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Excited states in >Cr have been populated via the fusion-evaporation reaction “Ca(''B, p3n)>°Cr at a beam
energy of 32 MeV. The Cologne plunger device surrounded by a y-ray detector array was employed to determine
lifetimes with the recoil-distance Doppler-shift method. y rays were observed by one Ge EUROBALL cluster
detector and five HPGe detectors. y y -coincidence data were analyzed with help from the differential decay-curve
method, and precise lifetimes for the first excited states were extracted from the 5/27 — 3/27 and the 9/27 —
5/2~ transitions. Reduced transition strengths B(o' A) were determined and compared to shell-model calculations
employing four interactions KB3G, FPD6, GXPF1A, and GXPF1Br. The calculations were also performed for
the N = 31 isotonic chain from **Ti to ®!Zn. Inspection of the wave functions as well as particle-plus-rotor model
calculations allow for a detailed understanding of the excited states and the reduced transition strength in *>Cr.
The interactions GXPF1A and GXPF1Br reproduce well the experimental findings in >>Cr and in other isotones.

DOI: 10.1103/PhysRevC.104.034310

I. INTRODUCTION

The shell structure of neutron-rich nuclei between the
N =20 and the 28 isotonic sequences was first explained
in terms of the monopole part of the nucleon-nucleon resid-
ual interaction [1-3]. The missing protons at large neutron
excess cause monopole shifts of neutron single-particle or-
bits and, thus, generate new shell gaps [4,5]. The details
of the proton-neutron coupling within a major shell and the
shell evolution in neutron-rich Ca and Ni nuclei was stud-
ied with modern effective interactions. The neutron orbits
1f5/2, 2p3s2, and 2py,» are the subjects of the tensor- and
central-force monopole contributions. It was found that both
forces contribute additively to a sharp rise of the 1f5/, orbit
relative to the 2p3/, and 2p;/, orbits by removing protons
along neutron-rich isotones N > 28 from °Ni to *Ca [6].
The GXPF1Br interaction is introduced to describe a neutron-
neutron interaction which is necessary to describe the shell
evolution from *3Ca to *Ca with two pronounced shell gaps
at N =32and at N = 34 [7].

For the neutron-rich chromium nuclei halfway between
the Ca and the Ni isotopes, the following shell-model char-
acteristics can be expected. Above the doubly magic **Ca,
subshell closures occur between the neutron vps,; and vpy,,
and between the vp;,, and vfs,, orbits. The shell evolution
of neutron orbits along neutron-rich isotones N > 30 from
Ca to Ni is subject to the attractive interaction between the

*Corresponding author: preiter @ikp.uni-koeln.de
"Deceased.

2469-9985/2021/104(3)/034310(9)

034310-1

17,2 proton and the 1fs,, neutron orbits due to the tensor
and central forces. Additional protons lower the energy of
the neutron 15/, orbit. For SCr isotopes, the 1f5,, orbit is
expected to be close to the 2p3/, orbit. The interplay of the
1f5/2, 2p32, and 2py, orbits along the N = 31 isotones from
Ti to Zn is studied within this paper by comparing experimen-
tal excitation energies and transition probabilities of low-lying
states with the results of shell-model calculations employing
the FPD6, KB3G, GXPF1A, and GXPF1Br interactions.

Although shell evolution is one of the important ingredi-
ents to understand the structure of >°Cr, collectivity is another
crucial factor. In the neutron-rich Cr and Fe regions, the
appearance of the deformed region around N = 40 is well
known, which is analogous to the “island of inversion” around
32Mg. A detailed study of lighter N = 29-35 isotopes in Cr
and Fe was performed in order to investigate natural- and
unnatural-parity states as a function of angular momentum by
means of large-scale shell-model calculations employing the
model space of fp-shell + 1g9/> + 2ds/, orbits [8]. Among
other results, these shell-model calculations describe and pre-
dict the energy levels of both natural- and unnatural-parity
states up to the high-spin states in >Cr. The calculations
yield total-energy surfaces for the negative- and positive-
parity states in odd-mass >>°Cr and 3-%!Fe indicating the
dominance of prolate deformation.

The excited states on top of the deformed ground states
are grouped in rotational bands according to the particle-plus-
rotor model. In order to establish a comprehensive picture
of this region, it is important to simultaneously understand
shell evolution and collectivity. Lifetime measurements pro-
vide crucial information on the character of the excited states.

©2021 American Physical Society
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The most recent and comprehensive study of 3Cr was pre-
viously performed by Ref. [9] covering excitations energies
above 12 MeV and positive-parity state spins up to 33/2%.
The level scheme was compared with the results of shell-
model calculations using the effective interactions GXPF1A,
GXPF1B, and KB3G. The GXPFIA and GXPF1B interac-
tions provide a general agreement with the negative-parity
states in >>Cr. The negative-parity band structures in >Cr are
related to two different configurations: a f5,, neutron outside
the >*Cr core and p3,> neutron-hole states relative to N = 32.

In neighboring nuclei **>°Cr the first excited 2* states
were populated by Coulomb excitation at relativistic energies,
and y rays were measured using the RISING setup at GSI
[10]. For °Cr the B(E2,2t — 0%) values were determined
as 8.7(3.0) W.u. (where W.u. represents the Weisskopf unit).
A more precise measurement for the first 27 and 47 states
in 3°Cr yielded lifetime value of 7 = 5.49 + 0.14 ps for the
first 2% state corresponding to an improved B(E2,2" — 01)
value of 11.3(3) W.u. For the 47 — 27 transition the lifetime
value of T =3.1540.11 ps corresponds to a B(E2,4T —
27) value of 14.6(5) W.u. [11]. The B(E2,2" — 07) value
of *°Cr is smaller than those of **3Cr corroborating a sub-
shell closure at neutron number N = 32 which was already
anticipated by the higher energy of the 2] state in *°Cr [11].

The paper is organized as follows: The experimental setup
and its details are the subject of Sec. II. The data analysis of
the experiment and the lifetime results for the first 9/2~ and
5/27 states are described in Sec. IIl. A comparison between
experimental findings and shell-model calculations, that are
based on four different interactions KB3G, FPD6, GXPF1A,
and GXPF1Br is given in Sec. IV. The paper closes with a
summary and conclusions in Sec. V.

II. EXPERIMENTAL DETAILS

Excited states in »Cr were populated by the fusion-
evaporation reaction **Ca(''B, p3n)>>Cr with a relative cross
section of 0.5%. The !'B beam was accelerated to 32 MeV by
the FN tandem accelerator at the University of Cologne. The
target consisted of a 0.5-mg/cm?-thick layer of enriched “*Ca
that had been evaporated onto a 2.0-mg/cm>-thick gold foil
facing the beam. An additional gold layer with a thickness
of 40 pug/cm? protected the “*Ca layer from oxidation. The
recoiling >>Cr nuclei left the target with a velocity of approx-
imately 1% of the speed of light and were stopped in a '’ Au
stopper foil with a thickness of 2.2 mg/cm?. To determine the
lifetimes of excited states in >>Cr 12 individual measurements
were performed, each at a different target-to-stopper distance
in the range between 0.5 and 80 um. The distance between the
target and the stopper foil was precisely monitored and con-
trolled during the experiment by a capacitive feedback system
employing a piezoelectric linear motor in order to compensate
beam-depending changes as, e.g., thermal expansion [13].

A setup of one EUROBALL cluster detector, containing
seven HPGe crystals and five single HPGe detectors were
employed to detect the emitted y rays. The EUROBALL
detector was placed at a distance of 8.5 cm between the target
and the front side of the central HPGe detector. Thus, the

13/2-

2753 keV
1316 keV

6.33(46) ps L2 1437 keV
920 keV

5.61(28) ps L2 517 keV
517 keV

3/2° 0 keV
55Cr

FIG. 1. Partial level scheme of populated excited states and mea-
sured lifetimes in >>Cr. The indicated spins, level, and transition
energies are from Refs. [9,12].

seven crystals in the EUROBALL cluster were positioned in
a ring of six HPGe detectors at the same forward angle of
27.4° relative to the beam axis and one detector at 0°. The
other five single HPGe detectors were arranged in a ring at
polar angles of 143°. Additional information of the setup is
given in Ref. [11]. The experiment was based on the recoil-
distance Doppler-shift method combined with the differential
decay-curve method in order to determine nuclear-level life-
times in the picosecond range [13,14]. Two-dimensional
y y-coincidence matrices were sorted and analyzed for each
individual target-to-stopper distance and for the different com-
binations of detector rings. In total 8.1 x 10° yy events were
recorded. Utilizing y-gated spectra, any uncertainties by un-
known side feeding were eliminated.

II1. DATA ANALYSIS AND RESULTS

The partial level scheme of >Cr including spins, level, and
transition energies as well as the experimentally deduced level
lifetimes is given in Fig. 1. The coincidence spectra of the
5/27 — 3/27 y-ray transition are shown in Figs. 2(a)-2(c),
and corresponding spectra for the 9/27 — 5/27 transition
are depicted in Figs. 2(d)-2(f). The intensity distribution of
the 5/27 — 3/27 transition at 517 keV was analyzed af-
ter gating on the Doppler-shifted component of the directly
feeding 9/27 — 5/27 transition at 920 keV for all target-
to-stopper distances. The evolution of the line shape of the
9/27 — 5/2 transition was analyzed accordingly by a gate
on the Doppler-shifted component of the feeding 13/27 —
9/2~ transition with a transition energy of 1316 keV. Details
on the analysis procedure are described in Refs. [13,14]. The
changing intensity distributions of the Doppler-shifted and
unshifted components for different distances can be observed
unambiguously. The recoil velocity was determined from ex-
periment via the observed Doppler shift of the y ray transition
of 3Cr at given detection angles and yielded 8 = 1% of speed
of light. The low momentum transfer of the reaction and
considerable energy straggling in the target resulted in a broad
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FIG. 2. The y-ray energy spectra for three different target-to-
stopper distances are shown for (a)—(c) the 5/27 — 3/27 transition
at 517 keV and for (d) and (e) the 9/27 — 5/2~ transition at 920
keV. Spectra are produced by a gate on the Doppler-shifted part of
the directly feeding transitions at 920 and 1316 keV, respectively.
Unshifted (us) and shifted (sh) components are labeled. The final

fitted Gaussian curves for the unshifted and shifted components and
a background contribution are shown (see the text for details).

velocity distribution of the recoiling nuclei after the target, i.e.,
a wide range of flight times between target and stopper foil.
Thus, the observed velocity distribution of the nuclei that emit
a y ray in flight, depended on the target-to-stopper distance. A
correction was applied which normalized the distances to the
observed maximum recoil velocities (cf. Refs. [15,16]).

For each target-to-stopper distance i in the sensitive
range an individual statistically independent lifetime 7; =
Is(t)/ %Ish(t), where I, () are the measured intensities of
the Doppler-shifted and unshifted components, respectively,
was calculated using the program NAPATAU [17]. Example
spectra are shown in Fig. 3. For each combination of detec-
tor rings a mean lifetime value T was calculated using the
weighted mean of the different lifetimes t; [13]. The final
lifetime values t for the 9/2~ and 5/2~ states correspond to
the weighted mean of the lifetime values from the different
combinations of detector rings. Systematic uncertainties are
mainly caused by the velocity distribution of the recoiling
nuclei due to the opening angle of the detectors with Af = 3°.
Systematic errors due to the feedback system of the plunger
and the thickness of the target are negligible with respect to
the angle uncertainty. Due to small gates further systematic
uncertainties from unknown contaminants in the same en-
ergy region of the transitions of interest are also marginal.
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FIG. 3. Lifetime values t7; and y-ray intensities are plotted
against the relative target-to-stopper distances for one combination
of detector rings for the (a)—(c) 5/2 state and (d)—(f) the 9/2~ state.
The weighted mean lifetime value of the individual t; is marked with
a black solid line, and the black dashed line indicates the statistical
uncertainty. The respective unshifted [(b) and (e)] and shifted [(c) and
(f)] intensities are presented together with corresponding polynomial
fit functions (dashed red curves). Note the logarithmic distance scale.

Doppler-shift attenuation effects of the slowing-down process
of the nuclei in the stopper foil are negligible for lifetimes in
the T 2 5-ps range.

The study of the 5/27 — 3/2~ ground-state (g.s.) decay
at 517 keV yields a new lifetime value of T = 5.61(28) ps
for the 5/2~ state. For this value the individually derived
lifetimes from the statistically independent analyses of four
different combinations of detector rings were included. Due
to the E2/M1 mixing of the 517-keV transition, reduced
transition probabilities depend on the exact amount of the
mixing. Evaluated data imply a dominant dipole character of
the radiation. A measurement of yy-angular correlation for
the determination of § was not feasible with the detector setup
in this experiment.

However, angular distributions were measured in previ-
ous experiments by the multidetector spectrometers Yale
Rochester Array for SpecTroscopy ball [12] and Gam-
masphere [9]. In both experiments the multipolarity of
the observed transitions was determined from the angular-
distribution analysis via a fit with Legendre polynomials. The
usual ratios of A, /Ay and A4/A( values of the polynomial fit
were used to determine the type of y-ray transition, i.e., a
stretched /unstretched, dipole/quadrupole transition. A pure
dipole transition has a negative A, /A( coefficient, whereas a
stretched quadrupole should have a positive A, /A, coefficient.
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TABLE 1. Experimentally deduced lifetime values compared
with previously published lifetime values (from Ref. [18]) for 3Cr.

TABLE II. Experimentally deduced excitation energies (from
Refs. [18,27-31]) compared with shell-model calculations for the
even-odd N = 31 isotones from >>Ti to %' Zn. Additional information

JF— J}T E, (keV) 7 (ps) i, (ps) is given in the text.
5/20 — 3/27 517 5.61(28) <715 ax  gn E. (keV)
9/27 — 5/27 1437 6.33(46) 6(2)

Expt. Theory

FPD6 KB3G GXPF1A GXPFIBr

The results of Refs. [9,12] ylelded negative values 0fA2/A() = 53Ty 5/2— 1237 612 1137 1356 1391
—0.23(1) and —0.35(3), respectively, for the 5/2_ — 3/2_ 9/2~ 2205 1735 2124 2230 2220
transition. These A, /Ay values correspond to a very small  SScr 52— 517 366 190 533 368
mixing ratio § = 0.080 and § = 0.025 for the other exper- 9/2= 1437 1514 1132 1499 1333
iment assuming complete alignment. From the calculated he  5/27 136 308 —182 76 —51
B(M1) and B(E?2) strengths of the GXPF1A interaction a 9/2= 1198 1610 1009 1139 1041
theoretical mixing ratio is calculated 8o = 0.024 which is  ¥Ni  5/2= 339 294 248 363 218
consistent with the experiment. Detailed explanations of the 9/2= 1767 2161 1492 1845 1698
shell-model calculation are given in the following Sec. IV. ~ ®Zn 5/2= 124 234  —386 106 —123
The new lifetime value from this experiment corresponds 9/2= 1266 1744 1025 1290 1153

to B(M1) = 41(2) x 1073 and B(E2) = 0.87% ¢ W.u. The
B(E?2) value is calculated with the mean of the mixing ratios
from the two previous experiments and the uncertainty with
the range of these mixing ratios. The lifetime of the first 9/2~
state with an excitation energy of 1437 keV was determined
to T = 6.33(46) ps. For the evaluation of the lifetime three out
of four combinations of detector rings were used due to low
statistics in the p3n channel. The corresponding new B(E2) =
12.9(10) W.u. value from this experiment has a much reduced
uncertainty and it agrees well with respect to the previous
value of B(E2) = 13.67$% W.u. of Ref. [18]. The new life-
time results, obtained in the experiment, are summarized in
Table I.

IV. SHELL-MODEL CALCULATIONS

In order to assess the relevance of the newly determined
reduced transition probabilities shell-model calculations with
different interactions were performed not only for >°Cr,
but also along the chain of even-odd N = 31 isotones
for 3Ti, 3Cr, >’Fe, *Ni, and °'Zn, respectively. More-
over, a detailed analysis of the wave functions of the
3/2,,.5/27,9/2" in ¥Cr was performed.

For the theoretical description of the excitation ener-
gies and the B(E2) and B(M1) values of the ground-state
band, shell-model calculations were performed employing the
KSHELL code [19] as well as the code NUSHELLX @MSU [20].
The fp model space comprises the 0f7,2, 1p3/2, 1pi/s, and
0f5,> orbitals, coupled to a 40Ca core. Four interactions were
employed for comparison with the present experimental data:
FPD6 [21], KB3G [22], GXPF1A [23,24], and GXPF1Br [7].
The first three shell-model interactions are well established in
the fp model space based on the fit of the experimental data
especially the GXPF1A interaction is applied to reproduce
and predict the properties of nuclei in the regions of Z or
N from 20 to 40. The last one, the GXPFI1Br interaction,
is obtained by modifying the GXPF1B interaction in order
to reproduce latest experimental data from very neutron-rich
Ca isotopes, in particular, the new neutron magic numbers at
N =32and N = 34.

For all calculations the B(E?2) values were computed with
the effective charges e, = 1.23¢ and e, = 0.54¢ which are
taken from Ref. [25] as in the original paper [24] and the
free-nucleon g, factors with a quenching of 0.9 following
the least-squares fit of the pf-shell nuclei in Ref. [26] were
used to calculate the B(M1) strengths. We use harmonic-
oscillator radial wave functions with the parametrization
hw = 45A1/3 — 25A72/3 MeV. All calculated excitation en-
ergies for the first 5/27 state and 9/2~ state and the
experimentally determined excitation energies from previous
experiments are given in Table II. In contrast to the other given
isotones, the ground state of >’Fe is nota 3/2~ state buta 1/2~
state. Excitation energies are given in this case with respect to
the 1/2~ ground state. The first 3/27 state has an excitation
energy of 14.4 keV. For %’Fe and %!Zn the interactions KB3G
and GXPF1Br predict the 5/27 state as the ground state. In
Table IT and Fig. 4 negative values for the excitation energy are
given for these nuclei because the 5/27 energy is calculated
relative to the 3/2~ energy.

The excitation energies of the excited 5/27 state relative
to the 3/2~ state and the B(M1;5/2~ — 3/27) values for
all five N = 31 isotones and all four shell-model interactions
are presented in Figs. 4(a) and 4(b) (see Tables II and III).
The GXPFI1A interaction is in very good agreement with the
experimental results for the excitation energies of the 5/2~
state along the isotonic chain, which is also true for excitation
energies of the 9/27 state [see Fig. 5(a)]. The GXPFI1Br inter-
action underestimates the excitation energies of the 5/2~ state
with increasing proton number. However, GXPFI1Br repro-
duces reasonably well the excitation energies of the 9/2 state
[see Fig. 5(a)]. The calculated energies for the 5/2 state from
the FPD6 interaction show a continuous decline in the energy
values and do not reproduce the experimental values. Close
to the shell closure at >3Ti, and for the direct neighbors of
%Ni, 3"Fe, and ®'Zn, the theoretical values do not agree with
experiment. The KB3G interaction show obvious deviation
between calculated and experimental excitation energies for
the 5/2" state of the isotones *>Cr and ®'Zn.
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TABLE III. Experimentally deduced transition probabilities for the isotones along N = 31 (from Refs. [18,27-34] and for *Cr from this
paper) compared with shell-model calculations using charges e, = 1.23e and e, = 0.54e with quenching of 0.9 from the free nucleon g

factors.
%X JF— J;f E, (keV) oA Bor)] (W)
Experiment Theory
FPD6 KB3G GXPF1A GXPF1Br
3Ti 5/27 = 3/27 1237 M1 <22.34 x 1073 9.29 x 1073 79.86 x 1073 94.13 x 1073 88.8 x 1073
E2 <31.29 0.047 3.36 6.93 6.06
9/27 — 5/27 2205 E2 2. 7704 5.98 8.27 7.17 7.22
3Cr 5/27 = 3/27 517 M1 41(2) x 1073 13.78 x 1073 21.88 x 1073 8.95 x 1073 8.55 x 1073
E2 0.87+2 1.695 0.503 0.035 0.039
9/27 — 5/27 1437 E2 12.9(10)* 15.64 15.07 15.49 15.37
STFe 5/27 — 3/27 136 Ml 1.18(17) x 1073 12.02 x 1073 1.40 x 1073 0.002 x 1073 0.22 x 1073
E2 2.3(4) 0.061 0.209 271 2.38
9/27 — 5/27 1198 E2 11.1(16) 15.73 15.16 16.38 16.33
PNi 5/27 — 3/27 339 M1 8.1(10) x 1073 8.11 x 1073 3.07 x 1073 4.61 x 1073 5.75 x 1073
E2 0 1.444 0.0198 0.238 0.34
9/27 — 5/27 1767 E2 10(3) 2.46 2.57 3.51 3.50
8Zn  5/27 — 3/27 124 M1 3.5(8) x 1073 6.11 x 1073 3.16 x 1073 3.40 x 1073 3.74 x 1073
E2 1.0710 3.56 0.42 0.17 0.1
9/27 — 5/27 1266 E2 21.66125¢ 15.41 15.16 15.84 15.64

*Value is deduced from the branching ratio of 0.201(9) (from Ref. [9]) for this transition.

The highest B(M1;5/27 — 3/27) value of 41(2) x
1073 W.u. was found for >>Cr [see Fig. 4(b)]. In neighbor-
ing isotones only an upper limit was recently published for
3Ti by Ref. [32] and a low value of 1.18(17) x 107> W.u.
is known for >’Fe. At the shell closure the B(M1;5/2~ —
3/27) transition strength increases to 8.1(10) x 1073 W.u.,
and it is lower again for ®'Zn. The comparison between
experiment and theory demonstrates that none of the inter-
actions and their theoretical B(M1;5/2~ — 3/27) values do
reproduce the measured pattern. Although the outcome of
the comparison with respect to the excitation energies was
best for the GXPF1A interaction, clear discrepancies occur
at lower proton numbers for the B(M1;5/2~ — 3/27) value
of Ti and »Cr for GXPFIA. A very similar behavior is
observed for the KB3G interaction and the B(M1;5/27 —
3/27) values. At 3’Fe, ¥Ni the experimental trend is repro-
duced by GXPF1A and KB3G, and for 6171 the measured
B(M1;5/2= — 3/27) value is very well reproduced by the
two interactions GXPF1A and KB3G.

The FPD6 interaction does reasonably well reproduce the
experimental B(M1;5/2~ — 3/27) values for four isotones
3Ty, 3Cr, Ni, and ®'Zn. However, at Z = 26 the >'Fe
value does neither concur with the experimental value nor
with the results obtained with GXPF1A and KB3G. It dis-
agrees with the results from the other two interactions by
nearly one order of magnitude. To summarize, the newly mea-
sured B(M1;5/2~ — 3/27) value in Cr is underestimated
by all shell-model interactions by a factor of 2 and more.

In Fig. 5 the excitation energies from the excited 9/2~ state
and the B(E2;9/2~ — 5/27) values for the N = 31 isotones
33Ti, 3Cr, Fe, Ni, and ®'Zn for all four interactions are
shown. The theoretical excitation energies of all the excited

9/2~ state are best reproduced by the GXPF1A interaction.
The GXPF1Br results also reproduce the general behavior
along the chain of isotones. For the four nuclei heavier than
53Ty, the theoretical energy values are, in average, 110 keV
below the experimental ones. In general, the FPD6 and KB3G
results show a larger discrepancy between experiment and
theory, whereas KB3G energy values clearly underestimate all
five experimental values, the FPD6 energies are clearly below
the experimental results for >3Ti and above the experimental
results for >°Cr, ¥'Fe, °Ni, and ®'Zn.

The theoretical B(E2;9/2~ — 5/27) values show all
comparable results for the five isotones and the four interac-
tions, respectively. Detailed comparison between theoretical
and experimental B(E2;9/2~ — 5/27) values yield that the
experimental B(E2) values are overestimated for the first three
nuclei 33Ti, 3°Cr, and ’Fe and underestimated for *°Ni and
17Zn. All interactions show the lowest B(E2;9/2~ — 5/27)
values at Z = 28 (*’Ni) which may be attributed to the closed
proton shell. In contrast to theory, the experimental values and
the experimental trend in the isotones indicate a smooth and
open core at *Ni.

Compared with the isotopes *°Cr where the exper-
imental lifetime values for the 2% state correspond to
B(E2;2T — 0;.5.) = 14.6(6) and 11.33(31) W.u. the exper-
imental B(E2;9/2~ — 5/27) = 12.9(10) W.u. in >Cr is
between the two values and corroborates the previous finding
of a subshell closure at N = 32 [11].

The new B(M1;5/2~ — 3/27)and B(E2;9/2~ — 5/27)
values allow us to elucidate in detail the shell-model re-
sults, especially the various configurations of the individual
states. We have analyzed the wave function of *>Cr for three
shell-model interactions FPD6, KB3G, and GXPF1A for the

034310-5



H. KLEIS et al.

PHYSICAL REVIEW C 104, 034310 (2021)

(a)k, " FPD6 :

1200 b KB3G :

RN GXPF1A ;

900 - ; GXPFIBr -+« - |

o g ' exp. . E

8 \* U

= 300 ¢ . X

0t SN

_300 ; | | | | é
B (b) CO103 exp. —e

. —2 .

= 12 -x10 | this work —s— -

—~ 10t : -

5 8l « I : 1

\T 6 [ \\ ! + !

o~ L b} I V: S R i

E 4 L \\ £ : // ~ \i N

SN S *

EQ O | T 1 & | |

22 24 26 28 30

Proton number Z

FIG. 4. (a) Calculated and experimental excitation energies E,
in keV for the 5/2~ state and (b) B(M1,5/2~ — 3/27) values
in W.u. (from Refs. [18,27-32] and this paper) for the isotones
3Ti, 3Cr, *"Fe, *Ni, and °'Zn with N = 31. The shell-model in-
teractions FPD6, KB3G, GXPF1A, and GXPFI1Br are employed for
the calculation. (Please note the change in scale between Z = 24 and
Z =126.)

3/27 ground state and the 5/27 and 9/2 states. The dom-
inant wave function contributions are presented in Fig. 6.
For all configurations shown the four valence protons occupy
the 7 (f72)* configuration and eight out of the eleven va-
lence neutrons reside in the v( f7/2)8 configuration. For the
3/27 ground state the FPD6 interaction yields the neutron
v( f7/2)8(p3/2)1( f5/2)2 contribution to be the dominant part
of the wave function, whereas the KB3G and GXPF1A in-
teractions describe the 3/2~ ground state to be mainly a
v(f7/2)8(p32)* configuration. For the excited 5/2~ and 9/2~
states the dominant configuration of the wave function is the
v(f7/2)8(p3/2)2(f5/2)1 part for all interactions.

The wave function contents can explain the difference in
the calculated B(M1) value between the FPD6 interaction
and the other interactions. In case of the FPD6 interaction,
the dominant part of the transitions is given by the vf5,, <
V3, transition, and this corresponds to a weak B(M 1) value
which is not observed in experiment. The spin-flip transition
VP12 <> vp3p can explain a relatively strong B(M1) tran-
sition. The higher wave-function content of vp;,, neutrons
for the KB3G and GXPF1A interactions and the change in
wave functions for the 5/27 — 3/27 ground-state transition
can explain the relatively increased B(M 1) value. However, in
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FIG. 5. (a) Calculated and experimental excitation energies E, in
keV for the 9/2~ state and (b) B(E2,9/2~ — 5/27) values in W.u.
(from Refs. [18,27-34] and this paper) for the isotones with N = 31.
The shell-model interactions FPD6, KB3G, GXPF1A, and GXPF1Br
were used. (The symbols and line styles as in Fig. 4 are used for
values from different interactions and the experimental results.)
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FIG. 6. The dominant neutron configurations of the 3/2,
ground state and the first 5/27, 9/27 states. The corresponding
proton configuration is in all cases 7 (f,2)*. Configurations with
contributions > 1% for the interactions FPD6, KB3G, and GXPF1A
are shown.
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all cases the dominant transition vp3;, <> v f5/, explains the
weak B(M 1) strength from all interactions.

Another important aspect of the B(M 1) transition probabil-
ity is the particle-hole excitations for the neutrons and protons.
In 33Cr the neutron core excitation can reproduce the relatively
strong B(M1) strength because the neutron np-nh excitation
corresponds to a spin-flip vf;,2 <> vfs5,,. Therefore, it can
be speculated that all three shell-model interactions include
a too weak neutron core excitation in >Cr. The amount of
proton spin-flip f7, <> f5,» components could be neglected
in comparison to the neutron as truncated shell-model results
only show a marginal difference.

It is noteworthy to compare our findings with recent results
obtained in the lighter Z = 22 isotone >*Ti by Ref. [32].
In contrast to the measured B(M1;5/2~ — 3/27) value in
3Cr only an experimental upper limit was obtained for the
same transition 3Ti. Although all shell-model interactions
underestimated the experimental value of the B(M1;5/27 —
3/27) value in 3Cr. In >*Ti the KB3G and GXPFIA inter-
actions yielded higher B(M1;5/2~ — 3/27) values than the
experimental limit, and the FPDG6 interaction gave a small
result consistent and below the upper limit. An analysis of
the wave functions showed that for the first 5/27 state the
FPD6 interaction is dominated by a v(f; /2)8(173 /2)2( fs /2)1 (=
55)% configuration with the protons coupled to spin zero.
For the GXPF1A interaction the dominant configurations are
the combination of 1)(]”7/2)8(173/2)3 (R 36%) with the protons
coupled to spin 2 and a v(f7/2)8(p3/z)2(p1/2)' part (=32%).

For >Ti the calculations with the GXPF1A interaction
yield that the np-nh neutron excitations across the N = 28
shell work destructively on the M1 strength of the 5/27 —
3/2~ transition [32]. This is related to the reduced amount of
the v(ps /2)3 configuration in the 3 /ng. state and the contri-
bution of the v(p32)*(p12)! configuration in the 5/2; state.
These configurations cause a reduction of the M1 strengths
down to the values shown in Fig. 4(b). In case the neutron
np-nh excitations would be increased even more, it is ex-
pected that the theoretical B(M 1) value would approach the
experimental value in >*Ti. Hence, an increase in neutron
np-nh excitation across the N = 28 shell gap would help to
explain consistently the observed differences—a smaller M1
transition strength in 3Ti and a slightly larger M1 strength
in ¥Cr—between experiment and shell-model results. The
new findings are also compared with the structure expected
by a particle-plus-rotor model of low-lying states in *Cr.
The excited states are grouped into members of the K™ =
3/27 ground-state band and a second excited K* = 1/2~
band. The B(E2) strength of transitions are obtained by a
shell-model calculation employing the GXPF1A interaction.
B(E2) values larger than 80 ¢*fm* are shown as black arrows
in Fig. 7. Highest B(E2) values are given for transitions
between the favored or the unfavored members of the two
rotational structures. The new experimental result of a strong
9/27 — 5/27 E2 transition is corresponding to the E2 transi-
tion within the favored part of the K* = 1/2~ band; whereas
the 5/27 — 3/2~ M1 transition has to be considered as an
intraband transition linking the excited K™ = 1/2~ band and
the K™ = 3/27 ground-state band. The missing E2 strength

11/2- A3/
_11/2-
2.0r 9/2- 1
> 7/2-V_ V9/2-
= y7/2-
LIJ 1 .O_ 5/2- 4
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K"=1/2
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FIG. 7. The excitation energies and B(E2) strengths of the low-
lying transitions in 3Cr are given obtained by the shell-model
calculation using the GXPF1A interaction. The B(E2) values larger
than 80 ¢*fm* are shown as black arrows.

for this transition is explained by the different structure of the
two rotational bands. Unfortunately, the experimental data did
not allow to verify the reduced transition probability of other
transitions.

V. CONCLUSIONS

To summarize, precise lifetime values for the 5/2~ and
9/2~ states in SCr were determined improving rudimen-
tary previous results. The experimentally deduced transition
probabilities and the excitation energies were compared with
shell-model calculations not only for >>Cr, but also along the
N = 31 chain of isotones from **Ti to %!Zn. Different shell-
model calculations employing the KSHELL code [19] as well
as the code NUSHELLX@MSU [20] were performed in the fp
model space consisting of the 0f7/2, 1p3,2, 1pis2, and Ofs)n
orbitals, coupled to a 40Ca inert core. The four interactions
FPD6, GXPF1A, GXPFI1Br, and KB3G [22] were compared
with the experimental data.

The shell-model approaches using various interactions
account for the global trend of E,(9/27) energies and
the B(E2;9/2~ — 5/27) values. The evidence for a re-
maining subshell closure in Cr isotopes at N = 32 were
confirmed. Discrepancies between experimental and theo-
retical B(M1;5/2~ — 3/27) values motivated a detailed
analysis of the underlying wave function content of the
3/255, 5/27, and 9/27 states. The M1 transition strength
values of all four interactions are below the experimental
results. The wave-function analysis shows that the reason for
the difference is expected to be similar for the GXPF1A and
KB3G interactions. However, the wave-function content of
the 3/2, ground state is distinctly different. It is concluded
that an increase in neutron np-nh excitation across the N = 28
shell gap would remedy the observed differences between
experiment and shell model by increasing the M1 strength in
33Cr. Simultaneously, an increased neutron np-nh excitation
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would cause a smaller M1 transition strength in the lighter
isotone 3Ti and can resolve the discrepancy in M1 strength
also in this nucleus.

A consistent interpretation of the transition strength values
in 3Cr is achieved within a shell-model based particle-plus-
rotor model description. However, in this case a compre-
hensive comparison has to be based on an extended set of

measured lifetime values which will be the subject of future
investigations.
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