
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In the discussions, sometimes assertions are met that the

Kf = 44 state 1in 232 Th with the energy l. 414 MeV 1s the two-phonon
state {221 221} . According to our calculations, in 232 Th the 4,1
state energy equals 1.42 MeV, the contribution of the ome-phonon
conflguration 441 +to the normglization of the wave function (14)
equals 98% and of the two-phonon{ 221 221} configuration equals 1%,

n 224U the 4 state has the following structure 441 96%,
{2011 441y 2%, {22} 221y 1%. The present calculations confirm the
assertion, made in , about the absence of two-phonon collective
states in deformed nuclei.

3. Distribution of E2 and EJ strength in 20U

It is assumed that the first quadrupole beta and gamma vibratio-
nal states are collective and other collective states form glant
isoscalar and isovector quadrupole resonances. In the case of octu-
poles, there are first octupole collective states and other collective
states are those forming low-lying ard high-lying isoscalar and iso—
vector octupcle giant resonances. In some nuclei, low-lylng collecti-
ve hexadecapole states are observed. The ¢ollectlvity of the first
quadrupele and octupole states and its absence in higher lying states
up to the glant resonances underlie phenomenclegical models including
the interacting boson model (IEM),

Now, let us study the distribution of EX strength among the
low.lying states with an energy up to’5 MeV. In the calculations we
negleot the relation between the rotational and vibrational motions.
Investigation of EA strength distribution became possible after the
experiments in on inelastic scattering of o particles. It was
shown that 1n 168Er in accordance with experimental data 28/ among
the KM= 3~ states most collecti=~ is not the first 3 but fourth -
3+ state, In 238y according to Gur calculations the most collective
are the second 3 and fourth 3 states with B{E3) equal to 2.7 and
2.5 S.Delis whereas for the first 3, state B(E3)= 0.2 s.p.u. Simi-
larly, for the second 4 state B(E4) is six times larger than for the
first 4] state. For other K values in 2750 the first quadrupole,
octupole and hexadecapole states are the most collective among the
low=lying states.

Let us demonstrate the E2 and E3 strength distributicn among
the low--lying vibrational states using 238U as an éxample. To: study
the E2 strength distribution in the RPA we calculated B(E2; ¢ ) va-
lues for K = 2; and 0£ states. The low-lying 1* states are close to
two—quasiparticle cnes and we neglect thelr contribution . The re~
sults of calculatlons are shown in Fig.l as the sum 5 B(E2;1) con-
taining the parts corrssponding to K™ =2% and g% . About 2/3 of the
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total sum J B(E2;i) is concentrated in the K'=2* state. It 1s
seen from the figure that up to 5.5 MeV the total sum inoreases and
then goes out to the plateau. For the states with energles more than
5.5 MeV up to the isoscalar quadrupole resonance B(E2; i) values are
wry small. The contribution of the gamma-vibrational k- = 2% ‘state
to the sum X B{E2;K=2,1) equals 45% and the contribution of the
beta-vibratioml state K= 0f to the sum X B(E2;K=0,1) equals
15%, v _

For all the shates with the energy up to 6.5 MeV the contribution
of the sum jz_mmB(Ez K=z, 1) + ¥ (g B(B2;E=0,1) to the energy
welghed isoscalar sum rule is 15.5%, the contribution of beta-and
gamma~vibrational states amoumts to 2.2%, It follows from the inves-
tigations performed that a considerable part of the E2 strength is
concentrated in states lying above beta-~ and gamma—vibratlional states.
The distribution of E2 strength, shown in flg.1, 1s almost unchanged
in caleulations with the wave function (14); thus, the shift of
strength from one energy Interval to another is not large. Note that
phenomenological models 1nclusing IBM 3o not reproduce the part of
the E2 strength which is concentrated in states lying above beta-
and gamma-vibrational states.

The E3 strength distributlon in 2°°U calculated in the RPA in
the form of B(E3,1) values for each state i with K’ =07,17,27,37"
1s shown in fig.2. It is seen from this flgure that apart from the
first there is a large number of collective octupole states. With
increasing excitation energy up to 5.5 MeV B(E3) values decrease;
above 6 MeV up to the isoscalar high-lying—energy cctupole resonance
they are very small. In the region of 3.5-4.0 MeV there is a lLocal
maximum which can hardly be treated as a isoscalar low—energy octupole
resonance. According to the caleulations, there is no-gap in the di-
stribution of B(E3) values between the first and higher lying octu-
pole states. All octupole states with the energy up te 5.0 - 5.5 MeV
can be thought to form the isoscalar low-energy cctupole resomance.
For 238U the contribution of these states to the disoscalar energy
welghed sum rule amounts to 28%. It is close to the value obtaimned

/29/ for 232Th

As 1is seen from fig.2, at energles 3.5, 4.8 and even 5.4 MeV
there are collective octupole states with large B(E3) values. The
calculations of K = 07,1727 and 3~ states with the wave function
(14) have shown that a large number of states lying 1in the intexval
2-5 Me¥ have complex structure. In mény cases, states with asmall
B(E3) values are not two—quasiparticle and their wave functions con
taln a great number of two-—quasiparticle and two—phonon components.
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Fig.2. Distribution of E3 strength among the low-lying states 1in 2380. Notation:

B(E3) are given in single-particle units, large B(E3) velues are given on the left from
the straight lines and K=0,1,2,3 are given on the right for B(E3}> 0.2 s.p.u.



Some vesults are glven in Tgble 3 where the same notation as in Table
1 is used. In the wave functions of many states the one—phonon com-—
ponent dominates; in some states there are large enough two-—phonon
¢components. In splte of the absence of three—phonon terms 1n the wave
function (14) which influence the fragmentatlon of two=phonon collec—
tive states, the strength of each two-phonon collective state is dis~
tributed over many nuclear levels. Apparently, experimental study of
the two-phonon strength distribution seems to be very timely.

The study of the 2 and E3 strength distribution in 238y nas
shown that the major part of the strength concentrated in low-lying
states lies above beta— and gamma-vitrational and first octupole sta-
tes. Experimental study of the E% -strength distribution in doudly
even deformed nuclei i1s obwilously of particular scientific interest.

Conclusion

The performed imvestlgations have shown that the wave functlions
of nonrotational states with emerglies up to 2 MeV have dominating
one-phonon components. The total conmtribution of two-phonon compe—
nents does not exceed I0%. Qualitatively correct descriptlon of the
avallable experimental data is obtalned which is exemplified by 238y
and 2401,“. Some predictions are made. It 1s shown that apart from the
first quadrupole and octupole states there should be a great number
of vibrational states in the energy interval 2-4 MeV with B(E2) and
B(E3) values equal to 0.5 - 1.0 s.p.u. Collective hexadecapole
states are to be observed too. Therefore, experimental study of the

£) -strength distribution among the states up to the excitation
@ergy of 5 MeVis necessary. Note that there are no considerable 41f-
fioculties in describing nonrotational states of nuclel in the actini-
de reglion with the number of neutrons N> 140 in gomparison with
- nuclei of the rare-ecarth reglion.

Characteristics of excited states of Qeformed nuclel were cal-—
culated within the IBM (see for instance 11,12/ ), though mainly
the rare-—earth nuclel were used. In the actinide reglon, for instan-
ce in /30,317 there were calculated rotationsl bands based on the
beta and gamma—vibrational states. As the low-lying 0% states lle
outside the IM space, as in'shnwn in /32/, the calculation in the
IM of nuclei in the actinide region presents difficultles. The
mixing of configurations leads to a congiderable increase in the
nunber of parameters. Complication in the actinide reglon is due to
low-lying states of negative parity, for the description of which
apart from the f boson gne should introduce the p boson 33 . Of
certain difficulty of the description in the IM 15 the absence of

0% states constructed of two £ bosons with K™= -,
15



Table 3
238

Structure the selected states in U
K*' Zv ?(Ea) Structure, %
¥ MoV S.p.U.
07 3.73 1.50 | 30 16 243 201, 202 21; {331,434} 12
{205,3011 8

20 163 pp521t- 6514 8; pp5lat. 6424 T;
mé3H - 5034 4

o 4,80 0,29 | 30 28 82; 334,434 B8 {200,301} 4

30 28 nn6204-5014 36; nn761t- 6224 3

.| 3.49 107 ;1 27 97; {201,312y 1

31 27¢ nn50M - 6314 98
234 4.14 9.03 | 32 33 92 {321,434)3; {322,442} 2

32 33: nn6lSi— 5020 42; ppSladt— 4024 41
37 2.40 2.5 | 334 see; {221,311} 5

334: pp6a2e+ 5304 29; nn725t- 6224 23;
pp6334— 5304 IO

3 2.91 0.1 339% nn725 - 6224 48; nn734f — 6314+ 44
pp633t- 5304 6
339 94; {201, 332 2

In /347 new phonon operators consisting of the electric and
magnetic parts were introduced and the QPNM eé;uationa for the finite
rank separable multipole and spin-multipole interactlons were deri-
ved. The basls 1s created for deseribing the distribution of M) -
strength and EX  and M\ transitions between excited states of defor—
med nuclei. Thus, it is shown that the QPNM can serve as a basis for
further calculatlions of many oharacteristles of execited states of
atomic nuclei.

We hope that these calculations will be useful for experiments
at a new generation of accelerators and detectors.
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