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Evolution Towards the Stability Limit

2n halo known
4n halo/skin

1n halo known

31Ne

Halo?

Where is the neutron drip line?

How does nuclear structure evolve towards the drip line?
What are characteristic features of drip-line nuclei?

Shell?
Deformation?

Ca

37Mg
Boundary of 
Island of inversion?



Shell Evolution towards Drip Line in N=21 isotones
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33Mg  gs: (3/2-)
31Ne  gs: 3/2-

41Ca

37S

35Si

7/2-

Spherical (f7/2p3/2 gap is small
for Z=16,14)

Deformed (gs: 2h : sdpf): Island of inversion

Burgunder, PRL107,202501(2014).34Si(d,p)35Si
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Coulomb Breakup of 1n Halo
Photon absorption of a fast projectile

~0.6

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

Talk by Motobayashi, Aumann,Yoshida



Low-lying 
E1 Strength (Soft E1 excitation)

E1 Response of halo nuclei (Coulomb Breakup of 1n halo)
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Direct Breakup Mechanism

C2S = 0.72±E1 Strength

Soft E1 Excitation of 1n halo—Sensitive to Sn, l , C2S

N.Fukuda, TN et al., PRC70, 054606 (2004) 
TN et al.,PLB 331,296(1994)
Palit et al., PRC68, 034318(2003)



31Ne
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Target

30Ne
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Nuclear Breakup of 1n Halo
e.g. 1n knockout reaction of 31Ne

30Ne

 ray in coincidence  30Ne(2+) / 30Ne(0+) Contribution

)Ne(30
//P

-1n and P// distribution  of valence n, configuration

Theory: Eikonal Approximation

~0.6

Talk by Bazin



Inclusive Coulomb/Nuclear Breakup 
of 31Ne and 37Mg

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

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

N.Kobayashi, TN et al., PRL 112, 252501 (2014).

@ ZDS at RIBF, RIKEN



RIKEN RI Beam Factory (RIBF)
Completed in 2007
New-Generation RI-beam facility

SRC: World Largest Cyclotron (K=2500 MeV)
Heavy Ion Beams up to 238U at 345MeV/u (Light Ions up to 440MeV/u) 
eg.
48Ca beam (345 MeV/nucleon)  ~200pnA (250pnA max.)
238U beam (345 MeV/nucleon)  ~12pnA  (15pnA max.)

2012

2009

2014

SRC

ZDS
SAMURAI

BigRIPS
SHARAQ

Rare RI
RING

SCRIT
2013

2007

SLOWRI
2014

2008



48Ca
345MeV/nucleon  

C and Pb 
target

TOF BE
TOF,E
B
@ZDS

Experiment at BigRIPS & ZDS  at RIBF

31Ne: 230 MeV/nucleon
37Mg: 240 MeV/nucleon



Particle Identification
RI beam Intensity @RIBF
~103-104 times/RIPS

31Ne: 230MeV/nucleon 
~5 counts/s

c.f. 31Ne -- 4 counts/day 
@RIPS H.Sakurai et al., PRC54,2802R(1996).
50Ti Beam

48Ca@60pnA 2008

37Mg 38Mg

35Na

39Al

31Ne

48Ca@100pnA 2010
(200pnA in 2012)

29F

37Mg: 240MeV/nucleon
~6 counts/s
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(E1 Transition Probability)

~20MeV1~2MeV

Soft E1 Excitation
(Halo Nuclei)
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Inclusive Coulomb Breakup

(E1)

31Ne+Pb30Ne+XGiant Dipole Resonance
(ordinary nuclei)

p or s halo (not f)  
C2S,Sn still unknown 

-1n -2n-3n (31Ne)

TN. PRL103,262501 (2009) )

c.f. S1n (31Ne)=-0.06(0.42) MeV
L.Gaudefroy et al. PRL 2012

c.f. Takechi et al., PLB707,357 (2012)



Semi-inclusive cross sections  31Ne → 30Ne(0+
g.s.)

Inclusive σ-1n(E1) = 529(63) mb
σ-1n(E1; 2+, 4+, etc.) = 81(87) mb
→ σ-1n(E1; 0+

g.s.) = 448(108) mb

0+
g.s. / Inclusive=85(23)%

Inclusive σ-1n(C) = 90(7) mb
σ-1n(C; 2+, 4+, etc.) = 57(13) mb
→ σ-1n(C; 0+

g.s.) = 33(15) mb

0+
g.s. / Inclusive=37(17)%

30Ne(2+)30Ne(0+
gs)

Different Sensitivity !
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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)

C2S of |30Ne(0+) ⊗ p3/2〉 in |31Neg.s.〉
= Exp. / Theo.(C2S=1) 

Nuclear breakup

Coulomb breakup

-- Estimation of C2S & Sn of 31Ne Sn (31Ne)=-0.06(0.42) MeV
L.Gaudefroy et al., 
PRL109,202503(2012)

Only one configuration can couple with 0+

→ isolate C2S and Sn
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Possible configurations

30Ne(0+) ⊗ p3/2
30Ne(0+) ⊗ s1/2

30Ne(0+) ⊗ f7/2
30Ne(0+) ⊗ d5/2



Calculation: Eikonal+Large Scale Shell Model(SDPF-M: sd-p3/2f7/2 space)
J (31Ne)                                   -1n(C)         C2S            -1n

th(C)   C2Sth

3/2- 30Ne(0+
gs) ⊗ 2p3/2    33(15) mb  0.32+0.21

-0.17 24.3 mb     0.21 
inclusive                  90(7)  mb                         93.3 mb

1/2+              30Ne(0+
gs) ⊗ 2s1/2    33(15) mb  0.30+0.25

-0.17 1.3 mb     0.01 
inclusive                  90(7)  mb                         51.1 mb

Partial Cross Sections/ Momentum Distribution (compared to Shell Model)
31Negs:  J=3/2- ,  ~30% 30Ne(0+

gs) ⊗ 2p3/2  , Sn=0.15+0.16
-0.10MeV 

Large Configuration Mixing of p3/2 and f7/2  31Ne is deformed 



Y.Utsuno, T.Otsuka et al.
PRC 054315 (1999).

f7/2, p3/2 degenerate

Large Scale Shell Model (SDPF-M)

Theoretical Interpretation

Q0=60fm2

B(E2:3/2-7/2-)=93.2e2fm2

3p-2h dominant

~0.56

fp degneracy

Jahn Teller Effect

I.Hamamoto  PRC 81, 021304(R) (2010)
p becomes more important for smaller sn

I.Hamamoto PRC 85, 064329 (2012)

[3213/2]

Nilsson Model

Y. Urata, K. Hagino, and H. Sagawa, 
PRC 83, 041303 (R) (2011).
K. Minomo et al, PRL 108, 052503 (2012). 



Results and Discussions on 37Mg
N=25



Possible configurations

36Mg(0+) ⊗ s1/2
36Mg(0+) ⊗ p32

36Mg(0+) ⊗ f7/2

0
36Mg(0+) ⊗ d3/2



Calculation: Eikonal+Large Scale Shell Model(SDPF-M: sd-p3/2f7/2p1/2 space)
J (37Mg)                                   -1n(C)         C2S            -1n

th(C)   C2Sth

3/2- 36Mg(0+
gs) ⊗ 2p3/2    38(8) mb  0.42+0.14

-0.12 30.1 mb     0.31 
inclusive                  80(4)  mb                         80.6 mb

1/2+              36Mg(0+
gs) ⊗ 2s1/2    38(8) mb  0.40+0.16

-0.13 0.1 mb     0.001 
inclusive                  80(4)  mb                         37.0 mb

Partial Cross Sections/ Momentum Distribution (compared to Shell Model)
37Mggs:  J=3/2- ,  ~40% 36Mg(0+

gs) ⊗ 2p3/2  , Sn=0.22+0.12
-0.09MeV

(1/2-)

For E=0.66MeV

37Mg is also deformed and has a halo configuration !
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Sc
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V

Cr

N=25

[312 5/2]
f7/2

45Ca 7/2-, 43Ar(5/2-), 41S (7/2-), 39Si(?),  37Mg(3/2-,1/2-)  

[321 1/2]

p3/2

49Cr Z=24  ~0.3
47Ti  Z=22  ~0.2

p3/2—f7/2 (N=28) gap is larger  [312 5/2] becomes g.s. 5/2- (Hamamoto)
Brandolini, PRC71, 054316(2005).

37Mg
47Ti

Shell Evolution in nuclei with N=25

pf gap is smaller



Summary and Outlook
Coulomb and Nuclear Breakup around 200 MeV/nucleon
Useful tool to probe halo structures

Inclusive Coulomb and Nuclear Breakup of 31Ne and
37Mg at ZDS
--- Different Sensitivity to the asymptotic wave function
--- Momentum distribution of core fragment in 31Ne+C, 37Mg+C
31Negs:  J=3/2- ,  ~30% 30Ne(0+

gs) ⊗ 2p3/2  , Sn=0.15+0.16
-0.10MeV 

37Mggs:  J=3/2- (1/2-),  ~40% 36Mg(0+
gs) ⊗ 2p3/2  , Sn=0.22+0.12

-0.09MeV 

37Mg: Heaviest nucleus with halo so far confirmed
 Deformed-driven Halo Configuration in 31Ne and 37Mg

Outlook: InclusiveExclusive
Invariant mass spectroscopy  Level Structures of 31Ne –rotational band?
SAMURAI Proposal approved (Spokesperson: N.Kobayashi)

22C, 19B Coulomb Breakup (invariant mass) Done: Analysis is in progress:

Halo Nuclei in heavier drip-line nuclei? 



PRL 112, 142501  (2014).

PRL 112, 252501 (2014).

Inclusive Coulomb and Nuclear Breakup of 31Ne and 37Mg

谢谢！

小林信之
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SAMURAI Experiment May/2012

22C
240MeV/nucleon

20C

n

n

First Full Exclusive Coulomb/Nuclear Breakup Measurement of 22C and 19B

Pb3.26g/cm2

C 1.79g/cm2

co
un

ts

Erel(MeV)
0 101 2 3 4 5 6 7 8 9

R.Minakata

22C+Pb22C* 20C+n+N

Preliminary



Definition of Island of Inversion
E.K. Warburton, J.A.Becker, B.A.Brown, PRC41, 1147 (1990).

…
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Large Scale Shell Model (SDPF-M+p1/2)
--- could explain -1n inclusive/partial cross sections/momentum distribution

Gade et al.PRL99,072502(2007).
38Si36Mg N=21 and N=25 : Very different!

Shell Evolution in nuclei with Z=12 (Mg isotopes)

Mg



What drives the deformation near Z=10~12, N=20~26?
1. Weakly bound orbits in mean field 

 f7/2-p3/2 degeneracyDeformation?

Weakly bound

I.Hamamoto  PRC76, 054319 (2007).
I.Hamamoto PRC85, 064329 (2012).

2p3/2

1f7/2

2p1/2

1d3/2

20

28 Tightly bound

1f5/2 34

f7/2-p3/2 degeneracy
Jahn-Teller Effect
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Y. Utsuno et al., PRC60, 054315.

1s1/2

1p3/2

1p1/2

1d5/2

1d3/2
2s1/2

1f7/2,2p3/2

8

20

2
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2
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Vpn

d5/2—d3/2  (j>--j<)Tensor Force
Vpn in the same major shell -- strong

What drives the deformation near Z=10~12, N=20~26?



Partial cross section  37Mg → 36Mg(0+
g.s.)

Inclusive σ-1n(E1) = 490(50) mb
σ-1n(E1; 2+, 4+, etc.) = 40(60) mb
→ σ-1n(E1; 0+

g.s.) = 450(80) mb

0+
g.s. / Inclusive=92(19)%

Inclusive σ-1n(C) = 80(4) mb
σ-1n(C; 2+, 4+, etc.) = 42(7) mb
→ σ-1n(C; 0+

g.s.) = 38(8) mb

0+
g.s. / Inclusive=48(10)%

36Mg(2+)36Mg(0+
gs)  660keV


