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The event distribution over the excitation energy of a system of two a-particles (E;) is measured for the reaction
160(7,4&). It is found that an intermediate excited 3Be nucleus is formed, and the channels of the ®Be nucleus ground
state (GS) formation are extracted. After the separation of the GS ®Be nucleus, a broad maximum with a center
at ~ 3 MeV appears in the distribution of E,, which may correspond to the first excited state of the ¥Be nucleus. There
are two possible channels for the formation of this state in the reaction - v + 0 — a1 + 2C* = a1 + a2 + 8Be* —
a; + az + az + ag and v + %0 — 8Be* + 8Be* — (a1 + a2) + (a3 + aa). Each decay mode is reduced to several
two-particle systems. For a comprehensive study of the channel for the formation of the first excited state of the Be
nucleus in the 160(’7,4@) reaction, a kinematic model for calculating the parameters of a-particles has been developed.
The model is based on the assumption of a sequential two-particle decay with the formation of intermediate excited states
of ®Be and '2C nuclei. For the kinematic model of the ®0O(y,4a) reaction, a graphical application was created in the
Python programming language. The matplotlib library is used for data visualization. To generate random values, a set
of functions from the standard random library of the Python programming language is used. Monte Carlo simulations
of several distributions for one parameter with a given numerical function were performed. Several excited states of the
12C and ®Be nuclei can contribute to the reaction. The created scheme allows us to choose the relative contribution for
each channel of decay, as well as the contribution of a separate level in each channel. To correctly comparison of the
experimental data and the results of the kinematic calculation, the a-particles were sorted by energy in such a way that
Tl > T2, > T3, > T4 ... As a result of comparing the experimental and calculated data, it was determined that
predominantly occurs the process v + 0 — a1 + 2C* = a1 + az + ®Be* — 4a with the formation of the >C nucleus
in states with Eg = 13.3 MeV, Eo = 15.44 MeV, and the 1°! excited state of the 8Be nucleus with Eg = 3.04 MeV. The
conditions for the identification of a-particles in the experiment for each decay of the stage are determined.
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1. INTRODUCTION

The study of photonuclear reactions of total a-decay is of particular interest for studying the properties
of virtual a-cluster structures in nuclei [1, 2], their influence on the mechanism of nuclear reactions and on
the dynamics of a-synthesis in the Universe [3]. In particular, the study of 8Be, 2C, and 190 nuclei as 2-, 3-,
and 4-a-cluster structures, respectively, is important for estimating the abundance of elements in the Universe
through the process of stellar nucleosynthesis. The a-shaped cluster is the most probable because it has the
highest binding energy and is compact enough to fit into the inter-nucleon distance in the nucleus [4]. In
addition, the a-particle is a crucial ingredient in the concept of the Tkeda diagram [5], where highly clustered
states are predicted by excitation energies around energy thresholds for decay into specific cluster channels.

In recent years, the interest in understanding the structure of a-cluster nuclei (}?C and '°0) has been
significantly renewed and numerous theoretical calculations have been performed using various non-relativistic
macroscopic and microscopic methods - the antisymmetrized molecular dynamics (AMD) [6], the fermionic
molecular dynamics (FMD) [7], the Bose-Einstein condensate cluster model [8], the no-core shell model [9], the
algebraic cluster model (ACM) [10] and others. Despite the general agreement on the structure of the ground
state of nuclei, there is no consensus on the structure of the excited states of the nucleus. The models do not
necessarily contradict each other; it is just that each model is too narrow in scope.

Also, in theoretical calculations, there are differences in the interpretation of the reaction mechanism,
taking into account the possible realization of partial channels: 4c, a+'2C*, 8Be*+8Be*.

The experimental study of the °0O(y,4a) reaction has been repeatedly carried out under irradiation of
nuclear photographic plates with both monochromatic y-quanta from reverse reactions and radioactive sources,
and exposed to a beam of bremsstrahlung photons [11-15]. The previously obtained data have low statistics
and a significant scatter over the full cross section. In the study of the reaction, the relative contribution of the
channels for the formation of intermediate excited states of ®Be nuclei was mainly estimated.
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In the present work, we continue [16, 17] the study of the 10(v,4a) reaction. The results given here were
obtained by using a diffusion chamber [17] placed in a magnetic field and exposed to a beam of bremsstrahlung
photons, their endpoint energy being 150 MeV. Earlier, a narrow near-threshold maximum was found in the
excitation energy distribution of the 2a-particle system for all events, which corresponds to the formation of
the ground state (GS) of the ®Be nucleus. In [16], a partial channel for the formation of the ground state
was identified and it was determined (distribution by the excitation energy of the 3a-particle system) that an
intermediate excited state of the 2C nucleus could be formed in two levels (Eq = 7.65 MeV and 10.3 MeV).

The excitation energy of a system of several a-particles (n) was defined as

Ex(n . OZ) = Meff - (Tl M — Qn-a) (1)

where M®// is their effective mass, m, is the mass of the a-particle, and Q.o is the decay threshold. The
histograms in Fig.1 shows the distribution of the dependence of events on the excitation energy for: a) two a-
particles E;(2a) and b) three a-particles E; (3a). In Fig.1 shows the distributions of events without combinations
that correspond to the formation of GS [16].

For the four final a-particles, there are 6 combinations of 2a-particle system (one resonant and 5 back-
ground) and 4 combinations of 3a-particle system (one resonant and 3 background). From these combinations,
for each event, it is impossible to choose in advance a combination that can correspond to the production of
excited 8Be and '2C nuclei. Therefore, the distributions in Fig.1 shows all values of the combinations for each
event.

o)
2

number of events

E (3a), MeB

Figure 1. Distribution of events by excitation energy: a) 2a-particles, b) 3a-particles.

It should be noted that in Figs.la and 1b, no obvious resonance structure is observed and all possible
combinations lie in a wide range both in terms of E;(2a) and E,(3«).

2. METHOD OF KINEMATIC CALCULATION OF THE !%0(y,40) REACTION

To determine the decay channel and reliably identification of a-particles in the experiment, a program for
calculating the kinematic parameters of a-particles was created. Under the assumption of sequential decay with
the formation of intermediate excited states, multiple reactions can be represented as a sequence of two-particle
acts. In this case, the calculation of the reaction kinematics can be reduced to several tasks of generating particle
parameters. In the system of the center of mass 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° and
have an equal modulus momentum, and their energies depend only on the masses of the particles and the total
energy of the system. For the reaction of 10(v,4a), sequential two-particle decay is possible via two channels:
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¥4+ 100 = a; + 2C* = a; + as + %Be* — a; + as + az + ay (1)

v + 160 — 8Be* + ¥Be* — (a1 + a2) + (az + a4) (II)

Each decay mode is reduced to several two-particle systems:

- (v + '60) - the initial,

- (a1 + 12C*) or (®Be* + ®Be*) — the first intermediate,

- (az + 8Be*) — the second intermediate,

- (o + @) — the final.

The mathematical calculation is based on the literature data on the parameters of the levels of 2C and
8Be nuclei and the corresponding assumptions about the angular distributions in the center of mass (c.m.) of
the reaction and the particles in a system at rest (s.r.) of the intermediate nucleus.

For the kinematic model of the ®O(v,4a) reaction, a graphical application was created in the Python
programming language on the platform of the Tkinter graphics library.

The matplotlib library is used for data visualization.

To generate random values, a set of functions from the standard random library of the Python programming
language is used. Monte Carlo simulations of several distributions for one parameter with a given numerical
function were performed.

For the initial system, the distribution of the number of events from the energy of y-quanta N(E,) was
taken from this experiment, and random values of E., were generated by the random.choice() function.

Several excited states of the 12C and ®Be nuclei can contribute to the reaction. The created scheme allows
us to choose the relative contribution for each channel (I) or (II), as well as the contribution of a separate
level in each channel. For this purpose, the random.randint(0,100) function was used, which creates arbitrary,
uncorrelated numbers evenly distributed in the range from 0 to 100.

The excitation curves f(E,) of the states of the nuclei >C and ®Be were taken as Gaussian functions
with the maximum position Eg and the half-width at half-height I" from the compilation of spectroscopic data.
Random values were generated by the random.gauss(Eq,I') function.

In Fig.la shows that the events are concentrated at Eg(2a) ~ 3 MeV, which coincides with the 1°¢ excited
state of the ®Be nucleus (Eg = 3.04 MeV, I' = 1.5 MeV [18]). To describe E¢(3a) in Fig.1b, two broad levels
of the '?C nucleus with Eg = 13.3 MeV, I' = 1.7 MeV and Eg = 15.44 MeV, I = 1.77 MeV were chosen [19].
These levels have spin-parity 4T and 27 with isotopic spin T = 0, which is important for a-particle decay.

The parameters of the particles at the first intermediate stage were determined. In the non-relativistic
approximation, in the case of a two-particle channel, the law of conservation of energy is E; = Tp1 + Tpa +
E, + Q, where T is the kinetic energy of particles P; and Py (P; = ay, Py = 2C or P; = 3Be, Py = ®Be),
E, is the excitation energy of the intermediate particle (E,(12C) in the case of channel (I) or E, = E,(®Be;) +
E.(®Beg) for channel (I)), and Q is the energy threshold of the corresponding channel.

Using a two-particle channel and an unambiguous connection between the particles, we obtain:

Mp,

Tp = —————
P17 Mpy + Mps

(B, —Q— E,) (2)

The polar (f) and azimuthal (¢) angles were generated and the kinematic parameters Py and Py in the
c.m. were fully determined.

At the second stage, the kinematic parameters of the decaying particles were determined in a similar way,
but in the s.r. of the intermediate excited nucleus (2C* — ay + 8Be* for channel (I) or ®Be; — a1 + a9 and
8Bey — a3 + a4 for channel (II)). Using the value of the intermediate excited nucleus in c.m. determined at
the first stage of decay, the parameters of decaying particles were also converted to c.m.

If necessary, at the third stage, the kinematic parameters of the final decaying particles were determined
in the s.r. of the next intermediate excited nucleus (for channel (I), the final two-particle system ®Be — a3z +
a4, which were converted to c.m. using the parameters of the excited nucleus determined at the second decay
stage according to the above scheme.

Further, for both channels, the kinematic parameters of a-particles were converted from the c.m. reaction
to the laboratory reference frame and the laws of conservation of energy and momentum were checked. An
event was considered to be formed if it complied with these conservation laws.

In Figs.la and b, the solid curve represents the distributions of all combinations of 2a- and 3a-systems
for channel (I), and the dashed curve for channel (II). We generated 10° events for each of the channels. The
results of the kinematic modeling are normalized by the area per experiment. It is clear from the figures that
qualitatively the simulation results for channel (I) better describe the experimental data.

3. SORTING o-PARTICLES BY ENERGY. ANGULAR AND ENERGY CORRELATIONS
OF aa-PARTICLE PAIRS

To correctly comparison of the experimental data and the results of the kinematic calculation, the a-
particles were sorted by energy in such a way that T! ., > T2 , > T3 , > T?

sor sor sor sort*
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Consider the relative contribution of the sorted a-particles to the total reaction energy, which was defined
as To = E - Q, where Q is the energy threshold of the reaction under study. The experimental value of the
energy T*¢" was determined for particles falling into the MeV interval Ty, the points are placed in the middle
of the interval. In Fig.2 shows the distribution of T%¢": squares for T} ., circles for T2, ,, triangles for T2,
and stars for T? .

The linear function fit was performed and the coefficients of the relative contribution of particles to the
total energy were determined to be 0.409, 0.303, 0.190, and 0.098 for T! ., T2 ., T2,.,, T4 .., respectively.
It should be noted both the linear dependence of the distributions and some consistency (change to ~ 0.1) in
these coefficients.

The results of the kinematic calculation with the above sorting procedure are shown in Fig.2 - solid lines
for channel (I) and dashed lines for channel (IT). The figure shows that qualitatively, for all 4 a-particles, the

best agreement is observed in the case of channel (I).

Figure 2. Distribution of events by the average energy of the a-particles. Dots - experimental value, solid
lines - channel (I), dashed lines - channel (II).

For a more detailed comparison of the modeling results, a comparison was chosen by the angle of departure
and relative energy of the a-particles pair. Two maximum and two minimum pairs were chosen as reference
pairs: (al,,., a2,,,) and (a2 ., o ), which may show different types of dependencies.

The angle of departure of two a-particles (i and j) was defined as

, _ BB,
EARRTARA

where P is the momentum vector of a-particles, and P is their momentum modulus.
The relative energy of a pair of a-particles was determined as
T + T}

To

(4)

Eij =

In Fig.3a, the dots represent the distribution of the dependence of the number of events on the angle of
departure of the 2a-particle system 6,,, and Fig.3b - the distribution of events by the relative energy of the
2a-particle system €,,. Open points are ol ,+a2 ., closed points are a2, ,+a? ,. The solid lines represent
the results of the calculation within the channel (I), and the dashed lines represent the results of the calculation
within the channel (IT). The modeling results are normalized to the experiment by area.

The general conclusion can be drawn as follows: the distributions within channel (I) are in good agreement
with the experimental data, while the distributions within channel (II) for both 6, and &, differ in terms of

the position of the maxima.

4. IDENTIFICATION OF o-PARTICLES IN THE DECAY CHANNEL
OF THE '°O(y,a)!?2C* REACTION

After choosing the most probable decay channel, the main task is to identify a-particles in the experiment,
taking into account the fact that a sequential two-particle decay is taking place. It should be noted that this
decay leads to a direct relationship of the kinematic parameters in the c.m. reaction. At the first intermediate
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Figure 3. a) distribution of events by the angle of departure of the 2a-particle system, b) distribution of events
by the relative energy of the 2a-particle system. Solid lines - channel (I), dashed lines - channel (II).

stage for Ty from Eq.(2):

Mioc

T = —--F—
! Ma+M12C( 7

— Qarzc — B.(?0)) (5)
There is also a relationship at the second intermediate stage:

TaQ + TSBe - %Tal = Em(uc)) - Eac(sBe)) - QaSBe (6)
12C

where Mo — the mass of carbon, and Qu12¢c = 7.16 MeV and Qusge = 7.37 MeV — the decay thresholds of the
160 — a + 12C and 2C — a + ®Be reactions, respectively. The discrete levels of Be (Eq = 3.04 MeV) and
12C (Eg = 13.3 MeV and Ey = 15.44 MeV) [18, 19] lead to the appearance of some special values of a-particle
energy. Thus, at low E, one should expect a small To1 (Eq. 5); and with the growth of E, there is a significant
increase in the value of T, and, accordingly, a change in the growth rate of Tyo (Eq. 6).

In Fig. 4a shows the distribution of the average energy (T*"¢") of a-particles depending on the total energy
To in channel (I) - v + 10 — a3 + 2C* — a1 + az + ®Be* — a1 + az + az + ay. In this figure, unlike to
Fig.2, the numbering of a-particles corresponds to their sequence of formation. The distribution is shown for:
To1 - squares, Tyo - circles, Ty3 - triangles, T4 - stars.

The average energy distributions of a-particles can be divided into three intervals: Ty < 7 MeV, Ty = 7—
11 MeV, and Ty > 11 MeV. And while there is a certain regularity in the behavior of the distributions in the
first and third intervals, the second interval is characterized by a sharp increase in the relative contribution
coefficient of T,;. The behavior of as-, as-, as-particles is due to the fact that they are formed in the process
of decay of discrete levels of 2C and ®Be nuclei. Therefore, their dependence has a low growth rate.

At the first stage of the identification, the conditions for the identification of two a-particles (a3, ay)
forming the ®Be nucleus in the 1%¢ excited state with Eg = 3.04 MeV were chosen.

All a-particles are reliably identified at Ty < 7 MeV: - the ay-particle has the minimum energy, while the
ag, ay-particles have the maximum energy (their distributions are close in value).

Furthermore, the figure shows that at Tg > 11 MeV, all a-particles are also reliably identified: the a;-
particle already has the maximum energy, while a3-, ay-particles have the minimum energy.

In the range of 7-11 MeV, the as-particle has the maximum energy. In the narrow interval (9-11 MeV),
when E, - Qai2c > E;(*2C) (Eq. (5)), the relative contribution of the a;-particle increases rapidly and all
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Figure 4. a) distribution of events by the average energy of a-particles in the channel  + 2C*, b) distribution
of the relative magnitude of 7 from the total energy Ty.

a-particles account for the same contribution of total energy. It was assumed that a pair of a-particles (as, ay)
is the pair with an excitation energy closer to Eq(8Be) = 3.04 MeV. Statistically, less than 7% of all events are
in this range.

Thus, at the first stage of identification, two a-particles corresponding to the formation of the 8Be nucleus
were identified with high confidence.

At the second stage, the angle of departure in the a; + as + ®Be system (6;;) was used to correctly identify
ai- and ao-particles. At low energies (Tg < 11 MeV), the as + 8Be the angle of departure should be larger
(since the two-particle decay 2C* — as + ®Be occurs) and, obviously, larger than the a; + ®Be scattering
angle, which is close to the phase distribution. At high energies (Tg > 11 MeV), due to the high energy of T,1
and to fulfill the laws of conservation of energy and momentum, the angle of departure of o; + ®Be is already
larger than the angle of departure of as + ®Be.

In Fig. 4b shows the distribution by the relative value of 7 = ¢;;-60,;/180°, where ¢;; and 6;; were determined
by (Eq. 3) and (Eq. 4), respectively. For the correctness of comparison, the angle of departure was normalized to
180°. Open circles are for the pair o;; +8Be, closed circles are for the pair as+8Be. As expected, the distributions
have different angles of change and, therefore, the a1- and ais-particles can be separated in different T intervals:
at Tg < 10.5 MeV - 7(a;+%Be) > 7(a1+°Be), and conversely at T > 10.5 MeV.

Thus, conditions were obtained under which experimental a-particles can be identified with high confidence
in the decay channel a; + 2C* — ay + as + 3Be* = a1 + as + a3 + ay.

In Fig. 5 shows the experimental [16, 17] distribution of events by excitation energy: a) 2a-particles,
b) 3a-particles. The distributions were obtained using the set of conditions defined above for the identification
of a-particles. Compared to Fig.1, only resonant combinations are shown.

The fitting with Gaussian functions was performed and the positions of the maxima and their widths were
determined: Eg(2a) = 3.06 + 0.22 MeV, I' = 1.95 £+ 0.14 MeV (Fig. 5a); E¢'(3a) = 13.13 £ 0.26 MeV,
't = 1.64 £ 0.31 MeV and Eg?(3a) = 15.56 £ 0.27 MeV, I'? = 1.86 + 0.33 MeV (Fig. 5b), which are consistent
with the data of spectroscopic studies [18, 19] within the error.

5. CONCLUSION

In the %0(y,4a) reaction, a detailed study of the formation of final particles has been performed. For the
events, after the channel for the formation of the ground state of the ®Be nucleus has been isolated, distributions
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Figure 5. Distribution of events by excitation energy: a) 2a-particles, b) 3a-particles. The decay channel 7
+ 160 =5 a3 + 12C* -5 a1 + a9 + 8Be* — a1 + ag + as + ay.

of 2 and 3 combinations of a-particles have been constructed. Due to the inseparability of a-particles, it is
difficult to separate the resonant combination from the background ones.

To determine the most probable decay channel and identify the particles at each stage of decay, a kinematic
model of the 0(v,4a) reaction was created assuming a sequential two-particle process with the formation of
intermediate excited states of ®Be and '?C nuclei. To compare the experimental data and modeling results,
a-particles were sorted by energy T! , > T2 , > T3 , > Ti , inboth data sets (experimental and calculated).

It was determined that the experimental data can be mainly described within the process v + 60 —
a1 + PC* =5 aq + ag + 8Be* = a1 + as + a3 + a4 with the formation of the "C nucleus in states with
Eo = 13.3 MeV, Eq = 15.44 MeV, and the 1°¢ excited state of the 8Be nucleus with Eg = 3.04 MeV.

The identification of a-particles corresponding to each stage of the chosen decay process was performed.
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KIHEMATUYHUN PO3PAXYHOK PEAKHIi 160(7,40[)
Cepriit Adanacren
Hauvionanvrut Haykosutl Lenwmp “Xapriecoruti Pisuxo-Texnivunut Inemumym”,
eya. Axademiuna, 1, Xapxis, 61108, Yrpaina

B peaxmii '°0(v,4a) sumipsHO po3momin moziii 3a emeprieo 36ymxenns (E;) cucremu npox a-vacTmHOK. Busmaueno,
IO yTBOPIOETHCSI IPOMIKHE 30y/KeHe s1po SBe, BUIiIEHO KAHAI yTBOPEHHS OCHOBHOIO CTAHY (OC) ampa 8Be. Ticas
suginennss OC siapa SBe y posnosini 3a E, nposiBisierscs MUPOKUH MAKCUMyM 3 LeHTpoM npu ~ 3 MeB, mo moxe
BioBigaTy nepmomy 36yzkeHoMy crany siapa SBe. B peakiii MOXK/IMBO [Ba KaHAJly yTBOPEHHSI LbOIO CTAHy - 7 -+
0 = a1 + 2C* = a1 + @z + ®Be* = a1 + az + a3 + ag iy + %0 — ®Be* + ¥Be* — (a1 + a2) + (a3 +
a4). Koxna Moma posmasy 3BOIUTHCA 70 KLIBKOX JBOYACTHHKOBHUX CHCTEM. [[JIT KOMTIEKCHOTO JTOCI/IXKEHHS KAHAJTY
yTBODEHHS TepuIoro 36ymxeHoro crany sapa SBe B peaxmii °0(7,4q) po3pobiieHo KiHeMATHYHY MOIETh PO3PAXYHKY
HapaMeTpiB a-uacTuHOK. MoJesb CTBOPEHO B IPUILYIIEHH] IOC/II0BHOIO ABOYACTUHKOBOTO po3nay sapa °0 3 yrsope-
HHSIM OPOMIKHUX 36yzKenux cranis suep SBe i 2C. Tns kinemarwasoi Mozeni peaxiii 160(7,4&) cTBOpeHo rpadidmne
3aCTOCYyBaHHA MOBOIO mporpamyBanug Python. /Iis Bizyasizamil manux BHKOPHUCTOBYEThCa Oibsiorexa matplotlib. lna
reHeparil BUMaIKOBUX 3HAYEHb BUKOPUCTOBYEThCS Habip (yHKINI cTanmapTHoi 6i61ioTekn random MOBH TpOrpaMyBaH-
us Python. IIpoBogunocs momemoBanus meroqom MonrTte-Kapsio KiIbKOX pO3MOIIJIiB 32 OJHUM MapaMEeTPOM i3 33JaHOI0
ancerpHOI0 GyHKIHE0. Y peakrii MOK/IMBHi BRI MeKiIbKOX 30ymKernx cranis axep 2C i *Be. CTBopema cxema, mo
J03BOJIsI€ BUOUPATH BIIHOCHUN BKJIAJT 9K I KOXKHOIO KaHAJIy PO3MaJa, TaK 1 BKIaJ OKPEMOro PIBHSA B KOXKHOMY KaHa-
mi. JIjisi KOPEKTHOTO TOPIBHSHHS €KCIePUMEHTAIPHAX TAHUX 1 Pe3y/IbTaTiB KIHEMATUIHOTO PO3PAXyHKY OyJI0 BUKOHAHO
COPTYBaHHS (-JACTHHOK 33 €HEPri€i0 TAKUM UUHOM, IO Tlowe > T2 > T30 > T 0. Y Pe3y/IbTATI MOPIBHAHHS €KC-
MIepUMEHTATHHIX 1 PO3PAXYHKOBUX JAHUX BU3HAUEHO, IO MEPEBAXKHO HJIe TpoIec v + 0 = oy + 12C* 5 a1 + az +
8Be* — 4a 3 yrBopennsim smpa 2C y cramax 3 Eg = 13.3 MeB, Eg = 15.44 MeB Ta mepuroro 36ymI:KeHOr0 CTaHy sapa
8Be 3 Eg = 3.04 MeB. Buszatueno YMOBH [Tt imeHTH(IKaIl (-9aCTUHOK B €KCIEPUMEHTI Ha BiIOBIIHICTH KOKHOMY
eraiy po3mnay.

Kurouosi cioBa: gomoadepri peakyii; dudysaitna xamepa; 36ydsceni cmanu adep SBe i 12C
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