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• The distribution(rms) of neutron = 2.20 fm

• proton = 2.98 fm

• whole nucleus = 2.72 fmLight Proton Halo Nuclei

Courtesy of Peter Mueller 
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9C 10C 11C 12C

S_n 14.2 21.2 13.1 18.7

S_p 12.9 4.0 8.7 15.9

~60 MeV

of carbon
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Target

Projectile (fast beam)

9Be/ 12C

Two-Nucleon Knockout Model

E.C. Simpson and J. Tostevin et al., PRL 102, 132502 (2009)

J. Tostevin, B.A. Brown, PRC 74, 064604 (2006)

Theoretical Cross sections:

Reaction: Eikonal & Sudden approximation

Structure: 2N Overlap from Shell Model

2n or 2p knockout (T=1)

A. Gade et al., Phys. Rev. C 74 , 021302(R) (2006)

D. Bazin et al., Phys. Rev. Lett. 91, 012501 (2003)

K. Yoneda et al., Phys. Rev. C 74 , 021303(R) (2006)

Framework to quantitatively assess 

descriptions of 2n & 2p T=1 correlations

P. Fallon et al., PRC 81, 041302(R) (2010)

- 2n knockout from 34Ar, 30S, 26Si

2N knockout cross sections 

→ carry information of 2N correlations 

Courtesy of J. Lee



1. Use the carbon beam from fragmentation by HIC
and scatter off Carbon target. 

2. Measure light ion and collect A=10 nuclei.



12C – Interesting Physics Found & Hidden 

T=0 np-spatial correlations in the 

wave functions are insufficient

First Calculations : np removal from 12C (with Shell Model Calc. from B.A. Brown)

Advanced Model np removal with T=0 

-2p

-2n

-np

p-shell

E.C. Simpson and J.A. Tostevin, PRC 83, 014605 (2011).

WBP

PJT interaction

T = 0 cross-sections – sensitive to 

different effective interactions !

10B
Shell model

Courtesy of J. Lee



np-Correlations & 3-body Force

⚫ TOSM (tensor-optimized shell model) T. Myo (Osaka Tech)

■ Conventional   

Shell model

Ο NCSM (NN+3N)

∆NCSM (NN, w/o3N)

Significant Increase in the T=0                  

Cross Sections !

T=0 cross section Sensitive to 3N-force !

Final-State-Exclusive Data needed to pin-point the physics !

✓ No-core Shell Model (NCSM) 

(realistic 2-body and 3-body forces )

P. Navratil (TRIUMF) 

✓ Conventional Shell Model                          

B.A. Brown (MSU)

Structure 

Model

Eikonal-Theory 
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np-removal of 12C on 12C target  

10B

E. C. Simpson, P. Navrátil, R. Roth, and J. A. Tostevin

Phys. Rev. C 86, 054609 

Courtesy of J. Lee
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10Be can produced from the SN ! 



Moreover the data of the ratio 10Be/9Be was obtained from the meteorite analysis. 
Note that 10Be is unstable and 9Be is stable. 
But previous calculation predicted that 10Be cannot be produced by the neutrino-process
because the destruction channel 10Be(a,n)13C was overestimated i.e. 10Be was destructed fully.   



But, even if we use the correct rate for the (a,n) reaction,
the production rate is smaller than the production by the cosmic ray, which
is a kind of the spallation by cosmic rays. 

That is the reason why the main mechanism is the spallation by the CR.   Is it true?



(a,n) destruction
Reaction to 13C

Main nuclear reactions for the production of 10Be in the neutrino process

Destruction Reactions (a,n) and (p,a) are fixed by data and new calculations.
But the problem remained is the (p,n) reaction and its inverse reactions,
because we do not have data and theoretical calculations are still questionable. 





Destruction reaction 10Be(p,n)10B is too large.
It is calculated by Talys !

(0.01 T9 < T <10 T9)

0.00086 MeV (= 0.086 keV) < E < 0.86 MeV)

1MeV=1.16*10^10 Kelvin

(n,p) and (p,n) reactions 
by Talys which was used in the process

That is the reason 10Be was too small O(-22) 
in the previous calculation which used the Talys results!!



(n,p) and (p,n) reactions
10B(n,p)10Be rection from JENDL-5



(n,p) and (p,n) reactions10Be(p,n)10B rection by Chiba using 10B(n,p)10Be reaction data from JENDL-5



If we use the new data for the (n,p) and (p,n) reactions deduced from JENDL data,

The destruction becomes small, and the construction is larger than those by the Talys.  Be10 abundance is up !! 



Summary 1
As suggested by Nature, we used new data 
for 10Be(a,n)13C from JINA REACLIB . 
But 10Be abundance is very small.

Summary 2
Previous calculation used the Talys results 
for 10Be(p,n)10B, which destroyed 10Be.
But new calculations based on JENDL-5
showed that the (p,n) reaction is small, 
so that
10Be abundance increases.  

The CEX is really important and needs the experimental data !! 



(a,n) destruction
Reaction to 13C

(n,g) and (g,n) reactions

However, there is another production channel from 11Be, 11Be(g,n)10Be.





We used the (n,g) data from NNDC and calculated reverse reaction by the balance equation.
The contribution turns out to be critical for the 10Be production process.
Of course, we need experimental data to justify these reactions. 
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Dynamics of Halo Nuclei 



Long Range Nuclear (LRN) Force rather than CDE !! 
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Elastic Scattering Cross- section

𝐏𝑬 = 𝐝𝛔𝐞𝐥./𝐝𝛔𝐑𝐮𝐭𝐡

Kyoungsu Heo et al. EPJA. 56:42 (2020) 



Inelastic Scattering Cross- section
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Summary and Conclusion

1. For the ratio of the X-section to Rutherford scattering of Carbon isotopes, specifically, for 10C, 
we construct the BU potential and explained the irregular behavior of 10C scattering.

2. In order to understand the dominant role of IS(T=0, np) part in the two nucleon knockout reactions of
12C + 12C scattering, we explicitly include the TF in the residual interaction inside nuclei and 
explain the large ratio of the IS to IV (nn and pp) knockout reactions.

3. For understanding  the cosmological origin of 10Be, we examine the thermal nuclear reactions for the
production mechanism. 10Be(p,a)13C, 10Be(n,p)10B, 10B(p,n)10Be turn out to play crucial roles 
as well as the neutrino-induced reactions on 12C. 
In addition, 11Be(g,n)10B reaction is suggested to be another  key reaction 
to explain the meteorite abundance ratio.

4. For LENR of 11Be, we calculated the BU reaction, the inelastic scattering by the CDE and finally explained 
the ratio of the quasi-elastic scattering.

5. For other halo nuclei, such as 11Li and 6He, we can explain the X-section data by the OM or extended OM
approach.  For detailed calculations including fusion reactions, 
we refer to the references of our previous papers. 



Thanks for your attention !!


