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The neutron-rich nuclei®®Co, ®8Co, and "°Co were produced using a laser-ionization isotope-separation
on-line method. The resulting-delayedy decay was studied. The half-life §fCo is measured to be 0.(18
s. Two B-decaying states are identified ffCo with half-lives of 0.283) and 1.¢3) s. In addition, two
B-decaying states are observed’fiCo with half-lives of 0.123) and 0.5018) s. From theB decay of these
states in®®%®7€o, many new excited levels are establishe®i, %8Ni, and "°Ni. These results are compared
to the valence mirror nuclei in thd=50 region as well as with shell-model calculations. It can be concluded
that collective excitations appear to play an increasingly important role with increasing occupationg§he
orbital.

PACS numbsd(s): 21.10-k, 23.20-g, 23.40.Hc, 27.56-€

[. INTRODUCTION due to the difficulty of producing clean sources in sufficient
intensity for spectroscopic studies. Excited state$’ii and
The structure of nuclei in the region around neutron-rich’Ni were recently identified from the decay pf isomers

nuclei with Z~28 has been a subject of considerable study9], and g-delayedy decay of Ni nuclei up to mass 74 has

by numerous groups. Early studies by Bereasl.[1,2] re-  been reported in Ref10]. In order to further study the struc-

sulted in the first identification an@-decay half-life mea- ture of Ni isotopes, a program to measure felelayedy

surements 0f%Co and %°Co nuclei. Direct mass measure- decay of % 7°Co was started. The results of t%Co and

ments for®~%Co and®" "Ni later fixed theQ, values for ~ ®9Co decay are presented in Reff$1,12. In this paper the

a large number of nucldi3]. The first observation of®Ni  B-decay results fof°Co, ®8Co, and”°Co are described and

was reported by Engelmanet al. [4]. In-beam studies of discussed.

64-67Ni produced by deep-inelastic collisions were per- The motivation for these experiments comes from the de-

formed by Pawtaet al.[5], and %8Ni was studied with simi-  sire to study neutron-rich nuclei below the= 50 major shell

lar methods by Brodat al. [6]. The half-lives of °"7Co  gap with the eventual goal of studying the structure of the

and "> "®Ni were reported by Ameiet al.[7]. Half-lives of  doubly magic "®Ni. "®Ni is the most neutron-rich double-

nuclei from °Ti to "%Co have been presented recently in magic nucleus that can be reached in the near future. While

Ref.[8]. Despite the number of studies, the identification ofthere are many predictions for this nucleus, it is not definitely

excited states in these nuclei has been rare. This is primarilynown what effect such a large neutron excess would have
on the structure of Ni. In addition, the details of the struc-
ture of nuclei in this region anéNi in particular are impor-

*Present address: NSCL, Michigan State University, East Lantant input for the astrophysicatprocess mod€]13].

sing, MI 48824-1321. For nuclei with 46<N=<50 the vgg,, orbital is the most
"Present address: CERN, EP Division, CH-1211, Geneva 23mportant one for determining their structure. Critical to un-
Switzerland. derstanding the influence of the,, orbital on the structure
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of nuclei in this region is knowing what structure changesciency) and threeAE plastic detectors arranged in a compact
occur just as theyg, orbital becomes occupiede., 38<N configuration. The trigger for the data acquisition system was
<42). To this endB-delayedy rays resulting from the de- set to accepp-y and y-y coincidence events. In addition,
cay of %Co, ®Co, and "®Co have been measured. The multiscaled Ge singles were collected by a separate system.
daughters of these nuclei are Ni isotopes which, with Long-lived daughter products as well as other background
=28, have a closed proton shell. For the neutrons, the gap @bntamination at the detection point were removed by peri-
N =40 between theg,, orbital and thefp shell (ps,, 55, odically moving the implantation tape. Further details about
andp,;,) was shown to have an increased stabilizing effecthe detector setup can be found in Réf7]. Earlier experi-

on the structure of*®Ni,, [1,6], however, this effect was ments to measuré® 7“Ni were also performed with the
shown to be very tenuous in that most of the semi-doubletiGLis-LIsOL setup with similar detector configurations. The
magic properties observed #¥Ni disappear with the addi- results from the measurements of Ni are presented in Refs.
tion of a single nucleof12]. ®Nig is a representative case [10,12. Details of the isotope yields from these experiments
where the occupation of thgr,, orbital is small, and thus the are presented here with the results from measurements of
g influence is less significant, whil€Coy, is fully within 86~ 7Co.

the gg,» shell. By using the selective nature gfdecay, it is The isotope yields of Ni and Co nuclei obtained from the
possible to study the changes in structure of these three niaser ion source are shown in Table | and illustrated in Fig. 1.
clei as thegy, orbital becomes increasingly occupied. When possible the yields are determined from the strongest

clean y ray resulting from theB decay of the nucleus of
interest. For the case of several of the Ni isotgpeted in
the tablg decays, they-ray branching ratios could not be
Neutron-rich Co nuclei were produced in a 30-MeV- accurately determined; however, the purity of the ion source
proton-induced fission reaction df®U at the Louvain-la- was such that the yield of these nuclei could be determined
Neuve cyclotron facility. The two?>®U target foils, with ~ from vy rays resulting from the decay of the daughter. Very
thicknesses of 15 mg/cheach, were arranged within the gas recently, improvements were made to the laser ion source
cell of the Leuven ion-guide laser-ion sour@acLis). The that resulted in an=450% increase in the yield from the
fission products recoil out of the targets and into the cellsource. These recent developments will be presented in a
which contains purified Ar gas at a pressure of 500 mbarfuture publicatior{18]. The new yields for®®6"Co and "*Ni
The recoils become neutralized in the gas and are transportede presented in the lower part of Table | and as open sym-
by the gas flow to the exit hole of the cell. Near the exit hole,bols in Fig. 1. For the discussions of systematic trends of the
the Co isotopes are selectively ionized with two EXIMER- yields, the older values will be used.
pumped dye lasers set at pulse-repetition rates of 200 Hz and Shown with the experimental yields in Fig. 1 are the re-
tuned to resonant excitations of Co with 230.903 and 481.98ults of theoretical calculations of the fission-product cross
nm, respectively. The charged isotopes are extracted frommections by Rubchenia and first presented in ReJ]. Here
the gas cell and guided to the entrance of th®L mass the question arises, whether the experimental yields are, as
separator with a sextupole ion guide. The products are thetine theoretical ones, independent yields and not cumulative
selected by theiA/q ratio and transported to the detection ones. Due to the decreasing isotopic yield in this very asym-
point. The details of theiGLIs-LIsOL setup can be found in metric fission with decreasing number this effect could
Refs.[14-16. only be present for some specific cases. According to the
While the beam is on target the high plasma densitycalculations only in the mass chains wi#k<69, the Co
caused by the reaction in the gas cell make laser ionizationuclei produced more than the Ni nuclei. But as can be cal-
significantly less efficient, and as a result measurements duculated from the comparison of the spectra taken with and
ing “beam-on” periods are not practical. Thus the protonwithout lasers, the strong selectivity of the laser ionization
beam was pulsed with a “microcycle” of 100 ms on and off, rules out the effect of nonresonantly ionized isobars. Another
respectively. During the “beam-on” cycle, isotope transmis- possible cumulative effect is decay in the gas cell. Indeed the
sion through the mass separator is suppressed. In order tkelay time in the gas cell is of the order 6100 ms. By
measure the half-life of the Co nuclei, the cyclotron andinspecting the different isobar¢see Table )l only the
mass separator was also set in a “macrocycle” where theummed yield of%Co (1.6 atjxC) comes in the neighbor-
pulsed beam was on target for 0.6 s followed by a 1.0 s bearhood of ®Ni (3.6 atjxC). The half-lives of the’®Co isomers
off period. A second “macrocycle” of 2.4/4.0 s beam on/off are 1.6 and 0.23 &see further which means that only the
was also used to study the isomeric decay’io. Spectra short-living isotope could substantially decay during trans-
were taken with the laser on resonance with the Co atomiport. The 100 ms on/100 ms off production cycle, the inho-
transitions as well as with the lasers turned off. The lasers offnogeneous stopping pattern of the fission products in the gas
spectra can be used to identify the nonresonalites in the  cell and the complicated evacuation pattern makes it difficult
specific mass chain. The ratio between the intensity of the Cto exactly calculate the correction needed for the indepen-
lines in the lasers on spectra relative to the lasers off definedent yield of ®8Ni but considering the relative production
the selectivity of the laser ion source. This ratio is typically (0.9 versus 3.6 a#/C) and the relative time sca{@30 versus

Il. EXPERIMENTAL SETUP AND ISOTOPE YIELDS

30. 100 mg, we estimate that the effect is less than 10% and thus
The setup at the detection point consisted of two highawell within the error bars.
purity Germanium detector§70% and 75% relative effi- The scale for the theoretical values in Fig. 1 is chosen
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TABLE I. Experimentally determined yields & 7“Ni and ¢~ 7%Co isotopes out of the Leuven laser ion
source. The three yield values below the separation are from more recent experiments.

Nucleus Measured y-ray energy vy-ray branch Yield
time (h) (keV) (at/uC)
G8Nj 25.05 1078 64% 3.67)
%Ni (h.s) 9.02 205 27% 4®)
5N (I.s) 9.02 1298 74% 0(B)
TON 5.40 88% 93% q1)
"INi 35.16 534 59% 3.®)
2N 11.86 653 68% 1.12)
Ni 28.65 450 45% 0.266)
TANi 13.19 606 79% 0.0349)
56Co 0.75 1425 100% 0(2)
5Co 3.03 694 95% 2(8)
%8Co (h.s) 40.38 272 44% 0@
%8Co (I.s) 40.38 2033 95% 0(B)
%Co 9.56 594 54% 0@8)
0Co (h.s) 26.33 970 100% 0.0525)
Co (1.s) 26.33 608 27% 0.18)
"INi 0.08 534 59% 15)
56Co 5.00 1425 100% 1(8)
5Co 0.08 694 95% 1B)

&Cu daughter line.

such that the maximum cross section for a given isotopéhat corrections be made for possible losses due to the delay
chain is approximately equivalent to the maximum experi-time for extraction from the gas cell. This delay depends on
mental yield for that chain. From this comparison one carwhere the fission products are stopped in the gas cell. While
see that the slope of the fission yields are resonably welhis delay time is estimated to be100 ms from the middle
reproduced; however, the point of maximum cross sectiomf the cell, the delay from certain locations in the cell could
for both Ni and Co is approximately one mass unit fartherbe as long a second. This effect is likely negligible for Ni,
from stability than what was observed in the experimentabut for the short-living Co isotopes, a correction should be
yields. made for each isotope. As the modeling of the gas transport
It should be noted that a more accurate comparison of thand atom-ion survival probability is quite complicated, reli-
experimental yields to the theoretical cross sections requiresble corrections are not yet possible. However, the effect for
the Ni isotopes is neglible as the half-lives of the involved

I e e e e e X isotopes are in the seconds range. In contrast, the Co nuclei
3 E = under study have half-lives ranging from 120 ms to 1.6 s.
g [ o % Strangely the shortest living isotopes in the Co yield curve
3 £ are at the extremes®®Co has a half-life of 180 ms and
e o 2 70Co(high spin has a 120 ms half-lifésee Table . The
T § other isotopes are longer-living and thus a correction for de-
= 5 & cay loss will mainly increase the extremes of the Co curve
i F10 w but the point of maximum cross section will hardly be af-
5 & fected. However, decay losses could partially explain why
E =107 3 the ®6Co yield differs so dramatically from the systematic
2 S trend.
é T T T T T T S
64 66 68 70 72 74 76 78
A Ill. RESULTS
FIG. 1. Experimental yields extracted from theLis. The filled A. 56Co

and open squareftriangles correspond to early and improved 6
yields for Ni (Co), respectively. The values are plotted accordingto ~ 1he B-delayedy decay data fo°Co were collected over

the scale on the left-hand vertical axis. The sdlithshedl line @ period of 5 h with the improvedGLis setup. A represen-
corresponds to the calculated fission cross sections ¢€Niiso-  tative S-gated y-ray spectrum from this measurement is
topes, plotted with respect to the right-hand vertical axis. For nucleshown in Fig. 2. In this spectrum two strong lines of
with isomers, the sum of the two yields is plotted. 1246.12) and 1425.@2) keV were observed with relative
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TABLE II. Proposed spins and paritie$™), and measured half-lives fg8-decaying states if®Co,
®8Co, and "%Co nuclei. Also presented are the results from previous measurements and calcutljpns (
using two different models. The theoretical results and their meanings are discussed in Sec. V.

" ty (9) ty () ty (9 ti), ()
this work literature Nil-BCS FY-LN
56Co (39 0.181) 0.232) [20], 0.243) [21] 0.137 0.212
88Co (high spin (77) 0.233) 0.1810) [2], 0.173) [8] 0.0927 0.138
68Co (low spin) (3% 1.63) First observation 0.533 0.508
70Co (high spin (6-,7) 0.123) 0.152) [7], 0.09225) [8] 0.0420 0.0653
Co (low spin) (3% 0.5018) First observation 0.451 0.319

intensities of 686) and 10@4), respectively. These lines One of the differences in the decay scheme presented here
were initially reported in a previoug-decay study20], and  compared to previous work is that tigefeeding to the 2

later confirmed from in-beam wolfl6]; however, a 471-keV  state at 2900 keV could not be confirmed; however, rather
y ray reported in Ref{20] was not observed despite having strong feeding to the 2 state at 3231 keV is observed with
sufficient statistics to measure it. Thus it is likely that this 5 |og ft value of 4.5. In addition, there is diregtfeeding to

ray was incorrectly assigned. There is, however, an addig,e 2 with a logft of 5.0, but it should be noted that feed-

tional line identified at 1804(2) keV with a half-life con- ing from unresolvedy ravs can contribute falsg intensit
sistent with the decay d®Co. The intensity of this transition togthis level. dy ray p y

relative to the 1426-keV line=£100) is 92). Additional
lines observed in Fig. 2 are attributed to contamination from
112pg present from!'’Rh—11%Pd—11?Ag decay which was
implanted next to the tape in the detection system during Excited states irf%Co were positively identified by com-
optimization of the laser-ion source. The half-life ¥Co is  paring thep-delayedy spectra with laser irradiation to cor-
determined from a sum of spectra gated on the 1246 antesponding spectra without lasers. Representative Ge energy
1426-keV time-decayy rays(Fig. 3). The resulting half-life  spectra illustrating this comparison are shown Ao 68 in
from a fit of these data is 0.1 s and is listed in Table Il. Fig. 5a) for lasers tuned to Co resonance and in Figp) Sor
This value is slightly smaller but in general agreement withlasers turned off. The number of events in the lasers-off
the previously measured values of 023s[20] and 0.243)  spectrum has been renormalized to reflect the same measur-
s[21]. ing time used to produce Fig(&. As can be seen in these
Analysis of they-y coincidence data revealed that the figures, there are a significant number of ling@sdicated
1426 and 1246-keVy rays are in coincidence; however, the with asteriskg that are present in Fig.(8 and completely
statistics were not sufficient to confirm whether the 1805-missing in Fig. %b). These are the transitions that can be
keV transition is coincident with either of these two lines. positively associated with the decay 8iCo. The strongest
Placement of this 1805-keV ray feeding the ground state lines present in the lasers-off spectrum are largely the result
would be inconsistent with what is observed frotyp) [22]  of (*°SrAr)*2 molecules and®Ni** nuclei that are not fully
and («,2p) [23] transfer reactions; however, a" 2excited  nheutralized in the gas cell.
state reported at 32180) keV in Ref.[22] is consistent with A listing of the y rays and their relative intensities ob-
the 1804-keVy ray feeding the 1426-keV level. The result- served to be Co resonantAt=68 is presented in Table III.
ing decay scheme based on these observations is presentediie time decay analysis of theserays reveals two distinct
Fig. 4. Thep branching ratios are determined from the rela-half-lives which clearly indicates that there are two
tive y-ray intensities and the o values are deduced using B-decaying states if%Co. These two half-lives can been
the Qg energy from Ref[20], and the lod tables of Gove seen in Fig. 6 where panéd) is the decay curve resulting
and Martin[24]. from a background subtracted sum of gates of gheys in
right-hand columns of Table Ill, and pan®) a sum of gates
* of the vy lines in the left columns. The spectrum in the inset
of Fig. 6b) was produced from the 0.6/1.0-s macrocycle
data, while the main body figures are from the 2.4/4.0-s mac-
rocycle. Representative fits to the data are also presented in
Fig. 6, and the results of these measurements af8)k&nd
* 0.233) s for the long and short half-life, respectively. These
S TR T e results are 'also presented in Table Il. A half-life of G1@
Energy (keV) s was previously measured_by Berresal. [2] and recently
reported as 0.13) s by Sorlinet al. [8]. These two results
FIG. 2. Representativg-gatedy-ray spectrum foA=66 when  are consistent with the short half-life that is observed here. It
lasers are tuned to Co resonance. The asterisks indicate lines idei§- interesting to note that the long half-life state was not
tified with the decay off®Co. observed in either experiment.

B. %8Co

180
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In consideration of the two half-lives, th@-gated spectra, tween 2.2 and 2.7 MeV was strongly contaminated, thus,
as well asy-y coincidence data, a decay scheme €0  making level assignments in this region impossible.
can be determined. This scheme is presented in Fig. 7. Pre- The 694 and 1139-ke\y-rays have long half-lives but
vious to this work, excited states i#fNi were observed in neither is observed to be coincident with any otfpdines. It
two-proton transfer reactiorfd,25] and deep-inelastic colli- can be ruled out that thegerays feed the D level, because
sions[6]. In the experiment of Bernast al. [1], the first ~ coincidence with the 511-key rays that would result from
excited 0" state was observed at an energy of 13y MeV  the 0; —0; internal pair creation is not observed. In both
with a measured half-life of 21%0) ns. Later Girodet al. ~ cases, placement of these twaays feeding the ground state
[25] reported on a direct observation of excited states ifS inconsistent with previous observations, thus they most
88Ni; however, the typical uncertainties on the level energiedikely directly feed the 5 isomer at 2848 keV. The intensity
were greater than 30 keV. Broa al. [6] positively estab- Of these lines is sufficiently weak compared to the short half-
lished the first 2 and 5 states at energies of 2.033 and !lfe v rays that the_|r long half-lives Wc_)uld not significantly
2.847 MeV, respectively. In addition, they observed that thdnfluénce the half-life of the 815-keV line.
5~ level is isomeric with a half-life of 0.86) ms. Very Also observed in the Co-resongigatedy ray spectrum

" ; is a significant excess of 511-key/'rays. Nearly all the 511
Lz%esm:zé\I/Shg?é:é n[ti?j] ?:Stiri\;eg 32@8 ?33(321 ensﬁ:z;)rzteurd?t Ofintensity can be accounted as 511-511 coincidences as well

p-delayedy rays from ®Co. as being coincident witl particles. In addition, thig line

F h vsis of th h ved by the sh has a measured half-life consistent with the decay from the
rom the analysis of thg rays characterized by the ShOTt o0 \yith the 1.6 s half-life. The fact that this 511-keV in-

half-life, the 114, 324, and 273-keY rays are observed in oy s self-coincident implies that it is not caused by pair
cascade, and from coincidence and sum energy considgfioguction from high-energy rays interacting inside the
ations the 595 and 709-keY rays are placed as crossover germanium detectors; rather, it is likely that the 511 intensity
transitions. No other coincidences are observed with these js the result of internal pair creation at the source caused by
rays; in particular, no coincidence is observed with the 203334 EQ transition. Note that these 511-keV lines appear
keV transition. As a consequence, the likely placement ofrompt with 3 particles to within the= 15 ns time resolution
these short-half-lifey rays would be feeding the'Sisomer.  of the experimental setup; thus, it can be ruled out that the
Support for this assignment comes from the fact that thejqq originates from the decay of thg Gevel which has an
observed half-life of the 815-keY ray feeding out of the 5 observed half-life of 21(60) ns [1]. A source of this 511
isomer is also 0.23 seconds. It is interesting to note, that 'Shihtensity may be from decay of the 2511-keV excited state to

et al. [26] have also observed thig-decay structure being the ground state. This possibility will be discussed in more
fed from the 8 isomer. In addition, they observe a 377-keV {etail in Sec. IV B.

y ray feeding into these levels. Thig ray is only very The 3 feeding of the levels in Fig. 7 are determined from
weakly observed in th@ decay and is placed in the decay the comparison of the relativg-ray intensities measured in
scheme based on their data. B-gated Ge spectre.g., Fig. %a)]. It should be noted that

Of the y rays with a long half-life, seven are observed tOthe |ower excited state®.g., the 2033, 2511, and 2745-keV
be coincident with the 2033-keV transition, while the 2745, 1e\elg also have significant intensity imbalance which could
1139, 694, and 511-keV lines are not. The 1115, 3483, e interpreted ag feeding; however, the imbalance for these
3520, and 3745-keVy rays are placed directly feeding the |evels can also be the result of unresolveddecay from
2033-keV level. A 663-keV line is also observed to bepigher levels. The amount of unresolvedfeeding can be
weakly coincident with the 2033-keV transition, however, its yatermined from the total number ofray events in g8-y-
intensity is too weak to make a conclusive assignment. Thu§ spectrum gated on the 2033-kej/ray. The total amount
this iy ray is currently left unplaced. From the observation of 5t ghserved relatives-gatedy-ray intensity coincident with
coincidence relationships of the 1422-keMray, the 2745-  he 2033-keV transition is determined from Table Iil to be
keV _I|ne can be positively established as a transition by-58(4)_ By considering the totay-ray interaction efficiency
passing the 2033 and 1770-keV levels. for the two germanium detectors in the setup29%) and

A rather surprising result from the measurements is the,ormajizing on the total number of 2033-keV events in the
observation of a level at 2511 keV, which is established by

an observed coincidence between the 2033 and 478skeV
rays. These twe rays are also in coincidence with the 1515-
keV transition. Inverting the 1515 and 478 transitidns.,
having the 1515-keV transition directly feed the 2033-keV
level) was considered, but the 478-keNMray is ~50% more
intense than the 1515-keV transition and there are no un-
placedy rays with sufficient intensity to explain this imbal-
ance. In addition, the number of 478-2033 coincidences is

) \ e . % L x-S e ¥ )
consistent with the entire intensity of the 478-keWray Time (s)
feeding the 2033-keV level. Results from transfer reactions

[25], unfortunately cannot confirm the existence of this level, FIG. 3. Time dependent spectrum with representative decay fit

because the region corresponding to excitation energies beesulting from the sum of gates on 1426- and 1246-kekays.
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66C0 TABLE lll. Energy, relative intensity, and half-life identifica-
@) 27 39 tion of y rays measured ip-gated _decay spectra 8?_Co. The left
[0.18(D) s columns correspond to thg rays with 0.283) s half-lives, and the
L right columns those with 1(8) s half-lives. The intensities are nor-
T malized with respect to the isomer from which they originate.
%p  logft 2
9(2) 451\, . 2~ £ 3208 t1,=0.23(3) s t1,=1.6(3) s
< Energy Intensity Energy Intensity
69(5) 4.25), (3 +)§ - (kev) (relative (keV) (relative
113.52) 20.25) 477.82) 15.57)
271.92) =1002) 511.22) b 20.895)
323.62) 88.417) 663.25) 3.4(2)
| & 377.457 3.43) 694.32) 7.603)
20 3009,,.....2 + = 1426 595.22) 74117  708.92)° 6.04)
708.92)° 46.912) 1115.12) 9.7(5)
815.02) 23022 ¢ 1139.42) 6.2(4)
2033.72) 230(22) ¢ 1422.G2) 10.66)
oNj 1514.82) 10.25)
+ 28 7738 2033.22) =1002)
0
- 2744.62) 14.79)
FIG. 4. The decay scheme f&fCo. 34792) 7.47)
B-vy spectrum, one expects a total of 169 events in the 35162) 5.5(7)
37412 10.37)

2033-gatedB-y-y spectrum. Experimentally one observes
176(,19) events in ,th's spectrum; thu§ one can .conclulde tha"IThe statistics for this level were insufficient to conclusively deter-
Wlthl.n the uncertainty of the comparlsc_m_there is no dirgct mine the half-life of the 377-keVy ray. half-life assignment is
feeding to the 2033-keV level. From similar procedures, on ade on the basis of the observed decay, as discussed in the text.

can also conclude that there is very little feeding to the 251 The intensity of the 511-keV line originates from electron-positron

and 2745-keV levels; however, the uncertainty in these de- = ... . : o .
ductions is significantly greater than for the 2033-keV Sta,[efannlhl!latlon and is accounted as such in the determination of its
While it is not statistically significant to make the same'cntens'ty' . . .

analysis for higher energy statesray feeding to these lev- Based on comc_ldence conditions and half-life measurements, the
els becomes decreasingly likely with increasing excitationzos'g_'kevy_ ray is a doublet. _
energy. Thus=50% of the decay of the low-spin state in The intensity of the 815-keV and 2033-key/rays are determined

68Co likely proceeds via unresolved levels that subsequentlffom ¥-v coincidence.

y decay to the 2033, 2511, and 2745-keV levels. CoNseyhan |asers are tuned to Co and lasers are turned off, respec-
’ , respec

Eu\e/nltly, icheﬁ-degay feedllng_tto tthe ?|03f”th25f11'tiﬂdt2745'tively. Spectra illustrating this comparison are presented in

eV levels are shown as limits to reflect the fact that ghe Fig. 8. The contamination from non-neutralized fission prod-

branching ratios are likely not from direct feeding. ucts with the sam&/A ratio is significantly greater for mass
70 compared to mass 68. Nevertheless, fi@o y ray lines
(indicated by asterisks in Fig) &re clearly gone in the lasers
Similar to %8Co, y rays can be unambiguously associatedoff spectrum[Fig. 8(b)] thus establishing their identity. The
with the decay of °Co by comparison ofA=70 spectra v rays identified by this method are presented in Table IV.
Excited states inf®Ni have been initially observed ips
W) T, isomer studies by Grzywacet al. [9]. From that study, a
4001 cascade of foury rays was identified as resulting from the
300

C. "Cco

decay of an 8 seniority isomer. The same rays up to the
6" level are observed iB-gated spectra. In addition a new
v ray of 682 keV is observed in coincidence with these tran-
R g J sitions. Thesey lines have a measured half-life of 0(B2s.
The previously reported 0.1% s [7] and 0.09225) s [8]
measurements are consistent with this observation. Time-
L, * decay spectra illustrating this decay is presented in Ka). 9
Enei'(ggf (keV) 1500 2000 An_other new level at 1868 keV is established b_y_ an observed
coincidence between the 1259-keV 207" transition and a
FIG. 5. Representativ@-gatedy-ray spectra forA=68 when 608-keV transition, as well as the existence of a 1868-keV
(@) lasers are tuned to Co resonance dbplasers are off. The crossovery ray. As can be seen in Fig(l9, the time-decay
asterisks indicate lines that can be positively associated %o ~ spectrum of the sum of the 608 and 1868-keV transitions
decay and triangles indicaterays from the®Ni daughter decay.  shows a half-life of 0.5(8) s. Thus, similar to®®Co, there

2001
100

Counts

0
200
100
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FIG. 8. Representativg-gatedy-ray spectra forA=70 when
(a) lasers are tuned to Co resonance #bylasers are off. The

FIG. 6. Time-dependent spectra for the 2.4/4.0 s macrocycl@sterisks indicate lines that can be positively associated @b
when (a) gated on long half-lifey rays of Table Ill and(b) short ~ decay and triangles indicaterays from the’®Ni daughter decay.
half-life y rays. The inset of pandb) shows the time-dependent

spectrum for the 0.6/1.0 s macrocycle when gated on short half-life  The decay scheme fdPCo is presented in Fig. 10. Based

y rays. The thick lines show the results of decay fits to the data. 4, the relative intensities of the rays in B-gated spectra,
the B branching ratios and lofg values can be deduced.

are twoB-decaying states if°Co. These half-lives are pre- These are also presented in the figure. Due to the very large

sented in Table Il with thé®Co and%8Co values. An addi- Q value (~12 MeV[27]) and from what is observed i#fCo

tional v ray at 1256 keV is clearly Co resonant and has adecay, it is very likely that there are weakegray branches

half-life consistent with the longer-lived isomer decay of that are not observed. As a consequence,Babbranching

0Co, but it is not observed to be coincident with other ratios and lodt values presented in Fig. 10 are limits.

rays; however, the intensity is sufficiently weak that coinci-

dences with other transitions iffNi cannot be ruled out.

1500 2000

IV. INTERPRETATION OF THE DECAY SCHEMES

63 A. %Co
%3)“0 27 C041 The ground state ofCo was tentatively assigned by
~ O Boschet al. [20] to be the 3 member of thewf;3vpy3
A g A configuration. The favored decay mode for such a configu-
31051 5316 88 [ a0t ration is a Gamow-Teller conversion offg,, neutron par-
RSE 12734 ticle to fill the f,, proton hole. Thus the most strongly fed
levels in 5®Ni will have vfc vp;; as a significant part of
their wave function. The strongest feeding is observed to a
. w3ty (%6 ves
Haeta Cmmmm e s 100
7203 6.3(6) VBTG74) A s, T 3934 fy (a)
'r = 8 ;

210 646 - 3542 (3 47) SRt —aT8 ziﬂgg;}
6.5(2) 6.4(6), ) 3148 4* 5001} S5.6(4) El 120657)

2 22 2848 57 <5(5) =5.6(26) 1 2 2848 5
<6.8(7) >gA(6) P 2745 (24) 3
<3.6(2) >68(5) ¥ 2511 @) E
<398)>5.8012)] & 2033 2 Ys 2033 2 o

-------------------------- 1770 0% * i
68 N\T 2 |
28Nl 40 lo7925 05 075 10
Time (s)
\ 4 . A

FIG. 9. Time dependent spectra for the 0.6/1.0 s macrocycle

FIG. 7. The decay schemes f&fiCo. Decay of the two isomers when (a) gated on long half-lifey rays of Table IV andb) short
are shown separately with proposed spins and parities for levelsalf-life y rays. The thick lines show the results of decay fits to the
given to the right of the excitation energy of the respective schemegiata.
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TABLE IV. Energy, relative intensity, and half-life identifica- This can be seen, for example, in Rdfk1,12,2Q. The neu-
tion of y rays measured ifs-gated decay spectra &fCo. The left  tron number for®Co is N=41 and neutron single-particle
columns correspond to thgrays with 0.123) s half-lives, and the  configurations can be deduced by comparison with levels in
right columns those with 0.%508) s half-lives. The intensities are ggNiM_ 69Ni is observed to have twe@ decaying isomers

normalized with respect to the isomer from which they originate. with spins and parities of 9f2and 1/2 [12]. The configu-

t1,=0.12(3) s ty,=0.50(18) s ration of these two states have been interpretedggs and
Energy Intensity Energy Intensity vpl’,évgg,g, respectively. Thus the two isomers observed in
(keV) (relative (keV) (relative %8Co are formed by the coupling of dnj, proton hole to the
vggs and vpyavggs configurations. Based on studies for
448.92) 81(5) 607.62) =100(10) coupling the angular momentum of particle and hole states
ggggg Elggg)) 11225569%3 228((;2; [28,29 the lowest state of therf;;vgqe, multiplet is the
1259.62) 10210 1867.72) 75(10) I,+1,—1 level, namely 7 (denoted later as the high-spin

statg. Additional justification for this assignment, comes
from comparison to thergg ;g States in°®Nb [27] where

level at 2672 keV; however, this level was tentatively as-theli+1,—1 level is indeed the lowest state of this multip-
signed as 0 in Ref.[22]. Based on the strong feeding ob- let. Using similar arguments, but for hole-hole coupling
served to this level (loft=4.2), a more likely assignment is rather than particle-hole, the likely spin and parity of the
3" with vf; vpy as its primary configuration. A similar wf?/zlvpi/%ygs;% configuration is 3 (referred to below as
conclusion was made by Pawktal.[5]. A 2 level at 2000  the low-spin isomer

keV more clearly assigned from R¢22] might have been ~ As stated in Sec. IV A, the most favored decay mode
the 2" partner of this configuration, however, this level is OPserved in Co nuclei is the Gamow-Tellefs,— 7f;
not observed in this study. Feeding with a fogf 4.512  conversion and one would expect:[rl]e same %630- Thus
was observed to the/2level at 3231 keV, which suggests the decay of the high-spin stater{;;vgg5) in *Co wil
that this is the 2 partner to the 3 state. The fact that proceed most strongly to states with a significant percentage
feeding is observed to the 1426-keV level but no significan@f the vfs;vgg; single-particle configuration in their wave
B branching is seen to the 2900-keV state, brings into doubfunction. What is observed in the decay of the short half-life

the 2" assignment of the 2900-keV level. state of%Co is strong feeding to two states at 3444 and 3558
keV with logft values of 4.%2) and 4.82), respectively, and
B. %80 a weaker fed level at 3120 keV with a ldgof 5.6(1). Based

) ) ) . on the logft values, it is likely that the 3444 and 3558 keV
. Probable conf_l%tératlon and spin assignments for the,tw?evels are the 7 or 6~ states of theufg,évgg,zl multiplet.
isomeric states i"Co can be made by comparison with 1,5 the high-spin value of 7is assigned to the short half-
oddA Co and Ni isotopes. W'“Zj 27 the proton configu-  ite g decaying state ifféCo. If one considers a simplé
ration observed in Co nuclei isf; with a consequent Spin jneraction, then the even spin states resulting from a
and parity for the ground states of oddco nuclei of 7/2 . Vfé/leQJ% coupling would be unperturbed, while odd spin
. states would be increasingly lowered with the smallest odd
i‘f—sw 70C spin being the most perturbed. Thus the 3558-keV level is
’ 274043 ) most likely 6° and the 3444-keV state 7 From energetic
, 0.1203) 5 considerations the 3120-keV level could be the [gvel of
7 this multiplet; however, a loft value of 5.61) is much too
low for 7~ —5" forbidden transition. Nevertheless, it is pos-
sible that this apparent intensity is the result of feeding from
higher levels and consequently the fbgs smaller than the
true value. Also note that these spin assignments are in dis-

b)Y

by

%p logft
<83 >d6,(67.7) &

3362

<27 >50.6° 3

=<l =20y 2679 agreement with those reported in REZ6].
<20 >52_ 4% S 130 _ The vf5,gl—> wf7l,2 Ggmoyv-Teller decay of the low-spin
%p logft = B > isomer (rf;5vpPy5v09;5) Will most favorably populate lev-
<49 >55 2 3 = g6 els with v vpavdys as part of their single-particle con-
2 2 figuration. The expected energy for such a transition can be
+a + . .
<51 >5.5, 27 1260 272 1260 deduced from the comparison with the decay%8Eo (see

Sec. IVA). In 5Ni, the vf,vpy; States are observed at
energies of 2672 and 3228 keV. fiNi there must also be
70Ni an excitation of a pair of neutrons into tgg, orbital, and as
8- 42 a consequence require an additional.8 MeV of energy.
Thus the expected energy of thef(,svp;3vgqe2) multiplet
FIG. 10. The decay scheme fiCo. Decays of the two isomers would be ~4.5 MeV, and it would be expected from the
are shown separately. comparison with®Co decay that these levels fiNi would

07
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be fed from the decay of the low-spin isomer §fCo with  log ft values to these levels implies that these states are
log ft values of 4.1 to 5.0. rather heavily mixed.

There are no strongly fed levels observed-at.5 MeV; The lowest lodgt values from the low-spin isomer decay
however, as noted in Sec. Il B¢50% of the B feeding is observed to states5.5 MeV in excitation energy. At this
from the low-spin isomer may occur to unobserved levelsgnergy it is possible to have proton excitations acrossZthe
thus some of this intensity may be to several levels near that 28 gap. For example, proton particle-hole states probed by
energy. It is also possible that the levels at 4027 and 416&ansfer reactions are observed a4 MeV in ®Ni [30].
keV could be from the/f-3vp;3vge3 multiplet. The levels These states could be populated §Ni by vpy,— 7P,
at ~5.5 MeV, however, are unlikely to be this configuration Gamow-Teller decay. Such a favored decay of the low-spin
since they are more than 1 MeV higher than the expectatioisomer must leave &gg,, pair excitation across thid=40
Nevertheless, it is clear that there exists a significant strucgap since this is a component of the low-spin isomer wave
ture change when going frofffNi to ®Ni. The results sug- function. Thus the levels most favorably fed will have a
gest that either there is no state with a dominantrf,7ps3vpy3rges configuration. The expected energy of
vfesvP1svdess configuration in its wave function or that the such a configuration would be 6 MeV. What is observed
configuration of the®®Co isomer is strongly mixed. experimentally is relatively strong feeding to levels-ab.5

In order for the 5 level at 2848 keV in®Ni to be iso- MeV with log ft values of 5.7, 5.8, and 5.4. Thus, these lev-
meric, states below this level are restricted in spinsta. els at 5517, 5554, and 5778 keV are likely the, 3", and
Thus possible spin assignments for the 2511 and 2745-keXt" members of thenf,7p4s3vp5rgss single-particle
states are restricted to"Cand 2".* An assignment of 2 can  configuration. While it was suggested earlier that the two
be made for the 2745-keV level because of an observeghvels at 4027 and 4165 keV could havég,zlvpl’,zlvggé as

strong y-ray branch to the ground state. A similar ground-their primary configuration, it is also possible that the
state transition for the 2511-keV level is not observed. Whileﬂ—lzlwp;/% configuration is a considerable part of the wave
a 2" assignment for this state cannot be ruled out, the lack of‘un7ction Since this latter configuration does not hawgya
observed ground-state feeding provides support fot @é- neutron.pair component, one might expect very retarfed
signment. With such an assignment, one can consider th?éeding to these levels: ’however it was shown in R&2]
the source of 511 ke\y-rays could be from th&0 decay of hat th is st . bet ' @h and -2h i
the 2511-keV level to the ground state. In this case, on atthere 1s strong mixing betweeip and 2 con

would expect to observe the 1515-keV transition in coinci-'gurations around théi=40 gap, and thus the only slightly

dence with the 511-keVy rays. It is estimated that four larger logft values of 6.0 and 5.9 for the-4 MeV states
photopeak-photopeak events should have been observedGpmpared to the-5.6 values for the-5.5 MeV states would
this was the case; however, no 1515-511 coincidences weR€ consistent with a large mixing.

recorded. Nevertheless, if these 511-kgYVays indeed result

from a 2511-keV §—0; decay, one can estimate the C. "Co

strength parameteipf) of this transition. As noted in Sec.  The spin assignments for the states’¥o and 7Ni can

Il B, the limit of the half-life for the 511-keVy ray is<15 g 0w by analogy with®Co and®Ni. In this case,°Co has
ns. Using a procedure similar to that presented in Rz5] an additional two neutrons compared $Co, and conse-

2 + YNy -
f_or_calculaztlngp of ”le 02+decay in®Ni, one can obtain a q,antly the primary single-particle configurations of the
limit on p© for the 0; —0; transition of >0.24 if all the high-spin and low-spin states arenf;,%vgg,g and

intensity of 511-keVy ray originates from this level. B ; ; :
72VP12 VY » respectively. Thus, the likely spin and par-
The logft values to the 3148, 3542, and 3987 kev IevelSity assignment for the short half-life state is ®r 7, and

2;?\/‘;%”;:2%”; 4V§'t|r2ef\(,)rgsgef?;mﬁgggzglS?;?:;Egﬁ] igg: 37 for the long half-life isomer. It is interesting to note that
= . : ay even with the addition of a pair @y, neutrons the isomer-
mer, thus fixing the spin of this level as 4 The other two ism observed if®Co persists in"°Co
levels (3542 and 3987 keVare observed te decay directly The level at 3361 keV irfNi is fed- by the high-spin state
FO the 284.8 keV state and are fed Bydecay of the low-spin of "°Co with a logft value of ~4.6. From the comparison
isomer. Since they arg fed from a 3" state andy decay to . S8 it is likely that this level at 3361 keV has
as sfate, th'.s reStré,S‘S their spin a33|gnm_ents ?gﬁ .4 L =6~ or 7~ with a primarily wfg,zlvg;,g single-particle con-
The 3° state in theyglrso, the valence mirror 0N, is figuration. Unlike%&Co, this level is not observed to decay to
observed to feed the;2level rather than the 5 state. Since the 5= level but rather to the 6 level at 2678 keV. The
thf 3542 gnq 3987-kev levels are not oPserved to feed th8ecay of the low-spin isomer if’Co is observed to proceed
2, state, it is likely that they are both 4 however 3= y.5,9h the 1259 and 1867-keV levels. If this were direct
cannot be ruled out. These two states could arise from thFeeding, then these levels would have foyalues of 5.5:
vP12v9¢; and vfszvgg; configurations, and the similar however, from the comparison witffCo, it is likely that
nearly all of the intensity comes from unresolvgdays that
decay from higher energy excited states. Nevertheless, since
IStates with spin 1 cannot be formed at such a low energy andlirect ground-state feeding is observed from the 1867-keV
thus can be removed from consideration immediately. state the probable spin and parity of this level is. 2
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V. COMMENT ON HALF-LIVES 6 ( ) T T T
Y (a ]
The experimental half-lives have been compared with two i_\ i
guasiparticle random-phase appoximati@RPA) calcula- % 31\ /o\ o ]
tions[31]. The first set of calculations used the Nilsson po- s 21N et /\.\. ° ]
tential with BCS pairing(Nil-BCS) to calculate the single- E’» 1] MeegE Nmoe
particle energies, and the second set was performed for a ;‘5’ 01—
folded-Yakawa potential with the Lipkin-Nogami pairing =z s5](b) ]
prescription(FY-LN). The calculated half-lives from these § 4] ‘\»f«\:\\ﬁ\é . ]
two sets are presented with the experimental data in Table II. T 3] “‘\:“ﬁ ]
In general, both calculations are very similar and predict on &g 2] et ]
average half-lives that are about twice as fast as the experi- 1] ]
mentally observed values. The best agreement is observed in ol : : :
6Co where the calculated values of 0.137 s and 0.212 s for 30 35 40 45 50
the Nil-BCS and FY-LN approaches, respectively, are in NorZ
good agreement with the experimental value of QL18 FIG. 11. Comparison of the excitation energy @j the 2;

Hannawaldet al. [32] recently showed that a similar (squaresand 2 (circles states, andb) 5; (diamond$ and 7,
amount of deviation is also observed in the half-lives of(triangles states. The filled symbols are even-even Ni isotopes plot-
61-6"Mn data. These differences in Mn as well as in Co areted as a function of their neutron number and the open syniols
in contrast to the results of half-life calculations for neutron-=>50 isotones plotted against proton number.
rich Ni isotopes[10] where the agreement with experiment
was quite good. The deviation observed in the Co decay halfion, the 7, state is an equivalent amount too high compared
lives is likely the result of deformation in the Co nuclei. The to the systematic trend.
results from potential-energy surface calculatip®3] indi- It can be concluded that while there are many similarities
cate a rather complex mixture of prolate, oblate, and spheriebserved in the comparison of Ni isotopes ae 50 iso-
cal shapes for the Co nuclei, while the Ni nuclei have a verytones, there is a clear difference in the excitation of the 2
deep spherical minimum. These differences in the energgtate. The negative parity states are also very similar with the
surfaces are not included in the QRPA model and conseexception of the apparently anomalous shifts observed in
quently the wave functions in Co nuclei are calculated to be®zr, In addition, the § state identified in°Zr is observed
more pure than what would be expected from a complexat 41263) keV, which is significantly higher than the 2511-
mixing of states. keV level observed irf®Ni.

Sinatkaset al. [34] successfully developed an interaction
that incorporated the protofp shell andgg, orbital to in-
VI. DISCUSSION terpret the nuclei at and below tie=50 gap. This interac-

. . tion was also applied successfully in the interpretatiomof
Ni isotopes have a closed proton shell; thus, it is neutron bp y b

Y . . . =64—-67 and 69 Ni isotopd$,9,12. These shell model cal-
excitations within thdpg shell andg, orbital that dominate ., ions have now been extended to incl§@si and °Ni.
the level structure of®Ni up to the heaviest isotope with

known excited stateONi. These nuclei can be compared The results of the shell model calculations fNi and
. ) . Ni ar mpared with experiment and pr n in Figs. 12
with N=50 isotones fromZ=30 to 42. In this case, the are compared with experiment and presented gs

¢ itati in thé d bitals dictate the st and 13. In these figures all the calculated and experimentally
proton excitations in tep andge;, orbita's dictate e SUC- - ,pqepaq jevels below 4.3 MeV and 3.6 MeV f&iNi and

ture. Thus, th_ese nuclei can be considered the valence rnII7"Ni, respectively, are presented. For clarity the positive and
rors of the Ni isotopes.

The similarity between these two groups can be seen in
Fig. 11(@) where the 2 and 2, states of the even-even Ni
andN=50 nuclei are plotted. It can be seen that fband
Z<38 the similarity between excitation energies of these
levels is remarkable. FdX or Z>38, one observes that the
2] states continue to have similar excitation energies; how-
ever, the 2 levels in ®®Ni,, and "Ni,, are progressively s
lower in energy compared to what is observed}§r and
2Mo.

Negative parity 5 and 7, levels resulting fronp;,3945
andfg;g4; configurations are plotted in Fig. . One can
observe that these levels also agree very well between the Ni n=+1 n=-1
isotopes andN=50 isotones, with the exception dfZr. FIG. 12. Experimental and shell-model level schemes®fbii.
While the ®Ni levels closely agree with the systematic Experimental levels labeled with asterisks are levels observed by
trends in theN=50 isotones, the b state inZr is ~500  Bernaset al. [1] (1770 and Ishiiet al. [26] (3999, 4208, but not
keV lower than the systematic trend would suggest. In addiebserved in3 decay.

Exp. Theory Exp. Theory
. o
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Exp. Theory Exp. Theory VIl. SUMMARY
6
P _%3- The B-delayedy decay of %Co and "°Co is studied for
p— 3;8 s the first time, and the results are compared with new mea-
« surements of th@ decay of®®Co. The yields of these nuclei

2230

from the laser ion source are deduced and compared with
PX other Co and Ni nuclei produced with the same source.
These experimental yields are compared with theoretical fis-
sion cross sections, and it can be seen that while the form of
the yield trend is well reproduced by the theoretical calcula-

1868

1260

n=+1 n=-1 tions, the cross sections are predicted to maximize about one
) o mass unit farther from stability than what is observed. This
FIG. 13. Experimental and shell-model level schemes’fbii. corresponds to an approximately one order of magnitude

The experimental level Iat?eled with an asterisk was observed by,ar prediction for the production of Ni and Co nuclei far
Grzywaczet al. [9] but not in 3 decay. from stability. Nevertheless, with the recent improvements to
the laser ion sourcéas discussed in Sec.)|lit should be
negative parity levels are separated in each case. possible to study Ni and Co nuclei even farther from stabil-
One can see from these results that good agreement iiy.
achieved for most of the levels. For example, the excitation From the analysis of thg-delayedy rays, there is a clear
energy for many of the positive parity states are well reproidentification of the two3-decaying states in botffCo and
duced in both ®®Ni and "“Ni. Good agreement is also "°Co. The ground states of these two nuclei are likely
achieved for the energy of the Sstate in®Ni and the 7 «f, vgqs and wf;2vggs, respectively, which couple to
state in “Ni. The level ordering of the additional negative form states of 6 or 7~; isomers are formed by the excita-
parity states(resulting from thevpy;vgq; and vfoavgys  tion of a pair of neutrons into thegg, orbital (i.e.,
configurationg are reasonably well reproduced; however, therrf, vp;2vgqs andwf;avprargqs) and the resulting odd
excitation energy of these levels tends to be prediet@d0  neutron hole couples with of proton hole to formi 3tates.
to 500 keV too low. Nevertheless, this agreement is very The decay of the high-spin state fiCo is observed to
good. The levels most poorly reproduced are thestates in  feed most strongly states that can be identified as originating
both ®Ni and "°Ni as well as the § state in®Ni. For ®®Ni  primarily from »f_;vgg, broken pair configurations. A
the shell-model results are 583 keV higher than experimensimilar observation is made in the decay 6{Co. These
while for 7°Ni a 1362-keV difference exists. The results of newly identified negative parity states $Ni and "°Ni com-
the calculation place thejDstate at 3.7 MeV irf®Ni, which ~ pared with similar levels in lighter Ni isotopes are observed
is also significantly higher than what is observed. Since thest® be systematically lowered in energy with increasing neu-
differences were already observed from the comparison dfon number. This is consistent with what is observedNin
the experimental levels of the valence mirror nuclei and the=50 isotones with 3€Z<46 which can be considered as
effective interaction was developed for the<2B<50 re- the valence mirrors of the Ni isotopes.
gion, it is perhaps not surprising that this difference also Significant changes are observed in the decay of the 3
exists in the theoretical calculations. The results of the calstates when going frorffCo to ®Co and’°Co. Theg decay
culation, however, clearly show the difference between Niof ®Co is observed to have a half-life of 0(18 s and pro-
isotopes and their valence mirrorsht= 50. ceeds to levels that can be identified as the two members of
While this particular shell-model calculation poorly repro- the vf-3vp;,5 multiplet in 5®Ni. In ®8Ni, similar levels are
duces the 2511 and 2745-keV levels §#Ni, it should be expected to be=1.8 MeV higher in excitation energy due to
noted that Hartree-Fock-Bogoliubov calculations predict thethe requirement to excite a pair of neutrons into thg
03 and 2 states to occur at2.3 and 2.4 MeV, respectively orbital; however 3 decay to such levels could not be clearly
[25]. While the detailed structure of these states was noidentified. The decay of the'3isomer in®Co is also clearly
discussed, they clearly originate from collective excitationsdifferent from ®®Co in the fact the half-life is measured to be
Since this discrepancy between the experimental and theoret-6(3) s. Such a long half-life indicates that the wave func-
ical energy of the 2 states does not occur until ttg, tion of the 3" state in®Co is strongly mixed or that there is
orbital starts becoming significantly occupied, one camo state in®Ni that has a dominamfg,%vpl’,zlvggg compo-
speculate that thegg, orbital has a larger influence on the nent. Because of this, other decay modes such asrfhg
collectivity of Ni isotopes than thergg, orbital has onN —vpy», Gamow-Teller decay and forbidden decay to nega-
=50 isotones. This may also be a consequence of the relatitase parity states compete with thé,,— 7, decay which
strengths oz =28 andN =50 shell gaps. This speculation is is dominant in®Co. The half-life of the decay of the™3
further reinforced by the nonobservation of afi &omer  state in’%Co is shorter than what is observedtCo, but is
with a half-life from 25 ns to 2 ms in"?Ni [35], which is  still long enough that one can make similar arguments for
predicted by shell-model calculations. Thus theories develthis nucleus.
oped for the neutron-rich Ni region that do not properly ac- The excited states observed in tff#&li and "°Ni are com-
count for collective excitations may have serious short compared with shell-model calculations as well as with their va-
ings. lence mirrorN=50 isotones. In general, the agreement is
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quite good; however, a key feature that is very poorly reproshell gaps. Thus to descril$éNi and "°Ni and possibly even

duced is the location of the;2states in bot8Ni and °Ni.

In addition, there is experimental evidence for a tate at
2511 keV in®8Ni, but the G state from the shell model is at
3.7 MeV. The excitation energy of thej0and 2 levels in

8Ni are reasonably well reproduced by Hartree-Fock-

heavier nuclei, collective excitations in addition to single-
particle excitations should be considered.
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