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Status: G-PAC proposals S469 

“Accurate slowing-down measurements of heavy ions (Xe, Pb, U) in gases and solids in 

the kinetic energy range of (30 to 300) MeV/u with the high-resolution magnetic 

spectrometer FRS”

S. Purushothaman (Spokesperson)1, H. Geissel (Co-Spokesperson)1,2, H. Weick (Co-Spokesperson) 1, S. Bagchi1, T. Dickel2, P. Egelhof1, T. Grahn3, E. Haettner1, A. 

Jokinen3, B. Kindler1, G. Kraft1,N. Kuzminchuk-Feuerstein1, B. Lommel1, C.C. Montanari4, Z. Patyk5, S. Pietri1, Y. Pivovarov6, W.R. Plaß1, A. Prochazka1, C. 

Scheidenberger1,2, V.P. Shevelko8, D. Severin1, P. Sigmund7, A. Sørensen9, T. Stöhlker1, Y. K. Tanaka1, B. Voss1, J.S. Winfield1, M. Winkler1 

& Super-FRS experiment collaboration

 

1 GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany, 2 Justus-Liebig-Universität Gießen, Germany, 3 University of Jyväskylä, Finland,4 

Universidad de Buenos Aires, Argentina, 5 National Centre for Nuclear Research, Hoża 69, 00-681 Warszawa, Poland, 6 Tomsk Polytechnic University, Tomsk, Russia, 

7 University of Southern Denmark, Odense M, Denmark, 8 P. N. Lebedev Physical Institute, Moscow 119991, Russia9 University of Aarhus, Aarhus C, Denmark



Projectile from SIS-18

208Pb

35, 50, 70, 100, 280 
MeV/u

Targets

2 - 327 
mg/cm2

2 - 524 
mg/cm2

Gases Solids

7N2 6C

18Ar 22Ti

36Kr 40Zr

54Xe 50Sn

C3H6 (C3H6)n

~400 𝑩𝝆 settings 
for ~800 spectra!!

What are we interested in?

• Very heavy ions: 238U, 209Bi, 208Pb

• Involvement of many charge states 𝒒, 

which complicates theoretical 

predictions.

• The experimental data are scarce.

• The gas-solid difference has been 

ignored in theory.

The experiment



• For the first time, both the mean charge states and 
stopping powers of 208Pb ions at 35-280 MeV/u in gases 
and solids have been measured simultaneously with an 
accuracy of 1%.

• The Bohr-Lindhard density effect for stopping powers is 
unambiguously verified in the energy range of the present 
experiment.

• When the projectiles are nearly fully ionized the gas-solid 
difference vanishes.

• An unprecedented accuracy of better than 3 % has been 

achieved when the measured mean charge-states are 
implemented in the Lindhard Sørensen theory. 

Main results

S. Ishikawa et al., Physics Letters B 846 (2023) 13



Major achievement of S4609 proposal: Stopping Powers of Gases Measured with <1% Accuracy

Graphenic Carbon Vacuum Windows

Thickness < 1 µm and can handle a 1-bar differential pressure.

Konstantina Botsiou, Master Thesis, TU Darmstadt (2024) 

High accuracy measurement of graphenic carbon stopping power  using alpha particle energy loss measurements



Physics Department Award, Tohoku 
University – Best Doctoral Thesis 2021

Outlook

What is still to be done

• Publish the extensive data on charge-state 
distribution and stopping power measured 
during this experiment (Ar - Ti, Xe - Sn, 
C3H6 - (C3H6)n).

➢ This data is analysed as part of Shunki 
Ishikawa’s doctoral thesis.

• Analyse and publish the straggling data.

• Use the charge-state measurements to 
extend and validate the computer code 
ETACHA.

➢ ETACHA is the only charge-state 
simulation code that accounts for the 
temporary population of excited 
states during target passage.

Publication status



Sivaji Purushothaman for the Super-FRS EC 

Status: G-PAC proposals S533

“Measurements of nuclear and atomic interactions needed for ion-beam therapy with 

positron emitters of carbon and oxygen”

S. Purushothaman (Spokesperson)1, E. Haettner (Co-Spokesperson) 1 , M. Durante (BARB PI) 1,2, P. Dendooven3, H. Geissel1,4, C. Scheidenberger1,4,  B. Franczak1, 

H. Weick1, D. Boscolo1, C. Graeff1, F. Horst1, C. Schuy1, U. Weber1, J. Äystö5,6, S. Bagchi1, T. Dickel1,4, V. Drozd1,3, T. Grahn5,6, J.-P. Hucka1,2, M.N. Harakeh3, C. 

Hornung1,4, F. Greiner1, N. Kalantar-Nayestanaki3, E. Kazantseva1,  R. Knöbel1, D. Kostyleva1,4, N. Kuzminchuk-Feuerstein1, B. Lommel1,  I. Mukha1, C. Nociforo1, K. 

Parodi7,  S. Pietri1, W.R. Plaß1,4, A. Prochazka8, H. Roesch1,2, M. Safari7, F. Schirru1, H. Simon1, Y. K. Tanaka9, I. Tanihata10,11,12,  P. Thirolf7, B. Voss1, M. Winkler1, J. 

Zhao1,11 and  the Super-FRS Experiment Collaboration. 

 

1 GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany , 2 TU Darmstadt, Germany , 3 University of Groningen, Groningen, the Netherlands , 4 JLU 

Gießen, Germany, 5 University of Jyväskylä, Jyväskylä, Finland , 6 Helsinki Institute of Physics, Finland , 7 Ludwig-Maximilians Universität München, Germany , 

8 Medaustron, Wiener Neustadt, Austria, 9 RIKEN High Energy Nuclear Physics Laboratory, Japan , 10 RCNP, Osaka University, Mihogaoka, Ibaraki, Osaka, Japan , 

11 Beihang University, Beijing, China , 12 Institute of Modern Physics, Lanzhou, China



S4

HTM

FRS

SIS-18
Symmetric  branch of FRS - S4
• Atomic and nuclear interactions
• In-beam PET imaging 
• Depth dose measurements in water
• Total and charge-changing cross-section

Medical cave – HTM
• Biomedical Application
• Transport RIB from FRS to HTM
• Visualise RIB using PET and hybrid y-PET detector 
• Validate therapeutic potential of RIB in animals



S4

FRS

SIS-18

February 2021 - C block

• Total interaction and charge-changing cross-section of 10,11,12C in carbon, 
water, PE and Be

• In-beam PET imaging of isotopically pure 10,11,12C implanted in PMMA and PE 
phantoms

June 2021 - O block

• Charge-changing cross-section of 14,15,16O in carbon, Water, PE 

• In-beam PET imaging of isotopically pure 14,15,16O implanted in PMMA and PE 
phantoms
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PET imaging at FRS



Projection to the

 beam axis

2D PET image of 14O after 4 implantation cycles
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Cumulative positron activity profiles 1D activity profiles during irradiation

Evaluation of the positron activity: Peak position and its uncertainty



Quasi-real-time range monitoring

Purushothaman, Sivaji, et al., Sci Rep 13, 18788 (2023)
Kostyleva, Daria, et al. Phys. Med. Biol 1 (2023)

Which is the best positron emitting therapy beam



Publication status

Upcoming publications

Ongoing analysis:

• Total interaction and charge-changing cross-section of 10,11,12C in carbon, water, PE and Be  (Rinku Kumar Prajapat)  
• Charge-changing cross-section of 14,15,16O in carbon, Water, PE (Daria Kostyleva)
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Next Steps and Opportunities
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