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Abstract. A systematic study of the yrast band structure for the neutron-rich odd-mass 103–111Tc nuclei
is carried out using Projected Shell Model. The rotational band structure has been studied up to a max-
imum spin of 59/2+. Excellent agreement with available experimental data for all isotopes is obtained.
The energy spectra and electromagnetic transition strengths in terms of the configuration mixing of the
angular-momentum projected multi-quasiparticle states are studied in detail. Signature splitting in the
yrast rotational band is well described in the perspective of nuclear structure physics. The back-bending
phenomenon is also well described for these nuclei in the present work.

1 Introduction

For neutron-rich A ∼ 100 nuclei, the valence nucleons be-
gin to fill the h11/2 neutron and g9/2 or d5/2 proton or-
bitals. The nuclear structure in this mass region is very
sensitive to the occupancy level of these single-particle
configurations, which is illustrated by the rapid changes
in nuclear spectroscopic properties as a function of both
neutron and proton numbers. Sudden onset of quadrupole
deformation in the Sr and Zr isotopes, the emerging γ de-
gree of freedom in the Mo-Ru region, and the predicted
prolate to oblate shape transition in the Pd isotopes are
certainly examples making this region quite interesting for
its study. The anomalous behaviour of nuclear structure
has made this region an ideal testing ground for various
theoretical models [1–4].

Further, since the nuclei of this mass region lie far from
the β-stability line, therefore, these nuclei have been at the
forefront of nuclear structure research in the past. The
odd-A neutron-rich Tc isotopes with Z = 43 lie in this re-
gion with active Z = 38, 40 and N = 56 subshell closures.
The presence of these subshell closures has a strong effect
on the shapes and shape transition of these nuclei as well.
The intrinsic configurations such as shape coexistence, and
transitions in the neutron-rich nuclei with Z > 40, N > 58
have drawn much attention in the past. For the nuclei ly-
ing in the A ∼ 100 mass region, it has been found that
proton orbitals originating from the πg9/2 subshell closest
to the Fermi level are affected in special nuclear shapes
(β2) [2]. Neutron states from the νh11/2 subshell strongly
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drive nuclei in this region to prolate deformation, since
the neutron Fermi level is below or near the bottom of the
νh11/2 subshell. The existence of such interesting nuclear
structure properties in Tc isotopes has attracted the at-
tention of various research groups [5–12] in the past. More-
over, with the development in experimental techniques, a
large amount of experimental data for these isotopes has
been made available to test the applicability of various
theoretical models. Thus, Tc isotopes lying in the A ∼ 100
mass region are the best candidates to study in a suit-
able theoretical framework. As a first step, in the present
work, an isotopic chain of odd-mass 103–111Tc nuclei has
been taken up for its study in a microscopic theoretical
approach known as Projected Shell Model (PSM), as this
model has been found successful in the recent past [13–
16] in describing the nuclear structure properties of nuclei
lying in the mass region A ∼ 100. Since the present work
is focussed on the study of this isotopic chain, therefore,
it becomes necessary to know about the type of research
work carried out on these nuclei by various other research
groups in the past. In this direction, a brief review of the
research work carried out on odd-mass 103–111Tc isotopes
in the past has been presented below.

A comprehensive study of level schemes of odd-
mass 103–111Tc nuclei has been made in the past by
means of various experimental techniques like spontaneous
fission studies, fusion-evaporation reaction, gamma ray
spectroscopy, thermal neutron-induced fission, β-decay,
etc. [5–12]. High-spin structures in 103Tc have been
identified for the first time by using the fusion reaction
technique [5], whereas several γ transitions in 105–109Tc
nuclei were identified for the first time and a new level
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scheme was proposed for these nuclei from spontaneous
fission studies [6]. The near yrast and medium spin struc-
tures of 107Tc and 109Tc have been re-investigated us-
ing γ-spectroscopy [7,8]. The known [9] level scheme of
111Tc has been further extended up to 33/2+ by Luo et
al. [10] through the spontaneous fission technique. Also,
based on the study of Tc isotopes, it has been reported
that a weak coupling scheme, existing in lighter Tc iso-
topes, shifts towards a strong coupling scheme from 97Tc
to 105Tc [5]. Further, it has also been confirmed [7,11,12]
that this strong coupling scheme is also present in 107Tc
and 109Tc. This evolution of coupling schemes has been
interpreted as happening due to the location of the Fermi
level which changes with deformation as the neutron num-
ber increases.

The main goal of the present research work is to inves-
tigate, in a phenomenological way, the structure of odd-
A 103–111Tc nuclei employing the quantum-mechanical
framework known as Projected Shell Model (PSM), which
can well describe the properties of deformed nuclei in-
cluding energy levels, prediction of back-bending, signa-
ture splitting [17–19]. The PSM approach is based on the
shell model philosophy in which a deformed (Nilsson type)
single-particle basis is used and the pairing correlations
are incorporated into the basis by a BCS calculation for
the Nilsson states. Unlike shell model, PSM uses truncated
configuration space which is one of its most important ad-
vantages. PSM not only describes the observed high spin
data in a qualitative way but also is a handy tool to have
an insight into the structure of the nuclei under study.
The paper is organized as follows. In sect. 2, we outline
the theory of PSM and also present the necessary require-
ments for the present calculations. In sect. 3, we present
the description of research results of the present study.
Comparison with the experimental data is also made in
this section. Finally, the paper is summarized in sect. 4.

2 An outline of theory used

A PSM calculation [20,21] starts with the deformed Nils-
son single-particle states [22]. Deformed states calculated
in this way are defined in the intrinsic frame of reference in
which the rotational symmetry is broken. In order to cal-
culate the observables, it is necessary to restore the broken
rotational symmetry in the wave functions. This can be
achieved by using the standard angular-momentum pro-
jection method [23]. The projected states are then used
to diagonalize a rotational invariant two-body shell model
Hamiltonian. Thus, such a model follows closely the basic
philosophy of the nuclear shell model. The main differ-
ence from the conventional shell model is that PSM starts
with a deformed basis rather than a spherical one. The
deformed basis is constructed by using the parameters κ
and μ [24] (given in table 1) in the Nilsson potential to
reproduce the correct shell filling.

In the PSM, the rotationally invariant Hamiltonian is
taken to be

Ĥ = Ĥ0 −
χ

2

∑

μ

Q̂†
μQ̂μ − GM P̂ †P̂ − GQ

∑

μ

P̂ †
μP̂μ, (1)

Table 1. Set of Nilsson parameters used as input in the present
calculations of 103–111Tc nuclei.

Major shell Protons Neutrons

N κ μ κ μ

2 0.06741 0.56948 – –

3 0.06741 0.56948 0.06392 0.47886

4 0.06741 0.56948 0.06392 0.47886

5 – – 0.06392 0.47886

where the first term is the spherical single-particle en-
ergy and the remaining terms are quadrupole-quadrupole,
monopole pairing, and quadrupole pairing interactions, re-
spectively. In the present work, we have assumed that the
deformed single particle states have axial symmetry and
thus, the basis states, |ϕk〉, have K as good quantum num-
ber, i.e., the intrinsic states are the eigenstates of the K-
quantum number.

After performing BCS calculation, deformed quasipar-
ticle (qp) states are obtained from which the PSM basis
can be constructed. The set of multi-quasiparticle states
for configuration space is

{|ϕk〉} =
{
a†

π|0〉, a†
πa†

υ1
a†

υ2
|0〉

}
, (2)

where a†’s are the qp creation operators, π’s (ν’s) denote
the proton (neutron) Nilsson quantum numbers which run
over the low-lying orbitals, and |0〉 is the Nilsson + BCS
vacuum (0-qp state). In eq. (2), the 3-qp states selected for
the many-body basis are those consisting of the 1-qp pro-
ton state plus a pair of qp’s from nucleons of another kind
(neutrons) and this selection is based on physical consid-
erations. In general, 3-qp states made by three nucleons of
the same kind are also allowed, but such states usually lie
higher in energy. The inclusion of the 3-qp configurations
is important for odd-mass nuclei for a description of the
band-crossing phenomenon which is caused by a rotation
alignment of a pair of quasi-neutrons.

These projected multi-quasiparticle states serve as
the building blocks of PSM basis and the superposition
of these states gives rise to the many-body wave func-
tion. Angular momentum projection transforms the wave-
function from intrinsic frame to laboratory frame. The
total wave function is expressed as

|Ψσ
IM 〉 =

∑

Kk

fσ
κ P̂ I

MK |φκ〉 , (3)

where index σ labels the states with the same angular
momentum and κ the basis states. fσ

κ are the weights of
the basis state κ. Finally, the Hamiltonian is diagonalized
in the projected states and the diagonalization determines
fσ

κ in eq. (3). For more details, one can refer to the review
articles on PSM [20,21].

Further, the QQ-force strength χ is determined
through a self-consistent condition with a given
quadrupole deformation ε2. The hexadecapole deforma-
tion, ε4, has also been included in the mean-field Nils-
son potential to reproduce experimental energies cor-
rectly. The deformation parameters, ε2 and ε4, used in
the present calculations are listed in table 2.
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Table 2. Deformation and interaction parameters used as in-
put in the present calculations of 103–111Tc nuclei.

103Tc 105Tc 107Tc 109Tc 111Tc

ε2 0.260 0.278 0.317 0.279 0.287

ε4 0.027 0.027 0.000 0.027 0.000

GM/GQ 0.22 0.22 0.22 0.22 0.22

Fig. 1. Part of the Standard Shell Model diagram showing
single-particle orbitals for protons used in this work, arbitrary
units [31].

The monopole pairing strength GM is adjusted to give
the known energy gaps and is of the form

GM =
(

G1∓G2
N − Z

A

)
1
A

(MeV), (4)

with “−” for neutrons and “+” for protons. Here, G1 and
G2 are the coupling constants which are adjusted to yield
the known odd-even mass differences and in the present
calculations, these are taken as 19.70 and 10.00, respec-
tively. The quadrupole pairing strength GQ is assumed to
be proportional to GM , with the proportionality constant
being fixed as 0.22 for the present calculations. In these
calculations, the configuration space consists of three ma-
jor shells for each kind of nucleon: N = 2, 3 and 4, for
protons and N = 3, 4 and 5, for neutrons and to truncate
the valence space, an energy window of 3.5MeV is chosen
around the Fermi surface. The present calculations are
carried by employing the same set of input parameters for
all the isotopes under study.

3 Results of calculations and comparison with
experimental data

As can be seen from the standard shell model schematic
diagram (fig. 1), there are five single particle proton orbits
in the 20–50 major shell, four of which with negative par-
ity, which are 1f7/2, 1f5/2, 2p3/2 and 2p1/2, and one with
positive-parity, which is 1g9/2. It is well known that for
the nuclei having proton number larger than 40, the 2d5/2
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Fig. 2. Variation of the observed excitation energy of first ex-
cited state (E2

+) in the even-even 102–110Mo isotopes and com-
parison of excitation energy of the first excited state (E7/2

+)
of the yrast band in odd-mass 103–111Tc isotopes with the in-
clusion of the 2d5/2 proton orbit.

proton orbit from the upper shell becomes lower in en-
ergy and creates an opportunity for the particle to occupy
this orbit energetically. Hence, in the present PSM calcu-
lations for odd-A Tc isotopes, the single particle proton
orbits, 2d5/2 and 1g9/2, are taken into account.

In order to see the effect of the inclusion of the 2d5/2

orbit in the present PSM calculations, we have plotted
the calculated results of the energy of the first excited
state (E7/2

+) of odd-A 103–111Tc nuclei along with its ex-
perimental counterpart in fig. 2. The comparison shows
a satisfactory agreement between the two forms of data.
Besides this, in the same figure, we have also plotted the
experimental data of the energy of the first excited state
(E2

+) of the even-even 102–110Mo [25–29] nuclei lying in
the same mass region, where the experimental data is
based on 1g9/2 proton orbital as the intruder level and
it does not involve 2d5/2 proton orbit. It is very much
clear from fig. 2 that the energy of the first excited states
of even-even 102–110Mo isotopes (with 1g9/2 as intruder
level) is very high and when one proton is added to these
Mo nuclei (Z = 42), the energy of the first excited state
of the resultant nuclei, i.e., 103–111Tc (Z = 43) gets re-
duced, thereby giving rise to the appearance of collectivity
in Tc isotopes. It is also very well known from the Grodzin
rule [30] that the nuclei with the least value of energy of
the first excited state are more deformed and there arises
a phenomenon of collectivity in these nuclei. Further, the
effect of inclusion of the 2d5/2 proton orbit on the results
of energy and electromagnetic transitions for odd-mass
97–103Tc isotopes is already investigated successfully by
Dejbakhsh and Shlomo [31] using IBFM-2 [32] and with
this aim in mind, an attempt is made in the present work
to achieve this successful result for odd-mass 103–111Tc
isotopes by using PSM framework of calculations.
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3.1 Projected quasiparticle configuration and
configuration mixing

The physics of multi-quasiparticle states is well in-
corporated in the PSM framework. The PSM follows
closely the shell model philosophy, and in fact, is a shell
model constructed in a deformed multi-quasiparticle ba-
sis. More precisely, in the PSM, angular-momentum–
projected multi-quasiparticle configurations form a shell
model basis in which a two-body Hamiltonian is diagonal-
ized. The energy of a theoretical band κ is defined by

Eκ(I) =
〈φκ|ĤP̂ I

KK |φκ〉
〈φκ|P̂ I

KK |φκ〉
, (5)

which can be plotted as a function of spin for various
bands and important physics can be drawn from these
plots, which are generally known as band diagrams. Here,
P̂ I

KK is the angular-momentum projection operator.
The configurations of various energy bands are con-

structed from the well-established Nilsson model by tak-
ing those deformed Nilsson single-particle states which are
near the Fermi levels. Each configuration usually corre-
sponds to a real observable state, and in most cases is the
dominant component in the wave function of an observed
state. In other words, the configuration space, commonly
with less than one hundred projected multi-quasiparticle
states, spans a shell model basis in which one can discuss
physics even before diagonalization. This is a very pleas-
ant feature of the PSM.

In fig. 3, we plot the relevant 1-qp and 3-qp bands
in 103–111Tc, whose configurations are given in the same
figure. For 103Tc (fig. 3(a)), it is seen that at low spins the
1-qp band 1πd5/2 [5/2], K = 5/2 forms the yrast states.
However, as spin increases, it is approached by several
other bands, as can be seen in fig. 3(a). At spin the 25/2+,
the two 3-qp bands 1πd5/2 [5/2] + 2νh11/2 [−3/2, 5/2],
K = 7/2 and 1πd5/2 [−3/2] + 2νh11/2 [1/2,−3/2], K =
−5/2, come closer to the above-mentioned 1-qp band and
band crossing occurs. These interacting 3-qp bands, thus
contribute to the formation of the yrast states up to the
spin of 39/2+. Afterwards, another 3-qp band identified as
1πd5/2 [−3/2] + 2νh11/2 [−3/2, 5/2], K = −1/2 joins the
above mentioned bands, which then together result in the
formation of yrast states up to the last calculated spin.

For 105Tc, it is clear from fig. 3(b) that the yrast states
at low spins are dominated by the 1-qp band 1πd5/2 [5/2],
K = 5/2. However, it is seen in fig. 3(b) that, at spin
I = 27/2+, this configuration is strongly disturbed by an-
other nearby 3-qp band 1πd5/2 [5/2]+2νh11/2 [−3/2, 5/2],
K = 7/2, which crosses the above-mentioned 1-qp band
and forms the yrast states up to the spin of 41/2+. At spin
41/2+, this 3-qp band starts interacting with two more 3-
qp bands identified as 1πd5/2 [−3/2]+2νh11/2 [−3/2, 5/2],
K = −1/2 and 1πg9/2 [1/2]+2νh11/2 [−3/2, 5/2], K = 3/2
and combination of these interacting bands results in the
formation of the yrast band till the last calculated spin.

The low spin yrast states of 107Tc, as shown in fig. 3(c),
are dominated by a mixture of two 1-qp bands identified
as 1πd5/2 [5/2], K = 5/2 and 1πd5/2 [1/2], K = 1/2. This

combination continues to form the yrast states until the
band crossing occurs at 39/2+, where it is crossed by a 3-
qp band 1πd5/2 [1/2]+2νh11/2 [−3/2, 5/2], K = 3/2. After
this spin, this 3-qp band gets overlapped with another 3-qp
band 1πd5/2 [−3/2] + 2νh11/2 [−3/2, 5/2], K = −1/2 and
their combination leads to the formation of yrast spectra
up to the last calculated spin.

In the case of 109Tc (see fig. 3(d)), up to the spin
of 35/2+, the yrast spectrum is formed by a 1-qp band
1πd5/2 [5/2], K = 5/2. At the spin of 35/2+, band
crossing occurs and a 3-qp band having configuration
1πd5/2 [5/2] + 2νh11/2 [−3/2, 5/2], K = 7/2 crosses the
above-mentioned 1-qp band. Further, this 3-qp band in-
teracts with two more 3-qp bands, which are identified
as 1πd5/2 [−3/2] + 2νh11/2 [5/2,−7/2], K = −5/2 and
1πd5/2 [−3/2]+2νh11/2 [−3/2, 5/2], K = −1/2, and these
bands contribute to the formation of yrast spectra up to
the last calculated spin.

Finally, for 111Tc (fig. 3(e)), the dominated bands
at low spins are 1πd5/2 [5/2], K = 5/2; 1πd5/2 [1/2],
K = 1/2 and their mixture forms yrast states up to spin
33/2+. This mixture of 1-qp bands gets crossed by a 3-
qp band identified as 1πd5/2 [−3/2]+2νh11/2 [5/2,−7/2],
K = −5/2 and forms the yrast spectra up to spin 45/2+.
Afterwards, this band starts interacting with another 3-
qp band 1πd5/2 [1/2] + 2νh11/2 [5/2,−7/2], K = −1/2
and these two interacting bands contribute to the yrast
spectra for the rest of the calculated spins.

In fig. 4, we present the rotational yrast band of odd-
mass 103–111Tc nuclei obtained after configuration mixing
in the present PSM calculations. The yrast band is the
band with the lowest energy states for a given angular mo-
mentum, no matter which band the angular momentum
state belongs to. The PSM results on the energy of the
yrast band are plotted against the spin for the 103–111Tc
isotopes in figs. 4(a)–(e). Further, in order to show the ef-
ficacy of the applied PSM for the chosen set of nuclei, we
have also compared these theoretical results of the yrast
spectra with the available experimental data [5–10,33–37]
for all odd-mass 103–111Tc nuclei in the same figures. It is
pertinent to mention here that the experimental data for
103,105Tc isotopes is sparse and is available only up to the
maximum spin of 17/2+ and in the case of 107,109,111Tc the
experimental data is available up to a maximum spin of
33/2+. Nevertheless, we have presented the theoretical re-
sults up to the maximum spin value of 59/2+ in figs. 4(a)–
(e). Further, the PSM results are found to be in excel-
lent agreement with the amount of available experimental
data. One interesting feature that has emerged from the
present calculations for 103–111Tc is that the band head
spin value has been obtained as 5/2+, which is the same
as shown by the experimental data [5–10,33–37] and, thus,
the band head spin has been successfully reproduced by
the present set of calculations.

To conclude, the available experimental yrast levels in
103–111Tc have been reproduced quite well by the present
PSM calculations and the overall agreement can be con-
sidered to be satisfactory in all the odd-mass 103–111Tc
isotopes.
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Fig. 3. Band diagrams of (a) 103Tc, (b) 105Tc, (c) 107Tc (d) 109Tc and (e) 111Tc. Only the important lowest lying bands in
each configuration are plotted. The yrast band is also shown (filled squares).
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Fig. 4. Calculated positive-parity yrast band energies (PSM) in comparison with the available experimental data for (a) 103Tc,
(b) 105Tc, (c) 107Tc (d) 109Tc and (e) 111Tc. The experimental data are taken from refs. [5–10,33–37].

3.2 Properties of the yrast band

In this section, we present the discussion about the prop-
erties of the rotational yrast band of odd-mass 103–111Tc
nuclei. This rotational yrast band is obtained after config-
uration mixing in the PSM calculations and is based on
the π2d5/2 ⊗ νh11/2 configuration.

3.2.1 Kinetic and dynamical moments of inertia

It is well known that the moment of inertia is sensitive
to nuclear properties, like the pairing strength and the
specific orbitals active at the Fermi surface. A systematic
analysis of the moments of inertia of a number of nuclei
can, therefore, provide valuable information on such prop-
erties in these nuclei. As moment of inertia depends upon
the angular momentum, therefore its variation can impart
some valuable information about the change in nuclear
structure. It can be represented as a plot between twice
the kinetic moment of inertia and square of corresponding
rotational frequencies and this plot gives the information
about the back-bending phenomenon.

As it has been discussed in the previous sect. 3.1, that
the structure of the nuclei changes at the value of angular
momentum at which band crossing takes place, therefore,
due to band crossing, the yrast line jumps from a given
angular momentum with a small deformation to a higher
angular momentum with a large deformation and results
in a drastic increase in the moment of inertia at this an-
gular momentum.

The back-bending in moment of inertia, observed in
the rotational spectra of deformed nuclei, carries impor-
tant information on the interplay between the ground
band and bands with alignment of a pair of quasipar-
ticles. Thus, an yrast sequence is formed by states of
both of these bands such that the lower spin states are
mainly of the ground band, and the major component of
the higher spin states belongs to the bands with aligned
quasiparticles. In figs. 5 and 6, we have plotted twice
the kinetic moment of inertia (2I(1)) as a function of the
square of the rotational frequency (�2ω2) and the dynami-
cal moment of inertia (I(2)) as a function of the rotational
frequency (�ω), respectively. A comparison of the PSM
results with experimental data for the 103–111Tc isotopes
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Fig. 5. The PSM results for twice the kinetic moment of inertia (2�(1)(�2 MeV−1)) plotted against the angular frequency
squared (�2ω2) for (a) 103Tc, (b) 105Tc, (c) 107Tc (d) 109Tc and (e) 111Tc. The experimental data [5–10,33–37] are also shown
for comparison.

is also made in these figures. These quantities are defined
as [38]

2I(1) =
(2I − 1)

ω
, (6)

I(2) =
4

Eγ(I) − Eγ(I − 2)
, (7)

�ω =
Eγ√

(I + 1)(I + 2) − K2 −
√

(I − 1)I − K2
, (8)

where Eγ = E(I) − E(I − 2).
It is quite noteworthy from fig. 5 that the comparison

between theory and experiment is overall satisfactory. The
available experimental values of kinetic moments of inertia
(I(1)) are very well reproduced for 103,105Tc isotopes. Fur-
ther, the results of PSM calculations on 103Tc (fig. 5(a))
and 105Tc (fig. 5(b)) have predicted back-bending at the
spin 25/2+ in both of these nuclei at frequencies 0.2142
�

2ω2 and 0.1720 �
2ω2, respectively, but this feature is

not reflected by the experiments due to scarcity of data.
Whereas, for 107Tc, the experimental data is showing an
up-bending at the spin I = 25/2+ corresponding to the
frequency 0.15 �

2ω2, the theoretical data reflects this fea-
ture to be less pronounced at a delayed frequency 0.36
�

2ω2. For 109Tc (fig. 5(d)) and 111Tc (fig. 5(e)), both the-
oretical and experimental results show the phenomenon
of up-bending at the same spin I = 25/2+, however, the
theoretical one is not as sharp as the experimental one but
the trend is the same.

To conclude, the predicted back-bending and up-
bending in 103–111Tc nuclei can be attributed to the cross-
ing of the ground band, i.e., the 1-qp band consisting
of a single proton (πd5/2) with another 3-qp rotational
band consisting of one proton and two neutrons (1πd5/2 +
2υh11/2) having larger moment of inertia. Further, since
the back-bending is also known to arise due to the break-
ing of a neutron pair from high-j orbital and in the present
PSM calculations, the high-j orbital is h11/2, therefore, the
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Fig. 6. The PSM results for the dynamical moment of inertia (�(2)(�2 MeV−1)) plotted against the angular frequency (�ω) for
(a) 103Tc, (b) 105Tc, (c) 107Tc (d) 109Tc and (e) 111Tc. The experimental data [5–10,33–37] are also shown for comparison.

arise of back-bending could also be thought as being hap-
pening due to the breaking of a neutron pair from h11/2

orbital.
The dynamical moment of inertia is very sensitive to

changes in the structure as nuclei rotate and this quan-
tity represents a direct impact of the kinetic moment of
inertia as it describes the variation of the kinetic mo-
ment of inertia. In figs. 6(a)–(e), we have plotted the
PSM results along with their experimental counterparts
for dynamical moment of inertia I(2) as a function of ro-
tational frequency (�ω). These results are correctly ex-
plaining the phenomenon of back-bending or up-bending
reflected by the kinetic moment of inertia I(1) plotted
as a function of the square of the rotational frequency
(�2ω2) in fig. 5. For example, in 103Tc and 105Tc, the
change of I(2) is predicted to occur at �ω ≈ 0.45MeV
and 0.42MeV, respectively, while the experimental data
do not show any sign of discontinuity in the variation of
I(2) due to the non-availability of the data for high spin
states for these two isotopes. Moreover, the change of I(2)

in 103Tc and 105Tc is found to occur at the same spin

(25/2+) corresponding to which PSM results have pre-
dicted back-bending in these two isotopes, as shown in
figs. 5(a) and 5(b). In the case of 107Tc, the change of I(2)

is observed at �ω ≈ 0.4MeV while PSM results have pre-
dicted this change at �ω ≈ 0.6MeV. Though these values
of rotational frequency are not close to each other, the de-
layed change of I(2) is in accordance with the delayed up-
bending shown by PSM results for kinetic moment of iner-
tia in 107Tc (see fig. 5(c)). For 109Tc, the PSM results on
I(2) have reflected a discontinuity at �ω ≈ 0.5MeV while,
experimentally, it is found to take place at �ω ≈ 0.4MeV,
which still can be considered as a good agreement between
two forms of the data on the variation of the dynami-
cal moment of inertia with the rotational frequency. For
111Tc, the PSM predicts a very slow and less pronounced
change of I(2) at around �ω ≈ 0.4MeV while experimen-
tally, it occurs at around �ω ≈ 0.35MeV and this can be
considered as a very good agreement with experiment.

From the above discussion on the results of dynamical
moment of inertia I(2) in 103–111Tc isotopes, it can be
concluded that the change of I(2) is predicted to occur
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around those values of rotational frequency (�ω) which
are very close to experimental ones, except in 103,105Tc
where experimental data do not show this feature due to
the non-availability of data for higher spins. Moreover, it
is also very much clear from the plots (see figs. 6(a)–(e))
that change of I(2) is found to occur at those values of
spins corresponding to which the kinetic moment of inertia
I(1) has shown a sign of the presence of back-bending or
up-bending in 103–111Tc isotopes and thus the dynamical
moment of inertia successfully describes the variation of
I(1) in these isotopes.

3.2.2 Reduced transition probabilities

Reduced transition probabilities B(E2) is a measure of
collectivity and can give important information on the
nuclear structure, thereby enhancing our knowledge of
nuclear structure. Electromagnetic properties play an in-
strumental role in the critical evaluation of various mod-
els. The reduced electric quadrupole transition probabil-
ity B(E2) from an initial state (Ii = I) to a final state
(If = I − 2) is represented by

B(E2, Ii → If ) =
e2

2Ii + 1
|〈σf , If ||Q̂2||σi, Ii〉|2. (9)

Here, the operator Q̂2 is related to the quadrupole oper-
ators. In order to calculate B(E2) values, the numerical
values for proton (neutron) effective charges, as eπ (eν),
have been employed, which are defined as

eπ = 1 + eeff and eυ = eeff

and in the present set of calculations we have taken eeff =
0.6.

Similarly, one can also calculate the reduced magnetic
transition probability B(M1) by using PSM wave func-
tions. Magnetic dipole transition strengths are sensitive
to the single-particle nuclear wave function. The reduced
magnetic dipole transition probability B(M1) from the
initial state (Ii = I) to the final state (If = I − 1) is
calculated by using the following equation:

B(M1, Ii → If ) =
μ2

N

2Ii + 1
|〈σf , If ||M̂1||σi, Ii〉|2, (10)

where, the magnetic dipole operator M1 is given by the
following relation:

M̂τ
1 = gτ

l ĵτ + (gτ
s − gτ

l ) ŝτ .

Here τ is either π or ν; gl and gs are the orbital and the
spin gyromagnetic factors, respectively, and are defined as

gτ (σ, I) =
1

[I(I + 1)(2I + 1)]1/2
(gτ

l 〈σ, I‖Jτ‖σ, I〉

+(gτ
s − gτ

l )〈σ, I‖Sτ‖σ, I〉) (11)

and in these calculations, we take the free values for gl,
whereas for gs, the free values are damped by a factor of

0.85. The standard free values of gl and gs for protons and
neutrons are

gπ
l =1, gν

l =0, gπ
s =5.586 × 0.85, gν

s =−3.826 × 0.85.

In these calculations, the effective charges as well as damp-
ing of free values of gs have been used to take into account
the effect of core-polarization and meson-exchange current
corrections.

The reduced matrix element of an operator Ô (Ô is
either Q̂ or M̂) is written by

〈σf , If‖ÔL‖σi, Ii〉=
∑

κi,κf

fσi

Iiκi
f

σf

If κf

×
∑

Mi,Mf ,M

(−1)If−Mf

(
If L Ii

−Mf M Mi

)

×〈φκf
|P̂ If

Kκf
Mf

ÔLM P̂ Ii

Kκi
Mi

|φκi
〉. (12)

Figure 7 represents the calculated values of the reduced
electric transition probabilities, (B(E2)) for positive-
parity yrast band in 103–111Tc isotopes, whereas, the
calculated data for magnetic transition probabilities
(B(M1)) for positive-parity yrast bands in these isotopes
have been presented in fig. 8. As no experimental data on
B(E2) and B(M1) values are available for yrast bands on
these nuclei, so one cannot make any comment on their
degree of accuracy. However, these results could serve as
motivation for experimentalists to look for this data.

Furthermore, in the present work, we have cal-
culated the electromagnetic transition strength ratio
(B(M1)/B(E2)) using the PSM wave functions for
103–111Tc nuclei. The experimental values of transition
strength ratios are extracted from the measured intensi-
ties [33–37] using the relation given in ref. [39]. Figure 9
shows the comparison of experimental and calculated val-
ues of B(M1)/B(E2) for the positive-parity yrast band for
odd-mass 103–111Tc isotopes. Except for some transitions,
most of the theoretical B(M1)/B(E2) values appear to
agree with the measured values. The spin dependence in
the form of staggering B(M1)/B(E2) ratios within the
yrast band is correctly predicted by PSM calculations.
This staggering pattern of B(M1)/B(E2) may be occur-
ring due to the presence of signature splitting in the yrast
band which is also experimentally observed for these nu-
clei and discussed in the next section.

3.2.3 Staggering in yrast band

Another important property that is found in the A ∼
100 region is signature splitting. The spin dependence of
B(M1)/B(E2) ratio within the yrast states indicates the
presence of signature splitting in odd-even 103–113Tc iso-
topes. In order to investigate the presence of staggering,
we have calculated the quantity S(I) [40], known as sig-
nature splitting function, which is often used to check
the presence of staggering. In fig. 10, we have plotted
S(I) against spin up to I = 59/2+ for 103–111Tc isotopes.
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Though the PSM data is not in good agreement with the
available experimental counterpart, this figure clearly de-
picts that the experimentally observed staggering is quite
reasonably reproduced by the present PSM calculations
for positive-parity bands, as the trend of the experimental
staggering is almost the same as that of PSM data. A lit-
tle deviation found in the PSM data could be due to the
presence of triaxiality in these Tc isotopes [10], since the
present set of calculations have been performed with the
axial PSM and the inclusion of triaxial degree of freedom

in the applied framework may show some improvement in
the data. It is very encouraging that the present model,
with rather crude approximations, successfully reproduces
experimental features related to the signature splitting in
the yrast band described in this paper.

Now, the appearance of the staggering pattern of
B(M1)/B(E2) ratio in odd-A 103–111Tc isotopes could
also be related with the nature of different bands shown in
the band diagram (fig. 3). It is clear that the bands form-
ing the yrast spectra are not showing a smooth nature but
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have rather a zig-zag behaviour and the yrast states are
formed by a mixture of multi-quasiparticle bands instead
of a single 1-qp band. One can see from the band diagrams
that, out of the all unperturbed bands taken in the diag-
onalization, only a few of them show energy staggering
(the so-called signature splitting) and have a zig-zag be-
haviour as a function of spin. These unperturbed bands,
which show staggering, influence the yrast states through

the band mixing. Also, they dive down to the yrast region
at higher spins, and therefore, bring strong energy stag-
gering to the yrast band. It is thus the configuration mix-
ing that nicely produces the observed signature splitting.
The bands which are responsible for bringing staggering
in these nuclei are those which have the low-K values. In
the present PSM calculations, we have identified that, in
103Tc, 105Tc, 107Tc and 109Tc, the band with configura-
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Fig. 11. Probability amplitude of various projected K-configurations in the wave functions of the yrast bands for (a) 103Tc,
(b) 105Tc, (c) 107Tc, (d) 109Tc and (e) 111Tc.

tion 1πd5/2 [−3/2] + 2νh11/2 [−3/2, 5/2], K = −1/2 and
in 111Tc, the band 1πd5/2 [−3/2] + 2νh11/2 [5/2,−7/2],
K = −5/2 are found responsible for the occurrence of
staggering, respectively.

3.2.4 Analysis of the wave function

Wave functions play a very important role in describing
any nuclear structure quantity and these are used to ex-
plain the state of the nucleus. The probability amplitude
of the wave function corresponding to the energy eigenval-
ues has been obtained by the diagonalization of the total
Hamiltonian given in eq. (2). In figs. 11(a)–(e), the aver-
age of the amplitudes of the wave functions corresponding
to various 1-qp and 3-qp bands, which are involved in the
yrast band formation, are presented. One more thing that
is quite clear from figs. 10(a)–(c) is that the mean of the
amplitudes of the wave functions of 1-qp crosses the corre-
sponding amplitude of 3-qp wave functions at those values

of spin at which band crossing takes place (discussed in
sect. 3.1). Further, the PSM results on back-bending (dis-
cussed in sect. 3.2.1) have also reported their occurrence at
the same value of the spin at which crossing of wave func-
tion corresponding to 1-qp and 3-qp takes place. Thus, it
can be concluded that the various nuclear structure quan-
tities calculated in the present work using the PSM wave
function arise due to combination of 1-qp and 3-qp wave
functions.

4 Summary and perspectives

We have carried out a systematic study of the odd-A Tc
isotopes in the framework of the PSM for positive par-
ity states and have investigated the effect of the inclusion
2d5/2 orbit in the valence space. It has been very effectively
shown in the present PSM calculations that the presence
of the 2d5/2 orbit is important for reproducing the energies
of odd-A 103–111Tc. In addition, a systematic study of the
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moment of inertia of these nuclei shows evidence for the
effect of weakened pairing correlations due to the presence
of deformed shell gaps. The calculated energy spectra and
electromagnetic properties are in good agreement with the
experimental data.

The authors would like to thank Prof. Y. Sun for providing the
necessary support in carrying out the present piece of research.
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