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kf = 1.4 fm−1 = 270 MeV/c

R ∼ 1.2 A1/3 fm

Proton Size
(ULQ2)

rp ∼ 0.9 fm

Nuclear size

nucleon-nucleon force

Fermi momentum

β ∼ 0.3

nucleon density

ρA = 0.16 nucleon/fm3

ΔLNN ∼ 1/ρ1/3
A = 1.8 fm

Neutron charge size??
(eD@ULQ2)

1S0 channel



Independent particle picture
(独立粒子模型)

[− ℏ2

2m
∇2 + Vc(r)] ψ(r) = E ψ(r)

Vc(r) → Vc(r) + Vso ⃗l ⋅ ⃗s

⃗s
⃗r ⃗p

⃗l = ⃗r × ⃗p

M.G.Mayer and J.Jensen



Δr ⋅ Δp ∼ ℏ
Δr ∼ 0.5 fm
Δp ∼ 400 MeV/c

 ”collision” at short-distance may produced 
      => high-momentum component 
      => reduction of spectroscopic factor

“beyond shell-model picture”??

1S0 channel



Phys. Rev. Lett. 100 (2008), 162503.

Single-particle momentum distribution in nuclei



⃗p2⃗p1

⃗p1 + ⃗p2 ∼ 0
⃗p1 − ⃗p2 → large

two nucleons at short-distance in a nucleus?

many references;

  J.S. Levinger : Phys. Rev. 84 (1951) 43.

  K. Gottfried : Nucl. Phys. 5 (1958) 557.

  J. Ryckebush et al. : Nucl. Phys. A624 (1997) 581

Such a “dynamic aspect” is beyond the shell-model picture. 
Any effects beyond are included so far by “hands”.



Two-nucleon system

deuteron
13S1 +13 D1

2N in a nucleus

13S1 +31 S0

31S0

31S0

2T+1,2S+1LJ
T : isospin 
S : spin 
L : orbital angular momentum 
J : total angular momentum

antisymmetrized wave function



 how to access “correlated” two-nucleon in nuclei?

• high-p component of single nucleon

• observe an interacting-two-nucleon system directly
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Quasi-elastic (e,e’p) scattering

⃗pi

− ⃗pi

⃗pf
⃗pf = ⃗pi + ⃗q

⃗pm ≡ ⃗pi = ⃗pf − ⃗q

d6�

dke0d⌦e0dppd⌦p
= K

d�ep

d⌦
S(Em, ~pm)

S(Em, ~pm) = ⇢(~pm)n↵�(Em� Etr)

⇢(p) = |�(p)|2

�(p) =

Z
 (r)e�ip·rdr

陽子運動量密度分布

e′ 

e

(ω, ⃗qi )

1 GeV

0.7 GeV

ω ∼ ⃗q
2mp

ω ∼ 300 MeV
q ∼ 750 MeV/c

1980~: Saclay, NIKHEF, MIT, Mainz, JLab



s1/2

p1/2

p3/2
Quasi-elastic 16O(e,e’p) @ NIHEF

Phys. Rev. C49(1994) 955.

Success of shell-model pictures

Pmiss distributions

Emiss distributions



13S1 +13 D1

tensor

proton momentum distribution
M. Bernheim et al.,  
Nucl. Phys. A365 (1981) 349

Saclay 

Pproton in deuteron by d(e,e’p)
⇢(
p)

=
|�
(p
)|2



Pproton in deuteron

13S1 +13 D1

“high-p” component in deuteron is
        due to mainly 
the well-established tensor interaction

•pion-exchange force

high-momentum does not necessarily imply “short-range” physics!!



Phys. Lett. B344 (1995) 85 Nucl. Phys. A292 (1977) 53.

Eγ~ 60 - 100 MeV
Mainz : (γ,p)
Sendai :  (γ,p),  (γ,n)

12C(γ, p0)11Bg.s.

high-momentum components in a nucleus?

Eγ=100 MeV Ep=90 MeV (pp = 430 MeV/c)

1980s



• single nucleon knockout:  σ(γ, p0) ≫ σ(γ, n0)

• importance of meson exchange current (MEC)

A

(A-1)gs

p

p n

n

M. Gari and H. Hebach, Phy. Rep. 72 (1981) 1-55

16O(γ, n0)15Ogs

MEC

16O(γ, p0)15Ngs

MEC

σ(γ, p0) ∼ σ(γ, n0) !!!  (Eγ ~ 100 MeV)



 how to access “correlated” two-nucleon in nuclei?
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two-nucleon emission is a way for SRC study?

• electromagnetic probes : well-understood and “weak” 
• hadronic probes: too strong and complex reaction mechanism

possible signal due to SRC may be very faint

which probe should we use?



“Two-nucleon” knockout exp. @ JLab

Kinematically incomplete measurements 
+ 

there may be another way to interpret this results.

σ(e, e′ pp)
σ(e, e′ pn) ∼ 1/100

Nature 320, 1476, 2008



Basics of electromagnetic probes

e

electron scattering
 (virtual photons)

γ-ray
(real photon) ⃗jconv = e

⃗p
m⃗jspin = ⃗∇ × ⃗μ

Charge　　　　         (Longitudinal)

Convection current（Transverse）
Spin magnetization （Transverse）

⃗jconv = e
⃗p

m⃗jspin = ⃗∇ × ⃗μ

ρ = e

Convection current（Transverse）
Spin magnetization （Transverse）

operators

operators

Hint = ρϕ − ⃗J ⋅ ⃗Ainteraction : (ρ, ⃗J)
(ϕ, ⃗A ) photon

target



elastic

inelastic

Giant 
Resonances

Quasi-elastic Δ, N*..
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! = e1 � e2 energy transfer

momentum transfer

Q2 = q2 � !2 = 4e21e
2
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2 ✓
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e1 e2

γ*

測定量  e2, θ

θ

elastic

quasi-elastic

Nuclear response function in (ω,q) plane



quasi-elastic region in A(e,e’)

ω

e

e’

ω ∼ q2

4mp

2N knockout e

e’
2N knockout

Longitudinal 
(charge)

Transverse 
(current)

d2σ
dΩdE

= σL + v(θ)σT (Rosenbluth separation)

e

e’

ω ∼ q2

2mp

1N knockout



Current conservation
⃗∇ ⋅ ⃗J = − i[H, ρ]

two-body int.H = ∑
i

⃗p2
i

2mi
+ ∑

i>j
( ⃗τi ⋅ ⃗τj )( ⃗si ⋅ ⃗sj ) V( ⃗ri , ⃗rj )

ρ = ∑ eiδ( ⃗(r) − ⃗ri)

with the isospin-isospin interaction,            ,  
a two-body current operator should appear for current conservation

⃗τi ⋅ ⃗τj

the isospin-exchange force　           in the nuclear force 
                                       inevitably introduces two-body currents 

⃗τi ⋅ ⃗τj

p

pn

n

π+

two-body current operator 
(meson-exchange current)

(τ+
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2 − τ−
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1 τ+
2 ) |pp > = 0

(τ+
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2 − τ−
1 τ+

2 ) |nn > = 0

⃗J = ⃗j1 + ⃗j2

[τz, ⃗τ1 ⋅ ⃗τ2] = τ+
1 τ−

2 − τ−
1 τ+

2⃗j2 :



two-body current operator allows two-nucleon emission 
   with the shell model wave function (independent particle model) 

 1)  NO CORRELATION is required. 
 2)  np pair only.   no pp, nn pair

p

n

(A-2) spectator

n
p

M. Gari and H. Hebach, Phy. Rep. 72 (1981) 1-55

two-nucleon photoemission
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Deuteron photodisintegration and
meson exchange current



(3S1 +
3 D1) !1 S0

+ 

IA

MEC+IC

IA

Electro-disintegration of deuteron at threshold
and meson-exchange currents

elastic

IA+MECMEC



Possible three processes

3
He(�,np)pspectator

3
He(�,pp)nspectator

3
He(�,pp)n

no spectator

Photodisintegration of 3He at 100 ≤ Eγ ≤ 600 MeV

Photodisintegration of “np”

Photodisintegration of “pp”

three-body process?????
(three-body force)



γ + 3He -> p p n
three-body photodisintegration

Liq. 3He target (NIM 307 (’91) 213)  

TAGX spectrometer (NIM 376 (’96) 335)  

Photodisintegration of 3He (1990-1994)

Eγ = 150 - 600 MeV
Ee = 1.3 GeV 

3He(γ,np)p 
3He(γ,pp)n

kinematically overdetermined
PRL 73(94)404.
PRC49(94)R597.
PRL 74 (95) 1034.
物理学会誌 52 (97) 103-110

tagged photons 
150 - 1000 MeV

ΔΩ~π (3.1) str (largest)

SAPHIRE@Bonn followed

first large-volume liq. 3He target in Japan

tagged photons (up to 1 GeV)

 ~106 /sec

NIM A307 (1991) 213-219
NIM A376 (1996) 335.



NIM A307 (1991) 213-219.

• 180 ml @ 2.0 K

• 1000 h maintenance-free operation

• 5.0φ x 8.0 (cm3)

• maintenance free for ≥ 1000 hours

Liquid 3He targetTAGX spectrometer
• 1987 (K. Maruyama, Y. Sumi) - 1998 

• tagged photons : 100 ≤ Eγ ≤ 1000 MeV

• photodisintegration of d, 3He, 4He

• tagged polarized photon with a diamond crystal

• ΔΔ in deuteron  (Y. Wada)

• 12C(γ,K+) (γ,η)    (K. Maeda)

• 3He(γ,ρ) :  ρ ->π+π-  (Y. Yamashita)

NIM A376 (1996) 335.



物理学会誌「解説」　丸山浩一、須田利美  52号 1997 103-110　

3He(γ, np)X1
3He(γ, pp)X2

X1 = p or Nπ

X2 = n or Nπ

γ3He → ppn

γ3He → ppNπ

3He(γ, pp)
identification of photodisintegration
by missing mass of

Photodisintegration of 3He (1990-1994)

kinematically over-determined 
                for photo disintegration

3He(γ, pp)X



neutron-momentum spectra of 3He(γ,pp)n

p

nspectator

p

2N(pp)

p

n

p

3N

PRL 73(94) 404, PRL 74(95)1034 



3He(γ,np)p, 3He(γ,pp)n at TAGX
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Total Cross Section of  γ+3He -> ppn
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No MEC M1 for 31S0 need high rel. p (~1 GeV/c)
low c.m. momentum

no need to be high. rel. mom.50 times !!

Δ production + 
     π absorption
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S. Endo et al. PRC49(94)R597

First clear indication of “Quasi-Deuteron” picture

Photodisintegration of ‘np’ pair in a nucleus



T. Suda et al., PRL 73(94) 404, PRL 74(95)1034 

No MEC M1 for 31S0 need high rel. p (~1 GeV/c)
low c.m. momentum

Photodisintegration of ‘pp’ pair in a nucleus

•  first identification of γ+’pp’ reaction
•  no MECs contribute
•  only one-body current operator that photon can couple

pn ∼ 0 ⃗kγ + ⃗pp1
→ ⃗p′ p1

300 + ⃗pp1
= ∼ 600 MeV/c

E′ p1
∼ 150 MeV

pp1
∼ 300 MeV/c

pn ∼ 0

prelative ∼ 500 − 1000 MeV/c



σ(e, e′ pp)
σ(e, e′ pn) ∼ 1/1000
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50 times !!

Final-state interaction in heavy nuclei???????

Science 320, 2008, 1476.

Science 320, 2008, 1476.

charge exchange after γ*+’np’ : (e,e’pp) events

TAGX
PRL 73(94) 404, 
PRL 74(95)1034
PRC49(94)R597



1) Keep in mind the el.mag. probe views the 2N(np,pp,nn) system in a nucleus
             in a complete different way (due to MEC (two-body current)) 

2) kinematically complete measurement is essential to identify a process 
             where ONLY 2N are involved. 

3) detecting ONLY 2N in the final state is not sufficient to identify the 2N process, 
           where SRC may play a role.

「犬が西むきゃ尾は東」 
“when a dog faces west, its tail turn to the east” (of course!!)

Notes for experimental SRC study from our previous studies

beam
target nucleus

“back-to-back correlation”  
      =>  means “momentum” conservation only



  no firm definition theoretically SRC, to my knowledge
  el.mag. probe may be only a way for quantitative study of SRC
 experimental ways for the SRC study

Notes for experimental SRC study from our previous studies

< N′ 1N′ 2 | j2 |N1N2 >
2 body operator

< N′ 1N′ 2 | j1 |N1N2 >

1 body operator

     1)  high-momentum component of single nucleon

     2) two-nucleon knockout

•does not necessarily suggest SRC <= tensor
•MEC may play a role

          ・kinematically complete measurement is mandatory
          ・two-body current contribution is no connection to SRC
          ・one needs to confirm that one-body operator works



the “best” way to study SRC based on my personal view

 utilizing the charge coupling (one-body operator) of (virtual) photons

      => electron scattering (not real photons)

 A(e,e’pN) kinematically complete measurements

 Longitudinal response of A(e,e’pN) reaction (Rosenbluth separation)

     longitudinal (e,e’pn) vs (e,e’pp) responses are free from two-body current
     difference would be due to the tensor contribution (  vs  )

  should start from A=3, 4,,,, 

  Final state interaction for larger A???　　σ(e,e’pn) >> σ(e,e’pp)

13S1 +13 D1
31S0

n

p
pre-scat.p

n




