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My First Message
2

30-years research with radioactive isotope beams has revealed that 
“spin” plays more vital roles in exotic nuclei than expected!

Spin-orbit force Tensor force 
(pion exchange)

3N force

Richness in nuclear structure is a manifestation of 
interplays among the spin-dependent interactions.



“The Secret” in the nuclear structure physics
3

What is the origin of spin-orbit coupling in nuclei?

How does the spin-orbit coupling change as a function of N/Z?

1st Half:  Story of Nuclear Spin-Orbit Coupling 
!
2nd Half: Experimental Approaches to SO Coupling in Exotic Nuclei

(Why does a nuclear density saturate?)



Outline of the 1st half

Why is nuclear shell structure so special? 
!
Concept of “strong” spin-orbit coupling 
 introduced by Mayer and Jensen 
!
Origins of the strong spin-orbit coupling 
!
What we can expect in exotic nuclei 
  
!
!



Shell structure
5

Shell structure in atoms:  
Periodic table

2 
10 
18 
36 
54 
86

Phenomena common to many-Fermion systems.

→ Sonia Bacca’s lecture
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W.D.Knight et al., PRL 52 (1984) 2141.

Shell structure in nano clusters
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Shell structure
5

W.D.Knight et al.,  
PRL 52 (1984) 2141.

Shell structure in nano cluster

交久瀬、伊藤、 
日本物理学会誌  
53(7) (1998) 

Shell structure in atom

2 
10 
18 
36 
54 
86

S. Tarucha, http://www.nanonet.go.jp/japanese/.mailmag/2003/013a.html

Shell structure in quantum dots (electrons in 2D)

Phenomena common to many-Fermion systems.

→ Sonia Bacca’s lecture
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　Shell structure in nuclei 
!
     magic numbers 
        2, 8, 20, 28, 50, 82...
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W.D.Knight et al.,  
PRL 52 (1984) 2141.

Shell structure in nano cluster

交久瀬、伊藤、 
日本物理学会誌  
53(7) (1998) 

Shell structure in quantum dots

樽茶清悟, http://www.nanonet.go.jp/japanese/.mailmag/2003/013a.html

Shell structure in atom
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10 
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36 
54 
86

Phenomena common to many-Fermion systems.

→ Sonia Bacca’s lecture

Magic numbers characterize the systems: 
  Atom:               2, 10, 18, 36, 54, 86, 118 . . .  
  Nano-cluster:  2, 8, 20, 40, 58, 92 . . .  
  Quantum-dot: 2, 6, 12 . . .  
  Nucleus:           2, 8, 20, 28, 50, 82, 126 . . . 



Nuclear magic numbers were mysterious
6
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Strange Potentials
7

All the efforts didn’t succeed.



Magicity and spin-orbit coupling
8

Mayer & Jensen

Rotation and Orbiting

In nucleus, a state with parallel S & L has  
                                              a smaller mass.

+Spin-orbit coupling



Discovery of Spin-Orbit Coupling
9

D-line: 23Na 

The line splits into two. 
 589.592 nm 
 588.995 nm 

ΔE ~ 2 meV 

G.E. Uhlenbeck and S. Goudsmit,  
 Nature 117 (1926) 264. 
!



Spin-Orbit Coupling in Atoms
10

Magnetic term 
 Interaction between a magnetic field originating from orbital motion 
    of electron(s) and an electron spin  

Thomas term 
 Relativistic effects taking place in a system under an accelerated 

motion

In reality 
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Spin-Orbit Coupling in Atoms (cont.)

1) Repulsive 
 smaller J orbit (J=L-1/2) is more stable than J=L+1/2 orbit 
!

2) Weak 
    →　“fine” structure continuum

2p1/2

2p3/2

D2 
589.592nm

D1 
588.995nm

case of 23Na



The first study of Nuclear Spin-Orbit Coupling

D.R. Inglis, Phys. Rev. 50 (1936) 783. 
　Investigation of spin-orbit coupling in nuclei,  
  taking an analogy to the atomic spin-orbit coupling. 
  
   He considered that  
   the magnetic term should be negligibly small, and 
   the Thomas term is dominating!
  
  → Inversion doublet 
     a state with J = L + 1/2 
     is more stable.!

But, the Thomas term is  
too weak to explain magic numbers. 



Strong Spin-Orbit Coupling
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Rotation and Orbiting

is essential in the formation of  
magic numbers in nuclei

Spin-orbit splitting



Terminology around spin-orbit ・・・
Spin-orbit splitting 
  Energy interval between a spin doublet 
!
Spin-orbit coupling 
  Coupling between spin and orbital angular momentum 
  that produces a spin-orbit splitting 
!
Spin-orbit potential 
  One-body potential to model spin-orbit coupling 
  Usually written in the form proportional to a first derivative 
  of a density distribution 
!
Spin-orbit force 
  A term proportional to L・S in the nuclear interactions 



Origin of the strong spin-orbit coupling?



Microscopic origins of spin-orbit coupling
16

3N force

Scheerbaum, Nucl. Phys. A 257 (1976) 77. 
Ando and Bando, Prog. Theor. Phys. 66 (1981) 227. 
Pieper and Pandharipande, Phys. Rev. Lett. 70 (1993) 2541. 

“Spin-orbit coupling in heavy nuclei” 
Fujita and Miyazawa, PTP 17 (1957) 366.
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Δ





Microscopic origins of spin-orbit coupling
19

3N force

Scheerbaum, Nucl. Phys. A 257 (1976) 77. 
Ando and Bando, Prog. Theor. Phys. 66 (1981) 227. 
Pieper and Pandharipande, Phys. Rev. Lett. 70 (1993) 2541. 

Tensor force

“Spin-orbit coupling in heavy nuclei” 
Fujita and Miyazawa, PTP 17 (1957) 366.

Wigner & Feingold, PR 79 (1950) 221. 
Terasawa, PTP 23 (1960) 87.



Tensor Force Effects
20



A Key to understand Tensor-force effects in nuclei
21

Core polarization/ 
Configuration mixing/ 
2particle-2hole excitation 
 Different wording, but the same meaning 
!
!
 A virtually excited p-n pair is mixed 
 in the ground state. 
!
!
 This is the origin of nuclear stability (⇔unstableness of exotic nuclei), 
 saturation property, quenching of spectroscopic factors. . . 
 



Schrödinger equation for deuteron

In deuteron, a D-state, where p-n relative orbital angular momentum (L)  
is two,  is mixed to a S-state with L=0. 
 origin of deuteron quadrupole moment 

Tensor operator mixes the state with the same J but 
different L by a unit of two.
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Schrödinger equation for deuteron (cont.)

S-state

D-state
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Schrödinger equation for deuteron (cont.)

S-state

D-state

VS,D(r)  w/o mixing  
V’S,D(r) contribution of 
      the mixing  
Sum 
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Tensor force and saturation

VT

Attraction due to tensor force is  
a second-order perturbation effect. 

3S1

3D1

Q=1  m: unoccupied 
Q=0  m: occupied

Energy denominator

low density high density

At high density, only terms with large 
energy denominator can contribute.

kF [fm−1] ~ρ1/3
0.5 1.0 1.5

 0

 −10

 −20
E/A [MeV]

1S0

3S1

H.A. Bethe, Ann. Rev. Nucl. Sci. 21, 93 (1971)



Tensor Force Effect to Spin-Orbit Coupling
25

Case of 5He : 4He+ one neutron in p-shell 
!
From angular-momentum algebra, it can be shown that 
 

VT

s1/2

p1/2
is more attractive than VT

s1/2

p3/2

4He

p3/2

p1/2

4He

p1/2

Pauli-blockingp3/2



Microscopic origins of spin-orbit coupling
26

NN LS interaction 
    σ and ω exchange 
       isoscaler in nature

3N force

Scheerbaum, Nucl. Phys. A 257 (1976) 77. 
Ando and Bando, Prog. Theor. Phys. 66 (1981) 227. 
Pieper and Pandharipande, Phys. Rev. Lett. 70 (1993) 2541. 

Tensor force

“Spin-orbit coupling in heavy nuclei” 
Fujita and Miyazawa, PTP 17 (1957) 366.

Wigner & Feingold, PR 79 (1950) 221. 
Terasawa, PTP 23 (1960) 87.



Contributions from each meson
R. Machleidt, Adv. Nucl. Phys. 19 (1989) 189.

Central

Spin-orbit

Tensor

σ → attractive 
ω → repulsive

π → attractive 
ρ → repulsive



Microscopic origins of spin-orbit coupling
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NN LS interaction 
    σ and ω exchange 
       isoscaler in nature

3N force

Scheerbaum, Nucl. Phys. A 257 (1976) 77. 
Ando and Bando, Prog. Theor. Phys. 66 (1981) 227. 
Pieper and Pandharipande, Phys. Rev. Lett. 70 (1993) 2541. 

Tensor force

“Spin-orbit coupling in heavy nuclei” 
Fujita and Miyazawa, PTP 17 (1957) 366.

Wigner & Feingold, PR 79 (1950) 221. 
Terasawa, PTP 23 (1960) 87.



Spin-orbit splittings in Exotic Nuclei
29

NN LS

Tensor

3N

+

First-order tensor effect by Otsuka 
2p2h+Pauli-blocking   
!

Mean-field 
 effects



Mean-field effect 
30

Weakening of spin-orbit coupling 
     due to diffuse surface etc. 
!
  

　　	 J. Dobaczewski et al.,  
 Phys. Rev. C 53, 2809 (1996)



Theoretical Predictions for Exotic Nuclei
31

Three nucleon force effect gets weaker in 7n than in 15N.

consistent

inconsistent

B. S. Pudliner et al.,  
Phys. Rev. Lett. 76, 2416 (1996)



Tensor-force effects 
32

First-order effects by T. Otsuka 
T. Otsuka et al.,  Phys. Rev. Lett. 95, 232502 (2005)

j>

j<

j’<
proton

neutron

j’>

D. Steppenbeck, S. Takeuchi et al.,  
Nature 502, 207 (2013).

Second-order effects in exotic nuclei  
have not been discussed thoroughly.



Spin-orbit splittings in Exotic Nuclei
33

NN LS

Tensor

3N

+

First-order tensor effect by Otsuka 
2p2h+Pauli-blocking   
!

Mean-field 
 effects

Interplay of the spin-dependent interactions!



Neutron-number dependences of LS splitting
34

T. Noro et al.,  
ECT* workshop, 2010

J. Schiffer et al.,  
Phys. Rev. Lett. 92 (2004) 162501.

Sn isotopes Ca isotopes

N-Z

ΔE(g7/2-h11/2)

Why don’t we extend this interesting research to unstable nuclei?



BREAK



Outline
Polarization Study of Exotic Nuclei 
 Polarized target for RI-beam experiments 
!
Proton elastic scattering 
  
Experimental approaches to spin-orbit splitting in nuclei 
 Transfer reactions 
 Knockout reactions 
 Proton resonant scatterings 
!

I will show some examples.  
But, so far, little has been done. 
Much is left for future (you)! 



How to Polarize Nuclei
Atomic Beam Method 
    Long history since 1950‘s 
    Adopted in many polarized p/d ion sources 

Optical Pumping Method 
　Polarized p/d ion sources (ex., RHIC) 
    3He gas target (high density) 
    Polarization of heavy ions 

Dynamic Nuclear Polarization (DNP) Method 
　 Standard technique to polarized nuclei in solid 
     Used in many high-energy labs (CERN, SLAC, JLab) 

Brute Force Method 
     HD target (only for photon/neutron beams) 
Nuclear Reaction Method 
     Standard method to polarize RIs

Rabi

Kastler

Abragam



Polarized Target in the market

Recoil-particle 
detection

1021 /cm21018 /cm21015 /cm2

Traditional 
DNP targets

Gas Jet by 
  atomic-beam method 
  optical-pumping method

p (TRIPLET)

Thickness

1 T

0.1 T

0.01 T

Frozen Spin

3He gas

Mag. 
Field

Luminosity

①
②

③
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“TRIPLET” target at RIKEN-CNS
The FIRST Polarized Proton Target applicable to RI beam exp.

T. Wakui et al., NIM A 550 (2005) 521. 
TU, M. Hatano et al.,  NIM A 526 (2004) 186. 
A. Obertelli and TU, EPJ A 47 (2011) 105.

Material:        C10H8  (+ C22H14) 
Thickness: 	 1 mm (120 mg/cm2) 
Size:	 	 φ14 mm 
Polarization:  P=15−20% 
Temperature:  100 K 
Mag. field:      0.1 T 
  



ORNL-PSI Polarized Proton Target

J.P. Urrego-Blanco, A. Galindo-Uribarri et al.,  
NIMB 261, 1112 (2007).

Spin-frozen operation of traditional DNP target 
   another promising way to prepare pol. target for RI-beam exp. 
!
  Target material                 polystyrene plastic (> 0.1 mg/cm2) 
  Frozen spin operation      0.3K, 0.4−0.8 T 
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A. Obertelli and TU, EPJ A 47 (2011) 105.

Material:        C10H8  (+ C22H14) 
Thickness: 	 1 mm (120 mg/cm2) 
Size:	 	 φ14 mm 
Polarization:  P=15−20% 
Temperature:  100 K 
Mag. field:      0.1 T 
  



Polarization in Proton Elastic Scattering



The FIRST Polarization Study

Mayer & Jensen claimed in 1948 
      Strong spin-orbit coupling:  
               necessary to account for the magic numbers 
               one-order of magnitude stronger than the Thomas term 
  
Several groups tried to measure spin asymmetry Ay  
　　for  p- A elastic scattering 
!
!
!

scattering angle [deg]

Po
la

ri
za

tio
n

O. Chamberlain et al.      
Phys. Rev. 102 (1956) 1659.

p-4He



What is spin asymmetry (Ay)
Ay : spin asymmetry (analyzing power) 
       In elastic scattering, Ay is a measure of magnitude of LS coupling 

NL=5

NR=5

NL �NR

NL +NR
= 0

unpolarized protons

no asymmetry

NL=6

NR=4

NL �NR

NL +NR
= 0.2 = Ay

polarized protons

spin asymmetry



The FIRST Polarization Study

Mayer & Jensen claimed in 1948 
      Strong spin-orbit force:  
               necessary to account for the magic numbers 
               one order stronger than the Thomas term 
  
Several groups tried to measure spin asymmetry Ay  
　　for  p- A elastic scattering 
          → direct evidence of  
	    spin-orbit force 
!
!
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O. Chamberlain et al.      
Phys. Rev. 102 (1956) 1659.

p-4He



Theoretical analysis of the data 

E. Fermi , 
    Nuovo Cimento 10 (1954) 407.  
!
	      VLS deduced from the scattering experiment  
	 	 is consistent with that required by the shell model



What we can expect in neutron-rich nuclei

Spin-orbit coupling: surface phenomena 
!
1) could be modified  
       in neutron-rich nuclei 
      where neutron and proton  
       have different surfaces. 
!
!
!
2) extended distribution of neutrons 
    may affect the shape of LS potential. 



Experiments at RIPS, RIKEN
48

Recoil proton 
→ MWDC, CsI(Tl)

Scattered 6,8He 
→ MWDC, Plastic

6, 8He: 71 MeV/A

RIPS

p-6He @ 71 MeV/u in :  2.5×105 pps 
p-8He @ 71 MeV/u in :  1.7×105 pps



Results of dσ/dΩ, Ay

49

陽子-6,8He核弾性散乱のスピン非対称測定 
　　　弱束縛系の反応におけるスピン軌道ポテンシャル 
　　　　　　　　　　　　　　　　　　　　　原子核表面 
!
6He, 8He :  
　　典型的な弱束縛中性子過剰核

T. Uesaka et al., PRC 82 (2010) 021602(R).

E= 71A MeV

E= 71A MeV

S. Sakaguchi et al., PRC 84 (2011) 024604.

The FIRST SPIN ASYMMETRY DATA 
  taken in RI-beam Scattering

S. Sakaguchi et al., PRC 87 (2013) 021601(R).



Phenomenological Optical Model analysis
50

→ Depths and radii of spin-orbit potentials



Radius and diffuseness parameters
51

S. Sakaguchi, TU et al. 
PRC 87 (’13) 021601(R)



SHALLOW Spin-orbit potential
52

S. Sakaguchi, TU et al. 
PRC 87 (’13) 021601(R)

Direct experimental evidence  
  for shallowing of  spin-orbit  
   potential. 
Effectiveness of polarized protons!

Spin-orbit potentials of 6,8He 
 are considerably shallower  
 and have larger radii, compared 

with other light nuclei! 
!

!
　



Experimental study of spin-orbit splitting 
(on-going and future works)



Experimental study of spin-orbit splitting
54

!
Fragmented strength of single-particle levels with J=L+1/2 and J=L-1/2  

  state-by-state assignment of L, J, and spectroscopic amplitudes 
   

Es

Es

ΔElsJ> J<



Experiments for stable targets
55

T. Noro et al.,  
ECT* workshop, 2010

J. Schiffer et al.,  
Phys. Rev. Lett. 92 (2004) 162501.

Sn isotopes Ca isotopes

N-Z

ΔE(g7/2-h11/2)



Experiments to investigate LS splitting
56

Reactions to selectively populate single-particle states 
!
  Transfer reactions : stripping reactions  (d,p), (3He,d) . . . 
          pickup reactions   (p,d), (d,3He/t). . . 
!
  Knockout reactions: (p,pN) 
!
  Proton resonant scattering

Observables to determine Jπ, spectroscopic amplitude

→ Obertelli’s lecture

→ Charity’s lecture

I will concentrate on how to determine “J”.



(p,pN) Quasi-free Scattering

Chapter 2

The (p,2p) Reaction

To determine the spin-orbit splitting of 18O nuclei, we used the (p,2p) reac-
tion to determine energies and Jπs of single-hole states of 17N. The detail
of this reaction is discussed below.

2.1 Kinematics

The (p,2p) reaction is the direct knockout of a proton in nucleus by injected
one. A schematical view of this reaction is shown in Fig. ??. Fixed the mo-
mentum of injected proton, it has six degrees of freedom can be represented
as a set of physical quantities: {k, Sp, θNN , φNN} or {p1, p2}. Here k is
the momentum of a will-be-knocked-out proton in nucleus , Sp is the proton
separation energy, θNN is the scattering angle in NN center of mass system,
φNN is the angle between the plane containing pi and k and one containing
p1 and p2. θ1 θ2

2.2 Jπ dependency

2.3 Figure of Merit

The figure of merit is as follows:

Figure of Merit = A2
y ∗

dσ

dΩ
.

2.4 Determination of Experimental Condition
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Ti

T2

NN scattering in nuclear medium, without serious disturbance to the residual 
nucleus. Reaction mechanism is considered to be reasonably simple  
at E/A > 200 MeV. 
!
Selectively populate one-nucleon hole state and scattering observables are 
directly connected to properties of the nucleon (momentum distribution,  
spectroscopic factor, L, J, . . .). 

T1 R3B @GSI Aumann, Panin et al. 
HIMAC Kobayashi et al. 
RIBF  Uesaka, Kawase, et al. 



(p,pN) QFS experiments Panin, Aumann et al.

Courtesy of V. Panin



Spin Polarization in (p,pN) Reaction
・ Momentum dependence of dσ/dΩ     ⇒ L and spectroscopic amplitude 
・ Analyzing power (Ay)                        ⇒ J

16O(p,pp) @ 200MeV

P. Kinching et al.,  NPA 340 (1980) 423.

Demonstrated at TRIUMF 
	 	 by Kinching et al.

p1/2 p3/2 

pN 

Ay 

d3 σ
/d
Ω

1d
Ω

2d
E  

G. Jacob et al.,  PLB 45 (1973) 181.

!
Proposed by Maris & Jacob
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18O(p,2p) experiment @RCNP
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18O(p,2p) experiment @RCNP
18O(p,2p)17N @ 200 MeV

Kawase, TU et al.
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Proton resonant scattering of unstable nuclei
61

ECM ∝ Ep

Eres, Γ & Jπ
dσ

/d
Ω

ECM high

ECM low

Recoil protonThick (CH2)n target

at θ ∼ 0° (LAB) 
θ ∼ 180° (CM)

Low-energy secondary beams of < ~5 MeV/nucleon 
!
Thick Target method in Inverse Kinematics (TTIK) 
    Excitation function can be obtained  
            by using beam energy loss in the thick target 
    Detection of recoil protons at forward angles

Silicon 
DetectorSecondary 

Beam

A resonance can be observed as 
an interference pattern of 
potential & resonance scattering.

V.Z. Goldberg and A.E. Pakhomov, Phys. At. Nucl. 56, 1167 (1993).Courtesy of Teranishi



Example: 13N+p experiment at CRIB/CNS
62

5.17  1−

14O

13N+p
4.628

0       0+

6.79  2−

6.27  3−

7.77  2+

New 
2− at Ex=6.79 MeVNew 0−

Ex = 
 5—8 MeV

Solid line: R-matrix fitting　→ Ex, Γ, Jπ

Detector #1

Detector #2

0 deg.

16 deg.

Gap due to 
SSD (ΔE-E) 
dead layers

New Jπ = 2−  assignment for 
6.79 MeV level. 
Newly identified 0− level 
at Ex = 5.71(2) MeV  
with  Γ = 400(100) keV

Ex=5.17 MeV

T. Teranishi et al., PLB 650, 129 (2007).

5.71  0−

Courtesy of Teranishi



Polarization in Resonant Scattering
63

Two possibilities: 
  1)  13N(1/2-) + πd5/2 
  2)  13N(1/2-) + πd3/2

13N+p @θcm=135°
No difference in  
cross section . . . 

Sensitivity test with R-matrix calculations

T. Teranishi, S. Sakaguchi et al.,  
AIP Conf. Proc. 1525, 552 (2013) 

Ecm [MeV]
Ay is sensitive to  
the configuration!

Courtesy of Teranishi



Transfer reactions
64

particle state

hole state

(p,d), (n,d), (d, 3He), (3He, 4He)

(d,p), (d,n), (3He,d), (4He, t/3He)

Stripping reaction 
!
!
!
!
!
!
Pickup reaction



Evolution of the p3/2-p1/2 SO splitting 

radius

ρp(r) 40Ca

36S

radius

ρp(r)

34Si

radius

ρp(r)

Z=20

Z=16

Z=14

4 protons d3/2 
 

2 protons s1/2

N=21 isotones

No change in p3/2-p1/2  splitting  between 41Ca and 37S  
Large reduction of  p3/2-p1/2  splitting between 37S and 35Si, no change of  f7/2-f5/2 

Courtesy of Sorlin G. Burgunder et al., Phys. Rev. Lett. 112, 042502 (2014)



34Si 35Si

p

γ

d3/2

f7/2

p3/2

s1/2

u234Si10

E

dσ(n,L,θ)

vacancy reaction	  
theory

Transfer	  reaction	  (d,p)	  at	  β≈0.15

p1/2

d5/2

35Si

d3/2

f7/2

p3/2

s1/2

p1/2

d5/2

n

34Si(d,p)	  reaction	  in	  inverse	  kinematics	  at	  GANIL

θp

dσ	

dΩ

E*(35Si)

Np

3/2-

C2S+=	  0.84

L=1

1/2-
2+

5/2-

E=
C2S⋅Ex∑
C2S∑

dΩ
=(2j+1)	  C2S+

dσAWBA(n,L,θ)
dΩ

Proton	  energy	  -‐>	  (binding)	  energy	  of	  orbit	  
Proton	  angle	  -‐>	  orbital	  momentum	  L	  
Cross	  section	  -‐>	  vacancy	  of	  the	  orbit	  
Appropriate	  momentum	  matching	  required

n

7/2-

L=3

Courtesy of Sorlin



σ(n,L)	  =	  C2S(j,n,L)	  	  	  σsp(j,Sp)
vacancy reaction	  

theory

Transfer	  reaction	  (d,p)	  at	  β≈0.15

34Si	  
105pps	  
20A.MeV	  
GANIL

Tracking	  detectors	  

CD2	  target

p
γ CHIO

plastic

EXOGAM

34Si

M
US
T2
	  

S1

dσ(n,L,θ)

vacancy reaction	  
theory

Transfer	  reaction	  (d,p)	  at	  β≈0.15

dΩ
=(2j+1)	  C2S+

dσAWBA(n,L,θ)
dΩ

34Si(d,p)	  reaction	  in	  inverse	  kinematics	  at	  GANIL

35Si

p

γ

35Si

d3/2

f7/2

p3/2

s1/2

p1/2

d5/2

Courtesy of Sorlin



σ(n,L) = C2S(j,n,L)   σsp(j,Sp)
vacancy reaction 

theory

Transfer reaction (d,p) at β≈0.15
dσ(n,L,θ)

vacancy reaction 
theory

Transfer reaction (d,p) at β≈0.15

dΩ
=(2j+1) C2S+ dσAWBA(n,L,θ)

dΩ

34Si(d,p)	  reaction	  in	  inverse	  kinematics	  at	  GANIL

Sn

1134 E*<1.5 MeV
E*>1.5 MeV  

910

35Si

d3/2

f7/2

p3/2

s1/2

p1/2

d5/2

Proton energy -> (binding) energy of orbit 
Proton angle -> orbital momentum L 
Cross section -> vacancy of the orbit 
Appropriate momentum matching required



Polarization in transfer reactions
70

Major activities with polarized beams at tandem facilities since 60’s

D.C. Kocher and W.Haeberli,  
Nucl. Phys. A 196, 225 (1972)

52Cr(d,p)53Cr  Ed = 10 MeV

Ex = 2.32 MeV, Jπ=3/2-

Ex = 0.57MeV, Jπ=1/2-

Ex = 0.0 MeV, Jπ=3/2-

dσ/dΩ: 
 Shape is almost same 
 if ΔL is the same 
 (ΔL=1 in the present case)

Ay (polarization data): 
 Phase is opposite depending 
 on J = L ± 1/2 

So far no polarization exp. has been done 
for transfer reaction of RI-beams.



My First Message
71

30-years research with radioactive isotope beams has revealed that 
“spin” plays more vital roles in exotic nuclei than expected!

Spin-orbit force Tensor force 
(pion exchange)

3N force

Richness in nuclear structure is a manifestation of 
interplays among the spin-dependent interactions.



My Last Message
72

Experiments with polarized targets are essential in clarifying  
roles played by spin degrees of freedom in exotic nuclei. 

Polarized Target

Chapter 2

The (p,2p) Reaction

To determine the spin-orbit splitting of 18O nuclei, we used the (p,2p) reac-
tion to determine energies and Jπs of single-hole states of 17N. The detail
of this reaction is discussed below.

2.1 Kinematics

The (p,2p) reaction is the direct knockout of a proton in nucleus by injected
one. A schematical view of this reaction is shown in Fig. ??. Fixed the mo-
mentum of injected proton, it has six degrees of freedom can be represented
as a set of physical quantities: {k, Sp, θNN , φNN} or {p1, p2}. Here k is
the momentum of a will-be-knocked-out proton in nucleus , Sp is the proton
separation energy, θNN is the scattering angle in NN center of mass system,
φNN is the angle between the plane containing pi and k and one containing
p1 and p2. θ1 θ2

2.2 Jπ dependency

2.3 Figure of Merit

The figure of merit is as follows:

Figure of Merit = A2
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Experiments with polarized targets are essential in clarifying  
roles played by spin degrees of freedom in exotic nuclei. 
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Knockout reactions

Recoil protonThick H targetResonant scattering

Transfer reactions

Elastic scattering

New Experiments 
New Polarized Targets based on new ideas 
 (in particular polarized deuteron targets) 
  are definitely needed. 
Future relies on you!




