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I. Introduction 

The energies and wave functions of two-quasiparticle and one
-phonon states of doubly even deformed nuclei were o~cUlated in 
1960-1975. Quadrupole and octupole states were calculated in the ran
dom phase approximation (RPA). The results of calculations are col
lected in refa./l-3/ • Good enough description of the available at 
that time experimental data was obtained and predictions were made 
most of which were later confirmed experimentally. In recent years, 
many new and more complete experimental data on the energies, B(EA )
values and spectroscopic factors of one- and two-nucleon transfer 
reactions were obtained. Many experimental data are expected at the 
new. generation of accelerators and detectors. therefore, new, more 
exact and complete microscopic calc.ulations of vibrational states of 
deformed nuclei ~ needed. 

All subsequent calculations of nonrotational states of deformed 
nuclei were made in the quasiparticle-phonon nuclear model (QPNY) the 
basic assumptions of which are formulated in refs./4-6/ • In those 
calculations the wave functions of excited states were re~esented as 
sums of one-phonon and two-phonon terms. It was shown in 71 that due 
to the shift of two-phonon poles caused by the allowance of the Pauli 
principle, the energy centro1d_S

1 Of collective two-.phonon states ex
ceed 2.5 MeV • ..A.t these energ1 .• 2S:.,he fragmentation of the two yhonon 
strength should take place. There~ore, it was cpncluded in 11 that 
two-phonon collective states are absent in deformed nuclei. The ~
culations used not only quadrupole and octupOle st&tes. In ref./ , 
the calculations of hexadecapole vibrational states showed that col
lective states with ~= 3+ should' exist in the isotopes of Er, Ib, 
1if' and with k11"' = 4+ in the isotopes of Os. It was shown in ref./9/ 
that in some cases multipole interactions with )._, .:- 9 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 calculations is the inclus·ion of particle-par
ticle (pp) interactions alongside with particle-hole (ph) ones/l3-l5/. 
The calculated quadrupole, octupole. and hexadecapole states in168Er, 
170, 172,~74 yb and l78Hf are in good agreement 'With experimental data. 
These calculations are limited 1by the states with K..- -f. o+ • In ref. 
/l5/, equations for describing k1T= o+ states with inclusion of ph. 
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and pp interactions were derived within the QPNM. From the condi

tion of exclusion of spurious o+ states in the RPA there were derived 

equations for monopole and quadrupole pairing which have been studied 

in /l6/ • This allows one to include o+ states in the general scheme 

of calculations in the QPNM of all states of the electric type. 

In the present paper, we give the transformed QPNM Hamiltonian 

for mul tipole ph and pp interactions which contains t e:rms with f"'"O • 

i.e. including 0+ states. Nonrotational states of some doubly even 

isotopes of Th, U and Pu are calculated and compared. with experimental 

data. The E2 and EJ strength distribution in 238u among the states 

with the excitation energy up to 6 MeV is given. 

1. The Hamiltonian and basic equations of the ~PNM 

The initial QPNM Hamiltonian contains the average field of the 

neutron and pr.oton systems in the form of a deformed axial-symmetric 

Woods - Saxon potential, monopole and quadrupole pairirig and the 

effective ph and pp multipole interactions. To transform the Hamil

tonian we use the canonical Bogolubov transformation 

a~o ~ Uq olqli'" + 6" t.J~ c{~ -6" 

and introduce the phonon operators Q;l$ and Q>.pt4'" where 

Q,+. ~-2' L ['I'~~A+Iqq';i'ol-r.q~'A(qq';r"J], 
"''" ~q' ,, 1 

(I) 

~ + ,n ·~ + 
A+ ( qcr'; )'~) = ~~ o o-'(1<- k'),o}'"' :.J.rs' ~'.o' or ;/ ~r'lf<•~<'J,o;< d qe-' o!q'o' 

dcP- and <::l9() ar~ the o:s;:rators of creation and absorption of 

quasiparticles, 'f'q~" and ';ffi'/' are the direct and inverse amplitudes, 

1~1,2,J, ••• is the root number of the RPA secular equation. Single

-particle states are specified by quantum numbers qo where 6"'.:=±1 

and q includes k-v ' where J< is the angular momentum projection 

onto the symmetry axis of a nucleus and 1r is parity, and the 

asymptotic quantum numbers II ~;/It at K =AH/2 and N 11,}. -1, at 

1<=1\-ijj.. 
After transformations (see refs./5 , 6/ ) the QPNM Hamiltonian is 

\written in the form 

H ~ f• c~ c~.;6"' olqo +H.,.+ 1-!v-q , (2) 

where the first two terms describe free quasiparticles and phonons, 

and the third describes the interacti.on of quasipa.rticles with pho-

nons; E<"f is the quasiparticle energy with monopole and quadrupole 
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pairing /l 5,l6/a Let us present the QPNM Hamiltonian in the explicit 
form, which has not been done before, 

(J) 

(5) 

(6) 

(5') 

(6') 

(7) 

(e) 

(9) 

(IO) 
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We use the following notation: ~""+t and ae_.">+' are the isosca.lar and 

isovector constants of ph interaction of multipola.rity l with 

projection )' , {;)}I is the constant of pp interaction, j),)4(ao1 • 
'W~ J ' " <, I "'tt"',. Yljt{9y;>J lq') are single-particle matrix elements, where 

V(r) is the central part of the Woods - Saxon potential. Summation 

over single-particle states of the neutron and proton systems is 

derioted by z1: at 't"-=-11.. and t=p ' respectively, 

'?' 
(11) 

E('\ are single-particle energies, A't' are chemical potentials, 

(ll') 

!be one-phonon wave function can be written in the form 
+ 

61>,-<to- l!lo , (12) 



where ~0 is the ground state wave funct1on of a doubly even 
nucleus, defined as a phonon vacuum. Now, we find an average value 

over the state 
BPA. equations. 
in/1J,l4/ for 

(12) and using the variational principle we get the 
Their explicit form is given in 1151 for K-r = o+ and 

K' * o+ states. 
Nonrotational excited states of doubly even deformed 

nuclei will be calculated with the wave function 

(14) 

._ ..... 0 
where Y •1,2,J, ••• is the state number with a given value of 1\0 

Using the variational principle we get equations for the energies 
£.)1 and ~notions R~ and P~f)li(..,,~~ .. ~· Their explicit form is 

given in I ,l4,l5/ • In the two-phonon terms of the wave function 
(14) the allowance is made for the Pauli principle. 

2. Description of nonrotational states of nuclei in 
the actinide region 

The calculations are made with single-particle energies and 

wave functions of the Woods~axon potential for the zones A=229 and 
2)9. The parameters of the potential and e~uilibrium quadrupole and 
hexadecapole deformations are taken from I 1• The isovector ph cons
tants are equal to Ge!}4=-~.5:;r:C. The pp constants are equal to 

G-)J4.;::.0.9' ~~. The constants of isoscalar ph interactions are takeri 
in the range :it • 0. 012 - O. 017 :fm2 Mev-1 and a>:' •0. 020 :fm 2Mer1 • 
The .constan1(s of the monopole pairing t;; are calculated by pairing 
energies at fixed values of g.~. The energies of two-quasiparticle 
poles are calculated with inclusion of monopole and quadrupole pairing, 
blocking effect and the Gallagher-Moszkowski corrections. 
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The reduced probabilities of E2, E) and E4 transitions from the 

ground state to the excited states I1r'K are calculated by the for

mulae (see /G,l4/) with the effective charge e:-., 0.2 and are given 

in single-particle units Bs.p•.(n)~ 2~'(_f."~)1 (0.12A'~>):Ue2 .fo-VIJ\. 
Calculations of nonrotational states are made without the inclusion 

of the Coriolis interaction which should be taken into account for a 

detailed description of each nuclei. The calculated structure of a 

nonrotational state is given as a contribution (in per cent) of one

-phonon ~~ and two-phonon ~ ).."'}"" l. .... , ~)tt.~t.) components to the norma

lisation of the wave function (14). The Pauli principle is taken into 

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 ~~ • The efficiency of calculations in the QPNM 

is demonstrated by 238u and 240Pu and nonrotational states of other 

nuolei in the actinide region. 
The excited o+ states play an important role in the nuclear 

theory; they as though concentrate many difficulties of the theory. 

Description of severai first o+ states Of deformed nuclei in the RPA 

and QPNM with ph interactions and in other models ll?/ cannot be 

thought to be satisfactory. ln /lB/, the energies and spectroscopic 

factors of (pt) and (tp) reactions with excitation of o+ states were 

calculated for some deformed nuclei of the rare-earth region. The 

calculations are made by an exact diagonalisation with allowance for 

effective pairing and neutron-proton quadrupole interactions. The ob

served enhancement of (tp) transitions to excited o+ states in some 

nuclei was reproduced by the calculation. It is a pity, the structures 

of the o+ states and B(E2) values were not presented. 
As is shown in /lJ-l4/, in describing k'""_,.o+ states in the 

QPNM,pp interactions d~ not influence greatly though somewhat improve 

the agreement with experimental data. In describing o+ states the role 
20 

of pp interactions is considerable as with changing G the energies 

of several first poles of the RPA secular equation also change. At 
n<• 20 B( ) I"'K +o 
1:r ""0.9 Z 0 the E2 values for excitation of y =- 2 1 state and 

+ + . + 
the energies of 0~ and 03 states decrease and the structure of 01 , 

o; and o; states changes in canparison with ff"· o. The inclusion of 

pp interactions on the whole improves the description of o+ states. 

The results of calculations of nonrotational states 238u and 
240Pu and the experimental data 119- 24/ are shown in Tables 1 and 2. 

Experimental data on the first three o+ states are insufficient and 

contradictory. Experimental data on o+ states in Tables 1 and 2 are 
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Table I 
Nonrota.tional states in 238u -----------------

Experiment Calculation in QPNM 
c, 8("") E., B(S~) Structure $ 
MeV .p.q 11eV s.p.tt. ----------

o+ (0.926) 0.4 0.95 o.a 201 96 i221,221l 1 201: nn6221- 6221 J6 1 nn624+- 624-1- JO 
pp52J+- 52Jt IO 
nni'>JH- 6Jl+ 6 

o+ 0.993 1.2 1.2 o. 04 202 98 202: nnH4+- 624~ 40 2 nn622+- 622+ J6 
nn6Jl~- 6Jl+ 20 

o+ 
3 

(1.482) 2 1.J5 o. OJ. 203 99 

o+ 
4 1.6 o. 08 204 92 \221, 221} 1 

o+ 2.558 ro- 3.2 6 ro-

2+ 1.06 3.0 1.1 4.0 221 98 221' nn6JJ~- 631+ zo 1 nn622t- 631+ 12 
2+ 1.22 0.5 1.3 0.5 222 98 222' nn622+- 631+ 88 2 nn63JI- 6J11 4 
2+ 

J 1.9 0.1 22) 64 224 25 22): pp52Jt- 5JO+ 77 

Di o. 68 25 0.6) 18 JOJ. 98 JOJ.: nn74J'I- 624-1 19 
nn752~- 662+ 5 

a; 1.7 1.2 )02 98 J02: nn74J+- 624-1 )0 
nn752+- 622t 6 

1- 0.93 8.1 0.97 11 Jll 98 Jll' nn74J+- 622+ 62 1 pp642+- 52U 4 
1- (1.113) 1.7 5 J12 98 )12' nn74JI- 6221 J5 2 nn63J+- 743+ 14 
2- 1.129 6.4 1.1 6.7 J21 96 !204' 321\ 1 )21: nn734ol- 622t 25 1 pp642t- 5Jot 46 
2- 1.7 o. 01 322 96 {204' 321} 2 322' nn7J4t- 612+ 61 2 pp642t- 50Jt 38 
,-

1 1.6 0.2 J31 98 JJH nn743t- 631+ 96 

,- 1.9 2.7 J32 92 t204,JJ2} J JJ2' pp642+ + 5Jot 58 2 nn752t- 631+ 6 
3+ 1. 059 1.1 2.6 4J1 99 431' nn631+ + 622+ 67 1 nn62#- 6JU 19 
3+ 1.5 0.4 4)2 98 4)2: nn62#- 6Jl+ 68 2 nn622t+ 63U 25 
4+ 

1 1.5 0.2 441 99 441' nn62#+ 6J11 96 

4+ 2.0 1.2 442 96 442' nn61J+ + 6JU 46 2 pp642t + 651+ 12 ,- 1.6 551 100 551: nn7J4t + 6Jlt 9) l pp642h 52J+ 2 ,- 1.9 552 100 552: nn752t + 622t 9J 2 pp64 2t + 5 23~ 5.8 ,- 2.0 55J roo 55J' pp642t+ 52)~ 87 3 7 nn752t+ 662+ 6.5 



Table 2 

Nonrotational states in 240Pu 

------ --------------------------
Ex:Periment Calculation in QPNM 

r<: t.., SU;.) 15, !!(EA) . Structure, '.6 

l'lo.V- S..£::!· H<V :::..e: "· ------------------
o+ 0.861 o.s 0.8 201 90 2011 nn622t- 622t 31 

I nn62#- 624-1 JO 
j221,221) 0.5 pp52JI- 52Jt 20 

nn6311- 6J1l 7 
o+ 1. 091 1.1 a. OJ 202 96 2021 nn6224- 622t 48 

2 nn6241- 62# J6 
20J 2 nn6J11- 6311 7 

a+ 
J 

(1. 525 1.J 0.07 20J 76 204 B 20JI nn6JU- 6JH JB 

202 J 201 2 pp52Jj- 52JI J6 

o+ 
4 1.4 O.IO 204 79 2041 pp52JI- 5231 22 

20J 18 nn74J<I- 74J4 20 

2+ 1.1J7 2.J 1.2 2.6 221 96 2211 nn622+- 6311 JO 
1 nn6JJ+- 6311 21 

{201, 221} 0.5 nn631++ 6JU 7 
nn622t- 620t 6 

2+ (1. 22J l.J 1.0 222 96 2221 nn622t- 6311 69 
2 nn6JJ+- 631+ IO 

221 2 

Oi a. 597 17 0.6 lJ J01 94 JOll nn74J+- 6241 17 
pp52J+- 642+ 14 
nn752t- 622+ 4 

o- (1.411 1.2 O.J J02 88 J021 pp52Jj- 6·u J4 
2 nn7JJ+- 62 15 

OJ 1.7 2 JOJ 98 JOJI nn74J+- 6241 18 
nn752t- 622t 17 

1- 0.9JB 9.6 0.94 7 Jll 96 Jlll nn74J+- 6221 65 
1 pp642t- 5 2lt 17 

1- (1.488 1.4 2. 2 J12 94 Jl21 pp642t- 52H 58 
2 nn74Jt- 6221 J1 

2- 1. 241 IO. 1. 24 8 J21 98 J211 nn7J41- 6224 45 
1 pp642+- 5J0+ 12 

pp6JJI- 52H 8 

2- 1.9 1.5 J22 88 J221 nn7J4t- 6221 50 
2 [221,JOll 1 pp642t- 5J0t 25 

J-
1 1.5 JJ1 99 JJll nn74Jt- 6JH 96 

J+ 
1 

1. 0J6 1.0 1 4Jl 99 4311 nn622t+ 6JH 90 

4+ l.J5 O.J 441 99 4411 nn6241 + 6J1l 90 
1 pp52JI+ 521t 6 

5-
1 

1. JOB 1.2 551 !00 551 I pp642t+ 52Jf roo 
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shown tor 238u according to/191 and for 240Pu according to1221. In 
238u in ( ol 

1
ol1/f ) and ( 16o, 160 'If ) reactions 1201 the .:r""Ky =2'0, 

' /25/ + state with eneru 0.967 MeV is not observed. According to 01 and 
ot states in (tp) reaction are not excited. The o; state energy is 

not reliable. In some papers, the second o• state is treated as a 
beta-vibrational one. In/211 the first o+ state is treated as a two~ 
-phonon gamma-vibrational a·tate which we cannot agree with. 

The first two o+ st,tes in 240Pu are excited in (dp) and (pt) 
rea.ctions. A.ecording to 24/ the ratio Sy (pi) /5:i- (pt) of the spectro
scopic factor for the 0~ state to that for the ground state is equal 

+ . + + to 0.15 tor the Oi state and 0.10 for o; . Excitation of 0~ and ~ 
states in (dp) reaction means that in the one-phonon parts of their 
wave funct~ons there should be the contigurat~on nn 6Jl+- 6Jlt. The 
position with B(B2) values for .J:1tK.,. • 2+0., and 2+02_ states is in-

+ d.e:tinite as the rotational state 2 0" bas the energy 0.900 MeV, and 
in (dd ') reacti.on there excites the level with energy 0.939 MeV and 
B(E2) • 1.8 s.p.u. The energy of the rotational state 2+01 is close to 
the 2+21 energy and the corresponding B(E2) value is ascribed to the 
2+21 state. ~e ;hird a; state has the energy equal to 1.526 MeV 
according to 22 or the energy 1.410 MeV accordi~ to / 23, 261. 

The calculations of o+ states in 238u and 240Pu are made With 
1<> 2 1 r'-" 21> the same constants CR-0 •0.014 fm Mer and cr = 0.9cit>o • According to 

the calculations, the wave functions of the first five o+ states have 
dominating one-phonon components. The contribution of two-phonon 
components {221,221~ is equal or less than 1*. ~ changing the cons
tants :ri:o'/..0 and ~ one oa.n get small B(E2) values at state energies 
close to the experimental ones. However, one cannot obtain B(E2) 
value for the 2+0~ state larger than for the 2+01 state, which takes 
place in 238u. The energies of 0~ and o~ states in 238u are close, 
and for comparison of the theory with experiment it is insignificant 
which of them is below. 

The calculated ratios Sy(f>il/~(p;,l for a:; and a: states 
in 2J 8u and 240Pu· lie in the interval O. 01-0.02 which is one order 

12~/ 24a of magnitude less than the experimental values for Pu. 
;According to the calculations 511 (ptJj<:...(pt) equals O.J for a; and 

+ • Q + 
0.05 for 0 state,. For the third and higher 0 states these ratios 
are small. 

1
In /le and other papers it is shown that the increase of 

spectroscopic factors in (pt) and (tp) reactions with excitation of 
o+ states is observed in nuclei which have a gap near the Fermi level 
1n the position of energies of neutron single-particle states. For 
N = 146 in the position of single-particle levels there is no gap. 
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a+ 
2. 

According to the calculations, in the wave functions of 0.7 and 
states in 238u and 240Pu there is a considerable contribution of 

the configuration nn 6JU- 6Jli-; therefore, these states should be 
excited in (dp) r,eactions, which is in agreement with experimental 
data 124/ for 240Pu. According to ll91, at_ the energy 2.558 MeV in 
238u there is o+ state with B(E2)= Io-7 s.p.u. for transition to 
+ 2 Ot state. According to our calculations, there are states with 

energies 2.5 Mev and B(E2) • ra-J s.p.u. and ).) MeV and B(E2)•6 ra-5 

s.p.u. Our present calculations allow us to assert that with the pp 
interaction introduced the description of a+ states becomes better 
but not suffic1 ent. 

The data of Tables 1 and 2 show that there is good description 
of the energies and B(E~ ) values for K• =2: and f1rs6 octupole 
states. Due to a relatively small pairing energy in 24 Pu the first 
poles with Ktr~ o-,1- and 2- lie very low, and therefore, too low 
calculated B(EJ) values are obtained in c001parison with experimental 
ones. Experimental data on hexadecapole states in 238u and 240Pu are 
very scarce. According to the calculations, the wave functions of all 
nonrotational states up to 2 MeV have dominating one-phonon components. 

Nonrotational states in 232Tb and 234u are calculated. Descrip
tion of experimental· energies and B(E>t) values is almost the same 
as in 238u and 24 0Pu. The calculated energies of K;= 21 stat~s are 
0.4 MeV higher than the experimental ones, and B(EJ) values for 
excitation of :t1TK)'a J-01 states are somewhat lower than the experi

mental ones. The energies and structure of hexadecapole states in 
2J 4u are the following: K;= )~ ' 01 ""1.5 MeV, 4)1 99%, vl: + 
nn 6JJh 6)1} 4()\1;; pp 52Jh 5Jat 25$, nn 62~+ 6JH 16$; l<y = J,_ , 

~ ... 1.7 MeV, 4)2 99$, 4)2: nn 6J:Joi+ 6)1~ 56$, pp 52)~+ 5Ja-t 22$, 

nn 6221+ 6J1.j, 15$; K-; • 4~, 61 =1.8 MeV, 441 96$, 441: nn 6JJh 6311' 

25$ , pp 6421+ 6511 2()11;; K-; = 4;, -f., = 1.9 MeV, 44) 88$, 444 5'l\; 

44): nn 743t+ 501+ sa$. These results of calculations are in satis
factory agreement with the experimental data in 1271 • 

The energy centroids of two-phonon states are calculated. In 
these calculations with G:JJ>= 0.9 a:'/: in comparison with the calcula
tions 114 / with c;!.o= 0 the shif:t of two-phonon poles L:..W(t.c-tJ)yt-1) 

became considerably less, and therefore, the energy centroids of two
phonon states {2.o1 ,~-'1} decreased. Thus, in 238u the shift ,t:.W(201, 
221) = 2.4 MeV at (;9.0 • 0 and l>W (2a1,221) = 1.1 MeV at 1/"=a.9?t!

0
• 

According to the present calculations the largest shifts amount to 
2.5 MeV for two-phonon poles. t2<>:t, )01) • Other shifts A W (201, AJA--'~ ) 
are less than 2.0 MeV; in the cases when phonon 201 does not parti
cipate the shifts are AW < 1.5 MeV. 
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In the discussions, sometimes assertions are met that the 
K~ = 4~ state in 232Th with the energy 1.414 MeV is the two-phonon 

2J2 + state 1221,221} • According to our calculations, in Th the 4~ 
state energy equals 1.42 MeV, the contribution of the oae-phonon 
configuration 441 to the normalization of the wave function (14) 
equals 98~ and of the two-phononi 221 2213 configuration equals 1~. 
In 234u the 47 state has the following structure 441 96~, 
{201, 441~ 2S, {227,221j 1$. The present calculations confirm the 
assertio,n, made in 71 , about the absence of two-phonon collective 
states in defo:nned nuclei. 

J. Distribution of E2 and EJ strength in 238u 
It is assumed that the first quadrupole beta and gamma Vibratio

nal states are collective and other collective states form giant 
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 and high-lying isoscalar and is:o
vector octupole giant resonances. In some nuclei, low-lying collecti
ve hexadecapole states are observed. The collectivity of the first 
quadrupole and octupole states and its absence in higher lying states 

up to the giant resonances underlie phenomenological models including 
the interacting boson model (IEM). 

Now, let us study the distributi?n ·of EA strength among the 
low-lying states with an energy up to 5 MeV. In the calculations we 
neglect the relation between the rotational and vibrational motions. 
Investigation of EA strength distribut·ion became possible after the 
experiments in 1281 on inelastic scattering of « particles. It was 
shown that in 168Er in accordance with experimental data 281 among 
the l<·tr= J- states most collect:t-~-~ is not the first J1 but fourth J+ state. In 238u according to our calculations the most collective 
are the second J; and fourth J4 states with B(EJ) equal to 2.7 and 
2.5 s.p.u. whereas for the first J1 state B(EJ)= 0.2 s.p.u. Simi
larly, for the second 41 state B(E4) is six times larger than for the 
first 4: state. For other K vaJ.ues in 238u the first quadrupole, 
octupole and hexadecapole states are the most collective among the 
low-lying states. 

Let us demonstrate. the E2 and EJ strength distribution among 
238 ' the low-lying vibrational states using U as an example. To· study 

the E2 strength distribution in the RPA we calculated B(E2; (., ) va-
u-rr .... o-t- + lues for "i. = 2c:, and £ states. The low-lying 1 states are close to 

two-quasiparticle ones and we neglect their contribution • The re
sults of calculations are shown in Fig.l as the· sum I. B(E2;i) con
taining the parts corresponding to kr =2+ and 0+ • Ab~ut 2/J of the 
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L B(E2; n .. ~ ... 
I 

1,0 2,0 

,.---J"·--S 
___ ..... --... -

r• I r--· ----·-.J 

3,0 4,0 5,0 w1,M.v 

Fig.l. Distribution of B2 strength in 2J 8u represented as a total sum of B(E2,1) values 

oTer the energy intervale ot 0.5 MeV. Notation: the dashed histogram is the contribution 

to 2:_ B(E2;l•20) of the states with K-rr •2+ ' and the solid_line is the contribution 

of th\t states with K"~"" • o+ and 2+ • 



total sum 
seen from 

1r 4 B(E2;i) is concentrated in the K =2+ state. It is 
t~e figure that up to 5.5 MeV the total sum increases and 

then goes out to the plateau. For the states with energies more than 
5.5 MeV up to the isoscalar quadrupole resonance B(E2;1) values are 

I< "" + -ery small. The contribution of the gamma-vibrational ~ = 2-t state 
to the sum l:. B(E2;K=2,i) equals 4.5'-' and the contribution of the 
beta-vibratio~l state K"{= 0~ to the sum ~ B(E2;K=O,i) equals 
1~ • 

For all the states with the energy up to 6.5 MeV the contribution 
of the sum :2;:6.> .B(E2;K=2,i) + :!:UO,.ci, B(E2;K=0,1) to the energy 

< :u. 
we~ghed isoscalar sum rule is 15.5'-', the contribution of beta-and 
gamma-vibrational states amounts 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-vibrational states. 
The distribution of E2 strehgth, shown in fig.l, is almost unchanged 
in ca~culations with the wave function (14); thus, the shift of 
strength from one energy interval to another is not large. Note that 
phenomenological models inclusing IEM do not reproduce the part of 
the E2 strength which is concentrated .in states lying above beta-
and gamma-vibrational states. 

The EJ strength distribution in 238u calculated in the RPA in 
the form of B(EJ,i) values for each state i with 1<1T=o--,l-,2-,J-' 

is shown in fig. 2. It is se·en from this figure that apart from the 
first there is a large number Of collective octupole states. With 
increasing excitation energy up to 5.5 MeV E(EJ) values decrease; 
above 6 MeV up to the isoscalar high-lying-energy octupole resonance 
they are very small. In the region of J. 5-4.0 MeV there is a lo·cal 
maximum which c~ hardly be treated as a isoscalar low-energy octupole 
resonance. According to the calculations, there is no ·gap in the di
stribution of B(EJ) values between the first and higher lying octu
pole s~ates. All octupole states w~th the energy up to 5.0- 5.5 MeV 
can be thought to form the isoacalar low-energy octupole resonance. 
For 238u the contribution of these states to the isoscalar energy 
weighed sum rule amounts to 28~. It is close to the value obtained 
in 1291 for. 23 2Th. 

As is seen from fig.2, at energies 3.5, 4.8 and even 5.4 MeV 
there are collective octupole states with large B(EJ) values. Tbe 
calculations of K"Tr = o-,1-,2- and J- states with the wav·e function 

(14) have shown that a large number of states lying in the interval 
2-5 MeV have complex structure. In many cases, states with small 
B(EJ) values are not two-quasiparticle and their wave functions con
tain a great number of two-quasiparticle and two-phonon components. 
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Some results are given in Table J where the same notation as in Table 

1 is used. ln the wave functionS of many states the one-phonon com

ponent dominates; in some states there are large enough two-phonon 

components. In spite of the absence of three-phonon ter.ms in the wave 

function (14) which influence the fragmentation 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 E2 and EJ strength distribution in 2J8u has 

shown that the major part of the strength ooncentrated in low-lying 

states lies above beta- and gamma-vibrational and first octupole sta

tes. Experimental study of the E'X -strength distribution in doubly 

even deformed nuclei is obviously of particular scientific interest. 

Conclusion 

The performed i.n'Testigations have shO!fn that the wave functions 

of nonrotational states with energies up to 2 MeV have dominating 

one-phonon components. The total contribution of two-phonon compo

nents does not exceed IO$. Qualitatively correct description of the 

available experimental data is obtained which is exemplified by 2J8u 
240 and Pu. Some predictions are made. It is 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(EJ) values equal to 0.5 - 1.0 s.p.u. Collective hexadecapole 

states are to be observed too. '!he ref ore., experimental study of the 

E~ -strength ~istribution among the states up to the excitation 

mergy of 5 MeV1s necessary. Note that there are no considerable dif

ficulties in describing nonrotational states of nuclei in the actiDi

de region with-the number of neutrons N > 140 in comparison with 

nuclei of the rare-earth region. 

Characteristics of excited states of deformed nuclei were cal

culated within the IBM (see for instance /ll,l 2/ ), though mainly 

the rare-earth nuclei were used. In the actinide region, for instan

ce in /JO,Jl/ there were calculated rotational bands based on the 

beta and gamma-vibrational states. As the low-lying o+ states lie 

o~tside the IEM space, as in shown in /J2/, the calculation in t4e 

IEM of nuclei in the actinide region presents difficulties. The 

mixing of configurations leads to a considerable increase in the 

number of parameters. Complication in the actinide region is due to 

low-lying states of negative parity, for the description of which 

apart from the f boson one should introduce the p boson /JJ/ • Of 

certain difficulty of the description in the IBM is the absence of 

o+ states constructed of two f bosons with Klr= o-. 
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K,. 
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D28 

127 

2)J 

T 4 

T 9 

t, 
MeV 

J.7J 

4.80 

J.49 

4.14 

2.40 

2.91 

Table J 

Structure the selected states in 238u 

1.50 

0.29 

ro-4 

9.0) 

2.5 

0.1 

------------------------
Structure, ~ 

----------------------
JO 16 24; 201, )02 21; {JJ1,4J4) 12; 

\205,J01} 8 
)0 16: pp52lt- 651+ 8· 

' 
pp5121'- 642+ 7; 
nn6JJ+- 50Ji 4 

)0 .28 82; JJ4,4J4 8 j20l,J0l} 4 
)0 281 nn620+-50lt J6; nn76H- 622i J 

J1 27 97; t20l,Jl2J 1 
J1 27' nn50U- 6JH 98 

)2 JJ 92 tJ21,4J4) J; 1)22,442) 2 
J2 )): nn615+- 502+ 42; pp514i- 4 02i 41 

JJ4 86; \221,Jlll 5 
JJ4: pp642t+ 5JO+ 29; nn725t- 622t 2J; 

pp6JJ+- 5JO+ IO 

JJ9: nn725t- 622t 48; nn7J4t- 6Jlt 44; 
pp6JJ+- 5)0+ 6 

JJ9 94; {201, JJ2) 2 

In /J4/ new phonon operators consisting of the electric and 
magnetic parts were introduced ani the QPNM eQ.uations for the f1nit e 
rank separable multipole and spin-multipole interactions were deri
ved. The basis is created for describing the d1str1but1on of KA -
strength and E ~ and M). transitions between excited states of defor

med nuclei. Thus, it is shown that the QPNM can serve as a basis for 
further calculations of many characteristics of excited 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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