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I. ÂÑÒÓÏ

� áåçëi÷ ôiçè÷íèõ çàäà÷, äëÿ ÿêèõ çíàííÿ ñïåêòðà
íåéòðîíiâ êëþ÷îâå. Íàïðèêëàä, ó ôiçèöi ÿäåðíèõ ðå-
àêòîðiâ � äëÿ âäîñêîíàëåííÿ òà ðîçðîáêè íîâèõ ìîäå-
ëåé ðåàêòîðiâ, âèâ÷åííÿ ðiçíîìàíiòíèõ àâàðiéíèõ ðå-
æèìiâ ðîáîòè ðåàêòîðiâ [1�7].
Îñîáëèâî öiêàâîþ, íà íàøó äóìêó, ¹ ðîçðîáêà òàê

çâàíèõ õâèëüîâèõ ÿäåðíèõ ðåàêòîðiâ [8�11]. Ó íèõ ðå-
àêöi¨ ïîäiëó âiäáóâàþòüñÿ íå â óñüîìó îá'¹ìi îäíî-
÷àñíî, ÿê ó òðàäèöiéíîìó ðåàêòîði, à ëèøå â äåÿêî-
ìó òîíêîìó øàði, ÿêèé ïîâiëüíî ïðîñóâà¹òüñÿ âçäîâæ
àêòèâíî¨ çîíè. Íàéãîëîâíiøîþ éîãî ïåðåâàãîþ ¹ òå,
ùî âií íå âèìàãà¹ àêòèâíèõ äié îïåðàòîðà, àäæå
øâèäêiñòü ïîøèðåííÿ ðåàêöi¨ çàëåæèòü òiëüêè âiä
ñêëàäó òà õàðàêòåðèñòèê ðå÷îâèíè ðåàêòîðà. Î÷iêó¹-
òüñÿ òàêîæ, ùî òàêi ðåàêòîðè çìîæóòü ïðàöþâàòè íà
ñóòò¹âî iíøîìó ñêëàäi ïàëèâà, çîêðåìà íà íåçáàãà÷å-
íîìó (ïðèðîäíîìó) óðàíi.
Îêðiì òîãî, ãóñòèíà âèäiëåííÿ åíåð i¨, ïîòîêè íåé-

òðîíiâ òà ãëèáèíà âèãîðÿííÿ â òàêèõ ðåàêòîðàõ ïðî-
ãíîçóþòüñÿ òàêîæ iñòîòíî âiäìiííèìè [12].
Äëÿ âèâ÷åííÿ òàêèõ ðåæèìiâ ÿäåðíîãî ãîðiííÿ i íà-

âiòü äëÿ âèçíà÷åííÿ ñàìî¨ ìîæëèâîñòi ¨õ iñíóâàííÿ
íåîáõiäíî çíàòè ôîðìó íåéòðîííîãî ñïåêòðà.
Çàçâè÷àé ó ôiçèöi ÿäåðíèõ ðåàêòîðiâ âèêîðèñòîâó-

þòü ñïåêòð íåéòðîíiâ, ñêëàäåíèé çi ñïåêòðà Ìàêñâåë-
ëà â òåïëîâié äiëÿíöi, ñïåêòðà ïîäiëó â äiëÿíöi øâèä-
êèõ íåéòðîíiâ òà ñïåêòðà Ôåðìi�Âi íåðà â ïðîìiæíié
äiëÿíöi. Äëÿ çøèâàííÿ öèõ ñïåêòðiâ âèêîðèñòîâóþòü
äåÿêi åìïiðè÷íi êîåôiöi¹íòè [1�7]. Ïðè öüîìó äëÿ ðîç-
ïîäiëó Ìàêñâåëëà â äiëÿíöi ìàëèõ åíåð ié ó ðîëi ïà-
ðàìåòðà âèêîðèñòîâóþòü òàê çâàíó �òåìïåðàòóðó íåé-
òðîííîãî ãàçó�, ÿêà íå çáiãà¹òüñÿ ç òåìïåðàòóðîþ ñå-
ðåäîâèùà, àëå ïîâ'ÿçàíà ç íåþ ïåâíîþ åìïiðè÷íîþ
ôîðìóëîþ.

À ñàìó öþ ôîðìóëó ïåðåðàõóíêó, çãiäíî ç [1], îòðè-
ìàíó ÷èñåëüíîþ àïðîêñèìàöi¹þ åêñïåðèìåíòàëüíèõ
ñïåêòðiâ äåêiëüêîõ òåïëîâèõ ÿäåðíèõ ðåàêòîðiâ ðiçíî-
ãî òèïó, íàÿâíèõ íà òîé ìîìåíò, i äîñi øèðîêî âèêî-
ðèñòîâóþòü ó ôiçèöi ÿäåðíèõ ðåàêòîðiâ [6, 7].
Âiäñóòíiñòü ïîâíîöiííî¨ àíàëiòè÷íî¨ òåîði¨ âïîâiëü-

íåííÿ íåéòðîíiâ ïåðåäóñiì ñòâîðþ¹ ïðîáëåìè ïiä ÷àñ
äîñëiäæåííÿ àâàðiéíèõ ðåæèìiâ íà ÿäåðíèõ ðåàêòî-
ðàõ òà ïiä ÷àñ ðîçðîáêè ôiçèêè ðåàêòîðiâ íîâîãî ïî-
êîëiííÿ, íàïðèêëàä, õâèëüîâèõ ÿäåðíèõ ðåàêòîðiâ [12,
13], iìïóëüñíèõ ðåàêòîðiâ, ðåàêòîðiâ-ðîçìíîæóâà÷iâ
íåéòðîíiâ (áóñòåðiâ), ïiäêðèòè÷íèõ çáiðîê [14�16], à
òàêîæ ïðèðîäíèõ ÿäåðíèõ ðåàêòîðiâ, çîêðåìà ãåîðå-
àêòîðà [17].
Òðîõè âiäìiííèé ïiäõiä îáðàíî â ñòàòòÿõ [18, 19], äå

ðîçãëÿäà¹òüñÿ òåîðiÿ âïîâiëüíåííÿ íåéòðîíiâ ç óðàõó-
âàííÿì òåìïåðàòóðè ñåðåäîâèùà-âïîâiëüíþâà÷à.
Î÷åâèäíî, ùî ðåàêòîðíå (ïàëèâíå) ñåðåäîâèùå ïiä

÷àñ ðîáîòè ðåàêòîðà ïåðåáóâà¹ â íåðiâíîâàæíîìó òåð-
ìîäèíàìi÷íîìó ñòàíi, îñêiëüêè ïðîöåñè ïîäiëó ñó-
ïðîâîäæóþòüñÿ âèäiëåííÿì âåëèêî¨ êiëüêîñòi åíåð i¨,
íåéòðîíiâ òà iíøèõ ÷àñòèíîê, çìiíàìè â íóêëiäíîìó
ñêëàäi, òåïëîïåðåíåñåííi, äèíàìiöi ðàäiàöiéíèõ äåôå-
êòiâ, ÿêi ïðèçâîäÿòü äî çìiíè ãåîìåòðè÷íèõ ïàðàìå-
òðiâ ñåðåäîâèùà òà íàâiòü äî éîãî ðóéíóâàííÿ.
Òàêi ñèñòåìè ïîòðiáíî îïèñóâàòè â ìåæàõ íåëiíié-

íî¨ íåðiâíîâàæíî¨ òåðìîäèíàìiêè âiäêðèòèõ ôiçè÷íèõ
ñèñòåì, i â íèõ ìîæóòü áóòè íåðiâíîâàæíi ñòàöiîíàðíi
ñòàíè, ÿêi çàäîâîëüíÿþòü êðèòåðié Ïðèãîæèíà: ìiíi-
ìóì âèðîáíèöòâà åíòðîïi¨ [20�22].
Òîìó â ðîáîòàõ [18, 19] âèîêðåìëþþòü äâi òåðìîäè-

íàìi÷íi ïiäñèñòåìè: ïiäñèñòåìó âïîâiëüíþâàíèõ íåé-
òðîíiâ òà ïiäñèñòåìó ÿäåð âïîâiëüíþâà÷à. Îáèäâi âî-
íè ¹ âiäêðèòèìè ôiçè÷íèìè ñèñòåìàìè, ÿêi âçà¹ìî-
äiþòü, îäíàê ïðèéìà¹ìî ñïðîùóâàëüíå ïðèïóùåííÿ
ïðî òå, ùî ïiäñèñòåìà ÿäåð óïîâiëüíþâà÷à ÷åðåç ñâîþ
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iíåðöiéíiñòü äî çáóðåíü ïåðåáóâà¹ â ñòàíi, áëèçüêîìó
äî ñâîãî ðiâíîâàæíîãî. Òîìó, íåõòóþ÷è âïëèâîì íà
íå¨ ïiäñèñòåìè íåéòðîíiâ, ââàæàþòü, ùî âîíà â òåð-
ìîäèíàìi÷íié ðiâíîâàçi. Öå ïðèïóùåííÿ äîçâîëÿ¹ ââå-
ñòè â òåîðåòè÷íó ìîäåëü òåìïåðàòóðó âïîâiëüíþâàëü-
íîãî ñåðåäîâèùà é îïèñóâàòè ðîçïîäië åíåð ié êiíå-
òè÷íîãî ðóõó ÿäåð ðîçïîäiëîì Ìàêñâåëëà. Ïiäñèñòå-
ìó æ óïîâiëüíþâàíèõ íåéòðîíiâ ðîçãëÿäàþòü ÿê íå-
ðiâíîâàæíó i òåìïåðàòóðó äëÿ íå¨ íå ââîäÿòü. Ïðî-
òå ââàæàþòü, ùî âîíà çà êîðîòêèé ÷àñ ïåðåõîäèòü
ó íåðiâíîâàæíî-ñòàöiîíàðíèé ñòàí, äëÿ ÿêîãî ìîæíà
íàïèñàòè ñòàöiîíàðíå áàëàíñîâå ðiâíÿííÿ äëÿ âïî-
âiëüíþâàíèõ íåéòðîíiâ (àíàëîãi÷íå äî áàëàíñîâîãî
ðiâíÿííÿ äëÿ íåéòðîíiâ ó òåîði¨ Ôåðìi�Âi íåðà), àíà-
ëiòè÷íèé ðîçâ'ÿçîê ÿêîãî é áóäå ñïåêòðîì óïîâiëüíþ-
âàíèõ íåéòðîíiâ.
Àëå öiêàâî çðîáèòè îöiíêó ÷àñó, çà ÿêèé ïiäñèñòå-

ìà íåéòðîíiâ ïåðåõîäèòü äî ñòàöiîíàðíîãî ñòàíó çà
ðiçíèõ óìîâ. Îñîáëèâî ó çàäà÷àõ, ÿêi ïåðåäáà÷àþòü,
íàïðèêëàä, çíà÷íó çìiíó ïàðàìåòðiâ ðåàêòîðíîãî ïà-
ëèâà ç ÷àñîì (òåìïåðàòóðè, õiìi÷íîãî òà içîòîïíîãî
ñêëàäó i ò.ií.). ßê ïîêàçàíî â [23, 24], ðiâíÿííÿ òå-
ïëîïðîâiäíîñòi â óðàí-ïëóòîíi¹âîìó ïîäiëüíîìó ñåðå-
äîâèùi äîïóñêà¹ âèíèêíåííÿ òàê çâàíèõ �ðåæèìiâ iç
çàãîñòðåííÿì�, ÿêùî âîíè ìiñòÿòü äæåðåëî åíåð i¨ çi
ñòåïåíåâîþ çàëåæíiñòþ âiä òåìïåðàòóðè. Ðîçðàõóíîê
ïîêàçíèêà òàêî¨ çàëåæíîñòi ñïèðà¹òüñÿ íà ïåðåðiçè
ÿäåðíèõ ðåàêöié, óñåðåäíåíi çà ñïåêòðîì íåéòðîíiâ.
Òîìó, î÷åâèäíî, öiëêîì çàëåæàòèìå âiä íüîãî.
Ôîðìà íåéòðîííîãî ñïåêòðà òàêîæ íàáóâà¹ âåëèêî-

ãî çíà÷åííÿ â ìåäè÷íèõ çàñòîñóâàííÿõ, îñîáëèâî âðà-
õîâóþ÷è äåäàëi áiëüøå çàöiêàâëåííÿ òàêèìè ìåòîäà-
ìè, ÿê áîðíà íåéòðîí-çàõîïëþâàëüíà òåðàïiÿ (boron
neutron capture therapy, BNCT) [25�27].
Ó íàøié ðîáîòi çà äîïîìîãîþ ìîäåëþâàííÿ ìåòîäîì

Ìîíòå-Êàðëî ç âèêîðèñòàííÿì áiáëiîòåêè GEANT4
äîñëiäæåíî ïðîöåñ êiíåòèêè âïîâiëüíþâàíèõ íåéòðî-
íiâ i ÷àñîâó åâîëþöiþ íåéòðîííèõ ñïåêòðiâ òà ¨õíiõ
ñòàòèñòè÷íèõ ïàðàìåòðiâ.

II. ÐÎÇÐÀÕÓÍÎÊ ÅÂÎËÞÖI� ÑÏÅÊÒÐÀ

Äëÿ ìîäåëþâàííÿ ñïåêòðiâ óïîâiëüíþâàíèõ íåé-
òðîíiâ ìè ñêîðèñòàëèñÿ ìåòîäîì, îïèñàíèì ó [28]. Âií
ïîëÿãà¹ â òîìó, ùî ÿêùî çìîäåëþâàòè âèïóùåííÿ ç
äæåðåëà ïåðâèííèõ ÷àñòèíîê iç íàïåðåä çàäàíèì ïî-
÷àòêîâèì ñïåêòðîì, à ïîòiì ìåòîäîì Ìîíòå-Êàðëî
ðîçiãðàòè ¨õíþ ïîäàëüøó äîëþ, òî ìîæíà îòðèìàòè
�çíiìêè� ñïåêòðà ÷åðåç ïåâíi ïðîìiæêè ÷àñó (ðèñ. 1).
Àíàëiçóþ÷è ðiçíèöþ ìiæ öèìè çíiìêàìè, ìîæíà áó-
äå ãîâîðèòè ïðî åâîëþöiþ ñïåêòðà íåéòðîíiâ ó öüîìó
ñåðåäîâèùi.
Îêðiì òîãî, ÿêùî â ñèñòåìi ¹ äæåðåëî íåéòðîíiâ, òî

î÷åâèäíî, ùî â íié ìiñòèòèìóòüñÿ îäíî÷àñíî íåéòðî-
íè áàãàòüîõ ðiçíèõ ïîêîëiíü: òi, ÿêi ùîéíî íàðîäèëèñÿ
(ìàþòü ïî÷àòêîâèé ñïåêòð, õàðàêòåðíèé äëÿ äæåðå-
ëà íåéòðîíiâ), òi, ÿêi ùîéíî ïî÷àëè âïîâiëüíþâàòèñü,
à òàêîæ òi, ùî âæå âïîâiëüíèëèñÿ äî òåïëîâèõ åíåð-
 ié. Òîìó âñi âîíè ðîáèòèìóòü ñâié âíåñîê ó ïîâíèé

ñïåêòð íåéòðîíiâ ó òàêié ñèñòåìi. I ÿêùî íàì áóäå âi-
äîìà ôîðìà ñïåêòðà ÷åðåç ðiâíi (àáî çàãàëîì áóäü-ÿêi
îáðàíi) ïðîìiæêè ÷àñó, òî çà ñòàëîãî äæåðåëà íåé-
òðîíiâ óðåøòi-ðåøò óñòàíîâèòüñÿ äåÿêèé ñòàöiîíàð-
íèé ñïåêòð íåéòðîíiâ, ÿêèé ìè ìîæåìî ñêëàñòè ç öèõ
ïðîìiæíèõ çíiìêiâ ñïåêòðà.

Ðèñ. 1. Ñõåìàòè÷íå çîáðàæåííÿ ìîäåëþâàííÿ âèïàäêîâèõ
êðîêiâ ÷àñòèíêè â ìåæàõ ìåòîäó Ìîíòå-Êàðëî (âñòàâêà),
à òàêîæ �çíiìêè� ñïåêòðà íåéòðîíiâ ó ðiçíi ìîìåíòè ÷àñó

ïiä ÷àñ óïîâiëüíåííÿ íåéòðîíiâ
Fig. 1. A sketch of the random steps simulation for a parti-
cle within the Monte Carlo method (the inset), and the
�snapshots� of the neutron spectrum at various times during

moderation

Àëå ¹ îäíå óñêëàäíåííÿ. GEANT4, ÿê i áàãàòî êî-
äiâ Ìîíòå-Êàðëî, ìîäåëþþòü ÷àñòèíêè ïî ÷åðçi (îäíà
çà îäíîþ). Òîáòî êîæíà ðîçiãðàíà â ìåæàõ ìåòî-
äó Ìîíòå-Êàðëî ïî÷àòêîâà ÷àñòèíêà �ïðîæèâà¹� ñâî¹
æèòòÿ, íi÷îãî íå çíàþ÷è ïðî âñi iíøi � òàê, íiáè âîíà
ëèøå îäíà. Òàêà ÷àñòèíêà ïiñëÿ ïîÿâè ïîòðàïëÿ¹ ó
ðå÷îâèíó é äàëi ñïîðàäè÷íî âçà¹ìîäi¹ ç öi¹þ ðå÷îâè-
íîþ. �¨ êðîêè âèïàäêîâi (äèâ. âñòàâêó íà ðèñ. 1), îò-
æå ¨õíÿ äîâæèíà òà ÷àñ çiòêíåííÿ ç ÿäðàìè ðå÷îâèíè-
âïîâiëüíþâà÷à òàêîæ íåïåðåäáà÷åíi. Òîìó íåìîæëèâî
îòðèìàòè iíôîðìàöiþ ïðî åíåð iþ òàêî¨ ìîäåëüîâàíî¨
÷àñòèíêè â äîâiëüíèé ìîìåíò ÷àñó � à ëèøå ó ìîìåíò
âèïàäêîâîãî çiòêíåííÿ.
Ó [28] öå óñêëàäíåííÿ îáõîäÿòü òàê. ×àñîâó øêàëó

âiä íóëÿ äî äåÿêîãî ãðàíè÷íîãî ÷àñó Tmax ðîçäiëÿþòü
íà âiäðiçêè � òàê çâàíi �÷àñîâi áiíè� � òà íà êîæíîìó
êðîöi ÷àñòèíêè îòðèìóþòü ¨¨ ïîòî÷íèé ÷àñ i ôiêñó-
þòü, äî ÿêîãî ÷àñîâîãî áiíà âîíà ïîòðàïëÿ¹. ßêùî â
òàêèé ñïîñiá íàêîïè÷èòè äîñòàòíüî áàãàòî ÷àñòèíîê,
òî çà ðàõóíîê âèïàäêîâîñòi âñiõ êðîêiâ òà íåçàëåæíî-
ñòi äîëi êîæíî¨ ìîäåëüîâàíî¨ ÷àñòèíêè âiä óñiõ ïîïå-
ðåäíiõ òà íàñòóïíèõ ìîæíà íàêîïè÷èòè ðîçïîäië òà-
êèõ ÷àñòèíîê çà åíåð iÿìè â êîæíîìó ÷àñîâîìó áiíi.
Ñàìå â òàêèé ñïîñiá ìè ïðîìîäåëþâàëè ïîÿâó ìîíî-

åíåð åòè÷íèõ íåéòðîíiâ (ç ïî÷àòêîâîþ åíåð i¹þ E0 =
3 ÌåÂ) òà ¨õ ïîñòóïîâå âïîâiëüíåííÿ â íåñêií÷åííîìó
îäíîðiäíîìó âïîâiëüíþâà÷i ç âîäíþ çà òåìïåðàòóðè
300 K. Ðåçóëüòàòè öèõ ðîçðàõóíêiâ ïîêàçàíî íà ðèñ. 2.
Íà íüîìó ðiçíèìè êîëüîðàìè ïîêàçàíî, ÿê çìiíþâàâñÿ
ñïåêòð íåéòðîíiâ iç ÷àñîì.
ßêùî â ðîçãëÿíóòié ñèñòåìi äæåðåëî íåéòðîíiâ äi¹

ïîñòiéíî çi ñòàëîþ ïîòóæíiñòþ, òî ïîêè îäíi íåéòðî-
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íè ñïîâiëüíþþòüñÿ, ó ñèñòåìi ç'ÿâëÿþòüñÿ íîâi ç âå-
ëèêèìè åíåð iÿìè. Âiäïîâiäíî, ñòàöiîíàðíèé ñïåêòð
íåéòðîíiâ ñêëàäà¹òüñÿ ç óñiõ öèõ ñïåêòðiâ ç óðàõóâà-
ííÿì øèðèíè ÷àñîâîãî áiíà [28]. Ó öüîìó ðàçi ñóìàð-
íèé ñïåêòð äóæå äîáðå óçãîäæó¹òüñÿ ç âiäîìîþ ôîð-
ìîþ íåéòðîííîãî ñïåêòðà â òåïëîâèõ ðåàêòîðàõ (äèâ.
âñòàâêó íà ðèñ. 2). Ñóòò¹âà ðiçíèöÿ ¹ òiëüêè â äiëÿíöi
øâèäêèõ íåéòðîíiâ, àëå öå íå äèâíî, îñêiëüêè ìè çà-
äàâàëè íà ïî÷àòêó ìîíîåíåð åòè÷íèé ñïåêòð íåéòðî-
íiâ, à ó [6] ðîçãëÿäà¹òüñÿ ïî÷àòêîâèé ñïåêòð ïîäiëó.
Ïîðiâíÿííÿ öèõ ñïåêòðiâ âàæëèâå äëÿ íàñ òèì, ùî äå-
ìîíñòðó¹ êîðåêòíiñòü ñêëàäåíîãî àë îðèòìó ïîáóäîâè
íåðiâíîâàæíèõ ñïåêòðiâ íåéòðîíiâ ó GEANT4.
Íà âiäìiíó âiä [28], äå ãîëîâíå çàâäàííÿ � îòðèìàòè

ñòàöiîíàðíi ñïåêòðè, îäíàê ðåçóëüòàòè îäåðæàëè ëè-
øå äëÿ âîäíþ, ó öié ðîáîòi ìè äîêëàäíî äîñëiäæó¹ìî
ñàìå ÷àñîâó åâîëþöiþ íåéòðîííîãî ñïåêòðà, äî òîãî
æ ó ðiçíèõ ìàòåðiàëàõ.
Âèêîðèñòîâóþ÷è äîñâiä [28], ùîá îõîïèòè ÿêîìîãà

áiëüøèé ÷àñîâèé ìàñøòàá çi çáåðåæåííÿì íåîáõiäíî¨
äåòàëiçàöi¨, äëÿ íàøèõ ðîçðàõóíêiâ ìè îäðàçó îáðàëè
ëîãàðèôìi÷íi ÷àñîâi áiíè. Ç ëiíiéíîþ øêàëîþ ÷àñó áó-
ëî á äóæå âàæêî äåòàëüíî ïðîñòåæèòè çà ðîçïîäiëîì
íåéòðîíiâ ó ïî÷àòêîâèõ ÷àñîâèõ áiíàõ (ðèñ. 3,à).
Íà ðèñ. 3 íàâåäåíî ðåçóëüòàòè òèõ ñàìèõ ðîçðàõóí-

êiâ, ùî é íà ðèñ. 2, àëå â iíøié ôîðìi. Ïî ãîðèçîí-
òàëi âiäêëàäåíî ÷àñ âiä ïîÿâè ïî÷àòêîâèõ íåéòðîíiâ
ó ñèñòåìi, ïî âåðòèêàëi � åíåð iþ íåéòðîíiâ, à êîëüî-
ðîì ïîêàçàíî êiëüêiñòü ÷àñòèíîê. Òîáòî ìîæíà óìîâ-
íî ñêàçàòè, ùî ñïåêòðè, çîáðàæåíi íà ðèñ. 2 ãîðèçîí-
òàëüíî, íà öüîìó ðèñóíêó ðîçòàøîâàíi âåðòèêàëüíî.
Âèêîðèñòàííÿ ëîãàðèôìi÷íèõ ÷àñîâèõ áiíiâ äîçâîëè-
ëî íàì îõîïèòè çíà÷íèé äiàïàçîí ÷àñîâèõ ìàñøòàáiâ,
òîìó äîöiëüíî ïîáóäóâàòè ÷àñîâó åâîëþöiþ ñïåêòðà
òàêîæ ó ëîãàðèôìi÷íîìó ìàñøòàái (ðèñ. 3,á).
ßê âèäíî íà ðèñ. 3,á, ïî÷àòêîâèé ñïåêòð ñïðàâäi áóâ

ìîíîåíåð åòè÷íèì (éîìó âiäïîâiäà¹ òîíêà íåïåðåðâíà
æîâòà ëiíiÿ, êîëè âñi íåéòðîíè áóëè â îäíîìó åíåð-
 åòè÷íîìó áiíi). Ïðèáëèçíî ç ìîìåíòó 10−9�10−8 c
ñïåêòð ïî÷èíà¹ ïîìiòíî çìiíþâàòèñü. Ïiñëÿ 10−8 c
âæå íå ëèøà¹òüñÿ ñëiäó âiä ïî÷àòêîâîãî ìîíîåíåð å-
òè÷íîãî ñïåêòðà. Äàëi ñïåêòð óïîðÿäêîâàíî çìiùó¹-
òüñÿ â áiê ìåíøèõ åíåð ié i ïðèáëèçíî â 10−5 ñ âñòà-
íîâëþ¹òüñÿ òà çà ôîðìîþ íàãàäó¹ ñïåêòð Ìàêñâåëëà
(ñòàí ðiâíîâàãè çi ñåðåäîâèùåì). Íàäàëi öåé ñïåêòð
ïîñòóïîâî çãàñà¹, àëå éîãî ôîðìà âæå íå çìiíþ¹òüñÿ.
Îñêiëüêè íàøà ïðîãðàìà ëåãêî äîçâîëÿ¹ çìiíþâà-

òè ñêëàä ðå÷îâèíè, ìè ïðîâåëè àíàëîãi÷íi ðîçðàõóí-
êè äëÿ äåÿêèõ iíøèõ ìàòåðiàëiâ (à ñàìå: C, Al, Fe).
Ðîçãëÿíåìî ¨õ äîêëàäíiøå.

Ðèñ. 2. Çìîäåëüîâàíà åâîëþöiÿ ñïåêòðà íåéòðîíiâ ó âîäíi çà òåìïåðàòóðè 300 Ê. Ïî÷àòêîâèé ñïåêòð áóâ ìîíîåíåð å-
òè÷íèì ç åíåð i¹þ E0 = 3 ÌåÂ. Æèðíèìè ëiíiÿìè ïîêàçàíi çíiìêè ñïåêòðà â ìîìåíòè ÷àñó, âêàçàíi íà ðèñóíêó. Íà
âñòàâöi äëÿ ïîðiâíÿííÿ ïîêàçàíî ôîðìó íåéòðîííîãî ñïåêòðà â òåïëîâèõ ÿäåðíèõ ðåàêòîðàõ, ÿêó òèïîâî íàâîäÿòü ó
ëiòåðàòóði [6]. Âiäìiííiñòü ó äiëÿíöi øâèäêèõ íåéòðîíiâ ïîÿñíþ¹ìî òèì, ùî íà âñòàâöi ïî÷àòêîâèì ñïåêòðîì íåéòðîíiâ

¹ ñïåêòð ïîäiëó, àëå çàðàç äëÿ íàøîãî ðîçãëÿäó öå íå ñóòò¹âî
Fig. 2. The simulated evolution of a neutron spectrum in hydrogen at temperature 300 K. The initial spectrum is monoenergetic
with energy E0 = 3 MeV. Thick lines show the spectrum snapshots taken at the times mentioned in the legend. The inset
shows the form of the neutron spectrum in thermal nuclear reactors which is typically found in literature [6]. The di�erence in
the fast neutrons area is due to the fact that the initial neutron spectrum used in the inset corresponds to the �ssion spectrum.

However, it is irrelevant to our current considerations

2201-3



Â. Ï. ÑÌÎËßÐ, A. O. ÌIË�ÂÀ, Â. Î. ÒÀÐÀÑÎÂ, Ã. Ã. ÍÅÁÎÃÀ, Â. Ä. ÐÓÑÎÂ

Ðèñ. 3. Çìîäåëüîâàíà åâîëþöiÿ ñïåêòðà íåéòðîíiâ ó âîäíi çà òåìïåðàòóðè 300 K. Â îáîõ âèïàäêàõ ïiä ÷àñ ðîçðàõóíêiâ
âèêîðèñòîâóâàëè ëîãàðèôìi÷íi ÷àñîâi áiíè, àëå íà ðèñ. (à) ïîêàçàíî ëiíiéíó øêàëó ÷àñó äëÿ ïîðiâíÿííÿ ç ëîãàðèôìi÷íîþ

(á). Ïî÷àòêîâèé ñïåêòð áóâ ìîíîåíåð åòè÷íèì ç åíåð i¹þ E0 = 3 ÌåÂ
Fig. 3. The simulated evolution of a neutron spectrum in hydrogen at temperature 300 K. We use the logarithmic time bins
for the calculations in both cases, but in (a) we plotted the graph in linear time to compare with the logarithmic time (b).

The initial spectrum is monoenergetic with energy E0 = 3 MeV

Ðèñ. 4. Çìîäåëüîâàíà åâîëþöiÿ ñïåêòðà íåéòðîíiâ ó âóãëåöi çà òåìïåðàòóðè 300 K. (à) Ïî÷àòêîâèé ñïåêòð � ìîíîåíåð-
 åòè÷íèé ç åíåð i¹þ E0 = 3 ÌåÂ. (á) Ïî÷àòêîâèé ñïåêòð ïîäiëó

Fig. 4. The simulated evolution of a neutron spectrum in carbon at temperature 300 K. (a) The initial spectrum is
monoenergetic with energy E0 = 3 MeV. (b) The initial �ssion spectrum

Ðèñ. 5. Çìîäåëüîâàíà åâîëþöiÿ ñïåêòðà íåéòðîíiâ â àëþìiíi¨ çà òåìïåðàòóðè 300 K. (à) Ïî÷àòêîâèé ñïåêòð � ìîíîåíåð-
 åòè÷íèé ç åíåð i¹þ E0 = 3 ÌåÂ. (á) Ïî÷àòêîâèé ñïåêòð ïîäiëó

Fig. 5. The simulated evolution of a neutron spectrum in aluminium at temperature 300 K. (a) The initial spectrum is
monoenergetic with energy E0 = 3 MeV. (b) The initial �ssion spectrum
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Ðèñ. 6. Çìîäåëüîâàíà åâîëþöiÿ ñïåêòðà íåéòðîíiâ ó çàëiçi çà òåìïåðàòóðè 300 K. (à) Ïî÷àòêîâèé ñïåêòð � ìîíîåíåð å-
òè÷íèé ç åíåð i¹þ E0 = 3 ÌåÂ. (á) Ïî÷àòêîâèé ñïåêòð ïîäiëó

Fig. 6. : The simulated evolution of a neutron spectrum in iron at temperature 300 K. (a) The initial spectrum is monoenergetic
with energy E0 = 3 MeV. (b) The initial �ssion spectrum

Åâîëþöiÿ ñïåêòðà ó âóãëåöi (ðèñ. 4,à) âiçóàëüíî âiä-
ðiçíÿ¹òüñÿ âiä åâîëþöi¨ ó âîäíi. Íà ïî÷àòêó ñïåêòð
òàêîæ áóâ ìîíîåíåð åòè÷íèé (ãîðèçîíòàëüíà æîâòà
ïðÿìà), à ïîòiì ïî÷èíà¹ çìiùóâàòèñü äî ìåíøèõ åíåð-
 ié, àëå òðîõè ïëàâíiøå, íiæ ó âîäíi. Òàêîæ ïðîòÿãîì
óñüîãî ïåðiîäó âïîâiëüíåííÿ (àæ äî t ∼ 10−4 ñ) âií ïî-
ìiòíî âóæ÷èé, íiæ ó âîäíi. Ìàêñâåëëiâñüêèé ñïåêòð â
öüîìó ðàçi äîñÿãà¹òüñÿ çà ÷àñ ∼ 10−4 ñ, ùî íà ïîðÿäîê
áiëüøå, íiæ âiäïîâiäíèé ÷àñ ó âîäíi (∼ 10−5 ñ)1.

Íà ãðàôiêó ðèñ. 4,á ïî÷àòêîâèì áóâ ñïåêòð ïîäi-
ëó. Ïðîòÿãîì ïåðøèõ 10−8 ñåêóíä ïî÷àòêîâèé ñïåêòð
çàëèøàâñÿ ñòàëèì, óïîâiëüíåííÿ íåéòðîíiâ ïî÷àëîñÿ
âæå ïiñëÿ 10−8 ñåêóíä. Ïiñëÿ öüîãî áà÷èìî ïðîìiæîê
÷àñó (10−8�10−4 ñ), ó ÿêîìó âiäáóâñÿ ïåðåõiä âiä âå-
ëèêèõ åíåð ié äî òåïëîâèõ. Ïðè÷îìó, ïî÷èíàþ÷è âæå
ïðèáëèçíî ç 10−7 ñ, öþ êàðòèíó íå ìîæíà âiäðiçíèòè
âiä ïîïåðåäíüî¨ äëÿ ïî÷àòêîâîãî ìîíîåíåð åòè÷íîãî
ñïåêòðà (ðèñ. 4,à).

Íà íàñòóïíié äiëÿíöi (10−4�0.1 ñ) íåéòðîíè âæå
âïîâiëüíåíi äî òåïëîâèõ åíåð ié, i ¨õ ðîçïîäië îïèñó¹-
òüñÿ ðîçïîäiëîì Ìàêñâåëëà äëÿ òåìïåðàòóðè, áëèçü-
êî¨ äî òåìïåðàòóðè ñåðåäîâèùà.

Íàñòóïíèì ìè äîñëiäèëè åíåð åòè÷íèé ñïåêòð óïî-
âiëüíåííÿ íåéòðîíiâ â àëþìiíi¨ (ðèñ. 5). Îáèäâà âè-
ïàäêè òóò îá'¹äíó¹ òå, ùî âîíè ìiñòÿòü ïðîÿâè ðåçî-
íàíñiâ àëþìiíiþ íà ïðîìiæêó (∼ 104�106 åÂ). Îêðiì
òîãî, ïîðiâíÿíî ç ïîïåðåäíiìè ðîçãëÿíóòèìè âèïàäêà-
ìè, â àëþìiíi¨ áiëüøiñòü íåéòðîíiâ ïîãëèíà¹òüñÿ, íå
âñòèãøè íàáóòè òåïëîâèõ åíåð ié, ïðîòå çà ÷àñ áëèçü-
êî 10−3 ñ çàëèøêîâèé ñïåêòð óïðèòóë íàáëèæà¹òüñÿ
äî òåïëîâèõ åíåð ié, ùî âiäïîâiäàþòü îáðàíié òåìïå-
ðàòóði ñåðåäîâèùà-âïîâiëüíþâà÷à.

Íàðåøòi, ðîçãëÿíåìî ïðîöåñ óñòàíîâëåííÿ åíåð å-

1 Çàçíà÷èìî, ùî øâèäêiñòü óïîâiëüíåííÿ íàïðÿìêó çàëåæèòü
âiä ùiëüíîñòi àòîìiâ óïîâiëüíþâà÷à, ÿêà âèçíà÷à¹ äîâæèíó
âiëüíîãî ïðîáiãó íåéòðîíà ìiæ çiòêíåííÿìè. Òîìó òóò i íàäà-
ëi ìè ïîðiâíþ¹ìî âïîâiëüíåííÿ â ðå÷îâèíàõ, óçÿòèõ çà íîð-
ìàëüíèõ óìîâ.

òè÷íîãî ñïåêòðà íåéòðîíiâ ó çàëiçi (ðèñ. 6). Íà ðèñóí-
êó âèäíî, ùî, ÿê i ó âèïàäêó ç àëþìiíi¹ì, äëÿ çàëiçà
õàðàêòåðíi ðåçîíàíñè, i âîíè òàêîæ ìàþòü ñâié ïðîÿâ
â åâîëþöi¨ ñïåêòðà íåéòðîíiâ ó öüîìó ìàòåðiàëi. Ðå-
çîíàíñè â çàëiçi ðîçòàøîâàíî äåùî íèæ÷å, ó äiëÿíöi
103 − 106 åÂ. Ïîðiâíÿíî ç iíøèìè ðîçãëÿíóòèìè ðå-
÷îâèíàìè âèäíî, ùî â çàëiçi íiêîëè íå âñòàíîâèòüñÿ
òåïëîâèé ñïåêòð. Öå ìîæíà ïîÿñíèòè òèì, ùî íåé-
òðîíè áóäóòü ïîãëèíàòèñü ñåðåäîâèùåì ðàíiøå, íiæ
¨õíi åíåð i¨ íàáóäóòü çíà÷åíü òåïëîâî¨ äiëÿíêè. Öå íå
çàëåæàòèìå âiä ùiëüíîñòi ÿäåð, àëå ìàòèìå âïëèâ íà
õàðàêòåðíèé ÷àñ óñòàíîâëåííÿ ñïåêòðà.

III. ÅÂÎËÞÖIß ÑÒÀÒÈÑÒÈ×ÍÈÕ
ÏÀÐÀÌÅÒÐIÂ ÑÏÅÊÒÐÀ ÍÅÉÒÐÎÍIÂ

Öiêàâî òàêîæ ðîçãëÿíóòè ïîâåäiíêó ðiçíèõ ñòàòè-
ñòè÷íèõ ïàðàìåòðiâ ñïåêòðiâ ïiä ÷àñ óïîâiëüíåííÿ
íåéòðîíiâ. Íà ðèñ. 7 äëÿ âîäíþ ïîêàçàíî òàêi ñòàòè-
ñòè÷íi ïàðàìåòðè: åíòðîïiþ, ñåðåäíþ òà iíòå ðàëüíó
åíåð i¨, ïîâíó êiëüêiñòü íåéòðîíiâ òà äèñïåðñiþ ñïå-
êòðà íåéòðîíiâ. Óñi öi ïàðàìåòðè ìè ðîçðàõîâóâàëè
äëÿ êîæíîãî ÷àñîâîãî áiíà âæå ïiñëÿ Ìîíòå-Êàðëî-
ìîäåëþâàííÿ â GEANT4. Äëÿ öüîãî ìè âèêîðèñòàëè
÷àñîâi �çíiìêè� ñïåêòðà íà êøòàëò òèõ, ùî çîáðàæåíi
íà ðèñ. 2. Êiëüêiñòü ÷àñòèíîê n(Ei) îòðèìàëè, ïðîñòî
ïîðàõóâàâøè âñi, ùî áóëè çàðå¹ñòðîâàíi ó âiäïîâiäíî-
ìó i-ìó ÷àñîâîìó áiíi. Iíòå ðàëüíà åíåð iÿ ¹ ïðîñòîþ
ñóìîþ åíåð ié óñiõ ÷àñòèíîê, âiäíåñåíèõ äî ïåâíîãî
÷àñîâîãî áiíà, à ñåðåäíÿ åíåð iÿ E � öå ïðîñòå ñåðå-
äí¹ àðèôìåòè÷íå åíåð ié óñiõ íåéòðîíiâ, âiäíåñåíèõ
äî ïåâíîãî ÷àñîâîãî áiíà. Äèñïåðñiþ ñïåêòðà ìè ïî-
ðàõóâàëè çà ñòàíäàðòíîþ ôîðìóëîþ:

σ2
E =

1

N

∑
i

n(Ei) · (Ei − E)2, (1)

äå N � ïîâíà êiëüêiñòü ÷àñòèíîê ó âiäïîâiäíîìó ÷à-
ñîâîìó áiíi.
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Åíòðîïiþ â îäèíèöi îá'¹ìó ðîçðàõîâóâàëè iç ñóòî
ñòàòèñòè÷íèõ ìiðêóâàíü:

S = kB
∑
i

n(Ei) ln

(
4πmn

√
2mnEi

(2π~)3
· (∆E)i

)
− ln (n(Ei)!), (2)

äå kB � ñòàëà Áîëüöìàíà, mn � ìàñà íåéòðîíà, Ei �
åíåð iÿ, ùî âiäïîâiäà¹ i-ìó åíåð åòè÷íîìó áiíó, (∆E)i
� øèðèíà i-ãî åíåð åòè÷íîãî áiíà, n(Ei) � êiëüêiñòü
íåéòðîíiâ ó i-ìó åíåð åòè÷íîìó áiíi.
Äëÿ àíàëiçó ïîâåäiíêè ãðàôiêiâ íà ðèñ. 7 çðó÷íî

ðîçäiëèòè ¨õ íà ÷îòèðè îêðåìi äiëÿíêè (ïîçíà÷åíi
ðèìñüêèìè öèôðàìè):

I. 0− 5 · 10−9 ñ;

II. 5 · 10−9 − 10−7 ñ;

III. 10−7 − 10−5 ñ;

IV. 10−5 − 10−3 ñ.

Ïîìiòíî, ùî âñi êðèâi çìiíþþòü ñâié õàðàêòåð â
îäíàêîâi ìîìåíòè ÷àñó � ïðèáëèçíî íà âêàçàíèõ ãðà-
íèöÿõ öèõ ÷îòèðüîõ äiëÿíîê.

Ðèñ. 7. Åâîëþöiÿ ñòàòèñòè÷íèõ ïàðàìåòðiâ ñïåêòðà íåéòðîíiâ ó âîäíi çà òåìïåðàòóðè 300 K. Ïî÷àòêîâèé ñïåêòð � ìîíî-
åíåð åòè÷íèé ç åíåð i¹þ E0 = 3 ÌåÂ. Ìîæíà ÷iòêî âèäiëèòè ÷îòèðè åòàïè âñòàíîâëåííÿ ñïåêòðà (ïîçíà÷åíi ðèìñüêèìè

öèôðàìè)
Fig. 7. The evolution of the statistical parameters of a neutron spectrum in hydrogen at temperature 300 K. The initial
spectrum is monoenergetic with energy E0 = 3 MeV. Four distinct stages of the spectrum relaxation may be singled out

(marked with Roman numbers)

Íà äiëÿíöi (I) êiëüêiñòü ÷àñòèíîê, ¨õíÿ ñåðåäíÿ
åíåð iÿ, à îòæå i iíòå ðàëüíà åíåð iÿ, çàëèøàþ-
òüñÿ ïðàêòè÷íî íåçìiííèìè. Îñêiëüêè ïî÷àòêîâèé
ñïåêòð òóò áóâ ìîíîåíåð åòè÷íèì, òî ùîéíî íåé-
òðîíè ïî÷èíàþòü âçà¹ìîäiÿòè ç ÿäðàìè ðå÷îâèíè-
âïîâiëüíþâà÷à, äèñïåðñiÿ ¨õíüîãî ñïåêòðà ñòðiìêî
çðîñòà¹, à òîìó òðîõè çðîñòà¹ é åíòðîïiÿ. Ïiñëÿ ïðî-
õîäæåííÿ ìàêñèìóìó íà äiëÿíöi (II) óñi êðèâi ïî÷è-
íàþòü ñïàäàòè, îêðiì çàãàëüíî¨ êiëüêîñòi ÷àñòèíîê,
ÿêà ïîêè ùî çáåðiãà¹òüñÿ ìàéæå òàêîþ ñàìîþ, ÿê íà
ïî÷àòêó. Íà öié äiëÿíöi ñïîñòåðiãà¹òüñÿ íàéñòðiìêiøå
çìåíøåííÿ äèñïåðñi¨ òà ñåðåäíüî¨ åíåð i¨ ñïåêòðà, ùî
àâòîìàòè÷íî òÿãíå çà ñîáîþ é ïîìiòíå ñïàäàííÿ åí-
òðîïi¨. Äiëÿíêà (III) ìiñòèòü ìîíîòîííå é äîñèòü ïî-
ñòóïîâå ñïàäàííÿ âñiõ êðèâèõ. Íà íié ïî÷èíà¹ çìåí-
øóâàòèñü i çàãàëüíà êiëüêiñòü íåéòðîíiâ. Ïiñëÿ ïðîõî-
äæåííÿ ìåæi é âèõîäó íà äiëÿíêó (IV) ñòðiìêî çìåí-
øó¹òüñÿ êiëüêiñòü íåéòðîíiâ, ùî ïîÿñíþ¹ òàêå ñàìå
çìåíøåííÿ ïîâíî¨ åíåð i¨ òà åíòðîïi¨ ñïåêòðà. Îñêiëü-

êè íà öié äiëÿíöi íàÿâíà òåðìi÷íà ðiâíîâàãà íåéòðî-
íiâ iç ñåðåäîâèùåì, ôîðìà ñïåêòðà (ñåðåäíÿ åíåð iÿ
òà äèñïåðñiÿ) âæå íå çìiíþ¹òüñÿ.
Öi çàêîíîìiðíîñòi äóæå äîáðå óçãîäæóþòüñÿ ç ðà-

íiøå íàâåäåíèì ðèñ. 3,á äëÿ âîäíþ.
Àíàëîãi÷íî ìè ïîáóäóâàëè çàëåæíiñòü ñòàòèñòè-

÷íèõ ïàðàìåòðiâ ñïåêòðiâ ó âóãëåöi, àëþìiíi¨ òà çàëiçi.
Ãðàôiêè ïîâåäiíêè åíòðîïi¨ ñïåêòðà íåéòðîíiâ â óñiõ
ðîçãëÿíóòèõ ðå÷îâèíàõ äëÿ ïîðiâíÿííÿ íàâåäåíî íà
ðèñ. 8. ßê áà÷èìî, ó íèõ ìîæíà âèäiëèòè ÿêiñíî òàêi
ñàìi äiëÿíêè, ÿê i íà ðèñ. 7.
Íà ïåðøié äiëÿíöi åíòðîïiÿ â óñiõ ðå÷îâèíàõ ïîâî-

äèòüñÿ îäíàêîâî òà òðîõè çðîñòà¹, ñÿãàþ÷è ìàêñèìó-
ìó. Äiëÿíêà (II) ïîâíîöiííî âèäiëÿ¹òüñÿ ëèøå ó âîäíi,
à äiëÿíêà (III) âèðàçíà òàêîæ íà ãðàôiêó äëÿ âóãëå-
öþ. Óòiì, ¨¨ ïðîòÿæíiñòü çíà÷íî áiëüøà çà âiäïîâiä-
íó äiëÿíêó äëÿ âîäíþ. Ó çàëiçi òà àëþìiíi¨ äiëÿíêè
(II) òà (III) ñëàáøå âèðàæåíi é óçàãàëi âàæêî âiääi-
ëÿþòüñÿ îäíà âiä îäíî¨. Öiêàâî òàêîæ, ùî ó âîäíi òà
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àëþìiíi¨ çà íîðìàëüíèõ óìîâ âèõiä åíòðîïi¨ íà äiëÿí-
êó (IV) âiäáóâà¹òüñÿ ïðàêòè÷íî îäíî÷àñíî, òîäi ÿê ó
çàëiçi òà âóãëåöi âií âiäðiçíÿ¹òüñÿ áiëüø ÿê íà òðè
ïîðÿäêè âåëè÷èíè.
Íà îñòàííié (IV) äiëÿíöi, ÿê i ðàíiøå, ìà¹ìî îäíàêî-

âå çìåíøåííÿ åíòðîïi¨ â óñiõ ðå÷îâèíàõ (òàêèé ñàìèé
êóò íàõèëó âñiõ êðèâèõ). Ïðîòå âèäíî, ùî õàðàêòåð-
íèé ÷àñ óñòàíîâëåííÿ ñòàöiîíàðíîãî ñïåêòðà íåéòðî-
íiâ íàéìåíøèé äëÿ çàëiçà, à íàéáiëüøèé � äëÿ âóãëå-
öþ.

Íà ðèñ. 8á íàâåäåíî ãðàôiêè åâîëþöi¨ åíòðîïi¨ íåé-
òðîííîãî ñïåêòðà â ðiçíèõ ðå÷îâèíàõ äëÿ ïî÷àòêîâîãî
ñïåêòðà ïîäiëó. ßê áà÷èìî, ó öüîìó âèïàäêó åíòðîïiÿ
âèõiäíîãî ñïåêòðà äîñòàòíüî âèñîêà, òîìó ó âîäíi òà
âóãëåöi âîíà íå çáiëüøó¹òüñÿ ç ïî÷àòêîì ðîçñiÿííÿ
íåéòðîíiâ íà ÿäðàõ ðå÷îâèíè-âïîâiëüíþâà÷à. Îäíàê
äëÿ àëþìiíiþ òà çàëiçà âñå æ ñïîñòåðiãà¹òüñÿ íåâåëè-
êå çðîñòàííÿ ç äîñÿãíåííÿì ìàêñèìóìó ïðèáëèçíî â
10−8 ñ. Ïîäàëüøà åâîëþöiÿ åíòðîïi¨ âiäòâîðþ¹ çàëå-
æíiñòü íà ðèñ. 8,à.

Ðèñ. 8. Äèíàìiêà åíòðîïi¨ ñïåêòðà íåéòðîíiâ ó ðiçíèõ ðå÷îâèíàõ: ó âîäíi, âóãëåöi, àëþìiíi¨ òà çàëiçi çà òåìïåðàòóðè
300 K. (à) Ïî÷àòêîâèé ñïåêòð � ìîíîåíåð åòè÷íèé ç åíåð i¹þ E0 = 3 ÌåÂ. (á) Ïî÷àòêîâèé ñïåêòð ïîäiëó

Fig. 8. Dynamics of the neutron spectrum entropy in various media: in hydrogen, carbon, alimunium, and iron, at temperature
300 K. (a) The initial spectrum is monoenergetic with energy E0 = 3 MeV. (b) The initial �ssion spectrum

Îòæå, çàñòîñîâàíèé ìåòîä äîçâîëÿ¹ îòðèìàòè äóæå
íàî÷íi êàðòèíè åâîëþöi¨ ñïåêòðiâ íåéòðîíiâ iç ÷àñîì ó
ðiçíèõ ðå÷îâèíàõ i ÿêiñíî âèîêðåìèòè â íèõ õàðàêòåð-
íi åòàïè çìiíè òà âñòàíîâëåííÿ ñïåêòðà. À îäåðæàíi
â òàêèé ñïîñiá îöiíêè ÷àñó íàñòàííÿ êîæíîãî ç öèõ
åòàïiâ ìîæíà âèêîðèñòàòè äëÿ âèçíà÷åííÿ õàðàêòåð-
íîãî ÷àñó òà êðîêó ÷èñåëüíîãî ìîäåëþâàííÿ â áàãà-
òüîõ ÿäåðíîôiçè÷íèõ çàäà÷àõ ç ó÷àñòþ íåéòðîíiâ. I
õî÷à õàðàêòåðíèé ÷àñ íàñòàííÿ òîãî ÷è iíøîãî åòàïó
ïðÿìî çàëåæèòü âiä ùiëüíîñòi àòîìiâ âïîâiëüíþâà÷à
(ùî áiëüøà ùiëüíiñòü, òî ìåíøèé ÷àñ), ïîñëiäîâíiñòü
öèõ åòàïiâ òà õàðàêòåð ïîâåäiíêè âêàçàíèõ êðèâèõ âiä
íå¨ íå çàëåæàòèìóòü (êðèâi ïðîñòî çìiùóâàòèìóòüñÿ
â áiê ìåíøèõ àáî áiëüøèõ iíòåðâàëiâ ÷àñó, àëå ôîðìà
çàëèøèòüñÿ ñòàëîþ).

ÂÈÑÍÎÂÊÈ

Ìè ðîçðîáèëè ïðîãðàìó ç âèêîðèñòàííÿì êëàñiâ ái-
áëiîòåêè GEANT4, ÿêà äîçâîëÿ¹ âiäñòåæóâàòè çìiíó
ñïåêòðà íåéòðîíiâ ïiä ÷àñ ¨õ óïîâiëüíåííÿ â äåÿêî-
ìó ñåðåäîâèùi. Ôîðìà òà ñêëàä ñåðåäîâèùà ìîæå áó-
òè çàäàíà äîâiëüíî, çàëåæíî âiä êîíêðåòíî¨ çàäà÷i.
Öå ìîæå áóòè ÿê ñêií÷åííå ñåðåäîâèùå, òàê i êâàçi-
íåñêií÷åííå (íàïðèêëàä, iç ðîçìiðîì âèäèìîãî Âñå-
ñâiòó). Òàêîæ öå ìîæå áóòè ÿê ãîìîãåííå (ç îäíîãî
ìàòåðiàëó), òàê i ãåòåðîãåííå ñåðåäîâèùå. Ó öié ðî-

áîòi ìè äîñëiäæóâàëè õàðàêòåðíi îñîáëèâîñòi åâîëþ-
öi¨ íåéòðîííèõ ñïåêòðiâ ó ÷àñi çàëåæíî âiä ðå÷îâèíè,
òîìó íåîäíîðiäíiñòü ðîçãëÿäóâàíîãî ñåðåäîâèùà íàñ
ïîêè ùî íå öiêàâèëà.

Ïðîàíàëiçîâàíî äèíàìiêó ñïåêòðiâ óïîâiëüíåííÿ
íåéòðîíiâ äëÿ äâîõ òèïiâ äæåðåë: iç ïî÷àòêîâèì ìî-
íîåíåð åòè÷íèì ñïåêòðîì òà ç ïî÷àòêîâèì ñïåêòðîì
ïîäiëó, âèäiëåíî îêðåìi åòàïè ôîðìóâàííÿ ñïåêòðà.
Ìîíîåíåð åòè÷íèé ñïåêòð äóæå çðó÷íèé äëÿ àíàëi-
çó ïîâåäiíêè íåéòðîíiâ ó ðiçíèõ ðå÷îâèíàõ, àäæå âií
íàéìåíøå âóàëþ¹ îñîáëèâîñòi ñàìî¨ ðå÷îâèíè. Ñïåêòð
ïîäiëó æ öiêàâèé òîìó, ùî âií ìà¹ ïðàêòè÷íå çàñòî-
ñóâàííÿ â ðåàêòîðíèõ çàäà÷àõ.

Çàïðîïîíîâàíèì ìåòîäîì ïîêàçàíî, ùî ðiâíîâà-
ãà ñèñòåìè íåéòðîíiâ iç ðå÷îâèíîþ (ÿêié âiäïîâiäà¹
ñïåêòð Ìàêñâåëëà) ó âóãëåöi çà íîðìàëüíèõ óìîâ äî-
ñÿãà¹òüñÿ çà ÷àñ ∼ 10−4 ñ � ïðèáëèçíî íà ïîðÿäîê
áiëüøèé çà âiäïîâiäíèé ÷àñ ó âîäíi. Îêðiì òîãî, ïðî-
òÿãîì óñüîãî ïåðiîäó âïîâiëüíåííÿ âií ëèøà¹òüñÿ ïî-
ìiòíî âóæ÷èì, íiæ ó âîäíi. Öiêàâî çàçíà÷èòè, ùî çà-
ñòîñîâàíèé ìåòîä äóæå íàî÷íî ïðîÿâèâ åôåêòè ðåçî-
íàíñiâ äëÿ àëþìiíiþ òà çàëiçà, à òàêîæ òîé ôàêò, ùî
â àëþìiíi¨ òà çàëiçi íå ìîæå âñòàíîâèòèñÿ òåïëîâèé
ñïåêòð íåéòðîíiâ.

Ìè òàêîæ äîñëiäèëè ïîâåäiíêó äåÿêèõ ñòàòèñòè-
÷íèõ ïàðàìåòðiâ ñïåêòðà ïiä ÷àñ óïîâiëüíåííÿ íåé-
òðîíiâ i ÷iòêî âèçíà÷èëè äåêiëüêà ñòàäié öüîãî ïðî-
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öåñó. Ïðîâåëè ïîðiâíÿëüíèé àíàëiç õàðàêòåðó çìiíè
åíòðîïi¨ ÿê îäíîãî ç íàéâèðàçíiøèõ ñòàòèñòè÷íèõ ïî-
êàçíèêiâ äëÿ êiëüêîõ ðå÷îâèí: âîäíþ, âóãëåöþ, àëþ-
ìiíiþ òà çàëiçà.
Ðîçðîáëåíà ïðîãðàìà äîçâîëÿ¹ âñòàíîâëþâàòè ði-

çíi ïàðàìåòðè ñåðåäîâèùà-âïîâiëüíþâà÷à (éîãî ãåî-

ìåòðiþ, ðîçìiðè, ñêëàä òà òåìïåðàòóðó) òà äîñëiäæó-
âàòè, ÿê öå âïëèâàòèìå íà äèíàìiêó åâîëþöi¨ ñïå-
êòðà íåéòðîíiâ òà õàðàêòåðíèé ÷àñ éîãî âñòàíîâëåí-
íÿ, ùî ìîæå áóòè êîðèñíèì äëÿ ìîäåëþâàííÿ ðîáîòè
ÿäåðíèõ ðåàêòîðiâ (çîêðåìà, ðîçðîáëþâàíèõ õâèëüî-
âèõ ðåàêòîðiâ), òåîði¨ âïîâiëüíåííÿ íåéòðîíiâ òà ií.

[1] A. M. Weinberg, E. P. Wigner, The Physical Theory
of Neutron Chain Reactors (The University of Chicago
Press, 1958).

[2] S. M. Feinberg, S. Shikhov, V. Troyanskii, The Theory of
Nuclear Reactors. Vol. 1, Elementary Theory of Reactors
(Atomizdat, Moscow, 1978).

[3] G. Bartolomey, G. Bat', V. Baibakov, M. Altukhov,
Basic Theory and Methods of Nuclear Power Installation
Calculations (Energoatomizdat, Moscow, 1989).

[4] S. Shirokov, The Nuclear Reactor Physics (Naukova
Dumka, Kyiv, 1998).

[5] Handbook of Nuclear Engineering, edited by
D. G. Cacuci (Springer, 2010); https://doi.org/
10.1007/978-0-387-98149-9.

[6] Nuclear Reactor Design, edited by Y. Oka (Springer,
2014); https://doi.org/10.1007/978-4-431-54898-0.

[7] W. M. Stacey, Nuclear Reactor Physics, 3rd ed. (Wiley,
2018); https://doi.org/10.1002/9783527812318.

[8] R. Lopez-Solis, J.-L. Fran�cois, Int. J. Energy Res. 42,
953 (2018); https://doi.org/10.1002/er.3854.

[9] S. Fomin, Y. Mel'nik, V. Pilipenko, N. Shul'ga, in
Nuclear Science and Safety in Europe, edited by
T. �Cech�ak, L. Jenkovszky, I. Karpenko (Springer
Netherlands, Dordrecht, 2006), p. 239; https://doi.or
g/10.1007/978-1-4020-4965-1_20.

[10] V. N. Pavlovich, E. N. Khotyaintseva, V. D. Rusov,
V. N. Khotyaintsev, A. S. Yurchenko, At. Energy 102,
181 (2007); https://doi.org/10.1007/s10512-007-0
027-x.

[11] V. D. Rusov et al., Energies 4, 1337 (2011); https://do
i.org/10.3390/en4091337.

[12] V. D. Rusov et al., Sci. Technol. Nucl. Install. 2015,
703069 (2015); https://doi.org/10.1155/2015/70306
9.

[13] V. Rusov et al., Prog. Nucl. Energy 83, 105 (2015); ht
tps://doi.org/10.1016/j.pnucene.2015.03.007.

[14] V. F. Kolesov, Aperiodic Pulse Reactors. Vol. 1 (RFNC-

VNIIEF Publishing, Sarov, 2006).
[15] A. V. Lukin, Physics of the Pulse Nuclear Reactors

(RFNC-VNIITF Publishing, Snezhinsk, 2006).
[16] A. V. Arapov, in Problems of the Physics of High Energy

Density. XII Kharitonov Thematic Scienti�c Readings
(RFNC-VNIIEF Publishing, Sarov, 2010), p. 22.

[17] V. D. Rusov et al., J. Geophys. Res. Solid Earth 112,
B09203 (2007); https://doi.org/10.1029/2005JB0042
12.

[18] V. D. Rusov, V. A. Tarasov, S. A. Chernezhenko,
A. A. Kakaev, V. P. Smolyar, Eur. Phys. J. A 53,
179 (2017); https://doi.org/10.1140/epja/i2017-1
2363-9.

[19] V. Rusov et al., preprint arXiv:1801.06142v.1[nucl-th]
(2018).

[20] I. Prigogine, Introduction to Thermodynamics of Irrever-
sible Processes (John Wiley & Sons, New York, 1968).

[21] I. Bakhareva, Nonlinear Nonequilibrium Thermodynam-
ics (Saratov University Publishing, 1976).

[22] I. Kvasnikov, Thermodynamics and Statistical Physics.
Vol. 3. Theory of Nonequilibrium Systems (Editorial
URSS, 2003).

[23] V. Rusov, V. Tarasov, S. Chernezhenko, Probl. At. Sci.
Technol. 72, 123 (2011).

[24] V. Rusov, et al., World J. Nucl. Sci. Technol. 3, 9 (2013);
https://doi.org/10.4236/wjnst.2013.32A002.

[25] J. K. Rockhill, G. E. Laramore, in Clinical Radi-
ation Oncology, 4th ed., edited by L. L. Gunderson,
J. E. Tepper (Elsevier, Philadelphia, 2016), p. 373; http
s://doi.org/10.1016/B978-0-323-24098-7.00020-4.

[26] M. Suzuki, Int. J. Clin. Oncol. 25, 43 (2020); https:
//doi.org/10.1007/s10147-019-01480-4.

[27] S. W. Streitmatter, R. D. Stewart, G. Mo�tt,
T. Jevremovic, Cells 9, 2302 (2020); https://doi.org/
10.3390/cells9102302.

[28] V. Smolyar, V. Tarasov, A. Mileva, V. Rusov, preprint
arXiv:2012.11402[physics.comp-ph] (2020).
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The knowledge of neutron spectrum is essential in many di�erent physical problems. First of all,
in nuclear reactor physics it is required for the improvement and development of the new generation
reactors, as well as for the study of various emergency states. It is especially interesting for the so-called
wave nuclear reactors (in which the nuclear �ssion reactions take place in a narrow layer which slowly
and gradually propagates along the reactor core), which is a very promising technology being actively
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ÌÎÄÅËÞÂÀÍÍß ÅÂÎËÞÖI� ÍÅÉÒÐÎÍÍÈÕ ÑÏÅÊÒÐIÂ ÇÀ ÄÎÏÎÌÎÃÎÞ ÌÎÍÒÅ-ÊÀÐËÎ ÊÎÄÓ GEANT4

developed around the world. In order to study the operation modes, and even the very possibility of their
existence, it is necessary to have a detailed knowledge of the form of the neutron spectrum in them.

In the tasks involving a substantial change in the nuclear fuel parameters with time (e.g. temperature,
chemical and isotopic composition etc.), the neutron spectrum can also change drastically, which may
lead to some exotic phenomena such as the so-called �blow-up� modes, when the parameters may grow to
in�nity in a �nite time. In �ssile materials such phenomena are known to depend on the nuclear reaction
cross-sections together with the neutron spectrum.

In addition, the form of neutron spectrum becomes more important in medical applications, especially
considering the rising interest to such methods as boron neutron capture therapy (BNCT).

Here, using the GEANT4 Monte Carlo code, we develop software able to simulate the process of
neutron moderation in various media and track the evolution of the neutron spectrum with time. As
an example, we show the calculation results for four di�erent media � hydrogen, carbon, aluminum
and iron, and two di�erent types of neutron source � a monoenergetic source and the one having a
�ssion spectrum. We analyze the behavior of a number of statistical parameters of the neutron spectrum,
particularly, the entropy. This lets us single out several stages of the neutron spectrum formation, which
manifest themselves in all considered cases. We estimate the characteristic time of each of these stages
onset in di�erent media.

Key words: neutron spectrum, Monte Carlo, GEANT4, entropy.
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