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Fujita-Miyazawa(1957) 3NF

 Most exp. studies are on T=1/2 3NF
 Due to experimental difficulties

 Study on T=3/2 3NF via 3n system
 Are we sure for a- and b-terms?

 Modern 3NF 
 χPT (new structure appears)

M.R. Robilotta (FM50)



Brief history of 3n search



Short list of 3n search 

Author(1st) Article Reaction
Energy

(E/A 
MeV)

Angle 3n Comment

Fujikawa NP A115(68)1 7Li(n,3n) ∼40 integrated No Activation method

Koral NP A175(71)156 7Li(n,3n) 19 38°>θ>4° No

Cerny RL 53B(74)247 7Li(7Li,11C)3n 11 10° No

Belozyorov NP A477(88)131 7Li(11B,15O)3n 7 8° No

Sperinde PL 32B(70)185 3He(π-,π+)3n 140 θ>15° Yes Er=13 MeV, Γ=12 MeV

Stetz NPA457(86)669 3He(π-,π+)3n 120 θ>20° No

Yuly PR C55(97)1848 3He(π-,π+)3n 240 θ>25° No

Graeter EPJ A4(99)5 3He(π-,π+)3n 120 Integrated No

Williams PRL 23(69)156 3He(p,n)3p 50 θ>20° Yes Er=9 MeV, Γ=11 MeV

Heavy-ion

Pion DCX

3p search



History of bound 3n search by activation

 INS, UT
 Activation method
 No evidence found

7Li(p,xn)7Be →7Li(n,3n)5Li→138Ba(3n,n)140Ba



History of bound 3n search by 7Li(n,3n)

 CWRU
 Van de Graaff 
 No evidence found



History of 3n resonance search by 7Li(11B,15O)
NP A477(88)131

 DUBNA
 7Li(11B,15O)3n
 E(11B)=88 MeV (low E)
 θ =8° (large angle)
 MSP-144(mag. Spectr.)
 No evidence



History of 3n resonance search by 3He(π-,π+)

 LRL, Barkeley
 3He(π-,π+)3n
 E(π-)=140 MeV
 θ > 15°
 Evidence Yes

Er=13 MeV, Γ=12 MeV

PL 32B(70)185



History of 3n resonance search by 3He(π-,π+)

q∼180 MeV/c

 3B-PS:n-n-π (Why not n-n-n?)
 4B-FS:n-n-n-π

NP A457(1986)669

 LAMPF
 EPICS spect.
 E(π-)=140-295 MeV
 θ > 20 degrees
 Evidence ?

20°

50°



25° 130°  LAMPF
 EPICS spect.
 θ > 25 degrees
 E(π-)=120-240 MeV
 No evidence

History of 3n resonance search by 3He(π-,π+)



History of bound 3n search 3He(π-,π+)
Graeter et al., EPJ A4(99)5

 TRIUMF
 E(π)<120 MeV
 CHAOS spect.

Angle integrated
 No evidence found



History of unbound 3Li(3p) search by 3He(p,n)3Li

 Rutherford HEL
 N-TOF
 E=50 MeV (low)
 Large θ
 Evidence  Yes

Er=9 MeV, Γ=11 MeV

20°

60°



Review on 3n/3Li(3p) studies 
1. Works done mostly in the last century
2. No bound state found
3. Unbound (contradicting results) 
4. No clear evidence of resonance
5. Experiments suffer from:

• Small bombarding-energy
→complex reaction mechanism

• Large scattering angle
→large momentum transfer

q>180 MeV/c for (π-,π+)



Recent new development

1. Tetra-neutron observed

2. Suggestion of 3Li(3p) resonance

3. Theoretical prediction  



Observation of Tetraneutron

K. Kisamori, Shimoura, et al., Phys. Rev. Lett. 116, 052501 (2016).

 Why 4n was successfully observed ? or 
 What is different from preceding researches ?

⇒ Exothermic charge-exchange reaction at θ=0. 



Observation of Tri-proton 3Li(3p) resonance

 Candidate of 3p resonance deduced  by PT
 Result similar to Williams (PRL 23(1969))

⇒ But still marginal

 3He(p,n)3Li at 345 MeV
 θ=0 degrees
 Polarization transfer(PT) DLL & DNN

q∼30 MeV/c

3Li(3p) quasi-resonance state
 Ex=9±1 MeV
 Γ=10.5±1 MeV



Hiyama-san’s prediction
Hiyama, et al.,  Phys. Rev. C 93, 044004 (2016).

 Solve 4 body eq. (Faddeev-Yakubovski eq.)
 2NF ; reproduce various data of stable nuclei
 3NF ; T=1/2,    -2.04 MeV

T=3/2,     free parameter

 Require unrealistically strong T=3/2 3NF  to 
reproduce experimental  result.

 W(T=3/2) ∼17 ×W(T=1/2) !! 

 For 3n resonance: 
with W(T=3/2) ∼17 ×W(T=1/2) 
ER∼4 MeV, Γ∼4 MeV
Jπ=1/2- and/or 3/2-



Gandolfi, Schwenk et al.’s prediction
arXiv 1612.01502

3n : ER∼1.1 MeV, Γ=? MeV, Jπ=?
4n : ER∼2.1 MeV, Γ=? MeV, Jπ=0+?

Very exotic & challenging 
prediction !

 χEFT
 N2LO (2NF+3NF)
 AFDMC method
 Extrapolated to V0=0



Revisit of theoretical wisdom 



Steven Pieper’s prediction
 S.C. Pieper, Phys. Rev. Lett. 90, 252501 (2003)

 A bound 4n is incompatible with our understanding of nuclear forces.
 VNN acts pairwise; pairs typically very far apart.  rms radius = 8.9 fm
 4n looks like two well separated 2n  (dimer-dimer coupling)
 VNNN requires triples to be close together.  rms radius = 1.9 fm
 Then VNNN(T = 3/2 ) should work

⇒same conclusion by Hiyama-san

1S0

rms=8.9 fm

1S0

4n

rms ∼1.9 fm

VNNN(T = 3/2 ) to work 

How to create the ‘close together’ condition?



It may be worthwhile to attack tri-
neutron search again

by the
Exothermic Charge-Exchange 

reaction 



My very biased view (1)

For success of tri-neutron state observation (same as the tetra-neutron search)

 Realize ‘close together (CT)’ condition 
⇒utilize the charge-exchange (CE) reaction 

Rms ∼1.6 fm

triton

Rms ∼1.6 fm

tri-neutron

CE
Keeps the size!

⇒Satisfy CT condition



My very biased view (2)

q: momentum transfer 
in lab. system

ω: excitation energy of 3n

 Create ‘at rest (AR)’ =‘Recoilless’ condition in lab. to help 3NF to operate
⇒utilize the exothermic CE reaction to achieve q=0 

My choice : (9Li,9Be) reaction △m=+13.6 MeV



Charge-exchange(CE) (a,b) reaction
 (a,b) must be in isobar relation
 (a,b) should be (n,p)/β+ type
 ‘b’ should not have an excited state

 Exothermic ma−mb> +10 MeV
 m(3H)−m(3n)=--10 MeV 

 3H(9Li,9Be)3n     1st choice
 ma−mb=+13.6 MeV
 Q=+4.4 MeV

 3H(3H,3He)3n     2nd choice
 Q=−9.2 MeV

How the exo. CE reaction chosen?

Here, only SCE reaction considered. 

Choice



Candidate of Exothermic CE reaction 
to satisfy CT & AR conditions: 

3H(9Li,9Be)3n reaction
△m(m9Li-m9Be) = +13.6 MeV
Q = + 4.4 MeV
θ = 0° (q∼0)

Requires unstable 9Li beam & tritium target



CE： 3H → 3n

Transition and structure of 3n

Jπ(3n) : 3/2- or 1/2- or …
Wakasa assigned as 1/2-

1S0

p-wave

3n

s

p

p
s

n n

SD

3H

 Transition: 3H(1/2+)  3n(1/2- or 3/2-) 
⇒spin-dipole type ∆L=1



Angular momentum transfer

 3H/3He(1/2+)  3n(1/2- or 3/2-) : ∆L=1

Max at around qR∼2  q=finite !

NOT compatible !

My biased choice is the recoil-less condition.
I need a distortion by an imaginary OP.

3n

s

p

p
s

n n

SD

3H
Example of SD 



Largest issue is BG yield
around 3n resonance region.



3n “resonance” and QFS background
 Hiyama-san’s prediction  Peak ω∼ 4 MeV, Γ ∼ ±4 MeV

 QFS background: Shimoura-Ichimura analytic expression

Two-body decay

3n→2n[1S0]+nThree-body decay

3n→n+n+n
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3n “resonance” and QFS background

 QFS background: Ichimura-san’s analytic expression

↵

Love-Franey t(qcm) matrix↵

=1 (assumed)

Shows excellent S/N for the exothermic CE at 0°.
If the BG is due to 2-body decay, 3H(3H,3He)3n may be difficult.
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22

),()(v)()( cmcmcm
proj qPqqF

d
d

ωω
σ

⋅⋅∝
Ω

S/N=1/1 S/N=1/10



Comparison to 3Li (3p) data



3Li(3p) “resonance” data by Wakasa et al.

q-transfer:
3Li → ∼35 MeV/c
3n → ∼5 MeV/c

3Li(3p) quasi-resonance state
 Ex=9±1 MeV
 Γ=10.5±1 MeV



Isobaric analog relation

3Li

3n

Ex(3n)

Ex(3p)

→ Comparable to Hiyama-san’s prediction.
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Wakasa : Ex=9±1 MeV



QFS background   (dubious discussion)

→ Backbround can be understood by the models. 
But 2-body or 3-body or both?

No Coulomb



Feasibility of experiment

1. Tritium target
2. Yield of 3H(9Li,9Be)3n
3. Setup at SHARAQ
4. Cocktail beam exp.



Tritium Target for Muon Catalyzed Fusion (µCF)

 Constructed for µCF

 800 Ci (24 TBq)

 1 cm3 liquid 

 Used at KEK

 Difficulty to acquire a 
permission of 24 TBq 
tritium in RIKEN



3n “resonance” yield of 3H(9Li,9Be)3n

 dσ/dΩ=4 mb/sr (T(9Li)=200 MeV/A assumed)
 N=2.5×1021 atoms/cm2 (liq. 3H :1mm thick)
 I=107 (max of RIBF regulation) 
 ∆Ω=0.04 msr (θ≤0.2° assumed)
 ε=1    (assumed)

→ ∼350 counts / days.   Feasible!   And challenging ….
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Experimental setup for 3H(9Li,9Be)3n

 Similar to tetraneutron (4n)  measurement 
→Dispersion matching BT & SHARAQ spectrometer

 Possibility of cocktail beam measurement (9Li and 3H)

RIBF
SHARAQ



Cocktail beam measurement with SHARAQ

 9Li beam is always contaminated with 3H. (same A/Z value)
→always annoying.

 Simultaneous measurement possible !
 3H(9Li,9Be)3n at S2 
 3H(3H,3He)3n at S1



Conclusion

 The best exothermic CE reaction may be 3H(9Li,9Be)3n 
 350 counts / days 
 if tritium target becomes available.    Challenging ! 

 Cocktail beam measurement could be possible with SHARAQ
 3H(t,3He)3n @S1 and 3H(9Li,9Be)3n@S2

 Key to success to observe tri-neutron resonance (my biased view)
 Achieve 3n to be close together (<2 fm), 3NF to work

→charge exchange reaction, keep initial target size
 Achieve c.m. of 3n at rest in lab-system, minimize disturbance 

→exothermic reaction 

 Home work to theorists:
 Construct dynamical (time-dependent) reaction model incorporated 

with initial condition (3n size, rms=2 fm) with realistic T=3/2 3NF.
⇒Time evolution of wave-packet (not necessarily energy eigen state).   

 Realistic estimate of tri-neutron resonance cross section vs. BG 



DIAS

very preliminary

DGTGR?

M. Kaletka et al., 
PLB 199,  336 (1987)

• DIAS (+DGT) ?
• DGT J=0 ? or 2?
• IAS⊗GT ?

How to extract 
absolute  strength
is a big challenge. 

 HI double CH-EX reaction
48Ca(12C,12Be(02+)) 48Ti Reaction
 proposed by Motonobu Takaki

Double GTGR by HI double CH-EX reaction



Best DCE reaction for double GTGR study

48Ca(9C,9Be) 48Ti Reaction

(9C,9Be) is the best DCE reaction probe !



Cross section of 3n

 ∼1 mb/sr ? 
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