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ABSTRACT. The investigation of SN1987A 
remnant is complicated due to absence of the source of 

ionizing radiation, which should excite the remnant’s at-

oms and molecule. X-ray radiation from the shock wave 

front and, in accordance with recent observations, the in-

tensity of X-rays significantly decreased during the last 

year made the backlighting of remnant. At the same time 

the intensity of molecular lines emission, localized near 

the front, abruptly increased. The remnant itself can be 

detected at the longer wavelength due to IR emission of 

dust component. One of the outburst’s results was the syn-

thesis of radioactive isotope Its decay time is 85 

years, the total mass of synthesized atoms is near the mass 

of Jupiter. The thermochemical analysis shows that during 

the last two years the remnant creates a set of diatomic 

molecules, which will be not a subject of thermal dissocia-

tion later. One of these molecules is the radioactive titani-

um oxide – .  

We investigate the properties of diatomic molecules 

and  before and after the radioactive de-

cays of  and . For oxides  and  

the spectroscopic constants were calculated using the iso-

topic shifts with respect to well known  and 

 molecules. The isotope  captures the electron 

from internal level. The result is the synthesis of new mol-

ecule .  decays after 6 hours and creates the 

stable isotope , hard X-ray and -quanta and positron 

(e
+
). Additional result is the dissociation of molecule and 

the synthesis of stable neutral isotope  after the se-

quence of decays .  

We found the energetic properties of transient molecules 

. We first estimated the probabilities 

of radioactive transitions in the molecule during its 

transition to . We calculated the molecular transi-

tions which allow to point the electronic, vibrational and 

rotational transitions during the decay  The 

obtained results permit us to predict the new spectral lines 

and bands detection in the spectrum of SN1987A remnant. 

It will be emitted by transient molecules and can be identi-

fied in future observations. 
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1. Introduction 

 

The supernova explosion 1987A in the Magellanic 

Clouds was the closest type IIb supernova. The availabil-

ity of this object for a large number of modern ground-

based and space telescopes allowed us to stand up its ade-

quate physical model. During the last 30 years, the struc-

ture of the shock wave front, created by an asymmetric 

explosion, is an important source of information on the 

surrounding supernova interstellar medium. The front of 

the shock wave formed X-ray radiation, causing the emis-

sion of relic cocoon from which the progenitor was 

formed as well as the dust remnant. Observations of the IR 

excess of the remnant allowed obtaining the chemical 

composition, optical characteristics and particle size dis-

tribution. Frank et al. (2016) observed a correlation of 

energy fluxes in the X-ray and IR spectral regions. The 

chemical composition and optical characteristics of solid 

particles were found from observations. 

Infrared fluxes from the remnant were first observed one 

year after the explosion, when the temperature of discarded 

envelope was noticeably decreased. The basic thermody-

namic parameters of remnant were described in a simple, 

Sedov approximation (Zeldovich & Raizer, 1966). Detailed 

calculations of the reaction rates taking into account the 

pressure, concentration of the substance, and temperature in 

the shell have led to the conclusion that the use of the ther-

mochemical equilibrium approximation at the time frames 

within 360-900 days after the explosion is justified. 

The self-consistent scheme of equations of the kinetics 

of nucleation of the solid phase in the supernova remnant 

can be solved. It showed that the formation of dust parti-

cles is effective when the diatomic molecules are accepted 

to be condensation centers. That is why with great certain-

ty it can be accepted that the diatomic molecules were 

formed simultaneously with dust. Unfortunately, the line 

spectra of molecules during the indicated period of rem-

nant’s evolution were not detected because of the strong 

dominance of other radiation sources. Later the physical 

conditions of the shell are such that the formation of dia-

tomic molecules and dust becomes not effective. 

Rough estimates show that the total mass of the dust in 

SNR1987A residue until recently was no more than one 

solar mass, and the mass of the molecular component can 

be as high as several solar masses. According to the solu-

tion of the thermochemical equilibrium equations for the 

gas mixture in the remnant, virtually all metals are first 
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linked into diatomic molecules and then are condensed to 

the dust (Kozasa et al., 1989). In an atomic form, they can 

be observed only near the remnant’s surface, where due to 

X-ray illumination, the presence of a shock front, the dis-

sociation of molecules and the evaporation of dust are 

more intense than inside it. At present time, according to 

the Sedov’s equations and the observations of IR radiation 

of dust, the average thermodynamic temperature of the 

remnant is not higher than 100 K, and the concentration of 

molecules and particles reaches 10
6
-10

8
 cm

-3
 and below. 

Under such conditions, only rotational levels can be excit-

ed in diatomic molecules, the intensity of which sharply 

increases against the significant recent drop of the X-ray 

and IR radiation. 

The absence of a high temperature compact source in 

the remnant’s center makes it impossible to excite the 

vibrational-rotational electronic transitions in diatomic 

molecules located inside the shell. Purely rotational transi-

tions of molecules can be intensive only under the specific 

ratios between the Franck-Condon and Henle-London 

factors. Such conditions are rarely satisfied and are valid 

only for molecules in which the dipole moment is suffi-

ciently small or zero. 

The physical conditions for intense rotational transi-

tions of molecules arise near the shock wave front of and 

near the surface of the remnant. In these cases, the condi-

tions for shock excitation of the rotational levels of dia-

tomic molecules exist. The similar physical conditions are 

also valid for regions of the interstellar medium behind the 

shock wave front. 

The probabilities of radiative and impact transitions are 

high in the regions near the remnant’s surface. It is caused 

by its high intrinsic speed in the interstellar space. Such 

physical conditions exist at all stages of the remnant’s 

evolution. In this regard, it is clear that the radioastrono-

mical observations will be always important for determin-

ing the location of supernova remnants, the shock waves 

generated by them, and the relict cocoon, which in the 

past led to the formation of a progenitor star. To perform 

the spectral diagnostics and to determine the chemical 

composition of the cold remnant, it is necessary to use the 

lines of atomic transitions as well as the lines of vibration-

al-rotational transitions of diatomic molecules. 

The only source of excitation of various electronic 

states of atoms and molecules can be the decay of radioac-

tive isotopes. Modern satellite observations revealed the 

significant enrichment of supernova remnants of type II 

with radioactive isotopes – the products of asymmetric 

supernova explosions. In particular, a significant content 

of the isotope  was found. 

This review is devoted to the physical signs of the pres-

ence of radioactive isotopes in supernova remnants, which 

can manifest themselves in the form of atomic and molec-

ular lines and bands, and can be observed. Here after we 

give the review and the new results obtained by authors 

are presented. Conclusions are drawn about the future 

observations of supernova remnants. We introduce a new 

type of molecules and call it Radioactive Molecules. 

 

 

 

 

2. Radioactive Molecules  

 

Molecules in which the nucleus of at least one of the 

atoms is unstable will be called radioactive. In the over-

whelming majority of cases, the radioactive decay of at-

oms entering the molecule does not give any spectroscop-

ic manifestations, characteristic of diatomic molecules. 

The molecular spectra are not observed. The decaying 

nucleus acquires a recoil energy that is many orders of 

magnitude higher than the energy of the molecular bound, 

namely several electron volts. That is why the products of 

such decays exist in an atomic form and increase the frac-

tion of the atomic component in the remnant’s chemical 

composition. However, there is a small group of radioac-

tive nucleus that can carry out electronic capture and do 

not acquire recoil energy at the time of capture. 

In this case, the molecule’s internal structure changes. 

The nucleus of a lower atomic number and charge ap-

pears. Here after we will be interested in such changes in 

the structure of diatomic molecules, for which an electron-

ic transition is allowed and the selection rules are satis-

fied. In the case of electron K-capture by the nucleus of a 

radioactive isotope, first the redistribution of electronic 

and nuclear states occurs in the initial molecule, second a 

finite diatomic molecule is formed. Depending on the 

characteristic times of these processes, electronic transi-

tions occur, in particular, similar to vibrational-rotational 

transitions in usual (non-radioactive) molecules.  

For experimental spectroscopy of radioactive diatomic 

molecules, it is important to know the location of the lines 

and bands in the emission spectrum. Absorption spectra in 

this paper are not considered because of the physical and 

astrophysical features of the objects studied, noted in the 

previous section. 

 

2.1. Radioactive Molecules in SNR1987A  

 

The information about the initial and boundary condi-

tions of the explosion of the progenitor star allowed to 

carry out quantitative calculations of the main average 

thermodynamic quantities, the chemical composition of 

gas and dust in SNR1987A. A sharp increase in the sensi-

tivity threshold of the recording equipment in the x-ray 

and gamma wavelength regions made it possible to detect 

the quanta responsible for the radioactive decay of the 

isotope of titanium in the chain of radioactive transfor-

mations of the type  (Grebenev et 

al., 2012). In this chain of decays, the radioactive isotope 

of titanium  forms diatomic molecules: 

. 

The main part of  is bound by these diatomic mole-

cules and does not occur in free form. Here after we begin 

with the molecule . In spectroscopy of stellar at-

mospheres this molecule is known for more than 60 years. 

Its molecular constants were determined by experimental 

methods and theoretical ab initio calculations. The most 

studied titanium isotope  is stable to radioactive de-

cays. To determine the molecular constants of the radio-

active molecule of interest, namely , we use the 

results obtained by Hertzberg (1949), formulas and data 

on them. Jorgensen (1994) & Dobrodey (2001) refined the 
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molecular data and used them to calculate the molecular 

lines of different titanium isotopes. 

Titanium isotopes that we are interested in, namely 

those with an excess of protons in the nucleus, were not 

considered earlier. Titanium molecules were important to 

determine the average absorption coefficient in the atmos-

pheres of cold stars. Molecular bands and lines with the 

isotope of interest to us,  in stellar atmospheres are 

not found. It is radioactive and can be formed effectively 

only during strong asymmetrical supernova explosions. 

The planning of observations of molecular bands and their 

lines in the SN1987A remnant requires the consideration 

of state of the remnant at present time and in the forth-

coming years. 

There are no specific sources of excitation of molecular 

bands and lines. There is no central source of energy in 

the form of a relativistic object that pushes the widening 

remnant with a wide range of photons. External illumina-

tion by hard radiation from the front of the shock wave 

only leads to partial dissociation of diatomic molecules in 

the near surface layer of the residue and does not excite 

the molecules that are of interest to us. The average ther-

modynamic temperature of the remnant is 30-60 K. This 

value was found using IR observations of the dust in rem-

nant. Under these conditions, practically all diatomic mol-

ecules under discussion are in the main "frozen" state. 

Under these physical conditions, we have an initial ra-

dioactive molecule in the ground state. The values of vi-

brational quantum numbers are zero and the rotational 

lines can be calculated from the isotopic shift of molecular 

vibrations inside the vibrational bands for molecules with 

stable isotopes of titanium ( ). It will be shown that the 

radioactive processes associated with the isotope of titani-

um lead to a significant change in the quantum state of the 

molecules. 

 

2.2. Electronic capture in radioactive molecules 

 

The physical phenomena considered below are valid 

for all molecules which include radioactive isotopes expe-

riencing electron capture at the time of nuclear transfor-

mation. From the point of view of future spectroscopic 

observations, the most interesting isotopes are those with a 

half-life period much longer than the characteristic time of 

the electronic transition of the molecule from the excited 

state to the ground one. As it was noted in the previous 

section, there are no sources of external excitation in the 

SN1987A remnant due to low average thermodynamic 

temperatures. The infrared field of radiation caused by 

dust particles can only affect the formation of weak rota-

tional lines. 

The total Coulomb energy of an atom (or a molecule) 

will decrease because of a decrease in the charge of the 

nucleus – the product of the nuclear transformation. The 

stored potential energy of the molecule is comparable to 

the molecular binding energy and to the energies of all 

types of electronic molecular transitions. The excess of the 

Coulomb potential energy leads to the fact that the state of 

the initial molecule proves to be unstable and the transi-

tion to the stable state of the daughter molecule is forced. 

Following the previous sections, the initial radioactive 

molecule is , and the daughter radioactive mole-

cule is . The half-life of scandium is T1/2 = 6
h
, the 

molecule will exist during the time sufficient to emit a 

certain number of emission quanta. To date, there is no 

reliable data on recombination transitions to a hole in a 1s 

shell of titanium and then scandium, which are part of 

different molecules. Under low temperatures and low con-

centrations of the remnant’s substance, the probability of 

such recombination is comparable to the probabilities of 

purely molecular emission transitions. 

The main part of the energy of the radioactive transi-

tion accompanying the electron capture in the marked 

titanium molecules is estimated from the mass difference 

between  and , taking into account the total ener-

gy of the captured electron (0.512 Mev) minus the ioniza-

tion energy 1s of the level , the total energy of the 

emitted neutrino (0.1 MeV) and the recoil energy of the 

nucleus of the newly formed  - . 

   (1) 

Until recently, it was believed that all types of neutri-

nos do not have a rest mass like quanta of electromagnetic 

radiation. The observed oscillations of the energy of these 

particles led to the understanding that they have infinites-

imal rest masses at the upper threshold of the sensitivity of 

the our hardware. In this case, the formula for ESc remains 

valid, taking into account the small correction for the rest 

mass of the electron neutrino. 

 

3. Electronic transitions in radioactive molecules  

 

The calculation of electronic transitions in diatomic ra-

dioactive molecules is to find the wave functions of the 

initial and final states of two radioactive diatomic mole-

cules, one of whose nuclei participates in the radioactive 

transformation. For example, . The 

method to choose or calculate molecular constants con-

sists in taking into account the kinematic features and 

quantum characteristics of the excited and ground levels 

of radioactive diatomic molecules before and after their 

excitation in the cold supernova remnant. 

In some cases it is convenient to carry out calculations 

of the spectroscopic properties of titanium oxide on the 

basis of previously chosen molecular constants (Herzberg, 

1949; Huber and Herzberg, 1979; Jorgensen, 1994; Do-

brodey, 2001). To implement the electronic transition, the 

selection rules and statistical sums must be taken inti ac-

count. Here after we shall consider only allowed dipole 

transitions. 

 

3.1. Emission characteristics of transition molecules.  

 The molecule  

 

The molecule  will become the starting point of 

our analysis of the spectroscopic properties of the mole-

cule . In laboratory experiments, as well as in 

spectroscopy of stellar and planetary atmospheres, the 

molecular spectra of  have been studied in detail. 

Laboratory experiments on the measurement of spectro-

scopic constants are also known. Following the method 

proposed by Jorgenssen (1994), we will search the emis-

sion properties of  using the known parameter of 

isotopic shift between the  and  nuclei in the indi-
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cated oxides ρ according to the formula ρ

, where  are the specific masses of 

the molecules  and , respectively. 

As a first step, we find an isotopic shift of the rotational 

line when the isotope  is replaced by the isotope  

in the titanium oxide. 

 

  

 

   

                

 

 

 

 
 

The isotopic shift   relative to the center of the 

vibrational band for these molecule depends on the mo-

lecular constants and the displacements relative to the 

upper  and the lower   states of the vibra-

tional levels in the molecule   

 

 

 

 

Thus, we find the true position of the line (its wave num-

ber) in the molecule  using the expression 

 

. 

 

In this paper we consider cold remnants, and therefore 

we will only be interested in transitions that lead to the 

emission of photons. Small values of emission fluxes from 

cold gas-dust formations are caused by remoteness of the 

studied objects or by a small concentration of the mole-

cules studied. We will search for possible intense bands in 

which the molecules emit with higher probability and en-

ergy. In order to relate the quantum transitions in the radi-

oactive decay under consideration to emission, the upper 

limit of the population of the upper excited levels is as-

sumed equal to N. 

Here N is the number of decaying isotopes in the given 

molecules. Without the loss of physical meaning, the pop-

ulation of the excited level can be assumed equal to the 

number of decaying atoms . In order to quantitatively 

determine the number of  molecules, after deter-

mining the position of the center of the vibrational band 

 it is necessary to calculate the integral emission 

coefficient of the electron-vibrational band (Kuznetsova, 

1980; Kuzmenko, 1984) 

 

   (2) 

   (3) 

We take into account that this process is going only in 

one direction and the use of local thermodynamic equilib-

rium for the calculation of populations is not required in 

the problem under consideration. In this case,  will be 

considered equal to N. The coefficients of spontaneous, 

electron-vibrational transitions with emission  are 

taken into account without the discussion of induced tran-

sitions. 

Let us calculate the wave numbers of the lines  in the 

electron-vibrational-rotational spectrum arising during the 

transition from one quantum state to another: 

 

 

(4) 
 

The first term is called the wave number  of the elec-

tronic transition and has a dimension of cm
-1

. According-

ly, the first two summands are called the beginning of the 

strip and are denoted as 

. The initial point of this will be levels with zero 

rotational energy, i.e. J^'=0, J^'=0. The substitution of the 

values of molecular constants in the formula (4) makes it 

possible to calculate the wave number  for the quanta 

created by the radioactive β process in the transition like 

. 

Using the molecular constants for the well-studied 

molecules  and  according to Jorgenssen 

(1994) & Herzberg (1949) it is possible to estimate the 

positions of head’s bands and lines of  and 

 molecules as a result of the isotopic shift. 

 

3.2. Selection of excited and ground states in 

radioactive molecules 

 

The transition of initial radioactive molecule to the ex-

cited state before the subsequent radiative transition in the 

newly formed daughter molecule will be considered in 

three steps. During the first step, the original molecule 

with a radioactive core resides in the frozen ground state 

with zero values of the vibrational quantum number. As 

noted in the introduction, this is due to the fact that at pre-

sent time the remnant has a molecular-dust component 

with an average thermodynamic temperature of the order 

of 30-60 K. 

One-third of the original radioactive titanium  has 

already turned into the isotope , existed in an atomic 

form. The remaining two-thirds are represented as diatom-

ic molecules. In particular, . During the second 

step, at the moment of K-electron capture by a nucleus 

 with a filled 1s molecular orbital, the total quantum 

number J changes by one, the electron shells are rear-

ranged almost instantaneously, simultaneously with this 

the electronic dipole moment changes. At time intervals in 

order of magnitude equal to or shorter by 2-3 orders of 

magnitude, the charge of the titanium nucleus decreases, 

A nucleus , whose lifetime is 6
h
, arises. 

It is obvious that for radiative transitions we have suffi-

cient time. Quantum electronic transitions arise. Electron-

ic transitions can be divided into molecular and cascade-

recombination to 1s level. At the same time, the lifetime 

of molecular transitions can take 10
-8 

seconds to reach the 

main level of the newly formed molecules . That 

is why the molecular transition succeeds either during or 
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after the cascade recombination transition to the 1s-

vacancy. 

Direct spectroscopic measurements of the recombina-

tion transition in a given molecule gave a value of 2478 

eV and a dissociation energy of D0 = 9.5 eV (Dobrodey 

2001). The last, third step is the destruction of the mole-

cule , obtaining a significant recoil energy from 

the positron emitted from the nucleus  and the for-

mation of the atom . During the third step, the 

movement of the atom  in the remnant at high speed 

causes the ionization losses in it. 

 

3.3. Preliminary calculations 

 

The calculation of quantum transitions in radioactive 

molecules should be started with the determination of mo-

lecular constants of the excited  and of the basic 

 molecules. All molecular constants for the main 

lower levels of  were revised by Dobrodey 

(2001). To the lowest singlet states are , and the 

triplet - . The energies of the electron terms are: 

Te= 3565, 3435, 0, and 13713, respectively. For the mole-

cule  the doublet transitions  (574-

730 nm) and  (450-577 nm) are well known. 

The chemical ties in  and molecules are 

created by configurations formed by the interaction of 

valence P and D oxygen shells (2p
4
), titanium (3d

2
) and 

scandium (3d
1
) shells. 

In this case, a large number of quantum states of a dia-

tomic molecule arise as a whole, with different values of 

the projection of the orbital angular momentum onto its 

internuclear axe. Namely, 

 terms. To 

determine the configuration of the excited and ground 

levels in a radioactive molecule, it is also necessary to be 

guided by the rules for selecting the molecular transitions. 

These selection rules are formally analogous to the 

rules for individual atoms and their ions, in fact supple-

mented by the projections of the angular and spin mo-

ments on the nuclear axis of the diatomic molecule. For 

the basic and nearest excited molecular levels, we can 

restrict ourselves to the following rules: 

. Molecular transitions of different multiplicity 

are forbidden. 

. The projection of the spin on the internuclear 

axis of the molecule should not change. 

 The sum of the projections on the internu-

clear axis of the spin and orbital angular momentum can 

vary only in this ratio. 

 The projection of the orbital angular mo-

mentum on the internuclear axis varies within the frame-

work of this equation.  

The application of selection rules for radioactive mole-

cules is difficult because of the fact that only singlet and 

triplet multiplets appear in titanium oxide, while they are 

doublets in scandium oxide. Those either transitions will 

be forbidden, or after electron capture by a titanium nu-

cleus 1s-electron, the electron configuration changes so 

rapidly that the electron from the initial electronic config-

uration find its position in the newly formed molecule 

.  

According to the law of energy conservation, the near-

est electronic configuration of this molecule must have the 

energy of the electronic term Te of the original molecule 

. The use of the molecular constants of diatomic 

molecules permits to find the energy characteristics of all 

types of allowed transitions. Then the value of the initial 

energy of the electronic term of the excited state, together 

with the molecular constants, is chosen for . And 

the ground lower state corresponds to the basic doublet 

level . 

 

3.4. Selection of molecular constants  

 

Molecular constants of the excited state are chosen in 

accordance with the ground state of titanium oxide using 

the physically valid value of the electron term Te. The 

used values are pointed in Table 1. 

Usually, the electronic structure of a molecule changes 

almost instantly in comparison with the vibration and rota-

tion of nuclei. This can lead, in our case, to a ban on di-

pole and rotational transitions in accordance with the 

above selection rules and to the appearance of purely rota-

tional transitions. In our case, at least, the transition from 

the triplet to the doublet states is forbidden. Then rotation-

al energy is calculated using the formulas: 

 

  (5) 

  (6) 

 

Here the anharmonicity of the rotation of diatomic 

molecules is taken into account. The rule for selecting 

rotational levels is written as Δj = ± 1. In the case of radia-

tion as a result of rotational transitions, we have Δj = 1. 

This means the replacement of the rotational quantum 

number j by j-1. Then the energy of quantum emitted as a 

result of radioactive transformation of these molecules is: 

 

 

        ( 7 ) 

 

3.5. Radiation in the vibrational bands 

 

Another variant of the transition state of the radioactive 

molecule will be the presence of vibrational transitions. In 

practice, they are allowed within any permitted electronic 

transition. Any excited electronic state is associated with a 

change (most often an increase) of the distance between 

the nuclei re. The values of the potential energy for vibra-

tional motion of nuclei near the equilibrium points for 

better physical clarity will be first written as the Morse 

potential: 

 

    (8) 

 

Where De is the dissociation potential of the molecule, 

re is the equilibrium distance between the nuclei of mole-

cule, β is the conditional force constant determined by the 

known values of the molecular constants using the formu-

la , μ is the reduced mass of the radioactive 

molecule. In the case of the β-decay processes under con- 
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Table 1. Molecular constants of the molecules  and  in the ground state in accordance with Dobrodey 

(2001) & Jorgensen (1994). 

 

Molecule  State  Te ωε        D0 

   1009 4.2 0.53 0.033 6.03 3.4   55413.42 

  0 964.9 4.5 0.52 0.00034 5.8 1.67   56266.73 

 

 

 

sideration as an electron capture by a radioactive titanium 

atom, in the first approximation the reduced mass remains 

unchanged. The mass change does not exceed the electron 

mass. The difference of the vibrational energies within the 

electronic transition in the first approximation is repre-

sented in the form: 

 

 (9) 

 

Assuming that , and making the 

substitutions  , , 

 

, 

 ,  

,     

 

we obtain a quadratic equation in which x is unknown: 

 

   (10) 

 

The roots of this quadratic equation obtained can be 

written as the following values of : 

    (11) 

 

The simplest estimate of the molecular transition can be 

the difference in the energies of the lower zero states in 

molecules  and  – ΔE0: 

 

       (12) 

 

Substitution of molecular constants from Table 1 gives 

a value  =43.8 cm
-1

 which corresponds to a wavelength 

λ = 2.287983 cm. This wavelength is available for obser-

vation by radio telescopes. Let us find the necessary 

Morse potentials of the initial excited state from the mo-

lecular data of the ground state of  and the final 

ground state of . 

Calculations of the vibrational structure of E(r) are usu-

ally considered in the form of a Rydberg-Klein-Riesz po-

tential (the so-called RKR potential). Let E(r) be deter-

mined by the Morse potential. The energy difference be-

tween the vibrational levels of the molecule is comparable 

to the calculated recoil energies of the ER nucleus. Then 

the source of excitation of the vibrational levels of the 

molecule is the transfer of kinetic energy to the scandium 

nucleus at the moment of radioactive transformation of 

titanium.  

4. M-L-K emission in radioactive atoms and mole-

cules 

 

Let us consider such a process in the first approxima-

tion of a hydrogen-like atom. Namely, the energy differ-

ence between the electrons of the first ground level in  

and . In the atomic system of units, we can write 

down that the energy of electron at the first quantum level 

is the function of atomic number: 

  (13) 

 

Thus, during the radioactive transition, the formed 

daughter molecule  receives an additional energy 

of the electrostatic field equal to 20.5 eV. Part of this ener-

gy is sufficient for quantum transitions in the formation of 

a daughter molecule. We can also estimate the closest 

position of the first level in  atom: 

 

.     (14) 

 

As it was noted above, the description of the localiza-

tion of the 1s
1
 orbital near the titanium nuclei and also the 

scandium gives a relatively accurate value of ΔΕ. Howev-

er, the observed wavelength of the recombination X-ray 

line  does not correspond to formula (10) and requires 

the consideration of various types of molecular interac-

tions. The titanium atom and then scandium atom after 

electron capture in a highly excited ionized states. It leads 

to cascade of X-ray transitions between the following lev-

els: L-K, M-K, H-L. 

The average probabilities of L-K transitions are 68.4%, 

M-L – 22.2%, and H-K – 2%. In some cases, for light 

nuclei, the energy of these transitions is not transferred to 

quanta corresponding for the indicated transitions, but are 

spent on the extraction of one or more electrons out of the 

molecule. This process is called the Auger effect. The 

probability of this effect is small in the discussed process. 

We note only that in some cases the result of Auger effect 

is the ionization of molecule, in others the molecule disso-

ciates due to the detachment of the valence electrons par-

ticipating in the molecular interactions. 

X-ray quanta, after their emission, also transmit a cer-

tain kinetic energy to the nucleus of the recoil of radioac-

tive scandium, sufficient for excitation of the vibrational 

levels of the scandium oxide . 

 

5. Conclusion 

 

The effective pollution of cold gas-dust nebulas can be 

associated with their enrichment in radioactive isotopes of 
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chemically active elements produced by remnants of su-

pernovae, stellar winds of giants, supergiants and cosmic 

rays. The important feature of explosive processes in type 

II supernovae is the asymmetry. It was first proposed by 

Zeldovich and Chechetkin (Popov et al., 2014). Numerous 

theoretical models for calculating the abundances of 

chemical elements as a result of asymmetric explosions 

were proposed. 

These calculations found that one of the manifestations 

of the asymmetric explosion is the presence of specific 

isotopes:  and other. The pointed titanium isotope 

forms diatomic molecules. The registration of radioactive 

species in cold supernova remnants is a new task for mo-

lecular spectroscopy. In this review the possibility of de-

tection of isotopic nuclei on molecules during radioactive 

decays was shown. It should be noted that in earlier inves-

tigations the supernova remnants were studied mainly 

using the radiation of shock-wave fronts. 

Taking into account the remoteness of shock wave fronts 

from actual remnants, for several decades the shock waves 

highlighted the gas and dust in supernova remnant and gave 

us the possibility of diagnosis of interstellar medium. The 

registration of traces of radioactive emissions is associated 

exclusively with the presence of nonstable isotopes in su-

pernova remnants. Therefore, together with dust particles 

analysis, the radioactivity is the only source of information 

about the chemical composition of cold remnants. 

The radioactivity of  is manifested in the form of 

emission of specific quanta, some of them are similar to 

those emitted by individual atoms in the γ and X-ray ener-

gy diapasons. This review shows that the remaining quan-

ta are of a molecular nature. Namely, they are formed as a 

result of cascade transitions, after K-capture by the nucle-

us  of the 1s electron in the molecule as a result of its 

strong excitation. We give the set of energy intervals of 

the emission lines: 

 

1. Cascade transitions 3-4 keV 

2. Cascade transitions 30-40 eV; 

3. Molecular transitions caused by the presence of 

recoil energy of the nucleus  2-4 eV; 

4. Transitions in molecules during the radioactive 

decay of  isotope ( – ). The 

wavelengths of these lines are close to 2 cm; 

5. Radiation due to ionization losses as a result of the 

motion of  atom, whose nucleus is the end of 

a chain of radioactive decays similar to 

. 

Thus, the very fact of detection of emission transitions 

in the spectral ranges listed above will be the basis for 

identifying this type of radioactive decay. The determina-

tion of the activity of these radioactive elements and their 

effective amount, and also the time series observations, 

allows us to reconstruct the physical picture of stellar ex-

plosion. The detection of CaI and CaII recombination 

lines arising during the ionization losses makes it possible 

the precise identification of atoms and ions of  iso-

tope in cold remnants.  
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