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Abstract. The $57Zng; isotope has been produced at the Oak Ridge National Laboratory in the fusion-
evaporation reaction *°Ca(**Mg,2pn)®'Zn at 104 MeV. The experimental set-up allowed 7-rays to be
detected in the CLARION Ge detector array in coincidence with the detection of recoiling nuclei in the
focal plane at the end of the recoil mass spectrometer. This provides a unique identification of v-rays
belonging to ®'Zn. The excited states have been explored by means of recoil-yy coincidences, and the
resulting decay scheme comprises almost 70 transitions. The data reveal numerous non-yrast states and
suggest a revised spin and parity assignment for a previously observed superdeformed band. The resulting
decay scheme is compared to predictions from different sets of large-scale shell model calculations.

PACS. 21.60.Cs Shell model — 23.20.En Angular distribution and correlation measurements — 23.20.Lv
~ transitions and level energies — 27.40.4z 39 < A <58

1 Introduction

The ${Zn5; nucleus lies just beyond the N = Z = 28 shell
closure, with two protons and three neutrons occupying
the subshells up to the next closure at N = Z = 50.
The subshells placed in between the two shell closures are
the negative-parity 2ps/o, 1f5/2 and 2p, /5 orbitals in the
upper fp shell, and the positive-parity £ = 4 1g9 /5 intruder
orbital. Because of its high-j nature, excitations into the
latter influence or even dominate the level sequences of
N ~ Z, A ~ 60 nuclei already at moderate excitation
energies. Examples of this are 5%61Cu and %'Zn [1-3]. An
additivity principle was derived in ref. [1], which relates
the amount of quadrupole deformation to the number of
particles in the 1gg/5 orbital and holes in the 1f7/, orbital,
providing a natural transition from spherical structures to
superdeformed (SD) rotational sequences.

Theoretically, the inclusion of the 1gg,; orbital in
state-of-the-art shell-model calculations is difficult due to
the center-of-mass problem, here caused by insufficient
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separation of center-of-mass and relative coordinates of
the 61 nucleons (cf. p. 447 and p. 482ff in ref. [4]).

Another facet of N ~ Z, A ~ 60 nuclei is the in-
vestigation of isospin symmetry by studying mirror nu-
clei, i.e. nuclei with the same mass number but with in-
terchanged proton and neutron numbers. The mirror nu-
cleus of §}Zns, is §1Gay,, where the first few excited states
recently have been established [5]. To obtain solid infor-
mation on isospin-breaking effects from mirror nuclei, de-
tailed spectroscopic knowledge of the less exotic partner
—in this case ®1Zn— is necessary.

In the present paper we report on the investigation
of excited states in 6'Zn. Previous data aimed to extend
an existing [6,7] low-spin level scheme [2], to determine
parity-changing F'1 transitions [3], and to search for su-
perdeformed rotational bands [8]. The most recent decay
scheme of normally deformed structures in ®1Zn comprises
some 25 ~-ray transitions reaching over 9 MeV excitation
energy and a few spin and parity assignments [2], which
were refined in ref. [3]. Our analysis provides a firm decay
scheme with a considerable increase to almost 70 transi-
tions ranging up to a spin I™ = 31/2~ state at an excita-
tion energy of £, = 10155keV. Interestingly, revised spin
assignments of the low-lying levels based on ref. [3] and
the current analysis affect the presumed, tentative spin
assignments of the %Zn SD band [8].
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Fig. 1. Clean recoil-y spectrum of 5*Zn. The most intense transitions are marked with energies in keV. The spectrum is binned

to 2keV /channel. See text for more details.

The experimentally observed energy levels in the 1Zn
nucleus are compared with shell model calculations using
two different configuration spaces: i) the full fp space,
neglecting excitations up to the 1gg/, orbital, and ii) a
closed ®6Ni core with the five valence nucleons moving in
and between the 1f5/2, 2p3/2, 2p1/2, and 1gg o orbitals.

This paper reports on the experimental details includ-
ing the set-up (sect. 2), the data analysis (sect. 3) and
results (sect. 4). Section 5 deals with the shell model cal-
culations involving both of the above-mentioned configu-
ration spaces.

2 The experiment

The experiment was conducted at the Holifield Radioac-
tive Ion Beam Facility (HRIBF) at Oak Ridge National
Laboratory. In fusion-evaporation reactions of a 104 MeV
40Ca beam, impinging on a 99.92% isotropically enriched
24Mg target foil of thickness 0.3 mg/cm?, %4Ge compound
nuclei are formed. The §3Zn,; nuclei are then produced
via the evaporation of two protons and one neutron.

The experimental set-up comprised the germanium de-
tector array, CLARION [9], consisting of ten Ge clover
detectors placed in a three ring configuration (90°, 132°,
and 154°), and the Recoil Mass Spectrometer (RMS) us-
ing the split anode Ionisation Chamber (IC) at the focal
plane [10]. The distance between the clover detectors and
the target was 20.0 cm. In that configuration CLARION
has an overall v-ray detection efficiency of about 2.3%
at 1.3MeV ~-ray energy. At the end of the experiment
CLARION was energy calibrated using the three standard
~-ray sources °?Eu, '33Ba, and 3%Y.

The combination of CLARION, RMS, and IC allows
for correlations between ~y-rays and residual nuclei pro-
viding a unique identification of y-rays belonging to 6Zn.
The correlation was also used in the trigger conditions. An
event was recorded only if one of two conditions was met:
i) at least one Compton-suppressed y-ray was detected in
CLARION in coincidence with the detection of a recoil at
the focal plane of the RMS or ii) two or more Compton-
suppressed y-rays were detected in the germanium detec-
tors. More details about the set-up and data handling
are described in ref. [5]. These include the Doppler and
add-back corrections applied to the ~-ray data collected
from the segmented 4-fold germanium clover detectors in
CLARION.

The RMS separates the recoils in mass-to-charge ra-
tio, A/Q, where @) denotes the charge state of the recoil-
ing nuclei. For a given charge state masses are thus deter-
mined by their horizontal position at the focal plane of the
spectrometer. These positions are measured by a position-
sensitive grid, placed inside the IC. Information about the
energy and the atomic number, Z, of the recoils is pro-
vided via the differential energy loss information from the
split anode in the IC. This information is comprised in the
Ry3 parameter, which relates the energy loss in the first
and the third part of the IC anode via the ratio between
the two. The R;3 parameter is introduced and explained
further in ref. [5].

3 Analysis

In total there are three isotopes of mass A = 61 observed
in the present fusion-evaporation reaction; $5Cus,, 56Zns;,
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Table 1. Excitation energies, v-ray energies, relative intensi-
ties, and angular-distribution ratios for transitions in 5'Zn [6,
2,3].

E, (keV) Ey (keV) I, (%) Risa—os I I7
88.8(2)  88.9(1)  3.0(1) 1.08(7) 1/27% 3/27!
123.9(2) 123.9(1) 100(3) =~0.55* 5/27' 3/27
419.2(2)  295.5(1) 0.6(1) 1.55(34) 3/27% 5/2°
331.3(2)  1.2(1) 0.97(16) 3/27  1/27
419.1(2) 8.9(3) 1.11(6) 3/2~  3/2°
756.4(3) 339.0(2) 0.9(1) — 5/27%  3/27
631.7(3) 1.1(1) 0.72(16) 5/2°  5/2°
666.6(3) 1.8(1) — 5/27  1/27
755.7(4) 18(1)  0.60(3)  5/27  3/2°
997.7(4) 241.4(1) 0.5(1) — 7/27Y 5/27
578.2(3)  4.4(2) 1.40(9) 7/27  3/2
872.7(4)  73(2)  0.64(3) 7/27  5/27
996.7(5) 27(6)  1.48(7)® 7/27  3/2°
1266(1)  1141(1)  83(3)  1.62(7)  9/27' 5/27
1403(1)  647.1(3) 3.4(1) 0.66(6) 7/27% 5/27
984.3(5)  3.5(5) — 7/27  3/27
1278(1)  2.0(1) 1.01(12) 7/2=  5/2°
1403(1)  5.3(31) 0.84(4)* 7/2=  3/2°
2003(1)  737.6(4) 1.0(1) — 9/272  9/2~
1006(1)  8.5(10) 0.37(2)* 9/2=  7/2
1246(1)  8.1(3) 1.40(8) 9/2=  5/27
2270(1)  1005(1)  10(1)  0.37(2)®> 11/27' 9/2~
1273(1)  27(1)  1.77(8) 11727 7/2°
2400(1)  997.0(5)  5(3) 1.48(7)*  9/2tt  7/27
1403(1)  41(5)  0.84(4)* 9/2t  7/2”
2273(1)  2.3(1) 1.17(16) 9/2F  5/27
2699(2)  696.2(3) 1.7(1) 0.70(13) 11/27 9/2
1433(1)  6.7(2) 1.01(6)  11/27 9/2~
2799(2)  529.4(3) 0.8(1) — 13/271 11/2
1531(1)  46(3)  1.70(7)* 13/2= 9/2~
3244(2)  1978(1)  7.7(3) 0.78(6)  11/2T' 9/2”
3336(1)  936.7(5) 39(2) 1.70(7)  13/2F' 9/2t
1066(1)  6.9(2) 0.98(6)  13/2F 11/2
3461(2)  1458(1)  6.6(3) 1.51(9)  13/27 9/2~
2195(1)  5.5(3) 1.60(11) 13/2~ 9/2~
3495(3)  2229(1)  3.4(1) 1.40(12) — 9/2~
3844(2)  1046(1)  4.2(1) — 15/27 13/2~
1572(1)  16(1)  1.62(8)  15/27  11/27
4264(2)  1019(1)  3.6(1) 1.73(13) 15/2T' 11/2%
1466(1)  19(1)  0.73(4)  15/2F  13/2~
4309(3)  2039(1)  1.9(1) 0.87(14) 13/2 11/2°
4415(2)  1079(1)  35(1)  1.76(7)  17/2T' 13/2%
4644(2)  1847(1)  11(1)  1.66(9)  17/27' 13/2~
4915(3)  2116(1)  3.4(1) 0.81(9) — 13/2~
5195(3)  1733(1)  3.5(11) 1.49(10)* 17/27 13/2°
5254(2)  839.2(4) 3.1(1) 1.18(10) — 17/2%
990.9(5)  1.4(3) 1.32(13)* — 15/2%
5468(3)  1624(1)  3.6(1) — — 15/2~
5543(2)  898.9(4) 2.1(7) — 19/27 17/2°
1698(1)  5.8(3) 1.57(10) 19/27 15/2~
5552(2)  908.3(5) 2.6(1) 0.62(10) 19/2T' 17/27
1289(1)  11(1)  1.67(9)  19/2F 15/27
6090(2)  1675(3)  22(2)  1.69(8)® 21/2F' 17/2%
6212(3)  1799(1)  2.3(6) — — 17/27F
1946(1)  1.4(1) — — 15/2+
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Table 1. Continued.
E, (keV) E, (keV) I, (%) Risa—os I7 Iy
7284(2)  1733(1)  1.2(3)  1.49(10)* 21/27 19/2F
2088(1)  1.7(1) 1.32(17) 2172~ 17/2°
2639(1)  2.1(9) — 21/2=  17/2°
7295(3)  1743(1)  5.4(3) 1.47(10) 23/2T' 19/27
7486(3)  1396(1)  9.9(4) 1.93(10) 25/2T' 21/27F
7629(2)  344.8(2) 0.3(1) 1.20(24) 23/27' 21/2
1538(1)  7.5(7) 0.60(6)  23/27 21/2F
8336(3)  2246(1)  0.9(1) — — 21/2+F
8496(4)  1201(1)  2.2(1) — — 23/2F
8777(3)  440.6(2) 0.5(1) 0.71(18) — —
8879(3)  1595(1)  1.9(1) 1.79(21) 25/2 21/2~
9161(3)  1532(1)  6.3(7) 1.70(7)® 27/27' 23/27
1675(4)  4.0(20) 1.69(8)* 27/27 25/27F
10155(3)  994.1(5)  3.4(6) 1.48(7)* 31/27% 27/27

1Spim and parity supported or adopted from ref. [3].
2Spin and parity supported or adopted from ref. [6].
3Doublet structure.

4Ratio corrected using the estimated lifetime of the state.

and $1Gag,. Since the recoils have different proton num-
bers the energy loss signals will peak at slightly different
values of R13. Hence, it is possible to increment ~y-ray spec-
tra containing predominately recoils of only one species.
This is done by restricting the values of R;3 around the
known peak positions for 61Cu, 61Zn, and %'Ga, respec-
tively. Performing a careful fractional subtraction makes it
possible to obtain clean y-ray spectra for the three A = 61
recoils. The resulting clean 6'Zn spectrum is shown in
fig. 1. Only at 1310keV, an effect of the fractional sub-
traction can be seen. The fluctuations are a result of the
subtraction of the most intense peak in %' Cu, which is the
strongest of the A = 61 reaction channels.

From the clean %1Zn spectrum transitions have been
identified, their energies have been determined, and rela-
tive intensities have been obtained. The results are listed
in table 1. Intensities, I, in the table are both efficiency
corrected and corrected for the mean angular position of
all detectors. At a mean position of 6§ ~ 55° the relative
intensities of AT =0, 1, and 2 transitions are equal [11].
In CLARION the mean position is at # = 65° and correc-
tion factors to account for the non-equal detection have
to be determined. By evaluating angular distributions cal-
culated with alignment coefficients, o, typical for fusion-
evaporation reactions, correction factors of 1.09(2) and
0.95(2) for AI = 0, 2 and Al = 1 transitions, respec-
tively, have been derived. These are included in the values
in table 1.

The data from this experiment was incorporated in
so-called recoil-yv matrices, which were used to establish
coincidences between ~-ray transitions. As the name im-
plies, the yy-matrices are gated by recoils, i.e., they con-
tain only ~-rays observed in coincidence with the detec-
tion of an A = 61 recoil in the focal plane. Two matrices
were constructed; one with Rj3-values compatible with
617Zn and the other compatible with 51Cu. This restric-
tion aimed to minimise the amount of contaminants. The
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Fig. 2. The decay scheme of ®'Zn from the present work. Energy labels are in keV and the intensities of the transitions are
here indicated by the relative thicknesses of the arrows. Tentative levels and transitions are dashed.

presence of 52Cu (61Zn) recoils in the ®1Zn (1Cu) gated
matrix is, however, unavoidable due to the partially over-
lapping R;3-values of the two species. Coincidence spectra
obtained by identically selecting a specific transition in the
two matrices, can be subtracted from each other in a sim-
ilar manner as previously described for the spectrum in
fig. 1. This results in an “isotopic” y~y analysis of the 5'Zn
transitions.

The careful coincidence analysis using the recoil-yy
matrices described above has been carried out for the 5'Zn
nucleus. Figures 3, 4, and 5 show examples of coincidence
spectra, both for intense and weak transitions. As can be
seen from the figures, coinciding ~y-ray transitions are eas-
ily determined from these very clean spectra. The coin-
cidence information has been used to build the compre-
hensive decay scheme of 61Zn, illustrated in fig. 2. A few
transitions, which have not been possible to place into the
decay scheme due to lack of statistics, remain unmarked
in fig. 1.

Intensity ratios of y-rays observed in different detector
rings in the set-up [5] are also included in table 1. In the
current analysis this ratio, Ri54_9¢, is determined for the
detectors placed at 84°, 96°, with respect to the beam axis,
and those placed at 148°, 160°. Due to the dependence of
the angular distribution on detector position the latter de-
tectors may be treated as having an average detector posi-
tion of 154°. The former, due to the symmetry at 90°, must
be kept at either of the two positions, since they are placed
symmetrically around 90°. Hence, R154_96 gives the ratio
of yields, Y, between two of the detector rings in CLAR-
ION. Ratios for known stretched AI = 2 reference tran-
sitions amount to Riss_g6 = Y (154°)/Y(96°) ~ 1.6-1.7,
while stretched dipole transitions have Ri54_9¢ ~ 0.7-0.8.
In order to assign both spin and parity to the levels the

previously published assignments from ref. [3], investi-
gated by means of angular correlations (DCO-ratios) and
linear polarisations, and ref. [6] have been included. The
previous assignments are confirmed by the angular distri-
butions found in the current experiment. Additional levels
have been assigned spin and parity based on angular dis-
tributions from the current analysis and yrast arguments.

Two things from table 1 are worth extra attention.
First note the 124keV level, which is fed with a total in-
tensity of 160(4) units, but with a total decay of only
100(3) units. The large discrepancy can be explained by
the combined effect of internal conversion of the 124 keV
~v-ray and a relatively long lifetime of the 124 keV state.
In fact, both these effects are coupled to each other via
the Ri54_96 value of this transition. The experimentally
obtained value is Ri54—9s = 0.91(4). This value indicates
either an almost pure Al = 1 dipole transition or an al-
most pure Al = 1 quadrupole transition. The conver-
sion coefficients in these two extreme cases are a = 0.04
and a = 0.32, respectively. Thus, even in the case of a
pure quadrupole transition internal conversion can only
account for a fraction of the missing yield. The remaining
portion of about 30(6) units is attributed to a relatively
long lifetime of the 124keV state, which is estimated in
the following.

Arrays of Ge detectors such as CLARION reach their
full efficiency only if the ~-rays are emitted at the target
position. If the recoiling nuclei v decay at a position, d,
behind the target, only a fraction, £2(d), of the maximal
solid angle, {2y, is accessible. Clearly, 2(d) depends on
the detector position, i.e. 2(d) = £2(d,0). With a proper
calibration isomeric states can be measured via this “shad-
owing” of the germanium detectors [12]. In this analysis,
however, only an estimation of the lifetime can be ob-
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tained as there are no calibration points. The function
£2(d, 0) has been simulated and then replaced by the ap-
proximative assumption

)2, d< Do(0),
2(d,9) = {0, d > Dy(0),

with Dy(96°) = 8cm, Dy(132°) = 16cm, Dy(154°) =
22cm and Dg(f) = 13 cm. Using the latter, the missing
yield, and knowing the average velocity v/c = 4.26(1)% for
the recoils, the lifetime, 7, can be estimated. In case of a
pure dipole (quadrupole) transition one obtains 7 ~ 10 ns
(T =~ 6ns). The experimentally obtained intensities of the
124 keV line in the different detector rings hence lack yield
due to recoils in the long-lived state moving away from the
target position before decaying. Consequently, the experi-
mentally obtained Ri54_96 needs to be corrected. The cor-
rection factors obviously depend on 7 and, hence, on the
multipolarity of the transition. In case of a pure dipole
transition the correction factors are 1.2 (154°) and 2.2
(96°), and in case of a quadrupole character they are 1.1
and 1.6, respectively. This results in a corrected Ri54—9¢
value of about 0.5 (dipole) and 0.6 (quadrupole). Using
an average of these values provides some kind of self-
consistent estimate for the involved quantities: Ri54_9g =
0.55 and 7 ~ 8ns gives a 6(E2/M1) ~ 1 mixing of this
transition.

The second remark from table 1 concerns the “double
doublet” structure of the yrare and yrast 1403 keV and the
yrare and yrast 997 keV transitions, which in parallel de-
populate the 9/27 level at 2400 keV. The 1403 keV energy
level and the transition into the ground state are previ-
ously known [6]. First of all, gating on the 997 keV and
the 873 keV transitions in the current data set results in a
non-equal ratio between the yields of the 1273 keV and the
1403 keV ~y-ray transitions, which feed the 998 keV level.
In fact, the gate reveals a larger amount of the 1403 keV
transition in the 997keV gate than in the 873keV gate.
This provides first evidence for the two yrare transitions
in the “double doublet” structure. The determination is,
however, complicated by the energetically close 1396 and
994 keV transitions.

To obtain reasonable values of the relative intensities
of the four transitions it is necessary to make indirect
measurements. From the spectrum in coincidence with
the 1273 keV transition the branching ratio between the
yrast 997keV and the 873 keV transitions could be ob-
tained. The 873keV ~-ray transition is well established,
but difficulties arise from the 994keV 31/2~ — 27/2~
transition, which is close in energy to the 997keV transi-
tions and impossible to separate completely. In a similar
way, the branching ratio between the 1273 and the yrast
1403 keV transitions might be obtained from the spectrum
in coincidence with the 873keV transition. Difficulties,
however, arise from the energetically close-lying 1396 keV
25/2% — 21/2" transitions, which can affect the ratio of
yields.

While the intensities of the two yrast transitions can be
determined reasonably well with the described procedure,
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it turns out to be basically impossible to obtain mean-
ingful numbers for the yrare transitions from the current
data set. However, using information from an indepen-
dent, early data set taken with the GAMMASPHERE ar-
ray, the estimates included in table 1 can be derived for
the yrare transitions [13].

4 Results

In fig. 3 transitions in coincidence with the intense
1141keV 9/27 — 5/27 ~-ray are illustrated. The previ-
ously known [3] negative-parity yrast sequence 1847, 1531,
1141 keV can easily be seen in the figure via the first two -
rays. Spin and parity of this sequence are well determined
(see ref. [3] and table 1). In fig. 3 the 1743, 1289, and
1019keV transitions between positive-parity yrast states
are illustrated. The spin and parity assignments of the
involved energy levels differ between ref. [2] and ref. [3],
while the present analysis supports the 11/2 assignment
of the 3244 keV level by the AI = 2 1019keV and the
AT =1 1466 and 1978 keV transitions. The two sequences
mentioned above are connected via three transitions at
1978, 1466, and 908 keV, respectively. Peaks at these en-
ergies are also present in fig. 3. The high-lying levels at
8879 and 7284 keV from fig. 2 are established indirectly
in the coincidence spectrum of fig. 3, via the 1595keV
transition between them and the 1733 keV transition con-
necting them to the 19/2% level. Spin and parity of the
level at 7284 keV are determined via its connection both
to the positive-parity band to the right and the negative-
parity band to the far left in fig. 2. The 2088 keV transition
can be used as guidance due to its likely AI = 2 charac-
ter. The 1733keV transition, however, is unreliable due
to its doublet structure. The 2639keV 21/2~ — 17/2~
transition, visible in fig. 2, is not very intense but can be
distinguished in a close-up view of the spectrum.

Figure 4 illustrates the coincidences with the 1675keV,
21/2% — 17/2%, and 27/2~ — 25/27%, doublet structure.
The two transitions are found to be self-coincident. The
lower 1675keV transition is placed in the clearly visible
937, 1079, 1675, and 1396 keV sequence, present in the
figure, while the upper 1675keV transition is feeding it.
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Fig. 4. Same as fig. 3 but in coincidence with the 1675keV

21/2% — 17/2% and the 1675keV 27/2~ — 25/2% yrast tran-
sitions.
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Fig. 5. Same as fig. 3 but in coincidence with the 756 keV
5/27 — 3/27 ground-state transition. The low intensity of this
transition in combination with the energetically close 762 keV
transition in *Cu makes the contaminating transitions much
more intense than in the previous figures.

The positive parity of the lower 1675 keV transition’s band
has already been established via the clear E1 properties
of both the 1403 keV and the 1066 keV transitions [3]. In
the same paper the 1538keV transition has been estab-
lished, causing the connected energy level at 7629 keV to
have spin and parity 23/2~. Combining this with the E2
character of the 1396keV transition determines the up-
per 1675keV transition to decay from 27/2~ down to a
25/2% level. The properties of the 1532 keV transition are
not as reliable due to the close placement of the 1531 keV
13/2= — 9/2~ doublet transition.

Figure 5 illustrates the y-rays in coincidence with the
756keV 5/27 — 3/27 ground-state transition. The spec-
trum contains more contaminating transitions from 'Cu
than previous figures. This is a result of the combined
effect of gating on a relatively weak transition in 6'Zn
and having an energetically close (762keV) transition in
61Cu. In spite of the contamination of ®'Cu in the gate
the %1Zn information is clear. Two transitions decay into
the 756 keV energy level, the 1246 and 647 keV transitions,
both clearly visible in this spectrum. The subsequent 1458,
1733 and 2088 keV transitions are all three also illustrated
in the figure. Even the positive-parity yrast sequence of
1675, 1079, 937 keV transitions are indicated in this spec-
trum, all decaying into the 756 keV energy level via the
earlier mentioned, difficult 997 keV ~-ray transition. This
weak transition is indirectly established by the presence
of these transitions in the coincidence spectrum.

The European Physical Journal A

5 Shell model interpretation

The experimental results can be compared with predic-
tions obtained from large-scale shell model calculations
using the code ANTOINE [14,15]. In the present paper
two calculations have been carried out.

The first calculation involves the 1f7 5 orbit below the
N = Z = 28 shell closures and the 2p3 /2, 1f5/2, and 2p; /o
orbits above —here referred to as the fp calculation. No
positive-parity states will be obtained for 1Zn in this cal-
culation as the configuration space includes only odd-/
orbitals. The interaction, GXPF1 [16,17], is adjusted to
nuclei beyond the N = Z = 28 shell closure. In the cur-
rent calculation no Coulomb interaction was included and
the configuration space was truncated to allow up to three
particle excitations from the 1f7/5 shell into the upper fp
shell.

The second calculation uses a **Ni core and allows only
excitations outside the core, i.e., neglecting the 1f7,5 or-
bit. On the other hand, it includes the 1gg,, orbit, and
it is referred to as the f5/2pgg o calculation in the follow-
ing. This interaction is derived from the Bonn-C nucleon-
nucleon interaction and adjusted for the Z > 28, N < 50
region [18] in a similar fashion as it was done for GXPF1
within the fp shell [16,17].

In fig. 6 the experimental level energies are compared
with the predicted energies from the two calculations. In
the middle and on the right-hand side of the figure the
negative- and positive-parity yrast states are shown. On
the left-hand side the negative-parity yrare states are il-
lustrated. Third states of a given spin-parity combination
are not included in the figure because there are essentially
no experimentally well-defined states.

The energy levels from the fp calculation agree very
well with the experimental states up to spin and parity
19/2~. However, at higher spins the levels clearly mis-
match. These difficulties are expected, since the influence
of the 1gg/5 orbital becomes more and more important
when forming high-spin states in 1Zn [1] due to its high-j
nature.

The opposite situation is true for the f5/opg9/2 cal-
culation. The lack of the 1f7/, orbital in the calculation
may explain difficulties to reproduce low-spin states but
a significantly better agreement than for the fp calcula-
tion is found at high spins. Figure 6 illustrates this for the
negative-parity yrast levels where the predictions improve
above spin 19/2. The f5,9pgg/2 calculation also reproduces
positive-parity yrast states well.

The Mean Level Deviation (MLD) measures how
well the calculated energy levels match the experimental
states. Normalising to the ground states, the MLD is here

calculated as
(E,, — E,.)2
MLD = \/Zz( T; th,) , (1)
n

where E,, and Eyp, are the experimentally observed and
predicted energies, respectively, and n corresponds to the
number of levels included in the MLD calculation.

For the fp calculation the MLD is 1561 keV if all yrare
and yrast levels are included. The magnitude of this value




. . 1
L-L. Andersson et al.: y-ray spectroscopy of excited states in $¢Zns; 387
31/2~__16188
16
29/2-_14064
14 —
27/2~ 12216
12
25/2-_10466
31/2~_10155
10 — 29/2~_9920
— 9%
> 23/27_9548 31/27_9589
Q@ 27129161 pejom
S — 9167 2515~ 9048
= 25/2°_8879 57)- " g708
> —
o 21/2~_8167
2 8 23/2~_ 7629 23/2* 7626
=< + p—4a-y
w 212 7284 232°_7410 25027 _T486 o5 )0+ 723
c —=" 2127 7350 23/2+ 7295
o _ [
= 17/2-_6612 19/2 6888
-— +
§_<> 6 21/2"_6090  19/0+ 5926
- 19/2~_5640 - 17/27_5668 p—
n 17/27_5589 9640 19/27 5543 206 19245552 5104 B350
17/2~_5195
17/27_4707 172~ 4644 1524178 .
13/27_4394 — 17/2%_4415 15/2"_4592
- T +
4t 13123830 18/2°_3997 451 344 15/2 4264 17/2%_3988
132~ 3461 172+
T 2 szen 13/27_3268 13/2+_3336 768
11/2-_2951 _ - 11/2% 3244 +
—=" 12 2669 13272720 192 2799 M2 13/2*_2898
o2~ 2428 - - p— _ +
= 9/27_2376 11/2™ 2538 11/22_2270 927_2400 o5+ ppp0
P 9/2~_2003 —
- 7/2-__1609
7271554 g0 q403 72 921405 - 7/27__1462
12777324 e —° 9271266 gpr
5/2=__1032 7127 1308 7/~ 998
3/27' "'53' 527756 52770 —=
—  82T_419 g7 52 189 527 4 527 217
0 1/27 =81 1/2===g9 3/2~ ——=108
32= 0 3270 127 0
fp Exp. fpg fp Exp. fpg Exp fpg
Yrare Yrast, negative parity Yrast, positive parity

Fig. 6. Comparison between the experimental and calculated levels from the fp and fpg shell model calculation. The middle
section illustrates the negative-parity yrast levels. On the right-hand side are the positive-parity yrast, and on the left-hand

side are the negative-parity yrare states. See text for details.

suggests a poor agreement between experiment and the-
ory. If only levels up to spin 19/2 are included the corre-
sponding number drops dramatically to 228 keV, suggest-
ing good agreement. Calculating MLD for only yrast levels
up to spin 19/2 results in an even lower value of 153 keV.
MLD values for the f5/opgg 2 calculation are 569keV if
all yrast and yrare levels are included and including only
yrast levels an MLD of 523 keV is obtained. A calculation
of only levels above 19/2 results in a MLD of 307 keV.

Figure 6 illustrates in a simple way that neither of
the two calculations used in this analysis are adequate
to fully describe 6'Zn. Both holes in the 1f; /2 orbit and
particles in the 1gg/5 orbit seem necessary in order for the
calculation to truly reproduce the experimentally obtained
nuclear energy levels. Calculations involving both orbitals
are, however, impossible to carry out at present, due to
the center-of-mass difficulties [4] mentioned earlier.

In the current analysis a more thorough investigation
of the wave functions calculated by ANTOINE has been
carried out. This analysis involves the electromagnetic de-
cay properties of the nuclear states and is done using the
free g-factors and effective charges of 0.5¢ (1.5¢) for neu-
trons (protons). Applying the g-factors and the charges
via the B(M1) and B(E2) values obtained for each tran-
sition enables a study of branching ratios b. Experimen-
tally obtained relative strengths are compared to the cal-
culated branching ratios and the results are illustrated in
table 2. Here, all possible transitions, AI = 0,1, 2, have
been investigated, including those transitions, which are
predicted to be energetically allowed, but which have not
been experimentally observed.

Generally, the results from the analysis of the elec-
tromagnetic decay properties show good agreement with
the experimental data in the fp calculation both for the
yrast and the yrare states below I™ = 19/27. An example
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Table 2. Comparison between experimental and predicted
branching ratios, b, of the ~-rays in ®'Zn. Two shell model
calculations have been compared in this analysis. by, denotes
the branching ratios from the fp calculation and b,y from
the f5/2pgg/2 calculation. Transitions written in italic style are
experimentally not observed (n.0.). See text for more details.

E. (keV) E, (keV) I7 IT  beap  bpp bppg
88.8 89 /27 3/27 1.0 1.0 1.0
123.9 35 5/27 1/27  mno.  0.00 0.03

124 3/27 1.0 1.0 0.97
419.2 296 3/2,  5/27 0.06(1) 0.02 0.09
331 1/27 0.11(1) 0.04 0.43
419 3/27 0.83(2) 0.94 0.48
756.4 339 5/2,  3/2, 0.04(1) 0.05 0.01
632 5/27 0.05(1) 0.07 0.04
667 1/27 0.08(1) 0.00 0.00
756 3/27 0.83(2) 0.88 0.95
997.7 241 7/27  5/2;  m.o.  0.00 0.00
578 3/2; 0.04(1) 0.11 0.06
873 5/27 0.70(5) 0.88 0.02
997 3/27  0.26(5) 0.01 0.91
1266 268 9/27 7/27  mno. 0.03 0.00
510 5/2,  m..  0.00 0.00
1141 5/20 1.0 097 1.0
1403 137 7/2;  9/27  no.  0.00 0.00
405 7/27  m.o.  0.00 0.00
647 5/2, 0.24(5) 0.32 0.10
984 3/2;  0.25(7) 0.00 0.45
1278 5/27  0.14(3) 0.05 0.14
1403 3/27 0.37(19) 0.63 0.30
2003 600 9/2, 7/2; mo. 0.09 0.01
738 9/27 0.06(1) 0.33 0.02
1006 7/27  0.48(4) 0.27 0.02
1246 5/2, 0.46(4) 0.28 0.95
1879 5/27  mn.o.  0.02 0.00
2270 267  11/27 9/2;  mn.o.  0.00 0.00
867 7/2,  m.o.  0.00 0.03
1005 9/27 0.27(3) 0.25 0.01
1273 7/27  0.73(3) 0.75 0.96
2400 997 9/2f 7/2; 0.10(6) — —
1403 7/27 0.85(15) — @ —
2273 5/27 0.05(1) — @ —
2699 276  11/2; 7/25  mn.o. 000 —
429 11/27  mn.o.  0.00 0.00
696 9/2; 0.20(1) 0.19 0.01
1433 9/27 0.80(1) 0.44 0.00
1296 7/2,  m.o. 033 0.68
1701 7/27  mo.  0.04 0.30
2799 100 13/27 11/2;  mn.o.  0.00 0.00
529 11/27  0.02(1) 0.00 0.00
796 9/2,  m.o.  0.00 0.00
1531 9/27 0.98(1) 1.00 1.00
3244 1978 11/27  9/27 1.0 - —
3336 937 13/2F  9/27 0.85(7) — 1.00
1066 11/27  0.15(1) — —
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Table 2. Continued.

E; (keV) E, (keV) Ir IT  beap  brp  bppg
3461 662 13/2, 13/27 n.o. 0.03 0.01
762 11/2;  mn.o. 0.04 0.01
820 9/2; mno. 0.00 —
1191 11/27  no.  0.00 0.00
1458 9/2, 0.55(2) 0.24 0.99
2195 9/27 0.45(2) 0.69 0.00
3495(3) 34 11/2; 13/2;  n.o.  0.00 0.00
696 13/27 no.  0.09 0.32
796 11/2;  mn.o. 0.02 0.00
854 9/2; n.o. 0.00 —
1079 7/2;  mno.  0.00 —
1225 11/27  no.  0.07 0.00
1492 9/2; no. 011 —
2092 7/2;,  no. 002 —
2229(1) 9/27 10 059 —
2497 7/27  no. 0.08 —
3844 849 15/27 11/27 n.o.  0.00 —
383 13/2;  mn.o. 0.00 0.00
1046 13/27 0.21(1) 0.16 0.00
1145 11/2;  n.o. 0.0l 0.00
1572 11/27 0.79(1) 0.83 1.0
4264 928 15/27 13/27 no. — 0.00
1019 11/27 0.16(1) — 1.0
1466 13/27 0.84(6) — —
4309(3) 465 13/2; 15/27 mn.o.  0.04 —
814 11/23  no. 010 —
848 13/2;  mno. 001 —
1510 13/27  mn.o. 0.08 —
1610 11/2;  no. 001 —
1668 9/2; no. 020 —
2039(1) 11/2;7 1.0 036 —
2506 9/2; no. 017 —
3043 9/27 no. 004 —
4415 151 17/2F 15/27  no. — 0.00
1079 13/2F 1.0 — 1.0
4644 335 17/27 13/2;  n.o.  0.00 0.00
800 15/27  n.o. 0.0l 0.00
1183 13/2;  n.o. 0.03 0.00
1847 13/27 1.0 095 1.0
4915(3) 271 15/25 17/27  n.o.  0.00 0.03
606 13/2;  no.  0.16 0.05
1071 15/2]  n.o. 0.04 0.00
1420 11/23  no. 0.03 0.85
1454 13/2;  m.o. 0.01 0.00
2116(1) 13/27 1.0  0.69 0.00
2216 11/2;  n.o. 0.04 0.01
2645 11/27  mno. 0.02 0.07
5195 208 17/2; 15/2;  n.o. 0.0l 0.00
551 17/27  no.  0.02 027
886 13/2  n.o. 0.01 0.03
1351 15/27  mn.o. 0.08 0.01
1733 13/2;, 1.0  0.64 0.06
2396 13/27  mn.o. 025 0.63
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Table 2. Continued.

E; (keV) E, (keV) I7 Iz bexp brp  bspg
5543 75 19/27 17/2;  no 0.00 0.00
348 17/2;  n.o 0.00 0.00
628 15/2;  n..  0.00 0.00
899 17/27  0.27(7) 0.09 0.00
1698 15/2;  0.73(7) 091 1.0
5552 908 19/2F 17/27 019(2) — —
1289 15/27 0.81(9) — 1.0
6090 538 21/2F 19/2F  n.o. — 0.00
704 17/25  n.o. — 0.00
1675 17/2f 1.0 — 1.0
7284 629 21/27 19/2;  n.o. — 0.00
1733 19/27 0.248) — —
1741 19/27  n.o. — 0.00
1816 17/25  n.o. — 1.0
2088 17/2; 0.34(7) — 0.00
2639 17/27  0.42(20) — 0.00
7295 429 23/2F 21/2F  n.o. — 0.00
575 19/25  n.o. — 0.00
1205 21/2{  mn.o. — 0.00
1743 19/2f 1.0 — 1.0
7486 620 25/21 21/2f  neo. — 0.00
1396 21/2F 1.0 — 1.0
7629 152 23/27 21/2;  n.o. — 0.00
345 21/27  0.04(1) — 0.02
974 19/2;  n.o. — 0.98
1538 21/2F 096(12) — —
2086 19/27  n.o. — 0.00
8879 149 25/27 23/25  n.o. — 0.00
162 21/2;  n.o. — 0.00
1250 23/27  n.o. — 0.00
1402 21/2;  n.o. — 0.00
1595 21/27 1.0 — 1.0
9161 194 27/27 25/25  n.o. — 0.00
241 25/2;  mn.o. — 0.00
282 25/27  n.o. — 0.00
481 23/2;  n.o. — 0.00
1532 23/27 0.61(14) —  0.99
1675 25/2f 0.39(21) — —
10155 96 31/27 29/27  n.o. — 0.00
994 27/27 1.0 — 1.0

is the yrast 2270keV 11/27 level. Allowing all possible
AI =1 and Al = 2 transitions to states of lower energy
results in four predicted transitions from the calculations.
Of these only the 1273keV and the 1005 keV transitions
are experimentally observed and the branching ratios are
determined as 0.73(3) and 0.27(3), respectively. Another
example is the 756 keV 5/27 yrare state, which experimen-
tally decays via three well-known transitions (339, 632,
756keV) and a tentative transition (667keV). The four
decays have observed branching ratios of 0.04(1), 0.05(1),
0.83(2), and 0.08(1), respectively. The calculation give the
corresponding branching ratios as 0.05, 0.07, 0.88, and
0.00. The calculated results agree with the experimental
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ones for all but the tentative transition which is not pre-
dicted by the calculation.

One interesting detail noticed only in the analysis of
the electromagnetic decay properties is the difficulty in
reproducing the branching ratios for the yrast and yrare
3/27 levels in the fp calculation. As can be seen in ta-
ble 2 there are relatively large discrepancies between the
experimental and the calculated results, especially for the
7/27 — 3/27 transition. Experimentally, this is deter-
mined as 0.26(2) but the calculated branching ratio is as
low as 0.01. The distinct difference is very surprising, es-
pecially when compared with the very good agreement
between experimental and calculated branching ratios for
all other yrast levels.

If two predicted levels with the same spin and parity
are placed close in energy, shell model calculations have
problems in correctly describing their electromagnetic de-
cay properties. The problem can usually be solved by af-
terwards mixing the wave functions of the two states based
on the matrix elements of the electromagnetic operators.
However, in the current experiment and calculation the
two 3/27 states are separated by over 400keV. Consider-
ing the MLD value of 228 keV obtained for this calculation
—about 50% of the energy difference between the two lev-
els of interest— the two states should be well separated,
yet these difficulties persist.

The analysis of the branching ratios may also be used
to predict weak transitions and provides a possibility to
suggest spin assignments to new levels. One example,
where this method can be applied, is the experimental
level found at 3495 keV, which decays into the 9/27 level
with a ~-ray of 2229keV. Based on the Ri54_9g value of
1.40(12) this transition is most likely to be of AI = 2
character, which hints towards a 13/2 assignment to the
3495 keV level. Nevertheless, a mixed AI = 1 transition
cannot be ruled out. Theoretically, the 11/25 and 13/23
states are predicted at 3796 and 4519 keV. Using a 11/25
assignment for the 3495 keV level, the main predicted de-
cay branch (59%) corresponds to the observed 2229 keV
v-ray, while a 13/25 at 3495keV shall decay predomi-
nantly (47%) into the 13/2~ yrast state, which would be
at variance with experiment. In conclusion, we tentatively
associate the observed level at 3495 keV with the predicted
11/25 state. In a similar way, the predicted 13/25 and
15/25 states are good candidates to explain the experi-
mentally observed levels at 4309, and 4915 keV, respec-
tively.

Comparing calculated and experimental energy lev-
els, the f5/opgg/2 calculation has already proven not
to be equally reliable as the fp calculation. The study
of the electromagnetic decay properties shows a simi-
lar trend and the values are also presented in table 2.
This calculation provides predictions for positive- as well
as negative-parity states, though it cannot predict any
parity-changing F'1 transitions. This is due to the fact that
Al > 2 for transitions between odd-¢ (2ps/2, 1f5/2, 2p1/2)
and even-£ (1gg/2) orbitals. Moreover, the f5/5pgg/2 cal-
culation, due to the lack of the 1f7/, orbital in the config-
uration space, underestimates the branching ratios of the
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experimentally established parity-conserving Al = 1 tran-
sitions. The difficulty originates from the K2-dependence
of the B(M1) strength (see, e.g., eq. 4-87 in ref. [19]).
Excluding the 1f7/5 orbit will reduce the maximum of
this value by almost a factor two. The effect is strikingly
seen in the calculated branching ratios of the 1005 and
1273keV transitions from the 2270keV 11/2] level. As
mentioned above, the fp calculation reproduces them with
very good precision, while the f5/5pgg/2 calculation re-
duces the AI = 1 part to negligible 1%, it amounts to
27(3)% experimentally.

Finally, the experimentally obtained spin and parity
assignments of low-lying states based on ref. [3] and the
current analysis affect the tentative spin assignments of
the superdeformed (SD) band presented in ref. [8]. The SD
band will, according to previous analysis, decay into the
6090 and 7629keV levels in the normally deformed level
scheme, which now have fixed spin and parity assignments
of 21/27% and 23/27, respectively. In the following, we have
to assume that the 1432keV transition at the bottom of
the SD band (cf. ref. [8]) belongs to the band, i.e., that it
has E2 character. As a result, spin and parity I™ = 23/2~
is assigned to the SD band head at 11367 keV, different
from the tentative I = 25/2 assignment in ref. [8]. The
modification of the spin assignment also leads to a change
of signature, a, of the SD band in 6'Zn. Subsequently, the
change of signature from a = 4+1/2 to o = —1/2 affects
the discussion in ref. [8] in terms of proton and neutron
occupancies of the 1gg o orbital for the band.

From the previous paper it is known that the SD oc-
cupancies in ®1Zn are built on the configuration of the SD
band in %°Zn. In %9Zn two protons and two neutrons in
the 1gg/2 orbital form the “doubly-magic” SD core in the
mass region [20], and the additional neutron in %'Zn can
then occupy the positive-parity, « = +1/2 Nilsson orbital
[431]3/2, or either of the signatures in the [310]1/2 and
the [303]7/2 orbitals. The latter orbital is unlikely since
both of the two signature partners would be energetically
close and, furthermore, they would be strongly coupled via
cross-over M1 transitions connecting the levels between
the bands (e.g., structure 8 in ref. [1]). Neither of this
is seen in the experimental data of ref. [8]. This leaves
three possible Nilsson orbitals, two with « = +1/2 and
one with @ = —1/2. While the Skyrme-Hartree-Fock cal-
culations in ref. [8] seem to energetically favour the two
a = +1/2 structures, Cranked Nilsson-Strutinsky (CNS)
calculations [21,22] with standard parametrisation [21]
predict the three remaining possibilities to be energeti-
cally equivalent within the spin regime the SD states are
fed. More experimental work is clearly required to confirm
that the lowest (11367 keV) level belongs to the SD band
and/or that the 1432keV ~-ray transition has F2 char-
acter and whether or not more bands exist in the second
minimum of %'Zn.

6 Summary

The current analysis of %1Zn provides a firm, extended
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decay scheme involving almost 70 transitions with spins
ranging up to I™ = 31/27. The experimentally obtained
energy levels and branching ratios have been compared
with predictions from large-scale shell model calculations
involving the upper fp shell and either the 1f7/,, or the
1gg /2 orbital. The predictions prove to be in good agree-
ment with the experimental results but neither is adequate
to fully describe 61Zn. With its well-known decay pattern
and because it is placed in the middle of the upper fp
shell 61Zn, provides a good starting point for further de-
velopments of the shell model calculations.

The revised spin assignment of the SD band requires a
modified analysis in terms of neutron and proton config-
urations and calls for further experimental investigations
of the high-spin excitation scheme of the 1Zn nucleus.
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