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Lifetime measurements in **Ti
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Lifetimes of excited nuclear states were determined in **Ti using the recoil distance Doppler-shift technique
and the Doppler-shift attenuation method. Results from the K™ = 3~ band confirm isospin-symmetry breaking
forthe 37 — 2/ E1 transition. The lifetime of the 4, state differs considerably from the previously known value.
Good agreement is found for the 4] and 6/ level lifetimes with respect to previous values. The experimental
values are compared with large-scale shell-model calculations employing established interactions in the 0f1p
shell, as well as a modern effective Hamiltonian including multiparticle multihole cross-shell configurations.
Extended configuration spaces of this shell-model calculation allow for a detailed comparison with newly

determined negative-parity states.

DOI: 10.1103/PhysRevC.102.054302

I. INTRODUCTION

The self-conjugated nucleus *“*Ti is a benchmark for
present-day large-scale shell-model (LSSM) calculations in
the full Of1p shell northeast of the doubly magic nucleus
#0Ca. Several interactions such as the well-established FPD6
[1], KB3G [2], and GXPFI1A [3] yield good agreement with
various experimental observables, such as energy spectra
or—with the inclusion of the Coulomb contributions—
isospin-dependent effects like the mirror-energy differences
(cf. Refs. [4-6]). However, for even-even nuclei these interac-
tions are restricted to positive-parity states in the fp shell.

The latest calculations with the ZBM2M interaction [7]
use the extended hasp model space [8] comprising the proton
and neutron 1s1,2, 1d3/2, 0f7/2, 1p3/2 orbitals and surmount
limitations of previous truncated schemes of the sd and fp
main shells. They provide access to negative-parity states
which—in the case of **Ti—cannot be calculated from the
odd-parity fp orbitals. This interaction is based on the ZBM?2
interaction [9] with adjustments of the d3/>-d3,, monopole
matrix elements. It demonstrated good agreement with exper-
imental observations, i.e., excitation energies and charge radii,
in 33K and confirmed the relevance of cross-shell correlations
in the vicinity of 40Ca [7]. Moreover, results from the non-
modified ZBM2 interaction reproduce well the experimentally
observed energy spectra and reduced E2 strengths in stable
Ca isotopes [9]. These results also include the even-even
neighboring isotone “*Ca and the T, = 42 isobar *‘Ca of
“Ti. However, the ZBM2M interaction was predominantly
employed for calculations in the Z < 20 region [10-12]. Life-
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time investigations in **Ti provide a fertile study ground for
these calculations above the Z = 20 shell closure.

Recently, the first 2% level lifetimes in even-even N = Z
nuclei have been studied with an improved accuracy em-
ploying the Cologne coincidence-plunger setup [13]. The
authors of this article report an increased B(E2; ZT —
07,) = 20529 ¢ fm* value in **Ti compared with previous
measurements. Moreover, this result was not in agreement
with values from shell-model interactions of the fp model
space. This discrepancy was explained by multi-particle-hole
(ph) cross-shell configurations in the vicinity of the Z = 20
shell closure.

The nuclear level lifetimes from higher-lying positive-
parity states in **Ti are known from pioneering studies
performed in the 1970s with limited precision [14-19]. Life-
times of negative-parity states were studied by Kolata et al.,
who determined a lifetime of T = 3.9(13) ps for the 4| state
[20]. From later lifetime and angular distribution measure-
ments, performed by Dixon ez al. [18], a lower lifetime limit of
T > 50 ps was proposed for this state based on spin and parity
arguments contradicting the lifetime value from Ref. [20].
The only evaluated lifetime exists for the negative-parity 37
bandhead [21] and it refers to a preliminary lifetime analysis
from a conference proceeding in 2011 [22]. In this study a
B(E3; 3] — 07 )~ 3 W.u. value is presented which corre-
sponds to a lifetime of 231 ps including an adopted branching
ratio of /(3] — 0;)/1(31_ — 21) =2.03)% [21].

High-spin states in **Ti were investigated by O’Leary et al.,
who observed rotational-like energy-level spacings between
states placed upon the first-excited 0T state [23]. The energy
levels were well reproduced by df shell-model calculations.
These calculations use the positive-parity d3/,» and negative-
parity f7,, orbitals and allow for the derivation of the negative-
parity band built upon the 3] state.

©2020 American Physical Society


https://orcid.org/0000-0001-9222-8253
https://orcid.org/0000-0001-7449-2480
https://orcid.org/0000-0003-4402-7494
https://orcid.org/0000-0002-9181-5568
https://orcid.org/0000-0002-3080-9316
https://orcid.org/0000-0002-5984-9063
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.102.054302&domain=pdf&date_stamp=2020-11-02
https://doi.org/10.1103/PhysRevC.102.054302

K. ARNSWALD et al.

PHYSICAL REVIEW C 102, 054302 (2020)

On the theoretical side, **Ti is of importance for the
investigation of a-cluster structures. These correlations are
considerably distorted due to the strong effect of the spin-
orbit force in the fp shell. Recent studies confirmed the
applicability of the *°Ca+a model (cf. Ref. [24]). More-
over, coexistence phenomena of the mean-field structure and
o structures were investigated by the use of deformed-basis
antisymmetrized molecular dynamics (AMD) exploiting the
Gogny DI1S force [25]. The authors verified the B, = 0.25
normally deformed K™ =3~ band with a dominant 1plh
intrinsic configuration. Detailed B(E2) values from these ap-
proaches are available for positive-parity states [24,25].

The scarce and contradictory lifetime information of
negative-parity states in **Ti together with recent theoretical
advances of LSSM calculations motivates a refined study of
lifetimes and reduced transition strengths in this nucleus. In
this article, we report and discuss new results on lifetimes and
reduced transition strengths in **Ti. This paper is organized
as follows: the experimental setup is described in Sec. II, the
data analysis and results are presented in Sec. III. A detailed
comparison with results from shell-model calculations and
systematics is reported in Sec. IV. The article closes with a
summary and conclusions in Sec. V.

II. EXPERIMENTS

The lifetime experiments on **Ti were performed at the FN
tandem accelerator at the Institute for Nuclear Physics, Uni-
versity of Cologne, Germany, using the setup of the Cologne
coincidence plunger [26]. Excited states were populated by
#0Ca(®Li, pn)**Ti fusion-evaporation reactions at 20 MeV
beam energy. The plunger target was made of 0.2 mg/cm?
enriched “°Ca evaporated on a 2 mg/cm? gold backing fac-
ing the beam. In addition, the target was sandwiched by a
0.1-mg/cm?-thin gold layer which was evaporated onto the
other side to reduce oxidation effects. Recoiling nuclei which
left the target with a mean velocity of 0.81(5)% of the speed of
light—which corresponds to v = 2.43(15) um/ps—were fi-
nally stopped in a 3.6-mg/cm?-thick gold stopper. During the
experiment, data were collected at seven target-to-stopper dis-
tances between 46 and 626 pum. Emitted y rays were detected
by twelve high-purity germanium (HPGe) detectors with rel-
ative efficiencies between 55% and 80% placed in three rings
at polar angles of 0° (one detector), 45° (six detectors), and
142.3° (five detectors) with respect to the beam axis. Pileup
and additional dead time were significantly reduced by 2-mm-
thick sheets of lead and copper which were placed between
target and end cap to shield the detectors from low-energy
x-rays. In total, 10'° coincident y-ray events were processed
and recorded utilizing a synchronized 80-MHz XIA® Digital
Gamma Finder (DGF) data-acquisition system and stored to
disk. The data were sorted into y-y matrices employing the
SOCO-V2 sort code [27] and analyzed utilizing the TV [28]
software package.

Subsequently to the RDDS measurements, a DSAM run
was performed employing a 0.2 mg/cm? enriched “’Ca tar-
get which was centrally evaporated onto a 2 mg/cm? gold
backing using a 2-mm aperture. To reduce oxidation effects
of the target material, the **Ca layer was subsequently cov-
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FIG. 1. Partial level scheme of “*Ti. Dominant decay branches
observed in both experiments as well as obtained level lifetimes are
shown. All energies are given in keV.

ered completely by a 0.5-mg/cm?-thin gold fronting. The
DSAM experiment was performed under similar experimental
conditions with respect to the previous RDDS run. In total,
3.6 x 10° y-y events were recorded and stored to disk.

III. DATA ANALYSIS AND RESULTS

The observed level scheme of populated excited states and
measured lifetimes in **Ti is displayed in Fig. 1. The lifetime
results, obtained in both experiments, are summarized in
Table I.

A. Recoil distance Doppler shift

The lifetime analysis of the 3 and 4, states in i is
based on the recoil distance Doppler-shift (RDDS) technique
and the differential decay-curve method (DDCM) [26,29].
The analysis was performed in the y-y coincidence mode
using gates on completely shifted parts of directly feeding

TABLE 1. Experimental lifetimes in “*Ti from the present experi-
ment are compared with previous experimental values. For each state
the applied method and gating energies are summarized.

Lifetime (ps) E, (keV)
E. (keV) J™ Present Literature = Method Gate Analyzed
1083 2% 2.7(2) [13]
2454 4T 0.61(7) 0.60(11)[15] DSAM 1561 1371
4015 67 0.65(10) 0.56(8)[18] DSAM 2493 1561
3176 3= 22.5(18) =31[21,22] RDDS 885 2093
3646 4= 110(8) 3.9(13)*[20] RDDS 1506 470

2Contradicts T > 50 ps as proposed in Ref. [18].
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FIG. 2. Exemplary y-ray energy spectra for the (a), (b) 37 — 2} transition at 2093 keV and the (c), (d) 4, — 3| transition at 470 keV
for two different target-to-stopper distances. Spectra are produced by a gate on the shifted part of the direct feeders at 885 and 1506 keV,
respectively. Unshifted (US) and shifted (SH) components as well as a contamination of *'Ca to the 4, — 3] transition are labeled. The
Gaussian fits to the experimental spectra are given in a red solid lines, and the background is marked as dashed red (see text for details).

transitions from above. Lifetimes of the states of interest were
subsequently determined from the peak volumes of shifted
(SH) and unshifted (US) components of the depopulating
transition. Exemplary gated y-ray spectra are presented in
Fig. 2 for the 37 — 2] [Figs. 2(a) and 2(b)] and 4, — 37
[Figs. 2(c) and 2(d)] transitions. Both spectra are shown for
shorter target-to-stopper distances [Figs. 2(a) and 2(c)] and
are compared with larger ones [Figs. 2(b) and 2(d)]. The peak
volumes are determined via Gaussian fits. For consistency
purposes, position and peak width of the unshifted component
are assumed constant. Further details on RDDS analyses are
contained in Ref. [26].

For each target-to-stopper distance x; in the sensitive range,
one lifetime t; is determined. The mean lifetime 7 is deter-
mined from the weighted mean of all ;. y-ray spectra from
different detector-ring combinations are statistically indepen-
dent and the final lifetime is determined from the weighted
mean of the 7 of each detector-ring combination. The statis-
tical error is dominated by the variance of the single 7;. The
systematic uncertainties result from three main contributions.
First, the error of the mean velocity. The mean velocity is
deduced from the Doppler-shift of the 2093 keV transition at
forward and backward angles. The uncertainty of the mean
polar angle A6 = 3° results in a AB = 0.05% systematic
uncertainty of the velocity distribution. Second, the relative
target-to-stopper distances were measured with a high preci-
sion of Ax < 0.5% relative to the absolute distances. Finally,
contaminating transitions in general can have an impact on
the experimental lifetime results but could be excluded by
carefully selected narrow energy gates. The uncertainty of the
final lifetime is deduced from the Gaussian error propagation.

The analysis of the 3] and 4| lifetimes is performed with
the RDDS code NAPATAU [30]. In the case of the 3] state, a

gate was set on the shifted component of the direct-feeding
5] — 3] transition at 885 keV. The lifetime is deduced from
the unshifted and shifted intensities (Iys and Isy) of the
depopulating 3, — 2] transition at 2093 keV displayed in
Figs. 3(b) and 3(c). For the four distances in the sensitive
range, lifetimes were obtained [see Fig. 3(a)] from second-
order polynomial-fit functions to the experimental intensities
of the Doppler-shifted components Isy. The 7 curve for the
unshifted intensities is the derivative of this function with
the proportionality constant v - t. Both the fit function to
Isy as well as the 7 curve for Iyg are simultaneously x>
minimized to the experimental values. From both curves a
lifetime 7; is determined at each distance. The weighted mean
lifetime from all distances in the sensitive range is determined
from forward and backward angles for the 3| state, yielding
T = 21.8(10)5tar. (16)sys. ps and T = 23.4(11)tar. (16)sys. PS, re-
spectively. The weighted mean of both lifetimes amounts to
7(37) = 22.5(T)sar. (16)sys. ps.

Likewise, the lifetime of the 4 state is determined via a
gate on the shifted component of the direct-feeding 6; — 47
transition at 1506 keV. Subsequently, unshifted and shifted
intensities of the 4, — 3| transition at 470 keV are an-
alyzed [see Figs. 3(e) and 3(f)] for five distances in the
sensitive range. The mean lifetime is obtained from the sin-
gle 7; in Fig. 3(d) and yields 7 = 108(3 ). (8)sys. ps and
T = 113(4)stat.(8)sys. s from forward and backward angles,
respectively. The weighted mean is 7(4]) = 110(3)sga. (8 )sys.
ps. Exemplary 7 curves of the 3] and 4, states are presented
in Fig. 3.

B. Doppler-shift attenuation method

The Doppler-shift attenuation method (DSAM) was ap-
plied for the analysis of the short-lived 4, and 6] states. The
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FIG. 3. Exemplary t curves of the (a) 3| state and (d) 4] state at backward and forward angles, respectively. The weighted mean value is
marked with a black solid line, the black dashed line indicates the statistical uncertainty. The respective (b), (e) unshifted and (c), (f) shifted
intensities are presented with the corresponding polynomial-fit functions (dashed red curves). Lifetimes and y -ray intensities are plotted against
the offset-corrected relative target-to-stopper distances. Note the logarithmic distance scale.

slowing-down process of the nuclei of interest in the target
and stopper material is described via Monte Carlo simulations
performed by a modified version of the DESASTOP computer
code [31,32]. The Monte Carlo simulations include the reac-
tion kinematics, target and stopper properties, as well as the
detector setup including finite opening angles. The electronic
stopping powers for **Ti are obtained from Ref. [33]. For the
contribution of the nuclear stopping, the LSS description [34]
is considered as well as the parametrization of the universal
scattering function for a Thomas-Fermi potential [35]. Mi-
crochanneling effects in the stopping medium are taken into
account and are corrected for by a reduction factor of f,, = 0.7
(cf. Refs. [36-38] for further details).

In general, lifetime information can be obtained from the
correlation of the slowing-down process of the recoiling nu-
clei of interest and the decay pattern of the studied nuclear
states if both processes happen on the same timescales [39].
For the data analysis the differential decay-curve method was
applied by using y-y gates on the directly feeding transition
[40,41]. An energy gate onto any purely shifted part of the
feeding transition generates a y-ray spectrum of the depop-
ulating transition which afterwards will be analyzed. The
lineshape of this spectrum is a convolution of the Doppler-
shifted energy spectrum (i.e., the energy spectrum projected
on the recoil velocities corresponding to the energy gate)
and the detector-response function. The lifetime analysis is
based on a lineshape simulation which is compared with the
experimental spectra. The simulation includes (i) the y-ray

energies of the unshifted feeding and depopulating transitions,
(ii) the detector-response function, (iii) the time dependence
of the velocity projections of the Doppler-shifted energies
onto the observation angle of the detector setup, and (iv)
the time-dependence of the population scheme of the level
of interest. Further details on DSAM analyses are given in
Refs. [40,41].

The lifetimes of the 4] and 6] states are analyzed by
employing gates on the shifted component of the 6] — 47
and ST — 6T feeding transitions, respectively. The resulting
y-ray spectra with the corresponding simulated lineshapes
for the 47 — 27 and 6] — 4] transitions are presented in
Figs. 4(a) and 4(b), respectively. Obviously, as both spectra
show similar amounts of Doppler-shifted components with
respect to the unshifted peak, the analyzed lifetimes cannot
differ considerably. While the y-y statistics of the 4] — 2
transition amounts to 1500 counts in a single ring-ring com-
bination, it diminishes to 400 counts for the elusive 6] — 4
transition. Nevertheless, the background level is reduced to
<10 counts. Similar to the RDDS analysis, the generated y-
ray spectra are analyzed separately for forward and backward
angles. The obtained lifetimes of the 6] state is determined
from forward and backward angles, yielding r = 0.64(12) ps
and T = 0.69(18) ps, respectively. The weighted mean of both
values amounts to r(6T) = 0.65(10) ps. In the lifetime anal-
ysis of the 4] state this lifetime was included to the feeding
scheme. The obtained lifetime of the 41+ state is T = 0.69(11)
ps and 7 = 0.56(9) ps for forward and backward angles,
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FIG. 4. y-ray spectrum of the (a) 47 — 2} transition with a y-energy gate on the purely shifted part of the 6] — 4 transition at 1541
1553 keV at backward angles. Similar data for the (b) 6 — 47 transition gated on the 8} — 6 transition at 2466-2480 keV. The y-energy
gates onto the direct feeding transitions are shown in the insets. The experimental data are shown as black crosses. The simulated lineshapes

are given in open red circles.

respectively. The weighted mean yields 7(4]) = 0.61(7) ps.
The experimental uncertainties are dominated by the statisti-
cal errors which yield 90 and 40 fs for the 6] and 4 states,
respectively. Systematic errors occur from the uncertainty of
the slowing-down process, which is distributed over the uncer-
tainties of the electronic and nuclear stopping powers and to
the target width. These errors were conservatively estimated
to not exceed 10% (cf. Ref. [41]) and are included in the final
uncertainties.

IV. DISCUSSION

The measured lifetimes were converted to B(o)) val-
ues and are compared with previous experimental data (see

Table II). Furthermore, results for B(o 1) values from shell-
model calculations were obtained and confronted with the
new experimental findings. Comparisons are drawn along the
ground-state band of **Ti up to the 12} state. The results are
presented in Fig. 5.

The newly determined lifetimes of the 41 and 6
states correspond to B(E2; 4] — 2*) = 27613 e2 fm* and
B(E2; 6] — 4/) =135 ¢ 2 4, respectively. Both values
are in a good agreement w1th previous measurements from
the 1970s. The experimental uncertainty for the 4] lifetime
was improved by 7%. The 3] state decays via a 2093-keV
E1 transition to the 2] state. The lifetime corresponds to
B(E1;3] — 2+)—30+03 x 107% ¢2fm? and is in a fair
agreement with the preliminary results from Ref. [22]. The

TABLE II. Experimental reduced transition strengths of **Ti from the present experiment are compared with previous experimental values.
The results on reduced transition strengths and excitation energies from Ref. [21] are compared with four different shell-model calculations

with e; = 1.5¢, e, = 0.5e. See text for details.

E; (keV) B(oA) (W.u.)
Experiment Theory Experiment Theory

Jr 2 J7 Literature =~ GXPF1A KB3G FPD6 ZBM2M Present Previous GXPF1A KB3G FPD6 ZBM2M
0 B 0F, 1083 1287 1300 1300 1096 22.0%18[13] 114 129 152 245
4 B of 2454 2381 2430 2498 2696 3075 3077 [15] 148 170 206 354
6F 5 at 4015 3113 3317 3776 4511 1513 1743 [18] 1.6 142 174 225
8F 2 6f 6509 5210 5589 6248 6081 >1.34[17] 7.8 101 121 232
107 5 8 7671 6368 6868 7614 7292 16732 [17] 100 113 118 3.7
127 53 10 8040 6776 7484 8312 7723 44157 119] 5.9 6.6 6.8 4.1
37 5 of 3176 3544 37(3) x 107° ~2.7 x 107°[22] 0

47 B30 3646 2844 3213 10001359 [20] 0.3
47 Mo3oe 14707 1074 473 x 1073 [20] 1.7 x 1076

2B(E?2) value assumes 100% branching.
"With |§] = 4.2(8) [42].
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FIG. 5. (a) Experimental and theoretical excitation energies and
(b) B(E2) values of the ground-state band in “Ti. B(E2) values
from this work are given by red squares. Previously adopted experi-
mental transition strengths (black filled triangles) are taken from the
corresponding lifetimes given in Refs. [13,15,17-19]. Shell-model
calculations employing the GXPF1A (blue open triangles), KB3G
(purple open circles), FPD6 (orange open diamonds), and ZBM2M
(green filled circles) interactions are shown. B(E2) values are com-
pared with results from an a-cluster model (dark red stars) taken
from Ref. [24].

47 state is depopulated via a mixed E2-M1 transition. The
lifetime converts into B(E2; 4, — 37) = 290(20) e fm* and
B(M1;47 — 37) =2.6%3 x 107* u2. The applied mixing
ratio is given in Ref. [42] and yields § = 4.2(8). The obtained
result differs considerably from the value given in Ref. [20].
However, a larger lifetime was already indicated by Dixon
et al. [18] and fits the present observations.

For the theoretical description of the excitation energies
and the B(E2) values of the ground-state band, shell-model
calculations were performed employing the K-SHELL code
[43,44] as well as the code NUSHELLX@MSU [45]. The fp
model space comprises the 0f7,2, 1p32, 1p1s2, and Ofspp
orbitals coupled to a **Ca core. Three interactions were
employed for comparison with the present experimental
data: FPD6 [1], KB3G [2], and GXPF1A [3]. Moreover,
the ZBM2M shell-model interaction [7] was employed for
the calculation of negative-parity states and to investigate the
impact of cross-shell correlations in **Ti. This interaction

uses the extended hasp model space comprising the proton
and neutron 1s1 2, 1d3/2, 07,2, 1 p3/> orbitals coupled to a 28gj
core. For nuclei in the region of the sd and f p shells, reduced
proton charges of e; = 1.15¢ to 1.31e provided reasonable
results along N = Z [46,47]. However, standard effective
charges e, = 1.5¢ and e, = 0.5¢ are used for all shell-model
calculations in order to approach the impact of core excita-
tions in **Ti. For the derivation of B(M 1) strengths, effective
spin g-factors with glg ... = 0.7g}.. (e., g, =391 and
g, = —2.678) were used, which is justified because the
spin-orbit partners are not present in the model space.
Furthermore, these values exactly reproduce the experimental
g-factors of the ZT reference state [48]. The shell-model
results are summarized in Table II and displayed in Fig. 5.

As observed in Fig. 5(a), the four shell-model interactions
reproduce the trend of the excitation energies of the ground-
state band in “Ti quite well. Nevertheless, there are some
deviations which have significant impact on the evolution of
the B(E2) values discussed hereinafter. The excitation energy
of the 2] state is in very good agreement with the result
from the ZBM2M interaction but is overestimated by the other
three interactions by approximately 200 keV. The 4T state
excitation energy is well reproduced by the three fp shell
interactions and is overestimated by the ZBM2M interaction
by ~250 keV. The energy of the 6] state is still overesti-
mated by the ZBM2M interaction while being underpredicted
by the other three interactions. Thenceforward, the ZBM2M,
GXPF1A, and KB3G interactions underestimate the evolu-
tion of the 8, 107, and 12] excitation energy, whereas the
FPD6 interaction is in fair agreement with the experimen-
tal observations. In addition, the ZBM2M interaction opens
the possibility to calculate excitation energies from negative-
parity states. The energy of the 3| state yields 3544 keV
compared with the experimental value of 3176 keV. However,
the excitation energy of the 4 state is not reproduced (2844
keV compared with 3646 keV), moving the 4] state below the
3] bandhead.

The derived B(E?2) values exhibit a very different evolution
along the yrast band for the GXPF1A, KB3G, and FPD6
interactions on the one hand and the ZBM2M interaction on
the other hand [see Fig. 5(b)]. The three f p-shell interactions
show a very similar evolution along the ground-state band. As
already discussed in Ref. [13], the theoretical description of
the first-excited 2% state underestimates the experimental re-
sult. This behavior continues for the 4] state. The theoretical
results match the experimental results first for the 6] — 47
transition where the B(E2) nearly halves. Thenceforward, all
three interactions are in good agreement with the experimental
observations. The “’Ca core excitations have predominantly
low-spin configurations which, therefore, influence most the
wave functions of the low-spin states. Even by the use of
standard effective charges, the fp shell interactions do not
match the experimental values. For the 21" — 07 and 4] —

2T transitions only the new ZBM2M interaction with the ex-
tended hasp model space provides a good description. This is
due to the account of particle-hole excitations for the low-spin
states. Their amount is deduced from the wave functions and
it yields more than 88% of core-excited configurations for the
states up to 6, . The higher-lying states are predominantly of
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f7/2 character manifested by a general decrease in collectivity.
This is differently modeled by the ZBM2M calculation. Clear
deviations between the different theoretical approaches are
observed for the 8] and 10 states. The ZBM2M interaction
overestimates the values of the other interactions for the 8}
state, whereas experimental and theoretical values for the 10;r
state are considerably underestimated. The 12 isomer is in
good agreement with the shell-model result. The ZBM2M
interaction is competitive for the description of low-spin yrast
states in **Ti although its predictive power decreases with
higher spins.

The experimental B(E?2) values from the ground-state band
are furthermore compared with theoretical values from the
a-cluster model reported by Ohkubo et al. [24]. The group
uses an a-like excitation of a **Ca core employing density-
dependent M3Y (DDM3Y) double folding potentials without
any effective charges. B(E2) values extracted from this model
are displayed in Fig. 5(b). They show a trend similar to
the ZBM2M values although they evolve smoother along
the ground-state band. This model reproduces the enhanced
collectivity for the 2 and 4] states well and is in perfect
agreement with the B(E2) value of the 101+ state. Similar to
the ZBM2M calculation, the B(E2) value from the 6T state is
overestimated by the a-cluster model. Overall, the evolution
of the ground-state band transition strengths are reproduced
quite well by this model. This also supports the argument of
the importance of an excited “°Ca core for an adequate de-
scription of transition strengths from low-energy states in **Ti.

Transition strengths from negative-parity states were cal-
culated with the ZBM2M interaction. However, the calculated
B(E1;3] — 2;’) value is equal to zero. At first glance, the
shell model supports the exceptionally low B(E'1) = 3.7(3) x
10~ W.u. value. The finite experimental value can be ex-
plained by isospin-symmetry breaking as both states—the 37
and ZT—are calculated to have isospin 7" = 0. Due to the
isovector character of the E'1 transition operator, the shell
model yields B(E1) = 0. This slow E1 transition in **Ti ex-
hibits a drop in collectivity with respect to the isotopic and
isotonic neighbors “°Ti and **Ca of two to three orders of
magnitude. Even for the 7, = +2 isospin partner **Ca the
B(E1;3] — 2{) value amounts to 2.5(12) x 107* W.u. [21].
The calculated M1 and E2 reduced transition strengths of the
4 — 3| transition underpredict the experimental values by
two orders of magnitude (see Table II). The shell-model cal-
culations support a dominating E2 character of the 4 — 37
transition. The interaction yields a multipole-mixing ratio of
6.3 and is comparable with the experimentally determined
|6] = 4.2(8) [42].

To give a more detailed interpretation of the lifetime of
the 47 state, the decomposition of the total wave function
configuration into its proton and neutron components was cal-
culated for selected states with the ZBM2M interaction. The
decomposition matrix is symmetric due to the self-conjugated
nature of *Ti. The 4, state can be predominantly decom-
posed into 4~ ® 0t (22%), 4~ ® 2+ (28%), and 5~ ® 2"
(15%) coupled proton or neutron configurations. While the
0" and 2 configurations are of 2p2h (24%) and 4p4h (16%)
character, the configurations coupled to 4~ and 5~ are pre-
dominantly of 3p3h character: dy ysi 3 f7, (30%), d3 37 5 f3)2

(9%), and d3_/'2s1_/2p§/2f74/2 (5%). Major components of the
37 state originate from 3~ ® 0% (31%), 2~ ® 2™ (22%), and
5~ ®2% (13%) nucleon couplings. Similar to the 4~ state,
the positive-parity configurations are 2p2h (23%) and 4p4h
(4%) excitations plus an additional amount of 0p0h (12%)
configurations. In contrast with the 4, state, the negative-
parity configurations of the 3;" are dominated by 1plh (28%)
(19% sl’/l2 ]‘73/2 and 9% d{é f73/2) nucleon configurations. The
3p3h configurations dy 3575 f7, (12%) and dy 3513 f7), (%)
are calculated to an amount of 14%.

As the E2 and M1 one-body transition operators in the
shell-model calculation can only connect configurations dif-
fering by maximum 1plh excitation, the transition 4, —
3] 1is limited to 3p3h configurations and is predominantly
of d3;, <> 51/ character. This explains the small transition
strength calculated by the ZBM2M interaction, especially as
the spin-orbit partners are not available in the given model
space, the B(M 1) strength is hindered. Therefore, calculations
in the full sd pf model space are needed for a refined theoret-
ical description of the 4 — 3] transition.

V. CONCLUSIONS

In summary, lifetimes of negative and positive-parity states
in the N = Z nucleus **Ti were measured with the RDDS
technique and the DSA method. The present results for the 4,
and 6] states yield good agreement with previous measure-
ments. Deviations were found for the 3] and 4 states. In the
case of the 3] state, only preliminary values are available in
the literature. The higher lifetime of the 4 state has been pre-
dicted by Dixon ef al. [18]. The comparison with shell-model
calculations yield ambiguous conclusions. The ZBM2M inter-
action reproduces the 2] and 4] transition probabilities well
but falls short for higher spins. The GXPF1A, KB3G, and
FPD6 interaction are in good agreement with the B(E2; 6] —
41+) value and reproduce the trend up to the 12 isomer. B(E2)
values from the ground-state band were well reproduced by
results from the o + “°Ca(/™) model reported in Ref. [24].
Reduced transition strengths from the negative-parity band in
*4Ti were compared with shell-model results for the first time.
The finite experimental value of B(E1;3] — 2) = 3.7(3) x
107® W.u. indicates isospin-symmetry breaking and remains
challenging to be reproduced within the shell model. The
derived transition strengths of the 4, — 3| transition show
the same trend to a higher lifetime but even underestimate the
present B(o'A) values. For the 8] state only an upper lifetime
limit of T < 0.7 ps is available in literature. Precise lifetime
measurements of this state can close the gap within the yrast
band towards the 12 isomer and will help to solve the puzzle
of the different shell-model descriptions. On the theory side,
full sdpf shell-model calculations are needed to properly
discuss the B(M1) strength of the 4] — 3] transition.
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