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First Theoretical Identification of the Magnetic Dipole Moment of the 97.43 keV State in
153Eu

Elif KEMAH!, Emre TABAR*!, Hakan YAKUT?, Gamze HOSGOR!

Abstract

Two alternative values, +3.21+£0.22 py and-0.52+0.22 uy, for the magnetic dipole (M1) moment
of the excited [532] 5/2 state at 97.43 keV in *3Eu were reported in the Mossbauer-effect study.
The Quasiparticle Phonon Nuclear Model (QPNM) has been used to determine the correct value
of the magnetic moment of this state. According to the QPNM calculations, the experimental 97.43
keV level is the [532] 5/2° Nilsson state occurring at 79 keV. The QPNM predicted the magnetic
moment of this state to be +3.2162 u,, which agrees well with one of the experimental values, i.e.,
+3.21+0.22 uy. Therefore, the correct value for the magnetic moment of the 97.43 keV level of
138Ey is most probably +3.21£0.22 uy. The measured value (+3.4717+0.006 py) of the magnetic
moment of 5/2° ground-state, which is probably a [532] Nilsson state according to our QPNM
calculations, supports our prediction.
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region allows us to obtain directly or indirectly
information on the underlying structure of these
nuclear phenomena due to the direct

1. INTRODUCTION

The deformed nuclei in the rare-earth mass
region of the periodic table exhibit a rich variety
of nuclear structure phenomena, such as
multipole excitations, shape changes and shape
coexistence [1]. Determining the magnetic
dipole moments of odd-mass nuclei in this
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relationship between the magnetic moments
and the single particle configurations [2].
Therefore, magnetic moments are crucial to
clarify whether the single particle or the
collective motion is responsible for the
observed nuclear features [3].

E-mail: etabar@sakarya.edu.tr, hyakut@sakarya.edu.tr, gamze.hosgor2@ogr.sakarya.edu.tr

ORCID:

https://orcid.org/0000-0001-9512-5524, https://orcid.org/0000-0002-5093-9409, https://orcid.org/0000-
0002-3903-5863, https://orcid.org/0000-0001-5589-9824


https://orcid.org/0000-0002-5093-9409
https://orcid.org/0000-0002-3903-5863
https://orcid.org/0000-0002-3903-5863
https://orcid.org/0000-0002-3903-5863
https://orcid.org/0000-0001-5589-9824

Considerable experimental data are available
on the magnetic moment of the ground- and
some low-lying excited-states of the rare-earth
odd-mass nuclei [4]. Extensive theoretical
investigations have also been carried out on the
ground-state magnetic moments of these nuclei
[5-10]. However, a limited number of
theoretical studies are available for the
magnetic moments of the excited-states in odd-
mass deformed nuclei [11].

The problem of correctly describing the
observed magnetic moments of the odd-mass
nuclei is required proper interpretation of the
core-polarization which is directly affect the
magnetic moments [1]. The core polarization in
the odd-mass nuclei arises as a result of
interaction between the valance nucleon and the
M1 excitations of the core [1, 12, 13]. The core
polarization effect has been subject of several
theoretical works in which the importance of
the requirement of considering core-
polarization in the calculation of magnetic
moments has been pointed out [11-17].
Recently, a microscopic method [14-17] within
the framework of the Quasiparticle Phonon
Nuclear Model (QPNM) [18] has been
introduced for the magnetic ~moment
calculation of odd-mass deformed nuclei. It has
been demonstrated with numerical results that
this method not only reproduce the
experimental magnetic moments and intrinsic
factors but also gives a theoretical explanation
for the effective spin gyromagnetic factors,
which are assumed to be 0.6-0.7 in several
calculations [14-17].

Undoubtedly, investigation of the magnetic
moment of an excited-state would be an
important challenge for this model to test
whether it retains its success in calculating the
ground-state magnetic properties for excited
states. In light of the above-mentioned fact, in
the present paper, the magnetic dipole (M1)
moment of the excited [532] 5/2 state at 97.43
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keV in 13Eu nucleus is studied in detail using
the method based on the QPNM [14-18]. It is
an intriguing nucleus to study since there are
two  alternative  experimental  values,
+3.21+0.22 py and -0.52+0.22 uy, for the
97.43 keV state [19]. Therefore, it constitutes
an invaluable ground to test the possibility of
describing the magnetic properties of the
excited-states in odd-mass deformed nuclei
within the framework of the QPNM. Naturally,
determining the correct value of the M1
moment of this state is another purpose of the
current work.

In Sec. Il, the way of treating the magnetic
properties within the QPNM s described, and
related analytical expressions are presented. In
Sec. Ill, the results of the calculation are given
and discussed. Sec. IV is a summary of the
obtained results.

2. THEORY

In order to investigate the magnetic properties
of an odd-mass nucleus, a model nuclear
Hamiltonian taking into account the pairing and
residual spin-spin interactions is constructed as
follows [14-17]:

H~ qup + HcoII. + Hint. (1)

where the e and Hen. described the single-
quasiparticle and collective motion in axially-

symmetric mean-field, respectively, and i,
represents the interaction between single
quasiparticles and phonons of collective

Hcoll.

motion. The ecliptic expressions of Hep ,

and Hint-, and the detail of the notations used in
this study can be found in refs [14-17].

For the states with K>1/2, the wave function of
odd-mass deformed nuclei includes the one-
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quasiparticle term as well as the single-
quasiparticles®@phonon mixing term:

0= N0+ T6 @ 0 flve)

Here the index j defines the number of the states

for a given K" N¢ and & are the one-
quasiparticle and the quasiparticle@phonon
amplitudes of the wave function, respectively
[14-17].

Within the framework of the well-known
variational method, the analytical expression of
the secular equation can be found as follows:
-P(m) =& —nc -

R 9’0 My, _
T LR (e n) ()
where
1 q°
Z(w)=——7=Y, (0)+———=Y, (&,
) e O T )
212 212
Y = 4@2 5525,0'551_255,2 F - 22 gssz,ais,Lszs,
ss’ (Sss,—a)i) s Esg T (4)

here, @ is the energies of the collective 1*
states of the even-even core. The roots (7, ) of

Eq.(3) are the ground- and excited-states
energies of the non-rotational states of the odd-
mass nucleus under investigation. The

analytical expressions for G and N/ can be

easily obtained by using the secular Eqg. (3) and
the normalization condition of the wave

function. The explicit form of the G/ and N/
can be found in refs [14-17].

For a K>1/2 state of an odd-mass nucleus, the
intrinsic magnetic moment i.e. 4 =g K is the

expectation value of u; [14-17]:
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1 2My, (L4 2F,) ]
(92— g,")[1+ Ny z -
H = Z(@) (2R, {1+ 2F, (e, + @ — 1) (K]s,|K)+gPK
Nzt 29My,
FZ() 21+ 2F, ) (e, + @ - 1) (5)

Omitting the details and considering the K =v
for #=0 following analytical expression for

eff . .

95" can be easily found from the comparison of
Eg. (5) and the well-known Nilsson formula
[14-17].

eff

9 -9’ =

1+ 4F,) 1
=(g?—gP)[1+2N2 ( B
(o7 o)1+ KZzZZ(w.)Fn(lep)(SK“‘* =)

a2 2
-g'NZ
& Zﬂ(w)(le,,)(sKm. ) (6)

As can be seen from Eq. (6), the mixing of one-
quasiparticle and phonon terms caused the
quenching of the spin gyromagnetic factor in
odd-Z nuclei. According to the Unified Model
[1], the magnetic moment of an odd-mass
nucleus for a K>1/2 state includes contribution
both from the rotational and intrinsic motion of
the nucleus [14- 17]:

ﬂ=IK—+1(gKK+gR)

(7
In order to take into account the rotational
contribution in our calculations, the rotational
gyromagnetic factors (gr) calculated within the
Inglis-Belyaev cranking model [20] is used.

3. RESULT AND DISCUSSIONS

The calculations were performed with the
single particle scheme of levels for an axially
symmetric Woods-Saxon potential [21]. The
quadrupole deformation parameter $,=0.3064
taken from the work of Raman [22]. The
neutron and proton pairing constants are
An=0.986 MeV and Ap=1.053 MeV,
respectively from the odd-even mass
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differences [23]. The chemical potentials for
neutrons and protons were calculated to be An=-
7.159 and 2p=-7.993 following the same
procedure of Ref [18].

The calculations show that the interaction
between the odd-particle and the M1 excitations
of the core causes shifting of the energy of the
single quasiparticle state. However, this shift is
small and usually does not exceed 0.006 MeV.

Figure 1(a) compares the theoretical and
experimental structure of the ground- and 97.43
keV excited-state. As shown in Figure 1(a), the
calculated and experimental energies and the
Nilsson quantum numbers are in good
agreement. It is important to state that the
QPNM results for the structure of these two
states are consistent with the results reported by
Soloviev et al. [24]. The 5/2° ground- and 5/2*
excited-state in 1>3Eu can be assumed to have
one-quasiparticle character since the single-
quasiparticle contributions to the wave function
of these two states exceed 99%. On the other
hand, the structure of these states calculated
within QPNM contains quasiparticle®@phonon
admixtures. Although the
quasiparticle®phonon terms in the wave
functions do not exceeds the 0.05%, the
coherent contribution of these small admixtures
leads to a quenching of spin gyromagnetic
factors. The effective gyromagnetic ratio for the
excited-state at 97.43 keV is found to be

gsEf'f — 0.798 g free .

S

As seen from Figure 1(b) when the spin-spin
interaction strength equals to /=20, the gk value
for the excited-state at 97.43 keV is in excellent
agreement with the semi-empirical gk value
calculated using u=+3.21+0.22 Un
experimental magnetic moment. On the other
hand, the semi-empirical value of gk calculated
using the other experimental value, i.e. u=-
0.522+0.22 uy is considerably smaller than the
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theoretical results. Therefore, the actual value
of the experimental magnetic moment of the
states at 97.43 keV in *3Eu is most probably
u=+3.21+0.22 piy.
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Figure 1 (a) Comparison of the theoretical and
experimental structure of the ground- and
97.43 keV excited-state in *3Eu. (b) Intrinsic
magnetic moment (gx) of the excited-state at
97.43 keV as a function of g and| where q=1
and g=-1 correspond to the isovector and
isoscalar part, respectively

Figure 1(b) shows the intrinsic magnetic
moment (gk) of the excited-state at 97.43 keV
as a function of q and «.

Using the gr=0.42 determined from the
cranking model and taking into account the gk
factor calculated within QPNM, the magnetic
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moment of this excited state is predicted to be
1=+3.2162 uy.which agrees well with one of
the experimental values, yu=+3.21+£0.22 uy.
According to the single particle model
calculations, u=+3.493 uy Wwhich is also
consistent with our result. Besides, the
measured value (u=+3.4717 = 0.006 uy) of the
magnetic moment of 5/2° ground-state, which is
probably a [532] 5/2 Nilsson state according to
our QPNM calculations, support our prediction.

4. CONCLUSION

The magnetic moment of the state at 97.43 keV
in 1Eu has been theoretically investigated
using the QPNM. There are two different
experimental magnetic moments values
(+3.21+£0.22 uy and -0.52+0.22 uy) fo these
state. According to QPNM calculations the true
value of the magnetic moment of this excited
states is likely +3.21+0.22 u,. This prediction
is supported by the result of the single particle
model calculation and the magnetic moment
values of the ground-state of **'Eu which has
the same Nilsson quantum numbers as the state
at 97.43 keV in 3Eu.

In the light of the above mentioned results it is
possible to state that the method based on the
QPNM is succesful not only in the
determination of the magnetic properties of
ground-states, but also in description of the
magnetic properties of low-lying states in odd-
mass nuclei.
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