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Abstract: The very neutron-rich Fe- to Ni-isotopes are of interest since they
are located at the very beginning of the astrophysical r-process path. The /3-decay
half-lives of several isotopes, identified in thermal fission of 235If or 239Pn, have
been measured at the ILL high-flux reactor using the Lohengrin spectrometer.
Half-lives have been determined from time-correlations analysis between the frag-
ment implantation and the detection of the subsequent /3-particles in the same •
detector. With the fragment separator FRS, at GSI, the projectile fragments of
86ATr have been separated. The /3-decay half-life of 6bFe has been measured.

1 Introduction

**;; Studies of very neutron-rich nuclei in the Fe-Ni region provide a test for nuclear models
\ far off the stability since they are located along the Z=28 proton shell closure before and

eventually up to the N=50 neutron shell closure. These nuclei are encountered at the
beginning of the astrophysical r-process path, following the very first neutron captures
on the seed nucleus 56Fe. /3-decay half-lives of these nuclei, especially those close to the
N=50 line, are usefull to determine the r-process path and, consequently, the elemental
composition of the first r-peak of the abundancy distribution. These studies are of
importance since the astrophysical site of the r-process is not known, and the values of
Ti/2! Pni a nd mass excesses enter as constraints astrophysical models to provide values
of high neutron-flux densities and temperatures in stellar explosions (Supernovae).

The half-lives of the waiting points nuclei 80JZn and 79Cu have been recently measured
[l] using on-line mass separator techniques. However the extraction efficiency of the
available ion sources is much lower for the Fe-Ni than for Zn and Cu.

In the present work, we have used in-flight separation techniques. Very asymétrie
thermal fission of 215U and 239Pw was used to produce neutron-rich Cu- to Fe- isotopes,
and to measure their half-lives . An other approach was provided by projectile fragmen-
tation of the high energy a6Kr delivered by SIS at GSI: 65Fe fragments were produced
and separated, and 65Fe /3-decay half-life was determined for the first time.
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2 Results obtained with thermal fission of 23SU and 239Pu

Thermal fission has long been used as a source for neutron-rich isotopes. The ILL high-
flux reactor provides a flux of thermal neutrons of 5 1014 cm'2 s"1 at the target area.
The process of very asymétrie thermal fission, systematically investigated on 235V [2]
was shown to produce neutron-rich isotopes in the Ni region.

Kinetic energy of fission fragments ranges between 80 to 130MeV, and their atomic
states are distributed over several charge states q, from 17 to 24. Fragments are sepa-
rated with the Lohengrin spectrometer [3] which consists of a magnetic dipole followed
by an electrostatic condenser, with deflection planes perpendicular one to each other.
Fragments are focussed on A/q lines, along which they are dispersed according to their
kinetic energy, E. Thus, Lohengrin performs an A/q and E/q selection of the fission
fragments. At the focal plane, the transmitted ions are analysed by a AE-E measure-
ment in an ionization chamber, and therefore identified in mass A and nuclear charge Z.
Eventhough the production yields become extremely low for the lightest species (IO"9 for
68Fe) the isotopic identification remains unambiguous since contamination from heavier
masses which have larger fission rates occurs at higher energy and - to a smaller extent
- larger energy losses (fig. 1).
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Figure 1 E-AE scatter plot representation of the transmitted fission fragments.

A row of 8 thin Si detectors (0.5 mm x lem2) has been set inside the ionization
chamber in order to implant the fragments. In the same device, emitted /3-particles
have been detected. The analysis of time correlations between ion implantation and
the detection of subsequent /3-particles provides the value of the half-life . The decay
of the daughter nucleus and the background rate have been carefully taken in account.
The 0-decay half-lives of "" 7 4 ^t , 6^69Co and 68Fe have been extracted using maximum
likelihood procedures [4]. Since the background rate is not négligeable (0.2s~l/det)
and the detection efficiency is less than 0.5, only short half-lives (less than 2-3 s) can be
measured. Low fragment counting rates are associated with low yields. In the worst case
of 68Fe, it was measured 0.15/h. However, thanks to the very fast decay, 29 fragments
were enough for a first time determination of the half-life.
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The main limitation of the method comes from the very low transmission of Lohen-
grin: The isotropy of the fission process combined with the solid angle of the collection
(10~5), the small energy window (1 MeV), and the selection of one charge state, lead to
a transmission factor lower than 10~6.

The addition of a new magnet after Lohengrin will improve the energy transmission
and reduce the background. As can be seen in fig. 5, there are still numerous new
isotopes to be found with this method which demonstrates that thermal fission is still a
competitive way to hunt for very neutron-rich species.

3 Projectile fragmentation.

The pilot experiment was performed at GSI (Darmstadt). The 86Kr beam accelerated
in the heavy ion synchrotron SIS up to 500 MeV/u is impinging on a 2gcm~2 Be target.
Due to reaction kinematics, projectile fragments are forward focussed, with the velocity
of the projectile, (Ap/p ~ 2%), and fully ionised.

Fragments of interest can be selected via Bp-Ap analysis [5] with the fragment sepa-
rator FRS [6] : the first stage of the separator consists mainly of two dipoles. It performs
a magnetic (A/Z) selection (Bpi). The transmitted fragments are decelerated according
to their stopping power in an energy dégrader located at the intermediate dispersive focal
plane. With a second stage of dipoles, symétrie to the first one (Bp2), a given isotope
can be selected by tuning magnetic rigidities Bp1, Bp2 and the shape of the intermediate
dégrader. 2 to 4 contaminants are observed with low relative rates.

At the final focus, the transmitted ions are slowed down with an homogenous dégrader
of appropriate thickness in order to implanted the selected fragments in two rows of
ten Si PIN diodes (0.5 mm thick), where they undergo /3-decay. This implantation
accuracy (0.1 mgcm~2) can be achieved although the energetic fragments (500MeV/u,
Ap/p= 2%) have passed through 12 gcm~2 of Al.
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Figure 2 Implantation rate of a selected isotope (66Co) inside a 0.5 mm depth of Si (120 mg cm~2

of Al eq.), as a function of the thickness of the last dégrader.

This technique allows to implant only the selected isotope together with one contam-
inant (here the neighbour isotone 66Co) in the detector array. More penetrating frag-
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ments and secondary fragments produced by nuclear reactions inside the last dégrader
(3.3 gcm~2) are rejected with a veto scintillator, since they have larger ranges. With the
Af? and time of flight measurement in addition to the range selection performed by the
implantation, an unambiguous separation of the different species is obtained (fig. 3).

Identification of Implanted Fragments
with p-Decay Half-Life Determination
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Figure 3 AE vs time of flight representation of the fragments detected in the PIN-diodes.

The fragment identification is confirmed by the Ti/? determination of the main con-
taminant, which is found (0.22 ± 0.03) s in agreement with the known 66Co half-life.
As the daughter nucleus, 66JVt, has a much longer half-life (54.6 h), one can neglect
the daughter decay in the time scale of the analysis. The time spectrum of the first /3
detected after an implanted 66Co is reported on fig. 4.
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Figure 4 Time delayed coincidences between 66Co fragments and first /3-particles detected
plotted as a function of the logarithm of the time interval. This representation [7] allows to
separate the fast decay from the low frequency background (0.05/s/det.)

Contrary to the 66Co situation, the daughter nucleus of 65Fe ,6SCo, is short lived, and
the chain of the first two decays of 65Fe occurs within a time shorter than background
time gaps. The /3-detection efficiency evaluated from the previous 66Co is 0.6. Among
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the pairs of/3 detected after the fragments, chains are selected on the basis of the shorter
time critérium, which number is compatible with this efficiency. It provides half-lives of
1.12±0.3s for 6SCo in agreement with the known value and 0.40±0.2s for 65Fe. This
last value is also found with maximum likelihood analysis.

This first result was obtained after only two hours of accumulation. The success of
this pilot experiment will allow to extend /3-decay half-lives measurements toward more
neutron-rich species.

4 Conclusion

The isotopes studied in the present work are summarised in fig. 5. If the N=50
line is still not reached for these elements, the limits of known half-lives was pushed to
more than ten units off stability in the case of Ni and Co. The measured half-lives are
compared with calculated ones from différent models in fig. 6. The discrepancy can reach
up to a factor 3 when one goes further off the known isotopes.
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Figure 5 New isotopes observed with thermal fission. 65Fc and 66Co were studied with pro-
jectile fragmentation.
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Figure 6 Ratio of measured half-lives with predicted values from a macroscopic theory [8] and
from microscopic ones [9, 10] .



The r-process calculations formally need the knowledge of properties for a huge set of
nuclei, the most part being up to now unknown, and are very sensitive to T1^2, Fn and Sn

values far off the stability, where the predictive power of the models decrease. Recently,
K.L. Kratz et al.[11] have shown that the r-elements abundancies can be reproduced
assuming a steady flow and in the waiting point approximation, through the knowledge
of the half-lives of a few nuclei located close to the neutron-shell closures. /3-decay half-
lives measurements as close as possible to these nuclei allow more reliable extrapolations

\ " for the needed values still unknown.
* On the other hand, improvement of the existing facilities, using thermal fission or

projectile fragmentation as well, should allow to extend these studies further off stability,
closer to the N=50 line, perhaps up to the doubly magic waiting-point nucleus, 78JVi.
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