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Co and Fe isotopes have been identified in thermal-neutron-induced fission of 2**Pu. The yields of the
very neutron-rich isotopes ®*Co, ®*Co, and *Fe were measured and their B-decay half-lives were ob-
tained from time correlations between detection of the selected isotopes and of the g particles from their

decay.
PACS numbers: 25.85.Ec, 27.50.+¢

Fission has been known for a long time to provide the
most neutron-rich isotopes. Recently, with ever improv-
ing separation techniques, very heavy Cu and Ni isotopes,
up to Cu and "*Ni, have been identified in 2*°U(ny, /)
[1]. The decay scheme of 7Cu was established [2] and
the half-life of ®Cu [3] was measured. More recently,
the neutron closed-shell nucleus ?Cu (N =50), with a
neutron excess of 14 as compared with the heaviest stable
Cu isotope, was discovered in 2**U fission induced by fast
protons [4].

In a previous investigation we have measured systemat-
ically the asymmetric fragmentation of 23°U in the mass
range between 80 and 70 for which the production yields
were found to decrease from 1073 to 108 [5]. The
same experiment has recently been performed with 2**Pu
[6]. Since the production yields are larger than for 2*°U,
23%pu thermal fission was selected in order to search for
the very light masses 4 =69 and 68. In this paper, we
show that fragments as light as iron with an excess of 10
to 12 neutrons are accessible through thermal fission.

Beyond the mere identification of new nuclear species,
we have developed a method to measure their B-decay
half-lives [7]. The comparison of this basic nuclear prop-
erty with theoretical predictions provides constraints for
nuclear and B-decay models, particularly when the iso-
topes studied are very far from stability and their proper-
ties difficult to extrapolate from previous data. Moreover,
these values are required to understand the astrophysical
r process synthesizing the elements beyond Fe. The iso-
topes under study are the heaviest ones created during
this process. A knowledge of their half-lives will help to
better define the astrophysical site, the conditions of neu-
tron density, stellar temperature, and exposure time relat-
ed to this process [8].

The experiment was performed using the recoil spec-
trometer Lohengrin at the high flux reactor of the Institut
Laue-Langevin, Grenoble. A neutron flux of 5x10'
neutrons/cm?s impinged on a 0.10 mgcm ~? target of
2%y of 99.99% isotopic purity, covered with a 0.25
mgcm ~ 2 nickel foil to reduce plutonium sputtering.

Separated by Lohengrin, the fragments are focused on
lines of a given A/q ratio (4 being the atomic mass, g the
ionic charge) with an A4/q resolving power of 800 [9]. A
3-mm-wide slit, corresponding to this resolving power, al-
lows a full transmission with a good suppression of neigh-
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boring lines. Along these lines the ions of different ener-
gies are dispersed, the 70-mm length of the slit giving
a 1-MeV energy acceptance. A two-stage ionization
chamber [10] measures the energy E with a 1% accuracy,
providing unambiguously the ionic charge and mass num-
ber. In the first stage of the chamber an energy-loss mea-
surement, AE, gives the atomic number of the fragments.
The properties of the experimental setup are illustrated
on the scatter plots obtained for 4/¢g=69/17 and A/q
=68/18 (Fig. 1). The performances of this setup enable
us to single out fission yields of 10 ~7%; but the small solid
angle, the energy, and charge state selection limit the col-
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FIG. 1. AFE-E scatter plots accumulated over 50 h
(A/q=68/18) and 40 h (4/qg=69/17). At low values of AE
(i.e., low Z) four groups of ions, associated with close 4/¢g
values, are separated with the help of energy measurement.
The top part of the plot (above the diagonal line) shows con-
tamination with heavier fragments, the charge states of which
have been changed in atomic collisions in the space between the
two fields of the spectrometer. The area of interest, that of low
AE, is background free. The isotopic separation improves with
decreasing Z. From the known isobaric distribution of the mass
lines A =81 and A=77, we calibrate the AE axis in terms of
atomic numbers.
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lection efficiency to 10 7. One charge state and the ki-
netic energy of the fragments were selected referring to
the ionic charge and energy distributions measured for
35U (g, f) [11]. The aim was to optimize the counting
rate of the isotope under study together with a low S
background rate, i.e., keeping the contamination from
heavier fragments under control.

The B-decay half-life is obtained from time correlations
between the identified fragments and the B particles
counted thereafter. At the very end of their trajectories
the fragments are implanted into one of eight planar Si
detectors of 10x10%0.5 mm?* where the few MeV residu-
al energy of the fragments and the energy-loss signals of
the subsequent B are measured. Since fragments are im-
planted only on the surface layer of the Si detector, the 8
detection efficiency ¢ is limited to 50% at maximum. The
13-keV B energy resolution of those Si detectors allows a
clear discrimination of signals from the electronic noise.
The continuous spectra of S energy loss show a wide
peak, with a maximum at 170 keV. A low-energy thresh-
old is set at 50 keV to eliminate noise and x rays pro-
duced by the Lohengrin condenser. The correlation effi-
ciency, accounting for threshold, electronics, and data
processing, was evaluated systematically on the B decay
of %Sr (T';,=1s). It was found to be (40 =+ 5)%.

A B background rate b of 0.2 to 0.4 s~ ' per detector
was counted together with 0.5 to 1 fragment per second
in the chamber. The S rate is due to the many heavier
fission fragments entering the chamber, each emitting 2
to 4 B particles before reaching the line of stability and to
the high radiation level close to the reactor. This back-
ground rate limits the largest measurable half-life to 2 s.
Therefore half-lives of Ni isotopes lighter than 71 were
not accessible.

The knowledge and control of the stability of the back-
ground rate is crucial for time correlations to be reliable.
This rate was continuously registrated during the mea-
surements. It was also evaluated from the Poisson distri-
bution of time gaps between the fragments and the previ-
ous uncorrelated B particle.

The mass and elemental yields for masses 73, 69, and
68 have been determined in reference to the known A4
=82 mass yield [6]. Under the same experimental condi-
tions, we have compared counting rates for the lines
A/q=68/18 and A/q =82/17 at a spectrometer energy of
90 MeV, that is, 97-MeV fission energy when corrected
for energy losses in the target and in the covering foil.
The counting rate of mass 82 was multiplied by the ratio
of ionic yields 19/17 at the same mass and same energy
as in the fission of 23U [11]. The two partial rates ob-
tained for 4 =68 and 82, both close to the maximum of
the charge distribution, were assumed to be proportional
to mass yields integrated over ¢ and E. The yield for
mass 69 (73) was compared to that for mass-68 on the
basis of the counting rates at charge states 17 (18) and
energy of 90 MeV (and 95.3 MeV), respectively (see Fig.
1). The error so introduced is smaller by far than uncer-
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TABLE I. Pu(nw,f) measured mass yield and isotopic yields.
Mass yield (%)

Relative isotopic yield (%)

A Pu(nw, f) Fe Co Ni Cu Zn
82 19%10 2%

73 (a5+3)x107? 3.8 55 41.2
69 (1x2)x10-¢ 20 79

68 (6.6*x1.3)x107°% 38 107 85.5

“Reference [6].

tainties resulting from the counting statistics. The results
(Table I) are compared in Fig. 2 with the mass yield dis-
tribution extrapolated by Wahl [12] from the data on the
heavy partner, in mass range 4 =170-160. Most of the
mass yields measured previously agree with this evalua-
tion, except for mass 70, the yield of which was found to
be 4 times larger than predicted [6]. In this work the
mass-68 yield is also found to be larger than predicted, by
a factor of 8. Both differences are related to odd-even
effects combined with the shell closure at Z =28. Nickel
is the dominating element from mass 72 down to mass 68.
Within each mass line, the isotopic yields are provided by
the analysis of projected spectra along the energy-loss
axis (see Fig. 1). Obtained for one selected ionic state,
the yields are summed over the other relevant states by
using the known charge distributions [11].

Compared with the results obtained for 2°U(ny,, f) in
the same mass range, the slope of decreasing yields is less
steep, and the Z distribution is found to be wider and
shows less odd-even effects. These differences show once
more the surprisingly strong dependence of the fission
process on the dynamics, changing from one fissioning
nucleus to another.

The probability for counting B particles at time ¢ after
the detection of the fragment and the probability of
finding the very first B after the fragment at a time 7 are
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FIG. 2. Mass yield distribution in 2*Pu(n,f) as given by
Wahl [12] (dashed line). The measurements are normalized on
the mass-82 yield [6] (open circle). The yields presently mea-
sured (vertical bars) are larger than predicted for 4 =68 as
found by Dietz [6] for 4 =70 (square) due to Ni shell closure.
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TABLE II. Conditions for half-life measurements. Comparison of the resulting values with

the calculated ones.

Calculated half-life (s)

Number of Revised gross Microscopic
Counting rate events Half-life theory theories
Isotope (=" detected (s) [14] [15] [16]
“Co 1.52 175 0.27 £ 0.05 0.73 0.68 0.071
%Co 0.43 80 0.18+0.10 0.80 0.81 0.29
®8Fe 0.15 29 0.10+0.06 0.37 0.42 0.16

given respectively by

pt)=b+ere M, py(A1)=glb+r)e UM+ (1 —g)be ~,

where A is the decay constant. If the daughter nucleus decays with a constant A/, the corresponding B can be detected as

well and the probability densities become

—x _
(e M—e™M)

AL
pOuAs 1) =p(h,1) +e—-L
A—As

and

AL
PIAAsE) =pi (A1) +e(1 —&)e _b’{___x ZA

“1 v b
As
The measured time distribution of B particles over a

time ¢, following the selected fragments (denoted I) is ex-

pressed by ANg=NrpAt, where N is the number of
fragments. Similarly the distribution of the time gaps be-
tween each selected fragment and the next g (II) is given
by ANg=Nrp;At. The value of A can be deduced either
from a y2 minimization or by a maximum-likelihood pro-
cedure. This last analysis is actually more appropriate,

due to the small number of correlations (see Table 1)

and the occurrence of a significant S background.

For %°Co the four evaluations are compatible within
their accuracies and they give a mean value of 0.27
+0.05 s.

For %Co and %®Fe, the numbers of events are very low
and only the maximum-likelihood analysis of distribution
(1) is appropriate. The %Co correlations were analyzed
first, since the half-life of the daughter nucleus %®Ni is
known [13] to be long (19 s) compared with the value
searched for: Then statistical uncertainties due to the
daughter decay are reduced [compare Figs. 3(b) and
3(c)]. Furthermore the ®3Co fragments are 3 times more
abundant than the ®®Fe ones. A half-life of 0.18 £0.10 s
was found; the large uncertainty comes from the variation
in the background and in the detection efficiency in the
different runs. The 29 correlations observed for ®®Fe
were analyzed similarly, but there the contribution of
daughter decays is significant and the error in the %Co
result propagates to *®Fe. A T/, value of 0.10 = 0.06 s is
obtained. Both results are illustrated in Fig. 3.

Among the 29 time sequences of S signals following the
implantation of ®®Fe, 6 could be assigned to the detection
of both B particles of the decay chain, followed by a 8
from the background with appropriate time gaps.

This number of detected chains is compatible with the

—Agt
]e j_

1+4
A

]-b}

expected number, Nrée?, and the time sequences provide
mean times, and therefore half-lives, in excellent agree-
ment with the values obtained above.

In spite of their low accuracy— notice that %®Fe has
four neutrons more than the heaviest isotope of measured
half-life—these experimental results offer a way to test
nuclear models. Predicted B-decay half-lives scatter ap-
preciably. The revised gross theory of B decay [14] and
microscopic calculations [15] lead to half-lives in agree-
ment with the values we have measured previously for
neutron-rich Ni isotopes [7]. For the two Co isotopes un-
der study, the calculated half-lives are both larger than
the experimental ones by a factor of 4. Recent micro-
scopic calculations based on quasiparticle random-phase
approximation (RPA) [16] have improved the overall
agreement with data for neutron-rich isotopes between Ni
and Zn [17]. This improvement is confirmed here for
%Co and %®Fe. Only the odd-even %°Co is predicted as
decaying more rapidly, by a factor of 4. A deformation
can occur for this Co isotope, which may have been un-
derestimated by the RPA calculation. Reducing the
overlap of the wave functions of ®Co with ®*Ni would
slow the B decay. This assumption is corroborated by the
presence of a low-energy shape isomer in the N =40 *Ni
isotope [18].

In the field of nucleosynthesis, the present findings (as
well as those of [2-4] and [7,8]) concern isotopes located
along the first steps of the r process, from *Fe to 80Zn.
The readjustment of the Co and Fe half-lives to shorter
values will shift the r path previously calculated [19] to-
ward larger Z and thus can modify the calculation of the
mass distribution due to the r process.

After fifty years of intensive studies, thermal fission
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FIG. 3. Illustrations of the time correlation spectra obtained
for the three new isotopes of ®*Co, %®Co, and *®Fe. The curves
are calculated with the half-lives obtained with the maximum-
likelihood procedure. Solid curve, background; dotted curve,
background plus daughter decay of half-life 7s; dashed curve,
calculated with the vaiue found for 7' /.

continues to reveal new isotopes. The discovered Co and
Fe fragments are not only the lightest fragments ever
seen in fission, they are also the most neutron-rich iso-
topes of these elements ever reported. They are found
with an extremely low yield. Fission remains the most
appropriate process to generate neutron-rich isotopes, but
the present experiment suffers from the low collection
efficiency, 10 7. This lack of efficiency could be over-
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come by taking advantage of the kinematic forward
focusing of products from 2*¥U Coulomb dissociation at
high energies, using beams delivered by a heavy-ion syn-
chrotron and separated by a recoil separator. The expect-
ed rate would then increase by 2 orders of magnitude.
This increase would allow nuclei further from stability,
by at least two neutrons, to be reached and 78Niso, the
spectroscopy of which is of utmost interest, will come
within the scope of such investigations.
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