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T = 3/2 channel of 3-Nucleon Forces
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2NF

3NF

Ø Important roles for Neutron-rich nuclei, Neutron matter, etc. ...

Ø Total isospin channel of 3NFs is limited to T = 1/2 for d+p. 

-100

-80

-60

-40

-20

En
er

gy
 (M

eV
)

AV18

IL2 Exp

0+

4He

2+
1+
0+

0+
2+

6He

1+

1+
3+
2+
1+

6Li

5/2−
5/2−

3/2−
1/2−
7/2−
5/2−
5/2−

7/2−

3/2−
1/2−

7Li

1+
0+
2+

0+
2+

8He
1+

0+
2+
4+
2+
1+

3+
4+

0+

2+

3+
2+

8Be

9/2−

3/2−
5/2−
1/2−

7/2−
(3/2−)

(5/2−)

9Be
3+

4+

0+
2+
2+

(4+)

10Be 3+
1+

2+

4+

1+

3+
1+
2+

10B

3+

1+

2+

4+

1+

3+

1+

2+

0+

12C

Argonne v18
With Illinois-2

GFMC Calculations

12C IL2 result is preliminary.

Figure 4. Energies of nuclear states computed with just the AV18 NN potential, and with
the addition of the IL2 NNN potential, compared to experiment.

be narrow. The off-diagonal overlaps Ni1(τ) are small and do not show signs of steadily
increasing with increasing τ . The solutions of generalized eigenvalue problems using the
Eij(τ) and Nij(τ) are not significantly different from the Eii(τ) shown in the figure. These
results show that the (constrained) GFMC propagation largely retains the orthogonality
of the starting ΨT,i. Contrary to what might have been expected, the propagation of the
higher states does not quickly collapse to the lowest state.

4. ENERGIES OF NUCLEAR STATES

Figure 4 compares energies computed with the AV18 (no Vijk) and AV18+IL2 Hamil-
tonians to experimental values. The AV18+IL2 result shown for 12C was made using
a simplified ΨT and an approximate treatment of Vijk in the GFMC propagation; for
these reasons it is marked preliminary. We see that using just a NN potential underbinds
4He by 4 MeV; this underbinding increases to 18 MeV for 12C. The parameters of the
Illinois-2 NNN potential were adjusted to reproduce the energies of 17 narrow states for
3 ≤ A ≤ 8 [3]. As can be seen the potential provides an excellent overall reproduction of
the energies of many states up to the ground state of 12C; the RMS error in reproducing
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3NF Study via p-3He Scattering
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2NF 
2NF + 3NFEp = 5.54 MeV

M. Viviani et al., PRL 111, 172302 (2013).

up to 30 MeV

A. Deltuva and A. C. Fonseca, PRC 87, 054002 (2013).

CD Bonn
CD Bonn + Δ

✎Approach to iso-spin dependence of 3NFs (T = 3/2 3NFs)
✎First Step from few to many nucleon systems
✎Theory in progress…

Cross section, 
Analyzing powers,
Spin correlation coefficients.

ObservablesMeasurement of p+3He system (Ep ≥ 65 MeV)
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Measurements of proton-3He Scattering

Reported in “AW et al., Phys. Rev. C 103, 044001 (2021)” for 65, 70 MeV,
“AW et al., Phys. Rev. C 106, 054002 (2022)” for 100 MeV.

Ep = 65, 70, 100 MeV



Experimental Setup @RCNP, ENN course

7(100 MeV, 30 nA)

• Beam Pol. : 45%
• Analysis Reaction : d-p elastic scat.

0 5 m

ENN Course

EN Course

Polarized 3He Target

BM4–EN

BM5–ENN

QM9D–ENN

QM9–ENN

QM10–ENN

QM9–EN

F.C.Vacuum Chamber

BM : Bending magnets
QM : Quadrupole magnets

QM10–EN

Proton Beam

Beam Line Polarimeter
(Beam Monitor)Method: AH-SEOP

Target cell: GE180 glass
3He gas: 3 atm, ~2 mg/cm2

Typical pol.: ~40%
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Right Detectors

p beam

Left Detectors

Pol. 3He Target

to F.C.

ΔE-E detectors
(pla.+NaI(Tl) scinti.)

Experimental Setup Around the Target

Top view

θlab = 35°– 135°

Beam 

Detectors

Pol. 3He target

py : Beam pol.    p0y : Target pol.
Ay, A0y : Analyzing power
Cy,y : Spin-correlation coefficient

<latexit sha1_base64="kGWPzhdxN9L5uTpnzOp+XLM3S58="></latexit>

Luu = L0 (1 + pyAy + p0yA0y + pyp0yCy,y)
<latexit sha1_base64="xu2/zgyqmEori0mH/NQfVGMW3tc="></latexit>

Ruu = R0 (1 � pyAy � p0yA0y + pyp0yCy,y)

Spin observables are extracted from scattering asymmetry.

Polarized Cross Sections
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Experimental Results
&

Discussion
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*Calculations : A. Deltuva, private communications

Spin Correlation Coefficients Cy,y @100 MeV

CD-Bonn : Realistic NN potential
CD-Bonn+∆ : Coupled channel potential with ∆-isobar

à Effective 3NFs
INOY04 : reproduce 3N binding energies
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ü Date are compared with the calculations 
based NN potentials.
(total angular momentum :  j < 4)

ü Large ∆-isobar effects are predicted.
ü The ∆-isobar effect improves the agreement 

with the data.



微分断面積に対する寄与

- Δの効果を 2N起因 (Dispersive effect) と 3, 4NFsの寄与に分解
• Dispersive effect : Δ-isobarを含めた二体相互作用、3N束縛エネルギーを弱める効果(斥力的)

• 3, 4NFs : Δ-isobarの自由度を取り込むことで得られるEffectiveな3,4NFs、3N束縛エネルギーを強める(引力的)

- 3,4NFsの寄与は微分断面積を増加
- Dispersive effect は微分断面積を減少する方向 → 全体として小さなΔ-isobarの寄与

- Nd 散乱系ではDispersiveの効果は後方角度でのみ大きくなる
• 3NFの寄与がDispersive effectよりも大きい→Δの効果が微分断面積を増加 [S. Nemoto Ph.D thesis (1999)]

p-3He散乱系でのΔの効果は、Nd 散乱系とは異なる

議論 - Δ-isobarの効果 -

濃灰 : Δ-isobarの寄与
 薄灰 : Dispersive Effect

NN + Δ
NN (Paris)
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Ø The effects of the 2N dispersion and those of 3, 4NF effect are
singled out separately.

- 2N Dispersion : 2N interaction including ∆-isobar
- 3, 4NFs : Effective 3, 4NFs by taking into account ∆-isobar

∆-Isobar Effects for Differential Cross Sections
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Ø The effects of the 2N dispersion and those of 3, 4NF effect are
singled out separately.

- 2N Dispersion : 2N interaction including ∆-isobar
- 3, 4NFs : Effective 3, 4NFs by taking into account ∆-isobar

∆-Isobar Effects for Differential Cross Sections

※Data from N. P. Goldstein et al., Can. J. Phys. 48, 2629 (1970).

n+d @135 MeV/nucleon
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∆-Isobar Effects for Scattering Observables
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ü Contributions of dispersive effect and 
effective 3, 4NFs are comparable.

ü Effects of 3, 4NFs are enhanced at 100 MeV.
(At 65 MeV, the ∆-isobar effects are mostly 
from the 2N dispersion.)

Cy,y expands the knowledge of 
nuclear interactions with the ∆-isobar.

Ø The effects of the 2N dispersion and those of 3, 4NF effect are
singled out separately.

- 2N Dispersion : 2N interaction including ∆-isobar
- 3, 4NFs : Effective 3, 4NFs by taking into account ∆-isobar



15

Study of 3NFs for p-3He elastic scattering at intermediate energies (E/A ≥ 65 MeV) 
✎First step from few-nucleons to many body
✎Approach to total iso-spin T = 3/2 channel of 3NFs

Measurement of Cy,y for p-3He elastic scattering at 100 MeV
✎Precise data of Cy,y with wide angular range.
✎Comparison the data with the predictions based on NN potential

ü Calculation (with ∆-d.o.f.) improved the agreement with the data
ü Different properties from d-p scattering system

à The possibility of exploring the 3NFs in p+3He, which are not accessible in d+p. 

Excellent tool for3NF study

Future Plan
d-p scattering : Complete set of spin correlation coefficients
à Determination of 3NFs based on χEFT from d-p scattering data

Summary 



TOMOE Project
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Determination of χEFT 3NFs from d-p elastic scattering

16

CD CE

13 LECs

Theory: 
Chiral Effective Field Theory (EFT)

Experiment:
Measurement of spin correlation coefficients 

for d+p

pol. d-pol. p Elastic Scattering @RIBF
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Determination of χEFT 3NFs from d-p elastic scattering

17

CD CE

13 LECs

Theory: 
Chiral Effective Field Theory (EFT)

Experiment:
Measurement of spin correlation coefficients 

for d+p

pol. d-pol. p Elastic Scattering @RIBF

Poster session:
Y. Saito, “Preparation for Spin Correlation Coefficients Measurement 
in Polarized Deuteron-Polarized Proton Scattering Experiment ”


