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How a halo nucleus responds when it 
absorbs a photon (E1 Response) ?
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Coulomb Breakup → E1 Response
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11Be

Heavy Target (Pb)

11Be* 10Be

n


 > 0.3 Invariant Mass:

)Be(),( 10PnP
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Cross section   =   (Photon Number)×(Transition Probability)

Equivalent Photon Method

𝑑𝜎𝐶𝐵
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16𝜋3

9ℏ𝑐
𝑛𝐸1 𝐸𝑥

𝑑𝐵(𝐸1)

𝑑𝐸𝑥

𝑀 11Be∗ = 𝐸 10Be + 𝐸 𝑛 2 − Ԧ𝑝 10Be + Ԧ𝑝 𝑛 2

𝐸𝑟𝑒𝑙 = 𝑀 11Be∗ − 𝑀 10Be − 𝑚𝑛

𝐸𝑥 = 𝐸𝑟𝑒𝑙 + 𝑆𝑛

C.A. Bertulani, G. Baur, Phys. Rep. 163, 299(1988).

T. Aumann, T. Nakamura, Phys. Scr. T152, 014142(2013).

T. Nakamura, Handbook of Nuclear Physics, pp1-37 (2023).



First Indication of Soft E1 Excitation
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T.Kobayashi et al., Phys.Lett. B232, 51 (1989).
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Soft E1 Excitation of 1n halo nuclei
→Halo Wave Function
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Soft E1 excitation

10~20MeV1~2MeV

core
n

dB(E1)
dEx

 exp(iqr)|   rY1
m|gs |

2Z
A

C2S
-Sn

 ~ C2S|exp(-r/)/r|2

Fourier 

Transform

Halo State

 exp(iqr)|   rY1
m|s1/2 |

2Z
A

Direct Breakup Mechanism (Not Resonance!)

𝐶2𝑆 01
+; 1/2+ = 0.72± 

                  (11Be Fukuda2004)

E1 Strength

Soft E1 Excitation of 1n halo—Sensitive to Sn, l , C
2S

N.Fukuda, TN et al., PRC70, 054606 (2004) 

TN et al.,PLB 331,296(1994)

Palit et al., PRC68, 034318(2003)

Giant Dipole Resonance(GDR)
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𝑆𝑛s-wave halo: 𝐸𝑟𝑒𝑙

(𝑝𝑒𝑎𝑘)
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e.g. Peak Energy
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Soft E1 Excitation of 2n Halo Nuclei
→ Probe of Dineutron Correlation

T. Nakamura et al. PRL96,252502(2006).

Soft E1 Excitation of 2n-halo→ dineutron correlation
Spatial Correlation in the Ground State of 11Li

11Li 

9Li
core
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Ԧ𝑟𝑐−2𝑛

E1 Non-energy weighted cluster sum rule

𝐵 𝐸1 = න
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𝑑𝐸𝑥
𝑑𝐸𝑥

=
3

4𝜋
𝑍𝑒

2

𝐴

2

𝑟𝑐−2𝑛
2

=
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4𝜋

𝑍𝑒

𝐴

2

𝑟1
2+ 𝑟2

2 + 2 𝑟1 ∙ 𝑟2

𝜃12 = 66°−18
+22 

C.A. Bertulani, M.S. Hussein, 

PRC76, 051602(R)(2007).

c.f. 
K. Hagino, H. Sagawa

PRC76, 047302 (2007).

𝜃12 = 56.2°−21.3
+17.8 

𝐵 𝐸1 = 1.42 18 𝑒2𝑓𝑚2 𝐸𝑟𝑒𝑙 ≤ 3 MeV
→ 1.78 22 𝑒2𝑓𝑚2 → 𝜃12 = 48°−18

+14

11Li



Coulomb Breakup of 31Ne
                       -- 1n halo nucleus in the island of inversion
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Inversion
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37Mg

40Ca 48Ca

32Mg

31Na

30Ne 32Ne

32Na 33Na

33Mg34Mg

41Ca

37S

35Si34Si

36S

39Na

40Mg

42Si

34Ne

34Na35Na 37Na

38Mg35Mg36Mg

N=21

Island of Inversion

(Strongly deformed/N=20,28 Magicity Loss)

28O Y.Kondo et al. Nature 620, 965 (2023).

N=20 magicity lost (although likely spherical) 

30F 

Ground state: 

p-wave resonance

J.Kahlbow et al. 

PRL 133, 082501 (2024).

1n Halo

2n Halo

N=21 Isotones
41Ca, 39Ar, 37S, 35Si
Ground state :  7/2-  (f7/2)

33Mg:
Ground state: 3/2- (p3/2)

D.Bazin, PRC103, 064318(2021)

31Ne:
Ground state: 3/2- (p3/2)

TN, N.Kobayashi, 

PRL2009,PRL2014

39Ar



Previous Work: “Inclusive” Coulomb/nuclear breakup
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Exp. σ-1n(C;0+
g.s.)  = 33(15) mb

Exp. σ-1n(E1;0+
g.s.) = 448(108) mb

Theoretical calc. for
 |31Neg.s. 〉 = |30Ne(0+

g.s.) ⊗ p3/2〉 (C2S = 1)

Nuclear breakup

Coulomb breakup

C2S = 0.32-0.17

+0.21

Sn = 0.15-0.10

+0.16  MeV

68%C.L.

|31Neg.s. 〉: 3/2-   |30Ne(0+
g.s.) ⊗ p3/2〉 component

37Mg: N.Kobayashi, TN et al., PRL 112, 242501 (2014). 3/2-/1/2-  Sn=220(12)keV
29Ne: N.Kobayashi, TN et al., PRC 93, 014613 (2016). 3/2- Sn=960(140) keV

31Ne: 3/2-    p-wave halo | ൿ30Ne 0𝑔.𝑠.
+ ⨂𝑝3/2

Deformed in spite of N=21

31Ne

Sn (
31Ne)=-0.06(0.42) MeV L.Gaudefroy et al., PRL(2012)

TN, N. Kobayashi et al., PRL 103, 262501 (2009).
TN, N.Kobayashi et al., PRL 112, 142501 (2014). 

Limited 

to gs-core config.

→ Nobu Kobayashi’s Talk
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CsI(Na) array
γ-ray detector

CATANA

Targets:
Pb:2.76 g/cm2

C : 2.15 g/cm2

31Ne 
240 MeV/u

Plastic
0.5mm×2

SAMURAI

Dipole Magnet

 @ 2.9 T

Charged particle detectors

MWDC
Plastic Scintillator array

HODF24

Neutron detectors 
(Plastic Scintillator Array)

NeuLAND NEBULA

n
30Ne

Experimental Setup:
Coulomb breakup of 31Ne at SAMURAI at RIBF, RIKEN



11

*TN, N. Kobayashi et al., PRL112, 142501 (2014).

𝑆𝑛 (MeV) 𝐶2𝑆 01
+; 3/2− 𝐶2𝑆 21

+; 3/2− 

This work

Prev. work* 0.15−0.10
+0.16 0.32−0.17

+0.21 -

SM(SDPF-M) 0.212 0.265

30
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Double-component Halo: Unique to p-wave halo
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Double-Component Halo: 
✓ Unique feature of p-wave halo

|31
Ne 3/2− > = 𝛼

30
Ne 01

+ ⊗ 2𝑝3/2 > +𝛽
30

Ne 21
+ ⊗ 2𝑝3/2 >

p-wave halo p-wave halo
𝑆(eff)

𝑛 = 𝑆𝑛 + 𝐸𝑥 21
+  ~1.0MeV

|11
Be 1/2+ > = 𝛼

10
Be 01

+ ⊗ 2𝑠1/2 > +𝛽
10

Be 21
+ ⊗ 1𝑑5/2 >

s-wave halo non-halo

c.f. Single-component for s-wave halo
𝑟 (fm)

30
Ne 01

+ ⊗ 2𝑝3/2
30

Ne 21
+ ⊗ 2𝑝3/2

Total

𝜌
𝑟

 (
fm

−
3

)

r.m.s radius 

for the sum of the two p-wave components



Coulomb Breakup of 22C
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Heaviest s-wave two-neutron halo accessible
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20C

22C=20C+2n (halo)?

𝑆2𝑛 = 0.034 20  MeV AME2020: Chinese Phys. C45 030003 (2021).

𝑆2𝑛 = −0.14 46  MeV 

         Direct Mass Measurement: L.Gaudefroy et al. PRL109, 202503(2012).

𝑆2𝑛~0.01 MeV   K. Tanaka et al., PRL104, 062701 (2010).

 Reaction Cross Section Measurement (22C+p @40A MeV)    𝑟𝑟𝑚𝑠
22C = 5.4 9 𝑓𝑚

𝑆2𝑛 = 0.56−0.20
+0.27 MeV  Y. Togano et al., PLB761, 412 (2016).

 Reaction Cross Section Measurement (22C+C @235 A MeV) 𝑟𝑟𝑚𝑠
22C = 3.44 8 𝑓𝑚

 

n

n

18O 19O 20O 21O 22O 23O 24O

17N 18N 19N 20N 21N 22N 23N

17C 18C 19C 20C16C 22C

17B 19B15B

17O

16N

15C

14B 16B 18B 20B 21B

21C

1d5/2 2s1/21d5/22s1/2

S2n: Small but Controversial! 

~2𝜎 deviation

1s1/2

1p3/2

1p1/2

1d5/2

1d3/2

2s1/2

8

2

n
(halo-like?)

16?

Coulomb Breakup of 22C Nakatsuka, TN, in preparation22C

N.Kobayashi, PRC86, 054604 (2012).
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Experimental Setup:
Coulomb breakup of 22C at SAMURAI at RIBF, RIKEN

22C
233MeV/nucleon

20C

n

n

Pb3.25g/cm2

C 1.79g/cm2
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Coulomb Breakup of 22C: Preliminary Results
Nakatsuka, Y.Osawa, TN et al.,

Large Coulomb Breakup Cross Section

→ Soft E1 Excitation 
dB(E1)/dE in 22C:

Peak: Much broader and less pronounced than 19B

19B

3-body model (Hagino)

20C n

n

17B n

n

K.J. Cook et al. 

PRL124, 212503 (2020).

22C

22C+Pb

22C+C(x3.3)



Summary: 

Coulomb Breakup of neutron halo nuclei in 36 years 
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D. Pramanik et al. PLB 551, 63 (2002).
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TN et al., PRL 83, 1112 (1999).

TN et al., PLB 331, 294 (1994).

R. Palit et al, PRC 68, 034318 (2003).

N.Fukuda et al., PRC 70, 054606 (2004).
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TN, N.Kobayashi et al., PRL 112, 142501 (2014).
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N.Kobayashi et al., PRL 112, 242501 (2014). 

T. Kobayashi, Phys.Lett. B232, 51 (1989).
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Inclusive Coulomb Breakup Done

Exclusive Coulomb Breakup Done

T. Aumann, T. Nakamura, Phys. Scr. T152, 014142(2013).

T. Nakamura, Handbook of Nuclear Physics, pp1-37 (2023).

T.Tomai, TN, in preparation 



Perspectives

1818

26
77Fe51, 24

71Cr47, 24
73Cr49, 24

75Cr51

18
53Ar35

➢ Candidate Deformed s-wave halo

➢ Candidate Deformed s or p-wave halo

1g9/2, 3s1/2, 2d5/2 degeneracy

420 1/2

431 1/2

3p2h in 77Fe
Ω𝜋 = 1/2+

I. Hamamoto, PRC95, 044325 (2017). 

 3-body Borromean halo:  

     →5-body model & 4n decay experiments provide further insights?

 Halo is universal along the neutron drip line ? 

    → Shell Evolution/Deformation → s-wave, p-wave component always appear at 

neutron dripline? 

 Please measure the mass of halo nuclei directly!



Exclusive Coulomb/nuclear breakup of 31Ne
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Coulomb Breakup of 22C

20

N.Nakatsuka, T.Nakamura, Y.Osawa, Y.Kondo, K.Hagino et al., in Preparation
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