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Low energy levels in"Ni
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The yrast)J™=8" states in neutron-rick®2747i nuclei are predicted to be isomeric. The present paper
describes two GANIL experiments. In the first of them a search was made fot therBeric states if%"Ni
nuclei via fragmentation of®Ge using the iony-decay correlation technique. Although these states were not
observed, limits for their lifetimes were determined. In the second experiment the decay spectroscopy of
70.72Co nuclei was performed using fragmentation Gfiér36* beam and the new LISE2000 spectrometer. The
B delayedy rays from the decay o®7@Co to "%’Ni were observed using the EXOGAM germanium detectors.
The half life of ”?Co was measured to be @ ms and the level sequence of the lowest excited staté&Nin
was suggested, with thé 8tate at 1096 keV. An attempt to reproduce the level scheme in terms of shell-model
calculations was undertaken. The reasons for the disappearance ofisfmen@r in”?Ni are discussed.
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I. INTRODUCTION shell-model calculation using3aNis core can be applied for
Experimental studies of the low enerav structure of "UCel nearsiNi o This may create the illusion that these
pert ) . . ay neutron-rich nuclei behave like their valence mirrors with
neutron-rich nickel isotopes provide information needed forN:50 (see Ref[15]). In this paper we argue that this is not
the critical evaluation of theoretical models describing they . .1ce and we show significant departure of the experimen-
properties of exotic nuclei close #Niso. Shell structure 5| ohservations from the theoretical predictions. Since the
variations in this region may also occur for various reasonsgpservation of the 7,=2303) ns17=8" isomeric state in
as argued in several theoretical papidrs4]. The systematic 7oy [7] the similar(vgg,z)z_ . excitations in more neutron-
experimental data help to understand the trends of the StUGh nickel nuclei such aé‘fm,y?\“ were sought for. All of

ture changes. In particular, there has been a series of expefliese 8 states are predicted to be isomeric. They should
ments[5-14 which directly or indirectly attempted t0 an- gecay via a cascade of four stretcHg@itransitions connect-
swer the question of magicity of tH&Ni,o and iNisonuclei.  ing the &,67,4*,2*,0" levels. The yrast 8level should be

As a result of these experiments it has been established th@ng lived because of the noncollecti& transition[e.g.,
although®Ni indeed appears to be a doubly magic nucleuss(E2)=0.6939) W.u. for 7Ni] and the small energy differ-
[5,11], theN=40 closed shell is not robust and disappears agnce between the*8and 6 levels (~100 ke\). Such high-
soon as the proton number changes. The existence of‘the 8pin isomers resulting from the coupling of two identical
isomeric state in"®Zn [8] indicates that theN=50 closed nucleons in the same orbitlto a maximum allowed spin
shell persists. There is an agreement that a closed 8hell J=2j—1 are known across the chart of nuclei near closed
=28 is not being dramatically violated and the sphericalshells. This general pattern arises as a consequence of the
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short-range nucleon-nucleon residual interactiff. The limit for the number of counts in the expected peaks. From
search for’?""*"Nj has been so far unsuccessful. This paperthis the limit, T;,,<18 ns was obtained. A similar procedure
in its first part will summarize quantitative results of this was used to derive the long half-life limit, with the correla-
search, and then present the new data obtained fronBthe tion timet=44 us and leading td@;,,>3.7 ms. We conclude
decay of’?Co and try to explain the relevance of this resultthat under the above assumptions, the half life of thet8te

to the problem of the disappearance of tHesbmers. Two in 7?Ni is either shorter than 18 ns or longer than 3.7 ms. A
different experimental approaches are described. In the firgimilar analysis made for 3600 ions @Ni yielded the limits
one we attempted to observe the decay of thésBmeric  T;,<60 ns andT;,>0.2 ms [21]. The presented results
states in’?Ni and "“Ni that are populated directly in the frag- show clearly that the isomer spectroscopy in fragmentation is
mentation reaction, using the same technique as applied forot a viable method to measure excited levels eithefh

the discovery of ®™Ni [7] and 7®"Zn [8]. In the second one or in “Ni and one has to measure them with a different
we measured excited states’dNi populated byg decay of method. One way is vi@ delayedy-ray spectroscopy.

2Co. TheB decay of’°Co was treated as the test case for the
experimental technique as well as for the method of data
analysis. This experimental task was difficult because these
cobalt isotopes are even further away from stability and thus A. Experimental method

more difficult to produce than their nickel_ isobars. Parallelto |, the experiment focused g8 decay studies th8Kr36*
the g decay measurements the isomeric spectroscopy Wassam at energy of ¥8MeV and the mean intensity of

performed as well. The first results of that part—evidence fobggy naA was impinging on a rotatin§'Ta target of 3Qum
isomerism in"Ni—are reported in Ref[17]. All experi-  pickness. Behind the target a 128 thick carbon stripper
ments described below have been performed at the heavy iQfas ysed. The selection of the ions has been done using the
fragmentation facility—GANIL. new LISE2000 spectrometg22]. The average time of flight
of the reaction products was only about 200 ns, which was
+ o achieved by mounting the detector setup in the first achro-
Il SEARCH FOR AN 8 7 ISOMER IN_ NI matic point of LISE2000 only 19 m away from the target. A
The search for isomers iff"Ni produced directly in a stack of four silicon detectors was placed at the implantation
fragmentation reaction was done with a 6A68leV "6Ge’*®*  point. Their thickness amounted tox300 um, 1 mm, and
beam at an average intensity of 330 nA. The microsecon8.5 mm. Selected ions were stopped in the third one—a
ion-delayedy-ray correlation method was used to search fordouble sided silicon strip detectqiDSSD) with 16X 16
the isomeric decay in each isotof]. The experiment was strips of 3-mm pitch. The fourth SLi) detector acted as a
performed at the LISE separatfit9] which was optimized veto counter for heavy ions anglparticles. It detected beam
for a maximum yield of?Ni. It employed a high efficiency particles not stopped in the third detector. This silicon tele-
and high resolutiorry detection setup consisting of three scope was surrounded by four clover-type EXOGAM Ge de-
HPGE detectors to search for ai Bomer. The total full-  tectors. The total photopeak efficiency measured with cali-
energy peak efficiency was found to be 12% at 200 keV. Thération sources was found to be 6% at 1.3 MeV and 23% at
full description of the experiment is reported in RE2Q]. the maximum around 120 keV. The energy resolution was
During 74 h of acquisition time, a total number of 1.05 found to be 4 keV at 1.408 MeV. The detection efficiency
% 10° "Ni ions was implanted into the final detection setup.of the DSSD was determined with tHféCo decay using
Despite such a large number of detected ions, no convincingranching ratios from Ref.23] and was found to be about
evidence for the decay of the &omer could be found. In  20%.
the same setting, about xa.(° ions of "°Ni were implanted The standard method of identification, by measuring en-
and the decay of the known &omer was clearly observed ergy loss, total kinetic energy, and time-of-flight, has been
yielding 9025 counts in the 183-ke¥line and 1820 counts applied for the assignment of maAsatomic humbe#, and
in the 1260-keV line. They intensity analysis yielded the chargeq of each stopped ioi24—-2§. During the whole
population probabilityF=13% for the’"™Ni isomer in agree- measurement lasting about 100 h, approximately 200 000
ment with the result reported previoudly]. heavy ions were implanted into the DSSD detector giving a
Since the 8 state in”?Ni should be populated in the re- rate of 0.03 ion per second per strip. Thus an average time
action with a similar probability as the analogous state obbetween two implants is much longer than the avergige
served in’%Ni, we conclude that the lifetime of the state decay lifetime, usually of the order of 100 ms for the nuclei
searched for is either too short or too long to be identifiedof interest. The granularity of the strip detector provided a
with our technique. Assuming that the decay pattern of the 8clean spatial correlation between the implanted ion and its
state in"?Ni is the same as if°Ni, producing a similar detected3 decay in the same strip. The average rate of@he
sequence of fouE2 vy transitions, and that the isomeric ratio particles correlated with the rays was 20$. The 8 back-
is equal to 13% as measured in the same conditions faground events were mainly coming from the decay of long-
70mNji, we can deduce the half-life limits for the unobservedlived nuclei implanted in the same strips as the selected ions.
isomer in”?Ni. To obtain the short half-life limit, they spec-  In the measurement 3330 ions"8€o and 3290 ions of’Co
trum correlated with’?Ni was produced with the condition have been implanted. The average rate of ghdelayedy
that the y ray was detected less than 100 ns after the iomays correlated with the selected io/¥Co or °Co) was
implantation. Such a spectrum allows us to deduce an upp&.02 s*.

Ill. B DECAY EXPERIMENT
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FIG. 1. Theg delayedy rays of "Ni. In the inset, the decay
pattern of 8-y activity is shown. The 511-keV line is due to the
long-lived contamination of the final focus system by ffeactiv- 1280
ity during previous experiments.
— 70,
B. B~ decay of "°Co ot o+ — o
The spectrum of3 delayedy of "°Co is shown in Fig. 1, EXP S3V
revealing y lines observed previously i_n A de_cay experi- 7ONi
ment performed by Muellegt al.[23]. This provided a proof 28" 7' 42

of the correct ion identification as well as of the data analysis _ .

technique. The half life of thegg delayedy rays from "°Co FIG. 2. The level scheme ofNi, compared with the shell-
has been determined by the least squares fitting procedur@.0 def calculation using the S3V interactis0].
The decay time spectruiisee inset of Fig. Jlwas accumu-
lated by taking into account all events Bfy coincidences tentative level scheme fdPNi has been proposed in Fig. 4.
which occurred during the period 1 s after the implantationThe decay has been attributed to tlée, 7") state. The half

of the 7°Co ion. During this period, not only the decay of life has been determined in the same way as’f@o (Sec.
°Co but also of its daughtef’°Ni, T,,=6.0 s[27]) and Il B). The contribution of the daughter’®Ni, T;,=1.5s
granddaughtef’°Cu, T,,=4.5 s[28]) could, in principle, be [27]) and granddaught&f°Cu, T,,=6.6 s[28]) activities to
recorded. Such a contribution, however, was found to bdhe decay-time spectrusee inset of Fig. Bhas been taken
negligible due to long half lives of the descendant activitiesinto account. This procedure yield&g,=62(3) ms. The pre-
Finally, we obtainedT;,=1109) ms which is compatible Viously measured value is @0) ms[13]. We could not find
with the half life observed for the state decay in Ref23] ~ conclusive evidence for the decay of a possibfesgate,
T,,=12030) ms. In addition to the strong 449-, 970-, 683-, likely because of its low population. We have attributed the
and 1260-keV lines observed earlier in tAedecay studies strongest 1096-keV line as a transition between the first ex-
[23], we have identified an additional line at 916 keV. We cited 2 state in"?Ni and its 0 ground state. The observed
tentatively place it at 3146 keV to feed thé &tate in"°Niat  level scheme does not reveal clear signatures of collective
2230 keV. We were able to identify also the decay of the 3

state in’°Co which appears to be populated weakly in this  TABLE I. Energies and relative intensities gfdelayedy lines
reaction. The relative intensity of the 608-keV line is essen{rom 7°Co decay for two different time range® between the im-
tially weaker than reported in Ref23]. We could not ob- plantation and thgg decay.

serve the 1868-keV line from the decay of the secohid 2
state in”Ni to the ground state, identified in R¢23], which &<0.6s &<25s
is consistent with the weak feeding of thesate in’°Co see

. Energy Intensity Energy Intensity
Fig. 2 and Table I. (keV) (relative) (keV) (relative
_ 4491) 59(17)% 6082) =10040%
7
C. B~ decay of"*Co 6832) 31(12% 126Q2) 287(100%
The g delayedy spectrum of’®Co is shown in Fig. 3 91§1) 50(16)%
revealing y lines at 455, 845, 1096, and 1197 keV energy.g702) =100(30)%
Based on the intensity of thesglines (see Table N and  126q2) 86(30)%

expected similarities between th%Co and’?Co B decays a
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FIG. 3. ThegB delayedy rays of 7Ni. In the inset, the decay BXp s3v ESM
pattern ofB-y activity is shown. The 511-keV line originates from ZQNi
the long-lived 8 contaminants implanted in the previous experi- 8 a4
ments. FIG. 4. Proposed decay scheme’&Eo and shell-model predic-

tions of 7Ni levels using the S3V interaction and full,, p, dos
excitations. The previously used shell-model calculation withmodel space and the empirical ESM residual interacfRj, re-
the S3V[29] realistic interaction predicts an energy spectrumstricted only togy, shell. The searched for*8-6* isomeric transi-
similiar to the one observed experimentally, see Fig. 4. tion is marked by an arrow.

causes the disappearance of isomerism for these mid-shell
nuclei. That could happen if the strong neutigyy polariz-
The limits on the half life of the Bisomeric state irf?Ni, ing effect would result in a reduction of th&=28 shell gap
as deduced from the isomer spectroscopy experirt@et. leading to deformation and collectivity. A recent estimate,
II), are at variance with the shell-model predictions. For ex-however, results in an only marginal reduction of the proton
ample, the calculatiof80] performed according to Reff31] gap fromN=40 to 50[33].
using a®Ni core and a fullfs,, p, go;> Neutron shell with a The B-delayed y-ray spectroscopy of?Co could shed
realistic S3V interaction from Ref[29], adopted for the light on the problem of disappearance of theiSomer in
nickel region aiN=40, predicted very smaB(E2) values for ~ "?Ni. In particular, the observation of rotational-type struc-
the 8 — 6" transition. This would result in isomeric lifetimes tures would suggest the onset of collectivity and provide a
of the order of tens of microseconds, which is well within simple explanation for the nonexistence of isomers, and
experimental sensitivitysee Fig. 4. The expectedB(E2) more importantly would be an evidence for a dramatic break-
quenching is due to a mid-shell effef82] for states with ing of theZ=28 shell closure. There is however no evidence
good seniorityr=2 in the vgg;» shell and can be observed, for such rotational-like structure in the observed level se-
e.g., for theN=50 isotones in thé%%Sn region, which are quence. The intensities of the observedhys, the analogy to
dominated by g, protons. "ONi and the high-spin parent state make it very unlikely that
From the obtained results it can be concluded that there ian yrast rotational sequence wills&=6 could have escaped
a different hitherto not considered structure feature whiclobservation. On the other hand, observation of shell-model-
type excitations would suggest to look for more subtle ef-
TABLE II. Energies and relative intensities gfdelayedy lines ~ fects within the shell-model approach. Unfortunately the 8
from 72Co decay. The time intervat between the implantation and State seems to be marginally populated inf@o decay and

IV. DISCUSSION

the B decay is given. also in the’?Co decay. At present the attempt can be made to
consistently reproduce the observed level scheme with the
&A<0.3s shell-model calculations and from these calculations try to
. infer the decay properties of thé Rvel. This has been done
Energy Intensity . - .
(keV) (relative by Grawget al.[30] using emp|r_|cal shell_—model calculatlpns
(ESM) with two-body interactions derived from th&Ni
4551) 33(10)% data. Only the excitations involvingy, neutrons have been
8452) 75(17)% allowed. For the valence mirrdd=50 isotones betweedh
10961) =10026)% =40 and 50 it was shown a long time ago that the ESM
11973) 29(21)% provides an excellent interpolation and extrapolation scheme

with high predictive power for level energi¢84,35. The
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empirical two-body matrix elemen{IBME) have been used 3000

to calculate thé?Ni level scheme, Fig. 4£SM). There is the Q 7=28
expected similarity of °Ni and 7°Ni in the predicted level 5T 25000 -
schemes for S3V and ESM calculations. The striking differ- é, :

ence is however the presence of the low lying seniority £ 2000¢ i

=4 J7=6" state which is predicted to be below the seniority Y 4

v=2 J7=8". This opens another deexcitation branch for the "ct 15001 e e
isomer with a largeB(E2) value of 2.7 W.u. The lifetime ‘;10007 o "
predicted by this calculation is about 10—20 ns, which is just o o EXP

at the limits of the experimental sensitivity. This level is 2 500/ m SM S3V
placed well above thd™=8" state by the S3V calculations. It w A Large scale SM
can be shown that the lowering of thee4 J"=6" state is 0

related to the lowering of thd"=2* excitation energies in
07N, as thegs,,, 2" TBME enters with a large weight in the
v=4 interaction energies, which do not contain tigiring

TBME at all [36]. This suggests that the ESM scenario is
relevant to explain the experimental data. The dramatic low-

ering of the 2 energies beyonti=40, which due to th&/3
scalling and the missing Coulomb repulsion in the ground
state should be larger than in tihN=50 valence mirror iso-
tones, awaits further clarification.

V. CONCLUSIONS

A systematic search for thtEF=8" isomer in’?Ni has been

54 56 58 60 62 64 66 68 70 72 74 76 78
Mass Number
FIG. 5. Systematic reference of thé Rvel energies in the
even-even nickel isotopes. Experimental results are marked by the
open points. The squares represent the S3V shell-model predictions

[30] and the triangles the results of the large scale shell-model
‘calculations taken from Ref11].

provided. Namely, the calculation with ESM parameters pre-
dicts near degeneracy of tli&=6" state with seniorityy=2
andv=4 which can be the reason for such a disappearance of
an 8 isomer in”?Ni. The same mechanism as fGiNi dis-

performed. It has been concluded that the lifetime of thiscussed in this paper may be responsible for the disappear-
isomer, if it exists, is too short or too long to be observed@nce of 8 Isomerism 1n Ni. No evidence for significant
within the applied experimental methods. The derived life-deformation in“Ni was found.

time limits (smaller than 20 ns or larger than about 3) e

in direct contradiction with previous shell-model calculations

which predict the existence of this isomer well within the
observation time window. The spectroscopy @fdecay of
2Co yielded for the first time information on excited levels
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