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The electromagnetic structure of 4°Sc at low excitation energy was in-
vestigated via low-energy Coulomb excitation at the Heavy Ion Laboratory
(HIL) of the University of Warsaw and at the Inter-University Accelera-
tor Centre (IUAC) in New Delhi. A set of reduced E2, E3, and M1 ma-
trix elements was extracted from the collected data using the GOSIA code.
The reduced transition probability B(E2; 11/2~ — 7/27) has been deter-
mined, allowing us to deduce the lifetime of the 11/27 state at 1237 keV.
In addition, the upper limit on the reduced transition probability B(E3;
7/27 — 5/27) has been determined for the first time. New large-scale shell-
model and beyond-mean-field calculations were performed to interpret the
structure of this nucleus.

DOI:10.5506/ APhysPolBSupp.17.3-A3

1. Introduction

Odd-mass nuclei in the lower part of the f7/, shell provide striking ex-
amples of non-closure effects of the N = Z = 20 shells, which result in
the occurrence of many low-lying positive-parity “intruder” states, e.g. in
43Sc, 98¢, 47Sc, ¥Ti, ¥V, and 4V [1-3]. The structure of odd-mass Sc
isotopes is particularly interesting due to the coexistence of positive-parity
and negative-parity bands near the ground state. For example, in **Sc the
ground state is almost degenerate as the 3/27 intruder state with a half-life
T /o = 318 ms is only 12.4 keV above the energy of the 7/27 level. The 458¢
has one additional proton in the f7 /5 shell outside the magic 40Ca core. The
presence of the odd proton strongly impacts the core polarization, which
is manifested by shape coexistence effects in this stable *>Sc isotope [4].
In addition, a collinear laser spectroscopy experiment [5] showed the dif-
ference in the charge radii between the ground and isomeric states in this
nucleus. The electric quadrupole moment for the isomeric state was found
to have a positive sign and a value of Qs = +0.28(5) eb [5], in comparison
with Qs = —0.22(1) eb for the ground state [6]. The positive-parity band
built on the 3/2% isomer can be seen as a proton hole in the ds3 /2 orbital
weakly coupled to the collective deformed 46Ti core, while the negative-
parity structure can be interpreted as a proton in the f7/; orbital coupled to
the spherical *Ca core [4]. However, the large-scale shell-model approach,
despite adopting a simple excitation mechanism for the dgz/; proton, faces
serious difficulties in achieving such low excitation energy. To unravel the
nature of the *>Sc nucleus, dedicated Coulomb-excitation experiments were
conducted at HIL at the University of Warsaw and at ITUAC in New Delhi,
aiming to precisely measure the matrix elements of transitions in the vicinity
of the 3/2" isomer.
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2. Experimental details

A dedicated experiment to study the structure of °Sc at low excitation
energy was performed at HIL, University of Warsaw. A 3?S beam of 70 MeV
energy impinged on a thick (15 mg/cm?) #3Sc target. The beam energy was
chosen to fulfill the Cline’s safe Coulomb-excitation criterion [7]. The central
European Array for Gamma Levels Evaluations (EAGLE) spectrometer [8]
was used to detect 7 rays depopulating the Coulomb-excited states in 4°Sc.
The experiment was carried out without particle-y coincidences. Further
details can be found in Ref. |9].

A complementary measurement to study 3Sc was performed at ITUAC
in New Delhi. A 32S beam of 70 MeV energy was delivered by the 15UD
tandem accelerator and impinged on a 1 mg/cm? #3Sc target. The 7 rays
depopulating Coulomb-excited states in 4°Sc were detected by four clover
detectors in coincidence with forward scattered ions. The scattered beam
particles and the recoiling target nuclei were detected in the position sen-
sitive Annular Parallel Plate Avalanche Counter (APPAC) [10]. Further
experimental details can be found in Ref. [11].

3. Coulomb excitation data analysis

A set of reduced electromagnetic matrix elements was extracted from
the measured 7-ray yields using the GOSIA code [7, 12, 13], which performs
a multidimensional x? minimization constrained by complementary spec-
troscopic information, such as branching ratios, E2/M1 mixing ratios, and
lifetimes measured in previous experiments. Some results from the individ-
ual analyses of each experiment are reported in Refs. |9, 11].

In this contribution, we present the result of a combined analysis of both
data sets collected at HIL and IUAC. The level scheme of °Sc considered in
the current analysis is presented in Fig. 1. The observed ~-ray transitions
are marked in blue/dark gray, red/light gray, and green/middle gray. The
additional presented states include the so-called “buffer states” which were
introduced in the analysis to ensure that virtual excitation and coupled-
channel truncation effects are taken into account [12]. Three buffer states
were included in 4°Sc: 7/2% at 974 keV, 1/2F at 939 keV, and 15/27 at
2106 keV. Known branching ratios, E2/M1 mixing ratios, and lifetimes of
excited states, listed in Refs. [9, 11], were included in the GOSIA analysis as
additional information. These complementary experimental data increased
the sensitivity of the analysis and were helpful in the evaluation of the influ-
ence of non-observed transitions on the measured excitation cross sections.
When constructing the additional spectroscopic data set for 4°Sc, it was no-
ticed that the half-lives of the 11/27 state reported in the literature vary
from 0.12(8) ps (from DSAM [14]), through 1.80(10) ps (from (v, 7’) [15]),
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to 2.4(+10, —6) ps (from (a, py) [16]). Due to such large discrepancies, the
lifetime value for this state was not included in the analysis as an additional
spectroscopic data point to be fitted.
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1/2_ 1237 942
712t M\ 1/2% 939 ’ 1662
431 \ / I 12 5/2~ 720
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Fig. 1. (Color online) Low-lying level scheme of the 4°Sc isotope relevant for the
present work. The energies are given in keV. Transitions marked in blue (dark gray)
were observed in both experiments, transitions marked in green (middle gray) were
observed only in the data from IUAC, while transitions marked in red (light gray)
were observed only in the data collected at HIL. Transitions marked in black (i.e.
those deexciting the 1/2%, 7/2%, and 15/2~ buffer states, and the 942 keV line)
have not been observed in both experiments, however, the corresponding matrix
elements were considered in the Coulomb-excitation data analysis with the GOSIA
code.

To increase the sensitivity to the matrix elements relevant for the lifetime
of the 11/2~ state at 1237 keV, the data collected at IUAC were subdivided
into two sets based on the projectile scattering angle: one set having 0r,ap
from 15° to 25° and a second set with 6y, aog from 25° to 45°. The experimen-
tal y-ray yields were normalized to the intensity of the 3/2~ — 7/27 377 keV
transition, as the lifetime of the 3/27 state and the branching ratio between
the 377 keV and 364 keV transitions are known with a good precision.

A set of reduced matrix elements was extracted in the course of the
present, combined analysis, which results in the reduced transition proba-
bility B(E2; 11/27 — 7/27) = 90 £ 5 e*fm* and the lifetime for the 11/2~
state at 1237 keV, 7 = .14 £ 0.19 ps (T}, = .18 £ 0.13 ps). The diagonal
matrix element of the 11/27 state at 1237 keV as well as the feeding of
this state via single- and double-step excitation (through the 9/2 state at
1662 keV) were included in the analysis. The obtained value is closest to the
outcome of the (o, py) reaction measurement [16].
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Other reduced B(E2) transition probabilities extracted in the present
analysis are presented in Table 1. Additionaly, an upper limit for the reduced
excitation probability B(E3; 7/2~ — 5/2%) equal to 1.7 W.u. has been
determined for the first time from the HIL data (further details can be
found in Ref. [9]).

4. Discussion

Large-scale shell-model calculations have been performed in the valence
space comprising neutron and proton sy/sdz/o-p3j2f7/2 orbitals, known as
the ZBM2 model space. In a first attempt, we employed the so-called
ZBM2.renorm interaction [17, 18| available in the ANTOINE code package.
However, this interaction has previously been shown to fail in reproducing,
e.g., the isotopic shifts in the Sc chain [5], and we also encountered diffculties
to describe the evolution of the energy of the 3/271 isomeric state along the
Sc chain within this framework (see Fig. 2).
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Fig.2. Energy systematics of the low-lying 3/27 and 3/2~ states in Sc isotopes
with A = 41-47, compared with the large-scale shell-model calculations using the
ZBM2 and the Viow_j interactions (see the text for details).

A second attempt was made to derive a new effective interaction for the
full sd—pf space. The interaction is based on a realistic Viow_r potential,
adapted to the model space using the many-body perturbation theory up
to the 2" order. The single-particle energies in the core were adjusted to
reproduce energies of one-hole states in 3°K and one-particle states in ! Sc.
In the first step, the calculations were restricted to the ZBM2 model space
in which diagonalization of the Hamiltonian is achieved in the full config-
uration space. The evolution of excitation energies of the 3/2~ and 3/2%
states is shown in Fig. 2 for both interactions and the experimental data.
The new interaction underestimates the energies in 'Sc but the agreement
improves with increasing neutron number. In particular, the excitation en-
ergy of the 3/27F state in °Sc, the nucleus of our major interest, is calculated
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to be 50 keV with the new effective interaction, while it is located at nearly
1 MeV with ZBM2. In addition, the evolution of the 3/2~ excitation en-
ergy improves for Viow_r with respect to ZBM2, resulting in a minimum at
A =45, in line with the experimental results.

The B(E2) values obtained in the present analysis, together with results
of large-scale shell-model calculations with the ZBM2 and Vi,w_j interac-
tions, are presented in Table 1. As we have shown in the beginning, the
present calculations offer a major improvement concerning the location of
the postive-parity band. Otherwise, both interactions predict similar B(E2)
transition probabilities between the 3/2~ and the ground state. Major dif-
ferences are however observed for the remaining states which seem more
collective with the ZBM2 interaction. The experimental reduced transition
probabilities for transitions depopulating the 5/2~ and 11/2~ states are in
better agreement with the Vi, interaction. As can be seen from Table 2,
the quadrupole moment of the ground state is very close to the experimental
value when using Vioy_x but the one for the 3/2% state is too low. Calcula-
tions permitting excitations from the sd to the full pf shell could result in
a better agreement with the experimental data due to a larger collectivity.
Development of interactions in such a large model space is in progress.

Table 1. Reduced B(E2) transition probabilities extracted from the present com-
bined analysis of data collected at HIL and TUAC, compared with results of large-
scale shell-model calculations with the ZBM2 and Vj,w_; interactions. Reduced
B(E2) transition probabilities are in e*fm*, while energies are in keV.

GOSIA fit ZBM?2 Viow—k
JT JE Energy B(E2) Energy B(E2) Energy B(E2)
3/2° 7/2g_s 377 142 + 9 621 218 495 165
5/27  T7/2 720 80+ 5 457 278 1070 37
9/27 7/24 1662 66 + 4 1808 39 1709 24.8
9/2= 11/2" 425 ~100" 272 135 757 1.3
1127 7/25 1237 90 £ 5 1536 189 952 57

! This value was included in the calculations and estimated based on literature data
i.e. 1662/425 keV branching ratio and E2/M1 mixing ratio for the 425 keV line. The
present analysis did not provide enough sensitivity to determine this value.
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Table 2. Nuclear magnetic dipole moments pun and spectroscopic quadrupole mo-
ments Q of 4°Sc obtained with large-scale shell-model calculations using the ZBM2
and the Vioy_ interactions in comparison to experimental data [5]. Magnetic mo-
ments are in iy, quadrupole moments in efm?.

J7 Exp 7ZBM2  Vigw—k
725 @Q -22.0(2) -10.5 —23.3
po A.756487(2)  4.499  4.238

3/27 Q 28(5) 16.2 19.6
w 0.360(11)  0.458  0.528

Alternatively, the collective character of the low-lying states in 4>Sc could
be examined using mean-field methods [4]. The density-functional-theory
approach, successfully used to study mirror energy differences in 4°Sc/45Cr
and 4"Ti/*"Mn [19, 20|, was employed to characterize the low-lying states
n 4Sc including the 3/2% isomer. The deformations associated with these
excitations resulting from the calculation (for the g.s. 8 = 0.16, and for
the 3/2% isomer: § = 0.27 or § = 0.28, v = 4° using Skyrme SLy4 and
SVSO forces respectively), agree very well with the values extracted from
experiments [4, 5]. On the other hand, the calculations fail to reproduce
the very low excitation energy of the isomer in #°Sc, which requires further
investigation.
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