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Abstract—The dissociation of relativistic 12 N nuclei having a momentum of 2 GeV/c per nucleon and
undergoing the most peripheral interactions in a track emulsion is studied. The picture of charged
topology of product ensembles of relativistic fragments and special features of their angular distributions
are presented.
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The track-emulsion method has still retained
its exceptional position as a means for studying
the structure of fragmentation of relativistic nuclei
owing to the completeness of observation of fragment
ensembles and owing to its record spatial resolution.
The objective of employing a track emulsion in the
Becquerel project [1] at the nuclotron of the Joint
Institute for Nuclear Research (JINR, Dubna) is to
study the clustering of nucleons for a wide variety of
light nuclei, including radioactive ones. An analysis
proves to be the most comprehensive for coherentdissociation events, in which target fragments or
mesons are not produced [2] and which, for the sake
of brevity, are referred to as white stars. Since the
perturbation is minimal in interactions of this type,
a conﬁguration overlap of the ground states of the
nuclei being studied and the observed ensembles of
fragments and nucleons manifests itself. On this
basis, there arise possibilities for some kind of a
tomography of the nuclear structure. The distribution
of white stars with respect to the probability for the
formation of various conﬁgurations shows a correlation with weights of respective cluster components
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of the nuclei being studied. The discovery of the
contribution from unexplored and even unexpected
components of deeply bound cluster states is possible
on this path. This is so especially for proton-rich light
nuclei. The picture of nucleon clustering in events
of the coherent dissociation of the 12 N radioactive
nucleus, which has yet to receive adequate study, on
track-emulsion nuclei is the subject of the present
investigation. This investigation is the next step in
studying the cluster structure of the 7 Be [3], 8 B [4],
and 9 C [5] radioactive nuclei. The role of the 12 N
nucleus in nuclear astrophysics is that it continues
the sequence of these nuclei in proton-pickup reactions in nucleosynthesis and ensures an alternative
scenario of the synthesis of the 12 C isotope. Thus,
the structure of these nuclei may manifest genetic
connections, and this is why an investigation of these
nuclei within an uniﬁed approach is so appealing.
For 12 N white stars, one can expect that the channels 11 C + p (the threshold is 0.6 MeV), 8 B+4 He (the
threshold is 8 MeV), and p +7 Be+4 He, as well as
the channels associated with the cluster dissociation
of the core nucleus 7 Be, make a leading contribution
to the distributions of the fragment charge Zfr . A
feature that distinguishes the coherent dissociation of
the 12 N nucleus from the case of lighter nuclei in the
vicinity of the proton drip line is that it may receive
a contribution from the decays of unbound nuclei of
8 Be
9
g.s. and Bg.s. . In particular, the threshold for the
3 He+9 B
g.s. channel is 10 MeV. A small diﬀerence in
binding energy in relation to channels involving Zfr >
2 fragments suggests two types of an interpretation
for the 12 N nucleus. One one hand, the bound nuclei
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Fig. 1. Distribution of the number of beam particles
(shaded histogram) and secondary fragments (unshaded
histograms), Ntr , with respect to the average number of
delta electrons, N
δ , in white stars satisfying the conditions Zpr = 7 and Zfr = 7.

of 7 Be and 8 B may be assumed to be its core. On the
other hand, the role of the core may be played by the
unbound 8 Beg.s. and 9 Bg.s. systems.
A track nuclear emulsion was irradiated with a
mixed beam of relativistic 12 N, 10 С, and 7 Ве nuclei at
a beam momentum of p0 = 2 GeV/c per nucleon. The
beam was formed upon the charge-exchange process
involving primary 12 С nuclei and their fragmentation [6]. The irradiated stack contained 15 layers
of track nuclear emulsion BR-2, which possessed
sensitivity up to relativistic particles. Each layer had
transverse dimensions of 10 × 20 cm2 and a thickness
of about 0.5 mm. The implementation of irradiation
was such that the beam propagated parallel to the
stack plane along its long side and ﬁlled the stack
entrance window as uniformly as was possible. An
analysis of the charge topology in the coherent dissociation of these nuclei conﬁrmed the dominance of the
isotopes 7 Ве and 10 C in the beam and the presence of
12 N nuclei there [7]. The choice of charge exchange
Table 1. Mean (Nδ ) and root-mean-square (RMS) values of the number of delta electrons per 1 mm of length
(the numbers of measured tracks, Ntr , are given parenthetically)
Channel

Nδ 

RMS

Be (19)

24.0 ± 0.4

1.5 ± 0.3

B (13)

30.6 ± 0.3

0.9 ± 0.2

C (4)

35.3 ± 0.4

0.8 ± 0.3

N (72)

48.6 ± 0.2

1.4 ± 0.1

for the generation of 12 N nuclei was justiﬁed by the
fact that it was convenient to identify tracks of beam
nuclei in the track emulsion. At the same time, this
choice bounded sharply statistics of interactions of
12 N nuclei.
The present analysis is based on scanning without
selections 12 layers of the irradiated track emulsion
along the tracks of primary particles with charges Zpr
visually estimated as Zpr > 2 over the length of about
1088 m. This resulted in ﬁnding 7241 inelastic interactions, including 608 white stars containing only
relativistic fragments in the angular cone speciﬁed by
the inequality θfr < 11◦ . In white stars that could be
associated with 12 N nuclei, the average values of the
delta-electron density Nδ were measured along the
tracks of beam nuclei and secondary fragments with
Zfr > 2. The relativistic-particle charges of Zfr = 1,
2s are determined visually with a high reliability.
As was shown in studying the 8 B [4] and 9 C [5]
nuclei, the application of the condition requiring that
relativistic
 fragments conserve the projectile charge,
Zpr = Zfr , makes it possible to remove the contribution from the charge-exchange process involving
lighter accompanying nuclei. The dominance of carbon nuclei in this irradiation rendered the aforementioned selection especially important and justiﬁed the
application of the cumbersome procedure of counting
delta electrons. For these events, Fig. 1 shows the
distribution of the number of tracks, Ntr , of beam
particles that have the identiﬁed charge of Zpr = 7 and
secondary fragments that have the identiﬁed charges
of Zfr with respect to the measured delta-electron
density Nδ over 1 mm of length. The mean (Nδ )
and root-mean-square (RMS) values of the deltaelectron density that are presented in Table 1 indicate
that the charge classiﬁcation of the tracks was quite
reliable. The measurements of the quantities Nδ
made it possible to select
72 white stars satisfying the
conditions Zpr = 7 and Zfr = 7.
An identiﬁcation of H and He fragments by their
total momentum pβc in a track nuclear emulsion by
the method of measuring multiple scattering would
be of great interest. However, only within quite a
limited volume can such measurements be performed
because of the angular spread of respective tracks
and because of their large number. They were
performed for a random sample of fragments from
2He + 3H and 3He + H conﬁgurations (see Fig. 2).
For H fragments, the distribution of pβcН has a
mean value of pβcН  = 1.9 ± 0.1 GeV and an RMS
value of 0.2 GeV; this corresponds to the values
expected for protons. For He fragments, there are
two components of pβcHe ; the ﬁrst has a mean value
of pβc3 Не  = 5.2 ± 0.1 GeV and RMS = 0.4 GeV,
while the second has a mean value of pβc4 Не  =
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Fig. 2. Distribution of measured values of pβc for (unshaded histogram) H and (unshaded histograms) He
fragments from the 2He + 3H and 3He + H conﬁgurations.

7.2 ± 0.1 GeV and RMS = 0.3 GeV. They are
expected for the relativistic isotopes 3 He and 4 He,
respectively. The distribution is indicative of approximately equal proportions of the isotopes 3 He and 4 He,
as might have been expected for the 12 N nucleus.
The identiﬁcation of tracks by charge permits reconstructing the charge topology of white stars generated by 12 N nuclei (see Table 2). On the basis
of these data, the contribution of 12 N nuclei to the
beam was estimated at a level of 14% (without allowance for H and He nuclei). According to the
accumulated sample of white stars generated by 10 С
Table 2. Distribution of the number of white stars (Nws )
among the dissociation
channels where the total charge of

fragments is Zfr = 7 and where the measured charge of
the beam track is Zpr = 7
Channel

Nws
θfr < 11◦

θfr < 6◦

He + 5H

9

2

2He + 3H

24

12

3He + H

2

2

10

5

7
7

Be + 3H
Be + He + H

9
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Fig. 3. Distribution of fragments originating from the
coherent dissociation of 12 N nuclei and having charge
numbers Z with respect to the polar emission angler θ in
events involving Zfr > 2 fragments.

and 7 Be nuclei, the contribution of each of these
isotopes is about 43%. For Zfr > 2 isotopes, the
mass number Afr is also determined from Zfr . For
a further selection of coherent-dissociation events
featuring only fragments of 12 N nuclei (not involved
in the interaction process), the condition for the angular cone was toughened to become θfr < 6◦ . The
value on the right-hand side of this inequality was
determined by a lenient constraint on the momentum
of the Fermi motion of nucleons. In the distribution
of 45 selected events (Table 2), the fraction of channels involving Zfr > 2 heavy fragments reaches about
2/3, but the contribution of channels featuring only
light fragments (He and H) remains quite signiﬁcant.
The sample of events associated with the 2He + 3H
channel proved to be unexpectedly large. Taking into
account the fact that, in the dissociation of the 7 Be
nucleus, the branching fractions of the 2He and He +
2H channels are approximately equal to each other [3]
and assuming the 7 Be core in the 8 B [4] and the 9 C [5]
nuclei, one would expect an approximate equality of
the branching fractions of the 2He + 3H and 3He + H
channels for the 12 N nucleus.
Table 3. Mean and root-mean-square (RMS) values of the
distributions of Zfr > 2 fragments with respect to the polar
angle θ (in units of 10−3 rad)
θZ>3 

RMS

Be + 3H

33 ± 14

31 ± 10

Be + He + H

19 ± 4

13 ± 3

Channel

8

7

8

B + 2H

11

9

7

8

B + He

3

3

8

B + 2H

20 ± 3

10 ± 2

4

8

B + He

7±1

3±1

17 ± 3

6±2

C+H


4
72
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→ 2α of relativistic nuclei are identiﬁed by
requiring that ﬁnal-state alpha-particle pairs be within the region of extremely small divergence angles
Θ2α that is speciﬁed by the condition Θ2α < 10.5 ×
10−3 rad [4]. In addition, the decays of the 8 Be nucleus from the ﬁrst excited state, whose spin–parity
is 2+ , were identiﬁed by the angles of divergence in
the region of 15 × 10−3 < Θ2α < 45 × 10−3 rad [9–
12]. In studying the dissociation of relativistic 12 С
nuclei, the decays of 8 Beg.s. and 9 Bg.s. nuclei were
identiﬁed [10–12].
8 Be
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Fig. 4. Distribution of pairs of He fragments with respect to the angles of divergence, Θ(He + He), for the
2He + 3H and 3He + H white stars. The inset shows an
enlarged distribution of Θ(He + He) in the region of the
smallest values.

Let us now consider the results obtained by measuring fragment-production angles θ in 45 white stars
bounded by the fragmentation cone θfr < 6◦ . By way
of example, Fig. 3 shows the measured polar angles θ
of all fragments in events featuring Zfr > 2 fragments.
The mean and root-mean-square (RMS) values of
the distributions of Zfr > 2 fragments with respect
to the polar angle θ are given in Table 3. Measurements of the angles θ make it possible to estimate
the fragment transverse momenta pT and their sums
according to the approximation PT ≈ Afr P0 sin θ.
In particular, one can estimate the mean transverse momentum in C + H events, which are interpreted as 11 C + p. The threshold for the similar
channel 10 C + d is substantially higher, amounting to
11.5 MeV. The mean value of PT (11 C + p) = 300 ±
52 MeV/c, together with RMS = 104 ± 37 MeV/c,
is indicative of the nuclear-diﬀraction type of the dissociation process in question [8] and of the presence
of the bounce-oﬀ eﬀect. The branching fraction of
the 11 C + p channel proved to be (9 ± 5)%. This
value is close the branching fraction of the reaction 9 C →8 B + p [5], but it diﬀers signiﬁcantly from
its counterpart in the case of the 8 B nucleus [4],
for which the channel involving the separation of a
loosely bound proton, 7 Be + p, has a branching fraction of (50 ± 12)%.
The contribution of decays from the ground state
of the unstable nucleus 8 Beg.s. to the production of
Zfr = 2 fragments (see Table 2) presents a serious
problem. Owing to an extremely small decay energy for 8 Beg.s. , it becomes possible to sidestep the
problem of identifying relativistic isotopes of He. At
the momentum of 2 GeV/c per nucleon, the decays

In the case of the 12 N nucleus, two candidates for
the decay of the 8 Be nucleus from the ground state of
spin parity 0+ , which have a divergence angle smaller
than 10.5 × 10−3 rad, were found in the distribution of
the divergence angles Θ(He + He) for the 2He + 3H
and 3He + H white stars (see Fig. 4). On this basis,
the contributions of 8 Be nuclei was estimated at a
level of (4 ± 2)%. For the neighboring nuclei of 12 C
[2], 10 C [10–12], 10 B [13], and 14 N [14], it was about
20%.
The data sample in the region of Θ(He + He)
smaller than 10.5 × 10−3 rad does not rule out the
possibility of dissociation through the 2He channel
via the decay of the 8 Be nucleus from the ﬁrst excited state, whose spin–parity is 2+ . However, the
method that we employed for the 0+ ground state and
which consisted in selecting pairs of tracks diverging
within a narrow cone is no longer applicable. In the
Θ(He + He) range being considered, an admixture of
3 He nuclei should be present, especially in the case
of the neutron-deﬁcient nucleus 12 N. Unfortunately,
the required level of identiﬁcation of relativistic helium
isotopes remains unattainable at the present time.
In the irradiation run under discussion, we have
studied the charge topology of the dissociation of a
12 N nucleus, and this permits characterizing its special features. First, there are no pronounced leading
channels, as is suggested by quite a uniform distribution of the data sample among possible channels. In
contrast to what we have for the neighboring nuclei of
12 С [2], 10 С [7], and 14 N [14], the copious production
of Zfr > 3 fragments proceeds in the dissociation of
12 N nuclei. Therefore, the 7 Be nucleus may play the
role of the core in 12 N. In searches for an analogy
with the 9 C nucleus via substituting an alpha-particle
cluster for one of the outer protons in the 2p+7 Be system, there arises the following diﬃculty. The branching fraction of the channels in which the disintegration of an alpha-particle cluster must occur in the 12 N
nucleus is very close to the branching fractions of the
channels that may be associated with the separation
of an alpha-particle cluster as a discrete unit. In all
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probability, the “simple” picture of the 12 N nucleus
as the p +7 Be+4 He structure is inadequate. Most
likely, the cluster structure of the 12 N nucleus is a
complicated mixture of states of the 7 Be nuclear core
and possible conﬁgurations of protons and extremely
light nuclei.
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