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Lord Chadwick : the first multineutron (A=1)

“But there was no doubt whatever

in my mind, or I should not have

written the Letter”
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Lord Chadwick : the first multineutron (A=1)

“But there was no doubt whatever

in my mind, or I should not have

written the Letter”

• by “atoms” he means “nuclei” :

→ εn ∼ few % ( )

→ εxn ≈ (ε1n)
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in my mind, or I should not have
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→ εxn < (ε1n)
x due to “cross-talk” ...
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The nucleus : a ‘liquid drop’

B(N,Z) = N Mn + Z Mp − M(N,Z)
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The nucleus : a ‘liquid drop’

B(N,Z) = N Mn + Z Mp − M(N,Z)

∼
{

short range force : ρ0 ≈ 2×1014 g/cm3

about 1% of nuclear mass !

↘
{

spontaneous & induced fission !

nuclear energy / “atomic” bomb

↗
{

fusion in stars !

H bomb / ITER !!!
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The nucleus : a ‘liquid drop’

B(N,Z) = N Mn + Z Mp − M(N,Z)

∼
{

short range force : ρ0 ≈ 2×1014 g/cm3

about 1% of nuclear mass !

↘
{

spontaneous & induced fission !

nuclear energy / “atomic” bomb

↗
{

fusion in stars !

H bomb / ITER !!!

I Semi-empirical liquid-drop formula :

15.67 av A volume

17.23 − as A
2/3 surface

0.714 − ac Z
2/A1/3 Coulomb

23.29 − aa (N−Z)2/A asymmetry

11.2 ± δ/A1/2 pairing

[MeV]

GDR RESANET / Internet (Planet Earth) / December 7, 2020 “ Sixty years of multineutron quest: game over or game on? ” / F.M. MARQUES 1 / 20



The nucleus : a ‘liquid drop’

B(N,Z) = N Mn + Z Mp − M(N,Z)

∼
{

short range force : ρ0 ≈ 2×1014 g/cm3

about 1% of nuclear mass !

↘
{

spontaneous & induced fission !

nuclear energy / “atomic” bomb

↗
{

fusion in stars !

H bomb / ITER !!!

I Semi-empirical liquid-drop formula :

15.67 av A volume

17.23 − as A
2/3 surface

0.714 − ac Z
2/A1/3 Coulomb

23.29 − aa (N−Z)2/A asymmetry

11.2 ± δ/A1/2 pairing

[MeV]

. B/A (4,0) = –17 MeV !!!

. B/A (3,0) = –22 MeV !!!
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Multineutrons : Tetraneutrons ?

8 4

4
2He

12
6C

16
8O

I Well-established facts :

• N=2 (8) · · · 1057(4)
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I Well-established facts :

• N=2 (8) · · · 1057(4)

• (3He)2 (8) · · · (3He)N (4) : N∼ 30

� Guardiola, PRL 84 (2000) 1144
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Multineutrons : Tetraneutrons ?

8 4

4
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16
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Z=2

N=4

I Well-established facts :

• N=2 (8) · · · 1057(4)
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I Known M(N,Z) :
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N=4 Z=1,2

• B(5H) > 0 ! [M(4, 1) < 4mn+mp ]

• LD(N ̸=Z) ?

GDR RESANET / Internet (Planet Earth) / December 7, 2020 “ Sixty years of multineutron quest: game over or game on? ” / F.M. MARQUES 2 / 20



Multineutrons : Tetraneutrons ?

8 4

4
2He

12
6C

16
8O

Z=1
Z=2

N=4

I Well-established facts :

• N=2 (8) · · · 1057(4)

• (3He)2 (8) · · · (3He)N (4) : N∼ 30

� Guardiola, PRL 84 (2000) 1144

-10

0

10

20

2 3 4 5

rHe-He [Å]

V
 [K

]

(3He)

-100

0

100

200

0 1 2 3

rn-n [fm]

V
 [M

eV
] (1S0)

I Known M(N,Z) :

0

5

0 2 4 6 8

Z

B
(N

,Z
)/

A

5H

7Li
6He

8Be

4n?

0

5

2 4 6 8 10

A

E
th

r [
M

eV
] 8He

7H?

N=4 Z=1,2

• B(5H) > 0 ! [M(4, 1) < 4mn+mp ]

• LD(N ̸=Z) ? LD with surface-corr. aa ...

• “multineutron anomaly” ?
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• B(5H) > 0 ! [M(4, 1) < 4mn+mp ]

• LD(N ̸=Z) ? LD with surface-corr. aa ...

• “multineutron anomaly” ?

• even neutron numbers : 4
0n

I Two important issues :

• production ( unstable)

• detection (extremely low ε)
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Multineutron experiments & probes

neutron detection

a⃝−−−−−−→X⇓
⇑c⃝−−−−−−→ (An)−→ A n⃝

missing mass

a⃝−−−−−−→ b⃝⇓
⇑c⃝−−−−−−→ (An)

two step

a⃝−−−−−−→ b⃝⇓
⇑

(An)−−−−−−→ (X)
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Multineutron experiments & probes

neutron detection

a⃝−−−−−−→X⇓
⇑c⃝−−−−−−→ (An)−→ A n⃝

4 unambiguous detection

4 breakup or resonant decay

4 neutron correlations

8 extremely low efficiency

3 experiments

missing mass
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two step
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neutron detection

a⃝−−−−−−→X⇓
⇑c⃝−−−−−−→ (An)−→ A n⃝

4 unambiguous detection

4 breakup or resonant decay

4 neutron correlations

8 extremely low efficiency

3 experiments

missing mass

a⃝−−−−−−→ b⃝⇓
⇑c⃝−−−−−−→ (An)

4 detection of 1 charged particle

4 both bound & resonant states

4 mass number well defined

8 insensitive to internal structure

8 cross-section of all protons into b⃝
8 beam/target contaminant ̸= a⃝/ c⃝

24 experiments

two step

a⃝−−−−−−→ b⃝⇓
⇑

(An)−−−−−−→ (X)
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4 neutron correlations
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a⃝−−−−−−→ b⃝⇓
⇑c⃝−−−−−−→ (An)

4 detection of 1 charged particle

4 both bound & resonant states

4 mass number well defined

8 insensitive to internal structure

8 cross-section of all protons into b⃝
8 beam/target contaminant ̸= a⃝/ c⃝

24 experiments

two step

a⃝−−−−−−→ b⃝⇓
⇑

(An)−−−−−−→ (X)

4 detection of 1 charged particle

8 only bound states in second step

8 insensitive to the energy

8 only lower limit of A inferred

8 contaminant ̸= a⃝ can lead to b⃝
8 uncontrolled previous step generates

huge background, that may lead to b⃝

7 experiments
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Multineutron experiments & probes

neutron detection

a⃝−−−−−−→X⇓
⇑c⃝−−−−−−→ (An)−→ A n⃝

4 unambiguous detection

4 breakup or resonant decay

4 neutron correlations

8 extremely low efficiency

3 experiments

� FMM, PRC 65 (2002) 044006

� Brill, PL 12 (1964) 51

� Bystritsky, NIM A834 (2016) 164

missing mass

a⃝−−−−−−→ b⃝⇓
⇑c⃝−−−−−−→ (An)

4 detection of 1 charged particle

4 both bound & resonant states

4 mass number well defined

8 insensitive to internal structure

8 cross-section of all protons into b⃝
8 beam/target contaminant ̸= a⃝/ c⃝

24 experiments

� Kisamori, PRL 116 (2016) 052501

two step

a⃝−−−−−−→ b⃝⇓
⇑

(An)−−−−−−→ (X)

4 detection of 1 charged particle

8 only bound states in second step

8 insensitive to the energy

8 only lower limit of A inferred

8 contaminant ̸= a⃝ can lead to b⃝
8 uncontrolled previous step generates

huge background, that may lead to b⃝

7 experiments

� Détraz, PL 66B (1977) 333
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The quest starts in a reactor

14
7N

27
13Al
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The quest starts in a reactor

14
7N

27
13Al

17
7N

28
12Mg

→ 14N(4n, n)17N 8

→ 27Al(4n, t)28Mg 8

� Schiffer, PL 5 (1963) 292
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The quest starts in a reactor

14
7N

27
13Al

16
8O

26
12Mg

17
7N

28
12Mg

→ 14N(4n, n)17N 8

→ 27Al(4n, t)28Mg 8

� Schiffer, PL 5 (1963) 292

→ 16O(4n, t)17N 8

→ 26Mg(4n, 2n)28Mg 8

� Cierjacks, PR 137 (1965) B345
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The quest ends at Orsay ?

➤
➤
➤
➤
➤
➤

➤
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CERN Orsay

p (24 GeV)

Al screen

W
 ta

rg
et

(64−70)Zn sample 72Zn ?

(→72Ga*→ γ )

Ge(Li)
?

�

→ 64−70Zn(An, xn)72Zn ?

� Détraz, PL 66B (1977) 333
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?

�

→ 64−70Zn(An, xn)72Zn 4

� Détraz, PL 66B (1977) 333

→ [p+U] 208Pb(An, xn)212Pb 8

� Turkevich, PRL 38 (1977) 1129
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The quest ends at Orsay ?
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(→72Ga*→ γ )

Ge(Li)
?

�

→ 64−70Zn(An, xn)72Zn 4

� Détraz, PL 66B (1977) 333

→ [p+U] 208Pb(An, xn)212Pb 8

� Turkevich, PRL 38 (1977) 1129

→ [3He+Te] 130Te(4n, 2n)132Te 8

� de Boer, NP A350 (1980) 149
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Super-heavy multineutrons ?
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Super-heavy multineutrons ?
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natural sample sample+xn  ?

(→ γ )
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ggg
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� Novatsky, JETPL 98-11 (2013) 656

� Novatsky, JETPL 96-5 (2012) 280
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Changing the charge of pion beams

3,4He (π−, π+) 3,4n

(4n) � Gilly, PL 19 (1965) 335

(3n) � Sperinde, PL 32B (1970) 185

(3n) � Sperinde, NP B78 (1974) 345
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Changing the charge of pion beams

3,4He (π−, π+) 3,4n

(4n) � Gilly, PL 19 (1965) 335

(3n) � Sperinde, PL 32B (1970) 185

(3n) � Sperinde, NP B78 (1974) 345

(4n) � Ungar, PL 144B (1984) 333 :
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3,4He (π−, π+) 3,4n

(4n) � Gilly, PL 19 (1965) 335
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(3n) � Jibuti, NP A437 (1985) 687

(3,4n) � Stetz, NP A457 (1986) 669

(4n) � Gorringe, PRC 40 (1989) 2390

(3n) � Yuly, PRC 55 (1997) 1848

(3n) � Gräter, EPJB 4 (1999) 5 
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Changing the charge of pion beams

3,4He (π−, π+) 3,4n

(4n) � Gilly, PL 19 (1965) 335

(3n) � Sperinde, PL 32B (1970) 185

(3n) � Sperinde, NP B78 (1974) 345

(4n) � Ungar, PL 144B (1984) 333 :
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4He(π-,π+) 4n

12C(π-,π+)12Be (÷2)

T(π-) = 165 MeV

(3n) � Jibuti, NP A437 (1985) 687

(3,4n) � Stetz, NP A457 (1986) 669

(4n) � Gorringe, PRC 40 (1989) 2390

(3n) � Yuly, PRC 55 (1997) 1848

(3n) � Gräter, EPJB 4 (1999) 5 

(4n) � Chultem, NP A316 (1979) 290 :

208Pb[α] (π−, π+)4n
(Pb)−→ 212Pb 8

(→ 212Bi→ 212Po)
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Changing the charge of pion beams

3,4He (π−, π+) 3,4n

(4n) � Gilly, PL 19 (1965) 335

(3n) � Sperinde, PL 32B (1970) 185

(3n) � Sperinde, NP B78 (1974) 345

(4n) � Ungar, PL 144B (1984) 333 :

0

50

100

210 220 230 240 250

P(π+) [MeV/c]

d2 σ/
dΩ

dP
 [n

b/
sr

/(
M

eV
/c

)]

4He(π-,π+) 4n

12C(π-,π+)12Be (÷2)

T(π-) = 165 MeV

(3n) � Jibuti, NP A437 (1985) 687

(3,4n) � Stetz, NP A457 (1986) 669

(4n) � Gorringe, PRC 40 (1989) 2390

(3n) � Yuly, PRC 55 (1997) 1848

(3n) � Gräter, EPJB 4 (1999) 5 

(4n) � Chultem, NP A316 (1979) 290 :

208Pb[α] (π−, π+)4n
(Pb)−→ 212Pb 8

(→ 212Bi→ 212Po)

(3n) � Gornov, NP A531 (1991) 613 :

→ “phase-space can lead to a distortion of the results”

→ “the rather poor experimental data” ...
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Searching for trineutrons into the light : 3H(π−, γ)
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Searching for trineutrons into the light : 3H(π−, γ)
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Searching for trineutrons into the light : 3H(π−, γ)
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Transfer : exploring beam/target combinations

� Ajdačić, PRL 14 (1965) 444 : 3H(n, p)3n (4)

� Thornton, PRL 17 (1966) 701 : 3H(n, p)3n 8

� Ohlsen, PR 176 (1968) 1163 : 3H(t,3He)3n (4)

→ very poor data

→ some unclear “enhancements” ...
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� Cerny, PL 53B (1974) 247 :
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� Belozyorov, NP A477 (1988) 131 :

7Li(11B,15O)3n 8 7Li(9Be,12N)4n 8
7Li(11B,14O)4n 8 9Be(9Be,14O)4n 8
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� Belozyorov, NP A477 (1988) 131 :

7Li(11B,15O)3n 8 7Li(9Be,12N)4n 8
7Li(11B,14O)4n 8 9Be(9Be,14O)4n 8

� Bohlen, NP A583 (1995) 775 :

[6Li2O/CD2](
14C,13N) ≡ − +
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� Ohlsen, PR 176 (1968) 1163 : 3H(t,3He)3n (4)

→ very poor data
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� Belozyorov, NP A477 (1988) 131 :

7Li(11B,15O)3n 8 7Li(9Be,12N)4n 8
7Li(11B,14O)4n 8 9Be(9Be,14O)4n 8

� Bohlen, NP A583 (1995) 775 :

[6Li2O/CD2](
14C,13N) ≡ − +

� Aleksandrov, JETPL 81-2 (2005) 43 : confirms Cerny’s work
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Sculpting exotic beams (SAMURAI21)

48
20Ca

β ∼ 0.6 c !!!
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β ∼ 0.6 c !!!
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Sculpting exotic beams (SAMURAI21)

48
20Ca

β ∼ 0.6 c !!!

[Be]

29
9F

[H]

28
8O
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XXI century signals : GANIL & RIKEN

I 14Be
(C)−→ 10Be + 4n :
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� Kisamori, PRL 116 (2016) 052501 → E(4n)= 0.8±1.3 MeV

� FMM, PRC 65 (2002) 044006

� FMM, arXiv nucl-ex/0504009

}
E(4n)∈ [–1,+2] MeV
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Theory : another hard & interesting quest

I ‘Exact’ calculations are categorical !

� Glöckle, PRC 18 (1978) 564 : Vnn×4.2

� Offermann, NPA 318 (1979) 138 : Vnn×3.7 (+P-waves)

� Wita la, PRC 60 (1999) 024002 : avoid 2n with Vnn(
1S0)×1

� Hemmdan, PRC 66 (2002) 054001 :

-40

-30

-20

-10

0

-10 -5 0 5

Re(E) [MeV]

Im
(E

) 
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eV
]

➤

3n(3/2-)

[ ]

(

)

“3n resonances close to the physical region will not exist”
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“3n resonances close to the physical region will not exist”

(3n) � Lazauskas, PRC 71 (2005) 044004 : 3NF 8

(4n) � Lazauskas, PRC 72 (2005) 034003 : 4NF 8

(3,4n) � Hiyama, PRC 93 (2016) 044004 : 3NF(T=3/2) 8 !
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(4n) � Lazauskas, PRC 72 (2005) 034003 : 4NF 8

(3,4n) � Hiyama, PRC 93 (2016) 044004 : 3NF(T=3/2) 8 !

I Many-body approximations, not so much ...

� Pieper, PRL 90 (2003), 252501 :
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“the resonance, if it exists at all, must be very broad”

� Shirokov, PRL 117 (2016) 182502

� Gandolfi, PRL 118 (2017) 232501

� Fossez, PRL 119 (2017) 032501

� Li, PRC 100 (2019) 054313

 3n/4n 4 ?
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� Glöckle, PRC 18 (1978) 564 : Vnn×4.2

� Offermann, NPA 318 (1979) 138 : Vnn×3.7 (+P-waves)

� Wita la, PRC 60 (1999) 024002 : avoid 2n with Vnn(
1S0)×1

� Hemmdan, PRC 66 (2002) 054001 :

-40

-30

-20

-10

0

-10 -5 0 5

Re(E) [MeV]

Im
(E

) 
[M

eV
]

➤

3n(3/2-)

[ ]

(

)

“3n resonances close to the physical region will not exist”

(3n) � Lazauskas, PRC 71 (2005) 044004 : 3NF 8

(4n) � Lazauskas, PRC 72 (2005) 034003 : 4NF 8

(3,4n) � Hiyama, PRC 93 (2016) 044004 : 3NF(T=3/2) 8 !

I Many-body approximations, not so much ...

� Pieper, PRL 90 (2003), 252501 :

-12

-10

-8

-6

-4

-2

0

2

4

-5 -4 -3 -2 -1 0

V0 [MeV]

〈H
〉 [

M
eV

]

AV18 + IL2 + external well

R=3

R=9

R=6

[ ]

“the resonance, if it exists at all, must be very broad”

� Shirokov, PRL 117 (2016) 182502

� Gandolfi, PRL 118 (2017) 232501

� Fossez, PRL 119 (2017) 032501

� Li, PRC 100 (2019) 054313

 3n/4n 4 ?

� Deltuva, PRL 123 (2019) 069201

� Deltuva, PRC 100 (2019) 044002

� Ishikawa, PRC 102 (2020) 034002

 3n/4n 8 !!!

(trap/evolution/scaling)

� Deltuva, PLB 782 (2018) 238

� Higgins, PRL 125 (2020) 052501

}
QM enhancements ...
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Sixty years of multineutron quest
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I 34 works published !

• 14 exclusively for tetraneutron

• 3 positive signals !

→ 1 strong but refuted

→ 2 weak but uncontested (yet)

� Détraz, PL 66B (1977) 333

� FMM, PRC 65 (2002) 044006

.

. � Kisamori, PRL 116 (2016) 052501
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I 34 works published !

• 14 exclusively for tetraneutron

• 3 positive signals !

→ 1 strong but refuted

→ 2 weak but uncontested (yet)

• recurring pattern in XX century :

→ decreasing number of experiments

→ new increase in 2020s ?

� Détraz, PL 66B (1977) 333

� FMM, PRC 65 (2002) 044006

.

. � Kisamori, PRL 116 (2016) 052501
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Tetraneutron context @ RIKEN

I Three experiments : same beam (8He) & energy (150–200 MeV/N) ?

reaction initial state final state σ results

(’16) 4He (8He, αα) 4n
� Shimoura, NP1512-SHARAQ10

( )
⇒

( )
︸ ︷︷ ︸⇒ nb Nevt ∼ 10 s

4n : E, Γ

(’17) 8He (p,pα) 4n
� Paschalis, NP1406-SAMURAI19

( )
⇒ ⇐︸ ︷︷ ︸ ︸︷︷︸⇒ µb Nevt ∼ 1000 s

4n : E, Γ

(’17) 8He (p,2p) {3H+4n}
� FMM/Yang, NP1512-SAMURAI34

( )
⇒

( )
︸ ︷︷ ︸⇒ mb Nevt ∼ 10,000 s

4n& 7H : E, Γ, Ω
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Tetraneutron context @ RIKEN

I Three experiments : same beam (8He) & energy (150–200 MeV/N) ?

reaction initial state final state σ results

(’16) 4He (8He, αα) 4n
� Shimoura, NP1512-SHARAQ10

( )
⇒

( )
︸ ︷︷ ︸⇒ nb Nevt ∼ 10 s

4n : E, Γ

(’17) 8He (p,pα) 4n
� Paschalis, NP1406-SAMURAI19

( )
⇒ ⇐︸ ︷︷ ︸ ︸︷︷︸⇒ µb Nevt ∼ 1000 s

4n : E, Γ

(’17) 8He (p,2p) {3H+4n}
� FMM/Yang, NP1512-SAMURAI34

( )
⇒

( )
︸ ︷︷ ︸⇒ mb Nevt ∼ 10,000 s

4n& 7H : E, Γ, Ω

→ a very ‘simple’ formula :

Nevt ∝ I × σ × ρ × ε


beam intensity

reaction cross-section

number of target nuclei

detection efficiency
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Hydrogen 7 & Tetraneutron ‘emission’ ?

28
8O
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8O

8
2He
7
1H

4
0n

(1)

(2)

I 8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒


=⇒

{ }

→ 7-body final state !

• N=6 (νp3/2)
4 sub-shell closure ?

3H 4H 5H 6H 7H
0

1

2

3
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I 8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒
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→ 7-body final state !

→ FWHM ∼ few MeV

• N=6 (νp3/2)
4 sub-shell closure ?

3H 4H 5H 6H 7H
0

1
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3

• an array of arrays :

→ MINOS liquid H target

→ DALI NaI crystals
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I 8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒
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→ 7-body final state !

→ FWHM ∼ few MeV → 100 keV !

• N=6 (νp3/2)
4 sub-shell closure ?

3H 4H 5H 6H 7H
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• an array of arrays :

→ MINOS liquid H target

→ DALI NaI crystals

→ SAMURAI spectrometer

→ NEBULA+NeuLAND
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Hydrogen 7 & Tetraneutron ‘emission’ ?

28
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(1)

(2)

I 8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒


=⇒

{ }

→ 7-body final state !

→ FWHM ∼ few MeV → 100 keV !

→ (2p+t+3n) ∼ 150 keV

• N=6 (νp3/2)
4 sub-shell closure ?

3H 4H 5H 6H 7H
0

1

2

3

• an array of arrays :

→ MINOS liquid H target

→ DALI NaI crystals

→ SAMURAI spectrometer

→ NEBULA+NeuLAND

• angular correlations → E(4n) !

(2-body PS) (5-body PS)
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Multineutron detector arrays

I EXPAND project (French ANR) :

• expand NEBULA multi-n capabilities !

→ France : LPC, IRFU, IPNO

→ Japan : TITech, RIKEN
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Multineutron detector arrays

I EXPAND project (French ANR) :

• expand NEBULA multi-n capabilities !

→ France : LPC, IRFU, IPNO

→ Japan : TITech, RIKEN

→ +90 bars : Comm. & Day-1 2021

→ suggested configuration :

ï ε(4n) enhanced ∼ ×16 !
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- - - NeuLAND+NEBULA
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SAMURAI S34 collaboration (part)
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RIKEN : SAMURAI (& MINOS-DALI-NeuLAND/NEBULA)
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Game over or game on ?

� Schiffer (1963) “As in most experiments of this sort,

however, a negative result cannot be regarded as conclusive”
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I An extraordinary series of experiments !

• very fascinating ideas

• some very precise results (3n)

• few 4n signals, still weak
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I An extraordinary series of experiments !

• very fascinating ideas

• some very precise results (3n)

• few 4n signals, still weak :

→ confirm or refute them ...

→ 4n states or “enhancements” ?

• 2020s harvest looks good !

→ high statistics & resolution

→ first 6n experiments (10He decay) ...
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• very fascinating ideas

• some very precise results (3n)

• few 4n signals, still weak :

→ confirm or refute them ...

→ 4n states or “enhancements” ?

• 2020s harvest looks good !

→ high statistics & resolution

→ first 6n experiments (10He decay) ...

I Some theoretical certainties :

• all exact calculations categorical :

→ signals cannot be assigned to 4n “states” !

• many-body approx. claim 3/4n resonances ...

• consensus : independently of Vnn(n) !

→ trap & global scaling : thresholds

→ extrapolation of states into continuum
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I Some theoretical hopes ?

• firm experimental results !

• QM “enhancements” ?

• evolution of 6,8,10n ...
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