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1. Introduction

The quadrupole end octupole vibratlonnl ctatep are the most cor-
rectly described in the random phase approximation (RPA) and well
studied experimentally among the low-lying states in doubly even nuc-
191/"5/ There are numerous experimental data on the low-lying K7 =
=3" and 4% states (K is momentum projection onto the nuclear symmet-
ry sxis) in the rare-zarth region/4’6'23/. The states with K¥ =4" in
Gd nnd Dy isotopes have large two-guasipariicle components/4‘6—e/.
The mixing of neutron and proton two-quasiparticle components in the
3* states has been observed in Yb igotopes in tranefer reactions
/12,13/, In some nuclei in the region A=170 the states 1"Ke4'3 are
excited with large cross sections in the reection (d,d')/12/. Accor-
ding to the experimental dataleo/ there are gstrong E4 transitions in
the excitation of I"K=4%4 states in 0s isotopes in («,«’) reaction.
They indicate the hexadecapole structure of these states.

The available experimental drta necessitate studies of hexaedeca-
pole states in deformed nuclei. The present paper is aimed at calcu-
lating the energies and B(E4)-values for the lew-lying nonrotational
k"=3* ana 4 states and elucidaeting to what extent these states are
collective. We also consider the influence of hexadecapole forces on
K"=2* stetee, which is concluded from the experimenisl data of (P,Dp')
reaction for 168!r/26/.

It is necessary to inveastigate hexadecapole states for solving
the problem of existence of two-phonon collective states in deformed
nuclei. A correct inclusion of the Pauli principle in two-phonon com-
ponents of the wave function ensbled one to make & conclusion sbout
the absence of collective two-phonon states in deformed nuclei/27'28!
The study of K"ed4’ and 3+ atates enables one to conparefag/ the re-
sults of calculetions within the quasiparticle-phonon nuclear model
(QPFE) and the interacting boson model (IBM) (particularly, in the
cage of introduction of g-boson into the In')/23-25/.
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Z+ Details of calculations

The Hamiltonian of the guasiparticle-phonon nuclear model (QPNM)
congisles of an average field of the newtron and proton systems as the
Saxon-Woode potential, superconducting pairing correlations and the
multipole isoscelar and isovector forces. A phonon basis is construc-
ted in the RPA. Using then the RPA secular eguations the QFNM Hamil-

tonian is trannformed to
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conteinling f*ua quasiparticles and phonons and the quaaiparticle-pho-
non interaction Hl"l’ « Here E? ia the quasiparticle energy, ,{;6 and
J?G are the guesipartlicle creation and sbsorption operutors, g &re
quantum numbers of single-particle states, S=+1.
Hexadecapole nonrotationsl ztates with K";3+ and 41 are gene ru—
ted by multipole lsoscalar and isovector forces with As=4. However,
as the calculations showed, the role of isovector forcea is negligib-
le and one cen use formulae given in ref./EB/ for the isoscalar case.
The wave funciion of a nonrotational excited state of & doubly
even nucleus is
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Here C)s is the phonon creation operator, &- %;u s £ 21,2,... &TE
numbers of the roots of secular equations in the RPA, U in the gro-
und state weve function of a doubly even nucleus,m=1,2,... is number
of the state with given K.The notation and egustions for the energies
of exclted states end the amplitudes R and ", are given in ref.
328/. Tt should be noted that these equationn ia;e derived by taking
strict account of the Pauli principle in the two-phonon components
of the wave function (2).

The calculations have been performed with the paremsters of the
Sexon-Woods potentiml from refa./30'32/. The single-particle spectrum
wan taken from the bottom of the potentiial well up to +5 MeV. The pa-
iring intermction comstants were chosen according to pairing energles
and the constants of resldual multipole-multipole forces were adjus—
ted so as to reproduce of experimental energles cf the lowesal nonro-

tational states using the wave function (2), for the isovector forces

XtMﬁl -1. 2I’~/30/. The radial dependence of residual forces was ta-
ken in the form R(I) JViz; where Vﬂ1) is the spherical Saxon-Woods
potentisl. The multipolarities A =20,22,30,31,32,43,44 were taken
into account, 10 RPA-phonona were used for each multipolarity. The
reduced EA transition probebllities were calculated in the adiabatic
approximation with e_rp=0.1. The two-quasiparticle state energies we-
re caleulated taking account of the blocking effect and the Gallagher-
Monzkoweki corrections. The latter was calculated by formula 461¢:

#,: {410, 19)(§10; 1> where Ho; =0.26 MeV is the comstant of the iso-
vector spin-apin interaction/31/ and (qlohlq) ig the single-particle
mutrix element.

The energles and wave functiocns of K =31, 32, ¢1 and 4 states

have been calculated with the constants :x,"’=o 015 £2% and x“’
=0, 022 :—‘T—:, . The difference in values of the constants &' and afzﬂia
caused by the inclueion of only particle-hole excitations in the cal-
culntions of hexadecapole states and by that number of matrix ele-
ments of the particle-hole type at /x =44 iz less than at & =43 (for
malrix elements of the particle-particle type we Lave an inversc case).
The single-particle metrix elements of hexadecapcle forces are close
in velue at different values of M but on the average the particle le-
veln have lerger values of K than the hole ones. The calculations have
shown that the uee of an incomplete single-particle besis (E¢‘+5 ¥eV)
results in 2. < e féd).
forces R(t)=%" the relevant value of .
larger than in ref./30/

If the calculationa are performed w1th the
HY ye used turna out to be
in describing the gimnt hexadecepole resonan-

ce.

3. Properties of K7 =3" and 4' states

FNow we coneider the low-lying uslales with szj and 4%. The re-
pults of calculations end experimental duta 6-23/ are shown in
table 1. It includes the experimental energlee, ntate structure and
contribution of one-phonon componentas ae well as the values calcula-
ted within the QPNM, namely reduced probebilities of Ef ‘ransiliona
to 4*K stetes from the ground one, contributions of ome-phonon confi-
rurations, the Iargest itwo-quasiparticle components. In the table pho-
nine are denoted by Npi , their contribution to the wave function
normalizaetion is given in per cent. To denote the nmeutron (nn) and
proton (pp) componints the asymptotic quantum numbers An A(ffor K=
=A+ 3 end Lfor K=A- 7 ) were used.
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In the Gd and Dy isotopes there are one or two K”£4+ states with

an energy less than 2 Hev/4'6_8/. According to the celculations these
staies are slightly collectivized, for which B(E4)=0.140.4 spu. The
two-quasiparticle neutron configuration nn5234+5211 appears in the
excitation of K"=4" states in (ad,p), (d,t) reections and s -decay of
the ou type. Uf great importance is the proton configuration pp413i+
+411¢ in (t,.) remctions. It should be ncted that 164Dy and 162Er
have almost four-quasiparticle K”¥3+ and 4 states (for instance the
4; state in léﬁDy shown in table 1)7%/,

In 166, Iu"ir the calculations with xf'”:o. 022 fmzm;:-‘-' provide
energies by 0.5 MeV higher than the experimenta) values and B(E4)<0.1
spu. In 169, according to the calculations with 220,022 fmefuuv
there are two stetes 4; and 4; with energies 2.57 and 2.59 MeV. For
their wave functions the calculations give mixing of phonona 441 and
442 with structure 441:1n5141+45214- 99.8% and 442:nn5121+521% -99. 7%.
In order the energy of the 4" state in 1683r be equal fo 2 MeV, one
has to take . '=0,035 fm°/MeV. In this case the collectivity of the
4% state will explicitly be overestimated (see table 1).

In the Sm, Gd and Dy isotopes there are no relisble data on K=
=3" states with an energy less than 2 MeV. The analysis of (d,d4') re-
ection with excitation of T"R=4'3 states allowed one to make & con-
clusion on the existence of collective hexadecapole 3; gtates in
nuclei with N=G8-104 end 2=68-72' 2/, Our celculations performed with
fixed value of the constant JQ?JLO.GIS me/MeV confirm the conclu-
sion on the collectivity of 3+ states in these nuclei. It 1s seen
from table 1 that the energies of 3: and 3; staten are qualitatively
described in the Er, Yb and Hf fsotopes. If in 168Er B(E4) is equal
to 0.8 spu, in 168F1T4Yb and 174 176,178g, 44 toakes the valuee from
1.0 to 1.7 spu.

In 172’174Yb there are two K1;3+ states with the wave functions
consisting of the mixing of two-quasiparticle neutron and proton
configurations. This is shown in table 1. The mixing of the neutron
nn512™+5214 and proton pp4044-4111 coafigurations in 3' states in
"2v1 hes experimentally been observed in ref./13/ The wvalue of the
neutron component has been confirmed in ref./12/. The repults of cal-
culations of the contribution of neutron and proton configurations
to the 3" states in 172Yb coincide with the experimental data’12’13/.

The hexadecapole collective K"=4" gtates have been observed ex-
perimentally/20’21/ in Os isotopes. The results of calculations pre-
sented in table 1 indicate that beginning from ' '°Hf the collectivity

of 4% stetes increases. In 136'18803 we have B(E4)=4 spu that are

3* and 4% states in rare-earth nuclei

rable 1. Results of celewlations for low-lying K™

8 W
frs
@
13 -
=
-~ B ®” & w»
n:f [2a% (4] R -
A - .
o | P LAl -, 8 MW — WROW WM O W W W W
¥-1 w0 My 0~ 0N N M DO 0 @ wy < W o
[+] —_ 0 mw — N o M e D e, [~ @D N
(4] — —mt — o
fa o e~ - 4+ 5 o~ - N o ¢ - —
a N o~ - - R -~ W~ N M < — — -
] .- — o~ M T W0 N aN sy N o
=] — < 0 o< < o N 0T W [Ty
+* 8+$ ++$++$+zm:8++ +
. —+ - — e - -
| e M RAAIRAAITIAASCETR ™
i SR 0T R .T Do e N R
- n - - - -
o B si‘g B BOW BH W H W ®»
%P-Eu) ngaﬁmnamamggmﬁ
— o o o a o @ o
o " o GE a4 . I
= - - oo Lzl e - - - - 0N o=
< < < o < < < < < < o < <
[3] < < < < < < < < < < <
o
d | o
O~ -
o= N < ~ O oM o M~ — © — ~ o
OE:;u\ .. . 0w LY U] . » 8 n PR
~— o, — O - O o o O - O NN O - O
)
@
Q 1]
g
d &
[ w —~ )
7] t0 & : 1]
o ] d = ]
- — =5 ~t
o -+ ™
[+ o [} o w
- A kel o [T -
wy +
+ = - + - -
™ ™ - — e
A b T 8 § g hy
- [rel
"0l s + + w E +
- - -
o|n z % E s
=] b8 A e -~ @ o
+ u
=9 a [ . . E
- | @ B L3 Lol wy
- - '] ] U ~
H ~ —~ + + t :
L 'd- c:: E n 1] -
- o o ] o o
=7 ~ ~ — — —~ ~—
H
L]
3 3 & 3 & F % 8
©
= g el o — w (Y=l 8 [Te}
- . - - - . - .
— — ~ — L o -
w
+ + + = + - + - + + -
&f oo - - - -
——
@ o o
- — (3] (L] 5' 5. El
] @ [=] @ Q N
3 (139 0 T3 0 0
= =~ - — - -


http:t-NNI"\>.1J
http:inat8lJ.ce

%63 4OLGHIPLGUT Lbb | VO _
¥¢ {Lze'ize) '®S6 1wy | 8- (d') | wg= | Ll | amg,
%66 +L2GHHPLGUT :Lyb | LO"O
%004 Lb¥ | Lot 93IBT BT tL2G+APLSTH ‘(3'P) | @EEL | L
%2l tLiy-tyoydd
%2L tL2G-tpLGEU LY A adxeT 5T +126-tpLcmm ‘(,31'P)
266 LCV | €L ‘e,p oz 93z9T 81 (up'p) | wLSTL | L€ | FEg,
%5 tLzcHizLoum gy 0°1
%66 LEY | €01 ‘e v o3 oFreT 6T (,P'P) | COEL | € | Iy,
%oy tLiy-tyopdd
%26 tL2G-tyLuu 12(y L*0
%o0L 2¢¥ | e°l (a'd) | 9wz | %
¥6¢ sLiy-tyordd
FSt t2G-tyLomu :Ch €1
%66 1Cy | oL ‘¢,b xo 2BreT eT (ip'R) | 909°L | €| &y,
%66 tLLp+Hrbovdd :Lvy ¢|or.m
%66 L¥y | P6°L aTqEaoTIOW BT fLlp+tvopdd * (=d) £Lo-e ww
FOE tL2G+i2LGUU
%26 AL Ly-rpovdd i2€y 0 %92 tLiy=tpopdd *“(w'd)
FOO0L 2E€Y | 9L |2TAEIDTION ST 1L2GHiZLGTU *(d'p)f(3'p) | Coaey ¢
%L2 TLLY-tpopdd [ “wom-uFem
%0z tLLy-tyopdd FEL tL2G+bZLIGUT (=*d)
%99 tL2E+iZIGUU LEY £°L ¥GL tL2SHigLsma f(d'p) ‘(3°P) _
¥66 LEY €1 ﬁm+v Zoy 988 8T (,P'P) 2Lt 4 Uy,
9 5 : ¢ 2 | o
| 87993 JO UOTJENUTIUOD
I — ——
$b2 4L1Y-tyopdd ,
%99 tL2S+i2LoUu LY 124!
366 (v | €71 bg,v 203 e8zeT &1 (up'm) | ouvtid| b | axg),
ZEL T2+ gou %08 nag zo30m3 -8
FL9 tLtv-4vovdd :.€Y 9"l ¥02 uu | (T2'm)
%36 L€ | 91 ‘e v q07 9BxmT BT (vRYP) | 26¥°1 | € | gy,
gp6 +L2G+HIZLGET ILEH | 90
¥66 L€V | 21 be,p q0z e3swr BT ('R | Lzt | Lo | =y,
%6 LLLp+TELpdd
%8L TL2GHAYLSET fLbd £E
%1 [izz‘izz] ‘sv6 1Y 02 siuamodmos uoumogd-omy a¥rey oum §50°Z | ¥
FO6 tL2Gr4TLSER (LEF | B0 _
%66 L€Y | 971 ‘€,p a07 98xeT 8T (,P'P) | €6971 | L€ | gy,
%8 L099+ifLouu
%26 $l2gHrEasou Ly
%870 {lz2*122] ‘%56 Lv¥ | 0°2Z | oeleti | iy | g
¥00. $£€9+1C26TT 119, ﬁ _
F€L sLib-d625dd o€ ﬁ a8I9] ST {tC25+ccquu + | ,
goot {loLtiec}| 9-e + slib-4€26dd }rov6=13%0T | gozz| ¥
%0€ §L2s+rfeoum
%99 JLibHt€ivdd :1py £°D _
%66 ivy | 2°2 9eG=3380T | w612 | v | Mo,
9 S P € 2 L

| 9Tqe) JO TOTIENUTIUOD



continuation of table 1
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probably overstimated. For & better description of the experimental
data one should reduce X, qby (5-10)%- Note that 1880s is a transi-
tiopal nucleus wmnd the deacription of K:io; and 2: states 1n it is
rough, wherens the 4; ptate is not very collective and can be desc-
ribed sufficiently well.

Thus, the general picture of hexadecapole 3* and 4% stetes in
the region 158¢A<188 is the following. The Gd and Dy isotopes con-
tain almoat two-quasiggzticle 4% states with an energy from 1.1. to
2.2 MeV. The nuclei Er, 168,170,172, 174Yb and 174, 176, 173
have collective 3 states with B(E4)=0.8:1.7 spu. In heavy Hf end W
isotopes the collectivity of 4" states increamses end it appears Lo
be large in Os imotopes. The hexadecapole states can correctly be de-
scribed with the fixed values of the constants 2/ ana 2.V,

The calculations reproduce the dominating two-gquasiparticle com-
ponents of 3}4'states obtained experimentally as well as the mixing
of neutron and proton two-quasiparticle ccmponents of 3" states in
Yb iaotopas/12’13/. It should be noted that in those nuclei where the
low-lying 3% end 4% states have not been observed experimentally the
calculated energies of the lowest two-quasiparticle states with K=
=3* and 4% are usually higher than 2 MeV.

All the calculated states Q: and 45 have small two-phonon compo-
nents, especially {221.221}. The present calculationa confirm the con-
clusion made in refs. 217,28/ sbout the absence of collective two-pho-
non states in deformed nuclei.

4. Influence of hexadecapole forces on the states with X =2*

Hexadecapole forces with Am =42 may contribute to the stmlen
with K"=2%.

In the calculations for the states with K=2
ously taken into account both the gquadrupole Am =22 and hexadecapole
%ﬂ =42 forces. The state energies were found from the seculer equa-
tion of the fourth order, the mmplitudes of the two-gquasiparticle
components of one-phonon statee comprise quadrupole and hnxﬂdecapole
parts as 1t is shown in table 2. Since value of the constant &,
unknown the calculations were made for some values of AL in the re-
gion 0Og ﬂfa 2 £0.015 fm /MeV (as haa been mentloned sbove, one ahould
expect that 9(.“214 ?E,{m, where ”o j“-—0-015 m? /MeV).The constant

ng'”waa chosed by fitting the (e 2: gtate energy.

The results of calculations for the Kp =2; state inm 1685 are
shown in table 2. It 13 seen that with increasing hexadecapole cons-
tant 9{:‘”, the collectivity of states decreases and its structure

* we have simultane-



Tuble 2. Contribution of hexadecapole forces with Aw=42 to K1:=2: Ackuowladgement
state in '%Fgy, The B(E2,0%0,~2%2,)-values, contributions
to the state normalizetion of the dominating neutron
nnt234-5214 and proton pp4111+411% components, guadrupole
{ An=22) and hexadecapole (AM =42) parts of the amplitudes
of these components

The wulhors are indebted to L.A.Malov, A.I,Vdovin and V.V.Voro-

noy for useful dipcusplons.
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Fekcanenanonkingg cocronnmm u AcdopMIpORaR~aK  WAPpAX

HopaMeax spasyuac THano=gpoionnoil Mogenn sapa npy dUKeHpobpan-
X SHAMOHMAX KONCTANT Fexcagexanoasioro BsaMMogeiicToun nony-
HEHO KAMECTROHID NPANWIBHOC ONMHCAHNE HHIKONEeXamMx HepoTauMon—
HUX Fexkcafexanoanisx cocroaumit ¢ K Tt n 4% u oGnacrtu
158 2 A S188. lNokavano, wro nfn{- " 4;—coc'rouuuux nayxGoHoHHbLIE
womnonents man <102/, lpoaeMoHCTPHPOBAHO, YTO PeKCaleKanoib-
MBE CHIOB MO'YT [AaHaTh IaMeTHLE BKIan 8 K" =2%—cocroanus,

Patora sunonnena s llaboparopun rteoperndeckoit dusixn OHAH,

Mpenpunr O6GbeanHeHNNOro HHCTHTYTa RAepHMX Mccneposaunfi. llySwa 1985

Nestevenko V.0, et al. E4-85-856

Hexadecapole States in Deformed Nuclei

The low-lying nonrotational hexadecapole states with K7 =37
and 4% in the 158 A <188 region are described within the
quasiparticle-phonon model at fixed values of the hexadecapole
interaction constants. The description is in qualitative apree
ment with the available experimental data. It is shown that
the two-phonon components are small (< 10Z) in 41 and 43
states. It is found that hexadecapole forces considerably
influence the properties of K” =2* states.

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR.
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