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Abstract—In this paper, the correlation between the formation of the unstable 8Be nucleus and accompanying
α particles in the fragmentation of relativistic 16О, 22Ne, 28Si, and 197Au nuclei in a nuclear track emulsion is
investigated. The 8Be decays are identified in a wide energy range by invariant masses calculated from 2α-pair
opening angles. The adopted approximations are verified by data on fragmentation of 16O nuclei in a hydro-
gen bubble chamber in a magnetic field. An increase in the 8Be contribution to the dissociation with the
growth of α-particle multiplicity is found.
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INTRODUCTION
The phenomenon of a multiple fragmentation of

relativistic nuclei has a hidden potential for the study
of nonrelativistic ensembles of H and He nuclei [1].
The decays of unstable nuclei 8Be → 2α and 9B → 2αp
and the Hoyle states HS → 3α [2] are of actual inter-
est. Each of these unstable states has extremely low
decay energy. Consequently, against the background
of other relativistic fragments, they should appear as
pairs and triplets with the smallest opening angles.
The lifetimes of 8Be (5.6 eV) and 9B (540 eV) unstable
states and HS (9.3 eV), which are inversely propor-
tional to their widths, make them full-fledged partici-
pants of relativistic fragmentation. Their decay prod-
ucts are formed at range from several thousand
(8Be and HS) to several tens (9B) of atomic sizes, i.e.,
over times that are many orders of magnitude longer
than the times of generation of other fragments. The
predicted sizes of these states are exotically large [3].
All these facts make HS, 9B, and 8Be extremely inter-
esting objects for understanding the microscopic pat-
tern of fragmentation and signatures in the search for
more complex nuclear–molecular structure states
decaying through them.

The identification of decays requires recovering
invariant masses: Q2α of 2α pairs, Q2αp of 2αp triplets,
and Q3α of 3α triplets, respectively. Generally, invari-
ant mass Q = M* – M is set by the sum M*2 = ∑(PiPk),
where Pi,k are the 4-momenta of the fragments and M
is their mass. In the case of relativistic fragmentation,

the application of this variable is feasible only within
the nuclear track emulsion (NTE) method. The NTE
layers with thicknesses from 200 to 500 μm, longitudi-
nally exposed to the nuclei under study, provide accu-
rate detection with 0.5 μm resolution of angles
between the directions of relativistic fragments emitted
in a cone sinθfr = pfr/P0, where pfr = 0.2 GeV/c is the
characteristic nucleon Fermi momentum in the pro-
jectile nucleus with momentum per nucleon P0. In
order to calculate Q2α and Q3α, it is sufficient to
assume that the fragments retain the momentum per
nucleon of their primary nucleus and to use only their
measured emission angles. Below, it is shown that, in
the case of extremely narrow decays of 8Be and 9B, the
measured contributions of 3He and 2H are small.
Therefore, the He–4He and H–1H correspondence is
assumed. Charges 1 and 2 are identified visually in
NTE. The decay energies of these three states are con-
siderably lower than the energies of the next excitation
levels with the same nucleon composition, and the
display of more complex excitations is unlikely for
these nuclei. Therefore, a simple constraint on the
invariant mass of the ensemble is sufficient for their
identification. The sampling conditions tested in the
most convenient cases of 9Be, 10B, 10C, 11C, and 12C
isotope dissociation are Q2α(8Be) ≤ 0.2 MeV, Q2αp(9B)
≤ 0.5 MeV, and Q3α(HS) ≤ 0.7 MeV [2].

The unstable states are generated most efficiently
during the coherent dissociation (or in “white” stars)
that is not accompanied by the target fragments,
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Fig. 1. Scenario of generation of multiple fragments: (1) approaching nuclei; (2) transfer of excitation to the studied nucleus;
(3) transition to a system containing real lightest nuclei and nucleons; (4) decay of the system; and (5) capture and aggregation of
some fragments into unstable states.
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because nucleon escape from the fragmentation cone
is minimal in the events of this type. The analysis of
“white” stars 12C → 3α and 16O → 4α showed that the
fraction of events containing 8Be (HS) decays is 45 ±
4% (11 ± 3%) for 12С and 62 ± 3% (22 ± 2%) for 16O
[4, 5]. Supposedly, the growth of 2α and 3α combina-
tions increases the contribution of 8Be and HS. This
observation needs verification for heavier nuclei when
the number of α combinations increases rapidly along
with the mass number. The invariant mass method was
used to estimate the contributions of 8Be, 9B, and HS
decays to the relativistic fragmentation of Ne, Si, and
Au [2]. The features of the unstable state formation
will be presented in this aspect.

It is possible that unstable states are present in the
nucleus structure or emerge somehow at their periph-
ery, which results in fragmentation. An alternative is
that 8Be is generated in the interaction of generated α
particles with the subsequent capture by accompany-
ing α particles and nucleons and the emission of nec-
essary γ quanta or recoil particles. This may result in
the increase in the yield of 8Be with the increasing
multiplicity of α particles per event and possible 9B
and HS decay through 8Be. Therefore, finding the
relation between the formation of unstable states and
PH
the multiplicity of accompanying α particles is of par-
ticular interest. In Fig. 1, this scenario is presented in
the reference system of a fragmenting nucleus:
approaching nuclei, transfer of excitation, transition to
a system containing the lightest nuclei and nucleons,
its decay, and aggregation of some fragments into
unstable states.

INFLUENCE OF IDENTIFICATION 
OF H AND He FRAGMENTS

The assumed approximations can be verified by
data obtained upon irradiation with 16О nuclei with
energy of 2.4 GeV/nucleon of a one-meter hydrogen
bubble chamber VPK-100 placed in a magnetic field at
the Joint Institute for Nuclear Research (JINR) [6]. In
this case, a peak is observed in the initial part of the
opening angle distribution Θ2α of 2α pairs (Fig. 2),
which corresponds to 8Be decays [6]. When Q2α is cal-
culated using measured momenta PHe of He frag-
ments, which are recovered with an insufficient accu-
racy, the signal of 8Be almost disappears. It is still pos-
sible to record the momenta, as in the NTE case. The
values of PHe and PH normalized to the initial momen-
tum P0 (per nucleon) identify isotopes of He and H.
According to Fig. 3, the condition Q2α(8Be) ≤ 0.2 MeV
YSICS OF ATOMIC NUCLEI  Vol. 84  No. 9  2021
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Fig. 2. Distribution of 2α-pair combinations vs. opening
angle Θ2α for the entire statistics (solid line) and under the
condition Q2α(8Be) ≤ 0.2 MeV (dashed line) in fragmenta-
tion of 16О nuclei with momentum 3.25 GeV/c/per nuc-
leon on protons.
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removes the 3He contribution, while the proton con-
tribution is 90% among the H fragments.

The distributions over invariant masses of all 2α
pairs Q2α, 2αp triplets Q2αp, and 3α triplets Q3α pre-
sented in Fig. 4 are calculated according to the angles
found using the VPK-100. Distributions with selection
of 4He (3.5 ≤ PHе/P0 ≤ 4.5), protons (0.5 ≤ PH/P0 ≤
1.5), and 8Be (Q2α(8Be) ≤ 0.2 MeV) are added. The
version with fixed momenta, which depends only on
the fragment emission angles, displays 8Be and 9B
peaks. A small number of HS candidates are present.

Table 1 shows the variations of unstable state con-
tributions to events with multiplicity nα of α particles
(which are the identified 4He nuclei in this case). With
the increase in nα, the probability of detecting 8Be
PHYSICS OF ATOMIC NUCLEI  Vol. 84  No. 9  2021

Fig. 3. Distribution of (а) H and (b) He relativistic fragments ove
momentum per nucleon P0 (solid line) in fragmentation of 16О
samples with conditions Q2α(8Be) ≤ 0.2 MeV and Q2αp(9B) ≤ 0.
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increases. The increase in nα leads to a relative
decrease in Nnα(9B), which can be explained by the
decrease in the number of protons available to form 9B.
On the contrary, Nnα(HS) increases owing to the
increase in the number of α particles available to gen-
erate HS. In the coherent dissociation 16O → 4α, the
fraction of HS decays with respect to 8Be is 35 ± 1%,
which does not contradict the value nα = 4 in the
harder interaction 16О + p (Table 1). These facts indi-
cate the universality of the 8Be and HS generation.

The analysis of momenta in the magnetic field
allows comparing the ratio of contributions of stable
and unstable Be and B isotopes to the fragmentation
16О + p under identical observational conditions. In
Fig. 5, distributions of these fragments are shown with
respect to the PBе(B)/P0 ratio, which is an estimate of
the mass number in the fragmentation cone. For con-
venience, the data on the decays of 8Be and 9B are
given with the decreasing (0.5) and increasing (3) fac-
tors. Parameterization by Gaussians makes it possible
to isolate peaks with half-widths approximately equal
to 0.5 and to estimate the isotope statistics. Superim-
position of total momentum distributions of 2α pairs
P2α/P0 for Q2α(8Be) ≤ 0.2 MeV and 2αp triplets P2αp/P0

for Q2αp(9B) ≤ 0.5 MeV displays them in the ranges
corresponding to 8Be and 9B. Then the statistics for
7Be, 8Be, 9Be, and 10Be are 196, 345, 92, and 46, and
the statistics for 8B, 9B, 10B, 11B, and 12B are 33, 60,
226, 257, and 70, respectively. Since the data are
obtained uniformly, these values can be used for com-
parison. The ratio for 9B and 9Be mirror nuclei is 0.7 ±
0.1. However, it is not 1, which indicates differences in
the formation of these fragments. At the same time,
the fact that the statistics are of the same order of mag-
nitude is an independent argument in favor of correct-
r the ratios of their measured PH and PHe momenta to the initial
 nuclei with momentum of 3.25 GeV/c per nucleon on protons;
5 MeV (dashed line) are indicated.
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Fig. 4. Distribution of the events of fragmentation of 16О nuclei with momentum of 3.25 GeV/c per nucleon on protons over
(а) Q2α, (b) Q2αp, and (с) Q3α; distributions with conditions on 4He, protons, and 8Be are added.
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ness of the identification of 9B in the assumed approx-
imation.

CORRELATION WITH THE MULTIPLICITY 
OF α PARTICLES

Scanning along primary tracks in the NTE makes it
possible to detect interactions without sampling, in
particular, with different numbers of relativistic He
and H fragments. Although the available statistics of
multiple channels is many times smaller than that
obtained by the cross scanning, this allows us to trace
its evolution with nα and to assign a reference point for
including the results of the accelerated search in the
overall picture. Next, measurements based on detect-
PH

Table 1. Statistics of 16О + p events in VPK-100 containing
at least one 8Be decay candidate Nnα(8Be), 9B, or HS pro-
vided Q2α(8Be) ≤ 0.2 MeV among Nnα events of fragmenta-
tion of 16O nuclei on protons with multiplicity nα

nα
Nnα(8Be)/Nnα 

(% Nnα)
Nnα(9B) 

(% Nnα(8Be))

Nnα(HS) 
(% Nnα(8Be))

2 111/981 (11 ± 1) 29 (26 ± 6) —
3 203/522 (39 ± 3) 31 (15 ± 3) 36 (18 ± 3)
4 27/56 (48 ± 11) — 11 (41 ± 15)
ing the tracks of relativistic 16О, 22Ne, 28Si, and 197Au
nuclei in the NTE are used. These data were obtained
by the emulsion collaboration at the JINR synchro-
phasotron in the 1980s and the EMU collaboration at
the AGS (BNL) and SPS (CERN) synchrotrons in the
1990s [7–11]. Photo and video records of characteris-
tic interactions are available [1, 12]. The irradiation of
NTE with heavier nuclei allows us to extend the mul-
tiplicity of relativistic α fragments nα in the studied
events. Data on the ratio of the number of events
Nnα(8Be) involving at least one 8Be decay candidate to
the Nnα channel statistics as a function of nα are pre-
sented in Fig. 5.

There are measurements of interactions of 16О
nuclei at 3.65, 14.6, 60, and 200 GeV/nucleon. For all
values of the initial energy, peak Q2α(8Be) ≤ 0.2 MeV is
observed [13]. In the initial energy range covered, the
Nnα and Nnα(8Be) distributions show similarity, which
allows us to summarize the statistics. The final ratio
Nnα(8Be)/Nnα (%) increases from nα = 2 (8 ± 1) to 3
(23 ± 3) and 4 (46 ± 14). Its increase is observed in the
cases of “white” stars 12C → 3α and 16O → 4α (Fig. 5).
Measurements made in the NTE layers exposed to
22Ne nuclei with the energy of 3.22 GeV/nucleon and
with 28Si nuclei with the energy of 14.6 GeV/nucleon
extend the range of nα (Fig. 5). In both cases, no
YSICS OF ATOMIC NUCLEI  Vol. 84  No. 9  2021
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Fig. 5. Distribution of relativistic fragments of (а) Be and (b) B over the ratios of their measured momenta PH and PHe to the
initial momentum per nucleon P0 (solid line) in fragmentation of 16О nuclei with momentum 3.25 GeV/c per nucleon on protons;
dots show the approximations by the sums of Gaussians; data on 8Be and 9B decays are superimposed by dashed lines.
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Fig. 6. Dependence of the relative contribution of Nnα(8Be) decays to the statistics of Nnα events on the α-particle multiplicity nα
in the relativistic fragmentation of C, O, and Ne nuclei (a) and Si and Au nuclei (b); “white” stars 12C → 3α and 16O → 4α (WS)
are marked; for convenience, the points are slightly shifted from the values of nα and connected by dashed lines.
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change in the condition Q2α(8Be) ≤ 0.2 MeV is
required. In these cases, the ratio Nnα(8Be)/Nnα (%)
continues to grow with multiplicity nα = 2 (6 ± 1), 3
(19 ± 3), 4 (31 ± 6) for 22Ne and nα = 2 (3 ± 2), 3 (13 ±
5), 4 (32 ± 6), 5 (38 ± 11) for 28Si.

Similar measurements of interactions of 197Au
nuclei at 10.7 GeV/nucleon also indicate that the ratio
of the number of events Nnα(8Be) involving at least one
8Be decay candidate to the channel statistics Nnα
increases rapidly to about 0.5 by nα = 10 (Fig. 6).
Because of the degraded resolution, the region of 8Be
expands, which requires softening the selection condi-
tion Q2α(8Be) ≤ 0.4 MeV. Channels of nα ≥ 11 are
summed in order to reduce errors. When the condition
is tightened to Q2α(8Be) ≤ 0.2 MeV, accompanied by
the decrease in efficiency, the upward trend for
Nnα(8Be)/Nnα is maintained [13].

The statistics for 197Au contains 2αp and 3α triplets
satisfying the conditions Q2αp(9B) ≤ 0.5 MeV and
PHYSICS OF ATOMIC NUCLEI  Vol. 84  No. 9  2021
Q3α(HS) ≤ 0.7 MeV. The ratio of the number of events
Nnα(9B) and Nnα(HS) to Nnα(8Be) shows no significant
change with the variation of multiplicity nα. The statis-
tics of the identified decays of pairs of 8Be nuclei
Nnα(28Be) behaves in the same way. In fact, these three
ratios indicate an increase in Nnα(9B), Nnα(HS), and
Nnα(28Be) with respect to Nnα. In these three cases,
significant statistical errors allow only general trends
to be characterized. Summing the statistics of Nnα(9B),
Nnα(HS), and Nnα(28Be) over the multiplicity nα and
normalizing Nnα(8Be) to the sum leads to relative con-
tributions of 25 ± 4%, 6 ± 2%, and 10 ± 2%, respec-
tively.

CONCLUSIONS

The presented analysis of relativistic 16О, 22Ne,
28Si, and 197Au nuclei in the nuclear track emulsion
indicates that the contribution of the unstable 8Be
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nucleus increases with the increase in the number of
relativistic α particles. The contributions of the unsta-
ble 9B nucleus decay and the Hoyle state are propor-
tional to that of 8Be and actually increase. These
observations require considering the interactions of α
particles generated in the relativistic fragmentation of
nuclei. They indicate the intriguing possibility of
unstable state fusion reactions between α particles
inside relativistic nuclear fragmentation jets. In the
case of the 197Au nucleus, the upward trend is traced to
10 relativistic α particles per event. In this regard, the
statistics of events with an even higher multiplicity of α
particles should be increased with the best possible
accuracy of measurements of the fragment emission
angles.

The results of the study of the 16O fragmentation in
a hydrogen bubble chamber using magnetic analysis
confirm the approximations adopted within the
invariant mass method. These findings allow a uni-
form comparison of contributions of stable and unsta-
ble nuclei and are suitable for carrying out more com-
plete verification of fragmentation models.
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