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Lifetimes of the low-lying states in Zn isotopes around N = 40 have
been measured using the Recoil Distance Doppler Shift method. The nuclei
of interest were populated in deep-inelastic reactions in inverse kinematics.
The ratios B(E2;4% — 27)/B(E2;2" — 01) measured for the Zn isotopes
follow a systematics consistent with a seniority classification.
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1. Introduction

The region in the vicinity of *Ni and the question of the N = 40 sub-shell
closure have attracted much attention in the recent years. The high excita-
tion energy of the 27F state in 58Ni [1], the low B(FE2;2% — 0%) value [2] as
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well as the low 05 excitation energy [3] are indications of the doubly magic
character of %Ni while mass measurements show that the N = 40 sub-shell
gap is not well pronounced [4]. Several other experimental results [5—-8] es-
tablished a local magicity around N = 40 with the observation of a rapid
onset of collectivity when adding a few particles/holes to the %Ni core.

From the systematics of the first 27 states energy and several B(E2)
values in the "780Zn isotopes, measured by Coulomb excitations at low
energy, the maximum collectivity for Zn isotopes was suggested to be at
N = 44 [9]. Recent measurements, performed using a plunger device indi-
cated rather a maximum at N = 42 [10, 11]. Moreover, the measurement
of B(FE2) values between higher-lying states above the first 2% in 7Zn,
produced by multi-nucleon transfer induced by "°Ge beam on 238U target,
pointed out a surprising non-collectivity of the yrast structure [11].

At the GANIL, we have performed an experiment with the goal to con-
firm the evolution of the collectivity in even neutron-rich Zn isotopes beyond
N = 40. This has been done by measuring the lifetimes of the low-lying
states above the 2% level using the plunger technique and a different reac-
tion channel than the one reported in [11]. Since the spectroscopy of the
odd nuclei around the N = 40 sub-shell allows us to probe the role of a hole
or a particle in the single-particle orbitals of interest, another aim was to
investigate the collectivity of excited states in %771 Zn.

2. Experimental setup

The experiment was performed at GANIL by applying the Recoil Dis-
tance Doppler Shift (RDDS) method [12]. The nuclei of interest were pro-
duced using deep-inelastic reactions in inverse kinematics with a 23%U
beam at 6.76 AMeV impinging on a 800 ug/cm? °Zn target deposit on
a 550 pug/cm? of Mg backing. Target-like reaction products were detected
and identified (Fig. 1) on an event-by-event basis using the focal-plane de-
tectors in the large acceptance VAMOS spectrometer [13]. The optical axis
of the spectrometer was rotated by 45° with respect to the beam axis, close
to the grazing angle of the reaction. Prompt ~-rays were detected with
the segmented germanium clover detectors of the EXOGAM array [14] in
coincidence with the recoil nuclei identified in VAMOS.

The differential plunger device developed at the University of Cologne
was used for the lifetime measurements of excited states in the picoseconds
range. An Mo degrader foil with a thickness of 6.13 mg/cm? was mounted
at close distance after the target in order to slow down the recoiling nuclei.
The Doppler correction of y-rays emitted before and after the degrader was
applied using the recoil velocity measured after the degrader by VAMOS
which resulted in two peaks for the same transition. The y-rays emitted after
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the degrader had the proper transition energy corresponding to the unshifted
component, while the v-rays emitted before the degrader appeared at a lower
energy corresponding to the shifted component of the peak (Fig. 1). The
two components are well separated if they are detected in clovers located at
angles larger than 135°. The evolution of the y-ray spectra for one transition
as a function of the target to degrader distance (33 and 99 pm) is shown in
the right panel of Fig. 1. Following the recipe of the RDDS method [12], we
measured the lifetimes of the states applying a correction for the feeding.
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Fig. 1. Particle identification spectra in Z versus A collected for one distance (left).
Evolution of the y-ray spectra obtained for the 4% to 2% transition in "?Zn as a
function of the distance between the target and the degrader (right). The peak
marked with u corresponds to the unshifted component, while s corresponds to the
shifted component.

3. Results and discussion

The measured lifetimes and extracted B(E2) values of the low-lying
states populated in "°Zn and 7?Zn are given in Table I and compared with
the existing experimental data and theoretical predictions.

The major contribution to the error bars comes from the statistical un-
certainty of peak intensities. The extracted B(E2;27 — 07) values for "°Zn
and "?Zn are in agreement with the previous results obtained using different
techniques. Conversely, the B(E2; 4T — 2%) value for "°Zn significantly dif-
fers from the one measured using the Doppler shift attenuation method [15].
Our results obtained for "»72Zn are in agreement with those reported by
Louchart et al. [11], where the same RDDS method was used, but with a
different reaction. A similar discrepancy between the results obtained with
the RDDS method and those using Coulomb excitations has been observed
for B(E2;4% — 2%) values for ™Zn [9, 11] which are not fully understood.



378 I. CELIKOVIC ET AL.

TABLE I

Measured lifetimes and B(E2;J — J — 2) values for low-lying states in "°Zn and
"27n, compared with previous experiments and shell-model calculations.

. . . SM [16]
This experiment Previous work JUN45 [17]
JT 7 |ps] B(E2;J — J —2) [e*fm?]
2861 ¢a" [11]
2T | 52405 |289+28 | 283+ 17 [1§] 302
7n 305 + 15 [19)
475552 [11]
+ —147
4 4.9+ 11| 276 £ 61 | 0" b7 (17 394
392135 [11]
+ —29
5 20 | 194 £55 | 354 £100 | o 72 20] 336
Zn
4t | 6.4 424 | 292+ 110 361157 [11] 349
6+ | 3.0+ 1.2 | 133 + 51 134737 [11] 228

We performed shell model calculations with the ANTOINE code [16].
The JUN45 [17] interaction in the pfs /2992 valence space with the effective
charges e, = 1.5e, e, = 1.1e was used. The theoretical results are in
agreement with the experimental values for 27 states, while the shell-model
calculation overestimates B(F2) values for higher-lying transitions.

The energy ratio E(41)/FE(2") along the Zn isotopic chain gives a qual-
itative idea of the collective properties of those nuclei. For all Zn isotopes
this ratio is in the range between 2 and 2.5 which is a typical value for
nuclei that exhibit a vibrational character. Additional information about
the collective properties of nuclei can be extracted from the B(FE2) ratio,
Bz = B(E2;4T — 2%)/B(E2;2% — 07) which, for collective excitations,
is expected to be larger than one. Moreover, for nuclei with vibrational
character, this ratio is equal to two, while for rotors it is equal to 1.43. The
By values obtained for "9Zn and "?Zn are 0.95 + 0.23 and 0.82 + 0.39 re-
spectively, which is the benchmark for nuclei where the seniority is a good
quantum number [21|. The Bjy values measured and calculated for the Zn
isotopes are plotted in Fig. 2.

The Zn isotopes lie in the region where it was precisely proposed that
seniority is a good quantum number [22|. Moreover, the B(E2;J — J — 2;
J > 2) values obtained for "?Zn, decrease from 4% — 2% to 67 — 47T
transition, following the expected behaviour for such nuclei as indicated in
Fig. 2 of Ref. [22].
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Fig.2. Systematics of the B(E2;4% — 27)/B(F2;2" — 01) ratio for the Zn
isotopes.

From the 7 spectrum of "'Zn, the lifetime of the state tentatively as-
signed to 1/27 or 3/27 [23] decaying to the 1/27 g.s. with a 490 keV
~y-ray was found to be 7 = 7.3 & 2.0 ps. According to the Weisskopf es-
timates 7,(M1) = 2.73 x 10713 s, 7,(E2) = 1.67 x 1077 s, one can rea-
sonably assume that the transition is mainly M1 with a corresponding
B(M1) = 0.066 + 0.018u%. In order to check the nature of this state,
we have applied a particle-core coupling approach by calculating the spec-
troscopic factors and occupancies as was done by Dijon et al. [24]. Assuming
this state to be the first calculated 3/27, we obtained wave functions where
the major component (around 60%) comes from a neutron hole in vps/,
coupled to the 07 ground state of "?Zn while 1/ 2, s 1s dominantly a neu-
tron hole in vp; /5 coupled to the ground state of "27n, which supports the
assumption of an M1 transition and indicates the single particle nature of
the 3/27 state. If we now assume that the state is the first excited 1/2~
calculated by the SM, its major component (just 30%) is a neutron hole in
vpy /2 coupled to the O; of ™7n, indicating more a collective nature of the
1/25.

From the 7-ray spectrum of 59Zn we were able to identify the shifted
component of the 3/27 state which allowed us to extract an upper limit for
its lifetime found to be smaller than 0.44 ps. Again, the Weisskopf estimates
give: Tw(M1) = 5.52 x 107 5, 7,(F2) = 1.21 x 1070 5. Therefore, we
assume a dominant M1 character for this transition. In the framework of
the particle-core coupling approach, the 3/27 state is mainly a neutron hole
in vps/5 coupled to the ground state of "Zn (48%), while 1/2; is mainly
a neutron hole in vp;/, coupled to the ground state of 07n (48%). This is
also consistent with the assumption of an M1 transition and indicates its
single-particle nature.
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4. Conclusion

Lifetimes of the low-lying states in Zn isotopes around N = 40 have been
measured using the Recoil Distance Doppler Shift method. The nuclei of
interest were populated in deep-inelastic reactions in inverse kinematics. The
results obtained for "%72Zn are in agreement with those reported by Louchart
et al. [11], where the same RDDS method was used, but with a different
reaction. The B(FE2) ratios between B(E2;4" — 21) and B(E2;2T — 0T)
as well as the systematics of the B(E2;J — J — 2;.J > 2) values obtained
for ">Zn, show a surprising absence of collectivity which might indicate that
the seniority is a good quantum number in the Zn isotopes. Lifetimes of
the odd %71Zn isotopes were measured and discussed in the framework of
a particle-core coupling approach.
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