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Abstract. To study the nuclear structure of neutron-rich titanium isotopes, a lifetime measurement was per-
formed at the Grand Accélérateur National d’Ions Lourds (GANIL) facility in Caen, France. The nuclei were
produced in a multinucleon-transfer reaction by using a 6.76 MeV/u 2*U beam. The Advanced Gamma Track-
ing Array (AGATA) was employed for the y-ray detection and target-like recoils were identified event-by-event
by the large-acceptance variable mode spectrometer (VAMOS++). Preliminary level lifetimes of the (5/27)
to 13/2~ states of the yrast band in the neutron-rich nucleus **Ti were measured for the first time employing
the recoil distance Doppler-shift (RDDS) method and the compact plunger for deep inelastic reactions. The
differential decay curve method (DDCM) was used to obtain the lifetimes from the RDDS data.

1 Introduction

The nuclear structure in the region of neutron-rich Ti iso-
topes is of enhanced interest due to the observed features
hinting at subshell closures at N = 32,34 [1]. For exam-
ple, in neutron-rich °~3Ti isotopes the staggering of the
excitation energies for the 27 state points to emergence of
subshells. In case of 3Ti, the excited states were reported
by prompt y-ray spectroscopy following 8 decay [2]. The
knowledge was extended by studies performed at the Gam-
masphere spectrometer [3] to identify the >3Ti yrast cas-
cade for the first time and to determine the excitation en-
ergy of states with spins up to I = 21/27. In addition,
the experimental yrast structure was compared with shell-
model calculations where the experimental data are par-
ticularly well described by calculations using the GXPF1
and GXPF1A interactions [3]. For the level energies this
is directly related to the fact that the v1fs/, and v1p;,, or-
bitals are well separated from the v1ps, orbital, a fact that
also gives rise to the subshell closure at N = 32. In con-
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trast, calculations with the FPD6 Hamiltonian do not pre-
dict gaps at N = 32,34. In order to verify the previous
findings on shell closures, lifetimes of excited states are of
great importance. From these, transition probabilities can
be determined which represent important quantities to test
the shell structure. In this work preliminary data of life-
times for the (5/27) to 13/2~ states of the yrast band of
33Ti are presented for the first time.

2 Experimental Details

Excited states in neutron-rich titanium isotopes were pop-
ulated as products of a multinucleon-transfer reaction
induced by a 2*®U beam at an energy of E(*®¥U) =
1608.9MeV (= 6.76 MeV/u) at the Grand Accélérateur
National of d’Ions Lourds (GANIL) in Caen, France. The
experimental setup consisted of the compact plunger for
lifetime measurements of excited states produced in deep
inelastic reactions [4] in combination with the Advanced
Gamma Tracking Array (AGATA) [5] y-ray spectrome-
ter consisting of 29 36-fold segmented capsules in 10
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cryostats. A 1.5mg/cm? enriched °Ti plunger target was
used, on which a natural copper fronting with a thick-
ness of 0.4 mg/cm? for heat conduction was evaporated.
A "'Mg degrader foil with a thickness of 3.2 mg/cm? was
placed downstream from the target. Both the target and
degrader foils were placed at an angle of 45° with re-
spect to the incoming beam which is close to the graz-
ing angle of the multinucleon transfer reaction. Since the
expected lifetimes in the neutron-rich titanium isotopes
are a few picoseconds, the recoil distance Doppler-shift
(RDDS) method [6] was employed. The target-like re-
action products were detected and identified in the large-
acceptance variable mode spectrometer VAMOS++ [7-9].
These products exit the target foil with an average velocity
vr resulting By = vr/c = 12.7(2) %. The Mg foil degrades
the energy of the ions to 3.68 MeV/u resulting in an aver-
age velocity of B8p = 11.7(2) % that was measured directly
by VAMOS++. Br was deduced from the experimental
Doppler-shift between the two components of the transi-
tions:

N

En(AB,0) = Eys - T A cos®)’

ey
where Eg, is the energy of the fast component, i.e. the
emission before the degrader, and E is the intrinsic y-
ray energy of the degraded component, i.e. the emission
after the degrader, which depends on the velocity differ-
ence AB = Br — Bp as well as the polar angle 6. Dur-
ing the experiment beam induced structural changes of the
target prevented a determination of the distances between
target and degrader, which are essential for a lifetime anal-
ysis. This problem could be solved by determining effec-
tive distances using precisely known lifetimes of “°Ti [10].
Detailed information about the distance determination will
be given in Ref. [11]. A total of six target-to-degrader dis-
tances, ranging from 130 um and 1000 pm, were set dur-
ing the experiment, each with a measurement time of about
24 hours.

3 Data analysis and results

The reaction products were completely identified on an
event-by-event basis using VAMOS++. The matrix of the
energy loss obtained in the sum of the first three rows of
the ionization chamber versus the total energy measured in
the sum of all rows was used for the Z identification. The
mass A and mass over charge (A/Q) were obtained from
the time-of-flight, the total energy and the magnetic rigid-
ity (Bp). Further details will be given in Ref. [11]. After
the particle identification Doppler-corrected y-ray singles
spectra could be generated for each nucleus by means of
corresponding Z and A gates. The differential decay curve
method (DDCM) [12] was employed for the lifetime anal-
ysis using the y-ray singles spectra. Figure 1 shows the
y-ray statistics for >3Ti in a sum spectrum in which the
spectra of all six distances were added up. It was possi-
ble to identify nine transitions of >>Ti (cf. Fig. 1) that are
clearly visible after Doppler correction for the degraded
component. These correspond to the decays of the first six
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Figure 1. Doppler-corrected y-ray spectrum in coincidence with
ions identified as 33Ti, summed over all six distances. Nine y-ray
decays are observed.

excited states up to the 15/27 state of the yrast band in
3Ti. The level scheme in Fig. 2 contains only the transi-
tions and levels observed in this work.

3143 keV 15/27
387 keV
2755 keV 13/2~
257 keV _
2498 keV 11/2
921 keV 292 keV )
2205 keV 9/2
629 keV
968 keV
1576 keV Y 727
339 keV -
1237 keV Y (5/27)
1576 keV
1237 keV
0 keV Y (3/2)~

Figure 2. Partial level scheme of 33Ti relevant for the present
experiment.

For the evaluation of the 7/2~ state the decay into the
(3/2)" state was used (1576 keV), on the one hand due to
the clear separation of the fast and degraded components,
respectively, and on the other hand because it is by far the
strongest decay branch. Furthermore, the y-ray energy of
the transition 7/2° — (5/27) is significantly lower with
339keV and the Doppler shift is therefore smaller, which
leads to a worse separation of the two components. In
addition, the latter decay has a relative intensity of only
33 [13] normalized to the strongest decay with a rela-
tive intensity of 100. Only the decay into the 7/2~ state
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Figure 3. Plot of lifetime analysis for the (5/27) and 7/2" states in >>Ti. In the upper panels (a), (d) the black solid lines represent the
weighted mean value of the lifetimes; dashed lines mark the statistical uncertainty. The intensities of the fast and degraded components
are shown in (b),(e) and (c),(f), respectively. For the intensity determination of the degraded component (c),(f) a feeding correction was

considered. Note the logarithmic distance scale.

(629 keV) could be used to determine the lifetime of the
9/2~ state, since this decay was much stronger with a
relative intensity of 100 than the decay into the (5/27)
state (968 keV, 10.5). However, a smaller Doppler-shift
is present due to the smaller transition energy. Although
two transitions depopulate the 11/27 state, the transition
to the 9/2 state with only 292 keV is not suitable for the
analysis, so the transition to the 7/2~ state (921 keV) was
used even tough it only has a relative intensity of 17 as
compared to the strongest decay branch with a relative in-
tensity of 100. Due to the insufficient separation of the
15/2 — 13/27 transition, it was not possible to evaluate
the lifetime of the 15/2~ state.

The peak positions and widths of the degraded compo-
nents were fixed with calibrations of the strongest decay of
50.5233Ti, The lifetime is extracted from intensities of the
depopulating transition after subtraction of the observed
feeding for each distance x according to:

() —a-Ih(x) 1

d
oI Ifh(x) ur

7(x) = @

s where 14, and Ijh are the efficiency-corrected and nor-
malized intensities of the degraded and fast components of
the depopulating (d) and populating (p) state, @ includes
the branching ratios and vy = Br - ¢ is the mean velocity
of the recoils before the degrader. According to DDCM,
lifetime values are derived at each target-to-degrader dis-
tance and a constant line of lifetime values as a function

of the distance is expected. Deviations from this con-
stant line are indicators of systematic effects that can be
detected using this method. Preliminary lifetime fits for
the (5/27) — (3/2)” and 7/2~ — (3/2)” transitions per-
formed with the program NAPATAU [14] are shown in
Fig. 3. Similar fits could also be generated for the higher
lying states 9/27,11/27 and 13/2".

The middle panels (b),(e) show the intensities of the
fast components of the depopulating transition and the
lower panels (c),(f) those of the degraded components tak-
ing into account a feeding correction for observed feeders
of the respective level of interest. As a result of these two,
the deduced lifetime is shown in the upper panels (a),(d).
The data are still under analysis, thus experimental prelim-
inary results of measured lifetime values for the (5/27) to
13/2" states in >>Ti are summarized in Table 1.

Table 1. Results of the preliminary lifetime values of the first
five yrast states in 3Ti from this work.

I Ereve (keV)  E, (keV) 7 (ps)
(5/27) 1237.1 1237.1  24+0.5
7/2* 1576.3 1576.3 04+04
9/2~ 2205.8 629.6 1.1 £0.5
11/2° 2498.1 921.8 35+0.7
13/2- 2755.9 257.8 24+0.6
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Since the slowing down of the recoils in the de-
grader does not happen instantaneously, but takes a fi-
nite time, slowing down effects occur here (Doppler Shift-
Attenuation (DSA)). These lead to the fact that the de-
graded peak has no longer a Gaussian shape, but a tail
in the direction of the flight component, which should be
assigned to the slow component, because the degrader is
already reached. This can be problematic for the analysis
of RDDS measurements with insufficient separation of the
components, since these decays in the spectrum cannot be
distinguished from those in which a recoil decays in flight
between target and degrader. This effect depends on the
lifetime and increases strongly with decreasing lifetime.
In general, a correction for lifetimes smaller than 2 ps is
considered. This applies especially to the lifetimes of the
7/27 and 9/2~ states for which such a correction must be
made in a next step and is planned by means Monte-Carlo-
Simulations using the G4LirETIMEG toolkit [15].

4 Summary

Preliminary lifetime values of five excited states of the
yrast band in >>Ti were determined for the first time. The
next step is to finalize the results by considering DSA ef-
fects for very short lifetimes. The results can be used to
test shell-model predictions for different interactions. In
addition to the existing calculations in Ref. [3], further
interactions should be used to evaluate their predictabil-
ity. With the new experimental transition strengths the
description of the nuclear structure in *Ti may be im-
proved. Further, the predicted evolution of shell closures
at N = 32, 34 can be tested.
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