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Low-energy dipole y-ray transition rates in even-even deformed nuclei
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A study of low-lying magnetic and electric dipole excitations is carried odfiEr, 17217%h, and 18Hf
within the quasiparticle-phonon nuclear model with the wave functions consisting of one- and two-phonon
terms. It is shown that computdd1 strength below 4 MeV in these nuclei is much stronger fragmented than
in Gd and Dy isotopes in agreement with the relevant experimental observation. The scissors state is strongly
fragmented and the overlapping between the scissors state and atigté is less than 0.1. The fragmentation
of the one-phonon 1 states, as a rule, is stronger than the fragmentation of the one-phonon states with
K™=0" and 1. The resultingM1 andE1 spectra are compared with available experimental data. The
calculatedM 1 andE1 strengths summed in the energy range 2—4 MeV are in agreement with the relevant
experimental datd.S0556-28187)05810-X]

PACS numbeps): 21.60.Ev, 21.60.Jz, 27.709q

I. INTRODUCTION The aim of this paper is to describe the results of calcu-
lation of theM1 andE1 strength distribution int®6-16%r,

A large body of experimental data is now available on!’>*"4b, and "8f. This paper is organized as follows. In
magnetic dipole excitations in even-even deformed nucleBec. Il we briefly describe the QPNM. The calculated details
[1,2], known as scissors mo@ﬁ]. StrongM 1 transition rates and numerical results are given in Sec. Illl and Sec. IV. A
were first discovered in inelastic electron scattering experiSystematics of the results of calculations within the QPNM
ments on’%8Gd [4] and were found since then in most de- and c;omparison with thg relevant experimental data and dis-
formed nuclei. Comparatives(e') and (p,p’) experimental ~Cussion are presented in Sec. V.
studies have established the orbital character of the mode
[5-7]. The measurement of the linear polarization of the || QUASIPARTICLE-PHONON NUCLEAR MODEL
scattered protons in nuclear resonance fluorescence experi- o o ) i
ments has enabled parity assignm{é@jt The stronge1 tran- The initial QPNM Hamiltonian contains the average field

sitions in the same energy range of the scissors mode, & a neutron and a proton system in the form of _the a>$|al-
immediately below, have been obsenj&d]. symmetric Woods-Saxon potential, monopole pairing, iso-

The properties of the low-lyingK™=1" states ancM1 scalar and isovector particle-holph), as well as particle-

o 2 article (pp) multipole, spin-multipole and tensor interac-
transition rates have been studied in the random-phase aﬁ- S oo .

L . ons between quasiparticles. The effective interactions be-
proximation (RPA) [10-15. The energies and wave func- q P

. ftheK™0- and 1 low-Ivi i def d tween quasiparticles are expressed as a series of multipoles
tions of theK”=0" and 1~ low-lying states in deformed 5,4 spin-multipoles. It is essential that the interaction be-

nuclei are described as one-phonon octupole states. Th&een quasiparticles is presented in a separable form. In this
octupole-octupole interaction is responsible for the Stronﬁbaper, we used only the multipole and spin-spin interactions.
increase in thel strength in the excitation energy region  \we now transform the initial QPNM Hamiltonian. For
0-4 MeV. It has been showr 6] that additional inclusion of  this purpose we perform a canonical Bogolubov transforma-
the isovector dipole-dipole interaction decreases Hfe tion
strength by more than an order of magnitude, thus bringing it
close to experimental data.

Most of the microscopic calculations of tid1 andE1
transition rates carried out so far have been formulated in a
space spanned by two-quasiparticle states. Many two-phonadn order to replace the particle operatargs, and agg by the
excitations, however, fall within the energy range where thequasiparticle operators,,, and aag. We introduce the pho-
low-lying M1 andEL1 transitions are observed. In order to non operators of two types. If we take into account only
study the effect of these states, it is necessary to enlarge tligteractions of the electric type, the phonon creation operator
space. This is achieved by using the quasiparticle-phonohas the following standard form:
nuclear mode(QPNM) [17,18].

+
8gqe=UqQqet OVqaq_ 1

The low-lying M 1 transitions have recently been studied 1 _ _
within the QPNM in 156_3’.158'16%d and 16016216y in Refs. Quuiyo= > > {lp;‘g,'lA*(qq’;Mo)—¢;‘g,'lA(qq’;,u—a)}.
[19, 20. The E1 transitions to the levels below 2.3 MeV aq
were described if21,22. The M1 andE1 transition rates @

from the ground to excited states below 2.5 MeV U
were calculated in23]. The correlation betweelfil andE3 If we take into account electric and magnetic interactions, we
transition strength was studied [i24]. write the phonon operatdd.8] in the form
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Ni 0 A A~ 4 ! Op) = i
piq 213 e aq ntho “0 ~ 10*90 419, 2[1+ 5#00(1_5M10)]1/2
Nui . ’ 01072
— e (L=i0)A(AY ;= o)} )

- : X " 0.Qu .. Qo :
The coefficients of the electric part are real; and of the mag- O+ oram 0P 90,0010, Qaya, p Vo
netic part, imaginary. Herg=1,23 . .. is theroot number
of the RPA secular equatio&™ (qq’; o) andA(qq’; uo) )

are, respectively, pair of creation and annihilation quasipar-

ticle operators. The quantum numbers of the single-particle

states are denoted I, whereo=*1; g equalsK™ and  Here g =\ouoig, mo=Ko, N=1,23. .. is thenumber of
asymptotic quantum numbemin, AT at K=A+1/2 and e K™ state.

Nn,A| at K=A—-1/2. The RPA one-phonon state is de-

scribed by the wave function

N Ill. CALCULATION DETAILS
Quuic Vo, 4 .
A. Numerical procedure
whereW q is the ground state wave function of a doubly even  The calculations are made with the Woods-Saxon poten-
nucleus which is determined as a phonon vacuum. The notial with quadrupoles, and hexadecapolg, andy=0 equi-
malization condition of the wave functio@) has the form  librium deformations. The single-particle spectrum is taken
from the bottom of the potential well up to+5 or
, ‘ +15 MeV. The parameters of the Woods-Saxon potential
1+5,u0 Auiqy 2 Nuiqy2 . . .
— E [(wqq, ) —(¢qq, ) ]1=1. (50  were fixed in 1968M1 andE1 transition rates from .the
aq ground excited up to 4 MeV states were calculated with the
wave functiong7).

After some transformation, the QPNM Hamiltonian be-  The isoscalar constanig* of ph interactions are fixed so
comes as to reproduce experimental energies of the Ki&t, non-
rotational states. The calculations were made with the iso-
vector constanic;”=—1.5«p* for ph interactions and the
constantGM=0.8«y* for pp interactions. The monopole
pairing constants were fixed by pairing energies at

where the first two terms describe quasiparticles and®  —0-8«5 - The radial dependence of the multipole inter-
phonons, and,, describes the quasiparticle-phonon inter-actions has the formlV(r)/dr, whereV(r) is the central
action. part of the Woods-Saxon potential. The phonon basis con-
The one-phonon states form the basis of the QPNM. We?ists of ten {(,=1,2,..,10) phonons of each multipolarity:

therefore, pay much attention to the solution of the RPAMw=20, 22, 32, 33, 43, 44, 54, 55, and 65. We used twenty
equations. At the next stage, the interaction of quasiparticleBhonons with A x=21,30,31. The energies of the two-
with phonons is taken into account. The wave function of thefuasiparticle poles were calculated by taking into account
excited state is represented as a series with respect to tfee blocking effect and the Gallagher-Moszkowski correc-

number of phonon operators. The approximation consists iOn [26]- After the construction of the phonon basis, no free
the truncation of this series. parameters were therefore left. The calculations of nonrota-

The one-phonon states wittk™=0" [denoted by tional states in even-even and odd-mass nuclei were per-

(A )= (20);] are calculated in the RPA with monopole and formed with the same basis.

guadrupole pairing and monopole and ph and pp isoscalar

and isovector quadrupole interactions. The relevant RPA B. 1* states

equation is given in18,25. The one-phonon states with The one-phonon states wik™=1" are calculated in the

K™=1"* [denoted by (21) are calculated with ph and pp RPA with isoscalarx? and isovectorx?! ph and ppG2:

isoscalar and isovector quadrupole and spin-spin interac: : 1 : 011
) . uadrupole-quadrupole and |sosca:l%rL and isovectolk
tions. The RPA equations for th€"=1" one-phonon states Cq pole-q P 1

. . X _ spin-spin interactions. In both RPA and QPNM thé&l
are given in[19,20. The one-phonon states witk™=0 - - _
and 1" are calculated in the RPA with the ph and pp isos_strengths were computed by using a bare orbital gyromag

free
calar and isovector octupole and ph isovector dipole interac- :

netic factor and an effective spin factgf"=0.7g"
tions. The relevant RPA equations are given [&1,25. The spurious state is approximately excluded by choosing
Other phononsAu=22, 32, 33, 43, 44, 54, 55, elcare

the constank3®> («3Y,. The first root of the RPA secular
calculated with the ph and pp isoscalar and multipole isovec

HQPNM:qE €q0qy et H,ytHyqg, (6)

equation equals zero akg),. The overlap between the

tor interactions. one-phonorQ;;> and the spurious<j _ states is given by
To describe nonrotational states in the QPNM, we used a 1

wave function consisting of a sum of one- and two-phonon Ngp= 77— (] _Qi N Qoij +). 8)

terms (G-7+)
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TABLE I. Summed overlaps with the spurious and scissors stateMdndndE2 strengths calculated for
different constants3 in the energy range 2—4 MeV itf%Er and *"®Hf and in 1-3 MeV in%&.

Kt , _ 3B(M1)'7 3B(E2)'1

Nucleus fm?Mev 1 3iNg, 5;8d wd s.p.u.
166y 0.0143 0.032 0.41 5.11 2.27
0.0154 0.017 0.42 5.13 1.91
0.0164 0.012 0.43 5.23 1.68
1784 0.0133 0.045 0.31 4.05 2.67
0.0152 0.013 0.32 3.94 1.98
0.0164 0.016 0.34 4.04 2.02
238y 0.0130 0.018 0.49 7.10 1.71
0.0154 0.028 0.52 7.02 1.43
0.0170 0.063 0.55 6.98 1.41

The sumEiN'Sp over the first four states if®Dy is equal to  the choice of the constanktf1 in [28] leads to values which
0.48 at «k3'=0.010 fnifMeV ™! and to 0.008 at 3%,  are reasonably close to our value. We correctly described
=0.01435 fm MeV L. The sumsEiNiSpover the first twenty ~giant isoscalar and isovector quadrupole resonance with
states up to 4 MeV and over all levels up to 30 MeV in these constants.
164Dy are equal to 0.023 and 0.048, respectively. The total We used the isoscalag"* and isovectow; ! constants of
overlapZ;Ng, for all levels below 30 MeV in'*®r and?®  the ph spin-spin interaction equal te-0.0024 and
is 3;Ny,=0.046 and 0.11, respectively. For any state with—0.024 frf Mev . TheMlOsl'irength 'nghe low energy re-
K7=1" the N, value is smaller than 0.005. gion depends weakly on¢; ~ and «xo . The summed
We state that it is not necessary to exclude the spuriou¥B(M1)1 up to 3 MeV in **%Pu increases by a factor of
state rigorously if a nuclear many-body problem is solvedl.24 atx3''=—0.0024 and decreases by a factor of 1.24 at
approximately. We performed calculations in the RPA tox=—-0.24 compared with «*'=—0.024 fnf MeV .
study the influence of different spurious admixtures on theThe summed spitM1 strength in the range 1-15 MeV in
M1 transition rates it®%r, 178Hf, and 2. The results of  '%Sm increases by a factor of 1.25 @}*'=—0.012 com-
calculations are given in Table I. The first root of the RPApared with «9*'= —0.048 fnf MeV . The calculated spin
secular equation in 2% equals zero at &3), M1 strength in %“Sm summed up to 12 MeV at
=0.0130 fnf MeV 1. The summed3(M1)1 values of the x91=—-0.024 fnf MeV %, equal to 11.542, is close to the
first twenty states equal 7400.1u for 5'=0.0130, 0.0134, calculated value of 11.42 in [29]. The calculated spiv 1
0.0154, 0.0160, and 0.0170%meV L. The increase in the strength in**“Sm summed in the energy range 5—10 MeV at
summed overlap from 0.018 to 0.063 and in the largest overkgllz —0.024 fnf MeV %, equal to 9_5’u§, does not con-
lap of the single 1 state from 0.005 to 0.016 weakly affects tadict the experimentafl 1 strengthSB,(M1)=11+2u2
the M1 strength. The summed overl@Ng, in **Er and  [3q).
1784t decreases with increasing consta«ﬁf and strongly
increases akj'>0.018 fnf MeV ™. An approximate exclu- C. K"=0- and 1- states
sion of the spurious state is reasonably good.

The constantc?* was fixed differently comparing with ~ The origin of E1 strength in the low-energy region in
other Constamggﬂ_ We used the constawﬁl a little larger deformed nuclei has been investigated ®1]. It is known

than (Kgl . for a better description of the fir&t”=1; state. that there are no one-phonon Istates below the particle

) . threshold in spherical nuclei. Quadrupole deformation is re-
As is shown szabIe |, the summai(M 1) values weakly sponsible for the splitting of subshells of a spherical basis

21
depend n(%)n N .Th?SGfS‘;ﬂig nt 1’§8 1605’16%(1”&'1%&12%) 13 into twice-degenerate single-particle states. Due to this split-
;72'-421522%'\"3/ d 24I‘r’]Pu The rgéent calculgfions arer’ er_ting, part of theE1 strength is shifted to low-lying states. An
o Cop P 1 P octupole isoscalar interaction between quasiparticles leads to

formed with the constanto)\equal to 0.015 frhMeV ™, the formation of collective octupole states. Due to the octu-

er used the constar®™* of pp interactions equal 10 oje interaction, the summéglL strength for the transition to
O.8KO_“ for all A including ).\,u=21. As is shown |r[27] K7=0" and 1" states in thg0—4) MeV energy region in-
and in the present calculations, the sumn¥8(M1)T in  creases by two orders of magnitude. An isovector dipole ph
the energy range 1-4 MeV increased by a factor of 1.2—-1.fnteraction shifts the largest part &1 strength from the
at G?'=«g' compared withG*'=0.8<3". This sum de- |ow-lying states to the region of the isovector GDR.
creased by a factor of 0.8—-0.9 &°'=0 compared with The one-phonon states with™=0" and 1~ are calcu-
G#=0.8«3". The summed=B(M1)T weakly depends on lated in the RPA with ph and pp isoscalar and isovector
k31, This sum does not practically change &'=—«3'  octupole and ph isovector dipole interactions. The isovector
compared withe?'= —1.5«3*; it increases by a factor of 1.5 constant of the ph dipole interaction ig#=—1.5«3* for
at k2'=0. We usedx3'=—1.5¢3" in the rare-earth and the rare-earth and;*=— 1.2«3* for the actinide nuclei. The
k3= —1.2«2' in the actinide regions. A critical analysis of GDR was correctly described with these constadts.
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It has been showfl6,21] that inclusion of the isovector Here
ph electric dipole interaction decreases Eiestrength in the
low-energy region by more than an order of magnitude. Nev- o1 15i
ertheless, the calculatd8{E1) values for the excitation of (=2 1% O(T)_(Q;lioi_QZliOI)a
the K™=0" states are 3—10 times as large as experimental o V2
ones. Therefore, we have used the following renormalized T
effective charge 2hig, : (—) 2l
. |: (T)_qlzqz <q1|Jt|q2>uqlq2¢qlq2-

N—-Z
=3 ( - )
e T (1+x). 9
20 A The wave function¥. is orthogonal to the spurious state

The f is 4 fitti introduced h th i +¥o. The overlap is calculated in the RPA so as to enforce
e factory is a fitting parameter introduced to quench they, following normalization condition:

too largeE1 transition probabilities g¢= 0. In many papers,

for example in[32], a numerical value of (% x) equals 0.3.

We calculated theE1l reduced transition probabilities in 2 (PEQau, Wo)|?=1,
168 within the QPNM and fixed (% y)= /0.2 by an over- ! °

all fit of the experimental summed strength in the energy

range 1.7-4.0 MeV[33)]. where the sum exte_nds to aII. RPA states. The overlap qf the
wave function(7) with the scissors state has the following
IV. NUMERICAL RESULTS form:
TheK™=1" states below 2 MeV have been observed in Sa— 1 S RIR!
one-nucleon transfer reactions and@drdecays in a number o Xl eye = o g
of even-even deformed nuclei. Most of the properties of the ol
collective scissors mode have been establisheé,i@ | and X [{j_j +>W|’iIJO( )= (_ja)] iﬂo(ﬂ)]

(y,y’)+ experiments. Microscopic calculations of the
K7=1" states an®B(M 1)1 values have been carried out so - 21/ o 21
far in the RPA. We(calgtzlated in the RPA and QPNM the X)) = (- )]
energies and wave functions of tH¢"=1" states and ) . )
B(M1)] values in 156:15816g5q 16016216 ang 238y, According to our calculanqns, the scissors que fragments
These results were published[i9,20,23. Our results of the ~OVer both the low- and high-energyll excitations. The
RPA calculations of theM1 strength distribution do not OVerlap of scissors with low-lying states up to 4 MeV is
practically differ compared to the calculatiof0,13,29. about 50%. The other half goes to .the hlgh energy states in

The results of calculations of the energies, wave functiond1€ range 20—24 MeV. This is consistent with the schematic
andB(M1)] andB(E1)] values ini6:16%r 1721741 and predictions of the existence of.two scissors modes, one at
178f are given in the form of tables or figures. The experi-'OW and the other at high energig5]. The scissors state is
mental data as well as the results of our calculations argongly fragmented in the low energy region. According to
presented in Tables II-IV. The calculated structure is giveri21] and our calculations, for any;1state theSc' value is
as a contribution of the one-phonok 4); and two-phonon smaller tha_n Q.2._The results on the overlap with the scissors
{(\1m1)i ,(A\25); } components to the normalization of the State are similar in RPA and QPNM. o
wave function(7). Then, we list the largest two-quasineutron The “reduced probatjmty_ foM 1 tranghon from the
vv and two-quasiprotonr components of the wave func- ground state 9-5- to the 1. scissors state is
té(zgx)(fi B(Oéx;én%g.sgf”ﬁtgm\?v?th iy ?o%)'xzzTr}E BsM1;055— 100 =2u&| (Wi (M1)¥,)|?
given in the single-particle units 2
=2uf 2 AML;05—10), (13

1

12

2 +1
4

3

A+3

B(EN)Tsp= (0.12AY3)22e2(10 fm)2.

(10) where T'(M1) is the magnetic dipole operator,
A(M1;05,—1;") is the amplitude forM1 transition to a
relevant one phonon componentf the wave functior(11).
The sum ovei extends to all RPA states. A contribution of

The wave function of the scissors state has been definettie scissors components of the one-phonon staie the

A. Scissors mode

[34] as B(M1); value equals 10°—10"L. The ratio
Vo= (i) -ie)li-je)m) ™2 3B(M17);
. . —— =0.05
X[y e=e(m{(j-j )]V (1D 2B(M11);
with the normalization condition for the sum over all the RPA states below 4 MeV for each

. scissors componei,{M1);. According to calculation with
(V¥ =1. Eq. (13), the ratio
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TABLE Il. Energies,M1 andE2 strengths and structure of the QPN#f=1" states in'®r.

Experiment 33]

En
MeV

B(M1)]
it

En
MeV

B(M1)]
2

MN

Calculation in the QPNM

B(E2)!

s.p.u.

Structure, %

10

11

12

13

2.494

2.643

2.676

2.694

2.728

2.792

2.798

3.048

3.357

3.390

0.1620.018

(0.063:0.013)

0.17%0.18

(0.025:0.005)

(0.262-0.029)

0.17¢0.019

0.20&0.021

(0.105:0.014)

(0.348 0.041)

0.7530.086

2.10

2.29

2.33

2.60

2.66

2.77

2.85

3.05

3.11

3.16

3.22

3.29

0.05

0.04

1.05

0.02

1.05

0.02

0.18

0.24

0.12

0.58

0.11

0.22

0.06

0.02

0.32

X10°°

0.01

x10°3

0.29

0.01

0.08

x10°3

%108

10.03

(2p)82; (21 7
{(31):.,(32),} 5
(21),: vv6331-642) 80
vv6241-633] 13
7w5147-523] 3
(23)93
{(32)1,(33)} 2
(21),: w74117-411| 98
(2412; (21), 3
(21); 65; (21% 5
{(31)1,(32),} 6
{(33)2,(54).} 5
(21);: vv6241-633) 62
7514 -523) 24
vv5127-5211 7
vv6331-642) 3
(21), 88
{(32),.(33),} 5
(21),: vv5211-521] 91
vv5127-5211 6
(23)9; (21)s 81
{(31),,(32)y) 3
(21)5: mw5147-523) 44
vv5127-5211 39
vv5211-521| 6
(21)s 97
(21): vv514]-512) 98
(2181
{(22),,(43),) 6
(21);: vv514]-523| 33
vvb5121-521 33
wwd04]-413| 10
7w523]-532] 7
7w5147-523] 5
(21968
{(31);,(32),} 14
{(33),,(54).} 4
(234 (21) 65
(21)y, 11
{(22),,(43),} 9
(21); 6; (21) 33
(21),, 25; (21),5 6
{(22),,(43),} 14
{(32)1,(33),} 5
{(33)2,(54).} 5
(21)1011; (21), 3
(21)134; (21)14 4
{(33)2,(54),} 51
{(31),(32),) 13
{(22)1,(43),} 8
(21)3; (21)5 3
(21)134; (2114 7
{(32),.(33),) 69
{(33),.(54),} 3
{(22),,(43),} 3
{(21);,(22)y} 2
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TABLE II. (Continued.

Experiment 33] Calculation in the QPNM
En B(M1)1 En B(M1)1 B(E2)1
n MeV wd MeV wd s.p.u. Structure, %
14 3.409 (0.234:0.029) 3.34 0.08 x107* (21);, 10; (21)5 18

{(21)1,(22),} 65
{(32)1,(33),) 4
17 3.457 0.3120.039 3.41 0.02 0.02 {(33);,(54),} 92
18 3591  (0.05%0.010) 3.44 0.06 0.02 (23)8; (21) 4; (21)30 7
{(31):,(32)} 49
{(33)2,(54).} 15
19 3.657  (0.19%0.026) 3.48 0.13 0.16 (23 3; (21)4 27
{(32)1.,(33)} 27
{(44)1.(43),} 5
{(22).,(33),} 10
{(33)1,(54).) 5
26 3.776  (0.0540.010) 3.74 0.05 X107°  (21)3,9; (21)38
(21)144
{(22),,(43)} 31
{(33)3,(54),} 22
42 3.806 0.204:0.033 3.94 0.04 0.01 (27
{(30)..,(31),} 81

BSL(Ml;og_S__, 1) observed exp(_arimentally. It is impossible to compare one to
SBMLI), =0.3-04. one the experimental and computed levels.

! ! The experimental and computed 1 strength distribu-
tions in %€Er are given in Fig. 1. In general, the observed
M1 strength in%%Er and %%er is stronger fragmented than
in the Gd and Dy isotopes. The fragmentation of one-phonon
Os_tates due to the coupling with two-phonon configurations is
very important above 3 MeV in both nuclei. The observed
M1 strength in1%¢16%r is stronger fragmented below 3

It means that the scissors contribution to the tdthl
strength in the energy range 1-4 MeV is large due to th
coherence effect.

The scissors mode is mostly responsible for enhanced t
tal M1 strength in the low-energy region. The contribution
of the scissors state to the totslll strength in the energy
range up to 30 MeV in‘*®Er equals 60%. The large contri- MeV than the calculated ones. R
bution to the totalM1 strength in the energy range 2-30 . LES( expe_rlmer)tal gnd calculatiail _strength distribution
MeV is due to the coherence sum in Ef3). Nevertheless, n .b Is given in Fig. 2. Theﬂexpenmental and c_alculated
its contribution to the wave functions of each Etates is < o 9'o> an@(Ml)J vaIues_ln *Yb are presented _|n7TabIe
small. The wave functions d™=1" states are mostly de- .”I' The f!rst Ky=1, state W'th. energy 1.624 Me\/ A"
termined by other components which may be observed, fol practically, pure two-quasineutron state. This state was

example, by one-nucleon-transfer reactions. observed in thed,p) reaction[36]. Thig two-quasineutron
vv514| —512] state was not observed i?Yb. The second

KT=15 2.01 MeV state in*’?Yb was observed in thed(t)
reaction. Most levels witik"=17 in 1"2vb and 1"%vb were
The fragmentation of the one-phondt=1" states in observed in the¢,y’) experiment§37] with uncertain par-
156,158,165 and 160-162.16fy has been studied in the QPNM ity assignments. The parity of the levels with energy 3.349
in [19,20. In each of these nuclei there is a strong peak of arand 3.562 MeV in'’*b are known from the &,e’) experi-
order of 1-1.%%. The fragmentation is appreciable only ments [38]. According to our calculation, the two-
above 3 MeV. guasiproton staterw404| —413] is fragmented in the en-
In our investigation of the fragmentation of one-phononergy range 3.5-3.9 MeV in 17%p. Therefore, this
states we paid special attention ¥Er because the parities configuration has not been observed in thexf reaction
of the excited states have been determined model indepefi39].
dently by measuring the linear polarization of the scattered A comparison of the observdd1 strength distribution in
photons. Experimental energies of the" 1states and 1784f [40] with the result of the present calculations within
B(M1)7 values[33] are compared with the calculated onesthe RPA and QPNM is demonstrated in Fig. 3. The strong
in Table 1I. TheB(E2)1 values characterize the collectivity fragmentation of thevi1 strength in the energy range 2.4—
of each state. The structure of eaklf=1" state is pre- 4.0 MeV is well described in the QPNM. According to the
sented. The 1 levels below 2.3 MeV int%€r have not been RPA calculation, there is a strong peak of lu@{5at 3.64

B. K™=1"% states andM 1 strength distribution
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TABLE IlIl. Energies,M1 andE2 strengths and structure of the QPN&¥=1" states in*"4Yb.

Experiment 37]

En
MeV

B(M1)1
Tk

E,
MeV

B(M1)]
it

Calculation in the QPNM

B(E2)1
s.p.u.

Structure, %

5

11

14

17

23

25

31

1.624

2.037
2.068

2.338
2.500

2.581

2.920

3.122
3.145

3.349

3.562

3.695

0.150.11
0.2:0.12

0.280.10
0.35:0.11

(0.23-0.08)

(0.440.11)

(0.16:0.06)
(0.13-0.06)

0.330.14

0.4%0.10

(0.330.13)

1.60

2.10

2.65

2.69

3.06

3.21

3.35

3.57

3.65

3.75

1.310°°

0.86

0.92

0.11

0.25

0.30

0.56

0.25

0.11

0.22

3x10°*

0.87

0.02

0.06

0.03

0.16

0.18

0.02

0.03

0.007

(21), 99
(21);: vv514]-5121 99
(2309
(21): vv6247-6337 72
7w514]-523 13
(23)85; (21} 1
(21} 2
{(22),,(43),} 2
{(31),,(32),} 3
{(32)1,(33),} 1
{(54),(55),} 2
(21);: m75147-523] 45
vv6331-642] 30
vvb5121-521 15
vv514|-523| 5
(23)55; (21) 18
(21)s 2
{(32),.(33),} 12
{(31),,(32),} 3
(21)5: vv6157-624] 38
vv6331-642] 25
7w514-523] 16
vv5107 +521| 9
vv5121-521] 6
(24)5; (21) 8
(21)40 63; (21), 6
{(21),,(22),} 1
{(21)1,(43),} 2
{(31)1.(32),} 9
(21)1: vv5121-512| 66
7wdlll-411] 24
vv514|-523| 5
(219 28; (21), 43
(21)33; (21)55
{(22),,(43),} 2
{(22);,(43),} 7
{(31),,(32)} 3
(21 4; (21) 22
(21)4313; (21)5 14
{(22);,(43),} 30
{(32),,(33)} 3
(213 4; (21)13 30
(21)1513; (21)6 8
{(22);,(43),} 9
{(22)1,(43)3} 3
{(32)1,(33),} 19
{1(32)1,(33),} 3
(213 3; (21)15 5
{(21),,(20),} 66
{(22),,(43),} 11
{(43)1,(44),} 4
(213 3; (21)6 3
{(54).,(55),} 82
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TABLE lll. (Continued.

Experiment 37] Calculation in the QPNM
En B(M1)1 En B(M1)1 B(E2)T
n MeV wd MeV w s.p.u. Structure, %
33 3.84 0.13 0.11 (21 5; (21)6 11
(21)17 4

{(21)2,(22),} 41
{(22).,(43),} 10
35 3.87 0.11 0.09 (213 5; (21)6 9
(21)173
{(21)2,(22),} 37
{(22).,(43),} 17
{(22)..(43)s} 14

MeV. This one-phonon state is strongly fragmented in thewave functions of each first;1state are, practically, two-
energy range 3.2—4.0 MeV. The coupling between one- anguasiparticle ones. This difference is connected with ap-
two-phonon states is responsible for strong fragmentation gbroximate excluding of the spurious Istate by choosing the

the M1 strength in®"®Hf. constantk3'= («3Y,. The existing experimental data on the
first 1* states in deformed nuclei support this method of
C.K™=0" and 1~ states andE1 strength distribution exclusion of the spurious™ rotational state.

The rich experimental data on tE4. strength distribution The equilibrium quadrupole deformation is responsible
in 5% in the energy range 1.7—4.0 MeV were given in Ref.for splitting of subshells of the spherical basis to twice
[33]. We used these data for renormalization of Bt ef- degenerated levels. Due to this splitting, the low-energy
fective charge. The experimental energies &(&1)T val- collective magnetic dipole excitations exist in deformed
ues and the calculated energiB¢E1)| andB(E3)] values ~Nuclel. Therefore, the correlation betwe&(M1)] and
and structure of th&™=0" and 1~ states in'®®r are given ~B(E2:07045—2"0y) takes placd4l]. The energies and
in Table IV. The experimentaB(E1)] values in brackets Structure of theK”=1" states below 4 MeV are mostly
mean that there is somewhat uncertain assignments of pari termined by the isoscalar ph quadrupole-quadrupole inter

or/and K-quantum number. The calculat®(E3)| values ction. An admixture of the scissors state to each intrinsic
for excitation of thel "K :'3—11 and 370, states are in one is very small. The two-quasiparticle structure of the large
n

ec&pe-phonon terms of the wave functiér) can be observed
in the one-nucleon-transfer reaction. As is showfiay], the
large two-phonon component of the wave functi@hcan be
detected by fasM 1 transition rates to the excited state dif-

E1l strength distribution of th&1, AK=0 strength below
3.2 MeV is somewhat stronger fragmented than the calcu
lated ones. In general, strong fragmentation of tBgé

i i TmT_—_1+
strength in1®%r is reasonably well described in the QPNM. ferllr_lr? by one_-phonoln with g‘:zlﬁl =1 hs in the ai
As is shown in Fig. 4, the observed fragmentation of the € experimental summ strengths in the given en-

one-phonon states witi™=0" in 74b is relatively weak ergy rangg43] and the results of the present calculation in
Nevertheless, the observ&l, AK=0 strength in'’4Yb is. several even-even deformed nuclei are given in Table V. As
stronger fragmented than the calculated ones. is shown in Table |, the summed in low-energy reghdd

21
A comparison between the observed fragmentation of thtrengths weakly depend on the constarff > (15

E1 strength withAK=0 and the calculated within the Therefore, we calculated the summbtl strengths in all

QPNM fragmentation of th&1 strengths with\K=0 and 1~ NUclei in Table V71With thzel same constants equal to
in 1662r, 172yl and 2784f are presented in Fig. 5, 6, and 7. Ko = 0.015 fnf MeV~! and G?'=0.8«5". There is a very

The observed fragmentation of tBd, AK=0 strengths are good agreement between the experimental and computed

stronger in*%%Er and72Yb and weaker in-"8Hf compared to  Summed M1 strengths in all nuclei. The summed 1
the calculated ones. strength calculated with the same constaegb and G2 in

238 in the energy range 2.1-2.5 MeV is equal to &3
V. DISCUSSION [23], which is in agreement with the experimental values
3.19«2 and 4.Qu% observed respectively in they(y’) and
There are quadrupole excitations wikh=0, 1, and 2 in (e,e’) reactions44].
even-even deformed nuclei. Energies of the #&t=0; and Let us consider a contribution of the orbital and spin parts
2; states are lying below the relevant first poles and theibf the M1 transition operator in th® 1 strength distribution
wave functions are the superposition of many two-in the energy range 2—14 MeV. The result of the RPA cal-
quasiparticle components. Energies of the fikf=1] culation of the totakB,,(M1)1, orbital ZB;(M 1)1 and spin
states are lying above the first poles @(E2)] values for =B,(M1)] parts, summed in bins of 1 MeV, i**Sm is
excitations of thel "K,=2%1, states are very small. The presented in Fig. 8. Most of thd 1 transitions in the energy
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V. G. SOLOVIEV, A. V. SUSHKOV, AND N. YU. SHIRIKOVA

Experiment 33]

En
MeV

B(E1)]
e? fm?x 102

En
MeV

B(E1)]

e? fm?x 103

Calculation in the QPNM

B(E3)1

s.p.u.

Structure, %

1,

01

0;

0s

17

1g

1.358

1.786

1.937

2.137

2.342

2417

2.510

2.740

2.849

2.946

2.975

3.095

22.382.51

0.7%0.11

(1.34-0.25)

(0.52:0.11)

1.630.27

0.55:-0.16

0.86:0.14

(1.18-0.15)

2.06:0.27

(0.84-0.15)

(1.04-0.14)

1.30

1.85

1.92

2.30

2.28

2.49

2.55

2.72

2.90

3.03

3.07

3.09

5.90

17.3

1.4

6.9

6.0

0.1

4.3

7.0

0.1

5.3

0.1

0.1

2.75

2.80

0.72

0.93

3.31

%103

1.79

0.85

0.014

0.79

0.13

& 103

(3105
{(22),,(33),} 3
(31),: vv633]-512 81
vv633[-523] 2
(39)99
(30),: vv5127-642) 30
vv514|-633] 4
7w523]-404] 3
(33)96
(31),: vv6337-523| 89
vv633)-5121 6
(3@)99
(30),: vv514|-633 19
vv5121-642] 16
7w523)-404| 9
(33)94
(31);: vw6517-521] 31
vv633/-5121 10
vv633)-523] 7
vv6421-5211 5
7w523]-402] 4
7w5321-411] 4
(30); 99
(30)3: w75231-404| 32
vv514|-633] 17

(391
{(22);,(33)} 3
[(43),,(54),} 3
(31),: vv6517-521] 66
V64215211 3
7w532-411] 3
(3Q)88
{(22),,(32),} 4
{(44);,(54)} 3
(30),: vv523|-642] 28
vv514|-633] 5
7w523[-404| 4
(33)95
{(22)1,(33)s} 3
(31)5: w75231-413| 92
vv642)-5211 4
(39)86; (30) 3
(30)6 3
{(22)1,(32),} 7
(30)5: vv523|-642] 18
vv514|-633] 10
(31)37; (31) 5
(31)s 4; (31)08
(31)126
{(20)3,(31)} 27
{(22)1,(31)1} 5
(31)g 34; (31), 36
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TABLE IV. (Continued.

Experiment33] Calculation in the QPNM
E, B(E1)} E, B(E1)1 B(E3)]
KT MeV e? fm?x 1073 MeV e? fm?x 103 s.p.u. Structure, %
(31 7
{(22);,(31),} 14
0¢ 3.181 1.96-0.28 3.19 12.2 1.86 (3Q)68; (30) 8
(30)4 5

1(22),,(32)} 7
{(22),,(32);} 5
{(44).,(54)1} 5
1, 3190  (1.16:0.15) 3.15 0.4 0.08 (33)17; (31), 29
(31)g 9; (31), 10
{(20)3,(31),} 23
{(22),,(31)} 5
Og 3.441 (0.58:0.15) 3.49 0.3 %103 (30) 6; (30) 5
{(22),,(32),} 20
{(22),,(32),} 45
{(44),,(54),} 14
{(22),,(32);} 5
{(43)1,(33),} 2
15 3.468 (1.81-0.26) 3.48 0.2 0.03 (33)4; (31)5 3

{(20).,(31),} 76
{(43)1,(54)} 6

{(43)2.(54)} 3
05 3.480 3.64:0.52 3.51 0.4 x10°3 (30)s 6; (30) 4

{(22),,(32),} 16
{(22),,(32),} 54
{(44).,(54)} 9

015 3.505 (0.53-0.24) 3.67 0.1 x10°8 (30); 6
{(21);,(31),} 83
15, 3.516 (1.31-0.24) 3.49 0.3 0.08 (3R 7; (31), 3

(31)129; (31)15 4
{(43),(54),} 22
{(20)3,(31),} 20
05 3.703 (1.570.31) 3.71 15 0.12 (30)37
{(21),,(31)) 11
{(20)3,(30),} 38
{(43),.(33)} 6
15 3.719 (1.270.32) 3.76 1.0 0.11 (31) 32
{(20),,(31)s} 17
{(22),,(31)s} 6
{(22)s,(31),) 22

range 2—4 MeV are of the orbital nature. The tohll almost no complete cancellation of tMel strength above 6
strength is larger than the sum of the orbital and spin parts. IMeV.
means that the coherent coupling of the orbital and spin parts The spin M1 strength dominates at energies above 6
takes place in the energy range 2—4 MeV. MeV. The totalM 1 strength summed up to 30 MeV EEr
There is a destructive interference of the orbital and spins practically equal to the sum of the orbital and spirL
parts of theM 1 transition operator in the energy range 6—10parts.
MeV. The summed spiM 1 strength is larger than the total  There are low-lying collective octupole states with
M1 strength. The spiM 1 strength in the energy range 6—7 K™=0" and 1" in most even-even deformed nuclei. In con-
MeV is by a factor of 1.8 larger than the sum of the orbitaltrast with strongly dipole excitind "0,=1"0, states in
and spin parts, calculated separately. The computedibtal many nuclei no indication of these states was found’fif
strength within 6—7 MeV is larger than thd1 strength [40]. According to calculation if46] within the QPNM, the
derived in[45] from the ***Sm (y,y') experiment. There is first KT=0; state in 1’®f has energy around 2 MeV and
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E (MeV) E (MeV)
FIG. 1. Experimental, QPNM and RPK 1 strength distribu- FIG. 3. Experimental, QPNM and RPM 1 strength distribu-

tion in *8%Er. Full and dashed lines refer respectively to QPNM andtion in 1"®Hf. See Fig. 1 for explanatory details.

RPA.

strengths in'%1%r are due to very largB(E1) values for
transitions to the firsK7=0; states. Stronde1 transitions
in "2vb are shifted to higher excitations.

According to the experimental daftd0], in 1"8f compa-
rably strong excited states are missing and sumriéd
strength in the energy range 2—4 MeV is decreased com-
rpared to deformed nuclei of the rare-earth region. We cor-
rectly described this decreasing. The sumnisld strength
decreases if’8Hf due to the smalE1 matrix elements be-
HNeen the single-particle states near the Fermi levels in the
heutron and proton systems.

B(E1;0%04s—170,)=0.8x10 3 €? fm% The calculated
reducedE1 transitions to the firsK7=1; 1.31 MeV and
second 7 1.513 MeV states are 0.¥410 3 e? fm? and
0.3x10 3 e? fm?, respectively.

The existence of strongly dipole excit&d=0" states in
the energy range 2—4 MeV is a common phenomenon i
even-even deformed nuclei. Only a féwil transitions from
the ground state to th€™=1"" states were observed. There-
fore, we compare the experimental data with the compute
ones for transitions to thKk™=0" states. The experimental

and computed summeB1 strengths in the given energy 2
range are given in Table VI. Agreement between experimen- 174
tal and computed data is quite good. The large sumgkd A ex:b
e
o 8 —
1.0 — oA
172y .‘c_f |
I i exp g ‘ ‘
3 )
g o 4
o 0.5 — +O
= —
& w i
| ’ ’ m
0.0 T T T T Il II T I| T T T T T T 0 T ) ST ) I T
i 172 ;“C" 1 174Yb —e------  RPA
cal::(b -------- RPA & s calc QPNM
e QPNM ©
3 e
= 2
m o5 | Pm . ; E
| 2 | ;
! P i 4 i E |
1 ‘ | |= | . P @ é e
RN I 0 0 1 P I 0 | N 1
25 3.0 3.5 4.0 28 3.2 3.6
E (MeV) E (MeV)
FIG. 2. Experimental, QPNM and RPM1 strength distribu- FIG. 4. Experimental, QPNM and RPE1, AK=0 strength

tion in 172vb. See Fig. 1 for explanatory details. distribution in 174Yb. See Fig. 1 for explanatory details.
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FIG. 5. Experimental B(El;O*Og.sal’On) and QPNM
B(E1;0%04s—17K,) values in'®Er. Full and dashed lines refer
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20 24 28 32
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respectively tcK=0 andK=1.

According to the QPNM calculation§24], there is a
strong correlation between the larg&tE1)T andB(E3)7
values with excitations of thé"K=1"0, 11, 370, and
371 states. The calculated correlation coefficieftetween
the B(E1)T and B(E3)7 values equals 0.987 in®%Gd,
160,162,16fyy, [24] and 0.998 in?%%U and 2*%Pu [23] for the

172Yb

exp

2539

178Hf

i exp

10 ) (€%*m?103)

9.8

B(E1;070

e | o

calc

IR
o =

21K ) (*im®10”)

g.s.

B(E1;070

2.8 3.2 3.6
E (MeV)

FIG. 7. Experimental B(E1;070,,—170,) and QPNM
B(E1;0%04s—1 K,) values in*"®Hf. See Fig. 5 for explanatory
details.

K™=0" states and 0.910 it*%Gd, 16016216ty and 0.995 in
238 and 2*%Pu for theK™=1" states. According to the
present calculation, the coefficienequals 0.96 in%r for
the K™=0" and 1" states and 0.75 for thk™=0" states
and 0.87 for thek™=1" in "2vyb, 74b, and 8. It
means that the correlation betwe&t(E1)T and B(E3)7
values is a general property in even-even deformed nuclei.
Let us consider the intensities of tid1l andE1 transi-
tions to excited states between 2 MeV and 4 MeV in even-
even deformed nuclei. According to the experimental data

1K) (e*m?107)

g.s.

B(E1;0"0

172Yb

calc

x
wn

o =

X

FIG. 6. Experimental B(El;O*Og.Sal’On) and QPNM
B(E1;0704s—1"K,) values in'?vb. See Fig. 5 for explanatory

details.

I ' ll
28 3.2
E (MeV)

3.6

[33], theM1 andE1 reduced widths if®Er summed in the
energy range 2—4 MeV are the following:

> TEAM1;0%04—1%1,)=11.6 meV/MeV,
n

TABLE V. SummedM1 strengths in even-even nuclei.

E SBMDIpR]  EB(ML)T[4{]
Nucleus [MeV] Expt. [43] Calc. QPNM
156Gd 2.7-3.7 2.73 2.95
158Gd 2.7-3.7 3.39 3.41
169Gd 2.7-3.7 2.97 2.86
160Dy 2.7-3.7 2.42 2.46
162Dy 2.7-3.7 2.49 2.60
164Dy 2.7-3.7 3.18 2.92
166gy 2.4-3.7 2.67 2.51
168ey 2.4-3.7 2.82 2.87
172yp 2.4-3.7 1.94 2.25
17%yp 2.4-3.7 2.70 2.84
178¢ 2.4-3.7 2.04 2.30
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TABLE VI. SummedE1 strengths in even-even deformed nu- 6 — B (M1
clei. tot
. emo L B,(M1)+B (M1):
SaB(E1;0%04—170,) o
[e? fm?x 107 3] O F
E =
Nucleus [MeV] Expt. Ref. Calc. QPNM %
[N 1
156G 25-33 95  [47] 105 ?
158Gd 2.8-3.9 11.2 [47] 10.1 .
169Gd 2.0-3.2 10.2  [48] 7.7
0
162Dy 2.5-3.0 9.0 [8] 10.0
164Dy 2.0-4.0 30.0 [9] 36.0
166y 1.6-3.5 52.0 [33] 52.0 i
168y 1.7-4.0 52.0 [33] 52.0 oF
172yp 2.0-3.7 491 [37] 34.0 T 2-
174yp 3.0-3.7 23.0  [37] 19.5 a
178t 2.0-4.0 12.7 [40] 12.0 ]
o]
; I'$4E1;0%04s—170,)=10.1 meV/Me\}. 0 E (MoV)

) L FIG. 8. RPAM1 strength distribution in*>*Sm in the 2—-14
The Ml and Elﬁ reduced widths are quite S{'F“"ar- _In the MeV energy range, summ%d in bins of 1 MeV. TokEB,(M1)!
exper!ments ort BEr only three weakeE1 transitions with a 4.4 sum of orbital and SpBB,(M1)]+3B,(M1)] contributions
tentativeK =1 assignment have been detected. (upper part and total, orbital and spin contributioewer par).

For comparison of the intensities of thél andE1 tran-

sitions in even-even deformed nuclei, we computedite ) i o
andE1 reduced widths. The results of the calculations withiniS @Pout three times as large as the levels With=1". Itis
the QPNM of theM1 and E1 with AK=0 and AK=1 in agreement with the conclusion made in H@#]. A situ-
widths summed in energy range 2—4 MeV are presented iAtion is changing in*"*Hf where theE1, AK=0 summed
Table VII. The computed summeM 1 and E1 reduced reduced width strongly decreases.
widths are close to one another. It means that the intensity of In conclusion, we can state the following.

the E1 and M1 transitions is quite similar in the energy (1) TheK"=1" states below 2 MeV in even-even nuclei
range 2—4 MeV. are practically two-quasiparticle ones. Relevant experimental

According to experimental data, thd(E1;070,,  data are very scarce. For better understanding of a general
—170,) values are larger than theB(E1;07045  situation with magnetic dipole excitations experimental mea-
—171,) values in several even-even deformed nuclei. Thesurement of théM1 andE2 transition rates for excitation of
summedE1 reduced widths witAK=0 andAK=1 are theK"=1" states below 2 MeV is needed.
given in Table VII. As is shown in Table VII, the summed  (2) The reduced transition widtHg§*(M1) andl"FY{E1)
reduced widths foE1 transitions to the levels witK"=0" summed in the energy range 2—4 MeV are practically equal.

TABLE VII. Calculated in the QPNMM 1 andE1 reduced widths, summed in the energy range 2—-4

MeV.
SaI(M1;0704s—171)  SI™{E1;0704s—170,)  Z,I"™(E1;0704,—1" 1)

Nucleus meV/Me\? meV/Me\® meV/Me\?
169G 17.5 6.0 4.0
160Dy 14.4 12.1 4.1
162Dy 18.4 14.8 4.2
164Dy 19.2 12.6 3.1
166y 12.8 13.3 3.6
168y 15.9 12.9 5.0
172yp 14.6 12.9 5.7
174y 16.5 10.1 4.1

1784¢ 13.7 4.2 3.1
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Therefore, it is necessary to measure the parity ofikkel ACKNOWLEDGMENTS
states.
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