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Èçó÷åíû ñïåêòðû ëþìèíåñöåíöèè ñìåñåé èíåðòíûõ ãàçîâ ñ NF3 è CCl4 ïðè âîçáóæäåíèè α-÷àñòèöàìè 
210Po. Ñïåêòðû ñîñòîÿò èç íåñêîëüêèõ ïîëîñ, íàèáîëåå èíòåíñèâíàÿ ïîëîñà èäåíòèôèöèðóåòñÿ ñ ïåðåõîäîì 
B–X. Äëÿ ñìåñè Ar (1,5 àòì) + Xe (40 òîðð) + CCl4 (0,7 òîðð) îïðåäåëåí êîýôôèöèåíò ïðåîáðàçîâàíèÿ 
ÿäåðíîé ýíåðãèè â èçëó÷åíèå â ïîëîñå 308 íì: η ≈ 11%.  

 

Êëþ÷åâûå ñëîâà: ÿäåðíàÿ íàêà÷êà, ãàëîãåíèäû èíåðòíûõ ãàçîâ, ñïåêòðû, ýôôåêòèâíîñòü ëþìèíåñöåíöèè, 
ðàäèàöèîííàÿ ñòîéêîñòü; nuclear pumping, halides of inert gases, spectra, luminescence efficiency, radiation resis-
tance. 

 
Ýêñèìåðíûå ëàçåðû íà ãàëîãåíèäàõ èíåðòíûõ 

ãàçîâ èçó÷àþòñÿ óæå äàâíî [1]. Íà ñåãîäíÿøíèé 
äåíü îíè ÿâëÿþòñÿ ñàìûìè ìîùíûìè ëàçåðàìè, 
èçëó÷àþùèìè â ÓÔ-îáëàñòè ñïåêòðà. Îïòèìàëüíûé 
ðåæèì ðàáîòû ýêñèìåðíûõ ëàçåðîâ ñîîòâåòñòâóåò 
ìîùíîñòÿì íàêà÷êè ïîðÿäêà íåñêîëüêèõ ìåãàâàòò 
íà ñì3 è äàâëåíèÿì â íåñêîëüêî àòìîñôåð. Òàêèå 
ìîùíîñòè íàêà÷êè äîñòèãàþòñÿ ñ ïîìîùüþ ýëåê-
òðîííûõ ïó÷êîâ èëè îáúåìíîãî ðàçðÿäà. Ïðåäñòàâ-
ëÿåò èíòåðåñ ñîçäàíèå ýêñèìåðíîãî ëàçåðà ñ ÿäåð-
íîé íàêà÷êîé, êîãäà ýíåðãèÿ ïðîäóêòîâ ÿäåðíûõ 
ðåàêöèé íåïîñðåäñòâåííî âêëàäûâàåòñÿ â àêòèâíóþ 
ñðåäó ëàçåðà, íî ìîùíîñòü íàêà÷êè íå ïðåâûøàåò 
10 êÂò/ñì3 [2, 3]. 

Â íàñòîÿùåé ñòàòüå ðàññìîòðåíû ñïåêòðû èç-
ëó÷åíèÿ ñìåñåé èíåðòíûõ ãàçîâ ñ NF3 è CCl4 ïðè 
âîçáóæäåíèè α-÷àñòèöàìè 210Po. Óñòàíîâêà äëÿ èç-
ìåðåíèÿ ñïåêòðîâ â äèàïàçîíå äëèí âîëí 210–
800 íì îïèñàíà â [4]. Â êàìåðå èç íåðæàâåþùåé 
ñòàëè ðàñïîëàãàëèñü 18 èñòî÷íèêîâ ñ 210Po ñ ñóì-
ìàðíîé àêòèâíîñòüþ 1010 Áê. Ðàçìåð îáëàñòè âîç-
áóæäåíèÿ ∅ 25 × 70 ìì, ìàêñèìàëüíûé ïðîáåã α-
÷àñòèö ñ ýíåðãèåé 5 ÌýÂ â ãàçå ïðè íîðìàëüíûõ 
óñëîâèÿõ ñîñòàâëÿåò [5]: â Ar – 37, He – 183, Xe – 
24, N2 – 34 ìì. Ïåðåä óñòàíîâêîé èñòî÷íèêîâ êà-
ìåðà ïðîãðåâàëàñü è îáåçãàæèâàëàñü ïðè âàêóóìå 
∼ 10–5 òîðð. Ñàìè α-èñòî÷íèêè ïîñëå óñòàíîâêè îò-
êà÷èâàëèñü áåç ïðîãðåâà â òå÷åíèå 2–3 íåä äî ïî-
ëó÷åíèÿ õîðîøî âîñïðîèçâîäèìûõ (äî 3–7% èíòåí-
ñèâíîñòè äëÿ ðàçíûõ ãàçîâ) ñïåêòðîâ ëþìèíåñöåí-
öèè. Äàâëåíèå ãàçîâ èçìåðÿëîñü ñ ïîìîùüþ îáðàç-
öîâîãî ìàíîâàêóóììåòðà è âàêóóììåòðà ÂÄÃ-1. Èñ-
ïîëüçîâàëèñü 3He, Xe è Kr ñ ñîäåðæàíèåì ïðèìåñåé 
ìåíåå 10–3%, àðãîí è ãåëèé ñîäåðæàëè ìåíåå 8 ⋅ 10–3%  
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ïðèìåñåé, â NF3 áûëî ∼ 6% àçîòà. Ñïåêòð èçëó÷å-
íèÿ àíàëèçèðîâàëñÿ ñ ïîìîùüþ ìîíîõðîìàòîðà  
SPM-2 ñ êâàðöåâîé ïðèçìîé è ÔÝÓ-106, ðàáîòàþ-
ùåãî â ðåæèìå ñ÷åòà ôîòîíîâ. Ñïåêòðû ëþìèíåñ-
öåíöèè ïðèâîäÿòñÿ áåç ïîïðàâêè íà ñïåêòðàëüíóþ 
÷óâñòâèòåëüíîñòü óñòàíîâêè. ×óâñòâèòåëüíîñòü óñ-
òàíîâêè íà λ = 308 íì áûëà â 1,6 ðàçà, à íà 
λ = 248 íì â 3,5 ðàçà íèæå, ÷åì ïðè 351 íì [4]. 
Ñïåêòðû èçëó÷åíèÿ ñìåñåé èíåðòíûõ ãàçîâ ñ ãàëî-
ãåíèäàìè (ðèñ. 1–3) ñîñòîÿò èç íåñêîëüêèõ ïîëîñ: 
íàèáîëåå èíòåíñèâíàÿ ïîëîñà èäåíòèôèöèðóåòñÿ  
ñ ïåðåõîäîì B–X.  
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Ðèñ. 1. Ñïåêòð èçëó÷åíèÿ ñìåñè 3He (2 àòì) + Xe (250 òîðð) + 
+ CCl4 (5 òîðð). Èíòåíñèâíîñòü ïîëîñû 308 íì óìåíüøå- 
 íà â 25 ðàç 
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Ðèñ. 2. Ñïåêòð èçëó÷åíèÿ ñìåñè Ar (2 àòì) + Kr (100 òîðð) + 
 + NF3 (1,5 òîðð) 
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Ðèñ. 3. Ñïåêòð èçëó÷åíèÿ ñìåñè Ar (1,5 àòì) + Xe (40 òîðð) + 
+ CCl4 (0,7 òîðð). Èíòåíñèâíîñòü ïîëîñû 308 íì â ìàêñè- 
 ìóìå – 84 åäèíèöû 

 

Â êðàñíîé ÷àñòè ñïåêòðà ðàñïîëîæåíà øèðîêàÿ 
îáëàñòü êîíòèíóóìà, ñîîòâåòñòâóþùàÿ ïåðåõîäàì 
C(2

Π3/2)–A(2
Π3/2), ñ ìàêñèìóìàìè ïðè 475 (XeF), 

344 (XeCl), 290 (KrF), 236 íì (KrCl). Ïðè ìàëûõ 
ìåæúÿäåðíûõ ðàññòîÿíèÿõ ïðîèñõîäèò ñìåøåíèå 
óðîâíåé D è B, ïðè ýòîì ñíèìàåòñÿ çàïðåò íà èçëó-
÷àòåëüíûé ïåðåõîä ñ óðîâíÿ D â îñíîâíîå ñîñòîÿ-
íèå. Ìàêñèìóìû ýòèõ ïåðåõîäîâ ëåæàò â îáëàñòè 
260 (XeF), 235,5 (XeCl), 219 íì (KrF), ìàêñèìóì 
D–X-ïåðåõîäà KrCl íàõîäèòñÿ çà ïðåäåëàìè ÷óâñò-
âèòåëüíîñòè ÔÝÓ. Òàêæå â ñìåñè Ar–Kr–NF3 íà-
áëþäàëàñü ïîëîñà Kr2F â îáëàñòè 340–500 íì,  
â Ar–Xe–CCl4 ïîëîñà Xe2Cl (420–600 íì), â Ar–
Kr–CCl4 ïîëîñà ïðèìåñè Cl2 (∼ 257 íì).  

Äëÿ ñìåñè Ar–Xe–CCl4 îïðåäåëåí êîýôôèöè-
åíò ïðåîáðàçîâàíèÿ ÿäåðíîé ýíåðãèè â èçëó÷åíèå  
â ïîëîñå 308 íì (η). Çíà÷åíèå η îïðåäåëÿëîñü èç 
ñðàâíåíèÿ èçìåðåííûõ èíòåíñèâíîñòåé èçëó÷åíèÿ  
â èññëåäóåìîé ñìåñè ñ èíòåíñèâíîñòüþ ïîëîñû àçî-
òà Ñ3Ïu–Â3Ïg â ñìåñè Ar–N2. Äàâëåíèå ãàçà  
 
 

âûáèðàëîñü òàêèì îáðàçîì, ÷òîáû ìàêñèìàëüíûé 
ïðîáåã α-÷àñòèö ñ ýíåðãèåé 5 ÌýÂ áûë îäèíàêîâûì 
äëÿ âñåõ ñìåñåé, ñîîòâåòñòâåííî è ìîùíîñòü íàêà÷-
êè áûëà îäèíàêîâîé. Ñïåêòðû èçëó÷åíèÿ çàïèñûâà-
ëèñü ïðè ìàêñèìàëüíîé øèðèíå ùåëè ìîíîõðîìàòî-
ðà, ôîðìà âñåõ èññëåäóåìûõ ëèíèé áëèçêà ê òðå-
óãîëüíîé. Â ýòîì ñëó÷àå ìàêñèìàëüíàÿ âåëè÷èíà 
ñèãíàëà ñ ÔÝÓ ïðîïîðöèîíàëüíà èíòåãðàëüíîé 
ñïåêòðàëüíîé èíòåíñèâíîñòè ëèíèé [6].  

Ýôôåêòèâíîñòü ëþìèíåñöåíöèè ñìåñè Ar + N2 
îïðåäåëÿëàñü ïóòåì ðàñ÷åòà. Èñïîëüçîâàëàñü ñõåìà 
êèíåòè÷åñêèõ ïðîöåññîâ, àíàëîãè÷íàÿ ïðèâåäåííîé 
â [7]. Âðåìÿ æèçíè ìåòàñòàáèëüíûõ óðîâíåé àðãîíà 
ñîñòàâëÿåò ∼ 50 ñ [8], à èçëó÷åíèå ïðè ïåðåõîäå èç 
3Ð1 è 1Ð1 â îñíîâíîå ñîñòîÿíèå ïðè äàâëåíèè 1,5 àòì 
ïîëíîñòüþ ïëåíåíî, ïîýòîìó áóäåì ðàññìàòðèâàòü 
âñå 4 óðîâíÿ 3Ð, 1Ð êàê îäèí óðîâåíü Ar*. Ó÷èòû-
âàåìûå ïðè ðàñ÷åòàõ ïðîöåññû è ñîîòâåòñòâóþùèå 
êîíñòàíòû ñêîðîñòè ïðèâåäåíû â òàáëèöå. 

Ðàññìîòðèì ïåðåõîä N2(Ñ
3Ïu,v′=0)  → N2(B

3Ïg,v′=i), 
÷èñëî èçëó÷àåìûõ íà ýòîì ïåðåõîäå ôîòîíîâ îïðå-
äåëÿåòñÿ âûðàæåíèåì 

 ′=
= Π

3
0, 2 u,v 0[N ( )].iI A C  (1) 

Êîýôôèöèåíòû Ýéíøòåéíà A0,i ïðèâîäÿòñÿ  

â [13], ïëîòíîñòü ìîëåêóë àçîòà â ñîñòîÿíèè Ñ3Ïu,v=0 

ðàññ÷èòûâàëàñü ñ ó÷åòîì ïðîöåññîâ 1–21. Ïðÿìîå 
âîçáóæäåíèå àçîòà íåñóùåñòâåííî. Êàê ïîêàçàëè 
íàøè èçìåðåíèÿ, èíòåíñèâíîñòü âòîðîé ïîëîæè-
òåëüíîé ñèñòåìû àçîòà â N2  (100 òîðð) â ∼ 140 ðàç 
ìåíüøå, ÷åì â ñìåñè Ar (1140 òîðð) + N2 (100 òîðð). 
Èíòåíñèâíîñòü C–B-ïåðåõîäîâ ñ v′ = 1 â ñìåñè 
Ar + N2 ïðèìåðíî â 15 ðàç ìåíüøå èíòåíñèâíîñòè 
ïåðåõîäîâ ñ v′ = 0. 

Êîíñòàíòû ñêîðîñòåé ïðîöåññîâ â ñìåñè Ar–N2    

¹  
ïðîöåññà 

Ïðîöåññ Êîíñòàíòà ïðîöåññà  Ññûëêà 

1 Ar + α → Ar* + α E1 = 94 ýÂ [9] 

2 Ar + α → Ar+ + α + e E2 = 26,1 ýÂ [9] 

3 Ar+ + 2Ar → Ar2
+ + Ar k3 = 2,1 

⋅
 10–31 ñì6

  

⋅  ñ–1 [7] 

4 Ar+ + N2 → N2
+ + Ar k4  = 2,2 

⋅
 10–11 ñì3

  

⋅  ñ–1               [10] 

5 Ar2
+ + e → Ar* + Ar k5 = 2,3 

⋅
 10–7 ïðè Te = 2 100 Ê  [11] 

6 Ar* + 2Ar → Ar2* + Ar k6 = 1,1 

⋅
 10–32 ñì6

  

⋅  ñ–1 [12] 

7 Ar2*→ hν + 2Ar k7 = 2 

⋅
 108 c–1                          [7] 

8 Ar* + N2 → N2(B) + Ar k8 = 8 

⋅
 10–12 ñì3

  

⋅  ñ–1                  [7] 

9 Ar* + N2 → N2(C) + Ar k9 = 1,5 

⋅
 10–11 ñì3

  

⋅  ñ–1                [7] 

10 Ar* + N2 → N2(E) + Ar k10 = 5 

⋅
 10–12 ñì3

  

⋅  ñ–1                 [7] 

11 Ar2* + N2 → N2(B) + 2Ar k11 = 1 

⋅
 10–11 ñì3

  

⋅  ñ–1                 [7] 

12 N2(E) + Ar → N2(C) + Ar k12 = 3 

⋅
 10–12 ñì3

  

⋅  ñ–1                   [7] 

13 N2(C) → hν + N2(B) k13 = 2,44 

⋅
 107 c–1                       [13] 

14 N2(C) + N2 → N2(B) + N2 k14 = 1,5 

⋅
 10–11 ñì3

  

⋅  ñ–1 [7] 

15 N2(C) + Ar → N2(B) + Ar k15 = 8 

⋅
 10–13 ñì3

  

⋅  ñ–1                           [7] 

16 N2(B) → hν + N2(A) k16 = 1,5 

⋅
 105 c–1 [13] 

17 N2(B) + N2 → N2(A) + N2 k17 = 2 

⋅
 10–12 ñì3

  

⋅  ñ–1 [7] 

18 N2(B) + Ar → N2(A) + Ar k18 = 1,4 

⋅
 10–14 ñì3

  

⋅  ñ–1 [7] 

19 N2(A) + N2(A) → N2(E) + N2 k19 = 1 

⋅
 10–11 ñì3

  

⋅  ñ–1 [7] 

20 N2(A) + N2(A) → N2(C) + N2 k20 = 1 

⋅
 10–11 ñì3

  

⋅  ñ–1 [7] 

21 N2(A) + N(A) → N2(B) + N2 k21 = 8 

⋅
 10–11 ñì3

  

⋅  ñ–1 [7] 
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Ñðàâíèâàÿ èçìåðåííûå èíòåíñèâíîñòè ïåðåõî-
äà ìîëåêóëû àçîòà (Iñ) íà äëèíå âîëíû λñ è èññëå-
äóåìîãî ïåðåõîäà (Ir) íà äëèíå âîëíû λr, ìîæíî 
îïðåäåëèòü çíà÷åíèå êîýôôèöèåíòà ïðåîáðàçîâàíèÿ 
ÿäåðíîé ýíåðãèè â ñâåòîâóþ. Ïðîñòîå âûðàæåíèå 
ïîëó÷àåòñÿ â äàííîì ñëó÷àå, êîãäà ïðåîáëàäàåò 
ïðîöåññ 3 êîíâåðñèè èîíîâ àðãîíà â ìîëåêóëÿðíûå 
è ìîæíî íå ó÷èòûâàòü ïðîöåññ 4:  

19 20 8 9
2 8 9

19 20 21

2

13 14 2 15 8 9 10 2 6

21

( )( )
[N ]

( [N ] [Ar]){( )[N ] [Ar] }

( )
,

( )

oi

c r

r c

k k k k
A k k

k k k

k k k k k k k

f I E

f I E∗

⎡ ⎤+ +
+ +⎢ ⎥+ +⎣ ⎦η = ×

+ + + + +

λ
×

λ  

ãäå Å21 – ýíåðãèÿ ïåðåõîäà ñ äëèíîé âîëíû λr, 
Å* ≈ 20,6 ýÂ – ýíåðãèÿ, çàòðà÷èâàåìàÿ íà îáðàçî-
âàíèå îäíîãî àòîìà Ar* â ïðîöåññàõ 1–5; f(λ) – 
îòíîñèòåëüíàÿ ñïåêòðàëüíàÿ ÷óâñòâèòåëüíîñòü óñòà-
íîâêè [4].  

Äàâëåíèå àçîòà â ñìåñè Ar + N2 ìåíÿëîñü îò 10 
äî 100 òîðð, ïîëó÷åííûå çíà÷åíèÿ η óñðåäíÿëèñü 
ïî ðåçóëüòàòàì èçìåðåíèé. Äëÿ ñìåñè Ar (1,5 àòì) + 
+ Xe (40 òîðð) + CCl4 (0,7 òîðð) ïîëó÷åíî çíà÷åíèå 
êîýôôèöèåíòà ïðåîáðàçîâàíèÿ ýíåðãèè α-÷àñòèö  
â èçëó÷åíèå â ïîëîñå 308 íì η = (11 ± 3)%. Íåêî-
òîðîå îòëè÷èå îò êâàíòîâîãî êïä (15%), ïî-âèäèìî- 
ìó, îáóñëîâëåíî òóøåíèåì B-ñîñòîÿíèÿ XeCl ìîëå-
êóëàìè CCl4 [12]. 

Èíòåíñèâíîñòü ïîëîñ KrF, KrCl ìàëà ïî ñðàâ-
íåíèþ ñ èíòåíñèâíîñòüþ B–X-ïåðåõîäîâ XeCl è XeF 
(ñì. ðèñ. 1–3), ïîýòîìó áîëåå ïîäðîáíî èññëåäîâà-
ëè ñìåñè ñ êñåíîíîì. Îöåíêà êîýôôèöèåíòà ïðåîá-
ðàçîâàíèÿ ÿäåðíîé ýíåðãèè â èçëó÷åíèå â ïîëîñàõ 
351 è 353 íì â ñìåñè 3He (2 àòì) + Xe (30 òîðð) + 
+ NF3 (20 òîðð) ñ ó÷åòîì ðàññ÷èòàííîãî çíà÷åíèÿ 
ýíåðãîâêëàäà α-÷àñòèö  äàåò η ∼ 4%, ÷òî â 3 ðàçà 
ìåíüøå, ÷åì äëÿ ïîëîñû 308 íì XeCl.  

Òàêèì îáðàçîì, B–X-ïåðåõîä ìîëåêóëû XeCl 
ïðåäñòàâëÿåò íàèáîëüøèé èíòåðåñ äëÿ ñîçäàíèÿ 
ýêñèìåðíîãî ëàçåðà ñ ïðÿìîé ÿäåðíîé íàêà÷êîé. 
Âûñîêàÿ ðàäèàöèîííàÿ ñòîéêîñòü ðàáî÷åé ñìåñè 
XeCl-ëàçåðà â ïîëå èçëó÷åíèÿ ÿäåðíîãî ðåàêòîðà 
áûëà ïîêàçàíà â íàøåé ðàáîòå [14]. Ñïåêòð ëþìè-
íåñöåíöèè ñìåñè 3He–Xe–CCl4 ïðè âîçáóæäåíèè 
ïðîäóêòàìè ÿäåðíîé ðåàêöèè 3He(n,p)T + 0,76 ÌýÂ 
â àêòèâíîé çîíå ñòàöèîíàðíîãî ÿäåðíîãî ðåàêòîðà 
àíàëîãè÷åí ñïåêòðó ëþìèíåñöåíöèè ïðè âîçáóæäå-
íèè α-÷àñòèöàìè (ñì. ðèñ.1). Â ïëàçìå ãàçîâîé ñìå-
ñè CCl4 ðàçëàãàåòñÿ â ïðîöåññå ïðèëèïàíèÿ ýëåê-
òðîíîâ: CCl4 + e → CCl3 + Cl–.  

Äëÿ ñìåñè 3He : Xe : CCl4 = 1500 : 50 : 1 àòìî-
ñôåðíîãî äàâëåíèÿ ïðè ïîòîêå òåïëîâûõ íåéòðîíîâ 
1013 íåéòðîí/(ñì2

 ⋅ ñ) ñêîðîñòü óêàçàííîãî ïðîöåññà 
ñîñòàâëÿåò ≈ 2 ⋅ 1016 ñì–3

 ⋅ ñ–1. Òåì íå ìåíåå èíòåí-
ñèâíîñòü èçëó÷åíèÿ â ïîëîñå 308 íì îñòàâàëàñü ïî-
ñòîÿííîé ïðè èíòåãðàëüíûõ ïîòîêàõ íåéòðîíîâ äî 
1017 íåéòðîí/ñì2. Ýòî ìîæåò áûòü ñâÿçàíî êàê  
ñ íàëè÷èåì äîñòàòî÷íî áûñòðûõ îáðàòíûõ ïðîöåññîâ, 
òàê è ñ îáðàçîâàíèåì äðóãèõ ñîåäèíåíèé õëîðà. 

Ñïåêòðû ëþìèíåñöåíöèè èçìåðåíû â Èíñòèòó-
òå ÿäåðíîé ôèçèêè Íàöèîíàëüíîãî ÿäåðíîãî öåíòðà 
Ðåñïóáëèêè Êàçàõñòàí.  

Àâòîðû áëàãîäàðåíû À.Ì. Íàçàðîâó çà ïî-
ìîùü ïðè èçìåðåíèÿõ ñïåêòðîâ.   
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M.U. Khasenov, M.T. Nakiskozhaev, A.S. Syrlybaev, I.I. Smirnova. Emission of inert gas halides at 

excitation by alpha-particles. 
Spectra of luminescence of inert gases mixes with NF3 and CCl4 are investigated at excitation by  

α-particles of 210Po. Spectra consist of several bands, the most intense band is identified as B–X transition. For 
Ar (1.5 atm) + Xe (40 Torr) + CCl4 (0.7 Torr) mixture the factor of transformation of a nuclear energy into 
emission in a band of 308 nm is appreciated: η ∼ 11%.   

(2)
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