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The "™Ni nucleus has been produced at the LISOL facility andgitdecay to’°Cu has been observed. In
parallel, the”®Cu nucleus has been produced at the ISOLDE facility. A new tBittecaying isomeric state in
°Cu has been identified, partly with the aid of the in-source laser spectroscopy method. Its measured half-life
is T1/,=33(2) s. In addition, two isomeric transitions fiiCu have been observed at energies of 1@}.and
141.33) keV, and it allowed the relative placement of the thf€@u isomeric states and their tentative spin
and parity assignments. The nédCu isomer was found to be weakly populated in helecay of "Ni. It
allowed the construction of th@Ni decay scheme. Furthermore, tBalecay of the threé°Cu isomers td%Zn
has been measured and their decay schemes are presenté®NiTRelecay to the isomeric states 1%Cu and
their subsequent isomeric decay gBdecay to’%Zn are discussed within the extreme shell-model picture of
two valence nucleons outside the semidouble mé@ik’c‘m core and it yields satisfactory results. Large-basis
shell-model calculations usinﬁNizg as the core and a realistic effective interaction support rather well the
suggested interpretation.
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I. INTRODUCTION a change in parity between thf orbitals (7=-) and the
) ] intruder g orbital (7=+) across theN=40 gap. The latter
Recent in-beanfil—7] and decay studief8-13 revealed effect is illustrated by the reducegR-transition probability,
various features of the nuclear structure in the vicinity of theB(E2:01—>2’l'), observed irfeNi. Its B(E2) value is as low
semidouble ma_gi(_: nucleuSSNim. This _nucleus exhibits a5 in the cases of “real” doubly magic nuclgj and it is
some characteristics of a doubly magic nuclgas., the  nderstood in view of the above parity charig@]. A recent
excitation energy of the 2state, E(2y), g;alged by more  sy,dy suggested that ti&(E2) value to the first excited 2
than 500 keV in®Ni in comparison with®®’Ni [1,3]]. Yet,  gate forms only part of the low-lyinB(E2) strength and it
the stabilizing effects are wealsee, €.g., the tWO-NeUrON yqrafore is argued that the small experimeB4E?) value
separation energies and their differenbé4)) and disappear cannot be used as a strong evidence for the double-magic
with the_addmon (.)f a single n_uclean]. The apparent dou- character of®Ni [15]. The poorly known residual interaction
b]y magic propertles of th&Ni nucleus are attributed to the between thgquas)particle and hole states in this region of
single-particle energy gap =40 and to the occurrence of the nuclear chart, which influences also stellar collapse mod-
els[16], gives rise to the above mentioned apparent contro-
versial situation. The weakness of the stabilizing effects at
*Corresponding author. Email address: piet.vanduppen@fydN=40 can be attributed to the small single-particle energy
kuleuven.ac.be gap (~2 MeV) in comparison with energy gaps near full
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shell closures(>3 MeV). Hence, the terms subshell and this method is that the extraction time from the gas cell is
semidouble magic nucleus are used. fast (200—500 mp and does not depend on the chemical

In this work, we address the question whether §@u,, properties of the reaction products. This makes the method
nucleus can be interpreted in terms of an iffNis core  rather universal. A drawback is that the yield is limited by
plus two valence nucleons. fNi is a well-suited core the effective target thicknegs=10 mg/cn?), determined by
nucleus, the states iffCu can be interpreted as originating the range of the reaction products in the target. In combina-
from the coupling of the valence proton with the valencetjon with resonant laser ionizatids1], the final beam can be
neutron into spin multiplets. These multiplets split up in en-54e sufficiently clean. With this method, ion yields of28
ergy, due to the residual proton-neutron interaction, with aynq 172) uC! can be achieved fofNi and 7°Cu, respec-
parabolicl(1+1) dependence in the simplest approdtBl.  ely [32,33. In spite of the low yields compared with
Similarly, the 8 decay of"°Ni to states in"®Cu and the sub- | SOLDE, the gas cell approach offers the best alternative for
sequeny3 decay of'°Cu to"°Zn should equally fit within this producing isotopes which have slow release times in the
picture and the8™ decay should selectively probe specific thick-target method. For this reason, tHNi nucleus was
structures. o studied at the LISOL facility.

The B decay of“Ni has already been megsured atLISOL  The 3 decay of both’®Ni and 7°Cu isotopes was exam-
by Fr.anchocet al.[8,12] but only the production ratt'a'and the jhed usingB-y and y-y-spectroscopy. In addition, the rela-
half-life [T1,2:6.((3) s] have been reported. In addition, SeV-tively new technique of in-source laser spectroscopy
eral excited states in thH@Cu daughter nucleus populated via [13,34,35 was exploited on thé°Cu isotope at ISOLDE.
the (t, °He) reaction on’®Zn have been reported by Sherman This method enables one to probe the hyperfine splitting
et al. [19]. Furthermore, thé°Cu nucleus is known to have (HFS) of atomic states using a narrow-band laser in the first
two B-decaying isomerf20-23. The spin and parityl™) of  excitation step in the resonant laser ionization process and
the isomers were assignét) and(4)” [23]: the(1%) isomer  was used to extract magnetic moments of isomeric and
being the ground state ag isomer with aT;,=4510)s  ground states if®’Cu [13,34,35. The method further al-
half-life; the (4)” state omisomer at 14(B0) keV above the lows one to separate radiation originating from different iso-
g isomer[21] with a T,,=47(5) s half-life. The proposed mers in a particular isotope. The combination of both
difference in parity implies different shell-model configura- 8-decay and in-source laser spectroscopy has led to the dis-
tions for both isomers: it was suggested that thisomer  covery of a third isomeric state iffCu.
consists mainly of ar2p;,v2p;»1gs5 configuration whereas In Sec. Il, we present thé’Ni B-decay data from the
the m isomer has mainly ther2p;,12p;51gss shell-model  experiments at LISOL and th€Cu g-decay data from the
configuration. The3 decay of both/°Cu isomers td%Zn has  ISOLDE experiments. We further present evidence for the
been reported in Refs[20-23. Since %Zn is a stable existence of a thirgg-decaying isomer if°Cu. We argue the
nucleus, it has been investigated intensively using reactiorelative placement and spin assignments of the tHfee:
studies as well, e.g., Ref§6,24—26. Consequently, many isomers. In addition, the detailed decay schemes of e
excited states i%Zn have been established: th& and and the thre€°Cu isomeric decays and the extracted half-
B(E2) values of several levels have been deduced. lives and production rates of the thr&&u isomers are pre-

The °Ni B decay and the subsequehtiecay of the®Cu  sented. In Sec. lll, the results are interpreted within an ex-
isomers are studied in more detail in order to gain furthetreme shell-model picture and a large-basis shell-model
insight into the structure of these nuclei. THNi and 7°Cu  calculation.
nuclei were both produced using a proton-induced fission
reaction of uranium but at different facilities, applying dif-
ferent methods. The production 6iCu was done at a thick- Il. RESULTS
target facility such as ISOLDE at CER{Geneva, Switzer-
land) [27]. A thick target allows high production rates, and in
combination with a sufficiently fast release time of copper The experimental setup used in tAedecay study of °Ni
from the target(ca. 139, high copper yields can be at LISOL is described in detail in Refl12] and is not re-
achieved. Furthermore, resonant laser ionization is applied ipeated here. Fission was induced by impinging a 30 MeV
order to obtain relatively clean copper beaj28,29. Yields  proton beam with a typical dc intensity of X0A on two
of 9x 107 uC™! of 7°Cu are obtained30]. A disadvantage is foils of natural uranium with a thickness of 10 mg/&rithe
that elements with a low ionization potenti@a, Rb,..) are  experimental setup used for the decay study%aiu is dis-
easily surface ionized in the hot ionizer cavity of the cussed in detail below.

ISOLDE ion source. This often causes significant beam con- In a first experiment, a pulsed beam of 1 GeV protons
taminations. The release time from the target for neighboringvas impinging on a standard ISOLDE uranium carbide target
nickel is much longer and therefore the production of short{50 g/cnf U) [36]. In a second experiment, a proton-to-
lived nickel isotopes is preferentially done with an alterna-neutron converter was used to induce fission with low-energy
tive method such as the thin-target gas cell method used, e.gieutrons in order to suppress some disturbing high-energy
at the LISOL facility [31]. The target here is made suffi- proton-induced fission products such @&a in this case
ciently thin in order for the reaction products to escape. Th¢37]. The converter consists of a Ta rod, mounted at 24 mm
fission fragments are subsequently thermalized and neutralaxis to axig in parallel to the target. Only the low-energy
ized in a buffer gag500 mbar Aj. The main advantage of spallation neutrons, with some MeV energy, are able to reach

A. Experimental setup
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the target while the primary beam and the high-energy neuproton beam had an additional microstructure during the im-
trons are strongly forward peaked, mainly in a cone whichplantation period in which it was switched on for 250 ms and
does not hit the target. In both cases, the fragments from thgubsequently switched off for 250 nj$2]. Representative
fission reaction diffused out of the target which was heated t&ingles ands-gatedy-ray spectra are shown in Fig. 1. The
about 2000°C. They were guided to the RILIS ion sourcesingles spectra are the total sum of different spectra, taken
(resonance ionization laser ion sourde8,29 where the during different time intervals of each 8 s long. These so-
copper atoms were resonantly laser ionized by means of twg@/led multiscaling spectra divide the implantation and decay
laser beams of 327.4 nm and 287.9 nm wavelength. AfteP€riod in eight different slices in order to monitor the time
extraction with a 60 kV voltage and mass separation, th&€Pendence of the-ray intensities. The figure shows both
Cu isotopes were guided to different experimental setups.the on-resonancéhe lasers are smtched pand the off-

A first setup was used to perform in-source laser spectrosr-eson"’.‘nce spectténe Ias_erg are .swnched pifThe Ia_ser fre—
copy measuremenf&3,34,35. For this method, the first step quencies were tuned to ionize nlckel._The measuring time for
laser was operated in narrow bandwidth mabandwidth the on-resonance spectra is 324 min and 120 min for the
1.2 GH2. The frequency was scanned in a range of 20 GHi)ff-resor?ance spectra. The average proton beam current dur-
in order to probe the HFS of the ground and first excited"d the time the beam was switched on was 10ALduring
atomic states. For the second step laser, a broadbarige On-resonance measurement and UR3during the off-

(24 GH2 dye laser was used. TRECu yield as a function of '€Sonance measurement.

the first step laser frequency was monitored in a If one compares thg-gated on- and off-resonance spectra
B-y-detection setup. It consists of a movable tape that transf-ror?] Fig. 1, one observes a numrl])er ofl_llnes that appe_lar only
ports the implanted activity into asAcylindrical 8 detector, In the °“;ge$°”a”°e spectra. These lines necessarily come
positioned next to a 30% relative efficiency (Ge detector. from the ™Ni g decay and related daughter activity. The

. . o .
For each laser frequency setting, several measurements Wép&es attributed to thé™i g decay are labeled with a number

performed to average over possible yield fluctuations. Fur?nd their properties are listed in Table I. The transitions la-

H 3 -
thermore, the ion current of stabfi8Cu was measured simul- beled with were found to originate from thg decay of

70 ir coinci -
taneously at a different beam line in order to detect fluctuall® ~CU daughter nucleus, based on their coincidence rela

i i + ition in 79
tions in the copper yield. t7|(§)£s W':.h .;[he_ 2—0 trtagsltr;on r|]n Ct:rl],l alt 885 keV. The .
A second setup was used for decay-spectroscopy mea- u acltivity 1S present both wnhen tne lasers aré on- an

g A 2 .
surements. In this case, the first step laser was switched tooatf rgsonaanlZ]. Th|s !ndlcates that+p§1rt Of. th€Cu nuclei
broad bandwidth in order to maximize the ionization of Cop_surwve the thermalization process asidns in the gas cell
per. The extracted’Cu isotopes were then implanted on aand are mass separated. - . :

tape, surrounded at close distance by three thin plagiic . The singlesy-ray spectra in Fig. 1 contain various extra
detectors for detection(solid angle~50% of 4r) and two lines compared to thg8-gated spectra. Several transitions

HPGe detector$64% and 75% or 75% and 90% relative were founq to originate f“?”? room background, €.9., the
efficiency for the different experiments, respectiyely 1461 keV line from*K, or originate from neutron reactions,

e.g., the 596 keV line from th&Ge(n, y)"“Ge reaction. The
_— . neutrons stem from nuclear reactions at the proton beam
B.The 8 decay of "Ni studied at LISOL dump or from the fission reaction of uranium. Most

Data on mas#\=70 were collected at LISOL in a cyclic background- and neutron-inducedines are present both in
mode using a 24 s implantation and 40 s decay period. Ththe on- and off-resonance spectra, as expected.
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TABLE I. Energy values, peak areas from the on-resonghigatedy-ray spectrum, half-lives values, and coincidemays of the lines
observed in the decay dfNi (see text The peak areas of coincidemtrays are shown in brackets.

Label E (keV) Area Ty () Coincidenty rays
1 78.31) 19824) 6(2) 340(59), 37784), 38612), 61436), 9579)
2 126.52) 66(23) 94) 140(36), 11539), 161X10)
3 140.46) 4427 18.77) 127(33), 11533), 161X5)
4 232.83) 24(5) 78(5), 34Q(11), 38611)
5 267.84) 24(5) 30(21) 11526), 161X9)
6 339.61) 13823) 5.6(13) 78(54), 23311), 38616), 61965), 69660)
7 377.21) 98(25) 5(3) 78(80), 581(11)
8 385.75) 72(17) 16(12) 78(13), 23318), 340(10), 65041)
9 455.11) 134(20) 42) 581(15)
10 581.12) 23(5) 78(4), 377(11), 45514)
11 618.42) 66(20) 4.1(14) 78(31), 34066)
12 650.12) 21(5) 386(37)
13 696.11) 36(6) 340(55)
14 956.93) 9(5) 78(8)
15 1035.62) 241(15) 6.23)
16 1152.34) 24(7) 6(5) 127(7), 1404), 2686)
17 1277.62) 66(9) 13(2)
18 1611.23) 14(4) 127(8), 1404), 2688)

Table | lists the peak properties of the lines attributed tothe line near 140 keV, shown in Table I, can thus be attrib-
the decay of’°Ni. It contains the peak labels, the energies,uted to the combined effects described above.
the areas, half-lives, and the coincideptrays. The peak
areas are extracted from the on-resonapegated y-ray _
spectrum in Fig. 1, using a proper background subtraction. C. The g decay of "°Cu studied at ISOLDE
The half-life values were extracted using a single-component The g decay of°Cu was performed at ISOLDE. A rep-
exponential decay fit of the time dependence of Ry  resentative singles spectrumeasuring timeAt=33 min) is
peak areas, obtained from the multiscaling spectra. If n@ompared with a8-gated spectrunfAt=4 min) in Fig. 2.
half-life value was specified, the peak area would be togoth spectra were collected on mass 70 with the lasers
weak to determine the half-life value. The coincideatays  tuned to ionize copper. No off-resonance spectra have been
were obtained fromy-ray gatedy spectra, using a proper collected. In this particular case, the first step laser was op-
background subtraction in order to eliminate coincidenterating in the way it was used during the in-source laser
events related to background beneath the peak. spectroscopy measurements, i.e., with reduced power and in

All half-life values, shown in Table I, agree within the narrow bandwidth mode. The laser frequency setting for this
error with theTy,=6.03) s half-life from "°Ni except line  measurement was 1#£30534.96 cmt. Furthermore,
number 3 at 140.4 keV. Its apparent half-life is significantly neutron-induced fission was applied, by introducing the
longer. Notice that this line is only weakly present in the proton-to-neutron converter next to the target, as described
B-gated spectrum but it is quite intense in the singles specabove. The used time cycle consisted of a 3.45 s implanta-
trum. The half-life values were extracted using the Singleﬁion anda04s decay period_ The beam gate of the Separator
spectra and therefore the diverging half-life hints the exiswas opened only 50 ms after the time of impact of the pri-
tence of a doublet line. The excess of peak counts in thénary proton beam pulse.
singles spectrum was found to originate partly from an iso- Transitions that are attributed to tiiedecay of’°Cu are
meric transition in"°Cu at 141.83) keV and partly from a |apeled with a number in Fig. 2. Theserays are present
neutron capture induced line at 139.7 keV. As will be poth in the singles and thg-gated spectra. Their properties
shown further, the 141(3) keV yray is a transition between are listed in Table II. The lines at 1787, 2137, and 2154 keV
two isomers in®Cu and the decaying isomer has a half-life are found to be pure sum peaks of the three most intense
of T;,=6.62) s. It is produced in th€’Ni 8 decay and rays from the 8 decay of "°Cu, i.e., the 885, 902, and
therefore only appears in the on-resonance spectrum. Thel®52 keV transitions. The sum peaks are labeled with
is however also a nonresonant contribution in the single$>.-line” in the figure. The lines not attributed to tifedecay
spectra and this is attributed to an isomeric transitiofP@e  of "°Cu are labeled with their energy and decay parent, when
having a 47.7 s half-lifg23]. This nucleus is presumably known. Most of these lines are room background or come
produced via the€*Ge(n, y)"°Ge neutron reaction in the Ge from long-lived activity that was implanted next to the tape
crystal of they detectors. The observed longer half-life of during the measurement or preceding measurements. In most
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cases, these are members of the decay chains of the galliuspectrum. A proper correction for the background under the
isotopes since surface ionized gallium is the major beanpeaks was performed. For someays, there is only a weak
contaminant for masses=74. Several long-lived contami- sign for a coincidence; their peak area is indicated with “-.”
nations on masses=77 and 78e.g., ®As) are found in the Considering the coincideny rays from the transitions
spectra since prior to this measurement an intensive study ehown in Table I, one observes that all 49rays exhibit
the 7"""€Cu isotopes was made. In some cases, e.g., in theautual coincidence relations with known interf8€u y rays
°Ga B decay, y-ray transitions are strongly reduced in the (885, 902 keV, etg.[38]. It confirms that all these lines
B-gated spectrum in comparison to the singles spectrunoriginate from the/°Cu B decay. The half-life of mosy rays
This is because the radioactive source was implanted next tagrees within the errors with the &j s half-life of the
the tape and too far away for @ particle to reach thé\E m-isomeric state i°Cu reported in Ref[20]. Only two y
detectors, as th&E detector setup was optimized for sourcesrays, the 186 keV and the 1876 keV transitions, exhibit a
implanted onto the tape. short half-life, agreeing with the 480) s half-life of theg

The y rays at energies of 1043) and 141.83) keV, isomer. Several rays, however, have a half-life value that
present in the singles spectrum in Fig. 2, are absent in thies in between the two known half-lives, disagreeing with
B-gated spectrum. The intensities of thegdines show a both half-lives from literature. Either their time dependence
definite laser frequency dependence, as shown below, and asea mixture of the two half-life values or it indicates the
therefore related to th€Cu decay. Hence, these are delayedexistence of another decaying isomer’#Cu or in the’%Zn
isomeric transitions if°Cu or in the stable®Zn daughter daughter nucleus. In the following section, we will show that
nucleus fed through thg8 decay of ’°Cu. Moreover, the there indeed exists a third isomer TACu with a half-life
141.33) keV transition was also observed in tHii decay. different from 4.5 and 47 s.
The origin of thesey lines is discussed in the following
section.

The peak areas shown in Table Il are extracted from the
singles spectrum in Fig. 2. The half-life values are derived Support for the existence of a new third isomerigu is
from a single-component exponential decay fit of the timefound by analyzing the dependence of tA@u y rays on the
dependence of the-ray intensities, derived from a data set frequency of the first step laser. This is the so-called in-
having a 250 s long decay period. The coincidgmays are  source laser spectroscopy methd®]. For each frequency
found by makingy-gatedy-ray spectra with a prompt gate setting, three independent measurements of 10 s each are
(~100 ns time window on the time-to-amplitude-converter combined. For each measurement, there was a single implan-

D. Search for a new isomer in”°Cu
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TABLE Il. Energy values, peak areas from the on-resonance singles spectrum, half-lives values, and cojnagenof the lines
observed in the decay dPCu (see text The peak areas of coincideptrays are shown in brackets.

Label E (keV) Area Ti2 (S) Coincidenty rays

1 185.8%3) 210%106) 6(3) 885137

2 208.7%7) 1469102 30(3) 885160), 902200), 1252162

3 387.105) 95870) 24(2) 885127), 90247), 107343), 110421), 176Q10),
197530)

4 438.22) 39962) 66(12) 885178), 902145), 1253107), 131512)

5 553.21) 39451) 17(5) 88585), 90219), 90739), 180930)

6 560.828) 221(48) 43(6) 88571), 90281), 1252102

7 584.71) 441(61) 36(6) 43812), 88575), 90263), 125330), 169435)

8 708.427) 116472 27(2) 77946), 885130), 165488)

9 750.G42) 310(46) 395 88585), 902101), 1252 -)

10 779.12) 36241) 43(10) 708(45), 87413), 885-), 176Q10)

11 783.12) 56(39) 169132 885-), 902-), 180914)

12 874.388) 242868) 16(2) 70824), 77925), 885205), 110X27), 187612

13 884.889) 45387221 47.68) 186(50), 209100), 387130), 439178), 55382), 561(93),

708(141), 7501123, 874205), 893135), 9027762,
907(257), 96369), 102354), 1072381), 1108580,
119249), 1226106), 12523828, 1255149, 127X103),
131548), 141446), 1427133, 147672), 152066),
1551(44), 157Q30), 165482), 169q301), 1809100),
181555), 195478), 197561), 2062215, 21541206),
277140, 306264)
14 893.16) 357(40) 54(5) 885163), 902128), 1108143),127%15)
15 901.71) 21161153 51.58) 20980), 438150), 561(70), 58575), 75085), 8857940,
89373), 907113, 96363), 1072103, 1108584),
119265), 1226101), 12523917, 127X116), 1427109,
147§82), 152q74), 155156), 1690266), 181547),
1954116), 2062167), 211731), 2137127), 277%49),

306269)
16 906.51) 27737) 45(8) 55315), 7836), 88579), 90260)
17 963.31) 14934) 28(9) 885(59), 90259), 125246)
18 988.03) 14438) 35(11) 43910), 88537), 90220), 169q13)
19 1023.32) 62(33) 50(34) 88545), 90248), 125214)
20 1072.21) 422277 182) 387(55), 885352, 90255)
21 1100.52) 29737) 35(12) 387(23), 87423), 88553)
22 1108.41) 143Q53) 533) 885595, 893120, 902540), 141415), 157Q40),
181547), 195415), 216622)
23 1191.52) 14531) 336) 885(55), 90237)
24 1226.37) 38232 63(14) 885128), 902108), 125375)
25 1251.71) 11049106) 54(1) 20987), 439114), 561(71), 58527), 750552), 8853836,

9023767, 96349), 102327), 122693), 127158),
1427102), 147649), 152438), 155136), 1787130)

26 1255.42) 1501(161) 20(4) 885(35)
27 1270.82) 290(28) 61(11) 88574), 90287), 125350)

28 131%1) 13324) 10Q70) 88519), 90217), 9074), 169q18)
29 1413.92) 12327) 54(30) 88526), 90220), 110§21), 17876)
30 1426.%2) 37532) 45(5) 88590), 90277), 125298)

31 1460.42) 741(39) 26(9) 885(16), 90226)

32 1476.12) 217(29) 62(19) 88580), 90278), 125345)

33 1520.13) 24433) 65(31) 88537), 90253), 125334)

34 1550.63) 20330) 84(46) 88550), 90270), 1253229)
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TABLE Il. (Continued)

Label E (keV) Area Ty (9) Coincidenty rays
35 1555.23) 197(25) 72(29) 88531), 90249)
36 1569.82) 100(27) 79025 88537), 90248), 110836)
37 1653.92) 516(35) 30(4) 70890), 88577)
38 1690.82) 73337) 54(5) 58525), 885264), 902235), 178110
39 1759.62) 100740) 16(4) 708(12), 110X6), 18768)
40 1809.15) 10823 28(5) 55326), 7839), 88575)
41 1815.05) 53231) 52(14) 88554), 90250), 110§33)
42 1875.82) 426(32) 3(6) 874(16), 88515), 176q13)
43 1954.23) 41232) 52(8) 885(104), 90285), 110817)
44 1975.¢4) 56931) 26(4) 387(26), 88550)
45 2061.66) 58(15) 52(5) 885138), 902124), 17876)
46 2117.24) 96(16) 116(129 88516), 9029)
47 2166.25) 110(14) 26(14) 88517), 90217), 110§12)
48 2771.26) 24917) 35(12) 885(44), 90245)
49 3062.16) 28517) 51(11) 88568), 90246)

tation period of 1 s and a 9 s decay period. Three groups ahers in’°Cu, respectively. It can be seen from the half-lives
v rays were found, see Fig. 3, exhibiting different HFS. Pre-of the y rays that the 186 keV and the 1876 keMrays in

viously, only the HFS of part&) and(c) of Fig. 3 had been
observed 34,35 and they were related to thgand m iso-

——141 |
-B8-186 & 1876

600 a)

Counts

1200

Counts

——1252 | |

Counts

100

-100
30534.6

30534.8 30535 30535.2 30535.4 30535.6 30535.8 30536

Frequency of first transition (em™)

FIG. 3. Laser frequency dependence of severalays from

part (@) of the figure show a half-life agreeing with the
4.510) s of the g isomer (see Table I, the 1252 keV,
1690 keV, and the 1108 ke rays in part(c) exhibit a
half-life matching with the 4{5) s of them isomer. Several
other y-rays showing the same HFS were found but are not
shown in part(c) of the figure. Par{b) shows a new and
larger HFS, and is therefore evidence for the existence of a
third isomer in’°Cu. An isomeric state in the zinc daughter is
excluded because the laser scheme is tuned only to ionize
copper. The extracted HFS and magnetic moments of the
three ’°Cu isomers are presented in REE3]. The isomeric
transitions at 101 and 141 keV, discussed in the preceding
section, depend on the laser frequency and show different
HFS. Therefore, both transitions are related to the decay of
different isomers. The laser frequency dependence of the
141 keV isomeric transition is shown in p&&) of the figure
and the transition can therefore be assigned to the decay of
the g isomer in’°Cu. Hence, it can no longer be called the
ground-state isomer. The 101 keV isomeric transition shows
the new HFSpart (b)] and is therefore originating from the
new isomer. The half-life deduced for the otherays in part
(b) are all consistent with the previously observed new half-
life of roughly 25—30 s. Apart from the rays shown in part
(b), several othery rays were found, exhibiting clearly the
same HFS and half-life: 209, 387, 553, 708, 779, 1101, 1192,
1460, 1654, and 1975 keV. Since these transitions were al-
ready assigned to thé decay of’°Cu, we can state that the
new isomer decays both byand 3 decays.

It is instructive at this point to refer to some earlier ob-
servations. In the work of Ref20], spectroscopic measure-
ments were done on a sample enriched W#n, activated

70Cu. They rays are grouped in three categories, according to theiPy 14 MeV neutrons. Severa} rays were assigned to the

hyperfine splitting HFS). Values for the 1252 ke\y ray are scaled

two known 7°Cu isomers, mainly based on the half-life.

down by a factor of 5(b) represents the HFS of the new isomer in However, 16 othery rays, among which a 1004 keV, a

cu.

140.68) keV, and several other lines from the above list or
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from Table |l were assigned t&/Ni because their diverging N
half-lives agreed better with its 14 s half-life. The 8'Ni &
nucleus was assumed to be produced via’t@@(n, a) re- 3;@
action. The same experiment was repeafet] and also Ty el Typ6e@s ¥ 242

here, a third3 and y activity of T;,16(4) s was observed o \f”’%
and attributed tc®’Ni. However, in Ref.[22], this activity &
was reassigned tCu because the rays of 208.4, 708.2, &
1072.2, and 1654.1 keV in mass-separated samples at mass 700y L=G)_ TumB0s Y $ 101

70 was observed. The diverging half-life was explained to be \5‘2(9)%
a mixture of the two knowr°Cu isomers. In view of the

present discussion, it is clear that the wrongly assidtiisi 00y IE6)  Tese)s 0
activity was the activity from the newly identified, third iso- 70 C \1:0%
in 70
mer in "°Cu. 29Uy, B
E. Relative placement of the three’°Cu isomers FIG. 4. The deduced relative placement for ti€u isomers

and their decay properties. The branching ratios for the isomeric

For reasons of simplicity, we will reassign new labels to - : : X
transitions contain an internal conversion correcfiég.

the three isomers ifPCu and call then{®PCu, correspond-
ing to the labels of the three different parts in Fig. 3. Since )
7%Cy is the only isomer which does not decay via an iso-members of ther2ps ,vlge, multiplet from the(t, *He) re-
meric transition, it could be th€Cu ground state. This is not action datg39].
in agreement with the conclusion from tjeend-point mea- The third"®Cu isomer is presumed to be &) state from
surements[21] but the large uncertainty on the energy the m2ps,w2p;; doublet. This is again supported by compar-
[14080) keV] allows this interpretation. ThE*PCu isomers  ing the deduced magnetic moment with the calculated mag-
are linked, respectively, to the 141 and 101 keV isomeridhetic moment using the additivity relati¢h3]. The isomer is
transitions. No othew rays were found to be coincident with expected to be only weakly produced in iftie’He) reaction
the two isomeric transitions, so the transitions are feedingnd therefore it is most likely not observed in thide spec-
directly onto another isomer. trum in Ref.[19]. The 141 keV isomeric transition however
The relative placement of the three isomers is suggestegiggests thé®Cu isomer to be located 141 keV above the
by theHe spectrum from thét, *He) reaction on’%Zn from "®Cy isomer, resulting in a delayed?2 transition between
Shermaret al. [19]. This spectrum shows five resonances atthe (1) and (3") states. Notice that the decay of thE’)
relative energies of 0.0, 108), 2266), 3666), and isomeric state to th€6™) ground state will not be observed
506(6) keV, respectively. The multiplets of states at energiedecause of the large multipolarity of the transiti(Eb). It
of 0.0, 10@6), 2266), and possibly 506) keV are strongly  rules out the placement of tHé&Cu isomer 141 keV above
populated and are therefore claimed to have2p,,vlgy, the ’®Cu ground state. The resulting picture for the relative
shell-model configuration, based on similar observations irplacement of the thre®Cu isomers is shown in Fig. 4.
the 64666y nuclei[19]. It was not sure whether the state  Recent high-precision mass measurements on’%e
labeled with 0.0 is the actual ground state. However, sincésomers were performed with the Penning trap mass spec-
the "®“Cu isomer—the formem isomer—is thought to have trometer ISOLTRAP40,4] and have confirmed the place-
the m2pa,v1gq, configuration[20] and since the ISOLDE ment of the three isomers in isomefCu. This leads us to
data suggest it to be the ground-state isomer, we claim that the final conclusion that th€Cu ground state has(&") spin
actually is the lowest-energy state. The energy difference beand parity, the first isomeric state is situated at 101.1 keV
tween the two lowest states in the,3He) spectrum is Wwith I7=(37), and the second isomeric state is at 242.4 keV
100(6) keV, agreeing with the energy of the 101 keV iso- with 17=1%.
meric transition from our data, connected to the decay of the
"®Cy isomer. It implies that thi€*Cu isomer corresponds to
the state at 10@) keV from the®He spectrum and that also
this isomer belongs to the sam@ps,v1ge, multiplet, forc- The half-life values for the *land(67) "°Cu isomers were
ing it to have negative parity as well. evaluated in this work using a high-statistics time spectrum,
In the assumption that botff*°Cu isomers have a pure shown in part(a) of Fig. 5. It was taken with the # cylin-
m2p32v10g,, shell-model configuration, it is possible to cal- drical plastic detector that is sensitive goparticles and to
culate their magnetic moments in the single-particle modeglectrons from internal conversion. The decay period is suf-
using the additivity relation. The predictions can then beficiently long (~2000 § in order to correct for the’°Ga
compared with the measuré®°Cu magnetic moments from background activity(T;,,=21.15 min, present in the spec-
the in-source laser spectroscopy method, as shown in Reffum. Because of its low production ratsee belovy, the
[13], and it allows us to attribute a spin parity (87) and  detected events from the decay of t8€) "°Cu isomer could
(67) to the "®CCu isomers, respectively. be neglected. The*land (67) "°Cu half-lives are extracted
Finally, we note that Ishiet al. came to the same conclu- from a fit containing a three-component exponential decay
sions regarding the spin assignments when they discuss tlienction and a constant background. The extracted half-life

F. Half-lives and production rates of the "°Cu isomers
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1000000 in a reduced laser power, explains the very low production
\ rates compared to a rate ofaL0’ uC™* for "°Cu (67), pro-
& 100000 duced via proton-induced fissigB0].
z \
© 10000 G. Decay scheme of Ni
\k Knowing the relative placement of the thré&€u isomers,
1000 — ‘ : see Fig. 4, combined with the coincidence relations of the
0 500 1000 1500 2000 ONi vy rays, see Table I, one is able to construct thsi
Time (s) decay scheme. The result is shown in Fig. 6.

When constructing the decay scheme, it is not clear at first
which isomeric stai@) in "°Cu is (are) populated by thes
and B-delayedy decay. Several levels however can be estab-
lished and are clearly all decaying to the same final state.
Most of these levels can decay to the final state by the emis-
sion of a singley ray and hence it gives us a hint on the
possible spin and parity of the final state. Since fAWi
ground state hak"=0*, only low spin states will be popu-
lated and thus the final state has to be(th® isomeric state.
0 % 100Time (;)5 0 200 250 A g feeding to thg1*) isomeric state is further supported by
the clear presence of the 141 keV isomeric transition in the
FIG. 5. Time dependence of the total counting rate in the 4 singles spectrum from th&Ni decay (Fig. 1) and of other
cylindrical B detector(a) and of the intensities of the 209, 387, 553, specificy rays from the’’Cu 1* 8 decayl[e.g., the 186 and
and 708 keVy rays from the coincidence-ray spectrab). The 874 keV vy rays, see parta) of Fig. 7]. Notice that the
latter transitions come from the 3247 keV level and represent thg 01 keV isomeric transition is not observed in the singles
decay of the’°Cu (37) isomer. The solid lines are the result of a fit y-ray spectra even though the 141 keV transition feeds di-
(see text rectly the "°Cu (37) isomeric state. However, this can be
understood because the 101 keV transition is probably an
values are 6/@) s and 44.8) s for the T and (6") "°Cu M3 transition and thus highly convertéd="5.61[42]) and
isomers, respectively, and are summarized in Table Ill. Bottits apparent intensity is suppressed by the longer half-life
values are consistent with the literature values. The half-lifecompared to the 141 ke ray.
for the (37) 7%Cu isomer is derived from the time dependence The y-decay branch that goes via the 1611.2 keV transi-
of the intensities of they rays from the 3247 keV level in tion happens with the emission of at least twoays and is
79Zn. The time spectrum is shown in pah) of Fig. 5. The therefore an exception to the above mentioned cases. It indi-
3247 keV level is only populated by th8") °Cu B8 decay, cates a larger spin difference between the state fed iBthe
as shown in partb) of Fig. 7. The fit with a single exponen- decay and the final states. Furthermore, the energies of the
tial decay function yields a half-life value of @3 s. rays in coincidence with the 1611.2 key)/'ray—the 127.4,
Using the abové®Cu half-life values, the production rates 140.4, and 267.8 keV transitions—correspond to the energy
of the three isomers could be derived. For this purpose, seifferences observed between the second and third, third and
eral y-ray intensities were used. The resulting rates at thdourth, and second and fourth resonances in(théHe) re-
experimental setup are shown in Table Ill. These rates wer@action reported by Shermaet al. at energies of 108),
determined during the neutron-induced fission experiment by266) and 36@6) keV, respectively{19]. Since the state at
implementing the Ta proton-to-neutron converter rod in thel00(6) keV was already identified as being tf&) isomeric
ISOLDE target. The rod was unable to withstand the highstate in’°Cu, it prompts us to place thigray cascade feed-
temperatures originating from the proton bombardment anéhg the (37) isomer in"Cu. It fixes new states at 228.5 and
was found twisted after the experimefi®7]. This together 368.9 keV which can be assigned as the (B26and
with the use of the lasers in small bandwidth mode, resulting366(6) keV states by Shermaet al. Hence, theB decay of

Counts

TABLE IIl. Production rates(P) at the experimental setup, experimental half-liy&s,(expt)], and
half-lives from literaturg T, ,(lit.)] with its reference for the thre®Cu isomers using the proton-to-neutron
convertor method37]. Note the lower production for th®Cu isomers because of technical problems with
the convertor system and the use of reduced laser power during these measu(sesetexst

Isomer P(10° at/uC) Ty 2(expt)(s) Tao(lit.)(s) Ref.
cu 1* 8(6) 6.62) 4.510) [21]
cu(3) 1.7(9) 332

OCu (67) 40(26) 44.52) 47(5) [20]
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"ONi breaks up in two parts: one dominant part that decay886 keV is based on their coincidence relations with other
towards the’°Cu isomer withl "=1* (98.8% of theg decay  rays, shown in Table |, and based on energy differences be-
and a weak branch that decays predominantly towards thieveen the different existing levels. To discriminate between
Cu (37) isomer viag feeding to a level at 1980.1 keV the two y rays at 385.7) keV, we use the labelt® (top)
(1.2% of thepB decay. and ‘b” (bottom) for the transitions leaving from the 706.4
The y rays at energies near 127, 140, and 386 keV werand 628.1 keV levels, respectively. The order of the cascades
found to be doublets. The case for the doublet-a#0 keV  of the 650.1-385.%) keV and 232.8-385(b) keV vy rays
was already discussed above because of the observed ismnnot be determined and might as well be reversed. There-
meric transition at 141(3) keV between th&€1*) and (37) fore, they rays and intermediate levels are shown as dashed
isomers in’°Cu. The presence of a doublet near 127 andines.
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FIG. 7. Decay schemes of the three differéPEu isomers(b) shows the decay of the newly identified isomer. g value is
calculated using the mass excess values from literééiieand from the recem®Cu mass measuremed0]. Levels not known in literature

are labeled with “*.”

The intensity balance of the rays was derived from the Spin and parity assignments of a number of levels were
peak areas from thg-gatedy-ray spectra, correcting for the made. The level at 320.7 keV lies 78 keV above thidsb-
detection efficiency using theEANT-simulated photopeak meric state and forms a good candidate for then2mber of
efficiency [43]. For some low-energy transitions, the multi- he (1,2)* doublet of thew2ps/,v2p; 1, configuration. This
polarity is known and these transitions are corrected for in. «a is similar to th&Cu neighbor, where &*) state was
ternal conversion, using R€#2]. The intensities of the tran- found 84.6 keV above the*lgrouna statg23]. Hence, we
sitions, with and without the internal conversion correction, . ’ . - . " ’ ’
are summarized in Table IV. The-branching ratios and log 259N @ tentative spin and panty gif.) to the 320.7 keV

devel. The level at 1278.3 keV is assigned I&@nof (1%) be-

ft values, shown in Fig. 6, are calculated from the intensitie : .
corrected for internal conversion. Th&branching ratio to ~ cause of its low logt values(4.0) and because it feeds both
the (1) isomeric state could not be derived from theay  the I"and(2") states in"°Cu. The level at 1980.1 keV is also

intensities but was derived by comparing the observed totadssigned ah™ of (1%), partly because of the low lofj value
"Ni B decay with the’°Cu 1* daughter activity. The latter and partly because it decays further down in a two or three
was derived by assuming an absolute intensity for thestep process to the8™) isomeric state. In combination with
885 keV transition in théCu 1* 8 decay to be 9®)%. As  the decay pattern of the intermediate 368.9 keV level, we
will be shown further, this value corresponds with the as-propose tentative™ values of(47) and(2") for the 228.5 and

sumption that the®Cu 1 isomer does noB decay to the 368.9 keV levels, respectively. Note that the state at
79zn ground state. 228.5 keV was associated with the state at(BR&eV from
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FIG. 7. (Continued.

the (t,%He) reaction reported by Shermat al. [19] and it  coincidenty-ray information from Table Il, the different de-

has been identified by the authors to be a member of theay schemes were constructed. All #9ays could be placed

(3—6)” multiplet with the2pz/,w1gg,, configuration. It thus  in one or several of the decay schemes and the complete

gives further support for thé4)~ assignment. decay schemes for the thré€Cu isomers are shown in the
corresponding parts of Fig. 7.

The intensity balance of the rays was derived from the
peak areas from the singles spectra, correcting for the detec-
Based on half-life considerations and the observed HFS afon efficiency using theceanT-simulated photopeak effi-
all the individual lines listed in Table Il, thg decay of the ciency[43] and correcting the bypassing transitions for true
three isomers if%u could be separated. Combined with thesumming effects. Based on the coincidence relations, the

H. Decay schemes of thé°Cu isomers
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1072 keV transition was found to be a doublet. The TABLE IV. Relative y-ray intensities(l,) and intensities cor-
1460 keV vy ray is a doublet with the%K background line rected for internal conversiof,.cg) for transitions in the decay of
and is corrected for by comparing it with the intensities from "°Ni, normalized to the most intense transition. The lowest order
the B-gated spectra. The intensity values for the 101 andnultipolarity of the transition, used for the correction, is shown as
141 keV isomeric transitions are also corrected for internalvell in case it is known. When the multipolarity is unknown, no
conversion[42] since these are low-energy transitions of Conversion correction was applied.

higher multipolarity(M3 and M2, respectively. Some en-
ergy levels andy-ray transitions are being populated in two E (keV) Ly
or in all three7°Qu decay schemgs, and itis t'herefore impos78_31) 34(5) M1 375)
sible to unambiguously determine thg feeding from the 126.52) 43) E1 43)
different isomers to these levels. However, due to the differ-" "

Multipolarity lyice

ences in 7, two different’°Cu isomers cannot both decay via 127.42) 3.318) M1 3418)
allowed 8 decay to the same energy level. Thdeeding is ~ 140-46) 2.916) E2 3.418)
therefore approximated by neglecting the first- and higher232.83) 2.013 2.013
forbidden contributions. The intensities of the transitions in267.84) 3.67) M1 3.67)
the decay of the three isomers are summarized in Table ¥39.q1) 25(4) 25(4)
(normalized to the strongest transitjoand in Fig. 7(nor- 377 77, 21(4) 21(4)

malized to the total3 decay. From the 101 and 141 keV 385.75)t 2,013 2013
intensities, the isomeric decay branching ratios could be e>%85'_,(5)b 9' 16 9' 16
tracted and are shown in Fig. 4. The branching ratio of the "™ -6(16) 616)

141 keV isomeric transition could also be deduced from thé">-41) 27(4) 27(4)
"Ni decay and a good agreement with the value derive®81.12) 3.59) 3.59)
from the "°Cu decay was found. 618.42) 14(4) 14(4)
The B-decay branching ratios and Idg values were cal- 650.12) 9.6(16) 9.6(16)
culateq using the intensity values from Table V. TBe © 696.41) 10.116) 10.1(16)
branchlng_ to thé_?Zn ground state cannot be_ determined Viagsg q3) 2.8(15) M1 2.415)
the y-ray intensities. Only th€®®Cu isomer is expected to 1035.62 1007 10007
decay to the 0 7%Zn ground state because of its low spin 2 a7 a7
assignment. The ground-staefeeding of the’®Cu isomer ~ +-°2-34) 63 6(3)
was deduced by Reitat al. [21] to be 4610)%. However, 1277.€2) 300 305
Franchocet al. suggest a rather weak ground-stgtéeeding ~ 1611.23) 92 92

[8,12) based on th&"Ni cross-section measurements. The
determination of thé®Ni cross section has been derived b . ' .
y assigned as™in the nuclear data sheets anel in the table

F hooet al. i feeding fi the’°Cu 1* > )
ranchooet al. assuming nog feeding from the“Cu ¢ of isotopes[38,23, the results of(t,p) and (p,p) reaction

isomer to the’®Zn ground state. If instead the value o , ) : d
46(10)% from literature would have been adopted, the pro-Studies[25,43 suggest a Sassignment for this level.In

duction rate for™Ni would have been doubled. It was awk- contrast, in recent in-beam multinucleon transfer stufb¢s

ward to reconcile this result with the measured smooth cros$ SP'N and parity of 4was suggested, based on the observa-

section behavior of th€-"Ni isotopes. In our work, the tion of the 2154 keV transition from the 3038 keV level to
ground-state3 branching could not be determined since thethe first e?<C|ted 2 level. A v line at this energy was also
Cy 1* isomer is only weakly produced compared to obser\{ed in our data but it was found to be a pure sum peak
70Cy (67). Instead, we will adopt the weak ground-state of the intense 1252 and 902 keyfays. Altogether, a spin of

: : 5 for the 3038 keV level is a more reasonable assumption.
feeding proposed by Franchet al. [8] and assume it to be . .
zero. The quoteg-branching ratios and logt values from Additional support for a spin of 5 comes from the fact that

—\ 70, . .
part (a) of Fig. 7 should therefore be considered as uppthe(6 ) "Cu isomer can decay via allowegldecay to a 5

(respectively lower limits. The above assumption was also state but it cannot do so to & 4tate. We therefore assign a

used in the derivation of th&Ni ground-states branching  tentative spin and parity of5”) to this level. The spin and
(see above A small direct feeding of the "lisomer in7°Cu parity of the 3247 keV level are not known in literature. The

to the 0" ground state if%n can be understood when con- allowed decay of théOCu'(B‘) isomer however restricts the
sidering the involved configuratiorisee Sec. I). spin to 2, 3, or 4. Spin 2 is excluded since the 209 kefay
The I values shown in Fig. 7 are taken primarily from would then be a delayeM 3 transition to the(57) state at
literature [6,38], except for the 2539, 3038, and 3247 keV 3038 keV and this \_Nould cause the 209 keV transition to
levels. The 3247 and 3038 keV levels receive a large fractioR@ve a longer half-life. Furthermore, the level should also
of the B-decay strengtiflog ft=5.4 and 5.2, respectivelyn decay via fg;El transitions to the two Iowgst*ZStatgs but _
the 7°Cu (37) and (67) S decay, respectively. It implies al- thesg transitions are not obse(ved. A spin (_3f 3is glso in
lowed decay, and hence it fixes the parity of both states to peonflict for similar reasons. A spin of 4 is consistent with the
negative and restricts the possible spin valga$=0,1).
There exists some disagreement about the spin of thelin the earlier evaluation of the nuclear data sheets|,™aof 5
3038 keV level in literature. Although this level has beenwas assigned for the 3038 keV levd#).
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TABLE V. Relative intensitiegl,,) for the transitions in the decay of the thré€u isomers. For each
isomer, the normalization is such that the most intense transitioh,fa400.

E (keV) lrel E (keV) lrel E (keV) lrel
1072.21) 15(2) 1023.32) 0.596)
°Cu 1* decay 1100.52) 6.8(8) 1108.411) 9.31)
141.33) 7.84) 1191.52) 3.57) 1226.37) 2.169)
185.8%3) 3.32) 1251.71) 10.47) 1251.71) 73.33)
874.338) 9.44) 1460.42) 3.88) 1270.82) 1.658)
884.889) 10Q12) 1653.92) 16(1) 13151) 0.576)
1072.21) 19.26) 1759.62) 5.45) 1413.92) 0.74(7)
1255.42) 9(1) 1809.15) 11(1) 1426.52) 2.601)
1759.62) 6.53) 1975.@44) 14(1) 1476.12) 1.358)
1875.82) 4.32) 1520.13) 1.209)
Ocu(6”) decay 1550.§3) 1.4Q08)
OCu (37) decay 438.22) 1.406) 1555.23) 0.947)
101.13) 98(16) 560.828) 1.037) 1569.82) 0.837)
208.7%7) 10.47) 584.11) 0.837) 1690.32) 6.31)
387.1G5) 10.27) 750.02) 1.258) 1809.15) 0.264)
553.21) 5.47) 783.12) 0.496) 1815.@5) 1.047)
708.427) 19(1) 884.889) 100.04) 1954.23) 2.801)
779.12) 6.47) 893.16) 2.0009) 2061.66) 4.91)
874.338) 7.97) 901.71) 99.74) 2117.24) 0.576)
884.889) 10Q(5) 906.51) 0.243) 2166.25) 0.505)
901.71) 51(5) 963.31) 0.747) 2771.26) 1.798)
906.51) 5.28) 988.43) 0.727) 3062.16) 2.399)

observedy rays, except for the decay to the 2538 keV level,(j7+j3) down to|j7—j3 with j; being the total angular mo-
which hasl™=2" according to the nuclear data shef88].  mentum of orbitali. Due to the residual interaction, these
The spin of 2 is based on then,n"y) work from Refs.  states will split up in energ§48,18. The energy will have a
[24,47, although a 3 could not be excluded by the experi- quadratic dependence d¢fi +1), with | being the spin, and
mental error. Therefore, we assume the 2538 keV level to bghysE =al?(1+1)2+bl(1 +1) +c, i.e., the energy values lie on
a(3") state and the 3247 keV leveld’) state. Anl™ of (4) 5 paranola as a function dfl +1). Since it concerns both
of the 3247 keV level is also strongly supported by the She”'particles in7°Cu, the parabola will be faced down, having

model descriptiorsee Sec. Il one maximum for an intermediate spin value. The most im-
portant 77-v-coupling schemes are schematically drawn in

Fig. 8.
I1l. DISCUSSION . . .

A careful comparison with the levels observed in {Be
A. Shell-model interpretation of excited states in’°Cu decay of °Ni (see Fig. 6 shows that the six lowest levels

can be readily explained using this simple appro@ee also
Fig. 2 of Ref.[40]). The "°Cu ground state and its first ex-
cited isomeric state at 101.1 keV were already attributed to

In the extreme shell-model pictur@CuM can be viewed
as having one valence proton outside #w28 closed shell
and one valence neutron outside the closkd40 subshell.

The experimental quasiparticle energies in the vicinity of the'€ 6 and 3 members of ther2ps/,v1ge, multiplet. The
88Nii 40 semidouble magic nucleus can be determined from th ther members are most probably the states at@nd
energy levels of th€3Cusy=58Ni® 7 and SN =58Ni 06(6) keV according to Sherm_anet gl. [1_9]. The
v nuclei, as shown in the left part of Fig. 8. The order of 2286) keV state was already associated with (48 state at
the excited states if%Cu is in agreement with the shell- 228.5 keV observed in th€Ni decay. Hence the 506) keV

model predictions for the®y,, 1fs 2Py, and Igg, proton  State is most probably thé&") state. Ther2p;,v1ggy;, CON-
orbitals. The mlge, orbital lies high up in energy, at figuration is indeed expected to determine the lowest-energy
2553 keV, indicating the existence of tf&=40 subshell. states in"®Cu since it is made by cc:up!ing the two orbitals
The %Ni case is similar and the excited states correspond téhat are lowest in energy. Thél") isomeric state at
holes in thev pf shell. 242.4 keV and thé¢2*) state at 320.7 keV were already pro-
In "°Cu, the valence proton and neutron will couple givingposed to be members of the,2)* doublet having the
rise to a multiplet of states with spin values ranging from 772p3,2v2p1,12 configuration. This configuration is indeed the
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Ouasi particle states T — v-coupling _ To vglidate further the predictions made and to get an
insight into the structure of other possible states, we have
68Ni® morv 27;)Cu41 also performed large-scale shell-model calculations using a
realistic effective interaction as given §y-matrix calcula-
92+ 2553 ot tion [51] with the modified monopole pafb2]. The model
Top space consists of th€lfs;,2ps2p1210g,) Orbitals outside
1 - the °®Ni core without any restrictions on their occupation.
o+l "Eonveonig+ The results of the diagonalization, performed with the
shell-model codeaNTOINE [53], are also shown in Fig. 9 and
are in rather good agreement with the experimental data. The
calculations show more mixing between the different con-
figurations, however the main components of the lowest
5- states can be clearly selectege Table V). As follows from
1400 4 this taple, _the con_tributiorl of:che proposeﬂpg,z_vlgg,z con-

s, Vot (Vo)™ 3 6 figuration in the first 6, 37, 47, and 5 states is more than
32 1214 5 s Vegn | 52%, supporting the calculations using a more schematic
l% 5f x93 7 force presented before. The second largest configuration is

" Ve (V) R , always 72p,0(1f;51g3,,) of about 18—20%. The contribu-
T3y VP12(VEs)* : : ;
o+ tion of other configurations does not exceed 6%.
Py (VEgn)®? 1+ — The structure of the lowest"land 2 states is dominated
12 31 5 by 72ps,(2p11d3,,) configuration, with the second largest

TPy Ve, 4 component beingr2ps,v(1f-52p;1551ds),) (see Table .

L2 2 9’29 — Vo) .. The calculated magnetic moments of the isomers are
69Cu Nl41 3 6 given in the last column of Table VI and are in very good
29 40 28 agreement with the measured valj§].

The states, belonging in the extreme single-particle shell
FIG. 8. Quasiparticle states in the vicinity 8Niy, (lefty and ~ model, to the second negative parity multiple,—7") from
proton-neutron coupling schemesCuy; (right). the 71fg;,v1gg,, configuration, are predicted by the present
realistic calculations to have more strongly mixed wave
second lowest in energy and is thus expected at energies ofdnctions. The first 27" states and the secof@ -6 ) states
few hundred keV. placed by the calculation at energy between 1275 kY
To check the degree of purity of the lowest multiplets, we2~ Stat§ and 1797 keMfor 7" statg do not contain a single-
have performed shell-model calculations usifigi as a core  component contributing more than 18%. The same is valid

and a well-known zero-range interaction of the tyg6,5q  for the next excited 1states: all of them represent a complex
mixture of many different pure configurations. Surprisingly,

V=-Vudr,.-7)1l-a+ago,0,), (1)  butin the present calculatiqat least within the 10 lowest'1
) _statey we do not find the one with the dominant
acting between the valence proton and valence neutron with1q, .11g,,, configuration as seen experimentally for the 1

the strengtt/o=400 MeV i and a=0.1. These values of  state at 1980.1 keV. The precise origin of this deficiency is
the parameters result in two-body matrix elements thahot well understood as yet.

come closest to those of the realistic interaction which
will be described below, and they give a reasonable de-
scription of the spectrum of®Cu. The eigenvalues are
shown in Fig. 9 and are compared with the part of the As already mentioned, th@Ni 38 decay feeds directly the
experimental data. Only the low-energy negative parityl* “®Cu isomer and higher-lying states prompjlylecaying
states can be discussed, since the excitation of neutroris two different isomers i°Cu, see Fig. 6. Most of the
from v2p,,, orbital is not allowed in the chosen model decay arrives at thé®Cu isomer but a weak decay branch
space. In a good agreement with the discussion above, tfeso feeds the 1980.1 keV levél.2% B branching which
lowest (37—67) states have dominant contribution of the furthery decays partly to thé®Cu isomer. Hence, the nickel
m2p3,v1gg, configuration(from 90% to 99%, while the  decay can go through two different mechanisms that need to
second multiple{2™—7") arises mainly from the coupling be interpreted.

of wlfs;, and vlgg, orbitals (=80% for 4,5 state$. The The first mechanism for nickel 16 decay is interpreted as

6, state lies at 1.1 MeV and is not seen at the scale of th@ ¥2py; neutron that is converted into@2ps, proton. This
figure. The inversion of the 3and 6 states is not essen- is the most favorable allowed decayl =0, with| being the

tial, since it is within the precision of the schematic shellorbital angular momentumsince the final configuration
model. The only possible *1state in this model space 72ps;2v2p;, is low in energy(see Figs. 6 and)8A substan-
corresponding tarlge,r1gg, configuration is positioned tial amount of all decays goes immediately to 11€) iso-

at 2.354 MeV, inrather good agreement with the experi- meric statg71%) and eventually all other decay will end up
mental value 0f1.980 MeV. in this state as well because this is the lowest state having the

B. Shell-model interpretation of the "°Ni B decay
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FIG. 9. Experimental and theoretical spectrum.§€u,;. See
text for detalils.

772p3,2v2p1,2 configuration. The second mechanism for
8N|42 to decay is found by transforming elgg, neutron
into a wlgg, proton. This is again of the allowed type but it

PHYSICAL REVIEW C 69, 034313(2004)

is necessary that the proton moves to orbitals of lower en-
ergy. By lowering the proton from thelgy,, to the 71fs),
orbital, the nuclei will arrive at therlfs,,v1gg, configura-
tion that is arranged in @—7)~ multiplet. The 1611.2 ke\y

ray can be interpreted as the transition to this configuration
and the level at 368.9 keV as th@) member of the
71fgov1ge,, Multiplet. The 368.5 keV level can further de-
excite by lowering the proton from thelfs,, orbital to the
2p3, orbital. This leads to the population of t18,4,6~
states having ther2p;,v1ge, ground-state configuration.
Note that states having the2p,,v1gq, configuration will

not be populated in this decay although it would be energeti-
cally possible. However, these states will haVe (4,5~ and

the spin selection rules thus prevent them from being popu-
lated. They ray at 126.5 keV forms an exception to the
above story since it connects thg") state with the(1%)
isomeric state. This transition cannot be interpreted in terms
of simple single-particle transitions; the used shell-model
picture is oversimplified and admixtures between different
configurations should be included.

In this context, we have calculated the Gamow-Teller
[B-decay rates using the shell-model wave functions obtained
from the large-scale shell-model calculations as described in
the preceding section. In Table VII we present the theoretical
B(GT) and logft values, where

is energetically less favorable since the copper daughter

nucleus will only have arlgg,»1gg,, configuration at high
excitation energy. It gives rise to €@-9* multiplet, as

shown in Figs. 6 and 8. However, due to the spin selection

rules of allowed transitions, only thé,1)* states can be
populated by the Onickel ground state. Thél") level at

ft = 1940 2HIOGT 1),
()

(9a79v)er=0.740a/ 9v),

sien *CV a1

calculated with K=6260 s,

1980.1 keV is interpreted to be a member of this multiplet(ga’gy)=1.251, andO(GT) denoting the Gamow-Teller

since it has high excitation energy and gets all the feeding imperator.

The quenching factor d@.74 is a standard

this decay branch. In order for this state to further deexcite, ichoice for this mass regiofb4]. The agreement of the

TABLE VI. Structure of the lowest states fCu as follows from the shell-model calculations with the realistic effective interaf5idn
The magnetic moments of the isomers calculated with the effectivegsfaintors[(gZ"")eff=0.7(gZ"")free] are given in the last column.

" Eexpt (keV) Etheor (kEV) Configuration (%) Mexpt () [13] Miheor (4n)

6 0 0 72P315 1002 (59) (+)1.507)(8) 1.56
m2pg(Lf555105,) (18)

3 101.1 87 72P315v 1007 (56) (-)3.507)(11) -3.28
m2P3ov(1f55105,,) (18
4 228.5 336 m2P3/2v109/ (52
m2P3ov(1f55105,,) (18
5 506.6 582 m2P3/2v10e2 (52
m2p3jov(1f55105,,) (20
2 368.9 1275 m1fs0(2p1510% ) (12)
71fs (1155105, (12
m2Paov(1f55105,) 1)
mlf5ov1dgs (10

1* 242.4 383 2Py 2pT5102 ) (51) (+)1.864)(6) 2.20
72P3/20(1f57520715105 ) (14
o+ 320.7 317 2D3120(2P15195)) (49
72P3120(1f57520715195 ) (13
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TABLE VII. Theoretical and experimental lofj values of the Gamow-Telleg decay from’™Ni to excited states if°Cu. The
shell-model calculations have been performed with the realistic effective intergbticsd.

ngpt Eexpt( keV) | theor Etheor (kEV) B(GT)expt B(GT)theor |Og(ft)expt l0g(ft) heor
1* 242.4 T 383 0.497 0.439 4.1 4.15
697.7 T 1044 0.079 0.067 4.9 4.97
(1% 1278.3 i 1594 0.626 0.767 4.0 3.91
1520.6 1 1862 0.249 0.071 4.4 4.95
(1% 1980.1 L 2206 0.198 0.006 4.5 6.02

calculated and experimental values is remarkable for thésomer is only allowed to decay to thd™) zinc state. It
three lowest states, and worsens for the transition rates taicely explains the observe@-feeding pattern. Thé*Cu 8
the 1521 and1980 keV states for which the calculation decay to the states around 4.5—-5.0 MeV can be interpreted
seriously overestimates tH&GT) values extracted from as the transformation of the uncoupletgy, neutron into a
the data. m1gg, proton, leading to ther(2ps 19/, ¥2p;5 configura-
tion.
C. Shell-model interpretation of the "°Cu B decay

The B decay of the three isomers {ACu, shown in Fig. 7, D. The 101 and 141 keV isomeric transitions
goes primarily to a few specific levels f#9Zn. The "°Cu 1

isomer decays mainly to the* Ztates at 885 ke(log ft The experimental partial half-lives for the 141 and

101 keV isomeric transitions are 97 s and 69 s, respectively.
=5.9), 195? Kev(log ft=5.6), _and 3635 keMlog ft=5.4), They can be compared with the theoretical Weisskopf esti-
the "%Cu (3°) isomer to the(4") state at 3247 keVlog ft  atas foM2 andM3 transitions, yielding % 10°° s(anM2
=5.4), and the’®Cu (67) isomer decays primarily to th&) o 141 keV) and 300 sanM3 of 101 ke\j [23)]. This gives
state at 3038 keVlog ft=5.2 and to a few high-energy for B=T, (Weisskopf/T,(exp the valuesB(141 ke\)=3
states at 4.5-5.0 MeV6.0<log ft<5.5). Most of these 107 and B(101 keV)=4.3. Thus, for the 101 keV transi-
transitions and levels can be interpreted by the shell modekion, the estimates predict the correct order of magnitude but

The "°Cu I' isomer is mainly determined by a for the 141 keV transition there is a difference of seven or-
72p3,1(2py5105;,) configuration. The most favored allowed ders of magnitude between theory and experiment. The
/3 decay will be the transformation of the, , neutron into a - weisskopf theory is however limited since it makes several
72y Proton giving rise to ther2pz,v1gg, configuration in - assumption§49] that do not hold for thé°Cu nucleus. Nev-
79Zn, a pair excitation across =40 subshell. Hence, the ertheless, the Weisskopf estimates are known to give good
885 keV state will primarily have this configuration. As agreement with experiment over a wide range of the nuclear
stated before, the experimental evidence out of th de-  chart.
cay study points to only a small direct feeding to t&n In order to explain the deviation of seven orders of mag-
ground state. This can be understood because the direct dgitude, it is necessary to look at the shell-model description
cay can only address the2p;5vlgs5, component inZn  for multipole transitions in nuclei with two valence particles
which is apparently low. The state at 3635 keV cannot bg50]. The reduced matrix element for an2 operator be-
interpreted to have the same configuration because this staggeen an initial 1 state in thew2p3,2v2p1,12 configuration
does not decay to the 885 keV level, nor to then ground  and a final 3 state in them2ps/,v1gs), configuration is found
state. It implies that it is made up from a different configu-to be zero. Only arM4 operator leads to a nonvanishing
ration. Possibly, it is populated by the conversion ofllg;,  transition probability. The Weisskopf estimate for the partial
neutron into a wlgg, proton, resulting in a half-life of an M4 transition of 141 keV is in the order of
7(2P312100/2) ¥(2P1/510e/) configuration. This configuration 108 s, which is far too slow for the observed 97 s. It is clear
has four unpaired particles and is therefore expected at higihat the states cannot be pure shell-model configurations but
energy. The observed decay of the 3635 keV state to thghey are partially mixed, due to the residual interac{i5@).
1759 keV state cannot be interpreted as a single-particlg the initial state is partially mixed with ther2ps,vifs,
transition because of spin and parity considerations. configuration, arM2 transition again becomes possible.

The other’®Cu isomers both belong to the2ps/,v1ge/ It is instructive to compare this case with t$3&Cus,
multiplet, shown in Fig. 8. The allowed decay will transfer  neighbor, having two neutrons less. In the shell-model pic-
a vpy, neutron into aw2ps, proton. This leads to a ture, this nucleus has a valence proton in #p,, orbital
m2ps5,(2p1 510012 configuration in zinc, giving rise to a and a valence neutron in the€p,, orbital. The situation is
(4,5~ doublet of states that can be associated with the 324Very similar to’°Cu: the low-lying positive parity states will
and 3038 keV levels, respectively. In principle, both isomersmainly have thew2p;,12p;;, configuration; the negative
should decay to both states. But due to the spin selectioparity states will mainly have the2ps,,v1gg,, configuration.
rules of allowedB decay(Al=0,1), the (67) copper isomer An M2 transition from the 3 state at 610.5 keV to the
will only decay to the(57) zinc state and th€3™) copper 1*-ground state is observed but it is not delaye8]. The

034313-17



J. VAN ROOSBROECKet al. PHYSICAL REVIEW C 69, 034313(2004)

Weisskopf estimates for a2 transition of 610 keV are in  7%Zn. A large-scale shell-model calculation using realistic ef-
the order of 10% s and thus agree roughly with the observa-fective interactions was performed and allowed a more de-
tions. However, since the shell-model configurations of thdailed insight into the main configurations of the low-lying
3~ and T' states are believed to be the same a&@u, the states of’Ni. It showed that the6™,37,47,57) states from
transition matrix element for a2 should vanish and only the lowest multiplet contain about 50% of theps,r1gy/,
an M4 transition is allowed by the theory. To explain the configuration, but also that at least 33% stems from a neutron
observed fast half-life, it is necessary to assume also here 2p-2h configuration through thél=40 subshell closure. A
strong v1fs;, admixture in the ground-state wave function. similar conclusion was drawn for thd*,2*) multiplet. All
other states appear to be strongly mixed and the calculation
IV. CONCLUSION could not reproduce the 1980 keL*) state that according
) ... toits feeding and decay characteristics should be of rather
The complementarity of the LISOL and ISOLDE facilities 1, e character. The latter forms a challenge for the effective
has nicely been demonstrgltgd by %esentlng the results frofRieractions used in the region of the chart of nuclei. The
a p-decay study of both’®Ni and "Cu. In addition, the yoqyts presented in this work indicate the existence of a
power of the in-source laser spectroscopy method in combizaihar weak subshell closure At=40 and the®Ni core

nation with conventional decay spectroscopy has been showRerefore cannot be treated fully as an inert core.
as well since it has yielded the identification and a clear

separation of a new thirg-decaying isomer in°Cu. The
experimental results could be combined in a consistent way.
The shell-model description of th€Cu nucleus in the We gratefully thank J. Gentens and P. Van den Bergh for
picture of a®®Ni core plus two valence nucleons provide a running the LISOL separator. We would like to acknowledge
good basis to explain the existence of the three isomers artéle ISOLDE technical group for assistance during the experi-
to describe the different branches in tHali g8 decay to the ment. N.A.S. thanks E. Caurier and F. Nowacki from IReS
0Cu 1" and (3") isomers and their subsequefitdecay to  (Strasbouryfor making available their shell-model code and
specific excited states in th&Zn nucleus. It allowed the interaction, and for useful discussions. This work was sup-
determination of the dominant shell-model configurations ofported by the Inter-University Attraction Pol@&JAP) under
the ground state and several excited state$’@u and in  Project No. P5/07 and the FWO-Vlaanderen, Belgium.
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