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Abstract. Decay-spectroscopy study of the 5™ Fe isomer has been performed at GANIL. This isomer is
found to have an energy of 387 keV and a half-life of 75(21) us. An intermediate excited state is introduced
at 367 keV. The results are interpreted in terms of various nuclear models, and a deformed shape is inferred
for S"Fe.

PACS. 25.70.Mn Projectile and target fragmentation — 21.10.Tg Lifetimes — 27.50.4e 59 > A > 89 —

21.60.Cs Shell model

An extension of nuclear spectroscopy studies to nuclei
with a large neutron excess is both interesting and chal-
lenging. It is interesting since there are theoretical pre-
dictions for drastic changes of nuclear structure with in-
creasing neutron number N —see recent review articles
[1,2] and earlier references therein. The experimental ver-
ification of these predictions is challenging, as the yield of
any nuclear reaction, like fission or high-energy fragmenta-
tion employed for production of neutron-rich nuclei, drops
down very fast with increasing distance from the line of
[-stability.

One has to develop experimental methods of very high
sensitivity. In this context, the in-flight identification of
reaction products in a fragment separator, combined with
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the decay study of isomers, has proven to be especially
successful [3].

During the past five years a number of new experimen-
tal results on the isomeric properties like half-life and level
schemes has been obtained in neutron-rich nuclei between
48Ca and "®Ni. Isomers within a half-life range from about
20 ns to over 800 us have been observed. The experiment
we presently report is a continuation of the studies per-
formed with the 60 MeV /u 8Kr beam on a "*Ni target in
which several new isomers around the Z = 28 and N = 40
shell closure were observed [4,5]. Among these an isomer
in %"Fe was reported to decay via a 367 keV y-transition
with a half-life of 43(30) ws. This half-life suggested the
M2 character of the transition.

In our present experiment, isomers were produced
through fragmentation of a 61.6 MeV /nucleon ®Ge beam.
The primary beam of charge state ¢ = 30" and mean in-
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Fig. 1. Left: the -ray spectrum of ™™Fe. In the insert, the decay pattern of the isomeric activity is shown. A weak 511 keV
line is consistent with the presence of large background of long-lived 87 emitters implanted at LISE final focus during previous
experiments, and does not belong to the 5™Fe decay. Right: tentative decay scheme of the 387 keV isomeric state. Position of

the 367 keV level is not drawn to scale.

tensity 330 enA impinged on a rotating 500 ym thick Be
target. After separation in the LISE3 spectrometer [6],
fragments were stopped in a telescope, consisting of three
silicon detectors placed at the final focus. The first of them
was 300 pm thick and acted as an energy loss (AFE) de-
tector. The two other detectors, each 500 pym thick, were
used to provide redundant energy loss measurements and
to obtain the total kinetic energy E. Determination of
AFE, E, the magnetic rigidity Bp, and the time of flight
was sufficient to identify mass A, atomic number Z and
charge ¢ of individual fragments. Three high-purity Ge
detectors, two four-crystal clover and one low-energy pho-
ton spectrometer were packed in a close geometry around
the telescope and were used to measure ~y-radiation of the
isomeric activities. The sensivity range for the detection
of ~-rays was set between 40 keV and 3 MeV. The full-
energy peak efficiency was found to be 12% at 200 keV.
The time elapsing between the heavy-ions implantation
signal and the isomeric decay was measured up to 45 us
and was recorded using standard time-to-amplitude con-
verter (TAC) modules.

The present paper focuses selectively on the new evi-
dence for the isomeric decay of "Fe, and on the interpre-
tation of the results in terms of nuclear models.

The ~-ray spectrum of ™Fe is presented in fig. 1
(left). In addition to the known 367 keV line it shows a
new line at 387 keV.

The intensity ratio of these lines is I,(387)/1,(367) =
0.12(2). Within the experimental uncertainty, this ratio
does not change with time. Our exponential x? fit to the
decay curve, see the insert to fig. 1 (left), yields the half-life
of the isomer to be 75(21) us. This half-life is somewhat
longer than the one estimated in ref. [4] but overlapping
with it within uncertainties.

It is suggested that the energy of the isomer is equal to
387 keV, and the 367 keV transition is in cascade with an
unobserved highly converted 20 keV transition. In the data
evaluation, the internal conversion is taken into account
for the 20 keV transition, while it is negligible (at the level
of 1% or less) for the 387 keV and 367 keV transitions.

The partial half-life of the 387 keV transition is
0.70(31) ms. If this transition has multipolarity M2, it

is retarded with respect to the Weisskopf estimate by a

factor of F(M2) = 3.2(14) x 10° (F = Ty)% /T)5™P").
If it is E3, the retardation factor is F(E3) = 0.20(13).
Other multipolarities may be disregarded. A comparison
of experimental half-lives to the Weisskopf estimates for
the M2 and E3 ~-transitions in neighbouring nuclei [7]
gives the following intervals for the observed retardation
factors: 1 < F(M2) < 50 and 1 < F(E3) < 700.

Our estimates are beyond these limits. The E3 en-
hancement by a factor of 5 could be understood only
if strong octupole correlations were present. There is
no structural reason to expect such correlation in %7Fe.
Hence, in the following we restrict our considerations to
M2 multipolarity, and discuss the unusual retardation of
the 387 keV M2 transition.

For the y-ray cascade, the partial half-life is 84(25) us.
If the 20 keV transition is to precede that of 367 keV,
the partial half-life indicates its multipolarity to be E2,
the retardation factor to be F(E2) = 1.5(4). Other mul-
tipolarities may be excluded. If the 367 keV transition
is first, multipolarities other than M2 and E3 may be
ruled out. Even for these two cases the retardation factors,
F(M2) = 3.0(9) x 10* or F(E3) = 0.017(5), are outside
the limits mentioned above. The choice would be M2, as
for the 387 keV transition. This means that the spins of
the isomer and the ground state differ by two units, and
these two states have opposite parity. Thus, two possi-
bilities for the cascade are considered: i) the 20 keV E2
transition followed by the 367 keV FE1 transition, see fig. 1
(right), and ii) the 367 keV M2 transition followed by the
20 keV transition of multipolarity M1 (or E2, which would
mean that the 20 keV level is another isomeric state). In
the latter case, to maintain isomerism two stretched M2
transitions are required, one to the ground state and one
to an excited state at 20 keV. As a consequence there
would be a close-lying doublet of states having identical
spin and parity, which in view of the single-particle struc-
ture is rather unlikely. Therefore, the following discussion
in terms of nuclear models considers only the possibility
i) as shown in fig. 1 (right).
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Fig. 2. Quadrupole-deformation dependence of the potential
energy calculated for the nucleus ®*Fe.

The low energy of the 2% level in %6Fe corresponds
to a deformation (2 ~ 0.26 [8]. In a first attempt to in-
terpret the results, we assumed the same deformation for
67Fe. The standard Nilsson model and the BCS approach
(with the neutron energy gap parameter from [9]) was
applied. Among the calculated quasiparticle levels, the
5/2% [422] state is the lowest. Next are the 5/27 [303] and
1/27 [301] levels. This leads to the spin-parity assignment
to the ground, intermediate and isomeric levels of 5"Fe in
fig. 1, which would explain the transition multipolarities
proposed. Qualitatively, the M2 hindrance is due to the
fact that the 5/2%[422] and the 1/27[301] levels originate
from the spherical Ogg/2 and 1p;,, orbitals, respectively,
which cannot be connected by an M2 transition. A reli-
able estimate for the hindrance therefore requires a pre-
cise knowledge of the Nilsson wave functions to account
for subtle interference effects. A crude half-life estimate
of the 387 keV M2 transition has been obtained from
the Nilsson model. Using the wave function of ref. [10],
given in a spherical basis for deformation § = 0.2, which
reproduces best the observed sequence of the 5/2%[422],
5/27[303] and 1/27[301] levels, a hindrance of F' = 33
is calculated for a free nucleon M2 operator. To deter-
mine an effective M2 operator, the experimentally known
9os2 — f5/2 M2 transitions in 63,6567Nj were calculated
in a large-scale shell model approach [11] yielding an ef-
fective g-factor of g5 = 0.35¢°¢. This single-particle tran-
sition contributes the major admixture to the forbidden
transition. Including the effective operator a hindrance of
F = 270 is calculated. In view of the assumptions made
for the Nilsson wave function this agrees reasonably with
the observed M2 retaradation.

Experimentally two other cases of highly retarded M2
transitions are known, which show a striking similarity to
the situation we encounter in ®"Fe. These are the transi-
tions 1/2= — 5/2% in °1Tc hindered by F = 154 [12]
and 7/27 — 3/2% in 2"Ba with FF = 12050 [13]. Both
nuclei are deformed with G5 = 0.18 and 0.24, respec-
tively. The assigned Nilsson configurations are 1/27[301]
and 5/27[422] in the odd-proton nucleus ®'Tc [14], and
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Fig. 3. Relative energies of the one-quasiparticle states calcu-
lated for the nucleus " Fe.

1/2%[411] for the 3/2" band member and 7/27[523] in
the odd-neutron case '2"Ba [15]. The latter configurations
originate from the spherical 1dz/, and Ohy; /o orbitals, one
major shell higher than the aforementioned 1p;,, and
go/2 orbitals. From the striking analogy of these three
cases of highly retarded M2 transitions, we infer defor-
mation for “Fe and high confidence for the decay scheme
i) (see fig. 1) and the tentative spin-parity assignments.
Theoretical calculation yielded for the %6Fe deformation
either §o = 0.27 [16], which is compatible with [8], or
B2 = 0.0 [17]. To have an independent theoretical esti-
mate for the deformation, we used the code MINQP5 [18]
to carry out calculations based on the Strutinsky shell-
correction method [19]. The macroscopic part of the total
energy was assumed to be given by the Yukawa-plus ex-
ponential mass formula [20]. The shell correction was cal-
culated using the axially deformed single-particle Woods-
Saxon Hamiltonian with the “universal” parameters [21].
The nuclear surface is defined by means of standard [y
axial-deformation parameters

6

1+ Y ()

A=2

R(82) = c(B)Ro ; (1)

with ¢() being determined from the volume conservation
condition and Ry = rgA'/3. The shell correction was cal-
culated according to the prescription given in [22]. The
energy minima have been obtained at the spherical shape
B2 =~ 0.0, and at a prolate deformation, 85 = 0.3, see
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fig. 2. In the next step, level energies were calculated for
the 41-st neutron in %“Fe, for the deformation interval
—0.4 < B2 < 0.4, in the way described in ref. [23]. The
calculations were performed for those single-particle lev-
els in the Woods-Saxon potential which originate from the
9o/2, P1/2 and f5 /5 orbitals, and thus are close to the Fermi
level. The residual interaction was assumed to be of the
monopole pairing type. The Lipkin-Nogami method was
applied with account for blocking effect. The results are
shown in fig. 3, where the individual levels are labelled
with the Nilsson-model quantum numbers [N, ng, A]. The
minimum at Gy = 0.0 is slightly deeper than that at
B2 = 0.3. However, the assumption of the spherical shape
does not allow for a straightforward interpretation of our
results. We focus our attention, therefore, on the deformed
minimum. The 5/2% [422] level is likely to be the ground
state. For the isomer one has then a unique assignment of
1/27 [301], and the intermediate state must be 5/2~ [303].
The fact that the latter two states appear in fig. 3 to be
inverted means perhaps that the energy distance between
the py/o and f5/o shell model states is somewhat differ-
ent than calculated. This more advanced calculation leads
to the same conclusions as the original simple BCS ap-
proach. While the model considerations provide a qual-
itative interpretation of the isomerism observed in 57Fe,
more advanced theoretical studies are obviously needed to
explain the unusual retardation of the 387 keV M2 transi-
tion quantitatively. One should presumably account for a
mixing of single-particle and collective degrees of freedom.
There may be also an effect of different deformation in the
ground and isomeric state. In conclusion, the inferred de-
cay scheme and tentative spin-parity assignments for the
67Fe isomer provide convincing evidence for the existence
of deformation in this neutron-rich region of the fpg shell,
near N = 40.
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