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Introduction
Stable nuclei are qualitatively described by “simple” models

(semi-empirical) liquid-drop model
(basic) shell model

New techniques enable ab-initio methods (A-body models)

What happens far from stability ?
Experimentally, Radioactive-Ion Beams (RIB) available since 80s
⇒ study of structure far from stability
⇒ discovery of exotic structures

super-heavy elements
halo nuclei
shell inversions
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Nuclear Landscape
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Basic features in nuclear structure Liquid-drop model

Charge distributions in (stable) nuclei

constant density ρ0 out to the surface (saturation)
same skin thickness t

(Stable) nuclei look like liquid drops of radius R ∝ A1/3
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Basic features in nuclear structure Liquid-drop model

Liquid-drop model
Bethe-Weizsäcker semi-empirical mass formula

B(Z,N) = avA − asA2/3 − aC
Z(Z − 1)

A1/3 − aSym
(A − 2Z)2

A

Exoenergetic reactions :
fission of heavy nuclei
(nuclear power plants,
atomic bomb)
fusion of light nuclei
(stars, thermonuclear
weapons)

6 / 41



Basic features in nuclear structure Liquid-drop model

Variation from the semi-empirical mass formula

  

  

More bound systems at Z or N = 2, 8, 28, 50, 82, 126
magic numbers

⇒ shell structure in nuclei as in atoms ?
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Basic features in nuclear structure Shell model

Two-nucleon separation energy

Same magic numbers in S 2p and S 2n

⇒ more bound at shell closure
cf. ionisation energies of atoms
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Basic features in nuclear structure Shell model

Shell model
Developed in 1949 by M. Goeppert Mayer, H. Jensen and E. Wigner

(NP 1963)
As electrons in atoms,
nucleons in nuclei
feel a mean field
and arrange into shells

Spin-orbit coupling is crucial
to get right ordering of shells
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Basic features in nuclear structure Shell model

Example
Shell model explains the higher stability at some Z and N

It predicts the spin and parity of ground state of most nuclei
and some of their excited levels, e.g. 17O and 17F
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Basic features in nuclear structure Shell model

Nowadays
Can we go beyond these models ?
Can we build ab-initio models ?
i.e. based on first principles

nucleons as building blocks
realistic N-N interaction

What happens away from stability ?
Is nuclear density similar for radioactive nuclei ?
Is there a tetraneutron ?
Are magic numbers conserved ?
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Ab-initio nuclear models
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Ab-initio nuclear models

A-body Hamiltonian
Nuclear-structure calculations : A nucleons (Z protons+N neutrons)

Relative motion described by the A-body Hamiltonian

H =

A∑
i=1

Ti +

A∑
j>i=1

Vi j

⇒ solve the A-body Schrödinger equation

H |Ψn〉 = En|Ψn〉

{En} is the nucleus spectrum
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Ab-initio nuclear models

Realistic N-N interactions
Vi j not (yet) deduced from QCD
⇒ phenomenological potentials
fitted on N-N observables :
d binding energy,
N-N phaseshifts
Ex. : Argonne V18, CD-Bonn,. . .
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Ab-initio nuclear models

Light nuclei calculations

[R. Wiringa, Argonne]

15 / 41



Ab-initio nuclear models

Three-body force
Need three-body forces to get it right. . .

H =

A∑
i=1

Ti +

A∑
j>i=1

Vi j +

A∑
k> j>i=1

Vi jk + · · ·

But there is no such thing as three-body force. . .

They simulate the non-elementary character of nucleons
⇒ include virtual ∆ resonances, N̄. . .

Phenomenological 3-body interaction fitted on A > 2 levels : IL2
Alternatively, derived from EFT
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Ab-initio nuclear models

Effective Field Theory
EFT is an effective quantum field theory based on QCD symmetries
with resolution scale Λ that selects appropriate degrees of freedom :
nuclear physics is not built on quarks and gluons,
but on nucleons and mesons

EFT provides the nuclear force with a systematic expansion in Q/Λ
gives an estimate of theoretical uncertainty
naturally includes many-body forces

[see E. Eppelbaum’s talk on Tuesday morning
and S. Bacca’s on Thursday morning]
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Ab-initio nuclear models

Expansion of the EFT force
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Ab-initio nuclear models

Solving the Schrödinger equation
H |Ψn〉 = En|Ψn〉

Ψ usually developed on a basis {|Φ[ν]〉} :

|Ψn〉 =
∑
[ν]

〈Φ[ν]|Ψn〉 |Φ[ν]〉

Solving the Schrödinger equation reduces to matrix diagonalisation
〈Φ[µ]|H|Ψn〉 =

∑
[ν]

〈Φ[µ]|H|Φ[ν]〉〈Φ[ν]|Ψn〉

= En 〈Φ[µ]|Ψn〉

⇒ need to build an efficient set of basis states {|Φ[ν]〉}

Clear short review paper : [Bacca EPJ Plus 131, 107 (2016)]
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Ab-initio nuclear models

No-Core Shell Model
One should be able to account for the fermion nature of nucleons
⇒ wave function must be antisymmetric
⇒ basis states built as Slater determinants
of 1-body mean-field wave functions φνi

〈ξ1ξ2 . . . ξA|Φ[ν]〉 = A φν1(ξ1) φν2(ξ2) . . . φνA(ξA)

=
1
A!

∣∣∣∣∣∣∣∣∣∣∣∣
φν1(ξ1) φν1(ξ2) · · · φν1(ξA)
φν2(ξ1) φν2(ξ2) · · · φν2(ξA)
...

...
. . .

...
φνA(ξ1) φνA(ξ2) · · · φνA(ξA)

∣∣∣∣∣∣∣∣∣∣∣∣
The shell model uses harmonic-oscillator wave functions for φνi

The basis size increases with A⇒ limited to light nuclei
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Ab-initio nuclear models

Coupled-cluster theory
Instead of building a huge basis and diagonalise the Hamiltonian,
one can start from a reference Slater determinant Φ0

and build the wave function as

Ψ = eT Φ0

where T = T1

T1 =
∑

ia

ta
i a†aai

 (1p-1h excitation)

+ T2

T2 =
∑
i jab

tab
i j a†aa†ba jai

 (2p-2h excitation)

+ . . .

Converges quickly⇒ less computational expensive than NCSM
⇒ available for heavier nuclei
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Ab-initio nuclear models

Example : oxygen isotopes

NS65CH19-Schwenk ARI 11 September 2015 20:14
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Figure 3
(a–c) Ground-state energies of oxygen isotopes measured from 16O, including experimental values of the bound 16−24O (42). Energies
obtained from (a) phenomenological forces SDPF-M (43) and USDB (44), (b) a G matrix and including Fujita–Miyazawa 3N forces due
to � excitations, and (c) low-momentum interactions V low k and including N2LO 3N forces, as well as 3N forces only due to �

excitations. The changes due to 3N forces based on � excitations are highlighted by the shaded areas. The dashed lines in panels b and c
show sd-shell calculations based on second-order MBPT. (d ) Ground-state energies of oxygen isotopes relative to 16O based on
valence-space Hamiltonians, compared with the atomic mass evaluation (AME 2012) (45). The MBPT results are performed in an
extended sdf7/2 p3/2 valence space (37) based on low-momentum NN+3N forces, whereas the IM-SRG (39) and CCEI (40) results are
in the sd shell from an SRG-evolved NN+3N-full Hamiltonian. (e) Ground-state energies obtained in large many-body spaces:
MR-IM-SRG (27), IT-NCSM (27), SCGF (29), CC (40), all based on the SRG-evolved NN+3N-full Hamiltonian, and lattice EFT
(34), based on NN+3N forces at N2LO. Abbreviations: CC, coupled cluster; CCEI, CC effective interaction; EFT, effective field
theory; (MR-)IM-SRG, (multireference) in-medium similarity renormalization group; IT-NCSM, importance-truncation no-core
shell model; MBPT, many-body perturbation theory; SCGF, self-consistent Green’s functions. Modified from Reference 42.
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[Hebeler et al. Annu. Rev. Nucl. Part. Sci. 65, 457 (2015)]

Different ab initio models predict similar result
All require 3N forces to reproduce the dripline at 24O
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Ab-initio nuclear models

What happens far from stability ?
Liquid-drop and shell models are fair models of stable nuclei
What happens away from stability ?
In 80s Radioactive-Ion Beams were developed
Enable study of nuclear structure

[see A. Cowley’s talk on Thursday]
are radioactive nuclei compact ?
are shells conserved far from stability ?

Reactions involving radioactive nuclei useful in astrophysics
[see 2nd part, J. Jose’s talk on Monday,

M. Aliotta’s talk on Wednesday]
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Radioactive-Ion Beams
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Radioactive-Ion Beams

How ?
Idea : break a heavy nuclei into pieces to produce exotic isotopes

ISOL : Fire a proton at a heavy nucleus

In-flight : Smash a heavy nucleus on a target
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Radioactive-Ion Beams

Where ?
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Radioactive-Ion Beams

ISOL : Isotope Separation On Line

  

high-energy/intensity primary beam of light nuclei (e.g. protons)
on thick target of heavy elements (Ta or UCx)
⇒ spallation/fragmentation produces exotic fragments
Diffuse in the target and effuse to an ion source
Then selected using dipole magnet (A/Q)
Either used directly (mass measurement, radioactive decay. . . )
or post-accelerated for reactions (e.g. astrophysical energy)
Examples : ISOLDE (CERN), TRIUMF, SPIRAL (GANIL)
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Radioactive-Ion Beams

ISOLDE @ CERN
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Radioactive-Ion Beams

In-flight projectile fragmentation

  

high-energy primary beam of heavy ions (e.g. 18O, 48Ca, U. . . )
on thin target of light elements (Be or C)
⇒ fragmentation/fission produces many exotic fragments at ≈ vbeam

Sorted in fragment separator
Used for high-energy reactions (KO, breakup. . . )

Examples : RIKEN, NSCL (MSU), GSI, GANIL
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Radioactive-Ion Beams

RIBF @ RIKEN
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Radioactive-Ion Beams

Superconducting Ring Cyclotron

Largest superconducting cyclotron in the world
Delivers a U beam at 350AMeV
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Radioactive-Ion Beams

Properties
ISOL

Low beam energy
may require post-acceleration
Low beam intensity
Not all elements produced

I Slow
I Chemically limited

Good beam quality :
can use chemistry and atomic
physics to select fragments

In-flight
High beam energy
vfragments ≈ vbeam

High beam intensity
Efficient production

I Fast
I Chemically independent

Many fragments in beam
⇒ need ion ID
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Radioactive-Ion Beams

Choose according what you want to measure
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Oddities far from stability Halo nuclei
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Oddities far from stability Halo nuclei

Halo structure
Seen as core + one or two neutrons at large distance

[P. G. Hansen and B. Jonson, Europhys. Lett. 4, 409 (1987)]

Peculiar structure of nuclei due to small S n or S 2n

⇒neutrons tunnel far from the core to form a halo

Halo only appears for low centrifugal barrier (low `)
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Oddities far from stability Halo nuclei

Halo nuclei
Light, neutron-rich
nuclei
small S n or S 2n

low-` orbital

One-neutron halo
11Be ≡ 10Be + n
15C ≡ 14C + n

Two-neutron halo
6He ≡ 4He + n + n
11Li ≡ 9Li + n + n

Noyau stable

Noyau riche en neutrons

Noyau riche en protons

Noyau halo d’un neutron

Noyau halo de deux neutrons

Noyau halo d’un proton-N

6Z

n

1H 2H 3H

3He 4He 6He 8He

6Li 7Li 8Li 9Li 11Li

7Be 9Be 10Be 11Be 12Be 14Be

8B 10B 11B 12B 13B 14B 15B 17B 19B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O

Two-neutron halo nuclei are Borromean. . .
c+n+n is bound but not two-body subsystems
e.g. 11Li bound but not 10Li nor 2n [see A. Cowley’s talk on Thursday]
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Oddities far from stability Halo nuclei

Borromean nuclei
Named after the Borromean rings. . .

[M. V. Zhukov et al. Phys. Rep. 231, 151 (1993)]
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Oddities far from stability Tetraneutron

Tetraneutron
Can 4 neutrons be bound together ? or form a resonance ?
It would be a strong test of nuclear models far from stability

Various experiments have been performed to look for such a state
In 2002, Marqués et al. have reported to have found a bound 4n
using the breakup of the (very) neutron rich 14Be :

14Be + C→ 10Be + 4n + C @ 35AMeV (GANIL)

[Marqués et al. PRC 65, 044006 (2002)]
They found 6 unexplained counts
⇒ possible 4n

lack of predictive power of the calculations of few-body sys-
tems at the 1 MeV level~see, for example, Ref.@9#! therefore
does not exclude the possible existence of a very weakly
bound 4n.

Experimentally, no limit has yet been placed on the bind-
ing energy of4n ~or any otherAn!. Rather only limits on the
production cross sections could be estimated from two-step
@10–14# or direct reactions@15–21#. In this paper, a new
technique to produce and detect neutron clusters is presented.
The method is based on the breakup of an energetic beam of
a very neutron-rich nucleus and the subsequent detection of
the An cluster in a liquid scintillator. This work represents
the continuation of an experimental program investigating
the structure and, in particular, the correlations within two-
neutron halo systems@22–25#.

The paper is organised as follows. Section II describes the
experimental technique and analysis procedures. The results,
including the observation of some six events exhibiting char-
acteristics consistent with a multineutron cluster liberated in
the breakup of14Be, are presented in Sec. III. A detailed
discussion of the results is given in Sec. IV. Special attention
is paid to the various backgrounds~most notably pileup! that
may mimic the signal arising from a multineutron cluster.
Finally a summary and outlook on future work is briefly
presented in Sec. V.

II. EXPERIMENTAL TECHNIQUE

A. Previous experiments

There have been essentially two categories of experiments
that have searched forAn systems. The first consists of the
production ofAn in reactions such as neutron-induced fission
of U @10,11# or proton and light-ion fragmentation of a heavy
target @12,14#. Any recoiling An are then, in principle, sig-
naled by the radiochemical separation of decay products
from (An,xn) reactions in a secondary target. An extremely
pure target and a detailed analysis of all possible back-
grounds are thus needed. As such, only upper limits for the
An production cross section, assuming cross sections for the
(An,xn) reactions, could be determined. The only positive
claim @12# was later explained as arising from an underesti-
mation of the production of very energetic tritons@14#.

The second class of experiments involves direct reactions
of the typea(b,c)An, where discrete values of the energy of
the ejectile,c, correspond to states in theAn system. This
technique can thus also reveal unbound states. These
searches have relied on the very low cross section~typically
;1 nb! double-pion charge exchange~DpCX! @15–17# and
heavy-ion multinucleon-transfer reactions@18–21#. Again,
no conclusive evidence for a boundAn or resonant states has
been found in these studies. There are many problems inher-
ent in this technique: precise knowledge of the many-body
(A11) phase space, the background from target impurities,
and the bias introduced by the fact that both theAn and the
ejectile have to be formed in the reaction, lowering further
the production cross section.

B. Principle

Clustering appears in many light nuclei close to particle
emission thresholds@26#. Examples includea1t clustering
in 7Li ~threshold at 2.5 MeV!, a1a1n in 9Be (Sn
51.6 MeV), and a14n1a in 12Be ~threshold at 12.1
MeV!. In light neutron-rich nuclei, components of the wave
function in which the neutrons present a cluster-like configu-
ration may be expected to appear@27#. Owing to pairing and
the confining effects of any underlyinga clustering on the
protons, the most promising candidates may be the drip-line
isotopes of helium and beryllium,8He (S4n53.1 MeV) and
14Be (S4n55.0 MeV).

We have investigated existing data for the breakup of a 35
MeV/nucleon 14Be beam by a C target@23,24,28#. Other
components present in the beam which will be exploited here
were11Li at 30 MeV/nucleon and15B at 48 MeV/nucleon. In
such reactions relatively high cross sections~typically ;100
mb! are encountered. Consequently, even only a small com-
ponent of the wave function corresponding to a multineutron
cluster could result in a measurable yield with a moderate
secondary-beam intensity. Furthermore, the backgrounds en-
countered in DpCX and heavy-ion transfer reactions are ob-
viated in direct breakup. The main difficulty in the approach
lies in the direct detection of theAn cluster.

The details of the experimental setup have been described
elsewhere@23,24,28,30#. Therefore only the salient features
are recalled here. The beam particles were tracked onto the
breakup target~C 275 mg/cm2! using two position-sensitive
parallel-plate avalanche counters~PPACs! and identified on a
particle-by-particle basis using a thin Si detector located just
upstream of the target~Fig. 1!. The charged fragments from
breakup were detected using a position-sensitive Si-CsI tele-
scope located at zero degrees. As discussed in Sec. III, reac-
tions may also take place in the telescope. Importantly, the
telescope, the CsI element of which was 2.5 cm thick, acted
as a veto detector for any very energetic, light charged par-
ticles which may be directed towards the neutron detectors.

The neutrons liberated in breakup were detected using 90
modules of the DEMON array located at distances of 3.5–
6.5 m downstream of the target@24#. The energy of the neu-
trons (En) was derived from the time of flight, with the start
being furnished by the Si detector placed just forward of the

FIG. 1. Experimental setup inside the vacuum chamber. From
left to right: the beam tracking detectors, the target, and the tele-
scope for the detection of charged fragments~see text!.

F. M. MARQUÉS et al. PHYSICAL REVIEW C 65 044006
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target. An average resolution of 1.5 ns was obtained. For
particles with A>2, En corresponds to the energy per
nucleon. Standard pulse-shape discrimination methods based
on the light output from the liquid scintillator were employed
to separate the neutrons from theg- and cosmic-ray back-
grounds@29#. Except where noted, only events in which a
single DEMON module fired in coincidence with a charged
fragment were considered in the analysis, in order to avoid
any possible contributions from cross-talk@30#.

The predominant mechanism for the detection of neutrons
in a liquid scintillator such as that used in DEMON isn-p
scattering@31#, in which the proton recoils with an energy
(Ep) up to that of the incident neutron. In general, the neu-
tron does not lose all its energy in the interaction and may
escape from the detector@30#. The energy of the recoiling
proton can be determined from careful source and cosmic-
ray calibrations of the charge deposited in the module
@28,29,31# ~Fig. 2!. This may then be compared to the energy
per nucleon of the incident particle derived from the time of
flight (En). For a single neutron and an ideal detector,
Ep /En<1. For a real detector the finite resolutions can give
a higher limit, and for DEMON this is;1.4. In the case of a
multineutron cluster,Ep can exceed the incident energy per
nucleon andEp /En may take on a range of values extending
beyond 1.4, as shown in Fig. 3—the scale on the upper axis
indicates the maximum value as a function of the
multineutron mass number.

Reactions on carbon in the liquid scintillator—as, for ex-
ample,n-C scattering or C(n,3a)—do not present any diffi-
culties to the present technique as the associated light outputs
translate to very lowEp /En @31#. In addition, except forn-C
scattering, the cross sections for reactions on C are negligible
compared to scattering on hydrogen in the energy range con-
sidered here.

C. Calibrations and energy range

As is evident in the source and cosmic-ray calibrations in
Fig. 2, the DEMON modules exhibit saturation effects at

very high light output, as observed in earlier work@29#. It
should be noted that the initial goal of the experiment run to
acquire the data analyzed here was not the search for
multineutron clusters, and as such the analysis of very high
light outputs was not foreseen.1 The total charge versus light
output is well described up to;25 MeVee using a parabolic
adjustment~Fig. 2!, as found in previous tests which in-
cluded measurements with a 15.5-MeVg ray @29#. A depos-
ited charge of;25 MeVee corresponds to a proton recoil
energy ofEp;32 MeV. In order to avoid the effects of satu-
ration, particularly in the regionEp /En.1, an upper limit of
En518 MeV/nucleon has been imposed.

At low energies the proton recoil is free of saturation
effects. However, background events arising fromg and cos-
mic rays represent a potential contaminant of theEp /En dis-
tribution. These events are randomly distributed in time, and
thus the relative rate increases at low energy~Fig. 4! since
E}t22. As the energy loss in a module is completely uncor-
related with the inferred time of flight from the reaction at
the target,Ep /En is not confined below 1.4. Even if the
rejection rate using pulse-shape analysis is close to 100%,
any events that remain could mimic aAn signal. In order to
reject these events, we have first verified that their relative
rate at low energy is, as expected for a background, indepen-
dent of the reaction channel~lower panel in Fig. 4!. A lower
limit on En was then imposed and raised up to the value~11
MeV/nucleon! for which no events remain in the
(14Be, 12Be1n) channel, where noAn can be produced.

The energy gate,En511– 18 MeV/nucleon, is shown as
the shaded area in Fig. 4. As may also be seen in this figure,

1The possibility of operating the DEMON photomultipliers at
lower voltages is being explored for future dedicated experiments.

FIG. 2. Light output calibration for a DEMON module. The
open symbols correspond to the Compton edge ofg rays from22Na
~511 and 1275 keV!, 137Cs ~662 keV!, 60Co ~1333 keV!, and
241Am 9Be ~4.44 MeV! sources and the solid symbol to cosmic-ray
muons@28,29#. The solid line is a parabolic fit.

FIG. 3. Distribution of the ratio of proton energy,Ep ~MeV!, to
the energy derived from the flight time,En ~MeV/nucleon!, for data
from the reaction (14Be, 12Be1n)—histogram—and for simula-
tions of elastic scattering of1,3,4n—solid, dashed, and dotted lines,
respectively—on protons. The experimental resolution has been in-
cluded in the simulations.

DETECTION OF NEUTRON CLUSTERS PHYSICAL REVIEW C65 044006
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the neutron energy distributions exhibit two components:
the neutrons from the breakup of the projectile~distribution
centered close to the beam velocity,;30 MeV/nucleon! and
low-energy neutrons evaporated by the excited target-like
residue. In the case of15B, the neutrons arising from breakup
are shifted to higher energies due to the higher energy of the
beam, and therefore the ratio of background to neutrons is
still relatively high at 11 MeV/nucleon~dotted lines in Fig.
4!. A limit of En515– 18 MeV/nucleon was thus imposed
for the 15B data.

III. RESULTS

The detection of neutrons produced in the reaction
(14Be,12Be1n) is displayed in Fig. 3; a channel in whichAn
clusters should be absent. We observe that the flat distribu-
tion predicted forn-p scattering describes the data well, ex-
cept for a small fraction of events at lowEp /En . As noted
earlier, these correspond to reactions on12C which always
generate smaller light outputs@31#.

The charged fragments produced in the breakup of the
beam particles were identified using the energy loss (DESi)
and residual energy (ECsI) signals derived from the telescope
~Fig. 5!. One-dimensional spectra representing the particle
identification~PID! were constructed as@28,32#

PID5~DESi1a!exp$2~ECsI2b!2/2c2%. ~1!

The PID distribution for each beam~left panels in Figs. 6

and 7! exhibits peaks corresponding to isotopes of H, He, Li,
Be, and B. The parametersa, b, c of Eq. ~1! were adjusted
using the Be isotopes@28#, in which the peaks corresponding
to 10,12Be are well resolved~Figs. 6 and 8!. The cross sec-

FIG. 4. Data from the reactions (AZ,X1n) with 14Be, 11Li, and
15B beams~solid, dashed, and dotted lines, respectively!. Left-
top: neutron energy distribution; the shaded area corresponds to
the energy range used in the present analysis; the percentage of
events in the hatched area withEp /En.1.4 is shown in the lower
panel as a function of the particle identification parameter defined in
Eq. ~1!. Right-top: evolution with energy of the ratio ofg- and
cosmic-ray events to neutrons detected in DEMON.

FIG. 5. Scatter plot of the energies deposited in the Si-CsI tele-
scope for the reaction (14Be,X1n). Symbols correspond to the
seven events in Fig. 6 withEp /En.1.4. The horizontal band is
discussed in the text.

FIG. 6. Scatter plot and the projections onto both axes of the
particle identification parameter PID defined in Eq.~1! vs Ep /En

for the data from the reaction (14Be,X1n). The PID projection is
displayed for all neutron energies. The dotted lines correspond to
Ep /En51.4 and to the region centered on the10Be peak.
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Double-charge exchange reaction
More recently, Kisamori et al. have measured

8He + 4He→ 2α + 4n @186AMeV (RIKEN)
[Kisamori et al. PRL 116, 052501 (2016)]

They measure 2 α in coincidence
and deduce E4n by the missing-mass method

correction for the difference of the effective field lengths.
The systematic error due to the calibration was estimated
to be 1.25 MeV.
The missing mass of tetraneutron E4n was calculated on

an event-by-event basis from the momentum vectors of 8He
and the two observed α particles, where finite scattering
angles were taken into account. Here, E4n ¼ 0 MeV
corresponds to the threshold of four-neutron decay. We
obtained 27 events in the −25 < E4n < 65 MeV energy
region. The overall missing-mass resolution was estimated
to be 1.2 MeV (σ) using the ion-optical analysis. The
relative energy between the two observed α particles, Eαα,
was also deduced for examining the states of 8Be. Figure 2
shows a scatter plot of E4n vs Eαα, together with the
projected histogram for Eαα. The solid (red) and dashed
(blue) curves in Fig. 2(a) represent the response function
for 8Beð0þÞ and 8Beð2þÞ, respectively, where the accep-
tance and the finite resolution in angles and momenta are
taken into account. The magnitude for 8Beð0þÞ is deter-
mined by fitting the histogram, whereas that for 8Beð2þÞ is
arbitrary for the comparison of the shapes. The acceptance of
8Beð2þÞ was estimated to be 13% of that of 8Beð0þÞ.
The observed spectrum of Eαα is statistically consistent
with the response function of 8Beð0þÞ. In particular, the
events in 0 < E4n < 2 MeV are considered to be the
contribution from 8Beð0þÞ, while the events with large
Eαα inE4n > 8 MeV, for instance, Eαα > 1.8 MeV, may be
the possible contribution from 8Beð2þÞ. In the following
analysis, we first assume 8Beð0þÞ for simplicity and then
discuss a possible contribution from 8Beð2þÞ later.
Figure 3(a) shows the obtained missing-mass spectrum

of the tetraneutron system; the spectrometer acceptance
was constant in the region of the spectrum.
The yield of the background in the missing-mass

spectrum was then estimated with multiparticles in a
triggered bunch considered to be a possible background
source. A large fraction of these background events were
rejected using the MWDC at F6. However, because the
detection efficiency of the MWDC was not 100%, the
multiparticle events could produce the background if one

of the particles was detected while the others were not.
Furthermore, the multiparticle events in the same cell of the
MWDC were not identified as two particles. Other possible
background sources such as the events where particles were
misidentified and the events originating in the window foils
of the detectors are estimated to be negligibly small. The
number of integrated background events in the spectrumwas
estimated to be 2.2� 1.0. The shape of the background was
reconstructed by selecting two independent single-α events
identified at S2 at random, which is consistent with the
missing-mass spectrum of two α particles for the events
identified as multiparticles in a triggered bunch. The dashed
line (blue) in Fig. 3(a) represents the estimated background
magnified by 10 times for visualization.
Two components are clearly observed in this spectrum in

spite of the relatively low statistics. One is the continuum in
the E4n > 2 MeV region, whereas the other is the peak
at the low-energy region 0 < E4n < 2 MeV. To interpret
this spectrum, we assume two different states. One is the
direct decay with the final-state interaction between the
two correlated neutron pairs. This direct decay contributes
to the continuum in the spectrum. The other is a possible
resonant or bound state of the tetraneutron system.
The shape of the continuum of the tetraneutron system

produced by knockout reactions was discussed by
Grigorenko et al. [30]. They obtained an energy spectrum
assuming that the wave packet of the tetraneutron system

FIG. 3. (a) Missing-mass spectrum of the tetraneutron system.
The solid (red) curve represents the sum of the direct decay of
correlated two-neutron pairs and the estimated background. The
dashed (blue) curve represents the estimated background multi-
plied by a factor of 10. The schematic of the decay process is
discussed in the text. (b) Evaluation of the goodness of fit for each
bin using the likelihood ratio test. The si were defined in Eq. (3).

FIG. 2. A scatter plot of the missing mass of the tetraneutron vs
the relative energy between two α particles, together with the
projected histogram for Eαα. The solid (red) and dashed (blue)
curves in (a) represent the response functions for 8Beð0þÞ and
8Beð2þÞ, respectively. The magnitudes of the response functions
are described in the text.

PRL 116, 052501 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
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⇒ low-energy 4n resonance (E4n = 0.83 ± 0.65 MeV Γ4n < 2.6 MeV)
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On the theory side. . .
Since Marqués’ measurement, theoretical models have been tested
Within GFMC Pieper predicted
a 4n resonance at ∼ 2 MeV

Can Modern Nuclear Hamiltonians Tolerate a Bound Tetraneutron?

Steven C. Pieper*
Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

(Received 18 February 2003; published 27 June 2003)

I show that it does not seem possible to change modern nuclear Hamiltonians to bind a tetraneutron
without destroying many other successful predictions of those Hamiltonians. This means that, should a
recent experimental claim of a bound tetraneutron be confirmed, our understanding of nuclear forces
will have to be significantly changed. I also point out some errors in previous theoretical studies of this
problem.

DOI: 10.1103/PhysRevLett.90.252501 PACS numbers: 21.30.–x, 21.45.+v, 21.60.Ka, 27.10.+h

An experimental claim of the existence of a bound
tetraneutron cluster (4n) was made last year [1,2]. Since
then, a number of theoretical attempts to obtain such
bound systems have been made, with the conclusion that
nuclear potentials do not bind four neutrons [3–5].
However, these studies have been made with simplified
Hamiltonians and only approximate solutions of the four-
neutron problem. In this Letter, I use modern realistic
nuclear Hamiltonians that provide a good description of
nuclei up to A � 10 and accurate Green’s function Monte
Carlo (GFMC) calculations to improve this situation.
(Earlier studies, also with generally negative results, are
cited in Refs. [3–5].)

A series of papers [6–8] have presented the develop-
ment of GFMC for calculations of light nuclei (so far, up
to A � 10) using realistic two-nucleon (NN) and three-
nucleon (NNN) potentials. For a given Hamiltonian, the
method obtains ground and low-lying excited state ener-
gies with an accuracy of 1%–2%. I use this method in the
present study; tests similar to those reported in the above
papers have verified that the energies reported here have
similar accuracies, with two exceptions: (i) when the
energies are very close to 0, the error is probably a few
100 keV; and (ii) the 4H calculations contain a technical
difficulty that might be introducing systematic errors of
up to 1 MeV. (This problem arises from the fact that
GFMC calculations are made using a slightly simplified
version of the Hamiltonian. The expectation value of the
difference of the desired and simplified Hamiltonians is
evaluated perturbatively and might have a large relative
error. In all cases except 4H, this difference is small; in
particular, for 4n it is less than 0.1 MeV. However, for
unknown reasons, the change is up to 2.5 MeV in 4H.) A
review of nuclear GFMC is in Ref. [9]; complete details of
how the present calculations were made are in Refs. [6–8].

By using the Argonne v18 NN potential (AV18) [10]
and including two- and three-pion exchange NNN poten-
tials, a series of model Hamiltonians (the Illinois models)
were constructed that reproduce energies for A � 3–10
nuclei with rms errors of 0.6–1.0 MeV [11]. The best
model, the AV18 � Illinois-2 (AV18/IL2) model, is used
in the present study.

GFMC starts with a trial wave function �T , which
determines the quantum numbers of the state being com-
puted. For p-shell nuclei studied in the above references,
the Jastrow part of �T contains four nucleons with an
alpha-particle wave function and A� 4 nucleons in
p-shell orbitals. This is multiplied by a product of non-
central two- and three-particle correlation operators. I use
�T for 4n with the same structure except there are two
neutrons in a 1S0 configuration and two in the p shell. The
total J	 of the 4n ground state is assumed to be 0�. There
are two possible symmetry states in the p shell using LS
coupling: 1S�22� and 3P�211�; both are used in these
calculations. I could find no �T that gave a negative
energy for 4n using the AV18/IL2 model. GFMC
calculations, using propagation to very large imaginary
time (� � 1:6 MeV�1), also produced positive energies
that steadily decreased as the rms radius of the system
increased.

In a second study, I added artificial external wells of
Woods-Saxon shape to the AV18/IL2 Hamiltonian and
used GFMC to find the resulting total energies of the four
neutrons. Figure 1 shows results for wells with radii R �
3, 6, and 9 fm (all have diffuseness parameters of 0.65 fm)
and varying depth parameter V0. It seems clear that four
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FIG. 1 (color online). Energies of 4n in external wells versus
the well-depth parameter V0.
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Within NCSM Shirikov et al. find
E4n = 0.844 MeV Γ = 1.378 MeV

set of NCSM eigenenergies Eλ. Following this route, we
obtain an excellent description of the selected Eλ with an
rms deviation of 5.8 keV with a ¼ 0.724 MeV−1=2,
b2 ¼ 0.448 MeV, c ¼ 0.941 MeV−5=2, and d ¼ −9.1×
10−4 MeV−4. The resulting predictions for the NCSM
eigenenergies are shown by solid lines in the upper panel
in Fig. 1, where we also describe well NCSM energies with
large enough Nmax and/or ℏΩ not included in the mini-
mization fit. We obtain also an excellent description of
NCSM-SS-HORSE-predicted phase shifts as is shown by
the solid line in Fig. 2.
However, the resonance parameters describing the loca-

tion of the S-matrix pole obtained by this fit are surprisingly
small: the resonance energy Er ¼ 0.186 MeV and the
width Γ ¼ 0.815 MeV. Note that, looking at the phase
shift in Fig. 2, we would expect the resonance at the energy
of approximately 0.8 MeV corresponding to the maximum

of the phase shift derivative and with the width of about
1.5 MeV—a resonance with these parameters is expected to
be observed experimentally according to the conventional
interpretation of the phase shift behavior. The contribution
of the pole term (5) to the phase shifts is shown by the
dashed line in Fig. 2. This contribution is seen to differ
considerably from the resulting phase shift due to sub-
stantial contributions from the background phase (7), which
is dominated by the terms needed to fulfill the low-energy
theorem δ ∼ k2Lþ1 and to cancel low-power terms in the
expansion of the resonant phase δrðEÞ. Such a sizable
contribution from the background in the low-energy region
impels us to search for additional poles or other singular-
ities giving rise to a strong energy dependence which would
be separate from the background phase.
After we failed to find a reasonable description of the

NCSM SS HORSE phase shifts with a low-energy virtual
state, we found the resolution of the strong background
phase problem by assuming that the S matrix has an
additional low-energy false pole at a positive imaginary
momentum [44]. We add the false term contribution [24]

δfðEÞ ¼ −tan−1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E=jEfj

q
ð8Þ

to the phase shift to obtain the equation

δðEÞ ¼ ϕðEÞ þ δrðEÞ þ δfðEÞ; ð9Þ

replacing Eq. (4). This parametrization involves an additional
fitting parameter Ef. We obtain nearly the same quality
description of the selected 4n ground state energies with the
rms deviation of 6.2 keV with the parameters a ¼
0.701 MeV−1=2, b2 ¼ 1.089 MeV, c ¼ −27.0 MeV−5=2,
d ¼ 0.281 MeV−4, and a low-lying false pole at energy
Ef ¼ −54.9 keV. The respective 4n resonance at Er ¼
0.844 MeV and width Γ ¼ 1.378 MeV appears consistent
with what is expected from directly inspecting the 4n phase
shifts and what is predicted to be seen experimentally. The
parametrized phase shifts are shown by the solid line in Fig. 3
together with separate contributions from the resonant and
false pole terms. We note that corrections introduced by this
new parametrization to the solid lines in Figs. 1 and 2 are
nearly unseen in the scales of these figures.
Conclusions.—Our results with the realistic JISP16

interaction and the SS HORSE technique show there is
a resonant structure near 0.8 MeV above threshold with a
width Γ of about 1.4 MeV. Our preliminary NCSM SS
HORSE results with other NN potentials confirm the
conclusion of Ref. [17] that the tetraneutron resonance
should not be very sensitive to the choice of the NN
interaction: The 4n states at energies below a few MeVare
heavily influenced by the relative kinetic energy which, due
to the Pauli principle, receives a significant effective
attraction. This is the first theoretical calculation that
predicts such a low-energy 4n resonance, without altering
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FIG. 2. The 4 → 4 scattering phase shifts: parametrization with
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contribution of the false state pole term.
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Summary

Summary
Liquid-drop and shell model describe qualitatively stable nuclei
Nowadays ab-initio nuclear-structure models from first principles

RIB enable study nuclear structure far from stability
Low intensities require new experimental techniques :
KO reactions, in-beam γ spectroscopy,. . .

discovery of halo nuclei
diffuse halo around a compact core
shell inversions or shell collapse

RIB can be used to study reactions of astrophysical interest
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