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Using the track 4m-detector method (a diffusion chamber arranged in a magnetic field on the way of a beam of
bremsstrahlung photons with the final energy E,™ = 150 MeV), the reaction *N(y,20°Li) has been studied. The
distributions of events over the excitation energy of 2a-particles were analyzed and a channel of the formation of the
®Be nucleus in the ground state was revealed and has been separated. Events in which the a-particle pairs correspond
to the formation of the ®Be nucleus in the ground state can be reliably identified. The energy and angular
distributions of « particles at each stage of decay are analyzed.
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INTRODUCTION

The study of multiparticle photoreactions is of
particular interest for studying the properties of virtual
cluster structures in nuclei [1], their influence on the
mechanism of nuclear reactions and on the dynamics of
nucleosynthesis in the Universe [2]. The "N nucleus
can be considered as an intermediate one between the
12C and *®0 nuclei, which are considered as 3a- and 4a-
cluster structures in the cluster model. Recently, the
theory of cluster photofission of light nuclei within the
nucleon association model has made significant
progress [3].

In treating excited states of the nucleus within the
triangle-diagram technique [4], we can single out the
following stages of the reaction: a virtual decay of the
nucleus to the cluster and the core; photon absorption by
the cluster or the core; and cluster scattering on the core,
whereby the core goes over to the ground state. In the
simple cluster model, an atomic nucleus is assumed to
consist of two structure-less fragments whose properties
coincide or are close to those of the corresponding
nuclei in the free state. The two-cluster model assumes
the presence of only two separate fragments — clusters,
between which all the nucleons of the nucleus are
redistributed. The photon does not enter into strong
nuclear interactions with the target nucleus, but only
electromagnetic interactions with the cluster structure,
whose operators are known exactly. Therefore, we can
take into account only the nuclear interactions of related
clusters, which greatly simplifies the consideration
compared to the three-dimensional problem, when,
along with inter-cluster forces, we must take into
account the nuclear interaction of the incoming particle.

In this article, we present results obtained by
studying the photodisintegration of nitrogen nuclei via
the reaction “N(y,20°Li), which will provide new
information on the evolution of a complex cluster
structure beyond a-clustering.

This report is a continuation of work [5], which
published the results of the study of this reaction. Earlier
it was reported [6] about the creation of a digital bank of
stereo photographs obtained by photographing the

working area of a 4n detector (diffusion camera in a
magnetic field). The diffusion chamber [17] was placed
in a magnetic field and was exposed to bremsstrahlung
photons at an endpoint energy 150 MeV.

With the aim of reducing the target density, the
chamber was filled with a mixture of helium and
working gas (methane, nitrogen, oxygen). This made it
possible to obtain, for slow final nuclei, track lengths
acceptable for measurements and sufficiently high
sharpness of their image at pressures close to
atmospheric  pressure. Owing to combining a
47-detector and a low-density target in one device, we
were able to study the reaction *N(y,20°Li) nearly from
its threshold.

The measurement error of the particle impulse
depends on its size and track length, and ranges from 3
to 10%. The energy of stopped particles was determined
by the range—energy relationship. We evaluated the
range in the mixture with allowance for the ion charge
exchange in the medium, employing tabulated data from
for several target components.

In [5], a technique for digital track reconstruction
was presented using the example of the “N(y,2a°Li)
reaction.

For a further treatment, we selected three-prong stars
whose tracks were coplanar and were associated with
multicharged particles. The chamber used operated in a
mode that made it possible to separate of differently
charged particles visually and to compare the ionization
density and the width of a track after measuring its
radius of curvature. To obtain the physical parameters
of events, a graphical application with the ability to
automatically measure the coordinates of points along
tracks on digital photographs was created in the Python
programming language. The main procedure is to
analyze the intensity of pixels in the track area along a
circular trajectory of a certain radius.

Events were identified after the measurement on the
basis of momentum balance. In the experiment, the axis
0X was directed along the beam of y-quanta. Boundary
conditions were imposed on the quantities A, = P, -
E, Ay = 2P/, and A, = ZP,', where Py are the

ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne3(151) 23


https://doi.org/10.46813/2024-151-023
mailto:afanserg@kipt.kharkov.ua

components of the three-dimensional momentum of the
i-th final particle. The y-quantum energy E, was
determined as the sum of the kinetic energies of the
final a-particles and the reaction threshold. A distinctly
pronounced peak in region 0 corresponded to events of
the examined reaction. The energy and momentum
conservation laws allowed the measurement results
obtained for one of the tracks, which turned out to be
the worst in comparison with the results obtained for all
other tracks, to be made more exact.

1. EXTRACTION OF THE ®Be NUCLEUS
GROUND-STATE FORMATION CHANNEL

The excitation energy of a pair of particles was
determined as
E,(0t) = M*(®Be) - 2m,, (1)
where M#(*Be) is the effective mass equal to the total
energy of a pair of a-particles in their resting state, and
m, is the mass of the particle. In Fig. 1,a, the histogram
is shown the distribution according to E(ao), the
histogramming step was 0.25 MeV.
The experimental distributions were compared with
the phase ones [7]:
3,5

3
(B = Ex2 2 €T £ 2 00 ()
where n is the number of final particles, k the number
of particles formed in the excited state (k < n), and
E™, the end-point excitation energy of the system of k
particles. In the case concerned, n = 3 and k = 2. The
phase distribution was calculated for a bremsstrahlung
beam by summing up the distributions for narrow
intervals, in which the energy of a y-quantum was
assumed to be constant. The area under the phase curve
was normalized by the number of events within each
interval. The phase distribution is shown in Fig. 1,a by a
dashed curve.
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Fig. 1. Distribution of events with respect to the
excitation energy of a pair of particles (@),
the GS of the ®Be nucleus (b)

The difference  between the  experimental
distributions and the phase ones, especially in the
interval where E, < 0.25 MeV, allows a conclusion to
be made that excited states of ®Be nucleus are formed in
the N(y,20°Li) reaction.

The resonance is obtained at the excitation energy of
a pair of particles varying from 0 to 0.25 MeV (see
Fig. 1,a) is shown in Fig. 1,b by solid circles placed at
the midpoint of a step with a step of 20 keV. The
displayed errors are purely statistical.

The obtained peak was fitted to the Gaussian
distribution with the maximum position at Ey = (0.096 +
0.005) MeV and the halfheight width T' = (0.064 +
0.01) MeV. It is known from the data of spectrometric
measurements [8] that the ground state (GS) of the ®Be
nucleus has the following parameters: Eq = 0.092 MeV,
I' = 557 eV, and the quantum number J* = 0%. The
maximum positions (experimental and tabular) coincide
within the error limits. Therefore, the accumulation of
events in the vicinity of 0.1 MeV can be explained by
the formation of the GS of ®Be nucleus. Due to the
insufficient energy resolution and low statistical power,
this experiment did not attempt to refine the GS
parameters. The width observed in this experiment is
hardware widths. The events (N®%) in which a pair of
a-particles correspond to the formation GS of the ®Be
nucleus are reliably identified. The relative yield of this
partial channel is 1=14.98% (n = N®%/N, where N is the
total number of reaction events).

Earlier, in [9], we also identified partial channels for
the formation GS of the ®Be nucleus in the reactions of
2C(y,3a) and **O(y,4a).

The Table in column 2 shows the position of the
maximum corresponding to the GS of the ®Be nucleus
for comparison. Within the error limits, the value for all
three reactions (column 1) coincides, but it should be
noted that the value shifts upward with the increasing
atomic number of the target nucleus. A more obvious
picture is seen in the quantitative dependence — column
3 shows the relative yields (1) of the GS of the ®Be
nucleus formation channel for these reactions.

The channel of formation of the GS
of the ®Be nucleus

Channel Eo(Be),MeV | n,% | To MeV
2C(y,30) | 0.089+0004 | 12.20 | 3.55+0.22
“N(y,20°Li) | 0.092+0004 | 14.98 | 3.59+0.25
%0(y,40) | 0095+0005 | 25.44 | 3.96+0.21

In Fig. 2,a, the histogram shows the dependence of
the number of events on the y-quantum energy in the
“N(y,°Li)’Be, reaction with a step of 0.5 MeV in E,.

A structure is observed in the distribution. The solid
line shows the fitting of the intersection by a
combination of 2 Gaussian functions (dashed lines),
which resulted in the determination of the energies of
the position of the maxima and their widths — E,' =
(19.66 +£0.25), I''=(1.25+0.29)MeV and E/=
(22.75+0.42), T' = (2.79 + 0.51) MeV.

Earlier, in [9], the partial cross sections of the
channels the formation GS of the ®Be nucleus in the
2C(y,3a) and **O(y,4a) reactions were also presented. If
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we move from the energy of y-quanta to the total energy
of the system Ty = E, — Q, where Q is the reaction
threshold, we can compare the positions of the maxima
of each reaction (for the '2C(y,30) reaction — Q=
7.28 MeV, for the N(y,20°Li) reaction — Q=
16.07 MeV and for the °O(y40) reaction — Q=
14.44 MeV). The results for the first maximum (see
Fig. 2,a) are given in the table in column 4. It can be
seen that the values of T, coincide with the error.

Fig. 2,b shows the dependence of the relative yield
of the GS of ®Be nucleus 1 for three intervals at To. The
boundaries of the intervals were chosen so that the
number of events in the intervals was approximately the
same. In the figure, the dependence for the **C(y,a)*Be,
reaction is represented by squares, for the **N(y,°Li)*Be,
reaction by circles, and for the °O(y,2a)®Be, reaction
by triangles. For all three reactions, a decrease in the
contribution of the GS of ®Be nucleus is observed with
increasing To. In addition, a sharp (almost 2-fold for all
reactions) decrease in the contribution after the first
maximum can be noted (see Table, column 4).
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Fig. 2. the dependence of the number of events on the
y-quantum energy for the GS of °Be nucleus in the
YN(7,24°Li) reaction (a), the dependence of the relative
yield (i) of the GS of ®Be nucleus to the total energy of
the system Ty (b)

Earlier, in the **C(y,3a) and *°O(y,4a) reactions, the
resonance structure of the partial cross section was
qualitatively explained in the framework of the model
describing the absorption of a y-quantum by an a-
particle pair. At the first stage, the photon interacts with
the virtual quasiberyllium and converts it into the
excited state °Be”. The position of the first maximum
(see column 4 in the Table) is close to the value of the
first excited state of the nucleus °Be — Eo = 3.04 MeB
[8]. At the second stage, one a-particle first escapes
from ®Be” nucleus, whereas the remaining a-particles
forms an intermediate excited nucleus, which decays
later. In the case of the *2C(y,3a) and '*O(y,4a)
reactions, this is the GS of ®Be nucleus, which we
observed experimentally.

But in the studied reaction (**N(y,20°Li)), it is not
possible to form a virtual aa-pair, because we see the
formation of the GS of ®Be nucleus at the final stage. If
we proceed from the cluster model of the nucleus as a
system — the cluster and the core, then the scheme
a+'B and the interaction of the y quantum with the *°B
nucleus is possible. The excited level of the '°B nucleus
is calculated as Eo™® = E, — Q108 and is equal to
8.054 MeV. From the spectrometric measurements [8],
it is known that there is a 1°B nucleus level with E, =
7.96 MeV, G = 0.285 eV, which decays into o+°Li,
which coincides with E,~®.

2. ENERGY AND ANGULAR
DISTRIBUTIONS OF PARTICLES
IN THE CHANNEL *N(y,°Li)’Be,

Sequential two-particle decay allows us to determine
the energy and angular distributions at each stage of
decay.

In Fig. 3,a, solid circles are used to exhibit the
dependence of the number of events on the escape angle
of the GS of ®Be nucleus, ®(®Be), in the center of the
mass coordinate frame for the reaction in whole. After,
the circles are drawn in the middle of the histogram
steps, and vertical bars mark statistical errors. The
quantization axis in the reaction system was directed
along the O axis. The figure demonstrates that the GS of
8Be nucleus yield is symmetric about 90° and looks
similar to sin©cos’®.
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Fig. 3. Event distribution over the escape angle of the
GS of the ®Be nucleus (@), angular distributions of
a-particles in the system of the center of mas of the ®Be
nucleus (b), dependence of the angle of separation of
two a-particles (c)

We performed the Legendre polynomial fit:

f(@) = a*fl + b*fz + C*fa + d*fg, (3)
where a, b, ¢, d are coefficients containing information
about the reaction mechanism and wave functions of the
nuclei, and f; = sin®, f, = sinOcosO, f; = sin“Ocos’O,
f, =1. In the figure, the solid curve represents the
function f(®) 3 a = 3.84 £ 0.87, b = 0.23 + 1.98, c=
39.29 + 4.35, d = 0.46 £ 0.55. For the parameters b and
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d, the values and errors of their measurements are close
and their contribution to the fit is insignificant. The
main contribution is given by the parameter c. The data
obtained allows us to estimate the multipole amplitudes
of the photoprocess in the future, since for this two-
particle process we know the spin-parity of the particles
—1* for °Li and 0" for ®Be.

In Fig. 3,b, the solid circles represent the angular
distributions of a-particles in the system of the center of
mass of the ®Be nucleus. The polar angle (o) is
reckoned from the direction of the ®Be nucleus motion.
The angular distributions are isotropic (solid line in
Fig. 3,b is a fit with a linear function with a slope of
—0.004 £ 0.012). This means that the orbital momentum
1=0. It follows that the quantum numbers J*=0%, is in the
GS of ®Be nucleus.

In Fig. 3,c, the histogram shows the distribution of
the number of events as a function of the angle of
departure (W) of the a-particle pair. Fitting with the
Gaussian function gave the values of the maximum and
width at the half-height — ¥, = (16.28 + 0.71)° and
(V) = (18.71 + 1.52)°.

The relative energies of a-particles were determined
as the ratio

& = Tig/To, (4)

where Ty is the sum of the kinetic energies (T) of the
final particles, and id is the particle identifier.

To test the possible mechanisms of interaction of the
v quantum with the nucleus, the particles forming in the
GS of ®Be nucleus were sorted by energy for each event
as T,™ > T,

Fig. 4,a demonstrates the distribution of the number
of events over the relative energy ¢ for the a-particles
(squares (g,™) and circles (¢,™)) and °Li (asterisks).
The distributions were fitted with the Gaussian function
and the values of the corresponding maxima were
obtained — g,™" = 0.17 + 0.03, &, = 0.25 + 0.03, gq1; =
0.55 + 0.02. The slight deviation between ™" and o™,
taking into account the small value of the angle of
separation between a-particles (see Fig. 3,c), explains
the formation of a narrow near-threshold state (see
Fig. 1,b). The value of &g ; can be explained within the
framework of the two-particle process (**N(y,°Li)*Bey),
where gg; takes 8/14 T, ~ 0.57 T,.

Details of the mechanisms of the channel of
formation of the GS of the ®Be nucleus can be studied
with the help of the symmetric Dalitz plot. This
technique is particularly suitable for the geometric
visualization of the decay into three particles with
identical masses and makes it possible to illustrate the
population of the available phase space at three-body
decays. If the decay is a true direct 3-particle decay, the
distribution of events in the Dalitz diagram must be
uniform. However, as a rule, 3-particle decays occur via
resonances, i.e., the excited particle decays into a
resonance and a particle, and then the resonance, in turn,
decays into two other particles. In this case, the
distribution of events in the Dalitz diagram reveals an
essentially non-uniform structure, with an increased
concentration of events in the region of invariant masses
coinciding with the resonance masses. The Dalitz

diagram is a convenient tool for studying the dynamics
of 3-particle decays.

The Cartesian coordinates for plotting a Dalitz
diagram can be obtained as follows [10]:

Xzﬁ(gj—gk),y=25i—gj—gk- ®)
By definition, the sum of the relative energies of
three particles equals 1. In our experiment, the

contribution of each component can be evaluated from
the general plot.
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Fig. 4. Dependence of the number of events on the
relative energy of particles ¢ (a), Dalitz diagram for the
channel of formation of the GS of the ®Be nucleus (b)

In Fig. 4,b, solid circles represent the dependence
when the X coordinate was calculated using the a-
particles. As one can see, the values are concentrated at
(X,Y) >0, which provides an additional criterion for
distinguishing a pair of a-particles forming ®Be nucleus
in the GS. For other combinations (hollow circles),
either of X or Y is negative. The Dalitz distribution
confirms the presence of a transient excited particle
(®Be) and correlates with the distribution in Fig. 3,a.

CONCLUSIONS

The reaction of N(y,2¢°Li) was studied using the
diffusion chamber method in a magnetic field on a beam
of bremsstrahlung photons at E* =150 MeV. The
reaction events were reconstructed using the digital
track measurement technique.

The distributions of events over the excitation
energy of 2a-particles were analyzed and a channel of
the formation of ®Be nucleus in the ground state is
revealed and has been separated. The events
corresponding to the partial channel of the reaction of
“N(y,°Li)®Bey with the subsequent two-particle decay of
®Be—a+a were identified, the partial cross section of
this channel was measured, and a comparison with the
reactions of *?C(y,a)®Be, and °O(y,aa)®Be, was
performed.

Due to the two-particle nature of the decay
process, the energy and angular distributions of particles
at each stage of decay were analyzed.
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JOCIIIVKEHHSA ITAPHIAJIBHOTI'O KAHAJTY YTBOPEHHSA OCHOBHOI'O CTAHY

SAJIPA °Be Y PEAKIII “N(y,2¢°Li)
C.M. Agpanacwves, |.0. Agpanacveea

Meromom aubysiiiHoi kamepu y MarHiTHOMy oii Ha Imydii rambMmiBHEX ¢ortoniB 3 E," =150 MeB
JOCTIKEHO PEaKIIifo 14N(y,20c6Li). VY po3mopmisi moAiif 3a SHepTiel0 BiTHOCHOTO PYXY IBOX O.-YACTHHOK BHSBIICHO
pe30HAHC, ICHTU(IKOBAHUH SIK OCHOBHHUI CTaH sijpa ®Be. BuineHo noii, o BiZMOBIAa0Th HapI[iaIbHOMY KaHATY
peaxuii “N(y, °Li) ®Bey 3 HacTYNmHHM IBOYACTHHKOBHM po3mazoM “Be—>ota, i BEMIpSHO NaprianbHAil IepeTHH
[OT0 KaHally. BUKOHaHO aHai3 eHEePreTUYHUX 1 KYTOBUX PO3IOJIiIIB YACTUHOK HA KOXKHOMY €TaIli po3najy.
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