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A survey of parity-changingE1 transitions has been pursued inN*Z nuclei near56Ni using data from an
EUROBALL experiment. Linear polarization measurements have been combined with angular correlations of
coincidentg rays to determine the electromagnetic character of numerous transitions. The impact of the results
on shell-model parametrizations is briefly discussed.
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Doubly magic nuclei and their nearby neighbors are of
specific interest in nuclear structure studies because they are
the prominent testing ground for the spherical shell model
and its parametrizations. Recent high-sping-ray spectro-
scopic studies of nuclei just above56Ni, e.g., Refs.[1–4],
have shown that despite the fact that they are lying in the
heart of thefp shell thel =4, 1g9/2 intruder orbital is impor-
tant for the understanding of moderately excited levels or
sometimes even low-spin states in these nuclei. This mani-
fests in difficulties of modern large-scale shell-model theory
in describing these nuclei, because a proper model space and
interaction comprising both thefp shell and the 1g9/2 orbital
cannot readily be derived[5]. Important experimental input
concerning this problem is the unambiguous identification of
parity changing transitions, as each change in parity is asso-
ciated with the excitation of a particle from thefp shell into
the 1g9/2 orbital. The present experimental study aims at such
key transitions by a survey of angular correlation and linear
polarization measurements in neutron-deficient massA,60
nuclei.

The experiment was performed at the Laboratori Nazi-
onali di Legnaro in Italy using a 96 MeV24Mg beam, which
was provided by the Tandem XTU accelerator, and a
0.5 mg/cm2 thin 40Ca target. The40Ca layer was backed by
7 mg/cm2 gold and on the front it was protected against
oxidation with a flash of gold. Theg radiation following the
fusion-evaporation reaction was detected in the EUROBALL
Ge-detector array[6] consisting of 26 CLOVER detectors[7]

(13 at 77° and 13 at 103° relative to the beam axis) and 15
CLUSTER detectors[8] (5 at 103°, 5 at 135°, and 5 at 156°).
The 1p forward section of EUROBALL was covered with
the 50 liquid scintillator elements of the EUROBALL Neu-
tron Wall [9] to measure evaporated neutrons, while evapo-
rated charged particles were detected in the 40-element sili-
con DE-E array ISIS[10].

Directional correlations between oriented states(DCO)
have been investigated withg rays detected in the
CLUSTER ring atQ=156° and the CLOVER section(Q
=77° andQ=103°) by means of DCO ratios[11]

RDCO =
Isg1 at 156°; gated withg2 at 77°,103°d
Isg1 at 77°,103°; gated withg2 at 156°d

. s1d

Note that the CLOVER detectors at 77° and 103° are
equivalent as far as DCO ratios are concerned. The num-
bers presented in Table I involve a correction for detection
efficiencies, which has been applied to both the gated and
projectedg rays. Line shapes from Doppler shift attenua-
tion effects may occur for transitions from short-lived
states due tog-ray emission during the slowing down pro-
cess of the recoils in the gold backing. If the lifetime is
not too short, i.e., if a major fraction of the line shape
comes fromg-ray emission from stopped recoils, the ef-
fect can easily be accounted for by performing an integra-
tion to determine the full yield of a transition in a spec-
trum, instead of the conventional least-squares fit to a
sharp Gaussian peak shape. Known stretchedE2 transi-
tions were used for gating, such thatRDCO=1.0 is expected
for stretched quadrupole transitions andRDCO,0.6 for
stretched dipoles, while nonstretchedDI =0 transitions
have values similar to stretched quadrupole transitions.

The linear polarization and, consequently, the electric or
magnetic character of the radiation can typically(see, e.g.,
Ref. [12]) be determined through a normalized difference
between the number of Compton scatteredg rays in the re-
action planeNi, and perpendicular to it,N'. They are mea-
sured in either dedicated Compton polarimeters(see, e.g.,
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Ref. [13]) or composite detectors such as the EUROBALL
CLOVER detectors[7], which have to be positioned near
90° relative to the beam axis, where the polarization is larg-
est [12]. This is obviously the case for the present experi-
mental setup, and we define the anisotropy of the scatteredg
rays as

A =
mN' − Ni

mN' + Ni

. s2d

The normalization functionmsEgd can be determined from
the 152Eu source calibration and was found to be on the
level of unity ±3% in theg-ray energy range of interest,

TABLE I. Excitation and transition energies in keV and their
measured angular correlationsRDCO and anisotropiesA along with
the assigned multipole characterTl and deduced spins of initial and
final states in61Zn, 60,61Cu, 57–60Ni, and 57Co.

Ex Eg RDCO A Tl I i I f

61Zn+2p1n
124 124 0.38(3) E2/M1 5/2− 3/2−

996 873 0.30(4) +0.041s12d E2/M1 7/2− 5/2−

996a 0.99(6) +0.071s62d E2 7/2− 3/2−

1265 1141 1.15(9) +0.096s25d E2 9/2− 5/2−

2270 1273 +0.096s38d E2 11/2− 7/2−

2399 1403 0.54(4) +0.063s13d E1 9/2+ 7/2−

2797 1532 0.91(7) +0.027s75d E2 13/2− 9/2−

3336 937 1.11(7) +0.087s12d E2 13/2+ 9/2+

1066 0.45(6) +0.138s52d E1 13/2+ 11/2−

4264 1467 0.44(4) +0.074s31d E1 15/2+ 13/2−

4415 1079 0.99(6) +0.072s14d E2 17/2+ 13/2+

4645 1849 1.00(12) +0.122s54d E2 17/2− 13/2−

5553 1289 0.88(7) +0.103s30d E2 19/2+ 15/2+

6090 1675a 0.91(6) +0.059s20d E2 21/2+ 17/2+

7486 1396 0.94(7) +0.094s69d E2 25/2+ 21/2+

7629 1538 0.48(3) +0.090s17d E1 23/2− 21/2+

9162 1534 0.95(7) +0.039s22d E2 27/2− 23/2−

10156 994a 0.99(6) +0.125s36d E2 31/2− 27/2−

61Cu+3p
970 970 0.30(2) +0.015s13d E2/M1 5/2− 3/2−

1310 340 0.56(4) −0.104s23d M1 7/2− 5/2−

1310 1.04(4) +0.104s9d E2 7/2− 3/2−

1733 422 1.28(6) +0.105s15d DI =0 7/2− 7/2−

1733 1.04(4) +0.062s20d E2 7/2− 3/2−

1942 972 −0.044s24d M1 7/2− 5/2−

2336 1026 0.40(5) +0.031s33d E2/M1 9/2− 7/2−

1366 +0.110s18d E2 9/2− 5/2−

2627 1316 1.04(4) +0.082s16d E2 11/2− 7/2−

2721 988 0.52(3) +0.050s17d E1 9/2+ 7/2−

1410 0.51(3) +0.064s10d E1 9/2+ 7/2−

3016 1705a 0.90(4) +0.055s22d E2 11/2− 7/2−

3260 1527 1.02(9) +0.108s48d E2 11/2− 7/2−

3780 1444 1.07(9) +0.050s37d E2 13/2− 9/2−

4082 1065 0.52(3) +0.028s14d E1 13/2+ 11/2−

1361 1.02(4) +0.115s15d E2 13/2+ 9/2+

4591 1330 0.69(5) +0.069s21d E1 13/2+ 11/2−

1870 1.12(6) +0.108s27d E2 13/2+ 9/2+

5120 529 1.04(5) +0.101s11d E2 17/2+ 13/2+

1038 0.95(4) +0.063s16d E2 17/2+ 13/2+

5856 736 0.65(8) −0.137s17d M1 19/2+ 17/2+

6824 1704a 0.90(4) +0.075s22d E2 21/2+ 17/2+

7389 564a 0.57(6) M1 23/2+ 21/2+

1532 1.02(10) +0.060s19d E2 23/2+ 19/2+

7937 1112 0.51(2) +0.056s14d E1 23/2− 21/2+

9408 1472 1.12(8) +0.113s17d E2 27/2− 23/2−

60Cu+3p1n
287 225 0.52(9) −0.097s27d M1 2+ 1+

287a +0.051s33d DI =0 2+ 2+

454 454 0.44(3) −0.061s7d E2/M1 3+ 2+

558 270 0.90(11) +0.125s22d E2 4+ 2+

558 1.05(7) +0.084s6d E2 4+ 2+

1604 1046 0.25(2) +0.006s5d E2/M1 5+ 4+

TABLE I. (Continued.)

Ex Eg RDCO A Tl I i I f

1779 1221 0.67(7) +0.022s30d E2/M1 5+ 4+

1325 +0.073s30d E2 5+ 3+

2027 1469 0.68(9) −0.011s13d E2/M1 5+ 4+

1573 +0.090s45d E2 5+ 3+

2197 1640 0.94(6) +0.060s6d E2 6+ 4+

2692 1088 0.29(6) +0.002s17d E2/M1 6+ 5+

2817 790 0.85(15) −0.079s49d E2/M1 6+ 5+

3156 1129a +0.065s11d E1 6− 5+

1552 0.56(3) +0.029s10d E1 6− 5+

3191 1587 0.95(14) +0.071s17d E2 7+ 5+

3354 1157 0.49(3) +0.051s5d E1 7− 6+

4521 1166 0.23(5) +0.026s18d E2/M1 8− 7−

1330 0.46(8) +0.039s19d E1 8− 7+

1365 0.96(13) +0.086s15d E2 8− 6−

5188 1416 1.03(12) +0.060s19d E2 9− 7−

1833 1.15(17) +0.054s16d E2 9− 7−

5648 461 0.50(6) −0.084s11d M1 10− 9−

1128a 1.00(5) +0.070s9d E2 10− 8−

6094 446 0.38(8) −0.019s19d E2/M1 11− 10−

906 0.90(11) +0.075s18d E2 11− 9−

7394 1746 0.51(4) +0.046s8d E1 11+ 10−

8132 738 1.05(6) +0.099s6d E2 13+ 11+

2038 1.19(32) −0.136s46d M2 13+ 11−

60Ni+4p
5014 1894 0.41(3) +0.047s36d E1 5− 4+

2507 0.46(5) +0.053s27d E1 5− 4+

5348 334 0.93(4) +0.113s17d E2 7− 5−

363 0.51(3) +0.092s19d E1 7− 6+

1083 0.48(2) +0.046s4d E1 7− 6+

2842 1.31(17) +0.122s74d E3 7− 4+

59Ni+4p ln
3054 1106 0.52(3) +0.028s30d E1 9/2+ 7/2−

1717 0.57(5) +0.045s26d E1 9/2+ 7/2−

4454 1750 0.48(3) +0.013s15d E1 13/2+ 11/2−

58Ni+1a2p
6083 700 0.46(4) +0.039s19d E1 7− 6+

956 0.59(3) +0.054s15d E1 7− 6+

7273 2146 0.48(15) +0.048s30d E1 7− 6+

57Ni
+1a2p1n

3701 1124 0.57(5) +0.029s22d E1 9/2+ 7/2−

57Co+1a3p
4845 3155 0.56(4) +0.032s10d E1 13/2+ 11/2−

aDoublet structure.
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i.e., 0.3 MeV ,Eg,2.0 MeV. The anisotropy A takes
positive values for pure, stretched electrical radiation and
negative values for pure, stretched magnetic radiation
f12g.

A fusion-evaporation reaction as the one in the present
study populates excited states in some 20 to 30 different
residual nuclei. The analysis with respect to angular correla-
tions and especially linear polarization requires both statis-
tics and unequivocally clean peaks in theg-ray spectra. The
former requires that the relative cross section of the residues
has to be at least a few percent of the total fusion-
evaporation cross section, whereas the latter is achieved by
performing the analysis ingg mode and eventually demand-
ing a coincidence with an evaporated neutron. Thus fourgg
matrices were created off line for the analysis: in-plane and
out-of-plane Compton scatteredg-ray events in the
CLOVER section vs g rays detected anywhere in
EUROBALL, both without any particle coincidence restric-
tion and with coincidence of at least one detected neutron.

As many as possible clean coincidence spectra of the
Compton scatteredg rays were created by gating on intense
known peaks of several residual nuclei in these matrices,
keeping the gating conditions for the in-plane and out-of-

plane projections identical. To deduce the linear polarization
of a given transition in a given isotope a certain subset of
coincidence spectra was summed to increase the statistics.
One example is illustrated in Fig. 1, which shows the
summed spectra in coincidence with the 1038 and 1361 keV
transitions in61Cu: While the anisotropies for the 988, 1038,
and 1065 keV peaks are clear and positive, the anisotropy for
the 970 keV line is close to zero and the one for the 736 keV
line negative. In conjunction with the DCO ratios the multi-
polarities shown in Fig. 1 can be assigned easily(cf. Table I).

Figure 2 shows the clean separation of different types of

FIG. 1. Linear polarization spectra of in-plane(black) and out-
of-plane(gray) scatteredg rays in coincidence with the 1038 and
1361 keV transitions in61Cu without any particle gating restriction.
Transitions are labeled with their energies in keV and assigned mul-
tipolarity. See text for details.

FIG. 2. Two-dimensional plot of the anisotropyA vs the angular
correlation ratioRDCO. Filled squares denote known and deduced
E2 transitions, filled circles stretchedM1 or mixedE2/M1 transi-
tions, crosses parity-conservingDI =0 transitions, and open circles
stretchedE1 transitions.

FIG. 3. Parts of the level schemes of60Cu, 61Cu, and 61Zn
relevant for the present work. Energy labels are in keV and the
thickness of the arrows reflects the relative intensities of the transi-
tions.
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multipole radiation in a two-dimensional plot of anisotropy
vs angular correlation as defined in Eqs.(1) and(2). There is
only one ambiguity between stretched electric quadrupole
radiation andDI =0 E2/M1 radiation, which have both simi-
lar DCO ratios and anisotropies. However, such ambiguitites
can be accounted for by means of yrast arguments—in high-
spin studies the stretched transitions are usually much more
intense than the non-stretched transitions—and information
from parallel branches, which provide additional information
on the relevant states.

Table I provides a short summary of the present study. A
more comprehensive table can be found in Ref.[14]. The
uncertainties in Table I are derived from standard error
propagation formulas and include the uncertainties in the
peak areas and of the efficiency corrections(DCO ratios) or
the normalization function(anisotropies), respectively. Note
that by calculating a difference in the numerator of Eq.(1),
large (relative) uncertainties may occur for the anisotropy
results.

Besides a number of reference transitions in mainly61Cu
[15,2], Table I comprises the,25 unambiguous parity-
changingE1 transitions identified in61Zn, 60–61Cu, 57–60Ni,
and 57Co [2,15–21] as well as a large fraction of until now
ambiguous or unknown transitions in61Zn [15,2] and 60Cu
[16,17]. For completeness, the relevant parts of the excitation
schemes of61Zn and 60–61Cu are included in Fig. 3. They
comprise about half the information from the present experi-

ment and are subject to further detailed nuclear structure
studies. Figure 4 presents an example of the quality of the
full gg data by means of a spectrum in coincidence with the
new 446 keV 11−→10− transition in60Cu.

While the level schemes of the two copper isotopes are by
and large in agreement with the most recent high-spin inves-
tigations [2,17], the decay scheme of61Zn is by far more
comprehensive and complete compared to previous investi-
gations. It comprises what one may interpret as signature
partner bands for both negative and positive parity up to the
maximally aligned seniority five states atI =19/2− and
25/2+. Furthermore, the excitation of one or two particles
from the fp shell into the 1g9/2 orbital are clearly marked by
the 1403 keV 9/2+→7/2− and 1538 keV 23/2−→21/2+

transitions, respectively.
In summary, reliable experimental information concerning

parity-changingE1 transitions has been presented, which is
considered an important contribution to the determination of
a shell-model configuration space including both thefp shell
and the 1g9/2 orbital. The position of 9/2+ states, presumably
of single-particle character, has been supported or marked in
the odd-A isotopes57,59Ni, 61Cu, and61Zn.
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