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Preparation at GSI started in March 2019
Experiment conducted in January-March 2022
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• Planar type for Forward-detector mode
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Our wishes

WASA, but upgraded

New superconducting solenoid
• Electric cooling system
• 2 T
• < 1 M Euro (Toshiba Engineering Co.)

New Inner drift chamber
• Planar type for Forward-detector mode

New detector system

• Larger magnet ( 2m diameter)
• 2 T
• Compact to be installed at the Super-FRS
• Modular detectors (planar and cylindrical)

WASA+

New detector

Photos by Jan Hosan and GSI/FAIR



Physics subjects
Hypernuclear physics
• Proton rich hypernuclei with proton-rich beams
• Neutron rich hypernuclei with charge-exchange reactions

Mesic-nuclei and –atoms

Baryon resonances in exotic nuclei

More physics cases
• Hadron physics with RI-beams
• Other ideas (astrophysics, applications, …)
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AMS-02 in the International Space Station

Search for anti-matter
• Anti-He isotopes

Search for dark-matter candidates
• Annihilation of neutralino

Search for strangelet

Measurements of high energy cosmic rays



Very recent results 
for 10Be/9Be by AMS-02 



What do we want to learn from the 10Be/9Be? 
9Be: stable
10Be: T1/2 = (1.387±0.012) x 106 years

• Similar to a typical period for cosmic rays staying inside the galaxy

10Be/9Be is sensitive to how cosmic rays propagate in the galaxy

• Information on  the distribution of the magnetic field (strength and size)
• It can not be deduced by light since the number of stars in the edge of the galaxy 

is not sufficient to observe light



What do we want to learn from the 10Be/9Be? 
9Be: stable
10Be: T1/2 = (1.387±0.012) x 106 years

• Similar to a typical period for cosmic rays staying inside the galaxy

10Be/9Be is sensitive to how cosmic rays propagate in the galaxy
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• It can not be deduced by light since the number of stars in the edge of the galaxy 

is not sufficient to observe light

Distribution of the magnetic field of the galaxy

Propagation of cosmic-rays

The amount of X-rays induced by reaction of cosmic-rays

If the excess is observed, it can be contributions from dark matter



What do we need to know? 
Where are 9Be and 10 Be from? 
• Not directly produced by supernova-explosions
• Fragmentation reaction of C/N/O (produced by supernova-explosions) 

with hydrogen in space 
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What do we need to know? 
Where are 9Be and 10 Be from? 
• Not directly produced by supernova-explosions
• Fragmentation reaction of C/N/O (produced by supernova-explosions) with 

hydrogen in space 

9Be and 10 Be are also fragmented with hydrogen in space during their 
propagation in the galaxy 

Uncertainty is originated from fragmentation reaction cross section

Data of fragmentation reactions are limited, especially at high energies



Fragmentation reaction data
With high energy heavy ion beams with a hydrogen target

• Mainly measured at Bevalac in the Lawrence Berkeley Laboratory 
(for example, PRC 41 (1990) 547)

• Summarized in PRD 99 (2019) 103023









9Be: 
• No data at high energies
• Almost no data with 14N beams

10Be
• No data at high energies

Necessity of fragmentation data of 
C, N, O  ➝ 9Be, 10Be 
with a hydrogen target 



P. De La Torre Luque et al JCAP03(2021)099



Fragmentation reaction of 9Be and 10Be
Propagation of 9Be and 10Be in the galaxy

• Assumption: same cross section for 9Be+p➝X and 10Be+p➝X, 
therefore, no affection on the 10Be/9Be ratio is EXPECTED

HOWEVER, 



Fragmentation reaction of 9Be and 10Be
Propagation of 9Be and 10Be in the galaxy

• Assumption: same cross section for 9Be+p➝X and 10Be+p➝X, 
therefore, no affection on the 10Be/9Be ratio is EXPECTED

HOWEVER, 
Charge radii of 9Be and 10Be are significantly 
different

PRL 102 (2009) 062503 



Fragmentation reaction of 9Be and 10Be
Propagation of 9Be and 10Be in the galaxy

• Assumption: same cross section for 9Be+p➝X and 10Be+p➝X, 
therefore, no affection on the 10Be/9Be ratio is EXPECTED

HOWEVER, 
Charge radii of 9Be and 10Be are significantly 
different

PRL 102 (2009) 062503 

9Be: (2.519 fm)2 = 6.345 fm2

10Be: (2.357 fm)2 = 5.555 fm2

5.555/6.345 = 0.875

Fragmentation cross section of cosmic 9Be and 
10Be with a hydrogen target must be different

We need precise fragmentation data



Additional interest on the production of 10Be

Low-mass single core-collapse supernova (CCSN) may contribute 
significantly to understand the the generation/formation of the solar 
system, and the CCSN could eject more 10Be

• 10Be excess in Calcium-aluminum-rich inclusions in a range of 
meteoritic samples: 
10Be/9Be ∼ (7.5±2.5) X 10-4



Additional interest on the production of 10Be



Production of 10Be
• Precise measurement of 9Be and 10Be fragmentation reaction cross 

section

• Theoretical calculations including the propagation of 9Be and 10Be

• Deducing the contribution on the amount of 10Be by the Low-mass 
single core-collapse supernova (CCSN)

• Contributing to understand the generation/formation of the solar 
system



Importance of the precision
Not only for C/N/O/Be+p, but also the others 

PHYSICAL REVIEW C 98, 034611 (2018) 

Current precision for the amount of Be: about 28％

To improve down to 10 %
• 12C + H
• 16O + H
• 16O + He
• 28Si + H
• 11B + H
• 12C + He
• 24Mg + H
• 14N + H

We need various fragmentation cross section data at high energies



Contribution from heavier nuclei
Ne, Mg, Si, Fe →  Li, Be, B
• 20 % contribution
• Almost NO DATA



Unpublished 
Fragmentation cross section data

Private communication

• Proton target
• 308 – 450 A MeV
• 12C, 14N and 13,14,15,16,20,22O projectiles 









What do we want to achieve?
Precise measurement of fragmentation reactions at high energies

• With stable heavy ion beams: Be, B, C, N, O, Mg and Si on H/He target

• RI-beams: especially 10Be on H target

• We have to identify final channels (isotopes clearly)
• Possible only with FRS/Super-FRS at GSI/FAIR 
• Using the setup at the CBM cave (10 A GeV) is not practical to provide clear isotope identifications

However, we can currently only up to around 2 A GeV with FRS/Super-FRS

We need a robust cross section model up to 10 A GeV

Exclusive measurement including all final states by measuring nuclei, baryons and mesons up to at 2 A GeV

Constructing a robust fragmentation reaction model, also valid at 10 A GeV

Validating the model to measure inclusive fragment cross sections at 10 A GeV at the CBM cave

By using the constructed fragmentation model, one can perform theoretical calculations for the propagation 

of cosmic-rays, thus then reveal the structure of the galaxy  



Measurement of fragmentation cross section up to 2 A GeV

GSI/FAIR in Germany

GSI

Including unstable nuclear beams 
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Exclusive fragmentation reaction 
cross section for different final 
states

• 12C + H ➝ X
• 14N + H ➝ X
• 16O + H ➝ X
• 16O + He ➝ X
• 28Si + H ➝ X
• 11B + H ➝ X
• 12C + He ➝ X
• 24Mg + H ➝ X
• 9Be + H ➝ X
• 10Be + H ➝ X
• Ne, Mg, Si, Fe →  Li, Be, B

0.5 A GeV – 2.0 A GeV

Measuring nuclei, baryons and mesons 
(especially protons, pions and kaons)

Developing a robust nuclear fragmentation model/theory
up to 2 A GeV  

Measurement of fragmentation cross section up to 2 A GeV

WASA-FRS setup



WASA magnet upgrade is important
• 1 T → 2 T
• Electric cooling

Improvement for studying
• Hypernuclei
• Mesic-nuclei and –atoms
• Baryon resonances in exotic nuclei

Also opening new opportunities for studying
• Example: Nuclear fragmentation reaction 
• To understand the structure of the galaxy
• To deduce the contribution to cosmic photons from dark matters
• To understand the origin of the solar system 



Pp = 0.4 GeV/c
1.0 T 1.25 T 1.5 T

1.75 T 2.0 T

Dp/p: 
7.6 %

Dp/p: 
6.2 %

Dp/p: 
5.5 %
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4.8 %

Dp/p: 
4.2 %

Current
WASA

Particle ID and Momentum
（Current 1.0 T）
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Measurement of fragmentation cross section above 10 A GeV
(Validation of the developed model/theory)

GSI/FAIR in Germany

CBM

Only with stable nuclear beams 



Summary
• Information on propagation of energetic cosmic-rays is important for 

understanding the structure of the galaxy
• Fragmentation of propagating cosmic-rays (nuclei) with an intersteller hydrogen 

plays an important role
However, the experimental data are poorly precise or missing

• Nuclear physicists should measure fragmentation reaction cross sections  
precisely
• Our ideas: 
• Exclusive measurement up to 2 A GeV with the WASA-FRS setup at GSI, 

including fragmentation of rare-isotope beams,  in order to develop robust 
fragmentation reaction theory/model
• Validate the theory/model by measuring the cross section around at 10 A GeV 

by using the CBM setup at FAIR


