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Measurements consisting of «-ray excitation functions and angular distributions have been per-
formed using the (n,n’7) reaction on 5?Ni. The excitation function data allowed us to check the
consistency of the placement of transitions in the level scheme. From ~-ray angular distributions, the
lifetimes of levels up to ~ 3.8 MeV in excitation energy have been extracted with the Doppler-shift
attenuation method. The experimentally deduced values of reduced transition probabilities have
been compared with the predictions of the quadrupole vibrator model and with large-scale shell
model calculations in the fp shell configuration space. Two-phonon states have been found to exist
with some notable deviation from the predictions of the quadrupole vibrator model, but no evidence
for the existence of three-phonon states could be established. Z = 28 proton core excitations play
a major role in understanding the observed structure.

PACS numbers: 21.10.Tg, 23.20.Lv, 25.40.Fq, 27.50.4+e

I. INTRODUCTION

The stable nickel isotopes, lying above doubly magic 55Niss, have been the focus of many experimental and the-
oretical investigations over the past few decades. The closure of both the 1f7,, proton and neutron shells in 59Niag
leads to a simple shell-model description of the low-lying levels in the nickel isotopes with the proton shells completely
inert and the valence neutrons in the 2ps3/5, 1f5/2, and 2p; /o orbitals. Shell model calculations with this simple
configuration space reproduce the energy spectra of the nickel isotopes up to ~ 3 MeV [1-3]; however, calculations
of electromagnetic transition rates do not reproduce the experimental values. This failure indicates the necessity for
excitations of the °6Ni core. In fact, the excitation of both protons and neutrons from the 1f; /2 core orbital to the
higher orbitals of the fp shell are required to reproduce the experimentally observed systematic trends of both g
factors and B(E2)s of the first 2 states of the even-even nickel isotopes with A= 56 - 68 [4, 5]. As seen from Fig. 1,
the B(E2;2] — 07) values vary systematically with number of neutrons and ideally should become a maximum at
62Ni, which lies at the middle of the fp shell (beyond the ®°Ni core). But more recent values adopted in Ref. [6] for
the even-even Ni-isotopes in the entire fp shell region indicate the maximum B(E2; 21” — Of) for °Ni. However,
this B(E2) is large in %2Ni and indicates collectivity at low excitation energy. The small value of Q(2])(= +0.05(12)
barn) [7] reveals a nearly spherical shape and the collectivity is expected to appear in terms of vibrational motion,
with the onset of a sequence of quadrupole vibrational phonon states [8]. The experimental value of E;+/Fy+ ~ 2 is
suggestive of considering this nucleus as a “spherical harmonic vibrator” and a 0;’, 2;’, and 41” triplet of levels does
exist at approximately twice the energy of the one-phonon 27 state. Also, the energy level scheme at higher excitation
exhibits close-lying levels at approximately thrice the energy of the one-phonon state. For a true categorization, one
would need to identify the underlying single-particle and multiphonon contributions by obtaining B(E2) values for
the associated transitions. Large E2 decay strengths (> 10 W.u.) are important properties of levels to be identified
as multiphonon excitations.

Numerous experiments have previously been performed in order to study the low-lying structure of 2Ni. These
studies include Coulomb excitation [4], beta-decay measurements [9, 10], transfer reactions [11-13], fusion-evaporation
reactions [14], inelastic scattering measurements with electrons [15], protons [16], neutrons [17], alpha particles [18],
ete. According to the latest compilation in the Nuclear Data Sheets (NDS) [19], lifetimes of most of the levels in ®?Ni
up to E, ~ 3.8 MeV are known. However, as mentioned in the NDS [19], lifetimes of many of the levels previously
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FIG. 1: (Color online) Even-even nickel isotopes within fp shell region showing the variation of excitation energies of the 2
state (top panel) and of B(E2)s (bottom panel) as a function of mass number. The data have been taken from Ref. [6]. Lines
have been drawn through the data points to guide the eye.

measured with the (n,n’y) reaction [17] deviate from the average lifetime values obtained with other reaction studies.

With the aim of obtaining a consistent image of the properties of low-spin levels, measurements have been carried
out using the Doppler-shift attenuation method (DSAM) following inelastic neutron scattering from an enriched ®2Ni
sample with neutron energies close to the threshold values of the respective levels. Attempts have also been made
to extract previously unknown spectroscopic properties, such as mixing ratios and reduced transition probabilities of
many of the transitions. The search for the weak decay branches, as needed for testing the proper identification of
multiphonon states, was an additional motivation behind this work.

Garrett et al.[20, 21] recently pointed out the possibility of a breakdown of vibrational motion in the even-even
stable Cd isotopes, which had long been considered as the best examples of nuclear quadrupole vibrational degrees
of freedom. The %2Ni isotope has also long been considered as a possible candidate for a quadrupole vibrator and
there exists an extensive literature describing the two-phonon states; however, the existence of three-phonon states is
not clear. Hence, a detailed spectroscopic investigation for 2Ni has been undertaken with an aim of elucidating the
nature of multiphonon vibrations in this nucleus.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

Low-lying levels of 2Ni have been populated with the 52Ni(n, n’v) reaction using the 7-MV Van de Graaff accelerator
facility at the University of Kentucky. The approximately monoenergetic (AE,, ~ 60 keV) pulsed neutron fluences
were produced with pulsed proton beams through the *H(p,n) reaction [22]. The *Hz gas, at a pressure of about 1 atm,
was contained in a cylindrical cell approximately 3 cm long and 1 cm in diameter separated from the beam-line vacuum
by a 3.5 pum thick Mo foil. Proton beams from the accelerator were pulsed at a 1.875 MHz rate with a pulse width
of ~ 1 ns. The pulsed neutrons emerging from the gas cell were incident on a 19.39 g Ni sample, enriched to 96.46%



in 92Ni. The primary “contamination” in the sample arises from °8Ni and %°Ni, which were present with abundances
of 1.87% and 1.32%, respectively. The metallic °°Ni powder was tightly packed into a polypropylene container of
3.3 cm height and 2.1 cm inner diameter, which was suspended at a distance of 4.7 cm from the end of the tritium
gas cell and at an angle of 0° relative to the beam direction. The v rays produced following inelastic scattering of
neutrons from the sample were detected by using a ~ 50 % (relative) efficient HPGe detector with the resolution of
~ 1.8 keV at 1.3 MeV. The detector was placed at a distance of ~ 1.2 meter from the sample and was placed inside
a BGO anti-Compton shield to suppress unwanted Compton background [23]. Furthermore, additional shielding of
tungsten, lead, copper and boron-loaded polyethylene was used to prevent neutrons from the gas cell striking the
detector. Time-of-flight gating was implemented to further suppress background radiation and to improve the quality
of the spectra. The neutron flux was monitored by using a BF3 proportional counter (which provides a nearly flat
response to varying neutron energies) placed at 90° relative to the incident beam axis and at a distance of ~ 3 m
from the gas cell. The neutron flux was further monitored by observing the time-of-flight spectra of neutrons in a fast
liquid scintillator (NE218). This detector was placed at a distance of 5.47 meter from the gas cell and at an angle of
43° relative to the axis of the incident beam. Energy and efficiency calibrations of the HPGe detector were performed
with radioactive sources, such as 2?Ra and ?*Na. Additional descriptions of the experimental setup may be found
elsewhere [22, 24]. Off-line spectral analysis has been performed using the TV [25] software package.

(a) v-ray Ezcitation Function Measurement :

A ~-ray excitation function measurement was carried out with the aim of clarifying the low-energy, low-spin level
scheme and included measuring the yields of the v rays produced in neutron scattering as a function of the incident
neutron energy. The detector was placed at a fixed angle of 90° with respect to the axis of the incident beam. -ray
yields were measured by varying the energy of the incident neutrons from 2.8 to 4.1 MeV in 100-keV steps. These data
were used to determine the thresholds for the populated levels and usually helped the identification of v rays decaying
from particular levels, because the transitions originating from the same level should have the same threshold and
similar variation of yield with neutron energy. The excitation function data have been used to check the correctness
of the previously known level scheme and to assign newly found decay branches.

(b) v-ray Angular Distribution Measurements :

For the angular distribution measurements of de-exciting - rays, incident neutron energies were chosen as close to
threshold for exciting the levels as was consistent with obtaining yields with good statistics. This approach diminishes
the effect of feeding from higher-lying levels that could affect both angular anisotropies and measured lifetimes. These
considerations led us to undertake angular distribution measurements at neutron energies of 2.8, 3.5, and 3.8 MeV.
Spectra were recorded at ten to twelve different angles, typically from 40° to 149°. An in-beam ~-ray spectrum
obtained from the HPGe detector, located at 90°, with an incident neutron energy of 3.8 MeV is depicted in Fig. 2.
The observation of many transitions with good statistics is obvious from the figure.

Lifetimes of many of the excited levels have been extracted from the angular distribution measurements. The
lifetime of a particular level has been measured by considering the Doppler shifts of the « ray(s) decaying from the
level as a function of emission angle, using the methodology described in Ref. [26]. The energy of the « ray, E,(6),
as a function of the emission angle 6 relative to the incident beam direction is governed by the relation,

E,(0) = Eo (14 F(r) "™ cos(0)) (1)

where Ejy is the energy of the unshifted ~ ray, () is the experimental Doppler-shift attenuation factor, v, is the
recoil velocity of the nucleus in the center of mass frame, and c is the velocity of light. The lifetime of the level of
interest has been determined by comparing the measured F(7) values (following Eq. 1) with those calculated using
the Winterbon formalism [27]. In these angular distribution measurements, the HPGe detector was also constantly
viewed by radioactive 2*Na and '3"Cs sources. The v rays recorded from these sources along with long-lived known
neutron capture vy rays from Ge were used to give a precise internal energy calibration of the data during the off-line
analysis. This precise energy measurement was necessary, because angle-dependent shifts of most of the v rays were
at most a few tenths of a keV.

The angular distribution data have also been used to determine the multipolarities of the de-exciting « rays. For
this process, the variation of yield of a particular v ray as a function of angle () has been fitted with a polynomial
of the form,

W(0) = Ag [1 + aaPa(cos(0)) + asPs(cos(9))], (2)

where the angular distribution coefficients as and a4 depend on the level spins, multipolarities, and the mixing
ratios of the transitions involved. The experimental values of the angular distribution coefficients are then compared
to the results from the statistical model, obtained from a modified version of the code CINDY [28], to determine the
multipolarities, with possible mixing ratio values, of the  rays.
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FIG. 2: (Color online) -ray spectrum obtained from the HPGe detector at an angle of 90° from the 5*Ni(n,n’y) reaction
at an incident neutron energy of 3.8 MeV. Peaks labeled by their energies belong to *2Ni. ~ rays from °®%“Ni, which were
present as minor components in the sample, have been marked. Transitions marked as ‘C’ correspond to the known laboratory
background lines. Transitions from the decay of the radioactive *"Cs and ?*Na sources, which were placed in close proximity
to the HPGe detector, have also been labeled. The position of a 3058-keV -y ray is shown in the figure (see text for details).

IIT. EXPERIMENTAL RESULTS

The experimental results obtained from the present experiment have been summarized in Table 1. The F(r) for a
level, as listed in Table I, is the weighted average of the F'(7) values of v rays decaying from a particular level. The
uncertainties provided for the values of F(7) are statistical values. Also, a systematic uncertainty of 10% due to the
uncertainty of stopping powers [29] has been included in quadrature for the error estimation of the measured lifetime
values. For many of the cases, two values of the mixing ratio (§) for a particular transition are given in the table,
and the rationale for acceptance of one or both the values is explained in the text. The determination of the lifetime
of a level by DSAM following inelastic neutron scattering works well when the level lifetime is greater than a few
femtoseconds and less than about one picosecond. The lifetimes of many of the levels of interest were found to be
near or above the range of optimum sensitivity of the present experimental method. Thus, the reported lifetimes for
many of the levels have substantial uncertainties and, for some of the cases, only upper limits could be established.

Comparisons between level lifetimes obtained from the present experiments and the values in the ENSDF database
[30] are made in Table II. Also, the table indicates lifetime values for some of the levels obtained from the earlier
measurements[17], using the (n,n’y) reaction with reactor neutrons as a probe. Plots of variation of energies of a few
transitions as a function of cos 6 are depicted in Fig. 3. The lines indicate the linear fits to the experimental data,
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FIG. 3: Measured v-ray energies as a function of cos 0 for transitions from several levels of interest. The lines are linear fits to
the data. Corresponding F'(7) values are indicated.

from which the F'(7) values have been determined.

Details about the levels observed, up to E, = 3.7 MeV in the present work, have been tabulated in Table I. The
levels at 3.262, 3.378, 3.462, 3.486, and 3.500 MeV, reported in the NDS [19], were not observed in the present
experiment. Also, there are a few transitions observed in the excitation function data that could not be placed in
the level scheme. These include v rays [observed at minimum neutron energies (MeV)]) at 415[3.6], 1421[3.9], and
2689[4.0] keV.

Experimental spectroscopic features associated with some of the observed states up to 3.7 MeV excitation are
highlighted below. This discussion is limited to those states for which either new finding(s) have been established in
the present investigation or there is special interest related to the phonon vibrations. Lifetime values for all the states
are presented in terms of mean lives.



A. 2 state at 1173.0 keV

The lifetime of the first excited state has been reported in a number of earlier studies; the most recent work is by
Kenn et al. [4]. Combining the results from Refs. [4] and [31], the accepted lifetime of the level is found to be 7 =
2.09(6) ps [30]. As our method is not very sensitive to lifetimes in this range, a large uncertainty is associated with
our value (see Table IT), hence we defer to the value reported in Ref. [30]. Using this lifetime value [30], we adopt a
value of B(E2) = 12.1(4) W.u. (see Table III) for the 1172.95(2] — 07)-keV E2 transition. This state has long been
considered to be a one-phonon vibrational excitation [32].

B. 0] state at 2048.7 keV

This level decays by an 875.69-keV E2(05 — 2) transition. Also, Passoja et al. [33] observed an E0(0J — 07)
decay from this state and measured the E0 decay rate through internal pair spectroscopy. While the lifetimes
obtained in the present work (2.6%727 ps) and those quoted in Ref. [30] (1.17} ps) are in agreement within the
experimental uncertainties, they exhibit large uncertainties. The B(FE2) values for the 875.69-keV transition from the
present measurement and from Ref. [30] are 42733 and 100fg§ W.u., respectively. As the upper limit of B(E2) from
Ref. [30] is unreasonably large, the present value is adopted for further discussion. The observed enhancement of the
B(E2; O; — 2?) value for the 875.69-keV transition supports the assignment of this state as a two-phonon vibrational
excitation.

C. 27 state at 2301.8 keV

As reported in Ref. [32], this level decays with two branches. The intensities of the 1128.82- and 2301.83-keV
transitions, which depopulate the 2301.8 keV state, were measured in the present experiment to be in agreement with
those given in Ref. [32]. Also, the level lifetime (7 = 0.96702) ps) and mixing ratio (6 = 2.70703%) for the 1128.82-keV
transition extracted from the present measurement are in good agreement with the adopted value [30]. Values of ag =
0.44(4) and a4 = -0.25(5) obtained from the present measurement also confirm the AJ = 2 E2 nature of the 2301.83-
keV transition. This level has long been considered to be a candidate for a member of the two-phonon quadrupole
vibrational triplet, with the characteristic enhancement of the B(E2;25 — 2]) and the associated reduction of the
B(E2;25 — 07) values.

D. 4 state at 2336.5 keV

The characteristic features of this level suggest it as a candidate for a two-phonon vibrational state. This state
decays to the 2] state through a 1163.50-keV transition, and a B(E2) value of 21.417-5 W.u. has been measured for
this transition. As can be seen from Table II, the lifetime of this state obtained from the present experiments deviates
from the earlier measurement with the (n,n’y) reaction [17] but is in close agreement with the value adopted in Ref.
[30].

E. 3] state at 3058.8 keV

Fanger et al. [34], using the 6!Ni(n,y) reaction, established four decay branches from this level with transitions
of 722, 756, 1886, and 3060 keV having branch percentages of 15 : 35 : 39 : 11. In subsequent work by Kennedy
et al. [32], excited states of °2Ni were populated by means of the 59Co(a,py) reaction. In that work, the 3060 keV
transition was not observed. Also, using the same reaction, the spectroscopic study by Ohnuma et al. [35] excluded
the 3060-keV cross-over transition. From the apparent lack of a cross-over transition, an ambiguous [ = 2 assignment
in the (p,t) angular distribution data for this state [36], and the shell model prediction by Glaudemans et al. [3] for
a 31 state at about 2.8 MeV excitation, Ohnuma et al. [35] tentatively assigned the spin of this state as 37.

The 3058.8-keV level was populated strongly with the (n,n’y) reaction. As the present detection system seems
sensitive to decay branches with strengths > 2% [37], a cross-over decay branch to the ground state from the 3058.8-
keV level with an intensity of more than 2% would have been clearly observed. No such cross-over transition was
seen in either our excitation function or angular distribution data (see Fig. 2). The present experimental data reveals
that the 3058.8-keV level decays via 722.02, 756.85, and 1885.84-keV transitions. The goodness of fit plots in Fig. 4
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FIG. 4: (Color online) (a) Angular distribution of the 1885.8-keV ~ ray from the 3058.8-keV level. A least-squares fit to these
data with a polynomial of the form given in Eq. 2 lead to the angular distribution coefficients, a2 = -0.29(2) and a4 = -0.00(3).
The abscissa scale is linear in cos?f, but the axis labels indicate 6. (b) x? vs. § plot for the 1885.8-keV ~ ray. The figure
indicates that 3% — 2% for the 1885.8-keV transition is more probable (see text for details). The horizontal dotted line is
drawn just to guide the eye. (c) x* vs. § plot for the 856.1-keV transition from the 3157.9-keV level. (d) x* vs. & plot for the
2084.3-keV transition de-exciting the 3257.5-keV level.

for the 1885.84-keV transition do not discriminate between the 37 or 27 assignments for the 3058.8-keV level. The
X2 vs § (E2/M1 mixing ratio) plot shows similar minima for both the assignments, but with a preference for 37. A
similar analysis for the 756.85 and 722.02 keV transitions permits only the 3% assignment for their initial decay state.
Also, we have observed nearly zero values of a, and negative values of as for the three observed decay branches from
this state. These features correspond to AJ = 1 nature. This condition could be satisfied by these three transitions
only if they decay from a state with spin 37; hence, we suggest a 37 spin assignment for the 3058.8 keV state. This
assignment then would explain the non-observation of a 3058-keV transition in the present experiment, as this would
be a transition of M3 multipolarity. With the present spin assignment, we obtain nearly zero values of ¢ for both
the 756.85 and 1885.84 keV transitions, indicating they decay predominantly with M1 multipolarity. Observation of
a non-zero ¢ value for the 722.02 keV transition establishes the positive parity for the 3058.8 keV state. Thus the
assignment of 3% to this state is now definitely confirmed. With B(E2) < 0.2 W.u. for the 3] — 2§ 756.85-keV
transition and the other data in Tables I and III, this state is not considered as an appropriate candidate for a
3-phonon excitation.

F. 2] state at 3157.9 keV

A more precise lifetime of this state has been obtained from the present measurement. The lifetime obtained from

the present measurement is 0.8970 1% ps ; whereas reported value in Ref. [30] is 0.9970 70 ps. The present lifetime

value deviates from the value obtained in the previous (n,n'y) work by Kosyak et al. [17] (see Table II). All the



transitions reported in the NDS [19] have been observed in this work. For the 856.09-keV transition, two § solutions
have been obtained, with more or less equal x? values (see Fig. 4(c)). Hence the preference for one § value over the
other could not be ascertained from the present experimental data. However, better agreement of the experimental
and theoretical B(E2;25 — 271 )s have been obtained (see Table III) with a value of § = 0.09(7). Similarly, out of
two possible values, the ¢ adopted for the 1984.93-keV transition is -0.13(3), which is in close agreement with the
accepted value [19]. The ground-state cross-over 3158.04-keV transition has been found to possess a positive ay =
0.38(3) and a negative ay = -0.04(4), which confirms E2 multipolarity. With a measured B(E2) of 0.0870 2% W.u.

for the 2; — 2; transition, this state does not appear to be a three-phonon vibrational excitation.

G. 4] state at 3176.8 keV and 2] state at 3257.5 keV

In accordance with the NDS [19], all the decay branches from these two states have been observed. In addition,
a new 955.65-keV transition from the 3257.5 keV state has been observed. Lifetime values of both the states have
been found to be somewhat larger than what has been accepted in the latest compilation [30] (see Table II). From
the present measurements, only lower limits of 1.4 ps have been obtained for both these states; whereas the reported
lifetimes [30] are about 1 ps. Two possible values of mixing ratios have been obtained for the 2084.25 (2] — 27 )-keV
transition (see Table I and Fig. 4(d)). Both values provide similar x? values and hence both are equally likely. As can
be seen from Table I, both the values of the mixing ratio with the associated uncertainty give a similar upper limit
of B(E2) and B(M1) for this transition. There is an indication of a 840-keV peak in the excitation function spectra,
which might be a possible 47 — 4] decay transition. But the weak peak lies on a recoil broadened background and
sufficient spectroscopic information could not be extracted. Thus, we have not been able to place the transition in the
present level scheme. From the energy of the 4; state, one might expect it to be a possible member of a three-phonon
quintuplet, but the available information is insufficient to associate this state with a phonon structure.

H. (17,2}) state at 3270.0 keV

Possible spin values of 17 and 2% are tentatively suggested for this state in the NDS [19]. There is no reported
lifetime for this state in the current data base [30]. From the present measurement, a lifetime of 7 = 0.18(2) ps has been
obtained. Though the present shell model calculation indicates a preference for a 1T state at this excitation energy,
the experimental angular anisotropies could not be obtained for the decay branches. Hence, the spin assignment for
this state remains ambiguous.

I. 4] state at 3277.7 keV

An assignment of 4T for this state was earlier made by Kong-A-Siou and Nann [36] through the study of the
64Ni(p,t)%2Ni reaction. The present angular distribution measurement of the 2104.52-keV transition confirms this
assignment, as the angular distribution coefficients of as = 0.42(2) and a4 = -0.14(3) reveal AJ = 2. However, as can
be seen from Table II, the lifetime obtained from the present investigation is found to be somewhat longer than the
accepted value [30].

J. 1f, state at 3369.6 keV

Possible spin values of 17 or 2% are suggested for this state in the NDS [19]. The intensity value reported for
the 1321.11-keV transition might be ambiguous due to its plausible contamination from a v ray belonging to 58Ni
in the same energy region. The 3369.68-keV ground state transition has been observed with good statistics in the
present experiment. Values of az = -0.26(3) and a4 = 0.01(3), obtained from the angular distribution measurement,
are suggestive of the stretched dipole character of the transition and helps us to assign unambiguously a spin value
of 1 for the state. Also, the nonzero § value for the 1067.71-keV transition to the 23 state is suggestive of no change
of parity between the initial and final states associated with this transition. Hence, an unambiguous spin-parity
assignment of 17 has been made for the state.



K. 2%, state at 3518.3 keV

In addition to all the transitions reported in the NDS [19], a newly found 360.49-keV + ray from this state has been
placed. Two possible ¢ values, 0.32(6) and 1.20(13), have been obtained for the 2345.33(2% — 2%)-keV transition at
two different x? values. With preference for the minimum x?2, § = 0.32(6) has been accepted as the more likely. This
value is in close agreement with that reported in the NDS [19].

L. (3]) state at 3522.5 keV

This state has been assigned with possible spin values of 2% and 3T in the NDS [19]. The 264.94-keV transition was
observed, but we were unable to find its intensity directly due to weak statistics. Also, the intensity of the 1221.04-keV
transition could not be measured because of the presence of another 1221-keV transition from the 3270.0-keV state.
Hence, relative intensities of the transitions have been obtained by using the intensity values reported in the NDS [19],
relative to the 1185.94-keV transition. The angular distribution measurement of the contamination free and stronger
decay branch, the 1185.94-keV transition, yielded ag = -0.22(5) and a4 = 0.06(7). These correspond to the values
expected for a AJ = 1 transition. Although the minimum x? for § has been obtained with a 37 — 4T assignment,
the present statistics yield large uncertainty. Hence, the state has been tentatively assigned a spin of 37.

M. 0] state at 3524.6 keV

This newly established level, with a lifetime of 1.071‘8:23 ps, is placed by the observation of a 2351.41-keV transition

which decays to the 2] state at 1173.0 keV. As shown in Fig. 2, two close-lying peaks with transition energies of
2345.33 and 2351.41 keV are well resolved in the spectrum recorded by the HPGe detector at 90° with an incident
neutron energy of 3.8 MeV. From the measured peak area, we found that the 2351.41-keV transition is 0.7 times
stronger than the previously well-known 2345.33-keV transition. Also, we have observed nearly the same threshold
for both the transitions in the excitation function data. From the angular distribution data, it has been observed
that the 2351.41-keV transition is isotropic with a measured as = -0.03(7) and can be assigned with 0% for its initial
decay state [38]. Anisotropy of a v ray might not be measured from the angular distribution when a state has a
long lifetime or if it is fed heavily from higher-lying transitions. Since, in the present experiment, the 2351.41-keV
transition exhibits good statistics with the neutron energy close to its threshold, the observed isotropy of the angular
distribution data reveals its 07 — 27 decay nature. The observation of this 01 state is corroborated by the work of
Stein et al. [12], who used the (°Li,d) reaction to populate the excited states of %2Ni. A strongly populated 0 state
at 3519 keV excitation, with probable uncertainty of about 10 keV, was observed in their work. It is worthwhile to
point out that from the energy difference between the (3]) and 2] states, the observed threshold and F(7) value,
the 2351.41-keV transition is a possible decay branch from the (3;) state. But the observed isotropy in the angular
distribution suggests that this transition decays from the new 0] state.

IV. THEORETICAL CALCULATIONS AND DISCUSSION

The experimental data obtained from the present investigation have been interpreted both on the basis of a
“quadrupole vibrator” model and through shell model calculations.

As can be seen in Fig. 5, the three close-lying levels at ~ 2 MeV appear to be good candidates for two-phonon
states, with the vibrational O;, 2;, and 4f triplet of states at about twice the energy of the one-phonon first 2% state.
Also, from the point of view of their energies, the close-lying 0;{, 2;{, 4; states and the newly assigned 3f state at
about 3 MeV excitation are possible candidates for three-phonon states. The known (6)T state [19], which might be
considered as a possible member for the quintuplet of three-phonon states, lies several hundred keV above the rest of
the candidates for members of the quintuplet; no further discussion of this state will be presented.

Let us first limit the discussion to how well the measured quadrupole properties, primarily of the ‘two-’ and ‘three-
phonon’ states, agree with the predictions of the simple quadrupole-vibrator model. As can be seen from Table
II1, the generally accepted two-phonon vibrational states show deviations from the vibrational predictions. With a
large uncertainty, but a significantly revised experimental E2-transition strength, the ‘two-’ to ‘one-phonon’ 05 — 27
transition appears to be in agreement (within the range of the lower limit) with the expected vibrator strength. On
the other hand, the experimental B(E?2) for the 25 — 27 transition is smaller by a factor of two than the prediction of
the vibrator model. The hindrance observed for the 25 — 07 transition is in accordance with the vibrational model,
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as this would involve the destruction of two phonons. Also, the experimentally observed transition strength for 4f —
2f matches well with the expected vibrator strength. Thus, it might be summarized that the two-phonon vibrational
structure seems to persist in %2Ni.

The scenario for three-phonon states could not be supported because of the absence of transitions decaying from
the presumed ‘three-phonon’ states to ‘two-phonon’ states. These include 0§ — 23, 25 — 05, 23 — 4. According
to the vibrator model, these missing transitions should carry a significant amount of E2 strength. Interestingly, the
expected branchings from the shell model calculations is about 1% for these transitions and is beyond the detection
limit of the present experiments. The shell model calculation also predicts a branching of ~ 6% for the 43’ — 4f
transition. In fact, we have observed a transition with an energy of ~ 840 keV corresponding to the difference of
energy between the experimental 45 and 4] states. But, as mentioned above, the transition could not be placed in
the level scheme due to the lack of sufficient statistics. Although the experimental E2 decay strength for the 37 —
4?’ transition is in agreement with the vibrator model, hindrance by two orders of magnitude has been obtained for
the 3f — 2; transition from the expected vibrator strength. A similar type of deviation also persists in the decay
behavior of the 43 state. The observed E2 decay behavior of the 2; state is in accordance with the vibrator model,
but the non-observation of other expected decay branches has made it difficult for a firm assignment of three-phonon
character even to this state. Thus three-phonon excitations appear to be inconsistent with the present data.

For a microscopic description of the low-lying states in 52Ni, a theoretical calculation has been carried out in the
frame work of the spherical shell model. Proper choice of model space and effective interaction is the key ingredient
for the success of this type of calculation. From a simplistic point of view, the closure of the 1f7 /o proton and neutron
orbitals in the doubly magic nucleus 5$Niss might lead to a good shell model description of the low-lying excited states
in §2Niz4 with the proton orbitals completely inert and treating the six valence neutrons distributed in the 2ps /25
1f5/2, and 2p; /5 orbitals. Shell model calculations with this restricted model space could reproduce the experimental
level spectra quite successfully up to ~ 3 MeV excitation energy, but for a reasonable description of electromagnetic
transition rates, unrealistically large values of effective charges were required [33]. This suggests too much restriction
of the model space used and that the excitations of the ?°Ni core are important for the proper description of the
observed level structure. The more recent experimentally measured positive value of the g factor [4] for the 2] state
in 2Ni also points towards the importance of the proton contributions in the wave function of the underlying states.
Hence, proton excitations across the Z = 28 shell closure seem to be essential. It has been shown that as many as ten
nucleons could be excited across the Z = N = 28 shell closure for a better reproduction of the observed spectroscopic
information on ®°Ni [39], and the probability of the inert Z = N = 28 closed core configuration in the ground state
is found to be about 70% [40]. Thus, it is evident that, for a proper description of the experimental results for ®Ni
obtained in the present investigation, there is need to carry out shell model calculations using the entire fp model
space, with use of an effective interaction which allows the simultaneous excitation of both protons and neutrons from
the 1f7/5 orbitals.

Large-scale shell model calculations have thus been performed using a 3)Cagy core and the full fp model space
for both protons and neutrons. The configuration space was truncated to allow up to four proton and six neutron
excitations from the 1f7 /5 orbital to the upper fp shell. An effective interaction, called “GXPF1A” [41], which was
especially designed for use in the full fp basis, has been used. The computer code NuShellX [42] has been used for
the calculation of excitation energies and F2 and M1 transition strengths for the positive parity states with spins 0
to 4. The commonly used effective charges of e, = 1.5e for protons and e,, = 0.5e for neutrons have been employed
to calculate B(E2)s. For the calculation of B(M1)s, the value of free g-factors used for protons and neutrons are : g,
= + 5.586, g; = -3.826, gé) = + 1, and g}, = 0. The experimental and calculated level spectra for the positive parity
states are compared in Fig. 5. It can be seen that the level density is satisfactorily reproduced by the calculation.
Interestingly, the experimental excitation energies of the tentatively assigned (3;) state and newly found Oj[ state
are also nicely reproduced in the calculation. For the test of the quality of the wave functions of the underlying
states obtained from the present shell model calculations, comparison between experimental and theoretical results
for £2 and M1 decay rates have been presented in Table III. For most of the cases, the comparison is rewarding. It is
interesting to see that the experimental B(FE2) values have been reproduced well in the present shell model calculation
with commonly accepted values of the effective charges. This success points to the fact that the truncation made in
not allowing more than four protons and six neutrons from the respective m,v/(1f7/2) orbitals is not severe and also
justifies the importance claimed for the 33Nisg core excitation.

Fig. 6 demonstrates the calculated occupation numbers for the (a) protons and (b) neutrons of the fp-orbitals in
the relevant low-lying states in %2Ni. It is seen from the figure that the v(1f; /2) orbital remains almost closed. On the
average a single proton excitation occurs from the 7(1f7/2) orbital for all the states. It is observed that the excitation
of this single proton from the °°Ni core has a significant impact on the transition rates. The wave functions of the
ground and excited states are found to be highly configuration mixed. The most dominant configuration for the
ground 07T state is 7, v [(1f7/2)'9(2p3/2, 1f5/2, 2p1/2)°] with a probability of 50%. The other dominant configurations
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FIG. 5: Comparison of experimental and theoretical (shell model) level energies. Levels have been labeled by their corresponding
excitation energies in keV.

are m,v [(1f7/2)15(2p3/2, 1f5/2, 2p1/2)7] and T,V [(1f7/2)14(2p3/2, 1f5/2, 2p1/2)8} with the respective probabilities of
26% and 12%.

It has thus been shown that the observed properties of the low-lying states of 62Ni can be explained fairly well,
except for the anomalously large B(E2;05 — 27) strength, by large-scale shell model calculations using the full fp
model space. Proton excitations across the Z = 28 gap play an important role in reproducing the observed level
structure. Breaking of the %6Ni core is quite evident, even in the ground state of 92Ni.

Complete mapping of the E2 strength for all the possible transitions connecting the low-spin states in 52Ni, following
shell model calculation, have been shown in Fig. 7. The figure exhibits enhanced B(E2) values for the transitions
from the 07, 2% and 4% “two-phonon” states, near 2.2 MeV, to the first 27 state. It is obvious from the figure
that no states, except for the 67 near 3.9 MeV, decay to the two-phonon states with enhanced E2 strength. This
points towards the fact that there is loss of collectivity and subsequent breakdown of multiphonon structure at higher
excitation (E, > 2.3 MeV).

V. CONCLUSIONS

Lifetimes of the states up to E, = 3.7 MeV have been measured through the DSAM technique with the 52Ni(n, n'y)
reaction. Mean lifetime values obtained in this work are in good agreement with the values listed in the latest
compilation [30] for most of the states, although deviations have been observed in a few cases. Lifetime information
for previously unmeasured and newly discovered levels have also been provided. Additional measurements are required
to obtain the lifetime of the 0; state with greater accuracy. While there is some evidence for two-phonon states, the
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data clearly do not support the existence of higher-phonon states. Excitation of protons across the Z = 28 shell-closure
is found to be an essential feature in understanding the observed level structure and transition rates.
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TABLE I: Excitation energies of levels (E.), y-ray energies (E,), ini-
tial (J;") and final (J}) spins, relative y-ray intensities (I), average
attenuation factors (F'(7)), mean lifetimes (7), mixing ratios () or mul-
tipolarities (L), and reduced transition probabilities for transitions in
52Ni. Newly assigned quantities from the present investigation have been

highlighted in italics.

E, E, I = J7 I, F(7) T 5 or L B(MT)] B(E2)]
(keV) (keV) (%) (ps) (1) (W.u.)
1173.0(1) 1172.95(11) 27 — 07 100  0.021(7) 1.7979%  E2 141757
2048.7(1)  875.69(7) 05 —2f 100 0.013(7) 26727 E2 42128
2301.8(1) 1128.82(14)  2f — 27  44.7(11) 0.034(7) 0.967920 2707038 0.002(1) 12,5753
2301.83(30) 28 —0F  55.3(18) E2 0.501015
2336.5(1) 1163.50(12) 47 — 2F 100 0.027(8) 1.237035  E2 214778
2890.5(3) 1717.53(33)  0f — 2f 100 - >4.5° E2 <0.84
3058.8(2) 722.02(23) & — 47 19.8(15) - 3.37357  1.60752  0.00370:008 12.3759
756.85(20) 3 — 25 41.9(26) -0.08(2)  0.016700%5  0.18%52%3
1885.84(34) 37 — 27  38.3(32) -0.03t5:%%  0.0010(4)  0.000279:9908
3157.9(2) 856.09(12) 2 — 2F 7.2(3)  0.041(5) 0.89%51% 1927535  0.001615 0008 7.8%11
0.09(7)  0.007T5:002 0.08%9 2%
1984.93(28) 25 —2f  58.6(25) -0.13(3)  0.0047+5:9549  0.02%5:92
377059 0.0003T0 0007 1.121035
3158.04(151) 24 — 0f  34.2(38) E2 0.07(1)
3176.8(3)®  875.0(4) 4 —2f 6.5(10) 0.008(17) >1.4 E2°¢ <5.0
2003.63(42) 47 — 27 93.5(39) E2 <1.1
3257.5(2) 955.65(28) 2§ — 2F 3.5(2) 0.013(11) >1.4 E2 + Mi°
2084.25(41)  2f —2F  93.4(28) 1031522 <0.004 <0.6
043595 <0.004 <0.6
3257.57(120) 25 — 0f 3.1(4) E2 <0.003
3270.0(2)¢ 968.20(45) (17.25) —2F >5  0.172(7) 0.18(2) E2 +M1°
1221.04(26) (11,2F) — 05 <42 M1, E2¢
2097.15(26) (1F1,25) —2f >43 E2 + M1°
3270.00(223) (17,25) —0f  >10 M1, E2¢

continued... |
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TABLE I: continued...

E, E, JI = Jf I, F(T) T 0 or wLi B(M1)] B(E2)]
(keV) (keV) (%) (ps) (u%) (W.u.)
3277.7(3) 2104.52(32) 43 —2f 100  0.058(7) 0.607005 E2 23753
3369.6(2) 479.25(64) 17, — 05  2.1(4) 0.068(12) 0.51F055  MI° 0.021F060%
1067.71(26) 1, — 25  12.6(13) 16571 0.003T000% 7.273%
1321.11(33)  1f, — 03 9.7(10) M1° 0.005(1)
3369.68(168) 1, — 0y  75.6(124) M1 0.002279-0%0°
3518.3(2)  860.49(40) 235 — 2§ 1.9(2)  0.039(5) 0.90701% E2 + M1°
459.30(28) 24, — 3] 7.4(4) E2 + M1°
1469.88(50) 24 — 0F 9.8(4) E2 0.897918
2345.33(42) 28— 2] 73.7(36) 0.32(6)  0.0033%3:000%  0.067503

1.20(13)  0.0015700%05  0.387005

3519.08(213) 24— 0f  7.3(11) E2 0.00815-902
3522.5(2)7 264.94(25)¢ (3 ) — 2f 0.040(13) 0.887553 E24+M1°
463.33(48)  (8F) — 3f >4 E2+M1°
1185.94(18)  (35) — 4F >24 -20.57%:8, 0.0000379-00007  8.3F3-1
1221.04(26)  (85) — 2F <72 E2+M1°
3524.6(3) 2351.41(43)  0f —2F 100 0.033(12) 1.07t05  E2 0.73%0:5s

3756.4(3) 1454.53(32)Y 37 — 2F 48(4)  0.128(37) 0.247032  E1°

2584.11(52)" 37 — 2f 52(4) El

®Adopted from the data base of Ref. [30].

YProbably there is a 7y ray with a transition energy of 840 keV from the state, but it has not been placed due to the
lack of sufficient statistics (see text for details).

¢ Experimental angular distribution coefficients could not be measured. The assumed multipolarity is based upon
the spins of the initial and final states involved.

IDue to the presence of a doublet, the intensity of the 1221.04-keV transition could not be measured accurately.
Hence, only the limits of the decay branches have been reported. With the feeding from the doublet transition,
the measured intensities of the decay branches [968.20, 1221.04, 2097.15, and 3270.00-keV] are found to be 4.8(2) :
38.9(10) : 44.7(13) : 11.6(14).

“Due to poor statistics, the intensity of the 264.94-keV transition could not be measured from the present experiment.
fDue to the presence of a doublet, the intensity of the 1221.04-keV transition could not be directly measured.
Without considering the weakest 264.94-keV decay branch and considering the feeding from the doublet transition,
the measured intensities of the decay branches [463.33, 1185.94, and 1221.04-keV] are found to be 4.6(3) : 24.8(6) :
70.7(16).

9A value of B(E1)| = 4(2) x10~* W.u. has been obtained for this transition from the present lifetime value.



" A value of B(E1)| = 82 x 107° W.u. has been obtained for this transition from the present lifetime value.
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TABLE II: Comparison of level lifetimes of 62Ni extracted from the present measurement (Tpresent) With those as mentioned in
database (Tiiterature) [30]. Lifetime values (Tprevious) [17] of a few levels from a previous (n,n’vy) measurement have also been
listed.

Ex J" Tprevious Tliterature Tpresent
(keV) (ps) (ps) (ps)
1173.0 2F 2.09(6) 1.7915-88
2048.7 0F 117 26757
2301.8 2F 0595 0.8475-23 0.961525
2336.5 4f 0.4+%S 1.2415:35 1.2375:59
2890.5 04 > 4.5
3058.8 3f 3.3710
3157.9 2f 0.1275:03 0.991979 0.8979:16
3176.8 af 1.05(25) >1.4
3257.5 2 1.03(25) >1.4
3270.0 (11,24 0.18(2)
3277.7 4 06152 0.2879:9° 0.607 509
3369.6 11, 0.27(13) 0.5170 %%
3518.3 256 0.1479:93 0.29(6) 0.901518
3522.5 (39) 0.2270:09 0.88%051
3524.6 0 1.0715:58

3764 5 06574 022743 0247332
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TABLE III: Comparison of experimental and theoretical reduced transition probabilities for ®?Ni. B(E2)Ezp : Experimental
B(E2); B(E2)vi : B(E2) obtained following Harmonic Quadrupole Vibrator Model; B(E2)sy : B(E2) obtained following
Shell Model. Same nomenclature holds for B(M1)s as well. B(E2;2] — 0] )v: has been normalized to the corresponding
experimental B(£2) value to facilitate the comparison. The spins of the initial (J]) and the final (J7) state associated with a
decay transition has been cited in the left most column. The B(FE2)gzp and B(M1)gzp values for all the transitions reported
in the table are from the present experimental work, except that for the 2]L — Oir transition, which has been adopted from Ref.
[30]. Brackets in the B(E2)gap and B(M1)gap columns denote the value of transition strength as obtained using the alternate
possible value of the mixing ratio (see Table I) for the said transition.

Jr— JF B(E2) pap B(E2)v B(E2)sum B(M1)gap B(M1)sm
(W.u.) (W.u.) (W.u.) (1i) (u%)

2F —of 12.1(4) 12 15.5

05 —2f 42128 24 14.4

25 —2f 125758 24 10.4 0.002(1) 0.002

25 — 0F 0.501515 0 0.01

4f —of 214176 24 18.0

04 —2f <0.84 0 0.39

37 —4f 12.3752 10.3 4.0 0.00310 505 0.0001

3f —of 0.1870%5 25.7 0.02 0.01610:008 0.004

37 —2f 0.000279:050% 0 0.0011 0.0010(4) 0.001

25 —2f 0.0870 2% 6.9 0.43 0.00715:007 0.0027
[7.8%37] [0.001675: 5006

2f —2f 0.0275:92 0 0.46 0.00473:5089 0.0004

2+ —of 0.07(1) 0 0.06

4 — 2f <5.0 18.9 4.7

4F —2f <11 0 0.78

2F —2f <0.6 0.11 <0.004 0.026

25 —of <0.003 0.09

45 —2f 2.31073 4.8

0f —2f 0.73755% 0.06




