
Abstract. Defining the limits of the existence of the nuclear
structure is one of fundamental problems of natural science,
requiring the advancement of studies towards the sites of
maximum neutron- and proton-excess nuclei, to the borders
of nuclear stability, and further, to the regions of nuclear
instability. In such regions, nuclear systems exist only as
resonant states in continuous spectra with characteristic `nu-
clear' lifetimes. This work is done most effectively with experi-
mental setups providing radioactive ion beams (RIBs). This
review discusses the approaches in this field of research devel-
oped during the last 20 years at the ACCULINNA fragment
separator in the Flerov Laboratory of Nuclear Reactions
(FLNR) of the Joint Institute for Nuclear Research (JINR).
The methodology developed is based on the comprehensive
study of correlations among the reaction fragments emitted
in the decays of nuclear-unstable systems which are populated
in direct reactions induced by RIBs with intermediate (20 ±
60 MeV per nucleon) energies. This allows us to acquire
detailed knowledge about exotic nuclear systems close to and
beyond nuclear drip lines. We discuss exotic forms of nuclear
dynamics appearing in the vicinity of nuclear drip lines and
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relevant results of their theoretical analysis. Also discussed are
existing facilities and prospective projects aimed at nuclear
structure studies with RIBs at JINR.
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1. Introduction

It is well known that there is a total of 254 stable isotopes.
However, 339 isotopes can be found in Nature: some
unstable ones live long enough to survive either directly
after the time of secondary nucleosynthesis or after they are
produced as decay products of shorter-living precursor
nuclei. From the point of view of nuclear physics, the
property of `stability' is less important than the concept of
`nuclear stability' or stability with respect to the strong
interaction. The chart of stable nuclides is an analog of the
Periodic Table of elements for the `world of nuclides,' and as
of today it includes about 3100 nuclear-stable isotopes [1]. It
is useless to provide exact number, because studies in this
field are very active and the number of known isotopes
increases annually by 3±10. Theoretical predictions here are
not very reliable, but in general it is expected that 2000±
3000 more nuclear-stable isotopes exist. Expansion of the
investigated region in the chart of nuclides and in-depth
studies of new isotopes are the subject of research with
radioactive ion beams (RIBs).

The physics of RIBs is nowadays one of the most
actively developing field of nuclear science. The major
concepts of research facilities in this field are already well
developed. About fifteen years ago, the main research
centers in the world entered a phase of massive upgrades
of their experimental base with the application of modern
technologies. The total worldwide budget for the new
generation of facilitiesÐ so-called factories of radioactive
ion beamsÐ is close to 10 billion euros. This amount is
comparable with the budgets of the most expensive scientific
human enterprises: high-energy particle physics research
and space research.

The status of current research of exotic nuclei with the
charge numbers Z < 40 is provided in Fig. 1. The drip lines
(the borderlines of nuclear stability) with respect to sponta-
neous emission of neutrons/protons are achieved and studied
to some extent only for the lightest nuclei. Information about
nuclear systems near the drip lines and especially beyond is
scarce and contradictory already for nuclei with Z > 5. This
area of the nuclear chart is expected to be one of the major
attractions for the RIB community in the forthcoming years.
It can be seen in Fig. 1 that for drip-line nuclei with Z < 40
there appears a broad field for pioneering theoretical and
experimental studies. As we approach the borderlines of
nuclear stability, we face qualitatively new phenomena of
nuclear dynamics (see Sections 1.1 and 3).

The question about the borderlines of nuclear stability can
be generalized to the question about the limits of the existence
of the nuclear structure. The drip line is formally defined by
the position of nuclides forwhich the separation energy of any
fragment (nucleon, several nucleons, alpha-particle, or
heavier cluster) becomes negative. However, it is clear that
for decays via particle emission with sufficiently low decay

energy,1 the lifetime of an unstable system should tend to
infinity: such a system can be regarded as stable from any
practical point of view. Thus, a practical limit of the existence
of the nuclear structure should be determined by the lifetime t
of the nuclear system. Such a limit should correspond to the
area of the nuclear chart where t becomes very low and
comparable to a typical nuclear time of order 10ÿ21 s.
Corresponding typical widths G of nuclear states are about

1 The typical energy release for alpha-decay is � 5 ± 10 MeV, for proton

and two-proton radioactive decays it is� 1ÿ2 MeV, and for spontaneous

fission it is � 200 MeV. The above values are very different; however, it

should be noted that the typical energy release per nucleon is on the order

of 1 MeV in all these cases.
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Figure 1. (Color online.) Status of drip line research in the region of light

nuclei. Isotopes with exotic properties qualitatively described in terms of

few-body dynamics are marked by different colors: greenÐnuclei with a

halo structure, redÐ2p/2n emitters, and blueÐ4p/4n emitters. The grey-

colored isotopes have theoretically predicted exotic properties, but they

have not been experimentally studied yet. The regions of nuclear stability

and the stability valley (absolutely stable isotopes) are marked by grey and

dark grey colors, respectively. The bands bounded by dotted lines

correspond to neutron or proton shell closures.
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1 MeV, and are given as follows:

G � 4:56� 10ÿ22�MeV s�
ln 2t �s� :

The study of such short-lived systems is only possible in
nuclear reactions. The range of practical problems and
developed techniques, both experimental and theoretical,
ultimately related to this fundamental task and worked out
in the Flerov Laboratory of Nuclear Reactions (FLNR) at
Joint Institute for Nuclear Research (JINR) is the main
subject of this review [2±7].

The layout of the paper is as follows. Various general
aspects of RIB physics are described in Sections 1.1±1.6.
Section 2 providesmotivation for the use of direct reactions at
intermediate energies for RIB research. Section 3 discusses
some nontrivial theoretical results concerning manifestations
of the few-body dynamics in drip-line nuclei. We presume
related experimental studies to be one of the priorities in RIB
physics today. The instruments and experimental techniques
applied at the ACCULINNA fragment separator 2 in FLNR
are discussed in Section 4. The most significant experimental
results obtained with this facility within the last 20 years are
presented in Section 5. Implemented research projects
[ACCULINNA-2, EXPERT (EXotic Particle Emission and
Radioactivity by Tracking)] and possible future long-term
developments in RIB physics are discussed in Section 6.

The system of units �h � c � 1 is used throughout the
review.

1.1 Qualitatively new phenomena at the drip lines
One of the major concepts underlying nuclear physics is the
statement about the density saturation of nuclear matter.
According to this concept, which emerged at the beginning of
the 1930s, nuclear matter predominantly behaves like an
almost incompressible fluid of nucleons. This straightfor-
wardly leads to the liquid drop model of the nucleus. It is
worth mentioning the two best-known consequences of this
model approach: the relation between the root-mean-square
nucleus radius r and the mass number A:

r � r0A
1=3 ; r0 � 1:2 fm ; �1�

and the famous Bethe±Weizs�acker formula for the nucleus
binding energy:

Eb�aVAÿ aSA
2=3 ÿ aC

Z 2

A 1=3
ÿ aA

�Aÿ2Z�2
A

ÿ d�A;Z � :

Here, the first three terms (those with coefficients aV, aS, aC)
correspond to the volume, surface, and Coulomb energies,
and they are a direct consequence of the notion of a nucleus as
a liquid drop. The last two terms are connected with
peculiarities of the nuclear dynamics and provide corrections
allowing for the asymmetry of nuclear matter (i.e., how far is
the nucleus from theN � Z line, corresponding to coefficient
aA) and for pairing interaction [function d�A;Z �].

The idea of representing the nucleus as a drop of nuclear
matter often fails near the drip lines. The clustering phenom-
enon begins to play an important role here. The drip line, by
definition, is the location where the emission threshold of a
nucleon (two or more nucleons, a cluster or two clusters)

becomes equal to the ground state (g.s.) energy of the nucleus.
It is quite natural that nuclear states near thresholds attain the
corresponding clustered structure [8]. Because of clustering,
different characteristic scales appear in the nuclear system.
They are associated with the motion of nucleons inside
clusters and the motion of clusters relative to each other. So,
considering the separation of a single nucleon (or a few
nucleons), one argues in terms of `valence' and `core'
nucleons.

When the separation energy for a nucleon (a few
nucleons) tends to zero, the wave function of such a valence
nucleon (valence nucleons) starts to take on an extreme radial
extension. This phenomenon received the name nuclear halo.
The nucleus becomes similar to a planetary system with a
compact core and valence nucleons which spend most of their
time in the classically forbidden region far beyond the core
boundaries. In atomic physics, some analog of such a
phenomenon is demonstrated by Rydberg atoms. However,
it should be noted that Rydberg atoms reside in a quasista-
tionary excited state, while halo nuclei are nuclear-stable
ground state systems. In heavy neutron-rich nuclei, there is
another manifestation of the halo-like structure: the forma-
tion of the so-called neutron skinÐa layer of pure neutron
matter on the surface of a nucleus. Near the drip lines, the
separation of scales for nucleonic degrees of freedom,
associated with a halo or skin, leads to manifestation of
specific mechanisms of nucleus excitation. To distinguish
these mechanisms from standard resonant excitation
mechanisms, the notion of soft excitation modes is intro-
duced. Among them, the soft dipole mode (SDM) is the most
discussed.

One of the major concepts offering some insight into the
nuclear structure is the phenomenon of pairing: two neutrons
or two protons `prefer' to be in a correlated state with zero
spin, forming a bosonic quasiparticle. From a theoretical
point of view, the pairing has the same roots as the origination
of superconductivity and superfluidity in the motion of
electrons and atoms. Pairing clearly manifests itself at the
drip line: it can be seen in Fig. 1 that nuclei with an even
number of neutrons or protons are more stable. This leads to
the formation of characteristic `ridges' on the border of
stability. The nuclei which are located at these ridges often
possess special forms of nuclear dynamics, which can be
characterized as a few-body dynamics at the drip line. The
best-known phenomena of this type are the so-called
Borromean nuclei exhibiting a two-nucleon halo, two-
proton radioactivity, and democratic decays (true three-
particle decay). It is also possible that novel types of radio-
activity, such as two-neutron and four-neutron radioactive
decays, could be discovered there.

Theoretical studies of several few-body dynamics phe-
nomena in light exotic nuclei, conducted in the team affiliated
with the ACCULINNA fragment separator, are discussed in
Section 3.

1.2 Applied aspects of radioactive isotope studies
There are several well-known applications of radioactive
isotopes: in methods of radiation control, for the production
of radioisotope power sources, and in nuclear medicine.
Previously, these developments were often based on general-
purpose scientific installations. Nowadays, however, they are
mainly realized at dedicated commercial facilities. Here, we
would like to point to the applied aspect of RIB research
related to other fundamental problems in the natural sciences.

2 Historically, ACCULINNA is not an acronym but a derivative from the

female Russian name Akulina.
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1.2.1 Fast processes of nucleosynthesis. Theoretical calcula-
tions of nucleosynthesis are based on two main constituents:
the astrophysical scenario, and nuclear physics data. The
astrophysical scenario specifies the initial conditions of
nucleosynthesis and the time evolution of temperature and
pressure. Nuclear physics data should preferably be provided
by nuclear experiment; however, this is not always possible.

A list of required nuclear data may be quite extensive, in
particular:

(1) it is imperative to know the mass of each involved
nuclide in order to determine those processes in which it can
participate;

(2) knowledge of the excitation spectrum up to several
MeV, possibly with spin-parity identification, might be
demanded;

(3) cross sections of various reactions may be required, at
least the cross sections for the most abundant components of
the astrophysicalmedium: protons, neutrons, alpha-particles,
etc.

For `hydrostatic' burning nucleosynthesis (normal star
evolution), large volumes of the necessary information are
alreadyavailable. In this case, thenuclear systems involvedare
locatednear the stability valley, and thehistoryof their study is
typically several decades long. Fast processes of nucleosynth-
esis are considered in two main scenarios. In a core-collapse
supernova, so-called r-process, nucleosynthesis occurs in a
neutron-rich medium, so it proceeds along the neutron drip
line. In explosive hydrogen burning on the surface of neutron
stars (this rp-process is assumed to be responsible for gamma-
raybursts), the nucleosynthesis proceeds along theprotondrip
line. Thus, the `trajectories' of fast nucleosynthesis processes
are located in the vicinity of the drip lines in the chart of
nuclides. These areas have been insufficiently explored or are
just still totally unknown.Until the experimentalRIB research
advances in these areas, our understanding of the fast
nucleosynthesis processes will be based on guesses and
extrapolations, not always being reliable.

1.2.2Nuclear structure studies far from the stability valley.One
of the most interesting and promising fields of modern
nuclear physics is connected with the study of the structure
of exotic nuclei. Such nuclei in the vicinity of drip lines often
possess features of the structure, which substantially distin-
guish them from `ordinary' nuclei near the stability valley.
Models of nuclear structure have been formulated on the
basis of data obtained for nuclei in the vicinity of the stability
valley. Extreme characteristics of nuclei, determined by the
low binding energy of valence nucleons and the anomalous
charge asymmetry of nuclei far from the stability valley,
provide conditions for extended validation of nuclear
structure models.

1.2.3 Equation of state of asymmetric nuclear matter. The
problem of developing an equation of state for asymmetric
nuclear matter is closely related to the problem described
above in Section 1.2.2, but it is mainly relevant to astro-
physics. The interpretation of astrophysical data of various
types is often based on the understanding of neutron star
properties. Here, reliable information about the properties of
neutron matter is required. The global characteristic of
neutron matter is reproduced by its equation of state. To
deduce the equation of nuclear state, until recently we could
only rely on experimental results concerning ordinary nuclei
near the stability valley, which corresponds to a situation of

nearly symmetric nuclear matter (the stability valley deviates
markedly from the N � Z line only for sufficiently heavy
nuclei). Neutron nuclear matter is the opposite limiting case
of maximum unbalanced nuclear matter in terms of the
neutron-to-proton number ratio. Apparently, studies of
nuclei in the vicinity of drip lines and, thus, far from the
region of symmetric nuclear matter should make an impor-
tant contribution to the solution of this problem.

1.3 Methods of RIB production
The study of nuclei in the vicinity of nucleon drip lines meets a
great experimental challenge. Production of RIBs became
possible due to progress in accelerator technology and isotope
separation methods.

Electromagnetic separatorsmade possible effective extrac-
tion of and manipulation with exotic radioactive nuclei for
studies of their own properties, for studies of nuclear reactions
with RIBs, and for the production and investigation of
isotopes even more remote from the stability valley in the
chart of nuclides.

Historically, the first method of RIB production was
termed ISOL (Isotope Separation On-Line). The target
nucleus (usually uranium) was disintegrated by bombarding
it with light particlesÐp, d, nÐor in a photofission reaction
(induced by bremsstrahlung of incident electrons). Disinte-
gration products are ejected or diffuse from thin target foils
and are picked up by a stream of inert gas. The ISOL method
was intended to solve the problem of radiochemical separa-
tion of radioactive isotopes: the short-lived beta-decay species
disappear within times ranging between 0.1 and 1 s. So,
separation and transportation of such nuclides to a detecting
system should be performed in a comparable time. Modern
ISOL methods provide separation times on the order of
100 ms.

Significant advantages in the separation time, range, and
intensity of RIBs have been connected with the development
of the in-flight separation method. In this method, RIBs were
usually obtained in a fragmentation reaction by impinging
beams of stable nuclei on a (usually light) target. Subsequent
step-by-step purification from unwanted reaction products
was performed by a special type of spectrometerÐa frag-
ment separator. In-flight separated beams allow the proper-
ties of the most short-lived nuclei near the drip lines (half-life
T1=2 > 50ÿ200 ns) to be explored. In highly specialized
experiments, radioactive decays with lifetimes on the order
of several picoseconds can be examined (see, e.g., Ref. [9] and
also Section 6.3). The exceptionally high quality and com-
plexity of modern RIB experiments can be illustrated by the
following simple estimate. In a typical experiment of this type,
� 1010 incident nuclei per second hit the primary (production)
target. If in an experiment lasting about 100 hours, 1±10
exotic nuclei of interest are expected to be observed, then the
required selectivity of the experimental setup should be on the
order of 1015.

1.4 Main RIB factories and prospective projects
For many years, one of the world leaders in the field of RIB
studies has been the research center GSI (Gesellschaft f�ur
SchwerIonenforschung) in Darmstadt (Germany) [10]. Lead-
ership was ensured by the heavy-ion SIS-18 synchrotron,
which could accelerate various nuclides up to uranium with
energies of � 1 GeV/nucleon, and by the largest (until
recently) fragment separator FRS (FRagment Separator)
for in-flight RIB production. Among the most important
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research instruments at GSI is the ESR (Experimental
Storage Ring), which allows unique nuclear and atomic
physics studies with completely or almost completely
stripped heavy ions. Currently, the GSI research program is
significantly limited because it is in the process of transforma-
tion into the new FAIR (Facility for Antiproton and Ion
Research) international research center [11]. The new FAIR
facility was developed with a significant Russian contribu-
tion; see Section 6.3 concerning one of the aspects of scientific
cooperation within this program. FAIR is planned to start
operation in approximately 2024±2025, and it should become
the most powerful RIB `factory' in the world. It includes the
SIS-100 synchrotron providing a uranium beam with an
energy of � 2:4 GeV per nucleon with an intensity up to
1010 sÿ1, and Super-FRS, the largest (length of about 140 m)
fragment separator.

The Japanese RIB center RIKEN (Saitama) [12] was the
first to enter the stage of massive upgrade at the end of the
1990s with the project RIBF (RIKEN Beam Factory). The
method of in-flight separation using the superconducting
fragment separator BigRIPS (Big RIKEN Projectile frag-
ment Separator) was first implemented within this project.
For the last seven years, RIBF has provided the best
opportunities for RIB studies with primary beam energies of
� 450 MeV per nucleon.

The leading U.S. RIB center is NSCL (National Super-
conducting Cyclotron Laboratory) in East Lansing (Michi-
gan) [13]. The characteristic feature of this Lab is its location
in a compact building complex directly on the campus of
MSU (Michigan State University). The FRIB (Facility for
Rare Isotope Beams) program of theNSCL upgrade provides
the deployment of a new RIB complex at the old site by 2022.
FRIB utilizes a twice folded linear superconducting accel-
erator of heavy ions, delivering primary beams with energies
of � 300 MeV per nucleon. The RIB factory will have a
mixed design with the main program associated with in-flight
technology, but the accelerator will also be utilized as a
`driver' of the ISOL facility.

The GANIL (Grand Acc�el�erateur National d'Ions
Lourds, Kaen, France) research center [14] in the late
1980s was one of the pioneers in applying the in-flight
method for RIB studies with the LISE (Ligne d'Ions Super
Epluch�es) fragment separator. However, the upgrade
project SPIRAL2 (Syst�eme de Production d'Ions Radio-
actifs en Ligne de 2 generation) being deployed at the old
site was chosen to be an ISOL type (the launch is scheduled
for 2020). Within this project, RIBs are obtained in the
neutron-induced fission of uranium at a record-high
intensity for ISOL facilities up to 1013 fissions per second.
Neutrons are generated by the stripping reaction from an
intensive deuteron beam: 30-MeV deuterons with an
intensity of � 10 mA are delivered by a linear accelerator.

In addition tomajor RIB centers, there are several `second
echelon' facilities working in this field. It is worth mentioning
here the centers inLegnaro (Italy), theUniversity of Jyv�askyl�a
(Finland), Stellenbosch (South Africa), Oak-Ridge (USA),
Lanzhou (China), the ISAC facility in the Triumf center
(Vancouver, Canada), and the ISOLDE (ISOL DEvice)
facility at CERN. There are as well ambitious initiatives to
construct advanced RIB facilities with an estimated cost of
about 1 billion euros each: the SouthKorean project KOBRA
(KOrea Broad acceptance Recoil spectrometer Apparatus)
and the Chinese project HIAF (High Intensity heavy ions
Accelerator Facility).

The largest RIB facilities in the world (in existence and
under construction) and their capabilities are illustrated in
Fig. 2. In Eastern Europe and in the countries of the former
Soviet Union, RIB physics is being developed now only in
JINR FLNR (see Section 1.6 and Table 4).

1.5 Typical research methods with RIBs
The first information obtained about a new isotope is
typically just the fact of its existence. The majority of
isotopes discovered in recent decades were observed in
experiments with fragment separators. In this case, the mass
number and the ion charge are determined from the time of
flight and energy loss in detectors located near the final focal
plane of the fragment separator. Other information that
becomes simultaneously available in such an experiment is
the lower bound for the lifetime: to get to the final focal plane,
the lifetime of the nuclidemust be longer than its time of flight
through the fragment separator. For typical 15±50 m length
of facilities and velocities ranging �0:3ÿ0:6� c, the typical
lifetime lower bounds of t > 50ÿ200 ns can be established.

Next in importance is information about the mass of the
nuclide. Expecting a mass measurement accuracy of 100 keV
and better, it is necessary to use spectrometric facilities with a
relative resolution of at least 10ÿ5 for light nuclei, and 10ÿ6 for
heavy ones. Such a precision can be achieved in magnetic
traps (e.g., the Penning trap) [15, 16] or in storage rings
operating in the isochronousmode [17, 18]. The latest trend in
this field is the development ofMR-ToF (Multiple-Reflection
Time-of-Flight) mass spectrometers, in which a slow beam
gains a huge flight distance due to multiple reflections from
electromagnetic mirrors [19]. All these methods are `slow',
i.e., require not less than 1 s of measurement time. Therefore,
the determination of the masses of short-lived nuclides is only
possible implementing nuclear reactions.

Registration of gamma-rays from decays of RIB excited
states makes possible spectroscopic studies. Since a typical
gamma-decay time is as small as 10ÿ15ÿ10ÿ12 s, the measure-
ment should be carried out directly at the point of RIB
formation (within such a time, even a nuclide in a relativistic
beam is unable to fly out some macroscopic distance). Work
with low-intensity and highly contaminated RIBs in the
vicinity of the secondary target region with complicated
background conditions requires special approaches to
gamma-ray spectroscopy [20].
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Figure 2. (Color online.) Capabilities of modern RIB facilities. Various

colors show the ranges of energies and particles available at different

research institutions/facilities. Technical characteristics of some of these

facilities are provided in Table 4 (see Section 6). INFN-LNS is the one-

letter abbreviation for Instituto Nazionale Fisica Nucleare Laboratori

Nazionali del Sud in Italy.
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Nuclei located far from the valley of stability are
transmuted into more stable systems due to `weak' processes
(bÿ- and b�-decays or electron capture). Because of structural
peculiarities of isobaric multiplets, weak transitions mostly
populate the excited states of the daughter nuclides. If these
excited states are located above the emission thresholds of
nucleons or even clusters, we face a situation of b-delayed
emission of particles. Studies of b-decays and b-delayed
emission of particles cover a priority area for experiments
with RIB implantation in the detecting system.

A special field of research comprises studies of `strong'
decays (including `strong' radioactive decays), i.e., pro-
cesses with the emission of particles (a, p, 2p, n, 2n).
While a-decay belongs to the three basic types of radio-
activity (a, b, and g) discovered by A Becquerel in 1896, the
discoveries of proton (p) radioactivity [21] (1982) and two-
proton (2p) radioactivity [22, 23] (2002) (see Section 3.4) are
among the relatively recent achievements of RIB physics.
The question of the possible existence of novel types of
radioactive decay connected with the emission of several
neutrons, such as 2n- and 4n-decays, was recently consid-
ered in paper [24] (see Section 3.8). The current status of
radioactive decay studies near the edges of nuclear stability
is discussed in review [25].

The study of the decay of a nuclear system can give very
precise information about certain aspects of its structure,
namely, about the specific matrix elements for processes in
this system. However, this method of research can be seen as a
kind of `passive' approach: here, only that information which
Nature itself `agrees' to provide can be obtained.

A truly flexible approach to the investigation of RIBs
consists in studying nuclear reactions. Nuclear physics
accumulated a rich arsenal of different reactions at its
disposal: knock-out, stripping, pickup, charge exchange,
Coulomb excitation, quasifree scattering, etc. The particular
choice of which kind of reaction to utilize strongly depends, of
course, on available energy, possible kinematics for the
experimental setup, and other technical limitations. How-
ever, there is considerable freedom in choice, which allows
one to focus on reactions that fully reveal the physical aspect
of interest. For example, the second most often performed
RIB experiment (after the discovery of new isotopes) is the
study of the momentum distributions of residues from
reactions of nucleon (or nucleon pair) stripping. Such reac-
tions have large cross sections, the experiments are relatively
simple, and the information obtained immediately imposes
strong constraints on the possible properties of valence
orbitalsÐ their angular momenta and nucleon separation
energies.

In this review, we focus on nuclear reactions as a method
of obtaining information about exotic nuclei.

1.6 RIB studies in the Flerov Laboratory
of Nuclear Reactions
In the 1990s, JINR FLNR managed not only to maintain a
scientific program at the world level, but also to achieve
breakthrough results in certain areas. First of all, the
program of superheavy element (SHE) synthesis should be
mentioned here, which made FLNR a world leader in this
field. This program led to the discovery of chemical
elements with charge numbers Z � 113ÿ118 in the last
two decades. In recognition of FLNR's achievements in
this field, the International Union of Pure and Applied
Chemistry (IUPAC) assigned the official names for elements

with Z � 114 (Flerovium) and Z � 116 (Livermorium).3 It
can be presumed that now we are very close to completion
of the Periodic Table, as Z � 120 is probably the charge
number of the last chemical element.4

Continuation of the SHE synthesis and study program at
FLNR will be provided by construction of the specialized
`SHE factory' taking aim at themonths-long search for super-
rare events of SHE formation with typical cross sections of 1±
100 fb (for comparison, the typical nuclear cross section has a
scale of 1 b, or 100 fm2, which is 1015 fb). Commissioning of
the SHE factory will allow the FLNR accelerators to be freed
up for a variety of other experimental tasks, in particular, for
studies with RIBs.

It shouldbenoted that the search forSHE, althoughaimed
at expanding the chart of nuclides in one of the most extreme
radioactivity areas, does not directly belong to research with
RIBs. These experiments are conducted with the employment
of very intensive 0:5ÿ 2:0 pmA (particle microampere,
1 pmA � 1�e=Z� mA) and very neutron-rich (such as 48Ca
and 50Ti), but still stable, beams. The use of neutron-rich
RIBs, of course, could lead to a breakthrough in this field, but
the production of secondary beamswith an intensity sufficient
for the SHE search is still an unresolved problem.

The Flerov Laboratory of Nuclear Reactions operates the
RIB accelerating complex DRIBs-1 (Dubna Radioactive Ion
Beams 1). DRIBs-1 includes the in-flight facility ACCU-
LINNA [26] and devices which deliver low-energy RIBs at
the U-400 cyclotron for a number of light radioactive nuclei
separated by the ISOL method. The latter installation
requires the operation of two accelerators, U-400M and
U-400, in tandem: the first produces RIBs by irradiating a
thick target with an intense beam, and the second subse-
quently accelerates the selected RIB to an energy of� 6 MeV
per nucleon [27]. Prospects for the further development of
ISOL type methods at JINR are discussed in Section 6.2.

The ACCULINNA separator started operation in 1996;
the DRIBs-1 complex has been fully functioning since 2004.
The results of theworkperformed atDRIBs-1 are presented in
numerous articles and conference reports (see, e.g., Ref. [2]).
Now, the Flerov Laboratory resides in the third phase of
developing infrastructure for getting intense RIBs, which is
called DRIBs-3. One of the most promising parts of this
program is the study of light exotic nuclei in the vicinity of
the drip lines at the ACCULINNA and ACCULINNA-2
facilities.

The ACCULINNA fragment separator (see Section 4.2),
built in the mid-1990s, was initially planned as one of the first
elements of the K4±K10 project. The K4±K10 project of
massive upgrade of the FLNR research infrastructure was
approved in 1989. It was aimed at taking world leading
positions in the field of RIB studies [28]. The project was
cancelled for obvious reasons. However, the general design of
the K4±K10 complex with two storage and accelerator rings
was later used in Lanzhou (China) [29], and the idea of an
electron±RIB collider proposed in the K4±K10 project

3 Lawrence Livermore National Laboratory and Oak Ridge National
Laboratory (USA) actively participated in joint experiments on the SHE
synthesis. In December 2015, IUPAC officially recognized the discovery
of the elements Z � 115, 117, 118, made by a collaboration with leading
contributions from JINR FLNR.
4 It is assumed that we are talking about sufficiently long-lived (a few
milliseconds?) isotopes.Z � 120 is the closest nuclearmagic number to the
already achieved Z � 118 according to the most simple estimates. There
are, however, theoretical models with maximum Z � 122, or even higher,
up to Z � 164.
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inspired the ELISE [Electron-Ion scattering in Storage ring
(eA-collider)] experiment [30] within the currently constructed
FAIR facility. The effectiveness of the scientific program
carried out with the ACCULINNA facility became the basis
for developing the concept and subsequent construction of a
new fragment separator, ACCULINNA-2. This fragment
separator, built in collaboration with French ion-optical
systems supplier SigmaPhi in 2011±2015, is now at the stage
of commissioning and preparation for `first day' experiments
(see section 6.1).

2. Direct reactions at intermediate energies

Investigations of direct reactions at intermediate energies
proved to be a useful approach to RIB experiments. High-
lighting the reasons let us, first, briefly define this subject.

Direct reactions comprise the wide spectra of nuclear
reactions with a few nucleon (cluster) degrees of freedom.
This assumes an adiabatic character of direct reactions, i.e., an
interaction within selected degrees of freedom is faster than
the typical time of a nuclear rearrangement. Therefore, this
rearrangement does not have enough time to occur. Hence,
the theoretical description here can be perturbative or close to
it. If it is adequate to apply the first-order perturbation theory,
the description can be especially simplified. These situations
can be properly illustrated by pole diagrams (Fig. 3), on the
basis of which several important qualitative conclusions can
be made. The reaction of interest has a preferential direction
(this fact distinguishes it from the process of spontaneous
decay). Obviously, beam direction (vector k) specifies it.
Moreover, in direct reactions with the pole mechanism, the
other additional preferential direction becomes physically
important. This direction is given by the momentum transfer
vector q. The existence of this preferential direction provides
us with several important consequences: the realization of
Treiman±Yang criteria [31, 32], and the possibility of forming
a significant alignment in the direction of q (see Section 2.3).

By intermediate energies 5 are meant a fairly conventional
range of 20±60 MeV per nucleon. They are significantly

higher than the Coulomb barrier (1±7 MeV per nucleon for
light nuclei), but are still far from relativistic energies
(100 MeV or higher per nucleon) and from the related
experimental problems. Reactions in such a range of energies
are sufficiently fast to proceed by the direct mechanism and
the kinematics allows a significant contribution of the various
direct reaction mechanisms, i.e., the stripping, pickup,
transfer, exchange, and charge exchange of one or several
nucleons. The criterion that determines the effectiveness of
the above mechanisms is the approximate equality of the
momentum per nucleon in the incident nucleus to the typical
Fermi momentum for the system.

Overall, the result of a nuclear reaction is determined by
the followingmain ingredients: (1) the initial nuclear structure
of the reactionparticipants; (2) the reactionmechanism; (3) the
structure of the exotic nuclear system formed in reactionswith
RIBs, and (4) the interaction of the fragments in the final
state. If the subject of the investigation is ingredient number 3,
then for obtaining the important information it is necessary to
correctly account for the remaining items in the list above.
Assuming that the nuclear structure of initial, less exotic,
nuclear systems is understood relatively well and the interac-
tion processes in the final state are adequately described by
modern theoretical methods, the most important becomes to
understand the second ingredientÐ the nuclear reaction
mechanism. In direct reactions, the mechanism is relatively
simple. And if certain experimental conditions are selected, a
number of well-developed, relatively simple, and reliable
theoretical models adequately describing the reaction
mechanism are found on hand: PWIA (Plane-Wave Impulse
Approximation), DWBA (DistortedWave Born Approxima-
tion), QFS (Quasi-Free Scattering), eikonal models, the
Glauber model, and so on [33±35].

2.1 Advantages and drawbacks
of reactions at different energies
Modern RIB factories follow the tendency of increasing the
energy of RIBs. The motivations for different facilities are
various.

In the ISOL method, secondary nuclei have a very low
energy (a few keV or tens of keV) after extraction from the
target. This allows one to transport the RIBs for further
implantation into the detecting system or injection into an
electromagnetic trap. Reactions with RIBs cannot be effec-
tively studied at those low energies. The secondary beam has
to be post-accelerated. At many ISOL factories post-accel-
eration of their RIBs to energies of 5±20 MeV per nucleon is
implemented in order to study the reactions with RIBs.

For `in-flight' RIB factories, the tendency towards high
energies has several principal arguments.
� The increase in the primary beam energy allows using

the thicker primary (production) target. This results in
increasing the efficiency of the use of the primary beam. So,
if the production target is 1 cm thick and made from a light
material (beryllium), only� 20% of the primary beamwill be
utilized. Let us take 36Ar as an example. In order to have an
energy loss in the target of less than 20%, the required energy
should be more than 250 MeV per nucleon.
� The primary reaction fragments are focused in a narrow

cone in the forward direction. This increases the efficiency
and the quality of the fragment separator's work.
� Very thick secondary (physical) targets can be used for

experiments. This is especially important for investigations of
RIBs with an ultimately low intensity. Thus, experimentation

RI beam

Target
Recoil nucleus

Transferred
particles

Final state
interaction

Decay
products Investigated

nucleus
in continuum
spectrum

k

q � k0 ÿ k
k0

Figure 3. Schematic representation of the direct-reaction pole mechanism
with the population of the exotic nuclear system continuum states. The
final state interaction should be considered while analyzing the spectrum
of the investigated nucleus. It is assumed that a final state interaction
between any of the decay products and a recoil nucleus can be disregarded
due to the kinematic separation. The kinetic energy of motion of any of the
decay products in relation to the recoil is at least an order of magnitude
larger than the relative motion energy of the decay products.

5 There is a significant lack of consistency in treating the term `inter-
mediate energies'. Sometimes, the term is used together with `medium
energies' to define an extra energy interval. For different fields of nuclear
physics, the boundary points are the transitions between underbarrier and
near-barrier reactions, the excitation energies of giant resonances, the
excess energy threshold for pion production, or the transition to the
relativistic situation upon an excess of the nucleon mass. As will be shown
in Section 2.1, the transition from the domination of transfer reactions to
the prevalence of knock-out reactions is important for the discussed field
of studies.
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[36] with a 27-mm thick beryllium target irradiated by an 31Ar
beam with the intensity of only � 103 sÿ1 resulted in the
discovery of a new 30Ar isotope and obtaining a sufficiently
detailed spectroscopic data about this rare isotope.
� With an increase in the beam energy, the adiabatic

character of direct reactions becomes more explicit. At the
same time, it becomes possible to apply simple theoretical
approaches to the nuclear reaction mechanism and the
reliability of the retrieved structural information is also
enhanced.

The above-mentioned advantages of high-energy RIBs
lead to a number of problems.
� The cross sections of the majority of direct reactions are

reduced to a level excluding their practical use. In fact, the
only reactions available for study become the ones with
nucleon or cluster knock-out. This means that, for example,
from the exotic neutron-rich system fA;Zg we can move to
more exotic systems: fAÿ 1;Zÿ 1g by knocking out a
proton, to fAÿ 2;Zÿ 2g by knocking out two protons, and
to fAÿ 4;Zÿ 2g by knocking out a-particles. At the lower
energies of RIBs (< 60 MeV per nucleon), superexotic
nuclear systems can be formed in a quite different way: as a
result of transfer reactions of one or two nucleons, and charge
exchange reactions (Fig. 4).
� The only method of identification of the desirable

system obtained in the knock-out reaction is the method of
invariant mass. This method is applicable only at energies
above the decay thresholds, and it requires the identification of
all the decay products for the desired system. It is clear that if
there are more than three such products (as, for example, in
decay with the emission of four neutrons), then registration of
all fragments in coincidence becomes a serious technical
problem. At intermediate energies, relevant are the transfer
reactions or QFS reactions, at which all the recoil nuclei are
detected (see Fig. 3), and the use of the missing mass
methodÐ the detection of only recoilsÐand the method of
combined mass (detection of recoils and several decay
products) becomes possible.
� While working with the invariant mass method under

relativistic conditions, the main source of errors resides in the
measurement of the longitudinal momentum (the total energy
of the fragment). Studies of reactions at intermediate energies
allow us to reach a compromise while choosing among the
desired accuracy of the energy characteristics of the system

(which requires low energy), the sufficient value of the
secondary-reaction cross section (which also requires low
energy), the high enough efficiency of secondary beam
production (high energy required), and the simplicity of the
reaction mechanism (high energy required).
� In the knock-out reactions, the resulting systems are

formed in a rather nonspecific way in term of angular
momentum alignment. This leads to the limitation of the
correlationmethod functioning, which, as will be shown later,
operate efficiently at intermediate energies.

The advantages of the direct reactions at intermediate
energies are recognized by the scientific community. So, there
is a subproject HISPEC (High-resolution In-flight SPECtro-
scopy) in the FAIR project, which is aimed at studying such
reactions. The production of intermediate energy RIBs due to
the strong inhibition of the beam in the absorber (the decrease
in energy is more than 100-fold from the values of
� 1500 MeV per nucleon) is planned. As a result, enormous
spatial and energy dispersions emerge. This leads to the
development of rather expensive bulky detecting systems.

Project ISOLDE at CERN is developing different meth-
ods of secondary beam acceleration, starting from energies of
3 MeV per nucleon (REX-ISOLDEÐRadioactive EXperi-
ment at ISOLDE) and up to 10 MeV per nucleon (HIE-
ISOLDEÐHigh Intensity and Energy ISOLDE). The
Canadian center Triumf realizes RIB post-acceleration to
energies of 5±15 MeV per nucleon at the ISAC-II (Isotope
Separator and Accelerator II) facility. However, there is a
constraint in operation with short-lived RIBs (lifetimes less
than 100 ms) at the last two ISOL type facilities mentioned
above.

Thus, it can be affirmed that the scientific program for
studies of reactions at intermediate energies has good
prospects for development. At the ACCULINNA facility of
JINR FLNR, the research program based on the listed
advantages and compromises in the choice of the RIB energy
range has been successfully implemented over the last
20 years.

2.2 Correlations and spin-parity identification
Along with nuclear spectroscopy, one of the main sources of
information on the structure of atomic nuclei and on nuclear
interaction mechanisms comes from the measurement of
angular correlations in reactions and decays.

The simplest example is the measurement of the angular
distribution of reaction products, which can be regarded as a
correlation between the incident beam direction and the
emission angle of the detected particles being the products
of the reaction. The angular distribution in the elastic
scattering of spinless particles is given by the expression

ds
dO
� 1

k 2

����X
l

2l� 1

2

�
exp �2idl� ÿ 1

�
Pl�cos ycm�

����2 ; �2�

where s is the scattering cross section,O is a solid angle, l is the
orbital angular momentum, Pl is the Legendre polynomial of
the first kind, and ycm is the scattering angle in the centre-of-
mass system. In the vicinity of resonances (with the energy Er

and width G ), phase shifts are parameterized as follows:

dl�E� � arctan

�
G

2 �Er ÿ E �
�
: �3�

A popular method for RIB studies is the elastic resonant
scattering measured in the inverse kinematics in a thick target
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6He

(t,3He)

(d,p) (t,p)

8He
9He 10He

10Be 12Be 14Be

13B

(ÿ3p)

(ÿ2p)
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Figure 4. (Color online.) Possible reactions leading to the formation of a

system beyond the neutron drip line. As an example, the formation of

superheavy helium isotopes is illustrated. Reactions with high energies are

shown in red. Alternative methods of forming exotic systems in the 1n, 2n

transfer and charge exchange reactions are shown in blue.
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(see, for example, articles [37±40] and references cited
therein). Using the measured data on the energy and angular
dependences of the cross section and applying expressions (2)
and (3), it is possible to determine the resonance parameters,
including spin-parity. In this case, if the elastic channel is the
only open one, then the identification of the resonance states in
the spectrum would be unambiguous. This is a nontrivial
feature of elastic scattering. It is worth mentioning that
quantum mechanics does not guarantee unambiguous corre-
spondence of quantum numbers to the scattering data for
inelastic processes, and we are faced with choosing a plausible
model. Also, we notice that, in accordance with expression
(2), when the isolated resonance with J � L is populated in
the elastic scattering of spinless particles, the angular
distribution takes the simple form

W�ycm� �
��PJ�cos ycm�

��2 : �4�
Such a pronounced angular distribution makes trivial the
experimental identification of J for a narrow isolated
resonance.

The following method is widely used to identify the spin-
parity in direct reactions (inelastic processes). It can be shown
that for many types of direct reactions the shape of the
angular distribution is mainly determined by the transferred
angular momentum DL. Qualitatively, this dependence is
described by the expression

ds
dO
�
X
JDL

dsJDL
dO

;
dsJDL
dO

� �� jDL�qr0���2 ; �5�

where jDL is the spherical Bessel function, q is the momentum
transferred in the reaction, and r0 is a characteristic nuclear
radius, for example, r0 � 2 ± 5 fm. Sufficiently developed
methods of cross-section calculations may exist for specific
types of reactions, but the simple expression (5) in most cases
correctly reproduces the position of the maximum and the
first diffraction minimum and allows the easy determination
of DL in the first approximation.

The above-mentioned techniques are built around the
angular distribution in the center-of-mass system of all
reaction products. Much less known and popular is the
method associated with the angular correlation measure-
ments performed for the decay products of an unstable
subsystem. As a simplified illustration, we first consider a
classic example of spin identification in cascade decays with
spinless particle emission in the `zero geometry' (Fig. 5).

Let the excited compound state of 28Si� be populated in
the collision of 12C and 16O at the stage 1 (see Fig. 5). Assume
that this state decays at stage 2 with the emission of an alpha
particle (a1), and the excited states of 24Mg� with different

spins J � L are populated. The measurement of a1 energies
allows one to select the 24Mg� state with a certain energy. If a1
is detected at a zero angle relative to the beam direction, the
spin of the selected excited 24Mg� state is equal to the angular
momentum J � DL transferred in the reaction, since the spins
of all the other participants in the reaction are equal to zero.
This kinematic condition for cascade decays is called `zero
geometry'. At the stage 3, the 24Mg� state decays with
emission of the second alpha particle (a2). In general, the
angular distribution over y should be expressed through a set
of associated Legendre polynomials PMJ

J :

W�y� �
����X

MJ

aMJ
PMJ

J �cos y�
����2 ; �6�

with some amplitudes aMJ
. However, it turns out that, in the

reference frame where a1 is emitted parallel to the z-axis,
a�1 � 0 and the angular distribution of a2 is also described by
a simple expression like (4) but only dependent on the angle y
in the center-of-mass frame of the subsystem 24Mg�. The
explanation is that the projection of the transferred angular
momentum DL onto the z-axis in such a system can only be
zero (MDL � 0). It was zero initially, since all initial momenta
were parallel to the z-axis, and remained zero, since a1 cannot
`carry away' a nonzero projection of angular momentum. In
the angular momentum theory, it could be formulated as the
simplification of the correlation pattern related with the
formation of the highly aligned intermediate state of 24Mg�.
The alignment corresponding to the condition MDL � 0 is
characterized as the polar one, because it corresponds to the
dominant emission of particles in the direction of the poles of
the spherical system of reference.

This method was widely exploited primarily in the study
of high-spin states of medium-Z nuclei (see, for example,
Ref. [41]). An essential constraint on this method is the
requirement that the reaction participants be spinless. In
addition, the spectrum of states populated in such reactions
is limited by those with natural parity p � �ÿ1�J.

The idea of the `zero geometry' method is easily general-
ized to the case of direct pole reactions. The reference frame
should be oriented not in the beam direction but in the
direction of the transferred momentum q (for each event).
For direct reactions, the cause of population of the highly
aligned intermediate states is somewhat different from that in
the `zero geometry' case, but it might be easily explained
qualitatively. The angular momentum DL transferred in the
reaction is derived from the transferred momentum q and,
hence, it can be obtained by vector multiplication of q by a
certain radius vector; therefore, it is orthogonal to q. This
implies that in the reference frame associated with q, DL can
only have the zero projection onto the z-axis:��DL� q� � 0 ; z k q	 ! MDL � 0 : �7�
The mathematical apparatus devised for describing the
angular correlations in cascades of nuclear processes invol-
ving particles and electromagnetic radiation is presented in
classical paper [42]. Significant materials on correlations in
nuclear processes are contained in recent monograph [43].

The nonzero spins of the reaction participants signifi-
cantly complicate the picture of the angular correlations. The
result of the analysis is no longer guaranteed, to be as it is in
the situation shown in Fig. 5. Even in this case, however, the
angular correlation measurement in certain favorable condi-
tions can be used for the spin-parity identification of the
excited nuclear states populated in the reaction. For example,

1

2

320Ne

12C 16O

28Si*

24Mg*y

a2

a1

Figure 5. Spin identification in the `zero-geometry' reaction by the example

of the reaction 12C�16O; 2a�20Ne.
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when studying the alpha-cluster states of the p- and s±d-shell
nuclei, the angular correlation measurements in the reaction
�6Li; da� found wide applications (see, for example, paper
[44] and references cited therein). In Section 5, we will present
a number of successful examples of the correlation studies
made at the ACCULINNA facility for participant systems
with spins.

While the characteristic angular correlations arise due to
polarization (spin alignment) of the intermediate state in the
example above, we encounter a fundamentally new phenom-
enon in moving towards the drip-line nuclei. The small
binding energy of these exotic nuclei leads to the fact that
the whole spectrum of excited states, and sometimes the
ground state, lies above the decay threshold. Of special
interest are those nuclei in which the two-particle decay
threshold lies above the threshold of decaying to three or
sometimes more particles. As an example of a three-particle
emitter, we can look at the 6Be nucleus, with its ground state
lying above the threshold of the decay into an alpha-particle
and two protons, while in binary 6Be subsystems (a ± p or
p ± p) there are no intermediate resonances which could
ensure a two-step decay of the ground state (see Sections 3.5
and 5.6). The angular correlation measurements on such
systems can provide unique information on the nuclear
structure and decay dynamics.

Another feature connected with studies of light exotic
nuclei should be noted. Since the excited states of such nuclear
systems typically reside above the nucleon decay threshold,
the experimentally measured spectra represent a result of the
overlap of broad states, which significantly complicates their
interpretation. For example, in the measured missing mass
spectrum in the reaction leading to population of low-lying
states of residual nucleus, contributions from states with
different quantum characteristics (due to their orthogonal-
ity) are not coherent. If the widths of the states are
comparable to the distance between the levels, the result is
an inexpressive, structureless pattern complicating, and often
making impossible, the isolation of separate components in
the spectrum. In angular correlations of the decay particles,
interference effects can lead to the formation of a clear
structural pattern. For example, the asymmetry of the
angular distribution in the center-of-mass system of the
decaying nucleus unambiguously testify to the interference
of states with different parities.

Thus, it could be argued that the angular correlation
measurement is a powerful tool for obtaining unique
information. The correlation measurements are much more
sophisticated than those based on traditional methods. In so
doing, the experimental setup becomes much more compli-
cated, requirements for statistics accumulated in the experi-
ment increase, and data analysis becomes more time-consum-
ing.However, all thismust be payed by the creation of reliable
information on the exotic nuclear structure and on the decay
dynamics.

2.3 Monte Carlo simulations
Experimental data can be affected by three factors related to
the experimental setup: (1) limited acceptance, when the
particle flies past the detecting system; (2) low registration
efficiency when the particle hits the detector but is not
detected, and (3) errors caused by angular and energy
resolutions, when the real attributes differ from the detected
ones. The distortions are especially large in experiments with
coincidence registration of several particles, when the

obtained spectra and correlation distributions might be
distorted beyond recognition. Thus, the results of modern
experiments of sufficient complexity cannot be directly
compared with the theoretical predictions. The most com-
mon and sometimes the only available approach consists in
applying the simulations by the Monte Carlo (MC) method.
It is necessary to transform theoretical predictions (ampli-
tudes in the momentum space) to events (sets of momentum
vectors for all particles) which are distributed in phase space
with the same probability density as those in the theory. Such
events are then processed by a software filter maximally
reproducing the experimental setup. The results of the
simulations are analyzed using the same procedure as during
experimental data processing. Theoretical results processed in
this way are the only suitable ones for comparison with the
experimental data.

From conceptual viewpoint, this means that, for experi-
ments of sufficient complexity, self-standing theoretical
results are no longer important. The problem of comparing
calculated results with experimental data forces theorists to
work on a team with the experimentalists. TheMC procedure
is processed from two sides: the theorists transform the
probability densities to events, and the experimentalists
create a simulator of the experimental setup. This requires a
specific methods to organize the research process and
accentuates questions of scientific ethics in working with data.

The density matrix formalism is applied for parameteriza-
tion of cross sections of direct reactions populating con-
tinuum states:

ds
dqk dq? dET dO

�
X
SMS

X
JM; J 0M 0

r J 0M 0
JM �qk; q?;ET�

� A
y
J 0M 0SMS

�ET;O�AJMSMS
�ET;O� : �8�

Two components of transferred momentum q are clearly
singled out: the longitudinal dqk, and transverse dq?, as its
azimuthal orientation with respect to the beam carries no
physical information. The amplitudeAJMSMS

of the final state
is summed over the spin states, since it is assumed, for now,
that the study of spin degrees of freedom is irrelevant for
experiments on radioactive ion beams because of the
complexity. The factorization of the cross section in the
form of expression (8) reflects the adiabatic character of
direct reactions: it is revealed by the `fast' (density matrix
r J 0M 0
JM ) and the `slow' (amplitudes of the decay channel of

interest) components. The ET energy is measured above the
decay threshold of the system, and the amplitudes AJMSMS

in
Eqn (8) can be both the two-particle and three-particle ones.
Accordingly, the solid angle O will be two-dimensional or
five-dimensional (see the discussion of variables for the three-
body problem in Sections 2.4, 3.1):

O! O2 � fy;fg ;
O! O5 � fe;Okx;Okyg � fe; yk; a; b; gg : �9�

As a consequence, we have a five-fold differential cross
section, which is still acceptable, for reactions with a two-
particle final state, while it will be eight-fold for a three-
particle final state cross section, which poses a substantial
numerical problem.

It is desirable to make predictions both for amplitudes
AJMSMS

of the process considered and for the reaction
mechanism encoded in r J 0M 0

JM . However, the problem of
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finding r J 0M 0
JM might be much more complex in the theoretical

approach. Helpful is the fact that there are a number of
simplifications for the density matrix parameterization,
making Eqn (8) attractive to phenomenology.

(1) The density matrix depends in expression (8) on the
energy ET. In fact, this matrix depends on Etot ÿ ET, where
Etot is the total energy of the reaction in the center-of-mass
system of the reaction. For direct reactions, Etot is on the
order of tens or hundreds of MeV, while the range of interest
of the ET variation is about a fewMeV. Thus, the dependence
of r J 0M 0

JM on ET can usually be ignored for practical purposes.
(2) The Treiman±Yang criterion [31, 32] should be obeyed

for direct reactions described in the pole approximation. In a
reference frame where the z-axis is parallel to the vector of the
transferred momentum q, this criterion implies a physically
insignificant azimuthal angle. Such angles are f or a for the
final state of two and three bodies, respectively. As a result,
the number of parameters in expression (8) is reduced to four
or seven, correspondingly. From a formal point of view, the
Treiman±Yang criterion requires the symmetry of the density
matrix with respect to the change of sign of the magnetic
quantum number projections:

r J 0M 0
JM � r J 0ÿM 0

JÿM :

A test for satisfaction of the Treiman±Yang criterion is
always done in our experimental work. Its meeting is an
encouraging signal for the applicability of a simplified
analysis; however, it does not guarantee success, inasmuch
as the satisfaction of the criterion is a necessary but not
sufficient condition for the validity of the pole approxima-
tion.

(3) A strong alignment can reduce the number of free
parameters in the density matrix. So, under the condition of
zero projection of the magnetic quantum number being
transferred in the reaction, the density matrix for the
population of nuclear states with integer J will have so-called
polar alignment in the system where z k q:

r J 0M 0
JM � dM; 0dM 0; 0 : �10�

2.4 Correlations in three-body systems
To study three-body correlations, one needs to pass from
single-particle radius vectors ri of three bodies to the Jacobian
coordinates (Fig. 6):

X � r1 ÿ r2 ;

Y � A1r1 � A2r2
A1 � A2

ÿ r3 ; �11�

R � A1r1 � A2r2 � A3r3
A1 � A2 � A3

:

Canonically conjugate to them are the Jacobian momenta

kx � A2k1 ÿ A1k2
A1 � A2

;

ky � A3�k1 � k2� ÿ �A1 � A2� k3
A1 � A2 � A3

; �12�

kR � k1 � k2 � k3 :

There are three topologically different Jacobian systems,
which can be obtained by cyclic permutation of the particles
in formulas (11) and (12) in the general case of three different
bodies. Only two systems are not equivalent and have their
own names `T' and `Y' (see Fig. 6) for the frequently
encountered three-particle systems consisting of a core and
two identical valence nucleons.

The coordinate R and momentum kR of the center-of-
mass of the entire three-particle system are not involved in its
dynamic description. Thus, the Jacobi vectors kx and ky are
sufficient for a complete description of correlations in the
three-particle system. This description becomes the five-
parametric one at a fixed total decay energy ET. Correlations
of the three-particle decay of nuclear systems populated in
direct reactions are illustrated in Fig. 7. It appears convenient
to divide the correlations into two-dimensional, `internal' or
energy-angular ones, which depend on the three-body decay
dynamics, and three-dimensional, `external' ones related to
the orientation of the three-particle system as a whole. The
internal correlations are parameterized by a variable of
energy distribution e and the angle between the Jacobian
momenta yk:

ET � Ex � Ey � A1 � A2

A1A2

k 2
x

2M
� A1 � A2 � A3

�A1 � A2�A3

k 2
y

2M
;

e � Ex

ET
; cos yk � kx ky

kx ky
; �13�

where M is the average mass of a nucleon in the system. The
parameter e shows the relative ET distribution in the Ex and
Ey Jacobian subsystems.
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Figure 6. Single-particle, relative, and Jacobian coordinates for the three-

body system. Only the two Jacobian systems, `T' and `Y', are not

equivalent for a system consisting of a core and two identical nucleons.
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Examples of internal correlations in the plane fe; cos ykg
for the 2p-decays of the 6Be and 45Fe ground states,
calculated in the three-particle model, are given in Fig. 8.
The correlation representations in the different Jacobian
systems are physically completely equivalent. However, the
involvement of both representations makes easier the
visualization of the details associated with various aspects of
the decay dynamics. Theoretically calculated correlation
patterns are in good agreement with experiment [45±47],
and, moreover, the achieved agreement is excellent in the
case of light systems (see Section 3.5).

Three parameters required to describe external correla-
tions are associated with the Euler angles fa; b; gg, which is a
standard parameterization of the solid body orientation (see
Fig. 7). According to the Treiman±Yang criterion [31, 32],
parameter a is not meaningful and distribution over this angle
should be isotropic for direct pole reactions. The angle g is
involved in the correlation patterns in a rather complicated
way. On the contrary, the distribution over the angle b, the
angle between the direction of the particle emission 3 (in
Fig. 6) and the direction of the transferred momentum q, can
be strongly pronounced in some cases, which is easy to
interpret. The principal reasons for this feature are the same
as in the two-particle case for ordinary two-body decays, as
discussed in Section 2.3. This approach works particularly
well in the case of interference between broad overlapping
states, and in reactions leading to a strong alignment of the
final states.

3. Dynamics of a few-body problem
at the border of stability

In Section 2, we discussed the approach to the RIB reaction
study at the ACCULINNA facility. In this section, we will
touch upon a variety of theoretical results related to unusual
phenomena observed near the drip line. We will deal with a
specific subset of tasks which should be considered in terms of
the few-body dynamics. Such phenomena as nucleon halos,
proton decays, the soft dipole mode, and the Thomas±
Ehrman shift undoubtedly emerge in the one-nucleon ver-
sion (two-body problem) at the border of nuclear stability.
However, we will examine in this section their more
complicated version related to the collective motion of three
or more bodies.

Not all of the problems discussed in Sections 3.1±3.8 are
related to studies directly carried out at the ACCULINNA
facility. Nevertheless, they give a more general view of
problematic topics considered in modern RIB experiments
and in research conducted in collaboration by our group.
Without going into all the details of the problems themselves
and their historical explanation, we focus on a few glowing
examples with important qualitative features.

3.1 Hyperspherical harmonics method
for the three-body problem
The application of the three-body problem to A > 3 nuclei is
based on a cluster approach. It is assumed that the basic
dynamics of the considered nuclear system A is described by
the potential interaction of three inert clusters: A1, A2, and
A3. In this case, the total wave function (WF) can be
factorized into the internal WFs of clusters and the three-
body WF of their relative motion:

CA � CA1
CA2

CA3
C�X;Y� :

Russian scientists have contributed significantly to the
development of methods of the many-body theory. After a
rigorous approach to solving the three-body quantum-
mechanical problem was realized within the method of
Faddeev equations, an alternative approach, based on the
hyperspherical harmonic method (HHM), was suggested and
intensively developed. A range of principal problems in the
application of this method to nuclear physics tasks was
resolved in the work by Yu A Simonov [Institute of
Theoretical and Experimental Physics (ITEP)] [48, 49],
Yu F Smirnov [Lomonosov Moscow State University
(MSU)] [50], A I Baz' [51], M V Zhukov [52], V D Efros
(Kurchatov Institute of Atomic Energy) [53, 54], and their
coworkers from the mid-1960s to the late 1980s (see
monograph [55] and references cited therein).

Our approach to a few-body problem, historically
originating from a scientific school at the Kurchatov
Institute of Atomic Energy, is based on the HHM. A
discussion of the technical features and a detailed bibliogra-
phy are presented in reviews [4, 25, 56, 57].

At the basis of the HHM lies the fact that the WFs of a
series of three-body problems may be effectively expanded
into the hyperspherical basis. First of all, such is the case for
situations where the system resides in the three-body
`collectivized' state, and the employment of basis func-
tions, explicitly depending on single-particle degrees of
freedom, does not lead to compact decompositions of the
WF. In the HHM, the wave function can be written down
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as

C�X;Y� � C�r;Or� �
X
Kg

wKg�r�
r 5=2

J Kg�Or� ;

x 2 � A1A2

A1 � A2
X 2 ; y 2 � �A1 � A2�A3

A1 � A2 � A3
Y 2 ;

r 2 � x 2 � y 2 ; yr � arctan
x

y
; �14�

where we transform Jacobian vectors fX;Yg�fX;Ox;Y;Oyg
into a hyperradius and hyperangle: fr; yr;Ox;Oyg � fr;Org.
The hyperradius r is symmetric with respect to the permuta-
tion of particles. This feature of the hyperradius as a collective
variable is more pronounced in an alternative definition:

r 2 � A1A2A3

A1 � A2 � A3

�
r 212
A3
� r 223

A1
� r 231
A2

�
: �15�

The J JMJ

Kg hyperharmonics with the definite total spin J and
its projectionMJ, namely

J JMJ

Kg �Or� � c lxly
L �yr�

h�
Ylx�Ox� 
 Yly�Oy�

�
L

 XS

i
JMJ

;

form the complete set of orthonormalized functions on the
`hypersphere' Or. The `multiindex' g � fL;S; lx; lyg is a short
notation of a set of quantum numbers necessary for the
description of the three-body system, with the exception of
the principal quantum numberÐhypermomentum K. The
pure hyperangle function is expressed as the Jacobi poly-
nomials c lxly

L .
In the three-cluster approximation, the total nuclear

Hamiltonian is reduced to the three-body Hamiltonian

Ĥ3 � T̂3 � V12 � V23 � V31 � V3�r� ;

where the pair interactions Vi j have to be obtained from
experimental data on the binary subsystems or from corre-
sponding systematics, and a collective three-cluster interac-
tion V3�r� is introduced as a phenomenological correction
specified by many-body effects beyond the three-cluster
approximation. The employment of V3�r� is relevant for
problems where a precise fit of the energy of state is needed
(for example, for calculations of widths). If describing
experimental data demands a significant contribution from
V3�r�, it indicates that the three-cluster approximation is
poorly applicable in this case.

Different physical problems might require different
formulations of Schr�odinger equation (SE), namely

�Ĥ3 ÿ ET�CET
� 0 ; �16�

�Ĥ3 ÿ ET�C�ET
� 0 ; �17��

Ĥ3 ÿ ET � iG
2

�
C�ET

� 0 ; �18�

�Ĥ3 ÿ ET�C�ET
� Fq : �19�

The homogeneous SE (16) is applied to solving the bound-
states problem. The asymptotic behavior of the partial WFs
wKg�r� for r!1 is determined by the modified Bessel
functionK, exponentially decreasing in the limit of large radii:

wKg�r� �
���������
2Kr
p

r
KK�2�Kr� � exp �ÿKr� : �20�

Hypermomentum K � ����������������
2MjETj

p
is a dynamic variable

conjugate with the hyperradius. The `scaling' mass M is
taken as the average nucleon mass for the considered nuclear
system.

The solution to the homogeneous SE (17) withWFC�ET
in

the S-matrix representation is a standard approach in the case
of a continuum spectrum. For partial WFs, equation (17) at
the asymptotics gives

wK 0g 0
Kg �r� � dK 0g 0

Kg HÿK�3=2�Kr� � SK 0g 0
Kg H�K 0�3=2�Kr� ; �21�

whereH� is theRiccati±Bessel functions with converging and
diverging wave asymptotics:

H��Kr� � exp ��iKr� :

Solving the problem of radioactive decay, it was found
appropriate to make use of the homogeneous SE with the
complex energy (18). In this case, the solution is sought for in
the form of the WFC�ET

containing only the diverging waves;

w�Kg�r� � H�K�3=2�Kr� � exp �iKr� : �22�

For small widths, G5ET, equation (18) is effectively reduced
to an inhomogeneous SE with the real energy [58].

Population of the three-body continuum spectrum in
many direct reactions can also be described by an inhomoge-
neous SE with the real energy (19), where the influence of the
reactionmechanism is fully contained in the `source'Fq which
is the function of a single parameterÐ the vector of the
transferred momentum q. As an illustration, let us write
down this term for one of the simplest reaction modelsÐ
the sudden removal approximation. In this model, the
spectrum of a system with mass number A is populated after
the sudden removal of Ar nucleons from the WF of the initial
state, CA�Ar

, and we obtain

Fq �
�
d3rr exp �iqrr� hCA1

CA2
CA3
jCA�Ar

i ;

where rr is the radius vector of the removed clusterAr, and the
expression in angle brackets is an overlap integral of the initial
state and the final cluster state WFs. Such a model qualita-
tively satisfies the conditions of the stripping reaction at high
energies, when the removal time of a subsystem Ar is
significantly shorter than the characteristic time of nucleon
motion inside the nucleus A.

Boundary conditions (20)±(22) were formulated for
three-body systems without the Coulomb interaction (for
example, for a charged core and two neutrons). Investiga-
tion of the three-body Coulomb interaction in a continuum
spectrum is a separate, well-known, albeit generally
unsolved problem (see Section 3.6).

The three-body SE in the hyperspherical basis is reduced
to a set of differential equations for the partial hyperradial
functions wKg. As an example, for equation (19) we get�

d2

dr 2
ÿ L�L � 1�

r 2
� 2M

�
Eÿ VKg;Kg�r�

��
w�Kg�r�

� 2M
X

K 0g 0 6�Kg
VKg;K 0g 0 �r� w�K 0g 0 �r� ÿ 2MFq;Kg�r� : �23�

These equations can be treated as those describing the motion
of one effective particle with mass M in a strongly deformed
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field. `Three-body potentials' (matrix elements of the pair
potentials) VKg;K 0g 0 �r� and partial components Fq;Kg of
sources are defined as

VKg;K 0g 0 �r� �
�
dOr J JMJ�

K 0g 0 �Or�
X
i<j

Vi j�ri j� J JMJ

Kg �Or� ;

Fq;Kg�r� �
�
dOr J JMJ�

K 0g 0 �Or�Fq�r;Or� :

Details on the hyperspherical harmonic method in applica-
tion to different problems in the field of RIB investigations
can be found in Refs [59±63].

3.2 Borromean nuclei
The most familiar `scientific brand' related to RIB physics is
the nuclear halo. As mentioned in Section 1.1, the basic
concept of the one-nucleon halo is very simple. As the value
of a nucleon separation energy comes close to zero and due to
tunneling to the classically forbidden region, the average
radius of a nucleon WF will come close to quite a large
value; in particular, for the s-wave it tends to infinity since

C�r� � C�r;O� �
X
lm

wl�r�
r

Ylm�O� ;
�24�

wl�0�r� �r!1 exp �ÿkr� ; k �
�����������������
ÿ2MET

p
:

Eventually, this leads to an increase in the nuclear root-
mean-square (rms) radius, abnormally large reaction cross
sections, narrow momentum distributions of the removal
reaction products, and other unexpected effects.

Ironically, the history of the question began with the
discovery of a halo with a more complicated origin, rather
than the one-nucleon halo. In 1985, I Tanihata et al. [64]
measured so-called interaction cross sections for lithium
isotopes. For 9Li, the matter rms radius deduced from the
measured cross sections, rmat � 2:43 fm, is in perfect agree-
ment with standard systematics (1). At the same time, the 11Li
rms radius, 3.27 fm, significantly deviates from the one
obtained with the systematics (Fig. 9). In the planetary
model, where 11Li is composed of 9Li� n� n, the rms radius
of the particle's valence orbitals is easy to calculate, giving the
value of 5.7 fm. If one relies on the same systematics (1) in the
opposite direction, one can estimate that such an average size
of the nucleon orbitals is inherent for nuclei with the atomic
numberA � 110, which is an order ofmagnitude heavier than
11Li.

An explanation of this phenomenon was given at the end
of the 1980s by M V Zhukov and his colleagues (see review
[56]). The problem lies in the fact that the nuclear halo in 11Li
cannot be explained in terms of increasing the radius of the
one-nucleon orbitals, as in Eqn (24), because the 10Li nuclear
subsystem is unstable and cannot be associated with any
negative one-nucleon energy ET. A qualitative answer to this
question was given within few-body physics in the framework
of so-called Borromean systems.

Inmathematics, Borromean rings provide an example of a
`topological link': the whole system is nonseparable, but there
is no link between any two of the rings, i.e., rupture of any ring
results in a complete disintegration of the system. The term
`Borromean rings' comes from the name of the Italian
aristocratic family Borromeo, on whose coat of arms three
connected rings are drawn. The image of the Borromean rings
has been widely used in Italian heraldry (Fig. 10a). It
symbolizes strength in unity.

The term `Borromean nuclei' has been used in nuclear
physics for three-body systems featuring a similar coupling
property: the three-body system is bound, while all its two-
body subsystems are unbound and the removal of one
fragment leads to the decay of the rest. The energy scheme
reflecting the emergence conditions for Borromean nuclei is
depicted in Fig. 10b. This system is stable with respect to the
two-nucleon emission (the two-nucleon separation energy is
positive, S2N > 0), whereas the subsystem Aÿ 1 is unstable
with respect to the one-nucleon emission (its ground state is
resonant with the energy Er above the threshold).

In nuclear physics, these energy conditions originate due
to the pairing interactions and, hence, are often met at the
border of stability. Thus, at the neutron drip line nearly every
second nucleus is Borromean (see Fig. 1). From the
theoretical viewpoint, realization of the energy conditions
shown in Fig. 10b results in the development of collective
three-body dynamics in the system, which is transparently
illustrated in the framework of the hyperspherical harmonic
method. The Borromean system WFs are effectively
expanded in the hyperspherical basis and, which is notice-
able, also have an exponentially decreasing asymptotics in the
hyperradius space:

C�X;Y� � C�r;Or� �
X
Kg

wKg�r�
r 5=2

J Kg�Or� ;
�25�

w�r� �r!1 exp �ÿKr� ; K �
�����������������
ÿ2MET

p
:

The only difference is that this asymptotics depends on the
collective radius (hyperradius) r [see Eqn (15)] instead of the
one-nucleon degrees of freedom, as in the two-particle case
(24). Let us also mention another power dependence on the
radial variable, namely, the power index 5=2 of the hyperra-
dius, instead of 1.
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The density of the ground state WF of the 6He nucleus
calculated in the three-body (aÿnÿn) model is depicted in
Fig. 11. Notable is the presence of two dominating configura-
tions: one dineutron (small distanceX between two neutrons),
and the other cigar-shaped (small values of Y compared to X
mean that the a-core is placed approximately between two
neutrons). The existence of such structures is experimentally
confirmed (see Section 5.1) and has a transparent qualitative
theoretical explanation (so-called Pauli focusing [65, 66]).

The study of the nuclear halo at the neutron drip line has a
great potential. Today, the neutron drip line is reached and
partly studied up to oxygen isotopes, but beyond that resides
terra incognita. Forming a halo structure is rather compli-
cated in the vicinity of the proton drip line, as the Coulomb
barrier inhibits effective penetration of the proton WF into
the classically forbidden region. However, it is recognized
that the formation of a one-proton halo in the 8B nucleus and
the two-proton halo in the 17Ne nucleus is due to the rather
low binding energies, Eb � 136 keV and Eb � 944 keV,
respectively. The formation of the proton halo in heavier
systems is hardly expected, although another possible
candidate for the two-proton halo is 31Ar. For now,
experiment shows the binding energy of this nucleus to be
close to zero.With these Coulomb barriers, distinctions in the
manifestation of the Borromean halo and two-proton radio-
activity (see Section 3.4) are blurred.

3.3 Soft dipole mode
A classic example of the collective dynamics in nuclei is given
by the phenomenon of giant dipole resonance (GDR). This is
not a separate resonance, but rather an envelope curve for a
set of resonances possessing large dipole matrix elements with
the nucleus ground state. This means that there is an intensive
GDR population in the electromagnetic excitation reactions
where the dipole component usually dominates. GDR is
localized at the energies of � 25 MeV in light nuclei, and at
the energies of� 15 MeV in heavy ones, and the properties of
the GDR are closely related to properties of nuclear matter
(first of all, with nuclear compressibility and charge polariz-
ability), which determines the continuing interest in this
problem. As a collective mode of nuclear excitation, GDR is
qualitatively connected to a collective oscillation of all

protons against all neutrons in a nucleus under the action of
momentum of a dipole electromagnetic field.

As was mentioned, in contrast to `ordinary' nuclei, halo
nuclei have two scales: the first one is about the nuclear
length, and the second much larger one is related to the
motion of halo nucleons. Obviously, this should lead to an
additional low-energy component (soft dipole mode, or
SDM) in the dipole strength function (Fig. 12). To evaluate
the scale of this phenomenon, one could make a simple
assessment of the dipole matrix element ME1�E � using a
single-particle s-wave WF fl�0 in a simple analytical form
(H�ulthen ansatz) and a p-wave component of the plain wave
(cylindrical Bessel function j1):

fl�0�r� � N
�
exp �ÿk1r� ÿ exp �ÿk2r�

�
; k1 �

�������������
2MEb

p
;

ME1�E ��
�1
0

dr �pr� jl�1�pr� rfl�0�r� ; p �
�����������
2ME
p

; �26�

dBE1

dE
� jME1�E �j2����

E
p :

The estimated dipole strength functions dBE1=dE are
plotted in Fig. 13. Parameter k2 is arbitrarily fixed here as
k2 � 1 fmÿ1. It can be seen that for the appreciable nucleon
binding energies of (5±10MeV), typical of many stable nuclei,
the single-nucleon dipole strength is distributed in a wide
range of excitation energies (up to 20±30MeV). For a weakly
bound nucleus, Eb � 1 MeV, this strength is concentrated at
energies of E � 0:5ÿ1 MeV. For an extremely weakly bound
nucleus, Eb � 0:1 MeV, i.e., for a system with an extremely
extended halo, the dipole strength is totally localized near the
threshold E < 100 keV. These simple ideas explaining the
possible existence of SDMs were first suggested by K Ikeda
[67] in 1988. Since that time, various kinds of SDMs have been
actively studied (see, for example, review [68], and also
Sections 5.6, 5,7).

There are two main conclusions here.
(1) The presence of a nucleon halo will reveal itself with

high probability in the SDM as a specific form of the nuclear
excitation mechanism related to wide spatially distributed
WFs.

(2) Observation of an intensive low-energy peak does not
necessarily indicate the presence of a resonance state in the
system. In striking contrast to the concept of resonance as a
manifestation of the final state dynamics alone, the concept of
themode of excitation is introduced as a phenomenon related
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to the initial state structure and excitation mechanism.
Questions concerning the excitation modes and their relation
to the halo phenomenon are considered in review [57].

Interest in SDM is largely determined by the fact that, at
the decay of halo nuclei, matrix elements of electromagnetic
dipole transitions, responsible for SDM, determine the
probabilities of the inverse processes as well, i.e., radiative
capture processes. Exactly these processes of the nonresonant
radiative capture with the parity alteration appear to be
dominant for many reactions of key importance in astro-
physics. For example, the classical reaction 7Be� p! 8B� g
is among them: it is important for the solar neutrino problem.
Thus, by studying the photodissociation reactions of halo
nuclei (a realistic approach to this is, certainly, the dissocia-
tion induced by virtual photons in Coulomb excitation
reactions), it is possible to recalculate the obtained results
deducing the cross section values of astrophysical radiative
captures for nuclei participating in the r- and rp-processes
(see, for example, Refs [69±74]).

Notice that SDMs for a three-body system have special
features compared to those in the two-body case (Fig. 14). In
the two-body case, the basic dynamics of the process can be
explained in terms of simple estimates (26) using a satisfactory
approximation with a plane wave instead of a nonresonant
continuumWF. In the three-body case, the dipole operator is
capable of promoting the one-nucleon transition to a
nonresonant state. As a result, the final state's dependence
of the three-body SDM will be characterized by a nontrivial
combination of resonant and nonresonant dynamics. In this

case, quite simple approaches are also available [71],
although, in general, the situation with SDMs in three-body
systems remains poorly studied, and there is still no agree-
ment on this. In particular, the unexplainable discrepancy in
the experimental data is noticeable for repeatedly studied
SDM in 11Li (see paper [75] and references cited therein). The
results of SDM studies at the ACCULINNA facility are
presented in Sections 5.6, 5.7.

3.4 Two-proton radioactivity
Two-proton radioactivityÐ the `freshest' among all known
types of radioactive decaysÐwas found in 2002 in almost
simultaneous experiments atGSI [22] andGANIL [23] during
studies of the decay of the 45Fe nucleus. Some intrigue had
preceded this discovery for quite a number of decades.

The possibility of two-proton radioactivity was predicted
by Soviet theorists at the beginning of 1960s. A paper by
V I Goldansky [76] is usually referred to here (where the
prospects for the search for proton radioactivity have also
been discussed). However, the basic statement about the
possibility of two-proton radioactivity can be found in
earlier work by Ya B Zel'dovich [77]. The main idea is the
following: the ordinary two-particle decay (one-proton
emission) becomes prohibited under certain energy condi-
tions, and the system can only decay into a three-particle
channel with simultaneous emission of two protons
(Fig. 15). Similar to the Borromean halo, this phenomenon
is related to the pairing interaction: it is easy to recognize
that the energy level scheme in Fig. 15a can be obtained by
shifting upwards all the levels from Fig. 10 with respect to
the threshold, which corresponds to a decrease in binding
energy, for example, due to the increased additional
Coulomb interaction. Indeed, for the lightest nuclei, the
two-neutron halo near the neutron drip line can correspond
to the two-proton radioactive nucleus behind the proton
border. These pairs of isobaric partners are as follows:
6He�a� n� n and 6Be�a� p� p or 12Be� 10Be� n� n
and 12O � 10C� p� p.

In order to stress a qualitative difference between this
process and the intuitively obvious sequential decay mechan-
ism of proton emission, Goldansky introduced the term true
two-proton decay. It is clear that the possibility of implement-
ing such dynamics is not exhausted by two-proton emission,
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and the true three-particle decay should be considered for a
wider class of systems. Figure 16 qualitatively explains the
consequence of events in true two-proton decay. At the first
stage I, both nucleons occupy a common orbital with diffuse
energy, where the mean energy of each nucleon harbors half
of the decay energy, ET=2. If one nucleon starts to tunnel and
passes to the underbarrier region II, the orbital, where the
nucleons initially were, no longer exists. The very existence of
the orbital is related to the pairing phenomenon which
disappears when the nucleons become separated in space.
Now, the closest one-nucleon orbital III is taken up with the
energy Er > ET. The `residual' nucleon IV appears to be deep
under the barrier in the nonresonant configuration and,
hence, should leave it (V) within an exponentially short time.

Goldansky suggested estimating the two-proton decay
probability in the independent particle model. The noninter-
acting protons pass through the Coulomb barrier and share
the total energy of the decay:

dG3�ET�
de

� exp

�
ÿ 2p�Zÿ 2� a �����

M
p������

ET

p
�

1��
e
p � 1�����������

1ÿ e
p

��
;

G3�ET� �
�1
0

de
dG3�ET�

de
:

�27�

Here, parameter e stands for the energy distribution between
the protons: E�p1� � eET and E�p2� � �1ÿ e�ET. For com-
parison, we give a standard expression for estimating the

width G2 of a common one-proton decay with the decay
energy Er:

G2�Er� � exp

�
ÿ p�Zÿ 1� a �����

M
p�����

Er

p
�
:

In order to make a realistic width assessment, the above
exponential expressions should be multiplied by a dimen-
sional scaling factor on the order of 1 MeV. It can be clearly
seen from Eqn (27) that the true two-proton decay width
approximately corresponds to the scheme of the decay with
the emission of a particle characterized by the doubled charge
(diproton) and halved energy of the decay ET=2. Thus, the
energy systematic of the three-particle decay width is
significantly different from that for the two-particle decay.

After the initial period of active studies [78, 79], interest in
the two-proton radioactivity faded: no satisfactory theoreti-
cal results had been produced, and the experimental search
was delayed for decades. Proton radioactivity was discovered
in 1982 [21]; however, all attempts to reveal the two-proton
radioactivity failed. Theoretical discussions of this problem
were limited to using the trivial `diproton' model [80]. This
situation is somewhat true today [81, 82].

Significant progress in the theoretical treatment of
2p-radioactivity was reached only in 2000, when in Ref. [58]
prospective two-proton radioactive nuclei 19Mg and 45Fe
were studied in the three-body (core+p+p) model. The
progress on the theory has become an important factor in
the discovery of 2p-radioactivity. Experiment [23] was
performed one year earlier than that reported in paper [22].
However, the authors of Ref. [23] were expecting the lifetime
of 45Fe to be aboutmicroseconds, as predicted in the diproton
model [80]. Predictions [58] in the three-body model refer to
the region of milliseconds. This was found experimentally in
Ref. [22]. Study [23] was published after the reexamination of
its data with regard for the results obtained in paper [22].
Notice that confirmation of the data gathered in Ref. [22] in
Ref. [23] was not superfluous: both of the studies were based
on extremely low statistics (few events).

During the last decade, huge progress has been achieved in
the field of 2p-radioactivity studies. New cases of 2p-radio-
activity involving 19Mg [9], 48Ni [83], and 54Zn [84] nuclei have
been examined. Proton correlations from the 2p-decay were
investigated for 19Mg [85], 45Fe [45], and 54Zn [86]. Moreover,
correlation data were obtained in Ref. [45] for 45Fe at a
confidence level good enough to reach a conclusion about the
configuration mixture in 45Fe and the peculiarities of the
three-body Coulomb interaction. Theoretical aspects of
2p-radioactivity have been intensively studied by our team in
the framework of the three-bodymodel [61, 87±91]. The main
results of these studies were the development of the lifetime
systematic for 2p-radioactive nuclei and the determination of
prospective candidates for the experimental search. For the
first time, 2p-correlations have been theoretically calculated.
The quality of these calculations was gradually improving,
and the consequent development of the experiment confirmed
the predictions. A set of fundamental problems has been
solved, such as the use of approximate semianalytical
approaches [90, 91], making precise calculations of correla-
tions with regard for the long-range character of the three-
body Coulomb interaction [92, 93], and considering many-
body effects of the nuclear structure in three-particle decays
[94]. Both experimental and theoretical results obtained in
this field are described in detail in recent reviews [4, 25].
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In theoretical studies of 2p-radioactivity, an important
technical issue is the Coulomb interaction in the three-body
system. The three-body Coulomb problem in the continuum
spectrum is a known problem of theoretical and mathema-
tical physics. It is still not generally been solved. However, it
may be asserted that a part of the problem related to nuclear
systems with three similarly charged particles has been solved
from the practical viewpoint (see Section 3.6).

In discussing two-proton radioactivity, we mean the
two-proton decays of the ground states. However, the study
of the true two-proton decay of excited states is of special
interest in nuclear astrophysics applications [4, 71, 95]. Such
a decay can be considered the time-reversal process to the
two-proton radiative capture which itself can be an impor-
tant process in a number of cases, in particular, when it is
necessary to bypass a waiting point of the rp-processes in
nucleosynthesis [96]. In work on the thermonuclear synthesis
in astrophysics [97, 98], quasiclassical approaches are
traditionally applied for describing the two-proton capture.
However, these approachesmay fail when the capture process
is the true three-body one. In this case, a detailed analysis
within the many-body theory is needed [91, 95]. The
experimental search for the two-proton decay of the first
excited state in 17Ne for applications in nuclear astrophysics is
presented in Section 5.9.

The two-proton emission process was studied in detail for
democratic decays representing the whole class of phenomena
congenerous to two-proton radioactivity. Section 3.5 and
partly Sections 3.6, 3.7 are devoted to these investigations.

3.5 Democratic decays
In contrast to the concept of two-proton radioactivity, which
existed for decades in a pure theoretical form before its
experimental confirmation came, the concept of democratic
decay appeared as the result of experimental investigations.
While studying the 2p-correlations in 6Be decay, experimen-
talists found that the extracted energy correlations cannot be
explained by a simple combination of the binary amplitudes
[99, 100]. Since the particles appeared to be homogeneously
distributed in the kinematic space, this decay was called
`democratic decay' in the sense of the `equality' among
different regions of the kinematic space [100]. This feature is
visually illustrated in Fig. 8, where theoretical three-body
correlation patterns for the 6Be democratic decay are
compared to those for the two-proton radioactivity in 45Fe.
In the case of 6Be, the fe; cos ykg plane is more or less
uniformly filled, while considerable areas of kinematic space
are `swept out' in the case of 45Fe by the Coulomb interaction
and the so-called Pauli focusing [65, 66].

Energy schematics for the democratic decay are presented
in Fig. 17. They practically coincide with the schematics in
Fig. 15, except that the ground state widths of the Aÿ 1
subsystem are a large and significant `part' of the two-particle
resonance always resides in the `energy window' of the 2p-
decay. Formally, according to the proton separation energy
Sp > 0, the energy scheme in Fig. 17a corresponds to a true
two-proton decay, whereas that in Fig. 17b, with Sp < 0,
formally allows the possibility of a sequential decay. How-
ever, it appears that both cases are effectively described in
terms of few-body dynamics as the true two-proton process.
From a theoretical viewpoint, there are also rather significant
qualitative distinctions between the democratic decay and
the 2p-radioactive decay (see discussion in review [25]). In
particular, there are qualitative distinctions in the energy

systematics of the lifetimes and behavior of correlations in
regimes intermediate between sequential and true two-proton
decays.

The term democratic decay has been accepted for a rather
wide class of decays, and now has become the standard. The
2p-decays of the ground states of the lightest proton-rich
nuclei, such as 6Be, 12O, 16Ne, and, probably, yet unknown
2p-decays of nuclei more distanced from the drip line, such as
11O and 15Ne, are referred to as democratic decays. Besides
this, the already-studied two-neutron decays of the ground
states of systems beyond the neutron drip line (5H, 10He, and
13Li) are also among the democratic decays.

Since the democratic 2p-emitters belong to light systems,
they are much more available for study, than those experien-
cing radioactive 2p-decays. In the last five years, significant
progress has been achieved. The nuclei 6Be [46, 47, 63, 101],
12O [102], and 16Ne [93, 103, 104] have been studied in precise
experiments with the statistics sometimes exceeding 106

events per resonance. From the theoretical viewpoint, the
high quality of the data allowed the careful test of calculating
methods, and demonstrative clarification of dynamics in a set
of hard-to-explain phenomena. For example, as shown in
Refs [47, 104], even for a substantial increase in the decay
energy ET of nuclei exhibiting democratic decays (democratic
2p-emitters), the decay mechanism does not change to the
expected pure sequential one, and the complicated three-body
dynamics of emitted particles remains the same. The quality
of modern experimental data and quality of the data
description in the three-body model are illustrated in Fig. 18.
The experiment on the 6Be decay (although mainly aimed at
the study of SDM) is considered in Section 5.7

The following feature of the democratic decay emitters
should be noted. Even the ground states of these emitters are
quite wide, and the neutron decay widths are, certainly, wider
than the proton ones. Thus, the widths are G � 100 keV for
6Be and 12O, and they are G � 1 MeV for 5H and 10H. It is
easy to show that exactly at width values on the order of
1 MeV, the boundary lies between the nuclear structure and
the continuum spectrum dynamics. Let us estimate the
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classical time of flight of an arbitrary nucleon with mass M
through the nucleus:

t � rnuc

������������
M

2Tnuc

r
;

where Tnuc is the mean kinetic energy inside the nucleus. For
Tnuc � 50ÿ100 MeV and rnuc � 3ÿ6 fm, we find that,
during the time corresponding to a width of 1±2 MeV, the
nucleon experiences only 3±10 reflections from the potential
barrier. This number of reflections is insufficient for establish-
ing an internal structure and, thus, for erasing the formation
memory for the system. In this case, the observed spectrum
becomes dependent on the population conditions and
reaction mechanisms. The practical importance of the
accurate analysis of this dependence on the reaction mechan-
ism was demonstrated by the examples of 5H [105±107],
10H [108], 6Be [109], and 26O [110]. The experimental results
on 10He are also discussed in Section 5.5.

3.6 Coulomb three-body problem for 2p-decays
The Coulomb three-body problem for a continuum spectrum
is one of the oldest and generally unresolved problems of
theoretical and mathematical physics. Formally, this is
expressed as the fact that a rigorous analytical solution for
boundary conditions at infinity is not found in the coordinate
representation, and in the momentum representation the
three-body kernel of Faddeev's equations contains diver-
gences.

For example, for equations in the hyperspherical harmo-
nics method, this is reflected in the fact that the three-body
potentials entering into equations (23) have the Coulomb
asymptotics for r!1 in the hyperradius space:

VKg;K 0g 0 �r� �
KZKg;K 0g 0

Mr
: �28�

It should be noted that unlike to the two-body case, the
Sommerfeld parameter is a matrix, and this matrix is
essentially non-diagonal. So, the different channels fK; gg
for the three-body Coulomb problem cannot be uncoupled,
and it is impossible to define their analytically rigorous
boundary conditions (for comparison, see equations (20)±

(22) in the absence of the Coulomb interaction). In the
discrete spectrum (with an exponentially decreasing asymp-
totics), this difficulty can be overcome by increasing the
radius of the numerical solution of the equations. In the
continuum spectrum, the boundary condition problem turns
out to be fundamental.

In recent years, considerable practical achievements in
solving the mentioned problem have been associated with
combining analytical and numerical methods [111±116]. In
our work [25, 58, 61] we took an approach started from the
solution of the pure `decay' problem (22) with an approximate
boundary condition of the Coulomb three-body problem.
The approximation used is based on a diagonalization of the
Coulomb potentials (28) on a hypersphere with a large radius
(for example, r � 300 ± 3000 fm), which follows the proce-
dure earlier suggested by S P Mercuriev but not realized.

The application of this procedure is equivalent to the
cutoff of the Coulomb interaction at the corresponding
radius. This gives quite realistic first-order results. However,
the substantial improvements in the experimental data
quality over the last years required the refinement of
calculating methods. A satisfying practical solution was
found combining classical and quantum-mechanical
approaches [92]. Equations (23) are solved with respect to r
at ranges up to maximal practically achievable radius rcut in
the numerical calculation scheme. On the surface of a
hypersphere of large radius rcut, the probability density
turns into a large number of `MC events' (see the discussion
of the application of the Monte Carlo method in Section 2.3
for a comparison of theoretical and experimental results). For
an individual event, the classical Coulomb problem of flying
apart three bodies is solved with respect to radii rmax 4 rcut,
which are enough to stabilize the fragment momenta with an
arbitrary specified accuracy. The momentum distributions
are retrieved according to the results of the procedure for a
large number of events.

If we take a look at the results of such a `classical
extrapolation' for the particularly interesting case of radio-
active 45Fe decay (Fig. 19), we will easily see distinctions from
the results of a pure quantum-mechanical calculation. A
quantitative comparison with the experimental results is
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impossible here because of the data insufficiency: the popula-
tion cross sections for nuclei like 45Fe have the order of
picobarns. Thus, these experiments are and will remain at
the very limit of capabilities today and in the nearest future.
However, it was revealed [64] that in order to describe the
experimental data on 45Fe a proper allowance must be made
for the effects related to the Coulomb interaction at large radii
(Fig. 20). In this field, the last significant achievement is
concerned with high-precision correlation measurements for
the 2p-decay of the 16Ne ground state [93]. This nucleus is
quite a light one and may be referred to as the democratic
2p-emitter (see Section 3.5). The Coulomb effects in such a
nucleus are relatively weak compared to those in 45Fe;
however, the high resolution of the experiment and huge
number of statistics allow us to achieve agreement with
theoretical predictions at a high confidence level (Fig. 21).
Based on the results of Ref. [93], we can state that the
problem of three-body Coulomb interaction in the con-
tinuum for nuclear systems (where all the Coulomb interac-
tions are repulsive) is solved from the practical viewpoint.

In solving the two-proton radioactivity problem, an
interesting hierarchy arises. In order to numerically evaluate

the system's energy with a high precision, equations (23)
should be solved for radii ranging up to r � 20ÿ30 fm. In
order to stabilize the width calculations, the numerical
solution at distances highly exceeding the radius of a proton
exit from under the Coulomb barrier is needed. For example,
for 45Fe with the decay energy of � 1 MeV, this distance is
r � 200ÿ300 fm. For approximate calculations of correla-
tions, one needs to take r � 1000ÿ2000 fm. And, at least, the
total convergence of the momentum distributions is expected
for r � 104ÿ105 fm.

Thus, consideration of the different aspects of two-proton
decay requires us to exceed the nuclear scales and gradually
leads us to atomic scales. At distances of � 105 fm, the
electron screening of the Coulomb potential is necessary to
take into account [92].
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3.7 Three-body mechanism of the Thomas±Ehrman shift
The concept of isobaric symmetry (i.e., neutron and proton
equivalence inherent to the strong interaction) is one of the
fundamentals of nuclear physics. At the level of nuclear
structure, the isobaric symmetry manifests itself as follows:
the AZ nuclei at the proton and AN � A�AÿZ � nuclei at the
neutron sides of the isobar are equivalent within an accuracy
of small corrections related to the Coulomb interaction.
However, while moving from the line N � Z towards the
borders of stability, small corrections tend to increase to
principally significant ones, and the clarification of the
mechanisms of the isobaric symmetry breaking becomes
important.

The Thomas±Ehrman shift (TES) is a well-known
mechanism of the isobaric symmetry breaking. This idea
was formulated in the early 1950's to explain the relative
shifts of the single-particle levels with different parities in the
s±d shell for nuclei with A � 20. In the original work [117,
118], TES is interpreted as a geometric effect (Fig. 22). The
Coulomb interaction pushes out the nucleon WF at the
proton side of the isobar from the potential well; as a result,
the radial properties of the WF change. The more the WF is
radially extended, the lower its Coulomb energy. As a result,

the real Coulomb shift DECoul appears to be smaller than the
perturbative Coulomb shift DEpert

Coul calculated with the WF
on the neutron side of the isobar. TES is thereby determined
as

DETES � DECoul ÿ DEpert
Coul ; E

pert
Coul �



CnjVCouljCn

�
: �29�

TES would be equal to zero in the case of carefully fulfilling
isobaric symmetry.

In Ref. [119], a phenomenological analysis with the use of
charge-symmetrical mass formulae was performed. Using
significant experimental material it was shown that TES is
not limited by odd nuclei and quickly grows beyond the
stability border.

A specific three-body mechanism of TES, essentially
enhancing the standard `geometrical' mechanism for even
nuclei, was predicted in the three-body model in Ref. [120] by
the example of the 12O and 16Ne nucleiÐ two-proton
emitters.

Let us consider WFs of mirror even nuclei from the s±d
shell in schematic spectroscopic terms, taking only two
valence nucleons into account:

C�AN� � a�s 2�0 � b�d2�0 ;

C�AZ� � ~a�s 2�0 � ~b�d2�0 ;
�30�

with the total spin J p � 0� of the system.When s- and d-wave
orbitals are nearly degenerate (which is typical enough of the
s±d shell), the amplitudes of the �s 2�0 and �d2�0 configurations
can be comparable, a � b, on the neutron side of the isobar
C�AN�. In this case, the configurations �s 2�0 and �d2�0 are close
to degeneration and are in a delicate balance. The addition of
the Coulomb interaction can disturb this balance, as the �d2�0
configuration corresponds to a larger Coulomb energy than
the �s 2�0 one: ~a > a and ~b < b. Figure 23 illustrates this
process with theoretical calculations, where the Coulomb
interaction with the valence nucleons gradually varies from
zero up to a proper value in the Wigner isobaric partner for
the 12Be ± 12O and 16C ± 16Ne pairs. The predicted scale of the
isobaric symmetry breaking is tens of percent, depending on
the weights of the dominant configurations of the valence
nucleons.
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Neutron-rich
side

Proton-rich
side

Figure 22. Illustration of the Thomas±Ehrman shift mechanism for a

single-particle WF.
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Figure 23. Changes in weights of the 12O and 16Ne WF components due to the three-body TES mechanism. The vertical dashed lines correspond to the

experimental values of the 12O and 16Ne decay energies. Arrows point to the values of these weights in the Wigner isobaric partners, 12Be and 16C.
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For a long time, the results of Ref. [120] were question-
able, since the other characteristics, which were predicted,
namely, the widths of the 12O and 16Ne ground states, were
expected to bemuch less than experimental values available at
that moment. This problem was solved in recent experiments
of a new generation, showing agreement with the theory for
12O [102] and an absence of a discrepancy for 16Ne [93]. New
high-precision data on the energy of the 0� and 2� states of
16Ne allowed testing the theoretical calculations at a new level
of precision [121]. Thus, the three-body TES mechanism can
be considered confirmed for the 0� and 2� statesÐ the states
of two-proton emitters.

3.8 Long-living 2n/4n-emitters
A natural question might rise: if proton/two-proton radio-
activity exists, is this also true for neutron/two-neutron
radioactivity? It should be reminded that extremely narrow
neutron resonances with widths comparable to electromag-
netic ones (G � 10ÿ9 MeV) are observed in the excitation
spectra of heavy nuclei. These resonances have quite high
decay energies; their narrow widths are entirely related to
their nonsingle-particle origin (a low affinity of the internal
nuclear structure to the single-particle continuum WF).
However, we speculate on radioactive decays of the ground
states of an almost single-particle origin. In the case of
neutron radioactivity, the answer is quite straightforward,
because it demands the simplest estimates of the potential
barrier penetrability (Fig. 24). For s-wave neutron emission,
the concept of the width (or the lifetime) is inapplicable at all,
since there is no centrifugal barrier, and the emerging
threshold singularity is considered as a virtual state. The
characteristic threshold time in the sense of the radioactivity
is that on the order of 1 ps. The shorter times are related to the
resonance effects. In order to refer to the time scales of
radioactivity, the decays of the p- and d-wave states should
proceed with an energy much less than 1 keV. This is merely
an f-wave, for which the scope of radioactivity is
ET < 10 keV. Reaching the border of neutron stability for
the f-shell (N > 28) is now a long time away.

While studying the two-proton radioactivity, the longer
characteristic lifetime than that for ordinary two-particle
decays is one of the important qualitative signs. One of the
reasons for that is a special feature of the mechanism of
simultaneous particle emission related to a few-body
dynamics. This feature can be illustrated within the formal-
ism of the hyperspherical harmonic method (HHM), general-

ized for the case ofA bodies. In this case, theWF inHHMand
the kinetic energy take the following form:

C �
X
Kg

wKg�r�
r �3Aÿ4�=2

J Kg�O� ;

2MT̂w ���Kg �r� �
�

d2

dr 2
ÿ L�L � 1�

r 2

�
w ���Kg �r� ; �31�

L � K� 3Aÿ 6

2
:

Apparently, one particular case of generalized formulas (31)
is the common two-body problem, A � 2. In this case, the
hyperharmonics become the common spherical function,
J Kg ! Ylm, the generalized orbital angular momentum
L � K, and the hypermomentum K! l. Expressions (31)
allow one to estimate the minimum centrifugal barrier arising
in this quantum-mechanical system (see Table 1). Thus, the
zero barrier in the s-wave is theminimumone for one-neutron
emission. For two-neutron emission (A � 3), the minimum
barrier differs from zero even for the lowest principal
quantum number K � 0. However, for four-neutron emis-
sion (A � 5), the minimum value of the principal quantum
number is necessarily K � 2 in order to satisfy the Pauli
principle for four similar particles (with K � 0, this is
impossible). Therefore, for special processes where sequen-
tial decays are prohibited and the particles have been
simultaneously emitted, a fast increase in the height of
effective centrifugal barrier (31) occurs with increasing the
number of particles. The widths estimated in Ref. [24] for the
2n- and 4n-decays show that one can expect long-living true
2n- and 4n-emitters in quite realistic decay energy ranges.

Prospects for the discovery of new types of radioactivity
are raising definite interest, albeit tempered by the complexity
of the problem. The closest candidates for this search are 7H
(4n), 16Be (2n), 26O (2n), and 28O (4n). Thus, the systematics
of the decay energies of 7H, 26O, 28O and their subsystems are
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Table 1.HHM centrifugal barriers for simultaneous emission of 1, 2, and

4 neutrons.

A Minimum K Barrier Minimal
barrier

2
3
5

l � 0

K � 0

K � 2

l�l� 1�=r 2
�K� 3=2��K� 5=2�=r 2

�K� 9=2��K� 11=2�=r 2

0
15=�4r 2�
195=�4r 2�
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given in Fig. 25. One can see that the decay schemes of these
systems can reasonably satisfy the conditions for true 2n-
and 4n-decays. One of the first attempts to observe the
4n-radioactive decay in 7H was made at the ACCULINNA
facility (see Section 5.8). The upper bound for the lifetime was
only obtained. In this sense, the 26O nucleus has appeared to
be of special interest. Experimentalists have gradually
decreased the upper bound on its decay time in the last
years. An indication that the 26O lifetime is about picose-
conds has been obtained in Ref. [123]. References [124, 125]
`narrowed down' the 26O decay energy to the very tight range
0 < ET < 100 keV. A quite precise measurement of the 26O
decay energy was recently declared, ET � 10 keV, in
Ref. [126]. It should be noted that the decay energy [126]
and lifetime [123] contradict the refined data on the 26O
lifetime [127]. The 26O decay energy remains crucial for
determination of the 28O decay mechanism as well. Sequen-
tial decay becomes possible at the quite low energy of the 26O
ground state, viz.

28O !ÿ2n 26O !ÿ2n 24O ;

and the energy dependence of the 28O lifetime quickly
transforms into systematics for faster 2n-decays (dashed±
dotted curve in Fig. 24).

In general, this field stays under continuous study and is
still quite far from the final reliable results.

4. Experimental techniques

To perform experiments with RIBs, an integrated installation
comprising an accelerator (source of primary beam), primary
target area with effective radiation protection, fragment
separator, and low-background experimental area for the
secondary beam is needed. The experimental area has to
provide the ability to use a wide set of experimental
equipment. In Sections 4.1±4.5, we will present the main
elements of this installation operating at JINR FLNR.

4.1 U-400M accelerator
Accelerators at JINR FLNR were designed mainly assuming
experiments on the production of superheavy elements and
studies of their properties, which requires beams of high
intensities. This gives us the opportunity to conduct world-
class experiments exploiting other equipment with the
relatively limited capabilities.

The ACCULINNA fragment separator [2, 26] operates at
the output of heavy-ion beams from theU-400M isochronous

cyclotron with the magnet pole diameter of 4 m [128]. The
four-sector cyclotron U-400M, with four dees, was designed
to produce heavy-ion beams with the mass-to-charge ratio
A=q � 2ÿ5, accelerated to energies of 20±100 MeV per
nucleon. Electron cyclotron resonance (ECR) source
DECRIS-2 (Dubna Electron Cyclotron Resonance Ion
Source 2), used to inject multicharged ion beams in the initial
orbit of acceleration in the cyclotron, provides high-intensity
beams for RIB production of ions with the nuclear charge
numbers Z4 18. However, the energy range of beams used
for RIB production is restricted by the ejection method of
accelerated beams from the cyclotron orbit.

For cyclotron beam extraction, the charge-exchange
method is applied to electron stripping in thin foils placed in
the inner orbit of the cyclotron. It is the method of the most
effective extraction of particles with the charge-exchange
coefficient Zout=Zaccelerated ranging within 1.33±1.67; how-
ever, it sets limits on the resulting energy range. The typical
energy of the extracted beams (fromLi to Ca,A � 7ÿ48) falls
within the range of 32±55 MeV per nucleon. Exploiting the
DECRIS-2 source, intensities of the 7Li, 11B, 18O, 32S beams
were in the range �1ÿ3� � 1013 sÿ1 (from 1.5 to 5 pmA).
Replacing the DECRIS-2 source, operating at room tem-
perature, by the superconducting ECR source DECRIS-SC2
[129] extended the range of heavy ions produced by U-400M.
The beams of 40Ar12�, 48Ca14�, 84Kr21� ions have been
available at energies of 41, 39, 29 MeV per nucleon and
intensities of 0.8, 0.15, 0.05 pmA, respectively.

4.2 ACCULINNA fragment separator
The ion-optical system of the ACCULINNA separator
(Fig. 26) focuses onto the achromatic focal plane F3 the
products of nuclear fragmentation of the primary beam
emerging from the production beryllium target, placed in the
object plane F1. The desired secondary RIBs are separated
according to their magnetic rigidity BRIB from the ions in the
primary beam with BHI and, to a large degree, from other
fragmentation products. A wedge-shaped beryllium degrader
is installed in the intermediate dispersive focal plane F2 (to
obey achromatic conditions in the plane F3). The momentum
acceptance ofACCULINNA is rathermodest (Dp=p < 2:5%)
(see Table 4 in Section 6) and is determined by the width of the
open slits installed in the front of the wedge (maximum value
of �15 mm). Setting of the second magnet D2 induction,
taking into account the energy losses in the beryllium wedge,
allows additional purification of the desired beam. The
quality of the purification from admixtures (satellite pro-
ducts of fragmentation reactions) can reach more than 90%,
e.g., for separator tuning in 6He and 8He beam production,
when keeping the relation BRIB > BHI [26] for the magnetic
fields. The purity is much less when the facility provides
proton-rich beams and does not exceed a few percent (for the
sake of a much wider set of nuclei, when the separator
operates under conditions of BRIB < BHI) [130].

An important condition for normal functioning of the
separator consists in the capability of the production
beryllium target to resist damage when the heat energy
released in it during the ion beam bombardment reaches 1±
2 kW. This requirement is satisfied for targets made of a
beryllium water-cooled disk with a diameter of 80 mm and
thicknesses from 0.3 to 2.0 mm, rotating with a frequency of
120 revolutions per minute (see, for example, the inset to
Fig. 53b in Section 6.1). Table 2 shows the characteristics of
secondary beams typical for the ACCULINNA separator.

3

Q
A
n
,M

eV

2

1

0

1

0

ÿ1
ÿ2
ÿ3

ÿ1
ÿ2
ÿ3
ÿ4

1 2 3 4
A A

1 2 3 4

4H
5H

6H

7H

25O

26O

26F

27F

28F

29F

27O 28O

5He

6He
7He

8He

a b

Figure 25. Decay energy (QAn) systematics for A-nucleon detachment in
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related to the experimental uncertainty. For comparison, similar systema-

tics are shown for closest isotopes with Z� 1: 5ÿ8He, and 26ÿ29F, which
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The ACCULINNA facility is no different from other
fragment separators in the sense of a large RIB energy
spread (DE=E � 8%), a significant angular range of radio-
active nucleus trajectories in the beam (30 mrad), and the
considerably large diameter of the radioactive beam cross-
cut, � 2 cm (full width at half maximumÐFWHM). While
working with RIBs of moderate intensities (less than
3� 106 sÿ1), the basic parameters (energy, path inclination
angle, and particle hit coordinates on the experimental
target) are individually determined for each incident ion of
the secondary beam.

The beam diagnostic system of the ACCULINNA
separator consists of two thin scintillation detectors and two
multiwire proportional chambers [131]. Plastic scintillators
are installed between the F3 and F4 planes on a 8-m flight
path. The thickness of the scintillators varies between 50 and

500 mmdepending on theRIB atomic number.Measurements
of velocity and specific energy loss in the thin scintillator for
each ion allow its energy to be determined (with an accuracy of
0.5%), and its nuclear mass and atomic number to be
unambiguously identified. Twomultiwire proportional cham-
bers installed at a distance of 60 cm from each other in front of
the experimental target in F4 provide measurement of the
trajectory inclination angle of the nucleus hitting the target
(the angle is measured with an accuracy of less than 6 mrad).
Thus, the coordinates of the impact point on the target are
determined with an error of not more than 1.5 mm.

The technical parameters of the ACCULINNA fragment
separator are substantially limited compared with those of
other facilities. Available RIBs are restricted by nuclei with
Z < 20, and their maximum energy is E < 40 MeV per
nucleon. However, the ACCULINNA facility also has some
strong sides. The record-high intensity of primary beams at
the U-400M cyclotron (up to 5 pmA) is responsible for a high
enough intensity of exotic nucleus beams with lower energies
compared to other facilities. It should be emphasized that the
typical RIB energy at the ACCULINNA separator, about
20±35 MeV per nucleon, is optimal for investigations of the
nuclear structure manifesting itself in direct nuclear interac-
tion reactions: elastic and inelastic scattering, transfer
reactions, charge-exchange reactions, and reactions of quasi-
free scattering (see discussion in Section 2). These circum-
stances, together with modern methods of the experiment
arrangement and data analysis, including theory develop-
ment, have allowed obtaining a set of world-class results with
the ACCULINNA facility.

4.3 Particle and gamma-ray detectors
Modern detectors (mainly semiconductor, gaseous, and
scintillating) are employed to register charged particles,
neutrons, and gamma rays at the ACCULINNA facility.
The detectors can be divided into two classes, which serve (a)
tomonitoring the secondary beamon its way to the secondary
(experimental) target, and (b) to register products from
radioactive beam interactions with target nuclei. Detectors
of the first class were described in Section 4.2, and those of
the second class will be discussed further below.

To ensure detailed information on the processes of RIB
interaction with target nuclei in the ideal case, the products
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Table 2. RIB* characteristics typical for the ACCULINNA** facility.

HI EHI, MeV
per nucleon

RIB E, MeV
per nucleon

I, sÿ1 P, %

7Li
11B
11B
11B
15N
15N
18O
18O
22Ne
10B
16O
20Ne
20Ne
20Ne
32S
32S

34
32
32
32
49
49
33
33
44
39
43
53
53
53
52
52

6He
6He
8He
9Li
8He
11Li
14Be
15B
18C
7Be
13O
14O
18Ne
17Ne
24Si
27S

25
25
25
25
40
37
27
27
36
38
25
40
40
42
40
38

5� 105

1� 106

1� 104

5� 105

1� 104

2� 103

3� 102

2� 104

5� 103

1� 106

2� 104

5� 104

5� 104

3� 103

1� 102

1� 101

97
70
95
70
92
40
20
50
60
50
2

0:5
15

3

1

0:5

* HIìheavy ion (primary beam), I and Pìintensity and purity of
secondary beam, respectively.
** Expected RIB intensities are 10ë20 times higher for the ACCULIN-
NA-2 fragment separator (see Section 6.1) due to signiécantly larger
angular andmomentum acceptances (see Table 4). The purity of the 13O,
14O, 18Ne, 17Ne, 24Si, and 27S beams (see the last six rows of this table)
can be enhanced by a factor of 10ë50, when working with a velocity
élter, e.g., the radio frequency (RF) élter in the F3 plane [132].
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should be detected in a solid angle close to 4p, with high
energy and position resolutions, and, certainly, with unam-
biguous identification of charged particles, neutrons, and
gamma rays. A sufficiently high detection efficiency can be
reached by using a specific setup with an efficiency of only
about 1%with respect to the 4p-geometry. This is possible, in
many cases, due to the beneficial kinematics of the reaction
product emission `forward±backward' or `all forward' (see,
e.g., Refs [101, 130, 133±137]).

The detection system usually contains a few telescopes
for charged particles and massive assemblies for neutron and
gamma-ray registration. Telescopes (annular or rectangular)
consist of several layers to allow products to be identified by
means of the DE1ÿ DE2ÿ E method (Fig. 27). To measure
ionization losses DE and the emission angle of a particle, a
few position-sensitive silicon detectors are installed (with
thicknesses from 20 to 1000 mm, with strips on one or both
sides). Thick enough (from 25 to 40 mm) scintillation
detectors can be installed behind them for measuring the
residual energy.

An annular telescope consisting of a silicon detector
(thickness of 1000 mm, inside/outside diameter of 32/82 mm,
double side segmented into 32 rings and 32 sectors) and
assembly of 16 scintillation detectors made of petal-shaped
CsI(Tl) crystals 25 mm thick, coupled with photomultipliers
(PMT) 6, is shown in Fig. 28. Typical energy resolution of the
silicon detector ranges 30±50 keV for the 5.5 MeV alpha
particles, while the characteristic resolution of scintillation
detectors lies in the energy range of 250±300 keV for the
7.7 MeV alpha particles.

An example of the DEÿE identification of light charged
particles produced in the reaction 18Ne (38 MeV per
nucleon)+p and detected with this telescope is presented in
Fig. 29.

If the maximum available energy resolution is needed and
it is necessary to organize anticoincidence between layers
(veto for background particles hitting the next layer), the
telescope might consist only of silicon detectors (see work
[136] and Fig. 27a). The assembly of 16 scintillation detectors
applied for measurements of the residual particle energy in
Ref. [135] is shown in Fig. 27b.

The DEMON (D�etecteur MOdulaire de Neutrons in
French) multimodule array of large scintillation detectors

[139] was used to detect neutrons in experiments [26, 133,
134, 136, 138]. Each DEMON module consists of a sealed
cylinder (diameter of 160 mm, length of 200 mm) filled with

a b

Figure 27. (a) Silicon telescope consisting of six layers each 64� 64 mm in

size and 1 mm thick. (b) Scintillation part for the silicon telescope,

comprising CsI(Tl) crystals, photodiodes, and preamplifiers.

6 Hamamatsu R9880U-20 and R7600U-300 PMTs with enhanced quan-

tum efficiency of the photocathode in the red region were applied,

providing the best energy resolution of CsI(Tl) crystal-based detectors.

a

b

Figure 28. Assembled annular telescope (a) and its scintillation part (b).

Lateral and back surfaces of the CsI(Tl) crystals are wrapped in VM2000

reflector 165 mm thick, and the front surface is covered by thin (3 mm) foil

made of aluminum-coated mylar.
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Figure 29. Particle identification by an annular telescope consisting of a

segmented silicon detector 1 mm in thickness, and 16 modules of

CsI(Tl)/PMT (crystal thickness of 25 mm).
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liquid scintillator NE213 and coupled to a PMT.7 Since 2012,
more compact neutron detectors consisting of stilbene
crystals (80 mm in diameter, and 50 mm in length) and fast-
operating PMTs with photocathode diameters of 3 inches 8

[140] have been installed in experiments with radioactive
beams at ACCULINNA. The stilbene-based detectors are
superior to DEMON modules in their characteristics
(amplitude and time resolutions, n ± g identification, opera-
tion time), and they are optimal for neutron detection in the
energy range up to 20 MeV. The total number of such
detectors, designed and mounted in JINR FLNR, amounts
to 32 and will be increased to 48 by 2017.

Experiments with gamma-ray detection at the ACCU-
LINNA facility have not been carried out yet. However,
GADAST (Gamma Detectors Around a Secondary Target)
scintillation modules [141] will be used soon in experiments at
the ACCULINNA-2 facility. They were produced by staff of
the ACCULINNA group in the framework of international
collaboration within the project of modernization of equip-
ment for the FRS (GSI) fragment separator. The assembly
consists of 16 clusters with four detectors in each one. They
are based onCsI(Tl) (trapezoid-shaped crystals with a volume
of 371 cm3, coupled with PMT R7600U-300) (Fig. 30) and
one cluster consisting of 16 LaBr3(Ce) detectors (cylindrical
crystals 25 mm in diameter and 100-mm high, coupled with a
PMT 9). All the detectors are equipped with analogue
electronics with an adjustable threshold of discrimination,
delay-line, and built-in high-voltage PMT supply. The typical
energy resolution of CsI(Tl) and LaBr3(Ce) for the 1174 keV
gamma-line is � 7:5% and � 3:2%, respectively.

Replicate of the experimental study of the 2p-decay
channel for the first excited state in 17Ne (3=2ÿ, 1288 keV),
when direct measurement of the G2p=Gg ratio with an
accuracy higher than that in Ref. [130] (see Section 5.9)
will be possible, might offer an example of the effective
application of the GADAST modules.

4.4 Cryogenic 1,2,3H, 4He targets
Reactions of nucleon transfer �d; p�, �t; p�, �d; 3He), �d; 3H),
�p; d�, �p; t�, �3He; d�, �3He; n�, �d; n�, charge-exchange
reactions �p; n�, �3He; t�, �t; 3He�, and reactions of quasifree
scattering (a; 2a), (a; ta) provide various possibilities of

populating the states of exotic nuclear systems in the
vicinities of the nucleon drip lines (see Fig. 4). Such
experiments are inevitably related to studies of these reac-
tions in the conditions of inverse kinematics. The involvement
of targets containing hydrogen and helium isotopes is thus
desired. Employment of cryogenic targets has important
advantages and opens unique possibilities in many cases.

(1) Solid-state compounds are not available for preparing
targets consisting of helium isotopes and, thus, a cryogenic
cell is the only way to obtain a target with adjustable
thickness.

(2) It is easy to produce targets of any thickness. Thin
gaseous targets may be of small effective thicknesses, which
are inaccessible for thin foils. It is simple to produce thick
cryogenic targets and their thickness can easily be controlled
(see the example in Section 5.8, where a liquid-deuterium
target 56-mm thick was used).

(3) A gas/liquid target has a high level of homogeneity by
definition. It is very hard to ensure the homogeneity of thin
foil targets, which may complicate absolute calibration of the
experimental data.

(4) The main background events relate to high carbon
content in hydrogen-containing plastic targets. Reactions on
carbon can effectively compete with the processes in hydro-
gen to be studied. In the case of cryogenic targets, the major
sources of background are the iron windows of the cryogenic
cell. Products of reactions on heavy materials of windows are
usually kinematically well separated from relevant products
of investigated process.

Cryogenic targets have been used in most experiments at
the ACCULINNA facility [101, 122, 133±138]. Targets with
hydrogen and helium isotopes were used, in many cases, with
the `thickness' varied from 1�1020 atoms per cm

2

to 5� 1021

atoms per cm2 in the gaseous or liquid phases. The convenient
choice of gas temperatures covers the range of 23±30 K and
10±13 K, respectively, for hydrogen and helium targets.

Equipment deserving separate attention is the unique
assembly of the cryogenic tritium target designed at the
Russian Federal Nuclear Center±All-Russian Research
Institute of Experimental Physics (RFNC±VNIIEF, Sarov)
specially for the ACCULINNA facility [26, 142]. Despite the
relatively low radioactivity (beta-decay with a half-life of
12.3 years and average energy release of 5.6 keV per decay),
tritium represents a dangerous matter because of its biologi-
cal activity. This makes tritium an object of strict regulation
and imposes special requirements on the target cell design and
equipment, providing safety of operation with gas. Therefore,
the gas±vacuum system providing safety of operation with
tritium at the ACCULINNA facility will be briefly described
below. The design of other gas target cells is simpler than that
for tritium (due to the lack of a safety system), but the gas-
vacuum maintenance system itself is analogous.

A schematic of the tritium target cell construction, its
image, and a picture of personnel in protective suits obligatory
during the start-up/adjustment/disassembling work are pre-
sented in Fig. 31. The target cell is equipped with thin
(12:5 mm) windows (W1, W2) made of stainless steel 22 mm
in diameter, germetically connected to the body by means of
laser welding. The distance between the windows was chosen
to be between 3 and 10 mm for different variants of the gas
target. This distance varied between 0.4 and 1.0 mm for cells
filled with liquid tritium. The tritium gas is delivered to the
target cell through the tube T1. The cell connected with the
tube T1 poses the first barrier for environmental protection.

7 High-speed PMT XP4512B with a photocathode diameter of 5 inches.
8 XP4312B and ET9822B.
9 PMTs ET9106SB are used, specially designed for fast scintillators with

high light output.

Figure 30. View of GADAST modules based on CsI(Tl) crystals with the

sizes of 41� 76� 150 mm, assembled in the geometry optimal for

installation at a distance of 50 cm from the target.
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The second protective barrier serves to assure protection
reliability, preventing tritium leakage to the reaction cham-
ber, where the target cell is placed and bombarded by a
radioactive beam during the experiment. The second barrier
includes volumes P1, P2 with windowsWP1,WP2, connected
to a getter G1 by means of tubes T2, T3. Tritium leaking
through the target cell windows will be fully absorbed by the
getter, which is titanium powder produced by special
technology. The equilibrium pressure of the tritium gas
above the activated titanium powder does not exceed
10ÿ8 Pa. The weight of the titanium getter is adjusted to
provide full absorption of all tritium contained in both the
target cell and the whole ballast volume utilized for its filling.
The rated value of the gas pressure in the target cell and whole
ballast volume used to deliver it (2 MPa) and leading to
window damage was found empirically. The tritium gas
pressure in the target cell should be less than 0.1 MPa for
safety reasons in realistic conditions of experiments with
separator beams.

The system of gas feeding and evacuation represents the
most important part of the tritium target. Tritium is stored in
porous uranium 238U in a chemically bound state for the
designed system. The sorption capacity of uranium in the
source for a pressure of 0.1MPa is 380 cm3 of the tritium gas.
The source is designed in the form of an ampule with an
external heater. The body of the ampule is constructed on the
principle of a vessel with a hydrogen barrier, inside the
volume of which the titanium getter is placed. The tubes
connecting the tritium source with the target cell have two
protective barriers, with the titanium getter joined to a
protective vacuum volume where these tubes are placed.

Before filling the target with tritium, the source is attached
to the pumped out ballast volume. The tritium pressure at
room temperature in the source volume is about 7� 10ÿ4 Pa.
The uranium ampule is heated to a temperature providing the
necessary gas pressure for tritium delivery to the target cell.
The tritium gas pressure of 0.1 MPa is established at the
temperature of 680±705 K in the target cell. Coming back to
room temperature on uranium leads to tritium evacuation
from the whole volume to the source.

The gas target is cooled in order to get higher luminosity in
measurements with the ACCULINNA facility. Depending
on the gas pressure and hydrogen isotope, the temperature
has been chosen in the range of 18±21 K for the liquid target,
and 23±30 K for the gaseous one. A refrigerator installed on
the reaction chamber is the main element of the target cooling
system. Cooling of the target is implemented by means of a

copper rod. The heater is placed at the coupling of the rod
with a cold target flange and serves to precisely adjust the
target temperature. A thermodiode mounted on the body of
the target cell is used for monitoring the cooling process
dynamics and for temperature control. The time needed for
the gas target to cool from room temperature to that of the
tritium liquid-phase transition (21 K) is about 70 min. The
cooling system is switched to the stabilization regime when
the required temperature is reached. The operating tempera-
ture of the target ismaintained at a stable level within�0:1 K.

The reaction chamber of the ACCULINNA separator
containing the tritium target represents the third protective
barrier preventing environmental radiation pollution. The
chamber is pumped out until the pressure is 3� 10ÿ8 Pa. The
exhaust gas is delivered from the pump to the cleaning system
with sorbents absorbing the tritium residue. Before it reaches
the atmosphere, the gas leaves the cleaning system and passes
through the ionization chamber in the current mode,
detecting the radioactive tritium content with respect to a
level 100 times lower as the acceptable standards. The
cleaning and radiation control system also includes other
branches providing radiation safety in cleaning all systems of
the tritium gas supply and evacuation.

4.5 Optical time-projection chamber
The optical time projection chamber (OTPC) [143], designed
at the University ofWarsaw under the leadership of Professor
M Pf�utzner, makes up another detection device deserving
separate attention. A series of pioneering investigations have
been done at the ACCULINNA facility at JINR [144, 145]
and in other scientific centers, like NSCL [45, 146, 147],
CERN [148], and GSI [149], using this apparatus.

The basic idea of OTPC, i.e., visualization of charged
particle tracks in gas, is inherited from the Wilson chamber.
This principle was applied at the dawn of development history
of nuclear and elementary particle physics. The possibility of
restoring three-dimensional images of tracks of the desired
nuclei, rare channels of their decay with simultaneous
emission of a few particles, and extraction of the time
characteristics allowing the lifetime estimates in a wide time
range, T1=2 � 1ÿ500 ms, characterize the advantages of this
modern device.

OTPC technology opened new horizons in studies of
extrarare events. Thus, correlations in two-proton radio-
active decay [45] were measured using the OTPC for the first
time, and b-delayed three-proton emission was discovered
[146]. OTPC data processing can be rather labor-consuming,
as it requires a visual identification of each event. On the
other hand, this might be the only way to recognize really
rare and unique events in the background. One example of
b-delayed three-proton emission is very illustrative: this event
is not extraordinarily rare and, if somebody is focused on
searching for and studying such a complicated signal in a
standard experiment with silicon telescopes, it could be
discoveredmuch earlier. The three-proton event is unambigu-
ously identified byone look at theOTPCexperiment (Fig. 32).

Visualization of light emission processes during charged
particle motion using a highly sensitive digital camera and
photomultiplier tube makes up a principle of OTPC opera-
tion. The active volume is filled with a gaseous mixture
(typically 49%Ar� 49%He� 1%N2 � 1%CH4) at atmo-
spheric pressure with an� 90 cm3 minÿ1 flow rate. The CCD
(charge coupled device) camera Hamamatsu C9100-13
provides a two-dimensional image of tracks, while the third
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Figure 31. Schematic of the tritium target cell (a), its exterior view (b), and

personnel in protective suits obligatory for starting/finishing work (c):

CÐ target cell; W1, W2Ðcell windows; GSEÐgas supply/evacuation

tube T1; P1, P2Ðprotective barriers with windowsWP1, WP2 connected

with getter G1 by tubes T2, T3.
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coordinate is reconstructed through additional data analysis
of the time signal from the PTM. Since the ionizing power of
heavy ions from an investigated rare decay (for example, the
b-delayed emission of 2p, 3p, a ± t ± n, etc.) is 10±100 times
larger than that for protons or alpha-particles, two operation
regimes of the electron secondary emission amplification are
available in the detector. Thus, by switching from one regime
to the other during the operation only by changing the
potential of the steering electrode, OTPC is able to detect
(almost simultaneously) both heavy ions and light charged
particles. Several examples of rare decay modes are demon-
strated in Fig. 32.

Further advancement of the apparatus is planned:
(1) manufacturing a leak-proof chamber operating with
pressure varying within the range of 0.5±3.0 atm, which will
provide the possibility of smooth variation of the typical track
length depending on the task; (2) preview of tracks by means
of two CCD chambers with different resolutions; (3) OTPC
operation in the active target regime when filling the chamber
with a more exotic gas mixture, e.g., 49%Ar� 49%3He or
49%Ar� 49%D2, which will allow investigating both rare
modes of decay and reactions with exotic nuclei.

5. Research at the ACCULINNA facility

In this section, the most interesting experimental results
obtained at the ACCULINNA facility in JINR FLNR are
discussed.

5.1 Dineutron structure of the 6He neutron halo
Representatives of a special form of nuclear structure,
Borromean nuclei (see Section 3.2), have been found in the
vicinity of the neutron drip line [150]. The 6He, 11Li, and 14Be
nuclei can be considered planetary systems with a compact
inert `core' and two `valence' neutrons significantly distanced
from the core. No single valence neutron can be bound with
the core, while the neutron pair together with the core forms
a long-living nuclear system with a neutron halo (see
Section 3.2). The Borromean 6He nucleus is an especially
interesting representative of the halo nuclei, as its 4He core is a
compact, tightly-bound nucleus which with high reliability
can be regarded as structureless. In this relation, experimental
confirmation of the 6He halo structure, which according to

precise theoretical calculations [56] is a mixture of the
dineutron and cigar-shaped configurations (see Fig. 11), is
crucial.

Available calculations [56] apparently eliminate the
significant probability of the t±t clusterization of 6He.
Oppositely, calculations performed in the shell model
[151,152] predict an even somewhat larger absolute value of
the spectroscopic amplitude AS � ÿ1:3 for the t±t clusteriza-
tion of 6He comparedwith that for aÿ2n clusterization in this
nucleus (AS � 1:06). Computations [151] also give compar-
able values of probabilities of the aÿd (AS � ÿ1:07) and
3Heÿt (AS � 1:0) configurations in the neighboring 6Li
nucleus, earlier disclosed from angular dependence in the
cross section measurements [153, 154] for the 6Li�p; 3He�4He
reaction.

To reveal the predicted features of the 6He wave function,
we studied the transfer reactions in hydrogen and helium
target nuclei bombarded with 6He beams at energies of 20±
30MeV per nucleon. This energy is comparable to the typical
Fermi energy of the nucleonmotion in the nucleus. Transition
to higher energies dramatically reduces the transfer reaction
cross section. At low incident energies, the strong coupling of
the multistep mechanisms of transfer reactions complicates
the data interpretation.

Two studies performed with 6He beams at the ACCU-
LINNA fragment separator were devoted to neutron halo
structure studies. In the first experiment from this run [155],
two-neutron exchange was studied in the 6Heÿ4He reaction.
A cryogenic helium target with the effective thick of 5:6�1020
particles per cm2 was irradiated by an 6He beam with the
energy of 151 MeV. At this beam energy, the 6He elastic
scattering cross section described by the optical model (OM)
potential decreases sharply with angle growth. As a result,
negligible contributions from the potential scattering to the
elastic backscattering cross section for the angle ycm > 120� in
the center-of-mass frame allow us to observe the two neutron
exchange avoiding difficulties caused by interference with
elastic scattering.

Therefore, the desired channels of elastic scattering and
two-neutron transfer can be observed by coincidence detec-
tion of two nuclei, 6He and 4He, leaving the target in the
whole available angular range. The measured angular
dependence of the differential cross section of elastic scatter-
ing, ds=dO, is plotted in Fig. 33. The cross section data
obtained at forward-scattering angles (ycm � 17 �ÿ60 �) were
reproduced with a minor adjustment of the OM potential
parameters already found in Ref. [156] for elastic scattering
6Liÿ4He at the energy Ecm � 96:1 MeV. For backscattering
angles, ycm � 125�ÿ158�, the measured cross sections exceed
the cross sections obtained within the OM by three orders
of magnitude. This apparently indicates the effect of the
two-neutron exchange between the 6He and 4He nuclei.
The corresponding curve in Fig. 33 shows the cross section
obtained in Ref. [157] for the transfer reaction
4He�6He; 4He�6He(g.s.) in the distorted wave Born approx-
imation (DWBA), leading to 6He production in the ground
state (g.s.). The main results of the rigorous approach [56]
indicating the absence of 5H bound states and strong n±
n-correlation in the structure of the 6He Borromean nucleus
provide confidence that the dominant role in this reaction is
played by one-step transfer of the neutron pair. The authors
of Ref. [157] distinguished amplitudes of the 2n-transition for
the dineutron and cigar-shaped components of the wave
function for the 6He Borromean nucleus. The contributions

FLNR, ACCULINNA FLNR, ACCULINNAMSU, A1900
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Figure 32. Examples of investigations into rare radioactive decay modes

performed with OTPC (direct or b-delayed decay) 8Li!b aÿa,
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from these configurations to the 4He�6He; 4He�6He reaction
cross section at backscattering angles significantly differ. This
fact reflects the large weight of the dineutron configuration in
the 6He ground state. When the dineutron pair is distanced
from the a-core, emission of the 2n-transfer products at
forward-scattering angles dominates. With an increase in
transferred momentum, i.e., when the reaction proceeds at
smaller impact parameters, the contribution from the cigar-
shaped configuration to the reaction cross section grows.

Study [158] was devoted to the transfer reaction induced
by an 6He beam irradiation (at the energy of 150 MeV) of the
cryogenic hydrogen gas target. The cross section of the
1H�6He; 4He�3H transfer reaction obtained in this work at
the angles ycm � 40�ÿ130� is shown in Fig. 34. For compar-
ison, the angular dependence of the cross section of the
reaction 6Li�p; 3He�4He, measured in Ref. [154] at the
incident proton energy of 25MeV, is also plotted in this figure.

The difference between the angular dependences of the
cross section for the two reactions is evident. First of all, the
measured data exhibit the opposite character of the cross
section asymmetry pronounced at forward and backward

angles. The larger cross sections in the 6Li�p; 3He�4He
reaction observed at backward angles correspond to the
transfer of the 3H cluster from 6Li to the proton, while the
deuteron transfer makes a major contribution to the cross
section measured at the forward angles [153]. Therefore, the
conclusion is obvious: 3Hÿ3H clusterization in 6He is less
probable than 3Hÿ3He clusterization in 6Li. Second, oscilla-
tions in the angular dependence of the 1H�6He; 4He�3H
reaction cross section are more pronounced than those for
the reaction 6Li�p; 3He�4He. This probably signifies a purer
mechanism of the reaction 1H�6He; 4He�3H corresponding to
the zero angular momentum transfer. Third, the absolute
values of the 2n-transfer cross sections obtained at forward
scattering angles in the 1H�6He; 4He�3H reaction are greater
than the deuteron transfer cross sections measured in the
same angular range for the 6Li�p; 3He�4He reaction. Pre-
sumably, this result is explained by the larger size of the
neutron halo in 6He than the dimension of the tightly bound
6Li system.

Qualitative conclusions about the angular dependence of
the 1H�6He; 4He�3H reaction cross section presented above
were analyzed within DWBA in Refs [157, 158]. This analysis
leads us to the following conclusions:

(1) the three-body a ± n ± n configuration in the 6He
nucleus has a weight close to 100%;

(2) the 3Hÿ3H clusterization in 6Hemanifests itself much
more weakly than the 3Hÿ3He configuration in the 6Li
nucleus.

5.2 Study of the 6He structure
in quasifree scattering reactions
The quasifree scattering (QFS) reaction gives us a unique
opportunity for experimental studies of internal correlations
inherent to bound nuclear systems. The mechanism of the
QFS reaction includes interactions with separate nucleons or
clusters in the bound system under study, while the rest of the
nucleus, called the `spectator', is not involved in the reaction
and keeps the properties of its motion, inherent to the bound
state. The quasifree mechanism of interactions dominates at
energies above 100MeVper nucleon, where the probe particle
wavelength is small compared to the size of the nucleus under
study. However, it was shown in paper [159] that for light
weakly bound nuclei with a strongly pronounced cluster
structure, the QFS mechanism is the dominant type of
interaction even at much lower energies. Reference [159]
reported on the correlations observed for the two valence
neutrons in the 6He nucleus becoming a spectator in the QFS
reaction of the 4He target nuclei on the a-cores of the 6He
beam nuclei impinging on 4He with the energy of 25MeV per
nucleon.

The theoretical description of the reaction mechanism
within the plane wave approximation assumes factorization
of the T-matrix, which corresponds to the two independent
vertices in the reaction diagram. One of the vertices is
described by the amplitude of the free a ± a scattering, and
the other one is described by the 6He wave function.
Consistency between the angular distributions of the a ± a
scattering in their center-of-mass system and results of
calculations assuming the T-matrix factorization means that
the spectator does not participate in the reaction and its
momentum distribution in the 6He center-of-mass frame
corresponds to its motion in the initial nucleus.

Measurement results [159] indicate that events referred to
the QFS are localized in the corresponding domain of the

100

d
s=

d
O
,m

b
sr
ÿ1

10ÿ1

0 40 80 120 160

ycm, deg

Figure 34. Comparison of the angular dependence of the cross section in

the 1H�6He; 4He�3H and 6Li�p; 3He�4He transfer reactions, measured in

Refs [158] (diamonds) and [154] (circles), respectively.

102

ds= dO,
mb srÿ1

100

10ÿ2

10ÿ4

10ÿ6

0 40 80 120 ycm, deg

6He(Elab � 151MeV) + 4He

ì experiment

Mixture of dineutron
and cigar-shape conégurations

Optical model:
potential scattering

Only cigar-shape
conéguration

Figure 33. Experimental data (dots) and results of theoretical calculations

(curves) of elastic scattering 6He(151 MeV) ± 4He. Elab is the energy in the

laboratory frame.

April 2016 Studies of light exotic nuclei in the vicinity of neutron and proton drip lines at FLNR JINR 349



phase space and are confidently separated from the back-
ground events. The momentum distribution of the spectator
in the center-of-mass frame of the 6He projectile is given in
Fig. 35. Events conforming to the QFS mechanism are
concentrated in the origin of the coordinate system (p

y
2n � 0

and pz
2n � 0), which corresponds to a spectator velocity equal

to the incident nucleus velocity.
Detailed experimental data for the QFS reaction with an

unbound spectator comprising two neutrons were obtained in
work [159]. Very special momentum correlations of the two
neutrons, well-known for 6He theory, were experimentally
observed for the first time. In Fig. 36, the distribution of the
obtained events is given as a function of hyperangle

tan yK �
�����������
Enn

Eaÿ2n

r
:

The clearly observed asymmetry of this distribution is the
result of the contribution from the dineutron (small values of
the hyperangle) and cigar-like (large values of the hyperangle)
components of the 6He three-body wave function.

5.3 9He: unambiguous spectrum identification
The results of 9He studies in the transfer reaction d�8He; p�
[135] deal with one of the most interesting and problematic
light nuclear systems, on the one hand, and are the most
demonstrative from the viewpoint of the correlation method
applied to the study of direct reactions, on the other hand. It
was pointed out in Section 2.2 that unambiguous spin±parity
identification for continuum states decaying via particle
emission is made possible by the use of the angular
correlation data, when (i) the reaction proceeds with special
kinematics (`zero geometry'), and (ii) spinless particles
participate in the reaction. In the case of 9He; unambiguous
spectrum identification appeared to be accessible, though no
`zero geometry' was used and a particle with spin was
transferred.

Before appearing Ref. [135] there had been two proble-
matic topics related to the study of the 9He spectrum.
Consistent results were obtained in Refs [160±162], assigning
energy ET�1:1ÿ1:3 MeV for the p1=2 state, and ET �
2:2ÿ2:4 MeV for the p3=2 state. Along with this, both states
have quite small widths: G < 0:1 MeV and G < 0:7 MeV,
respectively. This interpretation gives rise to questions, since
the p3=2 subshell in 8He is closed, and it is expected that the
p1=2 ground state of 9He is single-particle and, hence, the wide
one, while the p3=2 state in the higher shell is separated from it
by an energy of about a fewMeV. Another problematic topic
is related to the limitation for the scattering length
as < ÿ10 fm in the s1=2-state of

9He, discovered in Ref. [163].
This large negative value of the scattering length means that
the state with l � 0 is almost bound and in terms of the shell
model the gap between the p- and s±d-shells is nearly absent.
These abnormal features of 9He are not confirmed in theory
(see, for example, paper [164]).

The layout of experiment [135] is shown in Fig. 37. The
8He nucleus with the energy of � 25 MeV per nucleon is
incident on a cryogenic deuterium target and picks up a
neutron populating the 9He states. The recoil proton flies in
the backward direction in the laboratory frame and is
detected with an annular detector. Registration of the proton
in coincidence with 8He emitted in forward direction allows
the reconstruction of the full kinematics of the reaction. The
measured 9He spectrum has two wide bumps (Fig. 38). The
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right slope of the high-energy bump related to the kinematic
cut-off does not permit us to conclude its real shape. Narrow
low-lying states are not observed. The energy resolution in the
experiment is not high, of about 400 keV. Is this the reason
why we do not see narrow resonance peaks?

An answer to this question follows from the correlation
analysis. The 8He angular distributions in the frame attached
to transferred momentum are given in Fig. 39. After algebraic
transformation performed in the angular momentum theory,
it appears that Figs 38 and 39 permit a unique interpretation
in terms of interference between the s, p, and d states. All
possible correlation functions for these three states with
different l are given below:

x � cos y8He ; All 0 � jAljjAl 0 j ; fll 0 � arg �AlAl 0 � ;

W�s1=2; p1=2; d5=2� � 4A00 � 4A11 � 3�1ÿ 2x 2 � 5x 4�A22

� 8xA10 cosf10 � 4
���
3
p

x�5x 2 ÿ 3�A12 cosf12 : �32�

W�s1=2; p1=2; d3=2� � 2A00 � 2A11 � �1� 3x 2�A22

� 4xA10 cosf10 � 2
���
2
p
�3x 2 ÿ 1�A20 cosf20 ; �33�

W�s1=2; p3=2; d5=2� � 4A00 � 2�1� 3x 2�A11

� 3�1ÿ 2x 2 � 5x 4�A22 ; �34�

W�s1=2; p3=2; d3=2� � 2A00 � �1� 3x 2� �A11 � A22�
� 2 x�9x 2ÿ5�A12 cosf12�2

���
2
p
�3x 2ÿ1�A20 cosf20 : �35�

Here, Al is the amplitude for the population of state with a
certain l. As the given l appears in each term only on time, the
indication of l is equivalent to that for j. One can see from
Fig. 39 that the angular distribution in the lower energy
region is almost isotropic, which testifies to the dominating
s-wave. To provide a description in the high-energy region,
the dominating Legendre polynomials with l > 1, i.e.,
d-waves, are required. The distributions exhibit forward±
backward asymmetry both for the s-wave region and for
the d-wave region. Such asymmetry can only be related
to interference between the states with opposite parities
(p-wave). In interference functions (32)±(35), the asymmetric
term �/ x; / x 3� is simultaneously met for p±s- and p±
d-interference merely in equation (32). Thus, the character of
the data and peculiarities of the angular momentum algebra
for a given reaction led us to an unambiguous conclusion
about the presence of the s1=2, p1=2, and d5=2 states in

9He.
Our explanation of the 9He spectrum only demands wide

single-particle states (seeFig. 38), which is themost simple and
natural suggestion. The data exclude the presence of a strong
s1=2-state with large negative scattering length, as < ÿ20 fm,
and the best fit is provided with as�ÿ4 fm. It should also be
noted that the theoretical study of the 10He properties [62,108]
shows that the observed position of the 10He ground state
imposes strong restrictions on the properties of the 9He low-
lying states. Thus, according to this analysis, the negative
values of as are practically excluded [108].

Notice that experiments [165, 166], performed after
carrying out those in Ref. [135], did not change qualitatively
the understanding of the 9He structure. Experiment [165]
appeared to be mostly sensitive to the s1=2-state properties.
The deduced scattering length as � ÿ�3:2ÿ 3:6� fm certifies
conclusions [135] rejecting a large negative scattering length
in this system. The properties attributed in Ref. [165] to the
9He negative parity states are entirely arbitrary and are not
justified by any spin±parity identification procedure. Study
[166] was performed with the use of the same reaction
d�8He; p� as in Ref. [135] at approximately the same beam
energy. However, the results of the analysis in Ref. [166]
significantly differ from the data [135]. We consider the
conclusions made in Ref. [166] to be arbitrary, as the
statistics gathered in this work was several times less than
those in Ref. [135], and the spin-parity identification appears
to be not convincing (angular distributions in the 9He center-
of-mass frame were obtained with very low statistics).

5.4 5H: the ground state and spectrum
The 5H isotope was discovered in JINR FLNR in 2001 in
collaboration with National Research Centre `Kurchatov
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Institute' (NRC KI), RIKEN, and GANIL [167]. The
p�6He; 2p�5H reaction of the proton knock-out from 6He
was studied at the cryogenic hydrogen target (see Section 4.4).
Quite wide resonance (G � 2 MeV) was observed at energy
ET � 1:7 MeV with respect to the three-particle (3Hÿnÿn)
threshold.

The subsequent experiments [168±170] gave very contra-
dictory results (Fig. 40). In paper [169], the 5H invariant mass
spectrum was obtained for the proton knock-out from 6He
(240 MeV per nucleon) on a carbon target. The ground state
energy and width were estimated to be � 3 and � 6 MeV,
respectively. In Ref. [170], the 5H spectrum was obtained as
the missing mass for the pion absorption reaction
9Be�pÿ; pt�5H. This spectrum exhibits a weakly pronounced
peak at ET � 5:4 MeV with G � 5:6 MeV. In work [168]
performed at the ACCULINNA facility, an alternative
approach to the 5H study was applied, i.e., the 3H�3H; p�5H
reaction of two-neutron transfer from tritium. The results of
this work are consistent with those inRef. [167] concerning the
5He ground state energy ET � 1:8 MeV, but an anomalously
small value ofG < 0:5 MeVwas obtained, the fact that is also
inconsistent with theoretical predictions. Capability to iden-
tify the 5H spin-parity occurred in none of the above-
mentioned studies.

From the theoretical viewpoint, 5H decay is referred to as
democratic decay (see Section 3.5). For a relatively large
decay energy ranging 2±3 MeV, the theory also predicts quite
large values of widths, G > 1 MeV [105]. For such short-lived
systems, the resonance states in continuum spectrum tend to
overlap, and the spectrum itself and the correlations become
dependent on the reaction mechanism [106,107].

Correlation measurements performed in Refs [133, 134]
offered an opportunity to resolve the experimental discre-
pancy and to reliably identify the low-energy 5H spectrum. In
these studies, the reaction 3H�3H; p�5H was also examined,

but in different kinematic conditions (Fig. 41) compared to
those in Ref. [168]. The recoil protons were detected in the
backward direction, and tritons were detected in the forward
direction in the laboratory frame. Detecting one of the
neutrons in a forward cone with the use of the DEMON
neutron-detector array provided reconstruction of the full
kinematics of the reaction. Note that the relatively wide
angular range of proton detection in the laboratory frame
corresponds to a rather narrow cone (< 7�) in the center-of-
mass frame. This suggests that the kinematics in this reaction
is close to that of `zero geometry' (see Section 2.2). Indeed,
quite pronounced correlation spectra were obtained in this
experiment.

The 5Hmissing mass spectrum obtained in the experiment
[133, 134] (Fig. 42) is almost shapeless. It monotonously
increases with energy up to� 4 MeV (its subsequent decrease
is due to the effect of instrumental cutoff, i.e., efficiency),
which appears to be related to a weak population of the 5H
ground state 1=2�, and the separation of its contribution
against the background of the high-energy state contribution
becomes possible solely by means of correlation analysis.

An example of how the 5H ground-state contribution
influences the correlation picture is given in Fig. 43. Though
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the spectrum in Fig. 42 gives no chance for separation of the
ground state, there can be no doubt that it manifests itself in
correlations. Another result of correlation studies is the
demonstration that the wide peak (tentatively at energy of
about ET � 4:5ÿ5:0 MeV), only the left wing of which we
could observe, is a mixture of nearly degenerate states 3=2�

and 5=2�Ðthe doublet originating from coupling of the
triton core spin with the 2� state of the valence nucleons.

The surprisingly small width of the 5H ground state
obtained in Ref. [168] (see Fig. 40) has also found its
explanation in paper [134]. Since the reaction products were
detected in Ref. [168] in a narrow angular range, the observed
peak was not a resonance peak of the ground state itself, but
was a result of the interference of the ground state resonance
with the higher-lying excited states. We managed to repro-
duce this effect for the data [134] obtained with a much larger
acceptance, artificially applying desired geometrical cuts to
the detector setup.

The situation with 5H indicates that the spin-parity
identification capability may appear to be the key in the
studies of continuum states in neutron-rich systems. These
states usually turn out to be rather wide and overlapping. In
different reactions, the populated states give rise to drastically
different spectra, and under these conditions the excitation
spectrum itself may contain insufficient information. More-
over, in registration within restricted angular ranges, the
spectra can be distorted unrecognizably because of inter-
ference between the states with different J p.

5.5 10He: the end of the shell magic
It was shown in Sections 5.3 and 5.4 how correlation
measurements, specific for direct reactions at intermediate
energies, make possible the reliable spin-parity identification
for the states of two-particle and three-particle continuum
spectra. In the considered experiments, analysis was based on
data accumulated with quite high statistics. By the example of

the more complicated case with the 10He nucleus, we will
show that such information can also be obtained for rather
exotic systems populated with extremely low intensity.

For over half a century, 10He has been attracting the
attention of both theorists and experimentalists, giving hope
for getting unique, exceptional results. Expectations of such
an outcomewere born as a result of the direct expansion of the
properties inherent to nuclei in the vicinity of the b-stability
line to the 10He case. According to the shell model, 10He is the
lightest (after 4He) double magic nucleus. It was supposed
that shell closure will lead to nuclear stability with respect to
neutron emission or, in the case of instability, it will affect the
energy position of the 10He ground state and its width.
Interest in this issue was enhanced by the fact that 10He is
characterized by extremely high neutron N=Z ratio.

10He was discovered in 1994 by A Korsheninnikov and
colleagues [171]. It was observed as a quite wide resonance
(G � 1:2 MeV) at ET � 1:2�3� MeV above the two-neutron
emission threshold. Soon after the discovery of 10He, one
doubtful feature in its spectrum was reported [172] as being
the narrow (0.3 MeV) ground state with an energy of about
1MeV. Though only wide states with the energy of 1±1.5MeV
were reported for 6He later in Refs [165, 173, 174], a quite
popular opinion has been established that all the results are in
good agreement. Notice that in Refs [165, 171, 173, 174] 10He
was produced in the reactions of the proton knock-out from
11Li, and a removal from 14Be. It turned out that another
interpretation related to the reaction mechanism is possible
for these types of 10He spectrum population [92, 108].

In our experiments [136, 137], the 10He nucleus was
obtained in the reaction of two-neutron transfer from triton
to the 8He bombarding nucleus. The registration system was
analogous to that used in experiments studying 5H [134] and
9He [135]. Tritium gas cooled to a temperature of 26 K was
bombarded by 8He ions with an energy of 21.5 MeV per
nucleon. The recoil protons emitted in the direction opposite
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to the beam direction were detected by an annular silicon
detector installed in front of the target. 8He, which is the
product of the 10He decay, was detected by a square telescope
placed behind the target. More detailed information on the
detector array can be found in paper [137].

Experiment [136] gave surprising results. The statistics in
this experiment appeared to be insufficient for 10He ground-
state energy identification, but quite enough to make the
statement that the ground state did not appear at ET �
1:2 MeV but is situated somewhere higher. The next experi-
ment [137] allowed this statement to be verified and the 10He
ground state energy to be determined: ET � 2:2�2� MeV. The
discrepancy with preceding data obtained its explanation in
papers [92, 108]. When 10He is produced in the removal
reactions, the drip-line halo nuclei are used as the projectiles.
The valence nucleons of the halo have narrow momentum
distributions. The 10He nucleus were a long-lived resonance,
this could not affect its observed spectrum. However, the
width of the 10He ground state, G > 1 MeV, is quite large.
During the decay, there is not enough time tomelt thememory
of initial configurations of the valence nucleons, and this
induces a shift of the whole spectrum towards the lower
energy. In this context, the results of Refs [136, 137]
reexamine the 10He ground state energy and add important
caution concerning the study of nuclear systems beyond the
stability border with the use of removal reactions at high
energies.

In the measurements taken in Ref. [137], angular and
energy correlations between the 10He decay products were
obtained. In the analysis of the data, assumptions were made
similar to those discussed in Section 2.2, namely, (i) the 10He
orbital momentum is aligned with the transferred momentum
q; (ii) the total dineutron spin S is equal to zero, and (iii) the
emitted neutrons interact in the final state. The last condition
corresponds to a small value of parameter e � Enn=ET.

In Fig. 44, the 10He missing mass spectrum [137] obtained
in the coincidence of the proton with 8He is shown.
Experimental data are marked by dots with error bars, the
grey histogram corresponds to events satisfying the condition
of e < 0:5. In both spectra, a wide peak with a maximum at
the energy of about 2 MeV is clearly seen. At higher energies,
the spectrum becomes smooth; there are no peculiarities that
could prompt one to argue about the population of the 10He
excited states.

At the same time, in the 10He missing mass spectrum one
can find three ranges, each of them characterized by strongly
pronounced angular and energy correlations. In Fig. 45, the
8He angular distributions are plotted in the center-of-mass

(CM) frame of 10He with respect to the q direction, obtained
under conditions that events with e < 0:5 are selected. These
distributions agree well with the assumption that, at small
values of e, the 10He quasibinary decay into spinless particles
occurs. The 8He angular distributions obey a simple formula
represented by a coherent sum of three Legendre polyno-
mials:

w � ÿAP0�x� � B
���
3
p

P1�x� � C
���
5
p

P2�x�
�2 �D 2 ; �36�

where fitting parameters A, B, and C are the amplitudes of
the WF components containing the s-, p-, and d-waves, and
amplitudeD serves to take into account the total contribution
from the 10He states which are incoherently summed.

The homogeneous angular distribution for ET<3:5MeV
points to the fact that, at this energy range, the 10He ground
state with the spin and parity J p � 0� dominates. The result
of identification of two excited states turned out to be
unexpected, i.e., the 1ÿ state in the energy range 4:5 < ET <
6 MeV, and the 2� state occurring at ET > 6 MeV, though
for nuclei with closed shells/subshells typical is the opposite
situation, when the first excited state has the spin-parity
J p � 2�. This result reminds that 10He is one more example
of breaking normal regularities in filling up the nuclear shells
at the drip line, and confirms the evidence of this phenom-
enon obtained earlier for such nuclei as 12Be [175]. A popular
review of this topic is also given in monograph [6].
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5.6 6Be: isovector soft dipole mode
The study of correlations in the 6Be nucleus decay, carried out
in the 1970s±1980s, led to the formulation of the `democratic
decay' concept (see Section 3.5). However, there followed a
period of `oblivion' continuing almost 20 years. During these
years, experimental techniques were significantly developed.
The study of 6Be decays at a new technical level was continued
in work [46, 63]. Notice that the results on 6Be obtained in
these studies appeared to be a byproduct of the 10Be�p; n�10C
reaction studies. Analyzing the decay channel of the 10C
excited states into four fragments 2a±2p, it turned out that
the decay proceeds with the dominating population of the 6Be
ground state 0� due to the final state interactions. In papers
[46, 63], interesting results on the 6Be structure and the
dynamics of three-particle decay have been obtained. In
general, the data in work [46] were obtained by chance in a
narrow energy window (the ground state was populated
alone); however, it became clear that we must return to a
more detailed and dedicated investigation of this nucleus.

The first attempt was not successful. The environmental
conditions around experiment [176] dramatically distorted
the spectra. The low quality of MC simulations did not allow
one to consider these distortions correctly (see the discussion
of simulations in Section 2.3). The group at the ACCU-
LINNA facility decided to take part in a `scientific competi-
tion' by studying 6Be in the charge-exchange reaction
1H�6Li; 6Be� n. It should be noted that almost simulta-
neously with our findings, the results of 6Be studies on the
reaction of proton removal from 7Be at NSCL were also
published. In this work, the decay dynamics of the 6Be states
at quite high excitation energies up to ET � 15 MeV was
investigated in detail. In particular, it was established that in
6Be, against all expectations, no transition from the three-
particle decay mechanism to a purely sequential one occurs,
even for large decay energies ET � 10 MeV [47].

The experimental setup used in study [101] is schemati-
cally shown in Fig. 46. In the experiment, a beam of 6Li stable
nuclei was produced, thus making it possible to give up the
event-by-event identification of all ingoing particles and
exploit the ACCULINNA facility in the monochromatiza-
tion regime to enhance the primary beam quality. The 6Li
charge exchange proceeds on the cryogenic hydrogen target.
The neutrons created in the charge exchange process are
emitted in a wide angular range in the backward direction,
which makes impossible their effective registration. The full
kinematics of the reaction is retrieved from the triple

coincidence (a ± p ± p). Two sequential annular telescopes
covered the angular ranges of 3�ÿ8� and 10�ÿ24�, thus
allowing the 6Be invariant mass to be reconstructed in a
wide energy range (0.7±15 MeV).

The results of the 6Be investigation at the ACCULINNA
facility are comparable in their quality with the results
reported in paper [47], but they were used for physical
conclusions in other field. The main qualitative result was
the comprehension of the importance of the unique ensemble
of the reaction mechanism and the dynamics in the con-
tinuum spectrum, characterized in Ref. [101] as the isovector
soft dipole mode (IVSDM). It can be seen in Fig. 47 that,
besides the well-known resonant 0� and 2� states of 6Be, the
region of ET > 4 MeV is also intensively populated. It is
found that the total intensity of its population is about three
times more than that for low-lying resonant states, which
seemingly shouldmake themajor contribution to the reaction
cross section. In earlier studies [177, 178], this question was
not posed, and the spectrum of ET > 4 MeV was approxi-
mated by the phase volume. Few versions related to both
hypothetical states of 6Be and different reaction mechanisms
are considered in works [179±181] (see discussion in paper
[101]). The high quality of the data in Ref. [101] sheds light on
this question, suggesting a consistent explanation of the
spectrum in the region ET > 4 MeV (see Fig. 47) as a
manifestation of IVSDM. In contrast to SDM, this mode is
not based on the ground state of the nucleus (the 6Be ground
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state is a short-lived resonance); IVSDM is based on the
spatially extended configuration of the 6Li parent nucleus in
the isospin channel. It is clearly seen in Fig. 47b that the
maximum in the 6Be angular distribution for ET > 4 MeV is
placed at angles less than the maximum for the 2� state. In
this figure, the maximum for the 0� state is not informative,
since it is determined by the setup efficiency. Detailed MC
simulations (see Section 2.3) allow finding that the IVSDM
maximum is placed between peaks for the 0� and 2� states, as
was predicted for DL � 1, i.e., for negative parity structures
(Fig. 48).

In this example, the feature of the nuclear excitation modes
brilliantly manifests itself. For certain reaction mechanisms
they provide more intensive population than resonant
processes. From the viewpoint of methodology we see how
the correlation measurements carried out with high statistics
allow one to solve the problem which were not accessible
before.

5.7 8He: 2� state and soft dipole mode
Along with 6He, the 8He nucleus is assigned to classical halo
nuclei. 8He itself has been known formore than 50 years, since
1965. This nucleus is a Borromean system in respect to 6He,
with the two-neutron separation energy S2n � 2:14 MeV.
However, the valence nucleons in 6He are more weakly
bound, S2n � 0:973 MeV. As a result, 8He consists of five
4Heÿnÿnÿnÿn clusters (four-nucleon halo), instead of
three, 6Heÿnÿn, and its root-mean-square radius is less
than that in 6He (see Fig. 9). Seemingly, this nucleus should
be well studied. However, if we turn to standard compilation
[182], we find that the energy of the first excited 2� state is
presented with a significant uncertainty ranging 2.7±3.6MeV.

The source of this problem was identified in Ref. [136]
discussed earlier in Section 5.5. The following interpretation
of the low-lying 8He spectrumhas been proposed inRef. [136].
The 2� state resides in 8He at the excitation energy
E � � 3:6ÿ3:9 MeV (corresponding to ET � 1:5ÿ1:8 MeV
with respect to the 2n-threshold). Such relatively high
quadrupole excitation energy agrees satisfactorily with the
fact that the 8He nucleus possesses closed p3=2 subshell. And

the lowest-lying excitation in the 8He spectrum represents the
1ÿ SDM state. Theoretically predicted SDM spectrum in 8He
is moderately wide with a peak at E � � 3 MeV
(ET � 0:9 MeV). Because the SDM is very sensitive to the
reaction mechanism, it is differently populated in various
reactions. If such a combination of states is fitted by one peak,
the result will demonstrate a strong variation in passing from
one experiment to the other. Figure 49 demonstrates data
from Refs [136, 161, 183, 184], which point to the presence of
low-energy events on the left slope of an expected 2� peak

Theoretical explanation of this situation may be found in
Ref. [185]. The general expectation concerning the SDM
origin is that it is a totally geometric effect (see Fig. 13). It
stems from this interpretation that the larger the radius of the
ground state, the lower the energy of the SDM peak. In 6He,
the SDM peak is predicted and observed at the energy
ET � 1:1ÿ1:4 MeV. Since 8He is bound with respect to the
2n-threshold much more strongly than 6He (Eb � 2:14 MeV
compared to Eb � 0:97 MeV), and its wave function is much
more compact, then following this logic the expected position
of the SDM peak in 8He should be at ET � 2 MeV. This was
the starting point for the authors of Refs [183, 184], when they
assigned the alternation of states to be 0�, 2�, 1ÿ in the low-
energy spectrum of 8He. It was also demanded that the
2� state have abnormally low energy E ��2:9 MeV.

It is shown in Ref. [185] that, besides the geometry of the
ground state, there is one more effect qualitatively affecting
the shape of the SDM spectrum in the three-particle systems.
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This effect is connected with the SDM dependence on the
final-state interaction. For the two-body case of the soft
dipole mode, the final state is always nonresonant, as it
always belongs to another shell, while the SDM features in
the three-body case are always determined by a mixture of
resonant and nonresonant dynamics (see Fig. 14). It was
shown by the use of simplified semianalytical methods that,
due to the dependence of the core±n subsystem on the ground
state energy Er, the SDM spectrum can be shifted toward low
energies (Fig. 50). The answer is that, for 8He, the ground
state energy in the 7He subsystem, Er � 0:445 MeV, is much
less than that in the 5He subsystem for 6He (Er � 0:9 MeV).
Thus, two trends act upon the SDM in the transition from
6He to 8He: the energy of the SDM peak increases with the
WF radius, and this energy lowers with a decrease in Er.
Calculations bring out that a critical role belongs to the final
state interaction, and a very unusual situation arises for even±
even light nuclei when the first excited state has negative
parity.

5.8 7H and the 4n-decay problem
One may say that the 7H system constitutes the golden fleece
for physicists studying light nuclei. 7H has the maximum
neutron excess which can be imagined. Thus, the neutron-to-
proton ratio amounts to 6/1. The prospects for the search for
this nucleus as a narrow low-lying resonance and its
importance for the nuclear structure theory were justified by
Ya B Zel'dovich [77] at the end of 1950s. However, after more
than half a century this problem remains unresolved.

Indications that the 7H ground state resides above the
3Hÿ4n threshold were obtained in the 8He�p; 2p� and
11Be�pÿ; p3He� reactions reported in Refs [186, 187]. In
neither case did the low experimental resolution (>1 MeV)
and bad background conditions allow a quantitative state-
ment about the 7H properties. The discovery of 7H was
declared by Caama~no et al. [188] for the 12C�8He; 13N�
reaction. However, a close examination of their detailed
paper [189] shows that identification of a final state in these
studies is actually absent, and observed events can refer to
other hydrogen isotopes with other energies.

At present, paper [190] has put some multiple points after
the history of the 7H search. The authors examined reaction
2H�8He; 3He�, which is more advantageous than
12C�8He; 13N�, utilized in Ref. [188], and it should have a
significantly larger cross section. However, with a much

higher beam integral than that in Refs [188, 189], the authors
of Ref. [190] could not disclose the ground state of 7H.
Obviously, further search for 7H calls for serious steps: either
new methods are needed or a significant expansion of
statistics on reactions already studied with a simultaneous
resolution enhancement is required.

In experiment [122] at the ACCULINNA facility, we
managed to obtain a unique but informative result regarding
7H. In this research, a hypothesis for the possibility of existing
the long-lived resonance in a system decaying with simulta-
neous emission of four neutrons (see Section 3.8) was tested.
For 7H production, the reaction 2H�8He; 3He� was utilized.
The cryogenic target cell with liquid deuterium was very
thickÐ56 mmÐto absorb completely (with 100% assur-
ance) the 8He beam with the energy of 20.5 MeV per nucleon.
In this reaction, the 7H nucleus is predominantly emitted in
the forward direction, and in the case of population of a long-
lived state (hundreds of picoseconds or longer), it passes
through the remaining thickness of the target relatively freely
due to fewer ionization losses than those for the 8He beam. In
this experiment, no 7H events were revealed. This fact put
restrictions on two quantities, i.e., on the lifetime of the 7H
ground state, and on its population cross section. In
Ref. [122], theoretical estimates of the lifetimes of long-lived
4n-emitters have been performed for the first time (see also
paper [24] and Fig. 24). In Ref. [122], the lower bound of the
7H decay energy in the 3Hÿ4n channel was estimatedwith the
use of systematics of the (d; 3He) reaction cross sections as 50±
100 keV.

5.9 17Ne for astrophysics
The 17Ne nucleus located at the proton drip line is interesting
for several reasons. The unusual structure of this nucleus is
related to low-lying single-particle proton orbitals 2s1=2 and
1d5=2 in a continuum spectrum. The presence of weakly
bound valence protons and close continuum states with
opposite parity creates prerequisites for appearing the soft
dipole mode of excitation, which assumes a dipole strength
concentration near the threshold. As shown in Ref. [191], this
phenomenon can exhibit either resonant or nonresonant
behavior, which requires experimental verification.

The first excited state, Jp � 3=2ÿ, with the energy of
1288 keV is of special interest here. This energy exceeds the
two-proton decay 17Ne! 15O� 2p threshold by only
344 keV and the channel of the one-proton decay is
energetically prohibited. In other words, the first excited
state is a candidate for a true two-proton emitter, when this
decay branch can compete with g decay to the 17Ne nucleus
ground state. The decaymode of the first excited state of 17Ne
is also interesting from astrophysical point of view.

First of all, determination of the 2p-decay width of the
17Ne first excited state 3=2ÿ is of interest for the theory
analyzing the dynamics of this process (see, for example,
Refs [71, 90, 91, 95, 96, 192]). This problem is probably also
important for the nucleosynthesis theory. The daughter 15O
nucleus produced in the 2p-decay of the 3=2ÿ state of 17Ne is
the waiting point for the CNO cycle of nucleosynthesis in a
hot and dense stellar substance. The reaction 15O�2p; g�17Ne
was considered by the authors of paper [96] as a possible
bypass of this point. In Ref. [95], it was shown that the width
of the 17Ne 3=2ÿ state is a critical value for the probability of
2p-pickup by the 15O nucleus in the CNO cycle. In Ref. [90], a
conservative estimation of the 2p-decay partial width of the
3=2ÿ state in 17Ne was given: G2p � 5� 10ÿ14 MeV. It was
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supposed that the analogous estimate in paper [192] is
inaccurate, giving for the partial width values 1000 times
larger. A series of attempts to search for a weak branch of the
2p-decay of the 3=2ÿ state in 17Ne was made, which put the
upper bound for G2p<2:5�10ÿ11 MeV [193, 194].

The method [130] has been developed and realized at the
ACCULINNA facility, allowing a substantial increase in the
sensitivity of the experiment and, thus, either finding the rare
branch of decay or lowering the bound for the 2p-decay
partial width of 17Ne from the previously stated value to
G2p 4 1� 10ÿ13 MeV. In the long term, this bound is
comparable to the estimation of G2p � 5� 10ÿ14 MeV
performed in Ref. [95] and can be 250 times as low as the
bound reached in Ref. [194].

The reaction 1H�18Ne; d�17Ne at the energy E�18Ne��
34:5 MeV per nucleon [130] was chosen because the cross
sections of the ground (1=2ÿ) and the first excited (3=2ÿ) state
populations are maximum in the neutron pick-up reaction, as
the neutrons are picked up from corresponding shells. The
population of higher states (5=2ÿ, 1764 keV and 1=2�,
1908 keV) is realized with the aid of at least the two-step
mechanism; thus, the cross sections are expected to be much
less. The kinematics of this reaction is very convenient for
application of the so-called combined mass method, i.e., for
determining the energy and trajectory angle of the emitted
deuteron and two protons. However, the two-proton decay of
the first excited statemay compete with dominating g decay to
the ground state. The doublet of higher-lying states decays
with a 100% probability with the emission of two protons.
Thismight be either sequential decay through an intermediate
state of the 16F nucleus or direct decay to the 15O ground
state. As the energies of these protons are close to those from
the decay of the first excited state, this imposes constraints on
the energy resolution and background conditions in the
experiment.

The results of the experiment, which consists of two steps,
are given in Fig. 51. At the first step, the cross sections of the
17Ne ground and first excited state populations are measured
using the missing mass method with a thin hydrogen target.
The energy resolution of the deuteron registration in the
silicon annular telescope in the angular range of 5� ± 10� is

350 keV (FWHM), which makes possible unambiguous
identification of all the states. In order to search for the two-
proton decay of the 17Ne first excited state, the deuterons
detected by the annular telescope are selected, which coin-
cided with protons detected by the square telescope placed on
the beam axis. For better statistics, the thickness of the
hydrogen target was increased several times, while the
resulting resolution remained relatively high (FWHM better
than 300 keV), since providing coincidence of deuteron with
two protons corresponds to the condition of the full
kinematic experiment. A major part of the events in the
combined mass spectrum is related to population and decay
of the doublet of states 5=2ÿ (1764 keV) and 1=2� (1908 keV).
In the most interesting part of the spectrum, � 1300 keV,
three events were found which can be designated as both the
first excited state decay and the background (the second
proton could be produced as the result of the 15O nucleus
interaction with the substance of the filter placed just in front
of the square telescope). Under the assumption that one of the
events belongs to the background, the new upper bound for
the ratio G2p=Gg < 1:3� 10ÿ4 was stated from the data
analysis, being 30 less than that obtained in Ref. [194].

An important result of these measurements is affirmation
of the promising outlook of the method. A further 50-fold or
more reduction is assumed to be quite realizable with the
ACCULINNA-2 facility, where the background will be
suppressed by the use of a zero-angle spectrometer (see
Section 6.1.

5.10 Search for 26S
The search for new isotopes in the region of light nuclei is
usually conducted at facilities much more powerful than
ACCULINNA. However, in the domain from magnesium
up to argon there is a gapwhich has only recently started to fill
up. This allowed performing a search experiment to detect the
proton-rich 26S isotope. According to the National Brookha-
ven Laboratory database [1], it was accepted till 2011 that the
26S lifetime should be a fewmicroseconds, and information on
the mass excess and possible decay channels of the ground
state of this nuclide was entirely absent. Based on the
systematics, one could expect that the 26S isotope is a long-
lived two-proton emitter. After experiments performed at the
ACCULINNA facility and detailed analysis of data [94], the
resulting table on 26S properties took on a new form (Table 3).

The experimental methodology includes registration of all
fragments produced in the reaction 32S (50.3 MeV per
nucleon)�Be (92.4 mg cmÿ2) and selection of 26S through
the use of the regime of optimum transmission of nuclei with a
certain ratio A 5=2=Z 3=2 to the focal plane F4. The calculated
time-of-flight of the 26S isotope on the flight path F1±F4 with
regard for the energy losses in the target, wedge (Be,
92.4 mg cmÿ2), and ToF plastics was about 314 ns. This is
four orders of magnitude less than the 26S lifetime from
NNDC (National Nuclear Data Center) before 2011. Frag-
ment identification was performed by means of (DEÿ E )
measurements using a silicon telescope and time-of-flight
measurements on the straight-line flight path F3±F4.
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Table 3. Current information on 26S states from the BNL database [1].

E Jp D, MeV T1=2 Decay
channel

0 0� 27.0790 (syst.) < 79 ns 2p

358 L V Grigorenko et al. Physics ±Uspekhi 59 (4)



To get information on the 26S lifetime, the separator was
sequentially tuned to give the optimum transmission of known
29S, 28S, and 27S isotopes in order to measure yields of these
nuclei and satellite isotopes with similar values of the
parameter A 5=2=Z 3=2 and to obtain the Qreact dependence of
the nucleus yields. Extrapolation of this systematics (Fig. 52)
to the region of 26S and 25P (according to data [195], the limit is
T1=2 < 30 ns) pointed to the expected number of events of
� 16 and� 360, respectively. In the experiment, no one event
satisfying the certain isotope detection was found. Using the
Poisson distributions with a 63% level of confidence for
single-event registration, a new bound for the 26S half-life
period was established, T1=2 < 79 ns, while that for 25P was
T1=2 < 38 ns, which is in good agreement with available data.

A theoretical analysis of the properties of the 26S nucleus
and its 24Si, 25P subsystem was done in the RMF (relativistic
mean field) approximation. The method suggested in Refs
[58, 61, 120] has been further developed; in three-body decay
calculations, the many-body structure has been taken into
account. The results of these calculations allowed 2p-decay
probability estimates for 26S. The combined analysis of
theoretical and experimental data allowed the bound for a
two-proton decay energy to be established atQ2p > 640 keV.
Under the assumption that themain branch of the 26S decay is
one-proton emission, the lower bound for this nuclear decay
energy isQ2p > 230 keV. A similar analysis for the 25P system
led to the bound Qp > 110 keV.

For continued experimental investigation of the proper-
ties of 26S, a technique is needed allowing us to extend theT1=2

range to a few picoseconds. One such technique can be based
ondecay in-flightmeasurements (seepaper [9]andSection6.3),
which ismost effective at highRIB energies (E=A > 200 MeV
per nucleon). Another approach can be based on transfer
reaction studies, for example, p�28S; t�26S at energies
E�28S� > 40 MeV per nucleon with the registration of all
products in the exit channel. This experiment is on the list of
primary ones at theACCULINNA-2 facility (see Section 6.1).

6. Implemented and prospective projects

Some projects presented below are in the process of realiza-
tion, their implementation going according to plan and the
start of their operation is only amatter of time. Other projects
are considered rather as realizable in the long term. Their
implementation requires considerable funding and the invol-
vement of qualified specialists. We hope that the content of
this section, showing the real scientific potential in the field of
RIB studies in our country, will serve to stimulate the
discussion of long-term development in this area.

6.1 ACCULINNA-2
The rationale and aim of building the new fragment separator
at FLNR, JINR was outlined in preprint [3] in 2008, where
the results of ion-optics calculations and the facility layout in
the U-400M cyclotron hall are presented. The technical tasks
to carry out the work were prepared based on this document
and the search for the manufacturer began. A contract with
the French company SigmaPhi [196] on the overall manufac-
turing of equipment (all magnets with power supplies and a
vacuum system), installation, and putting it into operation
was finally signed in 2011. The facility was completely built at
the beginning of 2015, and the technical startup took place in
summer 2015. Based on test results, it was certified that the
technical characteristics of the magnet elements correspond
to the values laid out in the project [197].

A layout of the ACCULINNA-2 facility in the building
of the U-400M cyclotron is shown in Fig. 53a, and photos of
the facility elements inside the cyclotron chamber during
installation are displayed in Fig. 53b. A comparison of the
main characteristics of working and planned fragment-
separator centers created for the RIB studies around the
world is presented in Table 4. Additional information about
foreign centers was given in Section 1.4.

A zero-angle spectrometer plays an important role in this
project. The D3 dipole magnet installed behind the F5 focal
plane (Fig. 54) at a distance of 40±60 cm from the target
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Table 4. Characteristics of in-flight RIB separators: dp � Dp=pÐmomentum acceptance, and p=DpÐfirst-order momentum resolution obtained in the

achromatic focal plane (F3 and F4 for ACCULINNA and ACCULINNA-2, respectively) at a 1-mm slit size in the F1 focal plane.

Characteristics
ACC ACC-2 LISE3 A1900* ARIS* RIPS BigRIPS* FRS SuperFRS*

FLNRë JINR GANIL MSUëNSCL RIKEN GSI ëFAIR

DO, msr
dp, %
p=Dp

Brmax, T m
Length, m

Emin, MeV per nucleon
Emax, MeV per nucleon

0.9
2.5
1000
3.2
21
10
40

5.8
6.0
2000
3.9
38
5
50

1.0
5.0
2200

3.2 ë 4.3
19(42)
40
80

8.0
5.5
2915
6.0
55
90
160

8.0
5.5
4000
8.0
70
100
300

5.0
6.0
1500
5.76
21
50
90

8.0
6.0
3300
9.0
77
100
350

0.32
2.0
8600
18
74
220
1000

5.0
5.0
3050
18
140
300
1500

* Superconducting magnets are used in the ion-optical system.
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provides high accuracy in determining the momentum for
reaction products with Z � 1ÿ 30, emitted in the forward
direction. Nuclei with excess protons, produced in direct
reactions on targets containing isotopes of hydrogen or
helium, move forward in a narrow cone around the axis of

the incident RIB. These nuclei tend to emit in-flight one or
two protons within a short period of time (5 10ÿ10 s). Both
the residual nucleus and the protons emitted from it pass
through a gap in the D3 magnet with a probability of 20±
60%. Taking into account that the point of emission from the
target is known with an accuracy of better than 1 mm, it is
enough to provide the same accuracy for measurements of
particle coordinates before entry into the magnetic gap and in
two planes behind the gap. These two planes are separated
from each other by 1±2 m. Thus, the momenta of the three
particles will bemeasuredwith an accuracy of� 0:1%and the
invariant mass will be determined with a good accuracy, i.e.,
the invariant mass resolution does not exceed 100 keV, and
the error in its determination is on the order of 10 keV in the
case of reasonably high statistics. Use of the D3 dipole
magnet significantly extends the capacity to study nuclei in
the vicinity of the neutron drip line as well. The charged
reaction products are detected outside of the beam axis, while
neutrons emitted from the decay of these nuclei pass through
a wide magnetic gap and are detected by scintillation
detectors installed at a distance of 3±4 m from the target in
the vicinity of the zero angle with a sufficiently high
probability. The error in the invariant mass measurement
does not exceed 300 keV for such reactions.

The first experiments on the new separator will be
performed in 2016. The RIB research program, including
further development of the facility, provides: (1) startup of the
D3 zero-angle spectrometer at F5 (according to the contract
with the Sigmaphi company, it is expected in mid-2016);
(2) manufacturing and launch of the RF filter on the F3±F4
path in 2017, and (3) creation of a new gas±vacuum system for
operation with cryogenic targets, including a tritium one
(after 2017).

6.2 User center built around ACCULINNA-2
Nowadays, the world's major RIB research centers operate in
the user center mode. The desirable RIB and massive
scientific equipment for a specific experiment are provided
by research centers in the `scientific service' mode, usually
carried out in terms of a decision by PAC (Program Advisory
Committee)Ða representative international council. This
allows the creation of a setup from large modules for a
specific experiment, like a Lego set. The idea and the design
of an experimental setup, the fabrication of unique experi-
mental equipment, and the analysis of data are the business of
`guests'.

User facilities provide all the advantages of an industrial
approach to the organization of the experiment, i.e., a series
of experiments give the opportunity to efficiently utilize the
beam time, to carry out the rational allocation of work, and to
concentrate funds on the key tasks during the construction
and operation of the massive tools. The scientific groups
conducting the experiment are no longer required tomaintain
all the experimental infrastructure (high-priced, but mostly
trivial); they can devote much more time to the improvement
of unique equipment and data analysis.

The most important aspect of the work of the user centers
is the broad collaboration and availability of research
infrastructure. Differences between ideas about the `center'
and `periphery' are fading thanks to the availability of the
scientific infrastructure: exceptionally expensive world-class
equipment becomes affordable for researchers from `periph-
eral' scientific organizations. Such an opportunity is espe-
cially important for young scientists, because the user facility
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becomes for them an interaction point with the leading
experts.

The multiuser ideology of RIB nuclear centers is very
different from the collaboration work in the field of high
energy physics. The members of the collaboration are usually
responsible for a narrow range of technical tasks there, and
the `center' formulates the scientific program. Nuclear
physics experiments have not reached the scale and complex-
ity of experiments in high energy physics. And `guest'
experiments on RIBs usually have an autonomous and
independent scientific program.

We consider it possible that ACCULINNA-2 will be
brought to the standard of user centers. There are several
unsolved problems here: improvement of the stability of RIB
production, increase in RIB diversity, the formation of a
massive pool of modular equipment that can be routinely
used upon request, and, finally, simplification of access to a
beam time. Preparatory work in this area is already going on,
and it seems that the full formalization of such an initiative
within the framework of JINR will help to speed it up.

The ACCULINNA-2 facility includes several successfully
developing infrastructure subprojects which might provide
the basis for the user facility. These subprojects are an
RF-kicker, a gas-filled cell with a system of extraction of
single-charge ions and a line of their subsequent acceleration,
a tritium target facility, and detector systems (see Fig. 54).
The D3 dipole magnet (zero-angle spectrometer) is shown in
the inset to Fig. 54. Different purpose detectors are also under
construction. Arrays of neutron detectors (based on stilbene)
and gamma-detectors (GADAST) experiencing quantitative
enlargement have been discussed in Section 4.3. A project
concerning the construction of a charged particle detector
with the best characteristics (time and position resolutions)
available today is another important course of development.

The presence of an effective source, i.e., an accelerator of
heavy ions, is a basic element for operation with RIB. The
long-range development plan of the DRIBs complex (2017±
2023) assumes the reconstruction of U-400 and U-400M
cyclotrons. After reconstruction, it will be possible to
smoothly adjust the beam energy and expand the range of
primary beam energies atU-400M to 60±80MeVper nucleon.
One of the main goals of the upgrade is to produce beams of
heavy ions with proton numbers in the range of Z � 3ÿ28
(from Li to Ni) with energies up to 80 MeV per nucleon. It is
planned to create beams of 78ÿ86Kr nuclei with the energy of
30±35 MeV per nucleon, and beams of heavier nuclei up to
uranium with an energy of about 10 MeV per nucleon. The
intensity of such beams will usually reach values of 0.5±
1.0 pmA. The beam extraction from the cyclotron is
supposed to be done using an electrostatic deflector. The
transition from the current typical energy of 33±50 MeV per
nucleon for Z � 3ÿ28 at U-400M to energies of 60±80 MeV
per nucleon will lead to an increase in RIB intensities at the
ACCULINNA-2 separator by 5±20 times over the proposed
intensities. At the same time, the thickness of the targets
made up from 1ÿ3H and 3;4He isotopes and irradiated
during the experiments, can be increased 3±5 times. The
luminosity will hence increase 15±200 times compared to the
planned values for ACCULINNA-2, as a result of the
accelerator's upgrade. This will bring the facility to a new
quality of operation.

The ISOL method of RIB production can be applied in
exploiting the ACCULINNA-2 facility in the future. A gas
catcher should be manufactured and mounted in the F3 focal
plane to extract RIBs passing through a gas. Both the upgrade
of the U-400 cyclotron and the development of ISOL
technology on the base of the ACCULINNA-2 facility will
expand the available range of tasks at low energies. The
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expected RIB parameters at the U-400M±ACCULINNA±
U-400 complex are presented in Table 5.

6.3 Project EXPERT
FAIR is the project of global renovation of the GSI center in
Germany [11]. Four main collaborations with various
physical agendas are involved in FAIR: CBM (Compressed
Baryonic Matter), APPA (Atomic, Plasma Physics, and
Applied sciences), and PANDA (antiProton ANnihilation
at DArmstadt). The nuclear physics component of FAIRÐ
NUSTAR (NUclear STructure, Astrophysics, Reactions)Ð
should become the most advanced RIB factory in the world
due to the high energy of primary beams from the SIS-100
synchrotron (up to 2.7 GeV per nucleon) and a powerful
superconducting fragment separator Super-FRS.

The FAIR center should become an international
research organization (10 main participating countries in
2015). At the same time, the Russian Federation is the main
partner of FAIR from abroad, with approximately 14% of
the shares (that is about 180 million euros in 2005 prices). A
large part of the Russian contribution should be delivered in
the form of components, devices, and facilities manufactured
domestically. At the moment, the main funds are planned to
be directed to the creation of magnets, ion-optical systems,
and massive detector components.

The NUSTAR collaboration implements a number of
research projects, including the project EXPERT, which
refers to experiments on relativistic kinematics. It is a
relatively cheap experiment which is planned to be held
directly inside the Super-FRS fragment separator [198].
EXPERT is distinguished by the fact that this is one of the
few projects in which the scientific initiative comes from the
Russian side and the facility itself has a dominant Russian
financial and intellectual contribution.

The main component of the EXPERT project is based on
a new experimental method developed in the last decade in the
work of I G Mukha and his collaborators (GSI/RNC KI) [9,
36, 85, 199, 200]. This method was initially designed to
investigate radioactive decays with particle emission using
the product tracking method (Fig. 55). If the lifetime of a
nuclear system is large enough to pass a macroscopic distance
with a relativistic speed, this time can be determined by the
distribution of decay vertices in space. The vertices can be
reconstructed using position-sensitive microstrip silicon
detectors. In fact, this advance is not new: it is widely used
in elementary particle physics. However, such an approach
has never been applied in nuclear physics before because of a
fundamental difficulty: the energy deposit of a charged
particle in the detector increases with increasing charge as
Z 2, and a heavy ion begins to `shadow' protons. Thus, for the
decay 30Ar! 28Sÿpÿp [36] the energy deposit of the heavy
fragment is about 250 times larger than the proton one. This
difficulty has been eliminated in the new generation of
microstrip (pitch � 100 mm) silicon detectors equipped with
digital electronics. The high spatial resolution of such
detectors (� 30 mm for protons, and � 12 mm for heavy

ions) provides high angular resolution, � 0:1 mrad, and,
thus, high accuracy in reconstructing the decay vertex. For
example, to determine the half-life of 19Mg with T1=2 � 4 ps
in the experiment [9], the error in vertex reconstruction had to
be less than 0.5 mm. The employment of the last achromatic
section of the fragment separator (Fig. 56) to trace the heavy
fragment additionally increases the angular resolution
between protons and the heavy fragment and ensures
unambiguous identification of the latter.

The ability to obtain spectroscopic information with high
accuracy has been another advantage of the method with
product tracking. This is quite unexpected, since this method
does not provide reconstruction of the full kinematics
(emission directions of fragments are measured, but their
energies are not); therefore, the invariant mass cannot be
determined. The possibility of determining the energy of
states is associated with so-called kinematic focusing (see
papers [9, 85]). This effect can be easily explained in the case of
two-particle decays with a fixed energy (Fig. 55b). Particles
isotropically emitted in the center-of-mass frame are concen-
trated near the surface of the cone corresponding to the
maximum possible angle in the laboratory frame. The
kinematic effect begins to depend on correlations between
the fragments in the case of three-particle decays and,
therefore, the accuracy of the energy reconstruction using
the experimental data begins to depend on the quality of
theoretical predictions for correlations. Thus, the develop-

Table 5. Expected intensities I of several RIBs after the upgrade of the DRIBs complex.*

RI beam 6He 8He 9Li 12Be 8B 16C 17F 34Si 46Ar

I, number of particles
per s

1� 108 3� 105 5� 105 7� 105 3� 105 6� 105 7� 106 2� 105 3� 105

* Possibility of continuous tuning of the RIB energy is provided in the range of 5ë20 MeV per nucleon. Purity of all RI beams is 100%.
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ment of theoretical methods and MC simulations are the
necessary components of the EXPERT project.

An important advantage of the considered technique is
the ability to work with very thick targets without irreversible
degradation of the resolution. The (beryllium) target thick-
ness in experiments [9] and [36] was 20 and 27 mm, respec-
tively, which is several hundred times larger than in the case of
a typical low-energy experiment. This makes this technique
attractive for pioneering studies with RIBs of low intensity.

The assemblage of equipment in experiment [36] was
extended to that of the original facility [9] and was a
functioning prototype of the EXPERT project (see Fig. 56).
The GADAST gamma-detector was positioned in the area of
the secondary target (see Section 4.3). Registration of
gamma-rays should allow discrimination of events corre-
sponding to emission of excited heavy fragments (deexciting
by gamma-quanta) in the future. An absorber, decreasing the
energy of heavy fragment to several MeV per nucleon, was
installed in the final focus of FRS for the sake of subsequent
implantation to OTPC (another element of EXPERT; see
Section 4.5). This gave the opportunity to study the beta-
delayed decays of heavy fragments [149], which itself
represents a rather exotic system, and thus enhanced the
scientific value of the experiment.

This is how we see that EXPERT is a really functioning
system. The project is distinguished by wide international
collaboration, the use of modern technologies, and its
modularity. The EXPERT project includes development of
fast-operating and radiation-hard silicon strip detectors for
beam monitoring and the creation of the NeuRad high-
resolution neutron detector in its full version. The opportu-
nity to use the EXPERT components in experiments at the
ACCULINNA-2 facility is also of importance to us.

6.4 Storage ring complex and electron±ion collider
based on ACCULINNA-2
A fundamentally important issue is the problem of extraction
of information free from features associated with the
mechanism of the reaction, if we consider nuclear reactions
as a tool for studying nuclear structure. The use of the
`electromagnetic test' instead of the `strong sample' and,
accordingly, consideration of all the uncertainties associated
with the strong interaction is a possible solution to this
problem. Electron±nucleus scattering is the most powerful
method: electrons with sufficient energy start to feel the
contribution from pure Coulomb interaction related to the
charge distribution rch in the nucleus. The simplest plane±

wave Born approximation (PWBA) already allows associat-
ing such an important characteristic as the charge radius hr 2chi
of the ion with the electron scattering cross section via the
charge form factor F�q�:�

ds
dO

�
PWBA

� Ze 2

4E

1

sin4�y=2�
��F�q���2 ; q � 2k sin

y
2
;

F�q� � 4p
�
dr r 2j0�qr� rch�r� ;

F�q�
Z
� 1ÿ q 2

6
hr 2chi � . . . :

Studies of the electromagnetic form factors of stable nuclei
achieved exceptional excellence [201], and the pioneering
work of R Hofstadter in this field [202] was awarded a
Nobel Prize in Physics 1961.

Since it is impossible to create a target of radioactive ions,
we can consider only a collider type experiment, in which the
RIB will interact with the electron beam. This feature was
incorporated in the design of the K4±K10 radioactive ion
complex planned in the late 1980s as a project of a massive
upgrade of the JINR FLNR [28]. When it became apparent
thatK4±K10will not be implemented, the initiative was taken
up by RIKEN (Japan). However, the practical development
of the FRIB project (Facility for Rare Isotope Beams) led to a
gradual reduction of the storage-ring topic: only one small
storage ring spectrometer with limited functionality was built.
RIKEN continues the development of the subject of the
electron±RIB collisions in the framework of the project
SCRIT (Self-Confining Radioactive Ion Target). They are
trying to implement an original approach: a target of
radioactive ions is formed by their accumulation in an
electromagnetic trap. It is a test project which is implemented
aside the main RIB production facilities.

A storage ring facility is a serious part of the FAIR project
(Germany): CR (Collector Ring) for accumulation and
cooling of beam, and NESR (Next to the Experimental
Storage Ring) designed for research with the accumulated
radioactive ions. The ELISe experiment on electron±radio-
active ion scattering at NESR [30], developed with the
active participation of Russian scientists, has reached a
very high degree of sophistication. However, the delay in
realization of the FAIR project as a whole has postponed
the implementation of the idea of such experiments to the
distant future.

The uncertain situation in the world with the implementa-
tion of projects of electron±radioactive ion scattering has
returned discussions about such an opportunity in our
country. A project on the construction of a K5 complex on
the base of the ACCULINNA-2 fragment separator (Fig. 57)
was presented at the RAS Council on the Physics of Heavy
Ions in 2013. Ironically, the logic of the existing experimental
base dictates a solution, to a large degree, similar to the K4±
K10 proposal brought forward almost 30 years ago. Storage
ring technology represents a high-tech facility even in the
world of technologically advanced nuclear experiments:
ultrahigh vacuum, high-power subnanosecond electronics,
exceptionally accurate ion optics. The implementation of
this project will require raising the national experimental
culture at a whole new level.

6.5 Storage ring complex for direct reactions
with beams of radioactive isotopes
Finally, the most expensive but also the most interesting
project for the future is the construction of a storage-ring
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Figure 56. Components of the EXPERT project by the example of an

experiment already performed [36].
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complex for precision studies of reactions with RIBs. A
similar complex can be created on a K5 storage ring
(maximum magnetic rigidity of the ion beam Brmax � 5:0 T
m) operating in the mode of merging beams with a second
K3.6 ring (Brmax � 3:6 T m). Qualitatively, it is the `antic-
ollider' mode, where the velocity of the center-of-mass of the
reaction increases due to the movement of the target in the
same direction as the beam.Work with merging beams allows
flexibly choosing between the direct and inverse reaction
kinematics, eliminating any restrictions which are often
called kinematically unfavorable operating conditions with
a stationary target. The structure of theK3.6 ringmust ensure
the accumulation of cooled beams in the orbit up to 1013 light
stable/long-lived nuclei (p, d, t, 3He, 4He, 10Be, 14C, etc.).

The aim of the K5 ring is to accumulate and to cool the
RIBs produced by the ACCULINNA-2 fragment separator.
It is proposed to install a gas catcher (see paper [203]) to
perform this task behind the F5 focal plane. Devices ensuring
the accumulation of a flow of single-charged radioactive ions,
extracted from the gas catcher, have been created and tested
elsewhere in the world. A bunch of radioactive ions
accumulated and cooled in a penning trap [204] is transferred
to an electromagnetic trapÐan ion source increasing the ion
charge within a short time interval (about 100ms). Perfect ion
sources, ECR (see, e.g., Ref. [205]) or electron-string
[`KRION', EBIS (Electron Beam Ion Source)] (see Refs [206,
207]), allow fully stripped nuclei with proton number Z < 20
to be obtained.

The results of several research groups (see reviews [208,
209]) show that the breeding effectiveness of more than 20%
will be achieved in the near future for radioactive nuclei with
lifetimes of more than 100 ms. The time of acceleration of an
RIB bunch to an energy of 5±10 MeV per nucleon, its
injection into the orbit of K5, and cooling down will be 5±
10 ms. Such time economy will provide the electron cooling
discovered by G I Budker and brought to perfection at
Budker INP SB RAS (Novosibirsk) [210, 211]. Within
1 minute, about 109 long-lived radioactive ions can be
collected in the orbit of K5, using the accumulation±cooling
mode proposed in the draft K4±K10 [28]. It is estimated that
one 100-ms bunch with an emittance of t?�0:1p mm mrad,
Dp=p0 � 10ÿ6, will be accumulated and cooled in about 10ms.

An estimation of the luminosity achievable in this project in a
merging mode of the beams depends on the lifetime and
intensity of RIBs at the output of the ACCULINNA-2
fragment separator. Thus, the maximum luminosity of
1025 ± 1026 cmÿ2 sÿ1 can be obtained for experiments with
RIBs of 16C (T1=2 � 0:75 s) and 46Ar (T1=2 � 7:8 s) nuclei.

Experiments with merging beams are particularly inter-
esting due to the unprecedented high-precision determination
of the energy of the products of direct reactions with
radioactive ions, as we have discussed in Section 2. Measure-
ments of the excitation energy spectra of exotic nuclei will be
performed in such experiments with a resolution of at least
1 keV.

7. Conclusion

Original methods for the study of light nuclear systems near
the borders of nucleon stability and beyond have been
developed in experiments at the ACCULINNA fragment
separator, JINR FLNR, in the last two decades. These
techniques are based on correlation methods especially
efficient for direct reactions studies at intermediate energies.
On the one hand, this area is not in themainstream ofmodern
studies with RIBs, which constantly tend to increase incident
energies. On the other hand, there are numerous fundamental
advantages of this approach, which can be implemented in the
performance of complex correlation experiments. A quite low
statistics and the qualitative rather than quantitative nature
of the received information are characteristic for pioneering
experiments with RIBs. It is expected that they will be
followed by experiments with a high accuracy and probative
value. This is the direction we are moving in.

The present paper overviews theoretical results in the field
of few-body dynamics. This form of nuclear dynamics arises
in clustered systems near the borders of nuclear stability and
leads to such phenomena as the nuclear halo, soft modes of
excitation, and radioactive decay with emission of several
(two or more) particles. The understanding of such phenom-
ena is fragmented, and the significant progress achieved in
this field in recent years makes this review relevant.

We have presented our workplace in the context of
modern research conducted with RIBs throughout the
world. Several promising projects, both implemented in our
country and with our participation abroad, and potential
ones have been considered here.

Looking back at the material presented in this review, we
see that the theoretical concepts and experimental results are
tightly intertwined, sometimes in a very fanciful way. This
might create some difficulties in perception; however, it seems
to us that it correctly reflects the spirit of research in this
rapidly developing field.
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