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 a b s t r a c t

Neutron-rich isotopes far from stability were produced and observed at the projectile Fragment Separator (FRS) 
of the GSI Helmholtzzentrum für Schwerionenforschung in the FAIR Phase-0 experimental program. The isotopes 
were produced in April 2020 in the fragmentation of a 1.05GeV/nucleon 208Pb beam on a beryllium target. The 
experiment targeted the neutron-rich region near the 𝑁 = 126 shell closure, a key area for understanding the 
astrophysical r-process, but largely unexplored due to the experimental challenges in producing such exotic 
nuclei. Within this work, we identified five isotopes which were not seen previously at FRS; 184Tm, 195Ta, 198W, 
200Re, and 201Re — the latter located directly on the 𝑁 = 126 line. These observations corroborate the extension 
of the nuclear chart and highlight the capabilities of the FRS and of in-flight fragmentation at relativistic energies 
in accessing this region.

1.  Introduction

Heavy neutron-rich isotopes of atomic nuclei lighter than 208Pb play 
a key role in our understanding of the formation of heavy elements in 
the universe. Approximately half of the isotopes of elements heavier 
than iron are produced by the rapid neutron capture process (r-process 
[1,2]), and the elements heavier than bismuth are produced exclusively 
by it. For instance, the isotopes of uranium that are important for 
energy production would not exist without the 𝑟-process. Evidence of 
this process was gathered in simultaneous observations of gravitational 
waves and electromagnetic signals from the binary neutron-star merger 
event [3]. Such a remarkable observation sparked a quest to probe the 
𝑟-process nucleosynthesis in more detail. The precise location of the 
r-process path in the Segré chart depends on the neutron flux and, for a 
given element, on the balance between average neutron-capture times 
and 𝛽-decay half-lives. The nuclear-physics parameters defining which 
isotopes are involved in the process are the mass excess of the isotopes 
and their 𝛽-decay half-lives (see refs. [4,5] and references therein). To 
study these properties it is necessary to produce the nuclei involved 
in the laboratory. Along the r-process path, nuclei close to the neutron 
number 𝑁 = 126 have been a subject of increasing interest in recent 
years. Since 𝑁 = 126 forms a closed neutron shell, this neutron number 
marks a series of waiting points in the 𝑟-process, causing matter to build 
up around 𝑁 = 126. This effect, generated by the shell structure, leads to 
a so-called third r-process peak in the solar system isotopic abundance
curve.

Consequently, any indication of a change in the shell structure for 
very neutron-rich systems, as has been found in light nuclei [6], may 
affect the nucleosynthesis pattern and should be investigated experi-
mentally. The chart of nuclei south of 208Pb is largely unexplored. The 
lightest 𝑁 = 126 isotone that has been identified up to date is 202Os [7]. 
Heavy nuclei along the r-process path are challenging to produce in the 
laboratory since the fission of uranium isotopes does not produce nu-
clides with masses 𝐴 ≳ 160 and with 𝐴∕𝑍 > 2.6 with sufficient yields. 
A universal method to produce neutron-rich heavy nuclei is projectile 
fragmentation, where a heavy nucleus (for example, 208Pb or 238U) is 
forced to break into lighter nuclei through a collision at high energy. In 
peripheral collisions, neutron-rich nuclides are accessible when mainly 
protons are abraded from the heavy nucleus, and the excitation energy 
of the reaction residue remains low, so that few or even no neutrons 
evaporate [8,9]. At beam energies greater than several hundred MeV per 
nucleon, charge-changing reactions via isobaric excitations may lead to 
even more exotic nuclei [10], although at lower cross section. The col-
lection of nuclides is efficient when the collision partner undergoing 
cold fragmentation moves at high velocity, i.e.,in the case of in-flight 
fragmentation. Here, magnetic separators can be used to capture a large 
fraction of the fragmentation yield in the forward direction and to per-
form event-by-event identification. In addition to projectile fragmenta-
tion, another method that is under development is the multi-nucleon 
transfer reaction that has already contributed to isotope discovery in 
the actinide region [11]. In this Letter, we report on the production 
and identification of five previously unobserved isotopes at or near the 

𝑁 = 126 shell closure using in-flight fragmentation of 208Pb at relativis-
tic energies. Our experiment ran in April 2020 and during the submis-
sion process of this letter the authors were made aware of the work 
of Fukuda et al. [12], which includes the identification of those five
isotopes.

2.  Experimental details

Neutron-rich isotopes close to the 𝑁 = 126 shell closure were pro-
duced, separated and identified at the Fragment Separator (FRS [13]) of 
the GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt (Ger-
many) within the FAIR Phase-0 experimental program. The SIS-18 syn-
chrotron provided 208Pb primary beam of 1.05GeV∕nucleon at intensi-
ties up to 1.5 × 109 ions∕spill and spill lengths of 1–10 seconds at a repe-
tition rate of 3–12 seconds. The fragmentation products produced in the 
4 g/cm2 thick beryllium target at the entrance of the FRS were separated 
in-flight using an achromatic ion-optical mode. A 225mg/cm2 thick nio-
bium backing of the target ensured that the fragmentation products were 
almost all completely ionized, which aided their identification and trans-
mission. An aluminium degrader wedge with variable angle was used at 
the dispersive focal plane F2 providing spatial separation of fragments 
at the final focal plane F4. The detector systems and magnets of FRS are 
depicted schematically in Fig. 1.

The unambiguous identification of fragments was achieved by the 
event-by-event measurement of their electric charge, 𝑄, and mass num-
ber, 𝐴 using the 𝐵𝜌 − Δ𝐸 − 𝑇𝑂𝐹  method [13]. For the charge measure-
ment, two Multiple Sample Ionization Chambers (MUSIC [14]) filled 
with P10 gas were used to measure the energy loss (Δ𝐸) of ions at F4. A 
niobium foil was installed between the two detectors to ensure efficient 
stripping of the ions.

The mass number 𝐴 was derived from magnetic rigidity (𝐵𝜌) analysis 
and time-of-flight (TOF) measurements that led to the mass-over-charge 
ratio (𝐴∕𝑄). For this, two Time Projection Chambers (TPC [15]) were 
used at F2 and F4 each, to track the trajectories of the fragments, and 
ultimately determine their 𝐵𝜌. The time-of-flight between F2 and F4 
was measured using plastic scintillator detectors. A path-length correc-
tion, based on the ion-optical matrix of the second half of the FRS, was 
applied to the resulting mass-to-charge ratios. Adjusting the thickness 
of the degrader at F4, the isotopes were implanted either in the FRS 
Ion Catcher [16] for atomic mass measurement or in the active stopper 
[17], for lifetime measurement. Such a setup permits the measurement 
of the 𝑟-process relevant quantities, 𝛽-decay half lives, masses and iso-
tope identification in a single experiment. When implanting the ions at 
F4, the mean-range bunching technique described in ref. [18], was used.

Following initial calibration runs with the 208Pb primary beam, the 
FRS magnets were subsequently tuned to four separate fragment set-
tings, to centre the fully ionised 205Au, 193W, 193Ta, and 190Lu and en-
sure the unequivocal identification of previously unobserved nuclides. 
The previously unidentified isotopes were all observed in the setting 
centred on 190Lu.
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Fig. 1. Schematic view of the experimental setup of FRS from the target to the final focal plane. The F2 and F4 focal planes host the detectors used for the particle 
identification. The detectors at F4, downstream of the degrader, are used to monitor the implantation in either the active stopper or in the FRS Ion Catcher.

3.  Data analysis

To determine the charge 𝑄, the velocity dependence of the energy 
loss in the MUSIC detector gas was calibrated using the primary beam at 
five different energies. A linear scaling was applied to align the charge 
peaks. After combining all the settings, charge identification could be 
done, enabling an unambiguous validation using the 208Pb primary 
beam, its charge states, and the fragment settings.

The fragments were produced using a sufficiently high primary-beam 
energy so that most of them were fully ionised after passing through 
the Nb backing of the target. However, there is a probability that the 
ions will capture atomic electrons when passing through matter. In ad-
dition to fully-ionised fragments throughout the entire setup (denoted 
0-0, bare ion between the target and F2, and bare ion between F2 and 
F4), three other cases have to be taken into account, i.e., the probability 
of having hydrogen-like ions only in the first section of the spectrometer 
(denoted 1-0), only in the second section of the spectrometer (denoted 
0-1), and finally the probability of ion picking up an electron inside the 
F4 detectors. Simulations were performed with the program GLOBAL 
[19] for each element studied. For 205Au and 190Lu one obtains 7% and 
3.5% (1-0), 13% and 5.7% (0-1), and finally 16% and 6.5% probability 
of an electron pickup in the F4 detectors, respectively. The two-electron 
pick-up probability is negligible (few 0.01%) at the beam energy of the 
present experiment.

The charge state of the ion inside the spectrometer can be deter-
mined by measuring the horizontal (𝑥) position of the ion at F4 with 
respect to the energy loss in the MUSIC. Since different charges have 
different trajectories in FRS they are spatially separated at F4. An ex-
ample is shown in Fig. 2 (a). To identify the cases where the ion picked 
up an electron in MUSIC, the energy loss was measured with two MU-
SICs separately, with a Nb stripper foil mounted in between them to 
reach the charge-state equilibrium. In cases where the two charges 
were different, the maximum value was used to determine the Z of the
ion.

A high-intensity primary beam, at the end of the calibration runs, 
caused damage to the F2 and F4 plastic scintillators which went un-
noticed during the experiment. The standard identification procedure 
therefore had to be modified to account for the effect on the plastic 
scintillators used for time-of-flight measurements and for generating the 
data acquisition trigger. A detailed discussion of the applied corrections 
is given in Rösch-Kabadayı[20]. Fig. 2 (b) presents the 𝐴∕𝑄 spectrum for 
the 190Lu setting before applying the corrections. The spectrum shows 
an offset in the 𝐴∕𝑄 determination and an unexpected curve in the 
charge–𝐴∕𝑄 correlation, while the dashed line indicates the expected 
behaviour.

Fig. 2. (a) 𝑄 from first MUSIC plotted as function of the 𝑥 position at F4. Three 
diagonal bands represent, from top to bottom, (1-0), (0-0) and (0-1) charge 
states respectively. Selection of (0-0) is shown. (b) Particle identification plot 
for the 190Lu setting using time of flight calibration parameters. The orange line 
indicates the expected position of the Z-1, A-3 isotope sequence starting from 
202Os.

This deviation was traced back to a position-dependent timing re-
sponse of the F4 scintillator, which introduces a systematic distortion in 
the 𝐴∕𝑄 determination. The calculated 𝐴∕𝑄 was corrected by applying 
two quadratic functions—one for each side of the scintillator—derived 
using a LISE++ simulation [21]. The correction functions were deter-
mined for the 193W setting and subsequently applied without modifica-
tion to the 205Au, 192Ta, and 190Lu settings.

In addition to the quadratic calibration the 𝐴∕𝑄 values needed to be 
shifted by an ad-hoc offset. To determine this offset, applied consistently 
to all settings, and to properly anchor the 𝐴∕𝑄 spectra of the three set-
tings, the following procedure was adopted. The offset was extracted by 
comparing the identification pattern of the 193W setting with the corre-
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Table 1 
Number of events for twelve nuclides detected in the 190Lu setting, listed for different gating combinations. The gating 
conditions listed are as follows: (1) Charge-state selection, correction, and calibration; (2) vertical position gates at the 
intermediate F2 focus to reduce pile-up; (3) time gate on the TPC delay-line signals to select realistic events; gate (4) 
selects events in which the horizontal position at F2 as calculated from the TPC information matches the values from 
the F2 scintillator. Several isotopes of Tm are displayed to illustrate how the gating condition affect counting statistic. 
 Condition 181Tm 182Tm 183Tm 184Tm 191Lu 193Hf 195Ta 196Ta 198W 199W 200Re 201Re

 (1)  91  41  7  5  1  4  36  5  27  2  91  12
 (1)+(2)  89  38  6  5  1  3  30  3  19  2  80  8
 (1)+(2)+(3)  84  32  6  5  0  1  27  3  17  2  75  7
 (1)+(2)+(4)  82  35  5  4  0  2  25  2  14  2  71  8
 (1)+(2)+(3)+(4)  79  30  5  4  0  1  23  2  14  2  68  7

Fig. 3. 𝐴∕𝑄 values observed for the isotopes of Pt produced with the 193W set-
ting. The LISE++ simulation gives a transmission of 8% for 202Pt, 17% for the 
203Pt and 204Pt and 24% for the 205Pt, marked in red in the plot. The sharp de-
crease in yield between two adjacent peaks identifies the position of the 𝑁 = 126
line. See text for details.

Fig. 4. The particle identification plot for the 190Lu setting after the corrections 
on the scintillators at F2 and F4 have been applied. The red line shows the 
boundary of new isotopes in 2025, while the orange line indicates the discovery 
limits in 2020[22].

sponding LISE++ simulation results. The reference was the 𝑁 = 126 iso-
tonic line for Pt isotopes. In the fragmentation of 208Pb, the production of 
nuclei beyond 𝑁 = 126 requires hadronic processes such as Δ excitation, 
leading to a significantly reduced cross section. As illustrated in Fig. 3, 
the position of 204Pt can therefore be inferred from the observed yield 
distribution. The same offset was then applied to the remaining settings. 
Independent confirmation of the mass identification was obtained using 
the FRS ion catcher and its mass-tagging capability [23,24]. Fig. 4 shows 
the identification plot (𝑍 vs. 𝐴∕𝑄) for the 190Lu setting after integrating 
those corrections.

4.  Results and discussion

Fig. 5 (a) shows the gates in 𝐴∕𝑄 vs. position at F4 that were used 
to select and count the individual Tm isotopes. The spectrum is dis-

Fig. 5. (a) 𝐴∕𝑄 versus position at F4 showing the selection gates used to select 
and count the individual isotopes of Tm in the 190Lu setting. See text for detail. 
(b) A simulation result using MOCADI [27] including charge states of Tm and 
neighboring isotopes is also shown. It includes fully ionized Tm isotopes (plain 
blue circles), Tm charge states (empty red circles), and other contaminants from 
charge states of neighboring elements (green triangles).

played after applying the charge-state selection and the 𝑍 selection as 
well as the gates listed in Table 1. Similar plots are present in Rösch-
Kabadayı[20] for Ta, W, and Re. The continuous red line limits the po-
sition acceptance of the isotope based on the LISE++ simulation, the 
dotted-dashed lines show the isotope selections (red for the reported 
isotopes). As illustrated in Fig. 5 (a), the distribution of the observed 
events is located inside of the phase space of the focal plane for given 
isotopes. Fig. 5 (b) shows a simulation with higher statistics of contami-
nants illustrating that other species would not fit in the same positions. 
In Table 1, the numbers of events consistent with nine isotopes that were 
not discovered when the data was collected using different gating condi-
tions are listed together with three isotopes of Tm to illustrate the effect 
of the gating conditions. Selection conditions (2) and (3) help reduce 
pile-up events, usually used in high intensity conditions. Condition (4) 
is a stringent consistency check between projected position measured in 
the TPC and that obtained using a narrow gate on the time difference of 
the photomultiplier of the F2 plastic.The 𝐴∕𝑄, position at F4, and Z re-
main within the same narrow range when the different selection criteria 
are applied.

In the literature, the detection of three events is considered suffi-
cient to mark the unambiguous observation of an isotope [25,26]. Us-
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ing this criterion, we identify five isotopes that have been recently pub-
lished [12]. In the cases of 191Lu, 195Hf, 196Ta and 199W some events are 
observed, but their number is insufficient for discovery, in particular 
when taking stricter selection gates into account. The determination of 
production cross sections from the present data requires a better under-
standing of the behaviour and efficiency of the plastic scintillator at the 
F4 focal plane. Measured counts exhibit a position-dependent attenua-
tion relative to LISE++ simulations. The shape of this position dependent 
efficiency is consistent, within statistical error, between the 193W and the 
190Lu settings. Therefore, a more detailed analysis is currently underway 
and will be presented in a forthcoming publication.

5.  Summary and conclusions

The 184Tm, 195Ta, 198W, 200Re, and 201Re isotopes were produced in 
the fragmentation of a 1.05GeV/nucleon 208Pb beam in an experiment at 
the GSI fragment separator FRS. These observations are in line with the 
most recent extension of the nuclear chart and highlight the capabilities 
of the FRS and in-flight fragmentation at relativistic energies in access-
ing this region. The isotope 201Re is a particularly significant discovery 
as it lies directly on the 𝑁 = 126 line, marking a critical point towards 
the 𝑟-process path and providing valuable input for nuclear structure 
and astrophysical models. Those five isotopes were reported in the 2025 
dissertation by Heidi Rösch-Kabadayi [20] and this manuscript summa-
rizes this finding. They are also contained in the set of newly identified 
nuclides in the recently published work by Fukuda et al. [12]. The exper-
iment therefore demonstrates that the FRS is competitive with modern 
facilities making the impending arrival of the new separator Super-FRS 
[28] at FAIR with beam intensities increasing up to a factor 100 an ex-
citing prospect.
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