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1. Introduction 

Doubly even deforшed nuclei include low-lying two-quasiparticle 
and collective quadrupole and octupole vibrational a-tatea. Коаt о! 
the two-quaaiparticle atates predicted in ref./1/ have later been 
meaвured experiaentally. The collective К~ с2~, f-vibrational, к:.о~, 
f' -vibrational, Кт .о-, 1-, 2- and 3- octupole states and В(ЕЛ )­
values of their excitation are well described ав the one-phonon RPA 
states/2,3/ • 

. The generally accepted treatment (вее rer./4/) impliea the exis­
tence of one- , two- and three-phonon states in doubly even spherical 
and deforшed nuclei. The e!fect of the Pauli principle in the two­
phonon coaponenta о! the wave functions of excited states has been 
studied in refs. /5 • 61. ' It was· concl uded in ref • .'16/ that the collec­
tive two-phonon states should not exist in deforшed doubly even. nuc­
lei. Note that A.Bohr and B.Kottelson/7/ support the idea of exis­
tence of the collective two-phonon states in deformed nuclei. Thua 
the contradiction arose between the results obtained in the qua-
siparticle-phonon nuclear model (QPXМ)/S/ and in the phenomenologi­
cal models. 

In recent years the interacting boaon aodel (IВК) is widely 
used/9 • 101 for describing low-lying states of de!orшed nuclei/11 • 121. 
It ia interesting to compare the description о! nonrotational atateв 
with КlГ •О+, 2+, 3+ and 4+ in the energy interval (1.5-2.'5) KeV with­
in the QРХМ and IВК. Тhis problem ia the aim о! the preaent paper. 

2. Deвcription о! nonrotational stateв of de!oraed nuclei 1n 
the QРП and IВК 

То compare how nonrotational stateв 1n de!oraed nuclei are 
treated in the QPNК and IВI, we firвt expound the Ьав1с aaвuaptionв 
о! these aodela. 



• 

The вtarting llallliltonian of the QPD contains the Saxon-'loods 
potential descriЫng an average field of the neutron and proton sys­
teшs, pairing interactions as well as the isoscalar and isovector se­
paraЪle шultipole and spin-шultipole interactions. 

Тhе pairing constant s are found froa the difference of nuclear 
шавsеs (see refs./3, 131). Тhе fitting of the paraaeterв of the SaxGn­
l'oodв potential perfoi'Died in 1968-74 illlplies the followi:ng zones of 
defoi'Died nuclei in the DI&Ss nuaber А: 155, 165, 173, 181, .229, 239, 
247 and 255. Тhis fitting consists of four stages: 1) the single-par­
ticle energies and wave functions are "calculated with а certain aet 
of par8111eters of the potential; 2) the equilibriuш nuclear shape is 
found Ъу the shell corr.ection шethod thus tixLDg the paraaeters ot 
the quadrupole р._ and hexadecapole Л detor~~~&tion; 3) phonona are cal­
culated in the RP.A.; 4) the quasiparticle-phonon interactions are ta­
ken into conвideration, the energies and wave tunctions ot nonrotati­
onal •tates of odd nuclei are calculated and coшpared with the rele­
vant e:xperiaental data. If necessary the paraaeters ot the Saxon­
Woodв potential can further Ье cЬan&ed and tour staces of calcula­
tions are perfor.ed all over again. Such а procedure is repeated un­
til rather а good description ot the e:xperiaental data on low-lying 
nonrotational levelв of odd nuclei 1a · ach1eved. The par81Reters of the 
Saxon-Woods potential in the atore-шentioned zones are presented in 
refs./13- 161. !he paraaeterв in zone А-181 have been .odified in 
1984/171. . 

The isoscalar Х.~) and ieovector x'!'J constants of aul tipole in­
<ltJ 

teractions are deterained as tollows: 1) the isovector constants ~ 
(11) 

and Xj. are found froa the posi tion of the giant E1-resonance; to 
oxclude а apurious state the isoscalar dipole forces are introduced 
wi th the conatant ~Ч'J which is obtained froa the condi tion of va­
nishing of the tirst root of the aecular equation; 2) the iaoacalar 

IY"J !~) !Н) 
conatantв ><. , ~ and Хо are tound froa the energies of the 
firвt quadr•pole, octupole and hexadecapole states; to reduce the 
nuaber of paraaeterв it is aвauaed that x'!J/x'f) •-1.2; 3) for А> 4 
pheno•enological estiaatea given 1n r ·er. /4/ are uaed. In the calcu­
lationa of low-lying вtatea phonons with >./' •20, 22, 30, 31, 32, 33, 
41, 43, 44 and in воае савов up to ~ •77 are taken into account. 
li'or each 'Jt- about 10 and in аоше савев up to 20 roots ot the вecular 
equation aro taken into conaideration. 

In transforainc the QPD Haail tonian Ъ;т the canonical Вogolubov 
transforaation one pasaea froa the nucloon operators to the quasipar-

rJ"!" _,+ -+ 
ticlo d.f'" antl ''" operators. !he pairs of operatorв <.Jr.fг ~·r · and. 
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cir•r ~ are e:xpreaaed through the phonon operators ~... ~ ta.Aj'i and 
the quasiparticle operatora reaain only in the tor. of ~,,. ~r' • Then, 
the RP.A. equations are вolved to deteraine the energiee and wате func­
tions of one-phonon atatea • .111 the шodel paraaeters are fixed at 
this stage. Using the вolutions of the RPA secular equations the QРВК 
HВIDil tonian is transforaed to 

HQP~ = ~ ~ ~~d.,".. + Hv + н"., ~ (1) 

containing tree quaвiparticles and phononв and the quaвiparticle-pho­
non interaction Н..-, • Here E.f is the quaвiparticle energy, fГ are 
the quantua nuaberв of single-particle states, tг •±1• Тhе e:xplicit 
fora of H81111ltonian (1) is presented in ref./181. 

In the low-lying states the isovector torces are 1na1gnif1cant, 
therefore they have not been conaidered in ret./61. In the preвent 
paper the calculations have been perforшed with the iвoscalar and 
iвoтector forceв во that not to шiss isoтector atates in the ener&J 
interval 1.5-2.5 KeV. Кoreover, it haa recently been reported in 
rer.1

1
9/ that an isovector 1+ шagnetic collective state had been ob­

served in 
1
5

6
Gd. According to the 1~2 calculat1ona/20/ the За iso­

topes contain isovector 2~ statea. 

Тhе nonrotational state wате function of а douЫy even deforaed 
nucleus is 

~ (K-..r. '={L: R~ Q: + LV~ij; s_ р .. Q+ п+ J'·' < > 
1'1 D 'J i" .... '1- о /t'i il У,+<rуо.,Гок. 1Ф z,r, Чfat;. .Те J 2 

~"._ 

where ~ is the ground state wате tunction, n-1, 2, з, ••• iв the 
nuaber of а вtate with given ~. ~ollowinc . re:r.121 1 we uao phonons 
dependin& on the sign of proJection Х into the nuclear BJ88otr;т ахiв. 
In re:r.f5/ the tunction ::Кк.(J.I•/1~1,') h~ been introduced undor 
the exact conвideration ot co .. utation rolationв botweon the phonon 
operators. I ts explici t fora iв civen in re:r • • /5,6, 21 1. It waa •hown 
in the• e рароrв that the tunction 1(,~1·/~l:)iв вaall 1:r · J+// , 
~;: Jl • !heretore, in al.l the савеs whore ров81'Ьlе onl;т the diapnal 
toraa :Кк.(fФ/fаf) are usod. !he noraa11zat 1on cond1t1on (2) 1n t ho 
X-41-conal approxillation hав the tora 

/+ Ьj,,.. ( пn ).z f J j((tФ/Ia.l.) } 
.2. .rltla 2 + 1 + L . ()) 

Jt/& 

i = 4-(Ri:/ + 2_ 
Lo ,".. 
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If the I'auli principle is greatly violated, then at ~~9g_ :J(,''·(i~f./tf9~ = 
.. -2 and at э7=tS~ :X:~'I~f..lt=-t~J =- 1 , thus the component ~;~;. turns out 

to Ье eliminated from the wave function (2). 
Further, an average value of Hq~ over state (2) is calculated ; 

the variational principle is used to derive equations for the ener­
gies iп and coefficients R and 1? of the wave function (2). The 

explicit form of these equations is represented in rer.1
18

1. 
The IВК is used to describe the low-lying states of deformed 

nuclei. Here we ci te necessary formulae. Wi th в- and d-bosons the 

IВII Hamil tonian has the form 

Huм·i =-><(Q·O)- к'(L·L.) + к~(.Q+.р ), 

wher~ Q :. [ ~ + J< s + 5 + .>< ol. 1 (~)-+ 1 r d + х lj (0.) J 

L = .JiO [ d ... "' 1 J (:i) , Е = ~ ~ ( J. 1 J - с s · s) } 
(4) 

- /" t}..-= Н d/" , the вign х means the tenвor product. 
In the harmonic approximation there are two types of excited 

вtаtев having the вymшetry of /' - and f -vibrationв and defined Ьу 
the quantum numberв n,. and n,- • The wave functionв have the following 

form (вее ref./7/): 
for the ground вtate 

~ +)AI 
l<t) = (N!J (i /0) J 

(5) 

for the вtate nf ·1 with к: .. о~ 

\r~1.:"D =- [c.ч-u ! ]-J% ~+ (i+)н-t )о), (б) 

for the atate n,.-1 with к: ·2~ 

1-J% ( ь+)lf-' !nr=l)= ((w-1).' dJ. -fi {о), (7) 

where li iв the number of bosonв equal to а half of the neutrons and 

protons, 
+ -}2. +) i = (t+J') (s++Jd;, J 

~+ = (1+J'Г>2.(-J S++d/)J 

usually it is assumed that р ... 1.24 (вее ret.f71). In the gener al са·· 
ве the wave function iв 

1 кч-) :::0 ~ с~~ ~ (d/):11 {!,+)~ 19 ( 1+)''-JI,t-Jf,/ о) J (8) 

4 

1 
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Scheae of nonrotational atatea of deformed n~clei with к: • 
+ + + + + + + + •_2
1

, о2 , о3 , о4 , 22, 2
3

, 4 1 and 42• Jor each level the do-
ainating coaponents .sre shown: on the l eft Ьу the QPD and on 

the right ь~ t he IВIL 

5 



where /11 '?J> N.~ +л.;. • Тhе anharmonic corrections in strongly deforшed 
nuclei are not large. Therefore, the wave function (8) has one doai­
nating coaponent. Тhese doainating coшponents for the вtates with 
К,.. •O+and г+ are shown in the figure.-

The study of the spectra of deforшed nuclei necesвitated an in­
troduction of g boson. In this case the sd subвpace is extended to 
the sdg subspace which has resulted in the introduction of soae new 
paraaeterв. т:qе introduction of g-boson led to 3~ band and in addi­
tion to the bands based on oj, г; and 4~ stateв to those Ьавеd on 04, 
гj and 4; states. In this case the sd doшinance is conserved since 
the weight of g Ьовоn in the wave functions of the states I < 6 wi th 
an energy less than г lleV turned out to Ье small.Тhus,in the f'igure the 
states 4{ apd 4; are defined Ьу the aixture ~ two coaponents ny .г 
and n,_ •1.- Тhе application of the IВII-г in defol'llled nuclei encounters 
dift'iculties caused Ьу the occurrence of аоше additional rotational 
bands which are not observed experiaentally. 

3. Coaparison of the description of states with Kv • о+, г+ and 
4 + in the QРП вnd IВII 

~r the deccription of douЫy even deforaed nuclei within the 
QPВII the wave function (г) 1в usually talten as а suua of 5-10 one-plio­
non teras and а great nuuaber (102•103) of two-phonon te:l'llls. According 
to our calculations the coaponents .у.<.гг1 and го1 contribute шоrе 
than 8~ to 'С -vibrational к: -г~ and !" -vibrational к;; -о~ states. 

+ + + + + + + + The stateв гг• г3 , г4 , о3 , о4 , о5 , 41 and 4г have doainatiп& coapo-
nents .y'i. • г2г, 223, гг4, гог, 203, 204, 441, 44г. Up to the exc1ta­
t1on energy of 2 lleV an adJRixture of two-phonon collective coaponentв 
does not exceed 1~. The states with к; •3~ and 3~ are аа а rule two­
quaв1part1cle. It can Ье stated that up to the energieв (2.0-2.3) lleV 
the wave functions of nonrotational вtаtев have one doainatiп& one­
phonon coaponent; they ~е вhown 1n the figure. 

:low we вhall coapare the descr1pt1on of /' - and 1Г -т:ibrational 
states within the QPIПI and IВII. Since the one-phonon coaponentв ~i • 
.го1 and гг1 are doainating/гг/, the QPВII dоев not proтide а consi­
deraЬly better descr1pt1on of О~ and г~ вtаtев in coapariвon with the 
RPA calculations. Certainly, it 1s desiraЬle to iaproтe the descrip­
tion of о+ st&tes. •The consideration of only nonrotational вtаtев iв 
uniaportant. Тhе rotational Ъands are descri bed Ьу takinc account of 
the Coriolis interaction aD4 Ьу calculati ng single-~article statee 
of the saxo~Woods potenti al depending on rotation г31. Тhе wате 
functions of О~ and г~ вtates are the superpositi on of а l arge D\1111-

6 
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Ъеr of two-quasiparticle components. These states can Ье excited in 
one-nucleon transfer reactions. For the 2~ states these are the par­
ticle-hole components. А correct description of the largest compo­
nents of the 2t state wave functions in some nuclei has been confir­
med experimentally. Note that а вmall part of the two-quas±particle 
state space is taken into account while describing the О~ and 2~ sta-
tes. 

In the IВМ the one-boson components n~ =1 and nr =1 dominate in 
the о; and 2~ state wave functions. At the beginning of the regi.on of 
deformed nuclei the main components of the wave functions of these 

· states are particle-particle and at the end of the region are hole­
hole/241. А douЫy even nucleus А+2 N is larger Ьу unity than А. ~е 
to the particle-particle structure of nr =1 operator at .the beginning 
of the region of deformed nuclei the 2~ states can Ъе well excited in 
reactions of the (dp) or (3He,d)-type and should not Ъе excited in 
the (dt) or (d, 3He)- type reactions. The whole space of two-quasipar­
ticle states with Кт =2+ and о+ of the particle-particle - type is 
only that contained in the one-boson states 11r .. 1 and ht •1· Due to 
anharmonicity а fraction of strength of the r\~ •1 , n

11
•1 states is 

shifted into higher к~-2+ and о+ states.Тherefore, assertion about 
the excitation in the (dp) and (3He,d)-type reactions .and nonexcita­
tion in the (dt) or (d,JHe)-type reactions can also Ье attributed to 
2~, 2j,and 24 states. - These reactions аау verify the тalidity of the 
IВII in descriЬing excited states as those containing only two-quasi­
particle components of the particle-particle-type. The success of the 
IВII in descriЬing the integral characteristics of О~. and 2~ etates is 
obvious especially as concerns 12 transitions to the ground state 
Ъand and between the bands Ъased on О~ and 21 states. 

т + + + + + + Compare the description of Kn • о3 , о4 , о3 , 22, г3 , гi etc. sta-
tes. In the QPlDI the stateв oj. о~. о; hате large{(80-95)"Jone-phonon 
coaponents ~ •202 1 203, 204 and the вtates 2;, 2j, г~ large one-pho­
non coaponents "f< -гг2, 223, 224. In soae саsев а aixture of one-pho­
non coaponents is obserтed. It is to Ье noted that in descriЬing 
theвe вtates the space of two-quaвiparticle stateв Ъесаае. Ъroader 1n 
comparison with that deterшining 201 and 221 phonons. Accordinc to 
rer./6/ these stateв shoul4 not hате doainatiцs collectiтe two-phonon 
coaponentв and firвt of all those conвtructed of 201 and 221 phonons. 
I t can Ье stated t hat the aтe.ilable exper:iaental data/25-29/ do not 
contradict this concluвion. 

In the IВII the doa:ine.tЩ coaponents of the wате functions are: 
i } + + + + 111f •1, ~ • 1 for 22 . states, nf •3 for 23 ' 1\т •2 for 03 and n/1 • 2 for 04 
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states. The main part of the strength of one-Ъoson states n'{ .. 1, Ylf-'•1 
is concentrated in 2~ and О~ states and only а smal.l fraction of the­
ir strength is attributed to 2~~ 2j, oj and О~ states. This means 
that t~e dominating components of the wате functions of 2~, 2j, oj 
and О~ states are two- and three-boson ones and the contribution of 
one-boson and thereby two-quasiparticle components is теrу small. 
From -the .microscopic point of тiew, within the IВII only а smal1 part 
of the space of two-quasiparticle states entering into the wave func­
tions ojj~ (n,l)- and r (n,-1) -vibraчonal states is taken into con­
sideration. 1Jith c-Ъoson the space of two-quasiparticle states beco11es 
broader. However, according to the ca1culations/30/ for 1681r the 
weight of .g-boson in rotation bands baaed o.n 2~, 2j, oj and О~ states 
does not exceed 3~ and the two- and three-boson coaponents are st111 
dominating. 

Аа а result we state tЛAt the wате functions of 2~, 2j, 2~, oj, 
о~. о; states in the IВII hате large. two- and three-boson COID.ponents 
and in the QPD they hате ~arge one-phonon coaponents with ~ •2, 31 4 
and hате no pronounced two-phonon .collectiтe coJD.ponents. In the QPD 
the structure of these· ia aainly deterained Ьу the aet of two-quaai­
particle coa_ponents th&t are aЬsent in the IВК. Аа it hав been aen­
tioned :i:n ref.IJ1/ there is а fundaaental difterence in describing 
these states within the QPIПI and the !В11. 

1Je shall consider к; а 4~ and 4~ states. Accordiug to the calcu­
lations withln the QPD the one-phonon coaponents 1fi. •441 and 442 do­
JD.inate in the wате functions of 4t and 4~states; _ the c,ontribution of 
two-phonon components \ 221,221} doea not exceed (1-5)%. Obviously, 
the calculations 1n the approximation used 1n ret./6/ proтide as lar­
ge as possible shift of two-phonon poles. The inclusion of some cor­
rections and three-phonon component-s of the wave :runctions will pro­
baЬly resul t in а small increaвe of the contribution of ... two_;phonon 
components to 4~ and 4~ states. The situation cannot be . changed car­
dinally. Тhе state11.ent about the aЬsence of two-phonon collectiтe 4+ 
states is тalid. According to the new experimental data/27-29/ for 
instance, in 1681r the state I'!Г а4+ with an energy of 2.03 KeV which 
haв · been thought to have К•4 and treated in refs./7 ,32/ as the two­
phonon atate hав К .... о+ and is not two-phonon. 

In the ХВ. the 4~ state 1s treated as the two-boson n1 =2 state. 
The inclusion о! g boson leads to the occurrence of К •3~ and 4~ sta­
tes. According to the calculations of ret./51 / for 1681r the weicht 
of g-boson 1n the wате functions of 3t, 4~ and 4~ states does no t 
exceed 3~ Тhis 11eans t hat t he two-boson nr •2 co11.ponent s are domi-
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nating. There i s an essential difference i n descriЬing 4~ as well as 
3t, 3~ and 4~ states within the QPNМ and IВМ. The wave functions of 
these states should contain either large two-quas1part1cle components 
or large two-boson components. 

4. Analysis of experimental data 

What descr1pt1on of nonrotati onal states of deformed nuclei is 
more correct is to Ье checked experimentally. The experimental data 
12

7-29,33-42/ and the results of calculations within the QPNК/6 • 1 5, 
22

•43/ are givenin thetaЪle.The experimental energies and available 
data on . the contribution of one-phonon components and their structu-
re are presented in the table,too. There phonons are denoted Ьу 
~i and their contribution to the wave function normalization is g1-
ven in %. То denote neutron nn and proton рр components we have used 
the asymptotic quantum numbers N 11" Л and + for К =Л+ 1 /2 and r for К = 
= Л-1/2. The В(ЕЛ )-values are given in the single-particle units. 
The energies and structure of (" - and '1' -vibrational вtates are de­
scribed rather well within the QPNК and are not represented in the 
table. 

In 
1
5

6
•

1
5
8

Gd it has experimentally been observed/34-36/ Ьу three 
bands based on excited К =О+ states. In both the nucle1 the 2+0

2 
and 

2+03 states have large B(E2)-values for transitions into the ground 
states. According to the calculations/35,36/ in the IВII а large value 
of B(E2)is attributed either to the 2+02 or 2+0

3 
state but not to 

both the states simultaneously. Ву the experimental data the oj and 
О~ states have large one-phonon components and the two-quaвi-particle 
configuration рр411~-411+ in о; in 158Gd is clearly seen 1n (t,~) re­
action. The states К =4~ and 41 in both the nucle1 have large two­
quasiparticle components pp411++413t and nn521++523t respectively. 
The states 

158
Gd presented in the taЪle contain large one-phonon (two­

quasiparticle) components and their structure is qualitatively well 
described in the QP~ 7hey cannot Ье described in the IBK with a-
and d-bosons, according to which theвe states have no large one-bo­
son components. In rer./44/ for t he descripti on of 158Gd within the 
IВК there hате been introduced additional s', d' and g bosonв and 
the B(E2)-values have correctly been described for the 2+0

2 
and 2+0

3 states. In this case the space of two-quas1part1cle вtates 1а exten­
ded within the IВК. However, this modification of the IВII is hardly 
effective due to а large number of new parsmeters. 

In 
1 ~8D,y the вtate к: =2~ wit h an energy of 1.852 KeV 1s treated 

1371 аз the two-phonon j11 ~~o~stat e on the basis of the data on 1nt en-
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+ + + + + + ТаЫе. Structure of atates о3 , о4 , 22, 23, 41 and 42 

Nuc­
leus к: 

Е х р е r i ш е n t Calcultations in the QPNМ 

&,меv s t r u с t u r е J,KeV s t r u с t u r е 

158Gd oj 

о+ 
4 

4+ 
1 

4~ 
158Dy 2~ 

4+ 
1 

160Dy 4~ 

162Dy 4~ 

168Er oj 

о+ 
4 

2+ 
2 

1.452 В(Е2)~О.36 

1.743 (t,<L)pp41H-41H 
is large 

1 • .за о < t , о1.) рр4 1 н +4 1 3t 
is large 

1. 9·.. (dp)nn521+ +523t 
is large 

1.852 

1. 895 logft=4· 9 
nn521+ +523t 
is large 

1. 694 logft•4•7 
nn52H+523t 
is large 

1.535 (dt) nn521++523t 
is large 

1.422 (tp) 1~ of the 
ground state 

1.834 (tp) 2.4J of the 
ground state 

( "t-1.) pp411t -411+ 
is large · 

1.848 (tp) 60J of the 
ground band 

+ 23 1.930 

170Иr 

172УЬ 

4~ 2.055 

2~ 1.416 

oj 1.405 В(Е2)•0.01 

04 1.795 B(l2)•0.14 

о; 1.893 В(Е2)•0.)3 

1.7 202 79~;В(Е2)=0.4 
202:nn521t-521~ 48% 

1.9 203 70%;В(Е2)•0.006 
203:рр411·-411+ 31~ 

1.2 441 95%;l221,221} 3-3~ 

441:pp413t+411. 85~ 
1.7 442 98%;442:nn521++523t87% 

2. 4 222 86%; 223 2%; j 221 '202} 5% 
222:nn642+-660+8~ 

В(Е2)=0.05 
2.2 441 92%; 442 6% 

441 :pp413t+41.H 36% 
nn521H523t 28% 

1.7 441 98%,)221,2211 0.6% 
441 :nn52H· +523+ 85% 

1.7 441 98% 
441 :nn521+ +523f 92% 

1-5 202 75J; 203 6J 
j221,221} 5J 
202:nn521t-521t 54J 

1.8 203 11%, 202 10%; 
\221,221} 2J 
203 :pp411t -41 н 28J 

2+ 1.7 222 98~; В(Е2)•0.6 
222:nn512·-521t 90J 

1.9 223 96J 

2.2 441 94J; i221,221} 1f 

1.3 222 96J; B(l2)•0.45 
222:nn512+-521t 87J 

1. 6 202 77J; 201 3J; 1221, 221} 1J 
В(:В2)•0.0) 

1.8 203 81J; B(l2)•0.02 

1.9 204 9o.J В(:В2)•0.1 
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continuation of tаЫе 

2~ 1. 609 

4~ 2.073 

178Нf 2~ 1.8 

(dp),(dt) 
nn51Зo -521-l- :25% 
В(Е2) .. 0.4 

(р, )pp404t +411t 
is noticaЫe 

1.7 222 90%; В(Е2)•1.5 

· 222:nn512.f.-52H 4~ 
рр41Н +411+ 6J 

1.9 441 99% 
441 : pp404t +411t 98% 

1.9 222: 86J В(Е2)•0.002 
222:nn624t-642+ 93% 

si t i es· of 'I -transi tions to the bands of the ground, f> - and 'f' -тilira­
tional вtates. According to the calculations within the QPRК the ener­
gy of this state turned out to Ье oтerestiшated whereaв the two-pho­
non configuration \ 221 ,201} ВJDВJ.l. This саве needв а aore thorough 
experiшental ~d theoretical inтestigation. It ia to Ье noted that 
158D,y iв on the boundary of the region of deforaed nuclei. 

The states х~ •4+ in 158 • 160• 162
n- are described within the 

" 1 .. " 
QPxa/43/ as the hexadecapole ones. Тhеу contain а large two-quaaipar-
ticle coшponent nn521++523t which is clearl7 seen 1n ~-deca7 and (dt) 
reaction. 

The шовt coшplete experiJRental data are ата118.'Ыо for 168:~r 
121- ~9,331. The rotational band based on tho atates к: •Oj, о: 
and 2~ are strongl7 excited 1n (t,p) reaction; in (t,~) roaction the 
two-quaвiparticle conficuratioa pp411t-411t 1в clearl7 8een in the 
04 1.834 8eV state. ~а 1nd1cateв that the wате funct1on8 of the8e 
вtates have larce one-phonon coшponents. !he 8tate ж: •41, 2.056 8oV 
dесВ7в into the band with К~ ·4-, 1.094 Jl.eV and accordin& to ref8. 
127-29/ has no large t~-phonon \ 221,221} co11.ponentв. Ву the calcula­
tiena within the QPI8 the wате functiona of all the atate8 preaented 
in the tаЫе have large one-phonon (two-qua81part1cle) coaponent8 
which ia confiraed Ь7 the experiaental data. !he detailecl. calcula­
tiona 1n the IВJI for 168Иr hате 'Ьоеn perferaeli 1n ref8./7., 11 • 12,29/ •. 
В7 the calculationa aade in refa./11 • 12•29/ within the IВJI all tae 
8tate8 pre8ented in the tаЫе are foraecl. ef two ud threo Ъo•u,i.e. 

hате larce coaponent8 nl •2 0 11,. •2 0 ~ Jt •1, '\а •11 Ud 80 OD Uti ala88t 
have во one-phoaon (two-qaaalparticle) ooaponont8. With с-Ъо8оn ~ 
clucl.ecl. 1n th8 IВI/)O/ the 8р&С8 of two-qua.1part1cl8 8t&t88 )8оеа88 
Ъnta48r t:lleqh the 81 tuatien 18 нt iaproт8cl. du8 to th8 eoovrenc8 
of th8 х~ •1+ 8t&t8 wit:Ь. аа en8r&r of 1.443 that 18 aet о'Ь88rУ84 ох-
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perimentally. According to ref./30/, the calculations of exci ted s t a­
tes of 168вr wi thin the IBII-2 wi th neut ron s ... , J." and proton 5,.. , d.". 
bosons, have produced 8 extra bands (with band heads below Z MeV) not 
observed experimentally, i.e. there is а contradiction with the exp~­

rimental data. The theory providing extra states is worser than that 
not describing all the s t ates . 

Now we consi der 172УЬ. According to the experimental dat a/39/ the 
B(E2)-values for the excitat i on of 2; s tat e are only Ьу f our t imes 
l ess t han f or the excitation of 2t s t ate. The calculat ions within the 
QPNU provide for t hem almost equal values. The result s of calcula­
tions of B(E2)-values are very sensitive to the behaviour of s i ngl c­
particle neutron levels near the Fermi l evels. Ву the calculat"ions/41 1 
within the IВМ B(E2)-values for the excitation of 2; s tate are Ьу 12 
times less than for tЪе excitation ·of 2t stзte and t he energy of 2~ 
state equal to 2.268 MeV is about 0.6 MeV times as large as t he expe­
rimental one. It follows from (dp) and (dt) reactl ons i n rer.140/ 
that the wave function of 2; state has а large two-quasineutron 
component nn512•-521• and а small two-quasipro t on component f rom 
(р,~) reaction. Ву the calculations within the QPNМ the wave funct ion 
of 2; state in 1 72УЬ contains 90% of the on~-phonon stat e .у,: =222 
wi t h а large two-quasineutron component nn512~-521t and а small two­
quasiproton component рр41 Н +41 Н which may appear in (р ,о(.) r eaction. 
According to the calculations wl thin the QPNII, 172УЬ contains four 
excited о+ states with energies less than 2 KeV, which i s in agree­
ment with the experimental data. Тhere is no strong discrepancy bet­
ween the calculated and experimental B(E2)-values for t hese о+ states. 

The calculations wi thin the QPNII show that t ·he contribution of 
two-phonon components to the wave funct i ons of о;, oj, 04, 2; and 4~ 
states 1n 1 72УЬ does not exceed 5~. Ву the calculations of ref. /41/ 
wi t hin the IВМ the energies of two-boson ",. =2, ~ n, =1, n,~~ =Ч and 11r =2 
states were not fitted and they turned out to Ье higher t han t he ex­
perimental ones of the states oj, 04, 2; and 4t· The s t at es calcula­
t ed in the IВК have ano t her structure in comparison with the oj, 04 , 
2; and 4t s t at es measured experiment ally and they should not Ье со~ 
pared with each other. 

Ther e are experimental i ndicat ions to the existence of 2; state 
in 1 78нr. In the calculat i ons/45/ of the 1 78нr s tates within the 
IВII- 2 the data on 2; state are not presented. 

Ther e are experimental data/42•46•47/ on oj and 2~ states in 
23°, 232Тh and 234u at ener gies below 1. 2 KeV. Following rer. 142/ the 
excitation of 2; state i n 23°тh r esults i n r ather а large B(E2)-value. 
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These states represent а scene forconfrontation between the QPNII and 
rвк. 

~ + + + + + + + Тhе experiaental data on t he Kn ~ о3 , о4 , о5 , 22, 2
3

, 41 and 42 
states presented in the taЬle indicate the presence in their wave func- · 
tions of large one-phonon or two~quasiparticle coaponents that are 
quзlitatively well described within the QPNU and that are al&ost aЬ­
sent in the IВК. Hence, it follows that the states with large one­
phonon coиponents (except О~, 2t and 4t with g-boson) should Ье exclu­
ded from the states that are assuaed to Ье correctly described within 
the IВIL 

Тhе hexadecapole excitations in deforaed nuclei have been calcu­
lated within the QPNU in ref./43/. It was shown that the Gd and Dy 

isotop.e.s contain two-quasiparticle 4t atates wi th an energy less 
than 2 KeV. Тhе Er, УЬ and Нf isotopes contain collective J~ statea 
with B(l4)~.8-1.6 for the excitation of I К=4+3 1 rotational states. 
The Оа iaotopea include low-lying collective 4t states. The d-eacr1-p­
tion of hexadeca_pole excitat"ions is in agreement with the relevant 
experiaental da"ta. 

5. Conclusion 

The enerciea and wave functiona of nonrotational two-quaaipar­
ticle and ·one-phonon -statea of douЬly ev•n deforaed nuclei calcula­
ted in 1960..1975 provided rather а correct their deac.ription. Thia 
was confiraed Ьу the latest experiaental data. ~ rigoroua c9nsider~ 
tion of the Pauli principle 1n the two-phonon terma of the wave ~unc­
tion (2) within the QPNU allowed ua to aake а conclusion aЬout the 
aЬsence of two-phonon collective statea in deforaed nuclei. The con­
cluaion waa alao aade about aaall adaixturea ·of two-phonon coapo­
nents in the wave functiona of f' - and !" -vibrational state-a. The 
calculationa within the QPJМ· did not provide а conaideraЬly iaproved 
description of О~ and 2t states. 

The resul ta of calculationa of one-phonon · and two-quaaiparticle 
states depend atroncly on the behaviour of aincle-particle lev~la 
near the li'erai energy. The accuracy of calculati ona ia liaited Ьу а 
rough deacription of an averace field Ьу the Saxon-Wooda potential. 
The accuracy of the deacri ption of stat es with an excitation enerey 
up to 2.5 KeV neceasary for а det ailed analysi s of t he releтant expe­
riaent al data can Ье iaproved Ьу fi t ting soae aodel paraaetera for 
each nucl eus and Ъу introducing aany correcticns. 

In t!J.e calcula1(ions within the QPNU w1 th the wave f unction ( 2} 
one cannot pre-& ead to the description of the frapentation of t wo-
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phonon states. The fragmentation of two-phonon states can Ъе correct­
ly described Ъу adding three-phonon terms into the wave function (2). 
It is possiЫe to state that the introduction of three-phonon terms 
into (2} will not increase considerably the contribution of two-pho-

+ + + non coapon~n~s to the wave functions of о2 , 3 , 4 , 21, 2, 3, 31, 2 and 
4~ 2 states. According to· ref./6/, an exact inclusion of the Pauli . . 
principle shifts the three-phonon poles towards higher energies. Note 
that the calculations in rer.14Bf with the phonons constructed of 
"ideal" Ъosons result in the same formulae for the shift of а two­
phonon pole as the calculations in refs./5, 61. 

А crucial discrepane-y in descriЬing the structure of nonrota­
tianal s.tates of deformed nuclei Ъetween the QPNМ on the one hand 
and the IВК, the Bohr-Mottelson model and its microscopic analog as 
well as other phenomenological models. on the other hand is the·· proЪ­

lem of existence of low-lying two-phonon collective states. The con­
frontation Ъetween the QPIOI and IВК in descriЬing oj, 04, 2;, 2jo 41 
and 4~ states is а consequence of the aЪove-said discrepancy; here 
the states differ qualitatively in structure. 

It may Ъе stated, as it has Ъееn made in rer./251, that there 
are no reliaЬle experimental data on two-phonon collective states in 
deformed nuclei. Attemptв to explain their аЪвеnсе were made in two 
саsев: for 168Er and for the Th and U iвоtорев. According to refв. 
/7,32 ~49/, the аЪвеnсе of quadrupole two-phonon вtаtев with an ener­
gy leвs than 2 JleV in 168Er is due to а large anharmo~ci ty of i­
vibrational mode due to а triaxial shape of the 168Er .. However, the 
calculationв in refв./50,5 1 / indicate that though 168Er iв вoft 
with reвpect to 'f deformation, the energy minimum iв achieved at 
f,•O. According to the experimental data/521, there are no two-phonon 

octupole jJ01,J01} о+ вtates in the Th and U iвоtорев. Their аЪвеnсе 
iв uвually explained Ьу the ex1stence of а вtable octupole deforma­
tion experimentally obвerved in nuclei with А~228. According to the 
calculations/53/ а вtable octupole deformation шау occur in nuclei 
with А<228. Therefore, the аЪвеnсе of two-phonon tJ01,J01} о+ вtаtев 
in 228 • 23°ть, 232o234u and other nuclei iв yet to Ье explained wit­
hin the IВМ, the Вohr-Kottelвon model an4 other aodelв. 

The coupling of вingle-particle and collective aotiona or the 
quaвiparticle-phonon interaction turned out to Ье eввential for al­
IIIO.вt all nonrotational, except for the loweвt onea, вtatea of defor­
med nuclei. lxtractf on of а вuЬврасе of collective atateв breaks thia 
coupling. Вепсе, one cannot expect а good deвcr1pt1on of the atruc­
ture of вtates lying аЬоте ' -, f - and the firat octupole stateв of 
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doubly even nuclei and nonrotational вtates of odd and odd-odd nuclei. 
One вhould re111e.Ьer that the вeparation of the. врасе of collective 
nonrotational вtates iв amЬiguous since in most of the сааев there is no 
clear Ъoundary between collective, leвs collective and weakly collec­
tive вtatea. 

We may вtate that in well deformed nuclei (in contraвt with tho­
вe of the transitio~ regionв) in the вtаtев with an energy of 
(1.5-2.0) KeV the many-quasiparticle or many-boson components of the 

.wave functionв do not play а deciвive role. There аriвев а question 
whether the IВМ is valid for theвe nuclei. It вhould Ъе clarified how 
correct iв the SU(6) approximation. Thuв, 1n rer./54/ the SU(6) limit 
hав been found for the QPIJI Нalllil tonian of spherical nuclei. Тhе cal­
culation of maxilllal numbers of Ъовоnв. and the teвt of the condi tions 
giving the SU(6) limit hате been performed. The numerical calculati­
ons for the Zn isotopes indicate that the conditions following fro111 
the SU( 6) approxi~~~ation are fulfilled rather poorly. 

The contradiction Ъetween the QPD an4 the IВII in describing the 
т + + + + + + structure of Kn .о3 , о4 , 22, 23, 41 and 42 states is lll&inly due to 

the drawback of the IВМ - incluвion of а. very small part of the space 
of two-quasiparticle states into consideration. It cannot Ье removed 
Ьу an optimal fi t of 'the IВК paraшeters. Тhе inclusion of 2+ states 
with large iвavector components into the rвк/55/ dоев not enlarge the 
region of two-quasiparticle states 1 whereas the inclusion of в'-. d'­
and g-bosons increaaes greatly the number of paraaetera. If the nu.­
ber of the parameters is comparable with that of the analyaed experi­
mental data, one can hardly judge about the efficiency of the 1110del. 
It should Ье noted that in spherical nuclei· the states of the type 
concidered in this paper lie аЬоvе the two-phonon вtаtев and the afo­
resaid discrepancies are not yet obvious. 

Further inтestigationa of the structure of doubly етеn deforaed 
nuclei need experimenta on aeaaureaent of the contribution of two- · 
qua.siparticle componenta to the wave functiona of rotational Ъ&Dds 

т+++++++++ t based on Kn • о3 , о4 , о5 , 22, 23, J 1, J2, 41, 42 and other в a-
tes lying at energies 1.5-2.5 KeV and search for two-phonon collecti­
ve states. 
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