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Abstract—Prospects of the BECQUEREL experiment devoted to studying, within the relativistic ap-
proach, problems of nuclear-cluster physics are discussed. The nuclear track emulsion method used in the
present study permits fully investigating relativistic final states in the fragmentation of nuclei. The present
study focuses on the dynamics of the formation of a 8Be nucleus and the Hoyle state, as well as on searches
for the 4α condensate decaying through them. The development of analysis of exposure to 84Kr nuclei at
an energy of 950 MeV per nucleon is described in this context. The status of searches for the isobar analog
state of the 13N nucleus in the fragmentation of 14N nuclei at an energy of 2 GeV per nucleon is presented
as a continuation of studies of light nuclei.
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1. INTRODUCTION

The presence of spin-paired proton and neutron
quartets in the structure of light nuclei manifests itself
in the intense formation of alpha particles in various
nuclear reactions and decays [1]. Study of ensem-
bles that consist of several alpha particles permits
clarifying the role of 8Be and 9B unstable nuclei and
performing searches for their analogs starting from
3α Hoyle state (HS). The alpha-particle clustering is
the most pronounced in the 8Be nucleus. The 8Be →
2α decay energy is as low as 91.8 keV. The respective
decay width, which is 5.57 ± 0.25 eV, corresponds to
a lifetime that is eight to nine orders of magnitude
longer than the reaction time. The 8Be nucleus in-
evitably appears among products of 9B and Hoyle
state decays. The ground state of the 9B nucleus is
higher than the 8Bep threshold by 185.1 keV, and its
width, which is 0.54 ± 0.21 keV, also indicates that it
is a long-lived state.

The Hoyle state is the second excited state of 12C
(for an overview, see [2]) at 378 keV above the 3α
threshold. An isolated position of the Hoyle state
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at the beginning of the 12C excitation spectrum and
its width value of Γ(HS) = 9.3± 0.9 eV render it
a 3α analog of 8Be. The synthesis of 12C in the
red-giant medium is possible via the fusion reaction
3α → α8Be →12C(0+2 ) →12C (+2γ or e+e− with a
probability of about 10−4). A further synthesis via the
fusion reaction α12C →16Oγ through a 16O level at
an appropriate energy is forbidden in parity. This is
the circumstance that determines the relative abun-
dances of 12C and 16O, as well as the survival of 12C
under the astrophysical conditions of helium burning.
However, the synthesis of 16O is possible through the
sequence 12C12C →12C12C(0+2 ) →16O8Be [2].

Determining the key role of 8Be and of the Hoyle
state in nuclear astrophysics, these facts give grounds
to assume that the appearance of their heavier analogs
is possible. Apart from being an excited state of the
12C nucleus, the Hoyle state may manifest itself in
reactions involving other nuclei, and this relates it,
in just the same way as 8Be and 9В, to different
fragments. Exotically large dimensions predicted
theoretically (for example, in [3]) are crucial for
obtaining deeper and more general insight into the
mechanism of their production and fragmentation.
Possessing a structure of nuclear-molecular type,
they may serve as source of their own excitation
branches and states that have a more complicated
composition.

The growth of interest in unstable alpha-particle
states was motivated by the concept of an alpha-
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particle Bose–Einstein condensate (αBEC). This
concept was put forth in the early 2000s by anal-
ogy with quantum gases in atomic physics (for an
overview, see [3]). The excitations of nα-tuple nuclei
immediately above the alpha-particle binding ener-
gies may serve as αBEC manifestations. Coexisting
with fermion excitations, they are treated on the basis
of a boson mean field formed by a gas of nearly ideal
bosons in the S state at an average density one-
fourth as large as an ordinary density. The 8Be
nucleus and Hoyle state are described as 2- and
3αBEC states, and their decays may be viewed as
signatures of more complicated decays of nαBEC
states. The existence of heavier analogs of the Hoyle
state may enrich scenarios of nucleosynthesis toward
heavy nuclei. The experimental approaches proposed
with aim of searches for αBEC in the fragmentation
of light nuclei include that described in the present
article below (for overview, see [4]). We focus on the
0+
6 state of the 16O nucleus at 15.1 MeV (660 keV

above 4α threshold), considering it as a state that
is a 4α analog of the Hoyle state and which decays
to α and the Hoyle state or to 28Be. The treatment
of nαBEC as loosely bound unstable states opens
new possibilities for their searches as the energy and
mass numbers of progenitor nuclei grow. It would be
of value to demonstrate the universality of nαBEС
candidates on the basis of relativistic invariance.

In the fragmentation of relativistic nuclei, the en-
sembles of helium nuclei and protons are produced
within a very narrow cone. There are no detection
thresholds for them, and the energy losses are min-
imal. Because of an extremely low energy, 8Be, 9B,
and Hoyle state decays should manifest themselves
as pairs and triples of He and H relativistic fragments
with the smallest opening angles. The width values
suggest that 8Be, 9B and Hoyle state decays occur
at ranges between several thousand (8Be and HS)
and several tens of (9B) atomic radii and that their
identification should rely on the criterion of a mini-
mum invariant mass. An answer to these challenges
is provided by the nuclear-emulsion method, whose
application is being continued in the BECQUEREL
experiment. In nuclear-emulsion layers exposed lon-
gitudinally to relativistic nuclei, the fragment tracks
are observed completely, whereas their directions are
measured with the highest resolution. The determi-
nation of invariant masses of ensembles of He and
H relativistic fragments in the approximation of con-
servation the velocity of the parent nucleus make it
possible to project their angular correlations onto the
relative energy scale starting from 8Be decay. The po-
tential and status of these investigations are surveyed
in [5–7]. The identification of 8Be, 9B, and the Hoyle
state in the fragmentation of light nuclei, including

radioactive ones [6], are among the achievements
reached along these lines.

In the BECQUEREL experiment, it was proposed
to extend this approach to searches for αBEC states
in events of fragmentation of medium mass and heavy
nuclei. A fast growth of the 8Be, 9B, and Hoyle
state contributions with increasing number of ac-
companying alpha particles was discovered recently.
This effect may be explained within the picture that
combines the production of alpha particles with the
growth of their density in the phase space [7]. This
scenario gives grounds to assume that αBEC arises
owing to the formation of states belonging to the
αBEC type via a sequential pickup of accompanying
alpha particles rather than owing to an appropriate
excitation of the parent nucleus. In this case, αBEC
may be viewed as a short-lived state that arises in nu-
clear matter of extremely low density and temperature
and which has nothing to do with the excitation of the
parent nucleus. The selection of events characterized
by a high multiplicity of alpha particles may be used as
an enhancing factor in the statistics of events that are
αBEC candidates. Thus, αBEC searches based on
the invariant mass of ensembles of relativistic alpha
particles that have extremely close 4-momenta are
the nearest objective pursued by the BECQUEREL
experiment and discussed below.

At the same time, investigation of unstable state
formation by light nuclei will be continued in what
is concerned with searches for isobar analog states
by the nuclear track emulsion (NTE) method in the
relativistic implementation. Because of mass effects,
this would correspond to a substantially higher en-
ergies and, at the same time, to rather small widths.
The available irradiations of nuclear track emulsions
with 14N, 22Ne, 24Mg, and 28Si relativistic nuclei
are worthy of analysis in this context. Searches for
13N(15.065), 8Be(16.6 + 16.9), and 9B(14.7) isobar
analog states in the fragmentation processes 14N →
3αp, 9Be → 2α, and 10C → 2α2p, respectively, are
currently under way. Preliminary results of these
searches will be presented below.

2. POTENTIAL OF THE
NUCLEAR-EMULSION METHOD

Possibilities provided by the NTE method, which
remain unique within the realms being discussed, are
worth recalling. Exposed stacks are assembled from
layers that have an area of up 10× 20 cm2 and a
NTE thickness of 200 μm on a glass substrate and
550 μm without it. If the beam axis is parallel to the
emulsion-layer plane, then the tracks of all relativistic
fragments remain sufficiently long within one layer
for a three-dimensional reconstruction of angles to be
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implemented. The substrate ensures the “stiffness” of
tracks, and its absence permits introducing them in
neighboring layers. The emulsion thickness and a full
solid angle of detection are factors that contribute to
collecting vast statistics. Nuclear emulsions contain,
in close concentrations, atoms of Ag and Br and
atoms of the CNO group, as well as hydrogen atoms
whose concentration is three times higher. Via scan-
ning, under microscopes with a 20-fold amplification,
the tracks of the nuclei being studied, one can observe
about one thousand interactions not subjected any
selection or several tens of peripheral interactions.
A sample of several hundred peripheral interactions
characterized by specific configurations of relativistic
fragments can be obtained in the case of transverse
scanning.

Tracks of He and H relativistic fragments identified
visually according to their charge are concentrated
within a cone bounded by sin θfr = pfr/P0, where
pfr = 0.2 GeV/c characterizes the Fermi momentum
of nucleons in the projectile nucleus and P0 is the
projectile momentum per nucleon. Owing to gran-
ularity of about 0.5 μm, the angular resolution over
a base of 1 mm is not poorer than 10−3 rad. The
transverse momentum PT of a fragment with mass
number Afr is given by PT ≈ AfrP0 sin θ in the ap-
proximation of P0 conservation. The assignment of
the H and He mass numbers is possible on the basis of
measurements of average multiple scattering angles.
The use of this cumbersome procedure is advisable
in particular cases for a limited number of tracks. In
the case of dissociation of stable nuclei, it is sufficient
to assume the He–4He and H–1H correspondence.
This simplification is even more justified in the case of
extremely narrow decays of 8Be and 9B [6].

The tracks of b particles (alpha particles and pro-
tons of energy below 26 MeV), g particles (protons
of energy above 26 MeV), and s particles (product
mesons) may be observed in the fragmentation of
NTE nuclei. The fact that fragments retain the charge
of beam nuclei in an event where the number of slow
fragments is moderately small is used as a criterion of
selection of peripheral interactions, which constitute
several percent of the total number of stars. The
most peripheral interactions, which are called coher-
ent dissociations or white stars, are not accompanied
by the the fragmentation of target nuclei or by meson
production. For photographs and videos of character-
istic interactions, we refer the interested reader to the
http://becquerel.jinr.ru/ website.

The invariant mass of an ensemble of relativistic
fragments is determined as the sum of the products of
the fragment 4-momenta Pi,k, M∗2 =

∑
(PiPk). The

subtraction of the mass of the primary nucleus or the
sum of the fragment masses, Q = M∗ −M , is the

issue of convenience of representation. The compo-
nents Pi,k are determined in the approximation of P0

conservation for the fragments. The reconstruction
implemented in the BECQUEREL experiment on the
basis of the invariant mass in the decays of 8Be and
9B relativistic unstable nuclei confirmed the validity
of this approximation [6].

The highest precision of the measurements is en-
sured upon the application of the coordinate method
with KSM-1 microscopes (Carl Zeiss, Jena) with
60-fold magnification in immersion oil. The mea-
surements are performed in a Cartesian system of
coordinates. The NTE layer is rotated in such a way
that the direction of the primary track under analysis
complies with the OX axis of the microscope table
within a deviation of 0.1 to 0.2 μm per 1 mm of length.
The OX axis of the coordinate system then complies
with the direction of the primary track projection onto
the layer plane, while the OY on it is orthogonal to the
primary track. The OZ axis is orthogonal to the layer
plane. The measurements are performed by means of
the horizontal-translation microscrews along the OX
and OY axes and by means of the sharpness-depth
microscrew along the OZ axis. The coordinates are
measured along primary and secondary tracks over
lengths of 1 to 4 mm with a step of 100 μm. The
planar and immersion angles are calculated on the
basis of their linear approximation.

3. STATUS OF THE INVESTIGATIONS

Searches for αBEC are predominantly based on
the use of compact spectrometers providing a large
solid-angle acceptance and are performed in experi-
ments with beams of light nuclei at energies of several
tens of MeV units per nucleon [5, 8–13]. Silicon de-
tectors characterized by the highest energy resolution
and positioned within vacuum volumes near ultrathin
targets are employed for this. Unstable nuclei and
states are identified on the basis of angular and energy
correlations in detected ensembles of alpha particles.

The experiment reported in [8] and implemented
in such a way that it permitted a complete detec-
tion of alpha-particle projectile fragments in the
40Ca(25 MeV/nucleon) + 12C reaction showed a
growing contribution of 8Be up to the alpha-particle
multiplicity of six. This contradicts the model that
predicts its reduction (see Table 2 in [8]). Searches
for decays of the 16O(0+6 , 15.1 MeV) state in the
20Ne(12 MeV/nucleon + 4He) and 16O(160, 280,
400 MeV) + 12C reactions were performed in [9]
and [11], respectively. Data obtained for the reaction
16O(45 MeV) +12 C → 4α in a complete kinemat-
ics [13] were recently analyzed for all possible config-
urations. The excitation function was reconstructed
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directly for the 4α channel, as well as for particular
reaction channels, such as 12C(0+2 )α, 12C(3−1 )α, and
28Be. However, searches for the 15.1-MeV state did
not lead to a positive result in all of the cases [12].
Measurements of coincidences of alpha particles (at
386 MeV) scattered at zero angle in the reaction
20Ne(α,α′)5α were performed [5]. It is stated that the
newly observed states at 23.6, 21.8, and 21.2 MeV in
20Ne are intimately related to the 16O 4αBEC candi-
date and may be viewed themselves as candidates for
αBEC.

Although the status of observations of αBEC re-
mains uncertain [11], it turns out that, in all cases, the
Hoyle state arises from the fragmentation of not only
12C. This circumstance is indicative of the progenitor
independence of both the Hoyle state and the 8Be
nucleus. Candidates for αBEC are also expected
to exhibit universality of this kind. By and large, it
seems that, in what concerns statistics, experiments
aimed at searches for 4αBEC states approached a
limit accessible in practice. It is necessary to address
peripheral collisions of heavier nuclei that would have
higher energies. In order to unify data obtained in
the widest possible energy range and to confirm, on
this basis, the universality of αBEC, it is required to
represent unstable states in a relativistically invariant
form.

Electron experiments in beams of relativistic nu-
clei did not overcome difficulties associated with the
quadratic dependence of ionization on charges, an
extremely small divergence of relativistic fragments
and beam nuclei, and their coincidence in the mag-
netic rigidity. An object-oriented application of the
NTE method, which is technically straightforward
and is not expensive, is the only practicable alterna-
tive. This method provides flexibility and consistency
at the stage of searches and clarity of interpretation in
the theoretical aspect. Exposures of NTE stacks to
light nuclei of energy equal to several GeV units per
nucleon at the synchrophasotron of Joint Institute for
Nuclear Research (JINR, Dubna) and at LBL’s Be-
valac (Betatron) started in the 1970s, while exposures
to medium-mass and heavy nuclei at substantially
higher energies began in the 1990s at Alternating
Gradient Synchrotron (AGS, Brookhaven National
Laboratory) and Super Proton Synchrotron (SPS,
CERN). The results of these irradiations and NTE
layers were preserved in the BECQUEREL exper-
iment. They form a data set that is unique at the
present time in what concerns relativistic fragmenta-
tion and which includes, among other things, identi-
fication of 8Be. The latter proves observation of final
states down to the minimum decay energy. By and
large, this fact served as a motivation for choosing

nuclear clustering as an object of study by the NTE
method in the relativistic approach.

Since the early 2000s, the application of the NTE
method has been continued in the BECQUEREL
experiment at the JINR Nuclotron with the aim of
studying the fragmentation of light nuclei (for an
overview, see [5, 6]). Special features of the isotopes
7,9Be, 8,10,11B, 10,11C, and 12,14N manifested them-
selves in the probabilities for dissociation channels.
The decay processes 9B →8Bep were identified on
the basis of the invariant mass calculated under the
assumption of primary momentum conservation. It
was shown that the NTE resolution was a necessary
and sufficient condition. The selection of 8Be was
determined by a cut at 0.2 MeV (see Figs. 1a and 1b),
while the selection of 9B was determined by a cut at
0.5 MeV (see Fig. 1c).

The identification of 8Be and 9B nuclei became a
motivation to perform searches for Hoyle state decays
in the dissociation process 12C → 3α (see Fig. 1d),
where a cut of 0.7 MeV was set on the 3α invariant
mass. The choice of these three conditions as upper
bounds is sufficient since the values of the decay en-
ergy for these three states are substantially lower than
the closest excitations that have the same nucleon
composition and since the reflection of more complex
excitations is not significant for these nuclei.

An analysis of 12C → 3α and 16O → 4α white
stars not accompanied by target fragments made it
possible to prove that the fraction of events containing
8Be (Hoyle state) decays is 45± 4% (11± 3%) for
12С and 62 ± 3% (22± 2%) for 16O (see Fig, 1b).
One can see that an increase in the number of 2α
and 3α combinations enhances the contribution of
8Be and the Hoyle state. This observation calls for
a verification for heavier nuclei, in which case the
combinatorics of alpha particles grows sharply with
mass number.

A simple selection of the above decays became
possible owing to the fact that the values of the decay
energy for these three states are substantially lower
than the closest excitations that have the same nu-
cleon composition, the reflection of more complex ex-
citations being insignificant. The same approach can
be extended to further searches for states immediately
above the alpha-particle binding energies. The pos-
sible formation of the Hoyle state through the alpha
decay of 16O(0+6 ) was explored. The distribution of
16O → 4α white stars with respect to the 4α invariant
mass Q4α (see Fig. 2) is described, for the most part,
by a Rayleigh distribution with parameter σQ4α =
(6.1± 0.2) MeV. The condition Q3α(HS) < 700 keV
shifts the Q4α distribution toward lower energies. A
magnified shape of the Q4α distribution (see inset in
Fig. 2a) is indicative of the presence of nine events
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Fig. 1. Invariant-mass distributions [7]: (a) Q2α in 9Bе(1.2 GeV/nucleon) → 2α (dotted curve) and white stars
(solid curve); (b) Q2α in 12C(3.65 GeV/nucleon) → 3α (solid curve) and 16O(3.65 GeV/nucleon) → 4α (dashed curve);
(c) Q2αp (<1 MeV) in 10С(1.2 GeV/nucleon) → 2α2p (solid curve), 11С(1.2 GeV/nucleon) → 2α2p (dotted curve),
and 10B(1 GeV/nucleon) → 2αp (dashed curve); and (d) Q3α in 12C(3.65 GeV/nucleon) → 3α (solid curve) and
16O(3.65 GeV/nucleon) → 4α (dashed curve).

that satisfy the condition Q4α < 1 MeV and for which
the mean value is 〈Q4α〉(RMS) = 624± 84(252) keV.
The contribution of the decay processes 16O(0+6 ) →
α+ HS is then estimated at 1.4± 0.5% in the case of
normalization to Nws(

16O) and at 7± 2% in the case
of normalization to NHS(

16O).

Thirty-three 16O → 28Be events were identified.
This value constitutes 5± 1% of 16O → 4α white
stars. The ratio of events in the 16O → 28Be and
16O → αHS data samples is then 0.22± 0.02. The
distribution of 16O → 28Be events with respect to the
invariant mass Q4α in Fig. 2b is indicative of the
presence of two 16O(0+6 ) → 28Be candidates in the
region of Q < 1.0 MeV. Thus, the estimated ratio of
the probabilities for the channels 16O(0+6 ) → 28Be
and 16O(0+6 ) → αHS is 0.22 ± 0.17. We can con-
clude that, although direct dissociation is dominant
in Hoyle state production, the search for its 4α pre-
cursor is possible. Since the enlargement of statistics

of 16O → 4α events was exhausted, investigation of
alpha-particle ensembles was continued for heavier
nuclei.

4. UNSTABLE STATES IN THE
DISSOCIATION OF KRYPTON NUCLEI

It is hardly probable that the states considered
above form a universal, albeit exotic, part of the struc-
ture of nuclei studied thus far. The formation of 8Be
nuclei in the interaction of pairs of alpha particles
already produced is an alternative possibility. This
may be followed by the pickup of other alpha particles
and nucleons by 8Be nuclei. As the alpha-particle
multiplicity nα becomes higher, it is natural to expect
the growth of the 8Be yield and, possibly, of the 9B
and Hoyle state yields. Within this scenario, nαBEC
states can be sequentially produced. On the contrary,
one could expect an inverse correlation within the first
scenario—the growth of nα would lead to a deficit of
8Be.
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The results of the emulsion collaboration that were
obtained by measuring the interactions of 16О, 22Ne,
28Si, and 197Au nuclei at the JINR synchrophasotron
and the results obtained by the EMU Collaboration at
AGS [14] by scanning along tracks (that is, without
selections) were analyzed in this context. A wide
coverage in nα permitted measuring 1316 inelastic
interactions of 197Au at 10.7 GeV/nucleon, and the
fraction of nα > 3 events among them turned out to
be 16%. Since a complication of the measurements
in question was needed, the more lenient selection
criterion of Q2α(

8Be)�0.4 MeV was imposed. It
turned out that the ratio of the number Nnα(

8Be) of
events featuring at least one identified 8Be decay to
Nnα exhibits a strong growth with increasing nα.

The interactions of 197Au involves triples sub-
jected to the selection criteria ofQ2αp(

9B) � 0.5MeV
and Q3α(HS) � 0.7 MeV. The ratios of the event

numbers Nnα(9B), Nnα(HS), and Nnα(28Be) to
Nnα(8Be) do not show a sizable change with nα,
suggesting a growth with respect to Nnα. However,
only this trend can be noticed because of the scanti-
ness of statistics. Summation of Nnα(9B), Nnα(HS),
and Nnα(28Be) over the multiplicities of nα and a
normalization to the sum of Nnα(8Be) lead to the rel-
ative contributions of 25± 4%, 6± 2%, and 10± 2%,
respectively. The distribution of Q4α indicates that
alpha-particle quartets (4α) appear nearly at the very
threshold and permits the reconstruction of Hoyle
state and 28Be decays among them upon imposing
the condition Q2α(

8Be) � 0.2 MeV. Of these decays,
one, for which Q4α = 1.0 (16α, HS) MeV provides a
guideline for 4αBEC searches.

At the present time, the statistics of nα ensembles
is being extended via a transverse scanning of NTE
layers irradiated with 84Kr nuclei at 950 MeV per
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nucleon (GSI, early 1990s) [15]. The distributions
of nα and the longitudinal coordinates of interac-
tion vertices for events that were found are shown
in Fig. 3. In this case, the energy loss is approxi-
mately uniform up to 6 cm and amounts to about 9
MeV/mm (the total range is about 8 cm) [16]. This
effect is taken into account on the basis of the range
to each interaction vertex via respectively reducing
the alpha-particle momentum in calculating Q(2−4)α.
Moreover, the fragment momentum is taken with a
coefficient of 0.8. This coefficient, which is immaterial
for the selection criterion Q2α(

8Be) � 0.4 MeV, per-
mits, in the following, retaining the selection condi-
tionQ3α(HS) < 0.7 MeV with an eye to theQ3α(HS)
peak.

Figure 4a shows the Q2α distribution of 173 mea-
sured stars for which nα > 3. In order to reach the
best selection of 8Be decays, the emission angles were
determined in this data sample on the basis of values
averaged over five-fold measurements of coordinates
of five points along the track of each alpha particle at
a distance of up to 500 μm from the interaction ver-
tex. This distribution was supplemented with the Q2α

values for 184 nα > 3 stars from the total number
Nev = 875 of interactions of 84Kr nuclei at energies
ranging from 950 down to 800 MeV per nucleon [15].
For want of information about the positions of the
vertices, the energy was set to 875 MeV per nucleon,
while the coefficient of 0.8 was not used. This choice
was not critical for identification on the basis of the
selection criterion Q2α(

8Be) � 0.4 MeV. Figure 4b
shows distributions of tracks of alpha particles under
the condition of Q2α(

8Be) � 0.4 MeV in polar angles
with respect to the direction of tracks of krypton nu-
clei.

The statistics Nnα of nα > 3 stars in the new
measurements and in the data in [15] are close. The
similarity of the distributions of Nnα with respect to
nα within the statistical uncertainties is indicative
of the correctness of transverse scanning. The ratio
Nnα/Nev based on the data reported in [15] gives an
idea of the contribution of nα > 3 stars to the cross
section for interaction with emulsion nuclei. Table 1
gives statistics of nα > 3 stars that feature at least
one or two decays of 8Be, as well as the Hoyle state.
The statistics of both samples are summed in the
ratio Nnα(�18Be)/Nnα. We can conclude that the
universal effect of an increase in the probability for
finding 8Be in an event as nα grows in this event
manifests itself for yet another nucleus and at the
lowest energy value.

The new measurements made it possible to iden-
tify 12 decays of 28Be and nine decays of the Hoyle
state (see Table 1). The distribution of Q3α up to
2 MeV in Fig. 5a shows the expected concentration

of alpha-particle triples in the vicinity of the Hoyle
state decay energy. Adopting this fact as a calibration,
we also introduce the coefficient of 0.8 for the alpha-
particle momenta in the calculation of Q4α. Figure 5b
shows the distributions of alpha-particle tracks for
Q3α(HS) � 0.4 MeV in polar angles with respect to
the direction of tracks of krypton nuclei.

The distributions of Q4α up to 10 MeV are pre-
sented in Fig. 6 under the conditions Q2α(

8Be) �
0.4 MeV and Q3α(HS) < 0.7 MeV (a) and under
the condition Q2α(

8Be) � 0.4 MeV imposed on two
alpha-particle pairs (b). Either of these two distribu-
tions suggest the presence of a 4α quartet at nα = 6
with an isolated value of Q4α = 0.6 MeV correspond-
ing both to the αHS version and to the 28Be version.
With allowance for a correction in this event, the en-
ergy of the krypton nucleus is 700 MeV per nucleon,
while the polar angles in the alpha-particle quartet
with respect to the direction of the traces of krypton
nuclei are 58, 63, 73, and 75× 10−3 rad. Without
contradicting 16O(0+6 ) decay, this single observation
serves as a starting point for a further accumulation
of statistics concerning the 4αBEC problem.

5. ISOBAR ANALOG STATES IN LIGHT
NUCLEI

Study of unstable states indicates that searches
for more complex states in light nuclei are possible:
we mean here isobar analog states suggesting rear-
rangement toward similarity to less stable isotopes
characterized by a less degree of alpha-particle clus-
tering. Although isobar analog states lie at rather
high energies (13 to 18 MeV), they have widths Γ
that are smaller than those of neighboring excitations
because of the ΔT = 1 isospin forbiddenness of their
decays—that is, a higher degree of alpha-particle
clustering. It can be assumed that, in light nuclei,
T = 1 hn and tp configurations are excited in isobar
analog states up to the binding energy (see Fig. 7).
Here, a 3He cluster is denoted by h (helion). This
virtual transition may be due to a nucleon spin flip in
the alpha-particle quartets nn–pp (see Fig. 7a). It is
impossible in a free alpha particle but may manifest
itself in the diffraction scattering of alpha particles.

A manifestation of hn–tp pairs can be traced
starting from 8Be (see Fig. 7b), where there is a
doublet of isospin-mixed (T = 0 + 1) excitations
8Be(16.6), whose width isΓ = 108 keV, and 8Be(16.9),
whose width is Γ = 74 keV. Lying below the 7Li + p
threshold (17.255) and decaying to an alpha-particle
pair exclusively, these levels are candidates for theα+
(hn/tp) configuration. The 8Be(16.6 + 16.9) levels lie
rather far from the closest excitation 8Be4+(11.4) of
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Fig. 4. Distribution of all combinations of pairs of alpha particles produced in the fragmentation of 84Kr nuclei with respect
to the invariant mass Q2α < 2 MeV (a) according to new measurements and data obtained earlier [15] (dotted curve) and
distribution of tracks of alpha particles subjected to the condition Q2α(

8Be) � 0.4 MeV with respect to polar angles (b).

Table 1. Statistics Nnα of nα > 3 stars (statistics of the data sample from [14] is given in parentheses)

nα 4 5 6 7 8 9–13

Nnα 40(69) 50(54) 21(27) 10(19) 15(12) 7(3)

Nnα/Nev, % (7.9 ± 1.0) (6.2 ± 0.9) (3.1 ± 0.6) (2.2 ± 0.5) (1.4 ± 0.4) (0.4 ± 0.2)

Nnα(�18Be) 5(15) 16(10) 12(13) 4(10) 11(8) 4(3)

Nnα(�18Be)/Nnα, % 19 ± 5 25 ± 6 52 ± 13 48 ± 16 70 ± 21 70 ± 35

Nnα(28Be) 0 2 2 1 5 2

Nnα(HS) 1 2 1 1 2 2
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Fig. 5. (a) Distribution of all combinations of triples of alpha particles in the region of Q3α < 2 MeV under the condition
Q2α(

8Be) � 0.4 MeV imposed on the invariant mass that were produced in the fragmentation of 84Kr nuclei and (b)
distributions of tracks of alpha particles for Q3α(HS) � 0.7 MeV with respect to polar angles in the region of Q2α(

8Be) �
0.4 MeV.

width Γ = 3.5 MeV, and this permits their simulta-

neous identification in the relativistic-fragmentation

process 9Be → 2α. Higher them they, there is the

T = 1 isobar analog state 8Be(17.640) of width Γ =
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Fig. 6. Invariant-mass distribution of all combinations of alpha-particle quartets from the fragmentation of 84Kr nuclei in
the region of Q3α < 10 MeV under the conditions of Q2α(

8Be) � 0.4 MeV and Q3α(HS) < 0.7 MeV (a) (a) and under the
condition of Q2α(

8Be) � 0.4 MeV imposed on two alpha-particle pairs (b).

(a)4He

9B(Jπ = 1/2−, T = 1/2)

8B*(16.6 + 16.9, 108 + 74 keV Jπ = 2+, T = 0 + 1)

13N*(15.065, 0.86 keV Jπ = 3/2−, T =3/2)

9B + α

p + 12C: 01 (0.24) 21 (0.15) 02 (0.05)+ + +

9B*(14.655, 0.395 keV Jπ = 3/2−, T = 3/2)
13N(Jπ = 1/2−, T = 1/2)

S = 0, T = 0

S = 1, T = 1

8Be (b)

(c) (d)

Fig. 7. Scenario of the emergence of an isobar analog state owing to the excitation of an alpha-particle configuration in (a)
light nuclei, (b) 8Be, (c) 9B, and (d) 13N.

10.7 keV above the threshold for isospin-allowed
decay to 7Li + p. Because of the difference in the
magnetic rigidity of decay products, the identification
of the latter is convenient in an electron experiment.

The addition of a proton leads to the excitation of
the α+ (hn/tp) + p state with T = 3/2 (see Fig. 7c),
and this could correspond to the isobar analog state
9B(14.655) of width Γ = 0.395 keV. In studying the

coherent dissociation of 10C nuclei at an energy of
2 GeV per nucleon, it was found that the 2He2H
channel is leading (82%), which is due largely to 9B
decays (30%) (for an overview, see [5]). Perfect agree-
ment of the ground-state decays 9B →8Be mani-
fested itself, which renders 10C an efficient source of
9B. Available angular measurements in 10C → 2α2p
white stars make it possible to verify the presence of
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Fig. 8. Distributions of the invariant mass Q3αp in 60 14N → 3αp events.

9B(14.655) decays in them. They are supplemented
with measurements for 2α2p stars containing target
fragments or product mesons, the statistics of these
measurements being improved.

To date, searches for 14N → 3α(+H) events at an
energy of 2 GeV per nucleon have been quickened on
the basis of transverse scanning of NTE layers. The
leading role of the 3HeH channel in the distribution
of the fragmentation channels preserving the charge
of 14N was revealed, and the contribution of the decay
process 8Be → 2α was estimated at 25% to 30% [6,
17]. The initial goal was to determine the 8Be, 9B, and
Hoyle state contributions. Since 14N fragmentation
turns out to be a source of 3αp ensembles, the isobar
analog state 13N(15.065) of isospin T = 3/2 in the
excitation spectrum of 13N at 5.6 MeV above the 9Bα
threshold becomes yet another object of investiga-
tions. Because of forbiddenness in isospin, the width
of 13N(15.065) is as small as Γ = 0.86 keV. In princi-
ple, 12C(0+2 )p and 9Bα decays, each having a proba-
bility of 5%, may be signatures of 13N(15.065) [18].

Let us consider the 13N(15.065) state within the
α-cluster scenario in Fig. 7d. The values of T =
3/2 and J = 3/2 are possible in the 2α+ (hn) + p
and 2α+ (tp) + p configurations involving hn or tp
virtual pairs of spin J = 1. The transition is possible
via S-wave nucleon spin flip in the 3αp ensemble
without completely overcoming the hn and tp binding
threshold (about 20 MeV). The decay of 13N(15.065)
is initiated by the return of the nucleon to the alpha-
particle cluster, the released energy being spent to
proton emission or alpha-particle emission, and the

excited and ground states of 12C and 9B nuclei, re-
spectively. As a signal of the branch of isobar analog
states, the discovery of the decay 14N →13N(15.065)
would be a motivation to perform their searches in the
fragmentation of neighboring nuclei. Searches for the
T = 1 14N(>20.4 MeV) state by its decays to 3αd,
which are also suppressed in isospin, are yet another
possibility.

Figure 8 illustrates the status of the analysis. It
shows evidence of the possible presence of an isobar
analog state in the range between 5 and 9 MeV above
the 3αp threshold, and this is satisfactory within the
approach used. Thus, a bound alpha particle man-
ifests itself as an elastically deformable object that
forms a basis of the whole family of quite long-lived
states. Its relaxation to an S-wave state determines
final states of the decays of isobar analog states.

6. CONCLUSIONS

The status of the BECQUEREL experiment
aimed at studying hotly debated problems of nuclear-
cluster physics is presented. Owing to a unique sen-
sitivity and a high spatial resolution, the NTE method
used permits studying, within a unified approach,
multiparticle final states arising upon the dissociation
of a wide variety of nuclei.

Investigations performed at the present time fo-
cus on the concept of alpha-particle Bose–Einstein
condensate of an ultracold state of several S-wave
alpha particles near binding thresholds. The un-
stable nucleus 8Be is described as a 2αBEC state,
while the 12C(0+2 ) excitation or the Hoyle state is
described as 3αBEC. The decays 8Be → 2α and
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12C(0+2 ) →8Beα may serve as signatures of more
complex decays of nαBEC. For example, the 0+

6

state sought in the 16O nucleus at 660 keV above
the 4α threshold and treated as 4αBEC may undergo
sequential decay through the 16O(0+6 ) → α12C(0+2 )

channel or through the 16O(0+6 ) → 28Be channel.
Its searches are performed in several experiments
thatstudy the fragmentation of light nuclei at low
energies. A confirmation of the existence of this and
more complex forms of αBEC could provide a basis
for extending scenarios of the synthesis of medium-
mass and heavy nuclei in nuclear astrophysics.

A treatment of αBEС as an invariant phenomenon
suggests the possibility of its searches in NTE layers
longitudinally irradiated with relativistic nuclei. In
this case, the invariant mass of the ensembles of
helium and hydrogen fragments can be determined
on the basis of emission angles in the approximation
of conservation of the parent-nucleus momentum per
nucleon. Owing to extremely low values of the energy
and widths, 8Be and Hoyle state decays, as well as
the decay process 9B →8Bep, are readily identifiable
in the fragmentation of light nuclei upon setting an
upper cut on the invariant mass.

Once having been tested, this approach came to
be applied in identifying 8Be and the Hoyle state
and in searching for more complex nαBEC states in
the fragmentation of medium-mass and heavy nu-
clei. On the basis of a statistical data sample in-
cluding several tens of 8Be decay events, it has re-
cently been found that the probability for observ-
ing 8Be in an event grows with increasing num-
ber of relativistic alpha particles in it. A prelim-
inary conclusion that the contributions of 9B and
Hoyle state decays also grow was drawn. Exoti-
cally large dimensions and long lifetimes of the 8Be
nucleus and Hoyle state give grounds to assume
the possibility of synthesis of αBEC via the sequen-
tial alpha-particle fusion 2α →8Be, 8Beα →12C(0+2 ),
12C(0+2 )α →16O(0+6 ), 28Be →16O(0+6 ) and so on,
with a probability decreasing at each step, upon the
emission of photons or recoiling particles.

The main task of the forthcoming stage is to clarify
the connection between the emergence of the 8Be
nucleus and Hoyle state, on one hand, and the multi-
plicity of alpha-particle ensembles, on the other hand,
and to perform, on this basis, searches for decays
of the 16O(0+6 ) state. In this connection, the BEC-
QUEREL experiment is aimed at measuring multi-
particle channels of fragmentation of 84Kr nuclei at
energies of up to 1 GeV per nucleon. The available
number of NTE layers is sufficient for reaching the
required level of statistics via transverse scanning of

these layers. The data presented in this article is
the first contribution to the object-oriented search
for 4αBEC. Although the data that we obtained are
promising, a confirmation of 4αBEC calls for a sever-
alfold enlargement of statistics.

As a continuation of the studies devoted to the
fragmentation of light nuclei, searches for decays of
isobar analog states were launched. Manifesting
themselves at high excitation energies, but simulta-
neously having rather small widths, isobar analogous
states serve as signatures of the rearrangement of the
structure toward similarity to their less stable isobars.
An analysis of irradiations of nuclear emulsions with
9Be, 14N, 22Ne, 24Mg, and 28Si nuclei has been re-
vived in this context.

The problems in question can be tackled via the
application of the fully motorized Olympus BX63
microscope recently delivered for use in the BEC-
QUEREL experiment. Mastering its potentialities is
a particular methodological challenge. We cherish the
hope that its application and advances in the analysis
of images would give new impetus to the application
of the NTE method.
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