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Lord Chadwick : the first multineutron (A=1)

NATURE FeBrUARY 27, 1932

| Possible Existence of a Neutron| “But there was no doubt whatever

in my mind, or | should not have
written the Letter”

It has been shown by Bothe and others that
beryllium when bombarded by a-particies of polonium
emits a radiation of great penetrating power, which
hasan absorption coefficient in lead of about 0-3 (em.)-%.
Recently Mme. Curie-Joliot and M. Joliot found

that the transference of
energy to the proton was by a process similar to the
Compton effect, and estimated that the beryllium radia-
tion had a quantum energy of 50 x 10% electron volts.

I have shown that the radiation ejects particles
from hydrogen, helium, lithium, berylhum, carbon,
air, and argon. The particles ejected from hydrogen
behave, as regards range and ionising power, like
protons with speeds up to about 3-2 x 10° em. per sec.
The particles irom the other elements have a large
ionising power, and appear to be in each case recoil
atoms of the elements.

These results, and others I have obtained in the
course of the work, are very difficult to explain on
the assumption that the radiation from beryllium
is & quantum radiation, if energy and momentum
are o be conserved in the collisions, The difficulties
disappear, however, if it be assumed that the radia-
tion consists of particles of mass 1 and charge 0, or
neutrons.

The coliisions of this neutron with the atoms through
which it passes give rise to the recoil atoms, and the
observed energies of the recoil atoms are in fair
agreement with this view.

Cavendish Laboratory, J. CHADWICK.

Cambridge, Feb. 17.
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| Possible Existence of a Neutron| “But there was no doubt whatever

in my mind, or | should not have
written the Letter”

It has been shown by Bothe and others that
beryllium when bombarded by a-particies of polonium
emits a radiation of great penetrating power, which
hasan absorption coeflicient in lead of about 0-3 (em.)-1.
Recently Mme. Curie-Joliot and M. Joliot found
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Lord Chadwick : the first multineutron (A=1)

NATURE FeBrUARY 27, 1932

“But there was no doubt whatever
in my mind, or | should not have
written the Letter”

| Possible Existence of a Neutron|

It has been shown by Bothe and others that
beryllium when bombarded by a-particies of polonium
emits a radiation of great penetrating power, which
hasan absorption coeflicient in lead of about 0-3 (em.)-1.
Recently Mme. Curie-Joliot and M. Joliot found

that the transierence of

energy to the proton was by a process similar to the L by “atoms” he means “nuclei”
Compton effect, and estimated thatthe beryllium radia-
tion had a quantum energy of 50 x 108 electron volts. — Ep ~ few % (°)
I have shown that the radiation ejects particles
from hydrogen, helium, lithium, beryllium, carbon, — Eapn N (€1n) r (oo . 0)

air, and argon. ‘'I'he particles ejected from hydrogen
behave, as regards range and ionising power, like
protons with speeds up to about 3-2 x 10° em. per sec.
The particles irom the other elements have a large
ionising power, and appear to be in each case recoil
atoms of the elements.

These results, and others I have obtained in the
course of the work, are very difficult to explain on
the assumption that the radiation from beryllium
is a quantum radiation, if energy and momentum
are 1o be conserved in the collisions, The difficulties
disappear, however, if it be assumed that the radia-
tion [consists of particles of mass | and charge 0,]or

neutrons.

| 'The coliisions of this neutron|with the atoms through | | : |
which 1t passes|give rise to the recoil atoms,|and the 1 5 4 4 5 6
observed energies o1 the recoll atoms are in fair

agreement with this view. X (detected neutrons)

Cavendish Laboratory, J. CHADWICK.

Cambridge, Feb. 17.
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NATURE FeBrUARY 27, 1932

| Possible Existence of a Neutron|

It has been shown by Bothe and others that
beryllium when bombarded by a-particies of polonium
emits a radiation of great penetrating power, which
hasan absorption coeflicient in lead of about 0-3 (em.)-1.
Recently Mme. Curie-Joliot and M. Joliot found

that the transference of
energy to the proton was by a process similar to the
Compton effect, and estimated that the beryllium radia-
tion had a gquantum energy of 50 x 10% electron volts.
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“But there was no doubt whatever
in my mind, or | should not have
written the Letter”

e by “atoms” he means “nuclei”

— En~ few % (@)
— 6::1;77,Q3’(€1'17,)a3 (°°°)

X (detected neutrons)

— Egn < (€1n)" due to “cross-talk”
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The nucleus: a ‘liquid drop’
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The nucleus: a ‘liquid drop’
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B(N,Z) = NM, + ZM, — M(N, Z)

about 1% of nuclear mass !

{ short range force: py ~ 2x10* g/cm?

p

A

spontaneous & induced fission !

\ nuclear energy / “atomic” bomb

f - -
fusion in stars !

\ H bomb / ITER !!!

» Semi-empirical liquid-drop formula:

15.67
17.23
0.714
23.29
11.2
[MeV]

a, A volume
— a, A?/3 surface
—a.Z*/AY3 Coulomb
—a,(N—Z)?/A  asymmetry
+ 5/A1/2 pairing
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The nucleus: a ‘liquid drop’
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=, about 1% of nuclear mass !
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spontaneous & induced fission !
8.5 S

\ nuclear energy / “atomic” bomb

f - -
fusion in stars !

\
4 \ H bomb / ITER !!!

@> g: » Semi-empirical liquid-drop formula:
;H 15.67| a, A volume
i 1723 — a, A?/3 surface
3 0.714| — a.Z?/A'/3 Coulomb
7.51 f 2329 | —a,(N—Z)2/A asymmetry
1/2 .
%0 20 30 112 | £46/A pairing
Mass number A [MeV]
0 50 100 150 200 250 B/A(4,0) = -17 MeV !!
Mass number A B/A(3,0) = 22 MeV !I!
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Multineutrons: Tetraneutrons?

» Well-established facts:

o N=2(X) --- 105(v)

-—e @
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Multineutrons: Tetraneutrons?

-—e @

» Well-established facts:

o N=2(X) --- 105(v)

o (He)p(X) -~ (CHe)y (V): N~30
(=1 Guardiola, PRL 84 (2000) 1144

20ﬁ“‘ 200—————————
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Multineutrons: Tetraneutrons?

— » Known M(N,Z):

N=4

x| [T

N=4

» Well-established facts:

e N=2(X) --- 10°"(v) e B(*H)>0! [M(4,1) < 4m,+m,]

o (He)a(X) -+ (*Hey (v): N~30 o LD(N#2Z)?
(=1 Guardiola, PRL 84 (2000) 1144

20ﬁ“‘ 200—————————
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Multineutrons: Tetraneutrons?

— » Known M(N,Z):

N=4 £=12

x| [T

N=4

» Well-established facts:

e N=2(X) --- 10°"(v) e B(*H)>0! [M(4,1) < 4m,+m,]

o (PHe)p(X) -+ (PHe)n (v)): N~30 e LD(N#Z)? LD with surface-corr. a, ...

(=1 Guardiola, PRL 84 (2000) 1144 " ) "
e “multineutron anomaly” ?

20ﬁ“‘ 200—————————

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



Multineutrons: Tetraneutrons?

— » Known M(N,Z):

N=4 £=12

» Well-established facts:

o N=2(X) --- 105(v)

o (He)p(X) -~ (CHe)y (V): N~30
(=1 Guardiola, PRL 84 (2000) 1144

B(PH) >0! [M(4,1) < 4m,+m,]
LD(N+#Z)? LD with surface-corr. ag ...

e “multineutron anomaly” ?

4

ZOﬁw“ 200—————————
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e even neutron numbers:
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Multineutrons: Tetraneutrons ?

— » Known M(N,Z):

N=4 £=12

» Well-established facts:

e N=2(X) --- 10°"(v) e B(*H)>0! [M(4,1) < 4m,+m,]

o (PHe)p(X) -+ (PHe)n (v)): N~30 e LD(N#Z)? LD with surface-corr. a, ...

(=1 Guardiola, PRL 84 (2000) 1144 " ) "
e “multineutron anomaly” ?

20 200 i
j ] , e even neutron numbers: 3N
10f — 100 (')
—_ >
Yo 1 2 . :
; o\ I 2 o0 » Two important issues:
L ] > L )
10+ 1 100 e production (@ unstable)
2 3 4 5 o 1 2 3 e detection (extremely low QQQQ &)
rHe-He [A] rn-n [fm]
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Multineutron experiments & probes

©

neutron detection

U>X
)

s (4n) — A®
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Multineutron experiments & probes

neutron detection
(@) ) > X
@—I— (n)— A®

¢/ unambiguous detection
¢ breakup or resonant decay
¢’ neutron correlations

X extremely low efficiency

AR &
o A

3 experiments
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Multineutron experiments & probes

neutron detection
(@) ) > X
@—I— (n)— A®

¢/ unambiguous detection

¢ breakup or resonant decay
¢’ neutron correlations

X extremely low efficiency

AR &
o A

3 experiments
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missing mass
@—— O
@—1— (n)

¢ detection of 1 charged particle

v/ both bound & resonant states
¢ mass number well defined
X insensitive to internal structure

X cross-section of all protons into (0)

X beam /target contaminant # (@)/(©

% O

24 experiments
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missing mass
@—— O
@—1— (n)

¢ detection of 1 charged particle

v/ both bound & resonant states
¢ mass number well defined
X insensitive to internal structure

X cross-section of all protons into (0)

X beam /target contaminant # (@)/(©

% O

24 experiments

two step
@—— 0
() —I s (x)

¢ detection of 1 charged particle
X only bound states in second step
X insensitive to the energy

X only lower limit of A inferred

X contaminant # (@) can lead to (0)

X uncontrolled previous step generates
huge background, that may lead to (0)

ié‘ 2)

[_experiments
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Multineutron experiments & probes

neutron detection
(@) ) > X
@—I— (n)— A®

¢/ unambiguous detection

¢ breakup or resonant decay
¢’ neutron correlations

X extremely low efficiency

AR &
o A

3 experiments
=1 FMM, PRC 65 (2002) 044006

=1 Brill, PL 12 (1964) 51
(=1 Bystritsky, NIM A834 (2016) 164
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missing mass
@—— O
@—1— (n)

¢ detection of 1 charged particle

v/ both bound & resonant states
¢ mass number well defined
X insensitive to internal structure

X cross-section of all protons into (0)

X beam /target contaminant # (@)/(©

% O

24 experiments
(=1 Kisamori, PRL 116 (2016) 052501

two step
@—— 0
() —I s (x)

¢ detection of 1 charged particle
X only bound states in second step
X insensitive to the energy

X only lower limit of A inferred

X contaminant # (@) can lead to (0)

X uncontrolled previous step generates
huge background, that may lead to (0)

ié‘ 2)

[_experiments
(=1 Détraz, PL 66B (1977) 333
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The quest starts in a reactor
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Volume 5, number 4 PHYSICS

LETTERS 15 July 1963

SEARCH FOR A PARTICLE-STABLE TETRA NEUTRON

J. P. SCHIFFER and R. VANDENBOSCH
Argonne National Laboratory, Avgonne, Ilinois

It then seems reasonable

that tetra neutrons should be observed inside nuclear
reactorsinlocations where the absorption by nuclei
in the moderator is negligible.

As in most experiments of this sort, how-
ever, a negative result cannot be regarded as
conclusive and further experiments are needed to
give additional weight to our result.

We are indebted to Professor R. H. Dalitz for
calling this problem to our attention
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The quest starts in a reactor

Volume 5, number 4 PHYSICS LETTERS 15 July 1963

SEARCH FOR A PARTICLE-STABLE TETRA NEUTRON

J. P. SCHIFFER and R. VANDENBOSCH
Argonne National Laboratory, Avgonne, Ilinois

It then seems reasonable
that tetra neutrons should be observed inside nuclear
reactorsinlocations where the absorption by nuclei
in the moderator is negligible.

As in most experiments of this sort, how-
ever, a negative result cannot be regarded as
conclusive and further experiments are needed to
give additional weight to our resuit.

We are indebted to Professor|R. H. Dalitz/for
calling this problem to our attention

— 14N(4n,n)17N X
— 2TAl(*n,t)*Mg X

(=1 Schiffer, PL 5 (1963) 292
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The quest starts in a reactor (

Volume 5, number 4 PHYSICS LETTERS 15 July 1963

SEARCH FOR A PARTICLE-STABLE TETRA NEUTRON

J. P. SCHIFFER and R. VANDENBOSCH
Argonne National Laboratory, Avgonne, Ilinois

It then seems reasonable
that tetra neutrons should be observed inside nuclear
reactorsinlocations where the absorption by nuclei
in the moderator is negligible.

As in most experiments of this sort, how-
ever, a negative result cannot be regarded as
conclusive and further experiments are needed to
give additional weight to our resuit.

We are indebted to Professor|R. H. Dalitz/for
calling this problem to our attention

PHYSICAL REVIEW VOLUME 137, NUMBER 2B 25 JANUARY 1965

4

14N <4n, n) 17N X Further Evidence for the Nonexistence of Particle-Stable Tetraneutrons

27 I 25 S. CIERJACKS, G. MARKUS, W. MICHAELTS, AND W. PonNiTZ
AI 1 M x Institut filr Angewandte Kernphysik Kernfa chungszentrum Karlsruhe, Karlsruhe Germany
)
n ) g St f ¥ gewa € p’lyS% ¥ & y )

1

A search for tetraneutrons in the
thermal-fission process had a negative result.® If tetra-
neutrons exist at all, the yield in the fast deuteron-
induced fission is expected to be about two orders of
160 (4n t) 17 N X magnitude higher than in thermal fission. This assump-

’ tion is reasonable because of the much higher yield of

26 Mg(4n : 277,) 28 |\/|g X alphas and tritons.!®

Conéidering the absence of a Coulomb barrier for the
o tetraneutron, this particle should occur with a frequency
(=1 Cierjacks, PR 137 (1965) B345 comparable with that of alphas and tritons in spite of
the much lower binding energy.® Therefore, it seems
reasonable to conclude from Table I that the existence
of tetraneutrons is most unlikely.

(=1 Schiffer, PL 5 (1963) 292

1

1
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The quest ends at Orsay ?

Volume 66B, number 4 PHYSICS LETTERS 14 February 1977

POSSIBLE EXISTENCE OF BOUND NEUTRAL NUCLEI

Claude DETRAZ
Institut de Physique Nucléaire, BP 1, 91406 Orsay, France

Two neutrons cannot form a bound nuclear system.
That does not necessarily imply that several neutrons
cannot constitute a bound nucleus. Unfortunately, the
neutron-neutron interaction is not known so far with
enough precision as to allow a reliable prediction of
the binding energy of the lowest state of a multi-neu-
tron system.

None of the experimental searches for bound nu-
clei of three neutrons [5] or four neutrons [6] were
finally successful. Furthermore, the upper limits for
the cross sections of the processes in which 3n or 4n
could have been formed appear small encugh to indi-
cate that neither of these nuclei actually exists

This paper reports a search for neutral nuclei heay-

1er than those which were looked for so far. This re-
— %710Zn (An7 L n) "Zn? quests an a-priori abundant source of nuclei such as on
(=1 Détraz, PL 66B (1977) 333 or &n, and means of detecting them as efficiently as
possible.

In view of the apparent failure of more convention-
al explanations, it is suggested that the observation of
727n provides tentative evidence for the existence of
bound neutral nuclei

up to mass 9. If 4n is unbound [6],8nand to a
lesser degree ©n appear to be the most likely candidates
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The quest ends at Orsay ?

Orsay Volume 66B, number 4 PHYSICS LETTERS 14 February 1977
POSSIBLE EXISTENCE OF BOUND NEUTRAL NUCLEI

@Ge(l—l) Claude DETRAZ
Institut de Physique Nucléaire, BP 1, 91406 Orsay, France

Two neutrons cannot form a bound nuclear system.

64-70 72
( )Zn sample Zn? That does not necessarily imply that several neutrons
2~ F cannot constitute a bound nucleus. Unfortunately, the
(- "“Ga - V) , o :
neutron-neutron interaction is not known so far with
enough precision as to allow a reliable prediction of
6340 the binding energy of the lowest state of a multi-neu-
6299 (95.6%) tron system.
(25.2%) | 2507. 8 ‘
_ j o017 o L12 T%) None of the experimental searches for bound nu-
(256%)| (2 5%) clei of three neutrons [5] or four neutrons [6] were
J Voo finally successful. Furthermore, the upper limits for
,l the cross sections of the processes in which 3n or 4n
. could have been formed appear small enough to indi-
' cate that neither of these nuclei actually exists

Channel This paper reports a search for neutral nuclei heay-

1er than those which were looked for so far. This re-
— 070Zn (An7 L n) “Zn v quests an a-priori abundant source of nuclei such as on
(=1 Détraz, PL 66B (1977) 333 or &n, and means of detecting them as efficiently as
possible.

In view of the apparent failure of more convention-
al explanations, it is suggested that the observation of
727n provides tentative evidence for the existence of
bound neutral nuclei

up to mass 9. If 4n is unbound [6],8nand to a
lesser degree 61 appear to be the most hikely candidates
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The quest ends at Orsay ?

Orsay Volume 66B, number 4 PHYSICS LETTERS 14 February 1977
POSSIBLE EXISTENCE OF BOUND NEUTRAL NUCLEI
@Ge(l—i) Claude DETRAZ

Institut de Physique Nucléaire, BP 1, 91406 Orsay, France

Two neutrons cannot form a bound nuclear system.

(64-70) 72 I I
Zn sample Zn? That does not necessarily imply that several neutrons
2G4q cannot constitute a bound nucleus. Unfortunately, the
(- "Ga -y) ARSI :
neutron-neutron interaction is not known so far with
enough precision as to allow a reliable prediction of
8340 Yor 38, Num 20 PHYSICAL REVIEW LETTERS 16 May 1977
6299 (95.6%)
(25.2%) | 2 ,
] 22017 ol Search for Particle-Bound|Polyneutron|Systems
(25.6%)] (7.
J ' Anthony Turkevich, James R. Cadieux, John Warren, Thanasis Economou,

Jerome La Rosa, and H., Roland Heydegger
_ w A search for particle-bound polyneutron systems (®»-'%z) produced in ~ 700-MeV pro-

ton interactions with uranium has yielded negative results. A radiochemical technique

600 2000 2500 was used, The limits on production cross section —107 % to 1075 ub— are in contrast
to the positive results reported recently from work with 24-GeV protons on tungsten,
64—70 A 72
— Zn( n, xn) In VvV Thus Detraz’s polyneutrons either have x

=4, to which the present experiment is insensi-
tive, or their production has an exceedingly steep
energy dependence,

(=] Détraz, PL 66B (1977) 333

208 A 212
— [p—I—U] Pb( n, xn) Pb X al explanations, it is suggested that the observation of

(=1 Turkevich, PRL 38 (1977) 1129 727n provides tentative evidence for the existence of
bound neutral nuclei

up to mass 9. If 4n is unbound [6],8nand to a
lesser degree 61 appear to be the most hikely candidates
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The quest ends at Orsay ?

%4707 sample ?7Zn?

(-"Ga - y)

Volume 66B, number 4 PHYSICS LETTERS 14 February 1977

POSSIBLE EXISTENCE OF BOUND NEUTRAL NUCLEI

Claude DETRAZ
Institut de Physique Nucléaire, BP 1, 91406 Orsay, France

Two neutrons cannot form a bound nuclear system.
That does not necessarily imply that several neutrons
cannot constitute a bound nucleus. Unfortunately, the
neutron-neutron interaction is not known so far with

834 0
6299 (95.6%)
(25.2%) |
) 1

N\LWJ

enough precision as to allow a reliable prediction of

VoL 38, Num 20 PHYSICAL REVIEW LETTERS 16 May 1977

2

(
2201 7 244

(25.6%)] (7.

oy

— 0=107Zn(4n, 2n)?Zn v
1 Détraz, PL 66B (1977) 333

5 [p+U] 2Pb(“n, zn)?2Pb X
(= Turkevich, PRL 38 (1977) 1129

— [PHe+Te] 1*Te(%n, 2n)13%Te
=1 de Boer, NP A350 (1980) 149

1000 2000 3000
C

ton interactions with uranium has yielded negative results. A radiochemical technique

Search for Particle-Bound|Polyneutron/Systems

Anthony Turkevich, James R. Cadieux, John Warren, Thanasis Economou,
Jerome La Rosa, and H., Roland Heydegger

A search for particle-bound polyneutron systems (®»-'%z) produced in ~ 700-MeV pro-

y
{

) 4
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THE TETRANEUTRON REVISITED

FWN. DE BOER
J.L. VAN RUYVEN, A.W.B. KALSHOVEN and R. VIS
E. SUGARBAKER, C. FIELDS and C.S. ZAIDINS L]

It seems likely that secondary tritons produced in the (p+ W) interactions, with
the subsequently induced (t, p) reactions in the detection target, must account for
Détraz results.| Although shielding against charged fragmentation products had
been applied, the number of highly energetic tritons has probably been
underestimated'<).
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Super-heavy multineutrons ?

Kurchatov Institute

(J
Ge
EN_7
natural sample samplet+xn ?

(-Y)

62 Mev)
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Super-heavy multineutrons ?

Kurchatov Institute
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ISSN (I21-3640, JETF Letters, 2012, Vol. 96, No. 3, pp. 280—284. © Pleiades Publishing, fnc., 2002,

Possible Observation of Light Neutron Nuclei
in the Alpha-Particle-Induced Fission of >3*U
B. G. Novatsky, E. Yu. Nikolsky, S. B. Sakuta, and D. N. Stepanov

National Research Centre Kurchatov Institute, pl. Akademika Kurchatova I, Moscow, 123182 Russia
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Fig. 1. (a) Measured gamma-ray spectrum of a ”“br(.{‘)_; sample irmdiated with products of 2 U fission induced by

alpha particles (the most intense lines are shown—see main body of the text). (b) Segment of this gamma-ray
. et z ; iy 9e . : =

spectrum in the energy range of 1300—1500 keV. The arrow indicates the "“Sr(1384 keV) gamma line.
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The formation of this nucleus was asso-
ciated with a four-neutron-transfer reaction involving
a nuclear-stable multineutron; *Sr(*n, (x — 4)n)*Sr. 885 92S
In order to confirm this result, it is necessary to per- 38 r 38 r
form further experiments with heavier bombarding
particles (''B and '*C) and with other activated targets.

“Sixty years of multineutron quest: game over or game on?” / F.M. MARQUES

GDR RESANET / Internet (Planet Earth) / December 7, 2020



Super-heavy multineutrons ?

Kurchatov Institute

Ge
EN_7
natural sample samplet+xn ?
(-v)

62 Mev)

ISSN (I21-3640, JETF Letters, 2012, Vol. 96, No. 3, pp. 280—284. © Pleiades Publishing, fnc., 2002,

Possible Observationjof Light Neutron Nuclei
in the Alpha-Particle-Induced Fission of >3*U
B. G. Novatsky, E. Yu. Nikolsky, S. B. Sakuta, and D. N. Stepanov

National Research Centre Kurchatov Institute, pl. Akademika Kurchatova I, Moscow, 123182 Russia

61(a) 388
10 1478

4 e
10*F — |51
898 1369 1836 2734 5757

[ el I
L | 1077 384 ﬂ 5 NS
MM = i ._( 77
J ”J' Aﬁ}h""""‘ Mﬂ”m.“‘} -"!NJ!"JP-".‘.I‘.'“V[ \.f‘\"'u_‘:‘.w:ﬁ lJ/
0 2900

(]

(=]

S

N (counts)
3]

2ARC
- (b) 1369 384

.

\ I | i b

K .
1k '1| ] w 4 i | | T ! Wi L A N ok
M'.;' L-‘J-ﬂ-ﬁ' ';-'n%.“#'ll&- LYY '_Il','.r'l nl'.‘i:'.-"l r '."-'.:l‘r"Ji'{I‘ al AT YR [l WY

1500
1300 E (keV)

- - O . . 2 = 2380 1 .

Fig. 1. (a) Measured gamma-ray spectrum of a ”“br(.{‘)_; sample irmdiated with products of 2 U fission induced by

alpha particles (the most intense lines are shown—see main body of the text). (b) Segment of this gamma-ray
. et z ; iy 9e . : =
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The formation of this nucleus was asso-
ciated with a four-neutron-transfer reaction involving
a nuclear-stable multineutron: **Sr(*n. (x — 4)n)*Sr. 885 92S
In order to contirm this result, 1t 1s necessary to per- 38 r 38 r
form further experiments with heavier bombarding
particles (''B and '*C) and with other activated targets.
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Fig. 1. (a) Measured gamma-ray spectrum of a "SrCO; sample irradiated with products of ***U fission induced by

alpha particles (the most intense lines are shown—see main body of the text). (b) Segment of this gamma-ray
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spectrum in the energy range of 1300—1500 keV. The arrow indicates the "“Sr(1384 keV) gamma line.
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The formation of this nucleus was asso-
ciated with a four-neutron-transfer reaction involving
a nuclear-stable multineutron: *Sr(*n. (x — 4)n)*Sr. 885 925
In order to contirm this result, 1t 1s necessary to per- 38 r 38 r
form further experiments with heavier bombarding
particles (''B and '*C) and with other activated targets.

Detection of Light Neutron Nuclei in the Alpha-Particle-Induced
Fission of 238U by the Activation Method with 27Al

B. G. Novatsky, S. B. Sakuta*, and D. N. Stepanov

National Research Centre Kurcharov Institure, pl. Akademika Kurchatova 1, Moscow, 123182 Russia
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Fig. 2. (Color online) (a) Energy spectrum of gamma ravs from the =’ Al sample that was irradiated by the products of alpha-par-
ticle-induced fission of the ***U nucleus. (b) Fragment of this gamma-ray spectrum in the energy range of 1330-2250 keV. The

- ' < 2 -8 5 " =
arrows mark the 1342- and 1779-keV gamma lines from the beta decay of “*Mg and “"Al nuclei, respectively.

The results of two independent experiments indi-
cate that nuclear-stable multineutrons (most likely, %) 27A|
13

are emitted from the alpha-particle-induced ternary

fission of 2**U, In the future, we are going to improve
the statistics of the measurements by increasing the
intensity of the beam and irradiation time of sample.

Mg
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=1 Novatsky, JETPL 98-11 (2013) 656
(=1 Novatsky, JETPL 96-5 (2012) 280
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Super-heavy multineutrons ?
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Changing the charge of pion beams e

34He (m—, ™) 3*n

(4n) c=iGilly, PL 19 (1965) 335
(3n) =1 Sperinde, PL 32B (1970) 185
(3n) =1 Sperinde, NP B78 (1974) 345
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Changing the charge of pion beams YIK

34He (m—, ™) 3*n

(4n) c=iGilly, PL 19 (1965) 335
(3n) 1 Sperinde, PL 32B (1970) 185
(3n) =1 Sperinde, NP B78 (1974) 345
(4n) & Ungar, PL 144B (1984) 333 :
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Changing the charge of pion beams 0>

— 3n) = Jibuti, NP A437 (1985) 687
34He (ﬂ. , ﬂ.+) 3,4, (3n) ibuti (1985)
(3,4n) 1 Stetz, NP A457 (1986) 669
(3n) 1 Sperinde, PL 32B (1970) 185 (3n) &3vuly, PRC 55 (1997) 1848
(3n) =1 Sperinde, NP B78 (1974) 345 (3n) 1 Griter, EPJB 4 (1999) 5 &
(4n) & Ungar, PL 144B (1984) 333 :
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Changing the charge of pion beams 0>

— 3n) = Jibuti, NP A437 (1985) 687
34He (ﬂ. , ﬂ.+) 3,4, (3n) ibuti (1985)
(3,4n) 1 Stetz, NP A457 (1986) 669
(3n) 1 Sperinde, PL 32B (1970) 185 (3n) &3vuly, PRC 55 (1997) 1848
(3n) 1 Sperinde, NP B78 (1974) 345 (3n) 1 Griter, EPJB 4 (1999) 5 &
(4n) =1 Ungar, PL 144B (1984) 333 :
(4n) &1 Chultem, NP A316 (1979) 290 :
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Changing the charge of pion beams (N2

d°c/dQdP [nb/sr/(MeV/c)]

34He (m—, ™) 3*n

1 Gilly, PL 19 (1965) 335

(=1 Sperinde, PL 32B (1970) 185
(=1 Sperinde, NP B78 (1974) 345
(=1 Ungar, PL 144B (1984) 333
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—  "the rather poor experimental data” ...
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Searching for trineutrons into the light: 3H(7T_, vY)

VOLUME 36, NUMBER 16 PHYSICAL REVIEW LETTERS 19 ApriL 1976

Photon Spectrum in Pion Capture on Tritium’

J. A. Bistirlich, S. Cooper, K. M. Crowe, and F. T. Shivelyf
Lawrence Bevkeley Labovatorvy, Univevsity of California, Bevkeley, California 94720
E. R. Grilly, J. P. Perroud,f and R. H. Sherman
Los Alamos Scientific Labovratory, Los Alamos, New Mexico 87545
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FIG. 1. The experimental setup at LAMPF showing

the pair spectrometer and liquid-tritium target. The R T R R R [ TR
inset shows a cross section of the target cell obtained Eimev)
from an x-ray radiograph. FIG. 2. (a) Raw photon spectrum obtained from the
tritium target. The inset shows our resolution ob~

The overall fit to the data is satisfactory, - tained at 129.4 MeV. (b) Background spectra for hydro-
although small excesses of events in the low- gen, deute;‘ium, steel, and CH. (c) Spectrum 1frcum re-
mass region 7< E,(3n) = 16 MeV are observed. action 7" +*H—~n+n +n+y after subtraction of "H, ’H,
Considering the low statistics and uncertainty in steel, and scintillator contributions. Solid curve is

! " the theoretical spectrum of Phillips and Roig (Ref. 10)
background subtraction, it would ;be premature t0 (gee text), folded with acceptance and instrumental line
regard this as evidence for a T'=3 resonance

shape and normalized to the total number of photons.
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5 : _ ; . steel, and scintillator contributions. Solid curve is
Considering the low statistics and uncertainty in the theoretical spectrum of Phillips and Roig (Ref. 10)
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regard this as evidence for a T =z resonance shape and normalized to the total number of photons.
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FIG. 1. The experimental setup at LAMPF showing
the pair spectrometer and liquid-tritium target. The
inset shows a cross section of the target cell obtained

from an x-ray radiograph.

FIG. 2. (a) Raw photon spectrum ob
tritium target. The inset shows our r

The overall fit to the data is satisfactory,
although small excesses of events in the low-
mass region 7< E,(3n) < 16 MeV are observed.
Considering the low statistics and uncertainty in
background subtraction, it would be premature to
regard this as evidence for a T =% resonance
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In conclusion, we have performed an experiment expected to be highly sensitive
to the presence of 3n structure near threshold and see no evidence for it, other than a
very pronounced shift to low 3n energy which can be explained in terms of the

simple s-wave pairwise interaction between neutrons in the final state.
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The overall fit to the data is satisfactory,
although small excesses of events in the low-
mass region 7< E,(3n) < 16 MeV are observed.
Considering the low statistics and uncertainty in
background subtraction, it would be premature to
regard this as evidence for a T =% resonance
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In conclusion, we have performed an experiment expected to be highly sensitive
to the presence of 3n structure near threshold and see no evidence for it, other than a
very pronounced shift to low 3n energy which can be explained in terms of the

simple s-wave pairwise interaction between neutrons in the final state.
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Transfer: exploring beam/target combinations

(1 Ajdati¢, PRL 14 (1965) 444 : H(n,p)’n (V)
(1 Thornton, PRL 17 (1966) 701 : “H(n,p)°n X
£ Ohlsen, PR 176 (1968) 1163 : “H(¢,°He)3n (V)

— very poor data
— some unclear “enhancements” ...
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Transfer: exploring beam/target combinations

-—e @
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Transfer: exploring beam/target combinations
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Transfer: exploring beam/target combinations

(1 Ajdatié, PRL 14 (1965) 444 : “H(n, p)>n (V) (=1 Belozyorov, NP A477 (1988) 131 :
(1 Thornton, PRL 17 (1966) 701 : “H(n,p)°n X

Li(1B,1°0)3n X "Li(“Be,'*N)4n X
£ Ohlsen, PR 176 (1968) 1163 : “H(¢,°He)3n (V)

Li(1B,!0)4n X  “Be(’Be,'*0)4n X
— very poor data

— some unclear “enhancements’ ... &1 Bohlen, NP A583 (1995) 775 :
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Sculpting exotic beams (SAMURAI21)
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Sculpting exotic beams (SAMURAI21)
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XXI century signals: GANIL & RIKEN

C
> 14Be % 10Be | [An|. » *He (®He, ®Be) *nl:

---- background x10

Counts/2MeV
=
L 4

PID [arb. unitg]

ash pil luminoso dovuto :
un gruppo di 4 neutroni

Nucleo di Terangone

berillio-14 ’

Nucleo di
berillio-10
Bersaglio g
g di carbonio
esterni
Fascio di uscita

Fascio di R - = : ) Flash dovuti al passaggio
ingresso S V48 Rivelatori di neutroni di singoli neutroni
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XXI century signals: GANIL & RIKEN
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» *He (®He, ®Be)[*nl:

---- background x10

Counts/2MeV
=
L 4

1 Kisamori, PRL 116 (2016) 052501 — E(4n)=0.8+1.3 MeV

=1 FMM, PRC 65 (2002) 044006

E(4n) € [-1,+2] MeV
(=1 FMM, arXiv nucl-ex/0504009
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Theory : another hard & interesting quest

» ‘Exact’ calculations are categorical !

: Vinx4.2

: Vinx3.7 (+P-waves)
: avoid 2n with V,,,(1Sg) x 1
=1 Hemmdan, PRC 66 (2002) 054001 :

=1 Glockle, PRC 18 (1978) 564
(=1 Offermann, NPA 318 (1979) 138
=1 Witata, PRC 60 (1999) 024002

N (@A) +-
3 10} 3 ]
(¢ I
= | n(3/2)
m-zo}
£
— 30+ e

09’.?0.00°.
wb T
-10 5 0 5
Re(E) [MeV]

“3n resonances close to the physical region will not exist”
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Theory : another hard & interesting quest

» ‘Exact’ calculations are categorical !

(=1 Gléckle, PRC 18 (1978) 564 : V/,,, X 4.2

(1 Offermann, NPA 318 (1979) 138 : V/},, 3.7 (+P-waves)
(=1 Witata, PRC 60 (1999) 024002

(=1 Hemmdan, PRC 66 (2002) 054001 :

T T T T T T T T T T T T T T T

N
o
e

Im(E) [MeV]

oggoo"...

.-10‘..‘-5.‘1101‘..5.
Re(E) [MeV]

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

3NF X
- ANF X
3NF(T=3/2) X

(3n) = Lazauskas, PRC 71 (2005) 044004 :
(4n) I Lazauskas, PRC 72 (2005) 034003
(3,4n) &1Hiyama, PRC 93 (2016) 044004 :
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Theory : another hard & interesting quest

» ‘Exact’ calculations are categorical ! » Many-body approximations, not so much ...
(=1 Gléckle, PRC 18 (1978) 564 : V/,,, X 4.2 =1 Pieper, PRL 90 (2003), 252501 :
(1 Offermann, NPA 318 (1979) 138 : V), 3.7 (+P-waves) T
o . 2| AVI8+IL2+ externa well © -
1 Witata, PRC 60 (1999) 024002 : avoid “n with V,,,,(*Sp) x 1 | =
c wm ooom ]
(=1 Hemmdan, PRC 66 (2002) 054001 : S olm 'R:' S P -
o o |
\%-4, & N ]
) |
O oo (@39 - z o > |

I o <&

i ‘ 8 - | 1
= ol [@A99]
@ -10[ 3 - 10}

2 : n(3/2) ) B ] A R R
= i -5 4 -3 2 1 0
20/ V,[MeV]
TE’ “the resonance, if it exists at all, must be very broad”
— -30} o0 -
09....o” 00’ 3 ] (1 Shirokov, PRL 117 (2016) 182502 )
o® 1
- Q@ e ’ (=1 Gandolfi, PRL 118 (2017) 232501
40 | ] > 3n/4n V7
'10' — 5 — o — 5 — (=1 Fossez, PRL 119 (2017) 032501
(=1 Li, PRC 100 (2019) 054313
Re(E) [MeV] R
e

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

(3n) &1 Lazauskas, PRC 71 (2005) 044004 : 3NF X
(4n) I Lazauskas, PRC 72 (2005) 034003 : 4NF X
(3,4n) ' Hiyama, PRC 93 (2016) 044004 : 3NF(7'=3/2) X
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Theory : another hard & interesting quest

» ‘Exact’ calculations are categorical ! » Many-body approximations, not so much ...

(=1 Gléckle, PRC 18 (1978) 564 : V/,,, X 4.2 =1 Pieper, PRL 90 (2003), 252501 :

(1 Offermann, NPA 318 (1979) 138 : V/},, 3.7 (+P-waves)

(1 Witata, PRC 60 (1999) 024002 : avoid “n with V/,,(1Sg) x 1

(=1 Hemmdan, PRC 66 (2002) 054001 :

N (@A) +-
3 10} 3 ]
(¢ I
= | n(3/2)
m-zo}
€
— -30 .......o ]
Oggooo".
ot
-10 5 0 5
Re(E) [MeV]

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

(3n) &1 Lazauskas, PRC 71 (2005) 044004 : 3NF X
(4n) I Lazauskas, PRC 72 (2005) 034003 : 4NF X
(3,4n) ' Hiyama, PRC 93 (2016) 044004 : 3NF(7'=3/2) X!
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(=1 Higgins, PRL 125 (2020) 052501
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“the resonance, if it exists at all, must be very broad”

\
=] Shirokov, PRL 117 (2016) 182502

(2016)
1 Gandolfi, PRL 118 (2017) 232501
) \ 3n/4n v/ ?
(=1 Fossez, PRL 119 (2017) 032501
(2019)

=1 Li, PRC 100 (2019) 054313

=1 Deltuva, PRL 123 (2019) 069201
(1 Deltuva, PRC 100 (2019) 044002 » 3n/4n X !

(7 Ishikawa, PRC 102 (2020) 034002 ) (trap/evolution/scaling)

(=1 Deltuva, PLB 782 (2018) 238
QM enhancements ...
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Sixty years of multineutron quest

2] A
< _1'n
3F n = 4 .
= _ I™n
) z &
o L X
x O 04
b 2f 1 M M 7
b~ -
O > .
o) S (=1 Détraz, PL 66B (1977) 333
O
&
S
C

1f 7 * -

O o 10 | | 1900 200C oo aa .

1960 1970 1980 1990 2000 2010 2020 v
year of publication aa

» 34 works published !

(=1 FMM, PRC 65 (2002) 044006
e 14 exclusively for tetraneutron

e 3 positive signals!
— 1 strong but refuted
— 2 weak but uncontested (yet)

(=1 Kisamori, PRL 116 (2016) 052501
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Sixty years of multineutron quest
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3F = 4 .
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o [ X
> O x
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year of publication

m?

=1 FMM, PRC 65 (2002) 044006

» 34 works published !

e 14 exclusively for tetraneutron

e 3 positive signals!
— 1 strong but refuted
— 2 weak but uncontested (yet)

e recurring pattern in XX century:
—> decreasing number of experiments =1 Kisamori, PRL 116 (2016) 052501

— new increase in 2020s ?
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Tetraneutron context @ RIKEN (N

» Three experiments: same beam (®He) & energy (150-200 MeV/N) ?

reaction initial state final state o results
(;651:0:':,(?:1220-&341:6210 (% ):> 8 8 ‘(QQ)Ji nb L\Ine\:/t E’ ;OS
(;115:132,<I\IIDF::)4(§2-::MURAI19 <Q%):> o <:g s \0/:‘ f1b i\lneftg;OOOS
s e (BYB)- 0 00 (BF)- m N~ 1000:
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Tetraneutron context @ RIKEN (N

» Three experiments: same beam (®He) & energy (150-200 MeV/N) ?

reaction initial state final state o results

('16) “*He (3He, acr) *n ( ) ( )
(1 Shimoura, NP1512-SHARAQ10 % - 8 8 Bji nb L\Ine\./tE ;Os

\
N~

('17) 8He (p,pa) *n < )
(=1 Paschalis, NP1406-SAMURAI19 Q% - Q@ <:8 a Q= ub ‘I‘\Ine\-/tE ;0005

('17) BHe (p,2p) {*H+*n} b N, ~ 10,000
<Q%):> 9 90 ( 8)/2> " 4n8t47H: E, F,zl

(=1 FMM/Yang, NP1512-SAMURAI34

— a very ‘simple’ formula:
beam intensity

reaction cross-section

Net x I X o X p X & « _
number of target nuclei

detection efficiency

“Sixty years of multineutron quest: game over or game on?” / F.M. MARQUES
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Hydrogen 7 & Tetraneutron ‘emission’ ?

-—e @

— o N=6 (rp32)* sub-shell closure ?

40 3 — —
I |

» SHe(p,2p) 'H @ 150 MeV/N:

(Q
@-0-i ~{033]
Q@

— 7-body final state !
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Hydrogen 7 & Tetraneutron ‘emission’ ?

-—e @

— o N=6 (rp32)* sub-shell closure ?
2 I

‘H “H °H °H 'H

e an array of arrays:

» SHe(p,2p) 'H @ 150 MeV/N: — MINOS liquid H target
) — DALI Nal crystals

@-o- ~1033)
o

— 7-body final state !
— FWHM ~ few MeV
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Hydrogen 7 & Tetraneutron ‘emission’ ?

-—e @

— o N=6 (rp32)* sub-shell closure ?
2 I

‘H “H °H °H 'H

e an array of arrays:

» SHe(p,2p) 'H @ 150 MeV/N: — MINOS liquid H target
) — DALI Nal crystals
° — SAMURAI spectrometer

(o To ) — NEBULA + NeuLAND
@0~ - {Q o0
|

— 7-body final state !
— FWHM ~ few MeV — 100 keV !
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Hydrogen 7 & Tetraneutron ‘emission’ ?

‘H “H °H °H 'H

» SHe(p,2p) 'H @ 150 MeV/N:

Do

9

— 7-body final

— FWHM ~ few MeV —
— (2p+t+3n) ~

@

state !

150 keV

~{733

100 keV !

e an array of arrays:

— MINOS liquid H target

— DALI Nal crystals

— SAMURAI spectrometer
} — NEBULA + NeuLAND

e angular correlations — E(4n)

8 o}

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

» EXPAND project (French ANR):

e expand NEBULA multi-n capabilities !

— France: LPC, IRFU, IPNO
— Japan: TlTech, RIKEN

=T T T T T T T T T T T T ‘ T T T ,40 7\ T T T T T T T T T T T ‘ T T \7 15 =T T T T T T T T T T T T ‘ T T ™ [ T T T T T T T T T T T T ‘ T T T ]
80 |- 5~ | | 26~ | I 27T~ 1 ¢ 28~ -
f o | o | 0 . o
- BEUS 1T 10 *
! 1 0 130 ]
§ I :20 i 1L I :
w§ 40 jlllllll,"'l,' i : : : : 2 ; {
: ’, 'y, : : : 5 | i i
20 | 'lluu”,,,“"’ — 10 j ‘\“”uu,““' i : : 1 ; ;
0 i | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ] 0 L | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ] 0 “\‘ | | ‘ | | 1 ‘ 1 | | ‘ | | | '?II\I"\'II\I7 0 7“\‘}“\‘“““\"\‘"\"l“'\‘"\"‘\'II‘I'\'"\Ill\"yll\lll\"\lli
0 2 4 6 8 10 O 2 4 6 8 10 O 2 4 6 8 10 O 2 4 6 8 10

E,[MeV] (***0-%0+xn)

(&zn<<ep due to neutron cross-talk) &1 FMM, NIM A 450 (2000) 109

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



Multineutron detector arrays

N\ - —
» EXPAND project (French ANR):
e expand NEBULA multi-n capabilities !
— France: LPC, IRFU, IPNO
— Japan: TlTech, RIKEN
— 490 bars: Comm. & Day-1 2021
— suggested configuration :
) £(4n) enhanced ~ x16!
FTorT rrT rrT H‘\“‘*40,“‘ rrT rrT L I L = rrT rrT T T [T 77 T rrT L R
80 |, 19 ] ]
: 20 i %0 2 8 -
60; ;30; ; : : :
. = 10 i 3k _
X, | I ] I ]
T 40 —207 ] 150 ]
W, |t : 1%F ]
20 ; ,,l”' ; 10 } ‘\‘\lll\”I“““l { : 1 ; ;
0 L coe b b e by ] : e b e b b b ,\' | | 0 \‘\“\‘“\ [ SR \’“\“\'“\”'\”?“\I”\'“\f 0 .u\}“\‘“\‘”\”\m\”l\”\l“\“‘\|““\’“\I“\”y“\m\”\'f

0
2 4 6 8 100 2 4 6 8 100 2 4 6 8 100 2 4 6 8 10
24+X 24

E,[MeV] (7O -0 +xn)

o

(€zn<e&p due to neutron cross-talk) '&1FMM, NIM A 450 (2000) 109
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Multineutron detector arrays

» EXPAND project (French ANR):

e expand NEBULA multi-n capabilities !

— France: LPC, IRFU, IPNO

— Japan: TlTech, RIKEN

— 490 bars: Comm. & Day-1 2021
%

suggested configuration:

) £(4n) enhanced ~ x16!

=T T T T T T T T T T T T ‘ T T L 7\ T T T T T T T T T T T ‘ T T \715 =T T T T T T T T T T T T ‘ T T ™ T T T T T T T T T T T T ‘ T T T
40 L ]
80 5 5~ | | 26~ I ]
f o o o ;
60 | = I . I ]
— [ b [ N 3 [ N
= ' :20 e : B ]
wE 40 jllllll’,"l,, i : : 2 ; {
20 — 110 i 5 L 8 B
o i | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ] O L | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ] O \\\‘\\ | ‘ | | 1 ‘ 1 | | ‘ | | \'?ll\l"\’ll\I7 o ||\‘}“\‘““II\|l\lll\lll‘ll\Ill\'ll\'llll\"'\II'\"yll\lll\l’\"i
0 2 4 6 8 10 O 2 4 6 8 10 O 2 4 6 8 10 O 2 4 6 8 10

E,[MeV] (**”0- %0 +xn)
--- NeuLAND+NEBULA

(€zn<e&p due to neutron cross-talk) '&1FMM, NIM A 450 (2000) 109
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Game over or game on?

(=1 Schiffer (1963) “As in most experiments of this sort,

however, a negative result cannot be regarded as conclusive”

1 %n
1%

1 CERN

GANIL

number of experiments

LTI 1

0
1960 1970 1980 1990 2000 2010 2020
year of publication

» An extraordinary series of experiments!
e very fascinating ideas
e some very precise results (3n)

e few 4n signals, still weak
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Game over or game on ?

(=1 Schiffer (1963) “As in most experiments of this sort,
however, a negative result cannot be regarded as conclusive”

1 %n
1%

1 CERN
RIKEN

TR T e A

O 1
1960 1970 1980 1990 2000 2010 2020
year of publication

number of experiments

E—y

» An extraordinary series of experiments!
e very fascinating ideas
e some very precise results (3n)

e few 4n signals, still weak :
— confirm or refute them ...

— 4n states or “enhancements’ ?

e 2020s harvest looks good !
— high statistics & resolution
— first 6n experiments (’He decay) ...
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Game over or game on ?

e — @

(=1 Schiffer (1963) “As in most experiments of this sort,

: _ » Some theoretical certainties:
however, a negative result cannot be regarded as conclusive

e all exact calculations categorical :

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

—1%n
i ' 1% * i
_ - e many-body approx. claim 3/4n resonances...
0] X
®) o

] ] x| e consensus: independently of V,,,,,,) !

|

— trap & global scaling: thresholds

L AR

()
H aa Ny — extrapolation of states into continuum

number of experiments

E—y

S

]9960 1970 1980 1990 2000 2610 2020 0 [
year of publication ;
D 10
» An extraordinary series of experiments ! % ol
w
e very fascinating ideas E
e some very precise results (3n) I
e few 4n signals, still weak: 10 N 0 >
Re(E) [MeV]

— confirm or refute them ...

— 4n states or “enhancements’ ?
e 2020s harvest looks good !

— high statistics & resolution
— first 6n experiments (’He decay) ...
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Game over or game on? I

(=1 Schiffer (1963) “As in most experiments of this sort,

: _ » Some theoretical certainties:
however, a negative result cannot be regarded as conclusive

e all exact calculations categorical :

A — signals cannot be assigned to 4n “states” !
3F 4 .
Z T _ e many-body approx. claim 3/4n resonances...
S z

e consensus: independently of V,,,,,,) !

° — trap & global scaling: thresholds
AR ~1 — extrapolation of states into continuum

number of experiments

E—y
]

LRI |

]9960 1970 1980 1990 2000 2610 2020 0 [
year of publication ;
10
» An extraordinary series of experiments ! % 205
Mt
e very fascinating ideas E-soi
e some very precise results (3n) ol
e few 4n signals, still weak: 10 N 0 >
) Re(E) [MeV]
— confirm or refute them ...
—> 4n states or “enhancements” ? > Some theoretical hopes?
e 2020s harvest looks good ! e firm experimental results!
— high statistics & resolution e QM “enhancements” ?
— first 6n experiments (’He decay) ... e evolution of 6,8,10n ...
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