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B-decay study of >***Ni produced by an element-selective laser ion source
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B-decay studies of the neutron-deficiel®Ni isotopes have been performed at the Leuven isotope sepa-
rator on-line facility (LISOL) at Louvain-la-Neuve. The nuclei of interest are produced using an element-
selective laser ion source coupled to the on-line mass separator. The half5iéi of T;,= 204+3 mg was
remeasured precisely and tBe decay of>Ni was observed for the first time. Thg" -decay Gamow-Teller
strength[B(GT)] associated with thed™=1") level at 937.2 keV in the daughter nucletf€o was deduced.
The B GT strength of 1.0%0.25 obtained from the measured half life ¥Ni (T,,=106+12 m3 and
branching ratio (,=22.4+ 4.4 %) towards this level is in agreement with the GT strength obtained fpon) (
reaction studies oR*Fe[B(GT—)=1.172+0.07§. [S0556-281®9)03405-4

PACS numbsgps): 21.10.Tg, 23.40:s, 29.25.Ni

I. INTRODUCTION determined GT strengfl2,3]. For 8~ decay the GT strength
is defined as in Ref.2]:
In the mid 1980s |p,n) or (n,p) charge-exchange reac-

tions proved to be a powerful tool to investigate the total 1S ok
Gamow-Telle{GT) strength in nuclei as they are not limited =~ Ot !
by a Q-value window as is8 decay. In such studies the B(GT)=(ga/gy)*(o7)? with (o7} = ———,
AL =0 forward-angle cross section should be proportional to 2)i+1
the B~ or B*-decay Gamow-Teller strength,(BT—) or

B(GT+) [1]. However, there are still some dlfflcultle_s to wheret. = (1/2)(r,*ir,) andJ; is the spin of the initial
dgduce the ab;olute values 9f the GT str(.angth., SINCE Zate of the nucleus. The sum is over the nucleons in the
distorted-wave mpglse-approxmgﬂon anaIyS|s. is 'nVOIVed'decaying nucleus. The constargg and gy are the axial-
FortunatelyB decay is very well suited to determlne.absolutevectOr and vector coupling constant for free-neutron decay,
values of the GT strength. Charge-exchange reactionggand regpectively. The quenching of the GT strength can be due to
decay are complementary tools to study the GT strengt@ither a renormalization aj, in the nucleus or a renormal-
since the GT strength associated with one particular levelation of theo r operator. As a result of the systematic study
determined fromg decay can be used to normalize the totalin the sd shell a value for the quenching factgrdefined as
GT strength determined from charge-exchange reactions. lthe square root of the ratio of the experimental GT strength
the sd shell a systematic theoretical and experimental studyo the theoretical GT strength, of 0.77 is obtaind#l In the
of the GT strength has been carried out in order to study thép shell there is still a lack of experimental data. Further-
guenching of the GT strength, i.e., the overestimation of thenore GT properties of medium mass nuclei are important for
theoretical GT strength with respect to the experimentallyprecollapse evolution of supernof4. If the core of a mas-
sive star exceeds the Chandrasekhar limit, electrons will pen-
etrate into the nuclei leading to increased electron capture;
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to the total GT strength. To study the renormalization of the  Ex (MeV)

axial-vector coupling constamf, in a nucleus or the renor-

malization of theo = operator, a comparison with theory is

necessary. There are two ways to compare experimental GT 14.0

strength with theory. First of all, the experimental value for

the total BGT—) observed in discrete peaks combined with 120

the B(GT+) strength determined fronm(p) reaction studies 10.0

[7,8] can be compared with the model-independerit-Z()

Ikeda sum rule which assumes that the nucleons are the el- 8.0 e
ementary building blocks of the nucle[&9]. This results in 60 53 Niyg
a lower limit of 48% of the lkeda sum ru[@]. If a multipole ‘ B"
decomposition of possible GT strength above the “quasifree 4.0

scattering background” is performed this number becomes

73% [9]. Secondly, comparison with shell-model calcula- 2.0

tions is possible. Large-scale shell-model calculation have 0.0 A——————>

been performed by Cauriet al.[16]: the B(GT—) distribu- 00 10 20 %l Co,,

tion for *Fe is well described by#w calculations if theor

B(F), B(GT-)

operator is quenched by the standard factor QI&]. The
overestimation of the GT strength by shell-model predictions (p,n)
is generally ascribed to two effects omitted in conventional
shell-model calculations, namely higher-order configurations
neglected in a limited model space and subnucleonic degrees
of freedom in the form ofA-isobar excitations. Although FIG. 1. The GT strength to specific levels determined from the
both mechanisms shift the GT strength to higher excitation’ Fe{@.n)*Co reaction and from thg™ decay of Ni should be
energies, higher-order configuration mixing is believed to bddentical since™Ni and *Co form a mirror pair. The left graph
the more important quenching mechanif]. Recently full ~ SNoWs the BGT—) relative to the Fermi strengflis(F)] assumed to
fp shell-model Monte Carlo calculations became possibl chonceQ}(r:ated n .the;)'sgbg”c analolg ;tate obtained from the
[13—-15. They resulted in a strong sensitivity of the GT e(p.n)*Co reaction by Andersoat al. [9].
strength on the effective interaction and, therefore, the con-
clusion cannot be drawn that compldte basis calculations first 17 state in>'Co at 937.2 keV should be 24% and the
recover the quenching totally until improved interactions arehalf-life 105 ms. Also the influence of the experimental error
available. of the Q¢ value on the half-life of“Ni can be calculated. A

In the (p,n) reaction experiment offFe target by Ander- deviation from the @ value of +/—50 keV yields a half-
son et al. the amount of GT strength associated with thelife of 101 and 108 ms, respectively.
AL=0 GT strength is obtained relative to the Fermi strength Nuclei near double-magic nuclei often exhibit simple and
assumed to be concentrated in the@round state. Therefore interesting features. Thg™ decay of the mirror nucleus
B-decay studies are needed as a complementary tool to ir™Ni, one nucleon removed from the double-magic nucleus
vestigate the absolute GT-strength distributiorPf8o. Un-  °®Ni, to °Co is studied by Hornslj et al. (T,,=189+5
der the assumption of isospin symmetry, the GT strength tons) [25], by Aysto et al.[26] (T,=208+5 ms, by Hama
specific levels determined frof" decay of**Ni and that of et al. (Ty,=212+4 m9 [27] and by our groud28] (T,
%4Fe(p,n)>*Co should be identical sinc&Ni and °*Fe form  =155+10 m9. The half-life obtained by Hornshej al.and
a mirror pair(see Fig. 1L The 8" decay of*Ni (T=1, T, by our group differ significantly from the other published
=—1) has so far not been studied. TB& decay of*Ni will half-lives. TheB* decay of *Ni is governed by fast mixed
be governed by superallowed Gto 0" Fermi decay to the Fermi and GT transition to the ground state B€o. Hag-
ground state oPCo, itsT=1,T,=0 isospin multiplet mem- berget al. observed three ney* -decay branches frorPNi
ber. TheB decay of the latter is one of the nine well-known to >°Co [29] representing 0.5% of the decay strength. The
cases {°C, 40, 26AI™, 34C|, K™ 42Sc, 46y, S0Mn, and  fast ground-state branch accounts for 99% of the decay
%Co) where all 38-decay parametersQ( value, Ty, and  strength. Measurement of the Idgvalue will result in the
branching ratiosare known with great precisidi21,22. GT strength since the Fermi strength can be calculated eas-

Several levels irP“Co are known through in-beamray  ily.
spectroscopy and charge-exhange reaction¥ee[23]. Al-
though the mass of*/Ni has been measured via the
®Ni(«,®He) reaction [24] (mass excess—39.21+0.05
MeV), no further information on this isotope, only two neu-
trons away from the double-magiNi nucleus, is available.
The estimated half-life oP*Ni is 140 ms[23,24], assuming

54
26 Feag

Il. EXPERIMENTAL DETAILS

Because of its chemical properties, short-lived nickel iso-
topes like >Ni, are difficult to produce at on-line isotope
separators using conventional high-temperature target ion
only the superallowed Fermi decay from thé Qround state  source techniques since the delay time is too long compared
of %*Ni towards its isobaric analog state, thé §round state  with the half-life of the nuclei of interegB0]. Furthermore,
of %“Co. From the BGT—) values deduced by Anderson the *Ni 8 decay will be dominated by the ground state to
et al, the corresponding-branching ratios and the half-life ground-state transition and the spectra will be overwhelmed
of ®*Ni can be calculated. The branching ratio towards thewith the decay of its **Cc® (T,,=193.23 m$ and
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Co™ (T,,=1.48 m isobars. For example HIVAP cross

section calculationg31] predict for the>*Fe(®He xnyp) re- 800 53 @

action a production oP“Co which is at least two orders of 8 600 - Q=53 mC

magnitude larger than of'Ni. In the experiments described U

in the framework of this paper a fast, universal, efficient and $‘ 400 -

element-selective laser ion source has been used. The ioniza- s

tion process is based on the resonant photoionizatfit 200 1

cient and element-selectivef reaction products in a buffer

gas(fasp. Such a target-ion source has been developed and 18

applied at the LISOL facility at Louvain-la-Neuye8,32,. (b)
The isotopes of interest, nameX°Ni were produced in 8] Q=2.0mC

the fusion-evaporation reactiotfFeCHexnyp) at energies 8 61

of 45 and 27 MeV, respectively. The target with a thickness U

of 3 mg/cnt was enriched irP*Fe up to 96.66%. The reac- N 4

tion products were thermalized and neutralized in 500 mbar ;

helium gas and subsequently photoionized near the exit hole 2 + H, { +H H, H H+

of the ion source. The laser light is supplied by two synchro- o0 ol k o ll o m

nized, 400 Hz, 60 W XeCl excimer and two pulsed dye la- 00 05 10 15 20 25 30

sers with frequency-doubling option. For the photoionization TIME (s)

a two-step resonant-ionization scheme described in Refs.

[28,37 was used. After ionization, the nuclei were acceler- FIG. 2. Implantation/decay spectrum &Ni with lasers ON(a)
ated, mass separated, and implanted on a movable tape aid OFF(b). The implantation/decay cycle was 1 s/2 s. The accu-
order to suppress long-living daughter activities. The implanmulated charge of théHe"* beam on the targe®) is indicated.
tation spot was surrounded by a detection setup consisting die solid line reperesents the fit to the data.

aAE-E telescope for the detection gf" particles. For°Ni,

a 300 mm and 500 um thick PIPS detector was used as a  Ill. EXPERIMENTAL RESULTS AND DISCUSSION

AE detector, in the case ofNi a NE104 plastic scintillator
of 1 mm thickness, and in both cases, theetector was a
5 cmx5 cm NE102A plastic scintillator. A large high- On **Ni, conflicting half lives have been reported by oth-
purity germanium detector with 75% efficiency for the ers and by our group28]. In the experiment by Horngh
1332.5 keV line of®°Co relative to the efficiencyfa 3 inch et al.[25] B8 spectra were recorded after irradiation of the
X 3 inch NalTl) detector at a distance of 25 cm from the °*Fe target together with time information. This experiment
source was installed for the detectionpsingles as well as was performed in-beam. In order to decrease the contamina-
B-coincidenty rays. For®Ni also an alternative setup, con- tion level, a8*-energy selection was used. In the experi-
sisting of two NE104 plastid E detectors each followed by ments by Asto et al. [26] and by Hamaet al. [27] an

a high-purity germanium detectdi70% and 75% relative |GISOL (ion guide isotope separator on-lineystem was
efficiency), was used. Standarg-calibration sources were used to separate ions according/tfy leaving isobaric con-
used for energy calibration of the germanium detectors. Eftaminants like®Co in the mass-separated beam. The half-
ficiency calibrations of3 and germanium detectors were per- life measurement was repeated with a considerably improved
formed with intensity calibrategg and v sources. To take setup consisting of an element-selective ion source coupled
into account the influence of summing effects in the germato the Leuven isotope separator on-line. In this way a
nium detectafs) on the photopeak efficiencgeanT [33,34  contamination-free®Ni beam could be produced. The pro-
simulations have been performed ffiICA™. To avoid elec- duction rate of >>Ni was 1208 aC resulting in an ion
tron recombination of the laser-ionized species and to reducgource efficiency of 3.7% with the lasers ON. In Fig. 2 the
the background, the cyclotron beam and the mass-separatedplantation-decay TDC spectrum foPNi is shown with
beam were pulsed in antiphase. The time structure was typthe lasers ONa) and OFF(b). To be sure that the activity
cally of the order of 30 ms on and 30 ms off, the timewas originating only from®>Ni decay, data were taken in
necessary to evacuate the reaction products from the gas cdliser ON and laser OFF mode. Clearly, Fig&) 2and Zb)
Superimposed on this time structure an implantation-decaghow that the high selectivity with the laser system results in
mode was used to allow for half-life measurements. bt very pure and almost background-free spectra. The selectiv-
and >*Ni the implantation/decay periods were 1 s/2 s and 0.5ty, defined as the ratio of background subtracted counts
s/l s, respectively. To suppress long-living daughter activiwhile the lasers were ON relative to the lasers OFF was 421.
ties the tape was moved every minute. All coincidenceThe fitted half-life, 2043 ms, is in agreement with Ref.
events were recorded together with the time relative to th¢26] (T,,=208+5 mg but disagrees with our previously
start of the implantation period using a time to digit con- published value of 15510 ms[28]. Possible reasons for the
verter. For®Ni the two time cycles were not synchronized disagreement can be found in the low production rate in our
while for >*Ni they were synchronized. This implies that for previous experiment{54 atjuC), the simplified detection
%INi one has to take into account the specific time structuresetup (only a AE Si detector was used in singlesand

of the cyclotron and mass-separated beam while fitting theyclotron-beam induced background during the previous ex-
data. periment[28]. The fitted half-life was used to determine

A. The decay of >*Ni
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COUNTS COLNTS
1507 @) 60
4114511 Q=59 mC 401
1007
0
50 937.1 N
{
, . , ! , ‘ 06 08 10 12 14
880 900 920 940 960 980 TIME (s)
ENERGY (keV) FIG. 4. Decay spectrum of the 937.1 keMine. The solid line
COUNTS represents a single-exponential fit to the data.
(b) .
the He buffer gas, events due to the decay of these nuclei are
20 4114511 Q=16 mC present. It is possible to construct a “contaminant-freéNii
spectrum by combining a Ni-resonant spectrum with a Co-
resonant spectrum, both taken with the same experimental
10 - conditions. By tuning the lasers to a resonance ionization
scheme for Co it is possible to obtain puréCo™? data
’UJLJL’H events. Due to pressure and power broadening of the laser
0 . [rh""l’wM line width the isomer and the ground state ¥€o are not
as0 500 920 940 960 980 resolved and both are ionized with the same efficiency. The
ENERGY (ke) 54Co™9 data set is then combined with the Ni resonant data

set and through the normalization with tR&Co™y lines a
FIG. 3. Part of the3-gatedy spectrum of5*Ni with lasers ON  pure >*Ni data set can be obtained. But a¥\i feeds the
(@) and OFF(b). The peak at 922 keV is due to the summing of a 193.23 ms>*Cc” the total time behavior will be an admixture
411 keV y with 511 keV annihilation radiation originating from of the decay of the parer?Ni and the growing-in-decay of
*Cd™. The accumulated charge of tele”* beam on the target the daughter’*Co”. The half-life of >*Ni obtained from fit-
(Q is indicated. ting the time behavior of the “contaminant-free’*Ni data

. . set was 10& 15 ms(see Fig. 6. A final value of the half-life
B(GT). AB(GT) of 0.466+0.027 was obtained which can be of %Ni is 106+ 12 ms taking the weighted average of the
compared to 0.803 from a shell-model calculation using

modified Kuo-Brown interaction and permitting up to twoatWO independent reslts. In order to determine the GT
. - nd p g up 1o strength it is important to know the branching ratio towards
particle excitations from thé-,, orbital to the higher lying

... of pu, OFbitals in thef p shell [35]. A comparison the level at 937.2 keV ir“Co. Experimentally this branch-
P§§26|t35'i2n a zlulzenching factmrofpo 76 ' P ing ratio can be obtained by comparing the total amount of

>Ni, determined from the intensity of the 511-keV annihi-

i lation radiation after correction for the contribution ¥tCo,

B. The decay of ™Ni and the emitted 937.1-ke¥ rays. Therefore the efficiency
In the case of the*’Ni experiment, the selectivity only

reached a value of 12, leaving a high contaminatiori‘afo

in the B8 spectrum: a long-living component*Cad™, 1.48

min) and a short-living componen{Cc®, 193.23 my[23].

The best production rate that has been achieved*érwas

13 atjuC; this beam was contaminated by 99.a® of >Co?

and 159 aj.C of >*Cao™. Figure 3 shows part of the spec-

trum gated by the oppositg detector at mass =54 with

lasers ON(a) and OFF(b). The y line at 937.1-0.5 keV is

only present in the laser ON spectrum and therefore only can

originate from the®*Ni decay. From the time behavior of the

937.1 keVy ray in the decay part of the cycishown in Fig.

4), a half life of 103+ 22 ms was deduced. No other resonant

vy rays were detected and the decay schem&™df is thus, 6

as expected, limited to A branch to a level at 937.1 keV in q

competition with ground-state feedirigee Fig. 5. A second 2

independent method to obtain half-life information from a

different part of the data is fitting the time behavior of {Be 01

events oiB3-y events withE , <511 keV. As the®*Ni beam is

contaminated with, in th&*FeHe,xnyp) reaction, directly gjéFe28

produced 193.23 ms*Cc? and 1.48 min>*Cd" (see Fig. 5

for their decay schemgsvhich survive the neutralization in FIG. 5. Decay scheme ofNi and %‘Ca™9.
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Counts [9]. For this comparison, the (BT—) value from Ref.[9]
400 [ was multiplied with @4/gy)%=(1.262Y [36,37 since a dif-
- ferent definition of the GT strength was used. The GT
g strength determined from th@* decay of **Ni and the
300 B(GT—) determined from§,n) reaction studies ori*Fe are
in good agreement and thus, the normalization of the GT
250 strength with respect to the Fermi strength, assumed to be
200 F concentrated in the ground state to ground state transition,
used by Andersoet al. is justified.
150 |
100 IV. CONCLUSION
50 [ In conclusion, we remeasured the half-life &Ni and
* * + studied theB™ decay of **Ni for the first time. From the
0 ' ' : : half-life of >Ni (T,,=204+3 m9 the B(GT) was deduced

il 03 TOJS 07 e (0.466+0.027) leading to a quenching factgrof 0.76. For
ime (s) %INi Gamow-Teller feeding to the "1 state at 937.2 keV,
FIG. 6. A “contaminant-free” decay spectrum ofNi con-  decaying directly to the ground state was observed. The cor-

structed from B and B-y events with E,<511 keV. The B respondingﬂ-pranchin_g ratio (22.44.4 %) was deduced
—937.1 keV events are excluded from this data set. The solid lin@nd the half-life of>*Ni (T,,=106+12 m9 was measured.
represents a fit to the data that includes the decaMiffollowed ~ The obtainedd™ GT strength from the measured branching
by the decay of*Cc®. ratio and half-life (1.0&0.25), is in agreement with the
(p,n) B(GT—) from Ref.[9] (1.172+0.078) justifying the

of the 511 keV annihilation radiation and the 937.1 keV normalization used by A_ndersoet al. With the '?Ser lon
source we can extend this study to other nuclei where ele-

ray is needed. In order to understand the influence of sum-_ nt selectivity is indispensable. An investigation of other
ming effects on they efficiency and the influence of the ent select 322_? 4espe Sa50e' estigation of othe
spatial distribution of the 511 keV annihilation source, ex-.f7/2 nuclel I|ke_ e, and > Pe, produced n I_|ght-|on )
tensive Monte Carlo simulations using the caseaNT [33] 'nduced ree.\cupns., is planned. The first step, flnd!ng an eff'f
have been performed to determine the efficiencies. The sim%‘er_]t laser ionization scheme, has been accc_)mphshed _for t-
lations have been verified experimentally using the decay o nium. A furthe_r extension towards the heawier Z nuclei .
%4Co™ and are in good agreement with the experiment. Sum\—NIII be accomphshed aftgr the develc_)pment O.f the laser ion
ming in the germanium detector with @ particle, a 511, source for heavy-ion fusion-evaporation reactions.

1130 or 1408 keVy ray reduces the 411 keV photopeak
efficiency by 43% in the present setup consisting of two
plasticAE detectors each followed by a germanium detector We would like to thank B. D. Anderson for stimulating
compared to the single-line photopeak efficiency. Thediscussions and J. Gentens and P. Van den Bergh for excel-
branching ratio towards the "1state at 937.1 keV is 22.4 lent running and maintaining the LISOL separator. This
+4.4%. The branching ratio and half-life determined in thiswork was supported by the Inter-University Attraction Poles
work, and the Q¢ value reported in Ref.24] were used to  (IUAP) Research Programme of the Belgian State, the FWO-
calculate the GT strength towards thé &tate at 937.2 keV. Vlaanderen and the GOA Research Fund, KULeuven. M. H.
This results in a GT strength of 1.69.25 to be compared is Research Director, L.V. is Post Doctoral Researcher, and
with B(GT—)=1.172-0.078 from {,n) reaction studies S.F. is Research Assistant of the FWO-Vlaanderen.
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