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INTRODUCTORY REMARKS
The BECQUEREL Project (Beryllium (Boron) Clustering Quest in Relativistic
Multifragmentation) at the JINR Nuclotron is devoted systematic exploration of clustering
features of light stable and radioactive nuclei (fig. 1). A nuclear track emulsion is used to
explore the fragmentation of the relativistic nuclei down to the most peripheral interactions
- nuclear "white" stars. This technique provides a record spatial resolution and allows one
to observe the 3D images of peripheral collisions. The analysis of the relativistic
fragmentation of neutron-deficient isotopes has special advantages owing to a larger
fraction of observable nucleons.
In general, nuclear beams of energy higher than 1A GeV are recognized as a novel
opportunity for the nuclear structure explorations. Among all variety of the nuclear
interactions the peripheral dissociation bears uniquely complete information about the
excited nucleus states above particle decay thresholds.
A peripheral dissociation is revealed as a narrow jet of relativistic fragments the
total charge of which is close to the charge of the primary nucleus. In spite of the
relativistic velocity of fragments the relative velocities inside the jet are non-relativistic
ones. In principle, information about the generation of such fragment ensembles can be
used in nuclear astrophysics in development of nucleosynthesis scenarios on the basis of
few-particle fusion. The challenging task for a detection technique is to provide the
completeness in the observation of relativistic fragments.
The difficulty of the principle is the following. An increase in the dissociation degree
of a relativistic nucleus leads to a decrease in the fragment detector response. This
circumstance makes the wholesome analysis, which is necessary up to the He and H
isotopes, hardly accessible.
Then, the excited state of the produced fragment system is defined by the invariant
mass of the relativistic fragment jet. Therefore the most accurate measurements of the
emission angles of fragments are needed. The accuracy of momentum measurements isn’t
so demanding. It is enough to assume that the fragments conserve the primary momentum
per nucleus. In addition, the selection of most peripheral collisions requires the detection
threshold to be as low as possible for the target fragments.
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Fig. 1. Diagram of the cluster excitations of light nuclei.
The nuclear emulsion technique, which underlies the BECQUEREL Project, solves
these problems and makes it possible to perform effectively survey investigations on newly
produced beams. Unique information about the structure of peripheral dissociation of
many nuclei has already been obtained. Limitations imposed to statistics are compensated
by the fact that the fragment jets are inaccessible for observation in any other techniques.
The emulsion composition provides a special convenience to explore just peripheral
interactions. It includes the Br, Ag and H nuclei in comparable concentrations and allows
one to compare fragmentation patterns of various origins. Under the same conditions it is
possible to observe the very peripheral break-up in the electromagnetic field on a heavy
target nucleus (EM dissociation; fig. 2) as well as in collisions with target protons.
Microphotographs
and
movies
of
typical
events
can
be
found
http://becquerel.lhe.jinr.ru/movies/movies.html .
The emulsion response is described by the multiplicities of heavily ionizing
fragments nb including α particles and slow protons and ng corresponding to nonrelativistic protons. Besides, the reactions are characterized by the multiplicity of produced
mesons ns. The events in which there are no tracks of target nucleus fragmentation belong
to electromagnetic or diffractive dissociation and are named “white” stars (nb = 0, ng = 0, ns
= 0). Dissociation on a proton must lead to the appearance of its track, that is, nb = 0, ng = 1,
and ns = 0. The structure of the events of these types, i. e. EM, and diffractive and free
proton induced ones, is just the central subject of the Project.
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Fig. 2. Diagram of peripheral dissociation of relativistic 8B nucleus in EM field of Ag
nucleus: nearer approach of the nuclei with an impact parameter (a), absorption of
quasireal photon by 8B nucleus (b), 8B dissociation on fragment pair - p and 7Be (c).
In what follows, the physics conclusions are presented for the 14N, 9Be, 7Be and 8B
nucleus exposures, which are performed in 2004. The 9C and 12N exposures in 2006 are
suggested as central tasks of analysis for 2009 – 11. The 10C and 11C enriched exposures are
suggested to be performed at the Nuclotron in the forthcoming years.

SUMMARY OF PHYSICS RESULTS in 2005-8
Fragmentation of 14N nuclei. The charge topology distribution of 2A GeV 14N
peripheral interactions indicates the leading role of the multi-body channel 3He + H. To
estimate the energy scale of 3α particle systems, the invariant mass distribution Q3α has
been obtained (fig. 3) for the 150 events in the 14N → 3α + X channel. The major fraction of
the events is concentrated in the Q3α area from 10 to 14 MeV, covering the known 12C levels.
The fraction of the α particles originating from the 8Be decay is ≈ 25%. Thus, the problems
of a few-body nuclear physics near the α emission threshold can be explored using
detection advantages of the relativistic collisions.
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Fig. 3. The invariant mass distribution of 3α particles with respect to the 12C ground
state Q3α for the process 14N → 3α + X (1 - all the events of the given dissociation, 2 «white» stars).
Fragmentation of 7Be nuclei. Nuclei of 7Li were accelerated at the JINR Nuclotron.
In the charge-exchange reaction a secondary 7Be beam of energy 1.2A GeV was formed to
expose an emulsion. About 10% of the found 7Be events are associated with the peripheral
interactions in which the total charge of the relativistic fragments is equal to the charge of
the 7Be and no mesons are produced (149 events). An unusual ratio is revealed in the
composition of the doubly charged 7Be fragments: the number of 3He fragments is twice as
large as that of 4He fragments. In 50% of peripheral interactions, a 7Be nucleus breaks up
to He pairs. In 50% of events, the 7Be fragmentation proceeds only to charged fragments
involving no emission of neutrons. Of them, the 3He + 4He channel dominates, while the 4He
+ d + p and 6Li + p channels constitute 10% each. Two events involving no emission of
neutrons are registered in the 3-body 3He + t + p and 3He + d + d channels. The features of
the relativistic 7Be fragmentation in such peripheral interactions are explained by the 3He
+ 4He cluster structure of the 7Be nucleus.
Fragmentation 9Be → 2He. The 9Be nucleus is the best source of a α pair without the
presence of the combinatory background. It can provide better understanding of more
complicated Nα systems. The present-day interest in such systems is inspired by the search
for the α particle Bose-Einstein condensate in which the ground 0+ and the first excited 2+
states of the 8Be nucleus must play the role of its basic ingredients. The peripheral
dissociation to relativistic Nα jets may turn out to be the most convenient option for its
searching. The proof of the existence of such a state of dilute nuclear matter may have
consequences in the development of nucleosynthesis concepts.
In an emulsion exposed to relativistic 9Be nuclei 371 events of fragmentation to a
narrow pair of relativistic He nuclei were analyzed under the assumption of their
correspondence to α particle. The clear appearance of two peaks in the distribution over
the invariant mass above the α particle pair mass threshold Q2α was observed (fig. 4). It
was concluded that the 0+ and 2+ states of 8Be are dominated in the spectra over Q2α.

Fig. 4. The invariant energy Q2α distribution for the 9Be → 2α fragmentation
reaction at 1.2A GeV energy. On the intersection: the Q2α range from 0 to 1 MeV.
The observables of interaction vertices allow one to compare the relative population
of these states for EM&Diffractive and direct nucleonic interactions. It was concluded, that
in EM&D dissociation the production of α particles pair via the ground 8Be 0+ state
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proceeds more intensively than for n - p knockout processes. Following the concept about
the 9Be nucleus as a cluster system α – n - α it may be supposed that the ground state of this
nucleus contains with a noticeable probability a pair of α particle clusters with angular
momentum L = 2. Such a picture is worthy to be checked at the next stage of the Project in
2009 – 11 using much larger statistics of interactions with hydrogen nuclei (≈ 2000 pairs).
Fragmentation of 8B nuclei. Nuclear emulsion was exposed to a beam of 1.2A GeV 8B
nuclei. A leading contribution of the “white” stars 8B → 7Be + p (50% or 25 events) having
the lowest energy threshold was revealed. Due to the loosely bound proton the 8B nucleus
appears to be a very sensitive probe of the EM interactions proceeding at the lowest
momentum transfers even (fig. 5). Information about a relative probability of 8B
dissociation modes with larger multiplicity has been obtained. The 7Be core dissociation in
8
B is found to be similar to that of the free 7Be nucleus.

Fig. 5.The PT (8B*) transverse momentum distribution of the pairs 7Be + p produced
in 8B → 7Be + p. The solid line corresponds to “white” stars (25 events); the dashed one – to
the interactions accompanied by target fragments and produced particles (15 events).
Multiple scattering measurements will be used to identify relativistic 1,2H and 3,4He
isotopes. In spite of the fact that these measurements are labor demanding, the appropriate
efforts can be satisfied by the identification of a 3-particle mode 8B → 23He + 2H
(threshold of 20 MeV). This possibility is non-trivial because it is connected with a deep
rearrangement of the 8B cluster structure. The properties of this state near the threshold
may turn out to be important for an inverse fusion process too. A particular feature of the
23He + 2H fusion process might consist in a larger number of vacancies for a neutron to be
captured in the 4He cluster formation.

MAJOR TASKS FOR 2009-11
Analysis of the 9C and 12N exposures. The conclusions about the dissociation of the
B and 7Be nuclei form the solid basis for a comparative analysis of the 9C and 12N dripline
nuclei chosen in the Project as the major next steps. The beam of these nuclei is created in
the fragmentation and charge exchange reactions of 1.2A GeV 12C nuclei and emulsion
exposures are performed in November’2006.
The fragmentation patterns established for 8B and 7Be nuclei are expected to be
reproduced for the 9C nucleus with the addition of one or, respectively, two protons. For
8
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the first time the “golden” channel 9C → 3 3He (threshold of 16 MeV) will become
accessible for observation. The observation of 33He population near the threshold would
allow one to put the ground for an extension of the well-known 3α fusion process toward
33He one.
For 12N nucleus one can expect a leading role of a “white” stars 12N → 11C + p
reflecting its low binding (600 keV). The new states may be accessed – 8B + 4He, 7Be + p +
4
He, which are identifiable by a fragment charge composition. Their relative strengths will
be defined by the interplay of Coulomb barrier, binding energy and density of final states.
The suggested 10,11C exposures. The emulsion exposed to 8B nuclei allowed one to
observe few events with the total charge of relativistic fragments ΣZfr = 6 from the
admixture of 10C nuclei originated in the 8B producing target due to the charge exchange
process 10B → 10C. Even restricted statistics points out that the 2He+2H breakup in “white”
stars is the most preferable mode. A low 8Be + 2p channel threshold equal to 3.8 MeV has
to be manifested in such a way.
In emulsion exposed to 11B nuclei 8 “white” stars of a charge exchange type 11В →
11 *
С has being observed in the 2-body channel 7Be + 4He and no one in any other topology.
Even on the limited statistics the obvious difference can be mentioned from the 10,11B cases
where 3-body channels 2He + H were leading ones. This circumstance indicates on a
remarkable sensitivity of relativistic peripheral dissociation to the nucleus excitation
pattern.
A search for effects related with an isotopic invariance breaking in “white” star
production presents a fundamental interest. In the case of 11B and 11C nucleus
fragmentation such an analysis can be performed by comparison of a population of similar
isotopic final states. Nuclear diffraction has to lead similarity while electromagnetic
dissociation - to the difference in important details.
Presented observations deserve more detailed studies using much higher statistics of
“white” stars. The most optimal way is to expose emulsions in secondary beams of charge
exchange products 10B → 10C and 11B → 11C. The charge exchange reactions 10B → 10C and
11
B → 11C can be used for further exposures of emulsions with the aim not only to explore
the main channels 24He + 21H and 7Be + 4He but also to establish the existence of the
dissociation modes 10С → 4He + 23He and 11С → 24He + 3He (threshold of 17 MeV). In
just the same way as in the 9C case its discovery can enlarge the picture of the inverse 3He
fusion process in nuclear astrophysics.

CONCLUDING REMARKS
The presented observations serve as an illustration of prospects of the Nuclotron for
nuclear physics and astrophysics researches. In spite of an extraordinarily large distinction
from the nuclear excitation energy the relativistic scale does not impede investigations of
nuclear interactions down to energy scale typical for nuclear astrophysics, but on the
contrary gives advantages. The major one of them is the possibility of principle of
observing and investigating multi-particle systems.
The study of the relativistic dissociation of 14N nucleus to a 3He system confirms this
prospect. The results of an exclusive study of the interactions of relativistic 8B and 9Be
nuclei in nuclear emulsion lead to the conclusion that the known features of their structure
are clearly manifested in very peripheral dissociations.
The investigations with light nuclei provide a basis for challenging studies of
increasingly complicated systems He – H - n produced via multifragmentation of heavier
relativistic nuclei in the energy scale relevant for nuclear astrophysics. In this respect, the
motivated prospects are associated with a detailed analysis of the already observed
fragment jets in the events of EM&Diffractive dissociation of Au nuclei at 10.6A GeV and
Pb nuclei at 160A GeV.
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Due to a record space resolution the emulsion technique provides unique entirety in
studying of light nuclei, especially, neutron-deficient ones. Providing the 3D observation of
narrow dissociation vertices this classical technique gives novel possibilities of moving
toward more and more complicated nuclear systems. Therefore this technique deserves
upgrade, without changes in its detection basics, with the aim to speed up the microscope
scanning for rather rare events of peripheral dissociation.
To benefit from advances in years 2005-8, the BECQUREL Project is requested to
be prolonged for years 2006-8 as a first priority topic in the 0983 theme with an annual
level of funding from the JINR budget 20,000 $ (including JINR PR grants).
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