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A radioactive beam of°Ni was produced by the fragmentation of a 70 MeV/nucléé@e beam in a Be
target. B-delayedy-ray studies were performed using two thin plastic scintillators and two large-volume Ge
detectors following implantation of th€Ni nuclei into a foil of a collection wheel apparatus. A 1296-keV
v-ray transition with a half-life of 3.&) s was identified and has been attributed to the decay of/pig’é
isomeric state infNi. The relative population of the low-spifi"=1/2" isomer to the known high-spid™
=(17/2") isomer was determined to be 6:1 for the productiori®fi via fragmentation of °Ge, based on an
upper limit of 36% extracted for th&Ni™ B-decay branch to the 372ground state of°Cu. The half-life and
branching of the®*Ni™ B decay is discussed in light of possible two particle—two hole excitations in the
low-energy structure of°Cu.[S0556-281@9)05710-§

PACS numbds): 21.10-k, 23.40-s, 27.50+e

I. INTRODUCTION Franchooet al. [4] have recently studied th@ decay of
%9Co and its subsequent daughters. The parent nuclei were
Experimental studies of the low-energy structure of theproduced by proton induced fission 6f%, and the lon
neutron-rich nickel isotopes provide valuable information forGuide Laser lon Sourcg] at the Leuven Isotope Separator
the testing and development of theoretical models to betteé@n-Line was used to selectively ionize and efficiently extract
describe the properties of exotic nuclides at and beyond dodhe Co isotopes from the production target. They observed a
bly magic J3Nis,. Advances in ion source developméii 594—keV,8—deI9ayedy—ray transition, which they attributed to
and the detection of microsecond isomé2$ have led to  the decay 0f**Co, and a 1296-keV transition assigned as a
new spectroscopic data for the neutron-rich Ni isotopes irﬁ'del‘_"‘ygd?’ ray following the decay of a 3(5) s isomeric
the region 46<N<50. The focus of this work is the low- Stat€ in”Ni. The proposed sequence for tFi€o 3 decay is

ENT : ) shown in Fig. 1, along with the states observed following the
energy structure of®Ni,;, which has a closed-shell number decay of the 0.43%s isomer in®Ni,

of protons and one neutron outside a semi-magic shell clo- : . . . .

sure atN=40. Brodaet al. [3] suggested the existence of a The recent improvement in the mtensmes_of metal pri-
bshell cl ' A= 40 .Z—28 th h th ¢ mary beams at the National Superconducting Cyclotron

subshell closure av =AY, 2= rough the measuremen Laboratory at Michigan State University has allowed access

. - . 68 . B
(Jt\r}e grst excited ZI sté':\tgdln .’;.“ ;V'th an elnergy Of 2.033 45 hew regions of the chart of the nuclides for nuclear struc-
ed : rzyv_vaCfetta._[ ]thl ent 'f’ se_vsra nﬁ;’v m%gtsiec— ture measurements. By fragmenting’%Ge beam in a Be
ond 1someric statés in the neutron-rich NUCICEs neai, target, nuclides in the rang®Co to °Zn have been pro-

. . . 9 .
including a 0.43B) s state at 2.70 MeV if™Ni. The de-  §,cod with sufficient intensity to perforig-delayedy ray

phopulation of thisdisomeﬂc state iggNi follows mainlykaa spectroscopic studid$]. In this paper we report on the pro-
three y-ray cascade to the groun s;at.e. Two weakay duction and identification of a 3(4) s isomeric state irf°Ni

i %’a rojectile fragmentation. Preliminary results from this
ing at a previously unidentified level at 321 keV§tNi. The worlfhr:\ve been ?eported in RT]. y

authors proposed the 321-keV state as a second isomer In
%Ni with 1"=1/2" (based on an assumed spin-parityl f
=17/Z" for the 2.70 MeV isomeric state and a cascade of
four stretchedE2 transition$. They estimated a half-life, The ®Ni nuclides were produced by fragmentation of a
based on the Weisskopf estimate,-efl4 days for aaM4 70 MeV/nucleon’®Ge beam provided by the K1200 Cyclo-
transition from the proposed 321-keV isomeric state to theron at the National Superconducting Cyclotron Laboratory
9/2" ground state of *Ni. The more probable decay path for at Michigan State University in a 202 mg/érBe target. The
this isomeric state, as pointed out[i@], is 8 decay to the A1200 fragment analyzer, with a 70 mg/enAl wedge
| ™=3/2" ground state of°Cu. Assuming a lodt value simi-  placed at the second dispersive image of the device, was
lar to that observed for the decay of thE=1/2" ground used to separate the fragments. The fragment momentum ac-
state of®’Ni to thel "=3/2" ground state of’Cu, ag decay  ceptance was set to 1% of the central momentum using a slit
half-life of ~3 s was predictef2]. at the first dispersive image of the A1200. Furtheig sepa-
ration was achieved using the Reaction Product Mass Sepa-
rator (RPMS). Identification of secondary fragments at both
*Permanent address: Institute of Nuclear Physics and Engineeririife A1200 and the experimental endstation was accom-
Horia Hulubei, Bucharest-Mairele, Romania. plished by measurind E of the fragments in a 30@m Si

II. EXPERIMENTAL TECHNIQUE
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FIG. 1. (&) The ®Ni levels are those identified by Grzywaetal.[2]. (b) Sequence of°Co-**Ni 3 decay as proposed by Franchetoal.
[4].

PIN detector and the fragment time of flight between the PINThe total 8 counting efficiency was measured to bg2)@o,

detector and a thin plastic detector placed in the beam at thend the Ge detectors had a summed absolute peedy

first dispersive image of the A1200. detection efficiency of 4.3% measured at 1.274 MeV. Ex-
®Ni fragments, along witif’Co, ®&Ni, 7*7ICu, and’?Zn  perimental 3 and y-ray singles and3-y and y-y coinci-

fragments(which were contaminants in the begrwvere im-  dence data were collected event by event and written to 8

planted into one of nine Al catcher foils mounted on a rotat-mm magnetic tapes.

ing collection wheel. Rotation of the wheel was achieved

using a stepper motor, whose controller was interfaced with . RESULTS
the data acquisition system. A data collection cycle of 24 s
beam implantation, 36 s decélyeam inhibited, and 250 ms A portion of the B-delayed y-spectrum collected when

wheel rotation was chosen to optimize detection of decaythe A1200 was set for the peak production®fi is shown
originating from ®Ni9 [T,,=11.4(3) 4. Data were col- in Fig. 2a). All major transitions in the3-delayedy spec-
lected during both the implantation and decay periods. trum could be attributed to knows rays from the decay of
The detector configuration was identical to that used in®Ni or from the decays of’Co, ®®Ni, "7'Cu, and "?zn

the elucidation of the low-energy level structure’8n[6].  (the major beam contaminaitexcept for a peak at 1297
Two 3 mm plastic scintillators coupled to photomultiplier keV. The half-life curve for the 1297-keV transition is
tubes and two large volum@0% and 120% Ge detectors shown as an inset in Fig(@. A single component fit to this
were placed around the implantation position for the detechalf-life curve revealed a half-life o4 s, which is incon-
tion of B and y emissions, respectively. Th@ and y detec-  sistent with the known half-lives of the six constituents in the
tors were arranged as scintillator-Ge pairs, with the plagtic beam. For comparison, the half-life curve for the 1297-keV
detectors placed immediately in front of the Ge detectorstransition is shown in Fig. 3 along with the half-life curves
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for the majory-ray transitions from five of the six radioac- analyzer to implant a different subset of nuclei from fhee
tive nuclides comprising the secondary beams. In additionfragmentation reaction. This second tune was set for the peak
the full width at half maximum(FWHM) of the 1297-keV  production of'Cu. In addition to this isotope, the secondary

peak in theB-gatedy-ray spectrum was found to be50%

beam contained the radioactive nuclid&€o, % "Ni, "2Cu,

larger when compared to the FWHM of other peaks in thisand "3Zn. A portion of the 3-delayedy spectrum for the

energy region, suggesting this peak is a doublet.

A1200 tune set for peak production 6fCu is shown in Fig.

To investigate the origin of the components of the 1297-2(b). A 1297-keV doublet peak was present in Baelayed
keV doublet, we changed the tune of the A1200 fragmenty spectrum; however, the relative ratio of the two compo-
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FIG. 3. Decay time curves for selectedray

transitions identified during implantation 8fCo,
68.6Ni, 707cu, and’%zn.
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nents of the doublet changed significantly. The half-lifestudy of theA=69 B decay chain®Co— %Ni— ®°Cu by
curve obtained for the 1297-keV transition when the A1200ranchooet al. [4] and also by direct production of the iso-

mEZtt?Qelg fotht)?e /-{063?:1( fgogéjrzt'%?]eagflﬁt'?Os?ﬁ\évnh;?_lﬁg mer via projectile fragmentation as observed in this work.
g ! g P We discuss below the direct production of the low-sppm,

curve revealed a half-life o&19 s. . o ‘
Based on oury-y coincidence and time-dependeptay ~ ISOMer in Ni, as well as the low-energy structures ONi

singles data we have assigned the higher-energy member 8fd *Cu.

the 1297-keV doublet to the decay 6fCu (T;,=19.5 9.

This 1298-keV transition, not previously assigned to the

decay of "’Cu, is observed to be coincident with the known A. Production of the py, isomeric state in ®Ni
489-keV transition in"*Zn. Several other inconsistencies via fragmentation

with the known[8] low-energy level scheme of'zn have
been observed, and will be detailed elsewH&le

The half-life curve obtained when the A1200 was set for m
the peak production of°Ni (Fig. 3) was fitted taking into by Younget al. [11] when they observed a change Al

account a contribution from the 1298-keV transition nowproducfnion when the fragmentation cppditidlhleam, target,
assigned to the8 decay of 7'Cu (T,,=19.5 3. The two- and primary beam enerng_ere mo_dl_fled. How_eve;r, little
component fit resulted in a deduced half-life of @)s for progress has bee_n .made.ln providing quantl_tatwe uqder-
the low-energy member of the 1297-keV doublet. The shorBtanding of the variation of isomer population with changing
half-life of this 1296-keVy ray cannot be attributed to the '€action conditions. Daugast al. [12] have recently ex-
ground state decay of any species implanted when the A12gjored the variation of isomer ratios as a function of the

was tuned for peak production 8INi. Although the half-life ~ Velocity of the o%tzgoing fragm_er;g. Using a primary beam of
for the 1296-keV transition is only slightly outside ther1 60 MeV/nucleon™Mo on a thin Al target, they observed

value of the measured half-life fdPCL#, the 3 decay of this that the formation probability of isomeric states was strongly
nucleus is knowri10] to feed only the ground and first ex- dependent on the outgoing fragment velocity in a regular

cited (885 ke\) states of’°Zn. There was no evidence of a way. A minimum(maximum in the isomeric yield was ob-

1296-885 coincidence in oyr vy data, and the relative peak served whe_n the fragment velocity_ was near the initial
intensities of these transitions would imply a dirgcteeding beam velocitw, f_or cases when the Isomer spin was greater
of >10% if the 1296-keV transition directly populated the (less than the spin of the ground state. This suggests that the
ground state of %Zn isomer ratio is influenced by the initial angular momentum
Since the 1296-kev transition was observed in theransferred in the reaction, which is expected to be minimum
-del - f h A12 i atv=vo. . .
p-delayed y-ray spectra for bot 00 tunes, it may be From the measured counting ratese Fig. 2 of the 1296

attributed to aB-decaying isomer in eithef°Ni or “*Cu, e oy
which were the only two nuclei present in both radioactive%?d. 1213 keVy-ray transitions from the decay B?N' _and
Ni9, respectively, and using the derived upper limit of 36%

beam implantations. From the difference in the productionfor the 8 branching from the 1/2 isomeric state irfNi to

intensities of "Ni and "Cu and the change in the 1296 the ground state of°Cu, we deduce a production rate of
1298 y-ray intensities(see Fig. 2, the 1296-keV activity is AN .
v-ray I 9.2 y 13(2)% for the 1/2 isomeric state relative to the ground

correlated with the production &PNi. This suggests that the . . .
1296-keV B-delayed y-ray transition originates from a 23“?: However, th? 439 ns Isomeric state at 2.70 MeV in
3.4(7) s isomer in®Ni. Ni is known to directly populate the lower energy 1/2
We found no evidence in oug-delayedy-ray data for isomer[2]. We have weak evidence for a 1959 keV transi-
other transitions having a half-life similar to the 1296-keV '([jlpn Itn ouc; Y'tfay S|fntg|hles4§8ectrgm, Wh'ChtV\{ogé:I.md'cate
transition. This implies that the 1296-keV state®fiCu is the dlrecd pro ;’C lon Ot t'e ?6C?s 'Sto%e”,v(f f//a € I ' prCTJ-h
only excited state significantly populated following tite uced via fragmentation oT"-e a evinucieon. the
decay of ®Ni™. An upper limit of 36% was extracted for relevant portion of this spectrum for both beam-off and
beam-on conditions is shown in Fig. 4. Accounting for the

the B branch of the®Ni 1/2~ isomer proceeding to the . : A
9 : : time of flight of about 690 ns foP°Ni particles to reach the
ground state of°Cu by comparing the total number 8Ni detection endstation and theray branching in®Ni [2],

nuclei detected in our 30@m Si PIN AE detector with the 5(1)% of the population of the 1/2isomer can be attributed

intensities ofy rays following theB decay of the 1/2 iso- . . . . o
meric state and the ground state®i. Using the measured to the decay of the high-spin, 439 ns isomer identified by
Grzywaczet al. [2].

an ; N
half-life and branching for theé*Ni™4 decay to the two The isomeric ratioF is defined as the number of nuclei

3/2" states in®Cu, as well as thg8-decayQ value from : . . e

’ S roduced in an isomeric state divided by the total number of
Ref. [10], log ft values of 4.4&up.per limip and 5:24(Iower (Fj)etected nuclei for a giveA and Z. TheI}:/ values deduced
limit) to the 3/2 and 3/Z states in®®Cu, respectively, have for SN produced by the fragmentation of/4Ge beam at 70

been deduced. MeV/nucleon in a thick Be target afe(2701 keV, 17/2)
=2(1)% and 6%<F(321 keV, 1/2)<12%. The upper
value for the range df (321 keV, 1/2) is derived using the
The B—decayingvpl’,é isomeric state at 321 keV as pro- upper limit(36%) for the ground state branch of tR&Ni™ g
posed by Grzywacet al. [2] has been identified both via decay. The lower limit of (321 keV, 1/2') is attained when

The mechanism for the production of isomeric states in
intermediate-energy heavy-ion reactions was first discussed

IV. DISCUSSION
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1900 1950 2000 state in®Cu has been observed in the isonedecay, nei-
ther in the present study nor in the data of Franckoal.
Energy (keV) [4]. The allowed character of the Gamow-Teller transition

i in 69N i in 69
FIG. 4. y-ray singles spectrum obtained during peak productionfrom the 1/2" isomer in N' to the excfced 3/2 in >*Cu can
of SNi in the region around 2.0 MeV fota) beam-on andb) P& understood schematically assuming the pure configura-
beam-off conditions. tions indicated in Fig. 5. Taking the ground stateS8Ki as
the reference state, the initial /Zonfiguration in®Ni can

the ground state branch of tHf&Ni™ g decay is taken to be be written as

zero. -\ _ —1) a2
1/27)=|v2 1 , 1
Reports on the relative population of two different iso- 127y =[v2p12(v19a)0) @)
meric states of the same nucleus via projectile fragmentatiognd the final 3/2 configurations in®*Cu are
have been given fof°Nb [12], 82y [13], and®®As[14]. The

ground state spin of°Nb lies between the spins of the two 1312, )y = | m2pa( v2P15v195) 0+ ), (2
isomeric states at 1880 ke\Md7=11") and 122 keV (™
=6"), which is similar to the®*Ni case. The behavior ¢t 13125 5)=72p3p). (3

as a function of outgoing fragment velocity is entirely differ- ) _ _ ) )

ent for the two isomers. The one common feature, as noted W€ can rewrite the configurations given in E¢$)—(3)
earlier, is a minimum irfF (1880 keV, 11) and a maximum describing all the excitations in terms of particles instead of
in F(122 keV, 6") nearv=v,. The relative population of particles and holes. This reduces to using the ground state of
the low-spin, low-energy isomer to the high-spin, high- ®Ni as a reference state. The expressions become

energy isomer ir®Nb nearv=v, is about 7:1. The isomer S\ )

ratio measurements reported here f8Ni were made with |1/27)=[v2pud ¥1951)0+) “)
the A1200 fragment separator tuned at the peak of6fhé for the 1/2" state in®Ni and
momentum distribution. Although we did not determine the

variability of F as a function of outgoing fragment velocity 13125 )= |m2paa vlg§,2)0+>, (5)

for 5Ni, we note that the low-spin, low-energy to high-spin,

high-energy isomer ratio of 6:1 is similar to that observed |3/2§_s_>:|772p3/2( Vzpflz)m) (6)
nearv=v, for ®Nb fragments, which were produced using

a %Mo beam at 60 MeV/nucleon on a thifAl target. for the excited 3/2 state and the ground state of the daugh-

For the other multi-isomer nucléAs and 82y, the spin  ter nucleus®*Cu.
values of the two isomeric states are greater than that of the Itis a good approximation to assume that the pair @1
ground state. Fof?Y, the ground state spin is™land F neutrons, present in the wave function of the parent 1/2
=38(14) for the lower-energy 4isomer andF=16(6) for  state, plays no role in thg decay process. The matrix ele-
the higher-energy 6 isomeric state. Th& values are 2@)  ments for the Gamow-Teller decay then reduce to
and 84) for the higher- and lower-spin isomers &fAs,

which has a ground state spin-parity .0 (B3I [|T(GN)|[1/27) =(72p3l [T(CT)|[v2py)  (7)

B. Configuration mixing in %°Cu (812 [|T(GM[[1/27)=0. (8

From the experimental data, we can conclude that@he Therefore, assuming the wave functions of the parent and
decay of the 1/2 isomer in ®*Ni mainly proceeds through daughter states can be described by pure configurations, the
the excited 3/2 state at 1296 keV if°Cu. No other excited B decay of the 1/2 isomer of ®Ni should proceed only to
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the excited 3/2 state at 1296 keV irf°Cu. Some configu- ©2*(®*Ni) and can give a small admixture in the 3(2 The
ration mixing, resulting in a fragment of ther2p,;,  quadrupole matrix element fdis;,-ps/, is small, due to the
®v(193,2p15) configuration in the ground state §fCu,  spin-flip involved. The resulting admixture would result in a
can produce a branching to the ground state in the decay ¢ branch with a relatively large loff value.

6INjML. The degree of 2p-2h correlations in the ground state of

The upper limit of 4.48 for the loft value for the decay %8Ni, made on the basis of the configuration mixing derived
of the 1/2° isomer in ®Ni to the 3/2 state in®Cu com-  experimentally in°Cu, can provide a measure of the validity
pares rather well with the value Idg~4.7 obtained for the Of the N=40 subshell closure. Supposing th€lg5,2p,/3)
decay of’Ni 1/2~ ground statd T,,=21(1) § to the 3/2  mixing in the ground state of™Ni is similar to that deduced
ground state oP’Cu[15]. This agreement is only qualitative, for ®’Co and ®Cu, such a small valu¢15%) suggests
since the variation of the reduced transition probability”‘double-magic” (proton shell closure and neutron subshell
B(GT) is roughly a factor of 1.7 for the loig values quoted ~closure character of this nucleus. However, this interpreta-
above. The configuration mixing in the I/2and 3/2 states tion is not substantiated by the present available t&tperi-
connected by the GT transition seems to decrease when gfiental and extrapolatgdor two-neutron separation energies
ing from A=67 to A=69. The two particle—two hol¢2p-  in the Ni isotopeg18]. A reduced mixing is also consistent
2h) configuration involved in the structure of the 3/atate Wit the predicted deformed character of the €tate in®Ni
in %9Cu is expected to be mainly concentrated in this statel19].
and some fragmentation is needed to account for branching
to the ground state. Using the upper limit of 36% obtained
for the 8 branching to the ground state 8Cu in the decay
of 5Ni™, the amount of 2p-2h configuration mixing in the A 3.4(7) s isomeric state has been directly populated in
ground state is obtained to be 15%. 5Ni following fragmentation of a’Ge beam at 70 MeV/

A similar 2p-2h admixture was calculated for the groundnucleon in a Be target. This state, proposed to have a con-
state of®/Co, using a QRPA approach, in a recghtlecay  figuration vpy,;vg3,, was observed to populate a single ex-
study of the ®’Co— ®'Ni by Weissmanet al. [16]. In that  cited 3/2 state at 1296 keV in the daught&fCu with an
case, the neutron 2p-2h admixture in the 7¢zound state of  allowed GT transition (loft<4.48). A8 branch to the 3/2
®7Co can produce & branch to a state with mainly a ground state of°Cu in the decay of the®™Ni 1/2~ isomer
vlfs’,;@ v(lg§,22p[,§) configuration via the allowed1fs, can result from a neutron two particle—two hole admixture in
—xlf,, GT transition. Experimental evidence was foundthe ground state of°Cu. Based on an upper limit of 36% for
for the population of a second 5/2state at 2.1 MeV with  this 8 branch, an upper limit of 15% was deduced for this
log ft=>5.5. Its interpretation in terms of the above configu-mixing, similar to that deduced fot’Co[16].
ration is only tentative. Particle-vibration coupling can give In addition, we have explored the relative population of
rise to fragmentation of the single-particle strength in nucleithe isomeric states ii°Ni in the intermediate-energy frag-
around closed shellésee for example, the study ofCu mentation of a’Ge beam. The relative populations of the
— °'Ni by Tracheet al.[17]), and a non-negligible fragment high-spin and low-spin isomers fiNi was found to be simi-
of the hole-statef;,; in a state with main 2(°®Ni)®p;,;  lar to that observed for the low- and high-spin isomers in
structure can be expected around the energy of 2.1 MeV. “Nb populated following Mo fragmentation. Improved

In our case, the 15% 2p-2h mixing deduced for theunderstanding of the mechanism behind the production of
ground state of°Cu is only an upper limit, derived from the isomeric states following fragmentation may provide a more
upper limit of 36% on theB branching from the®®Ni 1/2~  practical means for exploiting isomeric radioactive ion
isomer to the®®Cu ground state. Taking th@ branch for this beams for nuclear structure and reaction measurements.
decay as zero, which would translate to no 2p-2h mixing in
the ground state of°Cu, the logft value for the 3/2 state in
%9Cu becomes 4.3. It should be noted that if the branch for
the ®Ni™ decay to the ground state ¢PCu is near the This work was supported in part by National Science
established upper limit, its origin can be readily explained byFoundation Grant No. PHY95-28844. We thank the opera-
the configuration mixing arguments presented above. In factions staff of the NSCL for the successful completion of
the 2p-2h configuration is the only low-lying configuration these measurements. We acknowledge J.A. Winger for the
expected to be populated in the allowed GT transitiondesign of the collection wheel apparatus, the ECR group at
from the 2p-1h 1/2 isomer. Another higher-energy GT the NSCL for development of théGe primary beam, and
transition v1fg,—mlfs, can lead to the wlfs, M. Steiner for identifying and tuning the secondary beams.
®(v2p1‘,§v1f5‘,§vlg§,2) configuration. This has some over- We also thank V. Zelevinsky and K. Heyde for valuable
lap with the particle-vibration configurationw1fs,  discussions.
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