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Lifetime measurements neighboring isotone 2Ca.

Lifetimes of the 2] states in #Ti, #350Cr, and 52Fe were determined with high accuracy exploiting
the recoil distance Doppler-shift method. The reduced E2 transition strengths of 4Ti and 2Fe differ
considerably from previously known values. A systematic increase in collectivity is found for the N =Z
nuclei compared to neighboring isotopes. The B(E2) values along the Ti, Cr, and Fe isotopic chains are
compared to shell-model calculations employing established interactions for the 0f1p shell, as well
as a novel effective shell-model Hamiltonian starting from a realistic nucleon-nucleon potential. The
theoretical approaches underestimate the B(E2) values for the lower-mass Ti isotopes. Strong indication
is found for particle-hole cross-shell configurations, recently corroborated by similar results for the
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1. Introduction

Reduced transition strengths are sensitive observables to study
the properties of atomic nuclei and the evolution of nuclear struc-
ture. A basic indicator for the collectivity and for the shape of
even-even nuclei is given by the B(E2) values especially for the
excited ZT states. Together with the transition strengths of the 4f
states, the vibrational or rotational character of the individual iso-
topes can be deduced. The measurement of the reduced transition
probability of the 2{ — 0J transition in the N = Z nuclei *Ti,
48Cr, and >2Fe allows to delineate the evolution of the quadrupole
collectivity between the doubly-magic shell closures at N = Z =20
and N = Z =28 where deviations from the spherical shape and its
vibrational character are of high interest. Existing experimental re-
sults feature puzzling peculiarities with respect to the properties
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of excited 21+ and 4f states in these nuclei and motivated the fol-
lowing investigations.

For the neutron-deficient Ti isotopes the B(E2;2;r — Og s)
value for 44Ti [1-3] appeared to be significantly smaller than the
respective B(E2) value in the neighboring semi-magic N = 20 iso-
tope 42Ti [4] (cf. Fig. 1). This observation contradicts the general
expectation and would question the robustness of the N = 20
shell closure for Ti. Moreover, other experimental studies of #4Ti
showed a rotational-like excitation-energy spacing on top of the
excited 0; state [5]. Theoretical predictions concur with this ob-
servation and claim highly-deformed 12p-8h and 16p-12h con-
figurations at 12MeV and 20 MeV, respectively, as origin of these
bands [6]. Recently, shape parameters in the isotone 42Ca were de-
termined from a Coulomb-excitation experiment [7]. As a result,
a weakly-deformed ground-state band and a slightly triaxial su-
perdeformed sideband were discovered. Especially, the observed
enhanced quadrupole deformation of the 21+ state suggests a pos-
sible mixing with the superdeformed 2;“ state. An intriguing ques-
tion is related to the N = Z isotonic neighbor 44Ti where a similar
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Fig. 1. (Color online.) Previously known B(E2; ZT — Ogjs_) values of Ti (red triangles),
Cr (green squares), and Fe (blue circles) isotopes. Adopted B(E2) values are taken
from Ref. [8]. For °6Cr recent results from Ref. [9] are additionally considered. For
better visibility, the data points of the same element are connected and the Ti and
Fe chains are slightly shifted horizontally with respect to the Cr data.

structure can be expected. From the interplay between deformed
and highly-deformed sidebands and the yrast 2% state, like in 4>Ca,
a clearly enhanced B(E2; 2] — 0f ) value is anticipated for 44Ti in
contradiction to the experimental results.

In addition, the ratio of reduced transition strengths B4/, =
B(E2; 4] — 27)/B(E2; 2] — 0f ) was exploited in Refs. [2,10] to
characterize the nuclei 44Ti, 48Cr and >2Fe. The values indicate a
rapid change from a vibrational behavior for #4Ti and 2Fe to an
extreme single-particle value at mid-shell for “8Cr. However, the
ratios are subject to large experimental uncertainties.

The lifetime of the 2] state in *3Cr was addressed by sev-
eral experiments using early recoil distance Doppler-shift mea-
surements after fusion-evaporation reactions [11-13]. A maximum
B(E2) value was measured at the f7,, mid-shell position. However,
large experimental uncertainties motivated the improved experi-
ments of this publication.

The B(E2) value of the ground-state transition in >2Fe was de-
duced from a recent Coulomb-excitation experiment at intermedi-
ate energies at the National Superconducting Cyclotron Laboratory
employing the SeGA detector array [14]. A moderate increase of
quadrupole collectivity was found with respect to the neighbor-
ing shell closure at the N = 28 isotope >*Fe. A complementary
approach, based on the RDDS technique, was employed in the
new experiment to determine the lifetime of the corresponding
ZT state in °2Fe. A summary of the previously known experimen-
tal B(E2; 2;’ — OZ;SA) values is shown in Fig. 1 for the Ti, Cr, and Fe
isotopes from N =20 to 32.

From theoretical point of view, the 0f1p shell nuclei provide an
excellent testing ground for modern shell-model calculations. The
following three shell-model interactions FPD6 [15], KB3G [16], and
GXPF1A [17] were developed in part by fitting experimental data
of the nuclei of interest and are thus suited to describe the en-
visaged region of the nuclear chart. Detailed new calculations are
subject of this letter. Moreover, a new effective shell-model Hamil-
tonian starting from a realistic nucleon-nucleon potential was em-
ployed in order to describe the experimental findings.

As protons and neutrons occupy the same major shell, the
neutron-proton interaction becomes important, enhancing collec-
tive effects like isoscalar (T = 0) neutron-proton pairing. Theoret-
ical investigations on T = 0 ground-state correlations were per-
formed for #4Ti [18]. Furthermore, results from Ref. [19] indicate
that for N = Z = 24 (*3Cr) neutron-proton pair correlations be-
come important at higher spin values. Isoscalar neutron-proton
pairing is even more relevant for heavier, exotic N = Z nuclei
towards doubly-magic 19°Sn [18,20]. For example, it is expected

that the self-conjugate 88Ru has a significantly enhanced E2 tran-
sition strength [21]. A recent study in the neighboring N = Z =46
nucleus 92Pd revealed experimental evidence for T = 0 neutron-
proton pairing [22].

A different theoretical approach exploits the «-cluster struc-
ture in the fp-shell region where a strong spin-orbit force is
counteracting the « correlations. However, the observation of an
a-cluster band in 4Ti confirmed the applicability of the a-cluster
model. Detailed theoretical B(E2) values are available for 44Ti from
Ref. [23] which show a considerably enhanced collective behavior.
A refined theoretical study in this line exploits deformed-basis an-
tisymmetrized molecular dynamics (AMD) by the use of the Gogny
D1S force [24] and yield coexistence phenomena in 44Ti. A mixed
character of the mean-field-like structure and the o + 4°Ca clus-
ter structure of the yrast band in #*Ti is obtained implying a high
B(EZ;Z;r — ngs_) value. These results are given in Ref. [24] and
exceed the previously measured B(E2) value [1-3].

A new experimental investigation is motivated by the fact that
the lifetime of the 27 state in #Ti is mainly known from pio-
neering studies performed in the 1970’s with limited precision
[12]. The same is true for the 2] state in *3Cr which was ad-
dressed by earlier experiments [11-13]. The determined lifetime
values were given with considerable error bars. Nowadays, the re-
coil distance Doppler-shift (RDDS) method has proven to provide
precise, reliable, and model-independent lifetime values in the pi-
cosecond range for excited nuclear states. The method is applicable
for stable-beam experiments as well as for the measurement of
transition strengths in exotic nuclei [9,25-28].

A measurement of the reduced transition strengths with in-
creased precision for the N = Z nuclei #4Ti, 48Cr, and >2Fe was per-
formed to address the open questions and puzzling observations.
Nuclear level lifetimes in the isotopes of interest were studied em-
ploying the RDDS techniques with stable ion beams, which allows
high accuracy by exploitation of yy -correlation gated spectra and
by elimination of systematic errors like unobserved side-feeding
effects.

2. Experiment

Three experiments were performed at the FN tandem accelera-
tor at the Institute for Nuclear Physics, University of Cologne, com-
bining a setup of twelve high-purity germanium (HPGe) detectors
and the Cologne coincidence-plunger device [29]. Excited states
in the nuclei of interest were populated by the following fusion-
evaporation reactions: "“Mg(23Na, xnp)**Ti, 4°Ca('°B, np)*3Cr, and
27 AI(%8si, 2np)°2Fe.

The plunger targets were made of "tMg (4°Ca, 27Al) with
a thickness of 1mg/cm? (0.50mg/cm?, 0.58mg/cm?) for the
44Ti (48Cr, >2Fe) recoils. While the magnesium target was self-
supporting, the calcium and aluminum target material was evap-
orated onto a 2.0-mg/cm? gold backing facing the beam. The
calcium target was additionally protected against oxidation by a
0.1-mg/cm? gold layer. Recoiling nuclei left the target with 2.7%
(1.1%, 3.1%) of the speed of light which corresponds to mean ve-
locities of 8.1 um/ps (3.3 um/ps, 9.3 um/ps). Reaction products were
finally stopped in a 9.6-mg/cm? thick gold foil. During the exper-
iment data were recorded at 6 (12, 7) different target-to-stopper
distances, i.e. different flight times of the recoiling nuclei. These
distances reach from 215 to 47.5pm (20.4 to 321um, 28.6 to
151.6 um) and were measured with an accuracy of better than 2%.
Beam-depending changes, such as thermal expansion of the target,
were compensated by a feedback system employing a piezoelectric
linear motor. The experimental details are summarized in Table 1.

Emitted y rays were detected by twelve HPGe detectors with
relative efficiencies between 55% and 80% which were placed in
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Table 1

Experimental details: Reactions, target properties, and offset-corrected relative target-to-stopper distances of the plunger device for each of the

three experiments.

Reaction Epeam Target thickness Recoil velocity Target-to-stopper Target-to-stopper
[MeV] [mg/cm?] [um/ps] distances range [pm]
nat Mg(23Na, xnp)*4Ti 62 1 8.1(4) 6 21.5-475
40Ca(10B, np)*8Cr 26 0.50 3.3(2) 12 20.4-321
2771(28si, 2np)°2Fe 86 0.58 9.3(4) 7 28.6-151.6
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Fig. 2. Exemplary y-ray energy spectra from the 2 — 0F decay at (a, d) 1083keV in *Ti, at (b, ) 752keV in #3Cr, and at (c, f) 849keV in >2Fe. Spectra are produced

from cuts on the shifted component of the 4;

— ZT transition and are shown for a short (a, b, ¢) and a larger (d, e, f) target-to-stopper distance at backward angles.

Doppler-shifted (SH) components and unshifted (US) components are additionally labeled.

rings centered at polar angles of 6y = 0° (1 detector), 6; = 45°
(6 detectors), and 6, = 143° (5 detectors) with respect to the
beam axis. Each HPGe detector was shielded with sheets of lead
and copper between target and endcap with a total thickness of
2mm in order to reduce pile up and additional dead time caused
by low-energy X rays. Furthermore, a hardware y y-coincidence
trigger was used to suppress single y-ray events, which do not
contribute to the y y-coincidence analysis. Coincident y -ray events
were finally sorted into yy matrices with respect to the different
target-to-stopper distances and the correlation groups defined by
the individual detector rings. The total statistics in the projected
yy matrices amount to 6.8 x 10% (3.5 x 10%, 7.3 x 10°) events for
the experiments to populate 44Ti, (8Cr, and >2Fe), respectively.

3. Analysis and results

The lifetime analysis is based on the recoil distance Doppler-
shift (RDDS) technique in conjunction with the differential decay-
curve method (DDCM) [29]. Due to sufficient production yields
of recoiling nuclei of interest, the DDCM was utilized in the
y v -coincidence mode. Employing gates on the Doppler-shifted
(SH) component of feeding transitions, or on the unshifted (US)
part of the 2{ — 0/ transitions, the lifetime of the 27 states
was determined by analyzing the intensity ratios of shifted and
unshifted components of the depopulating and feeding transitions,
respectively (cf. Fig. 2). A lifetime t; is deduced for each distance i
in the sensitive range. The T curve is expected to be constant and
the weighted mean value of the different t; corresponds to the
analyzed lifetime. Lifetimes determined from different yy matri-
ces are statistically independent. The statistical uncertainty of the
lifetime value is dominated by the distribution of the single t; val-
ues. Systematic errors of the lifetime arise from (i) the uncertainty
of the recoil velocity which is inversely included in the lifetime
value. The mean velocity was determined from the Doppler shift
of the direct feeding transition observed at forward and backward
angles. The uncertainty of the mean polar angle A6 = 3° results

in AB=1.2x1073(0.5 x 1073,1.3 x 1073) for **Ti (*8Cr, %Fe).
(ii) The relative target-to-stopper distances can be measured with
a high precision of Ax < 0.4pm in the sensitive range. Thus, its
contribution to the total uncertainty of T was neglected. (iii) Con-
taminating transitions in the Yy coincidence gate may impact the
experimental lifetimes. This was excluded in the analysis by the
careful selection of narrow energy gates. Finally, the total system-
atic error of the lifetime was calculated via the Gaussian error
propagation.

In the case of 44Ti a gate from below was set on the unshifted
part of the 2] — 07 . transition at 1083 keV to avoid any back-
ground contribution in the region of interest. The lifetime of the
ZT state is finally determined from the shifted and the total in-
tensities (Isy and Ispyus) of the 47 — 27 feeding transition at
1371keV and yields 7(2]) = 2.68 (21)star. (12)sys. PS.

The 1°B + 40Ca reaction caused a small Doppler shift for the
y rays of interest in “8Cr due to a moderate momentum trans-
fer. Therefore, the shifted and unshifted components of the y-ray
line are not separated completely from each other (see spectra in
Figs. 2(b), (e)). To avoid any contamination of unshifted fractions
in the selected gate, an indirect gate on the S}L — ST transition at
1742 keV was used in the analysis. For this transition only a shifted
component was observed indicating a fast behavior of the feed-
ing structure (cf. Ref. [30]). Moreover, the low momentum transfer
of the reaction and the large energy loss in the target result in
a broad velocity distribution of the recoiling nuclei after the tar-
get, 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, depends on the target-to-stopper distance.
A correction was applied which normalizes the distances to the
observed maximum recoil velocities. The lifetime of the first 2+
state in “8Cr was determined from the feeding-corrected intensity
distribution of the 27 — 04 transition at 752keV, which yields

T(2]) = 12.16 (14)stat. (69)sys. Ps.
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Fig. 3. (Color online.) T curves of the 2] states (a, d, g) are presented for the nuclei #Ti, 43Cr, and 52Fe, respectively. Black solid lines indicate the weighted mean value of
the lifetime; dashed lines mark the statistical uncertainty. Furthermore, the unshifted (b) and shifted (c) intensities of the direct populating transition in 4Ti are shown, as
well as the unshifted intensities (e, h) and the shifted intensities (f, i) of the depopulating ZT — ngs, transition in “8Cr and >2Fe, respectively. The polynomial fit function to
the given intensities is presented in dashed red. Lifetimes and y-ray intensities are presented in dependence of the target-to-stopper distances. Note the logarithmic distance
scale.

Table 2

Experimental lifetimes for the 27 states in 44Ti, 4850Cr, and 2Fe from the present experiment are compared
to previous experimental values taken from Ref. [8,14]. The corresponding experimental and theoretical
B(E2; ZT — ngsv) values are included. The results are compared to four different shell-model calculations
(for details see text).

Nucleus Experiment Theory

Lifetime [ps] B(E2) [e? fm?] B(E2) [e2 fm*]

Present Previous Present Previous GXPF1A KB3G FPD6 Realistic
4T 27(2) 4037038 205720 13672 105 119 140 120
8cr 122(7) 124147 279717 274300 251 253 314 272
Socr 13.0(4) 13157933 21477 210(6)* 218 218 276 243
52Fe 7.0(4) 11.3(14)° 265713 163(20)° 221 217 292 273

2 From Ref. [8].

b Adapted from B(E2; 0fs — 21) =817 (102)¢? fm* in Ref. [14].

In 52Fe a narrow gate was applied to the shifted component
of the 4T — 2]“ transition at 1535keV. In the gated spectra a
contaminant within the range of the shifted component of the
2f - 04, transition at 849keV obstructed a lifetime analysis in
the forward detector rings. Therefore, the lifetime of the first 2
state was determined using the upstream detector ring, yielding
‘L'(21+) = 7.00 (24)stat. (28)sys. ps. In order to cross-check the mod-
ified analysis with only one detector-ring combination in °2Fe,
an independent analysis of the lifetime of the ZT state in the
neighboring *°Cr was performed as a consistency check. This tran-
sition was observed with higher statistics and its analysis yields
1(21+) = 13.0 (3)stat. (3)sys. ps, which is in good agreement with the
adopted lifetime of 7(2]) =13.15753¢ ps from Ref. [8].

The final T curves of the 21+ states and the corresponding
y-ray intensities are presented for the nuclei 44Ti, 48Cr, and 32Fe
in Fig. 3. Lifetime measurements of higher-lying yrast states were
not feasible because these states are too short-lived for the applied
target-to-stopper distances. Experimental results of measured life-
times and corresponding B(E2) values are summarized in Table 2.

The final experimental error of the lifetime includes the root sum
squared of the statistical and the systematic uncertainties.

4. Discussion

The measured lifetimes were converted into B(E2; 2] — 0g5)
values and are compared to previous experimental values (see Ta-
ble 2). Results on B(E2) values from new shell-model calculations
were obtained and are also confronted with the new findings. Em-
phasize is given to the evolution along N = Z and the respective
even-even isotopic chains. The latter comparison is shown in Fig. 4
for the Z;L excitation energies (a, b, ¢) and the B(E2) values (d, e, f).

The newly determined 2] lifetime in #4Ti corresponds to a
reduced transition probability B(E2;2] — 0f) = 205720 2 fm*;
while the adopted lifetime is 7 = 4.03’:8:;2 ps with B(EZ;Z;r —
Ofs) = 136742 e? fm* [8]. Thus, there is a 40 deviation between
both values. The adopted value includes results deduced from life-
time experiments employing the Doppler-shift attenuation method
(DSAM) following «-capture and «-transfer reactions on a 4°Ca
target [2,3]. For this type of experiments, systematic uncertainties



K. Arnswald et al. / Physics Letters B 772 (2017) 599-606 603

GXPF1A ——

FPD6 — < —

Raman —+—  Experiment —a—

KB3G —<— Realistic ——— This work —m—
w0 Ti@E=22) | e =24 || (o Fe (Z=26)

2000 [ 1F 1F ]
3 1500
& 1000
K

500
0
% 350
=
300
250
+ch““ 200
L 150
100
(o]
% 50

0

24

26 28 30 32 24 26 28 30 32 34

Neutron Number N

Fig. 4. (Color online.) Experimental and theoretical 2?’ excitation energies (a, b, c) and B(E2) values of the 2?’ — O‘g"_& transition (d, e, f). Both values are plotted against the
neutron number for (a, d) titanium, (b, e) chromium, and (c, f) iron isotopes, respectively. B(E2) values from this work are given in red squares. Previously adopted B(E2)
values (black triangles) are taken from Refs. [8,9]. The global best fit given by Raman et al. [38] is presented by dark green diamonds. Moreover, shell-model calculations
employing the GXPF1A (blue open triangles), KB3G (purple open circles), and FPD6 (orange open diamonds) interactions, as well as a shell-model calculation using a realistic

effective Hamiltonian (green stars) are shown.

arise from the lack of precise knowledge of the stopping power,
unknown feeding contributions, and the decreasing sensitivity of
the DSAM for lifetimes longer than 1 ps. As stated above, the previ-
ous B(E2) value is lower than the value for the N = 20 isotope “2Ti
and does not match the expectation along the titanium isotopic
chain. The new larger B(E2) value for #*Ti resolves the discrepancy
(cf. Fig. 4(d)) and a more collective behavior than in the neighbor-
ing semi-magic even-even nucleus #2Ti is suggested.

For “8Cr the reduced transition probability of B(E2;2] —
0F,) =279%]7e? fm* deduced in this work agrees well with the
previously adopted value B(E2;2] — 0y ) = 274(30) €2 fm* from
Ref. [8]. The adopted value includes the results from Refs. [11-13].
The relative uncertainty can now be further reduced and amounts
to 5.8%. The value follows nicely the overall tendency along the
chromium isotopes (cf. Fig. 4(e)) with its maximum value at mid-
shell.

In >2Fe there is a discrepancy between the new B(E2;2] —
0fs) = 265713e?fm?* value and the previously measured B(E2;

2] — 045) = 163(20)¢? fm? value by Yurkewicz et al. [14] (cf.
Fig. 4(f)), suggesting a significantly stronger collectivity at N =27 =
26. While a small B(E2) value at the N = 28 shell closure is ex-
pected, a clearly increased B(E2) value in >2Fe, like it is reported
here, cannot be excluded. The difference of both experimental val-
ues for 32Fe is subject of theoretical discussion presented below.

In summary, the new B(E2; 2] — Of) values in “Ti and 52Fe
are significantly larger than previously measured, corroborating en-
hanced collectivity close to the doubly-magic nuclei 4°Ca and °6Ni
at N=Z. For Ti and Cr, the N = Z nuclei show largest B(E2) val-
ues in comparison to the neighboring even-even isotopes, while
for the Fe isotopes, the values at N = Z for 52Fe and the lighter
mid-shell neighbor °Fe are comparable within the experimental
uncertainties.

For the theoretical description of the excitation energy of the
2] states and the new B(E2;2] — 07 ) values, shell-model calcu-

lations were performed along the isotopic chains of Ti, Cr, and Fe
for a wide range where experimental data on B(E2;2] — 075)
values were accessible. The NUSHELLX@MSU code [31] was em-
ployed using three already established interactions for comparison
with the present experimental data: FPD6 [15], KB3G [16], and
GXPF1A [17]. The model space comprises the f7,3, p3/2, p1/2, and
fs/2 orbitals, coupled to a 40Ca core. Effective charges e, = 1.5e
and e, = 0.5e were used for protons and neutrons, respectively.
The calculated B(E2) values for the nuclei of interest agree with
published calculations employing the FPD6 and GXPF1 interac-
tions [32,33].

In addition, realistic shell-model calculations, using the shell-
model code ANTOINE [34], have been performed. The two-body
matrix elements of the residual interaction were derived from
many-body perturbation theory, including all diagrams up to third-
order in the perturbative expansion of the effective shell-model
Hamiltonian [35]. Effective operators to calculate the electromag-
netic transition rates have been consistently derived within this
perturbative approach. The starting realistic nucleon-nucleon po-
tential is a low-momentum potential derived from the CD-Bonn
potential [36] within the V|o,_k approach, and using a cutoff mo-
mentum A = 2.6fm~! [37]. The single-proton and single-neutron
energies have been chosen to reproduce the excitation energies
of single-particle states in °’Cu and “4°Ca, respectively, and to
reproduce the odd-even mass difference around °°Ni and “8Ca.
Consequently, two-body matrix elements of the residual interac-
tion and effective electromagnetic operators are derived from the-
ory, while single-particle energies are taken from experiment. The
B(E2; 2] — 04 values from all four calculations are reported in
Table 2.

Along the chain of titanium isotopes, there is only poor agree-
ment between the experimental and theoretical B(E2;2] — 0g5)
values for all interactions (see Fig. 4(d)). A strong discrepancy is
observed for N =20 to 24 due to small theoretical results. This
derivation decreases with the increasing number of neutrons to-
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ward N = 26. At the shell closure at N =20 a factor of three
difference is obtained; and the new experimental value for #Ti
is approximately a factor of two higher than the calculated value.
The N = 26, 30 values are reproduced quite well. However, at the
N = 28 sub-shell closure the experimental result of a small B(E2)
value is not reproduced by the calculations.

A recent study in the neighboring even-even isotone “4*Ca
showed a similar result [7]. Enhanced B(E2;2] — 075) values
were measured in contrast to lower shell-model results. It was
suggested by Ref. [39] that the experimental enhancement arises
from 2hw sd-shell excitations, which are not included in the fp
model space. In addition, a sizable quadrupole moment of the ZT
state in “2Ca is proposed to originate from a mixing of the ZT
state with a superdeformed 2 state [7]. In *4Ti a mixing of the
ZT state with non-yrast 2% states will have a minor effect due to
larger level-energy differences. Thus, the underestimated transition
probability is most likely caused by core excitations from the sd
shell. Furthermore, an overestimated theoretical excitation energy
of the 21+ state is obtained. Neglecting core excitations, the differ-
ent shell-model calculations predict the energy of the 2?’ state to
be E(2*) = 1266 to 1300keV which exceeds the experimentally
observed E(21) = 1083 keV (cf. Fig. 4 (a)).

The importance of core excitations north-east of 4°Ca is also
essential in the schematic o-cluster model discussed by Ohkubo
et al. [23]. Excitation energies of all rotational bands in %Ti are
reproduced using an « +%0 Ca(I™) system. Moreover, B(E2) values
were determined for the low-lying bands and yield B(E2;21+ —
Oé‘fs.) = 18 W.u. [23] which reproduces the present experimental
value of B(E2) =22(2) W.u. best.

The different shell-model calculations follow the measured
B(E2) systematics for N < 28 in the chromium isotopic chain as
shown in Fig. 4(e). Deviations are visible only for the FPD6 interac-
tion, which tends to larger B(E2)s than experimentally determined.
The GXPF1A and KB3G interactions as well as the realistic one
are in good agreement with the experimental data at N < 28.
For N > 28 the transition strength is overestimated by theory. Es-
pecially, the experimental data can hardly be reproduced at the
(sub-)shell closures N =28 and N = 32.

The comparison between experiment and theory shows only
partial agreement for the iron isotopes (see Fig. 4(f)). While the
B(E2) values for the two lightest isotopes at N = 24, 26, which are
calculated within the realistic scheme and the FPD6 interaction, are
in a good agreement with the new experimental data, the values
from GXPF1A and KB3G calculations are too small. However, the
latter two interactions reproduce nicely the values for N > 28. It
is noteworthy, that no calculation describes the huge experimen-
tal difference of ~ 143e2fm* between N = Z =26 and the shell
closure at N = 28; it is underestimated by all interactions.

Experimental and theoretical B(E2;2] — 04 values for the
even-even N = Z nuclei are shown in Fig. 5. For the doubly-magic
56Ni at N = Z = 28, each of the employed four shell-model inter-
actions overestimate the experimental B(E2) value from Ref. [40].
The global best fit of Raman et al. [38] is in agreement with the
new values.

The present B(E2; 2] — 04 ) values allow for a refined assess-
ment of the aforementioned B4/, values in these isotopes which
are shown in Table 3. For the By, ratios the following data were
taken: (i) The adopted B(E2; ZT — O;D,fs') values from Ref. [8] and
B(E2; 4] — 2{) values from Refs. [41-43] are used to determine
the By, ratios (labeled Previous). (ii) The new B(E2; ZT — Ogs‘)
values from Table 2 are combined with values from Refs. [41-43]
(labeled Present). The corresponding R4/, = E(4])/E(2]) ratio is
also summarized in Table 3.

GXPFI1A —+ Raman —+
KB3G —e— This work —m—
o— 400 - FPD6 — <  Experiment —a—i
2] Realistic —+—
&
= 300 | |
+h
()
T 200 L |
o
[}
=B
5 100 - 1
0

Fig. 5. (Color online.) B(E2; 2]" — Og'_s_) values for even-even N = Z nuclei between
40Ca and >6Ni. Same color code as in Fig. 4 is used. See text for details.

Table 3

B4, and R4 ratios for #4Ti, “8Cr, and 2Fe.
Geometrical limits are B4/ = R4z = 2.0 for
an ideal vibrator, B4/ =1.43 and R4/ =3.33
for an ideal rotor and By =1 as well as
R4/> < 2 for a non-collective behavior. See text

for details.
Isotope B4 R4s2
Present Previous
44Tj 136702 2041032 227
Bcr 1007540 1.027018 247
52Fe 1.147932 1837057 281

—0.21 —0.38

The present B4/, ratios for #4Ti and >2Fe differ distinctively
from the previous results. For both isotopes the former results in-
dicate a vibrator-like behavior, whereas the new By, ratios are

reduced. The B/ = 1.3675-2) in “Ti suggests a rotational behav-

ior. In >2Fe the By, = 1.14f8:3f ratio lies between the rotor and

the single-particle limit. The ratio given for *8Cr remains nearly
unchanged with a new value By, = 1.00“:8:(1); which is at the limit
for a collective behavior. The observed fluctuations which were dis-
cussed for the previous By, ratios in Ref. [10] are not confirmed.

Moreover, the comparison of R4/, and By ratios does not al-
low a consistent description. While the R4/, ratios suggest a tran-
sition from vibrational to rotational character, the new By, ratios
show collective behavior with similarities to a rotational motion.
Nonetheless, it has to be noted that the B4/ ratios depend also on
the B(E2; 4] — 27) values which were not subject of this work.
Especially for #4Ti, but also for >2Fe, these values are only known
with considerable uncertainties.

5. Summary

To summarize, lifetimes in the self-conjugated nuclei #4Ti, 48Cr,
and >?Fe were measured with the RDDS method and precise
reduced transition probabilities for the Z;r ground-state transi-
tion were determined. The present results yield clearly increased
B(E2; 2] — 0] ) values than previously known for *Ti and >2Fe
in the vicinity of two doubly-magic nuclei. The new results indi-
cate enhanced collectivity for all investigated N = Z nuclei. The
deduced By, ratio suggests a rotational behavior for 44Ti.

The comparison with state-of-the-art shell-model calculations
shows an ambiguous outcome; none of the four effective inter-
actions reproduces all known B(E2; 2] — 0/ values from 40ca

to “5Ni in a consistent way. There is a strong evidence that the
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observed discrepancy between experiment and theory for 44Ti is
related to multi-particle-hole cross-shell configurations similar to
recent observations in the neighboring isotone #2Ca. Also the possi-
ble rotational character of 44Ti could be explained by particle-hole
sd-shell core excitations which are typically related to a deformed
nucleus. At mid f7/2 shell, the different calculations reproduce the
experimental B(E2) values for “3Cr. Here, the reduced By ra-
tio close to unity remains an open question. The agreement is
reduced for >2Fe; the calculations applying the FPD6 interaction
and the effective shell-model Hamiltonian reproduce well the mea-
sured B(E2) values. At the N = Z = 28 shell closure *Ni the B(E2)
values are overestimated by all considered interactions.

Therefore, on the theory side, challenging future shell-model
calculations, which include core excitations from the sd shell, are
needed to resolve the open questions and to obtain a consistent
description of the mass region including also the isotopic evolu-
tion where even larger discrepancies exist currently, while on the
experimental side, improved lifetime measurements of higher-lying
states, especially the 4T and other members of the ground-state
band are of high importance.
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