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Îáùàÿ õàðàêòåðèñòèêà ðàáîòû

Àêòóàëüíîñòü ïðîáëåìû.
Îñíîâíûì îáúåêòîì èññëåäîâàíèÿ â ïðåäñòàâëåííîé ðàáîòå ÿâëÿåòñÿ äâóõ-

ïðîòîííàÿ ðàäèîàêòèâíîñòü. Îäíàêî êðóã ðàññìîòðåííûõ ÿâëåíèé îêàçûâàåòñÿ
ãîðàçäî øèðå. Ýòî òàêæå ðàñïàäû ñ ÷åòûðüìÿ, è äàæå ïÿòüþ, ÷àñòèöàìè â
êîíå÷íîì ñîñòîÿíèè, ýôôåêòû âçàèìîäåéñòâèÿ íåñêîëüêèõ òåë â êîíå÷íîì ñî-
ñòîÿíèè, ñâîéñòâà øèðîêèõ ñîñòîÿíèé â êîíòèíóóìå íåñêîëüêèõ òåë, à òàêæå
ðåàêöèè òð¼õòåëüíîãî ðàäèàöèîííîãî çàõâàòà â àñòðîôèçèêå. Îáúåäèíÿåò âû-
áðàííûå äëÿ èçó÷åíèÿ âîïðîñû òî, ÷òî äèíàìèêà ïðîöåññîâ íå ðåäóöèðóåòñÿ äî
ïðèâû÷íîé äâóõòåëüíîé, è èçó÷åíèå äîëæíî âåñòèñü ñ ïðèâëå÷åíèåì àïïàðàòà
òåîðèè íåñêîëüêèõ òåë.

Èíòåðåñ ê äàííîìó êëàññó çàäà÷ îïðåäåëÿåòñÿ àêòèâíûì ðàçâèòèåì ýêñïåðè-
ìåíòàëüíûõ ìåòîäèê ðàáîòû ñ ïó÷êàìè ðàäèîàêòèâíûõ ÿäåð, äàþùèõ âîçìîæ-
íîñòü äåòàëüíûõ èññëåäîâàíèé ÿäåð âäàëè îò ëèíèè ñòàáèëüíîñòè. Ïîÿâëÿåòñÿ
áîëüøîå êîëè÷åñòâî íîâûõ, çà÷àñòóþ íåîæèäàííûõ, ýêñïåðèìåíòàëüíûõ äàí-
íûõ, íóæäàþùèõñÿ â îáúÿñíåíèè. Òàêèå ÿâëåíèÿ, êàê äâóõ/÷åòûð¼õ íåéòðîí-
íûå ãàëî, ðåàêöèè ñ íåñêîëüêèìè ÷àñòèöàìè â êîíå÷íîì ñîñòîÿíèè è ðàñïàäû
íà íåñêîëüêî ÷àñòèö, ÷àñòî íå ìîãóò áûòü ïîíÿòû äàæå íà êà÷åñòâåííîì óðîâíå
â ðàìêàõ ïðèâû÷íîãî �äâóõòåëüíîãî� èëè �ìíîãîòåëüíîãî� ìûøëåíèÿ è òðåáóþò
ïðèâëå÷åíèÿ àïïàðàòà òåîðèè íåñêîëüêèõ òåë.

Íàó÷íàÿ íîâèçíà ðàáîò
Îñíîâíûì ïîëó÷åííûì ðåçóëüòàòîì ÿâëÿåòñÿ ñîçäàíèå è ðàçâèòèå ïîñëå-

äîâàòåëüíûõ êâàíòîâîìåõàíè÷åñêèõ ìåòîäîâ äëÿ èññëåäîâàíèÿ èñòèííî òð¼õ-
÷àñòè÷íûõ ðàñïàäîâ íà çàðÿæåííûå ôðàãìåíòû (â òîì ÷èñëå, äâóõïðîòîííîé
ðàäèîàêòèâíîñòè). Ïîäîáíûõ ìåòîäîâ íå ñóùåñòâîâàëî íà ìîìåíò ïóáëèêàöèè
íàøèõ ïåðâûõ ðàáîò ïî äàííîé òåìå (2000 ãîä); åù¼ íå áûëî ýêñïåðèìåíòàëüíî
îáíàðóæåíî è ñàìî ÿâëåíèå äâóõïðîòîííîé ðàäèîàêòèâíîñòè (ýòî ñëó÷èëîñü â
2002 ãîäó). Íà ñåãîäíÿøíèé ìîìåíò íàøè ïðåäñêàçàíèÿ â ýòîé îáëàñòè ïîëó÷è-
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ëè íàä¼æíîå ýêñïåðèìåíòàëüíîå ïîäòâåðæäåíèå, à ìåòîäû, ðàçâèòûå â äàííîé
ðàáîòå, îñòàþòñÿ åäèíñòâåííûì òåîðåòè÷åñêèì ïîäõîäîì, ïðåòåíäóþùèì íà êî-
ëè÷åñòâåííîå îïèñàíèå âñåõ íàáëþäàåìûõ äëÿ äâóõïðîòîííûõ ðàñïàäîâ.

Ðåàêöèè òð¼õ÷àñòè÷íîãî ðàäèàöèîííîãî çàõâàòà ÿâëÿþòñÿ îáðàòíûìè äëÿ
ðåàêöèé òð¼õ÷àñòè÷íîãî ðàñïàäà. Ðàçâèòèå êîëè÷åñòâåííîé òåîðèè äëÿ òð¼õ-
÷àñòè÷íûõ ðàñïàäîâ, åñòåñòâåííî, ïðèâåëî ê óëó÷øåíèþ ïîíèìàíèÿ îáðàòíûõ
èì àñòðîôèçè÷åñêèõ ïðîöåññîâ. Â íàøèõ ðàáîòàõ áûëè ïðîäåìîíñòðèðîâàíû
íåäîñòàòêè îáùåïðèíÿòûõ íà ñåãîäíÿ ìåòîäîâ ðàñ÷¼òà èíòåíñèâíîñòåé òð¼õ÷à-
ñòè÷íûõ çàõâàòîâ â àñòðîôèçèêå è ïåðåñìîòðåí ðÿä èíòåíñèâíîñòåé, âàæíûõ
äëÿ èçó÷åíèÿ rp-ïðîöåññà.

Â ðàìêàõ èññëåäîâàíèÿ äèíàìè÷åñêè êâàíòîâîìåõàíè÷åñêîé çàäà÷è íåñêîëü-
êèõ òåë âáëèçè ãðàíèöû ÿäåðíîé ñòàáèëüíîñòè áûë èññëåäîâàí òàêæå ðÿä âî-
ïðîñîâ, ïðåäñòàâëÿþùèõ çíà÷èòåëüíûé èíòåðåñ, íî ðàíåå íå ðàññìàòðèâàâøèõ-
ñÿ:

1. Áûëà îáíàðóæåíà âîçìîæíîñòü ñèëüíîãî íàðóøåíèÿ èçîáàðè÷åñêîé ñèì-
ìåòðèè âáëèçè ãðàíèöû ïðîòîííîé ñòàáèëüíîñòè äëÿ ÿäåð ñ òð¼õ÷àñòè÷-
íîé ñòðóêòóðîé (íàïðèìåð, 12O, 16Ne, 17Ne, 19Mg). Áûë èçó÷åí òð¼õ÷à-
ñòè÷íûé ìåõàíèçì íàðóøåíèÿ èçîáàðè÷åñêîé ñèììåòðèè è ôîðìèðîâàíèÿ
Òîìàñ-Ýðìàíîâñêîãî ñäâèãà.

2. Íà ïðèìåðå 17Ne áûëà ïðîäåìîíñòðèðîâàíà âîçìîæíîñòü ñóùåñòâîâàíèÿ
äâóõïðîòîííîãî ÿäåðíîãî ãàëî. Áûëî ïîêàçàíî, êàêèå íàáëþäàåìûå íà-
äî èçó÷èòü ýêñïåðèìåíòàëüíî äëÿ óñòàíîâëåíèÿ íàëè÷èÿ äâóõïðîòîííîãî
ÿäåðíîãî ãàëî â 17Ne.

3. Áûë ðàçðàáîòàí ìåòîä îöåíêè øèðèíû ïÿòè÷àñòè÷íîãî ðàñïàäà îñíîâíîãî
ñîñòîÿíèÿ ÿäðà 7H. Íà îñíîâå ýòîé îöåíêè óäàëîñü ïîëó÷èòü îãðàíè÷åíèå
ñíèçó íà ýíåðãèþ ðàñïàäà 7H.

4. Áûë ðàçðàáîòàí ïðîñòîé ìåòîä êà÷åñòâåííîãî ó÷¼òà ìåõàíèçìà ðåàêöèè
ïðè çàñåëåíèè øèðîêèõ ñîñòîÿíèé â íåïðåðûâíîì ñïåêòðå íåñêîëüêèõ òåë.
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Îí íàø¼ë ïðèìåíåíèå ïðè èçó÷åíèè íåïðåðûâíîãî ñïåêòðà ñèñòåì 5H è 4n.

5. Âïåðâûå áûëà ïðîäåìîíñòðèðîâàíà âîçìîæíîñòü ñóùåñòâîâàíèÿ ìÿãêîé
äèïîëüíîé ìîäû äëÿ òð¼õ÷àñòè÷íûõ ñèñòåì âáëèçè ãðàíèöû ïðîòîííîé
ñòàáèëüíîñòè. Çäåñü áûëà ïîêàçàíà âàæíîñòü ïîíèìàíèÿ ìÿãêîé äèïîëü-
íîé ìîäû äëÿ ðåàêöèé òð¼õ÷àñòè÷íîãî ðàäèàöèîííîãî çàõâàòà â àñòðîôè-
çèêå.

6. Òð¼õ÷àñòè÷íûå âèðòóàëüíûå ñîñòîÿíèÿ íà ñåãîäíÿøíèé äåíü ÿâëÿþòñÿ
ãèïîòåòè÷åñêèìè îáúåêòàìè. Ñâîéñòâà òð¼õ÷àñòè÷íûõ âèðòóàëüíûõ ñî-
ñòîÿíèé áûëè èçó÷åíû íà ïðèìåðå âîçìîæíîãî îñíîâíîãî 0+ ñîñòîÿíèÿ â
10He ñî ñòðóêòóðîé [s2].

Ïðàêòè÷åñêàÿ öåííîñòü
Çàäà÷à îá èñòèííî òð¼õ÷àñòè÷íûõ ðàñïàäàõ íà çàðÿæåííûå ôðàãìåíòû (î

äâóõïðîòîííîé ðàäèîàêòèâíîñòè) ÿâëÿåòñÿ ïîäìíîæåñòâîì áîëåå îáùåé çàäà÷è
î òð¼õ÷àñòè÷íîì êóëîíîâñêîì êîíòèíóóìå, íå ðàçðåø¼ííîé â îáùåì ñëó÷àå è
ïðåäñòàâëÿþùåé çíà÷èòåëüíûé òåîðåòè÷åñêèé èíòåðåñ (òð¼õ÷àñòè÷íûå ñèñòå-
ìû â àòîìíîé, ÿäåðíîé ôèçèêå è ôèçèêå ýëåìåíòàðíûõ ÷àñòèö îáû÷íî ñîñòîÿò
èìåííî èç çàðÿæåííûõ ôðàãìåíòîâ). Òî, ÷òî çàäà÷à î äâóõïðîòîííîé ðàäèîàê-
òèâíîñòè íå èìåëà óäîâëåòâîðèòåëüíîãî ðåøåíèÿ ïî÷òè 40 ëåò ïîñëå òîãî, êàê
áûëà ñôîðìóëèðîâàíà, óêàçûâàåò íà å¼ íåòðèâèàëüíîñòü.

Ïðîâåä¼ííûå èññëåäîâàíèÿ èìåþò, îäíàêî, è íåïîñðåäñòâåííûå ïðàêòè÷åñ-
êèå ïðèëîæåíèÿ.

1. Ñëó÷àé èñòèííî òð¼õ÷àñòè÷íûõ ðàñïàäîâ îñíîâíûõ ñîñòîÿíèé ÿäåð îáû÷-
íî ñâÿçàí ñ ýíåðãèåé ñïàðèâàíèÿ íóêëîíîâ âáëèçè ãðàíèöû ÿäåðíîé ñòà-
áèëüíîñòè è íå ÿâëÿåòñÿ â ýòîì ñìûñëå ýêçîòè÷åñêèì. Èìåííî ýòîò ïðîöåññ
äîëæåí îïðåäåëÿòü �óñòðîéñòâî� ãðàíèöû ÿäåðíîé ñòàáèëüíîñòè â ñîîò-
âåòñòâóþùèõ îáëàñòÿõ. Îäíèì èç ìàãèñòðàëüíûõ íàïðàâëåíèé ðàçâèòèÿ
ÿäåðíîé ôèçèêè íèçêèõ ýíåðãèé íà áëèæàéøèå ãîäû ÿâëÿåòñÿ äàëüíåéøåå
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ðàçâèòèå èññëåäîâàíèé ñ ïó÷êàìè ðàäèîàêòèâíûõ ÿäåð. Ñþäà âõîäÿò ââî-
äèìûå â ñòðîé è óæå îäîáðåííûå ê ñòðîèòåëüñòâó íîâûå íàó÷íûå óñòàíîâ-
êè/ëàáîðàòîðèè DRIBS-3 (Äóáíà), BigRIPS (RIKEN, ßïîíèÿ), GSI-FAIR
(Äàðìøòàäò, Ãåðìàíèÿ), ISF (Ìè÷èãàí, ÑØÀ). Öåëü, êîòîðàÿ ñòàâèòñÿ ïå-
ðåä íèìè � ýòî, â òîì ÷èñëå, äîñòèæåíèå ãðàíèöû ñòàáèëüíîñòè (è âûõîä
çà íå¼) äëÿ ìàêñèìàëüíî îáøèðíûõ îáëàñòåé êàðòû íóêëèäîâ.

2. Îñîáåííî ñëåäóåò ïîä÷åðêíóòü âàæíîñòü ïðèëîæåíèé ðàçâèòûõ ìåòîäîâ
äëÿ ÿäåðíîé àñòðîôèçèêè. Òàêèå ïðîöåññû, êàê, ñêàæåì, íåðåçîíàíñíûé
òð¼õ÷àñòè÷íûé ðàäèàöèîííûé çàõâàò, èãðàþò çàìåòíóþ ðîëü â îïðåäåë¼í-
íûõ àñòðîôèçè÷åñêèõ îêðóæåíèÿõ, íî ìîãóò áûòü èçó÷åíû òîëüêî òåîðå-
òè÷åñêè (â îáîçðèìîì áóäóùåì ïðèíöèïèàëüíî íå âèäíî âîçìîæíîñòè èñ-
ñëåäîâàòü èõ ýêñïåðèìåíòàëüíî). Ïîëó÷åííûå ðåçóëüòàòû óæå ïðèâåëè ê
çíà÷èòåëüíîìó ïåðåñìîòðó ðÿäà èíòåíñèâíîñòåé àñòðîôèçè÷åñêèõ çàõâà-
òîâ.

3. Äëÿ ïëàíèðîâàíèÿ ýêñïåðèìåíòîâ ïî èçó÷åíèþ ðàäèîàêòèâíûõ ðàñïàäîâ
íåîáõîäèìî ìàêñèìàëüíî ñóçèòü äèàïàçîí âðåì¼í æèçíè, â êîòîðîì âåä¼ò-
ñÿ ïîèñê. Äëÿ ýòîãî òðåáóþòñÿ òåîðåòè÷åñêèå ïðåäñêàçàíèÿ ìàêñèìàëü-
íîé äîñòîâåðíîñòè. Ðåçóëüòàòû íàñòîÿùåé ðàáîòû ïîçâîëÿþò äåëàòü òàêèå
ïðåäñêàçàíèÿ äëÿ òð¼õ÷àñòè÷íûõ ðàñïàäîâ (äâóõïðîòîííîé ðàäèîàêòèâ-
íîñòè).

4. Â íàñòîÿùåé ðàáîòå âïåðâûå áûëà ïîêàçàíà ïðàêòè÷åñêàÿ âîçìîæíîñòü
èäåíòèôèêàöèè ñïèí-÷åòíîñòè è óñòàíîâëåíèÿ âíóòðåííåé ñòðóêòóðû ÿäåð
ïî êîððåëÿöèÿì â òð¼õ÷àñòè÷íûõ ðàñïàäàõ (âûñòðîåííûõ) ñèñòåì.

Îñíîâíûå ïîëîæåíèÿ, âûíîñèìûå íà çàùèòó

1. Ðàçðàáîòàíà êâàíòîâîìåõàíè÷åñêàÿ òð¼õêëàñòåðíàÿ ìîäåëü èñòèííî òð¼õ-
÷àñòè÷íûõ ðàñïàäîâ äëÿ çàðÿæåííûõ ÷àñòèö è äâóõïðîòîííîé ðàäèîàê-
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òèâíîñòè. Ýòà ìîäåëü ïðåòåíäóåò íà êîëè÷åñòâåííîå îïèñàíèå øèðèí òð¼õ-
÷àñòè÷íûõ ðàñïàäîâ â äèàïàçîíå îò 105 äî 10−15 ýëåêòðîíâîëüò (èíòåðâàë
� 20 ïîðÿäêîâ) è êîððåëÿöèé ñðåäè ïðîäóêòîâ ðàñïàäà.

2. Ïåðåñìîòðåíû óñòîÿâøèåñÿ ïðåäñòàâëåíèÿ îá îæèäàåìûõ âðåìåíàõ æèç-
íè è êîððåëÿöèÿõ â âîçìîæíûõ äâóõïðîòîííûõ ðàñïàä÷èêàõ. Îáíàðóæåíà
ñâÿçü ìåæäó êîððåëÿöèÿìè ñðåäè ïðîäóêòîâ ðàñïàäà è ñòðóêòóðîé äâóõ-
ïðîòîííûõ ðàñïàä÷èêîâ, ïîçâîëÿþùàÿ èñïîëüçîâàòü äâóõïðîòîííûå ðàñ-
ïàäû â êà÷åñòâå ìåòîäà èññëåäîâàíèÿ ÿäåðíîé ñòðóêòóðû.

3. Äàíî îïèñàíèå äâóõïðîòîííûõ ðàñïàäîâ â �òî÷íîé� ïîëóàíàëèòè÷åñêîé
ìîäåëè, èñïîëüçóþùåé óïðîù¼ííûé òð¼õ÷àñòè÷íûé ãàìèëüòîíèàí. Ïî-
ëó÷åíî ñòðîãîå îáîñíîâàíèå èñïîëüçîâàíèÿ îïðåäåë¼ííûõ êâàçèêëàññè÷å-
ñêèõ ïîäõîäîâ ê èçó÷åíèþ èñòèííî òð¼õ÷àñòè÷íûõ ðàñïàäîâ. Ïðîäåìîí-
ñòðèðîâàíà íåïðèãîäíîñòü äèïðîòîííîé ìîäåëè, äîëãîå âðåìÿ ñ÷èòàâøåé-
ñÿ åäâà ëè íå åäèíñòâåííûì ðàçóìíûì ïðèáëèæåíèåì äëÿ äâóõïðîòîííîé
ðàäèîàêòèâíîñòè.

4. Ðàçâèòà êîëè÷åñòâåííàÿ òåîðèÿ ðåàêöèé òð¼õ÷àñòè÷íîãî ðàäèàöèîííîãî
çàõâàòà, îáðàòíûõ ê ðåàêöèÿì òð¼õ÷àñòè÷íîãî ðàñïàäà. Äàíû íîâûå îöåí-
êè èíòåíñèâíîñòåé ðÿäà àñòðîôèçè÷åñêèõ ðåàêöèé òð¼õòåëüíîãî ðàäèàöè-
îííîãî çàõâàòà.

5. Âïåðâûå èçó÷åíû ðàçíîîáðàçíûå êà÷åñòâåííûå ïðîÿâëåíèÿ äèíàìèêè íåñ-
êîëüêèõ òåë â öåëîì ðÿäå ýêçîòè÷åñêèõ ÿäåðíûõ ñèñòåì. Â ÷àñòíîñòè,
ïðåäñòàâëåíî ðàññìîòðåíèå ñëåäóþùèõ ÿâëåíèé:

• Òð¼õ÷àñòè÷íûé ìåõàíèçì íàðóøåíèÿ èçîáàðè÷åñêîé ñèììåòðèè (òð¼õ-
÷àñòè÷íûé ìåõàíèçì Òîìàñ-Ýðìàíîâñêîãî ñäâèãà).

• Îöåíêè ìíîãî÷àñòè÷íûõ øèðèí: ñëó÷àé 7H.

• Äâóõïðîòîííûé ðàñïàä äåôîðìèðîâàííûõ ÿäåð.

• Ïðîñòîé ìåòîä êà÷åñòâåííîãî ó÷¼òà ìåõàíèçìà ðåàêöèè.
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• Ñâîéñòâà øèðîêèõ ñîñòîÿíèé â íåïðåðûâíîì ñïåêòðå íåñêîëüêèõ òåë.
Îñíîâíîå ñîñòîÿíèå 5H, 4n.

• �Âîçáóæä¼ííîå ñîñòîÿíèå� òðèòèÿ.

• Òð¼õ÷àñòè÷íîå âèðòóàëüíîå ñîñòîÿíèå â 10He.

• Ïðîòîííîå ãàëî â 17Ne.

• Ìÿãêàÿ äèïîëüíàÿ ìîäà â 17Ne.

• Àíàëèç êîððåëÿöèé èç ðàñïàäà âûñòðîåííîãî 5H.

Àïðîáàöèÿ ðàáîòû.
Ìàòåðèàëû, âîøåäøèå â äèññåðòàöèþ, äîêëàäûâàëèñü íà ñëåäóþùèõ ìåæäóíà-
ðîäíûõ êîíôåðåíöèÿõ è ðàáî÷èõ ñîâåùàíèÿõ:

1. Two-proton emission as a three-body decay.
Institute of Physics (UK) Nuclear Physics Conference, April 12�14, 2000, Birmingham,
UK.

2. Two-proton emission as a three-body decay: 19Mg and 48Ni.
Joint Study Weekend HALO'2000, April 28�30, 2000, Universite Libre de Bruxelles,
Bruxelles, Belgium.

3. Two-proton or diproton emission: 19Mg and 48Ni examples.
European Conference on Few-body Problems in Physics, September 11�16, 2000,
�Evora, Portugal.

4. Problems of two-proton radioactivity and three-body decay.
North-West Europe Nuclear Physics Conference, April 17�20, 2001, Bergen, Norway.

5. Three-body decays of light nuclei: 6Be, 8Li, 9Be, 12O, 16Ne and 17Ne.
3rd International Conference on Exotic Nuclei and Atomic Masses, ENAM 2001,
July 2�8, 2001, H�ameenlinna, Finland.

6. Problems of two-proton radioactivity and three-body decay.
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International Workshop on the Physics of Halo Nuclei, October 4�12, 2001, ECT∗,
Trento, Italy.

7. Problems of two-proton radioactivity and three-body decay.
International meeting on the Physics of Halo Nuclei, April 25�26, 2002, hosted by
GSI, Weschnitz, Germany.

8. Broad states in the few-body systems.
Joint Study Weekend HALO'2002, June 14�16, 2002, Chalmers University of Tech-
nology, G�oteborg, Sweden.

9. Two-proton radioactivity and three-body decay: problems and perspectives.
International Workshop on the Shell model in the Continuum, June 3�8, 2002, ECT∗,
Trento, Italy.

10. Theory of two-proton radioactivity and prospective candidates for experimental
studies.
International Symposium on Proton Emitting Nuclei PROCON 2003, February 12�
14, 2003, Legnaro-Padova, Italy.

11. Few-body continuum ground states.
Joint Study Weekend HALO'2003, June 26�29, 2003, St. Petersburg, Russia.

12. Three-body radiative capture reactions in astrophysics.
International Workshop XXXIV on Gross Properties of Nuclei and Nuclear Excita-
tions, Hirschegg, Kleinwalsertal, Austria, January 15�21, 2006.

13. Recent progress in the theory of two-proton radioactivity and three-body decay.
International Conference Cluster 2007, Stratford-upon-Avon, UK, September 3�7,
2007.

14. Recent progress in the theory of two-proton radioactivity and three-body decay.
ESNT Workshop: Three-body scattering theory and its applications, CEA/Saclay,
France, December 10�14, 2007.

Ìàòåðèàëû, âîøåäøèå â äèññåðòàöèþ, òàêæå äîêëàäûâàëèñü íà ñëåäóþùèõ
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ïðèãëàø¼ííûõ ñåìèíàðàõ:

1. Chalmers University of Technology, G�oteborg, Sweden, November 1999.
Quantum mechanical approach to 2p radioactivity. Qualitative issues.

2. University of Surrey, Guildford, UK, February 2000.
Two-proton emission as a three-body decay.

3. Gesellschaft f�ur Schwerionenforschung (GSI), Darmstadt, Germany, March 2000.
Two-proton emission as a three-body decay.

4. Chalmers University of Technology, G�oteborg, Sweden, June 2000.
5H in a three-body 3H+n+n model.

5. Research Center �The Kurchatov Institute�, Moscow, August 2000.
Two-proton emission as a three-body decay.

6. Chalmers University of Technology, G�oteborg, Sweden, March 2001.
Revisiting the 5H case.

7. University of Surrey, Guildford, UK, October 2001.
Three-cluster decays and 2p emission; overview.

8. Joint Institute for Nuclear Research (JINR), FLNR, Dubna, Russia, December
2001.
Advances in the studies of three-body decays.

9. Gesellschaft f�ur Schwerionenforschung (GSI), Darmstadt, Germany, February
2002.
Three-body decays and two-proton radioactivity: problems and prospectives.

10. Gesellschaft f�ur Schwerionenforschung (GSI), Darmstadt, Germany, June 2002.
Broad states in the few-body systems: examples of 5H and 4n.

11. Joint Institute for Nuclear Research (JINR), FLNR, Dubna, Russia, April 2003.
Nuclei beyond the driplines: decays and correlations.
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12. Gesellschaft f�ur Schwerionenforschung (GSI), Darmstadt, Germany, October
2003.
Exotics near the driplines: few-body dynamics aspect.

13. Joint Institute for Nuclear Research (JINR), BLTP, Dubna, Russia, December
2004.
Recent studies of 5H system: theory and experiment.

14. Institute of Nuclear Physics, Moscow state university, Moscow, Russia, February
2005.
Two-proton radioactivity and three-body decay.

15. Gesellschaft f�ur Schwerionenforschung (GSI), Darmstadt, Germany, April 2005.
Two-proton radiative capture in astrophysics.

16. Gesellschaft f�ur Schwerionenforschung (GSI), Darmstadt, Germany, April 2005.
On possibility to study a two-proton halo in 17Ne: nuclear fragmentation and Coulomb
dissociation.

17. Joint Institute for Nuclear Research (JINR), FLNR, Dubna, Russia, September
2005.
Correlation studies of the 5H spectrum.

18. Gesellschaft f�ur Schwerionenforschung (GSI), Darmstadt, Germany, October
2006.
Correlation studies of the light exotic nuclei: 5H and 9He. Problematic issues of the
9He and 10He structure.

19. GANIL, Caen, France, April 2007.
Recent progress in the theory of two-proton radioactivity and three-body decay.

20. University of Birmingham, Birmingham, UK, September 2007.
Few-body dynamics in experimental studies of reactions with exotic nuclei.

21. University of Surrey, Guildford, UK, September 2007.
Qualitative aspects of the two-proton decays.
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22. Joint Institute for Nuclear Research (JINR), FLNR, Dubna, Russia, October
2007.
Status of the 6He(t,p)8He and 8He(t,p)10He reaction studies.
Îáúåäèí¼ííûé ñåìèíàð ñ äð. ô.-ì. í. M.Ñ. Ãîëîâêîâûì.

23. Gesellschaft f�ur Schwerionenforschung (GSI), Darmstadt, Germany, February
2008.
New vision of 8 ,9 ,10He spectra - theory and experiment.

24. CENBG, Bordeaux, France, March 2008.
Three-body continuum dynamics in the dripline nuclei.

25. University of Seville, Seville, Spain, March 2008.
Three-body continuum dynamics in the dripline nuclei.

26. Gesellschaft f�ur Schwerionenforschung (GSI), Darmstadt, Germany, April 2008.
Qualitative aspects of the three-body dynamics for nuclear astrophysics.

Ïóáëèêàöèè.

Ïî ðåçóëüòàòàì èññëåäîâàíèé, ñîñòàâèâøèõ îñíîâó äèññåðòàöèè, îïóáëèêî-
âàíî 35 ðàáîò â ðåôåðèðóåìûõ æóðíàëàõ. Îñíîâíûå ðåçóëüòàòû äèññåðòàöèè
èçëîæåíû â 27 ðàáîòàõ, ïåðå÷èñëåííûõ äàëåå. Ðåçóëüòàòû, âîøåäøèå â ýòè ðà-
áîòû, áûëè ïîëó÷åíû àâòîðîì â ïåðèîä 1999�2008 ãã.

Ñòðóêòóðà è îáúåì äèññåðòàöèè.

Äèññåðòàöèîííàÿ ðàáîòà ñîñòîèò èç âîñüìè ãëàâ (âêëþ÷àÿ ââåäåíèå è çà-
êëþ÷åíèå) è èçëîæåíà íà 196 ñòðàíèöàõ ìàøèíîïèñíîãî òåêñòà, âêëþ÷àÿ 59
ðèñóíêîâ, 7 òàáëèö è ñïèñîê ëèòåðàòóðû èç 256 íàèìåíîâàíèé.
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Ñîäåðæàíèå ðàáîòû
Ïåðâàÿ ãëàâà ÿâëÿåòñÿ ââåäåíèåì, ãäå ôîðìóëèðóåòñÿ ïðåäìåò èññëåäî-
âàíèÿ, ðàññìàòðèâàåòñÿ èñòîðèÿ âîïðîñà, äåëàåòñÿ îáçîð ëèòåðàòóðû, äà¼òñÿ
êðàòêàÿ õàðàêòåðèñòèêà ïðîâåä¼ííûõ èññëåäîâàíèé è ïåðå÷èñëÿþòñÿ îñíîâíûå
ðåçóëüòàòû.

Êîãäà ìû ãîâîðèì î âàæíîñòè äèíàìèêè íåñêîëüêèõ òåë â ðàññìàòðèâàåìîé
çàäà÷å, ýòî îçíà÷àåò, ÷òî äâèæåíèå âñåõ (áîëåå ÷åì äâóõ) ÷àñòèö (êëàñòåðîâ)
â äàííîé ñèñòåìå îêàçûâàåòñÿ ñèëüíî ñêîððåëèðîâàíî òàêèì îáðàçîì, ÷òî âîë-
íîâûå ôóíêöèè èëè àìïëèòóäû ïðîöåññîâ íå ìîãóò áûòü óäîâëåòâîðèòåëüíî
îïèñàíû ïðîèçâåäåíèåì äâóõ÷àñòè÷íûõ ÷ëåíîâ (èëè ìàëîé ñóììîé òàêèõ ïðî-
èçâåäåíèé). Ïðîñòåéøèì êðèòåðèåì ïåðåõîäà ê òàêîé äèíàìèêå ìîãóò áûòü ñî-
îòíîøåíèÿ ìåæäó ýíåðãåòè÷åñêèìè ïîðîãàìè ðàçëè÷íûõ ïðîöåññîâ â ñîñåäíèõ
ÿäðàõ.

ßðêèì ïðèìåðîì òàêîé ñèòóàöèè ÿâëÿåòñÿ ÿâëåíèå äâóõïðîòîííîé ðàäèî-
àêòèâíîñòè, òåîðåòè÷åñêè ïðåäñêàçàííîå Â. È. Ãîëüäàíñêèì â 1960 ã. [V. I.
Goldansky, Nucl. Phys. 19 (1960) 482], à ýêñïåðèìåíòàëüíî îòêðûòîå ñîâñåì
íåäàâíî (2002 ã. � ðàñïàä îñíîâíîãî ñîñòîÿíèÿ 45Fe). Ýíåðãåòè÷åñêèå óñëîâèÿ
äâóõïðîòîííîé ðàäèîàêòèâíîñòè S2p < 0, Sp > 0 èëëþñòðèðóþòñÿ íà Ðèñ. 1a:
ðåçîíàíñ â ïîäñèñòåìå A − 1 íàõîäèòñÿ âûøå, ÷åì â ñèñòåìå A è ñòàíîâèò-
ñÿ íåäîñòóïåí äëÿ ïîñëåäîâàòåëüíîãî ðàñïàäà. Ðàñïàä òàêîé ñèñòåìû ïîëó÷èë
íàçâàíèå èñòèííî òð¼õ÷àñòè÷íîãî. Ñëó÷àé, ïîêàçàííûé íà Ðèñ. 1a, îáû÷íî
ñâÿçàí ñ ýíåðãèåé ñïàðèâàíèÿ íóêëîíîâ âáëèçè ãðàíèöû ÿäåðíîé ñòàáèëüíîñòè
è íå ÿâëÿåòñÿ çäåñü ýêçîòè÷åñêèì.

Â äèññåðòàöèè ðàññìàòðèâàåòñÿ òàêæå ðÿä äðóãèõ ôèçè÷åñêèõ ñèñòåì, ãäå
äèíàìèêà çàäà÷è íåñêîëüêèõ òåë ñòàíîâèòñÿ îïðåäåëÿþùåé.
Âòîðàÿ ãëàâà. Äëÿ ðåøåíèÿ çàäà÷è òð¼õ òåë ìû èñïîëüçóåì ìåòîä ãèïåð-
ñôåðè÷åñêèõ ãàðìîíèê (ÌÃÃ). Â ýòîé ãëàâå êðàòêî ââîäÿòñÿ îáîçíà÷åíèÿ è
î÷åð÷èâàþòñÿ îñíîâíûå èäåè ìåòîäà.

Â ÌÃÃ ïðè ðåøåíèè çàäà÷è òð¼õ òåë îò ßêîáèåâñêèõ âåêòîðîâ X è Y (ñî-

12



E2r

E2r

(A-2) + 2p

(A-1) + p

A

(a)

(c)

(b)

S2p < 0

Sp < S2p < 0

ET

S2p < 0
Sp < 0

ET = −S2p > 0 S2p < 0

Sp > 0

Ðèñ. 1: Ýíåðãåòè÷åñêèå óñëîâèÿ äëÿ ðàçëè÷íûõ ìîä òð¼õ÷àñòè÷íîãî ðàñïà-
äà (äâóõïðîòîííîé ðàäèîàêòèâíîñòè): èñòèííî òð¼õ÷àñòè÷íûé ðàñïàä A →
(A−2)+2p (a) � â ïðîìåæóòî÷íîé ñèñòåìå íåò ñîñòîÿíèé, äîñòóïíûõ äëÿ ïîñëå-
äîâàòåëüíîãî ðàñïàäà; ïîñëåäîâàòåëüíûé ðàñïàä A → (A−1)+p → [(A−2)+p]+p
(b); ñëó÷àé, êîãäà îäíîâðåìåííî îòêðûò (îáû÷íî äîìèíèðóþùèé) áèíàðíûé êà-
íàë ðàñïàäà A → (A− 1) + p (c).

ïðÿæ¼ííûå èì èìïóëüñû îáîçíà÷àþòñÿ kx è ky, ñì. Ðèñ. 2) ìû ïåðåõîäèì ê
�êîëëåêòèâíîìó ðàäèóñó� (ãèïåððàäèóñó) ρ è ïÿòèìåðíîìó óãëó Ωρ, ïîñëå ÷åãî
ôîðìàëüíàÿ ñõåìà ðåøåíèÿ óðàâíåíèÿ Øð¼äèíãåðà (ÓØ) íà÷èíàåò íàïîìè-
íàòü îáû÷íîå äëÿ çàäà÷è äâóõ òåë îòäåëåíèå óãëîâûõ ïåðåìåííûõ. Ðàñ÷¼òíàÿ
ñõåìà ïîñëå ýòîãî ñîîòâåòñòâóåò äâèæåíèþ îäíîé ýôôåêòèâíîé ÷àñòèöû â ñèëü-
íî äåôîðìèðîâàííîì öåíòðàëüíîì ïîëå.
Òðåòüÿ ãëàâà. Â ýòîé ãëàâå ñòðîèòñÿ êâàíòîâîìåõàíè÷åñêàÿ òåîðèÿ òð¼õ÷à-
ñòè÷íûõ ðàñïàäîâ (äâóõïðîòîííîé ðàäèîàêòèâíîñòè). Â çàäà÷å î ðàäèîàêòèâ-
íîñòè ðå÷ü èä¼ò îá î÷åíü óçêèõ ñîñòîÿíèÿõ. Øèðèíû òàêèõ ñîñòîÿíèé îïðåäå-
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rk

 ky

ky
 kx

kx

k

"Y"  system"T"  system

Y
X

r pp

core

Y

X 

core

pp

 ky

kx

kx

ky

2 1

3 2

1 3

Ðèñ. 2: ßêîáèåâñêèå ïåðåìåííûå äëÿ çàäà÷è òð¼õ òåë â êîîðäèíàòíîì è èì-
ïóëüñíîì ïðîñòðàíñòâàõ. Äëÿ çàäà÷è, ñêàæåì, êîð+N+N (äâå ÷àñòèöû òîæäå-
ñòâåííû) ñóùåñòâóåò äâå íåâûðîæäåííûõ ßêîáèåâñêèõ ñèñòåìû, íàçûâàåìûõ
�T� è �Y�.

ëÿþòñÿ ëèáî ïðè ïîìîùè èíòåãðàëüíûõ ôîðìóë, ëèáî ïîñðåäñòâîì �åñòåñòâåí-
íîãî� îïðåäåëåíèÿ øèðèíû. Äëÿ çàäà÷è î òð¼õ÷àñòè÷íîì ðàñïàäå îêàçûâàåòñÿ
ïðèìåíèìî òîëüêî âòîðîå:

Γ = j/N .

Çäåñü j � ýòî ïîòîê ÷åðåç ãèïåðñôåðó áîëüøîãî ðàäèóñà ρmax, à N � íîðìèðîâêà
(ò.å. ÷èñëî ÷àñòèö) âíóòðè ãèïåðñôåðû ρint:

j =
1

M

∫
dΩρ Im

[
Ψ(+)†ρ5/2 d

dρ
ρ5/2Ψ(+)

]

ρ=ρmax

, N =
∫

dΩρ

∫ ρint

0
ρ5dρ |Ψ(+)|2 .

Âîëíîâàÿ ôóíêöèÿ Ψ(+) ïðåäñòàâëÿåò ðåøåíèå òð¼õ÷àñòè÷íîãî ÓØ ñ ÷èñòî ðàñ-
õîäÿùåéñÿ àñèìïòîòèêîé è êîìïëåêñíîé ýíåðãèåé

(Ĥ − E + iΓ/2)Ψ(+) = 0 .

Íàìè áûëî ïðåäëîæåíî èñïîëüçîâàòü ïðèáëèæ¼ííûå ãðàíè÷íûå óñëîâèÿ Êó-
ëîíîâñêîé çàäà÷è òð¼õ òåë, ïîëó÷åííûå äèàãîíàëèçàöèåé Êóëîíîâñêîãî âçà-
èìîäåéñòâèÿ íà ãèïåðñôåðå áîëüøîãî ðàäèóñà è êîíå÷íîì ãèïåðñôåðè÷åñêîì
áàçèñå. Ýòî ïðèáëèæåíèå ïîêàçàëî ñåáÿ êàê äîñòàòî÷íî òî÷íîå äëÿ çàäà÷è îá
èñòèííî òð¼õ÷àñòè÷íîì ðàñïàäå.
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Ðèñ. 3: Ïðåäñêàçàíèå øèðèí òð¼õ÷àñòè÷íûõ ðàñïàäîâ â äèàïàçîíå îò òèïè÷-
íîé äëÿ ðàäèîàêòèâíîñòè äî òèïè÷íî ÿäåðíûõ âåëè÷èí. Çàøòðèõîâàííûå ïî-
ëîñû ãðóáî âûäåëÿþò äèàïàçîíû øèðèí, ãäå äîëæíû ïðèìåíÿòüñÿ ðàçëè÷íûå
ýêñïåðèìåíòàëüíûå òåõíèêè. Ïðåäñêàçàíèÿ äëÿ �òÿæ¼ëûõ� äâóõïðîòîííûõ ðàñ-
ïàä÷èêîâ ïðèâîäÿòñÿ â âèäå äîïóñòèìûõ, ñ ó÷¼òîì íåîïðåäåë¼ííîñòè ÿäåðíîé
ñòðóêòóðû, ïîëîñ (äâå êðèâûå). Äëÿ ÿäåð, ñêàæåì, p-f îáîëî÷êè âåðõíÿÿ êðè-
âàÿ îòâå÷àåò äîìèíèðîâàíèþ p2 êîíôèãóðàöèè â ñòðóêòóðå, à íèæíÿÿ � f 2.

Â ýòîé ãëàâå äàëåå ðàññìàòðèâàþòñÿ ñâîéñòâà ìîäåëè êàê â òåõíè÷åñêîì
(ñõîäèìîñòè ðàçëè÷íûõ õàðàêòåðèñòèê), òàê è â ôèçè÷åñêîì (÷óâñòâèòåëüíîñòü
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ê ôèçè÷åñêèì õàðàêòåðèñòèêàì ìîäåëè) àñïåêòàõ. Èçó÷àþòñÿ ñèñòåìàòè÷åñêèå
ñâîéñòâà äâóõïðîòîííûõ ðàñïàäîâ (ñì., íàïðèìåð, Ðèñ. 3) è äèíàìè÷åñêèå ìå-
õàíèçìû ýòîãî ïðîöåññà. Ìû ðàññìàòðèâàåì, â ÷àñòíîñòè, ñèñòåìàòèêè êîððå-
ëÿöèé ìåæäó ïðîäóêòàìè äëÿ äâóõïðîòîííûõ ðàñïàäîâ è èõ ÷óâñòâèòåëüíîñòü
ê ñòðóêòóðå ðàñïàäàþùåéñÿ ñèñòåìû.

×åòâåðòàÿ ãëàâà. Â ýòîé ãëàâå ðàññìàòðèâàþòñÿ êîíêðåòíûå ïðèìåðû ñè-
ñòåì � äâóõïðîòîííûõ ðàñïàä÷èêîâ. Çäåñü ïðèâîäÿòñÿ è ñðàâíèâàþòñÿ ðåçóëü-
òàòû òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé íàèáîëåå èçó÷åííûõ íà
ñåãîäíÿøíèé äåíü ñëó÷àåâ � 6Be, 19Mg è 45Fe. È âðåìåíà æèçíè, è êîððåëÿöèè
ìåæäó ïðîäóêòàìè ðàñïàäà íàõîäÿòñÿ â õîðîøåì ñîãëàñèè ñ òåîðèåé.

Äëÿ 6Be è 45Fe èçìåðåíû ïîëíûå êîððåëÿöèè. Äëÿ òð¼õ÷àñòè÷íîé ñèñòåìû
ïîëíàÿ êàðòèíà êîððåëÿöèé â ðàñïàäå îïèñûâàåòñÿ äâóìÿ ïàðàìåòðàìè (â ïðåä-
ïîëîæåíèè, ÷òî ñïèíîâûå ñòåïåíè ñâîáîäû íåíàáëþäàåìû). Óäîáíûì âûáîðîì
òàêèõ ïàðàìåòðîâ ÿâëÿþòñÿ

ε = Ex/ET , cos(θk) =
(kx,ky)

kx ky

.

Ïàðàìåòð ε îòâå÷àåò çà ðàñïðåäåëåíèå ýíåðãèè ìåæäó ßêîáèåâñêèìè ïîäñèñòå-
ìàìè X è Y (Ex � ýòî ýíåðãèÿ îòíîñèòåëüíîãî äâèæåíèÿ ïî êîîðäèíàòå X â
äàííîé ßêîáèåâñêîé ñèñòåìå, ET � ïîëíàÿ ýíåðãèÿ ðàñïàäà). Óãîë θk ïîêàçû-
âàåò îòíîñèòåëüíóþ îðèåíòàöèþ ßêîáèåâñêèõ èìïóëüñîâ kx è ky (ñì. Ðèñ. 2).
Íà Ðèñóíêå 4 âèäíî, ÷òî èìååòñÿ âåñüìà äåòàëüíîå ñîãëàñèå ìåæäó òåîðèåé è
ýêñïåðèìåíòîì.

Òàê êàê êîððåëÿöèè â äâóõïðîòîííîì ðàñïàäå îêàçàëèñü ÷óâñòâèòåëüíû ê
äåòàëÿì âíóòðåííåé ñòðóêòóðû ðàñïàäàþùèõñÿ ÿäåð, òî äàííûé âèä èíôîðìà-
öèè ìîæåò èñïîëüçîâàòüñÿ êàê äîïîëíèòåëüíûé �èíñòðóìåíò� äëÿ èçâëå÷åíèÿ
ñïåêòðîñêîïè÷åñêîé èíôîðìàöèè èç ýêñïåðèìåíòàëüíûõ äàííûõ. Ïðè ýòîì, åñ-
ëè â ñëó÷àå îáû÷íûõ áèíàðíûõ ðàñïàäîâ ñïåêòðîñêîïè÷åñêàÿ èíôîðìàöèÿ èç-
âëåêàåòñÿ èç ñîîòíîøåíèÿ ýêñïåðèìåíòàëüíûõ è ðàñ÷¼òíûõ øèðèí ñîñòîÿíèé,
òî â ñëó÷àå 2p ðàñïàäà íàì ñòàíîâèòñÿ äîñòóïíà íåçàâèñèìàÿ ïðîâåðêà ýòîé
èíôîðìàöèè ïî êîððåëÿöèîííûì äàííûì.
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Ðèñ. 4: Ïîëíûå êàðòèíû êîððåëÿöèé äëÿ ðàñïàäîâ îñíîâíûõ ñîñòîÿíèé 6Be è
45Fe â ßêîáèåâñêîé �T� ñèñòåìå. Çäåñü âåëè÷èíà ε ÿâëÿåòñÿ îòíîøåíèåì ýíåðãèè
ìåæäó ïðîòîíàìè ê ïîëíîé ýíåðãèè ðàñïàäà, à óãîë θk ïîêàçûâàåò îòíîñèòåëü-
íóþ îðèåíòàöèþ ßêîáèåâñêèõ èìïóëüñîâ kx è ky. Òåîðåòè÷åñêèå ïðåäñêàçàíèÿ
äàíû â âåðõíåé ÷àñòè ðèñóíêà, à ñîîòâåòñòâóþùèå ýêñïåðèìåíòàëüíûå äàííûå
ïîêàçàíû ïîä íèìè.

Ïÿòàÿ ãëàâà. Èñòîðè÷åñêè, òåîðåòè÷åñêîå îñìûñëåíèå äâóõïðîòîííîé ðà-
äèîàêòèâíîñòè íà÷àëîñü ñ êâàçèêëàññè÷åñêèõ îöåíîê (�îäíîâðåìåííàÿ� è �äè-
ïðîòîííàÿ� ìîäåëè). Îäíàêî, ñ ôîðìóëèðîâêîé ýòèõ ìîäåëåé ñâÿçàí ðÿä íåòî÷-
íîñòåé, îøèáîê èëè îøèáî÷íûõ èíòåðïðåòàöèé. Â ýòîé ãëàâå ðàññìàòðèâàþò-
ñÿ óïðîùåííûå ïîäõîäû ê 2p ðàñïàäàì. Êîíñòðóèðóåòñÿ òî÷íàÿ ïîëóàíàëèòè-
÷åñêàÿ ìîäåëü, îñíîâàííàÿ íà ïðèáëèæ¼ííîì òð¼õ÷àñòè÷íîì Ãàìèëüòîíèàíå.
Îíà ïîçâîëÿåò ïðîâåñòè ïðåöèçèîííóþ ïðîâåðêó ðåçóëüòàòîâ ÌÃÃ, à òàêæå ïî-
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ëó÷èòü ìàòåìàòè÷åñêè ñòðîãîå îáîñíîâàíèå äëÿ êâàçèêëàññè÷åñêèõ ìîäåëåé è
ëó÷øå ïîíÿòü èõ îñîáåííîñòè è îáëàñòü ïðèìåíèìîñòè. Â ÷àñòíîñòè, çäåñü ìû
ïðèõîäèì ê âûâîäó î íåïðèåìëåìîñòè �äèïðîòîííîé� ìîäåëè (äëÿ ìíîãèõ èññëå-
äîâàòåëåé ïðåäñòàâëåíèå î äâóõïðîòîííîé ðàäèîàêòèâíîñòè äî ñèõ ïîð ñâîäèòñÿ
ê óïðîù¼ííîé êàðòèíå ñ èñïóñêàíèåì �äèïðîòîíà�).
Øåñòàÿ ãëàâà. Â ýòîé ãëàâå êðàòêî ðàññìàòðèâàþòñÿ ðàçëè÷íûå êà÷åñòâåí-
íûå ïðîÿâëåíèÿ äèíàìèêè íåñêîëüêèõ òåë â öåëîì ðÿäå ýêçîòè÷åñêèõ ÿäåðíûõ
ñèñòåì. Èçëîæåíèå çäåñü ñòðîèòñÿ �îò ÿâëåíèÿ�, ò.å. ðàññìàòðèâàþòñÿ ïðîÿâ-
ëåíèÿ äàííîé �ôèçèêè� â òåõ ñèñòåìàõ, ãäå îíè íàèáîëåå èëëþñòðàòèâíû. Â
÷àñòíîñòè, ðàññìàòðèâàþòñÿ:

1. Òð¼õ÷àñòè÷íûé ìåõàíèçì íàðóøåíèÿ èçîáàðè÷åñêîé ñèììåòðèè
(òð¼õ÷àñòè÷íûé ìåõàíèçì Òîìàñ-Ýðìàíîâñêîãî ñäâèãà). Â ðàáîòå
[4] èññëåäîâàëàñü ïðîáëåìà ñèëüíîãî ðàñõîæäåíèÿ ìåæäó òåîðåòè÷åñêèìè
è ýêñïåðèìåíòàëüíûìè øèðèíàìè äëÿ ÿäåð 12O è 16Ne. Íà îñíîâå ðàñ÷¼-
òîâ è ðàçëè÷íûõ îöåíîê áûëî ïîêàçàíî, ÷òî ýêñïåðèìåíòàëüíûå øèðèíû,
âåðîÿòíåå âñåãî, äîëæíû áûòü ïåðåñìîòðåíû. Â ýòèõ ÿäðàõ, à, âîçìîæ-
íî, è â äðóãèõ ñõîäíûõ ïî ñòðóêòóðå ÿäðàõ s/d îáîëî÷êè, áûëà îáíàðó-
æåíà âîçìîæíîñòü ñåðü¼çíîãî íàðóøåíèÿ èçîñïèíîâîé ñèììåòðèè: âåñà
s2 è d2 êîìïîíåíò â 12O è 16Ne ìîãóò îòëè÷àòüñÿ íà äåñÿòêè ïðîöåíòîâ
îò ñîîòâåòñòâóþùèõ âåñîâ â çåðêàëüíûõ ÿäðàõ. Ñîãëàñíî ðàñ÷¼òàì, ýòà
ïåðåñòðîéêà ñòðóêòóðû â çíà÷èòåëüíîé ñòåïåíè îòâå÷àåò çà àíîìàëüíûé
èçîòîïè÷åñêèé (Òîìàñ-Ýðìàíîâñêèé) ñäâèã (ÒÝÑ). Ýòî ÿâëåíèå áûëî îõà-
ðàêòåðèçîâàíî êàê òð¼õ÷àñòè÷íûé ìåõàíèçì Òîìàñ-Ýðìàíîâñêîãî ñäâèãà
(â ïðîòèâîâåñ êàíîíè÷åñêîìó îïðåäåëåíèþ ÒÝÑ [R.G. Thomas, Phys. Rev.
88 (1952) 1109; J.B. Ehrman, Phys. Rev. 81 (1951) 412], êàê ñâÿçàííîìó
òîëüêî ñ ðàçíèöåé â ïîâåäåíèè ðàäèàëüíûõ ÷àñòåé ÂÔ ãëóáîêî- è ñëàáî-
ñâÿçàííûõ íóêëîíîâ).

2. Îöåíêè ìíîãî÷àñòè÷íûõ øèðèí: ñëó÷àé 7H. Íåäàâíî áûëè ïîëó÷å-
íû ïåðâûå ñâèäåòåëüñòâà î ñóùåñòâîâàíèè íèçêîëåæàùåãî îñíîâíîãî ñî-
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ñòîÿíèÿ â ÿäðå 7H [A.A. Korsheninnikov et al., Phys. Rev. Lett. 90 (2003)
082501]. Ýòà ñèñòåìà äîëæíà ðàñïàäàòüñÿ ïî âåñüìà ýêçîòè÷åñêîìó ïÿ-
òè÷àñòè÷íîìó 3H+4n êàíàëó. Â ðàáîòå [12] áûë ïðåäëîæåí ìåòîä îöåíêè
âðåìåíè æèçíè ÿäðà 7H êàê ôóíêöèè ýíåðãèè ðàñïàäà. Ýêñïåðèìåíòàëü-
íàÿ ïîïûòêà íàáëþäåíèÿ äîëãîæèâóùåãî (íàíîñåêóíäû è áîëåå) ÿäðà 7H
äàëà íåãàòèâíûé ðåçóëüòàò, íî, èñïîëüçóÿ òåîðåòè÷åñêóþ îöåíêó, ïîçâî-
ëèëà íàëîæèòü íèæíèé ïðåäåë íà ýíåðãèþ ðàñïàäà.

3. Äâóõïðîòîííûé ðàñïàä äåôîðìèðîâàííûõ ÿäåð. Èñêëþ÷èòåëüíî
ñèëüíàÿ äâóõïðîòîííàÿ âåòâü íàáëþäàëàñü â ðàñïàäå âûñîêîâîçáóæä¼í-
íîãî 21+ èçîìåðà ÿäðà 94Ag â ðàáîòå [17]. Äàííûå, ïîëó÷åííûå â ýòîé
ðàáîòå, íàõîäÿòñÿ íà ïðåäåëå ñîâðåìåííûõ ýêñïåðèìåíòàëüíûõ ìåòîäèê;
ïîïûòêè èõ ïðîâåðêè äî ñèõ ïîð ïðèâîäèëè ê ïðîòèâîðå÷èâûì ðåçóëüòà-
òàì. Èíòåðïðåòèðóåìûå �êàê åñòü�, îíè ïðèâîäÿò ê âûâîäó î íåîáõîäèìî-
ñòè ñóùåñòâîâàíèÿ çíà÷èòåëüíîé äåôîðìàöèè (äàæå ãèïåðäåôîðìàöèè) â
äàííîì ÿäðå è êðèòè÷åñêîì âëèÿíèè äåôîðìàöèè êàê íà âðåìÿ æèçíè,
òàê è íà êîððåëÿöèè ìåæäó ïðîòîíàìè.

4. Ïðîñòîé ìåòîä êà÷åñòâåííîãî ó÷¼òà ìåõàíèçìà ðåàêöèè. Îí áûë
èñïîëüçîâàí äëÿ èññëåäîâàíèÿ câîéñòâ øèðîêèõ ñîñòîÿíèé â íåïðåðûâíîì
ñïåêòðå íåñêîëüêèõ òåë (ñì. äàëåå).

5. Ñâîéñòâà øèðîêèõ ñîñòîÿíèé â íåïðåðûâíîì ñïåêòðå íåñêîëü-
êèõ òåë. Îñíîâíûå ñîñòîÿíèÿ 5H è 4n. (I) Â ðàáîòå [1] áûë èçó÷åí
òð¼õ÷àñòè÷íûé êîíòèíóóì 3H+n+n. Áûëî ïðåäñêàçàíî, ÷òî îñíîâíîå ñî-
ñòîÿíèå ñèñòåìû 5H íàõîäèòñÿ ïðèìåðíî â 3 MeV íàä ïîðîãîì 3H+n+n.
Ïîçäíåå, ïîÿâëåíèå íîâûõ (è ïðîòèâîðå÷èâûõ) ýêñïåðèìåíòàëüíûõ äàí-
íûõ ñòèìóëèðîâàëî íàñ îïÿòü îáðàòèòüñÿ ê ýòîìó âîïðîñó [10, 11]. Â ðà-
áîòå [10] îáñóæäàþòñÿ îáùèå âîïðîñû èññëåäîâàíèÿ øèðîêèõ ñîñòîÿíèé.
Íàìè áûëà ïîêàçàíà êà÷åñòâåííàÿ ðàçíèöà ìåæäó øèðîêèìè ñîñòîÿíèÿ-
ìè â äâóõ÷àñòè÷íîì êîíòèíóóìå è â êîíòèíóóìå íåñêîëüêèõ òåë. Ðàáîòà
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[11] öåëèêîì ïîñâÿùåíà îáñóæäåíèþ ïðîòèâîðå÷èé â ðàçëè÷íûõ ýêñïåðè-
ìåíòàõ ïî 5H. (II) Ñèñòåìà 4n (�òåòðàíåéòðîí�) èçó÷àëàñü â ðàáîòå [9] â
ðàìêàõ ÷åòûðåõòåëüíîãî ãèïåðñôåðè÷åñêîãî ïîäõîäà. Áûëî ïîêàçàíî, ÷òî
4n íå ìîæåò áûòü ñâÿçàííûì èëè äàæå óçêèì êâàçèñòàöèîíàðíûì ñîñòî-
ÿíèåì. Íåñìîòðÿ íà ýòî, ìû ïðèøëè ê çàêëþ÷åíèþ, ÷òî ýôôåêò âçàè-
ìîäåéñòâèÿ â êîíå÷íîì ñîñòîÿíèè (ÂÊÑ) ìîæåò áûòü íàáëþäàåìûì ïðè
ïîäõîäÿùåì âûáîðå ðåàêöèè êàê ñðàâíèòåëüíî íèçêîýíåðãåòè÷åñêèé ïèê
â ñïåêòðå îòñóòñòâóþùåé ìàññû ñèñòåìû 4n.

6. �Âîçáóæä¼ííîå ñîñòîÿíèå� òðèòèÿ. Â ýêñïåðèìåíòàëüíîé ðàáîòå [D.V.
Aleksandrov et al., JETP Lett. 59 (1994) 320] â ðåàêöèè 6He(p,α)3H áûë
ïîëó÷åí øèðîêèé ïèê â ñïåêòðå îòñóòñòâóþùåé ìàññû ñèñòåìû 3H ïðÿ-
ìî íàä d-n ïîðîãîì ðàçâàëà. Îí áûë èíòåðïðåòèðîâàí êàê ñâèäåòåëüñòâî
ñóùåñòâîâàíèÿ âîçáóæäåííîãî ñîñòîÿíèÿ 3H. Ñóùåñòâîâàíèå ïèêà áûëî
ïîäòâåðæäåíî â ðàáîòå [8]. Îäíàêî â ýòîé ðàáîòå áûëî ïðîäåìîíñòðèðîâà-
íî, ÷òî äàííûé ïèê â ñïåêòðå îòñóòñòâóþùåé ìàññû ìîæåò áûòü ñâÿçàí
íå ñ ïðèòÿæåíèåì â êàíàëå d-n, à ñ îòòàëêèâàþùèì ÂÊÑ â êàíàëàõ d-α è
n-α ïðè óñëîâèè îãðàíè÷åííîé (è âåñüìà íåáîëüøîé) ïîëíîé ýíåðãèè, äî-
ñòóïíîé äëÿ âñåõ ïðîäóêòîâ ðåàêöèè â ýêñïåðèìåíòàõ [D.V. Aleksandrov
et al., JETP Lett. 59 (1994) 320] è [8].

7. Òð¼õ÷àñòè÷íîå âèðòóàëüíîå ñîñòîÿíèå â 10He. Â ïîñëåäíèå ãîäû â
ëèòåðàòóðå ìíîãî âíèìàíèÿ óäåëÿëîñü òàê íàçûâàåìûì åôèìîâñêèì ñî-
ñòîÿíèÿì. Ôîðìîé äèíàìèêè, îòâå÷àþùåé íåñêîëüêî íåäîñâÿçàííûì åôè-
ìîâñêèì ñîñòîÿíèÿì, äîëæíû áûòü òð¼õ÷àñòè÷íûå âèðòóàëüíûå ñîñòîÿ-
íèÿ. Ïîêà íåò ïîëíîãî ñîãëàñèÿ ìåæäó òåîðåòèêàìè îá îæèäàåìûõ ñâîé-
ñòâàõ òàêèõ îáúåêòîâ. Â ðàáîòå [23] áûë ïðåäëîæåí ìåòîä òåîðåòè÷åñêî-
ãî èññëåäîâàíèÿ òð¼õ÷àñòè÷íûõ âèðòóàëüíûõ ñîñòîÿíèé è ðàññìîòðåí âî-
ïðîñ î âîçìîæíûõ íàáëþäàåìûõ ñâîéñòâàõ ãèïîòåòè÷åñêîãî òð¼õ÷àñòè÷-
íîãî âèðòóàëüíîãî ñîñòîÿíèÿ â 10He. Ïîñëåäíèå ýêñïåðèìåíòàëüíûå äàí-
íûå [26] ïîäòâåðæäàþò çàêëþ÷åíèÿ, ïîëó÷åííûå â [23] îòíîñèòåëüíî ïåð-
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âîãî ðåçîíàíñíîãî ñîñòîÿíèÿ â 10He, îäíàêî îñòàâëÿþò âîïðîñ î âèðòóàëü-
íûõ ñîñòîÿíèÿõ â çíà÷èòåëüíîé ñòåïåíè îòêðûòûì.

8. Ïðîòîííîå ãàëî â 17Ne. Ìÿãêàÿ äèïîëüíàÿ ìîäà â 17Ne. Öèêë ðà-
áîò [6, 14, 15, 18, 19, 20] â òîé èëè èíîé ñòåïåíè çàòðàãèâàåò ñâîéñòâà
ÿäðà 17Ne. Â ýòîé ñèñòåìå îêàçàëñÿ ñêîíöåíòðèðîâàí öåëûé �áóêåò� èíòå-
ðåñíûõ äèíàìè÷åñêèõ ñâîéñòâ: ñèëüíîå s-d ñìåøèâàíèå è, ñîîòâåòñòâåííî,
òð¼õ÷àñòè÷íûé ìåõàíèçì ÒÝÑ, âîçìîæíîñòü ñóùåñòâîâàíèÿ ïðîòîííîãî
ãàëî, à òàêæå, èñòèííî äâóõïðîòîííûé ðàñïàä ïåðâîãî âîçáóæä¼ííîãî ñî-
ñòîÿíèÿ, î÷åíü âàæíûé äëÿ àñòðîôèçèêè. Âîçìîæíîñòü ñóùåñòâîâàíèÿ
ìÿãêîé äèïîëüíîé ìîäû â ÿäðàõ âáëèçè ïðîòîííîé ãðàíèöû ñòàáèëüíîñòè
áûëà âïåðâûå ïðåäñêàçàíà â ðàáîòå [18].

9. Àíàëèç êîððåëÿöèé èç ðàñïàäà âûñòðîåííîãî 5H. Â ýêñïåðèìåí-
òàëüíîé ðàáîòå [13, 16] ñèñòåìà 5H èññëåäîâàëàñü ïîñðåäñòâîì ðåàêöèè
ïåðåäà÷è äâóõ íåéòðîíîâ 3Í(t, p)5Í íà ïåðâè÷íîì ïó÷êå òðèòîíîâ ñ ýíåð-
ãèåé 57.7 ÌýÂ ñ èñïîëüçîâàíèåì æèäêîé òðèòèåâîé ìèøåíè. Áûëà âîñ-
ñòàíîâëåíà ïîëíàÿ êèíåìàòè÷åñêàÿ êàðòèíà ðåàêöèè; ñïåêòð ýíåðãèè 5Í
è êîððåëÿöèîííûå ñïåêòðû äëÿ ïðîäóêòîâ åãî ðàñïàäà ïîëó÷åíû èç ðåãè-
ñòðàöèè òðîéíûõ p-t-n è ÷åòâåðíûõ p-t-n-n ñîâïàäåíèé. Áûë ðàçâèò òåî-
ðåòè÷åñêèé ôîðìàëèçì äëÿ àíàëèçà êîððåëÿöèîííûõ ýêñïåðèìåíòàëüíûõ
äàííûõ ïîëó÷àåìûõ èç ðàñïàäîâ âûñòðîåííûõ òð¼õ÷àñòè÷íûõ ñèñòåì ñî
ñïèíîì, à òàêæå ìåòîäèêà êîððåêòíîãî ââåäåíèÿ ïîïðàâîê íà ýôôåêòèâ-
íîñòü ðåãèñòðàöèè, ñ ïîëíîöåííûì ó÷¼òîì êîððåëÿöèîííîé êàðòèíû ðàñ-
ïàäà èçó÷àåìîé ñèñòåìû. Ðåçóëüòàòû àíàëèçà ýêñïåðèìåíòàëüíûõ äàííûõ
áûëè ïðåäñòàâëåíû â êîìïàêòíîì àíàëèòè÷åñêîì âèäå, íå òðåáóþùåì ïðè
äàëüíåéøåì �èñïîëüçîâàíèè� (íàïðèìåð, ïðè ñðàâíåíèè ñ òåîðèåé) çíàíèÿ
îñîáåííîñòåé ýêñïåðèìåíòàëüíîé óñòàíîâêè. Íà îñíîâå àíàëèçà èíòåðôå-
ðåíöèîííîé êàðòèíû áûëî óñòàíîâëåíî, ÷òî â ýòîé ðåàêöèè çàñåëÿåòñÿ â
îñíîâíîì íèçêîëåæàùèé äóáëåò 5/2+-3/2+; ïîëîæåíèå îñíîâíîãî 1/2+ ñî-
ñòîÿíèÿ 5Í áûëî íàä¼æíî óñòàíîâëåíî êàê ∼ 1.8 ÌýÂ.
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Ðèñ. 5: Ãðàíèöà ÿäåðíîé ñòàáèëüíîñòè âáëèçè ëåã÷àéøèõ �òî÷åê îæèäàíèÿ�
rp-ïðîöåññà, êîòîðûìè ÿâëÿþòñÿ ÿäðà 15O è 18Ne. �Îæèäàíèå� çäåñü ñâÿçàíî
ñ áîëüøèì (äëÿ ãðàíèöû ñòàáèëüíîñòè) âðåìåíåì æèçíè ýòèõ ñèñòåì îòíîñè-
òåëüíî β-ðàñïàäà (122 è 1.67 ñåê. ñîîòâåòñòâåííî). Óñêîðåííûé âûõîä èç òî÷åê
îæèäàíèÿ âîçìîæåí ïîñðåäñòâîì α-çàõâàòà èëè ïîñðåäñòâîì 2p ïðîöåññà.

Ñåäüìàÿ ãëàâà.Èçó÷åíèå äâóõïðîòîííîé ðàäèîàêòèâíîñòè, âîçìîæíî, èìå-
åò ïðèêëàäíîå çíà÷åíèå äëÿ ÿäåðíîé àñòðîôèçèêè. Çäåñü ðå÷ü èä¼ò î ïðîöåññàõ
äâóõïðîòîííîãî ðàäèàöèîííîãî çàõâàòà (ê ýòîìó æå êëàññó îòíîñÿòñÿ ðåàêöèè
ñèíòåçà ñ ó÷àñòèåì äâóõ α-÷àñòèö). Î÷åâèäíî, ÷òî òàêèå ïðîöåññû ìîãóò èãðàòü
ðîëü òîëüêî ïðè èñêëþ÷èòåëüíî âûñîêèõ ïëîòíîñòÿõ è òåìïåðàòóðàõ. Ïðèìåð
òàêîãî àñòðîôèçè÷åñêîãî îêðóæåíèÿ � ýòî èñòî÷íèêè γ-âñïëåñêîâ, ñâÿçûâàå-
ìûå ñî âçðûâíûì ãîðåíèåì àêêðåöèîííîãî âîäîðîäà íà ïîâåðõíîñòè íåéòðîí-
íûõ çâ¼çä.

Òð¼õ÷àñòè÷íûé ðàäèàöèîííûé çàõâàò ÿâëÿåòñÿ âåñüìà ìàëîâåðîÿòíûì ïðî-
öåññîì. Îäíàêî åãî âàæíîñòü ðåçêî âîçðàñòàåò, åñëè ïîñëåäîâàòåëüíîñòü îáû÷-
íûõ äâóõ÷àñòè÷íûõ ðàäèàöèîííûõ çàõâàòîâ ÷åðåç îñíîâíîå ñîñòîÿíèå ïðîìå-
æóòî÷íîé ñèñòåìû ñòàíîâèòñÿ íåâîçìîæíîé. À èìåííî, åñëè ÿäåðíî-ñòàáèëüíûõ
ñîñòîÿíèé ïðîìåæóòî÷íàÿ ñèñòåìà íå èìååò. Òàêàÿ ñèòóàöèÿ íåðåäêà âäîëü ãðà-
íèöû ñòàáèëüíîñòè; ôðàãìåíò êàðòû èçîòîïîâ â îêðåñòíîñòÿõ 17Ne, èëëþñòðè-
ðóþùèé ýòó ñèòóàöèþ, ïîêàçàí íà Ðèñ. 5. Â ýòîì ñëó÷àå òð¼õ÷àñòè÷íûé ðàäèà-
öèîííûé çàõâàò ìîæåò èäòè ïîñëåäîâàòåëüíî ÷åðåç ïðîìåæóòî÷íûå ðåçîíàíñû
èëè ïðÿìî èç òð¼õ÷àñòè÷íîãî êîíòèíóóìà, ñì. Ðèñ. 6. Ïðÿìîé òð¼õ÷àñòè÷íûé
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Ðèñ. 6: Ìåõàíèçìû òð¼õ÷àñòè÷íîãî ðàäèàöèîííîãî çàõâàòà â àñòðîôèçè÷åñêèõ
ïðîöåññàõ. Ýíåðãåòè÷åñêîå ðàñïðåäåëåíèå èíäèâèäóàëüíûõ ïðîòîíîâ îïèñûâà-
åòñÿ Áîëüöìàíîâñêèì ðàñïðåäåëåíèåì, ïðîèëëþñòðèðîâàííûì â ëåâîé ÷àñòè
ðèñóíêà.

çàõâàò ÿâëÿåòñÿ îáðàòíûì ïðîöåññîì äëÿ èñòèííî òð¼õ÷àñòè÷íûõ ðàñïàäîâ.
Ðàçâèâàÿ íåîáõîäèìûé ôîðìàëèçì, ìû ïðèõîäèì ê âûâîäó, ÷òî ñóùåñòâóþò

ñèòóàöèè, êîãäà îáùåïðèíÿòûå ìåòîäû ðàñ÷¼òà (êâàçèêëàññè÷åñêèå ïî ñóòè)
òð¼õ÷àñòè÷íûõ çàõâàòîâ (êàê ðåçîíàíñíûõ, òàê è íåðåçîíàíñíûõ) äëÿ àñòðî-
ôèçèêè äàþò ñáîé, è íóæíû áîëåå àêêóðàòíûå êâàíòîâîìåõàíè÷åñêèå ìåòîäû
ðàñ÷¼òà. Íà ïðèìåðå 2p-çàõâàòà íà 15O ìû ïîêàçûâàåì, ÷òî ïðèìåíåíèå òàêèõ
ìåòîäîâ ìîæåò ïðèâåñòè ê ïåðåñìîòðó õàðàêòåðà ïðîòåêàíèÿ âàæíûõ àñòðîôè-
çè÷åñêèõ ïðîöåññîâ. Ïðè ýòîì òðåáóåòñÿ íàä¼æíîå çíàíèå õàðàêòåðèñòèê äâóõ-
ïðîòîííûõ ïðîöåññîâ, êàê ðåçîíàíñíûõ, òàê è íåðåçîíàíñíûõ, â íåïðåðûâíîì
ñïåêòðå.
Âîñüìàÿ ãëàâà ñîäåðæèò êðàòêîå çàêëþ÷åíèå è äàëåå èñïîëüçóåòñÿ àâòî-
ðîì äëÿ âûðàæåíèÿ áëàãîäàðíîñòè êîëëåãàì è ñîàâòîðàì.
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