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Lifetime measurement of the 4; state of **Ni with the recoil distance method
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The quadrupole transition rate for the 47 — 2} transition of 8Ni was determined from an application of the
recoil distance method with the Gamma-Ray Energy Tracking In-beam Nuclear Array (GRETINA). The present
result of the B(E2;47 — 27) was found to be 507" €2 fm*, which is about three times smaller than the literature
value, indicating substantially less collectivity than previously believed. Shell model calculations performed with
the GXPF1A effective interaction agree with the present data and the validity of the standard effective charges in
understanding collectivity in the nickel isotopes is discussed.
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I. INTRODUCTION

The quadrupole transition rates of excited nuclear states
serve as useful indicators of collectivity or deformation in
atomic nuclei and provide experimental inputs to validate theo-
retical predictions. Recent progress in Coulomb excitation and
lifetime measurements with rare isotope beams has provided
B(E?2) data for well-deformed nuclei with N = 40-50 [1-4]
and in the vicinity of doubly magic nuclei *Ni and '°%1328p,
away from the valley of stability [5-8]. Concurrently, the
development of new effective interactions in model spaces with
larger dimensions has expanded the shell model’s predictive
power into heavier mass regions, including a new frontier
around A =~ 60-80 at the pf shell extending into the sdg shells
[9-11].

The Ni isotopic chain spans over three doubly magic nuclei,
from the most neutron-deficient doubly magic nucleus **Ni
[12] via the self-conjugate S0Nj [5] to the very neutron-rich
78Ni [13,14]. As such, the Ni isotopes have attracted much
interest as a benchmark for shell model calculations, for
example, as in [15,16]. Nuclides SNj at N = 28 and **Ni
at N = 40, a closed shell for the harmonic oscillator poten-
tial, demonstrate a significant increase of the 2;” excitation
energy, which is associated with magic nuclei. Likewise, the
B(E2; 2;“ — Of) values of nuclei between °Ni and %Ni
exhibit the parabolic shape expected between two magic
nuclei, with minima at °Ni and %®Ni and a maximum at
midshell. However, *°Ni and ®*Ni are of particular interest, as
shell model calculations result in ground state wave functions
with substantial contributions from excitations across the
Z =28 and N = 28,40 gaps, which could alter the behavior
of collectivity of nuclei between these two isotopes [10,11,17].
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In this paper, we report on a new lifetime measurement
of the 47 state of ¥Ni. Lying two neutrons above °Ni,
the structure of *Ni is expected to be sensitive to core
excitations over the N = Z = 28 shell gap. The lifetime of
the 47 state of Ni has been measured previously using the
Doppler-shift attenuation method (DSAM), which resulted in
a B(E2;47 — 2]) of 1487}% ¢? fm*. [18]. In fact, this is the
only lifetime data for this transition incorporated into the
National Nuclear Data Center (NNDC) evaluation [19] and
the result turns out to be approximately three times larger
than the prediction of 55 ¢? fm* from the GXPF1 shell model
interaction, which has demonstrated good predictive power in
this mass region [9].

The potential enhancement of collectivity in the 4/ — 2
transition could indicate that the importance of core excitations
across the N = Z = 28 gap is underestimated or could even
signify mixing in an extended model space including the
lower lying sd or higher lying sdg shells, impacting our
understanding of the evolution of structure in the Ni isotopic
chain. On the other hand, neither the aforementioned DSAM
measurement nor recent Coulomb excitation measurements
of *®Ni exhibit an enhanced B(E2; 2;“ — OT) compared to
the GXPF1 shell model [18,20]. In fact, the previous DSAM
measurement of the 4, state was sensitive primarily to
lifetimes on the order of 1 ps or less, which does not cover the
theoretical 4 lifetime of 14 ps predicted by the GXPF1 shell
model. In order to confirm or reject the enhanced collectivity
for the 47 state of *Ni, an independent measurement is needed
which is capable of distinguishing between the literature value
and the theoretical prediction.

In this work, the lifetime of the 4] state was determined
using a modified version of the recoil distance method [21,22].

©2016 American Physical Society
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This method is based on the use of three foils, a target and
two degraders. This configuration is suited for covering a
large range of lifetimes in a single setup. In this experiment,
the excellent position resolution needed to resolve the three
different Doppler-shifted peaks associated with the three
foil configuration was provided by the Gamma-Ray Energy
Tracking In-beam Nuclear Array (GRETINA) [23].

II. EXPERIMENT

The experiment was performed at the National Supercon-
ducting Cyclotron Laboratory, using the same experimental
setup of [24]. A primary beam of "8Kr was accelerated to
150 MeV per nucleon by the K500 and K1200 coupled
cyclotrons and incident on a *Be target to produce a secondary
cocktail beam including "*Kr. The A1900 fragment separator
[25] was then used to separate the fragments by their rigidities.
The secondary "*Kr beam at 93 MeV per nucleon had an
intensity averaging at 1 x 10° particles per second with a
purity of approximately 40%. The secondary beam was then
sent to the experimental area, where lifetime measurements
were performed with the Triple Plunger for Exotic Beams
(TRIPLEX) [22] coupled with GRETINA [23] and the S800
spectrograph [26].

The TRIPLEX [22] is a device which enables sensitive
lifetime measurements based on the recoil distance method
by the placement of up to three foils into the beamline.
The first foil was a 750-um °Be target foil. The second
foil was a 125-um Ta degrader foil. The third foil was a
90-um Ta degrader foil. The excited states of *Ni were
populated by multinucleon removal reactions of "*Kr on the
9Be target. The second two foils were used as degraders to
enable the recoil distance method. In this setup, there are
three different Doppler-shifted y-ray peaks: a “fast” peak for
decays occurring before the first degrader, a “reduced” peak for
decays occurring between the first and second degraders, and a
“slow” peak corresponding to decays after both degraders. The
TRIPLEX plunger was configured to provide a measurement
of lifetimes in the range of 10 ps, and therefore a separation of
1 mm was used between both the target and first degrader and
between the first and second degraders.

1000

a) * V 4 -2 *Ni Projectile Frame
% 800j 4 -4
X r 2] > 0
S 600
E - si Fast
A ' N S A A A\ RS | | W A, ow as’
S 400~ :
o F Red ced
O 200/~
O:H‘\H‘\Hm ‘\

400 600 800 1000 1200 1400 1600 1800
v-ray Energy (keV)

PHYSICAL REVIEW C 94, 024340 (2016)

To measure background contributions from reactions in
the degraders, an additional measurement was performed by
setting the separation between the target and the first degrader
to 10 mm while keeping the distance between the degraders
at 1 mm. Due to the long distance between the target and
degraders, nearly all of the excited states produced in the
target will decay prior to reaching the degraders. Therefore, the
ratio of counts in the three Doppler-shifted regions provides
a measurement of relative yields of reactions in the target to
those in the degraders.

The reaction products and beam energy were identified
using the S800 spectrometer. The S800 spectrometer uses
time-of-flight and energy-loss measurements to separate out
and identify the reaction residues of interest [26]. The energies
of the reaction products after passing through the TRIPLEX
were determined from the S800 magnetic rigidity to be 40
MeV per nucleon. Based on the final **Ni energy, the **Ni
recoil velocities relative to the speed of light (v/c) after each
foil are estimated to be 0.36 (target), 0.32 (first degrader), and
0.28 (second degrader).

The deexcitation y rays were detected using GRETINA in
coincidence with the identified **Ni nuclei. The GRETINA
configuration consisted of seven detector modules made up of
four high-purity germanium (HPGe) crystals, each of which
was divided into 36 segments. Signal decomposition provides
subsegment position resolution [23]. The array was set up
in the GRETINA frame with the TRIPLEX target positioned
13 cm upstream of the pivot point to increase the effective
area of the array at small angles from the first degrader. The
forward-most four detectors were placed at laboratory angles
of 20° to 50° with respect to the first degrader, and were
used to measure lifetimes. Additionally, three detectors were
placed around 70°, which provided information to identify
higher lying states and coincidence relationships.

The Doppler-shift correction for each event was performed
by using the angle from the degrader position to the largest en-
ergy deposit in GRETINA and the average velocity of the **Ni
particles between the degraders (v/c = 0.32). Furthermore,
an addback summing the energies of all y-ray events which
occurred within a distance of 7.5 cm from the first interaction
point was employed. The 7.5 cm was chosen to balance the gain
in peak-to-background from the addback against a potential
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FIG. 1. (a) Doppler-shift corrected and (b) laboratory-frame y-ray spectra for *Ni at forward angles using a 1-mm separation between the
target and degraders In (a) the arrows indicate the observed **Ni transitions and show the fast, reduced, and slow components for the lifetime
measurement. In (a) and (b) the y-ray peaks from neutron-induced reactions are labeled.
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FIG. 2. A partial level scheme for **Ni showing states observed in
the y-ray spectra measured in the experiment. The arrow thicknesses
for the 27, 41 and 47 transitions correspond to the observed intensity
of the transition relative to the 2] — Of transition. The mean lifetime
shown in parentheses for the 4,+ state is from the current measurement,
while those for the 2] and 47 states are from the NNDC evaluation
[19].

loss from accidental coincidences, which were not negligible
due to the large background of this measurement.

III. DATA ANALYSIS AND RESULTS

The Doppler-shift-corrected spectrum for *Ni with the 1-
mm separation is shown in Fig. 1(a). The three-peak structure
characteristic of decays with lifetimes on the order of 10 ps is
evident for the 4] decay at 1005 keV populating the 2] state.
A similar feature is seen for the 2] decay to the 0] state at
1454 keV. In addition, a hint of a three-peak structure is seen
at around 1160 keV, which is consistent with the 43+ decay to
the 4;“ state, as shown in the level scheme of Ni in Fig. 2. A
peak at around 870 keV is consistent with the fast component
of the 73 — 61 transition of **Ni, but it was not identified in
the y-y coincidence as part of a decay scheme. Because the
Doppler reconstruction is optimized for decays occurring just
after the first degrader, the reduced (middle) peak corresponds
to the transition energy.

In Fig. 1(a), several peaks in the low-energy region between
300 and 800 keV are also observed. These are associated
with background y rays from neutron-induced reactions in
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the surrounding materials, such as the Al beam pipe and the
Ge detectors, which are clearly identified in the laboratory-
frame spectrum as shown in Fig. 1(b). Contrary to the usual
expectation, these laboratory-frame y-ray transitions manifest
a peak structure after Doppler correction, as only forward-
angle data from GRETINA are used for the present analysis.
Most of the background peaks appear at lower energies, but
the peaks at 1368 and 1808 keV from the reactions of neutrons
onto 2’ Al overlap with the ®Ni transitions after the Doppler-
shift correction and require a careful analysis as discussed
below.

In order to analyze the lifetime of the 4] state in **Ni,
a software package based on GEANT4 [27] incorporating
the present experimental setup was employed, which created
simulated spectra to be compared with the experimental data
[28]. The simulated spectra were fit to the data using a 2
minimization, with the lifetime of the 4?’ state, the amplitude
of the simulated spectra, and the exponential background as
variable parameters. Other parameters were estimated and
fixed in the fit, including the feeding contributions from
higher lying states and the degrader reaction contribution.
The systematic errors associated with these parameters were
separately evaluated and are included in the final result. The
simulation performs the addback of all points within 7.5 cm
of the highest energy deposit, as is done in the data analysis.
The laboratory-frame background contribution is incorporated
by simulating the neutron-induced background peaks at 1368
and 1808 keV with the yields observed in the experiment and
converting them into the projectile frame as shown by the filled
spectra in Fig. 3(a).

To constrain the relative population strength and the
reaction ratio, the data from the 10-mm separation were
analyzed and the best fit is shown in Fig. 3(b). The proportion
of 3Ni states directly populated in the reaction was found to
be 25% =+ 5% for the 2 state, 50% =+ 5% for the 4] state,
and 25% =+ 5% for the 4;’ state, where the error is statistical
only. The reaction ratio of the target to the degraders was
determined to be 131“2‘, where the error is statistical only. Note
that the apparent fast-to-slow yield ratio in the spectrum is
smaller than that determined above, as the S800 rigidity is
tuned for the lower momentum 3Ni products, which favors
reactions in the degraders.
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FIG. 3. Results of the recoil distance method analysis for the *Ni 4} — 2! transition using (a) 1-mm and (b) 10-mm target to degrader
separations. The fit includes the 2] — O} transition, which is sensitive to the 4] lifetime. The data are compared to the fit spectra, which are
decomposed into the GEANT4 simulation, the y rays from neutron-induced reactions in ?’Al, and the exponential background. In (a), fits for
5 ps, consistent with the literature value [18], and the present result of 16 ps are shown.
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FIG. 4. y-ray spectrum for the 4] — 4] transition of **Ni. The
data are compared to simulated spectra with T(47) of 0, 3, and 8 ps.

The lifetime of the 4] state was determined from a fit to the
1-mm separation data as shown in Fig. 3(a). The adopted value
of the lifetime of the 2‘{ state is 0.94 ps [19]. Due to the short
2] state lifetime and the significant feeding from the 4] state,
the spectral shape for the 2] decay should reflect the lifetime
of the 4] state, which is expected to be in the 10-ps range.
Therefore, the region for the fit was chosen to include both
the 2] and 4] peaks. The best fit result is shown in Fig. 3(a),
where the 4] lifetime of 16 + 1 ps was obtained.

The main systematic errors in the present measurement
are from ambiguities in the target-to-degrader reaction ratio
and in feeding contributions from higher lying states. The
feeding effects were studied by assuming that all of the higher
lying feeding states decay first to the 47 state. The lifetime of
the 4; state has previously been deduced to be 0.16 ps [19].
However, the three-peak structure observed for the 1161-keV
transition [Fig. 1(a)] indicates a longer effective lifetime for
this decay. The effective lifetime was determined by analyzing
the spectrum between 1080 and 1300 keV with the amplitude
as a free parameter and with a fixed exponential background.
The best fit 47 effective lifetime was found to be 3™3 ps.
The 1-mm spectrum focused around 1161 keV is shown in
Fig. 4 together with simulations incorporating the various
lifetimes.

The systematic error for the 47 lifetime due to the
uncertainties in the degrader reactions and feeding effects
was found by analyzing the dependence of the lifetime on
the modification of the corresponding parameters in the fit.
The uncertainties in the 4] lifetime from the degrader reaction
ratio and the feeding lifetime of the 4;“ state were found to
be £1 ps and 35 ps, respectively. The additional systematic
error from uncertainties in the direct population of states
was found to be negligible. By adding the statistical and
systematic errors in quadrature, the present result of the 4T
mean lifetime is determined to be 16f§ ps, which corresponds
toa B(E2;47 — 27) of 507" ? fm*.

IV. DISCUSSION

The experimental and theoretical results for the energy
levels and the B(E2;2] — 07) and B(E2;4] — 27) values
of nickel isotopes in the pf shell are presented in Fig. 5. The
experimental data for >*Ni are from the current measurement
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FIG. 5. The systematics of the nickel isotopes, including the 4}
and 21+ energies (top), B(E2;21+ — 01*) (middle), and B(E2;41+ —
21 (bottom). The experimental values are compared with shell model
calculations using the GXPF1A and KB3G shell model interactions.
For the GXPF1A shell model, B(E2) values are presented with the
two sets of effective charges discussed in the text.

and the previous measurement by Kenn et al. [18], while the
remaining data are the adopted values from the NNDC [19].
The theoretical values come from the GXPF1A [29] and KB3G
[30] Hamiltonians for protons and neutrons in the full pf
model space, with a portion of the shell model calculations
carried out using the code MSHELL64 [31]. The GXPFIA
interaction is a modification of the GXPF1 interaction, where
discrepancies between experimental data and shell model
calculations for unstable neutron-rich isotopes of Ca, Ti, and
Cr were addressed by changing the values of five two-body
matrix elements [29]. Two sets of proton (e,,) and neutron (e,)
effective charges are used in calculating the B(E?2) values with
the GXPF1A interaction: the “standard” values of e, = 1.5
and e, = 0.5 as used in [29] and the values e, = 1.12 and
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TABLE 1. Bare E£2 matrix element A, and A, values calculated using the GXPF1A and KB3G shell model Hamiltonians for the 2] — 07
and 47 — 27 transitions in the Ni isotopes. In addition, the B(E2) values for those transitions are calculated using the standard effective
charges e, = 1.5, e, = 0.5 and modified effective charges e, = 1.12, ¢, = 0.67.

Nucleus J; — Jg GXPF1A KB3G
A, (efm?) A, (efm?) B(E2)(e*fm*) B(E2) (¢*fm*) A, A,  B(E2)* (2 fm*) B(E2)" (&* fm*)

ONj 27 — of 14.19 14.19 161 129 1333 1333 142 114
BNi 2 = o0f 10.11 17.97 117 109 6.13  17.49 64 69
ONj 2F —of 12.88 22.17 185 171 745  22.72 102 111
2Nj 2F —of 15.00 23.38 234 211 771 22.58 104 113
#Ni 27— 0f 10.50 21.08 138 134 516  20.29 64 75
ONj 4f —2f 18.58 18.58 153 123 1159 11.59 60 48
BNi 4F —»2f 9.88 19.01 66 63 6.11 17.81 36 39
0N 4F = 2f 15.40 24.74 140 127 563 1413 27 28
62Ni 45 —2F 2254 33.38 283 252 7.86  19.98 53 55
#Ni 4F — 2of 7.44 9.87 29 25 128  6.04 2.7 3.3

‘e, =15,e,=0.5.
be, = 1.12, ¢, = 0.67.

e, = 0.67 determined from the B(E?2) values of the mirror
27/2~ to 23/2" transitions in >'Fe and >'Mn in [20].

The A, and A, values presented in Table I are the bare
proton and neutron E2 matrix elements in the pf model
space. The radial integrals were evaluated with harmonic
oscillator wave functions with hw = 454713 —25472/3,
The B(E2) values are obtained from the bare E2 ma-
trix elements by incorporating the effective charges as
B(E2;I; — 1;) = (Aye, + Ane,)*/(2J; +1). The B(E2)
values are calculated using both sets of effective charges previ-
ously discussed with the bare E2 matrix elements determined
from shell model calculations. Although N = 28 and N = 40
are not identified as good shell closures in the Ni isotopes,
shell effects remain in the systematics of the Ni isotopes, with
the energy of the 2] state attaining a local maximum at *°Ni
and °®Ni. Likewise, a similar decrease in the B (E2; ZT — 01*)
can be observed at the same nuclei, with the B(E?2) attaining a
maximum near midshell. While the previous B(E?2; 4T — 2;“)
data suggested a potential increase in collectivity in ®Ni
relative to the B(E2; 4;“ — 2?’) of ®°Ni, the current data restore
a decrease in collectivity away from midshell consistent with
the other systematics and shell model calculations.

As can be seen in Fig. 5 and Table I, while the GXPF1A
and KB3G interactions both agree with the B(E?2; 4T — 2;“)
of *Ni, there is a significant difference between the results
for the GXPF1A and the KB3G interactions for B(E2; 2;’ —
07) values throughout the rest of the isotopic chain, with the
GXPF1A being in much better agreement with experimental
data [29,30]. The main reason for this is that the effective N =
Z = 28 shell gap is larger in the KB3G interaction, resulting in
a smaller amount of proton and neutron excitations across the
N or Z = 28 gap and thus reduced collectivity. On the other
hand, the B(E2) values predicted by the GXPFIA interaction
using the two different sets of effective charges are similar to
each other, and in both cases reproduce the data well.

The present result for the B(E2;4] — 2]) of 50%;' ¢? fm*
can be seen in Fig. 5 (bottom) to agree more closely with the

GXPF1A shell model calculation than previous DSAM results.
In addition, the present result restores the clear behavior of the
B(E2;4] — 2{) systematics towards a single large peak at
2Ni, as predicted by the GXPF1A shell model. This strong
peak in the B(E2;4" — 27) values at ®*Ni arises from the
increased occupation of the neutron f5,, orbital relative to
38Ni. The neutron f5,2 contribution to the E2 matrix element
adds coherently with the contributions from the neutron p3,,
and neutron pj ; orbitals, and so the overall E2 matrix element
becomes much larger at ®*Ni.

In conclusion, a new measurement of the lifetime of the
4;“ state in “*Ni has been performed using the recoil distance
method, which resulted in a value of 16J_r§ ps. The resulting
B(E2;4} — 27) for *Ni of 50" ¢ fm* obtained in this
experiment resolves a discrepancy with the GXPF1A theory
that arose from the previous DSAM results. The new value
is more consistent with the GXPF1A shell model interaction
prediction of 66 e? fm* [29] than with the literature value of
1484_'{2 % fm* and so suggests much less collectivity in **Ni
than previously indicated.
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