Coexistence of single particle and collective excitation in %' INi
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The high spin states in °'Ni have been studied using the fusion evaporation reaction,
50Ti(140,311)61Ni at an incident beam energy of 40 MeV. A Compton suppressed multi-HPGe de-
tector setup, consisting of six Clover detectors and three single crystal HPGe detectors was used to
detect the de-exciting 7 rays from the excited states. The level scheme has been extended up to an
excitation energy of 12.8 MeV and a tentative J™ = 35/2". The low-lying negative parity levels are
found to be generated by single particle excitation within the fp shell and also excitations to the
go/2 orbitals as explained well with shell model calculations using the GXPF1Br+ Vi u (modified)
interaction. Two rotational structure of regular E2 sequences with small to moderate axial defor-
mation have been established at higher excitation energy. Most interestingly, two sequences of M1
transitions are reported for the first time and described as magnetic rotational bands. The shears
mechanism for both the bands can be described satisfactorily by the geometrical model. The shell
model calculation involving the cross shell excitation beyond the fp shell well reproduce the M1 and
E2 sequences. The shell model predicted B(M1) values for the magnetic rotational band Bl show

the decreasing trend with spin as expected with closing of the shears.

I. INTRODUCTION

Neutron-rich nuclei with A~60 have attracted the at-
tention of experimental and theoretical studies in the last
few decades because of the evolution of shell structure
with the N/Z value in this region. On one hand, from
the systematic studies of 2 energies and B(E2:2] —07)
strengths, a new sub-shell closure has been established
at N = 32 in 52Ca [1], 5*Ti [2], and °°Cr[3]. Contrary
to that, the decreasing trend of the 2] and 4] energies
towards N = 40 [4, 5], for both the Fe and Cr isotopic
chains point to the diminishing of the N = 40 sub-shell
closure for mid-shell nuclei between the Z=20 and 28
major shell-closures. For Ni isotopes, the Z = 28 ma-
jor shell closure stabilizes the spherical shapes near the
ground state between N = 28 and N = 40, and the low
and moderate energy states can be well reproduced by
shell-model calculations involving the vps /s, V5,2, VP12
and vgg/, orbitals [6, 7]. Though the N=40 subshell clo-
sure is visible in %®Ni [8], the energy gap between the
1p1/2 and Ogg/7 orbitals is estimated to be small to allow
the cross-shell excitations in %867Ni which are well re-

produced by shell-model calculations [6, 9]. The involve-
ment of the shape driving v0gg/, orbital induces collec-
tivity in lighter Ni isotopes, and rotational bands have
been observed in %67%9Ni [10-13]. Furthermore, mag-
netic rotational bands and super-deformed bands have
also been reported in °Ni[14] and %3Ni [15], respectively.
Recently, excited states in ' Ni have been studied exper-
imentally [16] via a "Li induced reaction and the energy
levels could be explained fairly well within the scope of
shell-model calculation involving cross-shell excitations
to Ogg/o single-particle orbital.

The odd-mass Ni isotopes with neutron number
slightly over N = 28 are ideal cases to address the role of
neutron gy /o excitations at high spin. In the investigation
of ®*Ni [13] four rotational bands up to a probable spin of
(43/2) with terminating properties were found. Based on
configuration-dependent cranked Nilsson-Strutinsky cal-
culations, two bands maintained significant collectivity
until the maximum spin was reached. In 83Ni three col-
lective bands up to spin and parity of (57/2% ) were
identified [15]. Model calculations of cranked Nilsson-
Strutinsky type indicate that in ®3Ni collective excita-



tions sustain at moderate and high spins. The shears
mechanism in °Ni has been described microscopically
with the self-consistent tilted axis cranking relativis-
tic mean-field theory [17] and via geometrical model in
Ref. [18]. Along with the %°Ni[14], the magnetic ro-
tational band has also been reported in ®2Co[19]. For
both the nuclei, the occupation of proton hole in the
high-j 7f7 /5 and neutron particle in the vgg,, orbital are
described to form the shear arms. Recently, an adia-
batic and configuration-fixed constrained triaxial CDFT
calculations searched for the possible wobbling motions
in 59763Ni [20]. They predicted wobbling motion in
59,61,62N7i, specially for 2Ni they pointed out the Band
D1 as the possible wobbling band involving Vgg /2 con-
figuration. Being in the same Fermi level for proton
and neutron, the intermediate odd-mass 5'Ni is emerged
as an optimistic ground to search for the similar exci-
tations. For ®!Ni isotope, collective bands at high spins
were not known according to the most recent study using
the %Co("Li, an) reaction in combination with a modern
array of Ge detectors [16].

The aim of the present work is to populate high-spin
states in %'Ni by using a heavy-ion induced reaction, and
to search for possible collective excitations at high spins.
Since it is difficult to reach high spin states in ®'Ni with
stable target-beam combinations, we selected the combi-
nation of a ®Ti target and a long-lived radioactive 4C
beam. 5'Ni was produced via the 3n-evaporation channel
with a very high yield. Excited states in %Ni were stud-
ied previously using the *®Fe(a, n) and 33Cr(}'B, p2n)
reactions [21, 22], and the *®Ca(*80, 5n) reaction [23]
where levels up to 5316 keV were identified, including
a 799 keV transition depopulating the (17/2%) level at
4818 keV to the 15/2T level at 4019 keV, which decays
further mainly via a 593 keV transition to the 13/27 level
at 3426 keV. In the most recent study [16], using the reac-
tion **Co("Li, an), states were identified up to a possible
spin of 17/2% at 6734 keV.

In the present work, based on the coincidences ob-
served, a complex level scheme has been constructed, in-
cluding many newly observed transitions. New collective
band structures have also been found which predicts to
be of deformed and magnetic nature which attracts at-
tention for lifetime measurements in future experimental
endevours.

II. EXPERIMENT

Excited states of 91Ni were populated using the °Ti(
140, 3n) fusion- evaporation reaction at 40 MeV incident
energy at the John D. Fox Superconducting Accelerator
Facility, Florida State University (FSU) with 10-12 nA
beam current. Depending on the PACE IV calculation,
the beam energy was chosen a little higher than the en-
ergy with maximum possible cross section for ®Ni to
obtain the higher spin. At 40 MeV beam energy, the 3n
evaporation channel is found to be the most dominant

channel with the estimation of ( 60% of total fusion cross
section) 600 mb cross section from PACE IV. An iso-
topically enriched (90%) resonably thin 5°Ti foil of 500
pg/cm? thickness was used as target to ensure the fly
off of the compound nucleus which were then Dopplar
corrected to have the precise enrgies of the decaying -
transitions. The decaying v rays from the excited states
were detected using the FSU v-ray array, consisting of
six Clover HPGe detectors and three single-crystal HPGe
detectors. Four Clover detectors were placed at 90°, two
Clovers are placed at 135° with respect to the beam direc-
tion. One single-crystal detector was placed at 90° and
two single-crystal detectors were placed at 45° with re-
spect to beam direction. Similar experimental conditions
were also used and reported in our previous work [24].
The pre-amplifier signals from the Clover detectors, sin-
gle crystal HPGe, and BGO detectors were processed us-
ing a PIXIE based digital data acquisition system in 2
fold coincidence mode for the v - v coincidence measure-
ments. The efficiency and energy calibrations of each de-
tector were carried out using '*3Ba and %?Eu standard
radioactive sources, placed at the target position. The
calibration and efficiency beyond the 1408 keV transition
of 1°2Eu source were done by the high-energy transitions
from ®°Co source made at FSU using a proton beam.

IIT. DATA ANALYSIS
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FIG. 1. DCO ratio vs polarization asymmetry (Arppco)

of some of the known (marked blue) and new transitions
(marked red) in %’Ni obtained from different quadrupole
gates. The dotted lines (green) parallel to the Y-axis cor-
respond to the Rpco values for dipole and quadrupole tran-
sitions in a pure quadrupole (E2) gate, respectively, and are
shown to guide the eye. The dotted line (violet) parallel to
the X-axis is to guide the eye for positive and negative values
of Arppco for determining the electric and magnetic transi-
tions, respectively.



The time stamped data were sorted using GNUS-
COPE, a spectroscopic software package developed at
FSU [25, 26]. A total of 9.4%10% v — coincidence events
have been accumulated from the present data. The event
by event data were converted into a v — 7 coincidence
matrix with 1.0 keV/channel dispersion, which was also
converted to a Radware [27] compatible matrix to an-
alyze the coincidences between the de-exciting v rays.
An asymmetric matrix was created using the data from
the detectors at the backward (145°) angles on the y-
axis and the data from the 90° angle detectors on the
x-axis to find out the Directional Correlation from Ori-
ented states (DCO) ratio [28] for various transitions.
The Clover detectors at 90° were additionally used for
the measurement of Integrated Polarization from Direc-
tional Correlation of Oriented states (IPDCO) [29, 30] for
assigning parity to the excited states. The deduced DCO
ratios and the IPDCO values were used to determine the
multipolarities and the electric or magnetic nature of the
transitions leading to J™ assignments of the states wher-
ever possible.

The multipolarities of the transitions belonging to ' Ni
were obtained from the DCO ratios (Rpco), defined by

I, at 6, gated by v2 at 0

(1)

R =
bco I, at 0, gated by v2 at 01

The DCO ratio of an unknown () transition is obtained
from the ratio of its intensities at two angles 6;(145°)
and 62(90°) gated by another transition (y2) of known
multipolarity, as per the equation 1. For the present ex-
perimental set-up, the typical value of Rpco for a known
quadrupole or dipole transition (for ;1) comes out to be
1.0 when gated by a transition of the same multipolarity
(72). When gated by a known stretched and pure (mix-
ing ratio § ~ 0) quadrupole (dipole) transition (yz2), then
the Rpco value comes out to be close to 0.6 (1.7) for
dipole (quadrupole) transition.

The parities of most of the excited states were deter-
mined by the polarization asymmetry measurement using
the relative intensities of the parallel and perpendicular
(with respect to the beam direction) Compton scatter-
ing of the emitted  rays, detected in the corresponding
crystals of the Clover HPGe detector. The 90° detectors
are used for this purpose to maximize the sensitivity of
the polarization measurements (A;ppco) following the
prescription of Ref. [29, 30].

The IPDCO asymmetry parameter(Arppco) is de-
fined as,

a(E,)N1 — N

a(Efy)Nl + N” (2)

Arppco =

where N and N are the total counts of the y-ray,
scattered events in the planes parallel and perpendicu-
lar to the reaction plane, respectively. Here, a(E,) [=

J]VV—U is the geometrical correction factor (asymmetry fac-

tor) of the detector array and addresses the asymmetry

in the response of the four crystals of a Clover Ge de-
tector and was obtained from the known ~ rays from
152Fy unpolarized source as a function of y-ray energy.
The values of a(E,) for different y-ray energies are esti-
mated from the fitting of the data points from the unpo-
larized source with a linear equation [a(E,)=a¢+aiE,]
following the similar procedure described in Ref. [31]
whereas the fit parameter are found to be ag=0.96385 and
a1=3.24*10"°. In order to calculate A;ppco, the data
were sorted to consider only the Compton events and
two spectra were made with the total photopeak counts
of parallel/perpendicular scattered events of the three
90° detectors. From these two parallel and perpendicu-
lar spectra, the number of counts in the perpendicular
(N1) and parallel (V)|) scattering for a given y-ray were
obtained. The positive (negative) values of A;ppco cor-
respond to the electric (magnetic) transitions are listed
in Table I for various transitions in 5'Ni. The DCO ra-
tio and the Arppco values of various known and new
transitions are also shown in Fig. 1.

IV. RESULTS

The level scheme of 'Ni deduced from the present co-
incidence measurement is shown in Fig. 2 which is sig-
nificantly extended up to a spin of 35/2 and excitation
energy of 12874 keV with the observation of 76 new tran-
sitions and 28 new levels compared to the last published
work [16]. All the low-lying known yrast and non-yrast
states with the associated transitions, observed in the
most recent high-spin study [16] were confirmed with
a few excpetions. At higher spin, a sequence of 483
(484 keV in Fig. 2), 562 and 941 keV M1 transitions were
reported in Ref. [16]. The presence of those transitions
could be verified but they have been placed differently
in the level scheme Fig. 2) according to the coincidence
relationship from the present work. It has been noticed
that apart from ®'Ni, in the present experiment %9 Ni,
%I Ni, 69Co and %?Co also have been produced with little
contamination. The present work reports the collective
structure of 5*Ni for the first time with the observation
of four decay sequences referred as Bands B1, B2, B3
and B4 in Fig. 2 for the convenience of discussing them.
Two of them, Bands B2 and B4 are build with the tran-
sitions of quadrupole (E2 in this case) nature whereas in
the Bands B1 and B3 the states are connected by strong
M1 transitions. The level scheme is formed based on
the different coincidence relationships observed and rel-
ative intensities among the transitions. The spin-parity
of the levels are determined from the measured Rpco
and Arppco values of the transitions. The details of the
levels, and the ~-ray transitions measured in this work,
along with the DCO ratios and A;ppco values for all
the transitions in ®!Ni are tabulated in Table I. The
low-lying states, seen from the present work, are found
to be of negative parity with a ground state of J" =
3/27. The lowest opposite (positive) parity state 9/27
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FIG. 2. Level scheme for *Ni from present work. The newly found transitions and repositioned transitions are shown in red.
The width of the transitions represents the corresponding relative intensity. For clarity and easy comprehension of the level
scheme, the energy values for the levels and the gamma rays are labeled to the nearest integer values. The accurate energy
values upto one decimal place are listed in Table. I with corresponding error.
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FIG. 3. Coincidence spectra gated by the 1177 keV transitions
in %'Ni. The upper panel a (lower panel b) represents the =
transitions from 300 keV to 1490 keV (1490 keV to 2620 keV)
range. The inset panel (c) shows the presence of the 134
and 137 keV transitions. ‘*’ and red marked transitions are
newly placed in the level scheme. The transitions marked with
#’ are the contamination from the neighbouring channels
(mostly ®°Ni).

is observed at 2121 keV. The 1177 keV ~ ray was re-
ported to decay from 11/2% level at 3298 keV to the
2121 keV 9/27 spin state. The coincidence spectrum of
the 1177 keV transition shown in Fig. 3 displays almost
all v-rays that were already known from prior work and
are marked with black. Many new transitions are found
to be present in this gate and marked with red (also *)
in the figure. Interestingly, the presence of an 1179 keV
peak in the 1177 keV gate establishes that it is a doublet
with the 1179-keV transition de-exciting from the level
at 4477 keV. The absence of a 1314 keV transition in
Fig. 3 also confirms that the new 1179 keV transition is
decaying to the 3298 keV level bypassing the 3435 keV
level. The inset of Fig. 3(c) shows the presence of 134
and 137 keV transitions. The presence of 1079 keV and
972 keV peak also confirms the placement of the 134 keV
transition from the 2121 keV 9/2% state to the 1987 keV
9/27 state.

A representative coincidence spectrum for band Bl is
shown in Fig. 4. This band is found to be connected to
the already reported 4477 keV and 4206 keV levels with
670 and 941 keV connecting ~-transitions, respectively.
The 384 keV transition is found to be in coincidence with
the already known 2635 keV transition decaying from
4763 keV state and thus placed on the top of 4763 keV
level. The DCO ratio and A;ppco value of the 941 keV
transition, as tabulated in Table I, confirms it to be of M1
nature and thus the spin and parity of the 5147 keV state
is fixed as 15/2%7. The Band B1 consists of M1 transi-
tions, namely 384 keV, 562 keV, 779 keV up to the weak
1295 keV and can be seen from the figure along with the
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FIG. 4. Coincidence spectra gated by the 484 keV transition
corresponding to band Bl in %'Ni. The upper panel a (lower
panel b) represents the gamma transitions from 170 keV to
1200 keV (1200 keV to 2100 keV) range. All the M1 tran-
sitions corresponding to band Bl are shown along with the
lower transitions. ‘*’ and red marked transitions are newly
placed in the level scheme.The transitions marked with '#’
are the contamination.

other new and known transitions from 6'Ni. The DCO
ratios and Ajppco values of the transitions belonging
to Band B1 are listed in Table I which established the
magnetic dipole nature of the transitions. We have not
identified any crossover E2 transitions for this band with
the exception of one crossover transition, 1341 keV, that
has been tentatively placed from the 21/27 to the 17/2%
level. The spin-parity of the 5147 keV level is fixed as
15/2% from the M1 nature of 941 keV transition which
is decaying from 5147 keV state to the known 4206 keV
13/27 state.

The band B2 is made up of a sequence of E2 tran-
sitions. The newly found transitions corresponding to
Band B2 in coincidence with the 1588 keV (E2) tran-
sition are shown in Fig. 5. All the transitions (1179-,
1502-, 1540-, 1822- and 1945 keV) belonging to Band
B2 can be seen in the 1588 keV gate. This band is con-
nected to Band B3 with the 1963 keV transition also seen
in 1588 keV coincidence gate. The regular pattern of E2
transitions starts from the 3298 keV level and extends
up to the 12874 keV level with a plausible spin of 35/27%.
The Rpco and Ajppco values confirm the spin and par-
ity of the 4477 keV level as 15/2%. The positive parity
of the states in Band B2 is confirmed from the nature
of the 1588 and 1502 keV transitions. The DCO ratio
values could not be found for the 1822 keV and 1945 keV
transitions due to limited statistics, therefore the spin-
parity of the 10929 keV and 12874 keV levels are only
tentatively assigned.

Another sequence of M1 transitions is found to be
formed on top of the 7679 keV 21/27% level. The spin
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of this level is fixed from the quadruple nature of the
2523 keV transition which joins it to the already known
5156 keV level. The corresponding new transitions of
band B3 are shown in the coincidence gate of the 349 keV
transition in Fig. 6. The presence of 2048, 2368, 2523
and 2861 keV transitions in the 349-keV gate confirms
the connection of Band B3 with band B2 and differ-
ent single particle structures. This band extends up to
11138 keV level with the sequence 525, 784. 863 and
938 keV transitions on the top of the 349 keV transition,
and these transitions show clear coincidences with the
349 keV transition (Fig. 6). The statistics corresponding
to the 938 keV transition is limited and we could not de-
termine the Rpco or polarization asymmetry value for
this transition. Thus the spin parity of the 11138 keV
level is assigned as 31/2% tentatively.

The Band B4 in the level scheme of 5'Ni is populated
rather weakly upto higher spin. Two of its levels 3435
and 5156 keV were already known from the previous work
connected through two E2 transitions 1721 and 1314 keV,
respectively. The transitions belonging to Band B4 are
confirmed by the coincidence with the 1721 keV transi-
tion, as shown in Fig. 7. This band is found to continue
up to 29/2% 10993 keV level with the sequence of 2111,
1684 and 2042 keV transition. The spin-parity of the
21/2% 7267 keV level is confirmed from the E2 nature
of 2111 keV level, whereas the spin of 8951 keV level is
fixed as 25/2 from the Rpco value of 2217 keV connected
to the previously known 21/2% 6734 keV level. Among
the three newly placed 2111, 1684, 2042 keV transitions
in Band B4, the nature of the 2042 keV gamma can-
not be confirmed because of overlapping with the already
known 2045 keV transition, and thus the spin-parity of
the 10993 keV level is tentatively assigned. The spin and

a) Gate 349 keV

1177, 1179*

> 2000
S 1000f ‘ ‘ ‘ ‘ \ ‘
E 450500 600 700 800 900 1000 1100 1200 1300 1400
o ety =)
o 1400 ) b b) Gate 349 keV
1200 [IN g
~

200

2200 2400 2600 2800

Energy (keV)

1445 1600 1800 2000

FIG. 6. Coincidence spectra gated by 349 keV showing the
(a) lower energy from 450 keV to 1445 keV and (b) higher
energy from 1445 keV to 2999 keV region corresponding to the
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FIG. 7. Coincidence spectra gated by 1721 keV transition
showing the (a) lower energy (100 to 1200 keV) and (b) higher
energy (1200 to 2550 keV) transitions corresponding to the
band B4 in ®'Ni. “* and red marked transitions are newly
placed in the level scheme.

parity of the band-head of Band B4 is taken as the posi-
tive parity 9/2% This E2 sequence is found to be weakly
populated after spin 17/27%.

V. DISCUSSION

It is evident from the level scheme in Fig. 2 that with
five valance neutrons outside the 6Ni doubly magic core,



6INi is likely spherical at low spin and the lower excited
irregular states are best described as single particle ex-
citations. At higher spin, with more particle-hole exci-
tations, collective behavior is expected and can be seen
from several regular sequences in the level scheme.

A. Low energy single particle structure and shell
model calculations

The present work confirmed the already established
low energy excited states from the previous studies on
6INi as well as established many new negative and posi-
tive parity states which decay to those well known states.
Since Ni has a magic proton number (Z=28) and has only
five neutrons outside the N=28 shell, it is in the scope
of the shell model calculations to interpret its low energy
structures. To reproduce the experimental low energy
states we used Shell Model (SM) calculations involving
available orbitals near the Fermi surface. It has been seen
that in the mass region Z or N from 20 to 40, natural par-
ity states for odd(even) mass nuclei with 7=-(+) can be
described well within fp-shell model space with a inert
core of ¥°Ca. Therefore, for the low lying negative parity
states, the shell model involves the 2p3 /o, 0f5/2 and 2p; /o
shells above the N, Z=28 gap and the 0f;/, shell below
the gap. However, to explain the unnatural parity state
with m=+(-) for the odd (even) mass nuclei in this region,
the model space within the major fp shell is not enough.
Thus in the present calculation, to interpret the higher
lying positive parity states in odd mass ' Ni the inclusion
of Ovgg 2 and 1vds,; is necessary along with the major fp
shell. The present shell model calculation is carried out
using the GXPF1Br+Vj,y (modified) interaction and the
model space is composed of (0f7 /2 +2pg /24015 /242p1 /2)+
vgg2 + vds e orbits [32]. The configuration space was
truncated to allow up to six-particle excitations, from the
0f7 /2 shell to the upper fp-shell for protons. In the case of
neutrons, to focus on the states dominated by the 1p-1h
positive parity states across the N=40 shell gap, only one
neutron is allowed to occupy the 0gg /o or 1ds,, orbitals.

The low-lying experimental negative parity and posi-
tive parity states are compared with the SM generated
states in Fig. 8(a) and Fig. 8(b) respectively. The dif-
ference betweeen the SM calculated states and the ex-
perimental levels are also shown at the bottom of each
figure. It is observed that both for positive parity and
negative parity, the first experimental excited state of
each spin that is the so called yrast states are matched
quite well with the shell model predictions. The SM gen-
erated negative parity states are predicted to have the
proton mostly paired to spin 0 and the configuration of
these states can be described as the odd neutron(s) occu-
pying the vps/s, V5o or vpy/s. The experimental yrare
state for 1/27 and 11/2~ spin have not been observed in
the present data.

On the other hand for the positive parity states, SM
calculation shows that a neutron has to be excited into
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FIG. 8. The excitation energies of (a) negative parity and (b)
positive parity low lying experimental states with SM calcu-
lations using the GXPF1Br+Vjsu (modified) interaction and
the difference of the energies between SM calculated states
and experimental levels. The first (yrast) and second excited
(yrare) states for both experimental and theoretical levels of
each spin are plotted. The experimental energy levels are
marked with '*” whereas the SM calculated states are repre-
sented with open circles. The difference between the SM and
experimental levels for yrast states and yrare states are repre-
sented as solid box and open circle, respectively. The negative
parity states are well reproduced using the vpsz/s, vf5/2 and
vpy /2 orbitals, whereas for all the positive parity states, the
neutrons are allowed to occupy the vgg/; or vds s orbitals.

the positive parity v0gg/p orbital. The first three SM
predicted yrast states match reasonably well with the
experimental yrast states. It may also be noted that
we haven’t seen any experimental yrare state for 9/2%
and 11/27% spin. Beyond those two spins, the yrast and
yrare states are coming closer in energy as the spin in-
creases. This is expected as with more energy and spin,
more and more orbitals are accessible by the neutrons
and protons for which the density of states are increas-
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FIG. 9. The excitation energy of (a) Band B1 and (b) Band
B3 as a function of the spin of the level. The experimental
data are fitted with Eq. 3 where Fy and I represent the band
head energy and spin respectively.

ing significantly. Here it is worth mentioning that the
yrast 9/27 and 13/27" states are part of the Band B4
and the SM calculation well reproduces those states of
the Band B4 along with the other collective bands which
will be discussed later.

B. Bands Bl and B3

In the present work we have found two regular sequence
of M1 transitions, named Bands B1 and B3, marked in
Fig. 2. Both are comprised of states with positive parity.
The involvement of the v0gy,/, orbital plays a crucial role
in the structure of these bands. To understand the nature
of these bands, excitation energy as a function of spin has
been plotted in Fig 9. The excitation energy for both M1
sequences have been fitted with Eq. 3 to understand their
rotational nature.

E—FEy=Ax(I—-1I)? (3)

where Ey and I represents the band head energy and
spin respectively and A is an arbitrary parameter.

roton blade
P neutron blade

1
< |
Bn ev
i .
I\%

FIG. 10. The orientation of proton (particle/hole) and neu-
tron (hole/particle) angular momenta vectors with respect to
the core angular momentum in the case of shears bands. With
energy, the two angular momentum vectors (the arms of the
shear closes down) align themselves with the core angular
momentum due to interaction between the two angular mo-
mentum vectors.

It is evident from Fig 9 that the Eq. 3 fits the experi-
mental data quite well for both the bands. Therefore, it
can be said that the excitation energy of these two bands
follows the trend of a rotational band. For further investi-
gation, these two sequences of magnetic dipole transitions
have been studied in the framework of SCM description
of shears mechanism [33] prescribed by Machiavelli and
Clark [34-36].

1. Magnetic rotational band and shears mechanism

Observation of rotational-like strong sequence of mag-
netic dipole (M1) transitions with very weak or no
crossover E2 transitions in nearly spherical nuclei are of-
ten found to be generated from shears mechanism and
well known as magnetic rotational (MR) bands. This
MR band structure is generated due to the symmetry
breaking by the associated magnetic moments of the cur-
rent of few high-spin hole and particles outside a weakly
deformed core. As these magnetic moments break the
symmetry of the system and rotate around the total an-
gular momentum of the near spherical core, this mode
of nuclear excitations is described as magnetic rotational
band [33, 34, 37, 38].

This type of sequence exhibits some special features
like a strong B(M1) strength and a small B(E2) value,
resulting in a large B(M1)/B(E2) value. The current dis-
tributions of a few high spin particles and holes outside
a near spherical core breaks the symmetry, resulting in
these types of strong M1 sequences. The magnetic mo-
ments associated with these currents rotates around the
total angular momentum vector. At the band head, the
magnetic rotational band starts with a 90° angle between
the two shear arms formed with particle and hole angular
momentum. With increasing excitation energy the two
arms come closer and align themselves with the angular
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rotational band B3.

momentum of the core, increasing the total angular mo-
mentum of the system. At the highest point of the band
the particle and hole angular momentum is completely
aligned and the angle between the two arms approaches
Zero.

The shear structure were first described by Frauendorf
using the tilted-axis-cranking model [33], and a semi-
classical model (SCM) was described by Macchiavelli et
al. [35]. The SCM describes schematically how the energy
states of a shears band are generated from the coupling
of long spin vector of proton particles(or holes) j, and
neutron holes(or particles) j,. The shears angle 8(1) (=
0. + 60,), i.e. the angle between two long spin vectors j.
and j, as shown in Fig. 10, is a function of total spin (1)
and for a given angular momentum state (of total spin
I), it can be derived semiclassically using the expression

COS[@(I)] = Z;F'Z — I(I+ 1) _jﬂ'(.jﬂ' + 1) _jv(jv + 1)
|- dv] 2/GnGn + 3G + 1))

(4)

The j, and j, are chosen to reproduce the band-head

spin. For a nucleus with small deformation, it has been
observed that the total angular momentum has some con-
tribution from the collective core in addition to that from
the shears mechanism. Therefore, the total angular mo-

mentum can be written as = Ig, + m where the
Rcore represent the core angular momentum. The small
effect of the core towards the total angular momentum is
represented by,

AR

Rcore - (E

) * (I — Iyn) (5)
Using the band head spin Iy, jr, j, and the maximum
spin observed in a band ., the AR and AI can be
estimated as AR = Iar - (Jotiy) and AI=1ya.-Tpn=

ae-\ x> + j,° which leads to

ﬁ — (Imaw — (Jw +ju))
AI (Imaw -V jﬂ'2 +ju2)

Because of the effective interaction V[I(6)] between the
proton and neutron angular momenta, dynamics of the
system gives rise to a rotation like spectrum consisting
M1 transitions. The effective interaction V[I()] can be
represented in terms of an expansion of even multipoles
as stated in [35]

(6)

3co0s?0 — 1

VIO = Vo + 12

(7)
The excitation energies along the MR band are generated
due to the effective interaction by re-coupling of the two
long angular momentum vector and can be calculated
from the experimental energy level of the band as V[I(6)]
= E(I) - Ep.

With the aim to extract the effective interaction (V3)
between the nucleons involved in generation of angular
momentum by the shears mechanism for the different
bands, we plot the E(I) - Epp, (i.e V[I(0)]) vs the shears
angle O(I) for band B1 and B3 using the above formalism
and fit it with Eq. 7 assuming the probable j. and j,.

In %ONi the negative parity magnetic rotational bands
(marked as M1 and M4 in ref. [14]) are predicted to have
the configuration 7r(f77/12(fp)1) ® l/(gé/z(fp)3). Consid-
ering the similar configuration for the dipole band B1
and B3 in 6'Ni, the experimental data are fitted with the
Eq. 7. The proton (hole) and neutron(particle) angular
momentum (j, and j, ) corresponding to the blades of the
shear are chosen so as to have the shears angle nearly 90°
at the band head energy as well as to generate the spin
throughout the band by the gradual alignment of these
two angular momenta. Depending on the configuration
suggested in ref. [14], if we consider the j, and j, as 67
and 7.5Ah respectively for Band B1, for the first few spin
states upto 19/27h the shears angle is found to be more
than 90°. Thus the band head energy and the spin for
Band B1 is considered as 6972 keV and 21/2% to plot the
V[I(0)] as a function of shears angle # in Fig. 11. The
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FIG. 13. Simplified level structure of ®'Ni showing the four collective structures newly found in the present work. The
shell model calculated levels (right panel) along with the experimental levels (left panel) are shown for Band B1 and B4 for
comparison. The shell model calculation were done with the GXPF1Br+Vyy (modified) interaction using the model space
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B(E2) values (for Band B4) are shown in the gap between the corresponding states. For the experiment, the arrows indicate
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SCM model fit using Eq. 7 matches quite well with the
experimental data with the above considerations for the
upper part of Band B1. The effective interaction strength
V5=3167 keV from the fit in Fig. 11 seems to match with
the effective interaction of the magnetic rotational band
reported in the neighbouring “Ni [18]. The shears an-
gle is found to be about 90° for the 21/2% spin state
and reaches about 25° at the maximum observable spin
(29/27%) level for Band B1. For the first few states mak-
ing up band B1, it seems there is less contribution from
the j, and j, for the shears mechanism and therefore the
geometrical model does not agree well for these states
using jr = 6h and j, = 7.5h.

For Band B3, same values of j, and j, are considered
(jx=6 h and j,= 7.5 h) to fit the experimental data. The
Eq. 7 fitted the experimental data quite well for Band

B3 as can be seen from Fig. 12 considering the band
head energy and spin of the Band B3 as 7679 keV and
21/27 respectively. The interaction strength is found to
be V5=2604 keV which is a bit less compared to that of
Band B1. It is seen from the Fig. 12 that the shears angle
0 is about 90° at the band head and gradually approaches
15° at the highest spin. The Fermi surface of the pro-
ton-hole is near the 77 5 orbital in this nucleus and that
for the neutron particles, it is near the vgg/5 orbital. The
proton holes in the high-j f7 /» and neutron particle in the
high-j gg /2 orbital mainly build the two angular momenta
arms of the shears bands discussed above. We find that
the same value of j, and j, fits well for both the MR
bands in %!Ni similar to what was observed for the con-
figuration of the two negative parity magnetic rotational
bands (M1 and M4 in Ref. [14]) in °Ni. Further, We
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FIG. 14. The occupation number for different orbitals calcu-
lated by shell model calculation with respect to spins of the
levels. The upper panel is consisting of the occupation num-
ber for (a) proton and (b) neutron associated with Band B1
configuration whereas the lower panel shows occupation num-
ber associated with the Band B3 configuration for (c¢) proton
and (d) neutron.

have tried to identify the corresponding states of Band
B1 and B3 from the SM calculations to understand their
intrinsic structure as discussed in the next section.

2. Magnetic dipole band and Shell Model Calculation

The positive parity states corresponding to the band
B1 can be reproduced within the scope of the SM cal-
culation as discussed before. The states which form the
magnetic rotational bands are identified by their higher
transition (B(M1) values) probabilities associated with
them. The experimental levels and Shell Model predicted
states are compared in Fig. 13 for Band B1 and a good
agreement is observed. The comparatively large SM cal-
culated B(M1) values are also shown in the corresponding
gap of SM calculated states in Fig. 13, which represent
a nice decreasing trend with spin. Therefore, the impor-
tant criteria of shears mechanism of having decreasing
B(M1) values across the band with the closing of two
shears arms is well reproduced with the SM calculation.
To understand the configuration of the bands, the occu-
pation number of different orbitals for Band B1 (and also
Band B3) are plotted as a function of spin and shown in
the Fig. 14. For neutron, the occupation number for band
B1 clearly indicates that one neutron occupies the gg/o
orbital whereas all the other four neutrons reside in the fp
shell. If we follow the trend of the occupation number for
1p3/2 and 0 f5/5 orbitals with spin, we can see that there
is a gradual change in occupancy especially after 19/2%
spin which is consistent with the geometrical model in-
terpretation of Band B1. It may happen that only after
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19/27% spin, the neutrons are completely aligned and then
the shears arms formed by the protons and neutrons start
closing to generate the higher spin. The shell model pic-
ture also supports the choice of the band head at 21/2%
in Fig. 11 and the high j, value as used in the geomet-
rical model is also justified. Along with that, one have
to keep in mind that the expected (favourable) 90° angle
between the proton and neutron arm at the band head in
the shears mechanism is based on the argument that pro-
tons are in pure hole states and neutrons are in pure par-
ticle states (or vice versa). For ®!Ni, on the other hand,
proton angular momentum is created by m( f;/l? f51 /2) con-
figuration, which is a mixture of hole and particle state.
This may change the favorable angle between these two
arms and the angle can be more than 90° at the band
head. Another important note to be made about the oc-
cupation number is that it can have contribution from
the pairing correlation. With both proton hole and neu-
tron particle in high-j orbital, the ideal situation of cre-
ating a shears band exists and the high B(M1) values
from the shell model calculations strengthen the concept
of a magnetic rotational band. Therefore, from the occu-
pation of protons and neutrons in different orbitals, the
upper part of Band B1 are predicted to have the config-
uration W(fﬁlz [p3/2/ fs/2]") @ V(9593 15[ f5/2/P1/2]) and
they agree with the configuration proposed in ®*Ni Band
M1 as well.

The SM predicted energies for the Band B3 are a little
bit over-estimated compared to the experimental data
and therefore are not show in Fig. 13. To understand the
structure of Band B3, the neutron occupation numbers
for various orbitals are compared to Band B1 in Fig.14(b)
and (¢). It may be worth mentioning that unlike the
Band B1, the occupation number for neutron for Band
B3 remains same for the entire spin range and matches
with the later part of Band B1. Therefore, from the SM
calculation, the configuration for band B3 is predicted to
be similar as Band B1 if not same. This configuration of
Band B3 also supports the choice of same j, and j, values
corresponding to the geometrical semi-classical model fit
with respect to Band B1, as discussed in previous section.

C. Bands B2 and B4

We have observed two more sequences connected by E2
transitions indicated as Band B2 and Band B4 in Fig. 2.
The Band B4 starts right from the first observed 9/2%
spin and extends upto 29/2% whereas the band B4 is
assumed to start from 11/2% spin. It is quite clear that
the involvement of the shape-driving gg,/, orbital induces
deformation and the rotational bands are likely to be seen
as also reported in neighbouring nuclei. To find out the
nature of these two bands we plot the excitation energy vs
spin for both the bands (B2 and B4) which are displayed
in Fig. 15(a) and (b). The trend in the E vs I plot for
Band B2 suggests that the first few transitions are not a
part of the rotational structure, whereas the transitions
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FIG. 15. The excitation energy of (a) Band B2 and (b) Band
B4 as a function of the spin of the level. The experimental
data are fitted with Eq. E = Eog+ A (I — Io)(I — Io + 1),
where A, Ey and Iy are varied as free parameter. Eo and Io
are equivalent to the band head energy and spin respectively
for the corresponding Band (Band B2 and B4).

beyond the 23/27 spin can be fitted with the rotational
equation described as

E=Ey+Ax(I—1I0)(I—1Io+1) (8)

The experimental data in Fig. 15 for both the bands
are fitted with Eq. 8. For Band B2, the fitting is for the
upper 4 data points starting from 23/2%h and clearly,
this rotational structure is not followed by the states be-
low 23/2% spin. For band B4, the E vs I plot indicates
the overlap of two sequences. Therefore they are fitted
by the rotational equation in two part: lower energy part
and higher energy part, which is shown in Fig. 15(b).
The fitted curves indicate the crossing of two rotational
bands around 23/2% spin. The fitted parameter A in
Eq. 8 is inversely proportional to the Moment of Inertia
(MolI) of the nuclear shape of associated with the corre-
sponding band. The values obtained for A for Band B2
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ported in neighbouring odd mass Ni isotopes and %°Fe as a

function of the rotational frequency(fiw) of the levels. The

information of the excited levels for *°Ni, 3Ni and ®°Fe are
taken from the Ref. [13], [15] and [39] respectively.

(upper part) (Fig. 15(a)) and Band B4 lower and upper
part (Fig. 15(b)) are 28, 103 and 53 respectively. There-
fore, the higher slope of Band B4 compared to Band B2
indicates that a higher moment of inertia is associated
with the Band B2 rotational structure. Thus the config-
uration for band B4 can be assumed to have less number
of quasi-particle involving one v0gg /o orbital and possi-
bly the upper part of Band B4 may have more quasi-
particles.

To understand the structure better, the aligned angu-
lar momentum (I,) for bands B2 and B4, observed in
6INi from the present work are compared with the simi-
lar rotational bands reported in neighbouring Ni and Fe
nuclei and are shown in Fig. 16. As the Band B4 starts
from the very first observed 9/2% state, the configuration
w(f7712(fp)1) ®u(g$/2(fp)4) is assumed for the lower part
of the Band B4. As the aligned angular momentum is
low for the first part of the band B4, we can assume that
the few neutrons in fp shell are paired up and do not
contribute to the total angular momentum. The aligned
angular momentum (I,,) for the lower part of the Band B4
are matched with those of the positive parity band of ®*Fe
with only two proton less than *'Ni. Band B4 is seen to
exhibit a back-bending at 0.95 MeV rotational frequency
(around spin 10.5k) and seems to have a different intrinsic
structure after 21/2% spin. With only two more neutron
compared to °?Ni, the rotational bands of 'Ni are ex-
pected to have similar kind of structure as the rotational
bands reported in °Ni. The configuration of rotational
Band 1 of °°Ni is predicted to be W(f7722(p3/2/f5/2)2) ®

v((p32f5/2) 99 /2) from configuration-dependent cranked

Nilsson-Strutinsky (CNS) calculations [13]. The Band
B4 is not well extended after the band crossing, but the



I, of the Band B4 after band crossing has the indica-
tion to match well with that of Band 1 of °*Ni and thus
the upper part of Band B4 is proposed to be generated
from promoting an extra proton to the upper fp shell
and creating an extra hole in high-j f7/, which in turns in-
crease the angular momentum of the system. The aligned
angular momentum also supports the configuration of
w(f7722(fp)2) ® v(gg/5(fp)?*) for band B4 after the back-
bending. The deformation for the configuration involv-
ing the ugé/2 orbital in 5*Ni is predicted to be $=0.24
from configuration-fixed constrained CDFT calculations
in Ref. [20]. Therefore we can also assume the same defor-
mation for the upper part of Band B4. The configuration-
dependent cranked Nilsson-Strutinsky (CNS) approach
also predicts a similar deformation (e2=0.22) for the col-
lective band WD1 in %°Ni [14] with the configuration
w(f7722 (fp)?) ® I/(gé/2>(fp>3). Therefore the deformation
of Band B4 is assumed to be of the same order as pre-
dicted in Ref. [20].

The I, for the upper part of Band B2 in %'Ni is only
plotted in Fig. 16 as the states below 23/2" are not a
part of the rotational structure. The I, of the Band
B2 seems to have relatively higher values with respect
to Band B4 and matched with the lower part of the D1
band of %3Ni [15] as well as with band 2 of *Ni. The
positive parity Band D1 of 53Ni is predicted to have the
configuration involving 7gg/2 and Vgg /2 to generate such
large aligned angular momentum. Similarly, the band 2
of %"Ni is also predicted to have both wgg/Q and IJgé/2
orbitals involved in the configuration. It may be noted
that these bands in ®°Ni or %3Ni appear at a higher ex-
citation energy. From the present experimental data, we
could not extend the Band B2 beyond 35/2% and thus its
difficult to predict the intrinsic structure for this band.
But it may be inferred that the configuration related to
Band B4 involve more high-j orbital(s) along with one
Vgg /2 in it.

1. Shell Model Calculations for Band 2 and 4

The experimental states corresponding to the rota-
tional Band B4 are also compared with the SM calcu-
lated states and shown in Fig. 13. The SM calculation
for Band B4 matched beautifully with the experimental
value. This band is predicted to have a high B(E2) val-
ues (in order of 200 e* fm*) for the lower states which
increase even higher after 21/2% spin. The occupation
number for both the Band B2 and B4 are represented
in Fig. 17 calculated by the SM using same prescription
described above. As these bands (Band B2 and B4) are
associated with some deformation, the spherical orbital
configuration are not so rigid. The occupation number
for the Band B4 predicts one proton hole in f7/,, and
at least one neutron in shape driving gg/o orbitals for
the lower spin with the most probable configuration of
w(f7712 (p3/2)1)®u(gé/2(fp)4). As the band proceed to the
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FIG. 17. The occupation number for different orbitals cal-
culated by shell model calculation with respect to spins of
the levels. The upper panel shows the occupation numbers
for (a) proton and (b) neutron associated with Band B2 con-
figuration whereas the lower panel shows occupation number
associated with the Band B4 configuration for (¢) proton and
(d) neutron.

higher spin it is clearly seen in Fig. 17(b), that the occu-
pation of proton in 0 f7/, reduces after 21/2% whereas the
occupation in 0 f5 /5 increases. Therefore, an extra proton
is predicted to be promoted in the fp shell from 07/ af-
ter 21/27 and the configuration of the higher spin states
for Band B4 is emerged as 7r(f77/22p§/2f51/2)®1/(gé/2 (fp)*).
This SM predicted configuration is well matched with
the structure of band B4 discussed above. For Band B2
the SM predicted level energies for each spins are over-
estimated than the experimental states and thus are not
shown along with experimental data in Fig.13. How-
ever from the SM calculated occupation number of pro-
ton and neutron for Band B2 in Fig. 17(a) and (b), it
may be predicted that this band also contains at least
one proton hole in 0f7,, and one neutron in 0gg/o. The
B(E2) values for this band is found out to be around 120
e2fm? on average from SM. As discussed above, from the
comparison with the neighboring nuclei in Fig. 16, the
aligned angular momentum I, of this band is little bit
higher and matched with the bands having configuration
involving Vgg /2 It is beyond the scope of the present SM
calculation to have more than one particle to cross the
fp shell and occupy the gg/o or ds/p orbitals. That may
be the reason behind the fact that the experimental ex-
cited states of Band B2 do not match well with the SM
calculated states.

VI. SUMMARY

In the present work we have studied the structure of
6INi using the '*C beam from the John D Fox labora-



tory at FSU incident on a thin °°Ti target and using
the FSU gamma array to detect the v rays. The spec-
troscopic information on ®!Ni has been extended consid-
erably up to ~13 MeV and 35/2% spin/parity with the
establishment of 28 new levels and 76 new transitions
decaying from those levels. The spin and parity of most
of the states have been assigned from DCO ratios and
Arppco measurements of the v rays. With Z=28 for
6INi, the low lying negative-parity states are found to be
generated from single particle excitations of the odd neu-
trons in the vps /s, v f5/2 and vp, /o orbitals as expected.
For the positive parity states, one neutron must be pro-
moted to the next shell Ogg/5 or 2ds /5 orbitals. The shell
model calculation using the GXPF1Br+V,y (modified)
interaction within a model space of fp-shell + vgg/» +
vds /o reproduced the negative as well as positive parity
states pretty well. Apart from the low lying irregular
structure, two magnetic rotational (MR) bands Band B1
and Band B3 with a regular sequence of M1 transitions
have been established. The shears mechanism associated
with the MR band are described by the semi classical
model. With a single value of j, and j,, the SCM can-
not fit the Band B1 entirely. Therefore the values of j.
and j, are chosen wisely to have the shears mechanism
starts at 21/2% (upper part of Band B1) with the shears
angle~90° and continued up to maximum observed spin
at 29/2% by closing the shears angle between the proton
and the neutron arms. With this consideration, and SCM
fit matched pretty well with the experimental data. The
experimental levels corresponding to Band B3 are found
to be associated with same j, and j, values from SCM
fit to form the shears. The shell model calculations pre-
dict the configuration for these bands involving one high-j
7 f7/2 holes and one high-j vgg /5 particle. The shell model
predicted a high B(M1) values for these two bands which
further indicate them to be of magnetic rotational type.
The halflives of the Band B1 and Band B3 are calcu-
lated to be of the order of 0.11 ps and 0.65 ps from shell
model which is expected for magnetic rotational bands.
With the involvement of the shape driving vgg,, orbital,
a small deformation is expected to be induced into the
system. The formation of two deformed collective bands
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named Bands B2 and B4 with regular E2 transitions es-
tablished the onset of deformation in this nuclei at higher
energy. The excited energies of the collective bands are
plotted as a function of spin for better understanding.
The Band B4 are extended beyond the band crossing
and an extra proton is predicted to be excited from the
lower shell to upper fp shell around 21/2%. The SM pre-
dicts the energy levels of the Band B1 and B4 matched
quite well with the experimental data within the consid-
ered model space whereas it overestimated the energies
for Band B2 and Band B3. The occupation number of
different orbitals for proton and neutrons, corresponding
to different bands are plotted as a function of spin for
these collective structures which indicate the configura-
tions associated with them. The Band B2 is seen not
to be well developed from the present data and future
experimental effort to extend this band would reveal ad-
ditional information. Along with the extension of the
quadrupole bands, the lifetime measurements of the lev-
els of the magnetic rotational bands (B1 and B3) will be
interesting to understand those structure better and will
be the next experimental goal.
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VIII. APPENDIX

TABLE I: The energies of the «-ray transitions (E), energies of the
initial levels (E;), the spins and parities of the initial (J{") and final (J})
levels along with the relative intensities (Iy), DCO ratios (Rpco) and
IPDCO values (Arppco) and the proposed multipolarities for all ob-
served transitions in ®'Ni from the present work are listed. The ~ ray
energies are determined from spectra displayed with 1.0 keV/Ch disper-
sion. The errors listed adjacent to each v transition represent the fitting
error. The observed v-ray intensities are estimated from prompt spectra
and normalized to 100 for the intensity of 67-keV ~-ray. The spin and
parity of the states which cannot be determined from the present data
are either presented in parentheses or adopted from the earlier work.
The multipolarity and nature of few transitions, for which Rpco or
Arppco could not be determined or ambigous, are presented in paren-
thesis or fixed from the initial and final level spin-parity value.

«The intensity is less than 0.2% of the intensity of 67 keV.

#The intensity could not be determined from present data due to over-
lap with nearby energies.

$ DCO ratio in E2 gating transition.

& DCO ratio in E1 gating transition.

E’y Jiﬂ—> J}r E; Ef I,Y(Err) Rpco AIpDco Deduced
(in keV) (in keV) | (in keV) (Err) Multipolarity
67.2(1) 5/27 — 3/2” 67.2(1) 0.0(-) 100(3) 0.63(5)" - M1
134.2(1) | 9/2% —9/27 | 2121.0(1) | 1987.0(1) |  0.32(4) - - E1
136.6(1) | 13/2F — 11/27 | 3434.9(2) | 3298.4(5) | 7.52(23) - - M1
207.0(1) | 15/2% — 13/29) | 5147.3(3) | 4939.8(2) |  0.97(4) - - (M1)
320.2(2) | 17/2% — 17/2"7 | 5630.9(3) | 5310.7(2) | 0.77(3) - - M1
321.0(3) | 11/27 —9/27 | 2128.3(1) | 1807.4(1) | < 0.2* - - M1
348.8(1) | 23/2F — 21/2% | 8027.7(2) | 7678.9(2) |  2.14(6) 0.61(4)% | -0.19(6) M1




Table I: Continued...

Ji—=J7 FE; Ey I,(Err) Rpco Deduced
(in keV) | (in keV) (Err) Multipolarity
15/27 — 13/2% | 5147.3(3) | 4762.9(2) 1.73(6) - M1
23/2% — 23/27 | 8027.7(2) | 2128.3(1) 1.71(4) 0.78(5)% M1+E2
17/2% — 15/2% | 5630.9(3) | 5147.3(3) | 8.29(17) 0.58(3)® M1
17/27 — 17/2% | 5310.7(2) | 4818.3(2) 6.9(8) - M1
25/2% — 23/27 | 8552.7(3) | 8027.7(2) | 2.99(14) 0.67(4)% M1
9/27 —7/27 1987.0(1) | 1454.4(1) |  1.06(2) 0.70(4)% M1+E2
23/2% — 21/2% | 7790.6(3) | 7237.9(3) |  0.88(3) 1.00(5)% M1
19/2% — 17/2% | 6192.9(2) | 5630.9(3) | 7.73(16) 0.66(3)* M1
15/27 — 13/2" | 4018.7(2) | 3434.9(2) | 6.30(13) 0.95(5)% M1+E2
15/2% — 13/27 | 4018.7(2) | 3426.0(2) | 10.56(25) | 0.50(2)® El
15/2% — 15/29) | 5147.3(3) | 4522.0(5) |  0.72(3) 0.90(7)% (M1+E2)
9/2" — 7/27 2121.0(1) | 1454.4(1) |  0.34(2) 0.59(7)* El
21/27 — 19/2"7 | 6734.3(2) | 6065.1(2) < 0.2 - M1
15/2% — 15/2% | 5147.3(3) | 4476.9(2) 1.85(5) 0.94(7)® M1+E2
17/2% — 15/2% | 5155.7(2) | 4476.9(2) 1.83(5) 1.10(6)% M1+E2
15/27 — 11/2"7 | 4018.7(2) | 3298.4(5) |  4.23(9) 1.54(8)% E2
19/2% — 17/2% | 6065.1(2) | 5310.7(2) | 1.28(4) 1.20(6)% M1+E2
17/2% — 17/27 | 5925.2(2) | 5155.7(2) |  0.90(3) 0.85(6)% M1+E2
21/27 —19/27 | 6971.6(3) | 6192.9(2) | 7.31(19) 0.75(4)® M1+E2
27/2% — 25/27 | 9336.6(4) | 8552.7(3) | 2.67(18) 0.73(4)% M1+E2
9/27 —7/27 1807.4(1) | 1014.9(1) |  2.18(6) - M1
17/2% — 15/2% | 4818.3(2) | 4018.7(2) | 8.63(18) 0.51(3)% M1
17/27 — 17/2% | 5630.9(3) | 4818.3(2) 6.9(7) - M1
23/2% — 21/2% | 7790.6(3) | 6971.6(3) | 2.93(7) 0.75(4)% M1+E2
17/2% — 15/2% | 5310.7(2) | 4476.9(2) | 4.31(14) 0.74(4)% M1+E2
5/27 — 5/27 907.6(1) | 67.2(1) 3.54(32) - M1
29/27 — 27/27 [10200.0(4) | 9336.6(4) |  1.12(8) 0.54(3)® M1
25/2% — 23/2% | 8663.0(3) | 7790.6(3) |  3.59(9) 1.07(6)* M1
19/27 — 17/2% | 6192.9(2) | 5310.7(2) | 6.12(13) | 0.99(5) M1
13/27 — 11/2% | 4206.3(2) | 3298.4(5) | 3.02(10) 1.14(8)% M1+E2
5/27 — 3/27 907.6(1) 0.0(-) 6.9(7) 0.58(4)% M1
19/27 — 17/2% | 6065.1(2) | 5155.7(2) 0.69(8) 0.73(7)% M1+E2
19/2% — 17/2"7 | 6555.7(3) | 5630.9(3) 1.75(7) 0.74(4)% M1+E2
(31/27) — 29/2% |11138.4(7)|10200.0(4)| < 0.2 - M1
15/2% — 13/2% | 5147.3(3) | 4206.3(2) | 5.20(12) 0.65(7)® M1
7/27 —5/27 1014.9(1) | 67.2(1) 68.5(14) | 1.38(4)% M1+E2
9/27 — 7/27 | 2409.4(1) | 1454.4(1) |  0.21(1) - M1
15/207) — 13/2% | 4999.3(2) | 4032.1(2) | < 0.2 - El
9/27 —7/27 1987.0(1) | 1014.9(1) | 5.67(12) 0.43(2)% M1+E2
7/27 —3/27 1014.9(1) | 0.0(-) 31.8(6) 0.83(3)® E2
15/21 — 13/27 | 4476.9(2) | 3434.9(2) 13.2(3) 0.78(2)% M1+E2
21/27 — 19/2"7 | 7237.9(3) | 6192.9(2) < 0.2 - M1
9/27 —5/27 1987.0(1) | 907.6(1) | 10.51(19) | 1.01(3)® E2
27/2% — 25/27 | 9747.6(4) | 8663.0(3) 1.59(6) - M1
9/2" — 7/27 2121.0(1) | 1014.9(1) |  68.4(2) 0.62(2)* El
11/27 — 7/27 | 2128.3(1) | 1014.9(1) |  35.7(7) 0.95(3)® E2
15/2% — 15/2% | 5147.3(3) | 4018.7(2) 1.26(5) 1.04(6)% M1
5/27 —3/27 1132.3(5) | 0.0(-) < 0.2* - M1
17/2% — 15/2% | 5155.7(2) | 4018.7(2) 1.42(5) 0.88(5)% M1+E2
11/2% —9/2% | 3298.4(5) | 2121.0(1) 17.6(6) 4(9)% M1+E2
15/21 — 11/2% | 4476.9(2) | 3298.4(5) 5.3(9) - E2
15/20) = 11/2% | 4522.0(5) | 3298.4(5) | 1.59(5) | 1.78(10)% (E2)
19/2F — 17/2"7 | 6065.1(2) | 4818.3(2) 1.08(2) 0.96(5)% M1
13/207) 5 9/27 | 3258.2(2) | 1987.0(1) |  0.57(1) 0.95(6)% (E2)
9/27 — 5/27 | 2409.4(1) | 1132.3(5) < 0.2* - E2
17/27 — 15/2% | 5310.7(2) | 4018.7(2) | 4.31(12) | 1.12(6)% M1+E2
(29/27) — 27/2% [11043.0(6) | 9747.6(4) < 0.2 - (M1)




Table I: Continued...

Jiﬂ—> J}r E; Ef L,(Err) Rpco A]pDco Deduced
(in keV) | (in keV) (Err) Multipolarity
13/27 — 11/27 | 3426.0(2) | 2128.3(1) | 9.38(17) 0.59(4)" - M1
13/2%7 — 11/27 | 3434.9(2) | 2128.3(1) |  1.69(7) 0.44(2)% - El
13/2% — 9/27 | 3434.9(2) | 2121.0(1) | 37.3(7) 0.99(3)® 0.05(1) E2
15/2(7) — 13/27 | 4766.0(3) | 3426.0(2) | 1.17(7) 0.54(4)% - (M1)
21/27 — 17/27 | 6971.6(3) | 5630.9(3) < 0.2 - - E2
21/27 — 17/27 | 7266.9(2) | 5925.2(2) | 1.76(4) 1.04(6)® 0.03(1) E2
19/2% — 17/2% | 6192.9(2) | 4818.3(2) |  0.34(3) - - M1
17/2% — 13/2" | 4818.3(2) | 3434.9(2) 6.9(7) 0.93(5)% - E2
7/27 —5/27 1454.4(1) | 67.2(1) < 0.2* 0.66(5)* - M1
9/27 — 7/27 | 2409.4(1) | 1014.9(1) |  1.30(3) - - M1
23/27 — 19/2"7 | 7604.9(3) | 6192.9(2) |  0.65(2) - - E2
13/27 —9/27 | 3426.0(2) | 1987.0(1) |  3.75(8) 1.01(5)* 0.06(1) E2
13/207) = 9/27 | 3258.2(2) | 1807.4(1) |  0.17(1) - - (E2)
7/27 —3/27 | 1454.4(1) | 0.0(-) 14.9(3) 0.96(3)® 0.10(6) E2
27/27 — 23/27 | 9106.8(4) | 7604.9(3) |  2.40(2) 1.57(8)% - E2
13/20) — 13/2% | 4939.8(2) | 3434.9(2) |  3.90(8 0.96(5)% | 0.01(2) (M1+E2)
15/2(7) — 13/2(7) | 4766.0(3) | 3258.2(2) | < 0.2 - - (M1)
23/2T — 19/2"7 | 7604.9(3) | 6065.1(2) |  4.78(8) 0.96(6)® 0.02(1) E2
21/2% —17/2% | 6734.3(2) | 5155.7(2) | 5.36(11) 0.95(5)* 0.06(3) E2
19/2% — 15/2% | 6065.1(2) | 4476.9(2) | 4.39(10) 1.05(6)% 0.09(6) E2
21/2T — 17/27 | 7237.9(3) | 5630.9(3) < 0.2 - - E2
17/27 — 15/2% | 5630.9(3) | 4018.7(2 0.57(3) - - M1
13/27 — 9/27 | 3426.0(2) | 1807.4(1) | 1.14(3) 1.85(9)% | 0.03(1) E2
25/27 — 21/2% | 8950.8(2) | 7266.9(2) | 0.66(4) | 1.72(10)* | 0.08(3) E2
17/200) 5 13/2% | 5729.6(2) | 4032.1(2) |  0.45(2) 0.95(7)® - (E2)
15/27 — 13/2% | 5147.3(3) | 3434.9(2) 0.55(3) - - M1
17/2% — 13/2% | 5155.7(2) | 3434.9(2) | 12.6(2) 1.03(3)* 0.04(1) E2
9/27 —5/27 | 1807.4(1) | 67.2(1) 15.4(2 1.62(8)¢ | 0.04(1) E2
21/2T — 17/27 | 7678.9(2) | 5925.2(2) < 0.2 - - E2
13/27 —9/27 | 4197.1(2) | 2409.4(1) |  0.84(4) - - E2
(31/2%) — 27/2% |10928.8(5) | 9106.8(4) 1.37(5) - - (E2)
23/2T — 19/27 | 8027.7(2) | 6192.9(2) < 0.2 - - E2
15/2F — 11/2% | 5147.3(3) | 3298.4(5) 1.43(5) 1.50(8)% - E2
17/2% — 13/2% | 5310.7(2) | 3434.9(2) | 1.12(5) 1.13(7)% - E2
13/27 — 11/27 | 4032.1(2) | 2128.3(1) |  2.25(5) 0.75(8)* 0.06(2) El
9/27 —5/27 1987.0(1) | 67.2(1) 15.2(2) 1.07(3)® 0.07(2) E2
(35/2%) — (31/2%)|12874.2(9)|10928.8(5)|  0.79(2) 1.71(9)% - (E2)
23/27 — 19/2" | 8027.7(2) | 6065.1(2) < 0.2 - - E2
(29/27) — 25/2% [10993.2(6) | 8950.8(2) < 0.2* - - (E2)
13/2% —9/27 | 4032.1(2) | 1987.0(1) | 0.86(15) 0.97(7)® - M2
21/2T — 17/27 | 7678.9(2) | 5630.9(3) < 0.2 - - E2
13/27 — 11/27 | 4197.1(2) | 2128.3(1) | 2.62(22) 0.46(3)* - M1+E2
13/2% — 11/27 | 4206.3(2) | 2128.3(1) 5.3(7) 0.69(5)® - El
19/2% — 15/2% | 6555.7(3) | 4476.9(2) # - - E2
21/2% — 17/2% | 7237.9(3) | 5155.7(2) -# 0.86(5)% 0.14(5) E2
13/2% — 9/27 | 4206.3(2) | 2121.0(1) 1.5(6) 1.47(8)% - E2
21/2% —17/2% | 7266.9(2) | 5155.7(2) 1.4(6) 0.86(5)® 0.16(9) E2
17/2% — 13/2" | 5630.9(3) | 3434.9(2) | 0.66(4) 0.88(5)% E2
25/27 — 21/27 | 8950.8(2) | 6734.3(2) | 1.45(11) 1.25(9)% - E2
13/2% —9/27 | 4032.1(2) | 1807.4(1) | 0.85(12) - - M2
9/27 —5/27 | 2409.4(1) | 67.2(1) 2.19(4) - - E2
21/2% — 17/2% | 7678.9(2) | 5310.7(2) |  0.23(2) - - E2
17/2% — 13/2% | 5925.2(2) | 3434.9(2) | 1.21(4) 1.11(7)% 0.02(1) E2
21/2% — 17/2% | 7678.9(2) | 5155.7(2) |  0.80(8) 1.16(8)® - E2
19/27 — 15/2% | 6555.7(3) | 4018.7(2) | 0.42(13) 1.64(9)% - E2
13/27 — 11/27 | 4762.9(2) | 2128.3(1) |  2.75(6) 0.73(4)* 0.12(7) El
13/249) = 9/2% | 4939.8(2) | 2121.0(1) |  1.06(5) 1.62(9)% - (E2)




Table I: Continued...

E’y Jiﬂ—> J}r E; Ef L,(Err) Rpco A]pDco Deduced
(in keV) (in keV) | (in keV) (Err) Multipolarity
2860.6(2)| 21/27 — 17/2% | 7678.9(2) | 4818.3(2) | 0.27(1) [ 1.29(11)" - E2
2871.0(2) | 15/207) — 11/27 | 4999.3(2) | 2128.3(1) |  1.50(5) 0.83(5)% - (E2)
3035.6(1)| (15/27) — 11/27 | 5163.9(2) | 2128.3(1) |  1.88(6) - - (E2)
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