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éÚÕÞÅÎÉÅ ÍÅÈÁÎÉÚÍÏ× ÒÅÌÁËÓÁÃÉÉ ÕÇÌÅËÉÓÌÏÇÏ ÇÁÚÁ ÉÍÅÅÔ ÆÕÎÄÁÍÅÎÔÁÌØ-
ÎÏÅ ÚÎÁÞÅÎÉÅ ÄÌÑ ÒÑÄÁ ×ÁÖÎÙÈ ÏÂÌÁÓÔÅÊ, ×ËÌÀÞÁÑ ÌÁÚÅÒÎÙÅ ÔÅÈÎÏÌÏÇÉÉ, ÇÉ-
ÐÅÒÚ×ÕËÏ×ÕÀ ÁÜÒÏÄÉÎÁÍÉËÕ ËÏÓÍÉÞÅÓËÉÈ ÁÐÐÁÒÁÔÏ× É ÜËÏÌÏÇÉÀ × Ó×ÑÚÉ Ó ÚÁ-
ÄÁÞÁÍÉ ÏÂ ÉÚÍÅÎÅÎÉÉ ËÌÉÍÁÔÁ.

äÁÎÎÁÑ ÒÁÂÏÔÁ ÐÏÓ×ÑÝÅÎÁ ÍÏÄÅÌÉÒÏ×ÁÎÉÀ ÒÅÌÁËÓÁÃÉÉ ÕÇÌÅËÉÓÌÏÇÏ ÇÁÚÁ
× ÐÏÓÌÅÒÁÚÒÑÄÎÏÊ ÚÏÎÅ ÒÁÚÒÑÄÁ ÐÏÓÔÏÑÎÎÏÇÏ ÔÏËÁ. ãÅÌØ ÚÁËÌÀÞÁÅÔÓÑ × ÒÅÁ-
ÌÉÚÁÃÉÉ ÓÁÍÏÓÏÇÌÁÓÏ×ÁÎÎÏÇÏ ÒÁÓÞÅÔÁ ÔÅÍÐÅÒÁÔÕÒÙ ÇÁÚÁ É ÚÁÓÅÌÅÎÎÏÓÔÅÊ ËÏ-
ÌÅÂÁÔÅÌØÎÙÈ ÕÒÏ×ÎÅÊ ÕÇÌÅËÉÓÌÏÇÏ ÇÁÚÁ, ×ÁÌÉÄÁÃÉÉ ÍÏÄÅÌÅÊ ÏÐÉÓÁÎÉÑ ËÏÌÅ-
ÂÁÔÅÌØÎÙÈ ÜÎÅÒÇÏÏÂÍÅÎÏ× É ×ÙÄÅÌÅÎÉÉ ÐÒÏÃÅÓÓÏ×, ÏËÁÚÙ×ÁÀÝÉÈ ÎÁÉÂÏÌØÛÅÅ
×ÌÉÑÎÉÅ ÎÁ ÏÓÎÏ×ÎÙÅ ÍÁËÒÏÐÁÒÁÍÅÔÒÙ.

úÁÄÁÞÁ ÒÅÛÁÌÁÓØ ÐÒÉÍÅÎÉÔÅÌØÎÏ Ë ÕÓÌÏ×ÉÑÍ ÜËÓÐÅÒÉÍÅÎÔÁ [1], × ËÏÔÏ-
ÒÏÍ ÉÍÐÕÌØÓÎÙÊ ÒÁÚÒÑÄ ÐÏÓÔÏÑÎÎÏÇÏ ÔÏËÁ ÆÏÒÍÉÒÏ×ÁÌÓÑ × ÔÒÕÂËÅ ÉÍÐÕÌØ-
ÓÏÍ ÄÌÉÔÅÌØÎÏÓÔØÀ –t = 5 ÍÓ Ó ÓÉÌÏÊ ÔÏËÁ 150 Íá ÐÒÉ ÄÁ×ÌÅÎÉÉ 5 ÔÏÒÒ.
ðÏÓËÏÌØËÕ ÍÏÄÅÌÉÒÏ×ÁÎÉÅ ÏÈ×ÁÔÙ×ÁÌÏ ÉÓËÌÀÞÉÔÅÌØÎÏ ÐÏÓÌÅÒÁÚÒÑÄÎÕÀ ÚÏÎÕ,
× ËÁÞÅÓÔ×Å ÎÁÞÁÌØÎÙÈ ÕÓÌÏ×ÉÊ ÉÓÐÏÌØÚÏ×ÁÌÉÓØ ÜËÓÐÅÒÉÍÅÎÔÁÌØÎÏ ÉÚÍÅÒÅÎ-
ÎÙÅ ÚÎÁÞÅÎÉÑ ÔÅÍÐÅÒÁÔÕÒÙ ÇÁÚÁ É ËÏÌÅÂÁÔÅÌØÎÙÈ ÔÅÍÐÅÒÁÔÕÒ × ÍÏÍÅÎÔ ÏËÏÎ-
ÞÁÎÉÑ ÒÁÚÒÑÄÁ.

úÁÄÁÞÁ ÐÒÅÄÐÏÌÁÇÁÅÔÓÑ ÏÓÅÓÉÍÍÅÔÒÉÞÎÏÊ, ÐÏÍÉÍÏ ÜÔÏÇÏ ÇÁÚ ÓÞÉÔÁÅÔÓÑ
ÏÄÎÏÒÏÄÎÙÍ ×ÄÏÌØ ÏÓÉ ÔÒÕÂËÉ, ÐÏÜÔÏÍÕ ÍÏÄÅÌÉÒÏ×ÁÎÉÅ ÐÒÏ×ÏÄÉÌÏÓØ Ó ÉÓ-
ÐÏÌØÚÏ×ÁÎÉÅÍ ÎÕÌØÍÅÒÎÏÊ ÓÉÓÔÅÍÙ ÇÁÚÏÄÉÎÁÍÉÞÅÓËÉÈ ÕÒÁ×ÎÅÎÉÊ × ÐÏÕÒÏ×-
ÎÅ×ÏÍ ÐÏÄÈÏÄÅ [2]. ïÓÏÂÅÎÎÏÓÔØÀ ÐÏÕÒÏ×ÎÅ×ÏÇÏ ÐÏÄÈÏÄÁ Ñ×ÌÑÅÔÓÑ ÒÁÓÓÍÏÔÒÅ-
ÎÉÅ ËÁÖÄÏÇÏ ÜÌÅËÔÒÏÎÎÏ-ËÏÌÅÂÁÔÅÌØÎÏÇÏ ÓÏÓÔÏÑÎÉÑ ÞÁÓÔÉÃÙ ËÁË ÏÔÄÅÌØÎÏÇÏ
ÓÏÒÔÁ ÞÁÓÔÉÃ. ôÁËÏÅ ÄÅÔÁÌØÎÏÅ ÒÁÓÓÍÏÔÒÅÎÉÅ ÐÏÚ×ÏÌÑÅÔ ÔÏÞÎÏ ÏÐÉÓÙ×ÁÔØ
ÒÁÚÌÉÞÎÙÅ ÜÎÅÒÇÏÏÂÍÅÎÙ: ËÏÌÅÂÁÔÅÌØÎÏ-ÐÏÓÔÕÐÁÔÅÌØÎÙÅ, ËÏÌÅÂÁÔÅÌØÎÏ-ËÏ-
ÌÅÂÁÔÅÌØÎÙÅ É ËÏÌÅÂÁÔÅÌØÎÏ-ÜÌÅËÔÒÏÎÎÙÅ.

ðÒÉ ÍÏÄÅÌÉÒÏ×ÁÎÉÉ ÕÞÉÔÙ×ÁÌÉÓØ ÔÏÌØËÏ ËÏÌÅÂÁÔÅÌØÎÙÅ ÜÎÅÒÇÏÏÂÍÅÎÙ,
ÂÅÚ ÈÉÍÉÞÅÓËÉÈ ÒÅÁËÃÉÊ. äÌÑ ÒÁÓÞÅÔÏ× ËÏÜÆÆÉÃÉÅÎÔÏ× ÓËÏÒÏÓÔÉ ÜÎÅÒÇÏÏÂÍÅ-
ÎÏ× ÉÓÐÏÌØÚÏ×ÁÌÉÓØ ÍÏÄÅÌØ û×ÁÒÃÁ�óÌÁ×ÓËÏÇÏ�çÅÒÃÆÅÌØÄÁ (SSH ¡

c© á×ÔÏÒÙ, 2026 c©ôïòõó ðòåóó, 2026

á.á. ëÁÛÕÂÏ É ÄÒ. 87



îåòá÷îï÷åóîùå ðòïãåóóù

òÉÓ. 1 óÒÁ×ÎÅÎÉÅ ÒÁÓÓÞÉÔÁÎÎÙÈ ÚÎÁÞÅÎÉÊ (ËÒÉ×ÙÅ) ÔÅÍÐÅÒÁÔÕÒÙ ÇÁÚÁ (1)
É ËÏÌÅÂÁÔÅÌØÎÙÈ ÔÅÍÐÅÒÁÔÕÒ T v

12 (2) É T v

3 (3) Ó ÜËÓÐÅÒÉÍÅÎÔÁÌØÎÙÍÉ ÚÎÁÞÅÎÉÑÍÉ
(ÚÎÁÞËÉ)

òÉÓ. 2 óÒÁ×ÎÅÎÉÅ ÒÁÓÓÞÉÔÁÎÎÙÈ ÚÎÁÞÅÎÉÊ (ËÒÉ×ÙÅ) ÚÁÓÅÌÅÎÎÏÓÔÅÊ ËÏÌÅÂÁÔÅÌØ-
ÎÙÈ ÕÒÏ×ÎÅÊ (i2 = 0, i3 = 0) Ó ÜËÓÐÅÒÉÍÅÎÔÁÌØÎÙÍÉ ÚÎÁÞÅÎÉÑÍÉ (ÚÎÁÞËÉ): 1 ¡
i2 = 2; 2 ¡ 3; 3 ¡ i2 = 4. úÄÅÓØ n0 ¡ ËÏÎÃÅÎÔÒÁÃÉÑ CO2 × ÎÁÞÁÌØÎÙÊ ÍÏ-
ÍÅÎÔ ×ÒÅÍÅÎÉ t = –t; gi ¡ ÓÔÁÔÉÓÔÉÞÅÓËÉÊ ×ÅÓ, ÓÏÏÔ×ÅÔÓÔ×ÕÀÝÉÊ ËÏÌÅÂÁÔÅÌØÎÏÍÕ
ÓÏÓÔÏÑÎÉÀ i; δi¡ ÄÏÂÁ×ËÁ, ÐÏÚ×ÏÌÑÀÝÁÑ ÓÏ×ÍÅÓÔÉÔØ ÎÁÞÁÌØÎÙÅ ÚÁÓÅÌÅÎÎÏÓÔÉ Ó ÜËÓ-
ÐÅÒÉÍÅÎÔÁÌØÎÙÍÉ ÚÎÁÞÅÎÉÑÍÉ

Schwartz�Slawsky�Herzfeld) [3] É ÍÏÄÅÌØ ÎÁÇÒÕÖÅÎÎÏÇÏ ÇÁÒÍÏÎÉÞÅÓËÏÇÏ ÏÓ-
ÃÉÌÌÑÔÏÒÁ (FHO ¡ forced harmonic oscillator) [4]. óÒÁ×ÎÅÎÉÅ Ó ÜËÓÐÅÒÉ-
ÍÅÎÔÁÌØÎÙÍÉ ÄÁÎÎÙÍÉ ÐÏËÁÚÁÌÏ, ÞÔÏ ÐÒÉÍÅÎÅÎÉÅ ÍÏÄÅÌÉ SSH ÎÅ ÐÏÚ×ÏÌÑ-
ÅÔ ËÏÒÒÅËÔÎÏ ÏÐÉÓÁÔØ ËÏÌÅÂÁÔÅÌØÎÕÀ ÔÅÍÐÅÒÁÔÕÒÕ ÔÒÅÔØÅÊ ÍÏÄÙ, ÐÏÜÔÏÍÕ
ÐÒÉ×ÅÄÅÎÙ ÒÅÚÕÌØÔÁÔÙ, ÐÏÌÕÞÅÎÎÙÅ Ó ÉÓÐÏÌØÚÏ×ÁÎÉÅÍ ÍÏÄÅÌÉ FHO.

òÁÓÓÞÉÔÁÎÎÙÅ × ÈÏÄÅ ÍÏÄÅÌÉÒÏ×ÁÎÉÑ ÔÅÍÐÅÒÁÔÕÒÁ ÇÁÚÁ, Á ÔÁËÖÅ ËÏÌÅÂÁ-
ÔÅÌØÎÙÅ ÔÅÍÐÅÒÁÔÕÒÙ Ó×ÑÚÁÎÎÙÈ ÐÅÒ×ÏÊ É ×ÔÏÒÏÊ ÍÏÄ É ÁÎÔÉÓÉÍÍÅÔÒÉÞÎÏÊ
ÔÒÅÔØÅÊ ÍÏÄÙ ÐÒÅÄÓÔÁ×ÌÅÎÙ ÎÁ ÒÉÓ. 1. þÉÓÌÏ×ÙÅ ÐÌÏÔÎÏÓÔÉ (ÚÁÓÅÌÅÎÎÏÓÔÉ)
ÏÔÄÅÌØÎÙÈ ËÏÌÅÂÁÔÅÌØÎÙÈ ÓÏÓÔÏÑÎÉÊ ÐÒÉ×ÅÄÅÎÙ ÎÁ ÒÉÓ. 2. ÷ ÃÅÌÏÍ ÓÍÏÄÅÌÉ-
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ÒÏ×ÁÎÎÙÅ ÈÁÒÁËÔÅÒÉÓÔÉËÉ ÄÅÍÏÎÓÔÒÉÒÕÀÔ ÈÏÒÏÛÅÅ ÓÏÇÌÁÓÉÅ Ó ÜËÓÐÅÒÉÍÅÎ-
ÔÁÌØÎÙÍÉ ÄÁÎÎÙÍÉ. ïÄÎÁËÏ ÔÅÍÐÅÒÁÔÕÒÁ ÇÁÚÁ ÎÁÞÉÎÁÅÔ ÓÎÉÖÁÔØÓÑ ÐÒÅÖÄÅ-
×ÒÅÍÅÎÎÏ, Á ËÏÌÅÂÁÔÅÌØÎÁÑ ÒÅÌÁËÓÁÃÉÑ ÍÅÖÄÕ ÏÂßÅÄÉÎÅÎÎÙÍÉ ÐÅÒ×ÏÊ�×ÔÏÒÏÊ
ÍÏÄÁÍÉ É ÔÒÅÔØÅÊ ÍÏÄÏÊ ÐÒÏÔÅËÁÅÔ ÓÌÉÛËÏÍ ÂÙÓÔÒÏ.
ëÒÏÍÅ ÔÏÇÏ, ÐÒÅÄÓÔÁ×ÌÅÎÙ ÒÅÚÕÌØÔÁÔÙ ÁÎÁÌÉÚÁ ÞÕ×ÓÔ×ÉÔÅÌØÎÏÓÔÉ ÍÏ-

ÄÅÌÉ Ë ÞÉÓÌÕ ÕÞÉÔÙ×ÁÅÍÙÈ ËÏÌÅÂÁÔÅÌØÎÙÈ ÓÏÓÔÏÑÎÉÊ ÕÇÌÅËÉÓÌÏÇÏ ÇÁÚÁ É ×Ù-
ÄÅÌÅÎÙ ÏÓÎÏ×ÎÙÅ ËÁÎÁÌÙ ËÏÌÅÂÁÔÅÌØÎÏÊ ÒÅÌÁËÓÁÃÉÉ.

éÓÓÌÅÄÏ×ÁÎÉÅ ×ÙÐÏÌÎÅÎÏ ÐÒÉ ÐÏÄÄÅÒÖËÅ òÏÓÓÉÊÓËÏÇÏ ÎÁÕÞÎÏÇÏ ÆÏÎÄÁ
(ÐÒÏÅËÔ ½23-19-00241-ð).
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The study of carbon dioxide relaxation mechanisms is fundamental to several
critical ¦elds, including laser technologies, hypersonic spacecraft aerodynamics,
and environmental research addressing climate change.
This work is devoted to modeling carbon dioxide relaxation in the after-

glow of direct-current (DC) discharge. The objective is to implement a self-
consistent calculation of the gas temperature and vibrational level populations
of carbon dioxide, to validate models describing vibrational energy exchanges,
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îåòá÷îï÷åóîùå ðòïãåóóù

and to identify the processes that exert the most signi¦cant in§uence on the
primary macroparameters.

The problem was solved under the experimental conditions reported in [1]
where a pulsed DC discharge was generated in a tube using a pulse duration
of –t = 5 ms, a current of 150 mA, and a pressure of 5 Torr. Since only
the afterglow zone was simulated, the experimentally measured gas temperature
and vibrational temperatures at the pulse termination were adopted as the initial
conditions.

The problem is assumed to be axisymmetric; furthermore, the gas is con-
sidered homogeneous along the tube axis. Consequently, the modeling was per-
formed using a zero-dimensional system of gasdynamics equations within a state-
to-state framework [2]. A key feature of the state-to-state approach is that each
electronic-vibrational state of a particle is treated as a separate chemical species.
Such a detailed formulation enables an accurate description of various energy
transfer processes, including vibrational-translational, vibrational-vibrational,
and vibrational-electronic exchanges.

Chemical reactions were neglected in the modeling; only vibrational energy
transfer processes were considered. To calculate the rate coe©cients of these en-
ergy exchanges, the Schwartz�Slawsky�Herzfeld (SSH) model [3] and the forced
harmonic oscillator (FHO) model [4] were used. A comparison with experimen-
tal data showed that the SSH model fails to accurately describe the vibrational
temperature of the third mode. Therefore, the presented results were obtained
using the FHO model.

Overall, the calculated characteristics show good agreement with the experi-
mental data. However, the gas temperature begins to decrease prematurely, and
the vibrational relaxation between the coupled ¦rst�second modes and the third
mode occurs too rapidly.

Furthermore, a sensitivity analysis of the simulation with respect to the
number of carbon dioxide vibrational states taken into account and highlights
the primary channels of vibrational relaxation is presented.
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