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Abstract: The level structure and the detailed decay properties of the levels in 6*Cu have been
studied via prompt y-ray energy and intensity measurements utilizing a NaI(T1)-Ge(Li) anti-
Compton spectrometer and py prompt coincidence techniques via the 3®Ni(*He, py)®'Cu
reaction with *He* * energies in the range 4.6-12.5 MeV. Many of the y-rays associated with
levels in ¢!Cu were identified with the (*He, py) reaction by means of extensive on-beam py
coincidence measurements employing a 41 cm?® Ge(Li) y-ray detector and several annular Si(Li)
or surface-barrier charged-particle detectors. Characterization of many levels in ¢'Cu was
aided considerably by a high-resolution study of the proton spectrum from the $®Ni(*He, p)
reaction employing a tandem Van de Graaf accelerator and a split-pole Enge magnetic spectro-
graph. It was thus established that 50 levels up to 4.0 MeV in excitation are populated by this
reaction in 'Cu and that these accommodate 98y-rays. Branching ratios for the y-de-excitation
of 48 levels in ®1Cu were obtained by averaging the measured angular correlation of each y-ray
about the beam direction. The directional correlation of 18 primary y-rays in coincidence with
protons detected at approximately 180° with respect to the beam direction were measured and
the results were used to assign definite J-values for many levels in 1Cu. A detailed level scheme
for the de-excitation of levels in !Cu is offered.

NUCLEAR REACTIONS *®Ni(*He, py), E = 4.6-12.5 MeV; measured E,, E,,

L,, L, (6), py coinc., py(6). ¢ *Cu deduced levels, J, %, 4, y-branching. Enriched targets,

magnetic spectrograph, Ge(Li), NaI(T1)-Ge(Li) anti-Compton spectrometers, Si(Li)
and Si surface-barrier annular detectors, E - AE Si(Li) telescope.

1. Introduction

The levels in ®'Cu have been investigated recently » ) by means of high-resolution
techniques from the decay of 86 sec ¢'Zn. The levels in $'Cu have also been recently
investigated by a variety of nuclear reactions such as (p, yy), (*He, d), (p, «) and
(d, n) and the pertinent references were given by Hoffman and Sarantites 2).

The present study is an attempt to obtain a detailed characterization of the low-
lying level structure of ®*Cu, which is considered essential for reliable interpretation
of the results of a study of the mechanism of the nuclear reactions induced by “He* *
on *8Ni (see the following paper). During the preparation of this manuscript Heusch
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et al. *) reported results of some py correlation work in *®Ni(“He, py) for levels up to
1942 keV. Their J® assignments are in good agreement with the results of this work,
but minor differences exist in the reported multipole mixing ratios. In the present study
we have extended the assignment of y-rays and J* values to levels in ®'Cu for exci-
tation energies up to 4.0 MeV and have made more definite J* assignments for some
of the lower lying levels in $tCu.

2. Experimental procedures
2.1. THE CYCLOTRON FACILITY

The external beam facility of the Washington University cyclotron was used to pro-
vide the 4.6-12.5 MeV “He ion beams required. This facility has been described in
some detail elsewhere #). The lowest energy “He™ * beam that is conveniently avail-
able at present at the Washington University cyclotron is 12.5 MeV. Experiments at
lower bombardment energies were performed by degrading the beam energy by means
of Ta or Au foils. Extensive singles measurements with the attenuated beam were per-
formed only at 8.6 MeV of average bombardment “*He™* * energy. In all the py coin-
cidence experiments the unattenuated beam of 12.5 MeV “He* * was employed. The
beam currents used varied between 2-150 nA.

2.2. SCATTERING CHAMBERS AND CHARGED-PARTICLE COUNTING

Three different target mounting assemblies were used in this work and are briefly
described below.

2.2.1. A miniature scattering chamber. For the singles measurements, the singles
angular correlations and the py coincidence angular correlations a miniature scatter-
ing chamber was used (outer diameter 7.8 cm). An annular Si(Li) detector or a Si
surface-barrier detector which had an active area of 300 mm? and 1.0 mm depletion
depth with a 4 mm diameter hole were employed in this work. These detectors were
mounted on a copper cold finger and were operated at —77°C to reduce noise. The
detector to target distance varied between 15.0 and 25.0 mm. A 50 mm? Si surface-
barrier detector was positioned at 90° with respect to the beam direction and it was
used as a monitor of the elastically scattered particles in the singles correlations.
The scattering chamber was lined with 200 mg/cm? Ta foil sufficient to stop 30 MeV
*He™ *, in order to avoid y-ray producing reactions in the Al material of the chamber.
A 1.6 mm inner diameter and 2.0 mm outer diameter Ta collimator was also used to
guide the beam to a point past the annular Si detector. For the majority of the
measurements the Ta X-rays which are produced with substantial intensity were
absorbed by using 0.5 mm Cd absorber in front of the Ge(Li) detector. Other y-rays
from Coulomb excitation in Ta did not interfere since they are produced only with
low intensity.
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2.2.2. A precision 110 cm scattering chamber. In order to measure the singles
proton and a-particle spectra from the (*He, p) and (*He, «') reactions a (E - AE)
mass identifying telescope was used. This consisted of 1.0 mm x 1.0cm? Si(Li) detector
for the total absorption detector and a 0.100 mm x 1.0 cm? totally depleted Si(Li)
detector. This detector assembly was cooled to —40°C with a thermoelectric cooler,
and it was mounted in a precision 110 cm diameter scattering chamber on a detector
supporting arm that could be remotely positioned at the required angle °). A linear
adder (Argonne Model M-133) was used to linearly add the AE and E’ signals and the
resulting total energy pulse was fed with the AE pulse to a pulse multiplier. The result-
ing mass spectrum indicated that for the energies used in this work only protons and
a-particles were emitted in detectable amounts.

2.2.3. A large solid-angle assembly. For measurements of py coincidence spectra
a target mounting assembly which provided the maximum solid angle for both the
Si(Li) and Ge(Li) detectors was employed. This consisted of a narrower beam tube
(4.0 cm in diameter) which held the target at a distance of 1.9 cm from the annular
detector. In this arrangement the Ge(Li) detector was placed at 90° to the beam direc-
tion at an actual distance from the target of 2.5 cm. Here the beam was stopped in a
Pb dump 2 m away from the detectors.

2.3. GAMMA-RAY COUNTING

For y-ray counting a 29 cm® Ge(Li) detector with a typical resolution of 2.8 keV
(FWHM) for the 1332 keV line of °°Co was employed in an anti-Compton arrange-
ment. The anti-coincidence detector was an annular NaI(T1) scintillation crystal with
a 19 cm diameter and 12.7 cm length. The performance characteristics and the calibra-
tion of this spectrometer have been described in some detail in ref.€). This spectrom-
eter and its lead shield were mounted on an angular correlation table. For precision
y-ray energy measurements the spectrometer was placed at 90° with respect to the
beam to minimize distortion of the y-peaks due to Doppler shift and broadening.

At *He* * bombardment energies higher than 10.1 MeV, 5'Zn is produced by the
reaction *®Ni(*He, n). This results in a background of “delayed” y-rays which are
common with many prompt ones. Additional delayed background is contributed by
the radioactivity of the 3.3 h ®*Cu which grows in the target with time. In order to
identify and measure the intensity of the delayed y-rays several pulsed experiments
were performed. In these measurements the low-level power supply of the r.f. oscilla-
tor of the cyclotron was turned on and off with the aid of a preset interval timer
through a double mercury relay switch. The pulses from the Ge(Li) detector system
were routed to the second half of the 4096-channel pulse-height analyser when the
r.f. was off and to the first half when it was on. The spectra were accumulated by
repeating a cycle of a counting interval of 200 ms with the beam on, followed by 200
ms with the beam off.

For the py coincidence experiments a 40.8 cm® Ge(Li) detector with an active area



¢1Cu STRUCTURE 149

of 10.7 cm? and length of 3.80 cm was employed. This detector had a typical resolution
of 2.3 keV and a peak-to-Compton ratio of 25 : 1 for the 1332 keV line of *°Co. This
detector was also mounted on another angular correlation table and could be rotated
between 0°—90° with respect to the beam and outside the miniature scattering chamber.
This arrangement was employed in the py coincidence correlation experiments.

For the energies employed in this work the period between beam bursts from the
cyclotron was 140 ns while the width of each burst was ~ 4 ns. Since in the present
experiments the most prominent reaction was (“He, py), it was possible to operate at
low beam currents so that, on the average, no more than one y-ray producing event
occurred per ten beam bursts. Under these conditions py coincidence events could be
accumulated at a rate as high as 100 ¢/sec with random coincidence events not exceed-
ing the limit of ~ 8 %, of the total coincidence rate. It should be noted that the prompt
coincidence peak had a width at 1/10 height of ~ 70 ns for y-ray pulses in the energy
range of 80-2600 keV and for proton pulses in the range of 2.0-10.0 MeV. This timing
resolution was sufficient to completely reject contribution to the random rate from the
neighboring satellite beam bursts.

For pulse-height analysis a Nuclear Data, Inc., Model No. 161 4096-channel two-
parameter pulse-height analyzer was used. The analyzer was equipped with a buffer
tape and a read-search control unit, coupled with an IBM computer compatible mag-
netic tape drive. This analyzer with 18-bit related address capability was employed in
all the py coincidence and correlation experiments.

2.4. HIGH-RESOLUTION PROTON SPECTROSCOPY

High-resolution proton spectra from the *®Ni(*He, p) reaction were obtained
using the tandem Van de Graaff accelerator at Argonne National Laboratory in con-
junction with an Enge split-pole magnetic spectrograph. The design and operational
characteristics of the spectrograph have been described in ref. 7). In order to eliminate
any a-particle tracks cellulose triacetate absorber sufficient to stop the a-particles but
not the protons was placed in front of the emulsion plates. The number and position
of all the tracks were determined with an automatic nuclear emulsion scanner, which
was coupled to a PDP-9 digital computer programmed to control the scanning head
and to do pattern recognition. A high-resolution image-dissection tube scanned the
emulsion plates with a resolution width of about 5 um. The scanner made 10 ym
sweeps on the plate and then integrated the number of tracks for every 0.5 mm.

2.5. PREPARATION OF THE TARGETS

The targets employed in the py coincidence work were self-supporting foils (480
pg/cm?) of nickel metal enriched to 99.89 % in mass 58 with 0.11 % contamination
from mass 60. These foils were prepared by rolling of the metal.

The targets employed in the high-resolution proton work consisted of =~ 50 pg/cm?
*8Ni deposits on 50 ug/cm? carbon backing and were prepared with the use of an
isotope separator at the Argonne National Laboratory.
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3. Experimental results

3.1. HIGH-RESOLUTION PROTON SPECTRA

The determination of the levels in $*Cu by means of high-resolution proton spec-
troscopy was found very valuable in the assignment of many weak y-ray transitions.
High-resolution proton spectra from the >®Ni(*He, p) reaction at 12.5 MeV were
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Fig. 1. High-resolution proton spectra from the 5®Ni(*He, p) reaction at 12.50 MeV recorded
with a split-pole magnetic spectrograph for the angles of 90° and 154°. The energies of the numbered
proton groups are listed in table 1.

recorded with the spectrograph at two laboratory angles of 154° and 90°. The mea-
surement at two angles served to identify proton peaks due to contaminants of dif-
ferent mass which exhibit different kinematic shifts. The proton spectra obtained are
shown in fig. 1 and had an average resolution of 12 keV (FWHM). The proton peaks
have been numbered to correspond to the levels in $'Cu with the energies given in
table 1. From this work 53 proton groups were assigned. Evidence, however, for the
indicated unresolved doublets was obtained originally from the y-ray work.
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TABLE 1
Energy and @-value for the levels in $*Cu populated in the ®Ni(*He, p) reaction

Level no. Q-value®)  Level energy ®) Level no. Q-value *) Level energy ®)
(MeV) (keV) (MeV) (keV)
0 3.152 5 0 28 6.157 3005 5
1 3.631 479 2 29, 30 6.164 3012 5
2 4.122 970 2 31 6.218 3066 5
3 4.464 1312 2 32 6.247 3095 5
4 4.547 1395 2 33 6.355 3203 35
5 4.810 1658 2 34 6.412 3260 5
6 4.884 1732 3 35 6.428 3276 5
7 5.061 1919 3 36 6.484 3332 6
8,9 5.090 1938 3 37 6.516 3364 6
10 5.240 2088 3 38 6.558 3406 6
11 5.359 2207 3 39 6.589 3437 6
12 5.446 2294 3 40 6.611 3459 6
13 5.487 2335 3 41 6.680 3528 6
14 5.512 2360 3 42 6.704 3552 6
15 5.552 2400 3 43 6.730 3578 6
16 5.624 2472 3 44 6.749 3597 6
17 5.738 2586 4 45 6.770 3618 6
18 5.762 2610 4 46 6.798 3646 6
19 5.780 2628 4 47 6.812 3660 6
20 5.836 2684 4 48 6.838 3686 1
21,22 5.874 2722 4 49 6.900 3748 7
23 5.945 2793 4 50 6.954 3802 7
24 5.995 2843 4 51 6.996 3844 7
25 6.011 2859 4 52 7.095 3943 7
26, 27 6.078 2926 4 53 7.130 3978 17

2) The standard deviation was estimated to be 8 keV. The Q-value for the ground state was
obtained as a weighted average of the value resulting from the Q-values of the first 20 single levels
using the level energies established in the y-ray work.

®) The standard deviation for the level energies was estimated by comparison with the values
obtained from the more accurate y-ray work.

3.2. ENERGIES OF THE PROMPT »-RAYS FROM 2*®Ni(*He, py)*'Cu

The energies of the prompt y-rays from the *®Ni(*He, py) reaction were measured
for a series of bombardment energies covering the range 4.6-12.5 MeV. For energy
determinations the Compton-suppression spectrometer was used at 90° to the beam
direction. Accurate y-ray energies were determined utilizing as internal standards
(i) the y-rays in ®'Cu for which accurate values were obtained ?) from the study of
the decay of ®'Zn, and (ii) the y-rays from the decay °) of the 3.3 h ®!Cu. In figs. 2
and 3 we show representative Compton-suppressed spectra of the y-rays from the
*8Ni(*He, py) reaction at 5.8 and 10.0 MeV. In fig. 3 the “delayed” and extraneous
y-rays are properly labelled. The “delayed” spectrum in fig. 3 is due to y-rays from
61Cu decay and is displayed by the lower spectrum. The various sources of y-rays
extraneous to the target were determined, in a number of preliminary experiments.
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First, for bombardment energies near and below 10.1 MeV [the (“He, n) threshold]
no substantial background was observed without the target. When the beam energy
is reduced to |5.6 MeV the (*He, p) cross section decreases drastically to the extent
that some background y-rays become noticeable. These background y-rays are due to
reactions induced by a small number of neutrons produced from impurities on the
beam slits and collimators. These neutrons were found to produce interfering y-rays
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Fig. 2. Compton-suppressed spectrum of the prompt y-rays from the 8Ni(*He, py) reaction at
5.8 MeV. The y-rays following $*Cu decay are labeled (°!Cu), y-rays from inelastic He scattering
in the target are indicated as (&, ') and in 81Ta as 1®1Ta(x, o) and y-peaks from inelastic neutron
excitation in the Ge of the detector are indicated as Ge(n, n’).

primarily from (n, n’y) reaction in the Ge isotopes of the detector, in 23Na and 127]
of the NaI(Tl) annulus and to a much smaller extent from (n, y) induced radioactivity.
For bombardments at 12.5 MeV small amounts of 86 sec $'Zn activity are produced.
The background radiations at this energy do not produce observable y-peaks in the
spectrum since the cross section for the (*He, p) reaction is much larger than that
of the extraneous processes. In table 2 we summarize the y-rays associated with the
decay of levels in *!Cu assigned in this work. The first, third and fifth columns give
the transition between levels as numbered in this work, and the second, fourth and
sixth columns give the measured y-ray energies from this work.
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TABLE 2
Summary of the y-rays associated with decay of levels in 6!Cu assigned in this work

Transition y-ray energy Transition y-ray energy Transition y-ray energy
(keV) (keV) (keV)
9> 6 209.7 2 41 - 19 9555 3 31 -4 16720 6
19 »> 13 229.6 13 2+ 0 9703 2 29 >3 17053 3
5> 4 2659 1 9—> 2 9724 6 6—>0 1732.6 1
19 > 12 332.3 10 12— 3 985.6 2 22 —>2 1758.1 2
3> 2 3400 3 13— 3 1025.2 10 14 -1 1883.1 3
12— 9 3521 3 3515 1074 2 7—0 1904.1 9
6—> 3 4217 4 15—~ 3 1088.4 4 8 >0 19324 1
4> 3 424.2 10 48 - 21 11315 1 950 1943.0 3
14 - 10 4260 4 5> 1 11853 3 16 > 1 19974 2
1- 0 4750 1 26 > 6 11903 4 36 >3 20128 9
2—> 1 4949 2 49 —> 22 1221.6 4 10->0 2088.9 1
38 > 26 529.1 2 11— 2 1232.8 2 38—~3 2142.1 38
12> 6 562.5 2 20 > 4 1289.8 6 20 -1 2209.0 2
7> 3 5935 2 3> 0 1311.0 1 4] —»2 2273 2
9> 3 631.8 1 19—~ 3 13179 10 43 >3 2302 2
35>19 648 2 40 > 11 1342.7 4 14—->0 2358.6 3
18— 9 669.3 1 13— 2 1366.2 3 25 —>1 2381.4 20
29 - 13 679.5 4 4— 0 13946 1 47 - 4 2406 2
5 2 690.3 1 21 - 3 1409.6 4 27 -1 24576 4
14— 5 697.6 1 15— 2 14289 3 30 >1 2543.9 30
47 - 32 7080 7 44 —~ 11 1444 2 17—-0 25849 8
29 > 12 7207 3 8—> 1 1457.8 1 42 =2 2621 2
24 - 10 7516 1 33> 6 1465.6 2 20 >0 2683.8 6
6— 2 762.0 2 . 23 - 3 1482.1 1 23 -0 2792.1 3
50 — 33 790 2 45 ~ 11 1492 2 24 >0 2842.8 6
28 > 11 798.5 1 16 - 2 15024 1 25 >0 28570 3
46 — 26 832 2 34— 6 1527.0 5 27 >0 2931.8 3
17— 6 8510 1 27> 4 1538.9 2 28 -0 3002.6 6
18— 6 879.6 2 34> 5 1599 2 30>0 3019.3 11
11— 3 8926 2 28 > 4 1608 2 31 -0 3062.8 8
12> 4 900.7 2 10— 1 1613.3 2 32 >0 3092.3 13
4> 1 919.2 2 37> 6 1640.5 6 42 -1 3116 2
7 2 9343 3 5> 0 16604 1 390 3521.1 15

3.3. py COINCIDENCE EXPERIMENTS

Since particle identification for the py coincidence experiments was not found prac-
tical, typical spectra of the emitted charged particles at the backward angles were
taken with a mass identification E + AE detector telescope. In fig. 4 are shown typical
spectra of the protons and a-particles from 3®Ni+ *He™* * at 12.5 MeV. These spectra
were recorded simultaneously at 154° with respect to the cyclotron beam and indicate
that the a-particles emitted in the backward angles at this bombardment energy pre-
sent little or no interference in the coincidence measurements in which we do not dis-
tinguish between proton or a-particle pulses. In fact the y-rays associated with the
y-decay of levels in *®Ni are rather well known *°) and could be easily identified by
energy considerations.
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The py coincidence relationships were established in two py coincidence experi-
ments with the protons and y-rays recorded in a two-parameter 256 x 1024 channel
configuration for the Si(Li) x Ge(Li) detectors, respectively. In these experiments an
annular Si detector and the 40.8 cm® Ge(Li) detector were employed. The proton
energy axis covered a range of 2.0-14.0 MeV, while the Ge(Li) axis covered a range
of 180-2600 keV. The y-ray spectra recorded with the Ge(Li) detector were analysed
for every 150 keV of the range of the proton axis. The py coincidence relationships
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Fig. 4. Typical proton and a-particle spectra from a 12.5 MeV “He** bombardment of 3®Ni,
recorded at 154° with respect to the beam with the E - AE detector telescope. Only major energy
groups are labeled.

established in this work helped assign 98 y-rays to the decay of 50 levels in ¢'Cu.
Figs. 5-7 illustrate some y-ray spectra recorded with the Ge(Li) detector in coinci-
dence with protons populating levels in ®*Cu which lie in the given excitation energy
ranges. To minimize the number of illustrations necessary to present the coincidence
information the energy range of each proton gate was increased to ~ 300 keV. The
p7 coincidence information is summarized in table 3. The last column in table 3 indi-
cates which of the y-rays of column 4 were observed in coincidence with the protons

populating the level given in column 2.
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Fig. 5. Spectra of the y-rays recorded with the 41 cm® Ge(Li) detector in coincidence with protons
from the *8Ni(*He, p)*!Cu reaction corresponding to the indicated regions of excitation energy
in 61Cu.

3.4. BRANCHING RATIO EXPERIMENTS

Branching ratios for the de-excitation of 48 levels in $'Cu were determined from
measurements of the angular distributions of the singles y-rays relative to the beam
direction. Experiments were performed at 8.6 MeV “He** bombardment energy.
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Fig. 6. Spectra of the y-rays recorded with the 41 cm® Ge(Li) detector in coincidence with protons
from the' 33Ni(*He, p)5*Cu reaction corresponding to the indicated regions of excitation energy

in 1Cu.

At this energy the %'Zn is not produced and prompt singles correlations could be
determined without correction for contributionfrom radioactivity. In these experiments
the beam intensity was monitored by recording the elastic (*He, «') scattering events
with a surface-barrier detector positioned at 90° to the beam and by means of a cur-
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Fig. 7. Spectra of the y-rays recorded with the 41 cm® Ge(Li) detector in coincidence with protons
from the 58Ni(*He, p)¢1Cu reaction corresponding to the indicated regions of excitation energy
in 1Cu.

rent integrator. The correlations for the 475(3 — %), 970(3 — %), 422(3 —» ) and
919(3 — %) keV transitions obtained are illustrated as an example infig. 8. As expect-
ed the 475(3 — 3) keV transition is isotropic, while the 919(3 — 1) keV transition
shows a correlation characteristic of a quadrupole transition. The branching ratios
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for many levels were determined by proper averaging of the measured distributions
and the results are summarized in column 5 of table 3. In this table the first column
gives the level number, the second column gives the level energy established in this
work, the third column gives the J* value deduced in this work (see subsect. 3.5) and
the fourth column gives the y-ray energy de-exciting the level in question. The branch-
ing ratios for the 1660.5, 2088.8, 2358.2, 2684.0, 2840.7, 2933.3 and 3019.2 keV levels

T T T T T T T T T T T

. 422 keV b. 475 keV
(77227/2) T (172+3/2)

a
1o} Q\é\f\i + 4 — 4 -
o8 \N\Q 1 i
06 4 4
o4l -+ .

! 4 1 ! 1 Il Il ! Il | 1
T T

1 T 1 1 | I
o) c. 970 keV d. 919 keV
L o} (572+3/2) 4 (5/2=1/2)

1 AR

0.2 -+ .

1
l T

ooL_1 1 | B 1 1
(o] 30 60 90 (o} 30 60 90
Oo

Fig. 8. Typical singles correlations of the 422, 475, 970 and 919 keV y-rays about the beam
direction. Notice that the 475 keV distribution is isotropic, while that of the 919 keV is characteristic
of quadrupole transitions. The numbers in parentheses give the J; — J, sequence for each transition.

were taken from ref. 2) as these levels are more strongly populated in °*Zn decay.
For some of the levels above 3002.3 keV branching ratios were estimated from singles
or coincidence measurements taken only at 90° to the beam where spectra with high
statistics were obtained.

3.5. COINCIDENCE py ANGULAR CORRELATIONS

The py angular correlations for the 18 most intense transitions in ¢'Cu were mea-
suredat 12.5 MeV *He* * bombardment energy in two two-parameter Si(Li) x Ge(Li)
experiments. In this case, the Si surface-barrier detector was positioned 2.1 cm from
the target, while the 41 cm® Ge(Li) detector was positioned at 4.1 cm from the target.
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TABLE 3

Summary of level energies, J7 values, y-ray energies and y-ray branching ratios in !Cu determined
in this work

Level Level J7 y-ray Percent y-ray
no. energy (this work) energy branching observed in
(keV) (keV) for y-rays Py coincidence
0 0 3=
1 4750 1 3 4750 1 100 yes
2 970.3 1 3~ 4949 2 09 1 yes
970.3 2 99.1 6 yes
3 1311.0 1 3~ 3400 3 94 1 yes
13110 1 90.6 90 yes
4 13946 1 3~ 4242 10 09 1 yes
919.2 2 9.0 3 yes
13946 1 90.1 9 yes
5 1660.5 1 3~ 2659 1 46 39 yes
690.3 1 15.7 12 yes
11853 3 144 9 yes
16604 1 653 15 yes
6 17326 2 3~ 4217 4 283 2 yes
762.0 2 7.7 4 yes
17326 1 639 6 yes
7 19045 5 37) 593.5 2 243 1 yes
9343 3 40.7 9 yes
19041 9 350 9 yes
8 19325 2 3- 1457.8 1 274 11
19324 1 72.6 43 yes
9 19427 2 3 209.7 2 13 2 yes
631.8 1 24 5 yes
9724 6 49 10 yes
1943.0 3 14 2 yes
10 2088.8 2 3~ 1613.3 2 32.1 25%) yes
: 2088.9 1 68 11 yes
11 22034 3 @) 892.6 2 36.6 22 yes
12328 2 63.4 44 yes
12 22954 3 3 3521 3 76 4 yes
562.5 2 175 & yes
900.7 2 21.8 10 yes
985.6 3 53.1 12 yes
13 2336.4 10 -, G5 8N 1025.2 10 248 22 yes
1366.2 3 75.2 10 yes
14 23582 2 3- 4260 4 11 69 yes
697.6 1 30.7 27 yes
1883.1 3 346 1 yes
2358.6 3 23.6 17 yes
15 2399.3 5 3 10884 4 30.8 19 yes
14289 3 69.2 34 yes
16 24729 2 3= 15024 1 10.7 12
19974 2 89.3 24 yes
17 25837 8 $* 851.00 1 504 87 yes
25849 8 49.6 51 yes
18 26120 2 2 669.3 1 33.8 12 yes
879.6 2 66.2 36 yes
19 26284 6 (3-,8%5 %) 229.6 13%) 13 - 4°9) yes
3323 9 1.5 1 yes
13179 10 972 93 yes
20 2684.0 4 3~ 1289.8 6 54 5%




TABLE 3 (continued)

Level Level Jr y-ray Percent y-ray
no. energy (this work) energy branching observed in
(keV) (keV) for y-rays py coincidence

2209.0 2 524 29 yes
2683.8 6 422 29

21 2720.6 4 gt 1409.6 4 100 yes

22 27284 2 3-3 1758.1 2 100 yes

23 2793.0 2 £ 1482.1 1 50.2 15 yes
2792.1 38 48.8 16

24 2840.7 3 @) 7516 1 557 70®)
28428 6 44.3 10

25 2857.0 4 G5 2381.4 20 20 3
2857.0 3 80 12

26 29229 4 (Cam'D) 11903 4 100 yes

27 29333 3 3~ 15389 2 10.2 10%) yes
2457.6 4 78.5 48 yes
2931.8 3 11.3 28

28 3002.3 6 (C )] 798.5 1 9) yes
1608 2% 9) yes
3002.6 6 9

29 3016.1 3 G, 8%, %) 679.5 4 16.0 33 yes

720.7 3 16.4 34 yes

17053 38 67.6 29 yes

30 3019.2 11 #%) 25439 30 71 13 yes
3019.3 11 29 4

31 3065.3 10 33 16720 6 60 209
3062.8 8 40 20°)

32 3092.3 G-8- 3092.3 13 100

33 3198.2 2 - 14656 2 100 yes

34 3259.6 5 (G2 1527.0 5 57 20 yes
1599 2%) 43 20°) yes

35 3277 3 (a2 648 2°) 67 209 yes
1074 2% 33 209 yes

36 33238 9 &) 2012.8 9 100 yes

37 3373.1 6 (¢ ) 1640.5 6 100 yes

38 3452 5 34 529.1 2 28.0 14 yes
2142.1 38 72 309 yes

39 3521.1 15 3-9H- 3521.1 15 100

40 3546.1 4 39 13427 4 100 yes

41 3584.1 20 E,48) 955.5 3 45 20 yes
2273.0 20Y) 55 20°) yes

42 3591 3 3, 3%, 80) 2621 2 9 yes
3116 2 9 yes

43 3613 2 3-3) 2302 2°) 100 yes

44 3647 2 #-3) 1444 2%) 100 yes

45 3695 2 -9 1492 2%) 100 yes

46 3755 2 832 2%) 100 yes

47 3802.0 1 D) 7080 7 4 20 yes
2406 2% 56 20°) yes

48 3852,1 1 (=) 11315 7 100 yes

49 39500 4 &-3) 1221.6 4 100 yes

50 3988 2 790 2%) 100 yes

*) Branching fractions taken from the ¢1Zn decay 2).

*) Energy estimated from the coincidence spectra.

©) Intensity estimated from the coincidence spectra at 90° only.

9) Intensity is not given as all the y-rays were not seen together in the same spectrum.
©) Intensity estimated only from singles measurements at 90°.
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The Si detector subtended angles at the target between 155° and 175° with respect to
the incident beam direction. In each experiment the py coincidence spectra were re-
corded for six angles for 10-12 h of counting at each angle. Since we have shown from
singles correlations that the 475 keV transition to the ground state is isotropic (J* =
17) in these experiments we used the total coincidence 475 keV intensity at each angle
as the monitor. This method of internal monitoring minimized systematic errors due
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Fig. 9. The py correlations for the 934.3, 593.5, 209.7, 631.8, 970.3, 340.0, 1394.6 and 421.7 keV

y-transitions in ®'Cu. The numbers in parentheses are the level numbers that locate the transition in

the $'Cu decay scheme. The error bars represent only the statistical error and the solid curves are
the least-squares fits of eq. (1) to the data.

to positioning of the Ge(Li) detector. Due to the limited proton resolution at this
bombardment energy (~ 180 keV FWHM) only those y-rays in coincidence with
proton groups populating their originating level were considered in the analysis. Care
was taken not to include in the proton gating axis contributions from higher lying
levels. This was possible by digitally selecting the energy portions to be included in
the proton gates. The only levels for which such interference could occur are the
1394.6, 1732.6 and 2295.4 keV levels due to the presence of the low energy 265.9,
209.7 and 332.3 keV y-rays populating these levels, respectively. These y-rays, how-
ever, are weak and their contribution to the selected proton gates was found negligible.
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The angular correlations obtained are shown in figs. 9 and 10, where the solid lines
are the least-squares fit of the data to the function

W(0) = Ay[1+ A,P,(cos 0)+ A4 Py(cos 0)]. 1)

The analysis of the correlation data was made using the formalism and phase con-
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Fig. 10. The py correlations for the 690.3, 1660.4, 352.1, 1428.9, 879.6, 562.5, 1409.6 and 985.6 keV

y-transitions in $2Cu. The numbers in parentheses are the level numbers that locate the transition

in the 51Cu decay scheme. The error bars represent only the statistical error and the solid curves are
the least-square fits of eq. (1) to the data.

ventions of Rose and Brink '!). The basic correlation formula is given by
Msi=J;
w() = ; [MZ%P(Ml)Px(Jx M,)]Q, Pi(cos 6)
&
5 {Rk(LLJJz)—}-25R,‘(LL'J112)+52R,,(L’L'J,Jz)} @)
1482 ’

which is applicable for the case of the two lowest multipoles, L and L’ = L+ 1, contrib-
uting to the y-ray transition between the initial state of total angular momentum J,
and final state of J,. The statistical tensors p, (J, M) and the coefficients R, have been
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TABLE 4
Summary of the results of the py angular correlations following the 33Ni(“He, py) reaction at
12.5 MeV
Transition (keV) and Experimental value ) Mixing ratio § giving
J; = J; sequence R, (J1J,0) R4 (J1J50) solutions within 2¢
970.3 2 - 0)
>3 +0.99 4 0.07 3% none **)
F—>3 +0.84 3 009 3 0.30 4
>3 +0.80 3 008 3 none % ¢)
340.0 (3 >2)
$—>% 044 5 0.04 1P —0.29 5 or =—9.0
£ >3 037 4 0.05 9 none °)
3% 035 4 004 7 0.01 2
2 >4 035 4 0.04 7 none ¢ °)
9192 (4 > 1)
$—>3% —0.71 1 0.05 10Y) none %)
$>% —0.60 6 0.07 15 E2
1394.6 (4 — 0)
3—->3 054 1 0.23 109 none ®)
33 046 6 031 13 0.05 3 o0r29 4
>3 043 6 025 1 none %°)
690.3 (5 - 2)
3>§ 045 13 0.06 17% —0.30 14 or = 4.9
$—>% 0.38 11 0.09 23 none ©)
3 —>§ 0.36 10 0.07 19 f
£ >3 0.35 10 0.06 17 none ©)
1660.4 (5 — 0)
3 >3 —090 9 0 °) —033 =6 = —1.56
421.7 (6 - 3)
3>% —0.61 6 —0.07 8% none %)
§—>3 —0.51 B —0.09 11 none °)
1—~>3% —048 & —007 9 —0.24+9:13
$>1 —048 4 —0.07 8 none °©)
¥ >3 —0.47 4 —0.06 8 none °)
762.0 (6 — 2)
>4 —0.60 6 —0.05 127%) none 9)
=% —0.51 B - —0,07 17 —0.124-0.08
3% —049 5 —0.06 15 —0.454-0.08
3% —048 5 —0.05 12 none 4°)
593.5 (71— 3)
$—+>3 4025 5 —0.07 1 none %)
$—>% 4021 4 —-0.09 9 0.054-0.03
31—>% +020 4 —0.07 8 0.624-0.06
1% 4020 4 —0.07 8 —0.064-0.02
33 4+0.19 4 —0.06 8 none <)
934.3 (71 > 2)
i—>4 —0.29 6 0.04 6% 0.434-0.12 or 1.38+0.32
>4 —025 & 005 17 0.14.+0.04
4% —024 5 004 6 —0.324+0.04
>4 —023 5 0.04 8 none %°)
209.7 (9 — 6)
i1 —0.68 1 40.004 10Y) none %)
t—>1% —0.57 6 +0.005 13 none %)
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TABLE 4 (continued)
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Transition (keV) and

Experimental value ?)

Mixing ratio § giving

J1 — J, sequence Ry (J1J20) Ry (J1J26) solutions within 2¢
>3 —0.55 6 +0.004 11 —0.154-0.08
$->3 —0.54 6 +0.004 11 none ©)

3>z —0.53 6 +0.004 11 none °)

631.8 (9 - 3)

3—>3 —039 3 —0.11 4% none %¢)

33 —0.33 2 —0.12 6 none ©)

>3 —0.32 2 —0.12 3 0.26+-0.06 or —0.76+0.16

$—>3 —031 2 —0.11 4 none ©)
Y>3 —030 2 —~0.11 4 none %°)

562.5 (12 > 6)

3 >3 —0.76 12 40.11 10°% none ¢°)

$—>3 —0.64 10 +0.15 13 none ¢)

>3 —0.61 9 +0.12 11 none )

$ >3 —0.60 9 +0.11 10 —0.561+0.10
B >z —059 9 +0.11 10 none %:¢)

352.1 (12 >9)

3% 1.07 1 009 9% none % ©)

33 090 6 012 11 —20=6= —0.70

13 0.86 6 009 8 none %)

3 >3 085 6 009 9 +0.354-0.05
3 >3 08 6 008 8 none %¢)

985.6 (12 — 3)

353 069 1T 003 6Y none %)

3 >3 0.58 6 004 8 —0.344+0.06

>3 0.56 6 0.03 6 none 4°)

3 >3 055 6 003 6 0.13+0.05
Y >3 054 5 0.03 6 none ¢°)
1428.9 (15— 2)

] 1.38 11 +044 139 none %¢)

3 >4 1.18 9 0.58 17 none )

14 .12 8 048 14 082 <8< 1.7

$ >4 1.10 8 0.44 13 none ¢¢)

879.6 (18 — 6)

3 >3 —062 5 +023 8% none %¢)

>3 —0.52 4 +0.30 11 none )

33 —0.50 4 +0.22 8 none )

$>3 —049 4 +0.23 8 —0.644+0.06
$ >3 —0.48 4 +0.22 8 none ¢)
1409.6 (21 — 3)

3—>3 0.79 11 0.01 12VY) none %)

§ >3 0.66 9 0.02 16 —0.42 10

>3 063 9 0.01 13 none %)

$>% 062 9 001 12 0.18 5
B >3 061 9 001 12 none 4 °¢)

#) Based on p(M = §)/p(M = }) = 0.08.
®) The measured A4, value is listed since the theoretical R4 (J,;J,d) for this spin sequence is zero.
¢} Fitted with A4, set equal to zero, since other evidence established this level as .

9) No solution due to the R, (J;J26) value.
) No solution due to the R, (JyJ26) value.
)} Not given because this spin sequence is excluded on the basis of other evidence as discussed in the

text.
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TABLE 5
Summary of the quadrupole mixing for some transitions in 2Cu

Transition (keV) % quadrupole content Q = 1008%/(1 +463)
(level sequence)
W, =~ J2) this work ?) Heusch et al. 3) Adopted value °)
970.3 (2 > 0)
(3 -3 8.342.0 12.6£1.8 10.6+1.5
10.9+£1.8°)
3400 3 —>2)
G -3 0.0+0.1 0 pure M1
919.2 4 1)
G—->% 100 pure E2 pure E2
1394.6 (4 — 0)
(CRat)) 0.04 = Q0 = 0.63
or 89--3 93+1 9242
690.3 (5 > 2)
@ —->3% 25=0=162 0=0=x42 341
or =96 or91*% or 9343
11853 5—-1)
@—-9d 63=0=50 63=0=50
1660.4 (5 - 0)
G-9 9.8 <0 =<7l 7.8<Q <74 9.8<Q =71
421.7 (6 - 3)
GE—B 54778 3.87%° 5%%
762.0 (6 - 2)
G—9) 1745 12+8 1443
593.5 (71— 3)
G-=9 0.259-% 0204
934.3 (7 2)
G—->3% 19%1.2 1912
1457.8 (8 - 1)
G->9 3.842.90r90%% 4+30r90%3
1932.5 (8 — 0)
3->3 06<Q=15 06=0=15
or 59 =Q <86 or 59=Q =86
209.7 (9 — 6)
E—-9 22528 0.5=Q =50
631.8 (9 — 3)
G —~13) 6.3%39 6.3739
or 37 3 or 37+10

352.1 (12 > 9)
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TABLE 5 (continued)

Transition (keV) % quadrupole content Q = 10062/(1-+4%)
(level sequence)

Jy = J,) this work 2) Heusch ef al. 3) Adopted value ®)
(CR)) 10.9%2-2 1143
562.5 (12 — 6)
¢ -3 23.977-1 24*7
985.6 (12 - 3)
> % 17414 L7int

1428.9 (15 —>2)
G—>9 00174 H<Q=T74
879.6 (18 -> 6)
G—3) 2944 294-4
1409.6 (21 — 3)
G—>D 31%0d 8 Mt

?) Here the quadrupole content is compared.
®) Weighted average value.
€) From ref. 15).

defined and tabulated by Rose and Brink #). The coefficients Q, are the angular cor-
relation attenuation factors due to the finite solid angle of the Ge(Li) detector * 1?).
Interpolated values from ref. **) were used in the analysis of these experiments. Under
the conditions of the present experiments the population parameters p(M,) of the
magnetic substates satisfy >, p(M,) = 1 and p(—M,) = p(M,). Ideally, for a point
proton detector at 180°, only | M| = % substates contribute; however, in the present
experiments substates other than | M| = 1 may contribute due to the finite solid angle
of the annular detector. Contributions from |M,| > 1 attenuate the correlation. As
it is seen in the discussion below, the 919.2 keV transition between the (37) 1394.6
and ($7)475.0 keV levels is E2 in character. Since E2 transitions are not expected to
mix with M3 multipoles one can use the correlation of this y-ray to estimate the degree
of alignment achieved in this reaction. This transition was too weak to give a reliable
correlation in the coincidence experiments. From the singles correlation, however,
it was possible to obtain the correlation shown in fig. 8d for this transition. Using the
value A4,(exp) = 0.53+0.05 obtained from this correlation and assuming p(3) = 0
we calculate an upper limit for the ratio p(3)/p(3) of 0.10+9:15. We note that this
alignment was obtained in the reaction without the coincidence restriction and there-
fore with the protons emitted in all directions. Furthermore, a number of y-rays are
known to populate the 1394.6 keV level and these would tend to increase the popula-
tion of the [M,| = 3 and conceivably the 5 substates. Both these effects indicate that
the above ratio is indeed an upper limit. Since the coincidence py correlations were
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found considerably more pronounced than the singles correlations and since most of
the states investigated can decay by E2 and/or M1 transitions, it was safely assumed
in the analysis of the data, that only the two lowest [A/,[ substates contributed with
a ratio of p(3)/p(3) < 0.08 and that the states involved have 7 < 10 ps which allowed
the neglect of hyperfine perturbations. The analysis of the present results was made
with p(3)/p(3) equal to 0 and 0.08. The effect of this uncertainty on the d-values for
most of the cases was smaller than the quoted errors in table 4 where the results only
for p(3)/p(%) equal to 0.08 are presented. The first column of table 4 gives the tran-
sition energy, the level numbers characterizing the transition in the numbering of
table 3, and the J, — J, sequence considered. Columns 2 and 3 list the experimental
values for R,(J;J,8) and R,(J,J,8) obtained by least-squares fits of eq. (2) to the
data. The R, (J,J,9) values represent the quantity in curly brackets in eq. (2). The
last column gives the mixing ratio é for those J; — J, sequences for which a solution
within two standard deviations exists. Solutions are obtained when the points defined
by experimental values of R,(J,J,8) and R,(J,J,8) are compared with the ellipses
that result when the theoretical R, (J,J,0) is plotted versus R,(J,J,98) for all the
o-values and for each J, — J, sequence.

In general the J* assignments and the multipole mixing ratios é from this work are
in good agreement with the work of Heusch e al. ?). In table 5 we summarize the
percent quadrupole content @ = [1005%/(1 +5%)] from the J-values of table 4 and
from ref. ?). The last column gives the adopted value for Q calculated as a weighted
average of the individual values or as the overlapping values when a range of values
is given.

4. Assigoment of J” values and discussion

On the basis of the evidence obtained in this work a detailed scheme for the decay
of 50 levels in !Cu was constructed and it is shown in two portions in figs. 11 and 12.
The energies of the y-transitions are given in keV and in parentheses are given the
branching fractions for the decay of each level. Arguments for the construction of
the decay scheme and for the assignment of J” values are summarized below.

The ground state. The ground state of ®'Cu is well established " ?) as 3.

The 475.0 and 2088.8 keV levels. These two levels are well established from the
decay ?) of ®'Zn. An /, = 1 transfer has been assigned from the ®*°Ni(*He, d) work
[ref. '#)] for the 475.0 keV level. These two levels are populated by allowed * decay
from the 3~ *Zn [log ft values 5.9 and 6.1, respectively ?)]. The singles angular dis-
tributions for the 475.0 and 2088.9 keV transitions were observed to be isotropic.
This information limits the J ™ for both these levels to 4 ™.

The 970.3 keV level. This level was observed in this work to decay to the ground
and to the 475.0 keV levels. An /, = 3 transfer in the **Ni(*He, d) reaction **) limits
the J™ value to ™ or 2~. The py coincidence correlation (table 4) for the 970.3 keV



169

$1Cu STRUCTURE

*Aedap-4 10) suororsy Sulyouriq syl a1e sasayudled UL SIAQWINU Y} PUB A UI UIAIS dJe SOIFIOUD Oy, "SWAYOS Siy)

UT PIpOOUl 21 S[AAQ[ OF 182y 9Y) A[uUO "uondear (Ad OH,)INgg 9Y) BIA UOHEIDXD SUIMO[[O] D, UT S[OA3] JO A8IAP 2} 10§ owayds pasodold “[| 81

28 A2
%
0 -k 00
o
1 2 0Siy /a 9 R
Y b I PR A
A A Y m
o rn
3 Bt
m w—
k4 -¥S T §0L6
T HITOTET e RINK T —
[ -5 9b6ci o 3 W m
o + [+
I o —
g 2% G099] ——8 5 & _M —
D 7 Y S . W
7] > v =l L L (| RENE -
- 4 23 W
O 2/ 8880\ s /o /5
T /%) vmdN.|/ o N /ey - _ IO O O L — J—
~8/6 2 s e —— (o) - - |- o} =] |—
W SLoirem b 1./ = E = (=
7 ZE—\S &8 =S EE T IE S EEREIRTAE
= 7 mm I I O I I O O
Ty es = E EEEEELER B E  E =
s o 4 T TN A S E R RERITEIE S =
: 2 i _ SEIEIERE B EE
TTL=2/5) % M % e i - WA —
_s — = i |=
@M [ 0vEg o g2 % L
7 ; v
-2/ LEs68 WAL
WW (2/.-2/11_§ 200¢ h /a& S
2 eM-2/4) | wmu NanaR (M N
O ERIRTN) 6 <& 40 %
‘ou o (A3Y ) K
13A9]



170 E. J. HOFFMAN et al.

Energy 37 Leval
(kév ) Number

N

f/\ 3988 50

—yt =20

3950.0 49
j \337 3852.1 (5/2—13/2) 48
—_ > nﬁ;’ 38020 (1 /2 —9/2) 47
— > f ISV 3755 46

N 3695 (1/2—9/2) 45

&

~ oa ‘70% 3647 (1/2-9/2) 44
- % > 3613 (3/2—11/2) 43

9
Y
o

3
O
~
.,% NS 3591 (1/2-5/2) 42
o/ S . ~
X & é% 35844 (7/27,9/27) 4)
z

3y 35464 (1 /2—9/2) 40
,Oé% 35210 (172572 39
ﬁ/ N 3452 (3/2—11/2) 38
U R Y W R S R U Y S VA AV
r e 3 3373.1 (3/2=1/2) 37
U Y R R O N O O ) ) O S /A .
T VD
S

(Y
3 3323.8 (3/2—11/2)
&
=3 ,;g 3277, (3/2—11
&

3259.6 (3/2—7/R) 34

B ¥ 3198.2 (3/2—11/2) 33
_ Y I T Ll 3092.3 (1/2-5/2)" 32
| JO B 30653 (1/2—-7/2) 3}
N B S 29229(3/2—11/2) 26
— —- 27284(3/2-7/2) 22
_ J Y U 27206 9/2+ 2!
Y 26286 (7/2-11/2) 19
22034 (8/2) 11
— _ 1732.6 7/2 5
1660.5 3/2 s
1394.6 5/2 4
1311.0 72 3
970-3 5/2 2
475.0 172 1
3 0.0 ¥z c
ol
)

Fig. 12. Proposed scheme for the decay of levels in $1Cu following excitation via the 38Ni(*He, py)

reaction. Only levels no. 31 through 50 are shown together with those below no. 31 which are

populated in their decay. The energies are given in keV and the numbers in parentheses are the branch-
ing fractions for y-decay.

transition is consistent with only a § — % sequence. The 970.3 keV transition is found
to be M1 in character with (10.6+1.5) % E2 admixture (table 5).
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The 1311.0 keV level. This level decays to the ground and the 970.3 keV levels.
Anl, = 3 transfer in the ®°Ni(*He, d) reaction '*) limits J" to ~ or 3~ for this level.
The py angular correlation for the 340.0 keV transition, from this work, is consistent
with a 3 — 3 or  — § sequence (table 4). This level is not populated by f* decay of
'Zn[log ft > 7.9, see ref. 2)] indicating a forbidden transition. The level at 2720.6
keV is shown below to be ¥ and it decays to the 1311.0 keV level by a 1409.6 keV
transition. This 1409.6 keV transition has a py correlation (table 4) consistent only
with a $ — 7 and not with a $ — $ sequence.

The above information limits the J” value for the 1311.0 keV level to 3. The singles
angular correlation for the 1311.0 keV transition peaks at 0° and this is consistent
with a 2~ — 3~ E2 sequence.

The 340.0 keV transition is within experimental error pure M1 in character.

The 1394.6 keV level. This level decays to the ground, 475.0 and 970.3 keV levels.

The py coincidence correlation of the 1394.6 keV transition is only consistent with
a 3 — % sequence. This 1394.6 keV level was assigned an /, = (3) transfer '*) from
the °°Ni(®He, d) reaction which limits the possible J* values to $~. This transition
appears to be almost pure E2 [see table 5 and ref. *)]. The quadrupole content con-
sistent with the py correlations is (92 +2) % E2.

The 1660.5 keV level. The decay of this level is well established ?). The py coin-
cidence correlations for the 690.3 and 1660.4 keV transitions from this level were
measured (table 4). The correlation of the 690.3 keV transition is consistent only with
a 3 > 3 or 7 — § sequence. The observed strong decay to the 1~ 475.0 keV level
eliminates the 4 — § possibility. The py correlation for the 1660.5 keV transition is
consistent only with the 3 — $ and § — 3 sequences and definitely excludes the 7 — 3
possibility (table 4). The py correlation for the 1185.3 keV transition was examined
and although it was of poor statistical quality to give good values for 4, and Ay, it
definitely showed a maximum at 90°. Since for aligned states all E2 transitions yield
always a maximum at 0°, a sequence of 3 — 4 for this transition must be eliminated.
This limits the assignment for this 1660.4 keV level to 3.

The correlation of the 690.3 keV transition is consistent with either an M1 character
with (341) % E2 admixture or E2 with (7+3) % M1 admixture (table 5). For the
1185.3 and 1660.4 keV transitions only the broad limits of table 5 for the quadrupole
admixture can be placed from the existing evidence.

The 1732.6 keV level. This level decays to the (37) ground, (37) 970.3 and (37)
1311.0 keV states. This level is not populated in the f-decay %) in °'Zn nor in the
©ONi(He, d) reaction '#). The py correlation for the 762.0 keV transition to the
(37) 970.3 keV level is consistent with a $ — 3 or 7 — § sequence. The py correla-
tion for the 721.7 keV transition, however, is consistent only with a 7 — 7 sequence.
This limits the J-value for this level to . The parity of this level must be negative,
since a positive parity would require the strong 1732.6 keV transition to the ground
state to be M2 in character and this is very unlikely.
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The 421.7 and 762.0 keV transitions are M1 character with (573) % and (14+3) %
E2 admixtures, respectively (table 5).

The 1904.5 keV level. This level is not populated in the (*He, d) reaction '*) and
is only weakly populated in the B-decay 2) of ®'Zn. In this work this level was ob-
served to decay to the ground, the 970.3 and 1311.0 keV levels. The coincidence py
correlation for the 593.5 keV transition to the 1311.0 keV definitely eliminates the
% — 2 and 4! — 7 sequences (table 4) and is consistent witha § - 3,3 > Jor% >
sequence. On the other hand the py correlation for the 934.3 keV transition to the
970.3 keV level definitely eliminates the ¢ — 3 sequence and is consistent with the
§ — $ and 7 — $ sequences (table 4). The singles correlation for the 1904.1 keV tran-
sition to the 4~ ground state was observed to be strongly peaked at 0° and this is not
inconsistent with 3 or $ for this level. The fact that this level is seen in the ®'Zn decay
can be further used ?) to limit J" to §7.

If the J™ value were indeed 3~ then the 593.5 and 934.3 keV transitions would be
M1 with (0.3%3%3) and (1.9%5:2) % E2 character, respectively (table 5).

The 1932.5 keV level.  This level was also observed in the S-decay of the (37) ®'Zn
by an allowed transition ?) (logft = 6.1). This level should be identified with the
level at 1940 keV from the (*He, d) reaction which was reported by Pullen and Rosner
[ref. '#)] to have I, = 1. This limits J” for this level to 4~ or $7. The py angular dis-
tribution was seen to have definitely a maximum at 90° and this eliminates the £~
value as a possibility. Thus, a $~ assignment is made for this level.

The 1942.7 keV level. This level was not observed 2) in the f-decay of ®'Zn and
it does not appear to be populated in the (*He, d) reaction *#). In this work four
y-rays at 209.7, 631.8, 972.4 and 1943.0 keV have been assigned to de-excite this level.
The 970.3, 972.4 keV doublet was identified from an upward shift of 1 keV in the
coincidence spectrum of fig. 6b. Both the py coincidence correlations for the 209.7
and 631.8 keV transitions to the (37) levels at 1732.6 and 1311.0 keV are consistent
only with a ¥ — 7 sequence (table 4). This information limits the J-value for this
level to 3. The parity of this level must be negative, since a positive parity would
require the strong branch to the 3~ ground state to be an M2 transition, which is
very unlikely. Therefore, the 209.7 keV transition is M1 in character with (2.27:3) %
E2 admixture, while the 631.8 keV transition is M1 in character with (3.6%3:7) or
(37+10) % E2 admixture (table 5).

The 2203.4 keV level. This level is populated weakly in the ®'Zn B-decay ?)
(log ft = 6.8). It should be identified with the level at 2216 keV reported in the
(*He, d) reaction study '#) to have I, = 3. This indicates a J* = $~ or }~ assign-
ment. The fact that this level was observed in the ®'Zn decay helps eliminate the 3~
value as a possibility, since this would require a second-forbidden B* decay which
should not have been observed 2). This information limits the J* value for this level
to 3.
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The 2295.4 keV level. This level was established in this work to de-excite via the
352.1, 562.5, 900.7 and 985.6 keV transitions to the (37)1442.7, (37)1732.6, (37)
1394.6 and (37)1311.0 keV levels. This level is not observed in the °'Zn decay. In
this work the py coincidence correlations for the 352.1 and 985.6 keV transitions
were measured and both were found consistent with a 3 — % or $ — % sequence.
Furthermore, the py correlation for the 562.5 keV transition was measured and it
was found consistent only with a § — 7 sequence. This evidence establishes the J-
value for this level as $. The large quadrupole admixtures for both the 352.1 and 562.5
keV transitions exclude a positive-parity assignment for this level. The 352.1, 562.5
and 985.6 keV transitions are, therefore, M1 in character with (11+3), (24*]) and
(1.72 1) % E2 admixtures, respectively (table 5).

The 2336.4 keV level. This level was established in this work to decay only to the
(57)970.3 and (37)1311.0 keV levels. This limits the possible J* values to 37, 3%, 3™
or $~ for this level. The singles angular correlation for the 1025.2 keV y-ray to the
(37)1311.0 keV level has a strong maximum at 90° and this is sufficient to exclude the
3~ value, as this would require an E2 transition which for aligned nuclei has always
a maximum at 0° to the beam direction. This level is not populated ) in the S-decay
of ®'Zn and this indicates that a §~ value is very unlikely. Furthermore, the lack of
decay to the (37) ground and (}7)475.0 keV levels suggests a high J-value for this
level. Although on shell-model considerations the positive-parity states should lie
even higher in excitation we cannot with certainty exclude the possibility of $* or 3*
for this level. On the basis of the above evidence we favor a 4~ assignment for this

level, although we cannot exclude the §* or 7* as possibilities.

The 2358.2, 2472.9, 2684.0 and 2933.3 keV levels. These four levels have been ob-
served ?) in the B-decay of ®'Zn with log f? values indicating allowed transitions. All
these levels decay to the (37)475.0 keV level and none of the corresponding y-rays
had an isotropic singles angular distribution. This evidence limits the J* value to 3~
or §~ for these levels. The singles angular correlations of the y-rays from the decay
of each of these levels to the (37)475.0 keV state were observed to have a definite
maximum at 90° and this excludes a § — 1 sequence for these transitions. The J*
value for these levels is therefore limited to 3.

The 2399.3 keV level. This level is established to decay to the (37)970.3 and (7)
1311.0 keV levels. This level was not seen in the °*Zn g-decay. The py coincidence
correlation for the 1428.9 keV transition to the (37) 970.3 keV level is consistent only
with the 3 — 3 sequence. This is further confirmed by the observed strong maximum
at 90° of the singles correlation for the 1428.9 keV y-ray which definitely excludes a 3
or § assignment. The 1428.9 keV transition was seen to have a large quadrupole con-
tent 40 £ Q < 74. The large observed quadrupole admixture for the 1428.9 keV
transition can be used to eliminate the positive parity as a possible one for this level,
since this would require a large M2 admixture in an El transition which is very un-
likely. The above information, therefore, limits the J™ value for this level to 3.
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The 2583.7 keV level. This was not observed in the f-decay of °'Zn but it was
established in this work to decay to the ground state and the 1311.0 keV level. Since
this level decays to 3~ and 2~ levels below, its J* can be limited to 3, §* or 3™. The
singles angular correlation for the 2584.9 keV y-ray has a definite maximum at 90°
and this may be used to exclude a  — 3 sequence. Also, the singles correlation for the
851.0 keV y-ray has a definite maximum at 90° and this eliminates the 3 — 7 sequence
as a possibility for this transition. The present evidence limits J* for this level to $*.

The 2612.0 keV level. This level was established in this work to decay to the (37)
1732.6 and (37) 1942.7 keV levels, via 879.6 and 669.3 keV transitions, respectively.
The py coincidence correlation for the 879.6 keV transitions was measured and found
consistent only with a § — 7 sequence (table 4). A positive parity for this level would
require the 879.6 keV transition to be E1 with an M2 admixture of (29 +4) 9 which
is too high to be likely. We therefore limit J* for this level to 3.

The 2628.4 keV level. The 2628.4 keV level was established to decay to the (37)
1311.0, ($7) 2295.4 and ($7) 2336.4 keV levels. The singles angular distribution for
the 332.3 keV transition to the 2295.4 keV level has a definite maximum at 90° and
this restrict J* for the 2628.4 keV level to 37, $*, or LL-, since the 2295.4 keV
level is $7. The lack of decay to any of low spin levels below, however, tends to favor
the higher J*™ values for this level.

The 2720.6 keV level. This level was observed in this work to decay only via a
1409.6 keV transition to the (37) 1311.0 keV level. A level at 2711 keV withan/, = 4
was reported '*) to be populated in the (*He, d) reaction and it should be identified
with the 2720.6 keV level. The /, = 4 assignment restricts J™ to ¥ or $™ for this level.
The py coincidence correlation for the 1409.6 keV transition definitely excludes the
33,7 % or &t — 7 sequences and it is consistent only with a § - 7 or § - %
sequence. The above evidence is sufficient to limit J” to $* for this level. The 1409.6
keV transition is then El in character with (3.141:2) % M2 admixture which is not
unlikely in view of the large error associated with the multiple mixing ratio.

The 2728.4 keV level. This level was established in this work to decay only to the
(37)970.3 keV level via a 1758.1 keV transition. Both the singles and py correlations
for the 1758.1 keV y-ray have a definite maximum at 90°. This evidence limits J” for
this level to 3, 3 or .

The 2793.0 keV level. This level is populated in the B-decay of °*Zn by an allowed
transition ?) (logft = 5.1), and this limits J* to 7, 3~ or $~ for this level. Since this
level was observed to decay to levels with J” of 3~ we may exclude the 3~ possibility.
The 1482.1 keV transition to the (37) 1311.0 keV level has a singles angular distri-
bution with a maximum at 90° and this excludes a 3 -» 7 sequence for this transition.
This evidence limits J* for this level to 5.

The 2840.7 keV level. This level is populated by an allowed 2) S-decay from °'Zn
(log ft = 5.5) and this limits J" to 1=, 3~ or §~ for this level. A level at 2846 was
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reported from the (*He, d) reaction '#) to have an /, = 1 transfer and this restricts
J"to 1~ or 3~ for this level with a probable ') value of 1~

The 2857.0, 3019.2, 3092.3 and 3521.1 keV levels. These levels have been also ob-
served to be populated by allowed p-decay from ®*Zn(log ft = 5.5, 5.6, 5.8 and 5.2,
respectively) and on this basis they have been assigned 2) as 17, 3~ or §7.

The 2922.9, 3198.2, 3323.8, 3373.1 and 3613 keV levels. These levels were estab-
lished in this work and from py coincidence information were shown to decay only to
the levels at 1732.6, 1732.6, 1311.0, 1732.6 and 1311.0 keV, respectively, all of which

are 7~. This limited information restricts J* for these levels only to 37, 37, Zi, gt

or 517,

The 3002.6 and 3065.3 keV levels. These levels were established in this work and
from py coincidence information were shown to populate only levels with J™ of 3~
and 3~ below (see figs. 11 and 12). This information limits J* for these levels to 17,
3%, 5+ ori-.

The 3016.4 keV level. This level is established to decay only to the (37 }1311.0,
(37)2295.4 and ($7) 2336.4 keV levels. This evidence together with the lack of decay

to levels with J* < § suggests a high J® value of 37, $* or L1~ for this level.

The 3277 and 3452 keV levels. These levels have been shown to decay to the (3~
levels at 2399.3 and 1311.0 keV, respectively, and to the (3—%3*) 2628.4and (3-%44)
2922.9 keV levels below, respectively. This limited information restricts J* for these
levels to 37, $*, 2%, 9% or 41~

The 3456.1, 3647 and 3695 keV levels. These levels were established in this work

to decay only to the (37) level at 2203.4 keV. This limited information permits one to
limit J™ for these levels to 17, 3%, 5%, 2* or $™.

The 3584.1 keV level. This level was established from py coincidence information
to decay to the (% ) 970.3 and (3+7, $7) 2628.6 keV levels. This evidence limits J~
for this level to 2~ or §~.

The 3591 keV level. This level was shown from py coincidence information to
decay to the (£7)475.0 and ($7) 970.3 keV levels. This limited evidence restricts J"
for this level to 47, 3% or §°.

The 3802.0 keV Jevel. This level was shown to decay to the (37) level at 1394.6
keV and to the (37, 47) level at 3094.0 keV. This information limits J* for the 3802.0
keV level to 1%, 3%, %, 2% or §~.

The 3852.1 keV level. This level was established to decay only to the $7 level at
2720.6 keV and this limits J” for this level to $*, 3%, 3%, L% or 37,

The 3755, 3950.0 and 3988 keV levels. These levels were established in this work
to decay to the 2922.9, 2738.4 and 3198.2 keV levels, respectively. The large range of
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possible J” values for the latter mentioned Ievels does not permit any assignment of
J™ values to the 3755, 3950.0 and 3988 keV levels at the present time.
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