FiZiKA

2005

CiLD XI Ne1-2

COLLECTIVE 1" STATES IN Y%'®*H4f DEFORMED NUCLEI
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Physics Department, Faculty of Arts and Sciences, Sakarya University,
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In this study, properties of the collective | T=1" (K=0 and K=1) states, generated by the residual paired and isovector spin-spin
interactions, in the deformed nuclei ®*"®Hf are investigated in the Quasiparticle Random Phase Approximation (QRPA) method
using the deformed Saxon-Woods Potential. Furthermore, contribution of M1 transition matrix element to the energy weighted sum
rules and energy distribution of M1 excitation strength functions were investigated for these states. We have observed that the low-
lying 1" states have weak correlations and small value of B(M1, 0—> 1), and the collective 1" states with larger values of B(M1) are
in the energy region 8-10 MeV for K = 0 and 10-12 MeV for K = 1. We have also shown that the number of states for K = 0 is less

than K = 1 states.
INTRODUCTION

Magnetic dipole excitations in heavy nuclei are of
considerable interest in modern nuclear structure physics.
Both low lying orbital and high lying magnetic resonance
excitations were studied systematically to test nuclear
models. An outstanding example is the so-called M1 scissors
mode to which most attention was paid in the past. This low-
lying orbital 1* states were first observed in **°Gd in high
resolution inelastic (e,€") reactions in 1984 [1]. Two of the
important properties of these states are their low energy

(® < 4 MeV) and having a value for their reduced magnetic
dipole probability B(0*—>1%) in the interval 0.6-1.8 1, .

The different aspects of the magnetic dipole transition of 1*
states have been investigation in inelastic proton scattering at
small angles for the nuclei ***Sm, ***Gd and ***Dy [2]. Before
these experimental studies, existence of a state with the

energy E=3.18 MeV and B(M1,0+—>1+)=1.8p,i in the

nucleus *®Er was observed in theoretical calculations using
quasiparticle model in the framework of RPA and taking into
account the residual paired and spin-spin interactions [3].
Calculations have shown that collective states in the energy
range 2-4 MeV and occur in the nuclei **Sm and **®Er [4].
These states expected by the theory were experimentally

studied using (,Yy") resonance scattering reactions and a

state with E=3.39 MeV and B(M1)=(0.71+0.08) 7, was
observed in the nucleus **®Er [5].

Recently, magnetic dipole resonances (1™ =1") have
been experimentally found in wide region from light
spherical nuclei up to actinides [6-11]. These experiments
shown that a very broad M1 resonance at energies between 7
and 11 MeV exits in heavy spherical and deformed nuclei.

Spin-spin interactions in the spherical even-even nuclei
happen in connection with the particle hole transitions
between the spin-orbital elements of the neutron-neutron and
proton-proton single particle states [12]. Unlike the potential
of spherical nuclei, the picture is more complicated. In such
case, the magnetic quantum number of every J-shell splits
into excitations characterized by the angular momentum
projection on the symmetry axis K=0 and K=1. Due to split
mentioned, shell structure of the nucleus is destroyed and this
causes an increase in the density of 1" states (p *10 MeV

1). Based on the information given, two independent branches

of 1" states, namely K=0 and K=1, exist due to axial
symmetry in deformed nuclei. K=0 corresponds to the spin
vibrations along with the symmetry axis, and K=1
corresponds to the perpendicular ones. K=1 branch is easy to
investigate in photon scattering experiments  since
electromagnetic waves are transverse. Results of such
experiments have shown that in low energy spectroscopic
region K=1 states are denser compare to K=0 levels.

The well-known Random Phase Approximation (RPA) is
one the most popular method in theoretical microscopic study
of nuclear structure and describes many-body systems. In
nuclear physics RPA has been exploited to model properties
of the excited states that allows to calculate intensities of
various nuclear reactions, including decay probability of
electromagnetic, beta and double beta decay. For the nuclei
away from closed shells there appear static pairing
correlations within the quasi-particle representation is usually
referred to as quasi-particle version of RPA(QRPA), which
consider the quasi-particle correlations and excitations.

In this study, properties of | =17 (K=0 and K=1) spin-
vibration states in the even-even *"'®Hf isotopes were
studied using QRPA method. Contribution of M1 transition
matrix element to the energy weighted sum rules and energy
distribution of M1 excitation strength functions were
investigated for these states.

THEORY

For a system with large number of particles, like nucleus,
it is difficult to solve the Schrddinger equation due to large
number of the degrees of freedom. Therefore, in the
microscopic model, it is assumed that neutron and proton in
the nucleus move in a common field produced by them and
assumed that they interact with each other. It is based on the
Shell model. In this model the component of the effective
force responsible for the excitations is taken into account in
the microscopic calculations.

Assuming that 1" states are produced by the spin-spin
forces in deformed nuclei, Hamiltonian of the system can be
chosen as

H= qup +Var ()

where Hgp is  the
represented by

single quasi-particle Hamiltonian
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o =D& (D)) (D (2) + af ()as (7))

In this expression, &, =+/(E;—A4)° + A is quasi-

particle energy of the nucleons, and Es is energy of the
average field. A and A are the gap and chemical potential

@)

represents the isovector spin-spin interactions. Here, G
and T are spin and isotropic Pauli matrices, respectively. All
the unexplained expressions used here are given in Ref. [13].

The isovector spin-spin interactions can be written in

parameters of the super fluid model, respectively. terms of particle operators:
a’(a )are the quasi-particle  creation(annihilation)
operators. Vor = Xor Z D,D, 4)
The second term in Eq. 1 #=0,£1
1 Incase of ¥y, =¥ =0x and ¥, = ¥op = ¥ O=-1.
Vo‘r :_Iarzaiajrizrf (3) . .np > . " i .
2 7] In the quasi-particle representation the Dﬂ operator splits up
| into quasi-boson and scattering terms in the form
1 +
D,(7) =) 0u{uuBy +—= & Lo (CL +Cy )b+
2 ©

+ZG {/uss

Here, M =u.u, +v,v, and L =uyv, +u,v, are the
Bogoliubov canonical transformation parameters, expressed
through us and v, , D% =(s|D |s’) are single-particle
matrix elements of the Pauli spin operator, and

Z:pozS pasp (6)

p=t1

Y paga, ,, Cy=

p=£l

ss'

% %

Z pice

nyt.

|‘//i> Q’ “//o

where Qi+ is the phonon creation operator, |\P°> is the
phonon vacuum. The two quasi-particle amplitudesy/, and
@, are normalized by
i 2 i 2
2y, @) -, @)]=1 ©)
ur |

6{<w|oiHor|w>—<w|H|w>—

together with the RPA procedure. The roots of this equation
gives the energy of 1" states.

MAGNETIC PROPERTIES OF THE COLLECTIVE
1" STATES

The characteristic quantity of the spin vibrational 1" states
is the probability of the M1 transitions. The M1 transition
operator is given by
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E Lss’ (652’ + Ess’)}

= D pa,a,

p=t1

= Zpa:'pas,o (7)

p=t1

are the quasi-particle operators. In RPA, collective 1" states
are considered as one-phonon excitations given by

(8)

—plCy Y YiCl -0l C flwo)

prot.

The dispersion equation for the excitation frequency w is
obtained in the form

(1+ZFn)(1+ZFp)_q2;(2Fan =0 (10)
using a variational method and
i2 i2
@; (Z ((//s 7 ) _1J} =0 (11):
I _
M, = (v |2]y) (12)

where ;'4 is the magnetic dipole operator expressed as

ﬁ=Z[(9§—gf)§f+g.’55] (13)
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In this equation, J is the total angular momentum
operator, g ve @, are the orbital and spin g factors of the

nucleons, respectively. Using Egs. 8, 12 and 13, the M1
| transition probability for the state 1* can be written as

+ 3
B(M],O -1 )21_ Z/lsns'l-ss'

nyt.

g,) : Ltare the single-particle matrix elements of the

magnetic dipole operator.

where u

SUM RULE

In quantum mechanics, the probability of a transition
from one state to another is bounded by some definite
relations called sum rules. There are two kinds of sum rules;
energy-weighted (EWSR) and non-energy-weighted sum rule
(NEWSR). The sum rules are used in the microscopic nuclear
theory in order to investigate the properties of collective
excitations. These rules, in case of an arbitrary potential,
allow one to calculate the vibration of the giant dipole and
quadrupole resonant energy.

For the case of M1 transitions, the EWSR is written as

SwolalH. allwe) = 27308, (M10" 5 1) (19

and we are specifically interested in the energy region of
saturation of the right-hand side of Eq. 15, namely the energy
dependence of the function

Zn(wi)zgﬂza)iBi(Ml’OJr —1") (16)

The left-hand side of Eq. 15 does not depend on the
strength parameter y, and represents the quasi-particle

estimate of the sum rule. Thus, the sum rules help one make
conclusions about the accuracy of RPA solutions, while the

g s T Z :UVE/' LW’ g w

prot.

(14)

|contribution of different 1" states to the sum rule is given by
the function y .

NUMERICAL CALCULATIONS AND DiSCUSSION

In calculations, the single-particle model is used taking
the deformed Saxon-Woods potential as the average field
potential. The Schrodinger Egq. is solved by means of the
method mentioned in Ref. [14]. Calculations are performed
for Y18Hf isotopes, the deformation parameters and
interaction constants are taken from Ref. [15] and Ref. [16],
respectively. For this reason, throughout this study, the RPA
method with harmonic approach is used. The isovector spin-

spin interaction constant is chosen as y_. =40/A [17].
Table 1.

Ton-pair correlation parameters and the deformation
parameters for 1**"®Hf isotopes

A IN | g2 Ay [A, (A, A,
176 [104 [0.2731 |0.655 |0.75 |-4.139 |-6.098
178 [106 [0.2563 [0.72 |0.75 |-3.664 |-6.412

Calculations have shown that, small probability of the M1
transition from the ground state to the 17 excitation levels
appear in the energy region up to 5 MeV. Information on the
low energy 1" (K=0 and K=1) levels and the state structure of
them for *"®1"8Hf in the spectroscopic region is given in Table
2 and 3.
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Fig. 1. Energy diagram of B(M1) values (above) and sum rule for the 1" states with K=0 and K=1 in ®Hf . The left —hand side
of the sum rule is shown by dotted line. The solid line corresponds to the function ; [Eq. 16].
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Table 2.

The characteristic 1* (K=0 and K=1) states and the transition probability B(M1) for *"°Hf in the spectroscopic
energy region.

1":':[-['[' K:“ l'DI.H' K:l
Energy| BMI1 | Amplituder | Structure of Fnerzy EM1 Amplitu | Structume of
o (i) b Flaies @ (i) des siaies
{(MeV) (MeV}) Wy
5717 | 0159 | 0187 |molas03 -
0280 |unS12752 2.509 2.51% 0 ppods-5ld
g-%g Plﬁ'i‘%g 3199 | 008 | 0708 | ppaobaag
. P 5
0553 |oed 402 3565 1110 | 0687 ppdl 1402
5623 | 0689 | 0112 ]|
B35 [ 0726 0354  |nned0-a51 0149 31512
L3 | nnbds-63 0.658 ppdl 3404
'S-ifg PP%EEE‘ 3417 | 0722 | 070 | ppall4n0
0T |mesAlel §40% | 0909 | 074 | ppllldoz
0122 |ppiiz 5z 5249 | 0470 | 012% BB
05329 |ppdl3-404 &.530 0435 0125 A5 1-851
0208 | nnd01-523
0.162 nnl 3624
T4 | 0999 0278 |moo a0 0240 s 305
0507 | nnsa-631 021 | ppid0-332
0132 |mS3z-501 0.152 pp32-523
0170 | mpdaens 3775 Té02 | 031% ppa2l- A1
0118 |ppdl3-404 0358 ppdda-d0d
0.173 pp03514
=X 0527 | 0.224 NS0 750
F9/4 | 0432 | 0585 |molds05 0265 | ppadl-Al
042 |pp523-514 0.101 ppS32-514
0.572 pp03-514
10550 | 1529 | 0462 ECi)|
TZE | 1184 | 0415 |mnsa0-d01 0212 | aesssla
0.1s2 Pp431—5"-1-|:| 0lez pp532-514
-01%0 | pp332-312 0120 | ppso3sl4
U287 |ppai3ald [0EW | 40 | 0178 | mods a0
0291 | pps3nszl
T4 | 0458 | 0558 |moooil At [ om0
0191 |mnS14-305 0.1153 | pp&dl-gal
0279 |ppd3l 640 0177 | ppl-s1z2
' 0.195 ppSI2-A03
0148 |pps3slz P P
0174 |pp523-5l4 oias | ey
50 | 152 | 0131 |Nesl450s - ER
068 | ppT52olz 0114 | ppi035l4
Delssi |=somscim 10540 | 0886 | 0113 | mos0al
: PP -0A45 ppS32-303
013 | pps2l-s5lz
10758 | 0854 | 0248 | moesd0s
0613 | ppedlss0
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Table 3.
The characteristic 1* (K=0 and K=1) states and the transition probability B(M1) for *"®Hf in the spectroscopic
energy region.

I"Hf E=0 ITHf E=1
Energy| BM1 | Amphindes | Struciure of Enerzy | BM1 | Amplhit | Structure of
(T!Eﬂ {24} b shakes @ () | wdes siaies
5716 0194 [ -014l Tl 20 (MeV ¥
054 b pS30-550 RG22 | 0469 | 011 TEE LA 1
0558 ppd20-411 04358 | nné31-651
0135 pp1-532 -0131 | ppi&0-301
0.122 ppdl 1-402 -0131 | ppda-400
B 0415 NNTIE s 1A 0224 | ppda0-402
0142 i 2522 0107 | pp3l-523
0107 pp 0550 0.237 | ppSl2-3523
0.&42 pp1-532 5.140 | 0435 g.ﬁl1 ‘“‘ﬁi'%é
- P 5
e A 0.529 | ppsiz
0 124 ARSI TS0 9727 | 0&50 | 0168 | mroat-sls
0387 nnfl 2 Ea3 0.141 | pp521-541
-0405 mmE3 3613 0111 | ppd3l-E5l
0.151 ppd20-400 D626 | ppddd-404
0. ppIa-523 9520 | 1720 | 0.516 | ppael-#1
5126 0223 -0137 TFA A 1 0.137 | pp352-5l4
02T nEd -5 02794 | ppd22-404
e ppia0-521 10029 | 0.7 | 0152 | msat-slo
0325 pp#1-521 0523 | nnsl0-552
0114 pp523-514 -024] | pp3dl-341
0.480 ppdl 3404 0.200 | ppi3a-514
EZ17 0435| -0411 A B ] 10042 | 0923 | 0431 | mesa-510
0180 A 2533 0379 | 10532
0155 ppl-521 0247 | ppi2l-H1
-01n ppad3-ald 0256 | pps3d-5ld
0451 ppdl 3404 1005 | 0909 | 0.3 | moatslo
9028 33 057 - 201 0127 | nndl0-552
0.132 A 0-631 0217 | pp321-541
Nl 53271 0298 | ppS3z-5l4
-0lme e 1-642 1023 | 1858 | -03552 | pp30l-5dl
0163 i 2533 0.200 | pps3anszl
0.124 ppS32-523 0138 | pp321-541
N2 ppS32-512 0199 | ppdll-422
0.478 Pp323-514 -040G | ppi32-514
-0.104 ppdl5-404 0.135 | pp305-514
033 1012 051 PPz 104al | 0404 [ -0357 [ ppa30-52l
0.157 ppS23-514 0295 | ppdll-431
R 0114 0.551 ol 4905 -0212 | ppH#l-5li
0.433 ppaSO-5L0 0.450 | ppS03-514
9756 0160 0420 sl 4405 10553 | 1.508 | 0437 | nned2-402
0580 | ppsSOsio 0.208 | nni03-514
0152 | ppsanszl
0117 | pp3dl-512
0307 | pp303-514
106 | 0933 | -0552 | rmeda-d402
0142 | ppsans2l
0.200 | ppS3z-305
0219 | pp303-514
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Fig. 2. Energy diagram of B(M1) values (above) and sum rule for the 1" states with K=0 and K=1 in 1"®Hf . The left —hand side

of the sum rule is shown by dotted line. The solid line corresponds to the function ; [Eq. 16].

Results of the calculations for *"®®Hf nuclei are given in

Figure 1 and 2. Probability of B(M1) transition as a function

of energy for 1™ =1" (K=0 and K=1) excitations are shown
in Fig. 1. As seen in the figure, there are several collective

the most collective energy interval where these states are
pached is 8-10 MeV for K=0 and 10-12 MeV for K=1.
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DEFORMASIYA OLMUS "“'*Hf NUVOLORININ COLLEKTIV 1" SOVIYYOLORI

Maogqaloade galiq ciitlenme ve izovektor spin-spin garsiliqli tesirleri torefinden yaradildig: forz edilen I"™=1" (K=0 vo

K=1) soviyyelerinin xiisusiyyatlori QRPA yanasmasinda deformasiya olmus Saxon-Woods potensiali istifade edilorak
Oyronilmigdir. Ayrica bu saviyyelerin M1 matris elemntlorinin enerji agirligli comloma qanunlarina elavesi ve M1

soviyyelorinin giic funksiyalarinin enerji yayilmast da Oyrenilmisdir.

Hesablamalar asagi enerjilordoki 1°

soaviyyolarinin zeaif korellasiona ve kicik ehtimala sahib oldugunu gosterdi. K=0 budagmin en boyiik ehtimalli
soviyyelari 8-10MeV bolgesinde, K=1 budagi iiciin ise 10-12 MeV bdlgesinde oldugu toyin edildi. Ayrica K=1
budagina aid olan seviyyslerin sayinin K=0 budagindan daha ¢ox oldugu gosterildi.

X. flakyT, M. Bekramorau, ®@.Epryrpaj, P. Akkaiia

KOJUIEKTUBHBIE 1" COCTOSIHUSI AE@OPMUPOBAHHBIX SIJIEP """ Hf

B cratbe 6bu10 M3yueHo cpoiictso 1™=1" (K=0 u K=1) cocTosumuii, B3anMoselicTBYIONMX MOCPEACTBOM OCTATOUHBIX MAPHBIX U

M30BEKTOPHBIX CIIHH-CIIHHOBBIX B3aHMOCHCTBHH s sgep * o °Hf B npuGmmkennn ciydaitupix (as (CD) ¢ HCIONb30BaHEEM

nedopmupoBanHoro noreHnuana Cakcona- Byma. Kpome Toro, s 3THX COCTOSIHUI ObUIM HM3Y4€HBI
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9JIEMEHTOB B 3aKOH DHEProBECOMOT0 CyMMHPOBAHHS W DHEPTETHYECKOE paclpeleieHHe CHIOBBIX (QYHKIHMI JUIsl 3TUX COCTOSHHH.
BhlunclieHns TOKasald, uTo Hu3Kojexamue 17 cocTosnus c1abo KOppeqnpoBaHbl M MalOBEPOATHBI, Tak Kak s K=0 Bersu
B030YX/IeHUH Oosiee BeposITHbIE cocTOsIHMUS Jiexkar B uHTepBasie 8-10 MeB, a a1 K=1 BerBu Gosiee BEpOsSTHBIC COCTOSHHUS JICKAT B
unrepsane 10-12 MeB. Kpome Toro, 66110 mokaszaHo, 4To 4KCI0 cOCTOsiHUM 13 BeTBu K=1 Gosbiie uncna cocrossHuii u3 Betsu K=0.
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