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A digital measurement technique of points coordinates along the tracks was developed for the stereo frame 

photonuclear reaction data bank created in KIPT. The main procedure is the analysis of pixel intensity in the area of 

tracks. The 
14

N(γ,2α)
6
Li reaction was chosen as a test reaction for measurement. A kinematic scheme for calculating 

the physical parameters of the reaction was created assuming a two-particle decay mode with the formation of an 

intermediate excited state. Experimental data and kinematic calculation were compared. 
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INTRODUCTION 

Photoreactions on light nuclei are of particular 

interest to nuclear physics. They are driven by the well-

known electromagnetic interaction and therefore their 

study provides important information about the 

fundamental properties of the nuclear forces. 

Photonuclear reactions are also important in nuclear 

fusion and astrophysical processes [1, 2]. It has been 

accepted [3, 4] that at quantum energies E up to the 

meson threshold, nucleus absorption mainly occurs 

through two different reaction mechanisms: giant dipole 

resonance (at E < 40 MeV) and quasi-deuteron 

photoabsorption (at E > 40 MeV, where the photon 

wavelength is usually smaller than the nucleus size but 

close to the deuteron size). The (γ,N) and (γ,NN) 

reactions were qualitatively explained in the framework 

of various modifications of these interaction 

mechanisms. At the same time, in various nuclear 

reactions, not only protons and neutrons but also other 

particles such as deuterons, tritons, α-particles, and 

other light and heavy nuclei, different in composition 

and properties from the initial nucleus, are observed 

with significant probability. This led to the development 

of the model of the interaction of constituent nuclear 

particles (nucleon associations, cluster model) [5, 6]. 

The use of this theory made it possible to describe such 

effects that could not be explained by other methods. 

The simple cluster model assumes that the atomic 

nucleus consists of two structureless fragments whose 

properties coincide or are close to the properties of the 

corresponding nuclei in the free state. The two-cluster 

model assumes the presence of only two separate 

fragments ‒ clusters, between which all 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, the operators of which are exactly known. 

Therefore, it is possible to take into account only 

nuclear interactions of related clusters, which greatly 

simplifies the consideration in comparison with the 

three-body problem, when it is necessary to include the 

nuclear interaction of the incoming particle along with 

intercluster forces. 

The 
14

N nucleus is of interest as an intermediate 

between 
12

C and 
16

O nuclei, which in the cluster model 

are considered coupled systems of 3α- and 4α-particles. 

Previously, we have studied in detail the reactions of 
12

C(γ,3α) and 
16

O(γ,4α) [7]. In the present work, we 

present information on the 
14

N(γ,2α)
6
Li reaction, which 

will provide new information on the evolution of the 

cluster structure, which becomes more complicated 

beyond α-clustering. The reaction 
14

N(γ,2α)
6
Li has not 

been studied before, but nuclear reactions with such 

final particles in the literature are (
3
He + 

11
B [8] and 

d + 
12

C [9]). 

1. EXPERIMENTAL TECHNIQUE 

The experiment was performed using a track 

4-detector (the diffusion chamber placed in a magnetic 

field with a strength of 1.5 T) [10]. The chamber was 

exposed to a beam of bremsstrahlung photons with a 

maximum energy of 150 MeV emitted from a linear 

electron accelerator (LUE-300). The soft component of 

the bremsstrahlung spectrum was removed by a 

beryllium filter 2.5 radiation-length units in thickness. 

The spectral distribution of photons was assumed to be 

of a Schiff form corrected for its nonuniform attenuation 

by the filter. To reduce the target density, the chamber 

was filled with a mixture of nitrogen (15%) and helium. 

This experimental method makes 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. The 

target–detector combination made it possible to register 

the products of a low-energy reaction and analyze it 

practically from its threshold. 

1.1. DIGITAL MEASUREMENT OF POINT 

COORDINATES ALONG TRACKS 

In the experiment, during the sessions of irradiation 

of the camera, the working area of the camera was 

photographed by two 2-lens cameras. A large amount of 

information on multiparticle photoreactions was 

collected and an experimental complex with a digital 

data bank of stereo frames and a set of graphic programs 

that allow to restore events and perform physical 

analysis of the obtained data was created [11]. Photo 

frames have a structured name with the maximum 

necessary information about the experiment session. 

In [11], a method of digital semi-automatic 

measurement of the coordinates of points along the 
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track was proposed. This allowed us to compare the 

digital method and the method using special devices. 

Also, the procedure of correct obtaining of physical 

information by digital measurement was created. 

In this work, a fully automatic method of obtaining 

the kinematic parameters of particles is proposed, which 

reduces the contribution of the meter error and 

significantly speeds up the image processing. 

For this purpose, a specialized graphical application 

was created using the Python programming language on 

the platform of the Tkinter graphics library with the use 

of additional modules ‒ PIL, NumPy, SciPY, and 

Pandas. The PIL module allows you to access a two-

dimensional array of numbers, which is a function of 

the image intensity distribution on the plane. The 

intensity range is from 0 (black) to 255 (white). The 

coordinate system starts in the upper left corner. The X 

coordinate increases from left to right, and the Y 

coordinate increases from top to bottom. Next, we will 

present algorithms for the mathematical processing of 

digital arrays (NumPy and SciPY) with further 

visualization of the results. 

Fig. 1 shows two identical fragments of a photo 

frame with a three-beam event. The white segments 

emanating from the same vertex correspond to a three-

beam event. It should be noted that there are significant 

background emissions (light objects in the frame) that 

can cause distortions during image analysis. They arise 

due to the complex gas structure of the diffusion 

chamber. However, such background emissions are not 

systematic and the total intensity along the tracks should 

be higher. 

 

Fig. 1. Digital image processing 

To implement an automatic technique for obtaining 

the kinematic parameters of reaction particles, we 

propose an algorithm that scans the intensity of pixels 

along a circular trajectory of a certain radius () and 

determines the average value at each scanning step 

1

( ) /
n

iI I n   , where n is the number of pixels (radius 

length) and Ii is the intensity of the i-th pixel. In Fig. 1 

above, for a visual example, dark segments of 50 pixels 

in length represent the procedure of scanning in a circle. 

The scan was performed along the clockwise trajectory 

with a step of 15 degrees. In the real study, the scanning 

step was 1º. 

For the convenience of data analysis and searching 

for extremes, we introduced the relative intensity I
extr

 = 

I / I
aver

, where I
aver

 is the average intensity of the circle. 

In Fig. 2, the histogram shows the dependence of 

Iextr on the scanning angle in the range from 0 to 360 

degrees. There is an irregular structure with several 

maxima corresponding to the deviation from the 

background in the scanning area. To automatically 

determine the position of these maxima, we used the 

groupby() function from the Pandas module, which 

performs grouping by one or more parameters and 

determines the inflection points (extremes). The 

positions of the calculated extremes are shown as solid 

points. The three maxima in the positive region 

correspond to the three tracks in Fig. 1, and the position 

of the maximum gives the value of the departure angle 

of the corresponding track. 

0 120 240 360
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Fig. 2. Dependence of pixel intensity on scanning angle 

Thus, knowing the top of the event, the angles of 

departure of the tracks, and the average intensity of the 

Icer in the selected direction, it is possible to calculate 

the coordinates of points along each track. For this 

purpose, the procedure of sequential advancement of the 

scanning segment along the corresponding track was 

performed. The pixels in the scanning segment were 

checked for intensity. A sharp change in intensity 

compared to I
aver

 made it possible to determine the 

boundary of the track. If all pixels corresponded to the 

track, the procedure was performed to move the start of 

the scan to the last point of the scanning segment, and 

then the procedure of scanning the intensity of pixels 

along a circular trajectory was performed again to 

determine the angle of departure of the track and further 

advancement along the track. This sequence of actions 

was performed in a loop until the track boundary was 
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determined. This algorithm allows us to take into 

account the curvature of the track and at each stage of 

moving along the track it is possible to refine the 

departure angle. 

In Fig. 1 on the bottom image shows the result of the 

automatic digitization of all three event tracks. The 

points describe the trajectory of the tracks well. 

Subsequently, we performed the functions of fitting the 

points with a second-order linear curve and refining the 

coordinates of the middle of the track. 

After reconstructing the geometry of the event, a 

numerical matrix of this event is created, in which for 

each track there are guide cosines l, m, n; the radius of 

curvature and track length. 

1.2. 
14

N(,2α)
6
LI REACTION EVENTS 

For the measurement and processing of the 
14

N(γ,2α)
6
Li reaction, we selected 3-ray stars close to 

compatibility, two of whose rays belong to two-charged 

particles and one to a three-charged particle. The 

ionization density, its change along the track at a known 

momentum, makes it possible to determine the charge 

of the particle. This identification was performed 

visually at the stage of selecting events for 

measurements. The particle tracks usually ended in the 

working area of the chamber, so the experimental data 

of their energy losses (energy-mileage ratio) were used 

to determine the kinetic energy of the particles [12]. The 

methodology for selecting events is traditional for this 

method of experiment and has been previously 

described [13, 14]. 

Events were identified after the measurement based 

on momentum balance. In the experiment, the axis OX 

was directed along the beam of γ-quanta. Boundary 

conditions were imposed on the quantities Px
i
, Py

i
, 

and Pz
i
, where Px(y,z)

i
 are the components of the three-

dimensional momentum of the 𝑖-th final particle. The 

γ-quantum energy Eγ was determined as the sum of the 

kinetic energies of final 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. The measurement error of the momentum of 

charged particles depends on its size and track length 

and ranges from 3 to 10 %. 

2. DATA PROCESSING 

For the 
14

N(γ,2α)
6
Li reaction events, the excitation 

energy of a pair of particles was determined as Ex(αα) = 

M
ef

(
8
Be) – 2mα, where M

ef
(

8
Be) is the effective mass 

equal to the total energy of a pair of α-particles in their 

resting state, and mα is the mass of the particle. 

In Fig. 3, the histogram shows the distribution of 

Ex(αα) with a step of 0.25 MeV. The distribution has a 

structure: a narrow near-threshold maximum and a 

concentration of events in the region of 3 MeV. The 

area of the first maximum is 15% of the total area. 

There are three particles in the final state of the 

reaction, so three combinations of particle-pair systems 

are possible. This means that the structure observed in 

Fig. 3, is formed either by the decay of the intermediate 

excited state of the 
8
Be nucleus or is simulated by one 

of the background pairs during the decay of the 

intermediate excited state of the 
10

B nucleus. 

 
Fig. 3. Distribution of events by excitation energy of 2α-

particles. The curves are explained in the text 

At present, experimental studies of nuclear reactions 

on light nuclei are usually accompanied by a 

mathematical model of the process under study [15, 16]. 

2.1. KINEMATIC CALCULATION 

To analyze the experimental data and compare it 

with the kinematic calculation, a graphical application 

in the Python programming language was created for 

this work. The matplotlib library is used for data 

visualization. 

The kinematic model of the 
14

N(γ,2α)
6
Li reaction 

was developed under the assumption of two-particle 

decay with the formation of an intermediate excited 

state. In the system of the center of mass (s.c.m.) of a 

two-particle reaction, the kinematics is determined by 

the fact that, regardless of the specific type of 

interaction, the reaction products scatter at an angle of 

180
0
 and have equal modulus momentum, and their 

energies in the same system depend only on the masses 

of the particles and the total energy of the system. 

For the reaction of 
14

N(γ,2α)
6
Li, decay through two 

channels is possible  

+
14

N→α+
10

B*→2α
6
Li,  (1) 

+
14

N→
8
Bе*+

6
Li→2α

6
Li.  (2) 

The mathematical calculation is based on the 

literature data on the parameters of the levels of 
10

B and 
8
Be nuclei [17] and the corresponding assumptions 

about the angular distributions in the system of the 

reaction center of the particle that first left the 
14

N 

nucleus and the particles in the intermediate state resting 

state. Each decay mode is reduced to three two-particle 

systems: 

 (+
14

N) – initial, 

 

a 

 

b 
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 (α+
10

B*) or (
8
Bе*+

6
Li) – intermediate, 

 (α+
6
Li) or (α+α) – final. 

To generate random values, a set of functions of the 

standard random library of the Python programming 

language was used. Several excited states of 
10

B and 
8
Be 

nuclei can contribute to the reaction. A scheme was 

created that allows you to select both the relative 

contribution for each channel (1) or (2) and the 

contribution of a separate level in each channel. To do 

this, we used the random.randint(0,100) function, 

which creates random, uncorrelated numbers evenly 

distributed in the range from 0 to 100. For the initial 

system, the numerical function of the distribution of the 

number of events on the energy of quanta N(Eγ) was 

taken from a real experiment, and random values of E 

were generated by the random.choice() function. The 

excitation curves f(Ex) of the 
10

B and 
8
Be states of the 

nuclei were taken as Gaussian functions with a 

maximum position E0 and half-width at half-height () 

from a compilation of spectroscopic data [17]. Random 

values were generated by the function 

random.gauss(Е0,). 

In the non-relativistic approximation, in the system 

of the center of mass of the two-particle reaction  + 
14

N 

→ Z + Y*, the law of energy conservation is E = TZ + 

TY + Ex(Y) + Q, where T is the kinetic energy of 

particles Z and Y, Ex(Y) is the excitation energy of the 

intermediate particle Y, and Q is the energy threshold of 

the  + 
14

N → Z + Y reaction. Using the two-particle 

channel and the unambiguous connection between TZ 

and TY, we obtain  

Y
Z γ x

Z Y

M
T = (E -Q-E (Y)).

M +M

 

After the procedures for generating E and Ex(Y), TZ 

and, accordingly, the particle momentum pZ was 

determined. 

The distributions over the polar angle Z for particle 

Z were taken in form f(Z) = с1·sin
2
Z + 

с2·sin
2
Z·cosZ + с3·sin

2
Z·cos

2
Z + с4, where с1-4 are 

coefficients containing information about the reaction 

mechanism and wave functions of the nuclei. 

Parameters с1-4 were determined from the quantum 

values of the intermediate excited nucleus [18]. The 

distribution in the azimuthal angle Z is isotropic and 

was generated by multiplying the random number 

random.randint(0,1) by 2. 

The polar (Z) and azimuthal (Z) angles were 

generated and the longitudinal and transverse 

projections of the momentum of particle Z were 

determined. The values of the projections and the total 

momentum of nucleus Y were calculated from the two-

particle process. 

A similar procedure was carried out for the final 

system, provided that the energy of the system is the 

excitation energy of the particle Y. The kinematic 

parameters of the particles were transferred from the 

s.c.m. reaction to the laboratory reference frame. The 

laws of conservation of energy and momentum for the 

kinematic parameters of the particles were checked. An 

event was considered formed if it satisfied the 

conservation laws. 

2.2. DISCUSSION OF THE RESULTS 

For example, let us compare the kinematic 

calculation with the experiment (see Fig. 3). 

Using the kinematic model, we constructed several 

distributions of events according to Ex(αα) under the 

assumption of each decay channel ‒ (1) or (2). 

In Fig. 3,a, three curves are presented in the 

framework of decay through a channel (1): curve 1 – 

with 100 % production of the narrow 
10

B nucleus level 

(E0 = 6.56 MeV,  = 0.025 MeV); curve 2 – with 100% 

formation of the broad 
10

B nucleus level (E0 = 

9.58 MeV,  = 0.257 MeV); curve 3 – with 15% of the 

narrow 
10

B nucleus level and 85% of the broad 
10

B 

nucleus level formation. 

The dependence of 15 and 85% is taken from the 

ratio of the areas of the maxima in the experiment. The 

calculated curves were normalized to the experimental 

distribution by area. The curves do not fully describe 

the near-threshold maximum. In addition, they give only 

one maximum, which has almost the same position (at 

1.5 MeV) with different widths. It was checked that any 

combinations of the relative contributions of curves 1 

and 2 also do not describe the experimental distribution. 

Two levels of 
8
Be nucleus were chosen for a channel 

(2): the ground state (GS) with E0 = 0.092 MeV, 

 = 0.025 MeV, and 1
e
 excited state with 

E0 = 3.04 MeV,  = 0.75 MeV. Fig. 3,b shows three 

curves corresponding to the following ratios: curve 4 ‒ 

with 100% OS; curve 5 ‒ with 100% of the 1
st
 level of 

the 
8
Be nucleus; curve 6 ‒ with 15% GS and 85% of the 

1
st
 level of the 

8
Be nucleus. 

Curves 4 and 5 are consistent with the experiment 

when describing the first and second maxima, 

respectively. And curve 6 satisfactorily describes the 

entire experimental distribution. 

Thus, it can be concluded that in the 
14

N(,2α)
6
Li 

reaction, decay occurs mainly through the formation of 

an intermediate excited 
8
Be nucleus. In the future, it is 

planned to separate the events corresponding to the 

formation of the GS and the 1
st
 excited state of the 

8
Be 

nucleus and to analyze the experimental data for each 

partial channel. 

3. CONCLUSIONS 

A systematic study of the 
14

N(,2α)
6
Li reaction was 

performed. 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 area of tracks along a circular trajectory 

of a certain radius. 

The excitation energy of the 2α-particle system is 

determined and a structure with two maxima is detected. 

The structure is formed either as a result of the decay of 

the intermediate excited state of the 
8
Be nucleus or is 

simulated by one of the background pairs during the 

decay of the intermediate excited state of the 
10

B 

nucleus. 
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A kinematic scheme for calculating the physical 

parameters of the reaction has been developed in the 

assumption of a two-particle decay mode with the 

formation of an intermediate excited state. A 

comparison of experimental data and kinematic 

calculation was performed and it was determined that 

the decay process with the formation of an intermediate 

excited 
8
Be nucleus in the ground and 1

st
 excited states 

is carried out with high reliability. 
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