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Abstract. The neutron gy,, single-particle state in 5"Ni has been unambiguously identified in a combined
measurement of the linear polarization, angular distribution, and angular correlation of v rays following
the fusion-evaporation reaction 2®Si(®2S,2pn)>"Ni at a beam energy of 90 MeV. The linear polarization
was measured with a EUROBALL cluster detector and a prototype of an encapsulated six-fold segmented
hexaconical Ge-detector. The spin of the 3701 keV level in ®"Ni was confirmed to be I = 9 /2 and its parity

determined to be positive.

PACS. 21.10.Hw Spin, parity, and isobaric spin — 21.60.Cs Shell model — 23.20.En Angular distributions

and correlation measurement — 27.40.4+z 39 < A < 58

The knowledge of the single-particle energies in the vicin-
ity of doubly-magic nuclei is of great importance in low-
energy nuclear structure studies. For any nuclear many-
body model single-particle energies are either vital param-
eters (e.g., in the shell-model) or reflect basic bench-marks
(e.g., for mean-field calculations). Around %SNi, the po-
sitions of the negative-parity orbits 1f7z/2, 2p3/2, 1f5/2,
and 2p;,p are well established from either particle- or
~-spectroscopic investigations of the odd-A one-hole and
one-particle neighbours **Co and °°Ni [1], and ®*"Ni and
57TCu [2], respectively. The positive-parity orbits from the
sd-shell, located below 4°Ca, are known or suggested in
the A = 55 mirror system [1], but they do not play a
significant role for the high-spin states in or above ?°Ni.
Instead, the description of, e.g., the recently observed ro-
tational bands just above °Ni [3,4] calls for the occupa-
tion of the positive-parity 1gg,5 high-j intruder orbit. The
single-particle energy of the 1gg/, shell around *°Ni re-
mains to be determined, though a promising candidate,
namely the 3701 keV I = 9/2 state in ®"Ni, has been put
forward recently [5].

Figure 1 provides the important part of the proposed
high-spin excitation scheme of ®’Ni: The 3701 keV level
was found to decay via the 1124 keV stretched AI = 1
transition into the 7/27 yrast state, and through the
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2933 keV transition into the 15/, single-particle state at
768 keV. Mainly two arguments were put forward to sug-
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Fig. 1. Partial experimental level scheme of "Ni [2,5]. The
energy labels are given in keV. The widths of the arrows in-
dicate the relative intensities of the v rays. On the right hand
side, the beginning of the proton-emitting, strongly deformed
band in *®Cu [4] is sketched. The ground-state and the levels
at 768 and 1113 keV have previously been interpreted as ps;2,
f5/2, and py /o single-particle states with respect to the 56Ni
core (e.g., [6,7]). The level at 3701 keV excitation energy is
the one of interest
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Fig. 2. Sketch of the experimental set-up. For details see text

gest a positive parity for the 3701 keV level. Firstly, the
bare existence of the nearby I™ = 9/27 level at 3713 keV
— another I™ = 9/2~ state only 12 keV apart implies
a nearly orthogonal wave function which is difficult to
accomodate theoretically [5]. Secondly, it represents the
daughter state of the exotic prompt proton decay of the
deformed band in *®Cu [4]. The band is considered to be
built on a deformed [7r 199/ ® v 1g9 /2] configuration with
the 1gg/2 proton being emitted. Nevertheless, the spin and
parity of the band head in ®Cu is yet to be determined,
which, in turn, adds one more argument why it is impor-
tant to fix the parity of the daughter state in ®7Ni.

The experiment was performed at the Tandem accel-
erator of the University of Cologne in Germany. The set-
up is sketched in Fig. 2. The 90 MeV 32S beam hit a
0.44 mg/cm? thick 28Si target enriched to 99.1%. It was
backed with a 11 mg/cm? Ta foil and tilted 30° with re-
spect to the beam to avoid as much screening of the Ge-
detectors as possible. To study electromagnetic properties
of weak v-rays in the ®"Ni+2pn reaction channel it was
necessary to suppress the 7y-ray transitions from domi-
nant pure charged-particle evaporation channels, namely
54Fe+1a2p and 7 Co+3p. Hence, v-ray spectra were taken
with and without the coincidence with evaporated neu-
trons. The neutron discrimination employed the pulse-
shape analysis of signals coming from a four-fold seg-
mented large-volume NE213 neutron detector positioned
at 0°.

The Ge-detector labeled AD was used to measure the
angular distribution of v rays in the range from 0° to 140°
relative to the beam direction. (For the two positions at 0°
and 20° the neutron detector was removed at the end of
the experiment.) The two Ge-detectors M1 and M2, which
were fixed at 140°, served as beam current monitors for the
angular distribution measurement but also for the deter-
mination of angular correlation ratios. M1 was Compton
suppressed. The six-fold segmented MINIBALL prototype
detector [9,10] P1 and the EUROBALL cluster detector [8,
9] P2 (with suppression shield) at 90° provided the second
direction for the angular correlation ratios. Their main
purpose, however, was to measure the linear polarization
by comparing the count-rates of ’horizontally’ and ’ver-
tically’ scattered « rays in two segments or capsules, re-
spectively. Scattering examples are indicated on the right
hand side of the figure, which provides the front faces

D. Rudolph et al.: The 3701 keV neutron gy /> single-particle state in STNi

and the numbering of the Cluster elements and the seg-
ments, respectively. The detectors AD, M2, P2, and the
neutron detector were placed in a horizontal plane with
the beam. M1 and P1 were tilted 56° out of that plane.
List-mode data was written to magnetic tape if two Ge-
crystals and/or two segments of P1 fired. The data com-
prised a total of 1.7 billion events of which 17% had proper
two-fold events within P1, 36% two-fold events within P2,
and 43% two- and higher fold coincidences between dif-
ferent Ge-detectors. During the experiment a weak 137Cs
source was fixed on the dewar of AD. Finally, energy and
efficiency calibration spectra were taken for all seven po-
sitions of AD using a 2?Ra source.

The normalization factors of the angular distribution
analysis were determined to correct for (4) different beam
currents, (7) different ADC dead times, and (iii) different
relative efficiencies at the different angle positions of AD
by employing (7) the intense yrast 3431 keV 8t — 67 and
411 keV 6% — 47 transitions in *Fe [11], (ii) the yields
of the 661.7 keV line of the 137Cs source, and (iii) the
extensive 226Ra calibration. The normalization coefficients
were tested with strong lines from the 32S+28Si reaction
in both AD and M1. The normalized data points were
least-squares fitted using the formula [12]

W(0) =1+ Q242Ps(cosl) + Q4 A4 Py(cosh). (1)
P, and Py denote the Legendre polynomials while Q2 and
Q4 account for the attenuation due to the finite opening
angles of the Ge detectors [13].

Since the neutron discrimination and, hence, detection
efficiency is count-rate dependent, normalization factors
were inferred for the neutron-gated spectra by match-
ing the angular distributions of the two most intense and
clean transitions in the neutron-gated spectra, namely the
2577 keV and 1287 keV lines from °Ni (cf. Fig. 1), in
spectra with and without the neutron gate. The result
for the 1287 keV line is shown on the left hand side of
Fig. 3. Clearly, the lack of data points near 0° for the
neutron-gated angular distribution measurement prevents
firm conclusions, but the positive Ay coeflicient is consis-
tent with the known stretched E2 character. On the right
hand side, the 1124 keV transition shows the opposite be-
haviour, which is consistent with a stretched Al = 1 tran-
sitions without any admixture of higher multipolarities.
Consequently, this result supports the I = 9/2 assignment
of the 3701 keV level in 5"Ni.

Directional correlations of oriented states [14], so called
DCO-ratios, were investigated using a vy coincidence ma-

Table 1. Comparison between the average of measured DCO-
ratios R(30-83) and R(53-83) [5], here named R(42-83), and
the present values R(140-90) for selected v rays in 5'Ni. The
suggested multipolarities are given in the fourth row

E, (keV) 1075 1100 1124 1136 1287

R(42-83) 1.08(10) 0.38(3) 0.67(8) 0.93(8) 0.97(4)

R(140-90) 1.03(10) 0.44(5) 0.84(10) 0.80(8) 0.98(5)
Mult.  E2/M1 E2/M1  E1  E2/M1  E2
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trix with v rays detected in P1, P2, and AD(90°) and M1,
M2, and AD(140°), respectively. The efficiency corrected

I(~1 at 140°; gated with v, at 90°)
I(~1 at 90°; gated with yo at 140°)

Rpco(11,72) = (2)

ratios are compared to previous results [5] for some transi-
tions in °“Ni in Table 1. The 2577 keV ground-state transi-
tion was always used for gating. The value for the 1124 keV
line is consistent with a stretched, pure AI = 1 transition.

The linear polarization and, consequently, the electric
or magnetic character of the radiation can typically (see,
e.g., [15]) be determined through a normalized difference
of ’horizontally’ or ’vertically’” Compton scattered -y rays
(cf. Fig. 2). Neither the Cluster nor the segmented Ge-
detector have the favoured orthogonal configuration (such
as, e.g., a EUROBALL Clover detector [16]). Therefore, we
define the anisotropy [9,17-19] as

Sk 3

uN |+ N,
with N and N, representing the counts of 'vertically’
and ’horizontally’ scattered -y rays. The coefficient u(E.,)
can be determined from the 2?Ra source calibration. It
was found to be 1.52(1) for P1 and 2.01(1) for P2 in the
region of interest, i.e., between ~y-ray energies 1.0 MeV
< E, < 1.3 MeV. For P2 the coefficient can be readily
explained by counting the number of neighboured Clus-
ter element combinations for ’vertical’ (4) and "horizon-
tal’ (8) scattering (cf. Fig. 2). For P1 non-neighboured
events were also included such as, e.g., segments 1 and 3
for "horizontal’ or segments 2 and 6 for 'vertical’ scatter-
ing. The non-neighboured segment scatterings provided
only 17% of the statistics of neighboured scatterings. Fig-
ure 4(a) shows the purified neutron-gated difference and
sum spectrum according to the nominator and denomi-
nator of (3) using the statistics from P1 and P2. All la-
beled peaks in the spectra belong to °"Ni (cf. Fig. 1). The
1160, 1227, 1270, and 1287 keV lines are known to be
stretched E2 transitions. They reveal the expected posi-
tive anisotropies for both P1 (c¢) and P2 (b). The 1075,
1100, and 1136 keV lines are mixed Al = 1 transitions
with §(F2/M1) —1.4(8), +0.94(18), and -0.15(9) [5],
respectively. The positive £2 admixture of the 1100 keV
nicely coincides with an anisotropy close to zero, while

fits to the angular distribution formula (1)
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Fig. 4. The y-ray spectra in part (a) show the normalized
difference (bottom) and sum (top) of events scattered paral-
lel or perpendicular to the reaction plane in the Cluster or
the segmented Ge-detector. The spectra were measured in co-
incidence with at least one detected neutron. The lines from
pure charged-particle evaporation channels were carefully sub-
stracted using identical fractions of the spectra without the
neutron coincidence. The peaks are labeled with their energies
in keV and their (known) multipole character. The anisotropy
(3) measured for these transitions are shown for the Cluster
(b) and the segmented Ge-detector (c)

those of the other two E2/M1 transitions are negative.
A detailed analysis of the polarisation sensitivity of the
segmented detector will be published separately [19].
Due to its positive anisotropy and because of a mixing
ratio which is consistent with zero we assign the parity-
changing F'1 character to the 1124 keV transition, leading
to a spin-parity assigment of I™ = 9/27 for the 3701 keV
state. We interpret this state as the neutron 1gg,5 single-
particle state with respect to the doubly-magic core “6Ni.
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