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The medium spin, near yrast states of tig shell nuclei®*Ni, 8Cu, and®Zn have been studied following
the fusion evaporation of Mg beam and &°Ca target. Discrete transitions were unambiguously identified
using the AYEBALL gamma-ray array in conjunction with the Argonne fragment mass analyzer and a split
anode ionization chamber. The decay schemeiif SiCu, and5ezn have been extended with the results of
gamma-gamma coincidences and directional correlation from oriented state measurements used to determine
the level excitation energies, spins, and parities of a number of near yrast states. The decay schemes deduced
are compared with previous work and interpreted in terms of shell model calculations, with a restricted basis
of the 5, pap, Py Orbitals outside aggNi core, and either theg, orbital with a closed core, of;

excitations from the cord S0556-28139)01112-7
PACS numbdss): 23.20.Lv, 21.60.Cs, 23.20.En, 27.4Q

[. INTRODUCTION of the variety of excitation modes available in the rather
restrictedfpg single-particle basis between tiN=27=28
The spectroscopy of doubly magic nuclei and their nealand 50 shell closures. In particular, it will allow us to exam-
immediate neighbors provides vital ingredients for the underine how collective excitations are generated with increasing
standing of nuclear structure, as the single-particle energiasucleon number away from the, nominally inetNi core.
and two-body residual interactions observed in these systems The mechanism for the generation of high angular mo-
form the building blocks of large basis shell model calcula-mentum states in the restricted valence space arountfittie
tions. Nuclei in the vicinity of self-conjugate, doubly magic core is of particular interest. Energetically speaking, the first
nuclei are of particular interest since the protons and neuthree shell model orbitals above the=28 closed shell are
trons occupy the same orbitals giving rise to increasedhe negative parityps,, fs, andpy, orbitals. The three
proton-neutron correlations. Much recent interest has fotowest lying states igNi all have negative parity and re-

cused on excited states in nuclei around fheZ=50 shell  spective spins of ~, 3, and% ~, corresponding to a single

gap at'%Sn[1-5]. However, the very neutron deficient na- neutron in these three shell model orbitfld]. To generate
ture of these systems means that production cross sectiogshigh spin value requires the breaking of the Z= 28 core
for fusion-evaporation reactions are small and, as a resulaind/or the promotion of neutrons into the positive parity “in-
only a few states can be identified. Of the four doubly magiciruder” gq,, orbital. These higher spin states are of particular
self-conjugate nuclei withA>4 (;°0, 30Ca, 3Ni, and interest forA~60 systems in light of both the theoretical
égOSn), high spin states are most accessible in nuclei negredictions[15,16 and the recent experimental evidence
6Ni via fusion evaporation reactions induced by stable[17,18 of a change at higher spins from a spherical to a
beamsg[6,7]. In addition, the nonyrast states in these nucleihighly collective, superdeformed prolate shape. The question
can also be studied in beta-dedd@y and light-ion or neutron  of which mechanism is energetically preferred is one of the
induced reaction studig®9-13. As such, nuclei in this re- main motivations of this work. Other nuclear structure phe-
gion provide an opportunity for a so-called “complete” nomena associated with collective excitations, including su-
spectroscopic study. Further information on high spin stateperdeformatiorf17], smooth band terminatiofiL8], and di-
in these nuclei will complement the information obtained inrect proton and alpha decay from deformed excited states
studies of nonyrast states, and allow us to build a full picturd19] have also been recently reported for higher spin states in
nuclei in this mass region.
Here, we present results of a near yrast study offihg
*Present address: Department of Physics, University of Notrshell Systemsr’sNi, 61Cu, and®zn. In addition to the gen-

Dame, Notre Dame, IN 46556. eral interest in the build up of high spin configurations out-
"Permanent address: Physics Department, Payam-e-Nour Univeined above, a detailed and careful study of the medium spin,
sity, Fariman 93914-33, Iran. near yrast states in these nuclei is important for reliable as-
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signments of spins and parities to states in superdeformed
bands[17,18. Also, the observation of direct proton decay

from excited states in Cu nuclgl9,20 makes it important

to determine the excitation energies, spins, and parities of the (a)
levels populated in the daughtéMi) nuclei in order to pro-

vide a complete characterization of the proton-decaying
state. Initial results of this study have been reported in a
conference proceedingg1].

AE

Il. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

In order to first identify transitions and, subsequently,
construct decay schemes of the nuclei under study in the
current work, two separate experiments were performed at
Argonne National Laboratory. The nuclei of interest were
populated following the fusion-evaporation of?&Mg beam
at an energy of 65 MeV, provided by the ATLAS accelera-
tor, impinging on both a thin and thin backéfCa target. In
both experiments, gamma rays were detected using the A Q=11
AYEBALL detector array[22]. The array comprised both (b)
20% efficient TESSA type detecto®3,24] at angles of 79°
and 101° with respect to the beam direction, and eight higher
efficiency (70%) EUROGAM detector§25] and one 70%
GAMMASPHERE][26] prototype detector; four were placed
at 134° and five at 158° with respect to the beam direction.

The array had a measured photopeak efficiency of 1.1% at
1173 keV.

In the first experiment, the aim of which was to assign
transitions unambiguously to a particular residual nucleus, FIG. 1. (@ Recoil positionX at the PGAC versus deposited
the beam was incident on a target of natural calciunenergy;(b) projection on theX axis, showing the dispersion in the
(~97% “°%Ca) of thickness 500ug/cn? with a  PGACXdirection of recoils inA/Q state ratio.

300 ug/en? Au coating facing the beam, and an additional [27]. As shown in Fig. 1, a two-dimension&D) spectrum

60 uglcn? Au layer behind the calcium. Both layers served of the position of the nuclei on thX axis of the PGAC

to reduce the oxidization of the calcium target. Isobaric idens,grsys the energy loss can be produced. By setting loci in the

tification of subsequent decay gamma rays was achieved Ryt jine analysis around the various/Q contours of this

detecting the recoiling nuclei through the Argonne fragmentyo-dimensional plot, it was possible to generate gamma-ray

mass analyze(FMA) [27]. Elemental separation was pro- spectra associated with particulafQ values. Thesey-ray

vided by monitoring the recoil energy loss in a split-anodespectra were often found to be contaminated by other, lighter

ionization chamber placed behind the focal plane of themasses due to th&/Q anomaly discussed below. However,

FMA. as Fig. 2 shows, it was possible to subtract normalized
The second experiment was performed under the sams&mounts of contaminant channels from each spectrum to pro-

beam conditions with a target of natural Ca of thicknessduce cleamA/Q spectra.

500 wg/cn?, with a 300 wg/cn? Au coating facing the Note that for certain recoils, a charge state anomaly can

beam and a 20 mg/chAu backing, which was thick enough cause an isobaric contamination in tA¢Q gated spectra.

to stop the recoils in view of the array, thereby allowing highThe nominallyA=58 gated spectrum shown in Fig. 2 also

resolutiony-y coincidence and angular correlation data to becontains strong lines associated with decay§'#n [28,29.
collected. These arise from the strongp2n evaporation channel fol-

lowing reactions on thé“Ca target contaminant. Note that

the A/Q values for bothA=58 andA =64 recoils are similar

if their transmitted charge states differ by one, i8~5.

The contamination of thes&= 64 recoils was later removed
For a given charge state, the FMA disperses the residudly gating on the energy loss signal in the ion chansee

nuclei according to their mass over chargéQ) ratio inthe  Sec. Il A 2.

X direction at the focal plane, where they are detected by a

position sensitive parallel grid avalanche counteGAC) 1. Neutron detection

A. Channel selection and generation of isotopically pure
identification spectra

A ring of eleven NE213 scintillation detectof80] was
placed in front of the AYEBALL array, at the entrance of the
ICompareda a 3 inx3 in. crystal of sodium iodidgNal(Tl)] at  FMA. These detectors were used to detect neutrons and sub-
25 cm for a 1.33 MeVy-ray. sequently select evaporation channels in the analysis, which
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FIG. 3. Gamma-ray energy spectra gated on masgdl, on
mass 61, and one neutrgmiddle). The bottom spectrum shows the
FIG. 2. Gamma-ray energy spectra gatedM®) with normal-  spectrum with the normalized amount of the top spectrum sub-
ized software subtractions of contaminants. The top spectrum, laracted, thus showing a purep® gated £1zn) identification spec-
beled “All,” is gated only by timing conditions and a recoil detec- trym.
tion anywhere on the PGAC. The peaks marked with a plug, an
an asterisk are from the isotopic channel indicated to the left of thenethod of confirming evidence in cases where ambiguities
spectrum.®Zn is present from reactions offCa target contami-  occyrred.

nants and appears in the mass 58 spectrum due £ @rambigu-

ity (%:f—‘l‘ . 2. Elemental separation using ionization chamber gating

A split anode ionization chamber was placed behind the
involved one or more neutrons. Neutron/gamma-ray disfocal plane of the FMA, which afforded a degree of elemen-
crimination was achieved in these detectors in the off-linetal separation in proton numbeZ). A plot of the total en-
analysis by constructing two-dimensional spectra of both thergy deposited in the ion chambek,(;), versus the sum of
time of flight versus total energy deposited in the detectorthe energy measured at the first and second analg3, (
and the integrated slow component of the timing signal verwas produced for all recoils. By setting software conditions
sus total energy. Examples of such 2D spectra can be founid the off-line analysis on the recojt timing condition, and
in Ref. [31]. In spite of this software gating, somerays performing a normalized background subtraction of the ran-
were misidentified in the nominally “pure-neutron” gates. dom from the true events, the scattered beam component was
However, as Fig. 3 shows, the neutron evaporation channebffectively removed and, thus, the final peak to background
could be clearly resolved by deconvoluting the spectra witin the gamma-ray identification spectra was improved sig-
and without the neutron condition. The neutron gating wasificantly. This two-dimensional figure is shown in RES1].
able to resolve lines in the most strongly populated neutron Figure 4 shows the projections of the plot, gated by tran-
evaporation channels. However, the measured neutron detesitions in °®Ni and %Zn, showing thed/Q anomaly for these
tion efficiency was rather lowymeasured from Fig. 3 using two recoils as discussed above. Gamma-ray spectra could
the intensity of the 124 keV peak in each spectrum to behen be produced, gated on either side of the ion chamber
[1(61In)]/1(61)~1%) and thus, in general, the ion chamber projection, and gated b&/Q. By deconvoluting these spec-
gating method was preferred to separate the isobaricalltra and comparing the results with the neutron gated spectra,
gated spectra by an individual elemésagee the next subsec- it was possible to produce data which were essentially isoto-
tion). The neutron detectors were used in conjunction withpically pure. Figure 5 presents the spectra which have been
the ion chamber for the strongly populated channels as @olated for ®'Cu (3p channel [32-35, %Zn (2pn)
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FIG. 4. Projections of the ion chamber signal gatechbyays  tected in coincidence with one another. In this analysis, the
from two A/Q~5.8 nuclei,™Ni (Q=10), and™Zn (Q=11). detectors from the AYEBALL array were divided into two
. subsets; the detectors at angles 79°, 101°, and 134° were
[22,36-38, and *Ni («2p) [39-41. grouped together and sorted on one axis of a coincidence
matrix, with coincident transitions detected at 158° placed
B. Backed target data on the other axis. By placing gamma-ray energy gates on

No Doppler broadening of line shapes could be 0bserve(;,'.ansitions whose muItipoIarity had begn establighed in pre-
for the low lying transitions in the backed target data. ThereYious works, a DCO ratio 'C°U|d be calibrated using the pre-
fore, these transitions appeared narrower in these spectr8Cription outlined in Eq(1):

These data were used to determine the coincidence relation- o o o

ships between the identified transitions in the nuclei of inter- bCO= ! (15? ) g?tEd at(79°,101 ’13‘? X,
est and to determine the multipolarity of the observed tran- 1(79°,101°,134} gated at(158°)
sitions.

(€

wherel is the number of counts in a peak aads an effi-
1. Gamma-gamma coincidence analysis ciency multiplication factor that corrects the experimental
value for the detection efficiencies of both the gate and the

Approximately 1.& 10 double and triple coincident projected transition. This factor is equal to
gamma-ray events from the backed target data were unfolded

into a y-y coincidence matrix. Coincidence gates were £4(158°) X £,(79°,101°,134F @
placed on this matrix for transitions identified in the thin e= ° ° o
target analysis described above. A selection of these backed 8g(797,101%,1347x 2,(158")
targets,y-v coincidence spectra for gates on transitions ide.”i/vheregg is the detection efficiency of the gate anglis the
tified in **Ni is shown in Fig. 6. Other spectra showing vari- getection efficiency of the projected transition. A similar
ous other coincidence gates are given in R&t]. analysis has been carried out for §he evaporation channel
leading t0%%Ga, and is described in R¢#5]. The difference
in the projected intensity of stretched quadrupgleays(as-
Multipolarities for transitions identified in each nucleus sumed to be oE2 characterand Al =1 transitions, when
were assigned by using tfirectional correlation from ori-  both are gated by ak2 transition, is clearly illustrated for
ented state$DCO) method[42—44 on pairs ofy rays de-  %Cu in Fig. 7. This spectrum is gated by the strongly popu-

2. Spin and parity assignments: DCO analysis
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FIG. 6. Gamma-gamma coincidence spectra ¥dti from the
backed target experiment. The clean mass and ion-chamber gated F|G. 7. DCO ®'Cu gated spectrégated by 1310 ke\ ~— 3~

id-spectrum for this nucleus is also shown for compari&®nThe  pureE2) highlighting the difference in the angle gated spectra, for
spectra are gated by transitions(bj 1161 keV,(c) 2669 keV, and  A|=2 andAl=1 transitions.

(d) 1477 keV, respectively.

ture. A clear separation is apparent between transitions of
lated 1310 keV,;~— 2~ (stretchedE2) transition previ- different multipolarities. An analysis of the weighted aver-
ously reported in this nucleug33]. The 1317 keV,i~ aged values for transitions of known multipolarity yielded
—.1” and 1361 keVZ*— 2+ E2 transitiond33] shown in typical values of the DCO ratio of 0.8 and 0.622) for

. : . P stretched quadrupole and pure dipole transitions, respec-
the figure are of roughly equal intensity in both prOJecuons,tively’ when gated by a stretchdgR transition[45]. Alter-

natively, for a pure dipole£l=1) gate, the weighted aver-

eotrge of extracted DCO ratios for previously identified

90°. Since, for transitions from higher spin states, there Wagansitions was found to be 1.6 and 0.926) for stretched
often a Doppler shifted component to the peaks, associat adrupole and pure dipole transitions, respectively. Ratios

W'.th the feeding (.)f these !eve_ls by fast Stat'St'Ca_l transitiong, - 5 v rays observed with sufficient statistics are given for
prior to the recoils stopping in the target backing, spemalelCU 61710 and %8Ni in Tables I, 11, and Ill, respectively. The

care was taken in determining the intensity of these transi- _.. s P :
tions for the DCO analysif46]. Figure 8 shows this effect ?Oattl)r;gEtzrafrgflté(;rslz, g;(ilgﬁfggr:ggge tables, are always chosen
for the 1705 keV, & *)— % * transition in ®'Cu for the two The spin assignments have been made on the basis of the
angular projections, with the maximum shift calculated andmeasured DCO values by restricting the possible multipolari-
labeled at 1694 keV for 101°, 1671 keV for 134°, and 1660ties toE2 or Al=1, E1 or mixedM 1/E2 type decays. The
keV for 158°. The 1733 keV transition decaying from a usual assumption that heavy-ion fusion-evaporation reactions
lower lying state is shown for comparison and shows nopreferentially populate near-yrast states has also been applied
shifted component. [47] and, thus, the spins generally increase with increasing
The measured DCO ratios for the strongly populated levexcitation energy. Note that in the present analysis, transi-
els, gated by stretched quadrupole transition®i, and by  tions that lie between the values for a pure dipole and a
both dipole and stretched quadrupole transition§ou and  stretched quadrupole are usually assumed to be of a mixed
®1Zn, are plotted in Fig. 9. The gating dipole rays are  M1/E2 characterAl=0, J—J type transitions cannot be
chosen to be as pure as possible, being either of an electrietermined unequivocally from the DCO analysis, however,
dipole nature(where anyM2 admixture is assumed to be in certain cases such decays can be inferred by applying
negligible), or of anM 1 character with very littl2 admix-  consistency arguments to the decay scheme, primarily by
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analyzing different decay routes from the same initial excitecagreement with those proposed by Sarantiteal. [34], Sz-

state. iklai et al. [48], and Tingwellet al. [49]. Similarly, when
gated by the 1410 ke¥1 transition, the DCO ratios for the

340 keV and the 1310 keV transitions are Gt®t14 and

lll. DISCUSSION OF DECAY SCHEMES 1.64+0.04, respectively, consistent with thd1/E2 and

The decay schemes fdCu, ®zn, and ®Ni deduced stretchedE2 assignments previously reportgg#,48,49.

from this work are shown in Figs. 10—12, respectively. Spin Many of the nonyrast states previously i_dentified in the
and parity assignments, taken from DCO ratios using %fe.renceg cited above are qot obser\{ed n our data. The
stretchedE2 as the gating transition, along with gamma-ray Ni(p,y)*'Cu study by Sziklaket al_. [4_8] identified a num-
intensities, measured in the mass gated singles data, are taffi" Of nonyrast states up to an excitation energy éfMeV,
lated in Tables I-Ill, respectively. The intensities are indi-Which are not identified in our data. Such states incluge a
cated in Figs. 10—12 by the widths of the arrows. Spin and/olevel at 2399 keV and & state at 4132 keV. The light-ion
parity labels in brackets indicate tentative assignments.  induced reaction reported by Tingwedt al. [49] also iden-
tifies nonyrast decays which are not observed in the current
6 data set, namely, low lyin§~ states at excitation energies of
A. *'Cu 475 keV and 2089 keV, twé ~ states at 1660 keV and 1933
Prior to this study, near yrast states had been observed KgV, and two nonyras} ~ levels at 1394 keV and 1904 keV.
the nucleus’’Cu up to an excitation energy of 4081 keV and The fact that these nonyrast states are not observed here,
a tentative spin of2", using the light-ion reactions Presumably due to their weak population in this heavy-ion
8Ni( @, py)®iCu [33,34 and ®Ni(p,y)8Cu [48,49, the fusion-evaporation reaction, supports the assumption of near
heavy-ion fusion-evaporation reactioffCa*Mg,3p)®'Cu  Yyrast population used for the spin assignments of the higher
[35], and the stripping reactiof’Ni(®He,d)®'Cu [50]. This  lying states.
work extends the near yrast data by 16 new levels up to an During the analysis of this work, a high-spin study of this
excitation energy of 9408 keV, and determines the spins anBucleus was published by Hatsukawsal. [32] using the

parities of the previously observed levels at 2627, 3016reaction “°Ca’si,a3p)**Cu, producing a decay scheme
3260, 3548, 3942, and 4081 keV. which is, in general, consistent with our data. Their study

All the near yrast energy level assignments made in preidentified all but the 210, 326, 353, 565, 909, and 1975 keV
vious works are in agreement with the present data. As extransitions (see Fig. 10 with one contradiction to our
amples of the effectiveness of the DCO method for determingamma decay orderin@utlined below, although many lev-
ing multipolarity, the measured DCO ratios of three intensegls were not assigned a spin or a parity. The new assignments
transitions in this data, namely, 1310, 1410, and 970 keV, arg1ade in this study are now discussed individually.
1.10+0.04,0.56-0.05, and 0.4% 0.03 when gated by affi2 The spin and parity assignments shown in Fig. 10 were
transition, respectively. The multipolarity assignments carmade assuming E'=3" ground state. These quantum num-
thus be made a stretcheB2 for the 1310 keV §- bers were derived based on the beta decay study by Singh

3- . . et al. [51].
—2 ) yray, as arkl dipole transition for the 1410 kev (i) 1942 keV levelThere was a decay observed from this

line (37 —%7), and as a mixeM1/E2 transition for the gtate to thel = 1732 keV level, with an energy of 2095
970 keV y ray (3~ —37). All of these assignments are in keV. This decay was not seen in any previous work, includ-
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keV, suggesting a stretch&® transition. This assignment is

transition was measured to be 0(¥®, and the ratio of the also favored over one df as the level is strongly populated,
670 keV transition from thé ~ state at 2612 keV was mea- suggesting it is yrast.

sured as 0.982). The 972 keV transition to thé ~ level
was contaminated by the 970 keV transition to the grouncdeen assigned* ~ on the basis of the DCO measurement of
state in all possible DCO gates, allowing for no clean ratio tathe feeding 1066 keV transition from tHg © level at 4081
be obtained. These ratios are insufficient to assign a multikeV. The ratio of 0.68) is indicative of a pure electric
polarity, however, the spins and parities of the states feedindipole transition.

into and out of this state, suggest probable assignments for (v) 3260 keV levelThe 1528 keV transition to thé ~

the 1942 keV level of eithe or %, with negative parity.
Given that this state would constitute a yradevel, and the
relatively weak population intensity, an assignmentiof

has been tentatively given.

served in this data.

assigneds ~ on the basis of the DCO ratio of 1.(®) mea-

sured for the 1317 keV transition to thé= 5~ level at 1310

7 —

(iv) 3016 keV levelThe spin and parity of this level has

state has a DCO ratio of 1.@3B), which is uncertain, but
allows for a possible assignment éf3, or
ratio of the 633 keV transition depopulating this state can

1 The DCO

give no indication as to whether or not it isla» J transition

(i) 2336 keV levelA link between this level and a band since the DCO method in insensitive to these types of de-
built on the ground state was observed in the study by Hateays. Also the ratio of the 648 keV transition cannot be de-
sukawaet al. [32], although no such band or link were ob- termined due to the doublet at higher excitation energy.
However, since population of near yrast states is favored in
(i) 2627 keV level.The spin and parity of this level is this type of reaction, and the state decays to %he state

064308-7
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TABLE I. Transitions identified irfCu in the present work. The number in the DCO gate column refers
to the E2 gating transition used in the DCO analysis, labeled with a number in square brackets in the last
column. Transitions with their energies labeled in bold type were identified in previous studies of this nucleus
[33,34. Intensities are relative to the 1310 ke;v—%’ transition[33].

E, Intensity Intensity E; Ef I l¢ RDCO DCO

(keV) singles(%) v-v (%) (keV) (keV) gate
209.6(2) 2.6(2) 2.0(2) 1942 1732 (1) - 0.78(10) 1
300.2(3) 1.8(1) 2.3(1) 5120 4820 (i) 0.62(13 2
326.4(4) 2.5(4) 0.5(1) 5465 5138 (£+)  0.65(35) 5
340.2(2) 7.5(5) 18.1(3) 1310 970 - 3- 0.64(11) 3
352.9(5) 7.2(0.5 1.3(1) 6056 5703 (i*)  (i5+)  0.49(11) 2
422.0(1) 13.6(13) 23.2(9) 1732 1310 - - 1.16(12) 2
529.3(1) 23.7(15) 27.5(9) 5120 4590 i~ 2+ 09410  2[1]
564.6(2) 4.0(38) 1.1(D) 5703 5138 (i8%)  (18+) 07542 5
632.7(9) 6.2(7) 5.4(3) 3260 2627 (il a- 1.02(9) 1
647.5(5) 2.1(3) 1.0(2) 4590 3942 i3+ i+
648.2(1) 8.9(3 5.4(2) 3260 2612 (i} 5-
651.6(3) 1.7(1) 2.3(1) 5120 4468 I+ - 0.55(8) 3
669.5(3) 8.6 (13) 3.7(2 2612 1942 3~ (1) 0.95(12 1
735.9(1) 26.1(22) 14.6(5) 5856 5120 L) i+ 0.56 (3) 1
762.5(1) 7.8(49 10.9(5) 1732 970 - 5- 0.93(2) 1
849.7(2) 8.5(9) 3.2(2 5138 4288 (i) 2= 0.63(10 5
879.2(2) 8.9 (15 10.5(5) 2612 1732 3~ - 0.94(1) 1
908.5(2) 2.6(2 3.2(2) 4990 4081 (i8+) B+ 0.30(1) 8
936.5(3) 19.0(13) 4.2(3) 3548 2612 Y0 5- 0.94(24) 1
969.9(1) 36.7(7) 970 0 3- 3- 0.45(3) 5
972 7.1(4) 1942 970 (1) 5
987.5(3) 19.8(7) 22.1(8) 2720 1732 3 - 0.61(5) 6
1026.3(5) 4.5(8) 5.5(3) 2336 1310 3~ - 0.33(9) 2
1038.5(2) 24.8(8) 37.7(11) 5120 4081 i~ B+ 1.02(4) 4
1041.92) 12.0(13) 3.6(2 4590 3548 ¥+ 26 0671 1
1065.54) 10.8(6) 10.0(4) 4081 3016 B U- 0.66(9) 2
1112.23) 11.1(8) 9.3(4) 7937 6825 (2+)  0.82(15 1
1222.2(1) 4.0(5) 3.3(3 3942 2720 4+ o+ 0.46(11) 1
1310.4(2) 100.0(55  100.0(54) 1310 0 - 3- 1.10(4)  4[2]
1316.9(1) 23.4(35) 37.8(15 2627 1310 i~ - 1.03(100  1[3]
1330.0(1) 11.6(19) 6.3(3) 4590 3260 B (ih 0.63(4) 1
1361.0(1) 35.9(21) 36.2(13 4081 2720 B+ o+ 0.94(12 2[4]
1366.2(1) 14.7 (21) 17.9(8) 2336 970 9- 3- 1.09(1)  7[5]
1409.7(2) 20.8(14) 325(12 2720 1310 3§ - 0.56 (5) 4
1443.2(2) 11.8(34) 4.1(3) 3780 2336 (i) 5
1471.4(3) 7.1(16) 4.2(2) 9408 7937
1528.1(1) 17.2(36) 7.9(4) 3260 1732 (i - 1.10(33 6
1533.0(1) 3.2(2 2.6(2) 7389 5856 D) 0.50(14) 8
1559.4(2) 6.0 (4) 2.4(2) 4820 3260 (&) (i) 15012 6
1704.9(1) 11.1(10) 16.0(6) 6825 5120 (Zl%) i+ 1.18(3) 1
17061) 23.6(21) 15.0(10) 3016 1310 i~ -
1732.5(2) 28.0(16) 36.7(17) 1732 0 - 3- 0.93(7)  4[6]
1841.3(1) 12.9(10) 4.1(3) 4468 2627 @ - - 1.06(21) 3
1870.5(2) 9.4(3) 11.4(5) 4590 2720 B+ 2+ 1.04(4) 2
1952.0(1) 4.8(2) 4.2(3) 4288 2336 i 5 1.02(7)  5[7]
1975(1) 1.8(4) 0.5(1) 6056 4081 (iIT) B+
2193.6(2) 4.4(8) 0.7 (1) 4820 2627 () 4= 0.64(39 3
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TABLE Il. Transitions identified in®1Zn in the present work. The number in the DCO gate column refers
to the E2 gating transition used in the DCO analysis, labeled with a number in square brackets in the last
column. Transitions with their energies labeled in bold type were identified prior to this [@6Hyntensities

are relative to the 124 ke~ — 2~ transition[36].

E, Intensity Intensity E; E¢ I I RdCO DCO

(keV) singles(%) v-y (%) (keV) (keV) gate
123.9(1) 100.0(19) 124 0 3- 3- 0.82(7) 1
418.4(1) 7.8(5) 418 0 3- 3- 0.89(23 2
578.0(2) 5.3(6) 2.9(9) 996 418 - 3- 0.85(23 1
872.7(4) 43.5(83) 37.7(14 996 124 - 3- 0.38(3) 1
936.6(3) 56.9(49  37.5(14 3336 2400 - 3 1.03(7)  2[1]
996.2(2) 27.4(28) 23.1(12 996 0 - 3- 1.00(19) 1
1005.43) 2.8(6) 4.3(3) 2270 1265 - 9- 0.51(17) 3
1019.4(2) 5.0 (19) 1.2(D) 4264 3246 (L) (L)
1066.6(4) 12.5(23) 5.0(3) 3336 2270 i~ u- 0.44(9) 2
1078.9(2) 49.8(19  30.0(11) 4415 3336 i~ 8- 1.03(25  1[2]
1141.3(1) 90.6(41)  61.3(22 1265 124 2- 5- 1.19(14  1[3]
1273.0(5) 34.5(51) 12.8(7) 2270 996 u- - 1.25(33) 2
1288.7(3) 12.2(32) 6.3(3) 5553 4264 (L) ()  1.04(19) 3
1396.9(4) 38.6(23) 2.7(2) 7488 6091 (&) 0.71(27) 2
1403.3(2) 64.3(74  36.3(18 2400 996 2- - 0.60(3) 1
1466.7(3) 27.5(59) 7.0(4) 4264 2797 (L) (¥-)  0.36(10) 3
1532.2(1) 54.1(63) 206(9) 2797 1265 (i) 3 1.26(17) 3
1533.1(4) 4.3(9) 3.3(3 9163 7630 0.7244) 2
1538.9(3) 10.0(26) 4.5(3) 7630 6091 (3-) 0.68(29 2
1675.5(1) 52.5(71) 8.5 (4) 6091 4415 (&) o= 1.15(46) 1
1849(1) 8.3(26) 2.4(2) 4646 2797 () (¥-)  1.05(39 3
1980.5(5) 9.7 (6) 1.4(2) 3246 1265 (i) 2- 0.77(46) 3
2276.1(3) 7.3(12 1.0(2) 2400 124 5 5- 1.61(69) 2

(vi) 3548 keV levelThe work published by Hatsukawa E2; and is therefore assigned as .
et al. [32] places the 937 keV and the 1042 keV transitions (x) 4288 keV levelThe 1952 keV transition feeding into
between the 4590 ke¥2 ™ and 2612 keV2~ states in the the 2336 keV level has a DCO ratio of 1(@2 and is con-
opposite order to the one shown in Fig. 10. This is contrarysidered to be ai2, giving the feeding level a spin/parity of
to the intensities measured from this data set, given in Tablé? .
I. The spin of the level is determined by the DCO ratios of (xi) 4468 keV levelThe DCO ratio of the 1841 keV tran-
these two transitions, both being of dipole nature. The paritysition depopulating this level into al ~ level is consistent
is assigned as negative since the 1042 keV transition haswith an E2 and, moreover, the DCO ratio of the 652 keV
ratio of 0.671), being consistent with aE1. However, an transition feeding this state fromg* state is indicative of
M1 cannot be ruled out, so the assignment is left tentativean E1. Therefore, the state & . This also helps to tie in
(vii) 3780 keV levelThere is a 1443 keV transition iden- the assignment given to the 2627 keV level, which it feeds.
tified in coincidence with the 1366 keV gamma ray, which is  (xii) 4590 keV levelAn E2 multipolarity assignment for
not present is the 1952 keV gate. The transition is thereforéhe 1871 keV transition from the DCO ratio of 1(@4gives
placed in a parallel branch feeding the same level. The DCGhis level a spin/parity of2 ™.
ratio is undetermined, however, if it were &®?, then the (xiii) 4820 keV level.The spin and parity of this level
3780 keV level would bes, making it yrast, which is not could not be determined with confidence from this data set,
consistent with its observed intensity. The transition is therehowever, assignments &f or & are favored due to the spin
fore tentatively assigned as &1/E2. change between the feeding states above and below this
(viil) 3942 keV level.The DCO ratio of the 1222 keV level. The 0.6213) ratio of the 300 keV transition from the
transition to the © 2720 keV level is 0.4@.1), indicative of 1/ 5120 keV state is suggestive of a parity changing dipole,
a mixed dipole, thus making the state & . so the state is tentatively assign&d  quantum numbers.
(ix) 4081 keV levelThis level is consistent with being (xiv) 4990 keV levelThere is a 909 keV transition feeding
yrast; it has a depopulating decay which is consistent with athe 4081 keV, yrast: ™ state, which is not observed in the
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TABLE lll. Transitions identified in®Ni in the present work. The DCO numbers are all from spectra
gated by the sum of the 1454 keV 2-0" and 1005 keV 4 — 27 transitions. Transitions with their energies
labeled in bold type were known prior to this stuB]. Intensities are relative to the 1005 keV 4:2*

transition[39].

E, Intensity Intensity E; E¢ i I RDCO

(keV) singles(%) v-v (%) (keV) (keV)

275.6(4) 3(D) 3(D) 4383 4108 g 4 0.959)
536.7(3) 14 (1) 15(1) 6605 6068 8 (7
626.8(5) 3(1) 4(1 7232 6605
682.4(5) 1(1 2(1) 6068 5386 (7) (5,6 0.328)
698.8(5) 21 2(1) 6085 5386 (6) (5,6 0.468)
708.0(5) 1(2) 2(1)
744.6(3) 30(3) 27 (4) 5128 4383 ;) 5* 1.006)
762.9(3) 35(2) 35(2) 4383 3620 g 4* 0.945)
834.6(4) 72
841.3(4) 11 (1) 7446 6605 (10 8" 0.999)
940.1(4) 19 (2) 16 (2 6068 5128 (7 6"
956.9(7) 5() 4(1 6085 5128 (6) 6" 0.8616)
1002.0(10) 5386 4383 (5,6 4% 0.94(6)
1004.9(5) 100 (4) 100 (2) 2459 1454 4 2+ 1.022)
1092.4(5) 6 (1) 8(2) 6220 5128 (7) 6" 0.6723)
1161.1(3) 39 (5) 42 (4) 3620 2459 4 4% 1.1010
1256.2(5) 2(1) 0.3012)
1454.4(4) 122(7) 1454 0 2 o* 1.068)
1476.8(11) 14 (2) 14 (4) 6605 5128 8 6+ 0.992)
1516.5(7) 5(2) 3(2) 8121 6605 9 8+ 0.61(12)
1684.7(10) 8 (2 8 (2 6068 4383 (7 5+ 0.8618)
1764.8(11) 5(2) 3(1) 5386 3620 (5,6 4% 0.50(16)
1901.7(12) 3(1) 4361 2459 (5) 4%
1924.0(7) 13(2) 11 (3) 4383 2459 g 4% 0.495)
2166.4(5) 11 (1) 12 (2 3620 1454 4 2+ 1.1851)
2504.2(13) 5(2) 6 (1) 4964 2459 (5) 4* 1.1851)
2653.7(12) 3(1) 3(1) 4108 1454 4 2 0.8229)
2668.6(10) 16 (3) 14 (2) 5128 2459 6 4* 1.069)
2926.5(15) 31 2(1) 5386 2459 (5,6 4* 0.9027)
3626.2(16) 1(1) 6085 2459 (6) 4% 0.8627)

Hatsukawa study32]. It is consistent with atM 1/E2 char- 565, and the 850 keV cascade unassigned. However, assign-
acter from its DCO ratio of 0.300.01, but there are no other ments may be tentatively made using an alternative sugges-
transitions observed decaying from this state to confirm théion. The value of 0.63 0.10 for the 850 ke\y ray suggests
validity of the DCO gate. However, a1 1/E2 assignmentis an E1 transition, which would make the 5138 keV level a
favored over arE2 one due to the weak intensity, which £*. The 565 keV line has a large uncertainty in its ratio, but
suggests a nonyrast state. If the decaying level had a spin &llowing the arguments laid out here, it has been tentatively
I, it would constitute the yrast level at this spin, and mightassigned as d—J transition. The 353 keV transition has a
be expected to be more strongly populated. Also, if the stat®CO value of 0.490.11, indicating aAl=1 transition,
had a negative parity, d82 transition feeding the 3016 keV, which would lead to the 6056 keV level having an assign-
11~ level would most likely be seen. ment of 5. If the 1975 keV transition to the 4081 keV,
(xv) 5120 keV levelThe DCO ratio of 1.0} for the  yrastl™=2" state is arE2 transition, the decaying state at
1039 keV transition suggests that this level i§’d. Thisis 6056 keV would havey ™ ™. The DCO ratio of this tran-
in agreement with the 529 keV transition which feeds thesition is undetermined as it is weakly populated. However,
4590 keV level having arE2 characteristic DCO ratio of the energies of the-ray transitions below each state add up
0.9410). to 6056.1-1.3 for the level decaying via the 1975 keV
(xvi) 5138, 5703, and 6056 keV levéeldie spin and parity  y-ray, and 6055.6 1.6 for the level decaying via the 353
assignments of the levels in the cascade built on the 4288eV v-ray, and it is, therefore, suggested that the 1975 and
keV ¥~ state cannot be made with confidence based otthe 353 keV transitions are parallel decays from the same
DCO ratios alone, leaving the levels connected by the 3533056 keV level. Spin and parity assignments for the three
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FIG. 10. Partial decay scheme f8Cu deduced in the present work.

transitions directly below this level are, thus, tentatively pro- All other transitions in this data set, depopulating the
posed on this basis. None of these transitions are reported Isyates at 5465, 7389, 7937, and 9408 keV, had insufficient
Hatsukawa in Ref[32]. statistics to extract useful numbers from this method; they
(xvii) 5856 keV levelThe DCO ratio of the 736 keV line consequently remain unassigned. This does, however, consti-
is 0.53), and this transition is accordingly assigned as atute the first observation of these states and their place in the
dipole and, tentatively, of an electric nature, making thedecay scheme is therefore significant.
5856 keV level a2 ().
(xviii) 6825 keV IeveI.The 1705 keV transition can be B. 6171
studied with the DCO method using the 1361 keV transition
as a gate, thus avoiding the doublet problem. The outcome is Prior to this study, states had been observed up to 4413

a ratio of 1.183), which has been interpreted tentatively askeV in 6Zn following the light-ion reactiorP®Ni( «,n)®Zn
anE2. [36-38, the heavy-ion fusion-evaporation reactions
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17/2- 4415 duced in the present work.
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8Ni(°Li, p2n)®'zn, %*Fe(*%B,p2n)%zn, and “°Caf**Mg, served & ~ state at 88 keV, g~ state at 755 keV, another

2pn)®zn [36], and the particle transfer reactions 1~ level at 938 keV, & /5~ state at 1361 keV, and &~
*Ni(*°C,°Be)*'Zn [52], and **Ni(°Li,t)*Zn [53]. All the  |evel at 1402 keV, all of which are absent here. This work
near yrast energy level assignments made in earlier work argtends the near yrast data with eight new levels up to 9163
in agreement with the decay scheme derived from these datgev' and determines spins and parities of the previously ob-
except for the specific example of the 2400 keV level meny,p e levels at 2270, 2400, 3336, and 4415 keV.

tl(_)ned below. In the study by Schubaekal. [36],_the IO.W The ground-state spin and parity 8Zn was theoretically
lying yrast and nonyrast levels were observed, including all redicted to b~ by Webberet al. [52] and Sandhii54]

the states identified in this work up to 3336 keV. As with the " | oo y g dioe by Dt
61Cu study, many of the nonyrast states previously identifieci",?al c[céré]w;r;ﬁj He;f?rigr:zr:g g;g N ti%?é]sw es by bulter

are not observed in this work. For example, Schubank ob®
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8121 (9 (vii) 4415 keV level.The DCO ratio for the 1079 keV
transition feeding out of this state is 1(@3) which, despite
(0 7446 the fairly large errors, is indicative of a@&2 transition.
a1 (viii) 4646 keV levelWith a DCO ratio suggestive of an
ss0sl s+ E2 transition for the 1849 keV, this level has been only
N o7 6220 (7 tentatively assigned due to the low statistics.
6) 6085 6068 ) (ix) 5553 keV levelAlthough the assignment of the 1289

o P L 776/82 S o keV transition is made with reasonable confidence aE2n

: AT ot A the spin of the lower state is uncertain, necessitating a tenta-

\ o i 4964 (5 tive assignment for this level.

AW 5+745 a5 st 5 (X) 6091 keV levelThis level has been tentatively as-

i 2108 276 (4 signed with the 1676 keV transition having a DCO ratio

2927 ] consistent with arkE2.

204 It should be noted that a 755 keV transition is identified in
the ®1Zn id-spectrun(Fig. 5), in agreement with one seen by
Schubani36] to decay from a 755 ke\} ~ level to the3 ~
ground state. However, the transition could not be linked
with the rest of the decay scheme. No spin assignments could
be made for the other three newly discovered states in the
decay scheme due to poor statistics.

1902

C. %Ni

While there has been considerable study of the low spin
and nonyrast levels in this nucleus with light-ion induced
FIG. 12. Partial decay scheme f&fiNi deduced in this work. reactiond9-13], the data on near yrast higher spin states are
limited to states up to 5128 keV, plus one 537 keV transition

(i) 2270 keV levelThe current analysis confirms the ten- depopulating a state of excitation energy 5662 keV and a
tatively made~ assignment for this levei36] from the tentative spin 01:3 ?[40,4]]. The .pre-sent results extend the
DCO ratios of 0.5117) for the 1005 keVM 1/E2 transition, level scheme of™Ni up tq an excitation energy of 8121 l_<¢V,
and 1.2%33) for the 1273 keVE2 transition. and propose a new assignment for the 537 keV tran5|t|on to
depopulate the 6605 keV state. Seven other previously unre-
ported states are also observed, and spins and parities are
determined for four previously observed levels. Table IlI

. o summarizes the information obtained for the transitions in
DCO ratios of not only the 1403 keV transition, but also the’.g

assignments of the 1265, 2270, and 3336 keV levels and theN" The spin and pa_mty asygpm_e_nts for the previously un-
decays into and out of these states. repqrted levels are dlsgussed individually below.ﬁ

(iii) 2797 keV levelThis level is assigned a spi on the (i) 4108 kev IeyeITh|s level de_zcays to the yrasf tate
basis of the DCO ratio of the 1532 keV transition, bein at 1454 keV and is populated directly from thé Sevel at
1.2617), but this is only a tentative assignment a’nd th%4383 keV. Thus, spin assignments can be restricted to 3 or 4,

' d » DUl I;I Ib %y v '9 'Swith 4% favored on the basis of the population of near yrast

cou concell\(/a >|/ el hstatg.  this level states, as a spinfi3assignment for this state would make it

('Y) 3246 keV levelThe spin of this leve cannot be de- highly nonyrast. This level has been tentatively reported in
termined by the DCO method from these data with any con p.p’) and (p,p’y) reactions with a spin assignment of 2

fidence due to the large error on the ratio for the 1981 ke\[57] which is unlikely in view of the decays observed here.
transition ratio. However, it could be eithét or 12, the (i) 4964 keV levelBy decay arguments, the possible as-
latter being tentatively preferred from the DCO analysis. Th%ignments for this level are+4 5i, and @ A nonyrast 4f
probable negative parity is due to the difficulty in generatingstate is unlikely, in light of the nonobservation of the previ-
positive parity states from the available orbital. ously reported low lying nonyrast "4 states at 4405 and

(v) 3336 keV levelThe DCO ratio of 1.0&) for the 937 4755 keV[57]. A 6% assignment would make this state the
keV transition to the 2400 keY~ state allows &~ assign-  yrast level for this spin, yet the relatively weak intensity of
ment with confidence. the 2504 keV transition, which links this state to the yrast 4

(vi) 4264 keV levelThis level has a tentatively assigned state at 2459 keV, does not support this argument. Therefore,
spin of & from the DCO ratio for the 1467 keV transition a spin 5 assignment is preferred. Unfortunately, the lack of
depopulating it. If the level had a spin/parity & ~, one statistics in the angular distribution and DCO data make it
might expect a stretchdd?2 transition to feed the 2400 keV impossible to discriminate between a pure dipole and a
2~ state, and the nonobservation of this transition is consismixed E2/M1 transition, and the parity of this state could
tent with the spin assignment shown. not be determined.

(ii) 2400 keV levelThe present analysis also indicates a
spin/parity assignment for this level &f rather tharst ~ as
published in Ref[36]. This statement is qualified by the
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(iif) 5386 keV levelSince this state decays to the levels atgssumes a C|OS€%Ni28 core and does not allow for core
2459, 3620, and 4383 keV, which have been assigned spitsieaking. For the protons, the single-particle energies of
and parities 4, 4%, and 5", respectively[57], possible these active orbitals were calculated relative to the lowest
quantum numbers can be restricted 0,4, or 6. A4 p,, state, and found to be 1.04 MeV for the degenefgte
assignment can be discounted throyghthe lack of an ob- andp,,, levels and 3.51 MeV for thgg, orbital. The calcu-
served decay to the yrast 2state at 1454 keV ant?) the lated energies for the neutron single-particle orbits, relative
highly nonyrast nature of such a state. The measured DC& the pg, orbital, were 0.77 MeV for thd s, level, 1.11
ratio for the 1765 keV transition to the"4state at 3620 keV  MeV for the p,, state, and 3.70 MeV for thgy, orbital.
of 0.500.16 suggests a\l =1 decay. Therefore, a spin 5 A further calculation was performed fotNi using the
assignment for the 5386 keV state is preferred, although axBasH code [60]. The two-body matrix elements were
spin 6 assignment is possible. Unfortunately, the parity otaken from the work of Gloeckng61] and include no con-
this state could not be determined. tribution from core excitation. This calculation usedJa

(iv) 6068 keV levelThe observed decays from this state core, allowing promotions from thé,, orbital, as well as
are via the 682 keV transition to the syi#,6) state at 5386 maintaining excitations into thés,, ps,, andpy,, orbitals
keV, the 940 keV transition to the'6level at 5128 keV, and  (henceforth called fulf p-shell calculation In order to keep
the 1685 keV decay to the yrast State at 4383 keV. A6 the calculation size manageable, it did not allow excitations
assignment appears unlikely in view of the lack of an ob-into the g, state. The calculated energies for the neutron
served decay to the yrast 4state, while a 7 assignment  single-particle orbits, relative to tHe,, state, were 1.9 MeV
can be ruled out by the observed decay to the yrasstate.  for the p, orbital, 6.9 MeV for thef s, orbital, and 3.8 MeV
Thus, the spin/parity assignment for this state can be refor the p,, orbital.
stricted to 6 or 7*, with the higher value preferred on the
basis of yrast feeding and intensity considerations.

(v) 6085 keV levelThe observed decay from this level to A. %1Cu shell model
the yrast 4 state at 2459 keV, coupled with the rather high

6
excitation energy strongly, suggests & éssignment. For 55Cusz, the fpg-shell model space has four valence

neutrons and one valence proton in the four active orbitals,

(vi) 6220 keV levelThe tentative spin 77 assignment for !
this level comes from the measured DCO value of 0.67§md the maximum angular momentum that can be generated

3 1 1 —
+0.23 for the 1092 keWy ray. While, in principle, aspin® 'S (¥99221/2+ @ (#5125, ® (7Q912) g = 3 h. The results
assignment is also possible, the intensity of the 1092 ke\@f this calculation are compared with the experimental levels
decay is smaller than that of the 1477 keV line representind® Fig. 13. _ _
the decay from the 6605 keV'8state, and a spin 7 assign- While the calculation has not been used to unambiguously
ment is preferred from yrast feeding arguments. assign spins or parities, it has been useful in inferring prob-

(vii) 6605 keV levelThe observed decays to the yrast 6 able assignments, or in supporting_ the validity of claims
and (7) states via the 1477 and 537 keV transitions, respecnade from the DCO data or intensities.
tively, and the intense nature of these transitions, togethey The first; ~ state at 970 keV is well reproduced, but the
with the measured DCO ratio, are consistent with an assigre _|€vel at 1310 keV is too high by-400 keV. This may
ment of 8" for this state. suggest that excitation from tte, orbital in the *°Ni core is

(viii) 7446 keV.The measured DCO ratio for the 841 kev important. The yrasg ™ state is also calculated too high by
transition, which links this state to the'state at 6605 kev, ~800 keV, and since thgg, intruder orbital has positive
is indicative of a 10 assignment. While a spini9cannot be ~ Parity, it may be that it is not correctly modeled. However,
conclusively ruled out, the higher spin assignment is preh€ higher spin, positive parity, yrast experimental levels,
ferred in view of the absence of any competing decay to thé@amely, thez™ and the *, are quite well reproduced by
spin (7): states at 6068 and 6220 keV. the calculation. In contrast, the calculated high spin negative

. — 197 .

(ix) 8121 keV levelThis state is observed to decay to the Parity states, namely, thg ~ and the3’ ™ are, in general, too

yrast 8" level at 6605 keV via the 1517 line. The measuredhigh.

DCO ratio of 0.61-0.12 supports a\l=1 character and The 1942 keV level is tentatively assigned a$ astate
thus a spin assignment ofi%or this state. on the basis of DCO ratios and intensity arguments, although

a3 assignment is possibleee Sec. Ill A. This would make
it the third lowest energy level, i.e., third yrast, compared
to being the yrast level. The experimental value agrees
Shell model calculations have been performed f€u, much more closely with the negative parity calculations than
617n, and *&Ni using a model space basis restricted to thethe positive parity, and the third yrast theoretical state at
f5/2,P3/2:P1/2, @ndgg,, Orbitals(henceforth calledpg-shell 2566 keV is within 220 keV of the theoretical yrast state
calculation$. To derive the effective shell-model interaction, with the alternative spin, so this tentative assignment is
a perturbative many-body scheme starting with the fredheoretically valid.
nucleon-nucleon interaction was used, as described in Ref. The 4990 keV level matches closely withia" state pre-
[58]. The bare nucleon-nucleon interaction used was thelicted at 4920 keV, consistent with the argument made ear-
charge-dependent meson-exchange model of Machleidt ardigr regarding such an assignment from its intenéige Sec.
co-workers[59], the so-called CD-Bonn model. The model Il A). The 5138 keV level also matches the calculation bet-

IV. SHELL MODEL COMPARISON AND DISCUSSION
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FIG. 13. Comparison of experimental data dipd)-shell theoretical calculations fé*Cu. The highly nonyrast calculated levels are not
shown.

ter as a2 state, in agreement with the suggestion that theassignments made from DCO and other arguments in Sec.
850 keV transition is of arE1l character. Indeed, all the Il B.
states which decay into this level agree well with calculated The 5553 keV is most accurately correlated to the calcu-
values, which concur with the suggestion that the 6056 keVlated 32~ state. Despite the preferential population of yrast
level at the top of this cascade is3A" state, and that this or near yrast states in this type of reaction, this assignment is
level also depopulates via the 1975 keV transitisee Sec. not unreasonable since the state is seen to decay only to the
lA). 4264 keV level in this data set. The experimental assignment
of this level is based on that of the 2797 keV state bei), a
B. %17n shell model but as described in Sec. Il B, this is tentative, and could
. ertainly be3t. This would mean the 4264 keV level is,
This fpg model space leaves thrge Valence heutrons an nd given that the DCO ratio of 1.(B) for the 1289 keV
two _valence protons in the four active c_>rb|tals and so th“.atransition depopulating the 5553 keV state need not neces-
max'm;‘m angularlmomentumz this 3b7a§|s can generate 'Sarily mean it is a stretched E2 due to the errors, this level
(v9912) 1672+ ® (VT512) 510~ ® (T Q012 162 =7 1o The results o iq thus have &2 spin in close agreement with the calcu-
of this calculation are compared with the experimental level§ation. Given the tenuous agreement between experiment and
in Fig. 14. Only negative parity states are produced by theajculation for the other states, this is simply noted in the
calculation. text, and the final assignment is made based on the argu-
The degree of agreement between experimental and thegients made in Sec. III B.

retical states at low energies is not as good as’tGu. The
first excited yrast state at 124 keV is predicted to be 807 keV
higher than it is observed, and it was the f§st state which

was calculated most accurately in the case of this same _
fpg-shell calculation for®*Cu. In the fpg-shell calculation, the model space leaves two

Although all the yrast states up to spi are calculated Valence neutrons outside tiéNi core, with excitations into

too h|gh in energy, the energy Spacing and the level Ordering']e four active orbitals able to generate a maximum Spin of
is correctly predicted. This gives some confidence in the spinﬁ%)g+ =87"#. Note that states are observed up to a tentative

C. %8Ni shell model
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107 in the current work, and thus some degree of breakindnigh energy 6 —4* transition of 2669 keV is predicted by
of the N=Z=28 core must have occurred. With this re- the full fp-shell calculation(which includes core breaking
stricted model space, states of spin/parity, ", or 9", and  but which is not reproduced by thipg-shell calculation
above cannot be generated since we only have neutrons anghich has no core breakingt is therefore considered to be
hence, such combinations are Pauli forbidden. The full signature of breaking of théNi core, which becomes
fp-shell calculation has 18 valence particles, 8 protons, angnportant above~4 MeV excitation energy. The spin and
10 neutrons, in the four active orbitals, and does include corgarity of the 7446 keV level could not be determined from
breaking, so the higher spin states are feasible with this cony e calculation since no states higher than spiinvére cal-

figuration. . culated.
The results of both of these calculations are compared
v_v|th the_ experimental levels in Fig. 15 for positive and nega- V. SUMMARY AND CONCLUSIONS
tive parity, separately. There are no negative parity states for
the full fp-shell calculation as the positive parity,, orbital In summary, the high spin states of the nuci@li, ¢'Cu,
is blocked, and there are always an even number of valencend 1zn have been studied with the AYEBAILFMA con-
particles. figuration, identifying previously unobserved states up to ex-

The negative parity states in tli@g-shell calculation are citation energies of 8121 keV, 9408 keV, and 9163 keV,
relatively high in excitation energy due to the high intrinsic respectively. The nuclei of interest were populated following
energy of thegy, orbital. the fusion evaporation reactiotfMg-+“°Ca. The mass and

The first 0", 2%, and 4" states are well reproduced in charge of the recoiling nuclei were identified using the FMA,
both thef pg-shell and the fullf p-shell calculations. The®  with the Z determined using an energy loss signal from the
and 8" are much too high in excitation energy from the split anode ion chamber at the focal plane of the instrument.
fpg-shell calculation. There is also no"57", or 9" state  This allowed excellent separation gfray transitions asso-
produced in this calculation. These levels are, however, altiated with the nuclei of interest. From the observed decays
well reproduced by the fulfp-shell calculation, which pre- of the states, and using angular informat{fnom mass gated
dicts the positive parity states fairly closely up t6,8nclud-  y-singles dataand DCO ratiogfrom the backed targeg-y
ing the tentatively assigned (7 level at 6068 keV. The coincidence dafait was possible to assign spins and parities
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FIG. 15. Comparison of experimental data and bigtly-shell and full f p-shell theoretical calculations fofNi. The highly nonyrast

calculated levels are not shown.
to most of the states observed. _lows for promotion from thef, orbital in the *°Ni core,
The resulting level schemes have been compared withather than thef pg-shell calculation, which allows only ex-
citation into thegg, orbital. The large energy gap often as-
sociated with the breaking of the core is seen as the 2669

shell model calculations using both a simpleg basis with

no core breaking, and a fuflp basis which allowed no ex-

citations into thegg, orbital. In general, reasonable agree-keV 67 —4" transition in this nucleus, which is mimicked

ment has been obtained at low excitation energy betweeby the full fp-shell calculation. This suggests that ¥Ni,
core breaking becomes the dominant method of angular-

experimental results and simpfgpg-shell model calcula-
tions, suggesting that the low-lying yrast excited states in thenomentum generation at around 4 MeV ané#.
nuclei around the®Ni core correspond predominantly to va-
lence particle excitations into thfe,,, ps» andpy,, orbitals. ACKNOWLEDGMENTS
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