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Three-body force 
in

Nuclear system



2BS 2NF

3BS

4BS

MBS

3NF

4NF

MNF

How to identify 3NF?

 V(2NF) > V(3NF) > V(4NF) > ….
 3NF is easily masked by strong 2NF effects
 2NF must be known precisely prior to study 3NF

Requires QM Schrodinger equation
 2BS: Schrodinger eq. 
 3BS: Faddeev eq.
 4BS: Faddeev- Yakubovski eq.



First modern three-nucleon force (3NF)
J. Fujita H. Miyazawa

Fujita•Miyazawa type 3NF
(Prog. Theor. Phys. 17(1957)360.)

∆ ：excited state of N

2π exchange 3NF

 Correct QM Schrodinger eq. for 3BS (Faddeev eq. 1961)
 2NF was not yet established (established around 1990.)

 FM were too early to verify their 3NF, experimentally.

π+N→∆→π+N’

Note: To solve Faddeev eq. super CPU is needed (be available at late 1980)



Various 3NFs (operator form)

p-waveb, d s-wavea c

 Chiral EFT (modern force)

 (may be) Connected to QCD
 Interactions: π, N, contact-term
 2NF,3NF: extracted naturally on 

the same bases.



Looking for 3NF



Looking for 3NF 
-- Binding energy of 3H (simplest 3 nucleon system)--

2N potential w/o 3NF
(MeV)

with 3NF
(MeV) 

CDBONN
Nijmegen I
Njimegen II
Nijmegen 93
AV-18

8.013
7.741
7.659
7.668
7.628

8.48
8.48
8.48
8.48
8.48

experiment 8.48

p

n
n

2NF : various modern forces
3NF : Fujita-Miyazawa

BE(3H)=[Mp+2Mn-M(3H)]c2=∆Mc2

= 8.48 MeV

One parameter exists.
Λ : π-N form factor adjusted

Once Λ fixed, parameter 
free Faddeev calc.



Looking for 3NF in pd scattering 

Direct Exch.

Measure Xsec dσ/dΩ at minimum.
→ require high precision data

Forward scatt.

Backword scatt.

Faddeev cal. 
Excellent fit!
No 3NF effect visible! 
（No need of experiment！）

Precise pd scattering 

→ pd scatt. at intermediate energy (≥100 MeV)
Prediction of H.Witała. PRL 81(1998) 1183.

Low energy  (<10 MeV)

θ

Exch.

pin picks-up ntarg
to form dexch.

pin

pin

drecoil

dexch

pscat

p’scat



135 MeV (a half of light velocity)

Xsec
Analysing 
power

Results for p+d scattering at 135 MeV

Sakamoto et al., PLB367(1996)60.

Sakai et al., PRL 84(2000)5288.

Sekiguchi et al., PR C65(2002)034003.



2NF only

Bochum-Cracow-KIT Gr. calc.
Coulomb

Xsec
Analyzing 
power

Results with 2NF only Faddeev cal.

30% 

No free parameter calculations



2NF + 3NF

Calculations  reproduce beautifully data.
⇒Effects of 3NF confirmed !

Sensitive only to T=1/2 3NF.

Analyzing 
power

2NF only
Bochum-Cracow-KIT Gr. calc.

Results with 2NF + 3NF

Xsec

30% 

No free parameter calculations



Our pd data available for 70-320 MeV

Discrepancy increases at backward angles
Some important ingredient is still missing

Systematic study

Contact: Kimiko Sekiguchi, Tohoku Univ.
Sekiguchi et al.

PRC 65, 034003 (2002)
PRL 95, 162301 (2005)
PRC 79, 054008 (2009)
PRC 83, 061001 (2011)
PRC 89, 064007 (2014)
PRC 96, 064001 (2017)



Anecdote
We established 3NF effects in pd scattering around 2,000.

In 2007 we held a symposium FM50 to commemorate Fujita-Miyazawa 
3NF theory at University of Tokyo. 

H. Miyazawa

 It took 50 years!  
Needed time for Faddeev theory and 2NF. 

 Next challenge : T=3/2 3NF and 4NF?

I never thought our 
theory(FM) could be 
tested by experiment.



Started with a construction of polarized ion source (1992 ∼1994)

How I was involved in few-body physics

SMART
High-E polarimeter

d+p ,  270 MeV

Ring
Cyclotron

AVF K = 540 MeV

Ed = 270 MeVHow to measure the magnitudes 
of beam polarizations ?

Atomic beam-type 

Polarimeter



Adoped dpol + p scattering for a beam polarimetry

Complete polarization observables (Ay, Ayy, Axx, Axz) 
successfully measured for the first time 
at intermediate energy.
(I was very proud of this and
did not pay strong attention to X-sec.)

And submitted to Phys. Lett. on June 13, 1995.





After getting better X-sec data, revised paper was resubmitted.



Koike,s calc.
•Faddeev calc.
•With Coulomb
•Separable potential
•No 3NF

Ay,Axx,Ayy,Axz
reproduced well for 
measured angular range

After this measurement, the 
rigorous Faddeev calc. 
appeared and I was seriously 
involved in FB physics.

My surmise at that time

Without deteriorating good fits 
to all Aij, 30% diff. in X-sec 
cannot be recovered. 

Sakamoto paper, PL B367(1996)60



3NF is included in the title in the PRL

Research develops  unexpectedly !!! 
Serendipity ?
Right time by lucky
NN-int. established
NN+3NF Faddeev calc. available
PIS: dedicated only for deuteron
Polarimetry by dp scattering
etc.

State-of-the-art dσ/dΩ, 
Ay,Axx,Ayy,Axz,Py,Kxx

y’,Kyy
y’,Kxz

y’

Now everywhere 3NF !



So far T=1/2 3NF

Next challenge: T=3/2

Requires n-n-n/p-p-p system



Tetraneutron with SHARAQ

Spokesperson: K. Kisamori, S. Shimoura

K. Kisamori et al., PRL116, 052501 (2016)

4n
Multi-neutron system to study T=3/2 3NF



Tetraneutron (4n) prior to our experiment
 Marques et al., PRC65(02)044006

 Neutron cluster search
14Be → 10Be +4n

 Hint of bound tetraneutron !

4NF introduced to 
artificially bind 
tetraneutron !



Exothermic DCHEX reaction to create 4n

Two-step process
projectile  : 8He→8Li→8Be (→α+α)

target : 4He→4H→4n

p n
s

p

Projectile side : 8He → 8Be

DGT

p n
α

4n

s

p

Target side : 4He(α) → 4n

DSDR

4He(8He,8Be)4n reaction

△m(8He)=+32MeV
Q=−3MeV
Recoil-less

(q=15MeV/c)

Merits

8Be→2α observed



Measurement of 4n at rest with SHARQ
8Be：2α measured at SHARAQ magnetic spectrometer
SHARAQ :constructed under ICHOR Project (Spokesperson H. Sakai)

RIKEN RIBF

SHARAQ

8He beam
:200MeV/A              
2×106cps

Liq. He

SHARAQ

High Resolution 
BL

QQDQD type
Bρ=6.4 Tm
∆E/E=0.02% (dispersion matching)
∆Ω:10mrad × 30mrad

4He(8He,8Be)4n



Result of 4He(8He,8Be)4n
K. Kisamori, Shimoura, Sakai et al., Phys. Rev. Lett. 116, 052501 (2016).

4 counts (resonance!)
ER=0.83 ± 0.65(stat.) ± 1.25(sys.) MeV
Γ ≤ 2.6 MeV(FWHM)
σ = 3.8 +2.9

-1.8 nb
significance＝4.9σ

4n as a resonance state

Recoilless exothermic 
CHEX reaction!

T=3/2 3NF must play an important role.
→also important for multineutron system 

as well as neutron stars.



Recent theoretical works on 4n (yes)

 A.M. Shirokov et al., PRL 117(2016)182502

NCSM calculation with DISP16 
interaction: No 3NF! Non-local

4-body phase shift (HH coordinate) 
shows resonance around Er=0.8 
MeV with Γ=1.4 MeV. 

 S. Gandolfi et al., PRL 118(2017)232501

Ab initio calc. with 2N+3N in chiral EFT

ER=1.84 MeV with Γ=0.28 MeV.
ER(3n) < ER(4n) 
Trineutron resonance at 1 MeV!



Recent theoretical works on 4n (No)
E.Hiyama et al., PRC 93(2016)044004 

Too strong attraction is necessary for 
4n resonance, which makes 4H bound!

 Solve Faddeev-Yakubovsky (FY) 
equations

 Complex scaling method to get Er and Γ

 A. Deltuva, PLB 782(2018)238

 Exact continuum eq. for trans. ope. 
 AGS equation (momentum space)

To produce a resonance, 5 times 
more attraction is necessary.

3NF No 3NF!



Recent theoretical works on 4n (Yes/No)

 K. Fossez, PRL 119(2017)032501

No Core Gamow SM+density reno. G
2 neutrons in the continuum

Er may be compatible with exp. but 
Γr must be larger than 3.7 MeV. 

No 3NF.

8He

4n

4He
8Be

2 steps

Theoretical 
structure model

Missing mass : Ex=E(8He)-E(8Be)

Reaction dynamics should be included.  
4n created with 4He (<R> ∼1.9 fm)

Our measurement



-- New measurement --

Spokesperson: S. Masuoka, S. Shimoura

Measurement was carried out in June 2016
to get more statistics



New measurement (still preliminary)
Kisamori et al. PRL New data

 4 counts around Ex=1 MeV
Similar feature observed



Why we could observe 4n resonance
My preconceived idea

VNNN(T = 3/2 ) will work when 3n are in Rrms < 1.9 fm.
 S.C. Pieper, Phys. Rev. Lett. 90, 252501 (2003)

Rrms ∼1.67 fm Rrms ∼1.67 fm

4He tetra-neutron

DCHEX

 Merit of exothermic DCHEX reaction:
1.Keep size of 4n in 1.7 fm ⇒T=3/2 3NF works !
2.Recoil-less (q∼0)  ⇒ cm of 4 neutrons is at rest

Results of 1H(8He,pα)4n are eagerly awaited. 
(Single-step knockout reaction. Huge X-sec.)

Keep the size!
(initial wave-packet size)

Maximize T=3/2 3NF effects !!!

 Exothermic DCHEX is essential



Search for tri-neutron (3n) resonace
to study T=3/2 3NF



Recent theoretical works on 3n after 4n 
 A. Deltuva, PRC 97(2018)034001

AGS equation (momentum space)

Non-existence of 3n resonance

E.Hiyama et al., PRC 93(2016)044004 

 Solve Faddeev-Yakubovsky equations
 Complex scaling method to get Er and Γ

ER∼4 MeV, Γ∼4 MeV
Jπ=1/2- and/or 3/2-

All negative!

Stronger T=3/2 3NF attraction is 
necessary for 3n resonance.



Tri-neutron search by CHEX reaction 
For tri-neutron search (same as the tetra-neutron search)
 Create 3n system at rest by exothermic CHEX reaction  
 Best choice is 3H(9Li, 9Be)3n. Q=+4.4 MeV
 Recoilless condition (q=0) can be achieved.
 Alternative might be 3H(t, 3He)3n. Q=−6.9 MeV (not exothermic)
 In any case, 3H Target needed

p n
3H

3n

s

p

Single CE： 3H → 3n

SD

Considering isospin symmetry, 
3He(3He,t)3p is very interesting (3p ↔ 3n).

 SD: σ(∆L=1)∼finite  angle
→ large q transfer (∼100 MeV/c))
→give up recoilless condition
Large opportunity of observing 3n resonance .
(It depends on S/N(QFS)). 



Study of three-nucleon resonance states 
via

3He(3He,t)3p and 3H(t,3He)3n

Spokesperson: K. Miki, D. Sakai



3p (new) and 3n (plan) measurements 

E502 exp. Done.
GRAIDEN at RCNP
E(3He)=140 MeV/u 
∆E∼0.4 MeV  
Ex=0 – 25 MeV
θ(lab)=0 – 6 degrees 

Measured 
at RCNP

Proposal accepted (NP1712-SHARAQ11)

SHARAQ at RIBF
E(t)∼140 MeV/u 
Tritium target, in preparation



3He(3He,t)3p measurement (preliminary) 
Excitation-energy functions Angular distributions 

𝜽𝜽𝐥𝐥𝐥𝐥𝐥𝐥 (deg)

3He(3He,t)3p  𝐓𝐓𝟑𝟑𝐇𝐇𝐇𝐇 = 𝟒𝟒𝟒𝟒𝟒𝟒 𝐌𝐌𝐇𝐇𝐌𝐌

0.15°

5.9°

3.1°

Ex(3p) (MeV)

σ
(𝐦𝐦
𝐥𝐥
𝐬𝐬𝐫𝐫

−
𝟏𝟏 𝐌𝐌

𝐇𝐇𝐌𝐌
−
𝟏𝟏 )

σ
(𝐦𝐦
𝐥𝐥
𝐬𝐬𝐫𝐫

−
𝟏𝟏 𝐌𝐌

𝐇𝐇𝐌𝐌
−
𝟏𝟏 ) Ex = 9 – 10 MeV

20 – 21 MeV

 σ(θ) peaks at ∼3°, expected for L=1.
 QFS background?

 No sharp peak
 Broad peak at Ex∼10 MeV

Very preliminary !



3He(p,n)3p vs. 3He(3He,t)3p at 0°

∆E∼3 MeV

Sc
al

ed
 Y

ie
ld

Energy transfer  𝜔𝜔𝑙𝑙𝑙𝑙𝑙𝑙 (MeV) 

Amazing agreement!

Comparison at 0°

3He(3He,t)3p 
@420 MeV

3He(p.n)3p @346 
MeV scaled

Very preliminary !



Isospin symmetry and 3n resonance energy

3Li

3n

Ex(3n)

Ex(3p)

IAS

Jπ(3p) = 1/2-suggested

Wakasa derived

 Tetraneutron resonance may exist at Ex ∼ 3 MeV !      
 Width Γ and S/N ?

Please look forward to 3H(t,3He)3n measurement. 
Stay tuned.

Er(3Li) = 9±1 MeV
Γr(3Li) = 10.5±1 MeV



4NF



 Binding energy ４He [MeV]
Potential w/o 3NF With 3NF
CDBONN
Nijmegen I
Njimegen II
AV-18

26.26
24.98
24.56
24.25

28.40
28.60
28.56
28.36

Exp. value 28.30

How about four nucleon force (4NF) ?

Reproduced only with 3NF
→ 4NF : very small, if exists at all.

6 pairs : 2NF

4 pairs : 3NF

1 pair  : 4NF

 χEFT prediction J.L. Friar : FBS Suppl. 99(2018)1 

p n
pn



 Three nucleon force (3NF)
 Proton + deuteron scattering ⇒ 30% discrepancy in X-sec. 
 Clear signature of 3NF (sensitive to T=1/2)

 Tetraneutron (4n) search 
 Exothermic DCHEX. 4He(8He,8Be)4n 
 4 counts at Ex∼1 MeV; resonance?
 New meas. ; still in analysis

 Trineutron (3n) search
 3n measurement with 3H(t,3He)3n is in plan. Tritium target? 
 3p data is taken with 3He(3He,t)3p.  
 Predicts Er(3n)∼3 MeV

 Next target : T=3/2 3NF, 4NF or …

Summary



Tritium beam 
@ ISOL +SCL3+KOBRA 

∼my small suggestion∼
Could be totally nonsense



18.5 MeV tritium beam@SCL3  A/q=3 

Open up unique facility in the world 
Few-body physics
Nuclear spectroscopy, (t,p)/(t,3He)/etc.

(astrophysics?  (α,p)∼(t,γ))
How to produce tritium beam 

 ISOL  (possible ?)
Better to construct a dedicated small target system

• p(70MeV)+ 4He/7Li→ t+etc. 
(only light particles, n,p,d,t,α are produced)

• etc.
Many Difficulties
Radiation safety
etc.   



Thank you !

Merci
Merci

Merci

RAON(樂) 연구 시설을 이용한 연구
성과가 매우 오르는 것을

간절히기도합니다

감사 !
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