PHYSICAL REVIEW C VOLUME 59, NUMBER 4 APRIL 1999
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The B-decay properties df'Co produced in proton-induced fission 3fU were measured by the detection
of B-delayedy rays emitted from an isotopically pure mass-separated source obtained by laser ionization. The
measured half-life of 0.4280) s is more accurate than previous values. Netransitions were observed, and
corresponding branching ratios and lagyalues were deduced. TR&Co decay scheme is discussed in terms
of the single-particle shell moddlS0556-28189)04904-3

PACS numbgs): 23.40.Hc, 21.10.Pc, 25.85.Ge, 27.58@.

[. INTRODUCTION sources of short-living Co nuclei can be produced and stud-
ied. We report in this work on a decay study®€o feeding

. o : levels in ®'Ni.
Recently several studies of the semimagic nuc%ubm

and of nuclei in its neighborhood have been performed very little information exists on"Co and its daughter
67N(i 67, i
[1-3]. Because of theZ—28 proton shell and théi=40 nucleus®'Ni. The *‘Co half-life value was reported by three

neutron subshell closures, these nuclei form a good testindlfferent groups10-13 as T, ,=420(70) ms, 31(20) ms,

ground for shell-model calculations in this regipt]. As far &nd 44070) ms, respectively. All of these measurements are

S . distinctly longer than the results based on a quantum random
as astrophysics is concerned, the measurements of half-live C : .

; - phase approximatioQRPA) calculation using both nuclear
of neutron-rich nuclei in the Fe group are relevant for explo-

. : mass and ground state deformation from the finite-range
sive r-process nucleosynthesis scenafi®$].

. th
For decades nuclei far from stability have been studied agroplet model (FRDM) theoretical model [13], Ty,

on-line mass separatofsee Ref[7] and references thergin 2124‘.7th' tation i ¢ inal ticle shell-model
The main difficulty of these experiments is high isobaric N interpretation in a extreme singie-particie sheli-mode

contaminations, which sometimes have production yields or[ramework involves the following possible single-particle

ders of magnitude higher than the yield of the nuclei of in—St"j‘teS:_Ehe ground state FCoy is expected to be a
terest. A further complication comes from the fact that Co is(772 = hole in tDeZZZS closed ST”; pOSS'be single-
a difficult element for conventional ion sources as its extracParticle states foryNis are a (¢fs2) % (vp1) ', and
tion time in the ion source can be considerably longer tharf¥Ps2) ~* hole in the N=40 closed subshell or one-
the nuclear half-lives of short-living isotopes, leading to de-vdg-particle—two-hole excitation through thé=40 sub-
cay losses. To overcome this problem a laser ion sourcshell. The first excited statf" = (5/27), E=694 keV of*'Ni
selectively ionizing the reaction products of interest stoppedvas observed ifi10]. The spectroscopy dfNi was studied
in a gas cell, was developed at the Leuven Isotope Separatasing the’%Zn(*C,}’0)®'Ni transfer reactior14]. Unfortu-
On-Line mass separatdtISOL) [8,9]. As a result of the nately, this measurement had large uncertainties in the de-
short evacuation time of the gas and the high selectivity ofluced excitation energy values and the spin assignments
the resonant photoionization process, very pure radioactiverere also rather tentative. For example, the spin and parity
of the first excited state was assigned as 9i@stead of
5/2~. This makes the spin assignment of higher-lying levels
*Corresponding author. Faxt32-16-32 79 85; Electronic ad- in [14] also doubtful. In a more recent in-beam experiment
dress: leonid.weissman@fys.kuleuven.ac.be [15], a second excited state at 1007 keV was detected by a
TPermanent address: JINR, FLNP, Dubna, 14980 Russia. v-vy coincidence relation between the 694.1- and 313.1-keV
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FIG. 1. B-gatedy spectrum measured at mass vaMe= 67 when the lasers were tuned on Co resonance. The high-energy 2155-keV
transition is indicated in the inset.

transitions. The 1007-keV isomeric leviel,>13.3(2)us  Measured by comparing intensitiesypfines in single ang3

[2]] was interpreted as agg, configurationl "= (9/2"), de-  gatedy spectra, was found to be 55%. The efficiencies of the
caying to the (1/2) ground state via the (579 excited state Ge detectors angB detectors were calculated byeaANT

at 694.1 keV. The 1/2 ground state and 572excited state Simulations and checked with on-line sour¢é3]. Energy
were interpreted as thesp;,) ~* and (vfs,) ~! shell-model calibration was performed using off-line sources. The data
single-particle statefl5]. The long lifetime of the 1007 iso- acquisition was triggered by-y or g-y coincidenc_:e events.
meric state prevented the observation of transitions feeding B-gatedy spectrum measured at madgs=67 with lasers
this state. The 1007-keV excited state is in agreement witfuned to the cobalt resonance is shown in Fig. 1. The spec-
the 102020)-keV level measured from th&#Zn(e,’Be)®'Ni trum exhibits a prominent 694-keV transition. The time to

transfer reaction studj16] and maybe also corresponds to digital convertefTDC) spectrum ofg-y coincidences gated
the 1.1410-MeV level observed in thé®zn(*C0)¢’Ni by the 694-keV transition is shown in Fig. 2. From these data

transfer reactioi14]. a half-life for 8’Co of 0.42%20) s is obtained, which is in
In a recent experiment at the LISOL facility, new infor- agreement with two of the three previous measurements

mation regarding thé’Co 8 decay to levels if®’Ni was [10-12.
obtained. The y spectrum of one Ge detector gated by the 694-keV

transition in the opposite Ge detector is shown in Fig. 3. This
spectrum exhibits a weak 313.1-keV transition, which gives
Il. EXPERIMENT AND RESULTS evidence ofp feeding of the level at 1007 keV. Because of
_ ) the isomeric nature of this levél,,,=13.3(2)us] and the
~ The Co isotopes were produced in a 30-MeV proton-1_,s gy correlation time window, the 313.1-keV transition
induced fission reaction of #£% target. The proton beam could not be observed if-y coincidences.
was produced at the Louvain-la-Neuve cyclotron facility. high-energy 2155-keV transition was observed in the
The fission products were thermalized in a gas cell ﬁ”e‘jﬁ-gatedyspectra(inset of Fig. 2. The high selectivity of the
with argon buffer gag500 mbay. The Co atoms were selec- |5ser jon source, the madd =67 condition, and the time
tively ionized using two-step resonant photoionizaiBhby  pehavior of they-ray intensity provide evidence that the
Iasers with wavelengths of 232.903 and 481.90 nm, respeer155-keVy ray belongs to the decay of’Co. The number
tively. The Co ions were extracted using a sextupole iony s triggered counts in the 2155-keV peak does not change
guide [9] and after subsequent mass separation implanteg 5 condition of nonobservation of~y coincidences be-
into a tape. To avoid a buildup of long-lived daughter activ-yyeen two Ge detectors is applied. This means that the 2155-

ity, the tape was periodically moved with a time cycle opti- ke transition most probably decays directly to the ground
mized for the®'Co lifetime. The time cycle consisted of 1.2 giate of thef'Ni.

s of implantation followed by a 2-s decay period. During the
latter period, the proton and separator beams were blocked.

The implantation time consisted of a few microcycles, which IIl. DISCUSSION
consisted of a proton beam on and off period, with a typical
time of 50—200 m$8]. The tentative scheme of tH€Co decay is presented in

Details on the detector setup can be found elsewfigfe ~ Fig. 4 together with calculated branching ratios and flog
and here we give only a short description. Two Ge detectorsalues for each level. Th@ value is taken fronj18]. This
with relative efficiencies of 70% and 75% were installed op-scheme can be compared with QRPA theoretical calculations
posite to each other close to the implantation point and weref Gamow-Teller decay properties of Co isotopes, using two
used fory-ray detection. Thin plastic scintillators were used versions of the model described[ih9]. The first model im-
for B-particle detection. The total efficiency f@ detection, plies single-particle Nilsson wave functions and BCS pairing
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FIG. 2. TDC spectrum of3-y coincedences gated by the 694-
keV transition. The fit includes a 1.2-s implantation period with 3G 63 X 9124
three beam-on—beam-off microcycles of 200 ms and a 2-s decay 91535) 47 ‘69123'”"_ (512
period. > I
694 keV

[20]; the second one is based on folded Yukawa wave func- . il
tions and Lipkin-Nogami pairin§13]. The results of calcu- Z;Niw (1/2)
lated single-particle energies and neutron-occupation num-
bersv? are summarized in Table I. Using the calculated FIG. 4. Tentative level scheme f6fCo decay.

single-particle energies and occupation numbers, the main

features of Gamow-TelléiGT) decay can be obtaing@able ;¢ no such transition has been observed inghdecays of

I). As is seen from the tables, the calculations provide onlycq jsotopes. Note that for such type @fdecay, which was

a qualitative agreement to the measuf@decay properties  c|assified as “even-jumpingf21], theft is proportional to a
with a dominatingvfs,— 7 f,, GT transition. The measured (vp0 ) ~2 value[21]. Hence the present measurement can be
log ft values exhibit a considerable retardation of the decay,seqd for the estimation oB-decay rates of hitherto unob-
compare to the calculations. served more neutron-rich Co nuclides using the calculated
level suggests kforbidden transition and could give further  ag the level at 2155 keV if’Ni appears to be populated

support for the suggesteeyo,, [one-particle—one-hol€lp-  in allowed 8 decay and also depopulates to the 1étound
2h)] character of this stat¢2]. The observation of this giate it can only be a 5/2level.
|-forbidden decay indicates an admixture of thty,; ground There are two possible configurations for the 2155-keV

and the excitedrf;;v95,p75 configurations in®Co. This  5/2- level, one in which the,, neutron hole of the ground
is supported by the calculategh, neutron occupancy, as state of%'Ni is coupled to the 2 level at 2033 keV in the
presented in Table I. The decay of thgq,— 7f;, type  ®&Nj core and a second where the the second exéijgdhole
would then lead to thevgg,py5 configuration. Thege,  state at 694 keV is coupled to thé Gevel at 1770 keV in the
single-particle states are known in the lighter Ni nuclides,%®Ni core [1]. Strong 8 decay to the former core-coupled

TABLE I. Quasiparticle energieEqp and occupation numbers
(v?) of neutron(v) levels for the decays d®®7:5Co for two dif-
ferent modeld18]: (A) Nilsson wave function and BCS pairing

’}13-1 keV and(B) folded Yukawa wave functions, Lipkin-Nogami pairing.
2r Egp [keV] v2
2 vievels ®Co ®Co %Cco ®co ®Co %o
3
3 (A)
1 VP12 g.s. g.s. 745 0517 0.787 0.917
vis, 240 565 1450 0.763 0.900 0.955
V0o 1410 475 gs. 0.065 0110 0.241
VP30 1435 1975 2955 0.937 0.967 0.981
0 } i 1 - 1 |
0 500 1000 1500 2000 2500 (B) 360 0514 0721  0.845
Vp1/2 gS gS . . B
Channels - 240 585 1180 0.754 0.879 0.931
FIG. 3. y spectrum gated by the 694-keV transition in the op- vgq, 1135 410 g.s. 0.000 0.148 0.271
posite Ge detector. The 313.1 keV from the second excited state afp,, 975 1410 1980 0.898 0.942 0.960

67Ni is observed.
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TABLE Il. Main features of®’Co decay obtained with QRPA calculations with two different wave
functions and pairing parameter s¢fis8]: (1) Nilsson wave functions and BCS pairing af@) folded
Yukawa (FY) wave functions and Lipkin-Nogami pairing.

Nilsson/BCS FY/Lipkin-Nogami  Experiment Comments

Tyo=75ms T1p=84ms T1=0.425(20) Calculated half-life is shorter by factor 5

E* =565 keV E* =585 keV E*=694keV GT decay dominated by a single spin-flip transition
| 5=99.2% | 5=99.6% | 5=91.5% Wisp— 7o)

log ft=3.77 logft=3.81 logft=4.7

VP12 P32

E*=5.49MeV E*=5.59MeV

I 5=0.6% I 5=0.25% All other decays take less than 1%

log ft=4.2 logft=4.4

vio— ity

E*=5.88MeV E*=5.54MeV
15=0.2% 15=0.2%
log ft=4.3 logft=4.8

state would require mixing of the ground state with fag 0 level in ®Ni that lies at 1770 keV. In both cases this level
single-hole state at 694 keV. Because of the large separatiqgj| not be populated in the8 decay of®’Co. The level at

in energy between these two states, such s.ignificant mMixing150 keV could be the level we identify at 2155 keV. The
would be unexpected. In contrast, the excited State at  |evel at 3300 keV could be the deép, neutron hole state
1770 keV is expected to be dominated by a shift of a pair ofyg|ow theN =28 closed shell.

neutrons from the,, orbital across the subshell gap into the  Eipaly, let us mention that we confirmed in this measure-
go/ Orbitals. Hence the dominant configuration of a 5/2 ment the longer half-life of’Co in comparison to the avail-
level in ®’Ni coupled to this 0 level would also include gple theoretical QRPA prediction§12] and the present
significant occupancy for thge, neutron orbitals. As the \ork). It is interesting to note, however, that similar calcu-
allowed B decay in which this state is populated does notations provide a good agreement for the case of the neutron-
involve change in the occupancy of they, neutron orbitals,  rich Ni isotopeq3]. On the other hand, the older predictions
the probability of observing thig transition would be di- f microscopic and gross theory quoted[R2] give much

rectly related to the occupancy of thgy, orbitals in the®’Co  |onger half-lives of 1.9 and 3.7 s, respectively.
ground state. As we show in Table |, the calculateg

occupancy for the ground state o ranges from 11% up
to 15%. Hence the observation gfpopulation with aft ! IV. CONCLUSION
of the order of 15% of that of the 572(694 keV) level

opulation rate supports the interpretation of the configura ; : .
lt?or? of the 2155_kep\[/) level irf'Ni alz having a strong co?n— 1007- and 2155-keV excited states%Ri. The existence of

ponent in which thefs, single-neutron hole level ifNi is these decay modes seems to indicate a significant admixture

20 -2 . :
coupled to the O pair excitation state at 1770 keV fiNi. g mf72095,2P1/2 configuration to thewfy; ground state of
Unfortunately, no theoretical predictions exist for the excita- <0- This conclusion is in agreement with the calculated
tion energy of thevgé,zpiéf;/% configuration. occupancy ofvgg, orblta_lls fpr the_ground state &fCo. _

Let us now compare the level scheme obtained from our The measured half-life time disagrees with all available

p-decay work with spectra from pickup reaction Studiestheoretical calculation§ 12,22 and the present woykThis
[14,16.. In the 7Zn(*He /Be)*'Ni study[16], peaks were ob- contradiction between experimental half-life values and the

served that indicated excited states at 720, 1020, and 17 jfferent theo_rgtica_l calcylations seems to be quite common
keV, with the first two easily identified with the levels estab- 10" the nuclei in this region23]. This raises new demands
lished at 694 and 1003 keV. In tH&Zn(*C 0)5/Ni study for further theoretical efforts, since half-lifes of neutron-rich
[14], peaks indicated levels at 770, 1140, 1970, 2390, anipotopes in .the Fe region are important parameters for nu-
3680 keV. We note that the energy assigned to the first pea(I:Jeosynthesm-process calculations.
is 10% higher than that now established. If the other values
reported in that work are also high by 10%, then the level
suggested at 1140 keV can be identified with the"divel

at 1003 keV, the 1970 level identified with the level previ- We would like to express our gratitude to P. Van deBergh
ously observed at 1710 keM 6], the 2390-keV peak would and J. Gentens for excellent operation of the LISOL mass
indicated a level near 2150 keV, and the peak at 3680 kedeparator and the crew of the Louvain-la-Neuve cyclotron
could indicate a peak at 3300 keV. In that case, the levelacility for providing the proton beam. This work is sup-
identified at 1710 keV could be the missing single-neutrorported by the Inter-University Attraction Pol¢BJAP) and
pss2 hole level or thep,, ground state coupled to the second GOA Research Programmes.

_ We observed two new branches of th€o g8 decay to
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