PHYSICAL REVIEW C, VOLUME 64, 054308

Monopole migration in 87%7Cu observed from B8 decay of laser-ionized® "*Ni
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The neutron-rich isotope®~"Ni have been produced at the LISOL facility in the fissior?81 induced by
a 30-MeV proton beam. They have been extracted selectively through resonant laser ionization and electro-
magnetic mass separation. Production rates have been deduced and deviate from theoretical prediciions. The
decay of the isotopes has been investigated by mea pfand y-y spectroscopy. Half-lives have been
determined for®"Ni, and the level scheme has been extended®{@u and newly established fdt"*Cu.
The constructed schemes show an unexpected and sharp loweringrdfstherbital with respect to therps,
ground state. This feature is ascribed to the monopole term of the residual proton-neutron interaction and is
well reproduced by realistic shell-model calculations.
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[. INTRODUCTION nuclides dictated by the so-called waiting-point nuclei. In
particular, it is generally suspected that th&Ni nucleus
The region of medium-mass neutron-rich nuclei aroundplays a privileged role. Therefore, if the predicted magicity
Z=28 and 48<N<50 has been the subject of intensive ex-around’®Ni weakens or disappears, it may profoundly affect
perimental investigations in the last few yedds-5]. The the stellar nucleosynthesis.
reason for this interest is twofold. First of all, the evolution ~ Amidst the former approaches endeavored to study the
of the single-particle structures toward&Ni constitutes a heutron-rich nickel isotopes, traditional deep-inelastic reac-
test ground for the nuclear shell model. Although a doublytions of °Ge and®?Se on natural tungsten have led to the
magic nature is propounded for this nucleus, it remaindalf-life determination of®®Ni [11] and unraveled the decay
poorly understood to which extent the excess of neutron mascheme of°Ni [12]. Quasielastic transfer on &zn target
ter will act upon the nuclear properties. Probably most no{13] or on ®Ni projectiles[14] has indicated a possible neu-
ticeably, Hartree-Fock-BogoliubofHFB) calculations fore-  tron subshell closure ifi®Ni, the latter reaction equally deep-
see the displacement of shell gaps and a dilution of the spirening insight into the structure d®Cu [15]. Renewed ex-
orbit interaction far from stability{6]. Recent theoretical periments on multiproton transfer frofffGe have showed
work for the nickel isotopes ranges from straightforwardthe existence of microsecond isomers #Ni and %°7iCu
Tamm-Dancoff-approximatiofTDA) half-life estimate§7]  [3,15,16.

to highly elaborate HFB SKO' predictions[8], while shell- Nevertheless, in spite of its success near the brink of sta-
model approaches allow the reproduction of various levebility, the technique suffers from sharply dropping reaction
structures with an ever growing degree of precidi®h yields for exotic nuclei. On-line mass separation, on the

A second motivation is related to the astrophysicpto-  other hand, is generally limited by the difficult and slow
cess, which is the mechanism of rapid neutron capture bgxtraction of nickel from conventional plasma or surface-
seed nuclei in explosive stellar environmefits]. While the  ionization sources. While the half-life measurement®®i
detailed flow of this reaction network is difficult to establish, could still be achieved by means of a hot-cavity ion source at
it is still supposed to follow a path among the neutron-richthe on-line mass separator of GSI-Darmstddf], at

ISOLDE-Geneva the release time surpasses several hundreds
of secondg18], inhibiting spectroscopy beyontfNi.

*Present address: CERN, CH-1211 Geneva 23, Switzerland. Almost all experiments so far aiming at neutron-rich
TPresent address: NSCL, Michigan State University, East Lansing)ickel isotopes have therefore been performed at fragment
Michigan 48824. separators. The first identification 8-"Ni and lifetime de-
*Present address: CEA Saclay, F-91191 Gif-sur-Yvette Cedexermination of “~"Ni have been carried out through
France. thermal-neutron-induced fission 6t°U and 2%u at the Lo-
$present address: Physics Department, University of Oxford, Oxhengrin recoil spectrometer of ILL-Grenoll&9]. The frag-
ford OX1 3PU, United Kingdom. mentation of®Kr at the LISE-3 separator of GANIL-Caen
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has allowed for the investigation of additional microsecondization. An important role herein is played by the available
isomers in8~"Ni, 71-7€y[1], and "®Zn [5]. The same plasma electrons, created by the impact of the cyclotron
reaction at higher beam energies has enabled the measutgzam on the buffer gas.

ment of the half-life of *~"Ni at the FRS device of GSI-  The radioactive atoms are guided downstream by the gas
Darmstadf20]. Attempts to reach exotic nickel and copper flow into the pathway of a laser system. At this point reso-
by fragmentation of °Ge have been undertaken at MSU-Eastnant photoionization takes place, enabling for the exclusive
Lansing[21,22. Recently, much effort has been devoted toselection of the nickel isotopes present. The removal of an
relativistic fission of the incoming projectile in inverse kine- glectron proceeds in two steps. A first laser photon of 232.00
matics. The pioneering work at the FRS machine has beepm wavelength excites the atom from tRE, ground state
credited with the first identification O'F7Ni and the |0ng' to the 365 intermediate state. A second photon of 537.84 nm
sought "Ni [23]. lifts the atom into an autoionizing state.

The development of a laser ion source at LISOL-Leuven The photons are delivered by two dye lasers. For the first
[24] has brought a sharp turn in this situation. Opting forstep, a frequency-doubled second harmonic is generated. The
charged-particle-induced fission reactions in combinatioruye lasers are pumped by two synchronized excimer XeCl
with a highly advanced ion-guide and laser technology, Waasers that emit ultraviolet photons of 308 nm wavelength.
have been able to surmount the restrictions of multinucleorrhe |aser light irradiates the gas cell along its longitudinal
transfer reactions as well as the shortcomings of earlier ISOLyis at a repetition rate of 200 Hz, fast enough to ensure that
ion sources. Producing remarkably pure samples of the isqhe majority of the atoms cross the laser paths at least once.
topes of interestB-decay studies could be performed by The pulse width measures 15 ns, the diameter of the laser
means of-y and y-y spectroscopy. As a result of the se- heams about 5 mm. The energy per pulse amounts to 0.3 and
lectivity of the Gamow-Teller operator, it has provided us3 mJ for the first and second steps respectively.
with a unique way to probe for specific single-particle struc-  After 200-300 ms, most of the ions are evacuated from
tures. The decay of*"""Ni has yielded evidence for the the source through an exit hole of 0.5 mm diameter. The
monopole migration of therlfs, orbital [2], while the |arge pressure gradients turn the gas flow into a rapidly ex-
strength of theN=40 subshell closure around the semimagicpanding shock wave. While the neutral atoms are being
nucleus®*Ni has been carefully explored]. pumped away, the ions of interest are directed by means of a

In this paper we report on the decay of®®"Ni. In the  potential difference of 250 V towards a sextupole ion guide
following section we turn to the setup of the experiments(SPIQ [25]. This structure allows for the smooth transition
carried out at the LISOL separator. The identification procefrom the high-pressure area of the gas cell to the low-

dure for the newly discovereg rays is described and the pressure zone of the mass separator.

measured half-lives are compiled. Next we extract the pro- The SPIG consists of six metallic rods cylindrically
duction rates for®®"Ni and compare these to theoretical mounted behind the exit hole of the ion source. The length of
predictions. The efficiency and the selectivity of the laser ionthe rods measures 124 mm, and the inner diameter of the
source are deduced. In the subsequent sections we presgftucture equals 2.5 mm. The distance from the exit hole of
the decay schemes obtained f8r'*"Cu. We investigate the the source to the entrance of the SPIG is fixed at 2.5 mm. An
evolution of single-particle structures and discuss some resscillating voltage with a frequency of 4.7 MHz and an am-

cently developed theoretical approaches. plitude of 150 V is applied on the device such that every
other rod is at all times in antiphase with its neighbors. While
Il. EXPERIMENTAL SETUP the electromagnetic field radially confines the radioactive

ions, the remnants of the neutral gas jet escape through the

The neutron-rich nickel isotopes are produced in protonopen space between the rods and are likewise pumped away.
induced fission of**®. The 30-MeV proton beam with a The frequent collisions with the gas atoms during the first
typical dc intensity of 10uA is delivered by theK=110 few millimeters inside the SPIG effectively cool the ions
cyclotron at Louvain-la-Neuve. It crosses au3n Havar  such that on leaving the cylinder the kinetic-energy spread of
window before entering the ion source, where it impinges orthe beam on the symmetry axis is narrowed to less than 1 eV.
two foils of natural uranium with a thickness of 10 mgfm The beam is injected into the mass separator, consisting of
In order to maximize the production rate, the targets area 55° magnet with a radius of 1.5 m. The mass resolving
tilted to an angle of 20° with respect to the beam axis. It ispower, given by the ratio of the separated misisto the full
estimated that fission fragments in the mass redien70  width at half maximum of the mass peak in the focal plane
carry away about 120 MeV, which results in a fraction of AM, reaches 1450. Prior to the implementation of the SPIG,
30% of recoils that emerge from the targets towards the inthe mass resolution amounted to only 300.
terior of the ion source. The mass-separated nickel ions are implanted in a Mylar

The inner volume of the ion source measuress tape of 6 mm width. The tape tube is surrounded by two
X2 cn?. Inside the source a continuous flow of argonhigh-purity germanium detectors with a relative efficiency of
buffer gas is maintained at a pressure of 500 mbar. The gas % and 75%, respectively. Both detectors are positioned
purified to the part-per-f0evel. About 30% of the reaction opposite each other at 1 mm from the implantation chamber,
products is stopped and thermalized by collisions with thewhile in between a plastid E scintillator with a thickness of
argon atoms. The recoiling ions reside in the gas cell forl mm and a surface area of *80 mn? is sandwiched.
several milliseconds, long enough to allow for their neutral- The energy spectra of the germanium detectors are cali-
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brated with off-line radioactive sources 6f%Eu and *°Co TABLE . Investigated mas#, macrocycle on-off period, total
before and after the experimental runs. In most cases a pardeasurement timét, and beam-pulse curreiiton and off reso-
bolic dependence of the energy on the channel number j&2"C€:
observed and quadratic fits are performed to yield reliablé On resonance Off resonance
results. Extrapolation of the fit beyond the last calibration
point at 1408 keV induces a systematic error, which is act Cycle (s/9 At b (uA) at b (uA)
counted for by the larger error bars. This refined treatmenggs  40/120 25 h 03 min 56 6 h 08 min 6.2
has induced some differences with respect to the energy vagg 6/10 9 h 01 min 6.1 _ _
ues quoted in Ref2], notably for “*Cu. 70 24/40 5h24min 101 2h00min  10.3
The efficiencies of the detectors are determined by meang, 6/10 35h09min 61 7h09min 25
of intensity-calibrated radioactive sources GfEu, on-line 72 6/10 11h52mn 64 3h20min 60
radioactive sources of®Y, %Nb, and'*Ba, as well as the .4 35 28h39mn 82 7hoSmin 120
computer codeseANT [26]. The latter explicitly takes into -, 35 13h12min 84 3h44mn 62
account the scattering g8 particles into the germanium
crystals, which is caused by the proximity of the various

detectors to the metal frame of the tape system. Since a '@y qsen to match two or three lifetimes and the decay five to
liable off-line reconstruction of the actual experimental con-g;,

ditions is often difficult to realize, the efficiencies computed :I'he applied macrocycles for the nickel isotopes investi-

by GEANT are further adopted as final values, while the effi-g 40 are Jisted in Tabie I. Also included are the total mea-
ciency results derived from the calibration sources serve as g’hrement timed\t and the cyclotron beam-pulse currehts

conferation. ) is shiel ; . the latter defined as the currents measured when switching
The detection setup is shielded from exterpaladiation ot the pulsation. Both quantities appear for the runs with

by 5-cm-thick lead bricks. To prevent fission neutrons fromy 4 \ithout laser irradiation of the gas cell. Note that at mass
penetrating into the detectors, the construction is surround only resonant data were collected. At mass 71, the off-
by 10 cm.of porax bI.OCkS and cqvered by 20 cm of p°|yet,h'resonance statistics stem from an earlier preliminary experi-
ylene grains in plast!c bags. Active bgckground SUPPressiofant at LISOL and have been published elsewhia7@.

is achieved by applying-y andy-vy coincidence conditions The B-gatedy spectra collected at mass 69, 71, and 73

on the data acquisition as well as the implementation of & hiotted in Figs. 1-3. For mass 73 the data on resonance,

pulsed time structure. _with laser light present in the gas cell, and the off-resonance
Even when the laser light is switched off, a small fraction o nts " accumulated without laser light shining into the cell,
of the reaction products escapes from the gas cell as ions in

a 1* or 2" charge state, giving rise to a nonresonant signal.

In order to reduce the background radiation originating from 500 -
the decay of these ions, a cyclic time structure is imple- E * _ as0t BN
mented. So the proton beam is triggered for a span of 25  “° [ M=69 " 400t ‘?N NI
ms, while transmission through the SPIG is inhibited. Here- b 350} ¢/’ %\?}
after 250 ms follow during which protons are no longer ac- o QMM
celerated. The SPIG voltage is switched on 5 ms after thr .. | 2000
cyclotron bombardment has stopped, avoiding too large r B0E
space charge to build up that might eventually block the 300 L ‘22
SPIG. Current is released from the ion source for 245 ms , | * o
after which the SPIG field is disabled once more and the § 250 fime (=)
cyclotron beam resumes. It has been determined that 250 n © i
correspond to the mean evacuation time of the gas cell. 200 ¢ *

Moreover, an asymmetric macrostructure is superimpose :
onto the described microstructure. Its first part consists o .
the previous microcycle repeated for an integer number o
times. A second half is appended during which the cyclotror * *
is tuned down and the SPIG field turned off. At the end of the "
macrocycle, the Mylar tape at the detection station is reele: l

b " b

in over a couple of centimeters. It removes the radioactivity
of the remaining decay products, before the macrocycl
starts over again. The resulting time structure entails thau

the measurements can be divided in a macrocycle growing-in  fG. 1. Beta-gatedy spectrum on resonance for mass 69. The
period, marked by a high background of fission neutronsptegrated proton beam dose was:370* xC. The rays belonging
produced during beam irradiation of the target, and an almosp the decay of*®Ni are marked with an asterisk, to the decay of
noise-free decay interval. Since the half-lives of the paren®Ni™ with a cross. The inset shows the time evolution of the
nuclei are to be deduced out of the time behavior oOfintensity attributed to the decay &PNi, with an exponential fit
the emitted y rays, the growing-in period is generally drawn through the data.

200 400 600 800 1000 1200 1400 1800 1800 2000

Energy (keV)

054308-3



S. FRANCHOCOet al.

2500

2000

1500

Counts

1000

500 —

L B

L e e R

2250 F
2000 ¢
1750 F
1500 F
1250
1000 |

(> oy

g,

7466 10 12 1416
time (s)

7600 1800 2000
Energy (keV.

7400

PHYSICAL REVIEW C 64 054308

are drawn. The off-resonance spectrum is multiplied by an
appropriate scaling factor to account for the difference in
beam dose with the on-resonance statistics. Since tives
belonging to the decay of copper that are visible in the on-
resonance spectra are nearly completely suppressed off reso-
nance, the copper contribution must originate from the
nuclear decay of the laser-ionized nickel nuclei. This proves
the resonant signal coming out of the source chiefly consists
of nickel and does not contain directly produced copper,
which in turn ensures the selectivity of the ion source.

Ill. HALF-LIFE DETERMINATION

The identification ofy rays proceeds in several steps.
First of all, peaks that are present in the on-resonance
B-gatedy spectra and not in their off-resonance counterparts
in principle can only result from photoionization in the reac-
tion chamber. Hence it restricts the possible assignments to

*
@30 * | % li
Wk ek N Al

800 1000 1200 1400 1600 1800 2000

,,,, the decay of nickel or its daughters. A second criterion fol-
lows from the time behavior of the activity. In particular,

Energy (kev) the time pattern of a daughter nucleus is unambiguously de-

FIG. 2. Beta-gatedy spectrum on resonance for mass 71. The
integrated proton beam dose wasA 4>’ wC. The rays belonging

layed with respect to that of a directly produced mother. A
third procedure results from the analysis of the recorgled

to the decay of INi are marked with an asterisk, to the decay of coincidences. Weaker peaks for which the coincidence con-
7iCy with a circle. The high-energy part of the spectrum is enlargedlition is fulfilled can at this point be assigned to the decay of

in the lower inset. The upper inset shows the time evolution of thehickel. . o . o
At mass 70 a little more caution is required to distinguish

the mother from the daughter nucleus. The lifetime’%u

v intensity attributed to the decay &fNi, with an exponential fit
drawn through the data.

is found to be shorter than that dfNi, which renders the

450 [ time curves of both isobars rather similar. However, system-
- T M=T3 ss0] N atics of the neighboring even-even zinc nuclei show that
400 [ on resenenee s0] \ } | there is no level in"°Zn lower than the first excited 2state
350 L 250} M at 885 keV[28]. Unknown resonant and short-livedpeaks
200 - P
200 sl A 3 TABLE Il. Gamma-ray energie€ and relative intensities
£ 250 K 100 ,'é Q‘\ detected in the decay d®Ni. The ray marked with an asterisk
3 r 501 “ow stems from the decay &PNi™.
200 ® Gep 0
L R R S R A
150 k- o time (=) E (keV) t, (%)
100 . 104.12) 2.45)
s | K% . 154.12) 4.56)
b L 205.40 51521
° E l + off resonance 231410) 0%3)
. OF 249.1(1) 9.517)
5 40 262.92) 0.1(2)
“ 0 C « 470.71) 28.016)
o ;,MMMMLJJ...N v diviee s alesminicdi i Jlan i ] 574.91) 27.215
200 400 600 800 1000 1200 1400 1600 1800 2000 58483) 05(5)
Freray (keV) 680.51) 94.622)
FIG. 3. Beta-gated spectra on and off resonance for mass 73. 780.83) 1.26
The integrated proton beam dose was XI16° uC and 5.7 1089.34) 2.08)
X 10" uC, respectively. The off-resonance spectrum has been mul- 1213.81) 100.0
tiplied by 2.8 to account for this difference. The rays belonging to *1297.91) —
the decay of *Ni are marked with an asterisk, to the decay’#tu 1389.85) 3.38)
with a circle. The straight cross refers to background arising from 1483.64) 78.628)
148 a2* | the oblique to long-lived*“%a contamination. The inset 1711.96) 33.921)
shows the time evolution of the intensity attributed to the decay 1872.38) 94.632)

of ®Ni, with an exponential fit drawn through the data.
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TABLE Ill. Gamma-ray energie& and relative intensities ,t TABLE V. Measured production rateB and half-livest,,, for
detected in the decay dfNi. 68-74\i. Literature values stem frofil1,12,19,20
E (keV) T, (%) P (at/uC) tim ty, literature
161.41) 2.96) O8N 3.6(7) 292 s 1973 s
206.11) 2.5(6) 69N 4.3(8) 11.29) s 11.43) s
348.11) 3.2(6) TONi 6(1) 6.03) s —
446.91) 9.7(7) "INi 3.0(6) 2.563) s 1.94) s
472.01) 22.59) T2Ni 1.1(2) 1.575) s 2.13) s
520.21) 2.7(6) Ni 0.26(6) 0.843) s 0.6 s
534.41) 100.0 TINi 0.0349) 0.92) s 0.52) s
655.11) 3.2(6)
705.72) 1.8(6)
744.11) 2.2(6) collected data chiefly stem from the decay of barium and
939.52) 4.6(7) lanthanum isotopes, two elements that are situated near the
981.31) 32.1(10) maximum of the fission cross section. Because of their over-
1019.G3) 8.2(7) whelming production rate, a substantial fraction succeeds to
1138.92) 2.58) escape from the ion source in & Zharge state. Separated at
1189.51) 33.410) the sameA/Q ratio as the neutron-rich nickel, they pop up in
1248.21) 11.713) the spectra at masses 72 and 73. In addition,'fl@a and
1251.71) 36.1(10) 149_a isotopes with half-lives of 12.75 d and 40.27 h, respec-
1297.82) 1.45) tively, are discerned at several masses throughout the experi-
1311.31) 4.910) ment. _ - ,
1352.61) 9.809) In Tables -1V We.prlr?t a comp|lat|on of the regls-tered
1410.41) 10.010) transitions. '_I'he relative intensities, are expressed in per-
1497.12) 6.6(10) cent normalized to the strongest ray. In Table V we list the

experimental half-lives obtained from fitting the time behav-

1581.@4 3.6(8 ) : . S
1885 38; - %9; ior of the identifiedy rays, along with literature values. The
2017.10) 36.714) fluctuations out of the & limit between our measurements

and the published figures are manifold. Except f&Xi and
"IN, the present error bars are smaller by a factor of 2—10.

in this mass chain with an energy less than 885 keV will\L 2SS 68, the former half-life of 19 s was deduced from

therefore not originate from the decay ©Cu and can safely a multinucleon-transfer experiment at the mass separator of
be attributed to the decay dPNi. It is checked that these CS!-Darmstadt and had only be;g”. reported in conference
lines are not coincident with the 885-keV ray or other high-Proceedingg11]. The lifetime of II>I1|_|7§‘\lr_neasured_|n the
energy transitions providing a possible connection to the zin€urrent work for the first time. Fo | the previously
ground state. Progressing recursively, we fit the half-life deXOWn values were determined by means of a correlation
duced from this prescription through the remainipngeaks. technique[19,20. For a further discussion of the presented
Those cases for which agreement is manifest are equally as-
signed to the decay of°Ni.

1000
Contaminating long-lived y lines appearing in the
) o N 100 3 310
TABLE IV. Gamma-ray energieg and relative intensities ,t
detected in the decay dfNi. o) Iy 3
§ 104 e
c c
9 S
E (keV) t, (%) g ] loa 2
166.11) 100.0 - ’g
[%]
478.91) 27.224) g o1 {o01 F
676.97) 5.0(11) — theor
844.22) 29.333) 0014 exe"eryimem 10.001
961.22) 33.340 P
1010.G42) 39.941) 0.001 . . . . r . —30.0001
1088.26) 3.8(11) 66 68 70 72 74 76 78
1131.92) 28.828) A
1542.210) 5.0(13 FIG. 4. Experimental production rates f8#~"Ni in 30-MeV
1995.514) 6.8(19) proton-induced fission of*U compared to cross-section calcula-

tions from[30].
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half-lifes and a comparison with theoretical predictions weisolate a factor of 30% for the produced ions that recoil out
refer to earlier publicationg2,8]. of the target and a further share of 30% for those that are
stopped in the buffer gas, then by the efficiency of the laser
ion source we account for all remaining processes the par-
ticles undergo inside the source until the exit of the SPIG.
The independent production yields for the heavy nickelFor this quantity we obtain a value of 0.05%.
isotopes expressed per unit of charge of the impinging beam The limited efficiency of the source is to be ascribed to
are found from the count rates of the strongegtansitions ~ several processes. Chemical bonds of the neutralized atoms
that have been assigned to the respective decay patternith molecular impurities present in the gas cloud and neu-
However, the relevant absoluteintensities! ., are available tralization into a metastable state different from the ground
from the existing literature for the decay é?Ni only [28] state prevent laser ionization. Further losses stem from dif-
and from our own measurements during an earlier explorfusion to the walls of the gas cell and deposition onto its
atory experiment at the LISOL laser ion source for the parsurfaces. Part of the laser-ionized particles are also neutral-
ticular case of !Ni [27]. For the remaining masses, we cal- ized anew or appear in side bands as NiQh," ligands. A
culate the production rates from thequanta emitted by the fair share of the latter can be dissociated by applying a small
daughter nuclei. acceleration voltage of 250 V between the exit hole of the
The y branchings in the copper daughter decay can b&as cell and the entrance of the SPIG, significantly reducing
retrieved from the literature fof®~-"%"Cu [28]. For the the intensity of sidebands in the mass spectrum.
449.82)-keV ray in the decay of’Cu, a value of ., The ion-source performance for fission reactions can be
=43(12)% has been measured by Hubtal. [21], while ~ compared with the eff|C|_ency value (_)f 3.7% z_ichleved with
the intensity of the 605(T)-keV transition following the de- the IGLIS source for fusion-evaporation reactid8g]. The
cay of 7Cu has been fixed by Fogelberg lat=79(15) % conditions crea;e_d by the specific reaction |n3|d_e the source
[29]. thus bear a definite influence on the thermalization and neu-
The production rates fof3~"Ni are presented in Table V tr_allzatlor! processes. Also, the r:_:lther small eff|C|ency for fis-
and plotted in Fig. 4. Since the yield curve has been meaSion implies the inherent potential for future improvements
sured over a range of more than two orders of magnitude, af¢ the setup. _ _
accurate and reliable Gaussian fit through the data points is The selectivity of the laser ion source is a measure of the
possible. The mean we find to be situated at mass(80.4 PUrity of the produced_ sample_a}nd is deflned_as the_ratlo of
The width, which we take as twice the standard deviationthe number of counts in a specificpeak belonging to nickel
equals 2.88) mass units. with laser irradiation of the gas cell relative to the number of
A theoretical model for production cross sections inCounts without laser irradiation. After appropriately correct-
proton-induced fission has been proposed by Hehtd. and ing the denqminator for the diﬁe_rence in beam dose, a se[ec—
satisfactory agreement has been reached in asymmetric fidvity of 30 is calculated. The finite result is due to recoil
sion for zinc to germaniurf80]. However, the quality of the products that escape ne_zutrallzatlon_ as _vv_eII as neutralized
concerned data deteriorates for the lighter copper and nickéfagments that are reionized by radioactivity and fast elec-
elements, which is likely due to uncertainties in the adoptedrons crossing the cell. The plasma provoked by the cyclo-
branching ratios that complicated the extraction of indepentron beam is comparatively cold and is expected to contrib-
dent yields out of the cumulative rates. Note that for theute little. We point out that the selectivity of the IGLIS
experiments at LISOL this problem does not exist because giource for fusion-evaporation reactions reaches[8aQ
the isotopic purity of the generated sample.
The calculations by Huhtat al. for the nickel cross sec- V. COMPARISON WITH OTHER TECHNIQUES
tions locate the Gaussian mean at mass 71.0 and define a ) o . )
width amounting to 3.0 mass units. Confronting this with the ~Next to proton-induced fission, the reaction mechanisms
present measurements, we encounter a shift of the eXpeﬁwallable at present Wl_th _Whlph neutron-rich nuclei have
mental mean mass with 1.6 units towards stability. The meaP€en attained include fission induced by thermal neutrons
sured width is consistent within the error bars. The ratio ofl 19, fragmentation20], and projectile fissio23]. While
the areas of the theoretical and experimental curves, 4po  the intrinsic production probability for these techniques is
to 19 atomsiC, results in a normalization factor of expressed by the cross sectionthe technical feasibility is
21 ubuC. comprised in the_ Iuminosit)C,.the Ia}tter expressed as the
Recently a saddle-point model for fission has been develProduct of the primary beam intensity and the target thick-
oped by Benlliureet al. [31]. Although the width is slightly Ness. The production rate in atoms per second, denotéd by
overestimated, they correctly reproduce the position of th€an be written as
maximum.
The efficiency of the laser ion source is contained in the P=oeL,
proportionality factor of the deduced production rates and
the theoretical cross sections from Hulghal, the latter with & the efficiency of the source.
shifted by 1.6 mass units closer ® stability. Since the Table VI lists these quantities for the selected experi-
projectile is not appreciably slowed down in the thin targetments. The respective efficiencies boil down to a collection
foils, the eventual energy dependence can be omitted. If weange of 5< 10/ for thermal-neutron fissiofil9], a trans-

IV. CROSS SECTIONS
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TABLE VI. Expected cross sections, efficienciese, luminosities£, and production rateB for 8N,
Extrapolated values are printed in italics. Data frpi8,20,23 and this work.

o (nb) e (%) L (s"tem™?) P (day %)
Ny + 20U 20 5x10 7 2x10% 2
500 MeV/nucleon®Kr+°Be 0.001 35 4x10* 0.9
750 MeV/nucleon®®®U+°Be 0.3 1.6 x10%° 0.5
30 MeV p+ 2% 0.01 0.005 7% 10% 0.3

mission ratio of 35% for fragmentatidr20], and a smaller detection efficiency by a factor of 10 readily suffices to ex-
1.6% efficiency for relativistic fissioi23]. The value for tend theB decay studies t8°~'Ni already in the near future.
proton-induced fission from this work equals 0.05%, whichNext to this, it remains to be stressed that the most important
is to be multiplied by the earlier mentioned factors of 30%asset of the IGLIS source at LISOL resides in the successful
for the fraction of reaction products that recoil out of the delivery of a sample pure enough to perfofivdecay spec-
target and 30% for those ions that are stopped in the buffeiroscopy.
gas.

As may be read from Table VI the lower intensities for
heavy-ion beams are compensated for by the use of thicker
targets. Reversely, the intense neutron fluxes or proton beams The construction of the level schemes is based on the
always impinge on thin target foils to facilitate the recoil of analysis of the recordeg-y coincidences by means of the
the produced species. Therefore, in all four cases the lumRitz principle and the relative intensities of the various rays.
nosities are roughly equal. In order to distinguish an artificially induced sum peak from

Out of the compiled cross-section predictions as well asn actual transition, we estimate the probability for the sum-
the measured result for the case of projectile fission, we caming of two intense photopeaks from the product of the
calculate the corresponding production rates fi. The efficiencies involved. The detected sum lines are removed
cross section for®Ni in proton-induced fission we extrapo- from the level scheme.
late from the Gaussian curve premised by Huttal. [30]. In order to calculate loff values the necessa@y, ener-
Shifted by the discussed 1.6 mass units towgBdstability,  gies are adopted from the literatuf@4]. Appropriate as-
this returns 10 pb. The projected production rate turns out tgumptions for the ground-sta@branch will be propounded
be 0.3 atoms per day. This is comparable with the achievegelow. One should at all times keep in mind that the quoted
rate of 0.5 atoms per day for projectile fission 5fU and  |og ft values are to be considered as lower limits. Because of
the prospect of 0.9 atoms per day for fragmentation of forthe limited statistics and since thedetection efficiency se-
instance a®Kr beam. The expected 2 events per day forverely decreases for high-energy transitions, we might have
thermal-neutron induced fission are to be considered witlnissed part of they activity arising from levels above 2
some reserve due to the increasing complications in isotopgleV. This circumstance biases tifeintensities to the vari-

identification far from stability. ous levels and leads to a reduction of the fiogesults.
With the current setup at LISOL, a production rate for

®Ni of 0.3 atoms per day renders an experiment unfeasible.
However, since the efficiency of the IGLIS source amounts
to 0.05% only, the potential for further advance is vast and The deduced level scheme f8tCu is reproduced in Fig.
improvements in the efficiency and selectivity are continu-5 and is consistent with the literatuf#2,15,14. However,
ously under development. Recently a thin aluminum windowthe 574.91)-keV ray we place on top of the 47Q1j-keV
has been inserted in the gas cell to separate the reaction alide, in agreement with the transfer experimelris,16 but
thermalization zones, increasing the production yields by alisproving the previouss-decay result§12]. For some of
factor of 5. Active suppression of atomic contaminations bythe levels and transitions the energy values we obtain differ
controlled mixing of molecular impurities into the buffer gas with up to 2.6 keV from earlier published values, in particu-
is currently being evaluated. lar at the higher energies. The reported 183-&eV line, for
Another aspect of the present setup which is susceptiblahich one would expect;=10(1), has nobeen detected in
of improvement is the detection efficiency. New scintillator this work.
detectors that meanwhile have been constructed rais@ the A couple of new transitions have been discovered and
efficiency from 30% to 60%. Installation of part of the Mini- placed, resulting in additional levels at 1298 and 3064 keV.
ball cluster detector arrg)B3] will enhance they efficiency  Three weak rays at 281), 584.83), and 780.83) keV with
in the foreseeable future by an additional factor of 5. Therespectively $=0.9(3), 1,<1.0, and 1,=1.2(6) could not
possibility of y-ray tracking with these detectors is also be-be incorporated. The 154.1-keV ray has been put on top of
ing investigated. Such a technique would allow to distinguistthe 1389.5-keV transition, giving rise to an intermediate
full-energy y rays from Compton events, the latter still ac- level at 2603 keV. The reversed order would lead to a level at
counting for the major source of background. a lower energy, for which we shall show below no theoretical
An upgrade of the production rate by a factor of 5 and thgustification would be available. The intensity mismatch in-

VI. LEVEL SCHEMES

A. %°cu
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T 229 SEINVIERD S does not account for additional levels below 1.5 MeV, it is
unlikely that the order of the experimentally observed 154.1-
and 1389.5-keV transitions is to be reversed.
In a recent experiment of°Co, a3-decaying isomer in
%Ni has been detectddl]. Located at an excitation energy
of 321 keV, a spin and parity of 172is assigned to this state
[1]. Allowed Gamow-Teller decay feeds into the 1298 keV
level in 8°Cu with a spin and parity of 3/2 also present in
26(9)% 5.3(2) 0 32 the current data. A lower limit for the production of the iso-
0% >6 . . . .
I, logft E I" mer in this work is set to 0.74 atlC, which amounts to
B 69 nearly 20% of the production d°Ni.
Cu e
29 40 B. iCu

FIG. 5. Decay scheme dPNi. For discussion, see text. . o
The B-decay scheme of'Ni is shown in Fig. 7. Comple-

duced remains within the uncertainty limits. mentary information is available from the discovery of a mi-
A 3/2” spin and parity has been observed in transfer reerosecond isomer if'Cu[1,3]. This 19/2 state at 2756 keV
actions for the ground state of°Cu [35]. The B-decay is seen to decay through the 2129-, 1787-, 1190-, and 534-
branchings of thé°Ni mother into the various levels 8fCu  keV levels, with a weak indication for the 981-keV level.
have been relied upon to postulate f8Ni a (9/2") ground  The energy determination for these states deviates at most 1

state[12]. Consequently, we can calculate Iigvalues as- keV from our values.
suming the absence of feeding towards the daughter  Grzywaczet al. insert a 471-keV transition at the top of
ground state. the level schemél], which Ishii et al. have thrown doubt
In Fig. 6 we display the systematics of the odd®Cu  upon[3]. Our placement of the 472D keV in the lower
isotopes. A low-lying 1/2 state is distinguished in each of half of the diagram may offer a possible solution. Because of
these, for which the corresponding level $8Cu has been the closely matching intensities of the 16@LykeV with
reported at 1096 keY36]. The 5/2 level appears irf°Cuat  1,=3.0(6) and the 744(T) keV with t,=2.3(6), wecan-
1214 keV[35]. The lower limit for the logt value of 5.8 not reliably ascertain the mutual order of these two lines. The
suggests the existence of additional high-eneygyys that  level at 2290 keV therefore remains tentative.
have escaped detection. The level at 2183 keV has been in- Since thes decay of *Cu directly feeds 1/2 and 5/2
terpreted as the 972member of a collective band built on levels in "Zn, a 3/2° assignment for the ground state is
the 7/2° state at 1712 keV16]. favored[12]. Assuming that a (9/2) spin and parity for the
The four levels at 2553, 2697, 2757, and 2802 keV areground state of the nickel mother nucleus is maintained, we
strongly fed with lower limits for the lodt values of 4.9, 4.3, conclude that no significant ground-stagebranch in the
4.2, and 5.0. From the-ray deexcitation patterns, spin and decay of "!Ni towards "‘Cu will be present.
parity assignments of 9/2 7/2", and 11/2 have been de- The discovery of the 1972 microsecond isomer at 2756
duced for the first three of the$@5]. Also for the level at keV establishes ai2 cascade to the ground stdtg3]. A
2802 keV a positive parity can be concluded. The level aspin and parity of 7/2 for the level at 1190 keV and 1172
2603 keV may represent a 9/Xtate predicted by the em- for the level at 2129 keV follow. Ishigt al. have suggested a
pirical shell model at 2729 keV16]. Since the shell model 9/27 signature for the state at 1787 k8], which, however,
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in Sec. VII we shall show to be questionable. We remind the73zp argues for a 3/2 assignment for the ground state of
reader that the apparently stroggbranch to the 1787-keV  73Cu [21]. Adopting a (9/Z) ground-state spin and parity
state with a lower limit for the lodt value of 5.5 might be for 7®Ni, ground-state3 feeding in the decay of*Ni to "*Cu
artificially induced by unresolveg feeding from high-lying  can be disregarded.
levels. Analogous to the feeding pattern fi17'Cu, the levels at
From Fig. 7 we see that for the three levels at 2551, 28062162 and 2385 keV may carry a positive parity. As a result of
and 3035 keV we compute respective lower limits for thethe rather faint statistics, several transitions with a relative
log ft values of 4.8, 4.9, and 4.8. With this the structure bearsntensity of 1,~10 originating from fairly populated levels
resemblance to the set of positive-parity states that appearsait 2—3 MeV might have been missed.
approximately the same energy $fCu.
Unlike %Ni, no long-lived low-spin isomer has been VII. DISCUSSION
found in "!Ni. However, it is possible that the decay of this

eventual 1/2 isomer directly proceeds to th&Cu ground In the following discussion leading configurations will be

given with reference to th&l=40 subshell, with the Fermi

state, in which case it would not be detected-bgpectros- level situated bet th i q bitals. Thi
copy. Alternatively, according to shell-model calculatiggy —cve' Sttuated between the neulrpi, andgg, oroitais. This
it may not underg@3 decay but instead deexcite through an IS 1n the spirit of the work by other authof$6] but does not

L o . ; imply a N=40 shell closure.
\I/Evﬁhit;agls,’llti|on o a low-lying 7/2 three-quasineutron state We have performed shell-model calculations in the full

fs, Pap, P12, @andgg, Mmodel space for both protons and
c. ey neutrons. A realistic interaction derived fronGamatrix was
: used[37]. Single-particle energies extracted from experi-
The level scheme of®Cu is depicted in Fig. 8. The place- mental data in°*Ni and its neighbors’’Ni and %’Cu were
ment of the 1708-keV state is rather arbitrary since themodified in order to reproduce the spectroscopy of the Ni
676.97)- and 1542.28)-keV transitions both display an in- and Cu isotopes arounld=40. Further details are given in
tensity of £,=5(1). If their order would be inverted, a level Refs.[5,9]. Hereafter referred to as S3Mthe updated inter-
at 843 keV would result. The limited statistics only allow one action yields the level schemes of Fig. 9. For reasons of
to quote upper limits for thg-decay intensities. simplicity we plot only the lowest 3/2, 5/27, 7/2°, and
The detection of considerabje feeding with a logt of ~ 9/2~ negative-parity states and the lowest 7/2/2", and
5.4 in the decay of"3Cu towards the 1/2 ground state of 11/2" positive-parity states.
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8. Decay scheme dfi. For discussion, see text. anticipated. Indeed, 972 7/2", and 11/2 assignments have

. ..been derived for the states at 2553, 2697, and 2757 kBV
In general, Fhe results th_at ha\_/e been reported_ n th_e IIt"I'he level at 2802 keV could be the 9/2nember of the
erature assuming pure configurations and an empirical inter- (vPTiv0q1). multiplet, an assignment that would be
action[16] are in line with full shell-model calculations with ™ P3/2 thb1|/2 Vgﬁt”h the d Piet, o 9
a realistic interaction, except that there is no significant enSOMpatibie wi € decay scheme.

ergy gap atN=40. Nevertheless, because of the transition The 1/Z §tate at 1096 k?V’ repo_rteq n F|g._ 6, can be
from negative- to positive-parity orbital$€Ni can still be connected with therp,, particle excitation and is not ac-

considered as a reasonably stiff core. The calculations alﬁ(gerzse?;/j ggsfgrigetga&;?e SQ?rllji\tﬁrleatTlhzelé; /I;e?/e\;:éilnatt)e
5/2 .

indicate that any two-particle—two-hole f2h) neutron ex- X _ .
ki -2 2 ; - 1712 keV contains a major fraction of thef,,, proton-hole
3\:}3;“2? :/ennotjginri):a:?:gltl)z t’;%f’%? r|g|r; bsct,nr}:gzlr);t:g:w strength, while the state at 2183 keV is seen as the 9/2
y 52 V992 g : member of a collective band built on this excitatid®]. The
o 7127 level at 1872 keV predominantly reflects the
A. “Cu T3 YP1Avg5,) 2+ coupling, the three particles of which
The shell model explains the 3/2spin and parity of the also would give rise to the (973 level at 2603 ke\[16].
ground state of°Cu by a dominatingrps,»p?, wave func-  The 1/2° p-decaying isomer at 321 keV ifPNi mentioned
tion component. The (972 ground state of thé€°Ni mother ~ above likely corresponds to thep;,3 g3, configuration and
is understood as an uncouplggl, neutron. The most viable decays to the 1298-keV level with spin and parity 3/
decay pattern of°Ni is the Gamow-Teller conversion of a °°Cu, interpreted as ap3,2vpl’,§vg§,2 structure. The energy
P12 Neutron to aps, proton. This process may create the of this state nicely matches the calculated value of 1280 keV
Wpslz(fo/legg/z)sf and 71'ps/z(VF’17/21V‘§19/2)4* multiplets.  [16].
The former of these is equivalent to the coupling of the The S3V shell-model calculations described above ac-
proton to the 5 isomer in%Ni at 2847 keV, while the latter count very well for the given interpretation. The relevant
would reflect a 4 state in®®Ni that has not yet been iden- levels are shown in the leftmost column of Fig. 9. The lowest
tified but predicted to be situated 300 keV upwajti4]. calculated 9/2 state, which is for 77% dominated by the
The spin and parity for the lower quadruplet ranges frommgg,, COMmponent, is not fed by thg decay nor by they
7/2" to 13/2". The 13/2 state, however, will not be popu- deexcitation of the 13/2isomer. This is due, respectively, to
lated in our work because of the selection rules for allowed the isospin selection rule and the configuration hindrance for
decay. It is otherwise known from transfgr5,16 and frag-  the P31 VP12 ¥der2)s- — Y transition. The position of
mentation experimenfd] and constitutes a microsecond iso- the 9/213 states compares well to that of the experimentally
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observed (9/2) levels, although the calculated wave func- citing the 19/2 microsecond isomer at 2756 keV. The iso-
tion of the 9/2 state contains therps,vfs;vgq, rather  mer is explained as the coupling of tpgy, proton to the 8
than the Trpg,zypl‘,%ygg,z structure, while the 9;02 level isomer in "°Ni that is seen at a comparable energy of 2860
would be highly mixed. keV [1,15]. In both nuclei, theE2 cascade runs down the
All negative-parity states except for the lowest 7/2vel vgé,2 seniority scheme, which is well accounted for in the
are well reproduced, which corroborates the assignment cfhell-model calculationg9].
the latter state to a 1plh excitation from thé,;, shell[16]. Both levels at 1787 and 1846 keV decay to tig, level
An analogous conclusion for the lowest 9/8tate, however, at 534 keV. Since the first excited Xtate in"Ni is found at
is not supported by the realistic shell-model calculation. 1259 keV[1], they may result from the 2("Ni)® 7fsg,
configuration. TheB decay would populate the 7/2and
B. "'Cu 9/2~ components; however, the mutual assignment would
not be established unambiguously. Note that this interpreta-
. . tion would contradict the 9/2 signature for the 1787-keV
g{aclr of neutr0n§ 0 thg9!2 orb|tal.. The 3/2 29“’””0' state of level suggested by Ishit al. [3]. In fact, the latter seems
‘cu woul(g still_contain a majormpz;;vgg, COMPONENt. enapie as the decay of the 9/2tate would bypass the
Similar to *Ni, the (9/27) mother nucleus would preferen- yyailaple 7/2 and 9/2° levels. Note that although the S3V
tially convert ap,/, neutron into s, proton. The Gamow-  model predicts a level with a majergg), component at 1755
Teller operation then produces thez( ¥p1;¥95,)s- COM-  keV, population of this excitation would be unlikely because
bination, generating a set of strongly populated positive-of configuration hindrance. The lowest 9/2evel is calcu-
parity states that we expect to come across around 2.5-3ted at 200 keV higher.
MeV. Coupling of thep,, proton to the (/pl’,évgg,g)r con- Coupling of the second 2 state in"’Ni at 1868 keV[38]
figuration, which shell-model calculations put 300 keV to theps, proton creates a 7/2multiplet member, which is
higher than the 5 counterparf14], would create additional accessible by thg decay. The observed level at 1895 keV
levels around 3 MeV. The excited"2states in’Ni, which  constitutes a valid candidate for this structure. The three lev-
are situated at 1259 keM ] and 1868 ke\[38], would give  els at 2551, 2806, and 3035 keV likely correspond to the
rise to weakly coupled particle-core levels near 1 to 2 MeV.rrpg(vpysvds,)s- Mmultiplet, which thus appears at ap-
In view of the general good agreement between calculaproximately the same energy as $iCu. From these states
tions and experiment, it should be noted that it is difficult toonly the 2551-keV level connects to the 5/2xcitation at
find in the shell-model results an appropriate candidate fog34 keV, indicating a spin and parity of 7/2For the states
the 2, state in "°Ni. Therefore this could well be a proton at 2806 and 3035 keV, we cannot discriminate between a
core-excited state, which is excluded from the shell-modebpin and parity of 9/2 or 11/2". The remaining levels at
space. 2600, 2687, 2751, 2867, and 2925 keV may arise from the
Since multiparticle excitations cannot account for the ﬁrSths/z(VpI/%VQS/z)r or 47 ("Ni) ® 7rfg, couplings.
excited state at 534 keV iA'Cu and given the fact that the
level is not bypassed in the decay of 'Ni towards the 3/2 c. "y
ground state of''Cu, the state at 534 keV can only be ex- , ,
plained as resulting from thef s, single-particle excitation. The 3/2° assignment f?r the ground state GCu is un-
The lower limit for the logft value of 6.1 indicates that part derstood from therps,vgg, configuration. From an analo-
of the feeding to this level by high-energyrays might have 90us reasoning as d_eveloped fdCu, the first exute_d state
been missed. Comparing the position of this 5/2vel in @t 166 keV is most likely produced by thefs, configura-
7ICu to that in the odd’~5%Cu isotopes from Fig. 6, one tion. _Hence we suggest for th_|s level a 5{2pln and parity.
ascertains a sudden steep drop. The assessment becomest&€king at Fig. 6, one appreciates a striking steepness in the
pecially intriguing if one realizes that for all preceding iso- downwards trend of the excitation energy of this orbital.
topes the energy of this state remains rather constant around AS @ result of the PCM calculations by Oros-Peusquens
1 MeV. and Mantica, the level at 961 keV has tentatively been inter-
Calculations by Oros-Peusquens and Mantica within thereted as the 2("Ni) ® mpg, configuration with spin and
particle-core coupling modéPCM) have identified the state parity 7/2” and the state at 1010 keV cautiously as g3
at 981 keV as thé;,; proton hole, onto which a quasiband is hole excitation, equally with spin and parity 7/239]. Like
residing in the same manner as fCu [39]. The levels at  in the case of®"Cu, the shell model accounts for only one
981, 1453, and 1974 keV would belong to this structure and/2” state at this energy, supporting therf;
hence would show a spin and parity of 7/29/2, and assignment for the other. We suggest furthermore that the
11/2, respectively. However, as Grzywaet al. observed ~1297-keV excitation corresponds to thg (2?Ni)® mfsg),
the 472.0- and 981.3-keV rays, but not the 520.2-keV linecoupling with spin and parity 7/2 or 9/2". The level at
[1], it is possible that the 1974-keV level does not corre-1489 keV may belong to a quasiband, built on thé;;
spond to the 11/2 yrast state but instead to any other adja-intruder in a similar manner as f6"*Cu and resulting in a
cent 9/2 structure built on thef;;; hole. 9/2~ assignment. On the other hand, from Fig. 9 one reads
The states at 1190 and 2129 keV with respective spin anthat the shell model does reproduce 9/3tates at this
parity of 7/2° and 11/Z are part of theE2 sequence deex- energy.

Moving from ®°Cu to "*Cu involves the addition of one
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The level at 2162 keV could represent the 7f@ember citation, which indeed is not included in the shell-model
of the mpa( vP13¥93,)s- Multiplet, created by the Gamow- space. .
Teller decay of an innep;,, neutron in "Ni. Alike the Alternatively, Oros-Peusquens and Mantica have applied
pattern in®7'Cu, it decays directly to the first excited state @ PCM approach, which enables the extraction of the pure
at 166 keV. The 2385-keV excitation might as well belong toSingle-particle energies from the experimental data by cor-
this multiplet and carry a spin and parity of 9/ar 11/2°.  recting for the quadrupole and octupole terms in the particle-
The shell model calculates thegs, single-particle state at vibration interactiorf39]. From the analysis the authors con-

2088 keV, but this structure might not be accessible due t§lude that the single-particle energy of 72"55/2 orbital
configuration hindrance. would reside 2 MeV below therps,, state in ““Ni. However,

if the available ground-state data fé#Cu would not have
been taken into account in the PCM, the theory would have
predicted an exceptionally low excitation energy for the
The existence of systematic energy shifts of specificyf,, configuration in the latter nucleus, which possibly
single-particle levels has been pointed out by various authofgould even supplant the ground state. Moreover, it is argued
[9,40,4]. Known as monopole migration, it has been tracedihat the states at 2553 keV ffCu, 1787 keV in”*Cu, and
back to the first term in the multipole expansion of the re-1297 or 1489 keV in”3Cu all contain a dominantrlgg,
sidual proton-neutron interaction. A clear illustration of the component. In the energy decrease of this presumed structure
effect is provided in the evolution of the level structure be-g manifestation of monopole migration is discerned.
tween °'Zr and '%'Sn. For that region thergg, orbital is Contrary to the PCM, the lowest 9/state given by the
gradually filled, while at the same time the energy of theg3y model rises in energy from 1.7 MeV if°Cu to 2.7
vg7y2 configuration sharply drops with respect to all otherpjev in 75Cu and further to 3.6 MeV iff®Cu. In addition, as
single-particle neutron states of theSB<82 neutron shell.  giscussed above thegg, single-particle state cannot be es-
Other examples of monopole migration exist for the Sb isoygplished amongst the states that have been observed experi-
topes, where thergy), state descends with a growing occu- mentally. For a possible explanation, we recall that the

pancy of thevh,,, orbital, and for theN=83 isotones, monopole effectA, is proportional to the average interac-
where thevhg, excitation energy decreases as tBi12  tion energy in a multiplet,

state is populated.

With respect to the®’~"Cu isotopes, the 372 ground > (23+1)(j1j2lVlj1j2)s
state is primarily defined by therp;, configuration. For Ay
57-6%Cu the position of the first 5/2 level, attributed to the S (23+1)
7fs, orbital, remains rather immobile at 1 MeV. However,

simultaneously with the filling of the.gg, neutron orbital, \yith j, the proton spinj, the neutron spinJ the multiplet
the gap between thepg,; and 7 fs; levels rapidly decreases. gpin anaV the potential. Because the highest spin values are

The drift of shell-model orbitals is also supported by \eighted most, they account for most of the monopole en-
theory. In_Fig. 6 the predicted single-particle levels aregrgy provided there is a good overlap of the respective radial
drawn for ®Cu. They stem from two different sets of calcu- yave functions. Further, for identical orbitals where= |,
lations for theN=50 isotones. The work by Ji and Wil- the proton-neutron interaction alternates betw@&er0 and
denthal(JW) adds protons to &°Ni core[42], the model by  T—1 according tal+ T=odd. In the effective interaction of
Sinatkas, Skouras, Strottman, and Verga@8V) introduces  Gross and Frenkdk3] the (gg|V|gg)r_, matrix elements
proton holes into*®Sn[37]. Both groups manage t0 repro- are repulsive fod>4, while all others are binding. There-
duce the known structures in the intermediate nuclei fronyore there would be a deficiency of binding for the
"™Ni to *%Sn only if they fix themfs;, orbital in "Cu far . .40 orbitals, which could explain a smaller monopole
below thempg, state. Especially the 372ground states ob-  effect than anticipated.
served for 8Br and 8Rb imply that for these nuclei the
7fsg, orbital is already completely filled and is situated be-
low the p3), level.

Also in the realistic shell-model calculations the As a result of the unique integration at LISOL of resonant
monopole shift is naturally reproduced. In earlier publica-laser ionization with ion guidance, it has been possible to
tions this has been demonstrated for e 51 isotones be- develop an ion source that combines fast extraction, selectiv-
yond °1Zr [9], while for ""*Cu it is illustrated in Fig. 9. ity, and efficiency. The source has been configured for
Besides the behavior of the first excited state also the calciproton-induced fission of*%U, which has led to the produc-
lated energy of the 7/2 9/2%, and 11/2 levels in®*~"Cu  tion of the neutron-ric®®~"Ni isotopes and the first obser-
is close to the experimentally observed values. As aforemenvation of y lines following the decay of °~"Ni.
tioned thewgg, single-particle state may not be populated Half-lives have been determined f§f~"Ni. Cross sec-
easily in8 decay by a non-spin-flip transition or in the sub- tions have been deduced, covering a range for over two or-
sequenty decay due to configuration hindrance. Further-ders of magnitude. The mean of the distribution is situated at
more, the S3V results do not account for the 7/2evels at mass 69.48), which is about 1 mass unit closer to stability
981 keV in *Cu and 1010 keV in"*Cu. This supports than predicted by Huhtat al. [30]. An extrapolation of the
the interpretation that these correspond toﬁﬂfé,zl hole ex- yield curve results in an estimated cross section‘fdi of

D. Monopole migration

VIIl. CONCLUSIONS
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10 pb. A production rate of 0.3 atoms per day can be forenitude is proportional to the overlap of the proton and neu-
seen with the current setup at LISOL, which is comparabldgron wave functions. Realistic shell-model calculations satis-
with other production mechanisms. factorily account for the observed behavior, but partially

Level schemes have been constructed %f’€u. The  deny results obtained by the particle-core coupling model.
decay of apq, neutron into aps, proton strongly feeds a
7/2%, 9/2", 11/2" multiplet in the odd %%"'Cu isotopes,
probably also existing if*Cu but not unambiguously estab-
lished. Of particular interest is the sharp drop of thés), We gratefully thank J. Gentens and P. Van den Bergh for
excitation in these nuclides relative to th@s, ground state. running the LISOL separator. This work was supported by
Known as monopole migration, the energy shift originatesthe Inter-University Attraction PoledUAP) Research Pro-
from the residual proton-neutron interaction, while its mag-gram.
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