
 

New isotope search experiments at the FRS for FAIR phase-0 
S. Pietri1, A.M. Bruce2, T. Grahn3,4, W.R. Plass1,5, C. Scheidenberger1,5, T. Dickel1,5, A. 

Kelić-Heil1, H. Geissel1,5, H. Weick1,  F. Ameil1, L. Audouin6, J. Aysto3,4, S. Bagchi1,5,7, M. 
Bai1, J. Benlliure8, G. Benzoni9, C. Bruno10, D. Cortina8, T. Davisson10, J. Gerl1, 

M. Gorska1, E. Haettner1, O. Hall10, L. Harkness-Brennan11, A. Heinz12, A. Helert13, J.P. 
Hucka1,14, A. Jokinen3,4, A. Kankainen4, D. Kahl10, B. Kindler1, I. Kojuharov1, 

D. Kostyleva1,5, N. Kuzminchuk1, M. Labiche15, C. Lederer-Woods11, B. Lommel1, 
G. Matinez-Pinedo14, G. Münzenberg1, I. Mukha1, R. Page12, M. Pfutzner16, 

Zs. Podolyak17, A. Prochazka1, S. Purushotaman1, C. Rappold1,5, P. Regan17, 
M.V. Ricciardi1, S. Rinta-Antila4, S. Saha1, T. Saito1,5,18, H. Schaffner1, F. Schirru1, J. 

Simpson15, H. Simon1, P. Spiller1, J. Stadlmann1, J. Taieb19, Y. Tanaka1, I. Tanihata20,21, J. 
Vesic1, B. Voss1, P.M. Walker17, P.J. Woods10, J. Winfield1, M. Winkler1. 

for the Super-FRS Experiment Collaboration, in collaboration with the DESPEC Collaboration 
1GSI Helmholzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany ;2University of Brighton, 

UK;3Helsinki institute of Physics, Finland;4University of Jyväskylä, Finland;5Justus-Liebig-Universität Gießen, Germa-
ny; 6IPNO, Université de Paris-Saclay, CNRS/IN2P3, Orsay, France; 7St Mary’s University, Halifax, Cana-

da;8Universidad de Santiago de Compostela, Spain;9INFN sezione di Milano, Italy;10University of Edinbourg, 
UK;11University of Liverpool, UK;12Chalmers University of Technology, Göteborg, Sweden;13FAIR Darmstadt, Ger-
many ;14Technische Universität Darmstadt, Germany;15SFTC Daresbury Laboratory, UK;16University of Warsaw, Po-
land;17University of Surrey, UK;18Iwate University Morioka ;19CEA DAM Bruyères-le-Châtel;20Beihang University, 

Beijing, China;21Osaka University, Japan 
 

 
The region “south” of 208Pb nuclei along the N=126 

line has been identified as a region of key interest for the 
NUSTAR Collaboration at GSI/FAIR; generally it is of 
high interest for nuclear structure studies and nuclear as-
trophysics applications. A proposal has been submitted 
and accepted to the GSI PAC to perform an exploratory 
study; it aims to extend the frontiers of known isotopes 
and to obtain nuclear structure data on gross properties. It 
is expected to simultaneously identify over 28 new iso-
topes. Using new detector equipment from different 
NUSTAR sub-collaborations jointly and using the same 
FRS settings that are used very successfully in the identi-
fication of new isotopes permits to obtain 26 news masses 
and 47 new lifetimes together with spectroscopic investi-
gations on isomeric decay properties. Furthermore, the 
experiment will study the production of (new) isotopes 
"south" of the primary-beam isotones, i.e., measure their 
production cross sections and momentum distributions.  

Today this region can best be studied at “FAIR phase-
0” using fragmentation of the intense 208Pb beam and in-
flight separation of the neutron-rich projectile fragments. 
The crossing of the N=126 line “south” of 201Re will be 
accomplished by the higher intensities of 238U beam and 
the Super-FRS beams at “FAIR phase-1”.  

The current experiment is, moreover, presented as a 
benchmark of the NUSTAR “FAIR phase-0” facility 
proving the worldwide competitiveness of the current 
facility in this mass region, it will help planning further 
other NUSTAR “FAIR phase-0” experiments and serve 
for testing of new NUSTAR devices (AIDA, Cryogenic 
Stopping Cell….) and data acquisition together. 

 

 
Figure 1: The region of interest in the chart of nuclei for 
the coming experiment. Black: stable nuclei; green: neu-
tron deficient nuclei; dark brown: isotopes with known 
half-lives and masses; salmon: nuclei with known half-
lives; red: nuclei with known mass; grey: already discov-
ered isotopes; red borders: new isotopes from this pro-
posal; pink square: proposed halve-lives measurements; 
blue squares: proposed masses measurements. 

This will be achieved by extraction of a 1000 A∙MeV 
208Pb67+ primary beam from the SIS-18 and focusing it on 
the production target at the entrance of the FRS. A target 
of 2.5 g/cm2 Be with a 223 mg/cm2 Nb backing will be 
used to produce the isotopes of interest via projectile 
fragmentation. The thickness of the target was estimated 
as an optimum between the number of produced isotopes 
(which would call for a thicker target) and transmission 
through the separator (which suffers when target thick-
ness and momentum spread are too large). The high beam 
energy, together with the Nb backing, assures that more 
than 90% of the ions emerging from the target will be 

GSI-FAIR SCIENTIFIC REPORT 2017 RESEARCH-NUSTAR-FRS-1

DOI:10.15120/GR-2018-1 99



 

fully stripped, which is important for high transmission 
and unambiguous identification by the Bρ-∆E-ToF meth-
od. In order to optimize the efficient use of the beam time 
overall, only one target will be used for all settings. 
 

The FRS is equipped with its standard instrumentation 
for beam tracking, separation and particle identification. 
Some of the MUSIC or TPC detectors will be replaced by 
their upgraded versions planned for the Super-FRS when 
available.  

The 1000 A∙MeV primary beam assures that all frag-
ments penetrate the MUSIC detectors at the final focus of 
the FRS with at least 600 A∙MeV. At this energy for the 
worst case (Re) a 13% chance exists to pick up an elec-
tron inside the active volume of the MUSIC detector. Us-
ing two MUSICs and a stripper foil in between means 
incorrectly identified elements are in the 1.6% range. As 
mentioned earlier the higher energy primary beam assures 
a more forward focus of the fragments thus a higher 
transmission. Aluminum degraders at the first focal plane 

and in the middle focal plane will assure separation of the 
ions of interest and eliminate unwanted contaminants. 

The mean energy loss in the degrader is independent of 
the ionic charge state of the emerging fragments.  This 
information can help in addition to identify the element 
number and the few-electron ions. 

New NUSTAR equipment, constructed for FAIR, and 
already available – at least as prototypes or “start ver-
sions” – for experiments in phase-0, will be used. In the 
FRS, new TPC- and MUSIC-detectors will be used for 
beam monitoring and particle identification. At the final 
focus (F4 area), the FRS Ion Catcher  and detectors of the 
DESPEC collaboration (AIDA, FATIMA) will be used 
for the first time for experiments. It is the combined use 
of these novel instruments, which allows for these pio-
neering studies and the rich nuclear data harvest in short 
time. The overall experimental setup is shown in figure 2. 

 
 

 

 

Figure 2: Schematic view of the two FRS final focal-plane setups planned for this experiment. The FRS detectors for 
particle identification in-flight are indicated. At the final focal plane F4 two experimental setups can be used alterna-
tively (black arrow), a spectroscopy setup with LaBr3 gamma detectors viewing the silicon implantation detector and 
the cryogenic stopping cell (CSC) coupled to the multiple reflection time-of-flight mass spectrometer (MR-ToF-MS).  

 Outlook 
The project presented here is part of the topic 1 of the 

Super-FRS Experiment Collaboration (SEC), which aims 
at similar experiment in phase 1 looking for new isotopes 
and studying their gross properties. In parallel to this the 
topic 1 of SEC  together with performing nuclear reaction 
studies using the combination of the FRS Ion Catcher 
with standard DESPEC equipment to perform isomeric 
ratio measurements over a wide life time range[1].  
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The in-flight separator and spectrometer for short-lived 

exotic nuclei Fragment Separator FRS [1,2] is a central 

instrument in the NUSTAR collaboration. The FRS con-

sists of four stages with various diagnostic equipment and 

shaped matter in between. This makes the FRS flexible; 

transmission, resolution, separation, focal plane condi-

tions, achromatism are example of properties that have to 

be optimized for each category of experiments.  

Experiments and tests with the FRS Ion Catcher [3] 

have so far used an ion-optical mode [4] with a mono-

energetic degrader [1,5,6] installed at the mid-focal plane. 

In principle, this particular experiment setup can, because 

of its own mass tagging capabilities  [7] and separation by 

range selection, tolerate less identification and separation 

quality of the FRS. However, the resolving power also 

determines the energy bunching quality, thus it should not 

be reduced below approximately 800 (x=13.5  mm 

mrad, x0=1.5 mm). Furthermore, the degrader itself, even 

without presence of possible inhomogenities , limits the 

achievable resolution to the order of 0.1%, due to una-

voidable energy loss straggling. Figure 1 shows the opti-

cal transmission of the mode used so far in these experi-

ments as well as of two modified optic settings with lower 

resolving power. The transmission (evaluated with a 

phase space filling an ellipsoid with parameters as indi-

cated in the figure) can be improved by about a factor of 

2-3. The development is of advantage for all NUSTAR 

experiments that do not need the ion optical resolution of 

the mode used so far, either because the nuclide of inter-

est is still separated and identified, or the experiment pro-

vides its own identification and/or benefits from a cock-

tail beam.  

Similarly, other experiments need optimization and de-

velopment of ion-optical modes. An example is an exper-

iment that investigates the influence of the tensor force as 

a part of the nuclear force [8]. In a pilot experiment the 

population of ground and excited states in the 
16

O(p,d) 

reaction for various beam energies was measured. This 

only possible due to the development of an ion optical 

mode where the resolving powers of the four dispersive 

dipole magnet stages were added such that a momentum 

resolving power of 16,500 (x0=0.5mm, realized by sharp 

focusing, Bmax=13.8 Tm) was achieved. 

A third example is the atomic collision experiment [9], 

where precise heavy ion energy-loss measurements as 

well as charge-state distributions behind different targets 

will be measured. The atomic-collision target is placed at 

the dispersive mid-focal plane of the FRS. The charge-

state distribution will be measured via pos ition sensitive 

detectors at the subsequent focal plane and the energy-

loss distribution at the final focal plane which is achro-

matic with respect to the entrance of the FRS. The optics 

has been adapted to the requirement of the mounted set-

ups of other NUSTAR experiments and the need to mini-

mize the matter thickness.  

These described new ion-optical developments  are es-

sential for successful completion of the FAIR phase-0 

experiments of the NUSTAR collaboration. 

  

Figure 1: Simulated transmission as a function of resolv-

ing power (see text for details) of three different ion-

optical modes.  

References 

[1] H. Geissel et al., Nucl. Inst. Meth.  A 282 (1989) 247.  

[2] H. Geissel et al., Nucl. Inst. Meth. B 70 (1992) 286. 

[3] W. R. Plaß et al., Nucl. Inst. Meth. B 317 (2013) 457. 

[4] H. Irnich, PhD Thesis, JLU Giessen (1995). 

[5] H. Weick et al., Nucl. Inst. Meth. B 164-165 (2000) 

168. 

[6] Ch. Scheidenberger et al., Nucl. Inst. Meth. B 204 

(2003) 119. 

[7] C. Hornung et al., GSI Sci. Rep. 2016 (2017) p. 175.  

[8] H. J. Ong et al., Phys. Lett. B 725 (2013) 277.  

[9] S. Purushothaman et al., GSI Sci. Rep. 2017, this 

issue. 

Experiment beamline FRS  

Experiment collaboration: NUSTAR-SuperFRS-

Experiments  

Experiment proposal:  S436, S469, S474 

Accelerator infrastructure: UNILAC / SIS18  

PSP codes: none 

Grants: BMBF (05P16RGFN1), HMWK (LOEWE Cen-

ter HICforFAIR) 

Strategic university co-operation with: Gießen 

GSI-FAIR SCIENTIFIC REPORT 2017 RESEARCH-NUSTAR-FRS-2

DOI:10.15120/GR-2018-1 101



 

New opportunities at the border of nuclear and hadron physics  
using WASA at FRS: a status report 

 K.-H. Behr1, J. Benlliure2, T. Blatz1, H. Calen3, M. Gleim1, F. Goldenbaum4, K. Itahashi5, C. 
Rappold1,6, J. Ritman4, J.L. Rodrigues-Sanchez1,2, T.R. Saito1,7, V. Serdyuk4, S. Schadmand4, C. 

Scheidenberger1,6, B. Szczepanczyk1, Y. Tanaka1,6, M. Wolke3, for the WASA-at-FRS collaboration, 
the S447 collaboration, the S457 collaboration, the S463 collaboration, and the Super-FRS Exper-

iment collaboration 
1GSI, Darmstadt, Germany; 2USC, Santiago de Compostela, Spain; 3Uppsala Univ., Uppsala, Sweden; 

4Forschungszentrum Juelich, Juelich, Germmany; 5RIKEN, Wako, Japan; 6Giessen Univ, Giessen, Germany; 7HIM, 
Mainz, Germany 

Introduction 
Study of the nature of hadrons inside sub-atomic nucle-

ar systems has recently become more important in the 
fields of nuclear and hadron physics. In particular, with 
heavy ion-  and proton-beams at GSI, several results on 
light Λ-hypernuclei, η'-nucleus and baryon resonances in 
nuclei have recently revealed. These experiments have 
revealed interesting phenomenon as discussed in the fol-
lowing sections in this report. However, the results have 
also shown that resolution and sensitivity of these exper-
iment were not yet sufficient for the results to be conclu-
sive. Therefore, we are introducing a new technique at 
GSI.  

To improve resolution and sensitivity, we have pro-
posed a novel technique for measuring light charged par-
ticles and photons from exotic nuclei at the mid-focal 
plane of the FRS, S2, in coincidence with decay residues 
detected by the second half of the FRS. As a target spec-
trometer at S2, the WASA central detector (WASA CD), 
currently at COSY in Juelich, will be implemented. With 
the setup of WASA CD at FRS, as shown in Figure 1, 
three experimental programs on hypernuclear spectrosco-
py, η'-nucleus and baryon resonances in nuclei have been 
proposed, as discussed below.  
 

 
Figure 1: Layout of the FRS. The WASA CD will be 
mounted at the mid-focal plane S2.  

The WASA central detector at FRS 
The 4π detector WASA (Wide Angle Shower Appa-

ratus) was designed for studies of production and decays 
of light mesons at CELSIUS in Uppsala, Sweden. Pions 
and η-mesons were produced in proton-proton and pro-
ton-deuteron interactions. In 2005, WASA was moved to 
the Cooler Synchrotron COSY at Juelich, Germany, 
where the forward detection and the data acquisition were 
upgraded. A detailed description of the WASA is found in 
[1].  

The WASA central detector consists of an inner mini-
drift chamber (MDC) of straw tubes, thin plastic scintilla-

tors in a cylinder geometry (PS), a super-conducting sole-
noid, and a CsI calorimeter. The general idea is to use 
WASA for measuring light particles from the decay of 
exotic nuclei produced in front of or inside the WASA 
CD with a large acceptance, while decay residues are 
measured by the second half of the FRS with an excellent 
momentum resolution. Figure 2 shows a side view of the 
WASA CD at S2 of FRS. The production target of nuclei 
of interest for experiments of hypernuclei and baryon 
resonances in nuclei will be in front of the WASA CD, 
while that for the η'-nucleus experiment will be mounted 
behind the MDC.  

 
Figure 2: A side view of the WASA CD installed at S2 of 
FRS.  

Physics case 
Three projects are in preparation; S447 for hypernuclei, 

S457 for η'-mesic nucleus and S463 for baryon resonanc-
es in nuclei. These proposals were discussed in the G-
PAC at GSI in 2017. Other new experiments are also un-
der preparation.  

Hypernuclei 
Hypernuclei, subatomic nuclei with strange quark(s), 

have been studied in order to understand baryon interac-
tions under the flavored-SU(3) symmetry. Conventional 
ways to produce hypernuclei are with the use of second-
ary meson- and primary electron beams, mainly with the 
missing mass spectroscopy or/and emulsion techniques. 
Ultra-relativistic heavy ion collisions at RHIC and LHC 
have also been employed to study light hypernuclei with 
mass values of A<4. Recently, the hypernuclear physics 
has entered a new era by the success of the HypHI Phase 
0 experiment at GSI [2]. It has demonstrated feasibility of 
hypernuclear spectroscopy with heavy ion beams bom-
barding a fixed target by employing invariant mass tech-
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nique. The HypHI Phase 0 experiment was performed 
with 6Li beams at 2 A GeV and the graphite target, and it 
successfully produced and identified hypernuclei with 
A=3 and 4 [2].  

One of the striking but also surprising results of HypHI 
Phase 0 is the observation of signals that may be related 
to the existence of an extremely exotic neutral hypernu-
cleus, two neutrons together with a Λ-hyperon, (nnΛ), 
which has been observed in the d+π- and t+π- invariant 
mass distributions [3]. However, there are no theoretical 
calculations that can reproduce such a bound state 
[4,5,6,7]. Therefore, the existence of the nnΛ bound state 
is under debate and will be studied in forthcoming exper-
iments.  

Another striking result of the HypHI Phase 0 experi-
ment is the observation of unexpected short lifetime of 
3
ΛH, 183+42

-32 ps, for the first time, which is significantly 
shorter than that of the free Λ-hyperon (263.2 ps) [2]. 
This contradicts the current understanding of the structure 
of the lightest hypernucleus 3

ΛH, which is understood as 
Λ attached to a deuteron core with a binding energy of 
only 130 keV. With such a small binding energy, the life-
time of 3

ΛH has been expected to be similar to that of free 
Λ-hyperons. So far, none of the theoretical calculations 
can reproduce such short lifetime of 3

ΛH. Very recently, 
the STAR and ALICE collaborations also observed sig-
nificantly shorter lifetime of 3

ΛH than Λ respectively to be 
155+25

-22 ps [8] and 181+54
-39 ps [9].  

Though the results of the HypHI Phase 0 experiment 
have revealed interesting and new mysterious observa-
tions, the achieved sensitivity and resolution of the hyper-
nuclear spectroscopy with heavy-ion beams does not al-
low for detailed conclusions. Also, with the previous set-
up, further studies on unknown and exotic hypernuclei 
will not be feasible.  

In contrast to the results of the HypHI experiment, with 
the proposed experiment with WASA at FRS, negative 
charged pions will be measured with a large angular and 
momentum coverage, therefore, observed signals will be 
well separated by a broad background distribution. The 
invariant mass resolution will be improved due to the ex-
cellent momentum resolution of FRS. Furthermore, the 
statistics will be largely increased due to the large ac-
ceptance of the WASA detector for measuring negative 
charged pions and the new possibility to simplify the trig-
ger to the DAQ system because of reasonably small geo-
metrical and momentum acceptance of FRS.   

Additional detectors for measuring decay vertexes of 
hypernuclei and position and time information of decay 
residues will be installed in front of and behind the 
WASA CD. According to Monte Carlo simulations, the 
resolutions and statistics will be improved by factors of 
approximately 3 and 10, respectively. Therefore, the re-
sults of the proposed experiments will contribute further 
to solve the two puzzles discussed above. Furthermore, 
4
ΛH will also be studied in the same experiment.  

η'-mesic nuclear bound state 
The possible existence of η'-mesic nuclei, i.e., bound 

states of an η' meson in nuclei, has recently attracted 
strong interests related to UA(1) quantum anomaly and 

partial restoration of chiral symmetry in QCD. The η' 
meson has an exceptionally large mass of 958 MeV/c2, 
which is considered as a consequence of the anomaly ef-
fect under presence of spontaneous breaking of chiral 
symmetry [10]. In finite nuclear density, where chiral 
symmetry is partially restored, reduction of the η' mass is 
predicted [11, 12]. Such an in-medium mass reduction 
would induce an attractive potential between an η' meson 
and a nucleus, suggesting the possible existence of η'-
mesic nuclei [13]. 

The first experiment to search for η'-mesic nuclei was 
performed with the FRS at GSI in 2014 by missing mass 
spectroscopy of the 12C(p,d) reaction at an incident proton 
energy of 2.5 GeV [14, 15]. The proton beam extracted 
from SIS-18 impinged on a carbon target installed at the 
target area of the FRS. The momentum of the ejected deu-
terons at forward 0 degrees was analyzed by the FRS, 
operated as a high-resolution spectrometer.  

High statistical sensitivity was achieved in the meas-
ured spectra to search for relatively narrow and small 
peak structures in the continuous background due to qua-
si-free meson production processes. However, no signifi-
cant peak structure related to the formation of the η'-
mesic states was observed, and thus upper limits on the 
formation cross section of the bound states as well as con-
straints on the η'-nucleus interaction were deduced [14, 
15]. The experimental sensitivity was limited mainly by 
the continuous background, which had in total >100 times 
larger cross section than expected formation cross sec-
tions of the bound states.  

For FAIR Phase 0, a semi-exclusive measurement of 
the 12C(p,dp) reaction is planned to aim at increasing the 
experimental sensitivity [16]. In coincidence with the 
ejected deuteron from the (p,d) reaction, decay particles 
from η'-mesic nuclei are detected and identified for event 
selection. The continuous background dominating the 
spectra of the previous experiment can be suppressed by 
tagging the decay particles. Expected major decay modes 
of the η'-mesic nuclei are one- and two-nucleon absorp-
tion processes: η'N → η'N, η'N → π'N, and η'NN → 
NN [17]. In particular, the two-nucleon absorption pro-
cess emits a proton (or neutron) with relatively high kinet-
ic energy of about 500 MeV [18].  

The experimental setup with the WASA-CD at FRS-S2 
is an ideal configuration for the planned measurement. 
The carbon target will be installed at the downstream side 
of the WASA-CD to maximize the angular acceptance for 
the detection of the backward emitted proton. The ejectile 
deuteron will be measured with the S2-S4 section of the 
FRS, and the decay proton with the WASA-CD. By tag-
ging high-energy protons in the backward angular range 
(θ lab > 90deg) by WASA-CD, we expect that the signal-
to-background ratio will be improved by two orders of 
magnitude compared to the previous experiment [18]. 

 

S463: Baryon resonances in nuclei 
Resonances are largely produced in relativistic heavy-

ion collisions and could appear in the core of neutron 
stars at densities around 2 or 3 times the nuclear matter 
saturation density [19]. Nucleon resonances also play a 
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significant role in the understanding of three-body nuclear 
forces or the quenching of the Gamow-Teller strength 
[20]. For instance, the Δ-resonance is a ΔS =1; ΔI =1 
spin- and isospin-flip intrinsic excitation of the nucleon. 
As such it is a partner of the corresponding ΔS=1; ΔI=1 
excitation of the nuclear medium, known as the Gamow-
Teller resonance.  

Studies with the Super-FRS present unique possibilities 
to study the Delta(Δ)- and other baryon resonances in 
stable and in exotic nuclei by using isobaric charge-
exchange reactions in relativistic heavy-ion collisions. 
Pilot experiments have already been performed with the 
FRS and reveal that the high resolution of the spectrome-
ter makes it possible to identify in the missing energy 
spectra of the forward-emitted ejectiles the in-medium 
excitation of Delta and Roper resonances [21]. 

These measurements are expected to contribute to open 
up a new field linking subnucleonic and nucleonic de-
grees of freedom through the production of resonant nu-
clear matter. In particular, these experiments will help to 
constrain the in-medium NΔ and NR potentials above the 
400 MeV range covered by electron-nucleus and pion-
nucleus scattering experiments and to address the possible 
in-medium mass modification of nuclear resonances. 
These reactions may also provide an opportunity to study 
two Δ’s in nuclei and provide a chance to study ΔΔ inter-
actions and the recently observed d*(2380) resonance. 
Moreover, the use of relativistic nuclei far off stability 
will allow exploring the isospin degree of freedom enlarg-
ing in this way our present knowledge of the properties of 
isospin-rich nuclear systems. Particularly, one could also 
take advantage of the peripheral character of these reac-
tions to probe the relative abundances of protons and neu-
trons at the nuclear periphery and constraint the density 
derivative of the symmetry energy. 

The proposed experiments can be realized by using the 
FRS with its standard tracking detector systems measur-
ing the momentum distribution of the isobaric projectile 
residues created via charge-exchange reactions. In addi-
tion, measuring the charged pions emitted in the decay of 

the nucleon resonances in coincidence with the WASA 
CD detector will allow to separate resonance excitations 
in the projectile and target nuclei remnants. The use of a 
liquid hydrogen target will also contribute to isolate the 
excitation of particular resonances.  

 

Status of the project 
Green light from the WASA-at-COSY collaboration to 

transport the WASA CD to GSI was given in August 
2017. In November 2017, the Joint Scientific Council of 
GSI/FAIR approved the WASA-at-GSI project, stating 
the goodness of the physics cases. Three experimental 
proposals have been discussed with the G-PAC in 2017, 
and two of them, S447 and S457, have been approved. 
Allocated shifts will be 27 shifts for S447 and 18 shifts 
for S457, with 18 parasitic shifts for commissioning the 
detectors.  Preparations are on-going to perform the two 
experiments in the second half of 2019.  

Design work for the holding structure of the WASA 
CD at S2 of FRS is in progress and manufacturing will 
begin in 2018. The MDC together with electronics, slow 
control and gas controlling systems have been transported 
to GSI. Currently, we are preparing laboratory space for 
WASA CD and the superconducting magnet with its cry-
ogenic system. Subdetectors of the WASA CD will be 
tested and commissioned with cosmic rays and radioac-
tive sources by the end of 2018. In the beginning of 2019, 
the WASA CD will be mounted at S2 of FRS to be ready 
for commissioning.  

In the meantime, Monte Carlo simulations for the opti-
mization of the detection and analysis methods are in pro-
gress. Furthermore, the development of the online/offline 
analysis software is to be completed.  
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We investigate η′-meson nucleus bound states (η′-mesic 
nuclei) by missing-mass spectroscopy of the 12C(p,d) re-
action [1]. Such bound states are expected to provide a 
unique and direct probe for studying in-medium proper-
ties of the η′ meson, which are closely related to chiral 
symmetry and axial UA(1) anomaly in QCD [2]. 

In 2014, we performed an inclusive measurement of the 
12C(p,d) reaction to measure the excitation spectrum of 
11C near the η′-meson production threshold. A carbon 
target was irradiated with a 2.5 GeV proton beam acceler-
ated by SIS-18 to produce η′-mesic nuclei via the 
12C(p,d)η′⊗11C reaction. Deuterons emitted at 0° were 
momentum-analyzed by the FRS used as a high-
resolution spectrometer. Details of the experimental 
method are described in Ref. [3, 4]. 

Figure 1 (top) presents the obtained excitation spectrum 
around the η′ production threshold. Data sets with seven 
scaling factors (f = 0.980–1.020) for the central magnetic 
rigidity of the FRS have been combined, as indicated in 
the figure. The spectrum exhibits a continuous increase in 
the measured region and is fitted well with a polynomial 
function, as shown by the gray curve and the residual plot 
(bottom). This continuous component is consistent with 
estimated cross sections of quasi-free meson production 
processes, p + N → d + X (X = 2π, 3π, 4π, ω). 
  

 
Figure 1: (Top) Measured spectrum of 11C excitation en-
ergy (Eex) relative to the η′ production threshold (E0 = 
957.78 MeV). The spectrum was obtained by combining 
data at seven momentum settings (f = 0.980–1.020) of the 
FRS. The gray curve displays a third-order polynomial 
fitted to the spectrum. (Bottom) Residual plot of the poly-
nomial fit. Envelopes of two standard deviations are 
shown by the dashed lines. This figure is adopted from 
Ref. [4]. 
 

No prominent structures associated with the formation 
of η′-mesic nuclei are observed, although a very high sta-
tistical sensitivity at a level of < 1% has been achieved in 

the spectrum. We have evaluated upper limits on the for-
mation cross section of η′-mesic nuclei to be ~20 nb/(sr 
MeV) at the production threshold for assumed Lorentzian 
width of Γ = 5–15 MeV. Furthermore, a comparison with 
theoretical calculations [5] has set a constraint on the η′-
nucleus interaction, as depicted in Fig. 2 [3, 4]. 

                 

    
Figure 2: Evaluated constraint on the η′-nucleus potential 
(V0 + iW0) at normal nuclear density. The shaded region 
(μ95 ≤ 1) is excluded by the analysis of this experiment. 
Other theoretical and experimental information is dis-
played as well. See Ref. [4] for further details. 

 
In FAIR Phase-0, we plan a semi-exclusive measure-

ment of the 12C(p,dp) reaction aiming at achieving higher 
experimental sensitivity [6]. The continuous background, 
dominating the inclusive (p,d) spectrum, can be efficient-
ly reduced by simultaneously measuring the forward 
emitted deuteron and decay particles from η′-mesic nu-
clei. In particular, by tagging high-energy protons emitted 
in the two-nucleon absorption process (η′NN→NN), the 
signal-to-background ratio is expected to be enhanced by 
a factor ~100 compared with the inclusive measurement. 
The WASA central detector combined with the FRS is an 
ideal setup for this experiment, and its preparation is in 
progress.  
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The in-medium properties of baryonic resonances are
not well understood. Up to now, the in-medium effects of
Δ-isobars  have  been  studied  in  heavy-ion  collisions  at
kinetic  energies  above  the  production  threshold  using
nuclear reactions at  small  impact parameters [1],  where
there is not a good control over the production of residual
fragments and thus over the number of interactions during
the  collision.  Further  investigations  were  performed  at
SATURNE  using  isobar  charge-exchange  reactions,  in
which  the  Δ resonance  is  excited  at  the  surface  of  the
nucleus  [2].  These  experiments  provided  the  missing
energy  distributions  of  the  (p,n)  and  (n,p)  charge-
exchange reactions induced by projectiles of 20Ne at 0.95A
GeV. The measurements were performed using different
targets and the analysis showed a clear deviation of 50 -
70 MeV in the average value of the Δ peak between the
target of protons and the others. This shift was understood
as an in-medium effect due to the Fermi motion [3] and/or
differences beetwen target and projectile excitations [4].

In this work we report on the results obtained from an
experiment  carried  out  at  GSI  using  the  fragment
separator  FRS,  which  provides  unique  conditions  to
perform  measurements  of  isobar  charge-exchange
reactions  with  high  quality,  allowing  us  to  identify  the
(n,p)  and  (p,n)  charge-exchange  reactions  from  the
determination  of  the  atomic  and  mass  numbers  of  the
residual fragments. Here, we measure the Δ excitation in
isobar charge-exchange reactions of stable projectiles of
112Sn impinging on carbon and proton targets of around
100 mg/cm2, placed at the experimental area S0. In Fig. 1
we  display  the  missing-energy  spectrum  for  the  isobar
charge-exchange  reactions  C(112Sn,  112In)X  and  p(112Sn,
112In)X at  1A GeV, together with the results obtained at
SATURNE for  the  reaction  p(20Ne,20F)X at  0.95A GeV
[5].

The peak close to zero corresponds to the quasi-elastic 
channel, while the peak around -300 MeV represents the
inelastic  contribution  due  to  the  excitation  of  the  Δ
resonance. Thanks to the thin targets, we obtained these
spectra with a bin width of about 12 MeV, improving the
resolution  by  a  factor  two  with  respect  to  experiments
performed at SATURNE.
In  the  figure,  one  can  see  that  for  the  reactions  in  the
proton target the Δ peak is around -350 MeV, while for the
reaction in the carbon target the peak is around -300 MeV,
resulting  in  a  shift  of  ~50  MeV.  Therefore,  these  new
measurements  confirm  the  results  obtained  in  previous
experiments at SATURNE [2,5].
New measurements  are  planned  for  the  phase  0  of  the
Super-FRS  experiments,  in  which  the  isobar  charge-
exchange reactions will be studied in coincidence with the
pions emitted from the Δ decay using the WASA@FRS
setup,  introducing  more  constraints  in  the  analysis  that
will help to go further in the understanding of this effect.

Figure  1: Missing energy distribution for  112Sn and  20Ne
induced charge-exchange reactions in a target of protons.
For  comparison,  the  distribution  of  p(20Ne,20F)X  was
scaled by a factor four (for clarify of the display).
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The feasibility of hypernuclear spectroscopy by means
of heavy ion beam induced reactions was demonstrated
by the results obtained in the first experiment of the Hy-
pHI collaboration. A 6Li beam at 2AGeV impinged on a
stable  12C  target.  The  main  results  of  the  experiment
showed the  measurements  of  Λ hyperon  and  3

ΛH,  4
ΛH.

Results on the invariant masses, lifetime and production
cross-sections  were  published  [1,  2,  3].  For  the  FAIR-
Phase 0 beam-time a new hypernuclear spectroscopy ex-
periment was approved by the G-PAC in order to assess
the possible existence of the nnΛ bound state. This novel
experiment will take place at the FRS fragment separator
utilizing the WASA central  detector that  will  be moved
and installed in the S2 focal plane of the FRS.

An additional detector system is proposed to improve
the measurements of the primary and secondary vertex.
The primary vertex corresponds to the initial interaction
point between the beam and the target, where the nuclear
collision happens. The secondary vertexes correspond to
the weak decay of produced hyperons or hypernuclei that
will occur behind the target area thanks to their respective
Lorentz boost. The purpose of creating such a detection
system is to improve the hypernuclear identification by a
more precise vertex position measurement. By improving
the decay vertex position determination,  the lifetime of
the hypernucleus of interest will be improved twofold, by
increasing  the  purity  of  the  hypernuclear  identification
and  the  position  precision.  The  concept  considered  for
such a device is to use four stations of thin silicon trackers
as  micro  vertex  detector.  The  detector  stations  will  be
placed  few  centimetres  behind  the  target  area  where
particles and fragments from the mid-rapidity and the pro-
jectile rapidity are expected to be measured.

The optimization of the design of the detector is based
on Monte Carlo simulations that includes the nuclear in-
teractions, the radiation rate and the particle-matter inter-
actions; it has been achieved within the GEANT4 simula-
tion framework. The holding structure of the detector was
designed  by  means  of  SolidWorks.  The  design  of  the

mechanical structure of a double-sided silicon strip track-
ing system was accomplished in collaboration with mem-
bers of the research group COMES of the university of
Castilla-La Mancha.

A light structure with low cross sections was designed
to accommodate the silicon tracker planes with a pitch of
1 cm. Light and rigid material for the support was selec-
ted for minimizing the possible interaction with the out-
going particles.  A schematic view of the final design is
shown in Figure 1. Industrial production of the holding
structure has been considered and the plan for manufac-
turing of the different pieces and the procedure for their
assembly have been studied and reported.

Figure 1: Assembly view of the mechanical holding struc-
ture of a double-sided silicon strip detector system. The
silicon trackers are silver and green plates. The overall di-
mensions of the holding structure are 32 cm x 32 cm x 4
cm.  The  brown  plates  are  made  on  a  fibre-reinforced-
polymer based composite. Its low density is optimal for
minimizing  nuclear  interaction.  The  external  frame  is
made of aluminium for its mechanical properties and light
mass.
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For the FAIR-Phase 0, the accepted experiment S447,
has proposed to assess the existence of the nnΛ possible
bound  state.  This  experiment  will  be  performed  at  the
fragment separator FRS with the WASA central detector.
The WASA central detector will be moved from COSY,
Juelich, and installed in the S2 area of the FRS.

In addition to the measurement of the nnΛ bound state,
3
ΛH and 4

ΛH will be measured in order to demonstrate the
efficiency of the novel experimental setup, combining a
solenoid magnet for the detection of light hadrons from
the  mid-  and  forward  rapidity  and  the  S2-S4  forward
spectrometer of FRS for the precise measurement of the
forward decay fragments: d, 3He and 4He from the hyper-
nuclear decay [1, 2].

The performance of the reconstruction and calibration
of the magnetic field, tracking detectors and reconstruc-
tion algorithms will need an independent physical probe
of the FRS setup. For this purpose, the reconstruction of
the Λ hyperon within the WASA central detection system
will be crucial. 

In the heavy ion collisions, the Λ hyperon is produced
in the mid-rapidity of the collision. Part of the mid-rapid-
ity phase-space overlaps with the forward rapidity, indu-
cing  some  Λ hyperons  to  be  forward-Lorentz  boosted.
With the WASA central detection system placed 1 meter
behind the hypernuclear production target, the Λ hyperon
can  be  reconstructed  from  its  decay  particules,
Λ → p + π-. 

A detailed GEANT4 simulation of this specific produc-
tion and decay has been performed. The analysis of the
simulated  events  involved  the  analysis  framework  de-
veloped for the future experiment. Track reconstruction,
particle identification and vertex reconstruction was real-
istically performed, including realistic position and time
resolution. The differential acceptance efficiencies for the
decay proton and π- is shown in Fig. 1, with an overall ac-
ceptance efficiency of 61% and 57% for  π- and proton,
respectively.  The  resulting  Λ  event  reconstruction  is
shown in Fig 2. The invariant mass resolution is about 3.6
MeV.

Figure 1: Differential acceptance efficiency for the decay
π- (blue) and proton (red) as a function of its momentum
from  Λ hyperon within the central plastic barrel, PSCE,
and plastic hodoscope wall, PSFE, of the WASA central
detector.

Figure  2:  Invariant  mass  reconstruction  of  Λ hyperon
from the decay Λ → p+π- within the WASA central detec-
tion system. The invariant  mass  resolution is about  3.6
MeV.

References
[1] C. Rappold  et al., GSI Scientific Report 2016 [GSI

Report 2017-1] (2017) p. 177.
[2] C. Rappold  et al.,  GSI Scientific Report  2016 [GSI

Report 2017-1] (2017) p. 178.
Experiment beamline: FRS

Experiment collaboration: NUSTAR-SuperFRS-Experi-
ments / HypHI
Experiment proposal: S447
Accelerator infrastructure: SIS18
Strategic university co-operation with: JLU - Giessen

GSI-FAIR SCIENTIFIC REPORT 2017 RESEARCH-NUSTAR-FRS-7

DOI:10.15120/GR-2018-1 109



 

Status of the FRS Ion Catcher 
W. R. Plaß1,2, T. Dickel1,2, D. Amanbayev1, S. Ayet1,2, J. Äystö3, D. Balabanski4, S. Beck1,2, J. 

Bergmann1, O. Cheriviakova5, P. Constantin4, T. Eronen6, H.Geissel1,2, T. Grahn6, F. Greiner1, E. 
Haettner2, C. Hornung1, J.-P. Hucka2, A. Jokinen6, A. Kankainen6,  I. Mardor7,8, I.Miskun1,2, I. 

Moore6, S. Pietri2, A. Pikthtelev9 , I. Pohjalainen6, S. Purushothaman2, Z. Patyk5, M. P. Reiter1,2,10, 
A.-K. Rink1, S. Rinta-Antila6, C. Scheidenberger1,2, A. Spataru4, H. Weick2, J. Winfield2, M. Yavor11 

for the Super-FRS experiment collaboration 
1JLU, Gießen, Germany; 2GSI, Darmstadt, Germany; 3Helsinki Institute of Physics, Helsinki, Finland; 4IFIN-

HH/ELI-NP, Magurele, Romania; 5National Centre for Nucl. Res., Warszawa, Poland; 6University of Jyväskylä, 
Jyväskylä, Finland; 7TAU, Tel-Aviv, Israel; 8Soreq NRC, Yavne, Israel; 9BINEP, RAS, Chernogolovka, Russia; 

10TRIUMF, Vancouver, Canada; 11Institute for Analytical Instrum., RAS, St. Petersburg, Russia

At the FRS Ion Catcher [1] precision experiments with 
thermalized exotic nuclei can be performed. The frag-
ments are produced by projectile fragmentation or fission 
at relativistic energies, separated in-flight and energy-
bunched in the FRS [2]. With the FRS Ion Catcher (figure 
1) these fragments are then slowed down and thermalized 
in a cryogenic stopping cell (CSC) [3]. A multiple-
reflection time-of-flight mass spectrometer (MR-TOF-
MS) is used to perform direct mass measurements and to 
provide an isobarically clean beam for further experi-
ments, such as mass-selected decay spectroscopy [4]. A 
versatile RF quadrupole transport and diagnostics unit 
guides the ions from the CSC to the MR-TOF-MS, pro-
vides differential pumping, ion identification and includes 
reference ion sources. The FRS Ion Catcher serves as a 
test facility for the Low-Energy Branch (LEB) of the Su-
per-FRS and already now enables a variety of new preci-
sion experiments in FAIR Phase-0.  

The FRS Ion Catcher has been commissioned and its 
components have been characterized. For the first time, a 
stopping cell for exotic nuclei was operated on-line at 
cryogenic temperatures. Using a gas density almost three 
times higher than ever reached before for a stopping cell 
with RF ion repelling structures, various 238U projectile 
and fission fragments were thermalized and extracted 
with very high efficiency. A combined ion stopping, sur-
vival and extraction efficiency of up to 30% and an ex-
traction time of about 25 ms have been measured [5]. The 
rate capability of the CSC has been investigated [6]. Di-
rect mass measurements of several short-lived fragments 
(e.g. 220Ra with a half-life of 17.8 ms) have been per-
formed with the MR-TOF-MS. In total for more than 40 
short-lived nuclei the ground state masses have been de-
termined and 15 isomeric states have been measured. A 
data evaluation procedure for MR-TOF-MS data has been 
developed that allows achieving high accuracies even for 
low statistics and overlapping peaks. As a part of this 
work a new mathematical function  has been developed to 
describe the peak shapes in MR-TOF-MS spectra [7]. The 
error budget of the measurement with the MR-TOF-MS 
has been made. Mass accuracies down to 10-7 have been 
achieved. Furthermore, the FRS Ion Catcher is the ideal 
device to search for long lived isomers (> 10 ms), because 
it is universal, i.e. element and decay mode independent, 
faster than other mass spectrometry techniques (e.g. SMS, 

TOF-ICR), very sensitive (non-scanning), has high mass 
resolving power (>> 105), high dynamic range (> 10:1) 
and is broadband in nature, i.e. can measure all isobars 
and isomers of several mass units in parallel. Moreover, 
the isomers can be spatially separated from the ground 
state and an isomerically clean beam can be provided to 
experiments, such as decay spectroscopy [8]. 

In an experiment in 2016 the integration of the Ion 
Catcher in the FRS DAQ has been started [9]. The aim of 
this work is to make the data from the FRS Ion Catcher 
available as a part of the standard FRS particle identifica-
tion (PID). This enables the use of the system as a mass 
tagger [10] for the FRS PID or to use high-accuracy mass 
measurement as the only information for PID, instead of 
the standard PID [11]. This has been successfully tested 
even under challenging conditions (with fission and pro-
jectile fragments with Z > 70 produced at a primary beam 
energy of 300 MeV/u). Furthermore the operation of the 
CSC with argon as stopping gas has been investigated and 
first tests to use the stopping gas as a reaction target for 
fusion studies were performed [12].  

Recently, the FRS Ion Catcher has been upgraded in 
several aspects. In particular, (i) in the CSC the electrode 
structure and the connections have been revised to in-
crease the operational reliability and to allow for higher 
extraction field strengths and thus shorter extraction 
times. (ii) A new pre-pump allows operation of the turbo-
molecular pumps on the RFQ beamline (first differential 
pumping stage after the CSC) at higher pressures. (iii) An 
extension of the RFQ beamline has been developed and 
commissioned [13]. (ii) and (iii) in combination will al-
low the operation (for heavy ions) of the CSC at higher 
areal densities up to 10 mg/cm².  

The FRS Ion Catcher is part of four approved experi-
ment proposals for FAIR Phase-0. These experiments 
cover a wide variety of nuclear physics questions, from 
detector tests and novel concepts for higher yields (very 
thick targets) [14] over mass measurements in different 
regions of the nuclear chart (N=126 [15] and N=Z [14]) to 
reaction studies on multi-nucleon transfer [16] and meas-
urements of beta-delayed neutron emission probabilities 
[17]. These experiments will make use of recently devel-
oped new ion optical modes of the FRS, that will allow 
higher transmission and FRS performance tailor-made for 
these experiments [18]. 
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Figure 1: Schematic view of the setup of the FRS Ion Catcher at the final focal plane of the FRS. The beam enters the 
setup from the FRS from the left and passes the detectors for the PID of the FRS and the variable degrader to adjust the 
range of the ions. Then the ions are thermalized in the CSC, extracted and transmitted through the RF quadrupole 
transport and diagnostics unit to the MR-TOF-MS. 
 

For the LEB of the Super-FRS a new High Areal Den-
sity Orthogonal extraction CSC (HADO-CSC) is under 
development [19,20]. It will feature significantly im-
proved performance characteristics, including higher rate 
capability, stopping efficiencies and active area, matching 
the requirements for beams at the LEB. The LEB stop-
ping cell will be a key device for the research with ther-
malized projectile and fission fragments that will be per-
formed with the experiments MATS and LaSpec [21]. 
The development and operation of the stopping cells of 
the FRS Ion Catcher and of the LEB are performed in the 
context of the Super-FRS Experiment Collaboration. The 
HADO-CSC is also the basis for the development of 
stopping cells at ELI-NP [22] and SARAF [23]. 

The MR-TOF-MS will be part of MATS and perform 
mass measurements of very short-lived and rare nuclei 
complementary to measurements with the Penning trap 
system of MATS. At the same time it can be operated as 
isobar and isomer separator for MATS and LaSpec, and it 
will be an essential tool to perform diagnostics and PID at 
the LEB. The MR-TOF-MS has been the basis for spin-
off developments for analytical mass spectrometry [24] 
and a system for the TITAN experiment at the ISOL facil-
ity ISAC at TRIUMF [25]. 

References 
[1] W.R. Plaß et al., NIM B 317 (2013) 457. 
[2]  H. Geissel et al., NIM B 70 (1992) 286. 
[3] M. Ranjan et al., NIM A 770 (2015) 87. 
[4] T. Dickel et al., NIM A 777 (2015) 172. 
[5] S. Purushothaman et al., EPL 104 (2013) 42001. 
[6] M.P. Reiter et al., NIM B 376 (2016) 240.  

[7] S. Purushothaman et al., IJMS 421 (2017) 245. 
[8] T. Dickel et al., PLB  744  (2015) 137. 
[9]  E. Haettner et. al., this issue. 
[10] M.P. Reiter, PhD thesis, JLU Gießen (2015). 
[11] C. Hornung et al., GSI Sci. Rep. 2016 (2017) 175. 
[12] I. Miskun et al., this issue. 
[13] C. Hornung et al., this issue. 
[14] W.R. Plaß et al., this issue. 
[15] S. Pietri et al., this issue. 
[16] T. Dickel et al., this issue. 
[17] I. Mardor et al., this issue. 
[18] E. Haettner et al., this issue. 
[19] D. Amanbayev et al., this issue. 
[20] T. Dickel et al., NIM B 376 (2016) 216. 
[21] D. Rodriguez et al., EPJ Special Topics 183 (2010) 1. 
[22]  D. L. Balabanski et al., Rom. Rep. Phys. 68 (2016) 

621.  
[23] I. Mardor et al., arXiv:1801.06493v2. 
[24] T. Dickel et al., NIM B 317 (2013) 779. 
[25] M.P. Reiter et al., this issue. 
 
Experiment beamline: FRS 
Experiment collaboration:  
NUSTAR-Super-FRS-Experiments / FRS Ion Catcher 
Experiment proposal: S411, S468, S472, S474, S475 
Accelerator infrastructure: SIS18  
PSP codes: 1.2.1.2; 1.2.3.13; 2.4.11.2.7; 2.4.11.2.8 
Grants: BMBF (05P12RGFN8, 05P16RGFN1), HMWK 
(LOEWE Center HICforFAIR), HGS-HIRe, Helmholtz 
Association of German Research Centers (NAVI VH-VI-
417) 
Strategic university co-operation with: Gießen

 

GSI-FAIR SCIENTIFIC REPORT 2017 RESEARCH-NUSTAR-FRS-8

DOI:10.15120/GR-2018-1 111



 

Reaction studies with the FRS Ion Catcher: A novel approach and universal 
method for the production, identification of and experiments with unstable iso-

topes produced in multi-nucleon transfer reactions with stable and unstable 
beams 

T. Dickel1,2, P. Constantin3, J. S. Winfield2, S. Ayet1,2, S. Bagchi1,2,4, D. Balabanski3, S. Beck1,2, H. 
Geissel1,2, F. Greiner1, E. Haettner2, S. Heinz1,2, C. Hornung1, A. Kankainen5, A. Karpov6, D. 

Kostyleva1,2, N. Kuzminchuk2, B. Kindler2, B. Lommel2, I. Mardor7,8, I. Miskun1, I. Mukha2, G. Mün-
zenberg2, S. Pietri2, Z. Patyk9, G. Martinez-Pinedo10, W. Plaß1,2, A. Prochazka1, S. Purushothaman2, 
C. Rappold1,2, V. Saiko6, T. Saito2,11,12, C. Scheidenberger1,2, Y. Tanaka1,2, H. Weick2 and the Super-

FRS experiment collaboration 
1JLU, Gießen, Germany; 2GSI, Darmstadt, Germany; 3IFIN-HH/ELI-NP, Magurele, Romania; 4Saint Mary’s University, 

Canada; 5University of Jyväskylä, Jyväskylä, Finland; 6JINR, Dubna, Russia; 7TAU, Tel-Aviv, Israel; 8Soreq NRC, 
Yavne, Israel; 9National Centre for Nucl. Res., Warszawa, Poland; 10TU Darmstadt, Darmstadt, Germany; 
11Helmholtz Institut Mainz, Mainz, Germany; 12Iwate University Morioka, Japan 

 
Experiments with radioactive ion beams at Coulomb-

barrier energies represent a new field for reaction studies 
which will contribute to a better understanding of multi-
nucleon transfer, deep inelastic, fusion-fission and com-
plete fusion reactions. One of the main goals of these ex-
periments is to access new neutron-rich heavy and super 
heavy isotopes, not reachable in fission or fragmentation 
reactions [1].  

Slowed-down rare ion beams of all chemical elements, 
including refractory elements, independent of their chem-
ical properties, are available at the FRS and Super-FRS. 
Their optimum use requires a new philosophy for experi-
ments and instrumentation [2]. For instance multi-nucleon 
transfer (MNT) reactions inside the cryogenic stopping 
cell (CSC) of the FRS Ion Catcher is a unique and novel 
method that is very sensitive, clean, universal and has a 
high angular acceptance for the reaction products. It is 
planned to mount targets (e.g., Dy, Pt, U) on a wheel will 
be installed in the stopping volume of the CSC. The iden-
tification and quantification of the reaction products will 
be performed by a high resolution and broadband mass 
spectrometer, which allows to identify the reaction prod-
ucts completely by their mass-to-charge ratio. This will 
pave the way for broad range measurements with primary 
and secondary beams. The concept is based on the 
uniqueness of the beams and experimental setups of 
GSI/FAIR and their combination. 
In a first experiment we will perform MNT reaction stud-
ies with a 500 MeV/u 238U primary beam slowed-down to 
Coulomb barrier energies impinging on different targets. 
We expect to measure in 12 approved shifts more than 
150 cross sections (figure 1) and 15 new masses of neu-
tron-rich isotopes. The cross-sections will be used to 
benchmark reaction models. The proposed nuclei are im-
portant for the rare earth abundance peak in the r-process 
as well as for the understanding the properties of fission-
ing nuclei involved in the r-process.  

This is the first step towards future broad range reaction 
studies with secondary beams at the (LEB of the Super-
)FRS.  
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Figure 1: Calculated production cross-sections [3] for 
238U on 164Dy. Upper panel: target-like fragments (TLF); 
lower panel: projectile-like fragments (PLF). The estimat-
ed sensitivity limit will be about 0.1 mbarn. 
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Radioactive ion beams at Coulomb barrier energies will 
open a wide field for the study of deep-inelastic reactions 
of heavy nuclei and their application for the synthesis of 
new exotic heavy and super-heavy nuclei [1]. The slow-
ing-down of heavy-ion fragment beams from relativistic 
production energies to near Coulomb barrier energies has 
been done for many years for the stopping cell experi-
ments and tests [2] at the FRS [3].  

In experiments with the FRS Ion Catcher secondary 
beams are stopped inside the cryogenic stopping cell 
(CSC), extracted and their properties are measured. If a 
thin reaction target is installed in the CSC and the energy 
of the secondary beams is adjusted to be close to the Cou-
lomb barrier, fusion products will be generated, which 
can be stopped, measured and identified with the MR-
TOF-MS of the FRS Ion Catcher. Also, the stopping gas 
itself can be used as reaction target. This is of special in-
terest if heavier noble gases (e.g. argon) are used. This 
allows the study of fusion reactions in inverse kinematics 
with low intensity beams (e.g., exotic secondary beams) 
and high sensitivity. The advantages of inverse kinemat-
ics are (i) that the range distribution of the impinging 
beam is small, so the products will be produced over a 
narrow depth in the target and (ii) the range of the prod-
ucts is larger, which allows the release over a wider depth 
of the target. Because of these effects the effective target 
thickness is much larger, especially for secondary beams, 
in inverse than in normal kinematics reactions. (iii) For a 
given areal weight, the target has more reaction centers in 
inverse kinematics than a target in normal kinematics, 
since in inverse kinematics the mass number of the target 
atoms is smaller. If the stopping gas itself is used as a 
target these advantages are maximized, because one can 
have very thick targets for fusion reactions (~10 mg/cm²), 
while having 100% release efficiency from the target. The 
disadvantages of this concept are the need for very high 
density stopping cells and the limitation in the available 
targets/stopping gases, He, Ne, Ar and maybe carbon 
(methane). For heavier gases the repelling RF electrode 
structure (RF-carpet), which ensure high efficient ion 
extraction from the stopping gas, will not work. The CSC 
was operated with up to 20 mg/cm² neon [2].  

Here we report the first tests with more than 10 mg/cm² 
argon (figure 1). One can see that the extraction efficien-
cy was limited by the available RF carpet electronics. A 
first test under this non-optimal conditions was done, in 
an experiment with the FRS in 2016. For this experiment 
a natural titanium target was installed inside the CSC and 
the CSC was operated with argon as stopping gas (13 
mg/cm²). 

 

 Figure 1: Measured relative extraction efficiency for 
220Rn+ vs. RF voltage on the RF carpet for argon as stop-
ping gas (12 mg/cm²) as compared to operation of the 
CSC with helium.  

A primary beam of 2·105 124Xe/spill with 600 MeV/u 
was transported to the CSC and slowed down to Coulomb 
barrier energies in the target and stopping gas. The search 
for fusion products in the mass spectra was not conclu-
sive. However, it was demonstrated that under the condi-
tions of the experiment the background is very low, such 
that in the future 10 detected fusion products will be suf-
ficient for an unambiguous identification.  An upgraded 
RF carpet electronics has been developed and is now 
ready to overcome the limits of past experiments. 

In FAIR phase 0 an experiment built on these results 
has been approved by the G-PAC and will focus on multi-
nucleon transfer reactions [4].  

References 
[1] W. Loveland, Phys. Rev. C 76 (2007) 014612  
[2] P. Reiter, PhD JLU Giessen (2015). 
[3] H. Geissel et al., NIM B 70 (1992) 286 
[4]  T. Dickel et al., this issue 
 
Experiment beamline: FRS 
Experiment collaboration:  
NUSTAR-SuperFRS-Experiments / FRS Ion Catcher 
Experiment proposal: S475 
Accelerator infrastructure: SIS18  
PSP codes: none 
Grants: BMBF (05P12RGFN8 & 05P16RGFN1), 
HMWK (LOEWE Center HICforFAIR), HGS-HIRe 
Strategic university co-operation with: Gießen   

GSI-FAIR SCIENTIFIC REPORT 2017 RESEARCH-NUSTAR-FRS-10

DOI:10.15120/GR-2018-1 113



 

A novel method for measuring β-delayed neutron emission 
I. Mardor1,2, T. Dickel3,4, S. Ayet3, S. Bagchi5,3,4 , S. Beck3,4, H. Geissel3,4, F. Greiner4, E. 

Haettner3, C. Hornung4, D. Kostyleva3,4, N. Kuzminchuk3, B. Kindler3, B. Lommel3, G. Martínez-
Pinedo6, I. Miskun4, I. Mukha3, E. Piasetzky1, S. Pietri3, W. R. Plaß3,4, I. Pomerantz1, A. Prochazka3, 
S. Purushothaman3, C. Rappold3,4, T. Saito3,7,8, C. Scheidenberger3,4, Y. Tanaka3,4, H. Weick3, J. S. 

Winfield3, and the Super-FRS Experiment Collaboration 
1Tel Aviv University, Tel Aviv, Israel, 2Soreq NRC, Yavne, Israel, 3GSI, Darmstadt, Germany, 4Justus-Liebig-

Universität, Gießen, Germany, 5Saint Mary’s University, Halifax, NS, Canada, 6Technische Universität Darmstadt, 
Darmstadt, Germany, 7Helmholtz Institute Mainz, Mainz, Germany, 8Iwate University, Morioka, Japan 

β-delayed single- or multi-neutron emission is possible 
when a mother nucleus β-decay Q-value (Qb) is larger 
than the daughter nucleus one- or x-neutron separation 
energy (S1n or Sxn). The probability for β-delayed neutron 
emission (Pxn for x emitted neutrons) increases with neu-
tron number per isotope. Measured Pxn values provide 
important input to the astrophysical r-process, nuclear 
structure models, and control of nuclear reactors [1]. 

Pxn data is scarce, especially for multi-neutron emis-
sion. For present and near-future accessible isotopes, less 
than 10% of multi-neutron emission candidates have been 
measured [2]. Moreover, in the fission-product region, the 
most relevant for the r-process and nuclear reactors, there 
is published P2n data for only four nuclides. 

Therefore, there are several world-wide campaigns to 
bridge this data gap, mostly by counting β-delayed emis-
sion n-β coincidence events [3]. In this method, efficiency 
decreases with x (higher number of coincident neutrons), 
β and n detector efficiencies depend on prior energy spec-
tra measurements or models, and the measurement in-
cludes neutron background from the beam and cosmic 
rays. Other proposed methods count the recoil nuclides 
via gamma spectra [4], time-of-flight [5], or mass meas-
urements, in a series of stopping cells and MR-TOF-MSs 
(RIKEN) [6], or in the ESR (GSI) [7]. These methods are 
less efficient and/or prone to systematic errors, especially 
for multi-neutron emission. 

Given the above, we propose a complementary and in-
dependent method for measuring Pxn at the FRS Ion 
Catcher, which circumvents the drawbacks of existing 
methods [8]. Obtain separated isotopes with the FRS, 
contain them in the Cryogenic Stopping Cell (CSC) for 
periods long enough for decay, and identify and count the 
precursor and recoil isotopes with the Multiple-Reflection 
Time-of-Flight Mass-Spectrometer (MR-TOF-MS). 

The required n-rich isotopes will be produced via in-
flight fission of 238U primary beam from the SIS18. The 

areal density of the CSC (10 mg/cm2) provides another 
separation stage, ensuring that only the required precur-
sors are stopped in it. 

For Pxn extraction, the masses of the precursor and all 
recoils are measured simultaneously at the MR-TOF-MS 
with accuracy that enables their unambiguous identifica-
tion. Ratios between the recoil isotopes infer Pxn for all x 
(x=0 is regular β-decay) (Fig. 1). Concurrently, the meth-
od will provide measurements of mass, Q-values (precur-
sor-recoil mass difference) and half-lives (precursor to all 
recoils ratio). The method has the same efficiency for all 
x, is independent of nuclear models, has practically no 
background, and is sensitive to isomers. 

The proposal has been approved for FAIR Phase-0, 
pending beam availability. First planned measurements 
are of Pxn of 135-137Sb and 142I, the heaviest and highest Z 
β2n precursor measured yet, setting the stage for a survey 
of β-delayed neutron emission, including the N~126 re-
gion.
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Figure 1: Top - Scheme of the proposed method. A β2n 
decay of 137Sb in the CSC is depicted. Bottom - expected 
spectrum in the MR-TOF-MS, when containing the pre-
cursors in the CSC for two 137Sb half-lives. 
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In the context of the experiment proposal S474, detec-
tor tests with the prototype of the cryogenic stopping cell 
(CSC) for the Low Energy Branch (LEB) of the Super-
FRS and direct mass measurements will be performed at 
the FRS with the FRS Ion Catcher [1] in FAIR Phase-0. 
The detector tests include (i) the commissioning of the 
CSC with an areal density of 10 mg/cm2 and with higher 
DC fields (doubling the stopping efficiency and reducing 
the extraction time), (ii) the on-line test of the pumping 
and He recycling unit and the gas purification techniques 
to be used with the LEB stopping cell, (iii) the control of 
charge states of ions thermalized in the CSC for increased 
stopping and extraction efficiencies of multiply-charged 
ions, (iv) the on-line commissioning of the upgrade of the 
RFQ beamline of the FRS Ion Catcher [2], (v) the test of 
the new large aperture precision degrader system and the 
scintillator for the Super-FRS Ion Catcher and (vi) the 
integration of the FRS Ion Catcher in the FRS data acqui-
sition system. In addition the use of a very thick target 
(>>4 g/cm2; d/R>0.5 where d is the thickness and R the 
range) will be investigated, which should increase yields 
by multi-step fragmentation reactions and enable access 
to more exotic nuclides at the FRS Ion Catcher and the 
LEB of the Super-FRS [3].  

After many years of R&D and tests, direct mass meas-
urements of rare neutron-deficient nuclides under chal-
lenging realistic conditions can be performed and shall 
demonstrate the overall performance of the system. Pro-
jectile fragments in the range from Zr to Rh produced by 
projectile fragmentation of 124Xe and 107Ag are ideal to 
perform these measurements. They are refractive and can 
therefore be ideally produced and separated in-flight. Fur-
thermore, depending on the ionization potentials of the 
various elements, the ions are expected to be thermalized 
in different charge states (+1 and +2). The controlled ma-
nipulation of charge states can thus be tested with these 
fragments. The mass measurements aim at N=Z and 
N=Z+1 nuclides in the element range from Y to Ag and 
will provide experimental mass values for many of these 
nuclides for the first time (Fig. 1). These nuclides are of 
high interest because of their impact on the rp process, 
isospin symmetry as well as pairing and the Wigner ener-
gy, the region of nuclear deformation in the vicinity of 
80Zr [4], and the high-spin isomer in 94Ag [5,6]. 

Figure 1: Section of the chart of the nuclides showing the 
region of interest for the experiment proposal and the un-
certainty of mass values in the elemental range from Y to 
Ag (in keV). For nuclides shown in red the mass has not 
been measured yet [7]. Left: Expected charge states of the 
ions extracted from the CSC and range of refractory ele-
ments in this region. 
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At the FRS Ion Catcher the cryogenic stopping cell 
(CSC) and the MR-TOF-MS are connected via an RFQ 
beam line. To achieve highest mass accuracies with the 
MR-TOF-MS it is necessary to have calibrant ions over a 
broad mass range at a high repetition rate (≈ 100 Hz) in 
order to match the repetition rate of the MR-TOF-MS. 
These requirements can be fulfilled by the laser ablation 
carbon cluster ion source (LACCI) [1], which is a part of 
the upgrade of the RFQ beam line [2] of the FRS Ion 
Catcher. An overview of the FRS Ion Catcher setup in-
cluding main features of the RFQ beam line is shown in 
fig. 1. 

LACCI is equipped with a x-y-movable target table, 
which enables a fast (≈ s) change of targets and a perma-
nent 2D movement of the targets during ion production. 
In the 2D movement the targets are scanned by a horizon-
tal and vertical meander, in which the step size and the 
velocity can be adjusted. This allows long-term stable 
operation (>10 hours), even at high repetition rates (≈ 100 
Hz, two orders of magnitude higher than with systems 
used at other facilities world-wide). A first proof-of-
principle demonstrating the long-term stability of LACCI 
is shown in fig. 2 for erbium ions.  

In order to couple LACCI to the existing RFQ beam 
line an RFQ based switchyard [3] is used. An RFQ 
switchyard is a novel device which acts like six gas-filled 
RFQs leading away from a central point along three per-
pendicular axes. Modes with input or output along multi-
ple axes at once are possible, allowing for beam splitting 
or merging, and switching between input/output 
configurations during operation. 

The upgrade of the RFQ beam line improves differen-
tial pumping between the CSC and the MR-TOF-MS. 
This will enable a higher helium gas pressure in the CSC, 
while keeping the pressure in the MR-TOF-MS low, to 
avoid collisional losses during the TOF measurement. A 
decoupling of the pressure in the CSC and the MR-TOF-
MS enables to operate the MR-TOF-MS with optimum 
performance even with the highest pressure in the CSC.  

A dedicated RFQ mass filter will be added to the exist-
ing beam line. The expected mass resolution (<1 u) will 
be high enough to perform a pre-separation of ions ac-
cordingly to their mass numbers in the beam line in front 
of the MR-TOF-MS. The extension of the RFQ beam line 
also enables an improved operation of the collision in-
duced dissociation inside the RFQ beam line [4], by in-
cluding several activation stages. This provides a higher 
suppression of molecular background.  
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Figure 1: Schematic view of the FRS Ion Catcher with the 
CSC, the upgraded RFQ based beam line, including diag-
nostics tools,  LACCI, a dedicated RFQ mass filter, and 
the MR-TOF-MS (from the left to the right). 

 

 
Figure 2: Measurement of the long-term stability of the 
count rate for erbium ions produced in laser ablation in 
LACCI with a repetition rate of 100 Hz. The count rate 
vs. time with a 2D motion of the movable target is com-
pared to a stationary target and 1D motion. The latter is 
the established state-of-the-art technique for similar laser 
ion sources. The data are normalized to the count rate 
after cleaning of the target surface, since it was seen that 
the first target layer has different properties than the fol-
lowing layers. 
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The technical design of the cryogenic stopping cell 
(CSC) for the Low-Energy Branch (LEB) of the Super-
FRS [1] has been developed. The CSC will thermalize 
exotic nuclei, which have been produced in the Super-
FRS at relativistic energies, and make them available to 
the experiments MATS and LaSpec. A prototype of the 
stopping cell has been successfully commissioned as a 
part of the FRS Ion Catcher at GSI and enabled an access 
to short-lived exotic nuclei, providing high areal densities 
of up to 6.3 mg/cm2, short extraction times of 25 ms, a 
rate capability of more than 104 ions/s and total efficien-
cies of up to 30% [2]. 

The CSC for the LEB will be a high areal density or-
thogonal extraction CSC (HADO-CSC). It will use the 
techniques of cryogenic operation to ensure a high purity 
of the stopping gas and high-density operation enabled by 
using an RF carpet with a small electrode structure size, 
which have been successfully applied in the prototype 
CSC. In addition it will implement several novel con-
cepts, which will result in important performance ad-
vantages compared to conventional stopping cells, such as 
very high stopping efficiencies, short extraction times and 
high rate capability [1]. The CSC consists of two cham-
bers (Fig 1.). The outer chamber provides the insulation 
vacuum for the inner chamber, which is operated at a 
temperature of 70 K. The inner chamber contains a stop-
ping volume with high buffer gas pressure and an extrac-
tion volume with low pressure and is pumped differential-
ly. The beam is injected horizontally into the CSC and 
stopped in the buffer gas. Using electric fields the termal-
ized ions are transported in vertical direction onto an ar-
ray of RF carpets, which focusses the ions to several noz-
zles. The ions are swept out by the gas flow from the 
stopping volume to the extraction volume and there they 
are transported on a low-pressure RF carpet to the extrac-
tion nozzle and into an extraction RFQ. 

Detailed simulations of the CSC have been performed. 
The RF carpet in the stopping volume will have a density 
of 6 electrodes/mm and be operated at frequencies up to 
15 MHz. The stopping volume has a length of 2 m, and 
the maximum areal density will amount to 30 mg/cm2. In 
parallel to the simulation studies, experiments with the 
prototype of the CSC have been performed at the FRS Ion 
Catcher to investigate the operation of the CSC at the 
high field strengths (>> 10 V/cm) planned for the CSC of 
the LEB [3]. From these, extraction times of 10 ms can be 
projected. The rate capability of the CSC will exceed 107 
ions/s. The cryogenic system of the CSC will use electri-
cally driven cryo-coolers. The pumping system of the 
CSC will include a helium recovery unit (HRU) [4] that 
allows the helium stopping gas to be re-circulated and 
continuously purified. 

The HADO-CSC is also the basis for the development 
of stopping cells at ELI-NP [5] and SARAF [6]. 

 

 
Figure 1: Digital mock-up of the stopping cell system for 
the LEB. Upper panel: Overview showing the stopping 
cell (dark green), HRU (light green), frames (grey) and 
electronics (brown). Lower panel: Cut along the longitu-
dinal direction, showing the inner cryogenic chamber 
(blue) with the stopping volume (lower) and extraction 
volume (upper), the electrode system (yellow), the outer 
vacuum chamber (dark green), the extraction RF quadru-
pole, and the cryo-coolers (grey). 
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The mass resolving power of the multiple-reflection 
time-of-flight mass spectrometer  (MR-TOF-MS) [1], 
which is a part of the FRS Ion Catcher [2], can be as high 
as 600000 [1]. Thus it can provide an unambiguous iden-
tification by mass [3] of the various exotic ions produced 
and separated at the FRS [4]. This method of identifica-
tion is independent on the standard identification scheme 
at the FRS which relies on measurement of magnetic ri-
gidity, velocity, and nuclear charge at high velocity. In 
particular, identification by mass becomes valuable if the 
energies are not high enough to keep the ions of interest 
fully ionized, then a mixture of charge states appears 
which obscures the standard identification scheme of 
FRS. Moreover, the method allows the identification and 
counts long-lived isomers which are not possible with the 
standard PID of the FRS. 

In an experiment, the time-of-flight signals from the 
MR-TOF-MS were fed into the FRS data acquisition sys-
tem. A common clock gives the time for each ion passing 
the scintillation detector in front of the CSC and each ion 
detected by the MR-TOF-MS. This makes a correlation 
between particles passing the FRS and particles identified 
in the MR-TOF-MS possible for the first time. It was 
shown [5], that the particles of interest could be identified 
unambiguously by their mass-to-charge ratio also in the 
time-of-flight spectrum measured with the FRS DAQ. 

In an experiment with 124Xe fragments, the measured 
distributions in time of all particles passing in front of and 
109In ions behind the CSC were evaluated [5]; an example 
showing the time distribution during the spills is shown in 
Fig. 1. This comparison has applicability in several ways: 
(i) As a monitor of the efficiency of the setup as a func-
tion of the time. Thus it enables a more efficient optimiza-
tion of the experiment and also serves as a monitor of the 
CSC performance during the experiment, e.g. detect loss-
es during beam on time due to build-up of space charge. 
(ii) It is a measurement of the average extraction time of 
the ions from injection into the CSC to detection in the 
MR-TOF-MS. This information is crucial in experiments 
were correction for decay losses are needed, e.g. produc-
tion cross section mesaurements or measurement of  
probability for β-delayed neutron emission [6]. Finally, 
the time of each event recorded in the MR-TOF-MS were 
compared to the time signal for beam on and beam off. 
This was successfully used to suppress background from 
the mass spectrum.  

In future, the method will be developed as standard 
techniques to allow a more efficient setup of experiments 

 
Figure 1: Measured time distribution of fragments passing 
the scintillation detector in front of the CSC (black) and 
109In ions detected by the MR-TOF-MS (blue).  

 

with the FRS Ion Catcher, e.g. range adjustment. In pur-
posive experiments even mass tagging by event-by-event 
correlation of the ions in front of and behind the CSC at 
an incoming rate of approximately 100Hz will be possi-
ble. This will for example allow measuring the ground-to-
isomer ratio in dependence of the momentum transfer in 
the production, and thus, will give important insights to 
the production and population of exotic isotopes and their 
isomers [7].  
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TRIUMF’s Ion Trap for Atomic and Nuclear science 
(TITAN) [1] is a multiple ion trap system capable of per-
forming high-precision mass measurements and in-trap 
decay spectroscopy. In particular TITAN has specialised 
in fast Penning trap mass spectrometry of short-lived ex-
otic nuclei using its Measurement Penning Trap (MPET). 
In order to reach the highest possible precision, ions can 
be charge bred into higher charge states by an Electron 
Beam Ion Trap (EBIT), reducing the required measure-
ment time for a needed precision. Using highly charged 
ions, TITAN is capable of performing mass measure-
ments of short-lived heavy species with very high preci-
sion. Although the Isotope Separator and Accelerator 
(ISAC) facility at TRIUMF, Vancouver, Canada can de-
liver high yields even for some of the most exotic species, 
some measurements suffer from a strong isobaric back-
ground. This background often prevents the high preci-
sion measurement of the exotic species of interest. To 
overcome this limitation an isobar separator based on the 
Multiple-Reflection Time-Of-Flight Mass Spectrometry 
(MR-TOF-MS) technique has been developed at the JLU-
Giessen [2] and installed recently at TITAN (Fig. 1). The 
MR-TOF-MS is based on the design of the MR-TOF-MS 
developed for MATS [3,4] which is currently in use at the 
FRS Ion Catcher [5]. In contrast to this system, mass se-
lection is achieved using dynamic re-trapping of the ions 
of interest after a time-of-flight analysis in an electrostatic 
isochronous reflector system [6]. Use of this novel tech-
nique allowed installation of the MR-TOF-MS with min-
imal impact on the existing TITAN beam line and also 
provides cooled and clean isobaric beams for downstream 
ion traps. Additionally the MR-TOF-MS enables mass 
measurements of very short-lived nuclides that are weakly 
produced, complementing TITAN’s existing mass meas-
urement program of short-lived exotic nuclei. 

After a first online commissioning with stable beam 
from ISAC in early 2017 the MR-TOF-MS was employed 
in a measurement campaign trying to investigate the evo-
lution of the N = 32 neutron shell closure around Ca-52. 
This shell closure forms several neutrons away from sta-
bility and has been established in neutron-rich K, Ca and 

Sc isotopes, where as in the higher Z elements, V and Cr, 
no shell effects had been found, leaving the intermediate 
Ti isotopes as the ideal test case for state-of-the-art ab-
initio shell model calculations.  

High-precision mass measurements with TITAN's 
MPET and the new MR-TOF-MS were able to prove the 
existence of a weak shell closure in Ti and were able to 
challenge four of the most successful modern ab-initio 
theories, which all over predict the strength of the weak 
N=32 shell closure [7]. The unexpected reduction in shell 
strength will be used to refine the aforementioned and 
forthcoming nuclear models.  

Being able to detect all isobars at the same time, the 
new MR-TOF-MS has become a routine device during 
TITAN beam times, being used for real-time determina-
tion of the radioactive beam composition and optimiza-
tion of the ISAC mass separator, for precision mass 
measurements and in the near future for isobar separation. 
The experiences gained at TITAN go hand in hand with 
further developments of the MR-TOF-MS system used at 
GSI as part of the FRS Ion Catcher and for future experi-
ments with MATS and LaSpec at the Low-Energy Branch 
of the Super-FRS at FAIR.  

 

         
Figure 1: The new TITAN MR-TOF-MS system coupled 
to the existing TITAN beam line at TRIUMF.
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The EXPERT (EXotic Particle Emission and Radioactivi-
ty by Tracking) setup is a part of the Super-FRS Experi-
ment Collaboration [1]. Prototype detectors of EXPERT 
are being used in pilot experiments at the FRS in the 
FAIR Phase-0 (S443, S459). 

Physics program and methods  
The EXPERT experiments aim at studies of exotic nu-

clear systems in the most-remote part of the nuclear land-
scape close to the proton and neutron drip lines [2]. Nu-
clear decays with very small decay energies emitting pro-
ton(s) or neutron(s) in-flight, i.e., proton radioactivity and 
neutron radioactivity, can be studied by tracking the tra-
jectories of the decay fragments and reconstructing their 
decay vertices. This technique allows for investigations of 
nuclei with short half-lives down to 10-12 s. Also proton–
proton and neutron–neutron correlations, even in case of 
multiple proton or neutron decays, can be studied by 
tracking charged particles and neutrons. Complementari-
ly, two-proton radioactivity will be studied by using an 
Optical Time- 
Projection Chamber (OTPC) placed at the final focus of 
the (Super-)FRS, where exotic nuclei are first implanted 
into the OTPC and then decay. These two detection 
schemes of EXPERT may utilize the same radioactive 

beam simultaneously and therefore efficiently. Together 
they cover half-life ranges from 10-12 to 10-7 s (with the 
in-flight decay technique) and from 10-7 to 1 s (with the 
implantation-decay method). Such a combination has suc-
cessfully been demonstrated at the FRS [3]. 
 
  The EXPERT modular detector assembly consists of 5 
subsystems sketched in Fig.1, whose locations at the fu-
ture Super-FRS are shown in Fig.2. The silicon (Si) 
beam-detector subsystem consists of the Si-strip timing 
detectors SSD, the tracking module (double-sided Si mi-
crostrip detectors), the γ-ray detector GADAST (128 
CsI(Tl) and 32 LaBr3(Ce) crystals), the neutron detector 
NeuRad (~10000 scintillator fibers), and the implantation 
detector on the basis of OTPC.  
 
The SSD detectors should provide timing information of 
the heavy ions up to U with the precision of 50 ps and for 
lighter ions of 100 ps. In addition, hit coordinates of the 
ions need to be measured with a precision of 0.3 mm and 
the deposited ionisation energy with a precision of 5%.  
The microstrip Si tracking detectors should deliver pro-
ton-hit coordinates with an accuracy of 30 μm. The ener-
gy-deposition measurement should identify ions with Z < 
28 at counting rates up to 104 s-1.  
 

Figure 1. The EXPERT main components and experiment scheme sketched at the FRS middle and final focal planes. 
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Figure 2: Locations of the EXPERT detectors at the Su-
per-FRS middle and final focal planes (upper-left panel). 
Itemized instrumentation: 1 – Si beam detectors, SSD; 2 – 
microstrip Si tracking detectors; 3 – γ-ray detectors 
GADAST; 4 – neutron detector NeuRad; 5 –  optical 
time-projection chamber OTPC. 

The energy resolution of the γ-ray detector GADAST 
should be ~5% at 3 MeV. GADAST should work at a flux 
up to 1000 cm-2 s-1 of γ-rays and charged particles.  
   The OTPC should provide 3D reconstruction of im-
planted multi-particle decays of fragments and measure 
the charge, energy and emission angle of the decay prod-
ucts. With respect to the existing device the size needs to 
be increased by 20-30%, and the angular and energy reso-
lution to be improved by a more advanced digital photo 
camera.      
   The angular resolution of the neutron detector NeuRad 
must be below of 0.2 mrad. The detection threshold for 
the energy deposited after one interaction of a neutron 
should not exceed 1 MeV and the time resolution of 0.5 
ns. The total angular range covered by the detector is sup-
posed to be 12 mrad. The planned size and location of the 
detector as well as its high granularity shall allow for dis-
tinguishing multiple neutron interactions as well.  

EXPERT technical status  
The technical feasibility of EXPERT has been proven by 
two successful experiments with the exotic ion beams 
performed at GSI and several test experiments at GSI and 
JINR, which resulted in a dozen publications (see e.g., 
Refs. [3,4]). The most recent result is the observation of 
previously-unknown isotopes 29Ar, 28Cl, 30Cl and the first 
spectroscopy of 31Ar. The data have been obtained as a 
by-product of the main objective 30Ar (see the recent arti-
cle [4]) during the pilot EXPERT experiment S388 in 
2012. The corresponding contribution by D. Kostyleva et. 
al. follows this report. 
The parameters of the different subsystems are proven by 
testing the prototypes or using final detectors during the 
pilot experiments at GSI. Prototypes of all components 
have shown good functionality in high-precision tracking 
and time measurements of light and heavy ions simulta-
neously; in neutron detection with the highest spatial 
resolution; in tagging of the radioactive decays with fine 
structure by using a segmented γ-ray detector GADAST 
with efficiency of 10% of 4π; and in implantation-decay 
measurements with OTPC. The EXPERT Technical De-

sign Report has been approved by the ECE/FAIR in 2017 
[5]. 

Tests in 2017  
The NeuRad timing properties have been tested with a 

20 cm long, 16x16 bundle of scintillation fibers BCF-12, 
two multi-anode PMTs H9500 and a 128-channel readout 
system based on TOFPET ASICs [6]. A new updated 
version of this system is under investigation. The first 
results on performance of such a NeuRad prototype have 
been obtained by detecting tracks produced by cosmic 
radiation, which is presented in the contribution by D. 
Kostyleva et. al. 

Several Si microstrip detectors have been refurbished in 
order to use new front-end ASICs IDE1140 from IDEAS. 
The detectors have been tested in the laboratory and are 
ready for GSI-beam tests in 2018.  Lower noise level, 
better linearity and higher dynamic range allow for a bet-
ter resolution in tracking and identification of ions and 
protons.   

A new readout system for the TOF Si detectors has 
been assembled and tested. It uses the last version of the 
front-end amplifier/discriminator ASIC PADI-X and 
FPGA TDC providing the highest time resolution down to 
11 ps per channel. This system is prepared for beam tests 
of the new Si TOF detectors at GSI in 2018.  

For GADAST, newly purchased LaBr3(Ce) crystals 
have been tested at the INP Krakow, Poland. GADAST 
has been prepared for commissioning as a detector for 
heavy charged particles in experiments at JINR in 2018. 

The day-0 experiments with EXPERT in 
2018/2019 

 The EXPERT components (new Si timing and Si track-
ing detectors) are planned to be tested during the beam-
time assigned to the experiments S443 (Search for four-
proton decay of Mg-18) and S459 (Two-proton radioac-
tivity of unobserved S-26). In total, 4+4 shifts of beam-
time in parasitic and main-user modes have been granted. 
The allocated beamtime is sufficient for testing the devel-
oped EXPERT instrumentation. For this purpose, in-flight 
detection of two-proton (12O) or four-proton (8C) decay 
precursors has been proposed, which is possible with pri-
mary beams 16O or 12C, respectively. The scheme of such 
test experiment is shown in Figure 3. 

The proposed experiment allows for testing all compo-
nents of EXPERT (except the neutron detector NeuRad) 
by using the known decay schemes and levels of 2p/4p 
emitters 12O/8C [7,8] whose decay energies will be re-
measured by registering 9C+p+p or 4He+p+p+p+p coinci-
dences, respectively. Such a calibration is feasible within 
the granted beam-time because of sufficiently high pro-
duction rates of the nuclei of interest at FRS.  
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Figure 3. Sketch of the EXPERT test experiment at FRS. 
Beams of 16O/12C are fragmented in a primary target, and 
a secondary 13O/ 9C beam is selected and focused on the 
middle focal plane in achromatic ion-optics mode. Nuclei 
of interest 12O/8C are produced in the secondary target in 
one-neutron knock-out reaction. Heavy-ion decay prod-
ucts 9C/4He are identified by their energy-loss and time-
of-flight as well as the magnetic rigidity by using the 
standard FRS beam detectors. At the final focal plane of 
FRS, the studies of beta-delayed proton radioactivity of 
the stopped 13O/ 9C ions will be performed by using the 
implantation-decay method with OTPC. The lower inset 
shows the EXPERT decay-in-flight detectors located 
downstream the secondary target, where the trajectories 
of incoming ions as well as the trajectories of the decay 
products 9C/4He and protons p1, p2 are measured.  
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The EXPERT pilot experiment S388 has been per-

formed at FRS in 2012. Here we report the preliminary 
results of the data analysis indicating an observation of 
previously-unknown isotopes 29Ar, 28Cl, 30Cl and the first 
spectroscopy of 31Ar [1]. The data have been obtained as 
a by-product of the main objective, 30Ar [2,3].  

EXPERT pilot experiment at FRS. The proton-
unbound argon and chlorine isotopes were detected by 
measuring trajectories of their decay-in-flight products by 
using a tracking technique with micro-strip detectors.  

The primary 36Ar beam hit a thick target, and a second-
ary beam of 31Ar was selected and focused on the middle 
focal plane, where nuclei of interest 31Ar*,29Ar were pro-
duced in the secondary target in reactions of in-elastic 
scattering and two-neutron knock-out. Decay products 
27,30S were identified by their energy-loss and time-of-
flight as well as the magnetic rigidity by using the stand-
ard beam detectors of FRS. The proton (1p) and two-
proton (2p) emission processes have been identified in the 
measured angular correlations of decay products, heavy 
ions (HI) with protons, HI+p and HI+p+p, respectively. 

Monte-Carlo simulations. The ground states of the 
previously unknown isotopes 30Cl and 28Cl have been 
discovered, providing the 1p-separation energies of about 
0.48(2) and 1.60(8) MeV, respectively, see [1] for details. 
In order to interpret the angular spectra quantitatively and 
precisely identify the 1p and 2p decay energies, one has to 
perform detailed Monte-Carlo simulations of the setup 
response. Such simulations were performed by using the 
GEANT-based program which was calibrated on the 
known 2p-decay pattern of 19Mg [2]. The states of interest 
were fit by varying the assumed values of their 1p-decay 
energies. Each simulated spectrum was then compared 
with the corresponding experimental angular correlation. 
The simulated distribution and experimental data were 
tested for compatibility by applying the Kolmogorov-
Smirnov algorithm, see details in [3]. This test provides a 
probability that the data and simulation distributions have 
the same shape. The probability plotted as a function of 
decay energy provides the best-fit decay energy and its 
uncertainty. For example, on Fig.1, one can see the distri-
bution of probability obtained for different 1p-decay en- 

 
ergy of the 30Cl first excited state. The derived 1p-decay 

energy of the first excited state of 30Cl is about 0.93(3) 
MeV. In a similar way, the observed excited states of 31Ar 
allow to infer 2p-separation energy of 6(34) keV for its 
ground state. Moreover, one level was observed in 29Ar. 
The observed state in 29Ar with the derived 2p-decay en-
ergy of 5.50(18) MeV may be identified either as a 
ground or an excited state depending on the systematics 
applied in analysis. The relevant systematics of 1p and 2p 
separations energies have been studied theoretically in the 
HI+p and HI+p+p cluster models.  
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by the respective simulations as a function of 1p-decay 
energy. 
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The NeuRad (Neutron Radioactivity) detector for high-
energy neutrons belongs to the EXPERT (EXotic Particle 
Emission and Radioactivity by Tracking) setup which is a 
part of the Super-FRS Experiment Collaboration [1].  
NeuRad is constructed out of ~104 scintillation fibers, and 
it is aimed at high-precision measurements of the angular 
correlations between the neutrons and heavy fragments 
stemming from exotic neutron decays. Due to a high 
granularity, an important feature of the NeuRad is the 
ability to track trajectories of the recoil protons produced 
by incident neutrons. The results of the tests of NeuRad 
tracking properties measured with cosmic radiation are 
presented in this report. 

The first tests of NeuRad prototype.The first test of 
the timing properties of the NeuRad detector prototype 
has been performed at FLNR JINR and later on at GSI 
[2]. The demonstrator, consisting of a 16x16 bundles of 
BCF-12 scintillation fibers (each fiber is 25 cm long and 
has 3x3 mm2 cross section) coupled with two PMT's 
H9500, has been irradiated by a 60Co gamma-ray source. 
The time uncertainty between two opposite PMT channels 
was determined to be ~ 1 ns (sigma). The reference meas-
urement with a BC-420 0.4 cm thick scintillator and two 
H9500 PMTs showed the time resolution of 0.5-0.7 ns. 

PETsys TOFPET2 ASIC readout chip.The next test 
of the NeuRad prototype has been done with the multi-
channel electronics. For this purpose, the readout system 
provided by the PETsys Electronics has been chosen. This 
system is based on the high performance TOFPET2 
ASIC, which is a new 64-channel chip combining a cur-
rent amplifier, discriminator, TDC and QDC. It is devel-
oped for the readout and digitization of signals from fast 
photon detectors in applications where high data rates and 
fine time resolution are required [3]. In order to test the 
TOFPET2 performance, the PETsyscompany provided an 
Evaluation Kit which includes two LYSO crystals of 
3x3x5 mm3 viewed by two KETEK SiPM PA3325-WB-
0808 arrays mounted on a board that plugs into the 
TOFPET2 ASIC test board. The kit has been tested with a 
standard 22Na source. The time resolution, obtained with 
the kit, is ~95 ps, see Fig. 1(a), or ~67 ps per channel.  

The NeuRad prototype test with TOFPET2 ASIC. 
The NeuRad prototype module (see above for the details) 
has been tested with the PETsys e-kit using cosmic radia-
tion. H9500 MAPMTs were coupled to the electronics via 
special connectors, so the signals from only 64 fibers on 
each side were measured. The data acquisition was set in 
a coincidence mode, i.e. only the events creating signals 
on both PMTs with a time difference less than 20 ns were 
recorded. Precise timing of the signals in each channel 
(fiber) allowed for restoration of the track of the cosmic 

particle crossing the NeuRad prototype. In Fig.1(b) one 
can see a typical track from a cosmic-ray particlepresent-
ed in the transverse cross-section of the prototype. The 
presented event has the time resolution 0.5(3) ns. 

 
Figure 1:  (a) Time resolution with LYSO crystals, SiP-
Mphotosensors and TOFPET2 ASIC. (b) The track of a 
cosmic-ray particle in a transverse cross-section of the 
NeuRad prototype. Both sides of 4 x 16 fibers are readout 
by the PMTs and TOFPET2 system. The measured light 
intensity (due to ionization energy loss in a fiber) is 
shown in colours.  

 
The measurement has shown that the tracks of minimum-
ionizing cosmic-ray particles can be determined within 
each fiber of the NeuRad detector prototype by using the 
TOFPET2 ASIC electronics. 
The day-0 experiments with NeuRad/EXPERT in 
2018/2019. The NeuRad prototype will be tested at FRS 
during the beam-time assigned to the experiments S443 
and S459. 
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Recent trends in nuclear physics research are moving to-
wards studies with radioactive ions or rare isotopes where 
the neutron-to-proton ratio is quite exotic. Since the dis-
covery of exotic nuclei, characterized by halos and skins, 
interaction cross section measurements and high-
resolution momentum measurements have played a key 
role to identify nuclei with new properties due to extend-
ed spatial distributions of the valence nucleons [1]. The 
proton distribution radius is crucial for determining the 
neutron-skin thickness if the matter radius is known. The 
proton radius is also necessary to understand the spatial 
correlation between the halo and the core. The experi-
ments based on high-energy electron scattering, atomic 
hyperfine structure or isotope shift have limitations for 
very short-lived nuclei available with low beam intensity. 
On the other hand, charge changing cross section meas-

urements are a versatile tool which can be applied very 
well for stable nuclei as well as for exotic nuclei far from 
the β-stability line. 
 
The exotic nuclei facility at GSI is unique in having ener-
gies up to 1A GeV. Experiments for precise radii meas-
urements are best suitable at this energy as a wide variety 
of isotopes of interest is fully ionized. It is also possible to 
perform such studies for light nuclei at beam energies 
around 200-300 MeV/u that are available at RIKEN. In 
Fig. 1, second half of the fragment separator at GSI [2] is 
shown along with the detector configuration at the final 
focus of the FRS. Details of the experimental setup and 
methodology is mentioned in Refs.[3-5].  
 
To obtain the proton radii from the measured σcc, finite-
range Glauber model framework is used. For stable iso-
topes (e.g. 10B, 12-14C, 14N), the obtained proton radii are 
in good agreement with the electron scattering data [3-5]. 
Together with information on the matter distribution radii 
from interaction cross section measurements, a very thick 
neutron-skin has been obtained for 22N [5]. 
 
Extending these investigations of halo and shell evolution 
to the neutron-rich fluorine isotopes, in this context we 
also mention our recent experiment at the BigRIPS [6] 
and ZeroDegree Spectrometer (ZDS) facilities at the 

RIKEN RI Beam Factory. The interaction cross section, 
charge changing cross section and longitudinal momen-
tum distribution measurements were performed.  The de-
tails on the experiment and the detector setup can be 
found in Ref.[7]. 
 
A carbon reaction target placed at the F8 focus was sur-
rounded by the DALI2 gamma detector array [8] to detect 
excited states of the nucleus and/or the fragment. The 
analysis of the work is in progress.  
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Figure 1: Schematic view of the second half of the 
FRS spectrometer at GSI with the detector setup to 
measure the charge changing cross section. 

 

 
Figure 2: Particle identification spectrum using the 
ZDS spectrometer set for (a) 29F and (b) 27F 
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The charge radius is an important bulk property of a nu-
cleus for investigating nuclear structure. The knowledge 
of proton radii is crucial for understanding halo and skin 
formation and also the shell evolution in unstable nuclei.  
The proton radii also serve as a test of newly developed 
structure models including those based on ab-initio theo-
ry. Electron scattering measurements are ideal for probing 
the distribution but so far not applicable to short-lived 
unstable nuclei. Isotope shift measurements allow us to 
precisely deduce the charge (proton) radius for some un-
stable nuclei. The measurement of the charge-changing 
cross sections (σCC) is a potential method that can be used 
to extract the proton radius for stable nuclei and as well as 
for exotic nuclei far from the β-stability line. The proton 
radii of light unstable nuclei have been successfully de-
termined from the σCC measurements using the Glauber 
Model framework in ref. [1-3]. 
 
We report here the charge-changing cross section meas-
urements of 57-59Co that were performed to investigate the 
application of this new tool to extract proton radii of me-
dium mass projectiles at intermediate energy. The test 
measurement was performed at the fragment separator 
(FRS) [4] at GSI, Germany. Beams of 57-59Co were pro-
duced by fragmentation of a 124Xe beam at 600 MeV/u, 
on a 1612 mg/cm2 thick Be target. The isotopes of interest 
were separated in flight and identified through the mag-
netic rigidity (Bρ) - time of flight (TOF) - energy loss 
(ΔE) method. In Fig. 1(a), the second half of the FRS is 
shown along with the detector configuration at the final 
focus of the FRS. The TOF of the incoming beam was 
measured from the intermediate focal plane F2 to F4 us-
ing plastic scintillators. The event-by-event Bρ of the in-
coming particles was determined from the horizontal po-
sition of particles, measured with a scintillator detector at 
F2 and time-projection chambers (TPC) at F4. Multisam-
pling ionization chambers provided the energy loss (ΔE) 
measurements (Fig.1b). A 2.5 g/cm2 thick carbon reac-
tion target was placed at F4. A veto scintillator with a 
central aperture placed in front of the target rejected beam 
events incident on the edges of the target scattered by 
matter upstream and the multi-hit events. The σCC is 
measured using the transmission technique, where the σCC 
is obtained from the relation: 

𝜎𝐶𝐶 =  
1
𝑡
𝑙𝑙 �

𝑅𝑜𝑜𝑜
𝑅𝑖𝑖

�   

Here Rin(out) = NsameZ/Nin is the transmission ratio with 
(without) the target and t denotes the target nuclei per 
cm2. In this method, the number (Nin) of incident nuclei 
AZ before the reaction target are identified and counted. 

After the target, we only require to identify and count the 
nuclei with the same charge Z (Fig.1c). The losses due to 
interactions with non-target materials are accounted by 
taking the measurements without the target in the setup. 

Figure 1: (a) Schematic view of the second half of the 
FRS spectrometer. (b) Particle identification spectrum 
before the C reaction target. (c) The energy loss spectrum 
in MUSIC after the reaction target with 57Co incident 
beam. 

The point proton radii (protons considered as point parti-
cles) will be determined from the measured σCC using the 
Finite-range Glauber model. This technique has been suc-
cessfully applied to determine the proton radii of B, C and 
N isotopes where proton radii of stable isotopes (10B, 12-

14C, 14N) agree very well with the electron-scattering ex-
periments [1-3]. The measured σCC of 59Co will be used to 
compare to known proton radii from electron scattering.  
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Charge  changing  reactions  are  used  to  determine  the
root mean square radius of the nucleus proton distribu-
tion.  In  this  work  we  measured  total  charge  changing
cross-sections  of  12C  ions  in  carbon,  polyethylene  and
lead targets at 350, 450 and 600 MeV/u. The measure-
ments  were  done  at  the  FRS  using  the  transmission
method as described in [1]. The experimental setup shown
in Figure 1 was located at the final focal plane of the FRS.
The incoming beam was identified in mass and charge us-
ing the FRS spectrometer, TPC tracking detectors, time-
of-flight  detectors  and the  multiple  sampling ionization
chamber MUSIC [2]  in front of the target on event-by-
event  basis.  The  reaction  rate  was  measured  using  the
second  MUSIC detector placed behind the reaction tar-
get. 

The  goal  of  the  measurement  was  to  measure  total
charge changing cross  sections at  intermediate  energies
where previous partly contradicting experimental values
exist. Multiple data sets are compared in Figure 2, where
it can be seen that the data measured in [3] and [6] are not
in agreement  with the data published in  [1],[4],[5]  and
[7]. The preliminary cross sections measured at the FRS
from this work (shown by red points in Figure 2) support
the  group of measurements with higher cross-section val-
ues.

Glauber model type calculations are used to describe
the charge changing cross sections and relate them to ef-
fective proton radii. Two Glauber Model calculations re-
producing the same experimental effective charge radius
of 12C (2.47 fm) are show in Figure 2. The blue line cor-
responds to the optical limit zero range calculation correc-
ted  by  the  empirical  energy  dependent  scaling  as  de-
scribed and used in [8] which reproduces the  28Si charge
changing cross sections. The orange line corresponds to
optical limit  finite range calculations as used in [3]. 

Figure 1: Experimental setup at S4 focal plane of the
FRS.

Figure  2: Experimental total charge changing cross-sec-
tions of 12C ions on C targets as a function of energy. The
data from this work (red points) are compared to the other
experimental  data  shown  by  green  and  blue  squares.
Glauber Model calculations are shown by solid lines.

Using the two different models the same radius leads to
cross sections which differ by ~5%. Therefore we aim to
develope  a model  which  reproduces the  measured  total
charge changing and also total reaction cross-section data
with the same time and without empirical corrections.  As
a first attempt we extended the models used in [3] and [8]
by  correction  to  the  residual  nucleus  evaporation  after
one- and multi-neutron removals. The development is on-
going and the code will be published as an open source. 
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Research in nuclear physics is now moving towards stud-
ies with radioactive ions or exotic isotopes far from the 
line of stability. Facilities like FRS at GSI, Darmstadt, 
Germany, BigRIPS at RIKEN, Tokyo, Japan and NSCL, 
USA produce the extensive part of the exotic nuclei in the 
nuclear landscape. In order to identify the exotic nuclei 
after production Bρ-ΔE-TOF technique is used. Energy 
loss measurements give the Z identification of the prod-
ucts since ΔE ∝ Z2. The nuclear charge Z of the secondary 
ion is obtained by measuring the energy loss in MUltiple-
Sampling Ionization Chamber (MUSIC) [1, 2].  
 
Here we report on the concept of compact portable detec-
tor for high-resolution Z measurements for experiments at 
GSI and possibly other RI beam facilities worldwide. The 
main goal of this MUSIC detector is to measure the Z for 
light to medium heavy nuclei, i.e., having a larger dynam-
ic range. A sketch of the experimental set-up is shown in 
Fig. 1 after a fragment separator. The MUSIC detector 
before the secondary target is to allow Z identification 
and the one after the secondary target is for nuclear reac-
tion studies.  
 
The MUSIC detector should be able to stand with the 105-
106 particle counts per second. Working pressure inside 
the active volume of the detector is 1 atm. The outer di-
mension of the detector is 440 (X) x 240 (Y) x 400 (Z) 
mm3 while the volume of the active area is 220 (X) x 100 
(Y) x 300 (Z) mm3. There will be 8 segmented anodes for 
charge collection.  
 
The main idea is to fabricate a MUSIC detector whose Z 
resolution is as good as the SOFIA Twin-MUSIC. The 
design will be similar as the prototypes that are developed 
in GSI since 2010 [3-5]. The energy-loss resolution for 
SOFIA Twin-MUSIC is measured to be σ(ΔE)/E = 0.34% 
with P25 gas[3]. In Fig. 2, the charge distribution for elec-
tromagnetically exited fission using SOFIA Twin-MUSIC 
is shown. Fine adjustment of drift time inside the active 
volume with the help of position sensitive detector must 
lead to the position resolution of single anode of the order 
of μm.  

 
Newly developed preamplifiers (MUSAMP/CEA made) 
that are with low noise, high rate capability and very short 
rise time will be used. In addition, a new VME read-out 
module from MESYTEC (MDPP-16) will be adopted. It 
has low noise analogue input stage coupled to a high sen-
sitivity digitizer; multi hit ADC, TDC; pileup tagging; 
adjustable shaper and online processing. These detectors 
are the central part of a compact, movable setup for the 
complementary measurements of charge-changing cross 
section at various facilities mentioned above in the com-
ing years. See also the contribution by A. Prochazka et al. 
to this report.  

 
Figure 1: Experimental setup to identify the exotic nuclei 
and for nuclear reaction study. The MUSIC detectors pro-
vide the full Z identification of exotic nuclei.  
 

 
 
Figure 2: Nuclear charge distribution for electromagnetic 
exited fission using SOFIA Twin-MUSIC [3].  
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The precise knowledge of the energy loss of heavy ions 
penetrating through layers of matter is essential for exper-
iments, heavy ion therapy, separation of projectile frag-
ments and many more accelerator applications. The pro-
gram ATIMA (ATomic Interaction with MAtter) predicts 
the energy loss, energy-loss straggling and angular scat-
tering of ions penetrating matter. Its predictions compared 
to data measured at the fragment separator FRS have 
demonstrated that an accuracy of ~1% in the stopping 
force (dE/dx) can be achieved. This has been accom-
plished for bare ions by using the LS-theory [1], whereas 
the pure Bethe theory deviates up to 10% [2] and by up to 
a factor of two in energy-loss straggling for high projec-
tile atomic number (Z1) ions at 1 GeV/u [3]. However, for 
ions with a few or many electrons the simple charge for-
mula of Pierce and Blann [4] used in the ATIMA up to 
version 1.3 is not accurate [5], because it is not dependent 
on the target material. The experimental data also show 
that with an improved projectile mean charge description 
a good agreement can be achieved for high Z1 ions (Au-
U) down to 100 MeV/u where the K and L shells are par-
tially filled. 

Compared to the many mean charge formulas, theory-
based analytical cross sections work best at sufficiently 
high velocity, as theory distinguishes correctly between 
the various electron capture and ionization processes. Yet 
for lower velocities the involved perturbation theory 
shows significant deviations. Based on the large amount 
of measured data with the FRS, a simple correction to the 
results from the GLOBAL program [6] with only three 
parameters was derived. The calculated mean charge de-
pends on the velocity, the projectile (Z1) and the target 
material (Z2). This new description implemented in ATI-
MA, works for the entire range of projectile and target 
combinations down to 40 MeV/u. 
Figure 1 shows the mean charge state prediction of urani-
um projectiles compared to our experimental data. The 
predicted mean charge varies considerably with Z2, from 
<q>=86.2 in Be down to <q>=79.6 in Pb at 30 MeV/u. 
For even lower energies down to 10 MeV/u a pure fit 
formula [7] is used. For smoothening in the transition 
region a weighted average is used. 

Unlike most other programs, in ATIMA we use the 
mean charge as it can be observed directly in experi-
ments, whereas often an effective charge is used in stop-
ping-power predictions to adjust for many effects. All 
other contributions to dE/dx are described by separate 
formulas such as the Barkas effect, shell corrections, and 
the Fermi-density effect [8]. With this approach we can 
gain a deeper understanding and improve the theoretical 
descriptions. 

The accuracy of our new description has been tested 
with experimental data of projectiles with many electrons 
and different materials. The experimental data have been 
collected with the FRS in the last decades. This is an in-

dependent test as none of these measured data was used 
as a parameter in ATIMA 1.4 except for the mentioned 
mean charge. The data include U, Bi, Pb, Au, Xe, Kr, Ni 
projectiles on mainly solid targets ranging from Z2=4 to 
82 with energies from 1000 MeV/u down to 45 MeV/u. 

 

 
Figure 1: New predictions for the mean charge states of 
uranium ions after penetration of different target materials 
as function of energy are compared with experimental 
data. The comparison is normalized to the simple mean 
charge formula [4] used in the previous ATIMA versions. 

Figure 2 shows a comparison of measured and predict-
ed stopping forces in the energy range with the biggest 
differences to the previous ATIMA. The improvement is 
clearly demonstrated. In a limited energy range other pro-
grams, based on fits to measured data [9, 10], are better 
than the previous ATIMA version, but they fail for higher 
energies due to the simple effective charge approach and 
missing fully relativistic theory. At high energies for bare 
ions the results of ATIMA are accurate and remain un-
changed. 

The comparison of ATIMA 1.4 with experimental data 
includes all the available measured dE/dx values above 30 
MeV/u. Table 1 shows the average standard deviations to 
theory from five experiments with the FRS. For the listed 
average relative standard deviations, the differences were 
weighted with the experimental errors. Of course the ac-
curacy of the comparison is limited by the experimental 
errors.  

For the data of ref. [11] up to 1 GeV/u with mainly bare 
ions ATIMA 1.4 naturally yields only a small improve-
ment, but theories based only on perturbation theory show 
large deviations. The data of ref. [12] for Au-Bi ions in 
the range of 110 to 880 MeV/u with projectiles carrying a 
few electrons can be described better with ATIMA1.4. 
The same holds for the data of ref. [13] for Xe ions in the 
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energy range of 60 to 290 MeV/u. The new yet un-
published Uranium data down to 80 MeV/u with many 
electrons require ATIMA1.4. In this case the remaining 
deviations are only as small as the experiment errors 
themselves, while ATIMA1.3 - and other formulas even 
more - deviate significantly. At even lower energies (ref. 
[14]) the charge prediction and also the Barkas and shell 
corrections become less accurate, which explains the 
larger remaining deviation to ATIMA 1.4. Here the sim-
ple charge formula of ATIMA1.3 is not useful anymore 
as could already be seen in the comparison of Figure 1. 
Still ATIMA 1.4 is slightly better or is as good as the fit 
formulas. 

 

Table 1: Comparison of experimental data for different 
projectiles (Z1) and number of data points (N) with differ-
ent theories: ATIMA1.3 ATIMA 1.4, Hubert [9], and 
Ziegler97 [10]. Listed are the average relative experi-
mental errors and the average deviations of the theory 
from experimental data. 

   
[%] [%] [%] [%] [%] 

Ref.   Z1 N exp. A1.3 A1.4 Hub. Z97 
[10]  8-92 31 1.9  0.88 0.84 8.6 6.7 
[11] 79-83 41 1.1  1.8 1.3 8.1 6.1 
[12]   54 21 0.84  2.6 1.5 3.4 2.7 
[13]   92 21 2.2 10.0 3.6 4.6 3.3 
new   92 23 0.78  1.5 0.78 5.0 1.8 

 
In the energy region much below 100 MeV/u the gas-

solid difference in stopping powers of heavy ions makes 
the description more difficult. The gas-solid difference 
has been discovered at GSI about 40 years ago and has 
been confirmed in many experiments [15]. New experi-
ments (approved proposal S469) are planned in different 
gaseous or solid targets. 

Presently, below 10 - 30 MeV/u the region where direct 
theory becomes unreliable fit formulas with an effective 
charge as a variant of Ziegler's code [10] are applied in 
ATIMA and in addition a calculation for the contribution 
by elastic atomic collisions. 

Since ATIMA version 1.3 the calculation includes pro-
jectiles up to Z1=120 and targets up to Z2=99 based on 
extrapolations. On the higher energy side ATIMA 1.4 
calculates up to 450 GeV/u and also includes the then 
important nuclear size effect of the projectile [1, 8]. 
Integration of ATIMA into other programs such as MO-
CADI [16], PHITS [17], GEANT4, or ion optical codes 
has been done or is in progress. For an easy application, 
we provide a program as an interface to pre-calculated 
tables, as well as an online calculator [18].  

Figure 2: Comparison of new experimental dE/dx values 
of uranium ions in Au and Be targets to different formu-
las. 
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Geant4 [1] is a toolkit for Monte Carlo particle 
transport simulation in a wide range of applications, based 
on the object oriented technology. Geant4 contains differ-
ent models to compute the scattering and energy loss of 
the propagated particles and ions in matter. A great effort 
was carried out to improve and to validate the transport of 
γ-rays, leptons, mesons, and hadrons [2] as well as ions at 
low kinetic energies [3]. However, in Geant4 there are 
few improvements concerning the transport of heavy ions 
at high energies (>400 MeV/u) [3]. Fortunately, in this 
energy range it was demonstrated that ATIMA code pro-
vides a precise description of the stopping power and an-
gular scattering of ions when passing through matter [4]. 
For this reason, we will implement this code in Geant4. 
The first step was already performed translating the 
ATIMA code, written in Fortran language, to C++. 

In this report, we present the benchmark of ATIMA [5] 
and Geant4 for the stopping power of medium and heavy 
projectiles impinging on different targets. The experi-
mental data were obtained with an accuracy around 1% at 
FRS-GSI during the last 30 years [5]. 

The stopping power of fast ions moving through matter 
is mainly due to the process of ionisation and excitation in 
target atoms. In Geant4, stopping power (dE/dx), range 
and inverse-range tables are constructed only for proton, 
antiproton, muons, pions, and kaons. The energy loss of 
other particles like ions is computed from these tables. 
The mean value of the energy loss is given by the Bethe-
Bloch formula, in which the energy loss is calculated as a 
function of the ion velocity. For light particles like pro-
tons, the Bethe-Bloch formula provides an accuracy better 
than 1% [2], while deviations up to 9% are observed for 
heavy ions. According to this formula the energy loss of 
any fast ion can be expressed via the energy loss of an-
other ion by using scaling factors. Therefore, the stopping 
power of an ion (ΔEi) is proportional to the energy loss of 
a proton with a scaled velocity, such as: ΔEi(T) = Z2

i 

ΔEp(Tscaled), where Zi is the charge of the ion and ΔEp is 
the stopping power of a proton with the scaled velocity, 
which corresponds to the so-called scaled kinetic energy: 
Tscaled = T Mproton /Mi, where T and Mi are the kinetic en-
ergy and the mass of the ion, respectively, and Mproton is 
the proton mass. As shown in Fig. 1, this model underes-
timates the stopping power around 7% at high kinetic 
energies (Ekin>400 MeV/u), while for lower energies the 
standard deviation is of about 3%. In the same figure, we 
can also see that ATIMA model predicts better results, for 
instance, ATIMA-1.2 provides a standard deviation 
around 1.8% while ATIMA-1.4 leads to deviations of 
about 1.3%.  

Therefore, in order to improve the stopping power pre-
dictions in Geant4, we are implementing the ATIMA 
code according to the common structure based on the 
interfaces G4VEmModel and G4VEnergyLossProcess [6]. 
The first steps will be submitted to the Geant4 repository 
at the end of May 2018. 

 
Figure 1: Comparison of the stopping power predicted by 
Geant4 and different versions of ATIMA with experi-
mental data taken from Ref. [5].  
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Figure 1: Experimental scenario for atomic collision experiments at the magnetic spectrometer FRS. The 4 dipole mag-
net stages are displayed with the focusing multipole magnets. The experimental detector setup at the focal planes will 
be used to measure the charge-state and energy-loss distributions. Simulated (MOCADI) charge state distribution and 
energy loss of an example case of 238U ions with (green) and without (red) a titanium target are shown in the inset [6]. 

Accurate slowing-down measurements of heavy ions in gases and solids 
S. Purushothaman1, H. Geissel1,2, H. Weick1, S. Bagchi1, T. Dickel1,2, P. Egelhof1, T. Grahn3,       

E. Haettner1,, A. Jokinen3, B. Kindler1, S. Kraft-Bermuth2, N. Kuzminchuk-Feuerstein1, B. Lommel1, 
C. Montanari4, Z. Patyk5, S. Pietri1, Y. Pivovarov6, W.R. Plaß1,2, A. Prochazka1,                               

C. Scheidenberger1,2, V.P. Shevelko7,  D. Severin1, P. Sigmund8, A. Sørensen9, T. Stöhlker1,                     
Y. K. Tanaka1, M. Tomut1, B. Voss1, J.S. Winfield1, M. Winkler1                                                                                                  

and the Super-FRS Experiment Collaboration 
1GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany; 2Justus-Liebig-Universität Gießen, 
Germany; 3University of Jyväskylä, Finland; 4 Institute of Astronomy and Space Physics, Buenos Aires, Argentina;   

5National Centre for Nuclear Research, Warszawa, Poland; 6Tomsk Polytechnic University, Tomsk, Russia;      
7P.N.Lebedev Physical Institute, Moscow, Russia; 8University of   Southern Denmark, Odense M, Denmark;            

9University of  Aarhus, Aarhus C, Denmark

Accurate knowledge of heavy-ion slowing down in matter 
is crucial for a variety of scientific disciplines [1, 2].  Ma-
terial science, heavy-ion therapy, astronautics, and accel-
erator physics are some of the examples.  In the context of 
FRS experiments [3] at GSI and Super-FRS [4] at the 
future FAIR facility, the atomic interaction of heavy ions 
has to be known with high accuracy over the full energy 
range down to thermalization for efficient spatial isotope 
separation, energy-bunching and implantation experi-
ments for spectroscopy or with gas-filled chambers. For 
kinetic energies close to the stopping power maximum the 
theoretical descriptions and widely used computer pro-
grams still fail to reproduce the experimentally observed 
gas-solid difference of stopping-powers and energy loss 
straggling [1, 5]. In the upcoming beam time at GSI in 
2018-19 the stopping powers and charge-state distribution 
of xenon, lead and uranium ions penetrating amorphous 
monoatomic solids and gases of neighbouring proton 
numbers in the range of specific kinetic energies from 30 
to 300 MeV/u will be measured. The main goal of this 
experiment is to obtain precision data and develop a valid 
description of this density effect, especially to observe 
where it vanishes at the higher velocities. This will also 
depend on the atomic number of the slowing down medi-
um. 

The absolute mean energy of the SIS beam is known with 
a relative accuracy of better than 10-3. The FRS will be 
operated as a high-resolution magnetic spectrometer. A 
thin foil will be mounted at the entrance of FRS to pre-
pare the desired charge-state population which will im-

pinge on the atomic collision targets placed at the disper-
sive central focal plane. 

The overall ion-optical mode of the FRS in these meas-
urements will be achromatic to be independent of beam 
energy fluctuations from the accelerators which is a basis 
for high-resolution energy straggling measurements. We 
plan to use a microcalorimeter to enhance the precision 
for low ion energies. A schematic setup is shown in Fig-
ure 1 
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Cherenkov radiation and half-wave crystal channeling as possible new 
mass/charge/velocity detectors of relativistic heavy ions 
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Several basic atomic physics experiments are integral 
part of the scientific program of the Super-FRS Experi-
ment Collaboration [1], including the study of Cherenkov 
radiation in liquid [2] and solid radiators [3] and channel-
ing in thin half-wave crystals (HWC) [3] and the applica-
tion of these effects as charge/mass/velocity detectors of 
relativistic heavy ions (RHI). 

According to recent models [2, 3, 4] the slowing-down 
of the ions in the radiator at Super-FRS energies leads to 
broadening and complicated diffraction structures of the 
spectral and angular distributions (see in Fig.1).  

 
Figure 1. Angular (upper panel) and spectral (lower pa- 
nel) distributions of Cherenkov Radiation from 500-
MeV/u 6Be, 9Be, 14Be isotopes in a LiF radiator of thick-
ness L = 5 mm. 

These distributions are very sensitive to the charge and 
velocity of RHI, and to the radiator thickness [2, 3, 4], 
thus the experiments with the Super-FRS will contribute 
to a detailed understanding of ChR from RHI ions and 
will lay the ground for improved and novel detector de-
velopments, like charge/mass/velocity detectors [3]. This 
topic is also discussed in Refs. [5, 6]. 

The FRS research collaboration has already performed 
channeling experiments at the FRS [7], the necessary 
equipment exists and can be used to continue these exper-
iments at the FRS and later Super-FRS. We suggest to 
include studies of RHI channeling in a half-wave crystal 
into experimental program, which is a very recent trend in 

high-energy physics [8]. According to simulations, the 
achievable deflection angle through the mirror effect is of 
the order of critical channeling angle θc (see, in Fig. 2). 
Important is that the critical channeling angle depends 
both on the charge and mass of RHI. 

The effect of HWC channeling can be used as effective 
beam deflector and even as charge/velocity selector.  

 
Figure 2. Deflection of 500 MeV/u Li isotopes by a (100) 
tungsten half-wave crystal. The critical channeling angle 
is θc = 0.0178° for 6Li and θc = 0.0132° for 11Li. 
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A high performance Time-of-Flight (TOF) detector is 
one of the key detectors in sub-atomic physics experiment 
to measure the velocity and mass of particles. Aiming to 
develop a TOF detector with a precision down to about 50 
ps in time and resistant to a high radiation rate of relativ-
istic ions of up to 107per spill a liquid medium, e.g. an 
Iodine Naphthalene (C10H7I) liquid radiator, was pro-
posed for investigation of using Cherenkov radiation as a 
diagnostic tool for relativistic heavy ions [1], [2], [3].  

The first-proof-of principle experiment with a TOF pro-
totype detector using a C10H7I radiator was performed at 
the SIS facility at GSI in April 2014 with nickel beam at 
300-1500 MeV/u and ion beam intensities of up to 
4 × 106 ions/spill [1]. Recently (2016), TOF measure-
ments were performed with xenon ions at 600 MeV/u and 
a timing resolution of 63 ps (σ) was achieved [4].  

To achieve the required time resolution and not to limit 
the application to a certain material we have initiated a 
development of a new design based on modular TOF de-
tector employing Cherenkov or fast-plastic scintillator 
light emitted media (see Fig. 1). 

The active media is a disk of 1 to 50 mm in thickness 
and a diameter of 18 cm. The system is designed with the 
possibility of quick exchange of the active media. The 
light is read out by 16 PMTs (ø 15 mm) of type Photonis 
XP1918, which are placed around the circumference of 
the disk. The time difference detected by two opposite 
PMTs (e. g. 𝑡1 and 𝑡9) are constant at a given ion position 
on a disk. As all PMTs are of the same type and show 
similar time characteristics the full detector time resolu-
tion is assumed to be equal to the average time accuracy 
of each PMT pair. In particular, in the TOF measurements 
between two detectors with 16 PMTs each time difference 
is expected to average out. 

Figure 1: Conceptual design of the modular TOF detector 
with exchangeable active media. Arrangement of 16 
PMTs and LEDs are shown. 

The calibration system is based on short-pulsed LEDs 
placed around the active media between PMTs. The pho-
tons created in the media by the emitted light from LEDs 
can be detected by opposite placed PMTs. For the opera-
tion of LEDs, an avalanche generator was developed, 
based on the avalanche effect in a transistor [5]. With an 
avalanche transistor it is possible to generate needle puls-
es of less than 1 ns duration. The view of the setup used 
for test of LEDs is shown in Fig. 2. To trigger the LED's 
the driver circuit board has to be developed. 

In-beam test of the detector design as well as of the da-
ta acquisition including VFTX-TDC are necessary and 
will be performed at GSI in 2018. 

 

 
Figure 2: View of the setup used for measurements of the 
LEDs pulse duration with an avalanche generator [5].  
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Development of the dual time-of-flight detector system for ILIMA 
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The Isomeric Beams LIfetimes and MAsses (ILIMA) 
collaboration will exploit heavy-ion storage rings at FAIR 
for the study of exotic nuclei. The CR is designed to al-
low for the operation in the isochronous ion-optical mode, 
a prerequisite for Isochronous Mass Spectrometry (IMS) 
with nuclei with lifetimes as short as several tens of µs, 
and for an acceptance many orders of magnitude larger 
than previous isochronous storage ring ESR. The masses 
of exotic nuclei can be deduced from a precise revolution 
time measurements by a TOF detector [1].  When the ions 
penetrate the thin detector foil, secondary electrons (SEs) 
are emitted from both surfaces and transported by per-
pendicular superimposed electric and magnetic fields to 
two microchannel plate (MCP) detectors (see Fig.1).   

In the CR, we are aiming at in-ring measurement of the   
velocity of each particle in addition to its revolution time 
to correct for a wide mass-to-charge range in the mass 
measurement. Two TOF detectors with a distance of 16.9 
m on a straight section are planned in the CR layout [2]. 
In this case the timing accuracy measured between the 
two detectors can be estimated from the resolution for a 
single passage of σt = 35 ps and averaging over many 
turns. Over a distance of 16.9 m at γt = 1.67 the TOF is 
70 ns. Then the accuracy of measurement of one turn by 
two detectors is equal to  dt t = (0.035 ∙ �2) 70 ns =⁄⁄  
= 7 ∙ 10−4. Already after 10 turns this can be improved to 
dt t⁄ < 1 ∙ 10−4, which allows for correcting Bρ through 
dedicated velocity measurement. The design of new TOF 
detectors is based on the proven concept implemented in 
the present ESR-TOF detector [3]. 

The new CR will accept more intense stored beams 
with an acceptance of ΔBρ/Bρ=±0.5% and a transverse 
emittance of ε = 100 mm mrad, which results in larger 
beam diameters on the detector. Furthermore, the ring 
will run at a higher magnetic rigidity of up to Bρ = 13 Tm 
and a higher ion optical transition point (up to γt=1.84). 
The choice of the detector foil size (ø=80 mm) increases 
the area by a factor of four and the phase space ac-
ceptance by a factor of 16. It is motivated by the large 
emittance of the CR. The main challenge was to incorpo-
rate a larger diameter foil into the design and thus, to de-
velop a larger construction with optimized fields. 
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Figure 1: The overall setup of new TOF detector with 
vacuum chambers at measurement and test position as it 
will be installed twice on the straight section in the CR. 

The dual time-of-flight detector system consists of two 
separated TOF detectors. Two vacuum chambers will be 
installed in the CR for each TOF detector. The movement 
of the detector into the beam line and back will be done 
using a long bellow, rails and stepper motors. The mount-
ing and the offline tests of the detector will be done inside 
the test chamber, separated from the measurement cham-
ber with a valve gate, which will be opened only after 
having reached sufficient UHV condition not to deterio-
rate the vacuum in the CR. 

An optimized electrode system with only three elec-
trode plates has been developed based on the results of 
simulations [4]. The pole-shoe and outer diameter of the 
dipole magnet are equal to 900 mm and 1000 mm. The 
preliminary design, checked with a manufacturer, fore-
sees about 320 windings and applied current of 5.2 A. 

 Recently, a method of data analysis, using a correla-
tion-matrix (first developed for Schottky) for the com-
bined data set from different experiments, was adapted 
and used to determine new mass values [5] [6]. 

The TDR was submitted to FAIR through the NUS-
TAR collaboration board in December 2017 and currently 
is under review.  
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Lifetime  measurements  of  excited  states  using  fast
LaBr3 scintillators is a strongly emerging field within nuc-
lear physics that has gained significant popularity in re-
cent  years.  Most  of  the  experiments  performed to  date
have taken place using γγ-coincidences at stable beam fa-
cilities [1]. With the upcoming generation of high-intens-
ity radioactive ion beam facilities,  this  technique is  be-
coming increasingly used to study the structure of more
exotic nuclei [2]. For example, in one of the recent experi-
ments  at  RIKEN,  βγ-coincident  fast-timing  with  LaBr3

and plastic scintillators have been very successful [3,4].
This type of experiment will be one of the foci of the up-
coming DESPEC beam times.

Implementing FATIMA with νBall
In November 2017 the first  experiment  with the new

mixed EUROBALL HPGe and FATIMA LaBr3 spectro-
meter,  νBall,  was  performed  in  Orsay.  It’s  aim  was  to
measure the lifetime of  the low-lying states  in  166Dy as
well as to search for a predicted 4- isomer. The experiment
was performed using a pulsed  18O beam from the ALTO
tandem  to  induce  two-neutron  transfer  reactions  on  a
164Dy  target  as  well  as  fusion-evaporation  reactions  to
reach high-spin states in  178W. One of the key features in
this experimental setup is the possibility to use the high
resolution pulsed beam to extract lifetimes from beam ra-
diofrequency-γ  coincidences.  A  typical  example  of  the
spectra  obtained is  shown in Figure  1.  Within the  data
from this experiment the transitions of interest  in  166Dy
were clearly observed in singles and in  γγ-coincidences,
the lifetime of the first excited state in the Coulex of 164Dy
was well reproduced, and γ rays originating from the de-
cay of the high-spin isomers of 178W could also be identi-
fied. The full data from this experiment is currently under
analysis. However, the data already shows stable operation
and a high quality of the output data from FATIMA.

Experiments within DESPEC in 2018
For the DESPEC campaign the FATIMA detectors will

be moved to GSI in spring 2018.  One of the proposed ex-
periments at GSI is the study of neutron-rich Hf, W, and
Os isotopes.  The advanced implantation detector  AIDA
will be used as an active stopper consisting of three layers
of silicon detectors. AIDA will be complemented by thin
plastic scintillators for electron tagging and these will be
read out via regular or silicon photomultipliers.  FATIMA
will be configured into three rings upstream, and for high-
resolution spectroscopy an array of HPGe detectors will
be installed; currently proposed as seven DEGAS triple-
clusters. The proposed readout of FATIMA will consist of
10-bit resolution and 1 GS/s V1751 8-channel digitizers,
and V1290 16-channel  multihit  TDCs.  These electronic
units will be integrated into the GSI readout system MBS
via  a  RIO4  CPU,  TRIVA  trigger  module,  and  a  VU-
LOM4b VME universal logic module. The results and ex-
perience from these experiments will be crucial for future
implementation of NUSTAR at FAIR.

Figure 1: Example spectra of γ rays detected in the HPGe
(black) and LaBr3 (red) detectors. The most intense fea-
tures are  labelled.
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As one of   the  four  experimental  pillars  of   the  FAIR
project the NUSTAR collaboration aims at investigating
exotic beams provided by the accelerator through the Su­
per­FRS.   This   includes   the   decay   spectroscopy   setup
DESPEC, which is to be located at the low­energy branch
of the facility. To obtain maximum output from DESPEC,
new detector  systems  for  high­efficiency  measurements
are being developed and adapted to the facility's require­
ments.  One of   the key   instruments   is   the  DEGAS ger­
manium­array, which, due to its compact design, makes
the  standard   liquid  nitrogen  cooling   impossible.  There­
fore, new technology based on compact electrical coolers
of the type Cryotel  CT by Sunpower is  under develop­
ment [1]. 

One of the main obstacles in the application of electric­
al cooling are the vibrations originating from the Stirling
engine,   which   transfer   directly   to   the   Ge­crystal   to  be
cooled and affect   its  energy resolution. To characterize
the thermal properties of the cooler and, in particular, to
quantify the vibrations and explore possible countermeas­
ures, several measurements were performed at the Helm­
holtz­Institut Mainz during summer 2017.  The purpose of
this  measurements  was   to  observe   time­dependent   tem­
perature   and   acceleration   developments   at   the   cooling
point during the cooling­down process and the effect of
different   mechanical   holding   structures   on   the   oscilla­
tions.

Figure 1:  The MPU6050 sensor connected to an Arduino
Uno Board for readout.

The   thermal   measurement   performed   with   a   PT­100
sensor showed a gradual  cooling­down process towards
the  operating   temperature  of  77K, which  was  achieved
within 150 minutes. The power consumption did not ex­
ceed 170 W and remained at 60 W at 77K. These proper­
ties  met  the expectations and requirements  for   the DE­
GAS cooling.

The   accelerometry   was   performed   using   an   Arduino
Uno Board and a MPU6050 sensor [2], as shown in Fig.

1. The MPU6050 sensor is equipped with an acceleromet­
er and a gyroscope and the Arduino Uno board was pro­
grammed to read the values from the sensor and stream
them to a computer at 500 kbps. The effective sampling
frequency was determined globally for the full setup by
the   sampling   frequency  of   the   sensor,   and   the   internal
clocks of the sensor and the Arduino board. The maxim­
um sampling frequency of the MPU6050 sensor's acceler­
ometer   is   1   kHz   and   the   highest   sampling   frequency
reached during these measurements was around 600 Hz.
The acceleration measuring range was set to ±16 G. 

The obtained data were analysed using a three­dimen­
sional  Fast  Fourier  Transform  (FFT),   including  a   low­
pass filter. One main product of these measurements can
be seen in Fig. 2. showing the vibration frequency as a
function of time during 30 minutes of the cooling­down
phase.   Besides   lower­intensity  vibrational   features   four
strong bands are dominant, which coincide with the fre­
quency of the cooler's gear (60 Hz) [3] and it's harmonic
modes (120 Hz, 180 Hz, 240 Hz). 

Figure 2: Typical frequency­time spectrum of oscillations
at  the cooling point of  the Cryotel  CT during the cool­
down process.

In   previous   tests  of   the   cooler   [1],   the  malfunction  or
wrong setting of the AVC (active vibration cancellation, a
mechanical attachment to the cooler to perform anti­phase
oscillations   for   a   net­zero   vibration   of   the   cooler)   re­
mained   unclear.   This  was   ruled  out   in   this   work.   The
AVC was shown to work correctly and dampen the oscil­
lations slightly. 
Furthermore,    accelerometry was performed after  chan­
ging   the   properties   of   the   cooler's   holding   structure
(damping legs, Styrofoam, additional weight on top), cp.
Fig. 3. The structure variation proved to have a potentially
damping effect on the measured oscillations and, hence,
the adaption of the holding structure in terms of mechan­
ical decoupling of the cooler from the cooling point, e.g.
employed in [4], was persued.
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Figure  3: Variation of the cooler oscillations with chan­
ging holding structure and with (blue) /without (red) lead
on top.

The   design   and   manufacture   company   Ortec   could   be
convinced  to  design and produce such  adapted holding
structure. A first draft of the design based on vacuum bel­
lows and flexible copper rods for the decoupling is shown
in  Fig.  4.  The  production   is  planned   to  be   finished   in
April 2018.

Figure  4: New Cryotel CT holding structure as designed
by Ortec employing oscillation­decoupling mechanics.

Further   tests  will   show  the   efficiency  of   the  modifica­
tions. Should the oscillations prove to be sufficiently re­
duced, the electrical Cryotel CT coolers will be used in
the DEGAS array as foreseen starting Fall 2018 with the
FAIR­0 DESPEC experiments.

This work was supported by HGS­HIRe and the Ger­
man ministry for education and research (BMBF) within
the  project  NUSTAR  R&D  under  grant  no.  05P15RD­
FN1.
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Recent results for the level structure of 54Ca have shown
evidence for the existence of a new magic neutron number
N=34  [1].  At  the  same  time  there  might  not  be  a
corresponding shell gap in Ti isotopes [2, 3]. Scandium
isotopes lie between calsium and titanium. In scandium
isotopic  chain  the  valence  proton  occupies  the  πf7/2

orbital,  interacting  with  the  νf5/2 orbital  in  55-61Sc.  The
evolution  of  the  proton  orbitals  of  these  isotopes  can
reveal  the  nature  of  both  the  magic  number  N=34,
recently proved to vanish in  55Sc [4],  and the N=40  pf-
shell closure. 

Gamma-ray  spectroscopy  of  the  neutron-rich  55-61Sc
isotopes was performed at the Radioactive Isotope Beam
Factory (RIBF) in Wako-shi, Japan, as part  of the third
SEASTAR campaign  [5].  A  70Zn beam at  345  MeV/u,

delivered from the RIBF accelerator complex, produced a
cocktail of secondary radioactive beams by impinging on
a  10-mm-thick  9Be  target.  The  secondary  beams,  that
were identified and separated by the BigRIPS fragment
separator [6], produced the isotopes of interest by knock-
out reactions in the MINOS target system [7], consisting
of  a  150-mm-thick  LH2 target  surrounded by an  active
TPC. The emitted gamma-quanta of the isotopes produced
were  measured  by the  DALI2+ array  [8],  consisting of
226 NaI(Tl) detectors, surrounding MINOS. The reaction
products were reconstructed event-by-event in SAMURAI
[9]  using  two  drift  chambers  and  a  hodoscope  plastic-
scintillator  array.  Additionally,  NeuLAND  [10]  and
NEBULA  [11]  were  used  for  neutron  detection.  The
experimental set-up is shown in Figure 1. 

Figure 1: Experimental set-up of the 3rd SEASTAR campaign at RIBF.
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The γ transitions reported previously for 55Sc in Ref. 4
have been already identified in the current early state of
our  data  analysis  from  the  neutron  knock-out  reaction,
56Sc(p,pn)55Sc. The analysis for 55-61Sc is on-going. Figure
2 shows the particle identification in BigRIPS after gating
on 55-61Sc nuclei in SAMURAI.

The  large  number  of  detectors  together  with  the
BigRIPS fragment separator and the SAMURAI magnet
formed  a  complex  experimental  set-up  similar  to  the
planned  NUSTAR  HISPEC/DESPEC  experiments  at
FAIR.

Figure  2:  The  particle  identification  in  BigRIPS  after
gating on 55-61Sc in SAMURAI.

The  first  author  would  like  to  thank  the  Helmholtz
Graduate  School  for  Hadron  and  Ion  Research  (HGS-
HIRe)  for  FAIR  for  its  support  though  the  HGS-HIRe
abroad program.
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The  Advanced  GAmma  Tracking  Array  AGATA [1]
will be the key instrument for nuclear structure investiga-
tions  in  the  upcoming  HISPEC  and  DESPEC  experi-
mental campaigns at the Facility for Antiproton and Ion
Research FAIR. Due to its germanium shell without any
Compton-shielding,  γ-ray  tracking algorithms are essen-
tial for experiments with high reaction rates.
Based  on  the  mathematical  framework  of  the  Bayes-
Tracking (see [2]), the Fuzzy Bayes Tracking (FBT) adds
a  geometrical  clustering  algorithm into  the  framework.
This clustering algorithm is based on a Fuzzy c-means al-
gorithm  (see  [4]),  which  forms  simple  geometrical
clusters  via  a  minimization  process.  These  clusters  are
then  either  physically  confirmed  or  torn  further  by  the
Bayesian analysis of the tracking algorithm, if  a higher
amount  of  clusters  is  more  likely.  This  is  achieved  by
comparing  all  possible  sub-combinations  of  observed
clusters via marginalization [3]

P(cluster)=∑
n=1

N

P (cluster|n) P(n)

where  n is the number of possible sub-clusters and  N is
the number of observed interaction points. For each sub-
cluster,  the  probability  P(cluster|n)  is  calculated  using
known cross sections of Compton scattering and photo-
electric absorption. In addition, the plausibility of the res-
ulting photon paths are considered by comparing geomet-
rical scattering angles with energetic Compton scattering
angles under the metrological restraints of the AGATA de-
tectors. Comparing all possible probabilities P(cluster|n),
the most  probable sub-clusters  are chosen and their  re-
spective total deposited energies are set as the tracked en-
ergies.

Using  60Co source  data from the  AGATA-Demonstrator
experiment  09.08  conducted  at  LNL  in  2011,  a  first
benchmark test of the Fuzzy Bayes Tracking can be made.
The achieved performance of the Fuzzy Bayes Tracking
can be seen in Figure 1. By suppressing cluster formation
with very low probabilities (mostly belonging to escaped
photons),  the tracked spectrum can be cleaned signific-
antly (see Fig. 1).

Figure 1: Performance of the Fuzzy Bayes Tracking on a
60Co spectrum.  Black  is  without  any  tracking,  blue  the
tracked spectrum without suppression and red with sup-
pression.

Comparing the Peak-to-Total ratios with and without the
Fuzzy Bayes Tracking yields:

• no tracking: 38 %
• FBT: 31 %
• FBT with suppression: 43 %

To  improve  the  Fuzzy  Bayes  Tracking  further,  future
work will focus on merging FBT's methods with the re-
construction methods mentioned in [2]. In addition, fur-
ther improvements of the geometrical clustering process
will be made.
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Position sensitive Ge detector

T. Arici1, I. Kojouharov1, J. Gerl1

1GSI, Darmstadt, Germany

Position sensitivity of gamma-ray detection is required
for a wide range of applications. In order to achieve good
position sensitivity,  segmentation of the contacts of  the
crystal must be applied. Recently, segmentation of HPGe
has been applied to coaxial crystals, such as the AGATA
detectors, results in a position resolution of 3-5 mm with a
high energy resolution [1]. Despite the impressive results
obtained by these detectors, the demand for increased po-
sition resolution of 1 mm requires focusing on segmented
planar detectors. Nevertheless, having a superior position
resolution, the physics of the operation and the feasible
technical solutions resulted in a large dead volume in the
crystal and large insensitive space around it, which affects
negatively the performance of a planar detectors array. To
solve  the  problem,  a  new  geometry,  namely  the  semi-
planar detector geometry, which severely minimizes this
layer, has been proposed. 

Detector Test
The project proposed is aimed at development of semi-

planar detector with point contacts as a segmentation tool.
This includes a detailed study by numerically simulating
the electric field and the charge transport inside the detec-
tion crystal and a search for the optimal geometry. 
The crystal processing is supposed to be carried out by an
industrial partner and the detector to be scanned by the
GSI Detector Scanner. The main idea is to make several

point read-outs on a planar crystal which are sensitive to
certain area. The distribution and number of these points
can  be  estimated  by  performing  simulations  taking  the
electric  field and  charge  transportation into account.  In
this framework, semi-planar HPGe detector with a single
point contact read-out was studied in order to characterize
the behaviour of such a novel contact technology repla-
cing the segmentation of the crystal. A non-segmented p-
type HPGe crystal  with a dimension of 33.2x33.2x15.5
mm3 and Carrier concentration of 3.3x109 atom/cm3 was
used for the test purposes. The charge signal was extrac-
ted from the p+ electrode. The detector was operated at
100 V and 1.2 pA leakage current was observed. Sudden
increase of the leakage current when increasing the bias
voltage caused the saturation of the pre-amplifier which is
related  to  the  type  of  the  coupling  used  for  the  signal
read-out. Detector was tested using 57Co and 60Co sources
in order to cover the low and high energy regions.  For
each source different shaping times were tested. Experi-
mental  data was fitted using an exponentially  modified
Gaussian function and the results for two different shap-
ing times are given in Figure 1 for 60Co source. Using the
57Co source,  2.1 keV and 2.3 keV energy resolutions at
122 keV line was obtained respectively for 3 μs and 6 μs
shaping times. While with  60Co source, 4.5 keV and 4.3
keV energy  resolution  was  obtained  for  the  1332  keV
transition respectively for 3 μs and 6 μs shaping times.

Figure 1: The observed energy spectrum with 60Co source. The spectrum on the left side was recorded using 6 μs shap-
ing time while the one on the right side obtained with 3 μs shaping time.
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Fast-timing lifetime measurement of 152Gd with FATIMA-type LaBr3 detectors
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In preparation of the upcoming DESPEC campaign at
FAIR  with  the  Fast  TIMing  Array  (FATIMA),
experiments were performed at the 9-MV FN Tandem of
the  National  Institute  for  Physics  and  Nuclear
Engeneering  Horia  Hulubei  in  Bucharest.  The
experimental  setup  at  IFIN-HH  for  γ-ray  spectroscopy
uses the RoSphere Array [1] consisting of 11 FATIMA-
type  LaBr3 detectors  and  14  HPGe detectors,  which  is
similar to the planned setup for the upcoming DESPEC
campaign  in  2018/19  with  the  DEGAS  and  FATIMA
detectors.

Fast electronic scintillation timing (FEST)
The lifetime of an excited nuclear state is determined

using FEST by measuring the time difference between a
start  and  a  stop  signal.  The  respective  time  signals
originate  from  the  detection  of  γ  quanta  from  nuclear
transitions feeding and depopulating the state of interest.
The resulting time-difference distribution is a convolution
of the prompt response of the experimental setup and the
exponential decay of the excited nuclear state. Lifetimes
in  the  range  of  dozens  of  ps  can  be  determined  by
measuring  the  centroid  shift  of  the  time-difference
distribution  after  a  correction  for  the energy  dependent
time-walk of the experimental setup is applied. A more
detailed overview of the experimental technique and the
setup can be found in [1-3].

Lifetimes of 152Gd
The  region  around  neutron  number  N=90  is  a  well-

known example for a rather rapid change in structure as a

function of the nucleon number, i.e., a first order quantum
phase transition (QPT) [4]. Excited states of 152Gd (N=88
neutrons) were populated via the 149Sm(α,n)152Gd reaction
and lifetimes were measured  using FEST. In particular,
the lifetime of the second 0+ was investigated, searching
for a possible new signature of a QPT [5]. Figure 1 shows
the  obtained  energy  spectrum  of  the  HPGe  detectors.
Many transitions of 152Gd can be identified.
Figure 2 shows the final time-difference spectrum for the
combination  of  gates  on  the  populating  (315 keV)  and
decaying (271 keV) transitions of the second 0+ state of
152Gd.  Additional  gates  were  set  in  the  pulse-height
spectra from the HPGe detectors, selecting the cascade of
interest and eliminating background contributions.

The newly determined mean lifetime of the second 0+

state of 152Gd of т=96(6) ps [5] turned out to be nearly two
times larger than the literature value of 53(12) ps [6] with
direct implications for the charaterization of the QPT in
the Gd isotopic chain [5]. 
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Figure 2: Time-difference spectra for the combination of
gates on the 2+
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1 transitions of 152Gd.

Figure 1: Partial energy spectrum of the HPGe detectors.
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In the year 2017, efforts of the Superheavy Element 

Chemistry department focused on analysis of data ob-
tained in the past UNILAC beamtime period. Major mod-
ifications to the experimental setups were performed: i) 
an upgrade of the cave X8 (TASCA) to install improved 
shielding, ii) the installation of a new, more flexible 
TASCA detector chamber, iii) a relocation of the TASCA 
control room in anticipation of major refurbishment of the 
SE building, which currently houses the control room, 
and iv) the design and implementation of a next genera-
tion TASCA Control System. Thus, best use was made of 
the extended shutdown period at GSI.  

Selected experiments were performed at other facilities, 
including the Cyclotron Institute at Texas A&M Universi-
ty, College Station, USA. 

'For the superheavy element physics department the ac-
tivities concentrated on the analysis of data obtained in 
the past UNILAC beamtime period and preparations of 
the different experimental setups for the planned experi-
ments in the beamtime period 2018 at GSI.  

In parallel, several technical developments were ad-
vanced, for example, the completion of the decay spec-
troscopy system COMPASS, the construction of the sin-
gle-ion mass measurement setup SHIPTRAP-2, and the 
design of a novel setup for gas-jet laser spectroscopy. 

The specific activities are discussed briefly in the fol-
lowing sections. 

Nuclear reaction studies 
The drastic reduction of fusion-evaporation cross sections 
for reactions that form the heaviest elements cannot be 
understood without knowledge of the competing quasifis-
sion (QF) process, which hinders the fusion. Generally, 
this competition is studied by measuring fission fragments 
originating from QF and fusion-fission (FF). However, 
quantitative descriptions of experimental results become 
complex as many degrees of freedoms are involved and 
observables for FF and QF can overlap significantly. In 
collaboration with the Australian National University 
(ANU), Canberra, Australia, several experiments have 
been carried out in recent years at ANU's Heavy Ion Ac-
celerator Facility (HIAF). Here, a large range of beam-
target configurations was examined in order to investigate 
how QF/FF competition evolves with changes in entrance 
channels, taking advantage of the wide angular range 
available for fission-fragment detection with the CUBE 
detector setup. These data, together with data on fusion-

evaporation reactions (e.g., measured at TASCA and 
SHIP), provide a comprehensive dataset for describing 
the QF and FF [Khu17]. In particular, measurements of 
varying QF probabilities in the 48Ti+204,208Pb and 
50Ti+206,208Pb reactions have shed light on the strong in-
fluence of nuclear structure on the fusion process. Ob-
served differences for 48Ti+208Pb and 50Ti+206Pb, provid-
ing distinct experimental evidence that even reactions that 
form the same compound nucleus and share the same 
charge product (Zp⋅Zt) can exhibit different levels of QF, 
cannot be explained by current theories. In addition, data 
collected using beams of 48Ca, 50Ti, 54Cr, 58Fe and 64Ni 
incident on actinide targets has yielded a clear systematic 
picture of a strong dynamical evolution when moving 
from 48Ca to heavier beams. The data are currently under 
final analysis. To obtain a conclusive picture concerning 
the choice of the most preferable beam-target combina-
tion for the synthesis of new elements beyond Z=118, 
fusion-evaporation cross-section measurements of 50Ti-
induced reactions on any actinide is suggested. Such 
measurements are planned to be performed, e.g., at 
RIKEN, Japan and Dubna, Russia. 

Nuclear Structure 
Construction of the novel ALpha-BEta-GAmma 

(ALBEGA) multi-coincidence spectroscopy setup for 
chemically separated samples [DiN15] continued. Ad-
vanced prototypes of the two ALBEGA core detectors, 
whose inner surfaces are covered with a thin Al and SiO2 
layer, respectively, have been tested. They were devel-
oped to provide i) improved energy resolution and sensi-
tivity to low energy signals produced by electrons, ii) 
higher photon detection efficiency, and iii) better mechan-
ical stability against pressure differences. The tests per-
formed with several radioactive sources including 241Am 
(α particles) and 133Ba (conversion electrons) confirmed 
performance according to specifications, including the 
uniformity and desired very thin thickness of the dead 
layers, as well as the sensitivity to the low energy signals. 
In a next step, the detectors will be mounted in a sand-
wich configuration to produce the final version of the 
ALBEGA core detector that will be characterized in 2018. 

 
Nuclear decay spectroscopy data collected in parasitic 

48Ca beamtime was examined as part of the commission-
ing of the new Compact Decay Spectroscopy Setup 
(COMPASS) [Ack18] detection system at SHIP.  Initial-
ly, the upgrade of using a higher granularity implantation 
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detector in the form of a double-sided silicon strip detec-
tor was assessed, with long correlation times from the 
decay 254No250Fm (~30 min) 246Cf measured [Mis18].  
In addition, the ability to perform α-γ coincidences was 
successful, with excited states in 249Fm populated follow-
ing the decay of 253No. Secondly, with the use of new 
digital electronics (FEBEX3A) [Hof12], the heavy neu-
tron deficient region around Z=92-94 was explored.  The 
use of such a fast timing system (20 ns time resolution) 
enables full chains to be acquired from a region of fast 
decaying nuclei, where with a conventional analogue sys-
tem chain members could not be recorded due to dead 
time of the electronics system.  A successful product of 
this investigation was synthesis of the previously uncon-
firmed isotope 225Np. Development work on improve-
ments to the detector system included upgrading to 
FEBEX4A (10 ns timing resolution) and enhancements to 
the escape ‘box’ detectors to maximize efficiency. 

 

Mass measurements for nuclear structure stud-
ies 

The nuclear structure studies by direct mass spectrome-
try with SHIPTRAP will be further extended to heavier 
and more exotic nuclides in the next beamtime period at 
GSI in 2018. Facing the challenge of ever-lower produc-
tion rates, it has been worked on measures for a further 
increase in efficiency and sensitivity. To this end in the 
recent years, a cryogenic gas cell for SHIPTRAP has re-
cently been built. In the commissioning beamtime in 2015 
an increase of the overall efficiency by almost one order 
of magnitude was achieved [Kal15]. In 2017, additional 
offline studies were performed with radioactive sources. 
We studied the extraction of different elements from the 
gas cell and to optimize the transport of ions to the SHIP-
TRAP Penning traps following the 2016 relocation of the 
complete setup [Gia17]. The phase imaging (PI-ICR) 
measurement technique [Eli13] was further optimized at 
SHIPTRAP studying systematic uncertainties, exploring 
the achievable mass resolving power and improving the 
long-term stability for measurements with lowest yield. 
The PI-ICR technique has become the new standard for 
on-line mass measurements of radionuclides worldwide. 
However, challenges for direct mass spectrometry of the 
heaviest elements remain. In the next measurement cam-
paign at GSI the identification of low-lying isomeric 
states in No-, Lr-, and Rf-isotopes is planned. In this mass 
region the various types of isomeric states are known, 
many of which have low excitation energies and similar 
half-lives to the ground state rendering their identification 
by means of conventional nuclear spectroscopy difficult. 
The high mass resolving power of the PI-ICR method 
makes it an ideal choice for this. A mass resolving power 
of about 100,000 for only 100 ms measurement time has 
also been reached for heavy ions. 

 

Atomic Physics 
The pioneering laser spectroscopy work on nobelium 

performed at the GSI in recent years led to the observa-
tion of more than 30 atomic states in the nobelium atom, 
among them several Rydberg states [Laa16]. From the 

convergence of the observed Rydberg series, we eventual-
ly obtained the ionization potential based on a two-step 
laser ionization scheme with high accuracy. However, the 
presence of buffer gas collisions led to the population of 
long-lived metastable states below the 1P1 state that was 
directly excited by the first-step laser. The second laser 
excitation had sufficient energy to ionize the nobelium 
atoms from either of the two states. Thus, the identifica-
tion of the different series was crucial for the IP determi-
nation. This was accomplished based on the delayed ioni-
zation signal obtained when the second step laser was 
delayed compared to the first one. In the case of the 1P1 
state that features a lifetime of only about 2 ns this signal 
decayed rapidly, whereas a longer-lived component with 
a lifetime of tens of ns was observed indicating the popu-
lation of the lower-lying metastable state. In 2017, the 
data analysis was completed, and a rate equation model 
was developed that allowed us to describe the experi-
mental data for nobelium as well as corresponding data 
for the homolog ytterbium perfectly [Chh17]. Conse-
quently, the first ionization potential of nobelium was 
determined two orders of magnitude more accurately than 
before [Chh18]. 

The analysis of the hyperfine spectroscopy data for 
253No was supported by three different sets of atomic 
structure calculations that provided the mass shift and 
field shift constants as well as the hyperfine parameters. 
The results support the ground state spin and parity as-
signment of 9/2-, previously derived from in-beam gam-
ma spectroscopy, and furthermore provide the magnetic 
and quadrupole moment of this odd-A nucleus accurately. 
Recently, state-of-the-art density functional calculations 
reproduced the differential charge radii of lighter acti-
nides [Mar14, Rei17]. These calculations are also in ex-
cellent agreement with the nobelium data on differential 
charge radii. This confirms the theoretical prediction of 
maximum deformation in the nobelium isotopic chain 
around neutron number N = 152. It also substantiates the 
claim of a sizeable central depression in the proton distri-
bution of 254No, a feature that is only found in superheavy 
nuclei and originates from their strong Coulomb repul-
sion. The hyperfine spectroscopy results have been sub-
mitted for publication [Rae18]. 

 

Chemistry 
In the past beamtime periods, experiments to study the 

chemical behavior of Fl and Nh in comparison with Hg, 
Tl, Pb, and Rn were performed at TASCA [Blo16]. In 
addition, the volatility and reactivity of these elements 
towards surfaces like SiO2 and Au were measured. The 
comprehensive analysis of these results was continued. 
For Nh, experimental results [Blo16, Aks17] indicate a 
reduced volatility and enhanced reactivity compared to 
Cn and Fl. To render assistance to these gas-phase exper-
iments, calculations of the adsorption energies of these 
elements and their lighter homologs on a Au(111) surface 
have been performed using a periodic ADF BAND code. 
Such periodic calculations of adsorption energies have 
been performed for the first time for superheavy element 
systems adsorbing on gold. The results have shown that 
Cn should indeed be the most volatile element out of 
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those under consideration. In addition, Fl should interact 
with gold at room temperature. Nh, should very strongly 
interact with gold. Such a different adsorption behavior 
allows for a good separation between all of these elements 
using a combination of quartz and gold surfaces [Per17a]. 
In addition, molecular properties of group-13 hydroxyls 
(of Tl and Nh) needed for predictions of their reactivity 
with quartz and gold have been calculated with the use of 
most advanced relativistic methods. In difference to the 
conclusion from the earlier predictions, NhOH is ex-
pected to be less volatile than TlOH [Per18]. To study Nh 
under improved conditions, advanced setups for opti-
mized transport of the element under study to the detec-
tion setup are under development also allowing investiga-
tion of less volatile species. One such approach involves 
the direct connection of the existing COMPACT detection 
array [Yak14] to the TASCA Recoil Transfer Chamber 
(RTC). Another possibility involves the coupling of 
COMPACT to a recoil separator by employing a buffer-
gas stopping cell instead of a classical RTC. First studies 
of the extraction efficiency of 219Rn ions obtained from a 
223Ra recoil ion source installed in the SHIPTRAP buffer 
gas stopping cell [Neu06] into a COMPACT detector 
array were measured in off-line experiments at GSI. A 
first on-line experiment with such a setup was performed 
at the Cyclotron Institute, Texas A&M University, Col-
lege Station, USA. The buffer gas stopping cell was cou-
pled to the Momentum Achromat Recoil Spectrometer 
(MARS) [Fol12]. The isotopes 182,183Hg and 199,200At were 
produced in the reactions 40Ar + 147Sm  and 40Ar + 165Ho, 
isolated in MARS, thermalized in the buffer gas stopping 
cell, and extracted into the COMPACT by using electric 
fields. The final analysis of the obtained extraction effi-
ciencies and transport times is currently ongoing. 

  
The studies related to volatile transition metal carbonyl 

complexes with short-lived isotopes have been continued. 
Currently, the method of choice is the isolation of the 
studied isotopes in a recoil separator, followed by their 
thermalization in an RTC that is flushed with CO-
containing carrier gas [Eve14]. As the fusion-evaporation 
products of asymmetric fusion reactions needed for the 
productions of sufficiently long-lived isotopes of the ele-
ments of interest like Sg, Bh, and Hs, have a relatively 
large angular and energy spread, transmission efficiencies 
through a recoil separator like TASCA or GARIS at 
RIKEN are rather moderate, around 10-15%. Thus, the 
overall efficiency for the synthesis of carbonyl complexes 
in combination with physical preseparation is rather low. 
Therefore, possibilities for the chemical investigation of 
these compounds without a physical preseparator are cur-
rently explored. First experiments performed at the Tan-
dem accelerator at JAEA Tokai, Japan, suggested that the 
successful synthesis of Os and W carbonyl complexes is 
feasible if the thermalization of the evaporation residues 
is spatially decoupled from the chemical synthesis. In that 
way it is needed, that the formation of the carbonyl com-
plexes takes place in the absence of the beam, which is a 
strict requirement [Wan14]. In experiments with fission 
products at the research reactor TRIGA Mainz, the partial 
efficiencies for the flush-out transfer of non-volatile 
products from the thermalization chamber into the chemi-

cal synthesis chamber were measured and confirm that 
such an approach allows obtaining higher efficiencies 
than with preseparation. To support gas-phase experi-
ments on studies of the stability and volatility of carbon-
yls of the heaviest elements, calculations of the electronic 
structures and properties of group-6 carbonyls [Ili17] and 
group-7 carbonyls, including those of Bh, were performed 
using the most advanced relativistic quantum-chemical 
methods (ADF BAND, X2c-DFT, DIRAC). The work 
considers all possible formation reaction scenarios of the 
single species that do not exist in macrochemistry. The 
formation mechanisms have been found and the volatile 
species that should form at the experimental conditions 
are suggested. Accordingly, the detailed properties of the 
M(CO)5H species (M= Tc, Re and Bh) have been calcu-
lated, including radicals M(CO)5. Volatilities of these 
species and first bond dissociation energies have been 
predicted [Per17b]. 

 
Further activities, including those centered at the 

Helmholtz Institute Mainz, are described in more detail in 
the contribution to the Annual Report 2018 of the Helm-
holtz Institute Mainz [HIM18]. 
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Comparison of nuclear and electromagnetic breakup of 17Ne 
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In previous years we have reported on various aspects 
of the structure of and reactions with the proton dripline 
nucleus 17Ne, as observed in the S318 experiment [1-4]. 

Here we highlight our recent study of ~500 MeV/u 17Ne 
reactions on light (carbon and CH2) vs. heavy (lead) tar-
gets, with a focus on electromagnetic breakup to the 
15O+2p continuum [5]. 

Momentum Distributions 
We have analysed channels with one heavy fragment, 

15O or 14O, and one or two coincident beam-like protons 
as forward-focused reaction residues. While, e.g., 15O+1p 
produced from light targets (H, C) show a narrow frag-
ment momentum distributions (142 MeV/c, 152 MeV/c), 
produced mainly via 1p knockout on 17Ne, on the Pb tar-
get such a 1p knockout is taking place inside the target's 
strong Coulomb field causing the 15O momentum distri-
bution is about 3 times wider (430 MeV/c). The fragment 
momentum distributions in the 15O+2p channels are gen-
erally wider (C: 301 MeV/c, Pb: 285 MeV/c), since the 
reaction mechanisms at work here are mainly inelastic 
scattering and diffraction dissociation (plus electromag-
netic dissociation for Pb), which typically transfer mo-
mentum to more than just one nucleon in the projectile 
nucleus. For the H target and the 15O+2p channel, howev-
er, the observed 15O momentum distribution exhibits an 
even larger width (365 MeV/c); the reaction mechanism 
here is still unclear, since the three mentioned above 
should typically be negligible for a proton target. 

Electromagnetic Dissociation 
Because of the nuclear astrophysics interest for the 

15O(2p,g)17Ne reaction rate, we have distilled the pure 
electromagnetic fraction of the Pb-target based 15O+2p 
differential cross section, by subtracting the equivalent C-
target distribution (scaled by 1.84). Figure 1 shows a 
comparison of this Ef2p-differential cross section (blue 
filled diamonds) with three theoretical calculations (solid 
lines = raw, dashed lines = broadened by the experiment 
resolution). First, the blue line represents a calculation 
based on a 15O+2p three-body model [6] in which the 
weight s2 configuration of the 17Ne g.s. was at P(s2) = 5%. 
The calculation result was scaled by 0.5 in order to get a 
better agreement with the experimental data. Results ob-
tained for larger P(s2) within this model require an even 
stronger downscaling; e.g., for P(s2) = 48% the required 
scaling is 0.25. Second, the red curve stems from a differ-
ent three-body model, with P(s2) = 16%, [7]. Third, the 
magenta curve shows an RQPRPA based Hartree-
Bogoliubov calculation [8]. Generally, the three models 
produce 15O+2p internal energy spectra that strongly dif-
fer between each other. We observe that the calculation 
resulting from the model of [7] matches the experimental 
data better than the others, in particular in absolute num-

bers, and at energies Efpp > 5 MeV. It is interesting to note 
in particular the difference between [6] and [7], since they 
are both based on a 15O+2p three-body model. Further-
more, all three calculations feature E1-only dissociation, 
whereas the experimentally observed population of the 
5/21

- excited state at 830 keV above threshold suggests a 
non-negligible contribution of E2 strength to the electro-
magnetic dissociation of 17Ne. We find that yet none of 
the theoretical models on the market match the entire ex-
perimental spectrum in a satisfactory way. However, our 
data may help to validate models of the 17Ne structure and 
of dissociation processes in the future. 
 

 
Figure 1: Comparison of our experimental Pb-target elec-
tromagnetic dissociation cross section (blue filled dia-
monds) with theoretical models (solid lines - raw; dotted 
lines - broadened by experimental resolution). Lines "1": 
blue [6]; lines "2": red [7]; lines "3": magenta [8]. 
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In this work, we study the production of hypernuclei in
spallation  reactions  using  intranuclear-cascade  models
(INC) coupled to de-excitation codes by means of a two-
step  process  [1]:  the  collision  itself,  where  part  of  the
nucleons contained in the target nucleus are removed or
modified  and  some  excitation  energy  and  angular
momenta are gained by the remnant; and subsequent de-
excitation  processes  by  evaporation  of  particles  or,  if
applicable, by fission. Here, INC models are considered as
a Monte Carlo method to solve numerically the dynamic
transport  equations  describing  the  hadron-nucleus
collision.  The  nature  of  INC  models  is  essentially
classical,  being  assumed  that  nucleons  are  perfectly
localised  in  phase  space  and  that  they  are  bound by  a
potential. In this approach, the nuclear collision is treated
as successive relativistic binary hadron-hadron collisions
separated in time,  where the positions and momenta of
hadrons are followed as time evolves. It is also assumed
that  hadrons  move  along  straight  trajectories  until  they
undergo  a  collision  with  another  hadron  or  until  they
reach  the  surface,  where  they  could  eventually  escape.
Cross  sections  are  determined  from  a  set  of  collision
events taken at different impact parameters and for which
nucleon positions and momenta are initially  sampled for
each participant nucleus.

Recently, the Liege intranuclear-cascade model (INCL)
[2,3] has been extended towards high energies (~15 GeV)
including multipion production [4], production of η and ω
mesons [5], and strange particles like kaons and hyperons
[6]. This new version permits us to predict the formation
of  hyperremnants  and  their  characterization  in  atomic,
mass, and strange numbers together with their excitation
energies and angular momenta. 

In the new version of INCL, elementary cross sections
related  with  the  production  and  interaction  of  strange
particles  (such  as  K,  K,  Σ,  and  Λ)  were  implemented
using  sophisticated  parametrizations  of  available
experimental data as well as their characteristics: angular
distributions,  momenta,  and  charge  repartition  of  the

particles  in  the  associated  final  states.  These  new
ingredients  made  INCL  become  in  a  powerful  tool  to
study the production of strange particles in nuclear matter
and  to  go  further  in  the  understanding  of  hypernuclei
formation.

For  modeling  the  de-excitation  stage,  we  use  the
ABLA07 code [7] developed at GSI, which describes the
de-excitation of a nucleus emitting γ-rays, neutrons, light-
charged  particles,  and  intermediate-mass  fragments
according to Weisskopf's formalism. For a more realistic
description of this process,   the separation energies are
taken from the atomic mass evaluation of 2003 and the
emission  barriers  for  charged  particles  are  determined
with  the  Bass  potential.  Fission  is  also  considered
according to Ref. [8]. This model has been also extended
by us to account for the emission of Λ particles and the
production of cold Λ-hypernuclei following Ref. [9].

The coupling of  these codes allows us to  predict  the
production  of  Λ-hypernuclei  in  spallation  reactions,  as
shown in Fig. 1. In addition, both codes are available in
GEANT4 after an important effort, which will provide a
reliable  input  to  design and optimize  new experimental
setups  for  the  investigation  of  hypernuclei  and  strange
particles. The benchmark of these models with available
experimental data on the production of strange particles
will be published soon with promising results.

Figure  1:  Cross  section  (in  μb)  of  cold  Λ-hypernuclei
produced in the spallation reaction 209Bi + p at 1.5A GeV. 
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NeuLAND – an introduction 
The Large Area Neutron Detector NeuLAND [1] as part
of   the   R3B   setup   at   FAIR  is   a   neutron   time­of­flight
spectrometer   aiming   at   detecting   fast   neutrons   (0.2   to

1 GeV) from nuclear   reactions.  The detector  concept   is
based   on   detection   of   hadronic   interactions   within   the
fully­active   detector   volume,   made   from   organic
scintillator material. The design goals comprise a spatial
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resolution of σx,y,z ≈ 1 cm and a time resolution of σt < 150
ps.  The once finished  detector will have a front size of
250x250 cm2  and a depth of  3 m,  thus enabling a high
neutron­detection efficiency of more than 90%. Due to its
calorimetric properties, NeuLAND has also a large multi­
neutron   recognition   capability,   aiming   for   the
unambiguous   detection   of   up   to   5   neutrons
simultaneously.   Together   with   the   long   flight   path   of
about 35 m between target and detector, available in the
high­energy   cave   at   FAIR,   a   resolution   of   about   σE  ≈
20 keV   at   100 keV   above   threshold   will   be   obtained.
NeuLAND consists of scintillator bars arranged in double
planes. Each double plane comprises one horizontal and
one vertical layer of 50 scintillator bars (250x5x5 cm3).
The production of double­planes is underway at GSI, and
13 out of the final  30 double­planes will be used in the
phase­0 campaign at GSI, starting from 2018. 

Experimental campaign at RIKEN
After successful tests of the first 4 double­planes, the so­
called   NeuLAND   demonstrator,   with   beams   at   GSI   in
2014, this demonstrator was transported  to the RI Beam
Factory (RIBF) at the RIKEN Nishina Center (Japan) in
the beginning of 2015. There it complemented the neutron
detection system NEBULA [2,3] at the SAMURAI setup
[4] for a two­year experimental campaign [5].
Figure  1  displays   a   schematic  view of   the  SAMURAI
experimental   setup   including   the   NeuLAND
demonstrator.   At   SAMURAI,   experiments   with
radioactive  beams with a   large­acceptance  spectrometer
are performed. In a kinematically complete measurement
also the fast neutrons need to be detected. 

The combination of the neutron detection systems leads to
a   significant   increase   in   total   efficiency   and   invariant­
mass resolution,  thus allowing for  the detection of four
simultaneously  emitted  neutrons,   their   tracking  and   the
determination of their individual four­momenta.  
In total, 12 experiments were performed, covering a wide
spectrum   of   nuclear   physics   from   nuclear   breakup
reactions with very exotic light systems, and the dipole
response   of   neutron­rich   nuclei   to   the   study   of   the

equation­of­state   (EOS)   of   nuclear   matter   in   central
collisions.   These   are   summarized   in   Table   1.  In   the

Figure  1:   Schematic   view   of     the   SAMURAI
experimental setup with its target region at the left hand
side,   the   SAMURAI  large­acceptance   superconducting
dipole magnet in the center and at the zero degree line the
NeuLAND   demonstrator,   complemented   with   a   VETO
wall, in front of the NEBULA arrays. At deflection angles
around 60 degrees a charged particle detection system is
located. 

Year Experiment Spokespersons

2015

ImPACT campaign (transmutation studies) H. Sakurai (RIBF)

1n efficiency measurement at 110 MeV & 250 MeV H. Otsu (RIBF)
28O & 27O spectroscopy Y. Kondo (TITech)

2016

S rit TPC – EOS experimentπ
T. Isobe (RIBF) / W. Lynch (NSCL) / 
T. Murakami (U Kyoto) / B. Tsang (NSCL)

31Ne Coulomb breakup & knockout N. Kobayashi (RCNP) / Y. Togano (TITech)

Search for 22C (2+) and 21B: Structure at and beyond
 the N=16 subshell closure N.A. Orr (LPC)

Lifetime of 26O ground state C. Caesar (TU Darmstadt/GSI)

2017

Dipole response of n­rich Ca isotopes Y. Togano (TITech) / T. Kobayashi (U Tohoku)

SEASTAR­3 (n­rich isotopes in K – V region) P. Doornenbal (RIBF) / A. Obertelli (CEA)

Dipole response of light, dripline nuclei (6,8He) T. Aumann (TU Darmstadt)

Study of tetraneutron system using 8He(p,p )4nα
D. Rossi (TU Darmstadt) / S. Paschalis (U York)
/ S. Shimoura (CNS)

Study of tetraneutron system using 8He(p,2p)7H F.M. Marques (LPC) / Z. Yang (RIBF)
Table 1: Overview over the experiments using the NeuLAND demonstrator at the SAMURAI setup at RIKEN during
2015­2017. 
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following, we give an overview about the experiments in
this campaign and highlight selected experiments.

One­neutron detection efficiency study
In one of the first experiments a key quantity of the Neu­
LAND demonstrator,   namely   the  one­neutron  detection
efficiency, was determined. In the charge­exchange reac­
tion 7Li(p,n)7Be(g.s.+430 keV) quasi­monoenergetic neu­
trons at 106.8 MeV and 250.5 MeV were produced from a
high­intensity  proton  beam and detected  by  NeuLAND
[6,7].  Preliminary results for the 1n­detection efficiency
give (27.8±1.2)% and (26.6±1.1)% for neutrons at ener­
gies of 106.8 MeV and 250.5 MeV, respectively. These
results are essential to extract cross sections from experi­
ments using NeuLAND at SAMURAI.
Once   NeuLAND   was   successfully   commissioned   at
SAMURAI, the physics program started. We describe the
experiments   in  the following, starting with experiments
focussing on multi­neutron decays beyond the dripline. 

Spectroscopy of 28O
The   combined   neutron   detection   system   of   NeuLAND
and NEBULA allows for the first time the detection and
tracking   of   four   coincident   neutrons,   in   particular   the
spectroscopy of the neutron­unbound nuclei  28O and 27O.
The neutron dripline is established at mass number 24 for
the  oxygen  isotopic  chain;  heavier  oxygen  isotopes are
not bound. A sudden change in the binding is observed by
adding one more proton to oxygen – fluorine can bind at
least   six  more  neutrons.   It   is  crucial   to  understand   the
shell evolution for these most neutron­rich isotopes. The
spectroscopy of the one­ and two­neutron decay channels
25O and  26O has  already  been  performed   in  a  previous
experiment at SAMURAI [8]. 
The   unbound   system  28O   was   populated   by   a   proton
knockout reaction on a  29F beam at 235 MeV/u (before
target). Since the neutron­reconstruction efficiency is still
low for three and four neutrons a liquid hydrogen target
of 15 cm length was used to increase the luminosity. The
target  was surrounded by a  time­projection chamber  to
reconstruct   the   reaction­vertex   position.   Including   this
information   the   invariant   mass   can   be   determined
precisely.   For   details   on   the   setup   see   [9].  After   the
reaction,  the  28O system decays in­flight  into the heavy
fragment  24O   and   four   neutrons.   The   challenge   is   the
unambiguous   identification   of   the   four   neutrons   in
NeuLAND   and   NEBULA   to   reconstruct   the   invariant­
mass of the decaying system.
In   this   experiment   also   other   reaction   channels   were
investigated,   in  particular  proton­knockout   reactions  on
neon   isotopes.   Thus,   also   spectroscopy   of   the  heaviest
fluorine can be performed. Here,  γ­rays are measured in
addition   to   neutrons.   With   this   information,   excitation
energies are obtained, which provide insight into the shell
structure and its evolution.
In order   to benchmark the performance of the detection
system a reference channel, the invariant­mass of the 24O
fragment, and only one neutron from the 4n decay chan­

nel is investigated, see Figure 2. Known intermediate res­
onances from sequential decays are identified, in particu­
lar the broad ground­state resonance of  25O at 749  keV
and the ground state of  26O which is located at only 18
keV above threshold [8]. The sharp peak close to the de­
cay   threshold   in   this  preliminary  analysis   indicates   the
good resolution of the detection system where the narrow
26O(g.s.) resonance is well resolved.

Lifetime of the 26O ground state
Another   experiment   along   the   oxygen­chain   aimed
specifically at investigating the properties of 26O. Besides
the spectroscopic information of  26O, the ground state of
this nucleus might have an unusually long lifetime [10]
where the two­neutron decay is hindered by the angular
momentum barrier for d­wave valence neutrons. We have
developed a new method    to determine lifetimes in the
(sub­)picosecond   range   of   systems   which   decay   via
neutron emission [11]. The method is based on the idea
that the 26O nuclei, which are produced by proton removal
on a  27F beam, decay with a larger fraction outside the
reaction  target   the  longer  their   lifetime  is.  This  can  be
observed   in   the velocity  difference  between  the  decay­
neutrons and the 24O fragment. The characteristic shape of
this   velocity­difference   spectrum   allows   to   extract   the
lifetime. A stack of targets of dense material and of high
nuclear charge was used to decelerate the  26O ions and
thereby   increase   the   sensitivity   of   the   method.   The
neutron velocity is determined from the time­of­flight and
position  measured  with  NeuLAND  and  NEBULA.  For
further details on the setup see [12]. 

Search for a tetraneutron system
The possible existence of a four­neutron system as well as
its properties has been a long lasting question in nuclear
physics   starting   in   the   mid­1960s   [13].   A   recent
experiment carried out at  the SHARAQ spectrometer at
RIKEN uncovered four candidate events for a low­lying
four­neutron   ground­state   resonance   with   a   4.9σ
significance   level,  generated   in  a  4He(8He,8Be)   reaction

Figure 2: Preliminary invariant­mass spectrum of 24O+1n
from   the   reaction  29F(p,2p).   The   narrow  26O(g.s.)
resonance at 18 keV is clearly seen.
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[14].  This measurement  triggered new efforts   to  finally
uncover direct evidence for the existence of this system.
To   this   end,   we   have   performed   an   experiment   to
investigate   the   four­neutron   system via   a  new method,
i.e., the measurement of 8He(p,p )4n at large momentumα
transfer, using a secondary 8He beam at an energy of 156
MeV/u,   impinging on a liquid­hydrogen target  of 5 cm
thickness   [15].   The  8He   nucleus   is   expected   to   be   a
suitable environment to form the four­neutron system in a
ground­state   resonance.  The   reaction  process  described
above   allows   for   a   very   clean   investigation   of   its
properties   due   to   the   fact   that   final­state   interactions
between   the   tetraneutron   and   the   outgoing   charged
particles are basically absent.
The four­neutron energy­spectrum will be deduced from
the   momenta   of   all   charged   particles,   i.e.   the  8He
projectile, the knocked­out 4He, and the target proton via
the   missing­mass   technique   to   identify   the   possible
resonance   and   to   determine   its   energy  and  width.   The
neutron   measurement   will   allow   for   a   kinematically
complete investigation of the reaction and the study of the
four­neutron  decay  properties  with   lower  but   sufficient
statistics in addition.
Complementary insight into the system of interest will be
achieved   by   a  8He(p,2p)7H   measurement,   namely   the
investigation of the  7H ground state and its decay into a
triton   and   four   neutrons,   performed   within   the   same
experimental campaign [16].

Dipole response of n­rich nuclei
In   2017,   two   experiments   were   carried   out,   using
Coulomb excitation in inverse kinematics to investigate
the   dipole   response   of   neutron­rich   nuclei.    One
experiment focused on   the  low­lying dipole strength of
the two­ and four­neutron halo nuclei  6He and  8He [17].
After   electromagnetic   excitation   these   nuclei   mainly
decay   via   two­   and   four­neutron   emission.   The  6He
breakup   has   been   measured   previously   at   GSI     up   to
around 7 MeV excitation energy [18],  while nothing  is
known so far about the  8He 4n­breakup channel.  In this
experiment the multi­neutron decay of 6He and 8He, after
heavy­ion   induced   electromagnetic   excitation   up   to
increased   excitation   energies   of   approx.   15 MeV,   has
been   measured   in   complete   kinematics.   The   unique
combination   of   the   neutron   detector   NEBULA,   the
NeuLAND demonstrator,  and   the  high beam  intensities
available   at   RIBF   made   the   measurement   of   the   4n­
breakup   channel   of  8He   possible   for   the   first   time.  A
primary 18O beam with an energy of 220 MeV/u was used
to  produce  secondary  beams of  6He and  8He with  180
MeV/u.   The dipole­strength distribution dB(E1)/dE and
the photo­absorption cross section will be obtained from
the   differential   cross   section   for   the   E1   excitation
d (E1)/dE where   the  excitation  energy   is   reconstructedσ
from   the   invariant   mass.  To   excite  6He   and  8He
electromagnetically, a Pb target was used. Additionally, a
series of targets covering a wide range of nuclear charges,
namely CH2, C, Ti and Sn, was used  to enable a precise

study of the nuclear contribution to the cross section. This
is especially important for high excitation energies, where
the contribution of electromagnetic excitation might not
be dominant.
The   Coulomb   excitation   method   to   study   the   dipole
response of neutron­rich nuclei was also utilized to study
50Ca and  52Ca [19]  in  an experiment carried out  during
spring 2017. This experiment is motivated by theoretical
predictions, indicating a strong rise of the pygmy dipole
resonance   strength   from  48Ca   to  54Ca   and   its   firm
correlation with the density dependence of the symmetry
energy term of the EOS of neutron matter.

Sπrit TPC – EOS experiment
During 2016, NeuLAND was moved from 0o to 30o with
respect to the beamline to measure light charged particles,
neutrons and γ­rays from central collisions of neutron­rich
and neutron­deficient Sn­isotope systems in experiments
studying   the   nuclear   EOS  by   its   proton/neutron   and
triton/3He yield ratios and flows. The VETO detector in
front   of   NeuLAND  played   an   essential   role   for
distinguishing charged and neutral particles in contrast to
other   experiments,   where   neutrons   are   expected   to   be
dominant   and   the  VETO   serves     for   background
discrimination only [5,20]. 

Structure of n­rich nuclei
It is known that shell structure evolves substantially for
nuclear systems with large isospin asymmetry. For bound
and unbound systems well known shell closures disappear
and new sub­shell closures may appear. 
One of the experiments aimed to study the most neutron­
rich B and C isotopes, namely  21B and  22C, to establish
their   level   scheme.   It   is   predicted   that   the   sub­shell
closure at N=14, which is confirmed in case of the oxygen
isotopes, disappears but the increased energy gap at N=16
remains.   This   can   be   seen   as   the   origin   of   the   halo
character  of  22C.  In   the   experiment,   the  one­  and   two­
proton removal   reactions of  23N on a  carbon  target  are
analysed. Excitation energies of excited states in both, 22C
and 21B, will be reconstructed from the 2n­decay channels
to 19B and 20C. Further details about the experiment can be
found in [21]. 
Another experiment from the same campaign investigates
neutron­rich neon isotopes.  31Ne is a strongly deformed
nucleus located in the so­called island of inversion. In ad­
dition, it is also seen as one of the heaviest halo nuclei,
which is in particular formed by a dominant p­wave neu­
tron orbiting around the core. Here, 31Ne was studied with
exclusive methods at the SAMURAI setup, for details see
[22].   The   inelastic   scattering   reaction   on   a   C   target,
31Ne(C,X)30Ne+n,  and  the one­neutron  removal   reaction
on 32Ne were employed to study the neutron­unbound ex­
cited states.   In  addition,   the Coulomb breakup reaction
was studied in terms of the invariant­mass analysis.  
Nuclear shell­structure information is also deduced from
spectroscopy   of   bound   excited   states.  The   “Shell
Evolution And Search for Two­plus energies At RIBF”
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(SEASTAR) project studies new 2+ excitation energies in
a wide range of the neutron­rich nuclei. The 3rd campaign
in   2017   focused   on   the   medium­mass   nuclei   around
neutron­rich   Ca   isotopes   and   many   reaction   channels
were   observed.   The   combination   of   the   NeuLAND

demonstrator   and   NEBULA   allows   to   construct   the
invariant­mass above the neutron­decay thresholds.

Summary
During this     very     fruitful experimental     campaign the
NeuLAND demonstrator  with its  800 read­out channels
showed a very good reliability in operation and excellent
performance,   exhibiting   its   design   goals.   While       the
analysis       of       the       data       is       underway,       the
demonstrator      was     delivered     back      to     GSI      in
autumn   of 2017, see Figure 3. It is now being integrated
into the NeuLAND startup version for the experimental
campaign at GSI in 2018/19. 
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The  SAMURAI19  [1,2]  experiment  at  the  RIKEN
RIBF aims for producing 4n ground-state resonances with
the 8He(p,pα)4n quasi-free scattering reaction at large mo-
mentum transfers at beam energies of 156 AMeV. A 5 cm
long liquid-hydrogen target (MINOS) with a diameter of
4 cm was used to achieve a luminosity of ~ 1028 cm-2s-1.
For  missing-energy  reconstruction,  the  momenta  of  all
particles are measured with high accuracy.

To get the best energy and track reconstruction using
such a thick target, a silicon vertex tracker was developed
by TUM and RIKEN. The tracker is placed in a vacuum
chamber (49 cm x 36 cm x 29 cm) and records the hits of
charged particles in six layers of silicon detectors, allow-
ing to track the produced particles,  their  opening angle
and the position of the vertex. The chamber was drilled
from  a  single  aluminium  block  to  reach  a  vacuum  of
10-4 Pa. It features in total six data feedthroughs, a newly
designed connection to the LH2 target and a 125 µm thick
kapton window for the beam exit. The chamber is moun-
ted on a rail system for fast and easy setup.

The detector system with X and Y readout capabilities
consists  of  six  single  sided  silicon  strip  detectors  (AC
coupled) with an active area of 5x8 cm2 each and a thick-
ness and pitch size of 100 µm developed in a RIKEN co-
operation with Hamamatsu. Two SSD's each were com-
bined  in  three  water-cooled  stations  at  distances  of
0.6 cm, 12.6 cm and 24.6 cm with respect to the end of
the target cell. A detector station is depicted in Fig. 1. The
Y and X sectors are closely placed with a distance of 3
mm only on top of each other to optimize the spatial res-
olution.

The 3708 detector  segments  are  all  individually read
out by 60 ASIC APV25S1 chips [3]. The multiplexed ana-
log data are  then digitalized  by an ADCM module  de-
veloped at TUM. The digital data are collected through a
single TRB3 board developed at GSI [4]. Synchronization
with  the  BABIRL-DAQ  is  done  with  a  40 MHz  time
stamp distribution, which is used for other parts of the ex-
periment. 

 Figure 1: One detector station with attached data cables.
The Y layer  is  placed  on  top  of  the  X layer,  both  are
mounted on the same cooling frame.

   As a first step in the analysis, the detectors are calib-
rated with proton and  6He calibration beams. Due to the
typical electronics-noise figure of ENC ~ 7 keV a single-
channel energy threshold of 38 keV was used to reduce
event multiplicities. The average energy loss of a proton
from the reaction of interest in the detector is in the order
of  60 keV per  silicon layer  only while  signals  from  α-
particles may exceed the ASIC's analogue range, which is
limited  to  about  8  MIPs  (Minimum  ionizing  particle)
only. To separate α-particles from the reaction from  8He
projectiles, which pass all detector planes at a high rate, a
sophisticated pulse-shape algorithm is applied.

The  ADCM  samples  the  shaper  signals  of  triggered
events with three samples in 150 ns and allows therefore
to  improve  the  data  purity  [5].  In  Fig.  2  the  relations
among the three consecutive samples are compared with
each other. Unaffected events should appear on the lower
right quadrant.

 Figure  2:  Comparison  between  the  sample  differences
from  shaper  signals.  Events  with  an  ADC-value  <  30
channels are neglected. Events in the lower left quadrant
are  influenced  by  beam  particles.  The  inset  depicts  a
shaper signal while the marked points resemble points of
sampling schematically.

Hits in all three detector stations are sorted by their en-
ergy and combined to identify particles and their tracks.
Events with two particle tracks are used to determine a re-
action vertex.  We deduced an average transverse vertex
resolution of σx,y ~ 60 µm. The resolution along the beam
direction is σz  ~ 1 mm due to the small opening angle of
the reaction residues. 

As a next step, we will further investigate the detection
efficiency, hit multiplicities, transverse momenta and the
tracking towards the SAMURAI detectors.
We especially thank Michael Traxler and Jan Michel from
the TRB3 team of GSI for their continuous help and sup-
port of this work.
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    CALIFA (CALorimeter for In-Flight gamma-ray and 
pArticle detection) [1] is dedicated to the detection, track-
ing and energy determination of light charged particles 
and γ rays emerging from R3B experiments. Significant 
progress has been made on the Barrel section [2] of 
CALIFA, which consists of ~2000 CsI(Tl) scintillator 
crystals that provide a high angular resolution needed for 
effective Doppler corrections.  

    For the Phase-0 experiments at GSI in 2018, a substan-
tial part of the CALIFA Barrel detectors will be installed 
and operated in the Demonstrator [3] configuration. An 
extensive preparatory work in detector performance, sta-
bility and data acquisition is required to provide a sound 
and effective experimental campaign at GSI. To that end, 
in-beam tests at the Bronowice Cyclotron Center (CCB) 
at IFJ PAN in Kraków were carried out. The cyclotron at 
CCB provided proton beams with energies up to 225 
MeV, which enabled experiments for (p,2p) quasifree 
scattering (QFS) reactions on stable targets.        

    
Figure 1: Detectors seen during mounting at CCB for the 
(p,2p) experiment. Three CALIFA Barrel petals (one 
placed below the target later), two DSSSD tracking detec-
tors, and one CEPA4 detector were tested.  

    The experimental setup at CCB is shown in Fig. 1. Two 
petals were positioned on a horizontal plane with a polar 
angular coverage of 25° < θ < 58° to detect the scattered 
particles. One petal was deployed at its nominal CALIFA 
position (43° < θ < 82°) to detect γ rays. Two double-
sided silicon strip detectors (DSSSDs) were also em-
ployed as particle trackers. A CEPA4 [4] prototype detec-
tor for the CALIFA Forward Endcap was placed at θ ~ 
11° for its performance test. Data from the petals and the 
DSSSD trackers were read out with the MBS system fea-
turing FEBEX3B cards [5]. The calibration data from a 
60Co γ-ray source was analysed with the 
UCESB/R3BRoot software [6]. 

     A laminar water jet, with a small diameter of 0.46 mm 
was used to provide well-defined tracking correlations for 
the reactions at the target, and give an energy straggling 
below the expected resolution limit for the total energy 
reconstruction of the scattered protons with CALIFA. 
Other targets such as graphite, polypropylene, 112,124Sn 
and 208Pb were also irradiated. The proton beam energy 
was 200 MeV for over 95% of the total beam time. Other 
beam energies ranged from 70 to 225 MeV. 

    A preliminary analysis of (p,2p) data from the water 
target revealed a γ-ray peak at 6.3 MeV (see Fig. 2), cor-
responding to the known transition from the first excited 
3/2− state to the 1/2− ground state in 15N. More sophisti-
cated energy calibration, event selection cuts and simula-
tions are being developed to refine and extend the analy-
sis to the data from other targets. We acknowledge the 
local support at CCB with logistics and beam delivery. 

 
Figure 2: γ-ray energy spectrum following (p,2p) reac-
tions on the water target. The 6.3-MeV transition in 15N is 
clearly visible. The inset shows the proton tracking data 
from a DSSSD-petal pair used in the event selection cut. 
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A test bench has been constructed for acceptance test of 

CsI(Tl) detector elements for the CALIFA calorimeter [1] 
for R3B. A detector module consists of an APD and a 
long tapered CsI(Tl) crystal wrapped in ESR foil. The 
geometry is a consequence of the requirement to have 
high granularity, to achieve the necessary angular resolu-
tion for Doppler correction, and the need to be able to 
register high-energy charged particles that emerge from 
the reactions.  

 

 
Figure 1: The test bench for CALIFA Barrel crystals in 
the Lund university detector laboratory. Batches of up to 
32 crystals can be scanned per test with a rate of 5.2 de-
tectors per hour.  

An inherent challenge with such a geometry is that the 
combined effects of absorption and focusing of optical 
photons influence the scintillation light output, and thus 
the signal amplitude for events occurring at different 
depths in the crystal. In order to ensure that these effects 
do not influence the overall resolution of the detector 
module, it is necessary to measure the response to ioniz-
ing radiation along the crystal axis. 

 
To accomplish this, a test stand consisting of an insu-

lated dark box, in which up to 32 crystals can be mounted 
for performance tests, has been constructed. The tempera-
ture in the enclosed volume of the setup can be regulated 
with the help of a Peltier element and a temperature sen-
sor feedback loop. The crystals are scanned using two 
separate scanning heads mounted on a commercial XY-
table using a collimated 137Cs source for light output non-
linearity tests, or alternatively an uncollimated 22Na 
source for energy resolution measurements. Dedicated 
software has been developed to operate the XY-table, the 
temperature regulation, the bias supply and to automati-
cally analyse the registered spectra to extract the resolu-
tion and light output nonlinearity (LON) along the crystal 
axis. 

Readout of the signals from the modules is done using the 
standard readout chain planned for CALIFA. The chain 
comprises a Mesytec MPRB-32 preamplifier, with inte-
grated detector bias supply, and a FEBEX3B sampling 
digitizer [2]. The data from from the digitizer is fed to an 
acquisition system based on the Multi Branch System 
(MBS). 

 

 
 

 
Figure 2: Typical response of a test scan showing, in the 
top panel, an automatically fitted response of the 662 keV 
gamma ray from 137Cs source and the change in position 
of the centroid of this peak as a function of the source 
position. 

 
The typical crystal scanning rate is 5.2 detectors per 

hour for a non-linearity test, using 10 points along the 
crystal axis and 2 minutes per measurement point; and 
13.8 detectors per hour for resolution measurements. To 
date ca 600 crystals have been tested using the test bench, 
corresponding to nine CALIFA petals of 64 crystals, that 
can be used in Phase-0 experiments in the fall of 2018. 
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Phoswich  detectors,  composed  of  optically  coupled
LaBr3 and LaCl3 scintillating crystals will be used at the
most  forward  angles  in  the  CALIFA calorimeter  at  the
R3B setup [1]. These crystals offer ideal conditions for de-
tection  of  gamma  radiation,  as  well  as  for  charged
particles at relativistic energies, with high efficiency, and
excellent energy and time resolution [2-5]. 

The goal of this study is to verify the performance of
the CEPA4 prototype, consisting of four phoswich crys-
tals  with  individual  photo-multiplier  tubes  (PMTs)  for
readout, attached to the LaCl3. A particular challenge, es-
pecially  for  the  PMTs  and  read-out  electronics,  is  the
large  dynamic  range needed to cope with  signals  from
gamma radiation (up to 20 MeV) and charged particles
(up to 270 MeV). The TDR [5] specifies the use of the
Hamamatsu  R7600U-200 PMTs.  These  tests  have  been
performed  using  the  commercial  digitisers  CAEN
DT5751 and DT5730.

Figure
1: Photomultiplier tube signals of cosmic muons, normal-
ized to the maximum amplitude, showing saturation.

The investigations performed with the crystals revealed
a good energy and time resolution for both gammas and
muons. While it is relatively easy to obtain good energy
resolution for either gamma rays or protons by selecting

an appropriate bias voltage, it was not possible to find a
bias  voltage,  which  allowed  for  a  good  resolution  for
both, because the PMTs displayed clear signs of satura-
tion already around 20 MeV of deposited energy (see Fig-
ure 1). As a first attempt at improving this situation, a new
base was used for the R7600U-200 PMTs, providing also
a second lower-gain signal from the last dynode in addi-
tion to the anode readout (with a gain ratio of ~2.5). This
was not sufficient.  Therefore, a new PMT, R11187, has
been tested. Results are shown in Figure 2, where the sat-
uration starts at the same pulse amplitude independently
of the applied bias voltage. This indicates  that saturation
occurs in the final stages of the PMT. 

Figure  2:  Energy  versus  pulse  amplitude  for  two  high
voltages. The degradation of the signals starts at about the
same signal amplitude, indicating that saturation occurs in
the
fi-
nal

stages of the PMT.
To cope with the large dynamic range we want to imple-
ment an improved double read-out with a higher gain ra-
tio between the two branches [6]. 
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The quality assurance test stand for the  CALIFA APDs
aims to prove the functionality of the APDs and to charac-
terize  them.  It  ensures controlled  temperature  and  bias
voltage for the APDs during the test [1]. 
Particularly,  the bias  voltage of  the APDs is  readjusted
with respect to the temperature to keep the gain constant
during the experiment. The main goal of this project is to
obtain the temperature coefficients of the tested APDs. 

Figure  1:  Left: Schematic view of the quality assurance
test  stand.  Right:  CALIFA  APD  (Hamamatsu  S8664
series).

Fig. 1 shows a  schematic view of the  quality assurance
test stand. It is divided into two parts: temperature con-
trolling  (left)  and  testing  bench (middle).  The Mesytec
MPRB-16, which is a preamplifier and bias voltage sup-
ply for APDs, is chosen to maintain consistency with the
electronics of CALIFA. The output of the APDs and the
temperature are read by FEBEX3b.
The temperature of the test bench is kept constant by cir-
culating water heated or cooled by peltier units. The tem-
perature of the system is monitored with a NTC thermis-
tor.  The testing bench can  test  8  APDs simultaneously.
The APDs were tested with a pulsed green LED signal
(λmax  = 520 nm), which is chosen to mimic signals of the
CsI(Tl) scintillator.
The test temperature spans the range from 15°C to 25°C.
This  range includes the working condition required  for
the CALIFA APDs: 18 ± 1°C. For each temperature step,
the gain curve of the APDs as a function of bias voltage is
obtained. Fig. 2 shows an example of the gain curve and
the energy resolution of the APD for the LED wavelength.
In addition, a  temperature  stability  check is necessary to
confirm for reliability of the measured data (Fig. 3).
The APDs have a reference voltage for a nominal gain 50.
It is the bias voltage that corresponds to gain 50 at 25°C.

Fig. 4 shows the comparison between the nominal voltage
provided by the manufacturer and the  measured one.

Figure 2: Left: APD gain curve. Right: APD energy resol-
ution for LED signal. 

Figure 3: Measured temperature. The temperature of the
system is stable within 0.002°C over 20 min.   (Tpeltier =
25°C)

Figure  4:  Correlation  between the  nominal  voltage
provided by  the   manufacturer  with respect to the meas-
ured value.
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For thermal-neutron induced fission, precise data on 
fission-fragment yields in terms of mass, nuclear charge, 
and kinetic energy are of great interest for a better under-
standing of the fission process, and also required at sever-
al stages of the fuel cycle in nuclear reactors. Since more 
than 3 decades, the recoil mass spectrometer LOHEN-
GRIN at the ILL Grenoble has been a leading instrument 
for fission fragment studies. Fission fragments emerging 
from a thin fissile target located close to the high-flux 
reactor core are separated according to the ratios of E/q 
and A/q (A = mass of fragment, q = ionic charge) and reg-
istered with silicon detectors or ionization chambers. For 
determining isotopic fragment yields a fairly universal 
method is the passive absorber technique exploiting the 
nuclear charge dependent energy loss of fission fragments 
in an energy degrader [1]. Due to its perfect mass resolu-
tion, LOHENGRIN has contributed more complete data 
sets on mass, nuclear-charge and energy distributions than 
any other method, with the resolving power for isotopic 
yields being restricted to the group of light fragment 
masses. Hitherto, cumulative yields of specific radioac-
tive isotopes in the heavy fragment group have been tack-
led with the aid of gamma spectroscopy or, formerly, de-
termined by radiochemical methods. 

In the present work we have applied a new experi-
mental approach to determine isotopic yields at LOHEN-
GRIN by the passive absorber method using an array of 
calorimetric low-temperature detectors (CLTDs) instead 
of an ionization chamber for the residual energy meas-
urement. Due to their principle of operation, CLTDs pro-
vide good energy linearity and resolution for the spectros-
copy of heavy ions at low energies [2] and are, thus, pre-
destined for measuring heavy fission fragments after deg-
radation of a large proportion of kinetic energy. Further-
more, for the first time, stacks of commercially available 
silicon nitride (SiN) membranes were used as degrader 
material, favourably replacing the previously used 
Parylene-C plastic foils.  
    The detector array used in the present experiment is 
built-up from 25 individual pixels, made of sapphire chips 
of 430 µm thickness, with a total active area of 15x15 
mm2, operated at 1.5 K temperature in a windowless 4He-
bath cryostat. The SiN absorber stacks of 16 x 10 mm2 
area were positioned closely in front of the CLTDs by a 
rotatable sample changer with six positions for SiN stacks 
of various thicknesses (Figure 1). This arrangement was 
intended to optimize the setup with respect to transmis-
sion, resolution and flexibility for measurements in dif-
ferent mass and energy ranges. 
     During a measuring period of about 4 weeks we inves-
tigated fragment yields in various fragment mass regions  

             
Figure 1: Schematic view of the detector cryostat with 
CLTD’s as residual-energy detector and rotatable sample 
changer for silicon nitride absorber stacks (right).  

for 235U(nth,f), 239Pu(nth,f) and 241Pu(nth,f). As a first topic, 
we have gained first ever LOHENGRIN data on fraction-
al Z yields in the light-mass group of 241Pu fission. A sec-
ond topic was the study of light-fragment yields towards 
mass symmetry, up to A = 112 (113) in 241(239)Pu(nth,f). 
This permits to elucidate how the local proton odd-even 
effect develops towards mass symmetry, which is of high 
interest for the nuclear model description near scission. A 
further issue was accurately measuring the isotopic fission 
yields of 92Rb and 96Y from 235U(nth,f), 239Pu(nth,f) and 
241Pu(nth,f) since the decay of these isotopes is a main 
contributor to the integral reactor antineutrino spectra 
above 4 MeV that are important for the quantification of 
the so-called antineutrino anomaly and the postulation of 
sterile neutrinos. A final topical issue was to elaborate our 
novel technology for an accurate determination of isotop-
ic yields for the first time also in the heavy fragment 
group, for selected masses in 239Pu(nth,f) up to A = 137.  
For the heavy fragments, the obtained Z-resolution did not 
permit to fully resolve individual peaks in the residual 
energy spectra, but to reliably retrieve fractional isotopic 
yields by constrained fitting of the overlapping peaks. 
Figure 2 shows, as example, residual energy spectra and 
fit results for A = 128 to 130 at 88 MeV, assuming up to 
three Z constituents. The increasing dominance of the 
magic proton shell Z = 50 towards symmetry is obvious. 

  
Figure 2: Residual energy spectra of heavy-fragment 
masses at 88 MeV energy in 239Pu(nth,f)  from  A = 128 to 
A = 130, with their individual Z constituents. 
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