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New isomeric states in the neutron-rich nuclei near the= 28 and N = 40 shell closures have
been identified among the reaction products af0s8A MeV %°Kr beam on a#'Ni target. From the
measured isomeric decay properties information about the excited states and their nuclear structure
has been obtained. The isomerism is related mostly to the occupation of the ngytrambital, an
intruder level in theN = 3 fp shell. It is illustrated with the decay properties ®Ni”, °Ni”, and
I'Cu™ interpreted within the nuclear shell model. [S0031-9007(98)06719-2]

PACS numbers: 25.70.Mn, 21.10.Tg, 23.20.Lv, 27.50.+e

The regular appearance of the nuclear isomers in th&ance for the understanding of the astrophysicplrocess
vicinity of closed shells was one of the first phenomend5,6].
naturally explained by the nuclear shell model. It con- In this paper we present the new spectroscopic data
tributed much to the understanding of the nuclear strucebtained for nuclei near shell closures At= 28 and
ture in the early stage of the shell-model formulation [1], N = 40. The existence of th& = 40 subshell closure
pointing out the existence of the spin-orbit term. In awas suggested experimentally by Broetaal. [8] for the
standard shell-model description isomeric decay propefsNisq nucleus. The strength of this subshell closure
ties allow one to draw conclusions on the evolution ofand its persistence foZ < 28, which is questionable
single particle states as well as on the residual interactiorsccording to shell model calculations [7], determine the
between valence nucleons [2]. waiting point for the astrophysicatprocess af;Cry [6].

For nuclei with very large neutron excess dramatic In a pioneering experiment [4], the known proton-
changes in the shell structure such as disappearangieh “island of isomers” with N = 50, 40 < Z < 50
of the shell gap [3] and appearance of new shell clowas investigated. The isomerism in this region is due
sures are predicted, which are intimately related to theéo the occupation of the protomgoy/, orbital, forming
small neutron binding energy. The basic difficulty to seniority isomersn stretchedwgg,, configurations, and
access these nuclei by standard nuclear reactions, eveingle particle isomerslue to the large spin difference to
with radioactive ion beams, is relieved in a twofold the neighboringr p;,, orbital. This gives rise to th&"
way by isomer spectroscopy following high-energy frag-E2 isomers in theV = 50 isotones?Mo, **Ru, *°Pd, and
mentation and fission with full in-flight identification. °Cd, and the long knownr p;>-mwg9/» M4 isomerism.
The unprecedented selectivity of the method allows exThe neutron-rich nuclei studied in this work with =
traction of nuclear structure information at a produc-28, 40 < N < 50, are the “valence mirrors” (to the
tion level of =<1 atonys [4], and the excitation energy N = 50, 40 < Z < 50 region) with the role of protons
of the isomer, if close enough to the neutron separaand neutrons outside the closed shell interchanged. The
tion energy, simulates ground states of even more exoticlose lying neutronv fs,, orbital strongly interacting with
nuclei, yet inaccessible. Beyond the aspect of nucleaits spin-orbit partnerrf7/, takes the part of the gg/»
structure in neutron-rich nuclear matter and/or at lowcounterpart with a large spin-parity difference, giving rise
nuclear density, the experimental data are of key importo well known M2 isomers in proton-rictv > 28 nuclei

766 0031-900798/81(4)/766(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JLy 1998

like 67Zn, 7 Ge,®Ge, or’'Se. To date information about
excited states in the region of the neutron-rich isotopes
in the vicinity of the magicZ = 28 number is very
scarce. Previous to the present experiment data about
excited states for the nickel isotopes were obtained using
multinucleon transfer reactions [8,9]. In latter studies, “°
a 5~ isomer in®Ni and a9/2" isomer in%Ni were
discovered. Observed isomers tFe, 5'Ni, and ®°Cu
were presented in [10] and earlier references therein. As
is further shown, these isomers belong to the larger group
of metastable states in the region concentrated around
N =40 andZ = 28.

The experiment was performed at GANIL Laboratory,
using the SISSI production target device coupled to théIG. 1.

N=40

Part of the chart of nuclei with the observed isomers

system of the Alpha and LISE3 spectrometers with thddrey squares) and the stable nuclei (black squares). Magic

same technique as described in Refs. [4,11]. #heh
86Kr34* isotope, with an energy 060.3A MeV and an

numbersZ = 28 and N = 40 and 50 are given for orientation.

intensity of 15 pnA on average, impinged on a rotat-of the measured half-life of the isomer with Weisskopf es-
ing "*'Ni target 100 um thick placed inside SISSI. The timates for given transition energy. Only the cases where
heavy-ion detection system consisted of six planar siliconhe isomeric decays were observed unambiguously are pre-

detectors (300, 300, 300, 500, 500, and %00). The last

sented. A criterion was applied that at least five counts

four were placed at the final focus and were surroundedre seen in a single line above the background in at least

by five high-purity germanium detectors (HPGe) of about

70% efficiency each: four in a cross geometry and therag| g |.

v-ray energies was between 40 and 4000 keV. Absolute
efficiency of the system amounted to 12% for a sum o

i List of isomers observed witfKr beam. Given
fifth—a low energy photon spectrometer (LEPS)—wasare E*: deduced excitation energy; ,: half-life, I7: tentative
positioned behind the 1 mm thick back plate coveringspin of isomer, Mult.: multipolarity of the isomeric transition,

the implantation detectors. The sensitivity range for theE: : energies of the observedlines. All isomers excefitCu”,
08 Njmlm2 6INjm and®'Fe" are observed for the first time in

HPGe plUS 4% for LEPS in maximum at 130 keV, andtransitions are printed in bold.

is work. For the cases marked with) only the strongest
v lines are given, for others, all observed. Assumed isomeric

about 5% (all HPGe) for 1 MeV photons. The time of
flight (TOF), referred to the cyclotron radio frequency,
was measured between the target and the first telescope

detector. The flight path was 118 m, which correspondetiSc”
to typical TOF values of about 1.2s. Time elapsing
between implantation and isomeric decay was measure
up to 72us and was recorded using standard time-toglFem
amplitude converter (TAC) modules. TAC’s with 1Q0s
range were used for each individual detector. This aksggn
lowed us to defing/y coincidences. The identification of 66 gn!
mass(A), atomic numbe(Z), and ionic chargéyg) of each
detected heavy ion (HI) was done with the standard TOF—
AE-E technique [12]. As a result, the Hl-identification®’Fe”
plot is obtained. The separation in mass-to-charge ratiéi\'!z
(A/q) was sulfficient to separate neighboring charge statggé\‘!
of the same nuclide. The-gated identification plot, ob- :
tained in a way described in [4,11], reveals several iso-
mers in the region; see Fig. 1 and Table I. The particI@Nim(*)
identification was confirmed HY/Ni” and®Ni™, identi-
fied by their knowny radiation.

Thirteen new isomeric states were identified; see Fig. 1.
The y-ray spectra and their tentative decay patterns wefeCu(*)
determined for each observed case. A summary of the d7623—
duced data on excitation energy, half-life of the studied iso-CY"
mers together with proposed spin and parity assignmeni,'§znm
energy and multipolarity for the isomeric transition is pre-

E* T/ I Mult. E/
(keV)  (uS) (keV)
110 7(5) (5%) E2 110
Sdyym 108 0.9(5) (5%) E2 108
2 503 96(20) (9/2%) M2 208193
102
861  0.25(1) (9/2%) M2 654,207
%4Mn™ 135 >100 M2 135
364 043(13) (5/27) M2,E2 364
175  121(1) (5 E2 175
6Cgm? 642 >100 (87) M2 252214
175
367 43(30) (5/27) M2 367
1007  13.3(2) 9/2* M2 313694
! 2847  860(50) (57) E3 8142033
m2 1770  0.34(3) 0* EO 511
Cu™(%) 2740  036(5) (13/27) E2,M1 75,190
680,1871
2701 0.439(3) (17/27) E2 148593
1959
TON;j™ 2860  0.21(5) (8%) E2 183448
970,1259
2756 0.275(14) (19/27) E2 133494
939,1189
270  1.76(3) (47) E2 51,82
138
>1070 >30 1070
773 121(1) 9/2¢ M2 542,231

sented in Table I. The latter was based on the comparisea
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two differenty detectors and both decay with a similar lived, low lying (E* = 321 keV) state with/™ = 1/2~
lifetime range. An evidence for several other, more exotiand is most probably3 decaying. The estimated half-
isomers was obtained which, however, do not fulfill thislife of 8 decay of this isomer amounts to about 3 sec
rather stringent criterion. The proposed spin-parity assignf the experimental logft) = 4.7 value determined for
ments to the new isomers, unless otherwise stated belowhe Gamow-Teller decay 6fNi [14] is assumed. The

are based on the systematics of states with assigned cotlecay of this isomer should populate tBg2~ ground
figurations, of quasiparticle energies in the regioss 28,  state of®”Cu. The Weisskopf estimate for the half-
N = 28, and on the valence mirror concept for the Nilife for the 321 keV M4 transitions is 14 days and

isotopes. v deexcitation of this isomer is not to be observed.
As shown in Fig. 1 there is a group of isomersThe valence partner of this nucleus 1$Nb, where
along theZ = 28 andN = 39 lines. TheN =39, Z =  two similar isomers L{Nb”!, E* = 2034.4 keV, I™ =

25-28 isomers have much shorter lifetimes than theirl7/2~, T, = 3.76 us, and’'Nb™2, E* = 104.5 keV,
counterparts in the valence mirror regi@h= 39, N = [ = 1/27, T\, = 60.86 d [13]) were identified. This
50. Comparing the measured half-lives and transitiorsupports the interpretation ®Ni”!'»2. The position of
energies with those given by Weisskopf estimates onghe low lying isomer fixes the single particle energy of the
can safely assign th®f2-type for the isomeric transitions. v p,, relative tor gy, orbital.
This requires a change of parity between the involved Important nuclear structure information is related to the
states. In case df’Ni” we have measured a half- decay of°Ni” (Fig. 2). It has a half-life of 210(50) ns,
life of 13.3 = 0.2 us, which allows one to determine much shorter than the TOF value. This isomer can be
B(M?2) = 0.047 W.u. for this transition. This completes assigned to the predicted group &f seniority isomers
the interpretation of’Ni” (see [9,10]) as argy/, state in 7%727476Ni which have proton valence partnerg®(
decaying to the(vfs;)~! level via the M2 transition. isomers inN = 50 **Mo, **Ru,’°Pd, and®Cd [11,15]).
This isomeric transition is followed by a®2 decay The spin of the8* isomer is the maximum one for the
to the ground state, having @p;,, configuration. The configuration of(gy/»)? for identical particles. The isomer
M?2 interpretation of the isomeric 363.5 keV transition in deexcitation occurs via four consecuti® transitions
Fg" suggests the same orbitals involved; however, theonnectingd™, 67,4%, 2", and0™ states. The observation
systematics ofrgy, and fs,, quasiparticle energies in of "°Ni™ gives not only the energy 1259 keV of theé
Ni, Fe, and Cr isotopes [13] favor reversed level orderstate, but also the strength of tlﬁegg/z)2 interaction,
i.e., anI™ = 5/2~ assignment to the isomer as®life”.  which can be compared to those of protons [2]. The
This is in agreement with the/h,;/,-g7/» systematics lower energy 1259 keV di* state injoNis, as compared
in Z = 50 nuclei one major shell higher [13]. For the to 2033 keV observed fofiNiy is an important fact
odd-odd isotope$Z = 27,25), the possible spins a2  confirming the subshell closure & = 40 for nickel
isomers are ranging fro" to 8~ due to the coupling of isotopes.
f7/2 proton holes tgfs5/, neutron holes and tgy/, neutron At N = 50, on the proton-rich side, protons and
particles. Spin-parity assignments are difficult due toneutrons occupy the samg, orbital and the strong
missing ground state assignments, which is only availableroton-neutron interaction manifests itself as is illustrated
for ®Co. For odd and even magé = 39 isotones we by the 14" isomer in’*Pd [16]. On the contrary, for the
observe a large decrease of the isomer excitation energiery neutron-rich nuclei the valence nucleons belong to
from 1007 to 503 keV with decreasing. This can be different major shells, and proton-neutron interaction is
explained by the proton-neutron interaction in the operexpected to play a minor role at low excitation energies.
7 f7/2 shell as in the corresponding = 50 nuclei one One may illustrate this with the observed properties of
major shell higher without invoking deformation at the the’'Cu” isomer. The strongest transitions detected in
present status of experimental evidence. the deexcitation of thé'Cu” isomer have very similar
The concept of valence mirror nuclei gives a consistenenergies to those of th&Ni” decay; see Fig. 2. We
picture for the nickel isotopes, where the new isomersnterpret this as decay of &9/2~ isomer which has
®Njm1m2 and Ni” were observed. For the case of the (vgos2)j—s: X 7 p3, configuration. TheE2 cascade
%Ni, the relatively high production rate allowed for follows the level sequencé5/2~, 11/27, 7/2~, and
the identification of several levels and for subsequenB8/2~ where theps,, proton wave function is coupled to
analysis of their coincidence relations. The proposedhe 6™, 4%, 2%, and0™ states, respectively. The proton-
decay scheme is shown in Fig. 2. Note that the propeneutron interaction between the nucleengs;,, andv gy,
reconstruction of th&°Ni” decay scheme requires that is in this case too weak to influence the strongly coupled
the 594 keV line is a doublet, which was confirmed by(»gy,,)* pair. Both’'Cu” and’®Ni™ are good examples
the vy coincidence analysis. The analysis of relativeof the purev v interaction of a valence neutron pair.
transition intensities and coincidence relations led to the For®-7°Ni we compare our experimental data to the
location of two isomeric states, with a short lived onerespective spectra of excited states predicted by a shell-
at E* = 2701 keV excitation and half-life of7;,, = model calculation using & matrix residual interaction.
0.439(3) us. The suggested second isomer is a longrhe interaction was derived for *ANi core following
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FIG. 2. Observedy spectra of°Ni™ and’’Ni”. For both cases, decay schemes deduced from the data (EXP.) and predicted by
the shell model (THE.) are also presented. The time decay patterns (in the insets) were obtained taking the strongest observed
gamma transitions. The decay schemé'@u” with its main decay sequence resembling that’dii” is also presented. All

energies are given in keV.

the method outlined by Hjorth-Jensehal. [17,18]. Ex-  capability for simultaneous measurement of many nuclear
perimental neutron single particle energies frdii for  species allows for the investigation of nuclear structure
the active orbitalsp;, (0.0 MeV), fs,» (0.77 MeV), effects in a systematic way. The increaseyoéfficiency
pi2 (.11 MeV), andgy/, (3.70 MeV) were used in the due to the use of existing cluster and clover detectors can
shell-model calculation. The presented results as well asompensate for the decrease of the production cross sec-
those obtained with previously derived realistic interac-tion for the most:-rich fragments. With this method, in
tions [2,19] obviously fail to reproduce the relative po-the region of neutron-rich nickel isotopes, further experi-
sitions of odd and even parity states, which may be duenental progress is feasible.
to the deficiency of realistic interactions in accounting for Support by IN2P3 and by the KBN is acknowledged.
the monopole part of the interaction [7,20]. TBEE2)
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