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Three-Nucleon Forces (3NFs)
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• Binding energies of light mass nuclei (A ≥ 3)
• Scattering observables of few-nucleon scattering
• Properties of nuclear matter

(e.g., saturation density, radius or mass of neutron star)

Necessity of
Three-Nucleon Forces 

(3NFs).

S. C. Pieper et al.,
NPA 751, 516 (2005).
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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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A. Akmal et al., PRC 58, 1804 (1998).

in Infinite Nuclei (Neutron Star)in Finite Nuclei



Few-Nucleon Scattering

2K. Sekiguchi et al., PRC 65, 034003 (2002).

2NF (AV18, CDB, Nijm I&II)
2NF + 3NF (TM’99)
AV18 + Urbana IX

✎Theory : Faddeev (-Yakubovsky) eq., etc…
Rigorous numerical calc. for 3, 4N system

w/ 2NF, 3NF inputs

✎Exp. : Precise Data
Cross section, Spin observables (Ai, Cij, Kij)

Direct
Comparison

d + p Elastic Scattering at 70–250 MeV/u
Ø Differential Cross Section dσ/dΩ

- 3NFs are clearly needed.

Ø Spin Observables (iT11, T20, T21, T22, Kijl’ )
- The data are partially reproduced by including 3NFs.
- Spin dependent parts of 3NFs are less known.

A good probe to study the dynamical aspects of 3NFs.
üMomentum dependence
üSpin & Iso-spin dependence

Solid basis to explore the 3NF properties



Chiral EFT based Nuclear Potential
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Chiral Effective Field Theory (EFT)
ü Based on chiral symmetry of QCD.
ü Lagrangian is organized by the 

power of Q/Λχ.

ü Consistent two-, three-, and many 
nucleon forces are derived on the 
same footing.

ü 3NFs appear at N2LO.
ü Short range interactions involve

Low Energy Constant (LEC).

Q ~ mπ (140 MeV)
Λχ : chiral symmetry breaking scale

(~1 GeV)
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2N Force
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3N Force
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4N Force

In progress

CD CE

13 LECs

2 LECs

Our Goal: Determining LECs from the 3N scattering and the 3NFs at N4LO



Determination of LECs
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E. EPELBAUM et al. PHYSICAL REVIEW C 99, 024313 (2019)

nd scattering length 2a

nd tot at 70 MeV

pd minimum of d /d  at 70 MeV

nd tot at 108 MeV

nd tot at 135 MeV

pd minimum of d /d  at 135 MeV

pd minimum of d /d  at 108 MeV

R = 0.9 fm R = 1.0 fm

FIG. 2. Determination of the LEC cD from the differential cross section in elastic pd scattering, total nd cross section, and the nd doublet
scattering length 2a for the cutoff choices of R = 0.9 fm and R = 1.0 fm. The smaller (blue) error bars correspond to the experimental statistical
and systematic uncertainties added in quadrature. The larger (orange) error bars also take into account the truncation error estimated as
described in Ref. [21] and added in quadrature. The green (violet) bands show standard error intervals of cD resulting from a combined least
squares single-parameter fit to all observables (to observables up to EN = 108 MeV) using the orange error bars.

values are taken from the correlation line shown in Fig. 1. The
shown χ2 does not take into account the estimated theoretical
uncertainty of our calculations. Notice further that in all cases,
we have taken into account the systematic errors in addition
to the statistical ones as given in Refs. [42,44]. While the
resulting cD values at 70 and 108 MeV are close to each other
and also to the central value of cD ∼ 2.1 from the global fit
up to 108 MeV quoted above, the fit to the E = 135 MeV data
prefers a value of cD ∼ −0.7. However, taking into account
the relatively large truncation uncertainty at E = 135 MeV,
the extracted values of cD at all three energies are still com-
patible with each other (see the left-hand graphs of Fig. 2 and
left-hand panels of Fig. 3).

III. Nd SCATTERING

We are now in the position to discuss our predictions
for nucleon-deuteron (Nd ) scattering observables. To this
aim, we calculate a 3N scattering operator T by solving the
Faddeev-type integral equation [40,53– 55] in a partial wave
momentum-space basis. Throughout this section, we restrict
ourselves to the harder regulator value of R = 0.9 fm in order
to cover a broader kinematical range up to Elab = 250 MeV
and focus on a very restricted set of observables.2 A more
detailed discussion of Nd elastic and breakup scattering at
N2LO will be published elsewhere. Since we are going to
compare our 3N scattering predictions with pd data, we
have replaced the neutron-neutron (nn) components of the
NN potential with the corresponding proton-proton (pp) ones
(with the Coulomb force being subtracted). Furthermore, in
order to provide converged results, we have solved the 3N

2The results for low-energy scattering observables using R = 1.0
fm are comparable to the ones using R = 0.9 fm (see also Ref. [23]
for a similar conclusion for calculations based on NN forces only).
More details are given in a separate publication [30].

Faddeev equations by taking into account all partial wave
states with the 2N total angular momenta up to jmax = 5 and
3N total angular momenta up to Jmax = 25/2. The 3NF was
included up to Jmax = 7/2.

At low energies, the most interesting observable is the
analyzing power Ay for nd elastic scattering with polarized
neutrons. Theoretical predictions of the phenomenological
high-precision NN potentials such as the AV18 [13], CDBonn
[14], Nijm1, and Nijm2 [15] fail to explain the experimental
data for Ay as visualized in Fig. 4. The data are underesti-
mated by ≈30% in the region of the Ay maximum which
corresponds to the c.m. angles of "c.m. ≈ 125◦. Combining
these NN potentials with the 2π -exchange TM99 3NF model
[57] removes approximately only half of the discrepancy to
the data (see Fig. 4). That effect is, however, model dependent:
if the Urbana IX 3NF model [58] is used instead of the
TM99 3NF, one observes practically no effects on Ay (see the
left-hand panel of Fig. 4). The predictions for the Ay based
on the chiral NN potentials appear to be similar to those
of phenomenological models (see Ref. [23] and references
therein). Combining the N2LO SCS chiral potential with the
N2LO 3NF only slightly improves the description of Ay.
The behavior is qualitatively similar to the one observed for
the TM99 3NF, but the effect is approximately two times
smaller in magnitude. As expected, the theoretical predictions
appear to be quite insensitive to the actual value of cD as
visualized by a rather narrow magenta band in the right-
hand panel of Fig. 4, which corresponds to the variation of
cD = −2.0, . . . , 6.0. In fact, this observable is well known
to be very sensitive only to 3Pj NN force components [59],
while both 3NF contact interactions act predominantly in the
s waves. However, the truncation error at N2LO is rather
large and, in fact, comparable in magnitude with the observed
deviation between the predictions and experimental data. It
would be interesting to see whether the Ay puzzle would
persist upon inclusion of higher-order corrections to the 3NF
(see Refs. [60,61] for recent work along this line and Ref. [62]

024313-4

CD

Differential cross sections give strong constraints for LEC cD !

The rich date set of 3N scattering is highly demanded.

CE



New Experiment:
Measurement of Spin-Correlation Coefficients
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RIKEN RI Beam Factory (RIBF), Japan

pol. d-pol. p Elastic Scattering @100 MeV/u

Polarized Ion Source

ü High polarization: 60–80%
ü Spin axis is freely controlled.

E3

Pol. proton target will be 
installed at E3 room.



Spin-Correlation Coefficients Ci,j, Cij,k
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differential cross section with polarized beam and polarized target (spin 1 + ½)

pij : Beam (d) polarization
pk : Target (p) polarization
Ai,j, Ak : Analyzing power
Ci,j, Cij,k : Spin-correlation coefficient

※Spin axis of beam and target is aligned to the vertical (y) axis.

We need to measure
scattering asymmetry of L&R, U&D!
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Polarized Proton Target
~for measurements of spin-correlation coefficients~



Polarization Method
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Triplet DNP (Dynamic Nuclear Polarization)

S1

S0

𝑒

1H

1H1H

1H

1H

microwave (9 GHz)

Zeeman sublevels

T1Laser excitation

Electron polarization ~90%

②Polarization transfer to protons①Polarization of electrons

(in 0.35 T)

naphthalene pentacene
(0.003 mol%)

ü Optical excitation of pentacene and decay to triplet state
à electron polarization

ü Polarization transfer to protons by microwave irradiation
ü It is operated at a relatively lower magnetic field and a 

higher temperature (~100 K).

Target: pentacene doped naphthalene crystal
(size: φ10, 3 mmt)



Polarized Proton Target System
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Coil : 371 turns 

60°

・Magnetic fied : ~0.3 T
・Field variation : ≤ 0.1%

Within target range (𝜙10, 3mm):



60°
60°

0 10 cm

Magnetic field

Beam

VacuumPulsed laser

Cold N2 gas

Naphthalene crystal

Kapton films

Polarized Proton Target System
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Beam
B0

Target ChamberElectromagnet

93
0 

m
m

Pulsed Laser
wavelength：589 nm
pulse width：180 nsec
repetition rate：4.5 kHz
power：9 W

T~100 K

(φ10, 3 mmt)



Target Performance
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Ø We performed a performance test for the newly-developed polarized proton target system.
Ø Time evolution of polarization is monitored by NMR.

Polarization signal was confirmed, and spin-relaxation time more than 20 hours was achieved.

Build Up Spin Relaxation (T1)



Summary and Outlook
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Studying 3NFs via few-nucleon scattering at intermediate energies (E/A ≥ 65 MeV).
✎ dp elastic scattering at RIKEN provided a solid basis for 3NF study.
✎Systematic 2NF&3NF potential à Chiral Effective Field Theory

We plan to the measurement of spin-correlation coefficients (@100 MeV/u) for dp elastic scattering.
✎Our Goal: determination of LECs in chiral EFT and 3NFs at N4LO.

Polarized proton target was developed for the measurement of spin-correlation coefficients.
✎The target system has a wide acceptance for horizontal and vertical planes.
✎Polarization signal was confirmed, and spin-relaxation time was 24.1 h.

Future Plan
Beam test at CYRIC, Tohoku University

à Evaluating the absolute polarization via pp scattering
Estimating the radiation damage due to charged particle beams
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