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«Ýíåðãèÿ ïëþñ òðàíñìóòàöèÿ»:
ÿäåðíàÿ ýíåðãåòèêà — íàñòîÿùåå è áóäóùåå

Ñî âðåìåí ñîçäàíèÿ ÎÈßÈ ýëåêòðîÿäåðíàÿ òåìàòè-
êà çàíèìàåò âàæíîå ìåñòî â ïëàíàõ èññëåäîâàíèé, ïðî-
âîäèìûõ ôèçèêàìè ðàçëè÷íûõ ëàáîðàòîðèé Èíñòèòóòà.
Ýêñïåðèìåíòû ïî èçó÷åíèþ ðàçìíîæåíèÿ íåéòðîíîâ â
ìàññèâíûõ ìèøåíÿõ èç òÿæåëûõ ýëåìåíòîâ âûïîëíÿ-
ëèñü íà ïó÷êàõ ôàçîòðîíà ËßÏ (Ð. Ã. Âàñèëüêîâ,
Â. È. Ãîëüäàíñêèé), ñèíõðîôàçîòðîíà ËÂÝ (Ê. Ä. Òîë-
ñòîâ, Á. À. Êóëàêîâ, ïðîåêò «Ýíåðãèÿ») è íóêëîòðîíà
ËÔÂÝ â ðàìêàõ øèðîêîé ìåæäóíàðîäíîé êîëëàáîðà-
öèè «Ýíåðãèÿ ïëþñ òðàíñìóòàöèÿ» (Ì. È. Êðèâîïóñ-
òîâ). Ñóùåñòâåííûé âêëàä â êîìïüþòåðíîå ìîäåëèðî-
âàíèå ïðîöåññîâ â ýëåêòðîÿäåðíûõ ñèñòåìàõ áûë âíå-
ñåí ó÷åíûìè ËÈÒ (ËÂÒÀ) (Â. Ñ. Áàðàøåíêîâ). Ê
íàñòîÿùåìó âðåìåíè ýêñïåðèìåíòû ïî ýëåêòðîÿäåðíîé
òåìàòèêå, ïðîâîäèìûå íà ìîäåðíèçèðîâàííîì óñêîðè-
òåëå íóêëîòðîí-Ì ËÔÂÝ, îáúåäèíÿþò ôèçèêîâ ËÔÂÝ,
ËÍÔ, ËßÏ, ËÈÒ, ïðåäñòàâèòåëåé äåñÿòè ñòðàí-ó÷àñò-
íèö ÎÈßÈ, à òàêæå ïÿòè ñîòðóäíè÷àþùèõ ñ Èíñòèòó-

òîì ñòðàí (Àâñòðàëèÿ, Ãåðìàíèÿ, Ãðåöèÿ, Èíäèÿ è
Ñåðáèÿ). È òàêîé íåèçìåííûé èíòåðåñ ê äàííûì èññëå-
äîâàíèÿì ïðåäñòàâëÿåòñÿ íå ñëó÷àéíûì, åñëè çàäó-
ìàòüñÿ î òîì, ÷òî àëüòåðíàòèâû ÿäåðíîé ýíåðãåòèêå êàê
â áëèæàéøèå äåñÿòèëåòèÿ, òàê è â îáîçðèìîì áóäóùåì
íå ñóùåñòâóåò [1].

Òðàäèöèîííàÿ àòîìíàÿ ýíåðãåòèêà, îñíîâàííàÿ íà
èñïîëüçîâàíèè â êà÷åñòâå òîïëèâà óðàíà, îáîãàùåííî-
ãî èçîòîïîì 235U èëè 239Pu, ïîçâîëèëà áû, â ïðèíöèïå,
ðåøèòü ýíåðãåòè÷åñêèå ïðîáëåìû ÷åëîâå÷åñòâà (ïðè
óñëîâèè ðåàëèçàöèè ðàñøèðåííîãî âîñïðîèçâîäñòâà
òîïëèâà), åñëè áû óäàëîñü ñâåñòè ê ìèíèìóìó âåðîÿò-
íîñòü àâàðèé ñ âûáðîñîì ðàäèîàêòèâíîñòè â îêðóæàþ-
ùóþ ñðåäó, à òàêæå ñîçäàòü ïðèåìëåìóþ òåõíîëîãèþ
ïåðåðàáîòêè è óòèëèçàöèè îòðàáîòàííîãî ÿäåðíîãî òî-
ïëèâà (ÎßÒ) è äîëãîâðåìåííîãî õðàíåíèÿ âûñîêîàê-
òèâíûõ ðàäèîàêòèâíûõ îòõîäîâ (ÐÀÎ).

21

Â ËÀÁÎÐÀÒÎÐÈßÕ ÈÍÑÒÈÒÓÒÀ
AT THE LABORATORIES OF JINR

M. G. Kadykov, S. I. Tyutyunnikov, V. I. Furman, V. V. Chilap
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Since the foundation of JINR the electronuclear sub-
jects have occupied an important place in plans of the re-
search performed by physicists at various laboratories of
the Institute. Experiments on studying neutron multiplica-
tion in massive targets from heavy elements were carried
out on beams of the synchrocyclotron of the LNP
(R. G. Vasilkov, V. I. Goldansky), the synchrophasotron of
the LHE (K. D. Tolstov, B. A. Kulakov, the project «Ener-
gy») and the Nuclotron of the VBLHEP within the limits of
a wide international collaboration «Energy plus Transmu-
tation» (M. I. Krivopustov). The essential contribution to
computer modeling of processes going in electronuclear
systems has been brought by scientists of LIT (LCTA)
(V. S. Barashenkov). By this time, experiments on the elec-
tronuclear topics carried out on the modernized Nuclo-
tron-M of VBLHEP bring together physicists from
VBLHEP, FLNP, DLNP, LIT, representatives of ten JINR
Member States and also five countries co-operating with
the Institute (Australia, Germany, Greece, India, and Ser-
bia). And such interest in this topic does not seem an inci-
dental one if one reflects that alternatives to nuclear power

in the next decades and in the foreseeable future do not ex-
ist [1].

The traditional atomic power based on use of natural
uranium as fuel, enriched with an isotope 235U or 239Pu,
would allow one to solve, basically, power problems of
mankind (under condition of the expanded reproduction of
fuel), if it were possible to reduce to a minimum the proba-
bility of incidents with radioactivity emission into environ-
ment and also to create comprehensible technology of
processing and recycling of the used nuclear fuel (UNF)
and long-term storage of highly active radioactive waste
(RAW).

In immediate prospects, using traditional reactor tech-
nologies, not capital expenses but those on the recycling of
UNF, maintenance of nonproliferation mode and for a con-
clusion from operation of the blocks which have fulfilled
the resource will be the basic expenses in atomic power sta-
tion life cycle. It will lead to an unreasonable rise in price of
energy and can essentially slow down world economic de-
velopment. Another key problem of traditional atomic po-
wer is limitation of 235U stocks — in its power equivalent



Â áëèæàéøåé ïåðñïåêòèâå ïðè èñïîëüçîâàíèè òðà-
äèöèîííûõ ðåàêòîðíûõ òåõíîëîãèé îñíîâíûìè çàòðà-
òàìè â æèçíåííîì öèêëå ÀÝÑ áóäóò íå êàïèòàëüíûå çà-
òðàòû, à ðàñõîäû íà îáðàùåíèå ñ ÎßÒ, îáåñïå÷åíèå ðå-
æèìà íåðàñïðîñòðàíåíèÿ è âûâîä èç ýêñïëóàòàöèè
áëîêîâ, îòðàáîòàâøèõ ñâîé ðåñóðñ. Ýòî ïðèâåäåò ê íå-
ïîìåðíîìó óäîðîæàíèþ ýíåðãèè è ìîæåò ñóùåñòâåííî
çàìåäëèòü ìèðîâîå ýêîíîìè÷åñêîå ðàçâèòèå. Åùå îä-
íîé êëþ÷åâîé ïðîáëåìîé òðàäèöèîííîé àòîìíîé ýíåð-
ãåòèêè ÿâëÿåòñÿ îãðàíè÷åííîñòü çàïàñîâ óðàíà-235 — â
ýíåðãåòè÷åñêîì ýêâèâàëåíòå åãî íå áîëüøå, ÷åì íåôòè
è ãàçà [1], ïîýòîìó ãîâîðèòü îá àòîìíîé ýíåðãåòèêå,
îñíîâàííîé òîëüêî íà îáîãàùåííîì óðàíå, êàê î ïîëíî-
öåííîé àëüòåðíàòèâå îðãàíè÷åñêîìó òîïëèâó, ïî ìåíü-
øåé ìåðå, íåêîððåêòíî.

Ìåæäóíàðîäíûì àãåíòñòâîì ïî àòîìíîé ýíåðãèè
(ÌÀÃÀÒÝ) áûëè âûðàáîòàíû ñëåäóþùèå îñíîâíûå
òðåáîâàíèÿ ê øèðîêîìàñøòàáíîé ÿäåðíîé ýíåðãåòèêå:
1) íàëè÷èå çàïàñîâ ñûðüÿ äëÿ ïðîèçâîäñòâà ÿäåðíîãî
òîïëèâà íà ñîòíè ëåò; 2) ýêâèâàëåíòíîñòü êîëè÷åñòâà
äîáûòîé èç Çåìëè ðàäèîàêòèâíîñòè è ðàäèîàêòèâíî-
ñòè, çàõîðîíåííîé â íåé, îáðàçîâàâøåéñÿ â ðåçóëüòàòå
ðàáîòû ÀÝÑ; 3) îáåñïå÷åíèå óñëîâèé, ãàðàíòèðóþùèõ
íåðàñïðîñòðàíåíèå ÿäåðíîãî îðóæèÿ; 4) åñòåñòâåííàÿ
áåçîïàñíîñòü óñòàíîâîê ñ ÿäåðíûì òîïëèâîì.

Óñëîâèåì, îïðåäåëÿþùèì, áûòü èëè íå áûòü øèðî-
êîìàñøòàáíîé ÿäåðíîé ýíåðãåòèêå, ÿâëÿåòñÿ âûïîëíå-
íèå 1-ãî òðåáîâàíèÿ ÌÀÃÀÒÝ. Äåéñòâèòåëüíî, åñëè íåò
ñîîòâåòñòâóþùèõ çàïàñîâ ñûðüÿ, òî íåò è ïðåäìåòà äëÿ
îáñóæäåíèÿ. Íà Çåìëå èìåþòñÿ çíà÷èòåëüíûå çàïàñû
óðàíà-238 è òîðèÿ-232, êîòîðûå ïîòåíöèàëüíî ìîãóò
îáåñïå÷èòü âñå ýíåðãåòè÷åñêèå ïîòðåáíîñòè ÷åëîâå÷å-
ñòâà â òå÷åíèå íåñêîëüêèõ òûñÿ÷ ëåò. Îäíàêî â òðàäèöè-
îííûõ ðåàêòîðàõ îíè ïðàêòè÷åñêè ãîðåòü íå ìîãóò.

Àëüòåðíàòèâíûì ñïîñîáîì ïîëó÷åíèÿ àòîìíîé
ýíåðãèè ìîæåò ñëóæèòü èñïîëüçîâàíèå óïðàâëÿåìûõ
óñêîðèòåëåì ïîäêðèòè÷åñêèõ ðàçìíîæàþùèõ ñèñòåì,
íàçûâàåìûõ â Ðîññèè ýëåêòðîÿäåðíûìè [2]. Àíãëèé-
ñêàÿ àááðåâèàòóðà êëàññè÷åñêèõ ýëåêòðîÿäåðíûõ óñòà-
íîâîê — ADS (Accelerator Driven Subcritical) ñèñòåìû.

Èäåÿ âïåðâûå áûëà âûñêàçàíà âî âðåìåíà áóðíîãî
ðàçâèòèÿ ôèçèêè óñêîðèòåëåé åùå â 1950-å ãã. Îäíàêî
ïî ðÿäó ïðè÷èí, â òîì ÷èñëå è òåõíîëîãè÷åñêîãî õàðàê-
òåðà, íà ïðàêòèêå îíà ðåàëèçîâàíà íå áûëà. Ê íåé âåð-
íóëèñü ñóùåñòâåííî ïîçæå — â íà÷àëå 1990-õ ãã., íà
âîëíå îñìûñëåíèÿ ïðè÷èí è ïîñëåäñòâèé ×åðíîáûëü-
ñêîé àâàðèè. Â ýòîé òåõíîëîãèè ïðîòîíû ñ ýíåðãèåé
îêîëî 1 ÃýÂ îáëó÷àþò ìèøåíü èç òÿæåëîãî ìåòàëëà (Bi,
Pb), íàõîäÿùóþñÿ â öåíòðå ïîäêðèòè÷åñêîé àêòèâíîé
çîíû, â ðåçóëüòàòå ÷åãî ðîæäàþòñÿ áûñòðûå íåéòðîíû.
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no more than oil and gas [1]; therefore, to speak about the
energy production based only on enriched uranium as about
high-grade alternative to organic fuel is at least incorrect.

According to the International Atomic Energy Agency
(IAEA), the large-scale nuclear power should meet the fol-
lowing basic requirements: 1) presence of stocks of raw
materials for manufacture of nuclear fuel for hundreds of
years; 2) equivalence of quantity of the radioactivity ex-
tracted from the Earth and radioactivity buried in it, formed
as a result of work by the atomic power station; 3) mainte-
nance of the conditions guaranteeing nonproliferation of
the nuclear weapon; 4) natural safety of installations with
nuclear fuel.

The issue that defines if large-scale nuclear power is
«to be or not to be» presupposes the fulfillment of IAEA re-
quirement 1. Really, if there are no corresponding stocks of
raw materials there is no subject for discussion. On the
Earth there are considerable stocks of uranium-238 and
thorium-232 which can potentially provide all energy
needs of mankind during several thousand years. However,
in traditional reactors they practically cannot burn.

An alternative way to produce atomic energy is to use
accelerator-driven subcritical multiplying systems, named

in Russia electronuclear [2] ones. An English abbreviation
of classical electronuclear installations is an ADS (acceler-
ator-driven subcritical) system.

The idea has been proposed for the first time at the peri-
od of active development of accelerator physics in the
1950s. However, for some reasons, including technological
ones, in practice it has not been realized. It has returned es-
sentially later — in the early nineties, on a wave of evalua-
tion of the reasons and consequences of the Chernobyl acci-
dent. In this technology protons with energy about 1 GeV
irradiate a target from heavy metal (Bi, Pb), being in the
centre of a subcritical active zone where fast neutrons are
born. Neutrons cause fission of the active zone material (U,
Pu) and the heat produced by this process allows producing
energy. Such a system is safely operated. And by that it nat-
urally satisfies requirement 4 of IAEA.

Research of physical aspects of an electronuclear way
of energy production is actively conducted today in labora-
tories of many scientific centres of the world, including the
USA, Germany, France, Sweden, Switzerland, Japan, Rus-
sia, Belarus, China, India, etc. Large national projects aim-
ed at development of demonstration prototypes of indus-
trial ADS systems in Japan (JPARC), the USA (RACE) and



Íåéòðîíû âûçûâàþò äåëåíèå ìàòåðèàëà (U, Pu) àêòèâ-
íîé çîíû, òåïëîñúåì ñ êîòîðîé ïîçâîëÿåò ïðîèçâîäèòü
ýíåðãèþ. Òàêàÿ ñèñòåìà ëåãêî è áåçîïàñíî óïðàâëÿåìà.
È òåì ñàìûì óäîâëåòâîðÿåò 4-ìó òðåáîâàíèþ
ÌÀÃÀÒÝ.

Èññëåäîâàíèÿ ôèçè÷åñêèõ àñïåêòîâ ýëåêòðîÿäåð-
íîãî ñïîñîáà ïîëó÷åíèÿ ýíåðãèè ñåãîäíÿ àêòèâíî ïðî-
âîäÿòñÿ â ëàáîðàòîðèÿõ ìíîãèõ íàó÷íûõ öåíòðîâ ìèðà,
â òîì ÷èñëå â ÑØÀ, Ãåðìàíèè, Ôðàíöèè, Øâåöèè,
Øâåéöàðèè, ßïîíèè, Ðîññèè, Áåëîðóññèè, Êèòàå, Èí-
äèè è äð. Îñóùåñòâëÿþòñÿ êðóïíûå íàöèîíàëüíûå ïðî-
åêòû ñîçäàíèÿ äåìîíñòðàöèîííûõ ïðîòîòèïîâ ïðîìû-
øëåííûõ ADS-ñèñòåì â ßïîíèè (JPARC), ÑØÀ
(RACE) è ñîâìåñòíûé åâðîïåéñêèé ïðîåêò EURO-
TRANS. Â Ðîññèè ðÿä èññëåäîâàíèé ñ îáëó÷åíèåì ìà-
ëûõ ìèøåíåé íà ïðÿìûõ ïðîòîííûõ ïó÷êàõ âåäåòñÿ â
ÈÒÝÔ. Ýêñïåðèìåíòû æå ñ äîëãîæèâóùèìè îñêîëêàìè
äåëåíèÿ è òðàíñóðàíîâûìè ìèøåíÿìè êàê íà ïðÿìûõ
ïó÷êàõ, òàê è â ïîòîêàõ èñïàðèòåëüíûõ íåéòðîíîâ ïðî-
âîäèëèñü òîëüêî â ÎÈßÈ, êîòîðûé çäåñü ÿâëÿåòñÿ ëèäå-
ðîì. Ýòè ðàáîòû ïî èçó÷åíèþ òðàíñìóòàöèè äîëãîæè-
âóùèõ îòõîäîâ, â ïåðâóþ î÷åðåäü 129I è ìëàäøèõ àêòè-
íèäîâ 237Np, 238,239Pu, 241Am, â òå÷åíèå ðÿäà
ïîñëåäíèõ ëåò ïðîâîäÿòñÿ â ðàìêàõ øèðîêîé ìåæäóíà-
ðîäíîé êîëëàáîðàöèè íà ïîäêðèòè÷åñêîé 238U/Pb óñòà-

íîâêå «Ýíåðãèÿ ïëþñ òðàíñìóòàöèÿ» íà ïó÷êàõ íóêëî-
òðîíà ËÔÂÝ.

Ðåçóëüòàòû òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ
èññëåäîâàíèé êëàññè÷åñêèõ ADS-ñèñòåì âûÿâèëè ðÿä
èõ ñåðüåçíûõ íåäîñòàòêîâ. Äåëî â òîì, ÷òî ñòàðòîâàÿ
ïîäêðèòè÷íîñòü ðàññìàòðèâàåìûõ àêòèâíûõ çîí ÿâëÿ-
åòñÿ äîñòàòî÷íî âûñîêîé (keff ~ 0,97,0,98) áëàãîäàðÿ
âêëþ÷åíèþ â íèõ óðàíà-235 è/èëè ïëóòîíèÿ-239. Ïî-
ýòîìó ñïåêòð íåéòðîíîâ â àêòèâíîé çîíå ADS-ñèñòåìû
ôîðìèðóåòñÿ â îñíîâíîì íåéòðîíàìè äåëåíèÿ è ÿâëÿåò-
ñÿ áëèçêèì ê ðåàêòîðíîìó ñïåêòðó. Æåñòêàÿ æå ÷àñòü
íåéòðîííîãî ñïåêòðà, îáðàçîâàííîãî â ïðîöåññå âíó-
òðèÿäåðíîãî êàñêàäà, êîòîðûé âûçûâàåòñÿ ðåëÿòèâèñò-
ñêèì ïó÷êîì èíèöèèðóþùèõ ïðîòîíîâ, äàåò îòíîñè-
òåëüíî ìàëûé âêëàä â ïîëíûé íåéòðîííûé ñïåêòð. Òà-
êèì îáðàçîì, ïðè ðàáîòå êëàññè÷åñêîé ADS-ñèñòåìû ñ
èñïîëüçîâàíèåì â êà÷åñòâå áàçîâîãî ìàòåðèàëà àêòèâ-
íîé çîíû åñòåñòâåííîãî óðàíà èëè òîðèÿ íàðÿäó ñ
îñêîëêàìè äåëåíèÿ îáðàçóþòñÿ ïëóòîíèé-239 èëè
óðàí-233, à òàêæå ìèíîðíûå àêòèíèäû, êîòîðûå îñëîæ-
íÿþò óïðàâëåíèå ñèñòåìîé. Ïðè ýòîì èñïîëüçîâàíèå
äëÿ «âûæèãàíèÿ» íàðàáàòûâàåìûõ ìèíîðíûõ àêòèíè-
äîâ æåñòêîé ÷àñòè ñïåêòðà íåéòðîíîâ ñòàíîâèòñÿ íåýô-
ôåêòèâíûì èç-çà áîëüøîãî âêëàäà äåëèòåëüíîãî íåé-
òðîííîãî ñïåêòðà, âåäóùåãî ê èõ îáðàçîâàíèþ.
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the joint European project EUROTRANS are carried out.
In Russia some studies of small target irradiation on direct
proton beams is conducted at ITEP, Moscow. Experiments
with long-lived fission products and transuranium targets
both on direct beams and in evaporation neutron fields
were carried out only at JINR, which is the leader in this
area of investigation. The work on studying a transmutation
of long-living radioactive waste, first of all, 129I and minor
actinides 237Np, 238,239Pu, 241Am, has been conducted in
the last few years within the framework of a wide interna-
tional collaboration on the basis of the subcritical 238U/Pb
setup «Energy plus Transmutation» with beams of the
VBLHEP Nuclotron.

Results of theoretical and experimental research of
classical ADS systems have revealed a number of their seri-
ous drawbacks. The matter is that the starting subcriticality
of the considered active zones is high enough (keff ~
~0.97,0.98), thanks to inclusion of 235U and/or 239Pu into
them. Therefore, the spectrum of neutrons in such an active
zone of the ADS system is formed basically by fission neu-
trons and is close to the reactor spectrum. The high-energy
part of the neutron spectrum formed in the course of the in-
tranuclear cascade, which is caused by a relativistic beam

of initiating protons, gives rather small contribution to the
full neutron spectrum. Thus, the work of the classical ADS
system using as a base material an active core of natural
uranium or thorium gives rise to 239Pu or 233U along with
fission products as well as minor actinides which compli-
cate management of the system. Thus, the use of high-ener-
gy («rigid») part of a neutron spectrum for «burning out»
minor actinides becomes inefficient because of the domina-
tive contribution of the fission neutron spectrum leading to
their formation.

Recently on the basis of experimental and theoretical
studies of different years, carried out in some Russian sci-
entific centres including JINR [3–5], a fundamentally new
scheme of the nuclear relativistic technology (NRT) of en-
ergy production was proposed [6]. This scheme is based on
an effective utilization of a high-energy part of the neutron
spectrum formed in the course of irradiation of the deep
subcritical active zone with relativistic particles.

The idea of NRT is in return to a quasi-infinite active
zone of the natural or depleted uranium or thorium as was
proposed in papers on electronuclear breeding, executed in
different years at JINR [3, 5]. Such active zones are deeply
subcritical. As was shown by G. I. Marchuk in 1958 [7],
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Íåäàâíî íà îñíîâå ýêñïåðèìåíòàëüíûõ è òåîðåòè-
÷åñêèõ èññëåäîâàíèé ðàçíûõ ëåò, ïðîâåäåííûõ â ðÿäå
íàó÷íûõ öåíòðîâ Ðîññèè, âêëþ÷àÿ ÎÈßÈ [3–5], áûëà
ïðåäëîæåíà ïðèíöèïèàëüíî íîâàÿ ñõåìà ÿäåðíîé ðåëÿ-
òèâèñòñêîé òåõíîëîãèè (ßÐÒ) ïîëó÷åíèÿ ýíåðãèè [6].
Ýòà ñõåìà áàçèðóåòñÿ íà ýôôåêòèâíîì èñïîëüçîâàíèè
æåñòêîé ÷àñòè íåéòðîííîãî ñïåêòðà, îáðàçóþùåãîñÿ â
ïðîöåññå îáëó÷åíèÿ ãëóáîêî ïîäêðèòè÷íîé àêòèâíîé
çîíû ðåëÿòèâèñòñêèìè ÷àñòèöàìè.

Èäåÿ ßÐÒ ñîñòîèò â âîçâðàòå ê êâàçèáåñêîíå÷íîé
àêòèâíîé çîíå èç ïðèðîäíîãî (îáåäíåííîãî) óðàíà èëè
òîðèÿ, êàê ýòî è ïðåäëàãàëîñü â ðàáîòàõ ïî ýëåêòðî-
ÿäåðíîìó áðèäèíãó, âûïîëíåííûõ â ðàçíûå ãîäû â
ÎÈßÈ [3, 5]. Òàêèå àêòèâíûå çîíû ãëóáîêî ïîäêðèòè÷-
íû. Ã. È. Ìàð÷óêîì åùå â 1958 ã. áûëî ïîêàçàíî [7], ÷òî
òîëüêî â ãëóáîêî ïîäêðèòè÷íîé ñèñòåìå ìîæíî ïåðåéòè
ê ñïåêòðó íåéòðîíîâ, êîòîðûé îïðåäåëÿåòñÿ âíåøíèì
èñòî÷íèêîì, ò. å. ïîëó÷èòü ñóùåñòâåííî áîëåå æåñòêèé,
ïî ñðàâíåíèþ ñ äåëèòåëüíûì, ñïåêòð íåéòðîíîâ. Ýòî
ïîçâîëÿåò «ñæèãàòü» äëÿ ïðîèçâîäñòâà ýíåðãèè áàçî-
âûé ìàòåðèàë àêòèâíîé çîíû — ïðèðîäíûé (îáåäíåí-
íûé) óðàí èëè òîðèé — è îäíîâðåìåííî èñïîëüçîâàòü
áîëüøîé íàáîð êîíêóðèðóþùèõ ìåæäó ñîáîé íåóïðó-
ãèõ ðåàêöèé äëÿ öåëåé òðàíñìóòàöèè äîëãîæèâóùèõ

ÿäåð, îáðàçóþùèõñÿ â ïðîöåññå ðàáîòû ýëåêòðîÿäåð-
íîé ñèñòåìû.

Â ñõåìå ßÐÒ ïðåäïîëàãàåòñÿ ïîâûñèòü ýíåðãèþ
ïåðâè÷íîãî ïðîòîííîãî/äåéòðîííîãî ïó÷êà äî
10,20 ÃýÂ. Ýòî ïîçâîëèò íà ïîðÿäîê ñíèçèòü òðåáóå-
ìûé òîê óñêîðèòåëÿ ïðè òîé æå ìîùíîñòè ïó÷êà è çíà-
÷èòåëüíî ïîâûñèòü äîëþ ýíåðãèè ïó÷êà, èäóùóþ íà ãå-
íåðàöèþ æåñòêîãî íåéòðîííîãî ïîëÿ â îáúåìå àêòèâ-
íîé çîíû. Ïîâûøåíèå ýíåðãèè ïàäàþùåãî ïó÷êà
ïîçâîëèò çàäåéñòâîâàòü âàæíûé äîïîëíèòåëüíûé ìåõà-
íèçì ïîâûøåíèÿ æåñòêîñòè íåéòðîííîãî ñïåêòðà —
ìåçîíîîáðàçîâàíèå. Ïðè ýòîì, â îòëè÷èå îò êëàññè÷å-
ñêèõ ADS-ñèñòåì, ñóùåñòâåííî óïðîùàåòñÿ ðåøåíèå
ïðîáëåì îêíà ââîäà ïó÷êà â àêòèâíóþ çîíó è îõëàæäå-
íèÿ íåéòðîíîïðîèçâîäÿùåé ìèøåíè.

Âàæíîé è âåñüìà ïðèâëåêàòåëüíîé îñîáåííîñòüþ
ñõåìû ßÐÒ ÿâëÿåòñÿ âîçìîæíîñòü åå èñïîëüçîâàíèÿ
äëÿ óòèëèçàöèè îòðàáîòàííûõ òåïëîâûäåëÿþùèõ ñáî-
ðîê (ÒÂÑ), ñîäåðæàùèõ îòðàáîòàííîå ÿäåðíîå òîïëè-
âî, áåç èõ ñëîæíîé ðàäèîõèìè÷åñêîé ïåðåðàáîòêè è
ðàçäåëåíèÿ. Äëèòåëüíîå îáëó÷åíèå ýëåìåíòîâ ÒÂÑ
æåñòêèì íåéòðîííûì ñïåêòðîì â ßÐÒ-ñèñòåìå ïîçâî-
ëèò îáåñïå÷èòü çíà÷èòåëüíîå ñíèæåíèå äîëãîæèâóùåé
àêòèâíîñòè ÎßÒ è îáúåìîâ çàõîðàíèâàåìûõ ÐÀÎ ïðè
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only in deeply subcritical system it is possible to obtain a
neutron spectrum which is defined by an external source,
i.e., to obtain it essentially more rigid, in comparison with
fission neutron spectrum. It makes it possible to «burn» a
base material of an active zone — the natural (depleted)
uranium or thorium, for energy production — and simulta-
neously to use the rich set of inelastic reactions competing
among themselves for a transmutation of the long-lived nu-
clides formed in the course of work of the electronuclear
system.

In the scheme of NRT it is supposed to raise energy of a
primary proton/deuteron beam to 10,20 GeV. It allows us
to lower 10 times the demanded flux of the accelerator at
the same power of a beam and considerably to raise the
share of energy of the bunch, going on generation of a
high-energy part of neutron field within the volume of the
active zone. An increase of the incident beam energy allows
one to involve such an important additional mechanism of
increase of rigidity of a neutron spectrum as meson produc-
tion. Thus, unlike classical ADS systems, the solution of
problems of a window for beam introduction into the active
core and cooling neutron-productive target essentially be-
comes simpler.

The important and quite attractive feature of the NRT
scheme is a possibility of its use for recycling exhaust fuel
element assemblies (FEA), containing the waste nuclear
fuel, without their difficult radiochemical processing and
separation. The long irradiation of FEA by a rigid neutron
spectrum in the NRT system will allow one to provide con-
siderable decrease in long-living activity of UNF and vol-
umes of the buried RAW, at essential increase of its techni-
cal and economic indicators.

Thus, by means of the proposed NRT scheme it is pos-
sible to satisfy all the four fundamental requirements of
IAEA to large-scale nuclear power, including those on non-
proliferation of the nuclear weapon and preservation of ra-
diating background of the Earth.

The analysis of physics and technical features, pros-
pects and technological readiness for realization of the
NRT scheme for power production and processing of UNF
carried out leans against rather convincing arguments [6].
However, it is based, appreciably, on extrapolation of avail-
able results of experimental and theoretical works [3–5]. It
is obvious that there are no enough data available today and
computation methods derived up to now for designing of
prototypes of plants based on this new scheme of an elec-
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ñóùåñòâåííîì ïîâûøåíèè åå òåõíèêî-ýêîíîìè÷åñêèõ
ïîêàçàòåëåé.

Òàêèì îáðàçîì, ñ ïîìîùüþ ïðåäëîæåííîé ñõåìû ßÐÒ
ïðèíöèïèàëüíî âîçìîæíî âûïîëíèòü âñå ÷åòûðå ôóíäàìåí-
òàëüíûõ òðåáîâàíèÿ ÌÀÃÀÒÝ ê øèðîêîìàñøòàáíîé ÿäåðíîé
ýíåðãåòèêå, â òîì ÷èñëå ïî íåðàñïðîñòðàíåíèþ ÿäåðíîãî
îðóæèÿ è ñîõðàíåíèþ ðàäèàöèîííîãî ôîíà Çåìëè.

Ïðîâåäåííûé àíàëèç ôèçèêî-òåõíè÷åñêèõ îñîáåííîñ-
òåé, ïåðñïåêòèâíîñòè è òåõíîëîãè÷åñêîé ãîòîâíîñòè ê ðåà-
ëèçàöèè ñõåìû ßÐÒ äëÿ ýíåðãåòèêè è ïåðåðàáîòêè ÎßÒ îïè-
ðàåòñÿ íà âåñüìà óáåäèòåëüíûå àðãóìåíòû [6]. Îäíàêî îí â
çíà÷èòåëüíîé ìåðå îñíîâàí íà ýêñòðàïîëÿöèè èìåþùèõñÿ
ðåçóëüòàòîâ ýêñïåðèìåíòàëüíûõ è ðàñ÷åòíî-òåîðåòè÷åñêèõ
ðàáîò [3–5]. Î÷åâèäíî, ÷òî èìåþùèõñÿ ê íàñòîÿùåìó âðåìå-
íè ñîâîêóïíûõ äàííûõ è ðàñ÷åòíûõ ìåòîäîâ íåäîñòàòî÷íî
êàê äëÿ ïðîåêòèðîâàíèÿ ïðîòîòèïîâ ïðîìûøëåííûõ óñòàíî-
âîê íà îñíîâå ýòîé íîâîé ñõåìû ýëåêòðîÿäåðíîãî ìåòîäà, òàê
è äëÿ ïðèíÿòèÿ ñîîòâåòñòâóþùèõ ýêîíîìè÷åñêè îáîñíîâàí-
íûõ ïîëèòè÷åñêèõ ðåøåíèé.

Èìåííî ïîýòîìó íà áàçå ÎÈßÈ ðàçðàáîòàíà êîìïëåêñ-
íàÿ öåëåâàÿ ïðîãðàììà, èìåþùàÿ öåëüþ ýêñïåðèìåíòàëü-
íóþ äåìîíñòðàöèþ ýôôåêòèâíîñòè ñõåìû ßÐÒ äëÿ ýíåðãåòè-
÷åñêèõ ñèñòåì, âêëþ÷àÿ ïåðåðàáîòêó ÎßÒ. Âûïîëíåíèå ïðî-
ãðàììû ïðåäïîëàãàåòñÿ îñóùåñòâèòü â ðàìêàõ øèðîêîé
íàó÷íî-òåõíè÷åñêîé êîîïåðàöèè â ñîñòàâå: ÎÈßÈ (ËÔÂÝ,

ËÍÔ, ËßÏ è äð.), ÖÔÒÏ «Àòîìýíåðãîìàø» (Ìî-
ñêâà), ÃÍÖ ÐÔ ÔÝÈ (Îáíèíñê), ÍÏÎ «Ëó÷» (Ïî-
äîëüñê), ÎÈÝèßÈ «Ñîñíû» ÍÀÍ Áåëîðóññèè, ÈÔ
ÍÀÍ Áåëîðóññèè, à òàêæå ñ ïðèâëå÷åíèåì ÷ëåíîâ
ìåæäóíàðîäíîé êîëëàáîðàöèè «Ýíåðãèÿ ïëþñ
òðàíñìóòàöèÿ». Íàëè÷èå ïîëîæèòåëüíîãî îïûòà
ñîâìåñòíîé ðàáîòû, âêëþ÷àÿ ìíîãîëåòíèå ïëîäî-
òâîðíûå ýêñïåðèìåíòû ýòîé êîëëàáîðàöèè â
ÎÈßÈ, à òàêæå êîìïëåêñ ðàáîò, âûïîëíåííûõ ïî
èíèöèàòèâå ÖÔÒÏ «Àòîìýíåðãîìàø» â
2008–2009 ãã. â ÎÈßÈ è ÏÈßÔ ÐÀÍ, ïîçâîëÿþò
íàäåÿòüñÿ íà óñïåøíóþ ðåàëèçàöèþ íàìå÷åííîé
ïðîãðàììû èññëåäîâàíèé. Î÷åíü âàæíî, ÷òî
èìåííî â ÎÈßÈ èìåþòñÿ óíèêàëüíûå òåõíè÷å-
ñêèå âîçìîæíîñòè äëÿ âûïîëíåíèÿ ïëàíèðóåìûõ
ýêñïåðèìåíòîâ, à èìåííî: ðàáîòàþùèé óñêîðè-
òåëü ðåëÿòèâèñòñêèõ ÷àñòèö íóêëîòðîí, íåîáõî-
äèìûé íàáîð äåëÿùèõñÿ ìàòåðèàëîâ è îòðàáîòàí-
íûå ìåòîäèêè èçìåðåíèé.

Èññëåäîâàíèÿ ïî ÿäåðíîé ðåëÿòèâèñòñêîé
òåõíîëîãèè äîëæíû ñòàòü îäíèì èç êëþ÷åâûõ çâå-
íüåâ èííîâàöèîííîãî ïîÿñà ÎÈßÈ.
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tronuclear method, and for making economically well-founded
political decisions.

For this reason, on the basis of JINR the special programme
aimed at experimental demonstration of feasibility and efficien-
cy of the NRT scheme for power production systems, including
processing of UNF, is developed. The programme performance
is supposed to be carried out within the framework of wide scien-
tific and technical cooperation of JINR (VBLHEP, FLNP, DLNP,
etc.), CPTP «Atomenergomash» (Moscow), SSC RF IPPE (Ob-
ninsk), SPC «LUCH» (Podolsk), JIPNR-Sosny and IP of Belarus
NAS, and members of the international collaboration «Energy
plus Transmutation». The presence of positive experience of
teamwork, including long-term fruitful experiments of this col-
laboration at JINR, as well as the set of work executed at the ini-
tiative of CPTP «Atomenergomash» in 2008–2009 at JINR and
PINP RAS (Gatchina), allows us to hope for successful realiza-
tion of the planned programme of research. It is very important
that the exactly unique technical possibilities for performance of
planned experiments, namely, the working accelerator of rela-
tivistic particles Nuclotron, necessary stock of fissile materials,
and the adjusted measurement techniques at JINR are available.

Research on nuclear relativistic technology should become
one of the key links of the JINR innovative belt.

Ñïèñîê ëèòåðàòóðû / References

1. Ñóááîòèí Â. È. // Ý×Àß. 1998. Ò. 29. Ñ. 333 / Sub-
botin V. I. // Part. Nucl. 1998. V. 29. P. 333.

2. Âàñèëüêîâ Ð. Ã. è äð. // Àòîìíàÿ ýíåðãèÿ. 1970.
Ò. 29, âûï. 3. Ñ. 151–158 / Vasil’kov R. G. et al. // Atomic
Energy. 1970. V. 29, No. 3. P. 151–158.

3. Âàñèëüêîâ Ð. Ã. è äð. // Àòîìíàÿ ýíåðãèÿ. 1978.
Ò. 44, âûï. 4. Ñ. 329 / Vasil’kov R. G. et al. // Atomic Ener-
gy. 1978. V. 44, No. 4. P. 239.

4. Þðåâè÷ Â. È. è äð. Ïðåïðèíò ÎÈßÈ Ð1-2005-79.
Äóáíà, 2005 / Jurevich V. I. et al. JINR Preprint
P1-2005-79. Dubna, 2005.

5. Áàðàøåíêîâ Â. Ñ. è äð. Ïðåïðèíòû ÎÈßÈ
Ð2-91-422. Äóáíà, 1991; Ð2-92-125. Äóáíà, 1992;
Ð2-92-285. Äóáíà, 1992 / Barashenkov V. S. et al. JINR
Preprints P2-91-422. Dubna, 1991; P2-92-125. Dubna,
1992; P2-92-285. Dubna, 1992.

6. http://cftp-aem.ru/Pages/05.html.

7. Ìàð÷óê Ã. È. ×èñëåííûå ìåòîäû ðàñ÷åòîâ ÿäåð-
íûõ ðåàêòîðîâ. Ì.: Àòîìèçäàò, 1958 / Marchuk G. I. Nu-
merical Methods for Calculations of Nuclear Reactors. M.:
Atomizdat, 1958.


	Untitled
	AT THE LABORATORIES OF JINR
	Kh. U. Abraamyan, M. I. Baznat, K. K. Gudima, M. A. Kozhin,S. A. Lebedev, M. A. Nazarenko, G. A. Ososkov, S. G. Reznikov,A. N. Sissakian , A. S. Sorin, V. D. Toneev, A. V. Friesen. A Resonance Observed in the Invariant MassSpectrum of Photon Pairs
	Yu. M. Bystritskiy, A. V. Guskov, V. N. Pervushin, M. K. Volkov. On the Sigma-Pole Effect in Pion Polarizability
	E. S. Kokoulina, V. A. Nikitin. Collective Phenomena Search in Hadronand Hadron-Nuclear Interactionsin the Extreme Multiplicity Regionat the U-70 Accelerator, IHEP
	M. G. Kadykov, S. I. Tyutyunnikov, V. I. Furman, V. V. Chilap. «Energy plus Transmutation»:Nuclear Power— the Present and the Future
	A. N. Bugay. On the Interaction of Terahertz Radiationwith Condensed Matter
	MEETINGS OF THE JINR PACs
	SESSION OF THE JINR SCIENTIFIC COUNCIL
	PRIZES
	FINANCE COMMITTEE
	JINR CP SESSION
	SHORT BIOGRAPHIES
	JINR DIRECTORATE’S INFORMATION
	GRANTS
	SCIENTIFIC COOPERATION
	CONFERENCES. MEETINGS
	IN MEMORY OF THE SCIENTIST
	NEW PUBLICATIONS
	SCHEDULE OF JINR MEETINGS

