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Possibility of measuring the angular characteristics of the primary and secondary
tracks of relativistic nuclear fragmentation by the nuclear track emulsion method
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In this study the application of the nuclear track emulsion technique (NTE) in radioactivity and nuclear fission
studies is used. As an example, some results for determining the angular characteristics of the primary and secondary
tracks of relativistic fragmentation of 28Si nuclei with a momentum of 4.5 A GeV/c are presented. Angular
measurements only for fragments are performed. The invariant mass approach based on angular emission measurements
of secondary fragments and approximation of the momentum conservation per nucleon of the parent nucleus is applied.
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INTRODUCTION

Providing a record spatial resolution, the nuclear
emulsion method makes it possible to very
effectively conduct survey studies on newly formed
beams. A et of relativistic fragments can be
observed entirely in a single emulsion layer with a
thickness of only about 500 pum in 3 spatial
dimensions with a resolution of better than 0.5 pm
[1, 2]. The accuracy of the reconstruction of the
vertex makes it possible to get rid of secondary
interactions, since the thickness of the substance
before the start of observing individual tracks in
such a detector does not exceed several mg/cm’.
The limitation on the analyzed statistics is
compensated for by the inaccessibility for complete
observation of fragment et composition in other
methods. The content in a nuclear emulsion in close
concentrations of heavy nuclei Ag and Br, a group
of light nuclei C, N, and O, and hydrogen turns out
to be useful when comparing peripheral interactions
of various types. Under the same conditions, one
can observe both the breakup of the nucleus by the
electromagnetic field of the heavy target nucleus
and in collisions with the target protons. The
fragmentation pattern of emulsion nuclei includes a
multiplicity of strongly ionizing target fragments,
including -particles, protons with energies below
26 MeV, and light recoil nuclei - ny (b-particles), as
well as non-relativistic protons with energies above
26 MeV - ng (g-particles). In addition, the reactions
are characterized by a multiplicity of produced
mesons ng (s-particles). Using these parameters, one
can draw preliminary conclusions on the character
of the interaction.
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An example of the interaction of pro ectile
nuclei in a nuclear track emulsion is shown in Fig.
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Fig. 1. Example of peripheral interaction of a 1.2 A
GeV 8B 2He H in a nuclear track emulsion ( white
star). The interaction vertex (indicated as IV) and
nuclear fragment tracks (H and He) in a narrow angular
cone are seen on the upper microphotograph. Following
the direction of the fragment et, it is possible to
distinguish 1 singly (the central track) and 2 doubly
charged fragments on the bottom microphotograph.

Angular measurement conditions

Fragments of the relativistic nucleus fly out in a
narrow front cone, the angle of which can be
approximately estimated by:

fr SiIl fr PF/P(),

where Pr is the average momentum of the Fermi
motion of nucleons in the pro ectile nucleus, and Py
is the momentum per nucleon of the pro ectile
nucleus. It can be seen from the above formula that
the greater the pro ectile energy, the smaller the
emission angles of the pro ectile-nucleus fragments.
For a pro ectile-nucleus momentum of 4.5 A GeV/c
and a Fermi momentum of Pr 200 MeV/c, we
obtain g  2.5° Most sensitive to the structural
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features of the nuclei under study are the angular
distributions of relativistic fragments and their
angular correlations.

The search and collection of material in a
nuclear photographic emulsion is carried out at the
stage of viewing, preceding direct measurements,
sometimes with the aim of isolating certain types of
events. Analysis of angular distributions plays an
important role in describing the physical picture of
the reaction under study. The emulsion technique
makes it possible to measure the track angles, both
of primary particles and those formed with a high
accuracy of 107 radians. Measurements of the

angular characteristics of the tracks are carried out
in a coordinate system associated with the Cartesian
coordinates of the microscope.
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Fig. 2. Example of peripheral interaction of a 4.5 A
GeV/c #Si  5He 2H in a nuclear track emulsion. The
interaction vertex (indicated as IV) and nuclear fragment
tracks (He and H) in a narrow angular cone are seen on
the upper microphotograph. Following the direction of
the fragment et, it is possible to distinguish 2 singly and
5 doubly charged fragments on the bottom
microphotograph.

EXPERIMENTAL

A stack of NTE layers was exposed to a beam of
28Si nuclei with a momentum of 4.5 A GeV/c. An
example of the interaction of pro ectile nuclei in a
nuclear track emulsion is shown in Fig. 2.

The NTE layer with the plate number 34 is
randomly selected. Viewing the plate was aimed at
searching for nuclear interactions of 2*Si nuclei
with nuclei from the emulsion. We can use three
methods for searching for events, including trail,
area, and strip. In our study the search was carried
out by scanning by stripes with a step of 1 mm.
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Fig. 3. A schematic representation of the emulsion
layer, where  is the plate number.
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The NTE layer has a size of 10 20 cm?, and its
primary thickness is 579 m. During irradiation,
the beam was directed as shown in Fig. 3.

To view the emulsion layer, an MBI-9 type
microscope was used witha 60 ob ective lens and

15 eyepieces. In total, about 60 squares were
viewed. Eight different types of interactions of
beam nuclei were found, in which the formation of
more than two -particles in the fragmentation cone
is observed. The fragmentation cone was
determined visually.

In our experiment, the coordinate method of
angular measurements was used. The emission
angles of secondary relativistic particles relative to
the primary particle (polar and azimuthal ) were
measured using a special measuring microscope for
nuclear research KSM-1 from Zeiss. Since the
microscope is designed to measure momentum of
high-energy particles by multiple Coulomb
scattering, then the noise of the microscope when
measuring the coordinates of the tracks can be
ignored. It is worth noting that there are situations
where angular measurements cannot be taken. This
is most often associated with the location of the
event in the emulsion. For example, the star is too
close to the edge of the record, etc. Further, we
assume that the conditions for the measurement are
favorable. The angles of secondary particles
measured in emulsions and their designations are
shown in Fig. 4.
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Fig. 4. Determination of the angles of secondary
particles: - direction of the primary particle; -
direction of the secondary (measured) particle; £ AOC -
polar angle ( ); £ ACB - azimuth angle ( ); £ BOC -
angle in the plane of the emulsion ( ); £ DOC - depth
angle ().

The emulsion layer glued to the glass is fixed on
the microscope stage. In this case, the plate is
turned in such a way that the direction of the
primary particle best coincides with the OX axis of
the microscope stage with an accuracy of 0.1-0.2

m. Before starting measurements, select a
rectangular Cartesian coordinate system as follows.
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The OX axis is directed along the beam along the
pro ection of the primary track. The OZ axis is
perpendicular to the plane of the emulsion and is
directed from the glass on which the emulsion is
fixed to the surface. The OY axis is directed so that
a right-handed coordinate system is obtained. In
this coordinate system, it is possible to determine
the coordinates of points, both of the track of the
primary particle and the tracks of fragments. The
coordinate method is based on the measurement of
three coordinates (X, y, z) of the track point in the
emulsion, on the basis of which the track angles are
calculated. The transition to the system associated
with the primary particle uses the angular
measurement of the primary track.
Angular measurements were performed only for
fragments in 6 events with the formation of target
fragments. Two of them are 2!Si 5 -

1-%Si 6 .,1-Si 4 .. and2-?Si

3 ... The track point coordinates were measured
sequentially in one direction (from left to right and
from the layer surface to) along the beam starting
from the primary track and further for all tracks of
fragments simultaneously. To measure the angles of
fragments with a narrow angular cone of
fragmentation, it was necessary to shift the
measurement from the center of the event at a
distance 200 pum, since the fragments cannot be
distinguished. The offset for each event was
selected individually. For all tracks, 10 triplets (x,
y, z) of coordinates of points were measured with a
step of 100 um, with a total track length used for
measurement of 1 mm. In one event, 15 triplets (x,
y, z) with a step of 100 um were measured for the
secondary tracks (Fig. 5). Below are the primary
results of angular measurements.

10 triplets (x, y, z) of coordinates of points with a step of 100 pm
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Fig. 5. Examples of observed triplets (X, y, z) of coordinates of points with a step of 100 um. The left-side pictures
are pro ections of tracks to the XOZ plane, on the right side — to the XOY plane. Dots are the measured points, lines —

approximated directions of tracks.
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Some results of angular characteristics of
fragments of the **Si nucleus

The emission angles of particles with Zp 2
(Fig. 6) are measured up to the value 3° with
mean value 12 103 rad (RMS 9 107 rad)
for 26  fragments. Measurements of the angle
make it possible to calculate the transverse
momenta Pr of relativistic fragments with a mass
number As according to the approximate relation
Pr AgPosin , where As is the mass number of a
fragment, its emission angle and Py the
momentum per 2Si nucleon (Py 4.5 A GeV/c).
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Fig. 6. Distribution of the -particle polar angle .

As the next step in the analysis of events, the
spectrum of pair angles was obtained. Figure 7
shows the opening angle distribution , of -
particle pairs with mean value 16 107 rad
(RMS 10 107 rad) (47 pairs of alpha particles).
Associated with the distribution over the pair angle
is the invariant mass of the system of fragments:
M™=(ZP,)*=3(P;P). Knowing its value allows you
to calculate the excitation energy ~ M*-M, where

is the mass of the ground state of the nucleus
corresponding to the charge and weight of the
analyzed system.

Figure 8 presents the energy distribution » of

-particle pairs with mean value  » 8 MeV
(RMS 9 MeV) for 47 pairs of -particles. In the
interval > 1 MeV, a grouping of events is
observed. A more detailed histogram in this interval
presented in the inset shows an increased
distribution of , 1 MeV of pairs of -particles,
which includes 17% (8 -particle pairs) of -
particle pairs with an average value 3107
rad (RMS 2 10% rad). The relativistic
fragmentation of the 2%Si nuclei in a nuclear track
emulsion can help us to identify decays of *Be, B
nuclei and Hoyle state in the invariant mass
distributions of 2 -pairs. As an example, the values
of 2 0.1 MeV indicate decays of the unstable
Be nucleus.
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Fig. 7. Distribution over angle , of -particle pairs

N,

0 02 04 06 08 1

0 , MeV
20

0 10 20 30 40 50

QZQ,MeV

Fig. 8. Energy distribution , of -particle pairs.
The inset shows an increased distribution of , 1 MeV
of pairs of -particles.

CONCLUSIONS

Possessing a record space resolution, the nuclear
emulsion method keeps unique possibilities in
studying the structure particularities of light nuclei.
The traditional task of the nuclear track emulsion
method is to outline the nuclear-interaction pattern
on the basis of a limited statistical data sample in
order to plan better future complicated experiments
featuring various detectors. Limitations on the
statistics sub ected to analysis are compensated to
some extent by the impossibility of completely
observing the composition of fragments within
other methods. The macro photos of the
experiments  under  discussion and  the
corresponding videos are available on the website
of the BEC UEREL pro ect [3].

The results of this work can form the basis for
planning future experiments with radioactive
relativistic nuclei with higher statistics and detail of
fragment identification, as well as higher
complexity and variety of detectors. The described
option for measuring angles is not the only one.
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The choice of technique depends on the specific
task and the resources available.
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