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N-N: 

トピックス

• 短距離相関、テンソル相関
• 長距離相関
• ダイニュートロン相関、ダイプロトン相関
• テトラニュートロン
• アルファクラスター状態、クラスター状態
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(山口、川畑)



• テンソル・短距離相関の歴史を振り返る
• 現状

–実験手法、どこまで解明されているか
–課題、問題点

• 戦略及び今後の展望
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N-N: 

N-N 相関の"証拠"

L Lapikds I Quasi-elastic electron scattering 305c 

for the absolute spectro~opic strength for 
the studied closed shell nuclei is ,~,Som F = 
0.65(5), appreciably lower than the 90 % 
occupation for valence orbitals predicted by 
Hartree Fock plus RPA theory. A possible 
explanation for this discrepancy is that 
sizable short-range and tensor correlations 
are present, which are not included in the 
mean-field approximation. Their  effect 
would be twofold.  Firstly, they shift 
strength from the quasi panicle peak (see 
fig. 10) into a tail at large missing energy 
outside the experimental ly accessible 
domain. Secondly they cause an overall 
depletion of the states below the Fermi edge 
and populate the states above it. 

The high resolution of  the measured 
(e,e'p) missing energy spectra made it also 
possible to determine the strength residing 
in "normally empty" orbitals, i.e. the ones 
directly above the Fermi edge. In fig. 9 we 
show the resulting integrated spectroscopic 
strengths, Their average for closed shell 
nuclei amounts to Y-~ct~ F--0.07(3) relative to 
the IPSM sum rule limit (2j+l). Since the 
obtained values for the spectroscopic 
strengths below and above the Fem~i edge 
seem rather mass-independent it is now 
tempting to cornpare these results with 
nuclear matter (NM) calculations, 
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Fig, 8. Relative deviations Rcxp/RHF -I for cxpcr- 
iracnlal =ms radii Rcxp of valence orbilals as de- 
duced from (c,e'p) data relative to Hartree-Fock 
radii RHF calculated with the Go interaction [451. 
The long-dashed, dash-dot and short dashed curves 
indicate the relative deviations between Hartrce- 
Fock radii obtained with different types of effec- 
tive interactions (Tondeur, Sky=me 3, Sky=me M*). 
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Fig. 9. Quasi+particle strength ~SffJ(2j+|) for valence orbitals (left panel) and for slates just above the Fermi 
edge (right panel), observed in the reaction (¢,c'p) as a function of the mass of the larger nucleus. All strengths 
were integrated to an excilation energy of about 20 MeV. 

L.Lapikas, Nucl.Phys.A553(1993)297c
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• (𝛾,pN)                                            丸山、須田、etc.

• (e,e’p), (e,e’pN)                    NIKHEF,MAMI,JLAB
• (p,2pn)                                                           BNL
• (p,d), (p,dN)                                        RCNP, GSI
• 偏極分解能、スピン観測量:              

–偏極分解能、偏極移行量          　　　　   若狭
– N=Z 偶々核の IV/IS M1 遷移                  RCNP
– (p,dp)                                                      RCNP

N-N: 

実験手法
Tensor & SRC
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電子散乱から分かったこと
• 高運動成分
• 分光学因子のクエンチング問題
• p-n : p-p ~ 20:1 (300 ~ 600 MeV/c)
• A>12/A=12  N-N 対の比
• pp/pn (短距離・テンソル相関)比の運動量依存性
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These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
single recoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron 12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
and 12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.
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These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
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nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
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supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
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12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
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neously with detection systems covering nearly
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this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
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ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
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happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
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correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
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as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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N-N: 

電子散乱から分かったこと
• 高運動成分
• 分光学因子のクエンチング問題
• p-n : p-p ~ 20:1 (300 ~ 600 MeV/c)
• A>12/A=12  N-N 対の比
• pp/pn (短距離・テンソル相関)比の運動量依存性

Tensor & SRC

40	

SelecKvity	of	SRC	Pairs	
All	pairs	

ZRA	

�  Extract	the	number	of				
					pp	(np)	SRC	pairs	in					
					nuclei	relaKve	to	12C.	

�  Pair	number	increases		
					very	slowly	with	A	
 
�  consistent	with	1S0	(3S0)		
					pairs	creaKng	SRCs.	

C.	Colle	and	O.	Hen	et	al.,	Phys.	Rev.	C	92,	024604	(2015)	

Sn=0	
pairs	

C.Coll et al., Phys.Rev.C 



N-N: 

電子散乱から分かったこと
• 高運動成分
• 分光学因子のクエンチング問題
• p-n : p-p ~ 20:1 (300 ~ 600 MeV/c)
• A>12/A=12  N-N 対の比
• pp/pn (短距離・テンソル相関)比の運動量依存性

30	
Schiavilla	et	al.,	PRL	98,132501	(2007)	

Ciofi	and	Alvioli	PRL	100,	
162503	(2008)	

Sargsian	et	al.,	PRC	71	
044615	(2005)	

np	

pp	

Pair	density	calculaKons:	

3He	

Bonn	

np	

pp	

I.	Korover,	N.	Muangma,	
and	O.	Hen	et	al.,	Phys.	
Rev.	LeT	113,	022501	
(2014).	

[%]	

np	

pp	

pp/np	raKo	increase	with	Pmiss	

Tensor & SRC



N-N: 
(p,d)：分かったこと、(p,dN)：期待できること

• 閉殻核(p,d)：高運動成分
• 閉殻核(p,d)：テンソル力を示唆する遷移断面積
• (p,dN)：終状態の分離 ⇒ 核構造の詳細な議論の可能性
• (p,dp)：スピン／アイソスピンの異なる終状態の選択則
• (p,dN)：p-n／p-p が大きい(JLAB結果と一致する)可能性
• (p,d),(p,dN)：FSI、MECの寄与はそれほど気にならない？
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2-5, Target difference
     As example, target difference can be seen in Fig. 10 by similar manner in Fig.7 and 
after subtraction of accidental contribution. Reasonable excitation energy distribution of 
12C is observed in similar energy resolution and a strong peak at 0.0 MeV. Only one 
parameter has to be introduce from energy loss in target which was adjusted by lower 
discrete state in 12C(p,d) reaction. In accidental coincidence indicated by red in upper 
panel in Fig 8, a peak structures are observed which is true event but gate produced by 
accidental coincidence. Only on strong peak is observed in natC(p,dp). A smaller amplitude 
around 7 MeV

Figure 10, Projection excitation energy spectra of H2O(p,dp) (left panels;#1152) and 
natC(p,dp)(right panels;#1220) in true and accidental coincidence and its subtractions. 

16O 12C3+/1+
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T=0
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T=0
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4, Result and Discussion
4-1, Past reference
! Recently I found our related articles in 70’s (p,pd) in Li/C/O. at 670 MeV and 75 
MeV and also important of past knowledge of electron induced deuteron knockout reaction 
(e,e’d).  In PRC15(77)843, they studied same reaction of ours with better resolution. On 
the other hand, geometry is symmetric for traditional knockout reaction which would 
provide us a good reference of knockout contribution. Their angle is θd/θp=30o/49o, 
respectively. The equivalent angle in c.m. and relative momentum are 85o/230 MeV/c, 
respectively. They could see a two major state 3+ and 1+ and second component in 2 MeV  ( p. p&), AND «) REACTIONS pN
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in near-by recoil-less condition. 

R. Ent et al . / Nucl ear Physi cs A578 ( 1994) 93- 133

Fi g. 4. Mi ssi ng- ener gy spect r umof t he r eact i on 6Li ( e, e' d) .

The dat a wer e anal yzed as descr i bed i n Ref . [ 41] . I n shor t , t hi s anal ysi s i ncl udes:
( i ) r ej ect i on of par t i cl es ot her t han deut er ons, ( i i ) r ecop_st r uct i on of t he i nt er act i on
poi nt f r omt he measur ed wi r e- chamber i nf ormat i on [ 36- 38] , ( i i i ) sor t i ng t he dat a
i n Emand I pm1, ( i v) subt r act i on of t he acci dent al event s, wher e t he di st r i but i on of
acci dent al event s i s obt ai ned di r ect l y f r omt he exper i ment al dat a, ( v) di vi si on by
t he cal cul at ed det ect i on vol ume of coi nci dence event s i nM. , I pmI ) - space, ( vi ) a
possi bl e di vi si on by KQed or KQd, and ( vi i ) unf ol di ng of t he r adi at i ve t ai l .

Repr esent at i ve spect r a f or t he r eact i ons st udi ed ar e gi ven i n Fi gs . 3- 5. The f act
t hat t he spect r a ar e consi st ent wi t h zer o up t o t he t r ansi t i on t o t he gr ound st at e,

12C( e, e' d) 1°B
Ee=466 MeV
Em= 52 MeV

35 <p. < 85 MeV/ c

Fi g. 5. Exci t at i on- ener gy spect r umof t he r eact i on 12C; e, e' d) . The l abel s i ndi cat e J1, T.Figure

Next to see a expected deuteron knockout. similar yields are expected for ground state 
3+(0), excited states 1+(0), and 0+(1). 

4-2, Discussion
! First we evaluated possible d-knockout components by 12C/16O(x,xd)10B/14N, also 
checked single particle spectroscopic amplitudes by 11B/15N(p,d)10B/14N N. 0.0 MeV(3+;0), 
2.15 MeV(1+;1), and 5.16 MeV(2+;0 and 1+;0) for 12C, and 0.0 MeV(1+;0), 2.31 MeV(0+;1), 
3.95 MeV(1+;0), and 7.03 MeV(2+;0) for 16O can be excited strongly. For 12C, 0.72 MeV(1+;
0) and 1.74 MeV(0+;1) are visibly excited in d-knockout reaction, even smaller 
spectroscopic factor in (p,d) reaction. Present data can be seen only two(g.s. and 5 MeV) 
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N-N: 
(p,d)：分かったこと、(p,dN)：期待できること

• 閉殻核(p,d)：高運動成分
• 閉殻核(p,d)：テンソル力を示唆する遷移断面積
• (p,dN)：終状態の分離 ⇒ 核構造の詳細な議論の可能性
• (p,dp)：スピン／アイソスピンの異なる終状態の選択則
• (p,dN)：p-n／p-p が大きい(JLAB結果と一致する)可能性
• (p,d),(p,dN)：FSI、MECの寄与はそれほど気にならない？

Tensor & SRC



N-N: 

課題、問題点、疑問 (主に(p,d),(p,dN)につ

8

N

N

N

N

A−2

A

A

A−2

A−2

A

N

N

.A−2

N
N

∆

A

A−2

N

N

.

A

A−2

N
N

N
N

isobar deexcitation

seagull

SRCs

MECs

isobar excitation

ICs

MECs

FSIs

pion−in−flight

ICs

A

.

∆

Fig. 1.4: Diagrams for SRCs and two-body processes.

are attributable to the motion of the center-of-mass of the pair within the target

nucleus.

The virtual photon can couple to the carbon nucleus via different processes. It

may be absorbed by one nucleon through a one-body hadronic current, or by many

nucleons through many-body hadronic currents. We detect the emitted two high-

momentum nucleons in the study of SRCs in this investigation. Because the virtual

photon couples to only one member of the SRC pair, the SRC is a one-body process,

even though it leads to the emission of two nucleons (see the top left diagram in

Fig. 1.4). On the other hand, all two-body processes (see Fig. 1.4), such as meson-

exchange currents (MECs), isobar currents (ICs), and final-state interactions (FSIs),

lead to the emission of two high energy nucleons. Hence the SRC must compete

with these two-body processes.

Though the complete elimination of MECs, ICs, and FSIs is impossible, they

• テンソル・短距離相関を取り入れた波動関数がまだない
• (p,dN)反応計算はどうする？　
• FSI、MEC、ICの寄与は本当に無視できる？どう決定す
る？

• エネルギーどんどん上げても見ているものは同じ？それ
でも核子の自由度でよい？

Tensor & SRC



• (p,d)、(p,dN)測定を安定核標的に対し、広い運動量領域
について測定を行い、テンソル・短距離相関の定量的な
寄与を決定する

• 不安定核について、(p,d)、(p,dN)測定により、安定核／
その近傍核との比較で、テンソル・短距離相関のアイソ
スピン依存性を明らかにする

• (p,pN)、(p,2pN)反応？
• 偏極ビームを使う？

N-N: 

戦略、今後の展望

RCNP、GSI-FAIR、(Future-RCNP)

RIBF、GSI-FAIR

Tensor & SRC


