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Ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòà ñïåêòðà ïîãëîùåíèÿ ìîëåêóëû îêñèäà ôîñôîðà (PO), ñîîòâåòñòâóþ-
ùåãî ïåðåõîäó A2+ (v = 0)  X2 (v = 0). Ðàñ÷åò âûïîëíåí ñ ó÷åòîì âîçìóùåíèÿ óðîâíÿ v = 0 ñîñòîÿíèÿ 
A2+ óðîâíåì v = 4 ñîñòîÿíèÿ b4. Âûïîëíåíà îöåíêà ýôôåêòèâíîñòè âîçáóæäåíèÿ ìîëåêóë PO â çàâèñè-
ìîñòè îò ñïåêòðàëüíûõ ïàðàìåòðîâ èçëó÷åíèÿ ëàçåðà. Ïðîâåäåí ðàñ÷åò âðåìåííîé çàâèñèìîñòè ýôôåêòèâíî-
ñòè âîçáóæäåíèÿ PO-ôðàãìåíòîâ â óñëîâèÿõ ðåàëüíîé àòìîñôåðû ïðè äâóõèìïóëüñíîé ëàçåðíîé ôðàãìåí-
òàöèè/ëàçåðíî-èíäóöèðîâàííîé ôëóîðåñöåíöèè îðãàíîôîñôàòîâ äëÿ çàäàííûõ çíà÷åíèé øèðèíû ñïåêòðàëü-
íîé ëèíèè ëàçåðíîãî èçëó÷åíèÿ  è ïîëîæåíèÿ åå öåíòðà 0. 

 

Êëþ÷åâûå ñëîâà: îðãàíîôîñôàò, ëàçåðíàÿ ôðàãìåíòàöèÿ, ñïåêòð ïîãëîùåíèÿ, îêñèä ôîñôîðà, ëàçåð-
íîå âîçáóæäåíèå, òåðìàëèçàöèÿ; organophosphate, laser fragmentation, absorption spectrum, phosphorus ox-
ide, laser excitation, thermalization. 

 

Ââåäåíèå 
 
Â ÓÔ- è âèäèìîì äèàïàçîíàõ äëèí âîëí ñïåê-

òðû ïîãëîùåíèÿ ìíîãîàòîìíûõ ìîëåêóë, êàê ïðàâè-
ëî, èìåþò âèä øèðîêèõ áåññòðóêòóðíûõ ïîëîñ áåç 
èíäèâèäóàëüíûõ îñîáåííîñòåé [1]. Ýòî çàòðóäíÿåò 
èñïîëüçîâàíèå ñïåêòðîñêîïè÷åñêèõ ìåòîäîâ äëÿ èõ 
äèñòàíöèîííîãî îáíàðóæåíèÿ. Îäíàêî èçâåñòíî, ÷òî 
ïðè âçàèìîäåéñòâèè ñëîæíûõ ìíîãîàòîìíûõ ìîëå-
êóë ñ èçëó÷åíèåì âûñîêîé èíòåíñèâíîñòè èëè ñ ôî-
òîíàìè äîñòàòî÷íî âûñîêîé ýíåðãèè â îïðåäåëåííûõ 
óñëîâèÿõ ïðîèñõîäèò èõ äèññîöèàöèÿ ñ îáðàçîâàíè-
åì õàðàêòåðèñòè÷åñêèõ ôðàãìåíòîâ â âèäå äâóõ-, 
òðåõàòîìíûõ ìîëåêóë è äàæå îòäåëüíûõ àòîìîâ. 
Ïîñëåäóþùåå âîçáóæäåíèå ôëóîðåñöåíöèè â ìîëå-
êóëàõ-ôðàãìåíòàõ áóäåò ñèãíàëèçèðîâàòü î íàëè÷èè 
èñõîäíîãî âåùåñòâà. Òàêèì îáðàçîì, ïðèìåíåíèå 

ëàçåðíîé ôðàãìåíòàöèè (ËÔ) ïîçâîëÿåò ñâåñòè çà-
äà÷ó îáíàðóæåíèÿ ñëîæíûõ ñîåäèíåíèé ê çàäà÷å 
îáíàðóæåíèÿ áîëåå ïðîñòûõ ìîëåêóë ñ ñèëüíûìè  
è õîðîøî ðàçðåøàåìûìè ïåðåõîäàìè. 

Ìåòîä, ïðåäïîëàãàþùèé ñîâìåñòíîå ïðèìåíå-
íèå ËÔ è ëàçåðíî-èíäóöèðîâàííîé ôëóîðåñöåíöèè 

(ËÈÔ), áûë âïåðâûå ïðåäëîæåí â [2] è èñïîëüçî-
âàí äëÿ in situ îáíàðóæåíèÿ ìàëûõ ãàçîâûõ ñî-
ñòàâëÿþùèõ àòìîñôåðû. Ýêñïåðèìåíòàëüíî ïîä-
òâåðæäåííàÿ âûñîêàÿ ÷óâñòâèòåëüíîñòü ËÔ/ËÈÔ-
ìåòîäà [3, 4] ñäåëàëà åãî ïðèâëåêàòåëüíûì äëÿ ðå-
øåíèÿ çàäà÷ îáíàðóæåíèÿ íèçêèõ êîíöåíòðàöèé  

âåùåñòâ â àòìîñôåðå. Ðåçóëüòàòû óñïåøíîãî ïðèìå-
íåíèÿ ìåòîäà ïðåäñòàâëåíû, íàïðèìåð, â ðàáîòàõ  

ïî îáíàðóæåíèþ íèòðîñîåäèíåíèé [5–25]. Âîçìîæ- 
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íîñòü èñïîëüçîâàíèÿ ìåòîäà ËÔ/ËÈÔ äëÿ îáíà-
ðóæåíèÿ îðãàíîôîñôàòîâ áûëà ïðîäåìîíñòðèðîâàíà 

â [13, 26, 27], ãäå â êà÷åñòâå õàðàêòåðèñòè÷åñêîãî 

ôðàãìåíòà èñïîëüçîâàëàñü ìîëåêóëà îêñèäà ôîñôîðà 
(PO). Õîòÿ ìåòîä äîñòàòî÷íî ãëóáîêî ïðîðàáîòàí, 
ðàñ÷åòû è ðåçóëüòàòû ýêñïåðèìåíòîâ ñâèäåòåëüñò-
âóþò î âîçìîæíîñòè äàëüíåéøåãî ïîâûøåíèÿ åãî 

ýôôåêòèâíîñòè ïóòåì îïðåäåëåíèÿ îïòèìàëüíûõ 

óñëîâèé è ñïîñîáîâ ôðàãìåíòàöèè è âîçáóæäåíèÿ 
ôëóîðåñöåíöèè. 
  Â íàñòîÿùåé ðàáîòå ïðèâîäÿòñÿ ðåçóëüòàòû 

îöåíêè ýôôåêòèâíîñòè ëàçåðíîãî âîçáóæäåíèÿ PO-
ôðàãìåíòîâ îðãàíîôîñôàòîâ â çàâèñèìîñòè îò ñïåê-
òðàëüíûõ ïàðàìåòðîâ èçëó÷åíèÿ. 

 
Ðàñ÷åò ñïåêòðà ïîãëîùåíèÿ PO 
 

Êîëåáàòåëüíûå è âðàùàòåëüíûå òåðìû 
ýëåêòðîííûõ ñîñòîÿíèé X2 è A2+ PO 
 

 
Ìîæíî ïðåäëîæèòü íåñêîëüêî ïîäõîäîâ ê ðåà-

ëèçàöèè ËÔ/ËÈÔ-ìåòîäà îáíàðóæåíèÿ îðãàíîôîñ- 
ôàòîâ, îòëè÷àþùèõñÿ ñïîñîáàìè âîçáóæäåíèÿ ôëóî- 
ðåñöåíöèè PO-ôðàãìåíòîâ. Ïðàêòè÷åñêèé èíòåðåñ 

âûçûâàåò ïåðåõîä A2+ (v = 0)  X2 (v = 0) êàê íàè- 
áîëåå èíòåíñèâíûé. Äëÿ èññëåäîâàíèÿ ýôôåêòèâíî-
ñòè èñïîëüçîâàíèÿ ýòîãî ïåðåõîäà áûëè óòî÷íåíû 

ïàðàìåòðû ìîäåëè ìîëåêóëû PO ïî ëèòåðàòóðíûì 
äàííûì è ïðîèçâåäåí ðàñ÷åò ñïåêòðà ïîãëîùåíèÿ. 
  Îñíîâíîå ñîñòîÿíèå X2 ìîëåêóëû PO ïðåä-
ñòàâëÿåò ñîáîé ìóëüòèïëåò, ñîñòîÿùèé èç äâóõ êîì-
ïîíåíò X21/2 è X23/2, ðàñ÷åòíûå çíà÷åíèÿ êîëå-
áàòåëüíûõ è âðàùàòåëüíûõ òåðìîâ êîòîðûõ ìîãóò 
áûòü èçâëå÷åíû èç áàçû äàííûõ CDS (http://cdsarc. 
u-strasbg.fr) èëè ExoMol (www.exomol.com) [28]. 
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Ïîëó÷åííûå èç áàçû äàííûõ ExoMol çíà÷åíèÿ âðà-
ùàòåëüíûõ òåðìîâ óðîâíÿ v = 0 ñîñòîÿíèé X2 
ïðåäñòàâëåíû â òàáë. 1. 

 
Ò à á ë è ö à  1  

Çíà÷åíèÿ òåðìîâ (â ñì1) äëÿ ñîñòîÿíèé X2 (v = 0) 

J F1e F1f F2e F2f 

0,5 503,13000 503,13652   
1,5 505,31069 505,32373 727,87448 727,87448 
2,5 508,94730 508,96686 731,53939 731,53939 
3,5 514,03979 514,06586 736,67017 736,67017 
4,5 520,58805 520,62064 743,26673 743,26673 
5,5 528,59199 528,63110 751,32895 751,32897 
6,5 538,05148 538,09709 760,85670 760,85672 
7,5 548,96635 549,01848 771,84980 771,84984 
8,5 561,33644 561,39507 784,30806 784,30811 
9,5 575,16153 575,22666 798,23126 798,23133 

10,5 590,44141 590,51303 813,61915 813,61924 
11,5 607,17581 607,25393 830,47146 830,47158 
12,5 625,36448 625,44907 848,78789 848,78804 
13,5 645,00709 645,09817 868,56812 868,56831 
14,5 666,10335 666,20090 889,81180 889,81204 
15,5 688,65289 688,75691 912,51855 912,51884 
16,5 712,65535 712,76582 936,68798 936,68832 
17,5 738,11033 738,22726 962,31964 962,32005 
18,5 765,01741 765,14079 989,41310 989,41358 
19,5 793,37616 793,50597 1017,96788 1017,96843 
20,5 823,18611 823,32234 1047,98346 1047,98410 
21,5 854,44675 854,58941 1079,45932 1079,46005 
22,5 887,15759 887,30666 1112,39489 1112,39574 
23,5 921,31808 921,47354 1146,78961 1146,79057 
24,5 956,92766 957,08951 1182,64286 1182,64394 
25,5 993,98574 994,15397 1219,95401 1219,95522 
26,5 1032,49171 1032,66631 1258,72240 1258,72375 
27,5 1072,44493 1072,62589 1298,94734 1298,94884 
28,5 1113,84476 1114,03206 1340,62813 1340,62979 
29,5 1156,69049 1156,88413 1383,76402 1383,76586 
30,5 1200,98143 1201,18139 1428,35426 1428,35628 
31,5 1246,71685 1246,92311 1474,39805 1474,40027 
32,5 1293,89598 1294,10854 1521,89459 1521,89702 
33,5 1342,51804 1342,73689 1570,84303 1570,84569 
34,5 1392,58224 1392,80736 1621,24252 1621,24540 
35,5 1444,08775 1444,31912 1673,09215 1673,09528 
36,5 1497,03370 1497,27132 1726,39102 1726,39441 
37,5 1551,41923 1551,66307 1781,13818 1781,14184 
38,5 1607,24342 1607,49348 1837,33267 1837,33661 
39,5 1664,50536 1664,76162 1894,97349 1894,97773 

 
Äëÿ îïðåäåëåíèÿ çíà÷åíèé òåðìîâ ñîñòîÿíèÿ 

A2+ ïîëíàÿ ýíåðãèÿ ìîëåêóëû PO ïðåäñòàâëÿëàñü, 
êàê è â [29], â âèäå 

   ( ) ( ),eT T G v F J  (1) 

ãäå Òå – ýëåêòðîííàÿ, G(v) – êîëåáàòåëüíàÿ, F(J) – 
âðàùàòåëüíàÿ ýíåðãèÿ ìîëåêóëû; v, J – êîëåáàòåëü-
íîå è âðàùàòåëüíîå êâàíòîâûå ÷èñëà ìîëåêóëû ñî-
îòâåòñòâåííî. Êîëåáàòåëüíàÿ ýíåðãèÿ ìîëåêóëû G(v), 
ñîîòâåòñòâóþùàÿ ìîäåëè àíãàðìîíè÷åñêîãî îñöèë-
ëÿòîðà, îïðåäåëÿåòñÿ êàê 

    ( ) ( 1/2)eG v v  

       2 3( 1/2) ( 1/2) ...e e e ex v y v . (2) 

Çäåñü å – ÷àñòîòà ãàðìîíè÷åñêèõ êîëåáàíèé; åõå 
è åóå – ïîñòîÿííûå àíãàðìîíèçìà. Âðàùàòåëüíàÿ 
ýíåðãèÿ F(J) îïðåäåëÿëàñü ñîãëàñíî [30]: 

      2 2
1( ) ( 1) ( 1) /2,v vF N B N N D N N N  (3) 

       2 2
2( ) ( 1) ( 1) ( 1)/2,v vF N B N N D N N N  (4) 

ãäå F1(N) îòíîñèòñÿ ê êîìïîíåíòàì ñ J = N + 1/2, 
à F2(N) – ê êîìïîíåíòàì ñ J = N  1/2;  – êîí-
ñòàíòà. Âðàùàòåëüíûå ïîñòîÿííûå Bv, Dv çàâèñÿò 
îò óðîâíÿ êîëåáàòåëüíîãî âîçáóæäåíèÿ v: Bv = Bå  
   ( 1/2)e v  ... ,     ( 1/2)v e eD D v  ... , çäåñü Be, 
e, De, e – âðàùàòåëüíûå ìîëåêóëÿðíûå ïîñòîÿííûå. 
  Èç [31, 32] èçâåñòíî, ÷òî îáå êîìïîíåíòû, F1  
è F2, óðîâíåé v = 0, 1, 2 ñîñòîÿíèÿ A2+ âîçìóùå-
íû, ñîîòâåòñòâåííî, óðîâíÿìè vʹ = 4, 6, 8 ñîñòîÿ-
íèÿ b4 (òàáë. 2). 

 
Ò à á ë è ö à  2  

Âîçìóùåíèå óðîâíåé v = 0, 1, 2 ñîñòîÿíèÿ A2+ 

Âîçìóùåííûé 
óðîâåíü  

ñîñòîÿíèÿ A2+ 

Êîìïî- 
íåíòà 

Âîçìóùàþùèé 
óðîâåíü  

ñîñòîÿíèÿ b4 

Êîìïî- 
íåíòà 

F1
 (N = 10) F1

 (9) 
F2

 (10) F2
 (9) 

F1
 (17) F3

 (18) 
v = 0 

F2
 (17) 

v = 4 

F4
 (18) 

F1
 (30) F1

 (29) 
F2

 (30) F2
 (29) 

F1
 (36) F3

 (37) 
v = 1 

F2
 (36) 

v = 6 

F4
 (37) 

F1
 (39) F1

 (38) 
F2

 (39) F2
 (38) 

F1
 (45) F3

 (46) 
vʹ = 2 

F2
 (45) 

vʹ = 8 

F4
 (46) 

 
Âåëè÷èíà îòêëîíåíèÿ çíà÷åíèé âðàùàòåëüíûõ 

òåðìîâ êîìïîíåíò F1 è F2 ñîñòîÿíèÿ A2+ (v = 0)  
îò èõ íåâîçìóùåííîãî ïîëîæåíèÿ, ðàññ÷èòàííîãî 
ïî ôîðìóëàì (3) è (4), ïðåäñòàâëåíà íà ðèñ. 1. Êàê 
âèäíî èç òàáë. 2 è ðèñ. 1, ìàêñèìàëüíîå âîçìóùå-
íèå â îáåèõ êîìïîíåíòàõ óðîâíÿ v = 0 ñîñòîÿíèÿ 

A2+ íàáëþäàåòñÿ ïðè N = 10 è 17. 
 

 
Ðèñ. 1. Âîçìóùåíèå â êîìïîíåíòàõ F1 (÷åðíûå ñèìâîëû) 
  è F2 (áåëûå ñèìâîëû) óðîâíÿ vʹ = 0 ñîñòîÿíèÿ A2+ 

 
Ðàññ÷èòàííûå çíà÷åíèÿ òåðìîâ äëÿ ñîñòîÿíèÿ 

A2+ (v = 0, 1, 2) ñ ó÷åòîì èõ âîçìóùåíèÿ ïðèâå-
äåíû â òàáë. 3. Ìîëåêóëÿðíûå ïîñòîÿííûå, èñïîëü-
çîâàííûå äëÿ ðàñ÷åòà – â òàáë. 4. 
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Ò à á ë è ö à  3  
Çíà÷åíèÿ òåðìîâ (â ñì1) äëÿ ñîñòîÿíèÿ A2+ (v = 0, 1, 2) 

A2+ (v = 0) A2+ (v = 1) A2+ (v = 2) 
J  0,5 

F1 F2 F1 F2 F1 F2 
0 41100,52250 41102,07568 42477,6025 42479,14470 43840,86250 43842,39372 
1 41102,02905 41105,17385 42479,13946 42482,22963 43842,39022 43845,45699 
2 41105,12460 41109,83094 42482,22547 42486,85876 43845,45476 43850,05332 
3 41109,77804 41116,04329 42486,85575 42493,03150 43850,05235 43856,18224 
4 41115,98495 41123,80950 42493,02965 42500,74762 43856,18253 43863,84353 
5 41123,74272 41133,12826 42500,74692 42510,00694 43863,84507 43873,03703 
6 41133,04780 41143,99738 42510,00737 42520,80929 43873,03981 43883,76259 
7 41143,89275 41156,41114 42520,81085 42533,15450 43883,76660 43896,02001 
8 41156,25637 41170,34479 42533,15715 42547,04236 43896,02525 43909,80912 
9 41170,04379 41185,40011 42547,04609 42562,47267 43909,81557 43925,12969 
10 41184,73908 41203,22475 42562,47744 42579,44517 43925,13734 43941,98148 
11 41203,46694 41221,80243 42579,45094 42597,95961 43942,00784 43960,36424 
12 41221,94455 41241,78757 42597,96634 42618,01569 43960,39218 43980,27767 
13 41241,90589 41263,48799 42618,02334 42639,61312 43980,30721 44001,72147 
14 41263,64315 41286,67516 42639,62162 42662,75154 44001,75263 44024,69531 
15 41286,91425 41312,60986 42662,76083 42687,43060 44024,72812 44049,19883 
16 41311,64916 41338,91644 42687,44059 42713,64992 44049,23331 44075,23165 
17 41338,68436 41366,48258 42713,66051 42741,40909 44075,26093 44102,79338 
18 41366,34984 41395,88163 42741,42014 42770,70767 44102,82412 44131,88357 
19 41395,80775 41426,89034 42770,71900 42801,54520 44131,91580 44162,50179 
20 41426,84624 41459,46995 42801,55659 42833,92117 44162,53552 44194,64756 
21 41459,44378 41493,60859 42833,93232 42867,83507 44194,68282 44228,32038 
22 41493,59451 41529,30119 42867,84553 42903,28631 44228,35720 44263,51972 
23 41529,29595 41566,54506 42903,29545 42940,27426 44263,55814 44300,24505 
24 41566,54665 41605,33846 42940,28108 42978,79821 44300,28510 44338,49578 
25 41605,34558 41645,68015 42978,80104 43018,85727 44338,53751 44378,27132 
26 41645,69189 41687,56909 43018,85298 43060,45020 44378,31478 44419,57105 
27 41687,58480 41731,00437 43060,4318 43103,57466 44419,61632 44462,39431 
28 41731,02357 41775,98515 43103,52118 43148,22355 44462,44147 44506,74043 
29 41776,00747 41822,51061 43148,00354 43194,32988 44506,78959 44552,60869 
30 41822,53576 41870,57995 43194,1180 43242,10000 44552,65999 44599,99834 
31 41870,60772 41920,19237 43242,35425 43291,48975 44600,05198 44648,90859 
32 41920,22257 41971,34706 43291,56791 43342,18132 44648,96482 44699,33857 
33 41971,37954 42024,04321 43342,27513 43394,46947 44699,39778 44751,28729 
34 42024,07785 42078,27998 43394,59418 43448,20018 44751,35010 44804,75356 
35 42078,31668 42134,05652 43448,43507 43504,50211 44804,82098 44859,73561 
36 42134,09520 42191,37197 43503,76201 43560,86550 44859,80965 44916,22972 
37 42191,41254 42250,22543 43560,93005 43619,23520 44916,31528 44974,22041 
38 42250,26784 42310,616 43619,24935 43679,17256 44974,33710 45033,10737 
39 42310,66020 42372,54274 43679,19472 43740,64715 45033,87432 45094,91300 

 
Ò à á ë è ö à  4  

Ìîëåêóëÿðíûå ïîñòîÿííûå (â ñì1)  
äëÿ ñîñòîÿíèÿ A2+ PO 

Êîíñòàíòà Çíà÷åíèå Èñòî÷íèê 
Te 40406,8 [33] 
e 1390,9 [31, 33, 34]  
exe 6,91 [31, 33, 34] 
Be 0,78040 [31] 
e 0,00549 [31] 

e 
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
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Ïîëîæåíèå ëèíèé 

 

Äëÿ ñëó÷àÿ à-ñâÿçè ïî Ãóíäó, êîãäà ñïèí-îðáè- 
òàëüíîå ðàñùåïëåíèå çíà÷èòåëüíî áîëüøå âðàùà-
òåëüíîé ýíåðãèè è âçàèìîäåéñòâèå âðàùåíèÿ ñ ýëåê-
òðîííûì äâèæåíèåì ñëàáîå, ìîãóò èìåòü ìåñòî âñå 
ïåðåõîäû, îòâå÷àþùèå ïðàâèëàì îòáîðà 

   0,J  e f  

 è   1,J   ,e e   .f f  

Â ýòîì ñëó÷àå êàæäóþ ïîëîñó ïåðåõîäà A2+  X2 
ìîæíî ðàçäåëèòü íà ïîëîñû A2+  X21/2 è A2+  
 X23/2, êîòîðûå îòñòîÿò îäíà îò äðóãîé íà âåëè-
÷èíó äóáëåòíîãî ðàñùåïëåíèÿ ñîñòîÿíèÿ X2. Äëÿ 
ïîëîñû A2+  X21/2 áóäóò èìåòü ìåñòî øåñòü âåò-
âåé: Q11, P11, R11 – ãëàâíûå âåòâè è Q21, P21, R21 – 
âåòâè-ñàòåëëèòû; äëÿ ïîëîñû A2+  X23/2: Q22, 
P22, R22 – ãëàâíûå âåòâè è Q12, P12, R12 – âåòâè- 
ñàòåëëèòû. Ðåçóëüòàò ðàñ÷åòà âîëíîâûõ ÷èñåë ëè-
íèé âåòâåé â ïîëîñå A2+ (v = 0)  X2 (v = 0) 
ïðåäñòàâëåí â òàáë. 5. Âèäíî, ÷òî âñëåäñòâèå ìàëî-
ãî äóáëåòíîãî ðàñùåïëåíèÿ ñîñòîÿíèÿ A2+ âåòâè 
Q11 è P21, P22 è Q12, Q22 è R12, R11 è Q21 íå ðàçðå-
øàþòñÿ, òàê êàê ïîïàðíî ëåæàò î÷åíü áëèçêî äðóã 
ê äðóãó. Ïîýòîìó êàæäàÿ èç ïîëîñ A2+  X21/2 è 
A2+  X23/2 èìååò òîëüêî ÷åòûðå âåòâè, äâå èç 
êîòîðûõ îáðàçóþò êàíòû. 
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Ñå÷åíèÿ ïîãëîùåíèÿ ëèíèé 
 

Ñå÷åíèÿ ïîãëîùåíèÿ äëÿ âðàùàòåëüíûõ ëèíèé 
ýëåêòðîííî-êîëåáàòåëüíî-âðàùàòåëüíûõ ïåðåõîäîâ 
A2+ (v, J)  X2 (v, J) ñ ó÷åòîì èõ óøèðåíèÿ 
îïðåäåëÿëèñü ïî ôîðìóëå èç [36]: 

     
 

   
  2

0

1 2 1
( ) ( ),

2 18
J J J J J

J
A N L

Jc
 (5) 

ãäå 0 – öåíòð ëèíèè ïîãëîùåíèÿ, ñì1; ñ – ñêîðîñòü 

ñâåòà; J  – âðàùàòåëüíîå êâàíòîâîå ÷èñëî íèæíåãî 
ñîñòîÿíèÿ; J  – âðàùàòåëüíîå êâàíòîâîå ÷èñëî âåðõ- 
íåãî ñîñòîÿíèÿ;  J JA  – êîýôôèöèåíò Ýéíøòåéíà 
äëÿ ñïîíòàííîãî ïåðåõîäà; JN  – íàñåëåííîñòü âðà-
ùàòåëüíîãî óðîâíÿ J  â óñëîâèÿõ ëîêàëüíîãî òåð-
ìîäèíàìè÷åñêîãî ðàâíîâåñèÿ. Ôóíêöèÿ L() îïðå-
äåëÿåò êîíòóð ëèíèè. 

Êîýôôèöèåíòû Ýéíøòåéíà ðàññ÷èòûâàëèñü ñëå- 
äóþùèì îáðàçîì [37]: 

    
   


 

  

4
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v v J Je

J J J J e
e

q Sg
A R

h g J
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ãäå ge = (2  0, ) (2S + 1) – ñòàòèñòè÷åñêèé âåñ 

ýëåêòðîííîãî ñîñòîÿíèÿ, 0,  – ñèìâîë Êðîíåêåðà, 
 – êâàíòîâîå ÷èñëî, îòâå÷àþùåå ñîáñòâåííîìó çíà-
÷åíèþ îïåðàòîðà ïðîåêöèè îðáèòàëüíîãî ìîìåíòà 

ýëåêòðîíîâ íà ìåæúÿäåðíóþ îñü; S – êâàíòîâîå 
÷èñëî ñóììàðíîãî ñïèíà ýëåêòðîíîâ; ìíîæèòåëü 
(2S + 1) ó÷èòûâàåò âûðîæäåíèå ïî ýëåêòðîííîìó 
ñïèíó;  J J  – âîëíîâîå ÷èñëî ëèíèè; 2

eR  – êâàäðàò 

ìàòðè÷íîãî ýëåìåíòà äèïîëüíîãî ìîìåíòà;  v vq  – 
ôàêòîð Ôðàíêà–Êîíäîíà;  J JS  – ôàêòîð Õåíëÿ–
Ëîíäîíà. 

Ôàêòîðû Õåíëÿ–Ëîíäîíà äëÿ ðàññìàòðèâàåìî-
ãî òèïà ïåðåõîäîâ áûëè âû÷èñëåíû ïî ôîðìóëàì, 
ïðèâåäåííûì â ìîíîãðàôèè [38], ñ ó÷åòîì èìåþ-
ùèõñÿ îïå÷àòîê; äëÿ îïðåäåëåíèÿ ïðàâèëà ñóìì èñ-
ïîëüçîâàëèñü îáùåïðèíÿòûå ðåêîìåíäàöèè Óàéòèíãà 

è äð. [39, 40]. Äëÿ îïðåäåëåíèÿ 
2

eR  èñïîëüçîâà- 
ëîñü âðåìÿ æèçíè êîëåáàòåëüíîãî óðîâíÿ v = 0 [41].  
Äëÿ ôàêòîðà Ôðàíêà–Êîíäîíà ýëåêòðîííî-êîëåáà- 
òåëüíîé ïîëîñû A2+ (v = 0)  X2 (v = 0) èñïîëü-
çîâàëîñü çíà÷åíèå, ðàññ÷èòàííîå ñ ïîìîùüþ ïîòåí-
öèàëîâ, ïîëó÷åííûõ ìåòîäîì Ðèäáåðãà–Êëåéíà–
Ðèñà â [41]. 

Â ïðåäïîëîæåíèè áîëüöìàíîâñêîãî ðàñïðåäåëå-
íèÿ ìîëåêóë ïî âðàùàòåëüíûì óðîâíÿì ýíåðãèè íà-
ñåëåííîñòü âðàùàòåëüíîãî óðîâíÿ J  íèçøåãî êîëå-
áàòåëüíîãî ñîñòîÿíèÿ ïðè òåìïåðàòóðå T îïðåäåëÿ-
åòñÿ âûðàæåíèåì 
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ãäå N0 – ïîëíîå ÷èñëî ìîëåêóë â êîëåáàòåëüíîì 
ñîñòîÿíèè v = 0;  (2 1)J  – ñòåïåíü âûðîæäåíèÿ 
ñîñòîÿíèÿõ ;J  Qrot – âðàùàòåëüíàÿ ñòàòèñòè÷åñêàÿ 
ñóììà. 

Â ðàñ÷åòàõ ïîëàãàëîñü, ÷òî êîíòóð ñïåêòðàëüíîé 
ëèíèè èìååò ëîðåíöåâñêóþ ôîðìó ñ ïîëóøèðèíîé 
L = 0,25 ñì1: 
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Ïðè ýòîì ñ÷èòàëîñü, ÷òî êîýôôèöèåíòû ñòîëêíîâè- 
òåëüíîãî óøèðåíèÿ ìîëåêóë ÐÎ è NO ìàëî ðàçëè- 
÷àþòñÿ ïðè íîðìàëüíûõ óñëîâèÿõ [42]. 

Ðàñ÷åòíûé ñïåêòð ïîëîñû ïîãëîùåíèÿ, ñîîò-
âåòñòâóþùèé ïåðåõîäó A2+ (v = 0)  Õ2 (v = 0) 
ïðè T = 300 Ê, ïîêàçàí íà ðèñ. 2. 

 

 
Ðèñ. 2. Ñïåêòð ïîãëîùåíèÿ, ñîîòâåòñòâóþùèé ïåðåõîäó 
  A2+ (v = 0)  X2 (v = 0), ïðè T = 300 Ê 

 

Çäåñü ïåðåõîä îò âîëíîâûõ ÷èñåë  (â ìêì1)  
ê äëèíàì âîëí air (â ìêì) â âîçäóõå ïðîâîäèëñÿ  
ñ ó÷åòîì äèñïåðñèîííîé ôîðìóëû äëÿ ñòàíäàðòíîãî 
âîçäóõà [43]: 


  

             

1
8

air 2 2
1 2406030 15997

1 8342,13 10 .
130 38,9

 (9) 

Ðåçóëüòàòû ðàñ÷åòîâ ó÷àñòêîâ ñïåêòðà, ñîîòâåò-
ñòâóþùèõ ïîëîñàì ïîãëîùåíèÿ A2+

  X21/2 è A2+
  

 X23/2, ïðåäñòàâëåíû íà ðèñ. 3 è 4 ñîîòâåòñòâåííî. 
 

Îöåíêà ýôôåêòèâíîñòè ëàçåðíîãî 
âîçáóæäåíèÿ ìîëåêóë PO 

 

Èç ðèñ. 2–4 âèäíî, ÷òî äëÿ ýôôåêòèâíîãî  

ëàçåðíîãî âîçáóæäåíèÿ PO íåîáõîäèìî âûáèðàòü 
äëèíó âîëíû èçëó÷åíèÿ âáëèçè êàíòîâ â âåòâÿõ 

(Q11 + P21), P11 äëÿ ïîëîñû A2+  X21/2 è âåòâÿõ 
(P22 + Q12), P12 äëÿ ïîëîñû A2+  X23/2. Ýôôåê-
òèâíîñòü âîçáóæäåíèÿ â çàâèñèìîñòè îò ñî÷åòàíèÿ 
øèðèíû ñïåêòðàëüíîé ëèíèè ëàçåðíîãî èçëó÷åíèÿ 
 è ïîëîæåíèÿ åå öåíòðà 0 îïðåäåëÿëàñü ïî âåëè-
÷èíå êîýôôèöèåíòà ýôôåêòèâíîñòè èñïîëüçîâàíèÿ 
ïîëîñû 
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Çäåñü () – íîðìèðîâàííàÿ ôóíêöèÿ ïîãëîùåíèÿ, 
âû÷èñëåííàÿ ïî ôîðìóëå (5); I() – ñïåêòðàëüíîå 
ðàñïðåäåëåíèå èíòåíñèâíîñòè ëàçåðíîãî èçëó÷åíèÿ; 
 



 

180 Áîáðîâíèêîâ Ñ.Ì., Ãîðëîâ Å.Â., Æàðêîâ Â.È. 
 

  

 
Ðèñ. 3. Íîðìèðîâàííûé ñïåêòð ïîãëîùåíèÿ, ñîîòâåòñòâóþùèé ïåðåõîäó A2+ (vʹ = 0)  X21/2

 (vʺ = 0), ïðè T = 300 Ê 

 

 
Ðèñ. 4. Íîðìèðîâàííûé ñïåêòð ïîãëîùåíèÿ, ñîîòâåòñòâóþùèé ïåðåõîäó A2+ (vʹ = 0)  X23/2

 (vʺ = 0), ïðè T = 300 Ê 
 
 

1 è 2 – ãðàíèöû ñïåêòðàëüíîãî äèàïàçîíà ïîëîñû 
ïîãëîùåíèÿ. Ðàñ÷åòû âûïîëíåíû â ïðåäïîëîæåíèè, 
÷òî ëàçåðíàÿ ëèíèÿ èìååò ãàóññîâó ôîðìó; øèðèíà 
ëèíèè  â ðàñ÷åòàõ çàäàâàëàñü 1, 5 è 10 ïì. Øè-
ðèíà äèñïåðñèîííîãî êîíòóðà ëèíèè ïîãëîùåíèÿ 
 = 2L ïðèíèìàëàñü ðàâíîé 0,5 ñì1. Ðåçóëüòàòû 
ðàñ÷åòîâ (0,

 ) ïðèâåäåíû íà ðèñ. 5. 
Íà ðèñ. 5 âèäíî, ÷òî âíå çàâèñèìîñòè îò âûáî-

ðà «ðàáî÷åãî» êàíòà ýôôåêòèâíîñòü âîçáóæäåíèÿ 

óâåëè÷èâàåòñÿ â ñðåäíåì â 1,4 ðàçà ñ óìåíüøåíèåì 
øèðèíû ñïåêòðà ãåíåðàöèè ëàçåðà  îò 10 äî 1 ïì. 
Íà ðèñ. 2–4 ïîëîñû ïîãëîùåíèÿ PO î÷åâèäíî 
èìåþò ôèîëåòîâîå îòòåíåíèå, ïîýòîìó ñ óâåëè÷åíè-
åì  äëèíà âîëíû max

0 , ïðè êîòîðîé äîñòèãàåòñÿ 
ìàêñèìàëüíîå çíà÷åíèå , ñìåùàåòñÿ â êîðîòêîâîë-
íîâóþ îáëàñòü: ïðè èçìåíåíèè  îò 1 äî 10 ïì 
óñðåäíåííàÿ âåëè÷èíà ñäâèãà ñîñòàâëÿåò ïðèìåðíî 
/10. 
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Ðèñ. 5. Ýôôåêòèâíîñòü âîçáóæäåíèÿ ìîëåêóë PO âáëèçè êàíòà âåòâè (Q11 + P21) (à), P11 (á), (P22 + Q12) (â), P12 (ã)  
ïðè T = 300 Ê â çàâèñèìîñòè îò ïîëîæåíèÿ öåíòðà ëèíèè ãåíåðàöèè ëàçåðà äëÿ ðàçëè÷íûõ çíà÷åíèé øèðèíû ñïåêòðà 
  èçëó÷åíèÿ 

 

Òåðìàëèçàöèÿ âðàùàòåëüíûõ óðîâíåé 
PO-ôðàãìåíòîâ 

 

Â [13, 44] ýêñïåðèìåíòàëüíî áûëî ïîêàçàíî, ÷òî 
â ïðîöåññå ôîòîäèññîöèàöèè äèýòèëìåòèëôîñôîíà-
òà (DEMP) è äèìåòèëìåòèëôîñôîíàòà (DMMP) 
ïîä äåéñòâèåì ëàçåðíîãî èçëó÷åíèÿ ñ  = 266, 248 
è 193 íì îáíàðóæèâàþòñÿ PO-ôðàãìåíòû, ñïåêòð 

âîçáóæäåíèÿ êîòîðûõ ñâèäåòåëüñòâóåò î íåðàâíî-
âåñíîé íà÷àëüíîé íàñåëåííîñòè âðàùàòåëüíûõ óðîâ-
íåé ñîñòîÿíèÿ X2 (v = 0). Ïîêàçàíî, ÷òî ÷åðåç 
50 íñ ïîñëå äåéñòâèÿ íà DEMP èìïóëüñà ôðàãìåí-
òèðóþùåãî ëàçåðíîãî èçëó÷åíèÿ ñ  = 266 íì ðàñ-
ïðåäåëåíèå èíòåíñèâíîñòè âî âðàùàòåëüíîé ñòðóê-
òóðå ñïåêòðà âîçáóæäåíèÿ PO-ôðàãìåíòîâ ñîîòâåò-
ñòâóåò âðàùàòåëüíîé òåìïåðàòóðå Trot  1800 Ê [13]. 
Ïîõîæåå ðàñïðåäåëåíèå íàáëþäàåòñÿ ïðè èñïîëüçî-
âàíèè äëÿ ôðàãìåíòàöèè èçëó÷åíèÿ ArF- è KrF-
ëàçåðîâ [44]. Ýêñïåðèìåíòàëüíî ïîäòâåðæäåíî, ÷òî 

ïîëíàÿ òåðìàëèçàöèÿ PO-ôðàãìåíòîâ îðãàíîôîñôà-
òîâ (ïðè äàâëåíèè 200–400 ìòîðð) çà ñ÷åò ñòîëêíî-
âèòåëüíîé ðåëàêñàöèè ïðè îòñóòñòâèå âîçäóõà ïðî-
èñõîäèò çà 800 íñ [13, 44], ïðè ýòîì ðàñïðåäåëåíèå 
ôðàãìåíòîâ ïî êîìïîíåíòàì F1 è F2 îñíîâíîãî ñî-
ñòîÿíèÿ íå ìåíÿåòñÿ è ñîîòâåòñòâóåò ðàâíîâåñíîìó 
ðàñïðåäåëåíèþ ïðè Trot = 300 Ê. 

Ðåçóëüòàòû ðàñ÷åòà ýôôåêòèâíîñòè âîçáóæäåíèÿ 
ìîëåêóë PO â çàâèñèìîñòè îò ïîëîæåíèÿ öåíòðà 
ëèíèè ãåíåðàöèè ëàçåðà äëÿ ðàçëè÷íûõ çíà÷åíèé øè- 
ðèíû ñïåêòðà èçëó÷åíèÿ, ïðåäñòàâëåííûå íà ðèñ. 5, 
ñïðàâåäëèâû äëÿ óñëîâèé òåðìîäèíàìè÷åñêîãî ðàâíî- 
âåñèÿ ïðè òåìïåðàòóðå 300 Ê è â ñëó÷àå ÐÎ-ôðàãìåí- 
òîâ ìîãóò áûòü èñïîëüçîâàíû òîëüêî äëÿ ñîñòîÿíèÿ 
ïîëíîé òåðìàëèçàöèè. Îïèðàÿñü íà äàííûå [13, 44], 
îöåíèì, êàê ìåíÿåòñÿ ýôôåêòèâíîñòü âîçáóæäåíèÿ 
PO-ôðàãìåíòîâ ïðè çàäàííûõ 0 è  â óñëîâèÿõ 
ðåàëüíîé àòìîñôåðû. Â äàëüíåéøèõ ðàñ÷åòàõ ïðåä-
ïîëîæèì, ÷òî â ïðîöåññå âðàùàòåëüíîé ðåëàêñàöèè 
ñîõðàíÿåòñÿ áîëüöìàíîâñêîå ðàñïðåäåëåíèå íàñå-
ëåííîñòè âðàùàòåëüíûõ ñîñòîÿíèé, à ñðåäíÿÿ âðà-
ùàòåëüíàÿ òåìïåðàòóðà ìîëåêóë çàâèñèò îò âðåìåíè 
êàê [45]: 

 
      

rot 800 50 800
50 íñ

( ) ( ) exp ,
t

T t T T T  (11) 

ãäå Ò50 = 1800 Ê – âðàùàòåëüíàÿ òåìïåðàòóðà â ìî-
ìåíò âðåìåíè t = 50 íñ ïîñëå äåéñòâèÿ ôðàãìåíòè-
ðóþùåãî ëàçåðíîãî èìïóëüñà; Ò800 = 300 Ê ïðè t = 
= 800 íñ;  – âðåìÿ âðàùàòåëüíîé ðåëàêñàöèè. Êàê 
ñëåäóåò èç ýêñïåðèìåíòàëüíûõ äàííûõ [13], íà-
÷àëüíîå çíà÷åíèå âðàùàòåëüíîé òåìïåðàòóðû â ìî-
ìåíò âðåìåíè t = 0 ñîñòàâëÿåò 2700 Ê ïðè   100 íñ. 
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Íà îñíîâå ðåçóëüòàòîâ [44] è â ñèëó ñõîæåñòè 
ñòðóêòóðû ìîëåêóë DEMP è DMMP è èõ ñïåêòðî-
ñêîïè÷åñêèõ ñâîéñòâ â äàëüíåéøèõ ðàñ÷åòàõ ïðåä-
ïîëàãàåòñÿ, ÷òî ó PO-ôðàãìåíòîâ DMMP òî æå íà-
÷àëüíîå ðàñïðåäåëåíèå íàñåëåííîñòè. 

Èçìåíåíèå íàñåëåííîñòè âðàùàòåëüíûõ óðîâíåé 
â ïðîöåññå òåðìàëèçàöèè ïðèâîäèò ê ïðîïîðöèî-
íàëüíîìó èçìåíåíèþ èíòåíñèâíîñòåé ñîîòâåòñòâóþ-
ùèõ ëèíèé ïîãëîùåíèÿ è, êàê ñëåäñòâèå, ê èçìåíå-
íèþ ýôôåêòèâíîñòè âîçáóæäåíèÿ ôðàãìåíòîâ. Â êà- 
÷åñòâå ïðèìåðà íà ðèñ. 6 ïðèâåäåíû çàâèñèìîñòè 

 
11 21 0( )Q P  äëÿ ðàçëè÷íûõ Òrot. Âèäíî, ÷òî ñ óìåíü- 

øåíèåì Òrot ìîíîòîííî ðàñòåò ýôôåêòèâíîñòü âîç-
áóæäåíèÿ â âûäåëåííîì äèàïàçîíå èçìåíåíèÿ 0. 
Ðèñ. 7 ïîêàçûâàåò, êàê ïðè ôèêñèðîâàííîì çíà÷åíèè 

  max
0 0  â ïðîöåññå òåðìàëèçàöèè ìåíÿåòñÿ ýôôåê-

òèâíîñòü âîçáóæäåíèÿ  äëÿ âñåõ ðàññìàòðèâàåìûõ 
âåòâåé: äëÿ âåòâåé (Q11 + P21) è (P22 + Q12) íàáëþ-
äàåòñÿ ìîíîòîííûé ðîñò  ñ óâåëè÷åíèåì ïðèìåðíî 
â 5 è 6 ðàç ñîîòâåòñòâåííî; äëÿ âåòâåé P11 è P12 èç-
ìåíåíèÿ ýôôåêòèâíîñòè ìåíåå ñóùåñòâåííû. 

 

 
Ðèñ. 6. Ýôôåêòèâíîñòü âîçáóæäåíèÿ ìîëåêóë PO âáëèçè 
êàíòà âåòâè (Q11 + P21) ïðè  = 1 ïì äëÿ Òrot îò 300 
  äî 2700 Ê 

 

 
Ðèñ. 7. Ýôôåêòèâíîñòü âîçáóæäåíèÿ ìîëåêóëû PO 
íà   max

0 0  â çàâèñèìîñòè îò Òrot äëÿ  = 1, 5 è 10 ïì 
 

 

Ñ ïðàêòè÷åñêîé òî÷êè çðåíèÿ èíòåðåñíî ïðî-
ñëåäèòü äèíàìèêó èçìåíåíèÿ ýôôåêòèâíîñòè âîçáó-
æäåíèÿ  â ïðîöåññå òåðìàëèçàöèè PO-ôðàãìåíòîâ  

â óñëîâèÿõ ðåàëüíîé àòìîñôåðû. Â [44] îïðåäåëå-
íî, ÷òî êîíñòàíòà ñêîðîñòè òåðìàëèçàöèè PO â ïðè-
ñóòñòâèè àçîòà ðàâíà  3,3 ìêñ1  òîðð1. Íàëè÷èå 
êèñëîðîäà ïðèâîäèò ê ïîòåðå PO-ôðàãìåíòîâ â ðå-
çóëüòàòå áèìîëåêóëÿðíûõ ðåàêöèé 

   2 2PO O PO O, (12) 

  2 3PO O PO  (13) 

ñ êîíñòàíòîé ñêîðîñòè  0,32 ìêñ1  òîðð1, êîòîðàÿ 
ïðèìåðíî íà ïîðÿäîê ìåíüøå êîíñòàíòû ñêîðîñòè 
òåðìàëèçàöèè PO [33, 44]. Ïî îöåíêàì [33, 44], 
÷àñòîòû ñòîëêíîâåíèé PO ñ àçîòîì è êèñëîðîäîì 
äëÿ ìîäåëè òâåðäûõ ñôåð îäèíàêîâû è ñîñòàâëÿþò 
 12 ìêñ1  òîðð1, ò.å. äëÿ äîñòèæåíèÿ âðàùàòåëü-
íîãî ðàâíîâåñèÿ, ñîîòâåòñòâóþùåãî 300 Ê, ïîòðåáó-
åòñÿ îêîëî ÷åòûðåõ ñòîëêíîâåíèé, à ê ðåàêöèÿì (12) 
è (13) ïðèâîäèò êàæäîå ñîðîêîâîå ñòîëêíîâåíèå 
PO ñ êèñëîðîäîì. 

Ðàñ÷åòíàÿ âðåìåííàÿ çàâèñèìîñòü èçìåíåíèÿ 
(t) ïðè   max

0 0  è  = 1, 5 è 10 ïì, ïîëó÷åííàÿ 
äëÿ óñëîâèé ðåàëüíîé àòìîñôåðû, ïðåäñòàâëåíà  
íà ðèñ. 8. Âèäíî, ÷òî ïîëíàÿ òåðìàëèçàöèÿ PO-
ôðàãìåíòîâ ïðîèñõîäèò íå áîëåå ÷åì çà 5 íñ. Çà ýòî 
âðåìÿ ýôôåêòèâíîñòü âîçáóæäåíèÿ ôðàãìåíòîâ ÷å-
ðåç ýëåêòðîííî-êîëåáàòåëüíî-âðàùàòåëüíûå ïåðåõî-
äû A2+ (v = 0)  X2 (v = 0), ñîîòâåòñòâóþùèå 
âåòâÿì (Q11 + P21) è (P22 + Q12), äîñòèãíåò ìàêñè-
ìàëüíîãî çíà÷åíèÿ. Â ñëó÷àå âåòâåé P11 è P12 ìàê-
ñèìàëüíîå çíà÷åíèå  äîñòèãàåòñÿ ïðèìåðíî ÷åðåç 
0,7 è 0,8 íñ ïîñëå îáðàçîâàíèÿ «ãîðÿ÷èõ» ôðàãìåí-
òîâ; äàëüíåéøèé ñïàä ýôôåêòèâíîñòè âîçáóæäåíèÿ 
ê ìîìåíòó ïîëíîé òåðìàëèçàöèè ñîñòàâèò, ñîîòâåò-
ñòâåííî,  23 è 36% îò ìàêñèìàëüíîãî çíà÷åíèÿ. 

 

 
Ðèñ. 8. Âðåìåííàÿ çàâèñèìîñòü èçìåíåíèÿ ýôôåêòèâíîñòè 
âîçáóæäåíèÿ PO-ôðàãìåíòîâ â ïðîöåññå òåðìàëèçàöèè 
  ïðè   max

0 0  äëÿ  = 1, 5 è 10 ïì 
 
Ïî ìíåíèþ àâòîðîâ [44], â ñèëó áûñòðîé òåðìà-

ëèçàöèè ôðàãìåíòîâ â óñëîâèÿõ ðåàëüíîé àòìîñôåðû 
öåëåñîîáðàçíî èñïîëüçîâàòü îäèí èñòî÷íèê ëàçåðíî-
ãî èçëó÷åíèÿ (òàê íàçûâàåìûé one-color ñïîñîá) äëÿ 
îäíîâðåìåííîé ôðàãìåíòàöèè îðãàíîôîñôàòîâ è âîç- 
áóæäåíèÿ èõ PO-ôðàãìåíòîâ. Îäíàêî, ïî íàøåìó 
ìíåíèþ, äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè ýòîãî ïðî-



 

 Ýôôåêòèâíîñòü ëàçåðíîãî âîçáóæäåíèÿ PO-ôîòîôðàãìåíòîâ îðãàíîôîñôàòîâ 183 
 

öåññà â óñëîâèÿõ ðåàëüíîé àòìîñôåðû íåîáõîäèìî 

èñïîëüçîâàòü äâóõèìïóëüñíûé ñïîñîá âîçáóæäåíèÿ 

ËÔ/ËÈÔ (two-color ñïîñîá) ñ ðåãóëèðóåìîé çàäåðæ- 
êîé ìåæäó ôðàãìåíòèðóþùèì è çîíäèðóþùèì èì-
ïóëüñàìè. Âî-ïåðâûõ, ïîä äåéñòâèåì ñôîêóñèðîâàí-
íîãî ëàçåðíîãî ÓÔ-èçëó÷åíèÿ îáðàçîâàíèå ìîëåêóë 
PO ïðîèñõîäèò êàê íàïðÿìóþ â ïðîöåññå ôîòîäèñ-
ñîöèàöèè íåéòðàëüíûõ ìîëåêóë îðãàíîôîñôàòîâ 
è/èëè èõ êàòèîí-ðàäèêàëîâ, òàê è â ðåçóëüòàòå 

âòîðè÷íûõ áèìîëåêóëÿðíûõ ðåàêöèé P-ôðàãìåíòîâ 
(àòîìîâ ôîñôîðà) ñ ìîëåêóëÿðíûì êèñëîðîäîì [46]: 

   4
2P( S) O PO O,  (14) 

   2
2 2P( D) O PO O, (15) 

   2 4
2 2P( D) O P( S) O ,  (16) 

   2
2P( P) O PO O, (17) 

   2 2
2 2P( P) O P( D) O ,  (18) 

   2 4
2 2P( P) O P( S) O ,  (19) 

è äèîêñèäîì óãëåðîäà: 

   2
2P( D) CO PO CO, (20) 

   2 4
2 2P( D) CO P( S) CO ,  (21) 

   2
2P( P) CO PO CO,  (22) 

   2 2
2 2P( P) CO P( D) CO ,  (23) 

   2 4
2 2P( P) CO P( S) CO .  (24) 

Âî-âòîðûõ, âîçìîæíû ðåàêöèè ñòîëêíîâèòåëü-
íîãî òóøåíèÿ êèñëîðîäîì êîëåáàòåëüíî-âîçáóæäåí- 
íûõ PO-ôðàãìåíòîâ X2 (v > 0) â ñîñòîÿíèå 

X2 (v = 0) [26]: 

     2PO( , 1) O PO( , 0).X v X v  (25) 

Â-òðåòüèõ, âñëåäñòâèå èíåðöèîííîñòè ìåõàíèç-
ìà ôîòîäèññîöèàöèè, õàðàêòåðíîé äëÿ ìíîãîàòîì-
íûõ ñîåäèíåíèé, îáðàçîâàíèå ôðàãìåíòîâ ìîæåò 

ïðîäîëæàòüñÿ íåêîòîðîå âðåìÿ ïîñëå îêîí÷àíèÿ âîç-
äåéñòâèÿ ôðàãìåíòèðóþùåãî èìïóëüñà. Ïðè ýòîì 
ìàêñèìàëüíàÿ êîíöåíòðàöèÿ ôðàãìåíòîâ ìîæåò äîñ-
òèãàòüñÿ çà âðåìÿ, â íåñêîëüêî ðàç ïðåâîñõîäÿùåå 
äëèòåëüíîñòü èìïóëüñà ôðàãìåíòàöèè. Â ñîâîêóï-
íîñòè ðåàêöèè (14)–(25) áóäóò êîíêóðèðîâàòü ñ ðå-
àêöèÿìè (12) è (13) óáûëè PO-ôðàãìåíòîâ è â ìèê-
ðîñåêóíäíîì ìàñøòàáå ïðèâåäóò ê óâåëè÷åíèþ îá-
ùåãî ÷èñëà ìîëåêóë PO â ñîñòîÿíèè X2 (v = 0). 
Â õîäå äàëüíåéøèõ èññëåäîâàíèé ïëàíèðóåòñÿ ïðî-
âåðèòü ýòî ïðåäïîëîæåíèå ýêñïåðèìåíòàëüíî. 

 
Çàêëþ÷åíèå 

 

Ïðîâåäåííûå ðàñ÷åòû ïîêàçàëè, ÷òî äëÿ ýôôåê-
òèâíîãî ëàçåðíîãî âîçáóæäåíèÿ PO ïðè èíèöèèðî-
âàíèè ïåðåõîäîâ âáëèçè êàíòîâ âåòâåé (Q11 + P21), 
P11, (P22 + Q12) è P12 íåîáõîäèìî îáåñïå÷èòü îïòè-
ìàëüíîå ñî÷åòàíèå øèðèíû ñïåêòðàëüíîé ëèíèè ëàçåð- 
íîãî èçëó÷åíèÿ  è ïîëîæåíèÿ åå öåíòðà 0. Ìàê-
ñèìàëüíàÿ ýôôåêòèâíîñòü âîçáóæäåíèÿ PO-ôðàãìåí- 

òîâ óçêîïîëîñíûì ëàçåðíûì èçëó÷åíèåì ñ äëèíîé 
âîëíû, ñîîòâåòñòâóþùåé ñïåêòðàëüíîìó ïîëîæåíèþ 
êàíòà âåòâè (Q11 + P21) èëè (P22 + Q12) ïåðåõîäà 

A2+ (v = 0)  X2 (v = 0), äîñòèãàåòñÿ ïðè ïîë- 
íîé òåðìàëèçàöèè ôðàãìåíòîâ. Äëÿ ïîëîñ P11 è P12 
èçìåíåíèå èíòåíñèâíîñòè ïîãëîùåíèÿ âî âðåìåíè 
èìååò ýêñòðåìóì: ìàêñèìàëüíîå çíà÷åíèå ýôôåêòèâ-
íîñòè äîñòèãàåòñÿ äî ìîìåíòà ïîëíîé òåðìàëèçàöèè 
PO-ôðàãìåíòîâ. Ðàñ÷åòû ïîêàçàëè, ÷òî ïîëíàÿ ðå-
ëàêñàöèÿ âðàùàòåëüíûõ óðîâíåé «ãîðÿ÷èõ» PO-ôðàã- 
ìåíòîâ â óñëîâèÿõ ðåàëüíîé àòìîñôåðû ïðîèñõîäèò 
íå áîëåå ÷åì çà 5 íñ. Çà ýòî âðåìÿ èíòåíñèâíîñòü 
ãîëîâû ïîëîñû (Q11 + P21) ìîíîòîííî óâåëè÷èâàåò-
ñÿ â  5 ðàç, (P22 + Q12) – â 6 ðàç; èíòåíñèâíîñòè 
ïîëîñ P11 è P12 ñëàáî ìåíÿþòñÿ â ïðîöåññå òåðìà-
ëèçàöèè è îêàçûâàþòñÿ âûøå ïåðâîíà÷àëüíîé â 1,5 
è 1,1 ðàç ñîîòâåòñòâåííî. 
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of organophosphates. 
The results of calculation of the absorption spectrum of phosphorus oxide (PO) corresponding to the tran-

sition A2+ (v = 0)  X2 (v = 0) are presented. The calculation is performed taking into account the pertur-
bation of the v = 0 level of the A2+ state by the v = 4 level of the b4 state. The efficiency of laser excita-
tion of PO molecules is estimated as a function of the spectral parameters of the radiation. The time depen- 
dence of the efficiency of the excitation of PO fragments was calculated in the real atmosphere under two-pulse 
laser fragmentation of organophosphates for specified spectral line widths  and center positions 0. 

 
 



 

 
 

Ò à á ë è ö à  5  

Âîëíîâûå ÷èñëà (â ñì1) ëèíèé â ïîëîñå A2+ (v = 0)  X2 (v = 0) 

J P11 P22 Q11 Q22 R11 R22 P12 R12 Q12 Q21 P21 R21 

0,5   40597,386  40598,899     40598,946  40602,037 
1,5 40595,212 40374,201 40596,705 40377,299 40599,814 40381,956 40372,648 40377,250 40374,155 40599,863 40596,752 40604,507 
2,5 40593,082 40373,634 40596,158 40378,292 40600,831 40384,504 40370,490 40378,239 40373,585 40600,884 40596,207 40607,076 
3,5 40591,085 40373,161 40595,712 40379,373 40601,945 40387,139 40368,454 40379,315 40373,108 40602,004 40595,765 40609,744 
4,5 40589,190 40372,777 40595,364 40380,543 40603,155 40389,862 40366,511 40380,476 40372,718 40603,221 40595,423 40612,508 
5,5 40587,393 40372,481 40595,112 40381,799 40604,456 40392,668 40364,656 40381,719 40372,414 40604,536 40595,178 40615,366 
6,5 40585,691 40372,272 40594,951 40383,141 40605,841 40395,554 40362,886 40383,036 40372,191 40605,946 40595,031 40618,314 
7,5 40584,081 40372,148 40594,874 40384,561 40607,290 40398,495 40361,198 40384,407 40372,043 40607,445 40594,979 40621,326 
8,5 40582,556 40372,103 40594,861 40386,037 40608,707 40401,092 40359,585 40385,736 40371,948 40609,008 40595,016 40624,005 
9,5 40581,095 40372,113 40594,817 40387,169 40609,578 40404,993 40358,025 40386,508 40371,812 40610,239 40595,118 40627,998 

10,5 40579,602 40371,781 40594,226 40389,606 40613,026 40408,183 40356,425 40389,848 40371,120 40612,783 40594,887 40631,289 
11,5 40577,563 40372,753 40596,213 40391,331 40614,769 40411,316 40354,268 40391,473 40372,995 40614,627 40595,971 40634,534 
12,5 40578,102 40373,014 40596,495 40393,000 40616,541 40414,700 40354,679 40393,118 40373,157 40616,423 40596,353 40638,039 
13,5 40576,937 40373,219 40596,808 40394,920 40618,636 40418,107 40353,376 40395,075 40373,338 40618,481 40596,689 40641,577 
14,5 40575,803 40373,676 40597,442 40396,863 40620,811 40422,798 40352,094 40397,102 40373,831 40620,572 40597,287 40646,409 
15,5 40574,990 40374,156 40598,157 40400,091 40622,996 40426,398 40351,125 40399,131 40374,395 40623,957 40597,918 40650,160 
16,5 40574,259 40375,922 40598,883 40402,228 40626,029 40429,794 40350,226 40401,996 40374,961 40626,261 40599,844 40653,717 
17,5 40573,539 40376,596 40600,457 40404,163 40628,240 40433,562 40349,330 40404,030 40376,364 40628,372 40600,689 40657,654 
18,5 40573,667 40377,069 40601,209 40406,469 40630,790 40437,477 40349,271 40406,395 40376,936 40630,864 40601,342 40661,750 
19,5 40572,974 40377,913 40602,302 40408,922 40633,470 40441,502 40348,382 40408,878 40377,839 40633,514 40602,376 40665,964 
20,5 40572,622 40378,906 40603,524 40411,486 40636,258 40445,624 40347,824 40411,460 40378,862 40636,284 40603,568 40670,286 
21,5 40572,399 40380,010 40604,854 40414,149 40639,148 40449,841 40347,387 40414,135 40379,984 40639,162 40604,881 40674,712 
22,5 40572,286 40381,213 40606,288 40416,906 40642,138 40454,149 40347,049 40416,901 40381,199 40642,144 40606,302 40679,238 
23,5 40572,276 40382,511 40607,822 40419,755 40645,229 40458,548 40346,805 40419,757 40382,505 40645,227 40607,828 40683,865 
24,5 40572,368 40383,901 40609,457 40422,696 40648,418 40463,036 40346,653 40422,703 40383,903 40648,411 40609,456 40688,591 
25,5 40572,561 40385,383 40611,192 40425,726 40651,706 40467,614 40346,593 40425,738 40385,390 40651,694 40611,184 40693,415 
26,5 40572,854 40386,956 40613,026 40428,847 40655,093 40472,281 40346,623 40428,862 40386,968 40655,077 40613,014 40698,338 
27,5 40573,247 40388,620 40614,959 40432,057 40658,579 40477,036 40346,745 40432,076 40388,636 40658,559 40614,943 40703,359 
28,5 40573,740 40390,375 40616,992 40435,357 40662,163 40481,881 40346,957 40435,379 40390,394 40662,140 40616,972 40708,479 
29,5 40574,333 40392,219 40619,123 40438,747 40665,845 40486,814 40347,260 40438,772 40392,242 40665,820 40619,101 40713,696 
30,5 40575,026 40394,154 40621,354 40442,226 40669,626 40491,836 40347,653 40442,253 40394,179 40669,599 40621,329 40719,011 
31,5 40575,819 40396,180 40623,685 40445,794 40673,506 40496,947 40348,138 40445,825 40396,207 40673,476 40623,657 40724,424 
32,5 40576,712 40398,295 40626,114 40449,452 40677,484 40502,146 40348,713 40449,485 40398,326 40677,451 40626,084 40729,935 
33,5 40577,705 40400,501 40628,643 40453,200 40681,560 40507,434 40349,380 40453,235 40400,534 40681,525 40628,610 40735,543 
34,5 40578,797 40402,798 40631,270 40457,037 40685,734 40512,811 40350,137 40457,074 40402,832 40685,698 40631,236 40741,249 
35,5 40579,990 40405,185 40633,998 40460,964 40690,007 40518,277 40350,986 40461,003 40405,221 40689,969 40633,961 40747,053 
36,5 40581,283 40407,662 40636,824 40464,981 40694,379 40523,831 40351,926 40465,022 40407,701 40694,338 40636,785 40752,954 
37,5 40582,676 40410,230 40639,749 40469,087 40698,849 40529,474 40352,957 40469,130 40410,271 40698,806 40639,709 40758,953 
38,5 40584,169 40412,889 40642,774 40473,283 40703,417 40535,206 40354,080 40473,328 40412,931 40703,373 40642,732 40765,049 
39,5 40585,762 40415,638 40645,899 40477,569 40708,083 40541,027 40355,294 40477,615 40415,682 40708,037 40645,854 40771,243 

 


