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Halo nuclei



Presentation of J. Casal 2020

Halo nuclei in nuclear chart

1n halo



Nuclear reaction approach  

Presentation of A. M. Moro 2014



Presentation of A. M. Moro 2014

Elastic scattering between Halo and stable nuclei

What is happening?



What happens in nuclear reaction with weakly bound nuclei 

Coulomb repulsion

Coulomb excitation 
breakup



Generalized Optical potential

Pψ = ψp
Qψ = ψQ

P : elastic channel 
Q : reaction channel 

P, Q : Feshbach projection operators

PHP = HPP
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PHQ = HPQ
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: Effective Hamiltonian(HPP + HPQ
1

E − HQQ
HQP)ψP = EψP

GQQ =
1

E �HQQ
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Generalized Optical potential

Presentation of A. Denikin : 2017



Phenomenological optical potential

elastic contribution reaction channel contribution 

(treating as optical absorption) 
Imaginary potentialreal potential real potential

back to elastic channel go out to other channel

VPh
OM = Vel

R + (Vre
R + iVre

I )

VPh
OM = V + iW σtotal = σel + σnon−el



18O +184W

184W 0

2+
18O+184W* effectincluding



Phenomenological extended optical potential

VPh
OM = V + iW = VN + Vinel + Vbu ∼ (VN + iWF) + (Vinel + iWinel) + (Vbu + iWbu)

WF

WDb ∼ Wbu

TBU;inel;l =
8
hv ∫

∞

0
| χ+

l (r) |2 Winel;Budr

σtotal = σel + σnon−el = σel + [σfusion + σinel + σbu]

∼ Winel



Construction potential with weakly bound nuclei

elastic scattering + inelastic scattering + Coulomb breakup 
contribution of dipole Coulomb excitation  

M. Andres et al, Nucl. Phys. A 612 82  (1997) real part imaginary part

and

Vinel + Vbu ∼ Uinel
CDE + (Ubr

CDE + Vresidue + iWresidue) fitting (Long rage effect and so on.)



T. NAkamura et al : Phys. Rev. Lett 96 252502 (2012)

Example : Coulomb dipole excitation(CDE) of 11Li. 

Real and imaginary parts are connected  
by dispersion relation 

T. H. Kim, W. Y. So, K. S. Kim K. S. Choi, Kyoungsu Her and Myung-Ki Cheoun: JKPS 73 533 (2018)



11Li + 208Pb case (elastic and break up)

T. H. Kim, W. Y. So, K. S. Kim K. S. Choi, Kyoungsu Her and Myung-Ki Cheoun: JKPS 73 533 (2018)



11Be + 64Zn and 11Be + 120Sn case

W. Y. So, K. S. Kim K. S. Choi and Myung-Ki Cheoun: Phys. Rev. C 93 054624 (2016)

(elastic and break up)



11Be + 197Au case (elastic, inelastic and break up) 

V. Pesudo et al. Phys. Rev. Lett 118 152502 (2017) 
K. S. Heo, M.K.Cheoun, K.S. Choi, K.S. Kim, W. Y. So EPJ 56,42(2020)



17F + 208Pb case (elastic, inelastic and break up) 

K. S. Heo, M.K.Cheoun, K.S. Choi, K.S. Kim, W. Y. So PRC 105 014601 (2022)



10C+ 208Pb case (elastic and inelastic) 

K. S. Heo, M.K.Cheoun, K.S. Choi, K.S. Kim, W. Y. So submitted. 

R. Linares et al.  Phys. Rev. C 103, 044613 (2021)



Nuclear reaction approach  

Presentation of A. M. Moro 2014



Fusion reaction: compound nucleus formation

target

Projectile

fusion compound formulation  

energy production in stars
https://fusionforenergy.europa.eu/
https://www.thphys.uni-heidelberg.de

super heavy elements nucleosynthesis



Presentation of K.Hagino  : 2018. 09. 21



(Barrier penetration model(BPM))One-dimensional potential model

:

2-body assumption



K.Hagino et al : CPC 123, 143 (1999)

Fusion reaction with Coupled-Channel method in BPM
(Barrier penetration model)

Coupled with excited states



AKyuz-Winther(AW) Potential(Global potential)

R. A. Broglia and A. Winther, Heavy-Ion Reactions (Addison-Wesley, New York, 1991). 

(typical Wood-Saxon potential form) 

attractive nuclear force



R. H. Spear : At. Data Nucl. Data Tables 42, 55 (1989)
V. V. Parkar et al : Phys. Rev. C 82, 054601 (2010)

M. Dasgupta et al : Phys. Rev. C 70, 024606 (2004)

Total fusion cross section of 9Be + 208Pb

Ki-Seok Choi et.  al.  :JKPS. 70, 42 (2017)



Total fusion reaction : 6He+ 209Bi and 11Li+ 208Pb

Ki-Seok Choi et.  al.  :JKPS. 70, 42 (2017)A. A. Hassan et al : Bull, Rus. Acad. Sci. Phys. 70, 1558 (2006)

A. M. Vinodkumar : Phys. Rev. C 87, 044603 (2006)



Raabe et.  al.  :Nature. 431, 823 (2004)



S2n=369KeV

1.266MeV

2.474MeV

11Li level information

Unbound state?

ground state 

J. Kelley et al : Nucl. Phys. A 880, 88 (2012)

transfer channel will be opened 

dominant channel : 9Li + 210Pb



~r1 ~r2

Projectile Target~r

~r � ~r1 + ~r2
valance part

core part

Folding Potential for 11Li + 208Pb

⇠ V ct
WS(~R) + V 2nt

WS (~R)



11Li +208 Pb 9Li +210 Pb 7Li +212 Pb

folding potential AW potential AW potential

Modification of coupled channel equation  

Ch1 : 11Li +208 Pb
2-neutron transfer 

Ch2 :

Ch3 :
2-neutron transfer 

9Li +210 Pb

7Li +212 Pb

4-neutron transfer 
ignorance

4 fitting parameters F1!2(r)



11Li + 208Pb fusion reaction with transfer contribution

A. M. Vinodkumar : Phys. Rev. C 80, 054609 (2009)

A. M. Vinodkumar : Phys. Rev. C 87, 044603 (2006)Ki-Seok Choi  Myung-Ki Cheoun  W.Y. So  K. Hagino , K.S. Kim :PLB. 780, 455 (2018)

sequential  fitting for form factors



M. Alcorta et. al : Phys. Rev. Lett 106, 172701 (2011)

15C + 232Th fusion reaction case

Sn=1218KeV



Construction of Potential

V0

1 + e(r − R0 − R0β2Y20(θ))/a
V0(r)Y00(θ) + V2(r)Y20(θ) + V4(r)Y40(θ)

V0 V2 V4

232Th14C

232Th

n

14C

232Th

n
K. Hagino and H. Sagawa, Phys. Rev. C 75, 021301 (2007). 



M. Alcorta et.  al.  : Phys. Rev.  Lett. 106, 172701 (2011)

V0

1 + e(r − R0 − R0β2Y20(θ))/a
V0(r)Y00(θ) + V2(r)Y20(θ) + V4(r)Y40(θ)

Construction of Potential

Ki-Seok Choi, K.S. Kim, Myung-Ki Cheoun,  W.Y. So, K. Hagino: Phys. Rev. C 103, 034611 (2021)



Fusion cross section for the 15C + 232Th

M. Alcorta et.  al.  : Phys. Rev.  Lett. 106, 172701 (2011)
Ki-Seok Choi, K.S. Kim, Myung-Ki Cheoun,  W.Y. So, K. Hagino: Phys. Rev. C 103, 034611 (2021)

232Th14C

14C 232Th
n

n

15C +232 Th

14C +233 Th ∼14 C +232 Th



Summary 

We introduced general formalism for direct and fusion reactions  
                                                       including halo nuclei in our group.

Also, we looked around approaches for description of fusion reaction, 
and verified contributions of halo properties in fusion process. 
  

Experimental data including weakly bound nuclei as halo nuclei are  
successfully reproduced  using extended optical model formalism.                                     

More experimental data including halo and exotic nuclei are expected
by improved facilities.                                    


