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The elements 110, 111, and 112 were first identified in
a series of experiments in 1994 and 1996 at the SHIP ve-
locity filter [1]. A total of 4 decay chains was measured
of the isotope 269110 and 9 decay chains of 271110. Cross-
sections of 3.5 and 15 pb, respectively, were determined.
The cross-sections for element 111 and 112 were 3.5 and
1.0 pb, deduced from a total of 3 and 2 decay chains.

The new isotopes were identified by position and time
correlation analysis. The data were obtained by using
position-sensitive Si detectors (details of the experimen-
tal set-up and the analysis procedure are given elsewhere
[2]). In order to prepare a safe identification of the 269110
nucleus, the decay chain of the daughter 265Hs and its ex-
citation function were measured in a preceding irradiation.
In the case of the isotope 271110, the granddaughter 263Sg
was known from literature. Therefore the identification
of these nuclei was straightforward and without a doubt.
The discovery of element 110 by this work was recognized
recently by a IUPAC/IUPAP Joint Working Party (JWP)
[3].

Concerning the discovery of elements 111 and 112, the
JWP concluded that further experiments are needed in or-
der to fulfill the previously worked out criteria for assigning
priority of discovery for these elements.

In order to confirm our previous results, we performed
two experiments in 2000 aiming at new data on the syn-
thesis and the decay pattern of 272111 and 277112. The
irradiation took place from October 16 – 29 and May 3 –
29, respectively. The reactions were the same as in our first
experiments, 64Ni + 209Bi → 273111* and 70Zn + 208Pb →
278112*. First results from the Z = 112 experiment were
already published in [2]. Subsequent to the irradiation of
209Bi with 64Ni we irradiated a 207Pb target aiming at the
synthesis of the even-even nucleus 270110. The results are
presented in a succeeding contribution to this report.

In completion of the set-up used in our previous exper-
iments, an electronic circuit was installed in the Z = 111
run, which allowed for switching off the beam within 50
µs after an implanted residue was detected by coincidence
of energy and time-of-flight signal. In a subsequent time
window of 10 ms a preset number of α particles (in this
experiment one) was counted which then prolonged the
beam-off period up to the expected measurable end of the
decay chain. In our experiment 10 min were chosen, thus
making provision for the detection of a possible α decay
of 252Md, T1/2 = 2.3 min. This improvement considerably
reduced the background and allowed for the safe detection
of signals from long lived decays. The circuit was prepared
already in May for the Z = 112 experiment, however, the
trigger conditions could not be set properly, mainly due
to the energy shift by degrader foils used in front of the

Figure 1: Decay chains and decay data measured during
an experiment aiming at the confirmation of element 111.

detector.
The targets were prepared in the usual way, 450 µg/cm2

lead or bismuth was evaporated on a 40 µg/cm2 carbon
foil. The targets were then covered by 10 µg/cm2 car-
bon to protect the targets from sputtering and to improve
radiative cooling.

The beam energy in the Z = 111 experiment was 320.0
MeV, the resulting excitation energy of the compound nu-
cleus was 14.1 MeV using the mass tables of ref. [4]. At
this energy we had measured 2 events in the first experi-
ment during an irradiation time of 5.9 days (one chain was
observed at 12.7 MeV excitation energy). A beam dose of
1.1×1018 had been collected from which a cross-section of
(3.5 +4.6

−2.3) pb resulted. In the new experiment the irradia-
tion time was 13 days and the beam dose 2.2×1018 ions. A
total of 3 decay chains was measured from which, in agree-
ment with the first result, a cross-section of (2.5 +2.5

−1.4) pb
follows. The mean value from both experiments (5 events
at 3.3 ×1018 projectiles) is (2.9 +1.9

−1.3) pb.
The decay data of the 3 chains measured in the Octo-

ber 2000 experiment are plotted in Fig. 1. A comparison
with the 3 previously measured chains and with literature
data is shown in Fig. 2. The most important results are
summarized in the following: 1) The trigger for the switch-
ing off the beam worked properly. All three chains were
measured in full length during beam-off periods. 2) In the
case of two of the three new chains (chain 5 and 6) the
full α energy was measured from the decay of 272111. The
two energy values agree, however, the mean value of 11.03
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Figure 2: Comparison of α-decay data from the six events
which were assigned to the decay of 272111. The event
chains are chronologically ordered and numbered from 1
to 6. The size of the data points reflects the detector
resolution, small dots stand for α′s stopped in the main
detector, larger squares for escape α′s stopped in the back
detectors and arrows for escape α′s delivering only a ∆E
signal from the main detector. Vertical lines are drawn
at energies of single data points or at the mean energy
values of transitions which have the same energy within
the detector resolution. The single and mean values of
lifetimes (not half-lives) are also given. Above the upper
abscissa the α spectra deduced from literature are plotted
for the decays of 256Lr and 260Db.

MeV is 0.21 MeV higher than the energy obtained from
chain 3 of the first experiment. 3) The energies of the α
decay of the daughter, 268Mt, and granddaughter, 264Bh,
are spread across a wide energy range. Similar, even wider
energy distributions were measured from the decay of the
neighboring odd-odd isotopes 266Mt and 262Bh [5]. 4) A
total of four α-energies was measured from the 260Db de-
cay. Three of them agree within the detector resolution.
The mean value of 9.14 MeV also agrees with one of the 3
lines given in the literature. For this line energies of 9.14
and 9.12 MeV were reported [6, 7]. A slightly different, 60
keV higher energy was measured from chain 3. However,
the energy value of 9.20 MeV was determined from an es-
cape event stopped in the back detectors. For such events
the energy resolution is only 40 keV (FWHM). 5) Six α
lines in the energy range from 8.30 to 8.65 MeV are known
from the decay of 256Lr [6, 7]. Our energies from chain 3,
4, and 6 agree with the literature values. 6) The measured
lifetimes agree for each of the nuclei and in the case of
260Db and 256Lr also with the literature values. There is
only one exception. The decays of 268Mt are spread across
a larger lifetime period. Although the distribution is still
in agreement with statistical fluctuations, it could also be
possible that the longest (171 ms) or shortest (4 and 7 ms)
lifetimes are related to decays from isomeric states.

Our conclusion of the recent Z = 111 experiment is that
our first results are confirmed and that the new data reveal
considerably improved information on the decay pattern of
the chains starting at 272111.

Figure 3: Decay chain of 277112 measured during a recent
experiment aiming to confirm element 112.

In the study of the reaction for the synthesis of element
112 we used a beam energy of 346.1 MeV. The resulting
excitation energy of 12.0 MeV is 2.0 MeV higher than in
our first experiment. During an irradiation time of 19
days we collected a total of 3.5 × 1018 projectiles. One
decay chain was observed. The measured data and our
assignment are given in Fig. 3. The first two α decays
have energies of 11.17 and 11.20 MeV, respectively, which
are succeeded by an α of only 9.18 MeV, an energy step
by about 2 MeV. Correspondingly, the lifetime increases
by about five orders of magnitude between the second and
third α decay. This decay pattern is in agreement with
the one observed for chain 2 in our first experiment. It
was explained as the result of a local minimum of the shell
correction energy at neutron number N = 162 which is
crossed by the α decay of 273110.

The α energy of 9.18 MeV for the decay of 269Hs is
identical within the detector resolution with the value of
9.17 MeV obtained in chain 1 of our previous experiment.
A new result is the occurrence of fission ending the chain at
261Rf. Fission was not yet known from 261Rf, but is likely
to occur taking into account the high fission probabilities
of the neighboring even isotopes.

A cross-section of (0.5+1.1
−0.4) pb was measured for the new

data point at 12.0 MeV excitation energy. This value fits
well into the systematics of cross-sections. A cross-section
increase with increasing beam energy as predicted by the-
oretical investigation [8] was not observed.
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Synthesis and investigation of heavy even-even nuclei
provide especially clear data for comparison with theoret-
ical predictions. The absence of unpaired nucleons results
in unhindered α decay or spontaneous fission. Also the
low-energy level scheme is expected to be relatively sim-
ple. However, the synthesis of even-even nuclei is more dif-
ficult by the fact, that in fusion reactions with 208Pb and
neutron rich projectiles 2 neutrons must be evaporated, or
the target must be replaced by 207Pb. In both cases the
measured cross-sections for the synthesis of nuclei beyond
rutherfordium revealed a stronger decrease than in 1n re-
actions using 208Pb targets. Consequently, only few even-
even nuclei are known beyond rutherfordium with 264Hs
being so far the heaviest one produced in reactions with
207Pb targets [1]. Evidence of heavier even-even nuclei
(262116) was obtained from recent work in Dubna [2]. In
this work we present results obtained in an experiment at
the GSI SHIP aiming at the synthesis of the even-even
nucleus 270110 using the reaction 64Ni + 207Pb. A more
detailed discussion of the results will be published in [3].

Figure 1: Two representative decay chains observed in ir-
radiation of a 207Pb target with 64Ni projectiles. The chain
on the left side starts with a relatively long lived α decay
of 270110 which is attributed to a high spin K isomer. The
chain on the right side represents the decay of the short
lived ground-state.

A total of eight α-decay chains was measured during an
irradiation time of seven days. Two representative chains
are plotted in Fig. 1. The ground-state of 270110 decays by
α emission with an energy of 11.03 MeV and a half-life of
100 µs. In addition we measured an isomeric level in 270110
which decays with a half-life of 6.0 ms. Alpha rays with
energies of 10.95, 11.15, and 12.15 MeV were attributed
to the decay of the isomer. A tentative assignment of the
12.15-MeV α particle to a transition into the ground-state
of 266Hs results in an energy of the isomer at 1.13 MeV.
The spin of the isomer was estimated from retardation of
the α-decay probability to be approximately (10 ± 2) h̄.
A γ/IC branching of ≈30 % to the ground-state seems

possible, but could not be definitely established.
The decay properties of the ground-state of 270110 are in

agreement with predictions of the macroscopic-microscop-
ic model and with self-consistent Hartree-Fock-Bogoliubov
calculations with Skyrme-Sly4 interaction. The HFB cal-
culations resulted also in two quasiparticle excited levels,
one of them could be the origin of the isomeric state. Their
configuration and energy is {ν[613]7/2+ ν[725]11/2−}9− at
1.31 MeV and {ν[615]9/2+ ν[725]11/2−}10− at 1.34 MeV.

The new nuclei 266Hs and 262Sg were identified as mem-
bers of the α-decay chain. The nucleus 266Hs decays by α
emission with an energy of 10.18 MeV and a half-life of 2.3
ms. However, it is also possible as indicated by the decay
data, that the α decay has two components with half-lives
of 0.35 and 6.3 ms. In that case an isomeric level would ex-
ist also in 266Hs which could originate from states analogue
as in the case of 270110. Their energies in 266Hs are pre-
dicted to be at 0.90 and 0.94 MeV using HFB calculations.
For both nuclei fission was not observed. Using calculated
fission half-lives, we estimated fission branchings of 0.2 and
1.4 % for the nuclei 270110 and 266Hs, respectively.

The nucleus 262Sg decays by fission with a half-life of 6.9
ms and a total kinetic energy of the fission fragments of
222 MeV. Alpha decay was not measured, an upper limit
for the α branching is 22 %. This value is in agreement
with an estimate of 15 % α-branching, using a half-life
deduced from a calculated value for the α energy of 262Sg.

The measured cross-section of 13 pb was unexpectedly
high. It is shared equally between ground-state and iso-
meric state.

Future experiments at longer irradiation time and higher
beam dose will certainly provide a more detailed decay
scheme and low-energy level scheme of 270110 and its
daughter nuclei. Coincidence experiments using large Ge
detectors are promising to search for transitions within the
rotational band in 266Hs after α decay of 270m110. The
low-energy rotational levels can be studied via fine struc-
ture of the α decay. The measurement of the excitation
function will provide data on the population of ground-
state and isomeric state. The daughter nucleus 266Hs could
possibly be studied directly using the radiative capture re-
action of 58Fe and 208Pb. An important next step using
207Pb target is the investigation of 276112. The result will
demonstrate if the synthesis of even-even nuclei in cold
fusion reactions could be applied also for still heavier sys-
tems.
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In a recent experiment 255Rf was produced by the reactions
208Pb(50Ti,3n)255Rf and 206Pb(50Ti,n)255Rf. From an unusual low
number of 255Rf α-decays in the energy interval (8720-8730)
keV followed by α - decays of  251No, the existence of a low
lying isomeric state with T1/2 ≈ 0.9 s was suspected [1]. Since
neither from theoretical predictions [2] nor from the known
levels of the lighter N=151 isotones with even Z number [3],
which have a similar nuclear structure, the existence of such an
isomer could be expected, we decided to clarify this problem
using the reaction 207Pb(50Ti,2n)255Rf, for which a cross section
σ ≈ 10 nb was obtained. The result is shown in fig. 1a,b. On the
basis of a twenty times higher number of observed counts, no
‚abnormally‘ low correlation rate for Eα = (8720-8730) keV
was evident.

Fig. 1 Decay spectra of  255Rf; a) spectrum of α - events
following the implantation of a heavy residue within ∆t = 20 s;
b) α-α- correlation plot for 255Rf → 251No; c) α-γ - coincidences
attributed to the decay of 255Rf

In addition a few γ - events in coincidence to the α - decays of
255Rf were observed (fig. 1c). Two different groups are
indicated: a) γ - events of Eγ = (203±3) keV and α - decays of
Eα = (8722±10) keV; b) γ - events of Eγ = (142±3) keV and Eα

= (8773±10) keV. Since for a) the sum Eα  + Eγ = 8924 keV, i.e.
close to the transition with the highest energy correlated to
251No, we conclude that this γ - transition leads to the ground
state and due to the lowest hindrance factor of HF = 3 the 8722
keV - transition is assigned to the favored transition.
According to calculations of Cwiok et al. [2] and  assignments
for lighter N=151 and N=149 isotones, we tentatively set the
ground - states of  255Rf as 9/2-[734] and 251No as 7/2+[624]
(fig. 2). Due to the striking low hindrance factor HF = 7 the
8773 keV transition cannot be assigned to the decay into the
level 5/2+[622], which is the first excited Nilsson level in the
lighter N = 149 isotones (247Cf, 245Cm, 243Pu) [3], although
theory predicts it above the 9/2-[734]. Relative intensities of
decays into this level are typically lower than 0.05. Therefore
we interprete the 142 keV - line  due to the transition 9/2-[734]
→ 9/2+, the first member of the ground state rotational band of
251No (see fig. 2). The succeeding transition 9/2+ → 7/2+[624] is
preferrably M1 and thus highly converted. So the 8773 keV -
line is understood as due to energy summing of  8722 keV - α-
particles with conversion electrons. So are the α - lines at 8797
keV and 8831 keV. In theses cases we assume that primarily
the 11/2+ state is populated by the decay of the 9/2-[734] level.
The 8897 keV-line finally is understood as due energy
summing between α-particles and electrons from conversion
processes 9/2-[734] → 7/2+[624], while the small shoulder at
8670 keV may be explained by transitions into the 11/2- - state.

Fig. 2: Decay scheme suggested for 255Rf; the energies denote
the Qα - values.
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Beta-decay studies of proton-rich isotopes near the dou-
bly closed-shell nucleus 56Ni are of interest as (i) nuclei
with a few nucleons outside a doubly-magic core are ex-
pected to represent comparatively simple configurations
and thus be useful for testing nuclear shell-model predic-
tions, and (ii) the large decay-energy window permits to
experimentally access a sizeable fraction of the strength of
the allowed β decay. Moreover, nuclear structure proper-
ties of proton-rich N ∼ Z isotopes are of astrophysical in-
terest, e.g., concerning the EC cooling of supernovae and
the astrophysical rp-process.
The β decay of 56Cu was studied at the GSI On-line Mass
Separator by using a 5.5 MeV/u 32S beam from the UNI-
LAC to induce 28Si(32S, p3n)56Cu fusion-evaporation re-
actions. The reaction products were stopped in a catcher
inside an ion source, released as singly-charged ions, accel-
erated to 55 kV and mass-separated in a magnetic field.
The A=56 beam was implanted into a movable tape and
investigated by means of a β-γ-γ detector array consisting
of two composite high-resolution germanium (Ge) detec-
tors and a plastic scintillator.
The 56Cu decay to the doubly-magic nucleus 56Ni has been
investigated for the first time at the On-line Mass Separa-
tor in 1996 [1]. Four γ transitions have been observed, cor-
responding to the β-feedings of three excited 56Ni states,
and a half-life of (78 ± 15) ms has been determined. In
the present experiment [2], due to the more efficient detec-
tion set-up and a longer measurement time, the quality of
the data was considerably improved, and it was in partic-
ular possible to observe γ-γ coincidences. Six γ transitions
were identified besides the four ones already known, three
new states were added to the level scheme of 56Ni, and the
half-life ((92 ± 3) ms) was determined more accurately.
By using the newly determined level scheme and halflife, β
feedings and reduced Gamow-Teller (GT) transition prob-
abilities (B(GT)) were deduced with higher accuracy. The
experimental B(GT) values were confronted with predic-
tions obtained from five shell-model calculations. Two of
these theoretical predictions, one using the FPD6∗ [3] and
the other the KB3G [4] interaction, are presented together
with the experimental results in Fig. 1. The shell-model
calculations include a ’quenching factor’ of 0.74 [5]. It was
found that the experimental GT-strength distribution over
56Ni states between 3.9 and 6.6 MeV qualitatively agrees
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Figure 1: Experimental B(GT)values (empty bars) for the
56Ni levels together with shell-model predictions obtained
by using the FPD6∗ (dashed bars) and KB3G interactions
(black bars).

with the predictions (see [2]). We consider this to be a
valuable test of shell-model calculations, including their
ability to reliably predict the higher-lying GT strength.
Moreover, the identification of hitherto unobserved low-
spin states in 56Ni is important for further improvement
of data from in-beam spectroscopy as well as for further
tests of nuclear models. Finally, it was shown [2] that the
new experimental data do not imply a revision of the cal-
culated stellar weak-interaction rates of A=56 nuclei [6].
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The recent progress in experimental and theoretical
investigations of N~Z nuclei has been motivated by a rather
unique multidisciplinary interest spanning from nuclear-
structure physics to fundamental physics, with e.g. tests of the
standard model of weak interaction by precision measurements
of superallowed 0+→0+ β decays, and to astrophysics,
concerning the EC cooling of supernovae or the astrophysical
rp-process. A particularly interesting sample of N~Z nuclei is
the series of N=Z - 2 (TZ= -1) odd-odd nuclei in the fp shell.
The isotope60Ga, which is part of this series, was identified in
fragmentation reactions [1,2]. These experiments provided
evidence that the ground state is probably bound, but did not
yield any decay information. In this contribution we report on
preliminary results obtained in the first spectroscopic
investigation of theβ-decay properties of60Ga performed at the
GSI On-line Mass Separator.
The nucleus60Ga was produced in the28Si(36Ar,p3n) fusion-
evaporation reaction, induced by a 4.71 MeV/u, 85 particle-nA
36Ar beam. The reaction products were stopped and ionized
inside the ion source in two separate experiments:
1. A FEBIAD-E [3] ion source was used. The A=60 beam

contained, however, strong isobaric long-lived contaminants
of 60Cu and60Zn.

2. A TIS [3,4] ion source was employed to strongly suppress
the A=60 contaminants compared to the values obtained
during experiment 1. A suppression factor of 700 for the
strongest contaminant60Cu was reached, while the release
efficiency for 60Ga was only reduced by a factor of 6 due to
the lower efficiency of thermoionization.

The mass-separated A=60 beam was implanted during
consecutive time intervals in two carbon foils each viewed by a
∆E-E silicon telescope for detection ofβ-delayed protons (βp)
in experiment 1 and 2. A total of 613βp events were collected.
By comparing the number of events occurring during the beam-
on and beam-off periods in one of the two telescopes (288
events), we determined the half-life of60Ga to be (70±15) ms.
The investigation of β-delayedγ−rays was also performed in
both experiments. Another beam line was used and the detector
array consisted of a plastic scintillator surrounded by 13
germanium detectors. Figure 1 shows part of theγ-ray data
accumulated as the sum ofβ-coincident single-hit events. Three
γ-lines can clearly be observed, i.e. the known 1004 keV line
corresponding to the 2+→0+ transition in the daughter nucleus
60Zn, the 826 keV line of60Cu, and the 834 keV line of72As.
The latter one is due to a long-lived contamination from a
previous A=72 measurement. Moreover, a 3848(2) keVγ-ray

has been identified, which shows an unambiguous coincidence
relationship with the 1004 keV line (see Figure 1). On the basis
of these experimental data, we assign the 3848 - 1004keV
cascade to the deexcitation of the isobaric analogue state (IAS)
in 60Zn. This consideration positions the IAS at 4852(2) keV.
By combining this result with Coulomb-energy systematics [5],
we deduced a semi-empirical QEC value of 14176(3) keV for
60Ga. This finding, together with the known [6] mass excess
values of60Zn and 59Zn, yields a mass-excess of–40007(11)
keV and a proton separation energy of 36(41) keV for the
proton-dripline nucleus60Ga.

Figure 1. Energy spectrum of β-delayedγ-rays recorded at mass 60.
The upper and central panels show parts of theβ-coincident γ
spectrum, while the lower one displays a background corrected part of
the γ spectrum acquired in coincidence with positrons and the 3848
keV γ-ray.
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Nuclei in the mass 70 region exhibit a variety of nu-
clear structure effects such as rapid shape changes and
shape coexistence. Whereas the nuclei around the doubly-
magic nucleus 56Ni are considered to be spherical in shape,
oblate-deformed ground states have been found in a re-
gion around 69Se (Z = 34) [1], and prolate-deformed
ground states in the proton-rich Sr (Z = 38) isotopes [2].
The deformed shapes are well-stabilized by the competing
Z = 34, 36, and 38 gaps in the single-particle energies. To
explore the evolution of the nuclear shape along the N = Z
line and their influence on the competition of T = 0 and
T = 1 isospins in odd-odd nuclei, the β-delayed γ-ray emis-
sion of the self-conjugate nuclei 62Ga and 70Br has been
investigated. The measurements were performed at the
on-line mass separator of GSI Darmstadt. Experimental
details were reported earlier [3], and preliminary results
of the data analysis have been communicated at several
conferences [4, 5].

In the experiment on the β+ decay of 62Ga, an intense
511 keV annihilation peak originating from the 0+ → 0+

Fermi ground-state decay [6] and the much weaker 954
keV 2+ → 0+ yrast transition in 62Zn have been identi-
fied. If a coincidence gate is set on this 954 keV line, weak
γ transitions at 1388 and 2225 keV show up. Thus, the
transitions may depopulate levels at 2342 and 3179 keV in
62Zn. From a previous (p,t) reaction study [7], levels at
2330 (0+) and 3160 keV (2+) are known in 62Zn which are
close in energy to the levels populated in β decay. How-
ever, due to limited statistics, no reliable half-life for the
β-delayed 954 keV γ ray could be deduced.

The occurrence of the 954, 1388, and 2225 keV transi-
tions can result from two different scenarios: (i) from the
β decay of a low-lying isomeric state in 62Ga or (ii) from
a non-analog decay branch of the 0+ ground state in 62Ga
to higher-lying 0+ and/or 1+ states in 62Zn which are de-
excited by the emission of γ rays. If we assume that the
observed 954 keV line intensity results from a non-analog
decay branch, then a branching ratio of (0.106± 0.017)%
can be estimated. This ratio agrees quite well with a previ-
ously reported value of (0.120± 0.021)% [8]. Since almost
the same ratio has been obtained in two very different
measurements, the interpretation as a non-analog branch
is favoured.

In the study of the lightest proton-bound bromine iso-
tope, 70Br, extensive β-γ-γ coincidences have been mea-
sured for the decay of the known T1/2 = 2.2(2) s isomer
[9]. The analysis reveals a complex decay scheme with
about 74% of the β feeding populating the 4606 keV level
in 70Se which is known as a (8,9+) state from previous
in-beam work [10]. This level was found to be depopu-
lated by transitions of 569.0 and 690.2 keV. However, we
observe additional γ rays of 958 and 1604 keV which link

this level further to the yrast 6+ and the 6+2 states in 70Se,
and thus restrict spin and parity to Iπ = 8+. Further-
more, the yrast sequence in 70Se has been observed up to
the 10+ state at 5207 keV for the first time in β decay.
The deduced β feeding of the 10+ level is about 1.2(2)%.
The spectrum of γ rays in coincidence with the 1169 keV
10+ → 8+ transition is displayed in Fig. 1 which clearly
shows all lower-lying transitions of the yrast sequence in
70Se. Thus, the β-decaying isomeric state in 70Br must
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Figure 1: Background-corrected γ-ray spectrum in coinci-
dence with β rays and the 10+ → 8+ γ transition in 70Se.

have a high spin, and we propose spin and parity of 9+, the
only assignment being consistent with all experimental re-
sults. The high spin of the isomer is interpreted as arising
from the Nilsson configuration (π9/2

+
[404], ν9/2

+
[404]))

at an oblate deformation of β2 ≈ −0.3. Our findings are
in agreement with very recently reported conclusions from
another experiment [11] where also a 9+ assignment is pro-
posed. However, this is at variance with the earlier assign-
ment of 5+ given by the same group [12].

The authors appreciate technical support from the GSI mass-

separator group, the GSI VEGA group, and from the FZ

Rossendorf.
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The decay of96Ag was first investigated by Kurcewicz et al.
[1], who measured a half-life of 5.1(4) s and observed the
emission ofβ-delayedγ rays (βγ) andβ-delayed protons (βp).
Later on, Schmidt et al. [2] inferred a half-life of 5.22(15) s
from βp data, and found it to be different from the weighted
mean (4.50(6) s) of the half-lives of theβγ transitions,
indicating the existence of two decaying states in96Ag. This
result is in agreement with shell-model calculations, which
predict two closely spaced 2+ and 8+ states to occur at low96Ag
excitation-energy. However, the previous works [1,2] did not
draw definite conclusions concerning the two96Ag states. The
aim of the present study was to clarify the decay characteristics
of these isomers by reinvestigating theirβγ andβp properties.
We used a total absorptionγ-ray spectrometer (TAS) [3]. TAS
was expected to be more suitable for this purpose as it is
capable of detecting the wholeγ cascade following theβ decay
rather than individualγ transitions. Concerning theβp decay, a
coincidence condition between a proton detector and TAS was
used. This condition was expected to select the cascades ofγ
rays de-exciting the95Rh levels populated by proton emission.

The neutron-deficient isotope96Ag was produced by fusion-
evaporation reactions of a40Ca beam from the heavy-ion
accelerator UNILAC with a60Ni target. The reaction products
were separated at the GSI on-line mass separator by using a
chemically selective FEBIAD ion source. The mass-separated
A=96 beam was implanted into a transport tape, with the
resulting radioactive sources being periodically moved from the
collection position to the centre of the TAS, where it was
viewed by two 0.5 mm thick silicon detectors. One of them,
placed at the side of the tape where the ions had been
implanted, was used to detect positrons and protons. The other
detector placed at the opposite side of the tape served to record
positrons and thus distinguish the protons emitted afterβ+ decay
from those related to EC decay.

The96Pd levels populated via96Ag β-decay are shown in Fig.
1. The analysis of TAS spectra yields evidence forβ feeding of
both the 2+ and 8+ levels in 96Pd. This result indicatesβ-
decaying isomers in96Ag with low and high spin, respectively.
The95Rh levels populated viaβp emission are also displayed in
Fig. 1. The strongly populated95Rh level at 1350 keV can be
unambiguously related to the 13/2+ level established by in-
beam spectroscopy [4]. Besides the agreement in energy, this
assignment is supported by the observation that the decay curve
for this level is similar to that for the 8+ 96Pd level. Several new
95Rh levels have been found in addition to those established
earlier by in–beam spectroscopy andβ decay of95Pd. One of
them, the strongly populated 680 keV level shows the same
decay characteristics as that observed for theβ feeding to the 2+
96Pd level. The evident shell-model counterpart to this level is
that with a spin-parity assignment of 7/2+ and calculated energy
of 650 keV [5], which corresponds to the first excited state

built on the protong9/2 single-particle ground state. Tentative
spin assignments of 5/2+ and 11/2+ can be deduced for the other
new 95Rh levels on the basis of the comparison with shell-
model predictions [5], and by taking into account that they are
not populated by the yrast cascade identified by in-beam
spectroscopy.

The half-life of the high-spin isomer was determined by
evaluating the time characteristics of theβ+ feeding to the96Pd
8+ level. The half-life of the low-spin isomer was deduced by
using the decay curves of the TAS peak corresponding to the 2+

96Pd level and the 680 keV (7/2+) 95Rh state. Theβp branching
ratios, indicated in Fig.1 for both isomers of96Ag, were
determined on the basis of a decomposition of the decay curves
for βp events and positron-coincidentγ rays detected by TAS.
The additional uncertainties, which are due to the non-
observation of EC-delayedγ rays, were estimated not to exceed
10% of the presented values. Making use of the new half-lives
and branching ratios, one can estimate that the summedβp
Gamow-Teller strengths for the two isomers are remarkably
different. This result probably points to the effect of proton-γ
competition for highly excited96Pd levels.
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Fig. 1. Excited states in96Pd and 95Rh populated by the96Ag
β decay andβ-delayed proton emission. For unbound96Pd
levels, onlyβp-intensities are presented.
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The nucleus 100In, the neutron-proton particle-hole (ph)
neighbour of the doubly magic 100Sn, is the closest lying
neighbour which can be studied today in β+/EC decay
with rates allowing detailed βγγ spectroscopy, while still
having a simple ph shell-model structure. Its ground state
is expected to be the Imax − 1= 6+ respectively 7+ mem-
ber of the [πg−19/2νd5/2]2−7 or [πg−19/2νg7/2]1−8 multiplets

(Fig. 1). Their centroids are predicted to be nearly de-
generate [1, 2]. The Gamow-Teller (GT) decay of a πg9/2
proton in 100In to a νg7/2 neutron in 100Cd will prefer-
ably populate either the Iπ = (5 − 7)+ members of the
two-quasiparticle configurations νd5/2g7/2 or νg27/2 or the
four-quasiparticle GT resonance, where these configura-
tions are coupled to an unpaired πg−29/2 proton state. The

two-quasiparticle Iπ = (5− 7)+ states in the daughter nu-
cleus 100Cd have simple configurations, which are easily
accessible to shell-model interpretation [3, 4]. They are
lying well below the GT resonance in a region of low level
density, so that their GT feeding and γ decay can be used
to assign configurations to parent and daughter states.
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Figure 1: States from the πg−19/2 νg7/2 and πg−19/2 νd5/2
multiplets as predicted by the shell model

We have performed a study of the 100In β+/EC de-
cay at the GSI on-line mass separator. The reaction
50Cr(58Ni,αp3n) at 6.15·A MeV energy and 45 particle-
nA intensity of the 58Ni beam was used to produce mass
separated 100In at an average rate of 5 atoms/s from a
TIS ion source [5]. The 100In samples were collected and
measured in grow-in mode in cycles of 16 s on a movable
tape and then removed to suppress long-lived daughter
activity. The collection point was surrounded by a plastic
scintillator to detect positrons with 70 % efficiency. Two
composite HPGe detectors, a cluster of the EUROBALL
type and a superclover from the VEGA array, a large vol-
ume single HPGe and a LEPS detector served for γ-ray
detection with a total detection efficiency of 3.7 % for a
1.33 MeV γ ray.
A γ-coincidence spectrum gated by positrons and the
2+ → 0+ γ transition in the daughter 100Cd is shown

in Fig. 2. This nucleus has been well studied in in-beam
spectroscopy up to high spin [3, 4]. A strong apparent GT
feeding of the known Iπ=6+ and 8+ states is clearly ob-
served. From the preliminary analysis of the feeding pat-
tern a spin and parity assignment of Iπ=(7+) is inferred for
the parent state in 100In. A halflife analysis of the strong
297, 795 and 1005 keV γ lines yields a value of 5.1(5) s
in agreement with the adopted average of previous results
6.1(7) s [6].
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Figure 2: Partial β-gated γγ spectrum of the 100In decay
gated on the 2+ → 0+ transition in the daughter 100Cd

The spin and parity assigned to the parent state, which
could be the ground state or an isomer, is clearly at vari-
ance with the shell-model prediction shown in Fig. 1 [1].
The residual interactions used in shell-model calculations
favour Iπ=6+ [1, 7, 8] in agreement with tentative assign-
ments to the odd-odd In isotopes and N=51 isotones. The
ph nature of the interaction requires that the two assign-
ments belong to different configurations (Fig. 1). This
excludes a trivial solution to the problem by shifting the
centroids of the multiplets, as the configuration mixing
would counteract, and would rather indicate a revision of
the realistic interaction used in the shell model.
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Neutron deficient nuclei near 100Sn have been produced
by fragmentation of a 1A·GeV 112Sn beam in a beryllium
target, separated in the FRS and identified with a new
detector system [1]. The unambiguously identified ions
were stopped in a highly segmented silicon detector stack
[2]. We determined the halflives for each implanted isotope
using a maximum likelihood method [3].

Fig. 1 shows the measured isotopic yields for fragments
from strontium to indium. The cross sections extracted
from these yields are in good agreement with empirical
predictions (EPAX). The spectra show the previously un-
observed N = Z − 2 nuclei 76Y (2 events) and 78Zr (one
event). Due to the excellent resolution of our identifica-
tion detectors we can assign a 3σ confidence level to these
observations. In addition fig. 1 demonstrates the absence
of the N = Z − 1 nuclei 81Nb, 85Tc and 89Rh, which are
probably unstable against proton emission.
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Figure 1: Mass spectra of the observed ions between Sr
and In. The arrows indicate the identification of 76Y and
78Zr and the absence of 81Nb, 85Tc and 89Rh.

The identification of 76Y and 77Y coincides with recent
predictions of the relativistic Hartree-Bogoliubov model
for the proton dripline [4], whereas 81Nb and 85Tc are not
predicted to be dominantly proton emitters.

For the identified nuclides as well as for the unobserved
ones we determined limits for their halflives resulting from
their flight time through the FRS (table 1). Note that
the failure to observe 89Rh could also be due to the small
cross section expected (50 pb) just at our detection limit.
In order to improve our knowledge on the proton dripline
we implanted the N = Z − 1 nuclei 75Sr, 77Y, 79Zr and
83Mo into the Si detector stack. The measured halflives,
which are as short as expected for β-decays between mirror
nuclei, are also listed in table 1. For 77Y we collected 12
nuclei which decay all via β-decay, setting an upper limit

T1/2 T1/2 T1/2
75Sr 80+400

−40 ms 76Y > 170 ns 77Y 57+22
−12ms

78Zr > 170 ns 79Zr 80+400
−40 ms 81Nb < 44 ns

83Mo 6+30
−3 ms 85Tc < 110 ns

Table 1: Halflives of N < Z nuclei. For details see text.

to a possible proton branch of 10% (1σ c.l.).
An important nuclear physics input quantity for net-

work calculations modelling the astrophysical rp-process
are the halflives of the so-called waiting point nuclei. We
measured the halflives of all these nuclei from 80Zr up to
92,93Pd. In addition we were able to determine halflives
of several unknown indium, rhodium and technetium iso-
topes near the N = Z-line with the same magnet settings
of the FRS. These results are listed in table 2.

T1/2 [s] T1/2 [s] T1/2 [s]
80Zr 5.3+1.1

−0.9
84Mo 3.7+1.0

−0.8
87Tc 2.18± 0.16

88Ru 1.2+0.3
−0.2

89Ru 1.45±0.13 91Rh 1.74± 0.14
92Rh 5.6±0.5 93Rh 13.9± 1.6 92Pd 1.0+0.3

−0.2
93Pd 1.0±0.2 99In 3.0+0.8

−0.7

Table 2: Halflives of nuclei near the N = Z line.

In an earlier report of preliminary results [5], an erro-
neous value for the 93Pd and 92,93Rh halflife was given
because some daughter decays were included and the back-
ground suppression was insufficient in the first analysis.

To investigate superallowed Fermi-β-decays we studied
the six heaviest candidates of N = Z odd-odd nuclei be-
tween 78Y and 98In. For the first time we observed fast
transitions, compatible with superallowed Fermi transi-
tions for 90Rh, 94Ag and 98In. In addition to these fast
transitions, we have observed a few long-lived isomeric
states. The measured halflives are listed in table 3.

T1/2[ms] T iso
1/2[s] T1/2[ms] T iso

1/2[s]
78Y 55+9

−6 5.7+0.7
−0.6

82Nb 48+8
−6

86Tc 59+8
−7

90Rh 12+9
−4 1.0+0.3

−0.2
94Ag 26+26

−9 0.45+0.20
−0.13

98In 32+32
−11 1.2+1.2

−0.4

Table 3: Halflives of N = Z odd-odd nuclei.
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In recent years, intense experimental and theoretical research
has been devoted to investigate nuclei near the doubly magic
nucleus100Sn (Z=N=50). In this region of the nuclear chart, an
island of α emission occurs, covering neutron-deficient
isotopes of tellurium (Z=52) through cesium (Z=55). Alpha
emission is a rich source of nuclear structure information [1].
The α-particle energy Eα, corrected for the recoil effect, yields
the difference between the masses of mother and daughter
nucleus. Above100Sn, this quantity directly relates to the
Z=N=50 shell-strength. Moreover, the information on energy,
half-life and α-decay branching ratio (bα) yields the reduced
widths for this disintegration mode (Wα). Measurements of Wα
values may shed light on the question whether superallowedα
decay occurs for nuclei beyond100Sn, with protons and
neutrons occupying identical d5/2, d3/2 and g7/2 orbitals.
Moreover, these nuclei, and in particular114Ba, are predicted to
be promising candidates for the observation of cluster (12C)
radioactivity. The decay of114Ba had already been investigated
in previous experiments [2-4], but only lower limits forα and
12C partial half-lives could be established [2]. In this
contribution we report on preliminary results obtained in a
reinvestigation of theα-decay properties of114Ba.
The experiment was performed at the GSI On-line Mass
Separator.114Ba was produced in fusion-evaporation reactions
induced by a 284 MeV58Ni beam on 2.0-3.8 mg/cm2 thick 58Ni
targets. The reaction products were stopped inside a high-
temperature cavity ion source in two tantalum catcher foils,
from which most recoils– at the ion source temperature of
about 2400 K– are swiftly released as thermalized atoms.
Chemical selectivity for barium isotopes was achieved by
adding CF4 and thus using on-line fluorination. The ionization
takes place selectively in the fluorination sideband of BaF, all
contaminants including CsF being reduced to levels well below
10-5 [5]. The BaF+ ions were accelerated to 55 keV, mass-
separated and focused alternately onto two carbon foils, each
one being viewed by a∆E-E silicon telescope.
The search forα emission was performed using the∆E
spectrum registered in anticoincidence with the E detector.
Figure 1 shows the corresponding spectrum obtained from both
telescopes during a measurement time of 55.6 hours. Threeα
lines were observed at the energies 3410±40, 3740±30 and
4160±30 keV, containing 38, 21 and 22 events, respectively.
We assign the lowest-energy line to theα decay of114Ba. This
assignment is based on the Z and A selectivity that was reached
combining the fluorination ion source with mass-separation.
The higher-energy members of this triplet are assigned to the
known [6] α lines from the decay of110Xe and106Te. Taking
into account the recoil correction, we obtained a Qα value of
3540±40 keV for114Ba. This result, together with the known [6]
Qα values of110Xe and106Te, yields a Q value of 19000±60 keV

for 12C decay of 114Ba, which is important to obtain
experimentally relevant predictions for this decay mode.

Figure 1. Section of the∆E spectrum from both telescopes,
taken in anticoincidence with the related E detectors.

By comparing the 38α events observed with the 980β-delayed
protons (βp) detected simultaneously in∆E-E coincidence, the
bα value of 114Ba was determined to be (9±3)⋅10-3. This result
takes into account the detection efficiencies of the telescopes
and the knownβp branching ratios for114Ba [4] and its
daughter114Cs [7]. The new bα value is somewhat larger but
still compatible with the previously obtained upper limit of
3.7⋅10-3 (68% c.l.) [2]. Moreover, the analysis of time
correlations will allow us to deduce the half-life of110Xe and
the bα values for110Xe and106Te.
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A new micro-second isomer in neutron-rich 136Sb
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D. Rudolph1, J. Genevey6, Z. Janas4, J. Kurcewicz4, P. Mayet2, J.A. Pinston6, Zs. Podolyàk5,
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By studying the properties and decay patterns of iso-
meric states resulting from the coupling of valence parti-
cles in high-j orbitals at the Z = 50 and N = 126 shell
closures, valuable information on nuclear structure and
nucleon-nucleon interaction in very neutron-rich systems
can be obtained. In December 1999, we therefore per-
formed an experiment at GSI to search for new, relatively
long-lived (100ns - 100µs) isomeric states in the region
around the neutron-rich doubly magic nucleus 132Sn. The
nuclei of interest were produced by projectile fission of 238U
at 750 MeV/u in a 1.0 g/cm2 9Be target, separated using
the Fragment Separator (FRS) and implanted in a catcher
at the final focus surrounded by Ge detectors. More details
about the experiment are given in [1, 2].

The well-known decay of the Iπ = 19/2− isomer in
135Te [3] was used to verify the particle identification and
lifetime determination procedures. Figure 1 shows the γ-
spectra recorded in delayed coincidence with ions of 135Te
and 136Sb implanted in the catcher. A previously unknown
delayed γ-transition at 173 keV is clearly seen in the 136Sb-
gated spectrum.
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Figure 1: Delayed γ-ray spectra measured in coincidence
with implanted 135Te (a), and 136Sb (b) ions. The time-
delay is 250 ns, and 500 ns, respectively. The energy labels
are in keV.

The decay curves of 135Te and 136Sb are presented in
figure 2. The distributions were fitted to obtain the corre-
sponding half-lives of the isomeric decays, and the results
are summarized in Table 1. The half-life of the proposed
new isomeric state in 136Sb is T1/2=566±46 ns [2].

The β-decay of the 136Sb ground state was studied by
Hoff et al. [4], who suggest it is the Iπ = 1− member of
the πg7/2νf 37/2 multiplet. Previous to our experiment, how-
ever, no excited states were known. The energy (173 keV)
and half-life (566 ns) of the single delayed γ-ray we observe
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Figure 2: Time distribution curves of a) the 325 keV line
from the decay of the Iπ = 19/2− isomer in 135Te and b)
the 173 keV line identified in 136Sb.

Table 1: Determined isomer half-lives
Isotope Iπ T1/2 (ns) T1/2 (ns)

(this work) (previous)
135Te 19/2− 512±22 510±20 [3]
136Sb - 566±46 -

make it an unlikely candidate for the transition deexciting
the isomeric state. More likely, the primary isomeric tran-
sition has low energy (<50 keV) and escapes detection in
our setup due to internal conversion or absorption.

To help in interpreting the experimental observations we
have performed spherical shell model calculations, using
two different sets of interactions, to calculate the excita-
tion energies for the πg7/2νf 37/2 multiplet members. The
calculations indicate that the isomer may have Iπ = 6−,
and the observed 173 keV γ-ray could be the 4− → 2−

transition. However, although 136Sb has only one proton
and three neutrons outside the doubly magic 132Sn core,
the gradual onset of collectivity as more valence particles
are added could influence the level ordering and spacing.
More experimental studies of 136Sb are clearly needed.
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High Spin States Populated via Projectile Fragmentation in Very
Neutron-Rich Nuclei Around Mass 180

P. Mayet1, J. Gerl1, Ch. Schlegel1, Zs. Podolyák2, P.H. Regan2, M. Caamaño2, M. Pfützner3,
M. Hellström1, M. Mineva4 for the GSI ISOMER collaboration

K-isomers can be found mainly in the A∼180 region.
The best examples of K-isomerism are predicted to occur
on the neutron-rich side of the valley of stability and are
thus barely reachable by standard nuclear reactions like
deep inelastic reactions. Up to now, only projectile frag-
mentation has proven to be an efficient method in popu-
lating heavy neutron-rich isotopes with cross-sections suffi-
cient to perform γ-ray spectroscopy. Thus, the FRagment
Separator [1] (FRS) associated with γ-ray spectroscopy
techniques has been successfully used at GSI to search for
K-isomers with lifetimes ranging from nano- to millisec-
onds in the mass region around A∼180.

These isomers were produced following the fragmenta-
tion of a 1 GeV/nucleon 208Pb beam impinging on a 1.6
g/cm2 Be target. The fragments were separated through
the FRS working in achromatic mode and identified using
the Bρ-∆E-TOF method. Ions were stopped in a 5 mm
thick Al catcher covering an implantation area of 16 cm on
horizontal position. Prompt and delayed γ-rays in coinci-
dence with implanted ions of interest were measured using
a Segmented Clover Array whose efficiency was about 6%
at 1.33 MeV for the central position of the catcher.

Several new isomers were observed in neutron-rich
A=180-200 nuclei, as shown in the following figure, pro-
viding the first nuclear structure information from the suc-
cessive γ-decay cascade. In particular, the rotational band
of 190W [2] has been observed for the first time.

Moreover, the ability of this novel method to reach high

spin states has been demonstrated by populating K= 352
−

isomeric state in 175Hf [3], 179W [4] and 181Re [5]. This
spin represents the highest value observed so far in projec-
tile fragmentation.
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New microsecond isomers in the neutron-deficient isotopes
189,190Bi have been identified at the velocity filter SHIP in the
p4n and p3n evaporation channels, respectively, of the com-
plete fusion reaction of 52Cr ions with a 142Nd target. After in-
flight separation the evaporation residues (EVRs) were im-
planted into a position-sensitive silicon detector (PSSD),
where their subsequent -decays were measured. Behind the
PSSD a four-fold segmented Ge-clover detector was installed
for prompt and delayed (up to 5 ms) α-γ and α-X ray coin-
cidence measurements allowing for the investigation of long-
lived isomeric states. EVRs were identified by excitation-
function measurements and by using the Recoil-Decay-
Tagging method on the basis of delayed recoil-γ, recoil-X ray,
and recoil-γ� �	�
�	
�
�	
�� A detailed description of the ex-
perimental set-up used and of the results for 188,189,190Po and
their daughter products was given in  [1].
Fig.1a shows the γ-ray spectrum measured by the clover de-
tector in coincidence with recoils registered in the PSSD. The
γ-transition observed at 357(1) keV has an excitation function
similar in shape and position to the 6672-keV -decay of the
9/2  ground state of 189Bi (T1/2 = 680 ms) and of the 7298 keV

-decay of the 1/2+ isomeric state (189m1Bi) of 189Bi. On this
basis we assign this transition to 189Bi. Fig.1b shows the same
spectrum as in Fig.1a, but with an additional condition that the
EVR-γ pair is correlated within the time interval of 2 s with an

 decay of E = 6672 keV. The procedure to take into account
the background of possible random correlations is described in

detail in [2]. In Fig.1b, besides a peak at Eγ = 357(1) keV co-
incidences with the K-X rays of Bi are also observed.  Thus,
the excitation function behaviour, coincidence with the Bi K-X
rays and the condition of correlation with the  decay of 189gBi
establishes the origin of the 357 keV γ-line as an isomeric state
(189m2Bi) built on top of the 9/2 ground state in 189Bi.
By comparing the number of the K-X rays and γ-rays in
Fig.1b, corrected for the corresponding efficiencies [1], a con-
version coefficient of K = 0.9(1) was deduced, which is con-
sistent with the theoretical value of K(357 keV, M2) = 0.77.
This establishes the spin and the parity of the 357-keV iso-
meric state 189m2Bi as 13/2+. We assume that this state decays
by the M2 transition directly to the 9/2�ground state of 189Bi,
as in the cases of 191,193,195Bi [3]. Applying a procedure de-
scribed in [2] , we deduced a lower limit of T1/2 > 360(120) ns
for the  half-life value  of the 357-keV transition.

By using the same method as described above for 189m2Bi and
by analysing the recoil-γ (Fig.1c) and recoil-γ-α(6450 keV)
(Fig.1d) correlations a previously unknown isomeric γ–decay

with the energy of Eγ = 273(1) keV and a lower half-life limit
of T1/2 > 500(100) ns was observed on top of the α-decaying
(Eα = 6450 keV) 10 isomeric state in 190Bi. The detailed dis-
cussion of the observed results is given in [2].

Figure 1. a) Recoil-γ coincidence spectra (time interval
∆T(EVR-γ) < 5 µs and b) background-subtracted recoil-γ-
α(6672 keV) spectra for 189Bi collected at the beam energy of
272.0(5) MeV; c) and d)  the same as a) and b), but for 190Bi,
collected at the beam energy of 256.0(5) MeV. Known γ-
decays of the microsecond isomeric states in 190Pb [4] are
marked by filled triangles.
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Bound beta decay (�b decay), the time-mirrored orbital electron
capture, is a special form RI �

- decay, where the electron
becomes bound in an inner  atomic shell (predominantly the 1s-
shell) of the daughter atom. For neutral atoms the capture of an
electron into an unoccupied shell has a small probabiliy
because of the small overlap of the wavefunction with the
nucleus. Therefore, �b decay remains there a spurious effect
only. However, when atoms get highly ionized, as, e. g., in a
stellar plasma,  �b

 decay can become a significant decay branch.
7KHQ �

- lifetimes may alter by many orders of magnitude with
respect to those of the corresponding neutral atoms, as has been
proven by several experiments performed at the ESR over the
last years [1,2]. The exploration of �b decay is important for a
comprehensive understanding of the creation of matter in hot
stellar plasmas.
An experiment was carried out at the FRS-ESR facilities, where
the �b

 decay of 206Tl and 207Tl was directly observed for the first
time. The mass difference between mother- and �b daughter-
atom amounts in either case to about 1.6 MeV, and the �b

decay-branch to 10-20%[3]. The 206Tl and 207Tl-atoms were
produced by fragmentation of a 208Pb primary  beam in a Be
target at the FRS and separated using the %!�û(�%! method.
This technique ensured that bare Tl ions, but no hydrogen-like
Pb ions were injected into the ESR. In the ESR, the ions were
stored, electron-cooled, and detected via time-resolved
Schottky spectroscopy. The beam noise, which is induced in
pick-up electrodes, is recorded and frequency-analyzed. At the
revolution frequency of each stored ion species the frequency
spectrum  shows lines with an area being proportional to the ion
number.
Figure 1 presents the first direct observation of �b decay. It
shows time-resolved frequency spectra of the Schottky lines of
stored and cooled bare 207Tl81+ ions, together with their �b-
daughters 207Pb81+. The mass resolving power m/ûP exceeds
7*105, which is by far sufficient to resolve both peaks clearly.
The spectra have been determined from summing-up one
hundred subsequent, 64.8 milliseconds lasting measurements
and covered an observation time of up to 40 minutes after
injection.
Figure 2 shows the number of ions in both peaks as a function
of observation time. The  initial number of bare 207Tl ions in the
ESR was about 2000. After the cooling phase of approximately
100 seconds the intensity of the 207Tl81+ mother nuclei decreases
exponentially due to beta decay to the continuum ( 207Pb82+,  not
shown here), �b decay to 207Pb81+, and due to charge-changing
processes in the residual gas and in the electron cooler of the
ESR. These unavoidable 'storage ring losses' also lead, finally,
to a slow decrease of the stable 207Pb81+ ions, whose intensity
increases at the beginning due to the feeding from the decaying
207Tl81+.
From those spectra, together with the PHDVXUHG �

- decay to the
continuum (�c), a wealth of unique information will result: total

and  partial �b lifetimes, the �b Q-value and, moreover, the ratio
of  bound- and continuum electron wave function, which  yields
the 'Fermi function'. For �- decay, the latter has never before
been probed by experiments (in FRQWUDVW WR �

+- and orbital
electron-capture decay).
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Figure 2: Number of mother (207Tl81+) and �b-daughter ions
(207Pb81+) as a function of time after injection.  The first 100
seconds are needed for electron cooling of the hot fragment
beams (first three data points, which have been excluded from the
fit). Each data point is obtained from 32.4 seconds of observation
time.
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Figure 1: Time-resolved frequency spectra of bare 207Tl81+

mother and hydrogen-like 207Pb81+ �b-daughter ions. The
noise-power is a direct measure for the number of ions.
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Exotic nuclei are produced via projectile fragmentation of
different primary beams in beryllium targets placed at the
entrance of the Fragment Separator (FRS). The fragments
are spatially separated by the FRS, injected and stored
in the Experimental Storage Ring (ESR) for direct mass
measurements. Two complementary methods have been
applied:

1 Schottky Mass Spectrometry (SMS)

Masses of more than 100 neutron-deficient heavy nuclides
in the lead region were directly measured for the first time
with a precision of roughly 100 keV in our first run with
209Bi projectiles [1]. The combination of these measure-
ments with experimental Qα values allowed the determi-
nation of more than 60 new masses in addition [2]. The
measured masses in this experiment cover a large area of
proton-rich heavy nuclei up to the proton dripline.
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Figure 1: One-proton separation energies for odd-Z and
odd-A nuclides. The full circles represent masses deter-
mined in this experiment [2].

Fig. 1 shows the one-proton separation energies for odd-Z
and odd-A isotopes in the measured region. These data
allowed to determine the experimental one-proton dripline
for elements from bismuth to protactinium. For even-Z
elements from tungsten to radium our data allow to predict
reliably the two-proton dripline.
The single particle gap Gp is defined as 2Gp ≡ S2p(Z,N)−
S2p(Z + 2, N), where S2p is the correspondig two-proton
separation energy. The Gp values for the Z=82 shell region
are shown in Fig. 2. Moving away from the doubly magic
208Pb nucleus towards the proton dripline the shell gap is
drastically reduced, which has not been observed for other
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Figure 2: Experimental shell gapsGp for different elements
(see insert) in the vicinity of the Z=82 shell [2].

magic numbers. This can be explained, for example, by
nuclear shape changes along the isotopic chains.

Our second experiment with 209Bi projectiles contained
several improvements. The better cooler performance, sta-
bilization of power supplies and a new data aquisition sys-
tem [3] increased the resolving power by a factor of two
to m/∆m ≈ 700000. This allows to resolve peaks with
close mass-to-charge ratios as demonstrated in Fig. 3 for
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the frequency peaks of the ground and isomeric states of
150Tb. The excitation energy deduced from our mass mea-
surements is in good agreement with the literature [4]. The
measured mass surface of the recent experiment covers our
previous measurement and adds roughly 50 new proton-
rich unknown masses. Although the data analysis is still
in progress we can expect a precision of the mass values of
about 50 keV. Schottky Mass Spectrometry was success-
fully applied to nuclides with half-lives longer than 10 sec,
which is needed for cooling and spectrum recording.

2 Isochronous Time of Flight Mass Spec-
trometry (IMS)

To extend the study to shorter half-lives the ESR was op-
erated in an isochronous mode where the inherent velocity
spread of the hot fragments is compensated by different
orbit lengths [5], i.e., the revolution time is independent
on the velocity spread. Therefore, precise mass measure-
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Figure 4: Revolution time spectrum of uncooled projectile fragments from a 84Kr beam with an incident energy of
445.3 A· MeV. Groups of ions with the same isospin are marked with the same font. The arrows indicate those species
which are shown in Fig. 5.

ments can be performed without beam cooling. A time-of-
flight detector was used to measure the revolution times
of the stored fragments within a few hundred turns in the
ESR (approx. 500 ns/turn). The stored ions penetrate a
thin carbon foil (17 µg/cm2) covered with CsJ [6] (approx.
10 µg/cm2) on each side and release secondary electrons
at each turn. These electrons are detected by micro chan-
nel plates (MCPs) and the signals are recorded by a digital
sampling oscilloscope. The time differences between differ-
ent occurences of a particle were used to deduce its revolu-
tion time. Spectra of the revolution times were generated
using the data from several injections with an identical
setting. The example of such a spectrum in Fig. 4 shows
only a part of the m/q - acceptance of about ± 7.5%. The
mass values of 70,71Se therein were unknown according to
ref. [4] and the uncertainities given for 68As and 73Br were
large. Therefore, we measured masses for these nuclides.
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Figure 5: Comparison of mass values obtained from the
isochronous TOF-measurements and other experiments [7,
8] with the table values of ref. [4]. Uncertainties of the
table values are not included.

Fig. 5 shows the comparison of our results and recent mea-
surements of ref. [7, 8] with the table values of ref. [4].

A mass resolving power of m/∆m = 110000 and a preci-
sion of δm≈ 100 keV have been obtained. IMS is especially
suited for direct mass measurements of nuclides with short
half-lifes down to a few 10 µs.
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Although Ra - isotopes with mass numbers 207≤ A ≤212 had
been synthesized first by Valli et al. more than thirty years ago
[1] little knowledge on their decay properties has been added
since then. The successful application of α-γ-coincidence mea-
surements to detect α-decay branches with low intensity in
214Ra and 214-216Ac [2] motivated us also to investigate Ra-
isotopes with A ≤212. We therefore chose the reaction
204Pb(12C,xn)216-xRa at incident beam energies of Elab= (78-137)
MeV. New decay data were obtained for 212,211,210,209Ra. The
results are listed in table 1.
For the even - even nuclei 212Ra and 210Ra we observed α-
decay into the first excited 2+ - levels of the daughter nuclides.
Our γ - energies of Eγ = (635.1 ±  0.2) keV for 212Ra and Eγ =
(574.9 ±  0.2) keV for 210Ra fit well to the excitation energies of
the first 2+ - levels of 208Rn (635.8 keV)  and 206Rn ( 575.3 keV)
reported in literature [3].
Two weak γ - lines of Eγ = (387.0 ± 0.5) keV and Eγ = (633.7 ±
1.1) keV were attributed to the decay of  209Ra. Unlike the case
of the N=119 isotone 207Rn, whose α-decay populates low lying
states at E* = 62.54 keV and E* = 133 keV with relative
intensities of  0.007 and 0.001, respectively, we did not observe
α-γ - coincidences with Eγ < 200 keV that could be attributed to
the decay of 209Ra.
Altogether, six γ - lines were assigned to the decay of  211Ra.
While five of them fulfilled the relation Qα + Eγ  ≈ Qα (gs),
where Qα and Qα(gs) denote the Q-values for the observed
transition and the ground - state transition, respectively, the
162.9 keV line delivered a considerably lower Q - value. It is,
therefore, interpreted to be the transition between the E* =
283.0 keV and E* = 120.0 keV - levels, since it perfectly fits to
the energy difference. The energy of coincident α-particles,
however, is shifted by ≈20 keV as compared to α-particles
coincident with Eγ = 283.0 keV. This we attribute to energy
summing with conversion electrons from the transition 120 keV
→ 0 keV (g.s.). From the intensities of the 120 keV - line and
the Kα - and Kβ -lines of Rn we obtained a conversion
coefficient of α = 4.5 ± 0.5 which agrees best with the value α
= 6.5 expected for an M1 - transition [4]. Taking 5/2–as the
ground state configuration of 207Rn [3], we obtain 3/2– as spin
and parity for the 120 keV - level. Due to the high background
of x-rays from the decay by internal conversion of the 110 keV
- level in 213Ra, which are coincident to  α - particles with
energies very similar to that of α - particles coincident with the
283 keV - level in 211Ra, we were not able to determine the con-
version coefficient and to make a spin and parity assignment.
 In the lighter N = 117 isotones 203Pb and 205Po two low lying
levels with spins and parities 1/2– and 3/2– are known. While
3/2– 

  was assigned to the 120 keV level in our experiment, we
did not observe a γ - line that could be attributed to the decay of
a 1/2– level. It should be remarked, that in our experiment we
observed γ -decays from the 3/2– (142.7 ± 0.5 keV) - as well as
from the 1/2– - level (154.5±0.5 keV) in 205Po, both being
populated by  (213Ra – α →) 209Rn – α → 205Po.

Fig. 1:  Experimental decay scheme of  211Ra; the energies
denote the Qα - values

Table 1: Results of α-γ - coincidence measurements for radium
isotopes.

      Isotope                           Eα / keV                     Eγ / keV

         212Ra                              6902 ± 5                      (gs)
                                            6269 ± 5                   635.1 ± 0.2

      211Ra                              6907 ± 5                      (gs)
                                             6788 ± 5                   120.0  ± 0.2
                                            (6648 ± 5)                  162.9 ± 0.2
                                             6627 ± 5                    283.0 ± 0.2
                                             6320 ± 10                  596.1 ± 0.4
                                             6315 ± 10                  601.6 ± 0.4
                                             6255 ± 5                    665.0 ± 0.2

       210Ra                             7003 ± 10                      (gs)
                                             6447 ± 5                    574.9 ± 0.2

       209Ra                              7003 ± 10                     (gs)
                                             6625 ± 5                    387.0 ± 0.6
                                             6376 ± 10                  633.7 ± 1.1
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The isotopes  213Ac and 214Ac were first identified in 1968 by
Valli et al. [1], who reported  T1/2 = 0.8±0.2 s and Eα = (7362
±8) keV for  213Ac, and  T1/2 =  (8.2±0.2) s and three α-lines of
Eα = 7212±5 keV (irel = 0.52±0.02), 7080 ±5 keV (irel = 0.44 ±
0.02), and 7000±15 keV (irel = 0.04±0.01)  for 214Ac. In a recent
experiment [2] new results on the decay of  214Ac were obtained
by means of α-γ- coincidence measurements, but due to low
count rates some of the assignments had to be regarded as
tentative. To study its decay in more detail and also to search
for fine structure in the α-decay of 213Ac we produced them by
the reaction 209Bi(12C, xn)213,214Ac (x=8,7). The nuclides were
separated from the projectile beam in-flight by SHIP and
implanted into a 16-strip-Si-detector, where their α-decay was
measured in coincidence with γ-rays registered with a high
purity Ge-detector mounted closely behind the Si- detector.
Two γ - lines of Eγ = (341.6 ± 0.4) keV and Eγ = (608.8 ± 0.5)
keV were assigned to the decay of  213Ac; the energies of the
coincident α-particles are (7022±10) keV and  (6767±10) keV.
The result for  214Ac  was more complex; besides coincidences
characterized by Eγ + Qα = Qα(gs) ± 10 keV (Qα , Qα(gs)  are
the Q-values of the observed and of the ground-state (gs)
transition, resp.) and ∆Eα(FWHM) < 30 keV, we also observed
those having Eγ + Qα < Qα(gs) and/or ∆Eα(FWHM) > 30 keV.
The first group is assigned to γ-dcays into the gs or low lying
levels. (Summing with conversion electrons (CE) from those
states will shift the α-energy close to the value of the gs
transition, while the line width is not effected significantly, as
shown for 212Fr α-γ decays  into the 23.5 keV - level in 208At,
followed by L - conversion to the gs.)

The second  group is interpreted as transitions between excited
states.  A preliminary decay scheme based on these results is
shown in fig 1. The tentative assignment of the γ-lines reported
in [2] was confirmed and some weaker transitions, not in-
dicated so far, were observed. However, these results  led to
new questions: especially the assignment of two strong γ-tran-
sitions Eγ = 224.8 keV and Eγ = 162.5 keV still causes some
problems. Since ∆E = (363.8-139.0) keV = 224.8 keV the first
line may be attributed to the transition between these two
levels, which is supported by the energy distribution of the
coincident α-particles. About 62% have a mean energy Eα =
6868 keV (i.e. close to that coincident to Eγ = 363.8 keV) and
18% Eα = 6909 keV, which can be understood as due to
summing with K - CE from decay of the 139.0 keV - level. Yet,
20% have Eα = 6989 keV. The intensity is too high for sum-
ming with L - CE  since for an M1 - transition at ∆E = 139 keV,
i(K)/i(L) ≈ 2.4 is expected. We thus tentatively assume a level
at E = 224.8 keV, having accidentially (within our experimental
accuracy) the same energy as the 363.8 keV → 139.0 keV -
transition. This assumption is corrobated by the 162.5 keV -
line, which is close to ∆E = (224.8-62.6) keV.  The energy dis-
tribution of  the α -particles coincident to this line does not
support a transition to the ground state, but is very similar to
that of those coincident to the E = 146.5 keV - line, which is
interpreted as the transition 209.3 keV → 62.6 keV.
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 Fig. 1:  Decay scheme suggested for 214Ac; full lines: α-decay; dashed lines: observed γ-decays (energies for gs transitions are
             omitted)



- 20 -

- 20 -

Deeply Bound 1s and 2p Pionic States and the s-Wave Part of the
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Figure 1: Measured excitation energy spectrum for the
206Pb(d,3He) reaction (Td = 600 MeV) in the region of the
bound pionic states. In a fit (fitting region indicated by the ar-
row) (1s)π and (2p)π peak are decomposed into the contribut-
ing neutron hole configurations of which the most important
are 2f5/2, 3p1/2 and 3p3/2.

After the discovery of the deeply bound (1s)π and (2p)π
states in 207Pb in the 208Pb(d,3He) reaction [1] and the
determination of the real and imaginary s-wave-potential
parameters b0 and ImB0 from the (2p)π binding energy
and width [2, 3], a new experiment on the 206Pb(d,3He)
reaction was performed at the Fragment Separator (FRS).
The better suited neutron shell structure of 206Pb com-
pared to 208Pb and an improved energy resolution allowed
for a clear separation of the (1s)π component from the
dominant (2p)π peak in the excitation spectrum [4], which
was not achieved in the 208Pb(d,3He) experiment. Ac-
cordingly the binding energy and width of the (2p)π state
(B2p, Γ2p) and especially of the (1s)π state (B1s, Γ1s) can
be determined with significantly higher precision.

Decomposing the excitation energy spectrum into (1s)π
and (2p)π components coupled to different neutron hole
contributions (Figure 1) the values B1s = 6.768 ±
0.044 (stat.)± 0.041 (syst.)MeV, Γ1s = 0.778+150
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Figure 2: Binding energy and width of the (1s)π state in
205Pb related to the real (V (0)) and imaginary (W (0)) part of
the s - wave potential in the center of the nucleus. The p -
wave potential is taken from a parameter set given by Seki and
Masutani [5]

0.055 (syst.)MeV, B2p = 5.110 ± 0.015 (stat.) ±
0.042 (syst.)MeV and Γ2p = 0.371 ± 0.037 (stat.) ±
0.048 (syst.)MeV were obtained.

These quantities were used to determine the pion-
nucleus s - wave optical potential. The most precise val-
ues for the real and imaginary part (V (0) = 26.1+1.7

−1.5 MeV,
W (0) = −13.8+3.4

−3.5 MeV) were deduced from B1s and Γ1s

(Figure 2). The 1s state has a larger sensitivity, since the
pionic 1s wave function has larger overlap with the nuclear
density distribution than the 2p wave function, and since
the 1s binding energy and width are almost exclusively de-
termined by the s -wave potential parameters. With the
assertion that the isovector term of the π−-nucleus inter-
action b�

1 is modified in the medium and that the isoscalar
part is induced by double scattering mainly, one can derive
from V (0) = 26.1 MeV for 205Pb that b�

1 	 − 0.125m−1
π .

This also indicates a reduction of the quark condensate to
72%.
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Dissociation of 8He and 14Be in carbon and lead targets
has been studied in kinematically complete experiments.
The data allow to deduce invariant mass spectra, angular
distributions in the one neutron knock-out channel as well
as inelastic scattering in the 2n decay channels.

The invariant mass spectrum in the inelastic channel
6He+n+n shows a broad distribution extending up to
about 3.5 MeV. This may be interpreted either (i) as a
single broad 1− resonance or (ii) as a relatively narrow
2+ state and a broad peak from higher excited 1− state.
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Figure 1: Differential cross
section for inelastic scat-
tering of 8He on two dif-
ferent targets. C target
(top): experimental data are
compared with DWBA cal-
culations for dipole (dot-
ted line) and quadrupole
(dashed line) excitations.
Pb target (bottom): the
contribution from the elec-
tromagnetic dissociation is
shown as dashed line while
the nuclear diffractive disso-
ciation is displayed as dot-
ted lines. The calculations
where performed in eikonal
DWBA and result in the
solid line as sum of the two
processes.

The dominance of dipole transitions can be seen in
Figure 1 (top) where the experimental angular distri-
bution for 8He inelastic scattering on a carbon target
[1] is shown in comparison with DWBA calculations.
The differential cross section obtained for 8He inelastic
scattering from a lead target shown in Fig. 1 (bottom)
exhibits Coulomb-nuclear interferences, thus confirming
the Jπ = 1− assignment to a broad peak in the 8He
invariant-mass spectrum.

Table 1 presents partial cross sections for the 8He frag-
mentation on carbon and lead targets. In both cases, neu-
tron knock-out is the dominating reaction channel. It be-
comes comparable in magnitude with the inelastic scatter-
ing in case of the 208Pb target. For the carbon target, the

difference of the 8He and 4He interaction cross sections

exceeds the sum σin + σ−1n + σ−2n in 8He by about 100
mb. This excess is due to the breakup into α+4n and is
likely a sign of the five-body character of 8He.

For the lead target, the difference of the 8He and
4He interaction cross sections is smaller than the sum
σin + σ−1n + σ−2n. The Coulomb dissociation cross
section can be calculated from this difference by taking

into account the missing contribution of about 250 mb
from the breakup into α+4n. An independent method
based on DWBA calculations and a normalisation to
the experimental angular distribution at forward angles
gave the same result. The contribution of electromag-
netic dissociation is then 160 mb which leads to a B(E1)
value equal to 0.46 e2fm2 below 7 MeV excitation energy.

Table 1: Extracted contributions of nuclear (N) and elec-
tromagnetic (C) processes to the fragmentation cross sec-
tions of 8He on lead and on carbon targets. Here σin de-
notes cross sections for inelastic scattering, whereas σ−1n
corresponds to one-neutron knock-out.

Target σNin (mb) σCin (mb) σN−1n (mb) σC−1n (mb)

Lead 80± 12 160± 25 322± 37 6± 97
Carbon 32± 5 129± 15

The structure of the unbound 13Be is currently poorly

understood. The 12Be-n relative energy spectrum shown
in Figure 2 and obtained in a one-neutron knockout reac-
tion of 14Be on a carbon target, reveals interesting struc-
tures. The angular distributions analysed as explained in
[2], but gated on different bins in the relative energy spec-
trum show isotropy (bottom,left) and asymmetry (bot-
tom,right) as expected for adopted s- and p- wave reso-
nances at about 250 keV and 1.2 MeV, respectively.
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The asymmetric distribution stems hereby from the
interference of two overlapping states with different
parity. As the groundstate shows the typical behaviour
of an s-intruder state, the interfering first excited state
should be a p-state. This allows a tentative assignment of
(1s1/2), (0p1/2) and (0d5/2) for the groundstate and the

first two excited states of 13Be.
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The method of proton elastic scattering at intermediate
energies, which was already proven for the neutron-rich helium
isotopes6,8He [1],[2] to be well suited for obtaining accurate and
detailed information on nuclear matter distributions of halo
nuclei, was recently applied for the investigation of the lithium
isotopes6,8,9,11Li. Absolute differential cross sectionsdσ /dt for
small-angle Li-p elastic scattering were determined by an
inverse-kinematics measurement using secondary Li-beams
with E ≈ 0.7 GeV/u from the SIS-FRS, and gaseous hydrogen
as the proton target. The hydrogen filled ionization chamber
IKAR served simultaneously as target and detector for recoil
protons. Projectile scattering angles were measured precisely
with multi-wire tracking detectors. Furthermore, a magnetic-
rigidity analysis of the scattered particles was performed with
the aid of the ALADIN magnet and a position sensitive
scintillator wall behind for the separation of neutron break-up
channels. For this purpose the entire experimental setup was
installed at the Cave B.
The data analysis has fairly progressed within the year 2000.
The (still preliminary) differential cross sectionsdσ /dt for
p9,11Li scattering are displayed in Fig. 1 together with the cross
section for p6Li scattering, the results of which were discussed
already in the previous GSI annual report 1999.
For establishing the nuclear density distributions from the
measured cross sections, the Glauber multiple scattering theory
was applied. Calculations were performed using the basic
Glauber formalism for proton-nucleus elastic scattering, and
taking experimental data on the elementary proton-proton and
proton-neutron scattering amplitudes as input. In the present
analysis two different parametrizations for modelling the
nuclear density distribution were used for the Glauber
calculations, and the parameters were varied in order to obtain a
best fit to the experimental cross sections. Both
parametrizations applied assume the nuclei involved to consist
of a core and two valence neutrons. A Gaussian distribution for
the core, and either a Gaussian (GG) or a 1p-shell harmonic
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Figure 1. Absolute differential cross sectionsdσ /dt versus the four
momentum transfer squaredt for p6,9,11Li elastic scattering obtained
from the present experiment. Full lines are the result of fits to the data
performed on the basis of the Glauber multiple scattering theory.
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Figure 2. The nuclear matter and nuclear core density distributionsρ(r)
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analysis (see text).

oscillator-type density (GO) for the valence neutrons were used
(for details see ref.[1]). The experimental data are comparably
well described with both density parametrizations, with a
reducedχ2 around unity. Solid lines in Fig. 1 show the GG case
as an example.
The nuclear matter distributions of11Li and 9Li deduced from
the present data are displayed in Fig. 2. The radii obtained for
the total matter, the core, and the halo distributions for9,11Li are
given in Table 1 in comparison with those of6,8He from the
previous experiment[1],[2]. It is obvious from the data that the
matter distribution of11Li exhibits the by far most pronounced
halo structure compared to all the other nuclei investigated,
including 6He and8He. This is also reflected in the deduced
nuclear matter radius Rm= 3.62 (14) fm and the halo radius Rh=
6.54 (38) fm, the latter being more than twice as large as in6He
and 8He. A comparison of the nuclear matter and core
distributions of11Li with the matter distribution deduced for
9Li, and the corresponding radii (Table 1), supports the
generally accepted picture of11Li to consist of a9Li core and a
two-neutron halo.

Table 1: Summary of nuclear matter radii deduced for the
helium isotopes6,8He [1],[2] and for the lithium isotopes9,11Li
from the present experiment (please note that the results on the
lithium isotopes are still preliminary). Rm denotes the total rms
matter radius, Rc the core radius, and Rh the halo radius. The
errors given include statistical and systematical uncertainties.

nucleus Rm Rc Rh
6He 2.30 (7) 1.88 (12) 2.97 (26)
8He 2.45 (7) 1.55 (15) 3.08 (10)
9Li 2.43 (7) 2.21 (10) 3.10 (28)
11Li 3.62 (14) 2.55 (12) 6.54 (38)
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Coulomb breakup of secondary beams of unstable nu-
clei at intermediate energies has developed into a standard
spectroscopic tool in exploring properties of weakly bound
nuclei. Here, this method has been applied to a study of
15C and 17C isotopes which have very small neutron sep-
aration energies of 1.2 and 0.73 MeV, respectively.

Radioactive beams of 15,17C were produced in a frag-
mentation reaction of a primary 40Ar beam, delivered by
the synchrotron SIS at GSI, Darmstadt, and were sub-
sequently separated in flight by the FRS. The incoming
beam and fragments were identified utilizing energy-loss
and time-of-flight measurements together with the known
magnetic rigidity. Neutrons and γ-rays were detected
by the LAND and Crystal Ball spectrometers, respec-
tively. From the measured momenta of all decay prod-
ucts of the projectile after inelastic scattering followed by
breakup, the excitation energy of the nucleus was deter-
mined. The Coulomb dissociation cross sections with the
Pb (1.8 g/cm2) target were obtained after subtracting nu-
clear contributions determined from the data with a C
(0.573 g/cm2) target.

By comparing measured differential cross sections
dσ/dE∗ (excitation energy E∗) for electromagnetic exci-
tation with calculated cross sections (see below) one can
deduce information on the ground state structure. The
Coulomb breakup cross section can be written [1]:

dσ

dE∗
= (

16π3

9h̄c
)NE1(E

∗)
∑
m

|< q | (Ze/A)rY 1m | ψ(r) >|
2 .

NE1(E
∗) represents the number of equivalent dipole pho-

tons of the target Coulomb field, computed in a semiclassi-
cal approximation, ψ(r) represents the ground state single
particle wave function of the neutron and < q | describes
the wavefunction of the neutron in the continuum.

In the case of 15C with the known g.s. spin Iπ =
1/2+, the experimental data show that Coulomb breakup
populates predominatly the ground state of 14C, a small
branch of about 10 % feeding excited states at 6 - 7
MeV is observed in addition. A comparision between
our measured dσ/dE∗ for this isotope with the fragments
in its ground state and the calculated one, delivers a
spectroscopic factor (0.72) for a !=0 neutron which is
consistent with an earlier reported value [2].
The ground state spin of 17C is not fully established ex-
perimentally. Our experimental data for Coulomb break
up of 17C show that most of the cross section yields the
16C core in its first excited state, Iπ= 2+, and an excited
state at an excitation energy around 3 MeV. Only a small
part of the cross section leaves the core in its ground
state. Fig. 1 (top) shows the sum energy spectra of the
γ decay from 16C fragments and indicates the relative
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Fig. 1: Sum energy of γ decay transitions (top).
Differential Coulomb dissociation cross section (bottom).

partial cross sections for the population of different core
states. The lower part of the Fig. 1 shows dσ/dE∗ for
electromagnetic excitation of 17C in coincidence with the
1.766 MeV γ transition 16C(2+ → 0+) without acceptance
and efficiency corrections for the neutron detector. These
corrections, however, are taken into account in the cross
sections calculated according to equ. (1). A proper choice
of relative contributions from ! = 0 and ! = 2 neutrons
forming the 17C g.s. wave function, as shown Fig 1, can
reproduce well the data. Thus, 16C(2+)

⊗
νs,d is the

predominant g.s. configuration and one can rule out a
1/2+ ground state spin of 17C. The major part of our
results is in agreement with those from a different method,
i.e. obtained from a knockout reaction [3].
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The nuclear halo structure can be efficiently investigated
via high-energy breakup reactions. Partial and differential
break-up cross section measurements for the removal of va-
lence nucleons and momentum measurements are spectro-
scopic methods successfully applied at high-energy frag-
mentation facilities. A narrow momentum distribution
of the core fragments can be a clear signature for new
halo candidates [1, 2, 3]. In recent experiments at the
FRS we measured the momentum distributions of neutron-
rich oxygen isotopes isotopes produced via fragmentation
of 40Ar projectiles. The fragments were unambiguously
identified by magnetic rigidity, time-of-flight and energy-
deposition measurements in front of the breakup target
placed at the central focal plane of the FRS. Momentum
distributions of the secondary fragments after removal of
one neutron are shown in fig. 1.
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Figure 1: Measured momentum distributions of oxygen
isotopes after one-neutron removal reaction in a carbon
breakup target placed at the central focal plane of the FRS.
The preliminary fwhm values of the distributions are 20O
(192 ± 5 MeV/c), 21O (187 ± 9 MeV/c), 22O (203 ± 14
MeV/c) 23O (130 ± 8 MeV/c).

The narrow momentum distribution of the valence neu-
tron in 23O reflects a clear shell structure in accordance to
the observation in ref.[4]. From the shape of the measured
longitudinal momentum distribution the orbital angular
momentum of the removed nucleon can be determined and
from the removal cross section the spectroscopic factors.
These powerful spectroscopic tools were extended by γ-ray
detection to identify the final states of the core fragments
after the removal reaction. The gamma detector consisted
of an array of 32 NaI units located 80 cm behind of the
breakup target (total efficiency (ε)= 3 % and energy reso-

lution (∆E/E)= 12% for Eγ=429 keV).
The method is illustrated by a test measurement of 8B,

performed in the beginning of this experimental campaign.
In this part, the 8B beam was produced by fragmenta-
tion of a primary beam of 12C at 1 GeV/nucleon. The
nuclear structure of 8B was studied via one-proton re-
moval reaction in lead and carbon breakup targets and
the measured momentum distributions were recorded in
coincidence with γ-ray spectroscopy. The corresponding
one-proton removal cross section are: σ−1p(C) = (94 ±
9) mb and σ−1p(Pb) = (662 ± 60) mb both in excellent
agreement with our earlier measurements [5].
The contributions from the ground and excited state to
the 7Be momentum distribution after the p-removal in the
carbon target are shown in fig.2. It is clearly seen that the
ground-state transition dominates the measured momen-
tum distribution.

The data analysis for the oxygen isotopes is still in
progress, however, the preliminary results show that we
can extract the above mentioned spectroscopic informa-
tion. In future, we will extend the measurements to heav-
ier elements and will also use a hydrogen breakup target
in combination with an improved γ-setup.
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Figure 2: The measured momentum distribution of 7Be.
The separate contributions for the transition in the
ground-state (dashed line) and first excited state (full line)
after the p-removal in the lead target are shown.
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Model calculations of a two-step reaction scheme for the production of the neutron-rich
secondary beams
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Actually, the design of more powerful next-generation
secondary-beam facilities is being intensively discussed. The
main challenge is the production of neutron-rich isotopes,
because the neutron-drip line has only been reached for the
lightest elements. The traditional way for producing neutron-
rich nuclei is fission of actinides. Another approach introduced
recently, based on cold fragmentation [1], has successfully been
used to produce a number of new neutron-rich isotopes. A new
idea is to combine these two methods in a two-step reaction
scheme. Medium-mass neutron-rich isotopes are produced
with high intensities as fission fragments. They are used as
projectiles in a second step to produce even more neutron-rich
nuclei by cold fragmentation. This idea might be realised in
an-flight facility by consecutive reactions in a thick target,
while the application in an ISOL-based facility needs post
acceleration to sufficiently high energies to allow for
fragmentation in a second target.

In our recent work [2], we studied the feasibility of this two-
step reaction scheme by calculating the relevant cross sections
and the beam intensities to be obtained. We concentrated our
studies on the second step of this approach, cold fragmentation
of projectiles far from stability, since there are no experimental
data available for the fragmentation of exotic, very neutron-rich
projectiles. Two types of codes were used, EPAX [3], the
semi-empirical parameterisation of fragmentation cross sections
and COFRA [4,1], a modern analytical version of the abrasion-
ablation nuclear reaction model. In figure 1, the cross sections
from fragmentation of 132Sn as predicted by the two codes are
compared. While the EPAX code extrapolates the production
cross sections, measured in fragmentation of the available
stable projectiles, the nuclear-reaction code takes into account
the variation of the nuclear properties as a function of neutron
excess. Most important is an enhanced neutron evaporation
caused by the low neutron-separation energies of the extremely
neutron-rich fragments. This leads to considerably lower cross
sections if compared to EPAX.

According to the COFRA calculations, the direct production
by fission of 238U prevail in most cases. The two-step scenario
might only become advantageous in the production of
extremely neutron-rich isotopes. The situation changes
appreciably if we consider the available secondary-beam
intensities including extraction, ionisation and re-acceleration
in an ISOL-type facility. Here, the two-step reaction scenario
can be useful by profiting from very high secondary-beam
intensities to be obtained for specific neutron-rich nuclides.
Extracting an abundant and long-lived neutron-rich nuclide like
132Sn from the ISOL source and fragmenting it, one can reach
those isotopes that have low ISOL efficiencies due to their
short half lives or difficulties in the extraction from the source
[5].

We conclude that the predictions of EPAX for the
production of very neutron-rich nuclides by fragmentation of
non-stable neutron-rich projectiles seem to be far too

optimistic. The two-step reaction scheme studied might be
advantageous in specific cases.

Figure 1. Predicted cross sections for the cold-fragmentation of
132Sn in beryllium target from the empirical systematics EPAX
and the nuclear-reaction code COFRA on a chart of the
nuclides.
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In the last years, motivated by the plans for the construction of
ADS and RIB facilities, fragmentation and fission reactions at
intermediate energies have acquired a greater interest. The
physics of such reactions is still a subject of research, and pre-
cise experimental data are needed to test the reliability of the
theoretical estimations.
Experiments on the formation of residual nuclei from 238U,
208Pb, 197Au, and 56Fe beams on several targets at relativistic
energies have already been performed in inverse kinematics
with the fragment separator (FRS) at GSI [1]. Some attractive
peculiarities of the in-flight separation are that radioactive
fragments can be measured before they decay, the whole iso-
topic distribution can be obtained for every element, and, once
the isotopes are identified, their velocities can precisely be
evaluated from their magnetic rigidities. This method yields
absolute and extremely accurate velocity values. Here, we will
present the result of our investigations on the light residues
produced in the fragmentation of 1⋅A GeV 238U + Ti, and we
will compare our preliminary results to previous knowledge.
An important result concerns the velocities of these residues.
Morissey [2] showed that the average longitudinal momentum
transfer for residual nuclei with masses close to the mass of the
mother nucleus (∆A<50) increases linearly with the mass loss
∆A. Although the validity of this systematic dependence on ∆A
could not be proved for large mass loss due to the uncertainties
of the measurements, it seemed reasonable to expect that a
more violent collision will produce a larger momentum trans-
fer. On the contrary, Lindenstruth [3], analysing the residual
nuclei produced in the interaction of gold with several targets,
showed that for ∆A>70 the momentum transfer stops definitely
to increase and eventually starts slowly to decrease. In the pres-
ent experiments, the velocities of the reaction products could be
determined with high precision, and this allows us to check the
finding of Lindenstruth. In figure 1 (left) the mean values of the
velocity-spectra of fragmentation residues are collected for sev-
eral elements. Our preliminary data (Â) are compared with
those obtained in the reaction 1⋅A GeV 238U + Pb [7] (Â),
where the acceleration of light elements is even more enhanced.
Our results confirm the finding of Lindenstruth in the sense that
the momentum transfer does not increase further when the mass
loss becomes very important. In addition, we find a clear inver-
sion of the trend for the very light products which are found to
be even slightly faster than the projectiles. The reason for this
acceleration is not obvious. A possible explanation could be the
interaction between the surviving part of the projectile and the
expanding fire streak behind it in the later stage of the collision.
Another interesting peculiarity of the fragmentation of 238U is
the mean N/Z of the produced elements. In figure 1 (right) the
EPAX systematics [4] for a 197Au projectile (---) and the stabil-
ity line are reported (___). These two reference lines are com-
pared with several experimental data. Results from the reac-
tions 800⋅A MeV 197Au + p [5] (�) and 414⋅A MeV 56Fe + p

[6] (∆) follow the EPAX systematics. In these cases, the pro-
duced fragments are not far from the mother nucleus. However
the reactions 1⋅A GeV 238U + Pb [7] (Â), 750⋅A MeV 238U + Pb
[8] (Â) and 1⋅A GeV 238U + Ti (our data) (Â) leave the EPAX
evaporation corridor, and the more the produced light-nuclides
are far from the mother nucleus, the more neutron-rich they are,
up to the point that they even cross the stability line. A possible
explanation could be found in the predictions of statistical
multi-fragmentation models (see [9]). In these models, the light
products emerge from the freeze-out of a low-density configu-
ration. Since most of the excitation energy was spent for the
disintegration of the system, their secondary deexcitation starts
from rather low temperature. Thus these products have larger
N/Z-ratios than the fragments produced as a result of evapora-
tion from the mother nucleus.

Properties of light projectile fragments from collisions of mas-
sive nuclei have been measured with a high-precision spec-
trometer. Unexpectedly high velocities and deviations of the
N/Z ratio from the evaporation corridor have been found. While
the N/Z ratio seems to scale with the mass loss, the velocities
also strongly depend on the target nucleus. These features,
which seem to be related to multifragmentation, give important
information on the dynamics of relativistic nuclear collision.

Figure 1: Left: Mean velocities of the fragmentation residues
(see text for symbols). Right: Mean N/Z-ratio of the isotopic
distributions of the produced elements (see text for symbols).
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According to Grangé and Weidenmüller [1], dissipation effects
in the fission process of a hot heavy-nucleus lead to a time-
dependent fission-decay width Γf (t) that is first suppressed,
then increases gradually and finally reaches a stationary value
Γstat. see full line in figure 1.

Figure 1: Γf(t) obtained from the solution of the Fokker-Planck
eq. [2] (full line) in comparison with two approximations. The
dashed-dotted line corresponds to the approximation (a) and the
dashed line to the approximation (b)

However, the implementation of this function in a nuclear-
reaction code is rather complicated, and thus most codes use
one of the following approximations: (a) an exponential in-
grow function of the form ))/t3.2exp(1()t( fstatf τ⋅−−Γ=Γ
and (b) a step function that switches from zero to the stationary

value statΓ  at the transient time τ f, where the Fokker-Planck

solution raises up to 90% of its stationary value. Both approxi-
mations are depicted in figure 1. Compared to the exact solu-
tion, the description (a) overestimates the fission width, while
description (b) underestimates the fission width up to the tran-
sient time. We implemented both approximations in our Abra-
sion-Ablation Monte-Carlo code ABRABLA [3].

Figure 2: Experimental total nuclear-induced fission cross sec-
tions (black dots) as a function of the neutron number for dif-
ferent Rn, Ra, Th and U isotopes at 420 A MeV on a lead tar-
get. The data are compared with four calculations, see text

Model calculations are compared to measured total nuclear
fission cross sections of different projectiles in figure 2. The
full line represents a calculation with the description (b) and a
value of the dissipation coefficient, β =2⋅1021s-1. This combina-
tion shows a very good agreement with the data. However, the

combination β=2⋅1021s-1 and description (a) clearly overesti-
mates the cross sections, dashed line in figure 2. Nevertheless,
the reproduction of the total fission cross sections with descrip-
tion (a) is also possible if we increase the transient time by
increasing β up to 9⋅1021s-1, this is represented in figure 2 by the
dotted line. The dashed-dotted line shows that the combination
Γf(t) according to (b) and β = 9⋅1021s-1 underestimates the cross
sections.

The experiment also allowed to determine the nuclear charges
of the fission fragments. In figure 3 we compare the two com-
binations of β and Γf(t) that reproduce the total fission cross
sections of figure 2 with experimental partial fission cross sec-
tions. We observe that only the step-function with β = 2⋅1021s-1

fits the data, while description (b) leads to important deviations
from the data.

Figure 3: Fission cross sections for 238U on CH2 at 1 A GeV
(full dots) as a function of the sum of the charges of the two
fission fragments. The data are shown in comparison with two
calculations. The full line is a calculation done with description
(b) and β = 2⋅1021s-1, and the dotted line is a calculation with
description (a) and β = 9⋅1021s-1

Our analysis is based on both a new experimental information
from fission induced by relativistic nuclear collisions and the
implementation of different in-grow functions in the same code.
We conclude that the deduced dissipation coefficient β depends
strongly on the function which is used to describe Γf(t). We
have found that all our data are well reproduced with a step
function for Γf(t) (option (b)) and β=2⋅1021s-1 and that the most
widely used description of Γf(t), an exponential in-grow func-
tion, does not reproduce our data, because it fails to describe
the essential feature of the solution of the Fokker-Planck equa-
tion, namely the practically complete suppression of fission
during most part of the transient time. Our result sheds severe
doubts on part of the previous work on nuclear dissipation.
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Quaternary Fission of 252Cf B,G
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The rare ternary fission process (	 1/260 relative to bi-
nary fission, for 252Cf) is of particular interest not only
for the understanding of the fission process itself, but also
as a source of various neutron-rich light nuclei [1]. The
study of “exotic” light nuclei is a major topic in mod-
ern nuclear structure physics with radioactive beams. The
even rarer quaternary fission (QF) mode [2], when two
light charged particles (LCP) are emitted simultaneously
in addition to the main fission fragments, can originate ei-
ther from a break-up of unstable species among the LCPs,
e.g. 7Li∗, 8Be, 9Be∗ (“pseudo” quaternary fission), or from
the independent emission of two LCPs (“true” quaternary
fission).

The QF processes were studied at GSI using a sponta-
neous 252Cf fission source (∼ 5000 fissions/sec). The LCPs
were identified by a set of eight ∆E-E telescopes (12 µm
+ 380 µm Si detectors of 1 cm2 each) subtending a total
solid angle of ∼ 20%. Fission fragments and the 6.1 MeV
α-particles from the 252Cf radioactivity were stopped in
suitable absorbers placed between source and detectors.
The telescopes allowed for a clean separation of the LCP
nuclear charges. A total of 255 α-α coincidences were de-
tected, within a time window of 10 nsec. Simultaneously,
single LCP events with the emission of ternary α, Li and
Be particles were registered and could be used as a refer-
ence.
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Figure 1 shows the number of α-α coincidences as a
function of the relative angle between the centers of the
telescope surfaces. There is a clear enhancement of the
quaternary fission yield at the smaller angles which is at-
tributed to the break-up of 8Be LCPs, while the homoge-
neous distribution at the larger angles signals the true QF
events. Simple estimates based on the kinematics of the
ternary 8Be decay in flight show that the largest possible
angle between the two α-particles from the 8Be ground-
state decay (T1/2 = 0.07 fs, Q = 0.092 MeV) equals
8o, while the smallest distance between neighbouring tele-
scopes corresponds to an opening angle of 16o. Thus, the
observed enhancement in the angular distribution is pre-
sumably due to the decay from the first excited level in
8Be (T1/2 = 3 × 10−22 s, Q = 3.13 MeV). In that case
the distribution of the relative angles is expected to be
significantly broader [2].

The energy spectra of the true and pseudo QF com-
ponents are presented in Fig. 2. The yield for the true
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Figure 2: Energy spectra (corrected for the energy loss in
the absorbers) of the true quaternary α-particles (left) and α-
particles mediated by 8Be∗ LCPs (right). The solid lines are
Gaussian fits, the dotted line is the measured ternary α-particle
spectrum (< E >= 15.9 MeV).

α-α QF, assuming isotropic distribution of the relative an-
gles, is estimated as (3± 1)× 10−4 relative to the yield of
ternary 4He. The two quaternary α-particles mediated by
the ground-state decay of 8Be are registered in our set-up
as an admixture to the Li spectrum, as they fall into the
same range in the ∆E-E patterns. An attempt was made
to disentangle these two contributions by fitting the known
Li energy spectrum [3] and the sum spectrum of the two
α-particles from the 8Be decay, considering the energy loss
in the absorbers and ∆E detectors, to the measured Erest
spectrum (Fig. 3).
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Figure 3: Decomposition
of the Erest spectrum gated
on the ∆E-E patterns for
Li (points): Dashed line -
ternary Li spectrum, dotted
line - sum spectrum of two α’s
hitting a telescope, solid line -
sum of both components.

The result (still preliminary) for the 8Be ground-state
yield is 	 1×10−3 relative to the yield of ternary 4He. The
systematic error in this procedure is fairly large (≥ 50%),
because of the uncertainty in the energy loss corrections
and the not precisely known ternary Li spectrum. In
a forthcoming experiment it is thus planned to separate
the Li ternary particles unambiguously from the double
α-particle hits in each telescope by applying pulse-shape
discrimination in suitable Erest detectors.

References

[1] M. Mutterer et al., Proc. 2nd Int. Conf. on Fission
and Properties of Neutron-Rich Nuclei, St.Andrews, 1999,
(World Scientific) (2000), p. 316.

[2] F. Gönnenwein et al., Proc. Int. Workshop Fission Dynam-
ics of Atomic Clusters and Nuclei, Luso, 2000, (World Sci-
entific), in press.

[3] P. Singer, Dissertation, TU Darmstadt (1996).



- 29 -

- 29 -

Mean field and beyond in α-decay chains of superheavy elementsB+G

P.–G. Reinhard1, P. Fleischer1, M. Bender2,
1 Institut für Theoretische Physik, Universität Erlangen, Staudtstr. 7, D–91058 Erlangen

2 Gesellschaft für Schwerionenforschung, Planckstr. 1, D–64291 Darmstadt

Recent experiments at GSI [1] and JINIR Dubna [2]
brought evidence for the synthesis of new superheavy el-
ements. One of the key observable in these experiments
is the Qα value along the α-decay chains. In this con-
tribution, we want to investigate this observable within
self-consistent mean-field models.

We consider two different models, the Skyrme-Hartree-
Fock approach (SHF) and the relativistic mean-field model
(RMF), for a most recent review see [3]. From the world
of different parametrisations we confine the discussion to
a few well adjusted, typical and recent sets. For SHF
we consider the parametrisations SkP, SkI3, SkI4, and
SLy6. The force SkP uses effective mass m∗/m = 1 and
is designed to allow a self-consistent treatment of pairing.
The other forces all have smaller effective masses around
m∗/m= 0.7−0.8. The force SLy6 stem from an attempt
to cover properties of pure neutron matter together with
normal nuclear ground-state properties. The forces SkI3/4
employ a spin-orbit force with isovector freedom to simu-
late the relativistic spin-orbit structure. SkI3 contains a
fixed isovector part exactly analogous to the RMF, whereas
SkI4 is adjusted allowing free variation of the isovector
spin-orbit force. The modified spin-orbit force has a strong
effect on the spectral distribution in heavy nuclei and thus
for the predictions of superheavy elements. For the RMF
we consider the parametrisations NL-Z2 and NL3. The
force NL-Z2 comes from fits much similar to those of SkI3
and SkI4. NL3 is fitted without looking at the electron-
scattering formfactor but with taking more care about the
isovector trends. We ought to remind here that these dif-
ferent parametrisations produce much different predictions
for the magic shell closure in SHE [4, 5].

Fig. 1 compares calculated and experimental α ener-
gies for the new isotopes. Most models make similar pre-
dictions at the lower end of the chains and these agree

Figure 1: Ground-state-to-ground-state α energies for the
α-decay chains containing 270

160110 (left panel) and 282
176116

(right panel) from mean-field calculations with the forces
as indicated. Filled diamonds denote the experimental val-
ues.

very nicely with the available new data for both chains.
Larger differences among the forces show up when going
to heavier systems. This is mainly due to differently pro-
nounced shell closures which produce these curious kinks.
Having a closer look on the deformation energies shows
that one comes into a regime of very soft nuclei with pro-
nounced shape isomerism. The mean-field state represents
the one configuration at the absolute minimum of energy.
But many other configurations are energetically compet-
itive in soft nuclei. Thus one needs to consider a cor-
related ground state built from an appropriate coherent
mixture of configurations. In practice, we superpose the
states along the quadrupole deformation path using the
generator-coordinate method [6]. The effect of such corre-
lations is shown in Fig. 2. They wipe out the kinks and
produce a smooth trend throughout. There is little cor-
relation effect at the lower end of the chain such that the
orginally given good agreement with data is maintained.
Moreover, correlations bring the predictions from the the
various forces closer together again. The then remaining
difference is a clear signal of different bulk properties deep
within the models, yet to be worked out in detail.

To conclude, mean-field models provide a pertinent de-
scription for the Qα values along the recently measured
decay chains of superheavy elements. Correlations effects
beyond mean field need to be taken into account for the
heavier isotopes.
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Figure 2: Ground-state-to-ground-state α energies for the
decay chain containing 282

176116 computed with the force
SLy6. Compared are calculations with and without taking
ground-state correlations into account.
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Superheavy elements (SHE) are by definition those very
heavy nuclei which have a negligible liquid-drop fission
barrier. Quantum mechanical shell effects create one or
several minima in the potential energy surface which sta-
bilize the nucleus against fission. This additional binding
from shell effects is quantified by the shell correction en-
ergy which is thus a first hint on the fission stability.

The shell correction energy can be computed by compar-
ing the actual discrete distribution of single-particle ener-
gies with a smoothened level density. The weakly–bound
SHE require a careful treatment of the continuum which
we perform according to the recipe of [1]. Fig. 1 shows
the shell correction energies from fully self-consistent cal-
culations with the Skyrme interactions SkI3 and SLy6
and the relativistic mean-field interactions NL3 and NL–
Z2. Remind that the shell correction is always sharply
peaked at shell closures for nuclei up to Pb. This changes
when going to SHE. There emerges a broad island of shell
stabilization which spreads around the shell closures pre-
dicted by the various forces. Similar pattern are found in
macroscopic-microscopic models. As a consequence, the
significant differences seen in the prediction of magic num-
bers when looking at the δ2q [2] are much mellowed by the
generally softer pattern of the shell energy which looks
similar for all models investigated in [3]. The reason for
this behaviour is an accumulation of states with low an-
gular momentum at the Fermi surface for these SHE. On
one hand, this causes the fast changes of the various shell
closures by small shifts of individual levels [4]. On the
other hand, this turns the shell effect of individual levels
into the shell effect of a bunch of levels more independent
on the subtle details of actual shell closures.

Spherical shell corrections are, of course, a first indicator
only for the stability of SHE. What finally counts is the
fission barrier. And fission can go unusual paths in SHE.

Figure 1: Total shell correction for spherical configurations
of superheavy nuclei extracted from self–consistent calcu-
lations with the effective interactions as indicated. The
(calculated) two–proton drip line and the valley of stabil-
ity are emphasized. Data taken from [3].

Figure 2: Potential energy surface of 310
184126 in the β–γ

plane calculated with the relativistic mean-field interac-
tion NL–Z2. The filled circle denotes the oblate minimum,
while crosses denote the various saddle points. Deforma-
tion energies in MeV are with respect to the oblate ground
state.

Fig. 2 shows as an example the potential energy landscape
of 310

184126 in the full triaxial plane. In spite of the huge
shell correction of more than −12 MeV at spherical shape
the actual ground state of 310

184126 is oblate when calculated
with NL–Z2. Triaxial configurations reduce the axial pro-
late barrier of more than 5 MeV to 1.8 MeV. The result
has to be taken with precaution because these detailed
fission pattern seem to depend sensitively on the actual
nucleus and force used. 292

172120 has spherical shape and a
triaxial barrier of nearly 6 MeV when calculated with the
same force. Skyrme interactions give a similar potential
landscape in 310

184126 but with a spherical ground state and
substantially higher barriers around 9 MeV, see [5]. This
systematic difference in fission barrier heights when com-
paring Skyrme interactions and relativistic mean field has
already been seen in [6] and still needs to be understood.
Fig. 2 demonstrates, however, that one has to be aware of
surprises in this region of nuclei and that there is still a
bulk of work ahead to uncover all these features.
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Magic numbers are a key feature of any finite Fermion sys-
tem as they provide crucial clues on the underlying mean
field. The study of shell closures is thus very interesting
in exotic nuclei. One wants to know how the shell closures
develop when moving towards the driplines. It is now well–
established for neutron–rich N =20 and N =28 isotones
that the neutron shells fade away. This gives rise to a
transient regime of pronounced low-lying collecive states
and finally to stable ground-state deformation [1]. There
are hints from the systematics of 2+ and 4+ excitation
energies in Cd and Pd isotopes that also the N =50 and
N =82 shells are weakened when going towards neutron–
rich nuclei [2]. All these examples concern a weakening
of neutron shells. The situation seems to be different for
protons. For light nuclei there is no indication that the
proton shell closures fade away towards the proton drip
line. But the analysis of recent mass measurements [3]
shows a substantial weakening of the two–proton shell gap

δ2p(Z, N) = E(Z − 2, N)− 2E(Z, N) + E(Z + 2, N)
for very proton-rich Pb isotopes. It is speculated whether
this is related to a weakening of the Z=82 shell [4]. This
contribution looks at this problem from a theoretical per-
spective.

As tool we take self-consistent mean-field models which
are nowadays well developed and provide a pertinent pic-
ture of the nuclear properties throughout the whole mass
table. We consider two different models, the Skyrme-
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Figure 1: Two–proton shell gap δ2p for Pb isotopes calcu-
lated with SHF (force SkI3) and RMF (force NL3) and
compared with experimental data. Upper panel: from
spherical configurations of all nuclei. Lower panel: allow-
ing for ground-state deformations.

Hartree-Fock approach (SHF) and the relativistic mean-
field model (RMF). We take one typical parametrisation
for each model, SkI3 for the SHF and NL3 for the RMF,
see e.g. [5]. SHF as well as RMF produce single–proton
spectra in Pb with a well developed magic gap at Z = 82
for all isotopes up to the dripline. This is confirmed by
the systematics of the shell-correction energies extracted
from self-consistent calculations [6]. The δ2p are presented
in Fig. 1. The upper panel shows δ2p for spherical cal-
culations in Pb as well as in its Z±2 neighbours Po and
Hg. The theoretical results give an almost constantly large
δ2p along the whole isotopic chain, in compliance with the
large spectral gap and shell-correction energy. But the re-
sults for δ2p are clearly at variance with the data. This
changes dramatically when allowing for ground–state de-
formation, see the lower panel. While the ground states
of Pb isotopes stay spherical, the ground states of proton-
rich Hg and Po isotopes become deformed. They thus
gain energy which significantly reduces the extremely sen-
sitive double difference δ2p. The findings are consistent
with the currently available data which confirm deforma-
tion softness in these heavy proton-rich isotopes, see e.g.
[7] and references therein. Important for our purpose is:
(i) 180−190Hg have oblate deformed ground states, (ii) data
on excitation spectra and charge radii for Pb isotopes are
consistent with spherical ground states, and (iii) proton-
rich Po isotopes show an increased collectivity.

In summary the observed weakening of δ2p around
Z=82 is caused by the increased collectivity of the Hg
and Po isotopes, and not by a quenching of the Z=82
shell. Large values of δ2p are a sufficient, but not a neces-
sary indicator for a shell closure. This example shows that
a thorough analysis of magic shells requires a simultanous
consideration of various signals, e.g. the δ2p together with
energy and strength of low-lying 2+ and 4+ states, possi-
bly complemented by α-decay hindrance factors [8]. True
proton-shell quenching, however, is expected for the next
magic proton number in the realm of superheavy elements
[9].
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Elastic proton scattering experiments in inverse kinemat-
ics recently performed at GSI [1] have reopened important,
partially unresolved questions concerning the physics of the
halo nucleus 11Li. In order to obtain a deeper insight into
the halo structure of light exotic nuclei and to understand
the difference between the matter and the charge distribu-
tions, microscopic calculations for the ground states of the
6,7,9,11Li and 7,9Be isotopes have been performed within
the Dynamic-Correlation Model (DCM) [2].
The DCM describes the ground states of nuclei in terms of
interacting clusters: valence particles and intrinsic vacuum
states. The amplitudes of the mixed-mode wave-functions
are derived in the framework of non-perturbative solutions
of the Equation of Motion. Theoretically, the model spaces
for the ground states of the 6,7,9,11Li and the 7,9Be isotopes
are constructed by allowing valence particles to be scat-
tered to higher configuration states (2 h̄ω) and to interact
with the core intrinsic states formed by exciting particles
from the s, p-shell. The single-particle states used as input
in the DCM have been approximated by harmonic oscilla-
tors with a state-dependent range introduced to reproduce
the single-particle radii as calculated in a Wood-Saxon po-
tential well. The single-particle energies are also obtained
in this procedure. The two-body matrix elements are the
same as used in Ref. [2].
The matter and charge distributions calculated with this
microscopic approach can be used to predict experimen-
tally accessible quantities. In this report we present and
discuss the matter distributions for the lithium isotopes
7,9,11Li. Root-mean-square matter and charge radii ob-
tained for the above mentioned beryllium isotopes are also
given.
The DCM matter distributions for the lithium isotopes are
presented in Fig. 1. The oscillations in the theoretical mat-
ter distribution result from the interferences of the
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Fig. 1: Calculated mass distribution for 7,9,11Li. The halo
structure of 11Li is mainly associated to sd neutrons and to
core excitations.

valence and the intrinsic states. For 11Li two matter dis-
tributions are shown. The dotted line has been obtained
by taking the three neutrons in the p-shell into account,
while the solid line considers the effect of the neutons mov-
ing in the p, s, and d shells and interacting with the vac-
uum states. It is obvious that the s and d neutrons as
well as the core excitations have a profound influence on
the halo structure [4]. While there are experimental values
for the matter radii of all accessible lithium and beryllium
isotopes [5], the charge radii are only known for the sta-
ble isotopes [5, 6]. Experimental and theoretical values are
in good agreement. However, for a better understanding
of the neutron halos influence on the core nucleus, it is
desirable to determine the charge radii of the radioactive
lithium isotopes experimentally, particularly for 11Li. For
this purpose an experiment is being prepared at GSI and
ISOLDE, CERN [7] to determine this value by means of an
optical isotope-shift measurement. The agreement of the
calculated (rms) charge and matter radii for the lithium
isotopes with experimental data [5] is good in all cases
with the exception of the matter radius of 11Li, which is
considerably larger than the experimental value. For 7Be
and 9Be the calculated radii (Tab.1) are close to the values
of Ref. [5]. It should be mentioned that the experimen-
tal values for the matter distribution are model-dependent
and that new proton-scattering data from GSI [3] indicate
a larger matter radius than the one given previously in
Ref. [5]. The matter distribution of 11Li (solid line) and
the calculated matter radius of 3.64 fm agree with the phe-
nomenological distribution and with the radius of 3.65 fm
given in Ref. [3].

Table 1: Rms-mass and -charge radii for beryllium isotopes

Rcalc.matter Rcalc.charge Rexp.matter[5] Rexp.charge[5]
7Be 2.38 fm 2.39 fm 2.31(2) fm ? fm
9Be 2.46 fm 2.62 fm 2.38(1) fm 2.47(1) fm
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A long standing goal of theoretical nuclear physics is the de-
scription of nuclear structure starting from a realistic nucleon-
nucleon potential. All realistic NN-interactions show however
two characteristics that inhibit a treatment of the many-body
problem in a mean-field model. Firstly, the local part of the
interaction shows a strong short-range repulsion (the so called
core) and, secondly, there is a strong tensor part. Both prop-
erties give rise to special correlations in the many-body state,
which cannot be described by Slater determinants or a superpo-
sition of shell model states from a few major shells.

In the framework of the Unitary Correlation Operator
Method (UCOM) [1] we describe both types of correlations ex-
plicitly by unitary transformations of shell model type many-
body states. Thus we obtain states that contain the relevant cor-
relations induced by the interaction between the nucleons.

To describe the short-range correlations caused by the repul-
sive core of the interaction the unitary correlation operator gen-
erates a radial distance-dependent shift in the relative coordi-
nate of each pair of particles. By that the particles are shifted
out of the repulsive region of the interaction. Alternatively the
correlation operator can be used to transform the Hamilton op-
erator with the bare interaction.

For the correlations induced by the tensor part of the interac-
tion a similar procedure is applied. The new aspect is that tensor
interactions correlate coordinate and spin space in a complex
way. The unitary transformation, which describes these corre-
lations, acts on the angular part of the relative coordinates in
dependence on the spin orientation of the two particles.

As a preliminary step towards a full ab initio calculation on
the basis of the central and tensor correlated Bonn-A poten-
tial [2] we use a parameterized correction to account for tensor
correlations. The core-induced central correlations are fully in-
cluded by a spin- and isospin-dependent correlation operator
[1]. In order to account for tensor correlations we add to the

Bonn-A potential a correction in the S = 1, T = 0 channel.
According to the structure expected for the tensor correlated in-
teraction the correction consists of an additional attractive cen-
tral potential and a repulsive momentum-dependent part. Three
parameters (strength of local correction, and strength and range
of momentum part) are adjusted to reproduce the experimental
binding energies and charge radii of 4He, 16O, and 40Ca.

Based on this correlated Bonn-A potential the many-body
problem is treated in the framework of Fermionic Molecular
Dynamics (FMD) [3]. The uncorrelated many-body state is de-
scribed by a Slater determinant of gaussian one-body states,
which contain the mean position, mean momentum, complex
width and spin orientation as variational parameters. The
ground-state wave function is determined by energy minimiza-
tion with the correlated interaction.

The Figure shows the ground state one-body density distri-
butions of 16O, 20Ne, and 24Mg obtained with this method.
For 16O we find a spherical shell-model like distribution with
a characteristic depletion of the central density. 20Ne shows a
prolate axially symmetric density distribution with α-like struc-
tures at the ends and a toroidal distribution in the central plane.
Finally 24Mg exhibits a complicated triaxial deformation with
some remnants of α-clustering.

These calculations demonstrate the flexibility of the FMD ba-
sis as well as the possibility to perform nuclear structure calcu-
lations based on realistic NN-interactions in a nearly ab initio
way. Our next step will be the inclusion of tensor correlations
in a stringent way by calculating the appropriate unitary corre-
lation operator explicitly.
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Figure 1: One-body density distributions (3-dimensional) of 16O, 20Ne, and 24Mg. The white body shows the iso-density surface corresponding
to half nuclear matter density (ρ0 = 0.17fm−3). The embedded planar cuts show the interior density distribution with color coding according to
the color bar (in units of ρ0). The mesh size of the background grid is 1fm × 1fm. Visit the FMD-Gallery at http://www.gsi.de/˜fmd/.
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