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OPENING ADDRESS

V.G.Kadyshevsky

Director of the Joint Institute for Nuclear Research

Dear Members of the Scientific Council, Honorary guests, Colleagues,

Ladies and Gentlemen,

Let me open the round-table discussion dedicated to different aspects of cooperation

of JINR with scientific centres, universities and organizations of Poland.

The present meeting is included into the agenda of the 89th session of the Scientific

Council of the Joint Institute for Nuclear Research in accordance with your

recommendation made a year ago after the results of the round-table discussion

dedicated to the JINR cooperation with Russian institutions. Academician Hrynkiewicz

suggested a round-table discussion «Poland–JINR», and today the idea is being realized.

The exhibition, which we opened today in the morning with Professor Niewodniczanski,

can be regarded as a prologue to the present round-table discussion. In the exhibited

pictures we could gladly see a lot of our Polish colleagues.

I think it is natural that Poland became the first Member State about whom we start

our discussion in the new century and new millennium.

Poland has played a great role in the foundation of JINR. Poland has been a Member

State of the Joint Institute for Nuclear Research from 1956. Since the very first days of

JINR’s existence Poland has been taking the most active part in the Institute activities

and in its governing bodies. A prominent Polish scientist Corresponding Member of the

Academy of Sciences of Poland Marian Danysz was a member of the first JINR

Directorate.

Poland forwarded outstanding scientists to the governing bodies of the Institute.

First Scientific Councils of JINR included Professor M. Danysz, Professor A. Soltan,

Academician H. Niewodniczanski, and Academician L. Infeld.

Today the names of many of these scientists are kept in the alleys on the JINR’s sites.

You may find the alleys after M. Danysz and L. Infeld on the territory of the High Energy

Laboratory, and H. Niewodniczanski’s alley at the Laboratory of Nuclear Problems’ site.

Two Polish physicists were elected on the alternative basis to the first international

Scientific Council, which was established at the session of the Committee of

Plenipotentiaries in March 1993. The present Scientific Council represents Polish

scientists on a wider scale. These are Academicians A. Hrynkiewicz, R. Sosnowski,

J. Janik and A. Budzanowski. I would like to stress the fact that the number of Polish

members of the present Scientific Council is on the second place, after that of Russia.

Poland was among the initiators of the 90s changes and reforms in the Joint Institute. The
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role of Academician A. Hrynkiewicz, who was the Plenipotentiary of Poland to JINR, is

immense.

The Institute Directorate is grateful to Academician A. Hrynkiewicz for his constant

attention to the needs of the Joint Institute, for his great efforts in the development of our

cooperation with Polish scientific centres and universities.

Dubna physicists have wide contacts with Polish scientists. Today we keep close ties

with 35 scientific organizations in Poland (including 7 universities) on 28 scientific

topics in all directions of the JINR activities. The geography of this cooperation is all

Poland.

Many forums may be mentioned here where the cooperation of Dubna and Polish

physicists was the topic of discussions and presentations. I would like to say a few words

about the exhibition «People near the atom», which took place in the Warsaw Museum

of Science and Technology from 25 November to 8 December 1996.

The exhibition reflected the history of the cooperation of the Joint Institute with

Polish centres since the moment of the Institute’s establishment.

At the opening of the exhibition I heard the remarkable words addressed to JINR and

pronounced by the President of the National Atomic Energy Agency of Poland Professor

J. Niewodniczanski: «Our common Joint Institute on the Volga bank».

I think these words may become the motto of our present round-table discussion.

In conclusion I would like to mark the following: we expect the today’s discussion

will promote further successful development of the cooperation of JINR with Polish

scientists, physicists from other Member States, with all partners of the Joint Institute

from different corners of the world.
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ÏÎËÜØÀ Â ÎÁÚÅÄÈÍÅÍÍÎÌ ÈÍÑÒÈÒÓÒÅ
ßÄÅÐÍÛÕ ÈÑÑËÅÄÎÂÀÍÈÉ

À.Õðûíêåâè÷

Ïîëíîìî÷íûé Ïðåäñòàâèòåëü ïðàâèòåëüñòâà ÐÏ â ÎÈßÈ

Óâàæàåìûé ãîñïîäèí ïðåäñåäàòåëü, óâàæàåìûå êîëëåãè!

Â ìîåì âñòóïèòåëüíîì ñëîâå õî÷ó â ñæàòîé ôîðìå ïðåäñòàâèòü âàì ó÷àñòèå

ïîëüñêèõ íàó÷íûõ öåíòðîâ è ïîëüñêèõ ñîòðóäíèêîâ â äåÿòåëüíîñòè Îáúåäèíåí-

íîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé.

Â 1956 ã. Ïîëüøà áûëà îäíîé èç 11 ñòðàí-ñîçäàòåëåé Îáúåäèíåííîãî èíñòè-

òóòà (Àëáàíèÿ, Áîëãàðèÿ, Âåíãðèÿ, ÃÄÐ, Êèòàé, ÊÍÄÐ, Ìîíãîëèÿ, Ïîëüøà,

Ðóìûíèÿ, ÑÑÑÐ, ×åõîñëîâàêèÿ).

Â ñîñòàâå ïåðâîé äèðåêöèè Îáúåäèíåííîãî èíñòèòóòà ïîñò âèöå-äèðåêòîðà

çàíèìàë çíàìåíèòûé ïîëüñêèé ó÷åíûé Ìàðèàí Äàíûø (1956–1958 ãã.). Â ïîñëå-

äóþùèå ãîäû âèöå-äèðåêòîðàìè ÎÈßÈ îò Ïîëüøè áûëè:

• Àíäæåé Õðûíêåâè÷ (1966–1968),

• Ìå÷èñëàâ Ñîâèíñêèé (1977–1981).

Ïîëüñêèå ó÷åíûå çàíèìàëè òàêæå ïîñòû çàìåñòèòåëåé äèðåêòîðîâ ëàáîðà-

òîðèé ÎÈßÈ:

• Çáèãíåâ Ñòðóãàëüñêèé (ËÂÝ),

• Åæè Áàðòêå (ËÂÝ),

• Ñëàâîìèð Õîéíàöêèé (ËßÐ),

• Ãåíðèõ Ëèçóðåé (ËßÏ),

• Ýäâàðä Êàïóñöèê (ËÒÔ),

• Èðåíåóø Íàòêàíåö (ËÍÔ),

• Àëåêñàíäåð Ïîëÿíñêèé (ËÈÒ),

è áûëè ïðåäñåäàòåëÿìè íàó÷íûõ êîìèòåòîâ:

• Àíäæåé Õðûíêåâè÷,

• Åæè ßíèê,

• Êøèøòîô Ðûáèöêèé,

• Ïøåìûñëàâ Çåëèíñêèé,

• ßí Æèëè÷.

Ïåðâûì ïðåäñåäàòåëåì Ïðîãðàììíî-êîíñóëüòàòèâíîãî êîìèòåòà (ÏÊÊ) ïî

ÿäåðíîé ôèçèêå áûë èçáðàí Àíäæåé Áóäçàíîâñêèé.

Â ñîñòàâ Ó÷åíîãî ñîâåòà ÎÈßÈ âõîäèëè èçâåñòíûå ïîëüñêèå ó÷åíûå: Ìàðèàí

Äàíûø, Ëåîïîëüä Èíôåëüä, Ãåíðèõ Íåâîäíè÷àíñêèé è Àíäæåé Ñîëòàí.
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Â íàñòîÿùåå âðåìÿ ÷ëåíàìè Ó÷åíîãî ñîâåòà ÎÈßÈ ÿâëÿþòñÿ:

• Àíäæåé Áóäçàíîâñêèé,

• Àíäæåé Õðûíêåâè÷,

• Åæè ßíèê,

• Ðûøàðä Ñîñíîâñêèé.

Â íàó÷íîé è òåõíè÷åñêîé äåÿòåëüíîñòè Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ

èññëåäîâàíèé ïðèíèìàþò ó÷àñòèå:

• 10 ïîëüñêèõ âóçîâ,

• 5 èíñòèòóòîâ Ãîñóäàðñòâåííîãî àãåíòñòâà ïî àòîìíîé ýíåðãèè ÐÏ,

• 3 èíñòèòóòà Ïîëüñêîé àêàäåìèè íàóê.

Â òå÷åíèå 1956–2000 ãã. íà äîëãîñðî÷íóþ ðàáîòó â ÎÈßÈ (áîëåå øåñòè

ìåñÿöåâ) áûëè íàïðàâëåíû 470 ïîëüñêèõ ñîòðóäíèêîâ. Íà îñíîâàíèè ðåçóëüòàòîâ,

ïîëó÷åííûõ â Äóáíå, 104 èç íèõ çàùèòèëè â Ïîëüøå êàíäèäàòñêèå äèññåðòàöèè, à

47 — äîêòîðñêèå äèññåðòàöèè.

Êðîìå äîëãîñðî÷íûõ êîìàíäèðîâîê, ïîëüñêèå ñîòðóäíèêè ïðèåçæàëè â

ÎÈßÈ äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ, îáñóæäåíèÿ èòîãîâ ñîâìåñòíûõ ðàáîò, äëÿ

ó÷àñòèÿ â êîíôåðåíöèÿõ è ñîâåùàíèÿõ, îðãàíèçîâàííûõ â Äóáíå.

Â ïîñëåäíåå âðåìÿ â òå÷åíèå ãîäà ñ òàêèìè êðàòêèìè âèçèòàìè â Äóáíó â

ñðåäíåì ïðèåçæàëî îêîëî 60 íàó÷íûõ ñîòðóäíèêîâ îáùèì êîëè÷åñòâîì

800 ÷åëîâåêî-äíåé â ãîä. Áîëåå ïîäðîáíî ýòè äàííûå ïðåäñòàâëåíû â òàáë. 1.

Òàáëèöà 1. Êðàòêîñðî÷íûå êîìàíäèðîâêè

Ãîä Êîëè÷åñòâî ó÷åíûõ ×åëîâåêî-äíè

1998 52 764

1999 58 783

2000 63 839

Ãëàâíûå íàó÷íûå íàïðàâëåíèÿ, ðåàëèçîâàííûå â ëàáîðàòîðèÿõ ÎÈßÈ, ó÷àñ-

òèåì â êîòîðûõ çàèíòåðåñîâàíû ïîëüñêèå íàó÷íûå öåíòðû, ïðåäñòàâëåíû â òàáë. 2.

Òàáëèöà 2

Íàó÷íîå íàïðàâëåíèå
Çàèíòåðåñî-

âàííîñòü

• Ôèçèêà òÿæåëûõ èîíîâ 32 %

• Ôèçèêà êîíäåíñèðîâàííûõ ñðåä 31 %

• Âû÷èñëèòåëüíàÿ ôèçèêà è òåõíèêà 14 %

• Òåîðåòè÷åñêàÿ ôèçèêà 10 %

• Ðåëÿòèâèñòñêàÿ ÿäåðíàÿ ôèçèêà 6 %

• Ðàäèîëîãèÿ è ðàäèîìåäèöèíà 4 %

• Íåéòðîííàÿ ÿäåðíàÿ ôèçèêà 3 %
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Âîïðîñàìè ñîòðóäíè÷åñòâà ñ Îáúåäèíåííûì èíñòèòóòîì ÿäåðíûõ èññëå- äî-

âàíèé â Ïîëüøå çàíèìàåòñÿ êîìèññèÿ Ñîâåòà ïî àòîìíîé ýíåðãèè, â ðàáîòàõ êîòî-

ðîé ïðèíèìàþò ó÷àñòèå ïðåäñòàâèòåëè ïîëüñêèõ íàó÷íûõ öåíòðîâ. Êîìèññèÿ

îáñóæäàåò íàïðàâëåíèÿ ñîòðóäíè÷åñòâà, óòâåðæäàåò äîëãîñðî÷íûå êîìàíäèðîâêè

ïîëüñêèõ íàó÷íûõ ñîòðóäíèêîâ â ÎÈßÈ è îöåíèâàåò èòîãè èõ íàó÷íîé äåÿòåëü-

íîñòè. Êîìèññèÿ çàíèìàåòñÿ òàêæå ðàñïðåäåëåíèåì ñðåäñòâ ïî ôèíàíñèðîâàíèþ

ãðàíòîâ Ïîëíîìî÷íîãî Ïðåäñòàâèòåëÿ è ñîâìåñòíûõ ïðîãðàìì, îñóùåñòâëÿåìûõ

ïîëüñêî-äóáíåíñêèìè íàó÷íûìè ãðóïïàìè è êîëëàáîðàöèÿìè.

Êîìèññèÿ ïî ñîòðóäíè÷åñòâó ñ ÎÈßÈ âûðàáîòàëà ñòðàòåãèþ ñîòðóäíè÷åñòâà

ïîëüñêèõ íàó÷íûõ öåíòðîâ ñ Îáúåäèíåííûì èíñòèòóòîì, êîòîðàÿ ñâîäèòñÿ ê

òîìó, ÷òî êîëè÷åñòâî ïîñòîÿííî ðàáîòàþùèõ ïîëüñêèõ ñîòðóäíèêîâ â Äóáíå íå

äîëæíî ïðåâûøàòü 15–20 ÷åëîâåê. Ýòî òàê íàçûâàåìûå «ðåçèäåíòû», êîòîðûå çà-

íèìàþòñÿ ñîâåðøåíñòâîâàíèåì èçìåðèòåëüíîé àïïàðàòóðû, íàáëþäàþò çà åå ñî-

ñòîÿíèåì è ïîäãîòàâëèâàþò ýêñïåðèìåíòû. Â ñîãëàñîâàííîå âðåìÿ èç Ïîëüøè â

ëàáîðàòîðèè ÎÈßÈ â êðàòêîñðî÷íûå êîìàíäèðîâêè íà 10–15 äíåé ïðèåçæàþò

ñïåöèàëèñòû äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ. Îáðàáîòêà ïîëó÷åííûõ ðåçóëüòàòîâ

è ïîäãîòîâêà ïóáëèêàöèé â ÎÈßÈ è â Ïîëüøå âûïîëíÿþòñÿ ñ èñïîëüçîâàíèåì

êîìïüþòåðíîé ñâÿçè.

Ðàçëè÷íûå àñïåêòû ñîòðóäíè÷åñòâà Ïîëüøè ñ ÎÈßÈ èëëþñòðèðóþò òàáë. 3,4.

Â ïåðâîé èç íèõ ïîêàçàíû äàííûå çà ïåðèîä 1995–2000 ãã. ïî:

• âçíîñó Ïîëüøè â áþäæåò ÎÈßÈ,

• êîëè÷åñòâó íàó÷íûõ ñîòðóäíèêîâ èç Ïîëüøè, íàïðàâëåííûõ íà

äîëãîñðî÷íóþ ðàáîòó,

• êîëè÷åñòâó íàó÷íûõ ïóáëèêàöèé â ìåæäóíàðîäíûõ æóðíàëàõ,

• êîëè÷åñòâó äîêëàäîâ íà ìåæäóíàðîäíûõ êîíôåðåíöèÿõ.

Òàáëèöà 3. Äàííûå îá ó÷àñòèè Ïîëüøè â ÎÈßÈ

Ãîä Âçíîñ, òûñ. äîëë.
Êîëè÷åñòâî íàó÷íûõ

ñîòðóäíèêîâ

Êîëè÷åñòâî

ïóáëèêàöèé

Êîëè÷åñòâî

äîêëàäîâ

1995 1310 19 45 6

1996 1472 19 53 13

1997 1590 19 46 6

1998 1811 20 57 14

1999 1838 19 58 12

2000 1799 18 — —

Ïîëüñêèé âçíîñ â ÎÈßÈ ðàñïðåäåëÿåòñÿ ñëåäóþùèì îáðàçîì:

• çàðàáîòíàÿ ïëàòà ïîëüñêèõ ñîòðóäíèêîâ — 15%,

• íàó÷íàÿ äåÿòåëüíîñòü â Äóáíå — 35%,

• ìåæäóíàðîäíîå ñîòðóäíè÷åñòâî ÎÈßÈ — 20%,
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• ãðàíòû Ïîëíîìî÷íîãî Ïðåäñòàâèòåëÿ — 10%,

• ñîâìåñòíûå íàó÷íûå ïðîãðàììû — 20%.

Â òàáë. 4 ïðåäñòàâëåíî ôèíàíñèðîâàíèå ãðàíòîâ è ïðîãðàìì çà 1997–2000 ãã.

Òàáëèöà 4. Ãðàíòû è ñîâìåñòíûå ïðîåêòû

Ãîä

Ãðàíòû Ïðîåêòû

Êîëè÷åñòâî

Âûäåëåííîå

ôèíàíñèðîâàíèå,

òûñ. äîëë.

Êîëè÷åñòâî

Âûäåëåííîå

ôèíàíñèðîâàíèå,

òûñ. äîëë.

1997 14 240 — —

1998 14 125 11 325

1999 15 120 10 210

2000 13 140 16 300

Âñåãî 625 835

Ñåãîäíÿ, ïîñëå âûñòóïëåíèÿ ïðîôåññîðà Åæè Íåâîäíè÷àíñêîãî — ïðåäñåäà-

òåëÿ Ãîñóäàðñòâåííîãî àãåíòñòâà ïî àòîìíîé ýíåðãèè, ñîãëàñíî ïîâåñòêå äíÿ

Ó÷åíîãî ñîâåòà åãî ó÷àñòíèêè çàñëóøàþò äåñÿòü äîêëàäîâ ïðèãëàøåííûõ â Äóáíó

ó÷àñòíèêîâ ñîâìåñòíûõ ïðîãðàìì, êîòîðûå âûïîëíÿþòñÿ ñîòðóäíèêàìè ÎÈßÈ è

ïîëüñêèõ íàó÷íûõ öåíòðîâ.
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SPEECH OF WELCOME

J.Niewodniczanski

President of the National Atomic Energy Agency, Poland

Mr. Chairman — Academician Kadyshevsky,

Ladies and Gentlemen,

First of all I would like to express my appreciation for inviting me to this meeting of

the JINR Scientific Council. This is the second time I have the opportunity to participate

at the deliberations of this Body; for me — having also been a regular member of the

CERN Council since 1992 — to be here today is really a very interesting experience.

For such a country like Poland it is practically impossible to perform any frontal

experiments in physics using only our own facilities. Therefore, it is so essential for our

scientists to participate in international research programmes, using facilities not

available in Poland. The best form of such a participation is a membership of

international scientific organizations, like CERN in Geneva or JINR in Dubna. We are

very happy to be members of those two institutions and to be able through that to use

their unique installations and to collaborate with their staff members.

I try to avoid a word «cooperation» in case of Polish involvement in the programmes

of JINR or CERN; being the member of a family you cannot cooperate with this family,

but you try to be present in all its activities. So I believe that instead of the expression

«cooperation» in the title of our discussions dealing with relations between Poland and

JINR, the word «presence» (of Polish groups in the JINR laboratories and programmes)

should be rather used.

Being the members of JINR and CERN costs quite big amount of money. We do

whatever we can to fulfil our financial obligations and so far we have paid all our

contributions in full. Since both contributions come from the same part of our budget and

both are connected with the research in «subatomic» physics, we would like to justify

our presence in these institutions by the opportunity to apply their unique installations to

study different in both cases scientific topics. Therefore, we are not very happy when

either the programmes or research teams overlap and our contributions paid to CERN

and JINR are partly used to cover costs of the same scientific tasks. We feel that here in

Dubna there are such interesting facilities, research topics and — especially — people to

work with that our financial obligations have to be devoted entirely to the programmes

which cannot be performed at CERN.

Today we have opened an exhibition on Poles present here in JINR laboratories and

on Polish institutes and universities cooperating with Dubna. At this exhibition we could

see pictures of people and their working places. Now at the next part of our meeting we
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are going to listen to the presentations on their programmes and on the results obtained.

So it will be a natural extension of that exhibition, from faces to brains, from laboratories

to scientific results. I am quite convinced that an outcome of that meeting will

demonstrate benefits of Polish science from our presence in JINR and of the Institute

from our contribution to its programmes.

10



THE MEDICAL CYCLOTRON AIC-144

AT THE HENRYK NIEWODNICZANSKI

INSTITUTE OF NUCLEAR PHYSICS

A.Budzanowski

Institute of Nuclear Physics, Cracow, Poland

The proton isochronous cyclotron with the diameter of the main magnet pole pieces

of 144 cm was conceived during early 70s in the Accelerator Division of the Dzelepov

Laboratory for Nuclear Problems of JINR. Although it is almost impossible to trace back

all the story of this cyclotron until the very beginning, we should mention that its main

parameters were designed so that it could be constructed using the SP-44W

electromagnet of the U-120 classical cyclotron which has been in operation in the

Institute since 1958. The authors of the first idea and first design were Drs J.Schwabe,

V.P.Dmitrievsky, A.A.Glazov, V.V.Kolga, and N.L.Zaplatin.

At the end of 70s it became clear that the Institute of Nuclear Physics in Cracow will

not get money to buy a commercial isochronous cyclotron of the new generation so the

decision was taken to start the construction of the proton cyclotron using the existing at

DLNP project. This defined the basic parameters of the new machine: diameter of the

pole pieces of 144 cm, one dee, the shape of the spiral magnetic field structure and the

range of values of the K factor 37 < K < 60. It was also decided to build a new yoke, to

keep continuous exploitation of the U-120 cyclotron for fast neutron tumour therapy and

radioactive isotope production. Consequently the prototype of the new cyclotron was

assembled and tested on a provisional experimental stand located outside the radiation

shield of the U-120 cyclotron. The process of manufacturing and testing of the prototype

of the new cyclotron was performed under the guidance of Dr J.Schwabe. It started in

1981 and ended up in 1992 with the extraction of the 19 MeV deuteron and 36 MeV

alpha particle beams.

Radiative hazard precluded further tests of the beam extraction system and the

decision was to pass the AIC-144 cyclotron to the exploitation team. This team consisted

mostly of the former operators of the U-120 cyclotron as well as members of Dr

J.Schwabe’s group. Working under the leadership of M.Sc. Eng. E.Bakewicz it had to

perform the following tasks: dismantling the U-120 cyclotron, dismantling the prototype

of the AIC-144 cyclotron, reinstalling the AIC-144 cyclotron on the working stand

inside the radiation shielding, installing and putting into operation a new RF variable

frequency generator bought from the TIRA factory in St.Petersburg, constructing,

manufacturing and installing the new beam extraction system including two electrostatic
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deflectors, 3 magnetic channels and additional harmonic coils. It should be mentioned at

this point that the reinstallation operation allowed one to modernize several parts of the

AIC-144 including the water cooling system as well as removal of some faults like, e.g.,

some irregularities found in the internal parts of spirals which were due to lack of the

strict control of the shape by the manufacturer. The extraction system was based on the

principle of induced beam orbits, precession was designed by Dr S.B.Vorojtsov from the

Accelerator Division of the DLNP. In June 2000, a beam of protons with the energy of

35 MeV was extracted. The transmission of the main electrostatic deflector of 50 % was

achieved. This value can be considered as a remarkable one taking into account a small

distance between last subsequent proton orbits about 0.5mm. The important contribution

of the specialists from the Accelerator Division of DNLP, namely Drs N.A.Morozov,

E.V.Samsonov and N.G.Shakun to the job of putting into operation the whole beam

extraction system is noted. The main parameters of the AIC-144 cyclotron are listed in

Table 1.

Table 1. Main parameters of the AIC-144 cyclotron

1. Pole diameter 144 cm

2. Magnetic structure 4 spirals with angles from 45 to 54o

3. Average magnetic field 8.5–18 kGs

4. Main magnet current 0–700 A

5. Number of concentric coils 20

6. Number of valley coils 4

7. Range of the concentric coils current �400 A

8. Number of dees 1 (��180�)

9. Range of the RF generator 10–27 MHz

10. Output power of the RF generator 120 kW

11. Dee voltage (amplitude) max. 50 kV

12. Extraction system

(the precession method)

2 electrostatic deflectors,

2 magnetic channels (passive),

1 electromagnetic channel,

4 harmonic coils

13. Efficiency of extraction up to 70%

14. Ion source internal, PIG type

15. Acceleration factor K = 60

16. Energy ranges protons: 20–60 MeV,

deuterons: 15–30 MeV,

�-particles: 30–60 MeV

The radioisotopes obtained so far by using proton and alpha beams from AIC-144

are listed in Table 2.
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Table 2. Radioisotopes produced by the AIC-144 cyclotron (1998–2000)

Nuclear reaction Beam Current Irradiation time

99-102Ru (p, n) 99-102Rh p 12 MeV 3 �A 20 h

58-64Ni (p,xn) 57Co p 30 MeV 2 �A 1 h

11B (p, n) 11C p 10 MeV 3 �A 1 h

158-176Yb (�, xn) 173-175Hf � 28 MeV 5 �A 24 h

109Ag (�, 2n) 111In � 28 MeV 1 �A 10 h

109Ag (�, 2n) 111In � 28 MeV 1 �A 10 h

11B (p, n) 11C p 10 MeV 3 �A 0.5 h

The nearest future of AIC-144 looks as follows. By June 2001 the proton beam at

the energy of 45 MeV should be extracted. The beam will be then guided by a system of

dipole magnets and quadrupole lenses to the position where the proton eye therapy

should take place. The increase of the beam energy to the top value of 60 MeV is planned

by the end of 2001. The beginning of the proton eye therapy is expected at the end of

2002.

The plans for the far future are to install the post-accelerator of the linear booster

type (LIBO) a prototype of which is being tested by Ugo Amaldi’s group at the Catania

Cyclotrone facility. This will allow one to increase the proton energy from 60 to

200 MeV what will open the way to the full-body proton therapy of malignant tumors.

In Fig.1 the general view of the AIC-144 cyclotron is shown. The scheme of the

beam extraction system is presented in Fig.2. General outlook of the beam distribution

system is given in Fig. 3.
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Fig. 3. Layout of the beam distribution system

Fig. 2. Beam extraction system (with beam diagnostic elements)



Finally it should be mentioned that since 1992 the AIC-144 cyclotron project was

financially supported by special investment grants from State Committee for Scientific

Research and National Atomic Energy Agency. As can be seen the Medical Cyclotron

Project perfectly fits into the scheme of financing of the so-called Hrynkiewicz’s

programmes. I should acknowledge the support obtained so far on this way and express

my wish to extend for the coming years the cooperation with JINR laboratories

particularly with DLNP and FLNP.
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THREE-PARTIES COOPERATION:

INP (ÑRAÑOW), IFE (KJELLER, NORWAY)

AND JINR (DUBNA), ON NEUTRON SCATTERING

IN MOLECULAR MATERIALS

J.A.Janik

Henryk Niewodniczanski Institute of Nuclear Physics, Cracow, Poland

After the IBR-1 pulsed reactor was started, the Institute of Nuclear Physics (INP) in

Cracow contributed to its instrumentation by constructing a spectrometer for measuring

the neutron spectra, which informed about the phonon dynamics in hydrogen containing

materials. Later on these studies were extended on neutron diffraction performed by the

time-of-flight method well suited for the pulse source. In this way the instrumental basis

was created. Further achievements of this basis were the spectrometers KD-SOG and

NERA.

The three-parties cooperation is functioning with the following division of tasks:

IPN is responsible for samples and knowledge of their basic properties concerning

phases and phase transitions, which may be obtained from the scanning calorimetry,

adiabatic calorimetry, polarization microscopy, and IR Fourier spectroscopy. Institute

for Energiteknikk (IFE) provides the possibilities of neutron scattering measurements

via the time-of-flight spectrometer (TOF) operating in the «direct» geometry. The Joint

Institute for Nuclear Research (JINR) provides the possibilities of neutron scattering

measurements via the time-of-flight spectrometer NERA operating in the «inverted»

geometry.

The strategy of these joint efforts is the following: After a basic information

concerning sample has been obtained at INP, we carry out neutron scattering

measurements at IFE, where we have at our disposal a practically unlimited time, but low

neutron intensity and a «wide» line of incoming neutron wavelength (HWHM equals

130 µeV). Selected aspects (as the most important) — temperatures, momentum

transfers, etc. — are then being measured at JINR, in frame of users policy, i.e., via

applying for time on the NERA spectrometer. Time of measurements is of course limited

to ca. 2 weeks per year. Here we have at our disposal the simultaneous phase control (via

diffraction) and a high neutron intensity plus a «narrow» line of neutron wavelength

(HWHM may be as 30 µeV).

Financing of the project from the Polish contribution to JINR makes it possible to

cover part of travel costs and per diem of persons involved in the cooperation.
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As an example of research carried out in

frame of this project let me briefly present the

study of low energy part of the atomic

dynamics in glasses — as compared with the

crystal phase [1]. The substance chosen for

this example is the co-called 5*CB (Fig. 1)

which exhibits the cholesteric phase. On

cooling below 210 K one obtains the «cholesteric» glass. On heating then one obtains

two crystalline forms: a metastable (I) and a stable (II) one. This information was

obtained at INP via the scanning and adiabatic calorimetry.

At IFE (Norway) we obtained an evidence of the so-called «boson peak»

characteristic for the glass. Figure 2 shows this result for six temperatures scaled via the

«Bose scaling» to 100 K. We may say that the scaling is satisfactory, but there is a great

scatter of points due to a low neutron intensity at the Norwegian reactor.

At JINR it was possible to get results of a much better quality which made it possible

to express them in the form of density of excited states for the glass, crystal I and crystal

II (Fig. 3). After subtracting the results of crystal I, from those of glass we obtained the

«boson peak» which in this case is composed of two maxima (Fig. 4). It was impossible

to obtain this interesting feature via the neutron measurements in Norway.
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Fig. 1. Schematic view of the 5*CB molecule

Fig. 2. «Bose scaling» of neutron scattering data obtained at IFE (Norway)
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Fig. 4. Difference between densities of states for glass and crystal I. JINR (Dubna)

Fig. 3. Low energy parts of the density of states for glass and two solid phases. JINR (Dubna)



THEORETICAL AND EXPERIMENTAL STUDIES

ON ACCELERATOR-DRIVEN SYSTEMS

FOR TRANSMUTATION OF NUCLEAR WASTE

(Cooperation JINR, Dubna–UMM, Cracow)

S.Taczanowski

University of Mining & Metallurgy, Faculty

of Physics and Nuclear Techniques, Cracow, Poland

Introduction

The title of the present contribution to the round table «Poland in JINR» is at the

same time the title and thus the subject of the cooperation agreement between the JINR,

Dubna and the University of Mining & Metallurgy (UMM), Cracow. More precisely, the

Department of Energy Problems at the Faculty of Physics and Nuclear Techniques of

UMM is the group carrying out the respective studies. This direction of research

deserves a still stronger support whereas simultaneously some misinterpretations

regarding it can be felt, thus giving rise to a need of some clarification. The content of the

paper tries to meet these demands, while providing a comprehensive substantiation and

explanation of the research in question.

Premises of the Research Subject

The global inventory of civilian spent nuclear fuel (including the reprocessed

fraction) amounts to over 200 000 tn [1] that contain nearly 4 000 tn of fissile nuclides.

The amount of actinide waste of military origin (mainly either depleted or weakly

burned-up uranium from dedicated reactors supplying weapons-grade Pu) may even

triple this quantity [2]. Here, the energy content of actinides (200 MeV/1 atom) equal to a

striking number of 2·1022 J contained in the global (civilian only) inventory. This

quantity is equal to the consumption of energy (at present rate) in all forms by the whole

humankind during 50 years. To bury such enormous amount of energy would be really

deplorable. Much more rational and responsible in regard to present and future

generations is to work out a technology that will assure safe utilization of this waste.

Simultaneously, it should be reminded that only fissioning is a definitive way of

getting rid of radiotoxic actinides, since the fission products are stable (major part)

whereas the rest in general — much shorter lived. Thus, the transmutation (or

incineration) of spent nuclear fuel is inseparable from energy release, at the rate

� 1 tn/2500 MWt yr. These numbers show the scale of the problem and the size of

needed devices.
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In addition one may hope that a possibility of definitive destruction of nuclear waste

may positively influence the public attitude towards nuclear energy thus adding an

important social value to this research.

Explanations

In connection with this subject of studies a series of questions may appear. This form

of questions and answers will be maintained.

How is the actinide waste generated?

The answer is given in Fig. 1.

It is worth to notice that in result of neutron absorptions, parallel to fissioning some

nuclides are transmuted into heavier Minor Actinides (MA), namely into highly

radiotoxic transplutonics Am and Cm. Therefore, a completely closed fuel cycle, i.e.,

permanent recycling, is a very difficult task.

What does a transmutation system consist of?

The main parts of such a system are sketched in Fig. 2.

It can be noticed that a complete transmutation system in addition to accelerator in

general requires the fundamental units of power production (subcritical assembly) and of

the fuel cycle (radiochemical reprocessing).

Why is a subcritical system needed?

Let us assume the proton beam: 10 mA, 1 GeV 10 mA � ~ 6�1016 p/s �

~ 2�1024 p/a � ~ 0.8 kg/a*(fissions/proton). In view of the needs of actinide destruction

expressed in thousands of tonnes, the effect of beam alone is absolutely insufficient and a

necessity of utilization not only of secondary or tertiary processes, but also of a whole

multiplication chain arises.

20

Fig. 1. Main trajectories of nuclear transformations in the U-Pu nuclear fuel cycle



Thus, why is it prefered not to incinerate the waste simply in a critical system?

Subcritical systems have the advantage of operating in conditions farther (than

critical systems) from superprompt criticality, which is the state inadmissible in any

power reactors. This distance signifies a larger safety margin, thus hopefully making

subcritical systems easier accepted by the public.

Why must the respective research be performed in Dubna?

The reasons can be listed as follows:

• The idea of experiment was born in Dubna.

• The key device — the accelerator — is available

(the Phasotron 660 MeV).

• Competent staff .

• Subcritical assembly can be built soon.

• Meantime, experiments on bare targets are carried out.

Why is it necessary to do it right now?

The present circumstances are unique. No experiments on such subcritical devices at

the kW scale have been performed yet. But very competitive projects have already begun

(see the Table).
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Examples of accelerator-driven transmutation related research projects

Name Country Period Budget Power Prot. energy

AAA USA 2000–2010 68M$/FY01* 20–100 MW ~600 MeV

MYRRHA Belgium 1997–2008 100Mª 10–20 MW 350 MeV

JAERI + KEK Japan 1999–2020 9 ·1010 Y* 2–5 MW(b) 600 MeV

TRASCO Italy 2000–? n.a. 80 MW 600 MeV

MEGAPIE EU + CH 1999–2006 n.a. 2 MW(b) 590 MeV

*Scope of the project is much larger.

The content of the Table indicating the scale of other projects signifies that the time

is rather urgent if the experiment in Dubna has to maintain its great value.

Why is it necessary to cooperate just with the Polish partners?

• Computing facilities and codes are available at Cracow.

• Experience in respective calculations and experiments.

• Th-Pb assembly at Cracow for testing low energy neutronic codes and data.

• Cracow team participates in the 5th FP of the EU.

• The subject enjoys a support of Polish authorities.

The experience in respective calculations is shown below by a sample of calcula-

tions, whereas the measurements performed up to now are presented in an accompanied

paper [3]. First, however, is shown a sketch of subcritical assembly proposed earlier

(Fig.3).

The results of neutron transport calculations of this SAD model (Fig. 4) performed

with the MCNP code are shown in Fig. 5.
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Fig. 3. A sketch of the subcritical assembly
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Fig. 5. Distribution of fissioning in subcritical assembly vs. time

Fig. 4. Simplified calculation model of Subcritical Assembly in Dubna (SAD)



The picture in Fig. 5 illustrates the importance of the shield for small assemblies. Its

influence manifests itself by means of the neutron lifetime in the system strictly

dependent on the properties of the shield. Moreover, it affects the possibilities and

conditions of planned measurements of the system parameters on the basis of the slope of

neutron pulse decay. The delayed neutrons in certain cases can hinder it effectively (both

curves with lower values of τ).
The programme of planned research is to be only sketched here.

Research Programme

Its fundamental premise is the known truth that: The reliability and accuracy of

information a future industrial design is to be based upon must be perfect. It is the

responsibility the financial engagement draws behind that makes the requirements so

high. Thus the general objective of the research is a comparison of the theory with the

experiment, namely:

• Validation of computation tools — codes and nuclear data related to

accelerator-driven subcritical systems, in particular:

—— Nuclide production & energy release (the above items seem to be most

important, there is still lack of nuclear data in the energy range 20–650 MeV;

thus experiment includes, e.g., measurements of the hadron, i.e., mainly

neutron distributions and spectra);

— Shielding (first of all against high energy neutrons);

— Neutronics of subcritical systems.
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EXPERIMENTAL VALIDATION OF CALCULATIONS

OF RADIONUCLIDE PRODUCTION IN THE VICINITY

OF A SPALLATION NEUTRON SOURCE

J.Janczyszyn, W.Pohorecki, S.Taczanowski, V.Shvetsov1,

G.Gerbish1, G.Domanska

University of Mining and Metallurgy, Faculty of Physics

and Nuclear Techniques, Cracow, Poland,
1
Frank Laboratory of Neutron Physics, JINR

1. Introduction

Plentiful and multidirectional research conducted to alleviate public reservations

towards nuclear power has brought, among others, a revival of systems consisting of a

subcritical multiplying core linked to an accelerator driven spallation neutron source, the

so-called Accelerator Driven Systems (ADS). The proposed options of such systems, in

principle, can radically reduce the probability of uncontrolled supercriticality, minimize

the threat to people’s life and health in case of serious system failures, and limit the

amount of waste from the nuclear power industry as a whole. It can also allow for most

efficient use of the energy contained in nuclear fuels (U and Th). Very important feature

of ADS is its capacity to effectively burn Pu with simultaneous production of electricity

[1, 2].

Majority of ADS projects consists of: a proton accelerator (~ 1 GeV, 10–100 mA),

heavy metal target (i.e., W, Pb, Pb-Bi) for the production of neutrons [3] and a blanket

surrounding the target, containing fissile (235U, 239Pu, 241Pu), breeding (238U, 232Th), and

waste (transuranic nuclides: 237Np, 240Pu, 242Pu, 241Am and others) materials, the last to

be destroyed by fissioning. Moreover, a radiochemical factory is included to complete

the fuel cycle, which is necessary for separation of fission products, breeding material,

unused fissiles and wastes, for further transmutations.

The designing of ADS systems needs numerous precise neutron transport

calculations. The existing codes and data bases applied in this calculations should be

verified experimentally and improved to warrant credible results. Necessarily such

experimental verification must be done on a small scale compared to the real nuclear

power system. The below presented experiment is thought as a part of such verification,

especially for the calculation of construction materials transmutation and induced

radioactivity. It is carried on within the frame of a larger project called SAD (from

Subcritical Assembly in Dubna) [4]. In this report are presented some of the results
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obtained during the first experimental session of the SAD project, which took place on

June 22–26, 2000. The plan of these measurements was as follows:

1. Irradiate single element samples of Mg, Al, Cr, Mn, Fe, Ni, Cu, Nb, W, Bi, Pb

mainly with protons; this was realized by placing samples directly in the proton beam, in

front of the target.

2. Irradiate samples of the above-mentioned elements with neutrons by placing them

in the neutron field behind the target.

3. Measure gamma spectra of irradiated samples with the use of semiconductor

detectors.

4. Analyze the spectra to identify produced radionuclides and determine their

specific activities.

5. Compare these activities with respective values obtained from calculations with

the use of LAHET and MCNP codes.

2. Experimental Conditions

The experimental installation for conducting the experiment included:

— 660 MeV proton accelerator called the Phasotrone,

— beam transport channel,

— heavy metallic target (Pb),

— protective, control and supervising systems,

— two types of HPGe gamma spectrometers: a bulk one for energy range

100 keV–3 MeV and a LEPS for energy range 20–100 keV.

The most important parameters of JINR Phasotron from the point of view of the

present experiment are the following:

— the maximum beam power 2.1 kW

— the maximum proton energy 659 � 0.6 MeV

— proton energy dispersion 3.1 � 0.8 MeV

— intensity of the extracted proton beam: 3.2 �A (2�1013 protons/s).

Values of the parameters applied in the presented experiment were:

— proton energy 650 � 4 MeV

— max. proton yield Ip,max = 3�1010 p/s

— irradiation time ti = 10 m – 3 h

— min. decay time td, min = 2 h.

The target for producing spallation neutrons was made of natural lead and consisted

of four cylindrical parts (Fig. 1), 82 mm in diameter, coated on the side with 1.5 mm

thick stainless steel layer. The total outside diameter was 85 mm.

Samples and individual Al monitors were mounted in a special sample holder

suitable for fitting either to the front or to the end of the target. The holder with samples is

presented on Fig. 2.

Irradiated samples were counted in a typical counting geometry (see Fig. 3). Since

the induced activities were rather small, in most of cases samples were placed for coun-

ting directly on the detector surface. Only in few cases they were placed 5 cm above it.
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Fig. 1. The spallation Pb target used in the first experimental session of the SAD project

Fig. 2. The polyethylene sample holder with mounted samples (numbered). Behind each sample is placed

an individual Al monitor

Fig. 3. The typical counting geometry applied.

The samples were placed either directly on the

detector surface or 5 cm above it



3. Measurements and Results of Monitoring

Four sets of samples were irradiated. In each case slightly different geometry was

applied, as can be seen in Fig. 4. The characteristic of each irradiation is given in Table 1.

Table 1. Irradiation conditions applied in the experiment

Irradiation

number
Target

Sample holder position/

irradiation time
Integral number

of protons
Irradiated samples

1 Dummy* Front / 12 m 1.96·1013 Al, Fe, Cu, Nb, Pb

2 Pb Front & back / 21 m 2.20·1013 Mg, Cr, Mn, Ta, W

(front) Bi (back)

3 Pb Back / 277 m 3.85·1013 Mg, Al, Cr, Mn, Fe, Cu,

Nb, Ta, W, Pb

4 Pb Front / 75 m 1.45·1013 Ni, Bi

* Tube made of duralumin �70/80, L500

Aluminium monitors were applied for the sake of monitoring the absolute number of

protons and/or neutrons, both for the whole beam and for each irradiated sample. For

protons the use was made of 27Al(p, x)22Na and 27Al(p, x)24Na reactions. Circular moni-

tors 85 mm in diameter for monitoring the whole beam were made of Al foil

(8.41 mg/cm2). They were used in all irradiations, except of the first, either in front of the

target or behind it. Individual monitors for samples were made of 0.5 mm thick Al sheet

and had the same shape as respective samples (either square 1�1 cm2 or circle 1.8 cm in

diameter). During irradiation also a proton counter was applied for monitoring integral

proton number in the beam, over the whole irradiation time. This counter was calibrated

using carbon monitors and cross section of the reaction 12C(p, x)11C.
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Application of the reaction lead-

ing to 22Na seems to be straight-

forward because the thresholds of

neutron induced reactions leading to

the same nuclide, i.e., 27Al(n, x)22Na,

are too high ( > 23.4 MeV) for most

of the neutrons crossing samples and

monitors in front of the target.

Nevertheless, a correction for

secondary particles (among them

> 20 MeV neutrons) ranging from

0.922 to 0.965, calculated with the

LAHET code, has been introduced.

The situation in case of 24Na is

different, since it can be efficiently

produced by neutrons with energies

above 7 MeV (the 27Al(n, α)24Na

reaction theoretical threshold is 3.25 MeV), which are numerous in the target

surrounding. In order to be able to use this nuclide for monitoring both neutrons and

protons, the ratio of respective production yields was calculated for each monitor with

the use of LAHET and MCNP-B codes (Fig. 5). Results of the whole beam monitoring

are presented in Table 2.

Table 2. Results of absolute beam monitoring

Irradia-

tion No.

Number of protons [1013 p]

Proton

counter

Al foil 22Na activity Al foil 24Na activity

Reaction cross section [5] LAHET simulation
Reaction cross section [5,6]

+ computer simulation*

1 1.96 — — —

2 2.20 2.12 ����	
 2.16 ����	
 2.00 ������

3 3.85 — — —

4 1.45 1.93 ����
� 1.90 ����
� 1.06 �����


* LAHET and MCNP-B calculation of the 22Na and 24Na secondary particles and proton production

ratio
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Fig. 5. Calculated radial distributions of pro-

ton and neutron production of 22Na and 24Na

in front of the lead target at the distance of

5 mm from its surface. Assumed two-dimen-

sional Gaussian distribution (shown) of

protons in the beam, with σ = 424. mm



The knowledge of proton beam distribution at the target front surface is very

important for the determination of the number of protons irradiating each individual

sample. From measurements done with the use of TLD matrix [7] it was found that this

distribution has the shape near to a two-dimensional Gauss-surface. However, not

exactly symmetric, since the beam spread in x and y directions is slightly different and
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Fig. 6. Proton beam distribution at the target front surface from Al monitors



according to evaluations the standard deviations amount to: σx = 4 0. mm and σ y = 4 3.

mm.

A very rough approximation of the distribution could be obtained from the 22Na and
24Na activity of individual Al monitors. Such distributions are presented in Fig. 6. From

these results one can observe that the beam spread is not stable and the differences

between irradiations are considerable.

The situation is similar in case of the measurements made with the use of beam

profile gauge. The gauge is made of two layers of conducting strips 5 and 6 mm wide and

7–8 cm long, arranged perpendicularly. The obtained results are presented in Fig 7.

4. Qualitative Results

After the irradiation, gamma spectra of the irradiated samples were collected several

times with the use of semiconductor HPGe detectors. The spectra were analysed and

many radionuclides were identified (see Table 3). However, the results shown in Table 3

31

Fig. 7. Lateral distributions of the beam measured with strips of the profile gauge



are not yet complete because of two reasons: measurements are not finished yet and not

all of the collected spectra have been analysed.

Table 3. Nuclides identified in samples irradiated in front of the Pb target

Irradiated

element
Nuclides (T1/2)

Mg
22Na(2.0602y), 24Na(15.02h)

Al
7Be(53.29 d), 22Na, 24Na

Cr

24Na, 38Cl(37.24m), 39Cl(55.6m), 41Ar(1.827h), 42K(12.36h), 43K(22.3h), 43Sc(3.891h),
44Sc(3.927h), 44mSc(58.6h), 46Sc(83.79d), 47Sc(3.349d), 48Sc(43.7h), 48V(15.97d),
48Cr(21.56h), 49Cr(42.09m), 51Cr(27.7d), 52Mn(5.591d)

Mn

24Na, 41Ar, 42K, 43K, 43Sc, 44+44mSc, 46Sc, 47Sc, 48Sc, 48V, 48Cr, 49Cr, 51Cr, 52+52mMn,
54Mn(312.3d), 56Mn(2.578h), 52Fe(8.275h)

Fe

24Na, 34mCl(32.00m), 38S(2.84h)?, 38Cl, 39Cl, 41Ar, 42K, 43K, 43Sc, 44+44mSc, 46Sc, 47Sc, 48Sc,
48V, 48Cr, 49Cr, 51Cr, 52+52mMn, 52Fe, 54Mn, 55Co(17.53h)?, 56Mn, 56Co(77.27d)

Ni

24Na, 38Cl, 41Ar, 42K, 43K, 43Sc, 44+44mSc, 46Sc, 47Sc, 48Sc, 48V, 51Cr, 52Mn, 52Fe, 54Mn, 55Co,
56Mn, 56Co, 57Ni(36.08h), 58Co(70.916d)?, 61Cu(3.408h)

Cu

24Na, 38Cl, 39Cl, 41Ar, 42K, 43K, 43Sc, 44+44mSc, 46Sc, 47Sc, 48Sc, 48V, 48Cr, 49Cr, 51Cr,
52+52mMn, 52Fe, 55Co, 56Mn, 56Co, 57Co(270.9d), 57Ni, 58Co, 60Cu(23.2m), 61Cu, 62Zn(9.26h),
64Cu(12.70h), 65Ni(2.520h)

Nb

67Ga(3.261d), 71As(62h), 72Zn(46.5h), 73Se(7.15h), 74As(17.78d), 74mBr(41.5m),
75Se(119.77d), 75Br(97m), 76As(1.0778d), 76Br(16.2h), 77Br(57.04h), 77Kr(74.4m),
79Kr(35.04h), 81Rb(4.58h), 82Br(35.30h), 85mKr(4.480h), 85mSr(67.66m), 82mRb(6.2h),
83Rb(86.2d), 83Sr(32.41h), 84Rb(32.87d), 84mY(39.5m), 85Y(2.68h), 85mY(4.86h),
86Rb(18.63d), 86Y(14.74h), 86mY(48m), 86Zr(16.5h), 87mSr(2.81h), 87Y(80.3h), 87mY(12.9h),
87Zr(1.73h), 88Y(106.64d), 88Zr(83.4d), 89mY(16.06s), 89Zr(78.41h), 89Nb(1.9h),
89mNb(1.18h), 90mY(3.19h), 90Nb(14.60h), 90Mo(5.67h)

Ta

146Eu(4.61d), 146Gd(48.3d), 151Gd(120d), 151Tb(17.6h), 154Tb(22.7h), 155Dy(9.9h),
160mHo(5h), 161Er(3.21h), 163Tm(1.81h), 164Yb(75.8m), 165Tm(30.1h), 166Tm(7.7h),
169Lu(1.42d), 169Yb(32d), 170Hf(16.0h), 170Lu(2.0d), 171Hf(12.1h), 171Lu(8.24d), 172Lu(6.7d),
173Hf(23.6h), 173Lu(1.37y)?, 175Ta(10.5h), 175Hf(70d), 176Ta(8.1h), 178mTa(2.36h),
178m2Hf(31y), 182Ta(114.43d)

W

110Ag(249.79d), 121mTe(154d), 139Ce(137.64d), 149Tb(4.13h), 151Tb, 152Tb(17.5h),
153Tb(2.34d), 153Dy(6.29h), 158Ho(11.3m), 158Er(2.25h), 160mHo, 161Er, 163Tm, 165Tm, 166Tm,
169Lu, 170Lu, 170Hf, 171Hf, 171Lu, 173Hf, 175Ta, 176Ta, 177Lu(6.71d), 177mLu(160.9d),
177Ta(56.6h), 178m2Hf, 177W(135m), 178Ta(9.31m), 178mTa, 178m2Hf, 184Ta(8.7h)
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Pb

75Se(119.77d), 83Rb(86.2d), 85Sr(64.84d), 86Rb, 88Y(106.64d), 95Nb(34.97d), 95Zr(64.02d),
102mRh(2.9y), 103Ru(39.35d), 121Te(16.78d), 171Lu, 172Lu, 173Lu(1.37y), 175Hf, 182Ta,
183Re(70.0d), 185Os(94d), 188Pt(10.2d), 188Ir(41.5h), 189Ir(13.3d), 195Au(183d), 202Tl(12.23d),
203Hg(46.60d), 203Pb(51.88h), 205Bi(15.31d), 206Bi(6.24d)

Bi 182Ta, 194Au(39.5h), 203Hg(46.60d), 203Pb, 205Bi(15.31d)?, 206Po(8.8d)?, 206Bi(6.243d)

5. Example of Quantitative Results

For the first quantitative analysis a series of nuclides with atomic number A = 175

detected in the irradiated Ta sample (99.988 % of 181Ta) was selected (Table 4).

Table 4. Chain of nuclides generated in Ta sample

Lp Isotope T1/2 Decay
Nuclide production in sample per one proton

(calculated by LAHET)

1 175Re 4.6 m β+
5E-7 � 100%

2 175W 34 m β+
2.6E-5 � 14%

3 175Ta 10.5 h β+
1.4E-4� 6%

4 175Hf 70 d β+
7.2E-5� 8%

5 175Lu — stable 2.4E-5� 14%

These nuclides could be produced from Ta not only in proton induced reactions but

also in the neutron ones, the last for neutron energies exceeding 20 MeV. Therefore it

was assumed that their production (per proton) can be properly calculated with the

LAHET code, without the following use of the MCNP code. The values obtained from

LAHET, multiplied by proton current crossing the Ta sample during irradiation, yielded

the respective reaction rates. It was assumed that these rates were constant during the

irradiation. Using these rates the growth of activity during proton exposure (equations

(1)) and its further evolution after the end of irradiation (equations (2)) were calculated

numerically.

N t N t t c t1 1 1 11( ) ( ) ( )= − ⋅ − + ⋅∆ ∆λ ,

N t N t t i c t N t ti i i i i( ) ( ) ( ) ( )= − ⋅ − + ⋅ + − ⋅− −∆ ∆ ∆1 1 1λ λ , (1)

N t N t t c t N t tstab stab stab stab stab( ) ( ) ( )= − + ⋅ + − ⋅− −∆ ∆ ∆1 λ 1.

N t N t t1 1 11( ) ( ) ( )= − ⋅ −∆ λ ,

N t N t t i N t ti i i i( ) ( ) ( ) ( )= − ⋅ − + − ⋅− −∆ ∆1 1 1λ λ , (2)

N t N t t N t tstab stab stab stab( ) ( ) ( )= − + − ⋅− −∆ ∆1 1λ ,
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where: N — number of nuclei in sample, c — production rate per proton,λ— decay con-

stant,∆t — time step equal to 1ms for exposure time and 1s after the end of irradiation.

Results of these calculations are presented in Fig. 8 together with experimentally

obtained activities.

6. Conclusions

1. Activities generated in the samples irradiated in front of the target are significant,

even for small samples.

2. Behind the target the activities are 3 orders of magnitude lower and too small for a

reliable measurement. It is necessary to use shorter targets to obtain there a sufficient

neutron flux.

3. It is important to have a reliable evaluation of the number of protons crossing each

sample (individual monitors, known beam shape).

4. Aluminium monitors have some drawbacks (low activity of 22Na, production of
24Na also by neutrons). In future experiments also other monitors should be used, e.g.,

carbon ones.
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Fig. 8. Curves presenting calculated evolution of activity of A=175 isotopes in Ta sample irradiated in front

of the Pb target and respective results of experiment
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TECHNICAL AND RESEARCH ACTIVITY ASPECTS

OF HIL COLLABORATION WITH THE JOINT INSTITUTE

FOR NUCLEAR RESEARCH

J.Kownacki

Heavy Ion Laboratory of the Warsaw University, Warsaw

1. Status of HIL and Cyclotron Operation

• General introduction,

• Basic cyclotron parameters,

• Beam characteristics,

• Statistics of operation — 1999/2000.

Several major upgrades of the facility were undertaken to improve the quality of

the beam offered to the users.

The PIG ion source has been replaced by the home made ECR ion source which

covers the scope of available beams from B to Kr. This task was accompanied by the

construction and installation of the axial injection line. Simultaneously with the
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The total beam time in the period from May 1999 to June 2000 was 1975 hours delivered to various

experiments (see also Sec. 2). Altogether 14 different ion beams were accelerated during this time. Now the

demand for beam time is much higher than technically achievable



external ECR ion source the new vacuum system based on cryopumps was installed

what improved the beam transmission. Another major undertaking was the

improvement of the electric structure eliminating most of the discharges as well as the

installation of the new, more flexible centre of the machine. The new power amplifiers

for the RF generator system were also installed. In parallel the changes in the cooling of

the dees and the pressurized air systems were implemented, the latter allowing for the

remote control of the state of the vacuum valves throughout the beamlines. In the

continued effort to build up home made stock of typical NIM modules, an octal fast

discriminator, a 32 channel Multiplexer and a few others were designed and tested to

fulfill mainly requirements of GDR, COULEX,OSIRIS and IGISOL experiments. After

all those modifications and improvements, the regular running of the K=160 U-200P

cyclotron has started in April 1999 and its operation was continued until now with

relatively high reliability.

2. Machine and Technical Studies

• Beam transmission,

• Buncher development,

• New ECR operating at 10 GHz and 20 kV producing ions from solid materials

with relatively high charge distributions.

3. Selected On-Line Experiments

Nuclear structure far from stability. IGISOL and He-jet systems (beam line: C1).

Aim: to test and develope an isotope separator with He-jet transport on-line. Decay

studies of the short-lived Z ~ N nuclei around A ~ 40.

Equipment available:

• Magnetic Separator with He-jet transport system,

• Nuclear spectroscopy tools (HPGe’s, Si-det., electronics).

Collaboration: Inst. of Exp. Phys. (Warsaw University) — coordination, GSI

(Darmstadt), Univ. of Leuven, Univ. of Jyv�skyl�, JLL (Grenoble), Orsay, Lyon, Isolde,

SINS (�wierk), HIL (UW).

Investigation of the nuclear structure at sub-barrier energies. — Coulomb

Excitation (beam line: C2).

Aim: Multiple Coulomb excitation.Verification of nuclear models. Cooperation

with radioactive beam projects. Experiments on electromagnetic nuclear structure, e.g.,

shape coexistence, octupole deformation, validity of K quantum number, etc.

Equipment available:

• 32 PIN-diode particle (CUDAC),

• HPGe’s ~ 8,

• C.E. analysis code «GOSIA».
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Collaboration:

HIL — coordination, Univ. of Liverpool, Univ. of Jyv�skyl�, Ludvig-Maxim. Univ.

(M�nich), Univ. of Rochester, IAERI (Tokai), Kiev, St.Petersburg, CEA (Saclay).

In-beam spectroscopy — «OSIRIS-bis» (beam line: C3).

Aim: study of poorly known (or unknown) isotopes and isomers in the vicinity of the

proton drip line — in particular complementary investigation of the nuclei in the region

from Ni through Sn to Gd.

Equipment available:

• 10 HPGe with ACS,

• 4-sector HPGe polarimeter,

• 50 BGO det. mult. filter,

• SiBall — 28 elements,

• electronics,

• e
–-conversion transporter.

Collaboration: HIL — coordination, Inst. of Exp. Phys. (UW), KFA (J�lich), SINS

(�wierk), Inst. of Nucl. Phys. (Krak�w).

High energy γ-ray emission studies in heavy ion collisions at 4–12 MeV/n

(GDR — «Janosik» — beam line: C4).

Aim: Investigation of the nuclear structure by the statistical Giant Dipole Resonance

decay. Studies of γ-ray emission mechanisms in heavy ion reactions at 4–12 MeV.

Development of the experimental set-up installed at the Warsaw cyclotron.

Equipment available:

• 25 � 29cm NaI detector with plastic LiH and Pb shields,

• multiplicity filter — 32 scint. det.: BaF2 and NaI(Tl).

Collaboration:

Inst of Exp. Phys. (UW) — coordination, HIL (UW), Inst. of Exp. Phys. (Cracow),

SINS (�wierk), Chalmers Techn. Univ. (Goetenburg),Univ. Oslo.

Short time Experiments (beam lines: B, D). Tests of the detectors developements,

multiple ionization, cross section measurements, etc.

Activations (beam line: A), e.g., solid state physics, material properties, laser

spectroscopy

Off-line activity — selected examples

• Laser spectroscopy,

• Low background measurements,

• ECR for ion-surface interaction,

• Solid state physics applications of HI beams,

• Vacuum drying of the flooded papers — salvaging the cultural heritage using the

accelerator infrastructure.
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THE BOGOLIUBOV–INFELD PROGRAMME

W.Nawrocik

University of Poznan, Poland

1. General Remarks on the Bogoliubov–Infeld (B–I) Programme

The B–I Programme on scientific exchange and cooperation between Polish

scientific centres and the Joint Institute for Nuclear Research in Dubna, Russia, was

launched in 1998 and covers two fields: theoretical physics and education.

The cooperation in theoretical physics is coordinated by Prof. Wladyslawa

Nawrocka from the University of Wroclaw and Prof. Aleksandr Filippov — the head of

BLTP at JINR.

The cooperation in the field of education is coordinated by Prof. Wojciech Nawrocik

from Adam Mickiewicz University, Poznan and Prof. Svietlana Ivanova — the head of

the University Centre at JINR in Dubna.

The financial support of the B–I Programme, similarly as of the other programmes,

could start only from autumn 1998. Hitherto the cooperation of the theoreticians has

been supported with USD 83000, while that in the education field with USD 52000.

2. Cooperation in the Field of Theoretical Physics

After a long period of intense cooperation between Polish theoretical physicists and

the Bogoliubov Laboratory of Theoretical Physics at JINR in the years 1956–1980, this

cooperation gradually declined. The economical and political changes in Poland and

Russia, increasing possibilities of cooperation with leading research centres in Western

Europe and USA, have contributed to decreasing attractiveness of the cooperation with

Dubna centre. As a remedy for this situation the Bogoliubov–Infeld Programme was

initiated. The main purpose of the programme was to ensure attractive conditions of

cooperation for both sides. The already noted effect of the launching of the programme

has been a recent increase in mutual contacts and research projects in the areas of

quantum field theory, theory of atomic nucleus and theory of solid state.

After 1998, so since the launching of the programme, the number of visits has

increased 3- or 4-fold. Unfortunately, there is no symmetry in the exchange, Poland is

more attractive to research workers from Dubna than otherwise. This means that the

scientific potential of Dubna is still underestimated by the Polish side.

In view of this situation much effort should be made to spread the comprehensive

information on the possibilities and conditions of work in Dubna (annual plans of
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conferences). Much attention should be directed to encourage students working towards

Master’s or Doctor’s degrees to make use of the Dubna centre offer.

3. Cooperation in the field of education

The main objective of the cooperation in this field was encouragement of exchange

of students between Polish universities and Dubna University Centre. The offer of the

Dubna centre covers short-time group visits of up to 10 students for 7 days and longer,

3-month visits of individual students realizing a specific project.

The 7-day visits. The aim of such visits is to show the possibilities offered by the

Dubna centre. A group of students arrive at Dubna on Friday, they stay at a hotel or at

guest rooms of the Polish group, on the same day they get the pocket money and in the

evening meet the representatives of the centre and are given some information on the

centre. On Saturday the students are taken to Moscow and on Sunday to Sergijew Pasad.

From Monday to Friday next week they visit the Institute and particular laboratories,

meet graduate students and Ph.D. students, participate in lectures and talk to the students

and scientific staff about specific problems of interest. On Friday they go back to Poland.

Such short visits are an opportunity to recognize the offer of the Dubna centre, in

particular in the areas the centre specializes in, to get acquainted with unique equipment

of the centre unavailable in Poland, to break the psychological barriers of contacts with

Russians and Russian students in particular and to compare development of our

countries. The students do not pay for the accommodation, get a day diet of USD 8 (after

taxation) and they can apply to have 50 % of the cost of travel covered.

The 3-month visits. Individual students can come for a period of 3 months once or

twice a year to carry out specific programme of research within the Master’s or Doctor’s

thesis. The students get free accommodation, a grant of USD 240 and have the cost of

travel covered in the range approved by the coordinator of this part of the B–I

Programme — Prof. W. Nawrocik from AMU.

Examples of cooperation within the exchange programme: A student from AMU,

Poznan, after a short-time visit in a group of students came to FLNP twice for 3 months

and under the supervision of Prof. Marina Frontasieva carried out the research part of his

Master’s thesis, within the cooperation with the Institute of Biology, Polish Academy of

Sciences, Cracow.

Two students from the Faculty of Chemistry, Warsaw Technical University, came to

the Dubna centre with the samples of the material they were interested in and studied the

samples by the small-angle neutron scattering under the supervision of Dr Aldona

Rajewska. The results were part of the Master’s thesis of one of them.

In the end of May 1999, the centre in Dubna invited the vice-deans responsible for

education representing some Polish universities. The meeting with the Dubna centre

staff and detailed presentation of the Dubna centre offer resulted in signing a special

resolution in support of the cooperation.

40



In this year an international school for students and Ph.D. students of medical

physics is planned to take place in Dubna. The effort made so far to encourage the

interest in the Dubna centre offer has increased the number of students wishing to make

use of the unique opportunities offered by this centre. At present the number of such

students is greater than before and a selection of students is proposed taking into regards

the specializations and age of students.

A possibility of including visits to Dubna in syllabuses of Physics at our universities

is considered.

4. Institute of Physics AMU – FLNP JINR Cooperation

The cooperation between the Institute of Physics, Adam Mickiewicz University and

the Joint Institute for Nuclear Research dates back to 1970, when a group of AMU

workers was invited to Dubna by Prof. Jerzy Janik from the Institute of Nuclear Physics

in Cracow.

The cooperation was particularly intense with BLTP, FLNR and FLNP.

Since that time over 30 staff members of the Institute of Physics AMU paid

long-term visits to the JINR in Dubna. Many of them used the results obtained in Dubna

in the Ph.D. theses, 3 in the habilitation theses.

A result of cooperation between FLNP and the Institute of Physics AMU was

publication of over 50 research reports.

Our studies at FLNP have concerned mainly the structure and dynamics of

condensed phase, in particular phase transitions, by the neutron scattering method. The

pulsed neutron source — the IBR-2 reactor, a number of spectrometers, great experience

of the workers from the FLNP helps achieve interesting and significant results.

AMU group has been working mainly with the groups of Dr Ireneusz Natkaniec and

Prof. Anatoliy Balagurov on the properties of different kind of molecular crystals —

from plastic to ferroelectric crystals. Often we use high pressure as an important

parameter for better explanation of the behaviour of our crystals.

In Poznan complementary studies are performed using the NMR spectrometers,

dielectric spectrometers and systems for investigation of thermal properties.

Increasing use at JINR of the user system implemented in other European centres

has been noted.

We wish to thank the Directorate of the Institute for the hitherto cooperation in the

frame of Bogoliubov–Infeld Programme and we wish to thank the Directorate of the

Frank Laboratory for long time cooperation.
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ËÎÄÇÈÍÑÊÈÉ ÓÍÈÂÅÐÑÈÒÅÒ – ÎÈßÈ:
ÑÎÒÐÓÄÍÈ×ÅÑÒÂÎ ÔÈÇÈÊÎÂ

Þ.Àíäæååâñêèé

Èíñòèòóò ôèçèêè Ëîäçèíñêîãî óíèâåðñèòåòà, Ïîëüøà

Ñîòðóäíè÷åñòâî ôèçèêîâ Ëîäçèíñêîãî óíèâåðñèòåòà ñ êîëëåãàìè èç ÎÈßÈ â

Äóáíå íà÷àëîñü ïðèìåðíî â 1960 ã. è ïðîäîëæàåòñÿ äî ñèõ ïîð. Ñ ïåðñïåêòèâû âðå-

ìåíè îöåíèâàåì íàøå ñîòðóäíè÷åñòâî î÷åíü ïîëîæèòåëüíî. Îíî âî ìíîãèõ ñëó÷à-

ÿõ ïðåâðàòèëîñü â ïðî÷íóþ äðóæáó, ÷òî ïîâëèÿëî íà åãî áîëüøóþ ýôôåêòèâíîñòü.

Â òå÷åíèå ýòîãî äëèòåëüíîãî ïåðèîäà ëîäçèíñêèå ôèçèêè ñîâìåñòíî ñ

êîëëåãàìè, ãëàâíûì îáðàçîì èç Ëàáîðàòîðèè íåéòðîííîé ôèçèêè, îïóáëèêîâàëè

ìíîãî ðàáîò. Èõ òðóäíî ñåé÷àñ ïåðå÷èñëèòü, çàòî ëåãêî ïîäûòîæèòü äðóãèå

èçìåðèìûå ýôôåêòû ñîâìåñòíûõ èññëåäîâàíèé, êàêèìè ÿâëÿþòñÿ ïîëó÷åííûå

íàó÷íûå ñòåïåíè. Èòàê, ÷åòûðå ñîòðóäíèêà Ëîäçèíñêîãî óíèâåðñèòåòà ïîëó÷èëè

íàó÷íóþ ñòåïåíü äîêòîðà íàóê (Ã.Ìàëåöêèé, Ì.Ïøèòóëà, Ì.Ñòýìïèíüñêèé è

Þ.Àíäæååâñêèé), äâå î÷åðåäíûå äîêòîðñêèå äèññåðòàöèè íàõîäÿòñÿ â ïîäãîòîâ-

êå. Ðåçóëüòàòû ñîâìåñòíûõ èññëåäîâàíèé ÿâèëèñü òàêæå îñíîâîé çàùèùåííûõ

13 êàíäèäàòñêèõ äèññåðòàöèé â Ëîäçèíñêîì óíèâåðñèòåòå. Âñå ýòè ôèçèêè

ñîñòàâèëè è ñîñòàâëÿþò äî ñèõ ïîð ñòåðæåíü êàôåäðû ÿäåðíîé ôèçèêè è

ðàäèàöèîííîé áåçîïàñíîñòè Ëîäçèíñêîãî óíèâåðñèòåòà.

Ïîëüçóÿñü âîçìîæíîñòüþ, õî÷ó ïåðå÷èñëèòü ôàìèëèè ó÷åíûõ èç ËÍÔ, êîòî-

ðûå îñîáåííî ìíîãî ñäåëàëè äëÿ ñîòðóäíè÷åñòâà ñ Ëîäçèíñêèì óíèâåðñèòåòîì.

Ýòî È.Ì.Ôðàíê, Ë.Á.Ïèêåëüíåð, Þ.Ï.Ïîïîâ, Â.È.Ôóðìàí, Þ.Ì.Ãëåäåíîâ,

À.Á.Ïîïîâ. Ñòîèò íàïîìíèòü, ÷òî â 1975 ã. ñòåïåíü ïî÷åòíîãî äîêòîðà Ëîäçèí-

ñêîãî óíèâåðñèòåòà ïîëó÷èë ëàóðåàò Íîáåëåâñêîé ïðåìèè àêàäåìèê È.Ì.Ôðàíê.

Ñîòðóäíèêè Ëîäçèíñêîãî óíèâåðñèòåòà ïðèíèìàþò ó÷àñòèå âî ìíîãèõ î÷åíü

âàæíûõ ýêñïåðèìåíòàõ íà ïó÷êàõ íåéòðîíîâ Ëàáîðàòîðèè íåéòðîííîé ôèçèêè.

Íàäî ïîä÷åðêíóòü èññëåäîâàíèÿ:

— ÿäåðíûõ ðåàêöèé, èíäóöèðîâàííûõ ðåçîíàíñíûìè íåéòðîíàìè ñ âûëåòîì

çàðÿæåííûõ ÷àñòèö;

— ìàãíèòíûõ ìîìåíòîâ ÿäåð â ðåçîíàíñíûõ ñîñòîÿíèÿõ;

— ñïèíîâîé çàâèñèìîñòè óñðåäíåííûõ ñå÷åíèé;

— íåñîõðàíåíèÿ ÷åòíîñòè â ïðîöåññå äåëåíèÿ, âûçâàííîãî ðåçîíàíñíûìè

íåéòðîíàìè;

— íåñîõðàíåíèÿ ïðîñòðàíñòâåííîé ÷åòíîñòè â ÿäåðíûõ ðåàêöèÿõ, èíäóöèðî-

âàííûõ íåéòðîíàìè;

— îïðåäåëåíèÿ ñïèíîâ íåéòðîííûõ ðåçîíàíñîâ ïî ãàììà-ñïåêòðàì.
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Êàê íàèáîëåå ýôôåêòèâíóþ òåìàòèêó íàäî âûäåëèòü ïåðâóþ èç âûøåóïî-

ìÿíóòûõ, îñîáåííî èññëåäîâàíèÿ ðåàêöèè ( , )n α , íà÷àòûå â Äóáíå ïðîôåññîðîì

Þ.Ï.Ïîïîâûì. Äâà ãîäà òîìó íàçàä ìû âûøëè íà «íîâûé êðóã» â èññëåäîâàíèè

ýòîé ðåàêöèè. Îêàçûâàåòñÿ, ÷òî äëÿ ìîäåëåé âçðûâíîãî íóêëåîñèíòåçà â òàê

íàçûâàåìîì p-ïðîöåññå î÷åíü âàæíîå çíà÷åíèå èãðàþò ðåàêöèè ñ ó÷àñòèåì

α-÷àñòèö, îñîáåííî ðåàêöèè (γ,α) è ( , )α p . Ýòè ðåàêöèè ýêñïåðèìåíòàëüíî

îïðåäåëèòü ÷ðåçâû÷àéíî òðóäíî èëè ñîâñåì íåâîçìîæíî. Â ñâîþ î÷åðåäü, òåîðå-

òè÷åñêèå ñå÷åíèÿ îöåíåíû ñ ïîãðåøíîñòüþ, äîñòèãàþùåé îäíîãî ïîðÿäêà

âåëè÷èíû, ÷òî ïðîïîðöèîíàëüíî ïåðåíîñèòñÿ íà íåîïðåäåëåííîñòü ðàñ÷åòíîãî

ïðîöåíòíîãî ñîäåðæàíèÿ òàê íàçûâàåìûõ p-èçîòîïîâ. Äàííàÿ ïðîáëåìà ñâÿçàíà,

ãëàâíûì îáðàçîì, ñ íåîïðåäåëåííîñòüþ îïòè÷åñêîãî ïîòåíöèàëà àëüôà-÷àñòèöà –

àòîìíîå ÿäðî â îáëàñòè ýíåðãèè, ñîîòâåòñòâóþùåé çâåçäíûì ïðîöåññàì. Äëÿ

ëó÷øåãî îïðåäåëåíèÿ ýòîãî ïîòåíöèàëà íàìè âìåñòå ñ àìåðèêàíñêèìè êîëëåãàìè

çàïëàíèðîâàíî ïðîâåäåíèå ñåðèè èññëåäîâàíèé ðåàêöèè ( , )n α íà ÿäðàõ â áîëüøîì

äèàïàçîíå àòîìíûõ ìàññ è äëÿ áîëüøîãî äèàïàçîíà ýíåðãèè íåéòðîíîâ. Ïåðâûå

ñîâìåñòíûå ýêñïåðèìåíòû ìû ïðîâåëè â Îê-Ðèäæå, à ðåçóëüòàòû îïóáëèêîâàëè â

«Phys. Rev. C» (vol.62, 042801(R)).

Ìû ðàññ÷èòûâàåì íà ïðîâåäåíèå â áóäóùåì â Äóáíå òàêîãî ðîäà

ýêñïåðèìåíòîâ, î÷åíü íóæíûõ ÿäåðíîé àñòðîôèçèêå, à òàêæå äðóãèõ èíòåðåñíûõ è

âàæíûõ ýêñïåðèìåíòîâ íà ïó÷êå èìïóëüñíîãî èñòî÷íèêà íåéòðîíîâ ÈÐÅÍ. Ñ ýòèì

èñòî÷íèêîì ñâÿçûâàåì áîëüøèå íàäåæäû íà äàëüíåéøóþ ïëîäîòâîðíóþ ðàáîòó â

Äóáíå. Áåç çàïóñêà ýòîãî èñòî÷íèêà íàøà çàèíòåðåñîâàííîñòü â ïðîâåäåíèè

èññëåäîâàíèé â ÎÈßÈ ñèëüíî îãðàíè÷èòñÿ (ýòî ñâÿçàíî ñ íàøåé ìíîãîëåòíåé

ñïåöèàëèçàöèåé).

Íàäî ïîä÷åðêíóòü, ÷òî áóäóùèé ñïåêòðîìåòð íåéòðîíîâ ÈÐÅÍ ÿâëÿåòñÿ

êîìïëåìåíòàðíûì ê ñóùåñòâóþùèì â ìèðå ñïåêòðîìåòðàì, òàêèì êàê ORELA â

Îê-Ðèäæå, GELINA â Geel èëè n_TOF â ÖÅÐÍ. Åãî çàïóñê îòêðîåò âîçìîæíîñòè

øèðîêîãî ìåæäóíàðîäíîãî ñîòðóäíè÷åñòâà â èññëåäîâàíèÿõ âçàèìîäåéñòâèÿ

íåéòðîíîâ ñ ÿäðàìè.

Ìû òàêæå çàèíòåðåñîâàíû â èññëåäîâàíèÿõ íà ïîëÿðèçîâàííûõ ïó÷êàõ ÈÁÐ-2.

Ñ÷èòàåì âàæíûì ðàçâèòèå íåêîòîðûõ ýêñïåðèìåíòàëüíûõ óñòàíîâîê, íàïðèìåð,

«Ïîëÿíû». Îñîáåííî èíòåðåñíûì äëÿ ìîèõ êîëëåã â Ëîäçèíñêîì óíèâåðñèòåòå

ÿâëÿåòñÿ èçó÷åíèå ïðåöåññèè íåéòðîíîâ â øèðîêîì äèàïàçîíå èõ ýíåðãèè.

Â Ëîäçèíñêîì óíèâåðñèòåòå ïîëó÷àåò îáðàçîâàíèå îêîëî 30 òûñ. ñòóäåíòîâ.

Íàøà êàôåäðà — îäíà èç ïÿòè êàôåäð Èíñòèòóòà ôèçèêè.
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PERSPECTIVES OF COOPERATION

BETWEEN THE JOINT INSTITUTE FOR NUCLEAR

RESEARCH AND THE FACULTY OF CHEMISTRY,

UNIVERSITY OF WROCLAW

L.Sobczyk

Faculty of Chemistry, University of Wroclaw, Poland

The experience based on the cooperation between Polish colleagues assembled

at the Faculty of Chemistry, University of Wroclaw and Dr I.Natkaniec and Dr A.Paw-

lukojc from the Frank Laboratory at Dubna show that the INS technique can be particu-

larly fruitful in studies of molecular interactions reflected in low frequency vibrations.

The objects of studies were among others so-called proton sponges — derivatives

of 1.8-diaminonaphthalene — showing unusual proton affinity. In a number of cases

protonation leads to a cation with symmetrically located proton between the two nitro-

gen atoms as shown in the case of 1.8-bis(dimethylamino)–2.7-dichloronaphthalene

(DMAN-Cl2 ).

In the crystalline lattice, as demonstrated, the bromide anion is surrounded

by H-atoms originating from dimethylamino group and naphthalene ring.

We have shown that interactions classified as weak hydrogen bonds lead

to considerable changes in dynamics of cation. To visualize such changes we performed
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Fig 1. Structure of DMAN-Cl
2



the DFT calculations of frequencies and R and IR intensities for isolated DMAN-H +

cation and in the presence of Cl − -ions. The analysis of data in the Table shows that:

1) substantial changes in frequencies appear in the range below 300 cm −1

and 2) majority of transitions are nonactive in IR and R spectra, while in INS spectra,

where the selection rules do not obey, all those transitions are active because

in respective vibrations participate hydrogen atoms with large amplitude.

Table of frequencies and intensities

DMAN-H + DMAN-H +-Cl −

v IR R v IR R

28 0 3 37 0 4

86 0 0 61 11 1

122 0 5 92 0 4

93 30 0

132 0 1 102 10 0

151 12 0 143 0 1

171 5 0 160 0 0

183 0 0 178 9 1

204 1 0 183 21 0

207 0 0 192 2 0

219 0 0 221 18 4
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Fig 2. Structure of DMAN-Cl
2
-HBr



Table (cont.)

225 0 0 238 4 0

229 7 3 242 1 0

247 0 0 250 0 0

255 5 1

288 2 3 267 2 0

303 0 3 302 7 4

303 0 2

357 17 1 357 12 1

391 25 0 387 20 0

402 0 2 401 1 4

460 1 0 462 0 0

462 19 9 462 16 10

Taking into account our experience gathered up-to-date it seems justified the contin-

uation of joint studies in the following area. Firstly an attractive object of studies could

be the crystals of charge-transfer

(EDA) complexes in which the elec-

tron donor would be hexamethyloben-

zene and electron acceptors such like

trinitrobenzene, hexacyanobenzene,

tetracyanoquinodimethane and many

other strong acceptors. The interaction

should be reflected among others in

torsional vibrations of methyl groups.

The acceptor effect should arise not

only from the direct interaction

with methyl groups but also from the

partial flow of electron density.

Another topic to be offered for

joint studies is related to crystals of

dichloromaleates (DCM).

The detachment of the proton can

lead to either simple anion with very

short (2.38 �) intramolecular hydro-

gen bond or polianions being an ex-

ample of one-dimensional hydrogen

bonded crystals. In the last case the

hydrogen bonds are markedly longer,

2.45 �.
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Fig 3. Structures of hexamethylbenzene and acceptors



They can be treated as critical ones in a sense of the proton ordering and formation

of polar phases. It seems that recognition of dynamics of dichloromaleate polyanions

modified by various counter cations can yield a substantial contribution to understanding

of phase transitions related to the proton ordering.
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Fig 4. Structures of DCM



STRONG INTERACTIONS

BETWEEN LIGHT NUCLEI AT LOW ENERGIES

(Collaboration: JINR, Dubna – FPNT, Cracow)

J.Wozniak

Faculty of Physics and Nuclear Techniques, University of Mining

and Metallurgy, Cracow, Poland

Our collaboration with the Laboratory of Nuclear Problems at JINR has started

about 20 years ago. In the past, there was an activity in the field of muonic physics,

especially in the experimental and theoretical aspects of muon catalyzed fusion. The

number of common publications in the mentioned two decades exceeds 80 papers. The

actual works in the frame of Cracow–Dubna collaboration are focused on:

• nuclear fusion in dµ3He muonic complex (R-98-02; collaboration with SIN and

Fribourg University);

• scattering of muonic atoms in hydrogen (E-742; collaboration with TRIUMF and

Fribourg University);

• measuring cross sections of nuclear fusion reactions at low collision energies

using Z-pinch technique (JINR-05-2-1039-2001//2003; collaboration with HCEI,

Tomsk).

Below I present shortly the last topic which idea was born here in Dubna and its

realization is strongly supported by the Polish part of the collaboration.

The Team

V.M.Bystritsky (spokesman), Vit.M.Bystritskii, S.A.Chaikovsky, G.N.Dudkin,

M.Filipowicz, A.Gula, E.Gula, V.M.Grebenyuk, A.V.Luchinsky, E.Lacki, G.A.Mesy-

ats, V.I.Makhrin, B.A.Nechaev, V.N.Padalko, S.S. Parzhitsky, F.M. Pen’kov, N.A. Ra-

takhin, V.A.Sinebryukhov, S.A.Sorokin, A. Stolupin, A.Toor, E.N.Volkov, J. Wozniak.

Collaboration

The collaboration between the JINR and the Faculty of Physics and Nuclear

Techniques UMM in the project LESI has started in 1994 (protocol no. 2786-2-94/96;

June 21, 1994) and is continued actually in the research JINR programme

no. 05-2-1039-2001/2003.

The other collaboration members:

High-Current Electronics Institute, Tomsk, Russia;

Tomsk Polytechnic University, Tomsk, Russia;
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Institute of Electrophysics, Ekaterinburg, Russia;

University of California, Irvine, USA;

Lawrence Livermore National Laboratory, Livermore, USA;

Institute of Nuclear Physics, Cracow, Poland.

History, Scientific Background

At the Cracow’s international workshop «Exotic Muonic Complexes: Experiment,

Theory» the new approach to the measurements of nuclear reaction cross sections

between light nuclei (p,d,t,3He) for low energies (< ~ keV) has been presented1. The

novel idea was based on using high intensity, radially converging ion beams generated

during a plasma linear implosion (Z-pinch). For this purposes high power (high-current,

high-voltage) nanosecond pulse generators are used.

Up to now, there were no experimental data on the cross sections of light nuclei

fusion reactions at low collision energies2.

The classical accelerators cannot be used for the study of nuclear reactions at very

low energies (E � 1 keV – 100 eV) because the cross sections for such energies lie in the

range σ≈ −− −10 1033 45 cm2 and the intensities of the accelerated beams are too low.

From the other part the importance of such studies is evident for the physics of few

nucleon systems and for solving some astrophysical problems.

Experiments

Experiments are performed using nanosecond high-current accelerators in the

High-Current Electronics Institute in Tomsk. High intensity ion beams are produced

when a short, high-current pulse (~ MA, ~ 70 ns) passes along the liner (hollow-cylinder

gas jet produced by a special load unit). The type of gas (deuterium, protium, etc.)

depends on the requested reaction. The plasma liner is radially accelerated towards a

target placed on the liner axis by the self magnetic field of the current. The intensity of

the accelerated ion flow reaches 1020–1021 particles per pulse. The target can either be the

second inner gas jet injected by the load unit or a solid material (as CD2 or CH2 deposited

on a metallic rod placed along the liner axis). Schematic layout of the apparatus is

presented in Fig. 1.

Different conditions of experiments have been tried. At the first stage we study the

dd fusion reaction

d d n+ →3 2 5He + MeV( . ).

1V.B.Belyaev et al., «New proposals for the investigation of strong interaction between light nu-

clei at super-low energies», Proc. Int. Workshop «Exotic Muonic Complexes: Experiment, Theory»,

Sept. 27 – Oct. 10, 1993, Cracow; Nukleonika, 4, 2 (1995) 85.
2The lowest collision energies, for which the measurements have been performed using classical

accelerator technique, are: 3, 5, 16.7, 17.1, 5.9 keV for (d,d), (d,t), (p,d), (t,t) and (d,3He) reactions,

respectively.
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The cross section σdd

n can be traditionally obtained by measuring the yield of

neutrons from dd reaction produced in the interaction of a highly intense beam of

deuterons formed during the implosion of the linear plasma with the deuterium target,

according to the equation:

σ
εdd

n n

d t n

N

N n l
= ,

where Nn is the number of detected neutrons, Nd is the total number of accelerated

deuterons of the liner plasma, nt is the target density, l is the deuteron range in the target

andσn is the neutron detection efficiency. In fact, the analysis is more refined and takes

into account the energy spread of deuterons within one pulse, the Coulomb deceleration

of deuterons in the target, the dispersion of average deuteron energies for different

accelerator pulses (shots).

The strong suppression of σdd

n when collision energy becomes small (see Fig. 2)

makes the measurements of the cross sections difficult. In such a case it is better to focus

the attention on the measuring the astrophysical S-factor.The formula which describes

the energy-dependent cross section can be rewritten as a product of the barrier factor

responsible for the Coulomb repulsion and the astrophysical S-factor:
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Fig. 1. Experimental set-up. 1 — high-current generator, 2 — load unit, 3 — measuring chamber, 4 —

supersonic nozzle, 5 — electromagnetic valve, 6 — liner, 7 — target, 8 — scintillation spectrometer (8 pcs)

and thermal neutron detector (3 pcs), 9 — lead shield
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where η(E) is the so-called Sommerfeld parameter.

The S-factor is weekly energy-dependent (see Fig. 3). It is obtained by measuring

the neutron yield from the dd reaction and by using the following formula:

S E
N

N n f E dE S E E x
e

E E x
dx

n

d t n

( )

( ) ( ( , ))
( , )
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=
′ ′
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− ′

ε
πη2

00

∞∞

∫∫
,

where N n

exp is the total number of detected neutrons, f (E) is the energy distribution of

deuterons hitting the target and E is the deuterons collision energy. In the typical

measurement we use deuterium gas as the liner and a solid CD2 deposited on a copper rod

as the target. Neutrons from dd fusion are detected by two types of detectors: time of

flight scintillation spectrometers and thermal neutron detectors (BF3 counters placed in a

polyethylene moderator).

More details of the methodics of measurements and the experimental set-up used in

the studies as well as the physical results can be found in our publications (see below).
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Fig. 2. Cross sections for dd reaction versus collision energy. Three points with error bars near 2 keV — this

work. The point near 6.6 keV — experimental point for the channel d(d,3He)n received for the lowest

collision energy by using the traditional technique (A.Krauss et al., Nucl. Phys. A. 1987. V. 465. P.150).

Solid line — theoretical prediction



Scientific results

In 1995–1996, when the first phase of the set-up was finished, the cross section for

the dd reaction at the mean energy of the accelerated liner plasma deuterons Ed = 440 eV

has been measured. At the beginning of 1997 the second phase of the set-up for studying

the dd reaction and the first phase of the set-up for investigation of the pd reaction

(pd �
3He + γ) were completed. Then the cross section for the dd reaction was measured

for deuterons collision energies in the range 0.1 – 1.46 keV. In 1998–1999, we measured

the astrophysical S-factor for the dd reaction at deuteron collision energies E = 1.8, 2.06,

2.27 keV.

In 1999, we started to study an alternative approach in which plasma is electrodyna-

mically accelerated radially away from the axis (the inverse Z-pinch). With such

method, not exploited up to now, one can solve some experimental difficulties connected

mainly with plasma instabilities and improve the accuracy of measurements.

Measured experimental cross sections and S-factors of dd nuclear reaction

Collision energy (keV) Cross section (cm2) S-factor (b�keV)

0.11 � 3.1 � 10–32

0.34 � 1.6 � 10–33

0.37 ������� 10–33

1.46 � 1.5 � 10–34

1.8 4.3(� 2.6) � 10–33 53 � 16

2.06 9.8(� 4.6) � 10–33 64 � 30

2.27 2.1(� 0.6) � 10–32 114 � 68
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Fig. 3. Astrophysical S-factor for dd reaction versus collision energy. Experimental points: � — this work;

triangles and squares — old existing data



Our main results are published in the papers:

• Bystritsky V.M. et al. Experimental Investigation of dd Reaction in the Range of

Ultra-Low Energies Using Z-Pinch // Laser and Particle Beams. 2000. V.18. P.1.

• Bystritsky V.M. et al. The Astrophysical S-Factor for the dd Reaction at

Ultra-Low Energies // Journal of Physics of Atomic Nuclei. 2001. V.5 (in press).

• Bulgakov T.L. et al. Measurements of the Cross Sections for the Reaction d +

d�
3He + n at Ultra-Low Collisions Energies by Z-Pinch Technique //

Yadernaya Fizika. 1997. V.60. No.8. P.1349; Physics of Atomic Nuclei. 1997.

V.60. No.8. P.1217 (English transl.) .

• Bystritsky V.M. et al. Inverse Z-Pinch in Fundamental Investigations // Nucl.

Instr. and Meth. A. 2000. V. 455. P.706.

and in conference presentations:

• Bulgakov T. et al. Nuclear Reactions Cross Section Measurement Using Z-Pinch

Technology. // Proc. of the Intern. 11th Conf. on High Power Particle Beams

«Beams’96», Prague, Czech Rep., June 10–14, 1996. V.2. P.917.

• Bystritsky V.M. et al. Investigation of Strong Interactions Between Light Nuclei

at Super-Low Energies Using Z-Pinch Plasma Flow. // 10th IEEE Intern. Pulsed

Power Conf. Albuqerque, NM, July 10–13, 1995, USA: Abstract Book.

Methodics of experiments is presented in:

• Belyaev V.B. et al. Investigation of Strong Interactions at Very Low Energies

(50–1000 eV). JINR Commun. D15-92-324. Dubna, 1992.

• Belyaev V.B. et al. New Proposals for the Investigation of Strong Interaction of

Light Nuclei at Super-Low Energies. // Nukleonika. 1995. V.40. No.2. P.85.

• Belyaev V.B. et al. Investigation of Interactions between Light Nuclei at

Ultra-Low Energies of 100–2000 eV (project LESI). // JINR Commun.

D15-95-378, Dubna, 1995 (in Russian).

• Bystritsky V.M. et al. A New Approach in the Experimental Studies of Nuclear

Reactions at Ultra-Low Energies. // Nukleonika. 1997. V.42. No.4. P.775.

• Bystritsky V.M. et al. Set-up to Investigate Rare Neutron Producing Processes. //

Nucl. Instr. and Meth. 1996. V.374. P.73.

Figures 2 and 3 show the main results of dd-reaction cross sections and astrophysical

S-factor measurements.

It is worth to note that most of the results, namely:

— cross sections and astrophysical S-factors of dd reaction at collision energies

1.8–2.3 keV,

— upper limits for cross sections of dd reactions for energy range 100–1.5 keV

have been measured for the first time;

— actually tried and examined new technique of inverse Z-pinch seems very

promising for obtaining higher precision of measurements.
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Plans for Years 2001–2005

2001:

1. Development of techniques for measuring the energy distribution of accelerated

ions in a liner.

2. Study of the inverse Z-pinch formation dynamics for research of the dd reaction in

the range of deuteron collision energies from 0.5 to 3.0 keV and the characteristic of the

process of the direct and inverse Z-pinch formation.

3. Investigation of the dependence of the dd reaction effective cross section on the

deuteron collision energies in the range 0.53 keV and measurement of the astrophysical

S-factor in the above range.

2002:

1. Study of the inverse Z-pinch formation process for research of the pd reaction in

the range of deuteron collision energies from 0.5 to 3.0 keV.

2. Final analysis of the experimental results for dd reaction.

2003:

1. Research of the pd reaction in the range of collision energies from 0.5 to 3.0 keV.

2. Measurement of the astrophysical S-factor in the above range.

2004:

1. Study of the inverse Z-pinch formation dynamics for research of the d3He reaction

in the range of collision energies 3	10 keV.

2. Analysis of the results of the pd experiment.

2005:

1. Investigation of the dependence of the d3He reaction effective cross section in the

collision energy range 3	10 keV.

2. Measurement of the astrophysical S-factor in the d3He interaction in the collision

energy range 3	10 keV.

3. Analysis of the data of the d3He experiment.
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35 YEARS OF THE JINR–LUBLIN UNIVERSITY

COLLABORATION

D.M�czka

Maria Curie-Sklodowska University, Lublin, Poland

The cooperation of physicists of the Lublin research centre with the Joint Institute

for Nuclear Research in Dubna started in the 60’s, and from the very beginning

concerned nuclear physics in a wide range of aspects. On the turn of the 70’s and 80’s

this cooperation was broadened by studies on the nature and dynamics of the condensed

phase, using methods of nuclear physics. The cooperation undertaken with JINR was not

accidental. On the one hand, it contributed to the development of studies on nuclear

spectroscopy carried out in Lublin, and on the other it was connected with parallel

investigations of electromagnetic isotope separation. Both research lines were initiated

and directed by the late Prof. Wlodzimierz Zuk, a renowned specialist in the field of

studies on isotopes, mass spectrometry and electromagnetic separation of isotopes. At

the beginning of the 60’s he formed in Lublin a group of nuclear spectroscopy and a team

which in 1963 built the first electromagnetic isotope separator in Poland. That team,

working on nuclear spectroscopy, at the beginning used isotopes obtained in proton

synchrocyclotron at Dubna. However, after several years of those studies in Lublin their

further continuations became impossible because of necessary investigations of nuclides

of shorter and shorter lifetimes. In that condition closer contacts were established with

the Laboratory of Nuclear Problems of JINR, but strictly speaking with the Spectroscopy

and Radiochemistry Department headed in those day-times by Prof. K.Ya.Gromov. As a

result of those contacts it was possible for the Lublin nuclear physicists (T.Goworek,

J.Wawryszczuk, J.Szarzynski, M.Budzynski, E.Krupa) to go to the Dubna Institute and

work there using their own apparatuses. Together with the Russian physicists they initi-

ated a number of complex studies concerning determination of values of spins of excited

states, energy of levels, times of life, multiple order and the mixing ratios of the γ tran-

sitions in over 50 nuclei from the area of rare earths. On the initiative of the Lublin

physicists (M.Budzynski, J.Wawryszczuk, E.Krupa) studies of perturbed angular γγ
correlations were started for the first time in the Laboratory of Nuclear Problems of the

Dubna Institute, to obtain data about magnetic moments and the internal magnetic fields

acting on nuclei implanted in ferromagnetic targets. The latter subject was then shortly

associated with studies on solids carried out in Lublin. The Lublin apparatuses brought

to JINR consisted of: spectrometers γ β, and α, coincidence spectrometers and systems

for measurements of angular γγ and eγ correlations. It should be stressed that a large part

of the apparatuses constituted original and valuable construction inventions of the
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Lublin physicists contributing significantly to the research facilities of the Laboratory of

Nuclear Problems.

The cooperation with JINR involved also a group of Lublin physicists dealing with

electromagnetic separation of isotopes, to which belonged among others J.Pomorski,

A.Latuszynski, K.Kiszczak, A.Wasiak. From the very beginning of its cooperation with

Dubna, this group worked actively on application of the techniques of electromagnetic

isotope separation in studies of nuclides lying far from the β stability line. The effects

obtained in separation of radioactive isotopes depend on the separator itself. They are

however determined largely by the construction of the ion source and its operating

conditions. Taking this into consideration the Lublin physicists gave much attention to

ion generation, ionization efficiency and optimization of the separation process in

off-line system, and above all in on -line one. The complexity of the latter technique can

be accounted for by the fact that it must warrant simultaneous proceeding of the

following processes:

1. irradiation of properly chosen target with a high-energy beam of protons, neutrons

or heavy ions to induce nuclear reactions,

2. extraction of the nuclear reactions products formed in the target and extraction

(most often chemically) of the needed element,

3. transport of the studied element to the ion source of the separator and separation of

its isotopes,

4. transport of the isotopes gathered on the separator collector to the spectrometric

systems,

5. measurement of the nuclear parameters of the reaction products with nuclear

spectrometers.

Thence, only a few world laboratories have at their disposal technical possibilities of

using the on-line separation method. The Spectroscopy and Radiochemistry Department

headed at present by Prof. V.G.Kalinnikov, is just one of them in which such a project

(JASNAPP-2) was developed. JASNAPP-2 facility utilizes a proton beam from proton

synchrocyclotron of 680 MeV energy for production of studied nuclides.

It was that system for which a group consisting of physicists, mostly from Lublin and

Cracow, developed the method of the so-called «hot tantalum», which appeared

especially useful and efficient. Its applications resulted in obtaining a number of

valuable pieces of information about the properties of short-lived isotopes of rare earths,

particularly of nuclei from the transient area about the life-period in seconds. It is worthy

of noting that many of those data serve as reference for studies carried out at present.

The collaboration in the field of nuclear physics was joined by Lublin theoretical

physicists on the turn of the 70’s and 80’s. That period was marked by a large progress in

experimental studies on collision of heavy ions. As regards JINR, such investigations

were carried out largely in the Laboratory of Nuclear Reactions and their purpose was

the synthesis of new elements. In collisions of heavy nuclei the formed nucleus is

characterized by enormous rotational speed with angular momentum of the order of
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several dozen of Planck’s units and a strong shape deformation. They are those prob-

lems, actual not only in that time, which were subjects of studies of B.Nerlo-Pomorska,

K.Pomorski, A.Baran and Z.Lojewski. They were especially interested in observing

metastable states of fast rotating nuclei of relatively high excitation energy to estimate

the influence of the rotation speed of nuclei on their symmetry and disintegration. It

appeared that the features of that states (e.g., energy, spin) are very sensitive to details of

the theoretical models.

The cooperation between the Maria Curie-Sklodowska University, Lublin and JINR

was intensified in the 80’s, which consisted in joint studies in the field of physics of

solids with methods of nuclear physics. The involvement with them resulted from

extension of electromagnetic separation of isotopes, traditionally dealt with in Lublin, to

ion implantation. Installation of an ion 330 keV implantator at the Lublin University in

the 70’s initiated studies on interaction of middle energy ions with solid as well as

postimplantation defects. Due to that it was also possible to conduct investigations on

changes of physicochemical properties of solids in consequence of ion implantation;

both semiconductors and metals were studied, the latter in cooperation with a group of

researchers from the Technical University of Lublin (P.Tarkowski, P.Budzynski,

B.Kamienska). As regards metals, the studies concerned a considerable number of

phenomena responsible for changes of tribological properties, while in the case of

semiconductors — electric and optical properties. Many experimental methods are used

for studies of implanted semiconductors and metals. In Lublin, largely SIMS (Secondary

Ion Mass Spectrometry), elipsometry, PIPE (Particle Induced Photon Emission) and

modulated reflection spectroscopy are used. A considerable increase of our research

possibilities was attained owing to the undertaken cooperation with a group of

Dr A.A.Kobzev and Prof. A.M.Balagurov from the Neutron Physics Laboratory. This

group enabled us using such nuclear methods as: RBS (Rutherford Back Scatering),

PIXE (Particle Induced X Emission), NR (Nuclear Reactions), and ERD (Elastic Recoil

Detection), channeling, that is, methods, which were to a high degree complementary to

ours. Due to this cooperation we obtained a number of interesting and valuable results

about the distribution of admixtures implanted to targets, admixture diffusions, radiation

enhanced diffusion, gettering, preimplantation and recoil implantation. We hope that

this cooperation will be further developing, the more so as it has been supported by a

mutually signed protocol of studies (07-4-1031-99/2003). It is however to be mentioned

that because of a considerable distance between Lublin and Dubna many troubles of

technical character hinder effective exploitation of this cooperation. Therefore, we hold

out a great hope of the research complex cyclotron — ion implantator being installed in

Lublin owing to the grant of Dubna Institute (05-2-0986-1992/2000). This complex

consists of an ion implantator WID and a small cyclotron obtained from the Nuclear

Physics Institute in Cracow thanks to Prof. A.Hrynkiewicz’s friendly support. This

apparatus being installed is expected to form unique research conditions, among other
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things, due to the possibility of ion implantation of samples with their simultaneous

bombarding with a cyclotron beam.

Solid state physics was also an objective of the cooperation of our theoretical

physicists. Especially R.Taranko and E.Taranko carried out studies on phenomena,

which occur on solid surface. As a result of these studies the theory of chemisorption on

metals at finite coverages has been developed. In their calculation the electron

correlation effects have been considered. The influence of the disorder and electron–

photon interactions on the superconductivity effect has also been investigated

(K.Wysokinski).

In conclusion of the discussion of our more important researches, we cannot omit

mentioning 3 habilitation and 10 doctor’s theses as well as about 300 publications

resulting from the cooperation between the Lublin physical research centre and the Joint

Institute for Nuclear Research.
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Íà ìåäèöèíñêîì ïó÷êå ïðîòîíîâ óñêîðèòåëÿ Âàí äå Ãðààôà Ç. Øêëÿæ



Äóáíà–Êðàêîâ

Êðàêîâ. Èíñòèòóò ÿäåðíîé ôèçèêè èì. Ã. Íåâîäíè÷àíñêîãî.
Íà÷àëüíèê îòäåëà óñêîðèòåëåé Ý. Áàêåâè÷



Äóáíà–Êðàêîâ

Êðàêîâ. Ãîðíî-ìåòàëëóðãè÷åñêàÿ àêàäåìèÿ.
Äåêàí ôàêóëüòåòà ôèçèêè è ÿäåðíîé òåõíèêè
ïðîôåññîð Ê. Åëåíü

Êðàêîâ. Ãîðíî-ìåòàëëóðãè÷åñêàÿ àêàäåìèÿ. Ïðîôåññîð Ñ. Òà÷àíîâñêèé, Ï. Ãðîíåê
è ïðîôåññîð Å. ßí÷èøèí â âû÷èñëèòåëüíîì öåíòðå àêàäåìèè



Äóáíà–Êðàêîâ

Êðàêîâ. Ãîðíî-ìåòàëëóðãè÷åñêàÿ
àêàäåìèÿ. Îáðàáîòêà ðåçóëüòàòîâ

ýêñïåðèìåíòà, ïðîâåäåííîãî
íà ñèíõðîôàçîòðîíå ÎÈßÈ.

Ó ìîíèòîðà Ã. Äîìàíüñêàÿ

Êðàêîâ. Ãîðíî-ìåòàëëóðãè÷åñêàÿ
àêàäåìèÿ. Ñâèíöîâî-òîðèåâàÿ ñáîðêà

äëÿ èçìåðåíèÿ õàðàêòåðèñòèê
íåéòðîííûõ ïîëåé.

Íà ñíèìêå: Â. Ïîõîðåöêèé



Äóáíà–Êðàêîâ

Êðàêîâ. Âèä íà Âèñëó è Âàâåëü



Äóáíà–Êðàêîâ

Êðàêîâ. Èíñòèòóò áîòàíèêè Ïîëüñêîé àêàäåìèè íàóê. Ïðîôåññîð Ê. Ãðîäçèíñêàÿ
è äèðåêòîð èíñòèòóòà ïðîôåññîð Ç. Ìèðåê â íàó÷íîé áèáëèîòåêå èíñòèòóòà



Äóáíà–Âðîöëàâ

Çäàíèå Âðîöëàâñêîãî óíèâåðñèòåòà

Âðîöëàâñêèé óíèâåðñèòåò. Ïàðàäíûé àêòîâûé çàë



Äóáíà–Âðîöëàâ

Âðîöëàâñêèé óíèâåðñèòåò.
Ïðîðåêòîð óíèâåðñèòåòà

ïðîôåññîð È. Çþëêîâñêèé

Âðîöëàâñêèé óíèâåðñèòåò.
Õèìè÷åñêèé ôàêóëüòåò.

Àêàäåìèê Ë. Ñîá÷èê



Äóáíà–Âðîöëàâ

Èíñòèòóò òåîðåòè÷åñêîé ôèçèêè Âðîöëàâñêîãî óíèâåðñèòåòà.
Ôèçèêè-òåîðåòèêè Ç. Ïîïîâè÷ è Ñ. ×åõàíîâñêèé

Âðîöëàâñêèé óíèâåðñèòåò.
Õèìè÷åñêèé ôàêóëüòåò.
Õèìèê È. Ìàåæ



Äóáíà–Âðîöëàâ

Âðîöëàâñêèé óíèâåðñèòåò. Ñîòðóäíèêè Èíñòèòóòà
òåîðåòè÷åñêîé ôèçèêè ñî ñòóäåíòàìè

Èíñòèòóò òåîðåòè÷åñêîé ôèçèêè Âðîöëàâñêîãî óíèâåðñèòåòà.
Äèðåêòîð èíñòèòóòà ïðîôåññîð Å. Ëóêåðñêèé



Äóáíà–Ïîçíàíü

Ïîçíàíü. Óíèâåðñèòåò èì. À. Ìèöêåâè÷à.
Äåêàí ôèçè÷åñêîãî ôàêóëüòåòà â 1993–1999 ãã.
Ïðîôåññîð Â. Íàâðîöèê

Ïîçíàíü. Óíèâåðñèòåò èì. À. Ìèöêåâè÷à. Ôèçè÷åñêèé ôàêóëüòåò.
Îòäåë íåëèíåéíîé îïòèêè. Ëàóðåàò ïðåìèè ÎÈßÈ 1992 ãîäà
ïðîôåññîð Ð. Òàíàù



Äóáíà–Ïîçíàíü

Ïîçíàíü. Óíèâåðñèòåò èì. À. Ìèöêåâè÷à.
Äåêàí ôèçè÷åñêîãî ôàêóëüòåòà ïðîôåññîð À. Äîáåê

Ïîçíàíü. Óíèâåðñèòåò èì. À. Ìèöêåâè÷à.
Ôèçè÷åñêèé ôàêóëüòåò.

Ëàáîðàòîðèÿ êâàíòîâîé ýëåêòðîíèêè.
Íà óñòàíîâêå äëÿ ëàçåðíîé ñïåêòðîñêîïèè

àñïèðàíò Ì. Æóëåê



Äóáíà–Ïîçíàíü

Ïîçíàíü. Óíèâåðñèòåò èì. À. Ìèöêåâè÷à.
Ôèçè÷åñêèé ôàêóëüòåò.
Ïðîôåññîð Ã. Øèäëîâñêèé

Ïîçíàíü. Óíèâåðñèòåò èì. À. Ìèöêåâè÷à.
Ôèçè÷åñêèé ôàêóëüòåò.
Äîêòîð Ñ. Ìåëüöàðåê ñ «ïðîäóêöèåé»
ëàáîðàòîðèè ôèçèêè êðèñòàëëîâ



Äóáíà–Ïîçíàíü

Ïîçíàíü. Óíèâåðñèòåò èì. À. Ìèöêåâè÷à. Ôèçè÷åñêèé ôàêóëüòåò.
Â ëàáîðàòîðèè ôèçèêè âûñîêèõ äàâëåíèé Ê. Õîëäåðíà-Íàòêàíåö

Ïîçíàíü. Óíèâåðñèòåò èì. À. Ìèöêåâè÷à. Ôèçè÷åñêèé ôàêóëüòåò.
Ëàáîðàòîðèÿ ðàäèîñïåêòðîñêîïèè. Î ðàáîòå ñïåêòðîìåòðà íà îñíîâå

ÿäåðíî-ìàãíèòíîãî ðåçîíàíñà ðàññêàçûâàåò Ñ. Ëåâèöêèé



Äóáíà–Ëîäçü

Ëîäçèíñêèé óíèâåðñèòåò. Ôàêóëüòåò ôèçèêè è õèìèè.
Ãðóïïà ôèçèêîâ, ñîòðóäíè÷àþùèõ ñ ó÷åíûìè ÎÈßÈ

Ëîäçèíñêèé óíèâåðñèòåò.
Ôàêóëüòåò ôèçèêè è õèìèè.
Ïðîôåññîð Ì. Ñòåìïèíñêèé
è Ï. Øàëàíüñêèé âåäóò íàëàäêó
äåòåêòîðà äëÿ ñïåêòðîìåòðà
çàðÿæåííûõ ÷àñòèö
è îñêîëêîâ äåëåíèÿ



Äóáíà–Ëîäçü

Ëîäçèíñêèé óíèâåðñèòåò. Ôàêóëüòåò ôèçèêè è õèìèè.
Âûñòóïàåò äèðåêòîð Èíñòèòóòà ôèçèêè ïðîôåññîð ß. Ðýìáåëèíüñêèé

Ëîäçèíñêèé óíèâåðñèòåò. Ôàêóëüòåò ôèçèêè è õèìèè. Â ëàáîðàòîðèè
íåéòðîííîé ñïåêòðîìåòðèè ïðîôåññîð Ì. Ïøèòóëà, Ê. Ìèêóëüñêèé è È. Àíäæååâñêèé



Äóáíà–Ëþáëèí

Ëþáëèí. Èíñòèòóò ôèçèêè Óíèâåðñèòåòà èì. Ì. Ñêëîäîâñêîé-Êþðè.
Â ëàáîðàòîðèè èîííîé èìïëàíòàöèè äåêàí ôàêóëüòåòà ìàòåìàòèêè è ôèçèêè
ïðîôåññîð Ì. Áóäçèíñêèé, ïðîôåññîð Ä. Ìîí÷êà è À. Ëÿòóøèíüñêèé

Ëþáëèí. Ïîëèòåõíè÷åñêèé èíñòèòóò. Îòäåë âûñîêîòåìïåðàòóðíîé ñâåðõïðîâîäèìîñòè.
Íà óñòàíîâêå ïî ïîëó÷åíèþ âûñîêîñèëüíûõ ìàãíèòíûõ ïîëåé ñ ïðèìåíåíèåì ñâåðõïðîâîäèìîñòè
Ñ. Êîçàê, Ã. Ìàëèíîâñêèé, Ò. ßíêîâñêèé è Ã. Âîéòàøåâè÷



Äóáíà–Ëþáëèí

Ëþáëèí. Èíñòèòóò ôèçèêè
Óíèâåðñèòåòà èì. Ì. Ñêëîäîâñêîé-Êþðè.
Äèðåêòîð èíñòèòóòà ïðîôåññîð Ì. Çàëóæíûé

Ëþáëèí. Èíñòèòóò ôèçèêè
Óíèâåðñèòåòà èì. Ì. Ñêëîäîâñêîé-Êþðè.

Íà óñòàíîâêå äëÿ ïîçèòðîííîé àííèãèëÿöèè
ïðîôåññîð Ò. Ãîâîðåê, ðàáîòàâøèé

â Äóáíå â 1957 ãîäó

Ëþáëèí. Èíñòèòóò
ôèçèêè Óíèâåðñèòåòà

èì. Ì. Ñêëîäîâñêîé-Êþðè.
Ôèçèêè-òåîðåòèêè ñóïðóãè

Êøèøòîô è Áîæåíà Ïîìîðñêèå



Äóáíà–Ëþáëèí

Ëþáëèí. Èíñòèòóò ôèçèêè Óíèâåðñèòåòà èì. Ì. Ñêëîäîâñêîé-Êþðè.
Ïàìÿòíèê Ìàðèè Ñêëîäîâñêîé-Êþðè



ÏÎËÜØÀ–ÎÈßÈ: ÂÅÕÈ ÑÎÒÐÓÄÍÈ×ÅÑÒÂÀ
*

À.Í.Ñèñàêÿí

âèöå-äèðåêòîð ÎÈßÈ

Ãëóáîêîóâàæàåìûå êîëëåãè!

Ïîçâîëüòå ìíå îòêðûòü çàñåäàíèå Êîîðäèíàöèîííîãî êîìèòåòà «Ïîëüøà â

ÎÈßÈ» è â êà÷åñòâå âñòóïèòåëüíîãî ñëîâà äàòü êðàòêóþ ñïðàâêó â öèôðàõ î ñî-

òðóäíè÷åñòâå ÎÈßÈ ñ íàó÷íûìè öåíòðàìè Ðåñïóáëèêè Ïîëüøà.

Ðåñïóáëèêà Ïîëüøà âñåãäà èãðàëà çíà÷èòåëüíóþ ðîëü â íàó÷íîé è îðãàíèçà-

öèîííîé äåÿòåëüíîñòè Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Ìíîãèå

ïîëüñêèå ôèçèêè ñòàðøåãî ïîêîëåíèÿ ïëîäîòâîðíî ðàáîòàëè â Èíñòèòóòå è ñïî-

ñîáñòâîâàëè ñòàíîâëåíèþ åãî íàó÷íûõ íàïðàâëåíèé. Â ïåðâûå ãîäû ñóùåñòâîâà-

íèÿ ÎÈßÈ â ñîñòàâ Ó÷åíîãî ñîâåòà Èíñòèòóòà âõîäèëè òàêèå êðóïíûå ïîëüñêèå

ó÷åíûå, êàê Ì.Äàíûø, Ë.Èíôåëüä, Ã.Íåâîäíè÷àíñêèé, À.Ñîëòàí. Â ðàçíîå âðåìÿ

ðóêîâîäÿùèå ïîñòû â ÎÈßÈ è åãî ëàáîðàòîðèÿõ çàíèìàëè èçâåñòíûå ó÷åíûå è îð-

ãàíèçàòîðû íàóêè Ì.Äàíûø, À.Õðûíêåâè÷, À.Áóäçàíîâñêèé, Å.Áàðòêå, Ì.Ñîâèí-

ñêèé, Ý.Êàïóñöèê, Ç.Ñòðóãàëüñêèé, È.Íàòêàíåö è äð. Áîëüøîå âëèÿíèå íà

ôîðìèðîâàíèå íàó÷íûõ ïðîãðàìì ÎÈßÈ òàêæå îêàçàëè Ð.Ñîñíîâñêèé, Å.ßíèê,

Ê.Ðûáèöêèé, Ï.Çåëèíñêèé è äð.

È ñåãîäíÿ ïîëüñêèå ó÷åíûå àêòèâíî ó÷àñòâóþò â íàó÷íîé ïðîãðàììå ÎÈßÈ.

Â òàáë.1 ïðèâåäåíû äàííûå î êîëè÷åñòâå ïîëüñêèõ ñîòðóäíèêîâ, ðàáîòàþùèõ â

Èíñòèòóòå íà êîíòðàêòíîé îñíîâå, çà ïîñëåäíèå 7 ëåò.

Òàáëèöà 1

Ëàáîðàòîðèÿ
Ãîäû

1994 1995 1996 1997 1998 1999 2000

ËÂÝ 3 3 3 3 5 3 1

ËßÏ 2 2 2 2 3 4 3

ËÍÔ 6 7 8 10 10 9 8

ËßÐ 4 6 6 6 5 6 6

ËÈÒ 2 1 1

ËÒÔ 1

Óïðàâëåíèå 1 1 1 1 1

ÂÑÅÃÎ 15 18 20 22 26 24 21

*Âñòóïèòåëüíîå ñëîâî íà Êîîðäèíàöèîííîì ñîâåùàíèè ïî ñîòðóäíè÷åñòâó ÎÈßÈ ñ íàó÷íûìè öåí-
òðàìè Ðåñïóáëèêè Ïîëüøà 20 ÿíâàðÿ 2001 ã. Âñå ïîñëåäóþùèå äîêëàäû ñäåëàíû íà äàííîì çàñåäàíèè.
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Â öåëÿõ äàëüíåéøåãî ðàçâèòèÿ, ïîèñêà íîâûõ ôîðì ñîòðóäíè÷åñòâà ïîëüñêèõ

íàó÷íûõ öåíòðîâ ñ ÎÈßÈ ïî èíèöèàòèâå äèðåêöèè Èíñòèòóòà, ïðåäñåäàòåëÿ

ÃÊÀÝ ÐÏ ïðîôåññîðà Å. Íåâîäíè÷àíñêîãî è Ïîëíîìî÷íîãî Ïðåäñòàâèòåëÿ ïðàâè-

òåëüñòâà Ïîëüøè àêàäåìèêà À. Õðûíêåâè÷à áûëà îáðàçîâàíà ñîîòâåòñòâóþùàÿ

êîìèññèÿ, êîòîðàÿ î÷åíü ýôôåêòèâíî ðàáîòàëà â ïîñëåäíèå ãîäû.

Óâåëè÷èâàåòñÿ êîëè÷åñòâî âçàèìíûõ êðàòêîñðî÷íûõ êîìàíäèðîâîê, äàííûå

ïî êîòîðûì ïðèâåäåíû â òàáë.2.

Òàáëèöà 2

1992 1993 1994 1995 1996 1997 1998 1999 2000

Ïðèåì â ÎÈßÈ 62 73 53 90 85 70 98 108 137

Êîìàíäèðîâêè â Ïîëüøó 45 113 129 133 162 105 105 143 124

Â 70–80-å ãîäû êàê âåäóùèå, òàê è ìîëîäûå ñïåöèàëèñòû ÎÈßÈ ðåãóëÿðíî

ïðèíèìàëè ó÷àñòèå â êà÷åñòâå ëåêòîðîâ è ñëóøàòåëåé â ïîïóëÿðíûõ òîãäà øêîëàõ

ïî ôèçèêå â Ìèêîëàéêàõ è Çàêîïàíå. È â íàñòîÿùåå âðåìÿ ìåæäóíàðîäíûå øêîëû

è êîíôåðåíöèè, ïðîâîäèìûå â Ïîëüøå, ïðèâëåêàþò âíèìàíèå ñîòðóäíèêîâ

ÎÈßÈ. Òðàäèöèîííûì ñòàëî ó÷àñòèå äóáíåíñêèõ ó÷åíûõ â ìåæäóíàðîäíûõ øêî-

ëàõ ïî ôèçèêå âî Âðîöëàâå, ñåìèíàðàõ ïî èññëåäîâàíèþ íåéòðîííîãî ðàññåÿíèÿ â

êîíäåíñèðîâàííûõ ñðåäàõ â Ïîçíàíè. Â 2000 ã. 18 ñïåöèàëèñòîâ ÎÈßÈ ïðèíÿëè

ó÷àñòèå â 15 êîíôåðåíöèÿõ, øêîëàõ, ñîâåùàíèÿõ, ïðîõîäèâøèõ â Ïîëüøå. Â

Ïîëüøå íå ðàç ïðîâîäèëèñü ñîâåùàíèÿ ÎÈßÈ. Òàê, â 1990 ã. â Âàðøàâå áûë ïðîâå-

äåí XIV Ìåæäóíàðîäíûé ñèìïîçèóì ïî ÿäåðíîé ýëåêòðîíèêå, à â 1997 è 1999 ã. â

Ïîçíàíè — ðàáî÷èå ñîâåùàíèÿ ïî ëàçåðíîé ñïåêòðîñêîïèè íà ïó÷êàõ ðàäèîàêòèâ-

íûõ ÿäåð (ñëåäóþùåå ñîâåùàíèå â ýòîé ñåðèè òàêæå ïëàíèðóåòñÿ ïðîâåñòè â Ïî-

çíàíè â 2001 ã.). Â 1993 ã. â Çàêîïàíå ñîñòîÿëàñü òðàäèöèîííàÿ Åâðîïåéñêàÿ

(ÖÅÐÍ–ÎÈßÈ) øêîëà ïî ôèçèêå âûñîêèõ ýíåðãèé.

Íàó÷íî-òåõíè÷åñêîå ñîòðóäíè÷åñòâî

ÎÈßÈ òåñíî ñîòðóäíè÷àåò ñî ìíîãèìè ïîëüñêèìè íàó÷íûìè öåíòðàìè. Ñåãî-

äíÿ ýòî ñâûøå 35 íàó÷íûõ îðãàíèçàöèé, à òàêæå îáðàçîâàòåëüíûõ öåíòðîâ è óíè-

âåðñèòåòîâ Ïîëüøè.

Ñîòðóäíè÷åñòâî âåäåòñÿ ïî 28 íàó÷íûì òåìàì, îõâàòûâàþùèì âñå íàó÷íûå

íàïðàâëåíèÿ äåÿòåëüíîñòè ÎÈßÈ:
Òåîðåòè÷åñêàÿ ôèçèêà ïî 3 òåìàì

Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö ïî 4 òåìàì

Ðåëÿòèâèñòñêàÿ ÿäåðíàÿ ôèçèêà ïî 7 òåìàì

Ôèçèêà òÿæåëûõ èîíîâ ïî 2 òåìàì

Ôèçèêà íèçêèõ è ïðîìåæóòî÷íûõ ýíåðãèé ïî 3 òåìàì

Íåéòðîííàÿ ÿäåðíàÿ ôèçèêà ïî 1 òåìå

Ôèçèêà êîíäåíñèðîâàííûõ ñðåä ïî 4 òåìàì

Ðàäèàöèîííûå è ðàäèîáèîëîãè÷åñêèå èññëåäîâàíèÿ ïî 2 òåìàì

Ñåòè, êîìïüþòèíã, âû÷èñëèòåëüíàÿ ôèçèêà ïî 2 òåìàì

Îáðàçîâàòåëüíàÿ ïðîãðàììà ïî 1 òåìå
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Íàèáîëåå àêòèâíû íàó÷íûå êîíòàêòû ñ Èíñòèòóòîì ÿäåðíîé ôèçèêè èìåíè

Ã. Íåâîäíè÷àíñêîãî è Èíñòèòóòîì ôèçèêè ßãåëëîíñêîãî óíèâåðñèòåòà â Êðàêîâå,

Âàðøàâñêèì óíèâåðñèòåòîì, Èíñòèòóòîì ÿäåðíûõ ïðîáëåì â Âàðøàâå, Èíñòè-

òóòîì àòîìíîé ýíåðãèè è Èíñòèòóòîì ïðîáëåì ÿäðà èìåíè À. Ñîëòàíà â Ñâåðêå,

Ëîäçèíñêèì óíèâåðñèòåòîì. Íàèáîëåå àêòèâíûå ïàðòíåðû ïðåäñòàâëåíû â òàáë.3.

Òàáëèöà 3

ÈßÔ (Êðàêîâ) — Èíñòèòóò ÿäåðíîé ôèçèêè èì. Ã. Íåâîäíè÷àíñêîãî Ïî 15 òåìàì

ÈßÏ (Âàðøàâà) — Èíñòèòóò ÿäåðíûõ ïðîáëåì èì. À. Ñîëòàíà Ïî 8 òåìàì

ÂÓ (Âàðøàâà) — Âàðøàâñêèé óíèâåðñèòåò Ïî 5 òåìàì

ÂðÓ (Âðîöëàâ) — Âðîöëàâñêèé óíèâåðñèòåò Ïî 5 òåìàì

ÈÔ ßÓ (Êðàêîâ) — Èíñòèòóò ôèçèêè ßãåëëîíñêîãî óíèâåðñèòåòà Ïî 5 òåìàì

ÈÝÔ ÂÓ (Âàðøàâà) — Èíñòèòóò ýêñïåðèìåíòàëüíîé ôèçèêè ÂÓ Ïî 4 òåìàì

ÈßÕèÒ (Âàðøàâà) — Èíñòèòóò ÿäåðíîé õèìèè è òåõíèêè Ïî 4 òåìàì

ÈßÏ (Ñâåðê) — Èíñòèòóò ÿäåðíûõ ïðîáëåì èì. À. Ñîëòàíà Ïî 4 òåìàì

Ïðîòîêîëû î âûïîëíåíèè ñîâìåñòíûõ íàó÷íî-èññëåäîâàòåëüñêèõ ðàáîò

Â íàñòîÿùåå âðåìÿ äåéñòâóþò 45 ïðîòîêîëîâ, êîòîðûå çàêëþ÷åíû ñ 5 ëàáîðà-

òîðèÿìè ÎÈßÈ (ËÂÝ, ËÍÔ, ËßÏ, ËÒÔ, ËßÐ) è îõâàòûâàþò 8 íàïðàâëåíèé

íàó÷íûõ èññëåäîâàíèé, ïðîâîäèìûõ â ÎÈßÈ.

Òàáëèöà 4

Íàïðàâëåíèÿ èññëåäîâàíèé Êîëè÷åñòâî ïðîòîêîëîâ

Òåîðåòè÷åñêàÿ ôèçèêà 2

Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö 2

Ðåëÿòèâèñòñêàÿ ÿäåðíàÿ ôèçèêà 5

Ôèçèêà òÿæåëûõ èîíîâ 9

Ôèçèêà íèçêèõ è ïðîìåæóòî÷íûõ ýíåðãèé 9

Íåéòðîííàÿ ÿäåðíàÿ ôèçèêà 5

Ôèçèêà êîíäåíñèðîâàííûõ ñðåä 11

Ðàäèàöèîííûå è ðàäèîáèîëîãè÷åñêèå èññëåäîâàíèÿ 2

Â öåëîì, êàê âû âèäèòå, íàøå ñîòðóäíè÷åñòâî ðàçâèâàåòñÿ ïîçèòèâíî è ïëîäî-

òâîðíî. Ìû íàäååìñÿ, ÷òî ïðîøåäøåå çàñåäàíèå êðóãëîãî ñòîëà è ñåãîäíÿøíåå

çàñåäàíèå Êîîðäèíàöèîííîé êîìèññèè äàäóò íîâûé èìïóëüñ äàëüíåéøåìó

ñîòðóäíè÷åñòâó ÎÈßÈ ñ íàó÷íûìè è îáðàçîâàòåëüíûìè öåíòðàìè Ðåñïóáëèêè

Ïîëüøà.

Áëàãîäàðþ âàñ.
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ÍÓÊËÎÒÐÎÍ: ÑÎÑÒÎßÍÈÅ ÄÅË
È ÁËÈÆÀÉØÈÅ ÏÅÐÑÏÅÊÒÈÂÛ

À.Ä.Êîâàëåíêî
Ëàáîðàòîðèÿ âûñîêèõ ýíåðãèé ÎÈßÈ

1. Ââîäíûå çàìå÷àíèÿ, ñîñòîÿíèå äåë

Íóêëîòðîí — ñâåðõïðîâîäÿùèé ñèíõðîòðîí, îñíîâàííûé íà óíèêàëüíîé

òåõíîëîãèè áûñòðîöèêëèðóþùèõ ÑÏ-ìàãíèòîâ. Ñîçäàíèå íóêëîòðîíà êàê áàçî-

âîé óñòàíîâêè äëÿ èññëåäîâàíèé â îáëàñòè ðåëÿòèâèñòñêîé ÿäåðíîé ôèçèêè èíè-

öèèðîâàíî àêàäåìèêîì À.Ì.Áàëäèíûì, è äî íàñòîÿùåãî âðåìåíè ðàáîòû âåäóòñÿ

ïîä åãî íàó÷íûì ðóêîâîäñòâîì. Êîëëåêòèâîì ñïåöèàëèñòîâ ËÂÝ âûïîëíåíû

óíèêàëüíûå ðàçðàáîòêè, ðåøåí êîìïëåêñ ïðîáëåì, ñâÿçàííûõ ñ ñîçäàíèåì ñâåðõ-

ïðîâîäÿùèõ ìàãíèòíûõ ñèñòåì íîâîãî òèïà. Îñíîâíûå óçëû è ýëåìåíòû íóêëî-

òðîíà (ôðàãìåíò åãî êîëüöà ïîêàçàí íà ðèñ. 1) èçãîòîâëåíû â ÎÏ ÎÈßÈ è ËÂÝ.

Îïûò ðàçðàáîòêè áûñòðîöèêëèðóþùèõ ñâåðõïðîâîäÿùèõ ìàãíèòîâ è ìàãíèòíûõ

ñèñòåì ñèíõðîòðîíîâ, íàêîïëåííûé â ËÂÝ ÎÈßÈ, âîñòðåáîâàí: â ïðîøåäøåì

ãîäó íà÷àòû ñîâìåñòíûå ñ GSI ðàáîòû ïî áûñòðîöèêëèðóþùèì ñâåðõïðîâîäÿùèì

ìàãíèòàì äëÿ áóäóùåãî ñèíõðî- òðîíà SIS200 â Äàðìøòàäòå.

Çà ïåðèîä ñ ìàðòà 1993 ïî ÿíâàðü 2001 ã. ñîñòîÿëèñü 18 ñåàíñîâ ðàáîòû

íóêëîòðîíà ñóììàðíîé ïðîäîëæèòåëüíîñòüþ 4920 ÷àñîâ. Ïðè ýòîì íà îõëàæäåíèå

êîëüöà çàòðà÷åíî 1580 ÷, íà îòëàäêó ñèñòåì

óñêîðèòåëÿ è íàñòðîéêó ñ ïó÷êîì — 2430 ÷,

íà ôèçè÷åñêèå ýêñïåðèìåíòû — 910 ÷.

Ãëàâíûì ôàêòîðîì, îïðåäåëÿþùèì ñóììàð-

íóþ ãîäîâóþ ïðîäîëæèòåëüíîñòü ñåàíñîâ íà

óñêîðèòåëå, áûëî è îñòàåòñÿ ôèíàíñè-

ðîâàíèå.

Öåëåâîå âûäåëåíèå ñðåäñòâ íà áàçîâûå

óñòàíîâêè äèðåêöèåé ÎÈßÈ â 1999–2000 ãã.

ïîçâîëèëî çàâåðøèòü â ïðîøåäøåì ãîäó

ïðèíöèïèàëüíûå ýòàïû ðàáîò ïî ââîäó â

äåéñòâèå ñèñòåìû ìåäëåííîãî âûâîäà ïó÷êà

è ðåàëèçàöèè «áåçàçîòíîãî» ðåæèìà ðàáîòû

ãåëèåâîãî ðåôðèæåðàòîðà ñèñòåìû

îõëàæäåíèÿ. Òàêèì îáðàçîì, îáåñïå÷åíû

íîâûå âîçìîæíîñòè äëÿ èñïîëüçîâàíèÿ
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ïó÷êîâ íóêëîòðîíà è ñîâåðøåíñòâîâàíèÿ åãî ïàðàìåòðîâ. Ýòî ñîçäàåò òàêæå

áëàãîïðèÿòíóþ îñíîâó è äëÿ ðàçâèòèÿ íàó÷íî-òåõíè÷åñêîãî ñîòðóäíè÷åñòâà ñ

èíñòèòóòàìè Ïîëüøè, âîçìîæíûå íàïðàâëåíèÿ êîòîðîãî ïðåäñòàâëåíû â äàííîì

ñîîáùåíèè. Îñíîâíûå ïàðàìåòðû íóêëîòðîíà (ïðîåêòíûå è äîñòèãíóòûå)

ïðèâåäåíû â òàáëèöå.

Ïàðàìåòðû Ïðîåêòíûå Äîñòèãíóòûå

Óñêîðÿåìûå ÷àñòèöû p,...,U p d, , , ,α 12 84C Kr

Ìàêñèìàëüíàÿ ýíåðãèÿ, ÃýÂ/íóêëîí 6 2( )A Z = 4,1

Ìàãíèòíîå ïîëå, Òë 2,0 1,5

Èíòåíñèâíîñòè ïó÷êîâ (÷àñò./öèêë)

p 2 1011⋅ 2 4 1010, ⋅

d 2 1011⋅ 2 1010⋅
α 5 109⋅ 8 108⋅

C 1 1010⋅ 65 108, ⋅

Ýôôåêòèâíîñòü âûâîäà ÷àñòèö, % 95 60–70

Äëèòåëüíîñòü ñòîëà ìàãíèòíîãî ïîëÿ, ñ 10
10 02( ,W = ÃýÂ/íóêë.)

5 22( ,W = ÃýÂ/íóêë.)

×àñòîòà öèêëîâ, Ãö 0,5 0,2

Ïðîãðàììà ñîâåðøåíñòâîâàíèÿ è ðàçâèòèÿ íóêëîòðîíà âêëþ÷àåò â ñåáÿ

ïîëíûé ïåðå÷åíü ðàáîò, ïëàíèðóåìûé íà áëèæàéøèå 2–3 ãîäà. Îäíàêî ðåãëàìåíò

äàííîãî ñîîáùåíèÿ ïîçâîëÿåò òîëüêî ïðîêîììåíòèðîâàòü îòäåëüíûå âîïðîñû.

2. Áëèæàéøèå ïåðñïåêòèâû

Ïåðâîïðèîðèòåòíîé çàäà÷åé ïî ñîâåðøåíñòâîâàíèþ íóêëîòðîíà â 2001 ã.

áóäåò ïîâûøåíèå èíòåíñèâíîñòè óñêîðåííûõ ïó÷êîâ çà ñ÷åò óìåíüøåíèÿ ïîòåðü

÷àñòèö íà âñåõ ýòàïàõ îò èíæåêöèè äî âûâîäà. Äëÿ ðåøåíèÿ ýòîé çàäà÷è âûäåëåíî

íåîáõîäèìîå âðåìÿ â ïðåäñòîÿùèõ ñåàíñàõ, ðàçðàáîòàíû è áóäóò ââåäåíû â

äåéñòâèå íîâûå ñðåäñòâà äèàãíîñòèêè ïó÷êîâ, ëîêàëèçàöèè (ïðîñòðàíñòâåííîé è

âðåìåííîé) ïîòåðü ÷àñòèö â êîëüöå óñêîðèòåëÿ è äð. Îæèäàåìûé ðåçóëüòàò —

óìåíüøåíèå ïîòåðü ÷àñòèö â 5–10 ðàç. Îòìåòèì, ÷òî ýòî èìååò ïðèíöèïèàëüíîå

çíà÷åíèå äëÿ ïîëó÷åíèÿ íà íóêëîòðîíå ïó÷êîâ ïîëÿðèçîâàííûõ äåéòðîíîâ ñ

íåîáõîäèìîé äëÿ ðÿäà ôèçè÷åñêèõ ýêñïåðèìåíòîâ èíòåíñèâíîñòüþ.

Ïðàêòè÷åñêàÿ âîçìîæíîñòü ïðåäîñòàâëåíèÿ áîëüøåãî âðåìåíè äëÿ èññëå-

äîâàíèé ïî ïðîãðàììå ñîâåðøåíñòâîâàíèÿ ïàðàìåòðîâ íóêëîòðîíà ïîÿâèëàñü â

ñâÿçè ñ ïðîâåäåííîé â 2000 ã. ìîäåðíèçàöèåé êðèîãåííûõ ãåëèåâûõ óñòàíîâîê

ÊÃÓ-1600/4,5, îñóùåñòâëÿþùèõ îõëàæäåíèå åãî ìàãíèòíîé ñèñòåìû äî ðàáî÷åé

òåìïåðàòóðû 4,5 Ê. Â ðåçóëüòàòå äîñòèãíóòî ñíèæåíèå óðîâíÿ ïîòðåáëåíèÿ

63



æèäêîãî àçîòà ñ 14 äî 8,3 òîíí â ñóòêè, ÷òî îáåñïå÷èâàåòñÿ èìåþùèìèñÿ ìîùíîñ-

òÿìè Èíñòèòóòà ïî ïðîèçâîäñòâó æèäêîãî àçîòà ñ ó÷åòîì ïîòðåáíîñòåé äðóãèõ

ïîëüçîâàòåëåé. Òåì ñàìûì ñíÿòî èìåâøåå ìåñòî íà ïðîòÿæåíèè âñåãî ïðåäøåñò-

âîâàâøåãî ïåðèîäà òåõíèêî-ýêîíîìè÷åñêîå îãðàíè÷åíèå íà ïðîäîëæèòåëüíîñòü

ñåàíñîâ ðàáîòû íóêëîòðîíà.

Ðàáîòû ïî ïîâûøåíèþ ýêîíîìè÷íîñòè ñèñòåìû îõëàæäåíèÿ íóêëîòðîíà

ïðîäîëæàþòñÿ, è ìû ïëàíèðóåì óæå â ïðåäñòîÿùåì ñåàíñå ñíèçèòü óðîâåíü

ïîòðåáëåíèÿ æèäêîãî àçîòà åùå íå ìåíåå ÷åì â 2 ðàçà. Ïîñëå ïðîâåäåíèÿ ýòèõ

ðàáîò áóäåò ýêîíîìè÷åñêè öåëåñîîáðàçíî ðåæå îòåïëÿòü ìàãíèòíóþ ñèñòåìó

íóêëîòðîíà äî 300 Ê, à ïîääåðæèâàòü åå â ñëó÷àå êîðîòêèõ ïðîìåæóòêîâ ìåæäó

ñåàíñàìè ïðè òåìïåðàòóðå æèäêîãî àçîòà — 80 Ê. Ïðåäñòàâëåííûé íà ðèñ. 2

ãðàôèê èçìåíåíèÿ òåìïåðàòóðû êîëüöà íóêëîòðîíà äåìîíñòðèðóåò îïûòíóþ

ïðîâåðêó òàêîãî ðåæèìà.

Îõëàæäåíèå íóêëîòðîíà, èìåþùåãî «õîëîäíóþ ìàññó» îêîëî 80 òîíí, îò

òåìïåðàòóðû îêðóæàþùåé ñðåäû äî 4,5 Ê ïðîèçâîäèòñÿ â ñðåäíåì çà 90–100

÷àñîâ, è ïðè ýòîì ðàñõîäóåòñÿ 80–90 òîíí æèäêîãî àçîòà. Êàê âèäíî èç ðèñ. 2,

âûõîä íóêëîòðîíà íà ðàáî÷èé ðåæèì â ñëó÷àå ñòàðòà ñT = −50 80 Ê îñóùåñòâëåí çà

14 ÷àñîâ, è ïðè ýòîì äîïîëíèòåëüíîãî ðàñõîäà æèäêîãî àçîòà íå òðåáóåòñÿ. Òàêèì

îáðàçîì, ïîääåðæàíèå êîëüöà íóêëîòðîíà ïðè T = 80 Ê â òå÷åíèå òðåõ íåäåëü

áóäåò ýêîíîìè÷åñêè áîëåå âûãîäíûì, ÷åì öèêë åãî îõëàæäåíèÿ îò T = 300 Ê.

Òàêèå ïàóçû â ñåàíñàõ öåëåñîîáðàçíû òàêæå è ñ òî÷êè çðåíèÿ îòäûõà

ýêñïëóàòàöèîííîãî ïåðñîíàëà, äåôèöèò êîòîðîãî ìû èñïûòûâàåì, è ïîäãîòîâêè

íîâûõ ôèçè÷åñêèõ ýêñïåðèìåíòîâ, òðåáóþùèõ ïåðåñòàíîâêè îáîðóäîâàíèÿ íà
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êàíàëàõ ïó÷êîâ è ïåðåñòðîéêè èíæåêöèîííîãî êîìïëåêñà ïðè ïåðåõîäå íà äðóãîé

ñîðò ÷àñòèö.

3. Ðàçâèòèå òåõíîëîãèè ÑÏ-ìàãíèòîâ, áóñòåð íóêëîòðîíà

ËÂÝ ÎÈßÈ ÿâëÿåòñÿ ëèäåðîì â ðàçðàáîòêå è ñîçäàíèè ìèíèàòþðíûõ

ýêîíîìè÷íûõ ñâåðõïðîâîäÿùèõ ìàãíèòîâ. Òåõíîëîãè÷åñêàÿ áàçà äëÿ ïðîèçâîäñò-

âà ñâåðõïðîâîäÿùåãî êàáåëÿ ðàçëè÷íûõ êîíôèãóðàöèé, îáìîòîê ÑÏ-ìàãíèòîâ,

îïûò ðàçðàáîòêè ñèñòåì êðèîñòàòèðîâàíèÿ, èñòî÷íèêîâ ïèòàíèÿ, ìàãíèòíûõ,

òåìïåðàòóðíûõ è êðèîôèçè÷åñêèõ èçìåðåíèé ïîçâîëÿþò ýôôåêòèâíî ðåøàòü

çàäà÷è ðàçðàáîòêè è èñïûòàíèé êðèîãåííî-ìàãíèòíûõ ñèñòåì äëÿ íîâûõ

óñêîðèòåëåé ðàçëè÷íîãî íàçíà÷åíèÿ. Îñîáî ñëåäóåò îòìåòèòü èìåþùóþñÿ â

ëàáîðàòîðèè áàçó äëÿ ïðîèçâîäñòâà æèäêîãî ãåëèÿ è õîëîäà íà óðîâíå 4,5 Ê.

Îäíà èç ïðîáëåì, ðåøàåìûõ â íàñòîÿùåå âðåìÿ, — ýòî ñîçäàíèå áûñòðîöèêëè-

ðóþùèõ ÑÏ-ìàãíèòîâ, áîëåå ýôôåêòèâíûõ è ýêîíîìè÷íûõ ïî ñðàâíåíèþ ñ

ìàãíèòàìè íóêëîòðîíà äëÿ ñèíõðîòðîíà-áóñòåðà íóêëîòðîíà íà ýíåðãèþ ÿäåð

250–500 ÌýÂ/íóêëîí è ïðîåêòèðóåìîãî â GSI (Äàðìøòàäò) âûñîêîèíòåíñèâíîãî

ñâåðõïðîâîäÿùåãî ñèíõðîòðîíà SIS 50/200 (BR = ÷50 200). Ñîçäàíèå áóñòåðà

ïîçâîëèò ïîâûñèòü èìïóëüñíóþ èíòåíñèâíîñòü ïó÷êîâ â íóêëîòðîíå â 10–50 ðàç.

Îñîáî íåîáõîäèìî ïîä÷åðêíóòü çíà÷åíèå áóñòåðà äëÿ ïîâûøåíèÿ èíòåíñèâíîñòè

ïó÷êîâ ïîëÿðèçîâàííûõ äåéòðîíîâ.

Ïðîðàáîòàíû íåñêîëüêî âàðèàíòîâ ðàçìåùåíèÿ íîâîé óñòàíîâêè â ñóùåñò-

âóþùèõ çäàíèÿõ óñêîðèòåëüíîãî êîìïëåêñà ËÂÝ. Îäèí èç íàèáîëåå ïðèåìëåìûõ

ïîêàçàí íà ðèñ. 3. Â ðàññìàòðèâàåìîì âàðèàíòå ïåðèìåòð êîëüöà óñêîðèòåëÿ ðàâåí

83 ì, ÷òî ñîñòàâëÿåò îäíó òðåòü ïåðèìåòðà íóêëîòðîíà. Ìàãíèòíàÿ ñòðóêòóðà

ñîñòîèò èç 32 äèïîëüíûõ è 24 êâàäðóïîëüíûõ ñâåðõïðîâîäÿùèõ áûñòðîöèê-

ëèðóþùèõ ìàãíèòîâ ( f n = 1 Ãö). Ìàêñèìàëüíàÿ âåëè÷èíà èíäóêöèè ìàãíèòíîãî

ïîëÿ â àïåðòóðå äèïîëåé, èìåþùåé ðàçìåðû 100 160× ìì, âåðòèêàëüíûé è

ãîðèçîíòàëüíûé ñîîòâåòñòâåííî, — 1,8 Òë. Ïðè ýòîì ýíåðãèÿ óñêîðåííûõ ÿäåð ñ

îòíîøåíèåì çàðÿäà ê ìàññå Z A= 0 5, ñîñòàâèò 500 ÌýÂ/íóêëîí. Îòìåòèì, ÷òî

íåñìîòðÿ íà äîñòàòî÷íî áîëüøóþ àïåðòóðó ìàãíèòà, âûáîð êîòîðîé îáóñëîâëåí

íåîáõîäèìîñòüþ îñóùåñòâëåíèÿ ìíîãîîáîðîòíîé èíæåêöèè ÷àñòèö, íàðóæíûé

äèàìåòð êðèîñòàòà íå óâåëè÷èâàåòñÿ ïî ñðàâíåíèþ ñ íóêëîòðîíîì. Êðîìå òîãî,

èñïîëüçîâàíèå èäåè òåïëîâîé ðàçâÿçêè ñâåðõïðîâîäÿùåé îáìîòêè îò ñòàëüíîãî

ÿðìà, ôîðìèðóþùåãî ìàãíèòíîå ïîëå, ñíèæàåò òåïëîâûå íàãðóçêè íà òåìïåðà-

òóðíîì óðîâíå T = 4 5, Ê áîëåå ÷åì â 2 ðàçà. Ýòî óæå ïîäòâåðæäåíî ïåðâûìè

ñòåíäîâûìè èñïûòàíèÿìè. Äëÿ îõëàæäåíèÿ áóñòåðà íå òðåáóåòñÿ äîïîëíèòåëüíî

ñîçäàâàòü êðèîãåííîå îáåñïå÷åíèå — äîñòàòî÷íî èìåþùèõñÿ âîçìîæíîñòåé

íóêëîòðîíà.

Èñïîëüçîâàíèå èìåþùåéñÿ â ëàáîðàòîðèè è Èíñòèòóòå áàçû, à òàêæå ðÿäà

íîâûõ ïîäõîäîâ è ïðàêòè÷åñêîãî îïûòà, ïîëó÷åííîãî ïðè ýêñïëóàòàöèè íóêëî-

òðîíà, ãàðàíòèðóåò âîçìîæíîñòü ðåàëèçàöèè ïðîåêòà â êîðîòêèå ñðîêè ïðè ìèíè-
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ìàëüíûõ çàòðàòàõ è íà óðîâíå, ïðåâûøàþùåì ìèðîâûå äîñòèæåíèÿ â ýòîé

îáëàñòè.

4. Âîçìîæíûå íàïðàâëåíèÿ ðàçâèòèÿ ñîòðóäíè÷åñòâà
ñ èíñòèòóòàìè Ïîëüøè

Íàì ïðåäñòàâëÿåòñÿ, ÷òî ñîòðóäíè÷åñòâî ïîëüñêèõ ôèçèêîâ è ñïåöèàëèñòîâ ñ

ËÂÝ ìîæåò óñïåøíî ðàçâèâàòüñÿ ïî ñëåäóþùèì íàïðàâëåíèÿì:

— ïîäãîòîâêà è ïðîâåäåíèå ýêñïåðèìåíòîâ íà ïó÷êàõ íóêëîòðîíà;

— ñîâåðøåíñòâîâàíèå è ðàçâèòèå óñêîðèòåëüíîãî êîìïëåêñà íóêëîòðîíà;

— ðàçðàáîòêà âîïðîñîâ ñîçäàíèÿ ñâåðõïðîâîäÿùåãî áûñòðîöèêëèðóþùåãî

áóñòåðà íóêëîòðîíà è ðàçâèòèå òåõíîëîãèè ýêîíîìè÷íûõ ñâåðõïðîâîäÿùèõ

ìàãíèòîâ.

Â ðàìêàõ êàæäîãî èç ýòèõ íàïðàâëåíèé ñóùåñòâóåò ïðîãðàììà êîíêðåòíûõ ðà-

áîò, ýêñïåðèìåíòîâ, èññëåäîâàíèé. Â ÷àñòíîñòè, ñîâåðøåíñòâîâàíèå óñêîðèòåëü-
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íîãî êîìïëåêñà íóêëîòðîíà âêëþ÷àåò â ñåáÿ íå òîëüêî óìåíüøåíèå ïîòåðü ÷àñòèö

â óñêîðèòåëå, íî è:

— ðàçâèòèå èñòî÷íèêîâ ìíîãîçàðÿäíûõ èîíîâ (ëàçåðíûé, ýëåêòðîííî-ëó÷å-

âîé, ïîëÿðèçîâàííûõ äåéòðîíîâ);

— ñîâåðøåíñòâîâàíèå àïïàðàòóðû óïðàâëåíèÿ, äèàãíîñòèêè ïó÷êîâ è êîíòðî-

ëÿ ïàðàìåòðîâ ñèñòåì;

— ñîçäàíèå ïðåöèçèîííûõ ïðîãðàììèðóåìûõ èñòî÷íèêîâ ïèòàíèÿ ÑÏ-ìàãíè-

òîâ, ñèñòåì çàùèòû ÑÏ-ìàãíèòíûõ ñèñòåì è ýâàêóàöèè ýíåðãèè;

— ðàçâèòèå ìåòîäîâ è ñèñòåì âûâîäà ïó÷êîâ èç ñâåðõïðîâîäÿùèõ ñèíõðî-

òðîíîâ, â òîì ÷èñëå ñ èñïîëüçîâàíèåì èçîãíóòûõ ìîíîêðèñòàëëîâ âîëüôðàìà;

— ïîâûøåíèå ýôôåêòèâíîñòè è íàäåæíîñòè êðèîãåííîãî îáåñïå÷åíèÿ è äð.;

— èññëåäîâàíèå äèíàìèêè ïó÷êîâ â íóêëîòðîíå;

— èñòî÷íèêè ìíîãîçàðÿäíûõ èîíîâ (ëàçåðíûé, ýëåêòðîííî-ëó÷åâîé, ïîëÿ-

ðèçîâàííûõ äåéòðîíîâ);

— àïïàðàòóðà óïðàâëåíèÿ, äèàãíîñòèêè ïó÷êîâ è êîíòðîëÿ ïàðàìåòðîâ

ñèñòåì;

— ïðåöèçèîííûå, óïðàâëÿåìûå îò ÝÂÌ èñòî÷íèêè ïèòàíèÿ ÑÏ-ìàãíèòîâ,

ñèñòåìû çàùèòû è ýâàêóàöèè ýíåðãèè;

— ïîâûøåíèå ýôôåêòèâíîñòè êðèîãåííîãî îáåñïå÷åíèÿ.

Åñòåñòâåííî, è ýòîò ïåðå÷åíü äàëåêî íå èñ÷åðïûâàåò âñå èìåþùèåñÿ

ïîñòàíîâêè çàäà÷ äëÿ ñîâìåñòíûõ ðàáîò.
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ÓÑÊÎÐÈÒÅËÜ È ÐÅÀÊÒÎÐ

È.À.Øåëàåâ, À.Ì.Áàëäèí, À.È.Ìàëàõîâ, Ý.-É.Ëàíãðîê

Ëàáîðàòîðèÿ âûñîêèõ ýíåðãèé ÎÈßÈ

1. Ââåäåíèå

Èññëåäîâàíèÿ, íàöåëåííûå íà èñïîëüçîâàíèå èñêóññòâåííî ãåíåðèðóåìûõ

íåéòðîííûõ ïó÷êîâ äëÿ ÿäåðíûõ ýíåðãåòè÷åñêèõ ðåàêòîðîâ, èìåþò äîëãóþ

èñòîðèþ [1,2]. Â ïîñëåäíåå âðåìÿ ïðåäëîæåíèå îá èñïîëüçîâàíèè òîðèÿ âìåñòî

óðàíà [3] îæèâèëî íàó÷íûé èíòåðåñ ê ýòîé çàäà÷å. Â ÷àñòíîñòè, â ïîñëåäíèå ãîäû

ïðîøëà ñåðèÿ íàó÷íûõ êîíôåðåíöèé ïî ýòîé ïðîáëåìàòèêå. Äâóìÿ ãðóïïàìè

ó÷åíûõ áûëè îïóáëèêîâàíû ïåðâûå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû [5–8]. Â

äîïîëíåíèå ñòîèò îòìåòèòü ðàáîòó [9], ñîäåðæàùóþ ïðîãíîç ïî ðàçâèòèþ ýòîãî

íàïðàâëåíèÿ.

Êîíöåïöèÿ ïîäêðèòè÷íîãî ðåàêòîðà, óïðàâëÿåìîãî óñêîðèòåëåì (ADR), ñ

ýëåêòðîííîé óïðàâëÿþùåé ñèñòåìîé ïðåäñòàâëÿåòñÿ íàèáîëåå íàäåæíûì è

ãèáêèì óñòðîéñòâîì äëÿ ãåíåðàöèè ýëåêòðîýíåðãèè ïðè èñïîëüçîâàíèè óðàíà è

òîðèÿ ïðè ïîäàâëåííîì øëåéôå ðàäèîàêòèâíûõ îòõîäîâ [10]. Òàêîå óñòðîéñòâî

ïðåâðàùàåò ÷àñòü ýíåðãèè ýëåêòðîñåòè â ìîùíîñòü óñêîðåííîãî ïðîòîííîãî

ïó÷êà, òðàíñôîðìèðóåìîãî â ïîòîê íåéòðîíîâ íà ìèøåíè. Ýòîò ïîòîê äàåò

ìíîæåñòâî àêòîâ äåëåíèÿ â òîïëèâå è îñâîáîæäàåò äîïîëíèòåëüíóþ òåïëîâóþ

ýíåðãèþ. Êîýôôèöèåíò óñèëåíèÿ k çàâèñèò îò ñòåïåíè ïîäêðèòè÷íîñòè ðåàêòîðà,

è ðàçëè÷íûå îöåíêè ïîêàçûâàþò, ÷òî åãî çíà÷åíèå íàõîäèòñÿ â ïðåäåëàõ 25–30

ïðè ýíåðãèè ïðîòîíîâ 0,3–1 ÃýÂ [11,12]. Ãëàâíàÿ òðóäíîñòü ïðè ïðàêòè÷åñêîì

ñîçäàíèè òàêîãî ýíåðãåòè÷åñêîãî óñèëèòåëÿ ñîñòîèò â îòñóòñòâèè óñêîðèòåëÿ,

ñïîñîáíîãî ýôôåêòèâíî ñîçäàâàòü ïó÷êè æåëàåìîé ìîùíîñòè (100–120 ÌÂò) ïðè

ïðèåìëåìîé ñòîèìîñòè. Ñóùåñòâóåò äîñòàòî÷íî ìíîãî ïðåäëîæåíèé, êîòîðûå

ïðåäóñìàòðèâàþò äëÿ ýòîé öåëè ëèíåéíûé óñêîðèòåëü — òåïëûé èëè ñâåðõ-

ïðîâîäÿùèé (ÑÏ). Óñêîðèòåëü òàêîãî òèïà ìîæåò îáåñïå÷èòü ïó÷êè òðåáóåìîé

èíòåíñèâíîñòè, íî òîëüêî â èìïóëüñíîé ìîäå. Áîëåå òîãî, ëèíåéíûé óñêîðèòåëü

ôóíêöèîíèðóåò â äèàïàçîíå î÷åíü âûñîêèõ ÷àñòîò (300–500 ÌÃö), äëÿ êîòîðûõ

ñîîòâåòñòâóþùåå îáîðóäîâàíèå ñëèøêîì äîðîãî, à åãî ðàçìåðû î÷åíü âåëèêè

(îêîëî 1 êì).

Öèêëîòðîí ñ ðàçäåëåííûìè îðáèòàìè [13] ñ ìàãíèòîì íà îñíîâå ñâåðõ-

ïðîâîäèìîñòè è òåïëûìè âûñîêî÷àñòîòíûìè ðåçîíàòîðàìè ïðåäñòàâëÿåòñÿ

íàèáîëåå ïðèâëåêàòåëüíûì. Â òàêîì óñêîðèòåëå ìîæåò áûòü îñóùåñòâëåíî äåñÿòü

ïó÷êîâ. Ýòî îáñòîÿòåëüñòâî ñóùåñòâåííî óìåíüøàåò ïðîáëåìû îãðàíè÷åíèÿ
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èíòåíñèâíîñòè ïó÷êà èç-çà îáúåìíîãî çàðÿäà â óñêîðèòåëå. Äîïîëíèòåëüíîå

ðàñùåïëåíèå êàæäîãî èç äåñÿòè óñêîðåííûõ ïó÷êîâ ïîçâîëÿåò ðåøèòü ïðîáëåìó

îõëàæäåíèÿ ìèøåíè ïðè ïîëíîé ìîùíîñòè â 100 ÌÂò è â òî æå âðåìÿ ïîëó÷èòü

äîñòàòî÷íî îäíîðîäíîå ïîëå íåéòðîíîâ â ðåàêòîðå. Âêëþ÷åíèå óñêîðèòåëÿ â

ïðîìûøëåííûé ÿäåðíûé ðåàêòîð ðàññìàòðèâàåòñÿ íà ïðèìåðå ðîññèéñêîãî

ðåàêòîðà ÐÌÁÊ-100. Îäíîâðåìåííî ñóùåñòâóåò âîçìîæíîñòü ðàçäåëüíîãî

èñïîëüçîâàíèÿ áûñòðûõ íåéòðîíîâ, ñôîðìèðîâàííûõ â ìèøåíè, è òåïëîâûõ,

ðîæäåííûõ ïîñëå îõëàæäåíèÿ â àêòèâíîé çîíå ðåàêòîðà. Èòàê, îáñóæäàåòñÿ íîâàÿ

êîíöåïöèÿ «äâà â îäíîì» äëÿ ðåàêòîðà íà áûñòðûõ è ìåäëåííûõ íåéòðîíàõ íà

åäèíîé óñòàíîâêå.

2. Ýíåðãåòè÷åñêèé áàëàíñ

Óïðîùåííàÿ ñõåìà ADR ïðåäñòàâëåíà íà ðèñ.1 ñ óêàçàíèåì îñíîâíûõ ïîòîêîâ

ýíåðãèè â íåì. Ïðåäïîëîæèì, ÷òî ïó÷êè ïðîòîíîâ, èìåþùèå ìîùíîñòü Pb, äàþò

òåïëîâóþ ìîùíîñòü Ph áëàãîäàðÿ ýíåðãèè äåëåíèÿ ÿäåðíîãî òîïëèâà â àêòèâíîé

çîíå ðåàêòîðà ïîñëå ïîïàäàíèÿ íà ìèøåíü:

P kPh b= , (1)

ãäå k — îïðåäåëåííûé âûøå êîýôôèöèåíò óñèëåíèÿ ýíåðãèè.Òåïëîâàÿ ìîùíîñòü

òðàíñôîðìèðóåòñÿ â ýëåêòðè÷åñêóþ Pe ýíåðãåòè÷åñêîé óñòàíîâêîé ðåàêòîðà ñ

ýôôåêòèâíîñòüþ ηe. Ñëåäîâàòåëüíî,

P k Pe e b= η . (2)

×àñòü ýëåêòðè÷åñêîé ýíåðãèè âîçâðàùàåòñÿ â óñêîðèòåëü, äðóãàÿ íàïðàâëÿåòñÿ

ïîòðåáèòåëþ:

P P Pe a u= + . (3)

Ýíåðãèÿ, ïîòðåáëÿåìàÿ óñêîðèòåëåì, ìîæåò áûòü ðàçäåëåíà íà äâå ÷àñòè:

ìîùíîñòü Ps äëÿ óñêîðèòåëÿ áåç ïó÷êà (âàêóóìíàÿ ñèñòåìà, îõëàæäàåìûå ìàãíèòû

è ðåçîíàòîðû, óïðàâëÿþùàÿ ñèñòåìà è ò.ï.) è ìîùíîñòü Pg, òðåáóåìàÿ äëÿ ïèòàíèÿ

âûñîêî÷àñòîòíîãî ãåíåðàòîðà. Çäåñü ìîùíîñòü ïðîìûøëåííîé ñåòè äîëæíà áûòü

ïðåîáðàçîâàíà â âûñîêî÷àñòîòíóþ ìîùíîñòü Pf. Ïîëó÷àåì

P P P
P

Pa b s

f

g

s= + = +
η

(4)
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Ðèñ. 1. Ñõåìà ADR: 1 — âûñîêî÷àñ-

òîòíûé ãåíåðàòîð, 2 — óñêîðèòåëü,

3 — ðåàêòîð, 4 — ýëåêòðîñòàíöèÿ,

5 — ïîòðåáèòåëü



ïðè ýôôåêòèâíîñòè ïðåîáðàçîâàíèÿ ηg .

Âûñîêî÷àñòîòíàÿ ìîùíîñòü íàïðàâëÿåòñÿ â ðåçîíàòîðû äëÿ âîçáóæäåíèÿ

óñêîðÿþùåãî ýëåêòðè÷åñêîãî ïîëÿ è óñêîðåíèÿ ïó÷êà, è òîãäà ñïðàâåäëèâî

ñëåäóþùåå âûðàæåíèå:

P Pf b b= η , (5)

ãäå ηb — ýôôåêòèâíîñòü ïåðåäà÷è ýíåðãèè îò âûñîêî÷àñòîòíîãî ãåíåðàòîðà

ïó÷êó. Îáúåäèíÿÿ âûðàæåíèÿ (1)–(5), ïîëó÷àåì

P P k Pu s e g b b+ = −( / ) .η η η1 (6)

Î÷åâèäíî, ÷òî ïîñëåäíåå âûðàæåíèå èìååò ñìûñë, åñëè âûðàæåíèå â ñêîáêàõ

ïîëîæèòåëüíî, ò.å. ïðè óñëîâèè, ÷òî

k e g bη η η > 1. (7)

Íåðàâåíñòâî (7) îïðåäåëÿåò óñëîâèå ðàáîòû ðåàêòîðà, óïðàâëÿåìîãî

óñêîðèòåëåì, áåç êàêîãî-ëèáî ýíåðãîïîòðåáëåíèÿ èç âíåøíèõ èñòî÷íèêîâ.

Â íåðàâåíñòâå (7) ýêñïåðèìåíòàëüíî îïðåäåëåíû çíà÷åíèÿ äâóõ ýôôåêòèâ-

íîñòåé ηe è ηg , à èìåííî: ηe = 0 3, è çíà÷åíèå ηg íàõîäèòñÿ â ïðåäåëàõ 0,65–0,7,

åñëè âûñîêî÷àñòîòíûé ãåíåðàòîð, ðàáîòàþùèé íà ÷àñòîòå 30–40 ÌÃö, ïîñòðîåí íà

ñîâðåìåííûõ ìîùíûõ òåòðîäàõ. Çíà÷èò, ìîæíî âàðüèðîâàòü òîëüêî äâà ïàðàìåòðà

â óðàâíåíèè (7) — k è ηb .

Çíà÷åíèå k çàâèñèò îò ïîäêðèòè÷íîñòè ðåàêòîðà. Ñëåäîâàòåëüíî, òèï

óñêîðèòåëÿ îïðåäåëÿåò òîëüêî ηb â íåðàâåíñòâå (7). Ýôôåêòèâíîñòü ηb ìîæåò

áûòü ïðåäñòàâëåíà êàê

ηb
b

f

b

b c

P

P

P

P P
= =

+
,

(8)

ãäå Pc — ìîùíîñòü, ðàññåèâàåìàÿ â ðåçîíàòîðàõ ïðè îòñóòñòâóþùåì ïó÷êå è ïðè

âîçáóæäåíèè íà íåì óñêîðÿþùåãî

íàïðÿæåíèÿ.
Ha ðèñ.2 ïîêàçàíû ýôôåêòèâíîñòè ηb äëÿ

äâóõ óñêîðèòåëåé: êðèâàÿ 1 — äëÿ
öèêëîòðîíà, èìåþùåãî 5 ÌÂò ìîùíîñòè äëÿ
âîçáóæäåíèÿ 56 âûñîêî÷àñòîòíûõ ðåçî-
íàòîðîâ äî 0,5 ÌÂ êàæäûé, êàê ïðèíÿòî â
íàñòîÿùåì ïðîåêòå, è êðèâàÿ 2 — äëÿ
ëèíåéíîãî óñêîðèòåëÿ ìîùíîñòüþ 100 ÌÂò.
Êàê âèäíî, â öèêëîòðîíå ηb áîëüøå 0,95 ïðè
100-ÌÂò ïó÷êå, â òî âðåìÿ êàê â ëèíåéíîì
óñêîðèòåëå çíà÷åíèÿ ηb äîñòèãàþò 0,75 ïðè
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ìîùíîñòè ïó÷êà 400 ÌÂò. Ýòà ðàçíèöà îáúÿñíÿåòñÿ ìíîãîêðàòíûì ïåðåñå÷åíèåì
ïó÷êîì óñêîðÿþùèõ ïðîìåæóòêîâ èëè âûñîêî÷àñòîòíûõ ðåçîíàòîðîâ.

3. Óñêîðèòåëü

3.1. Âûáîð ñõåìû è ñâÿçàííûå ñ íèì ïðîáëåìû. Ïðèíèìàÿ âî âíèìàíèå âñå

âûøåîòìå÷åííûå óñëîâèÿ, ìîæåì ñôîðìóëèðîâàòü ãëàâíûå òðåáîâàíèÿ ê

óñêîðèòåëþ äëÿ óïðàâëåíèÿ ðåàêòîðîì:

a) îí äîëæåí îáåñïå÷èâàòü ïðîòîííûå ïó÷êè ñ òîêîì 100 ìÀ èëè âûøå ïðè

ýíåðãèè 1 ÃýÂ â ðåæèìå íåïðåðûâíîãî èëè êâàçèíåïðåðûâíîãî òîêà;

á) îí äîëæåí èìåòü íàèâûñøóþ ýôôåêòèâíîñòü ηb ïåðåäà÷è âûñîêî÷àñòîòíîé

ìîùíîñòè ê ïó÷êó;

â) îí äîëæåí èìåòü íàèâûñøóþ ýôôåêòèâíîñòü ïðåîáðàçîâàíèÿ ìîùíîñòè

ñåòè â âûñîêî÷àñòîòíóþ;

ã) îí äîëæåí èìåòü íàèìåíüøóþ ñòîèìîñòü âûñîêî÷àñòîòíîãî îáîðóäîâàíèÿ è

åãî ðàáîòû;

ä) îí äîëæåí áûòü êîìïàêòíûì, íàäåæíûì, ãèáêèì â óïðàâëåíèè è

ýêñïëóàòàöèè.

Âñåì ýòèì òðåáîâàíèÿì óäîâëåòâîðÿåò öèêëîòðîí ñ ðàçäåëåííûìè îðáèòàìè

(ÖÐÎ) íà îñíîâå ñâåðõïðîâîäÿùåé ìàãíèòíîé ñèñòåìû. Ñèñòåìà, îáîðóäîâàííàÿ

ìèíèàòþðíûìè ñâåðõïðîâîäÿùèìè ìàãíèòàìè ñ ÿðìîì èç æåëåçà, áûëà

ðàçðàáîòàíà â Ëàáîðàòîðèè âûñîêèõ ýíåðãèé ÎÈßÈ.

Ïîëíàÿ ñõåìà ADR ïîêàçàíà íà ðèñ.3. Óñêîðèòåëü èìååò òðè ñòóïåíè. Hà

ïåðâîé ïðîòîíû óñêîðÿþòñÿ äî 30 ÌýÂ íà òåïëîì ìíîãîäóàíòíîì èíæåêòîðå

ÖÐÎ. Èñïîëüçóåòñÿ 10 ìàøèí òàêîãî òèïà, êàæäàÿ îáåñïå÷èâàåò òîê 10 ìÀ. Çàòåì

ýòè 10 ïó÷êîâ, èíæåêòèðîâàííûõ â áóñòåðíûé ÖÐÎ ñî ñâåðõïðîâîäÿùåé
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ìàãíèòíîé ñèñòåìîé, óñêîðÿþòñÿ 12 òåïëûìè âûñîêî÷àñòîòíûìè ðåçîíàòîðàìè

äî 300 ÌýÂ. Òðàåêòîðèÿ ïó÷êà çàâîðà÷èâàåòñÿ ñâåðõïðîâîäÿùèìè äèïîëüíûìè

ìàãíèòàìè è ôîêóñèðóåòñÿ ñâåðõïðîâîäÿùèìè êâàäðóïîëüíûìè ëèíçàìè. Âìåñòå

îíè ôîðìèðóþò íåçàìêíóòóþ ïëîñêóþ ñïèðàëüíóþ ñèíõðîòðîííóþ ìàãíèòíóþ

äîðîæêó, à ðàäèàëüíûå øàãè íà äîðîæêå îïðåäåëÿþòñÿ óñêîðÿþùèì íàïðÿæå-

íèåì. Ïó÷îê âñòðå÷àåò ýòî óñêîðÿþùåå íàïðÿæåíèå, ïåðåñåêàÿ óñêîðÿþùèå

ïðîìåæóòêè â ðåçîíàòîðàõ. Ìèíèàòþðíûå ìàãíèòû ïîçâîëÿþò ïîìåñòèòü

íåñêîëüêî äîðîæåê äðóã íàä äðóãîì, è, òàêèì îáðàçîì, ìàãíèòíàÿ ñòðóêòóðà

áóñòåðíîãî ÖÐÎ èìååò 10 ýòàæåé.

Òà æå äåñÿòèýòàæíàÿ ìàãíèòíàÿ ñòðóêòóðà èñïîëüçóåòñÿ â ãëàâíîì ÖÐÎ, â

êîòîðîì 44 òåïëûõ ðåçîíàòîðà äàþò ïðèðîñò ðàäèóñà â 5 ñì íà îáîðîò íà ïî-

ñëåäíåì ðàäèóñå. Âûñîêî÷àñòîòíûå ñòðóêòóðû âñåõ òðåõ óñêîðèòåëåé ðàáîòàþò íà

îäèíàêîâîé ÷àñòîòå 3,766 ÌÃö, ÷òî ðåøàåò ïðîáëåìó âðåìåííîãî ñîãëàñîâàíèÿ

ïó÷êîâ.

Ïîñëå âûâîäà èç ãëàâíîãî ÖÐÎ 10 ïó÷êîâ ðàñùåïëÿþòñÿ íà 20 îòäåëüíûõ

ïó÷êîâ è íàïðàâëÿþòñÿ ê àêòèâíîé çîíå ðåàêòîðà ïî ñâåðõïðîâîäÿùèì òðàíñ-

ïîðòíûì ëèíèÿì. Ãèãàíòñêàÿ ìîùíîñòü óñêîðåííîãî ïó÷êà ñîçäàåò íåìàëî

ïðîáëåì è ñðåäè íèõ äâå âçàèìîñâÿçàííûå: êàê ïîëó÷èòü íåîáõîäèìóþ ìîùíîñòü

ïó÷êà è êàê èñïîëüçîâàòü åãî íà ìèøåíè.

×èñëî ÷àñòèö â èíòåíñèâíîì ïó÷êå îãðàíè÷åíî ýôôåêòîì îáúåìíîãî çàðÿäà.

Íà ïðàêòèêå ñòàáèëüíîå è íàäåæíîå óñêîðåíèå íà öèêëîòðîíàõ îñóùåñòâëÿåòñÿ

ïðè òîêe, ðàâíîì 3–5 ìÀ [15]. Ïîýòîìó ðåøåíèå ïðîáëåìû ñîñòîèò â ðàçáèåíèè

ïó÷êà òðåáóåìîé èíòåíñèâíîñòè íà íåñêîëüêî ïó÷êîâ ìåíüøåé èíòåíñèâíîñòè,

êàê è äåëàåòñÿ â íàøåì ñëó÷àå. Îäíàêî òàêîå ðåøåíèå ñëèøêîì äîðîãî, òàê êàê

îçíà÷àåò, ÷òî òðåáóåòñÿ ïîñòðîèòü íåñêîëüêî ñõîæèõ óñêîðèòåëåé. Äëÿ

óìåíüøåíèÿ ñòîèìîñòè ADR íåêîòîðûå ñèñòåìû äîëæíû áûòü îáúåäèíåíû. Äâå

èç íèõ â îáñóæäàåìîé ñõåìå îäèíàêîâû: óñêîðÿþùèå ðåçîíàòîðû è êðèîñòàòû ñ

æèäêèì ãåëèåì. Ïîòðåáëåíèå ýíåðãèè îáåèìè ñèñòåìàìè ÿâëÿåòñÿ íàèâûñøèì.

Âòîðàÿ ïðîáëåìà èñïîëüçîâàíèÿ ïó÷êà èìååò òî æå ðåøåíèå: ìîùíîñòü ïó÷êà,

ïîïàäàþùåãî íà ìèøåíü, äîëæíà áûòü ìåíüøå âåëè÷èíû, âåäóùåé ê ðàçðóøåíèþ

ìèøåíè. Ïîýòîìó êàæäûé ïó÷îê ïîñëå óñêîðåíèÿ äîïîëíèòåëüíî ðàñùåïëÿåòñÿ

íà äâà îòäåëüíûõ ïó÷êà, íàïðàâëÿåìûõ íà ðàçíûå ìèøåíè. Â òî æå âðåìÿ òàêàÿ

ðàáîòà ïîçâîëÿåò ïîëó÷èòü áîëåå îäíîðîäíîå ïîëå íåéòðîíîâ âíóòðè ðåàêòîðà è

óëó÷øèòü åãî ôóíêöèîíèðîâàíèå.

Ýôôåêòèâíîñòü ADR îïðåäåëÿåòñÿ, â ïåðâóþ î÷åðåäü, âûñîêî÷àñòîòíûì

ïðåîáðàçîâàòåëåì è åãî ýôôåêòèâíîñòüþ. Ìíîãîñòóïåí÷àòûé âûñîêî÷àñòîòíûé

óñèëèòåëü íà æåñòêèõ ëàìïàõ ñ âíåøíèì âîçáóæäåíèåì ïðè ìîùíîñòè 2–2,5 ÌÂò

ïîñëåäíåãî êàñêàäà óñèëåíèÿ âûãëÿäèò íàèáîëåå ïðèåìëåìî äëÿ ðàáîòû â

íåïðåðûâíîì èëè êâàçèíåïðåðûâíîì ðåæèìå. Òåòðîäû ôèðìû «Thompson Tube

Electronique» òèïà TH 518 (1,2 ÌÂò) è TH 525 (1,7 ÌÂò) ïîäõîäÿò äëÿ ýòîé öåëè.
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Hàèâûñøàÿ ýôôåêòèâíîñòü îçíà÷àåò ñëåäóþùåå: ïîñëåäíÿÿ ñòóïåíü

âûñîêî÷àñòîòíîãî óñèëèòåëÿ ïîìåùàåòñÿ âáëèçè âîçáóæäàåìîãî èì ðåçîíàòîðà,

÷òî ïðàêòè÷åñêè èçáàâëÿåò ñõåìó îò ïîòåðü ýíåðãèè. Âñå ýòî ïðèâîäèò ê òîìó, ÷òî

ïîëíîå ÷èñëî ðåçîíàòîðîâ è âûñîêî÷àñòîòíûõ óñèëèòåëåé ìîæåò áûòü íå ìåíåå 50

äëÿ óñêîðåíèÿ ïó÷êà ìîùíîñòüþ 100 ÌÂò. Â íàøåì ñëó÷àå ìû âûáðàëè 56 â

áóñòåðíîì è îñíîâíîì ÖÐÎ.

Ðàçìåðû ñå÷åíèÿ ñâåðõïðîâîäÿùèõ ìàãíèòîâ îáîèõ ÖÐÎ îäèíàêîâû. Îíè

îòëè÷àþòñÿ òîëüêî ïî äëèíå. Ýòî ïîçâîëÿåò îðãàíèçîâàòü ìàññîâîå ïðîèçâîäñòâî

ìàãíèòîâ è ñíèçèòü èõ ñòîèìîñòü.

3.2. Èíæåêòîðíûé ÖÐÎ. Èíæåêòîðíûé ÖÐÎ ÿâëÿåòñÿ òåïëûì èçîõðîííûì

öèêëîòðîíîì, òàê êàê òðóäíî èçáåæàòü ïîòåðü ïó÷êà íà íåñêîëüêèõ ïåðâûõ

îáîðîòàõ, íà êîòîðûõ ôîðìèðóåòñÿ ôàçîâàÿ ñòðóêòóðà ïó÷êà. Ñõåìà ýòîé ìàøèíû

ïðèâåäåíà íà ðèñ.4, à åå ãëàâíûå ïàðàìåòðû — â òàáë.1. Öèêëîòðîí ðàáîòàåò íà

øåñòîé ãàðìîíèêå ÷àñòîòû ïðîòîíîâ è èìååò øåñòü äóàíòîâ, óäåðæèâàåìûõ

îäíèì âåðòèêàëüíûì øòîêîì, êîòîðûé ÿâëÿåòñÿ âíóòðåííåé ëèíèåé

÷åòâåðòüâîëíîâîãî êîàêñèàëüíîãî ðåçîíàòîðà. Äèàìåòð ðåçîíàòîðà äîñòàòî÷íî

âåëèê (âíóòðåííèé — 2,4, âíåøíèé — 4,6 ì). Êàê ñëåäñòâèå, îí îáëàäàåò î÷åíü

âûñîêîé äîáðîòíîñòüþ — îêîëî 20000, êàê ïîêàçàëè ïðåäâàðèòåëüíûå ðàñ÷åòû è

èçìåðåíèÿ íà ìîäåëè. Áëàãîäàðÿ ñâîåé äîáðîòíîñòè îí òðåáóåò 15 êÂò ìîùíîñòè,

÷òîáû âîçáóäèòü íàïðÿæåíèå ñ àìïëèòóäîé 125 êÂ íà âñåõ øåñòè äóàíòàõ. Ïðè

òàêîì óñêîðÿþùåì íàïðÿæåíèè

ñèíõðîííûå ïðîòîíû ïîëó÷àþò

ïðèðàùåíèå ýíåðãèè 1,5 ÌýÂ çà îáîðîò è

äîñòèãàþò êîíå÷íîé ýíåðãèè â 30 ÌýÂ çà

20 îáîðîòîâ.

Ìàãíèòíàÿ ñèñòåìà òàêîãî

ìíîãîäóàíòíîãî öèêëîòðîíà âêëþ÷àåò

øåñòü ñåêòîðíûõ ìàãíèòîâ ñ ðàäèàëüíîé

âàðèàöèåé ðàññòîÿíèÿ ìåæäó ïîëþñàìè,

îáåñïå÷èâàþùèìè ïîëå 0,78 Òë íà

òðàåêòîðèè ÷àñòèö è â øåñòü ðàç ìåíüøåå

çíà÷åíèå âíå òðàåêòîðèè. Òàêàÿ ðàäèàëü-

íàÿ âàðèàöèÿ ñíèæàåò îáðàòíûé ïîòîê

ìàãíèòíîé èíäóêöèè ïðèáëèçèòåëüíî â

÷åòûðå ðàçà. Ýòî ïîçâîëÿåò ñóùåñòâåííî

óìåíüøèòü æåëåçíîå ÿðìî ìàãíèòîâ è

ðàçìåñòèòü èõ âíóòðè âàêóóìíîé êàìåðû

öèêëîòðîíà.

Ïó÷îê èíæåêòèðóåòñÿ â ìàãíèòû ñ

ýíåðãèåé 0,92 ÌýÂ ïîñëå 7-çàçîðíîãî

«ëèíåéíîãî óñêîðèòåëÿ», èñïîëüçóþùåãî
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âûñîêî÷àñòîòíîå íàïðÿæåíèå äóàíòíîé ñèñòåìû. Ýíåðãèÿ èíæåêöèè äàåò äîñòà-

òî÷íî ìåñòà â öåíòðå öèêëîòðîíà, ÷òîáû ðàçìåñòèòü ìàãíèòû è äóàíòû è

ñîõðàíèòü çàçîð ìåæäó ýëåêòðîäàìè 2,5 ñì è áîëåå è òàêèì îáðàçîì

ìèíèìèçèðîâàòü èñêðåíèå äóàíòîâ.

Èîííûé èñòî÷íèê òèïà äóîïëàçìîòðî- íà ðàçìåùåí âíóòðè øòîêà âûñîêî-

÷àñòîòíîãî ðåçîíàòîðà ïðè ïîñòîÿííîì ïîòåíöèàëå +45 êÂ. Àòîìàðíûå èîíû Í1

1+

(êàê ïðàâèëî, èñòî÷íèê äàåò 30 % ìîëåêóëÿðíûõ èîíîâ âîäîðîäà) îòáèðàþòñÿ

ìàãíèòíûì ìàññ-ñåïàðàòîðîì è íàïðàâëÿþòñÿ â âûñîêî÷àñòîòíûé áàí÷åð.

Èîííûå èìïóëüñû ñ ôàçîâîé äëèòåëüíîñòüþ â 5–6 � ôîðìèðóþòñÿ áàí÷åðîì, è

ôîêóñèðîâêà ïó÷êà â äðåéôîâîì ïðîìåæóòêå áàí÷åðà îáåñïå÷èâàåòñÿ ñ ïîìîùüþ

êâàäðóïîëüíûõ ýëåêòðîñòàòè÷åñêèõ ëèíç.

Òàáëèöà 1. Îñíîâíûå ïàðàìåòðû èíæåêòîðíîãî ÖÐO

Ïó÷îê

Ýíåðãèÿ èíæåêöèè, ÌýÂ 0,92

Êîíå÷íàÿ ýíåðãèÿ ïðîòîíîâ, ÌýÂ 30,10

Èíòåíñèâíîñòü âíåøíåãî ïó÷êà, ìÀ 10,00

Êîíå÷íûé ðàäèàëüíûé øàã çà îáîðîò, ñì 4,95

Áåòàòðîííàÿ ÷àñòîòà, ðàäèàëüíàÿ 1,043

âåðòèêàëüíàÿ 1,055

Íîðìèðîâàííûé ýìèòòàíñ, ìêì 0,6 �

Ìàãíèò

Ðàäèóñ èíæåêöèè, ì 0,343

Êîíå÷íûé ðàäèóñ, ì 2,020

Ñåêòîðíûé óãîë, ãðàäóñ 28,8

×èñëî ñåêòîðîâ 6

Ìàãíèòíîå ïîëå, Òë 0,783

Çàçîð íà/âíå ìàãíèòíîé äîðîæêå, ñì 1,0/6,0

×èñëî âèòêîâ îáìîòêè 8

Òîê îáìîòêè, À 815

Ñå÷åíèå ïðîâîäíèêà, ìì 11,5� 13,5

Ñîïðîòèâëåíèå ïðîâîäíèêà, Îì 0,0928

Ìàññà ìåäè, ò 0,240

Ìàññà æåëåçíîãî ÿðìà, ò 24

Âûñîêî÷àñòîòíàÿ ñèñòåìà

×èñëî äóàíòîâ 6

×àñòîòà, ÌÃö 34,766

Íàïðÿæåíèå íà äóàíòàõ, êÂ 125

Âûñîêî÷àñòîòíàÿ ìîùíîñòü áåç ïó÷êà, êÂò 15

Âíåøíèé ðàçìåð âûñîêî÷àñòîòíîãî ðåçîíàòîðà, ì 4,6

Ìàññà âûñîêî÷àñòîòíîãî ðåçîíàòîðà, ò 2,5

Cáàí÷eðîâàííûé ïó÷îê, âåðòèêàëüíî èíæåêòèðîâàííûé â ÖÐÎ â ìîìåíò,

êîãäà øòîê íàõîäèòñÿ ïðè ìàêñèìàëüíîì âûñîêî÷àñòîòíîì íàïðÿæåíèè, âñòðå-
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÷àåò ïåðâûé çàçåìëåííûé ýëåêòðîä, ïîëó÷àÿ ýíåðãèþ, ðàâíóþ àìïëèòóäå

íàïðÿæåíèÿ íà äóàíòàõ. Äëèíà ýòîãî ýëåêòðîäà ðàâíà 6 ñì, è ïó÷îê ïîêèäàåò åãî,

êîãäà íàïðÿæåíèå íà äóàíòàõ ìåíÿåòñÿ ïî ôàçå íà π è óñêîðÿåò ïó÷îê åùå ðàç.

Ýíåðãèÿ ïó÷êà ðàâíà 0,295 ÌýÂ ïîñëå ýòèõ äâóõ óñêîðåíèé. Ïðè ýòîé ýíåðãèè

ïó÷îê ïîâîðà÷èâàåòñÿ â ãîðèçîíòàëüíóþ ïëîñêîñòü ÖÐÎ ïðè ïîìîùè ýëåêòðî-

ñòàòè÷åñêîãî äåôëåêòîðà. Ïÿòü äîïîëíèòåëüíûõ óñêîðÿþùèõ ïðîìåæóòêîâ

óâåëè÷èâàþò ýíåðãèþ ïó÷êà äî 0,920 ÌýÂ ïåðåä èíæåêöèåé íà ìàãíèòíóþ

äîðîæêó.

Êàê ïîêàçàíî íà ðèñ.4, ïó÷îê íà ýòîì ó÷àñòêå òðàåêòîðèè ôîêóñèðóåòñÿ è

ïîâoðà÷èâàåòñÿ êâàäðóïîëüíûìè ýëåêòðîñòàòè÷åñêèìè äåôëåêòîðàìè, ðàçìåùåí-

íûìè â âûñîêî÷àñòîòíûõ ýëåêòðîäàõ. Êàíàë äèíàìè÷åñêîé èíæåêöèè ñîãëàñîâàí

ïî ôîêóñèðîâêå ñ ìàãíèòíîé ñèñòåìîé, â êîòîðîé âåðòèêàëüíûå è ãîðèçîíòàëüíûå

áåòàòðîííûå ÷àñòîòû áîëüøå åäèíèöû. Ðàäèàëüíûé øàã ïó÷êà íà ïîñëåäíåì

ðàäèóñå (201 ñì) ðàâåí 5 ñì. Ýòî îáåñïå÷èâàåò àâòîìàòè÷åñêèé âûâîä ïó÷êà ñ

ýôôåêòèâíîñòüþ 100 % ïðè ðàäèàëüíîé øèðèíå ìàãíèòíîé äîðîæêè 2,4 ñì.

Ïîëÿ â èíæåêòîðíîì öèêëîòðîíå ëèíåéíû íà áîëüøåé ÷àñòè òðàåêòîðèè.

Ïîýòîìó äâèæåíèå ÷àñòèö ñîõðàíÿåò ñâîé íîðìèðîâàííûé ýìèòòàíñ, ðàâíûé

7π ìêì.

3.3. Èíæåêòîðíûé ÖÐÎ è íåñêîëüêî ìèøåíåé. Áîëüøîé ðàäèàëüíûé øàã

ïó÷êà â ìíîãîäóàíòíîì ÖÐÎ ïîçâîëÿåò ðàçìåñòèòü äîïîëíèòåëüíûå èìïóëüñíûå

ýëåêòðîñòàòè÷åñêèå äåôëåêòîðû â êàæäîì èç ïÿòè äóàíòîâ. Ýòî ïîçâîëèò

èñïîëüçîâàòü ìàøèíó â êà÷åñòâå íîâîãî è

âåñüìà ýôôåêòèâíîãî óñòðîéñòâà äëÿ

ïðèêëàäíûõ öåëåé, íàïðèìåð, äëÿ

ïðîèçâîäñòâà ðàäèîàêòèâíûõ èçîòîïîâ äëÿ

ìåäèöèíû.

Â íàøåì ñëó÷àå èìååòñÿ âîçìîæíîñòü

âûâåñòè èç ÖÐÎ îäíîâðåìåííî øåñòü

ïó÷êîâ èçìåíÿåìîé èíòåíñèâíîñòè íà

øåñòü ðàçëè÷íûõ íàïðàâëåíèé, ñ òåì ÷òîáû

èñïîëüçîâàòü ïó÷êè íà ðàçëè÷íûõ ìèøåíÿõ

(ðèñ.5). Ìèøåíè ôóíêöèîíèðóþò

ñîâåðøåííî íåçàâèñèìî. Ïðåäïîëîæèì,

÷òî èîííûé èñòî÷íèê è âûñîêî÷àñòîòíàÿ

ñèñòåìà óñêîðèòåëÿ ðàáîòàþò â êâàçè-

íåïðåðûâíîì ðåæèìå, ò.å. â ïóëüñè-

ðóþùåì, ñ ÷àñòîòîé ñëåäîâàíèÿ 500 Ãö, ïðè

êîòîðîé ïó÷îê óñêîðÿåòñÿ ïåðèîäè÷åñêè â

òå÷åíèå 1,5 ìñ ïðè ïàóçàõ â 0,5 ìñ. Ýòî

îáû÷íûé ðåæèì ðàáîòû öèêëîòðîíîâ, ïðè

êîòîðîì ðåçêî óëó÷øàåòñÿ èõ ñòàáèëüíîñòü.
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Â ýòîì ðåæèìå èìååòñÿ äîñòàòî÷íî âðåìåíè (0,5 ìñ), ÷òîáû âêëþ÷èòü è

âûêëþ÷èòü íà- ïðÿæåíèå íà äåôëåêòîðàõ áåç âîçìóùåíèÿ ñîñåäíèõ îðáèò.

Äåòàëüíûå âû÷èñëåíèÿ ïîêàçûâàþò, ÷òî ïàðà îòêëîíÿþùèõ ýëåêòðîäîâ ïîä

íàïðÿæåíèåì ± 18 êÂ îòêëîíÿåò ïó÷îê íà 13 ìì. Ýòî âûøå, ÷åì ïîëóøèðèíà

ìàãíèòíîé äîðîæêè, è ïó÷îê âûõîäèò èç öèêëîòðîíà. Çàòåì, èçìåíÿÿ âðåìÿ

âîçáóæäåíèÿ êàæäîãî èç äåôëåêòîðîâ, ìîæíî èçìåíÿòü è âðåìÿ îáëó÷åíèÿ êàæäîé

èç ìèøåíåé. Åñëè ìèøåíü ñîäåðæèò ðàçíûå ñòàáèëüíûå èçîòîïû, òî áûñòðûå

ïðîòîíû ðîæäàþò îäíîâðåìåííî ðàçíûå ðàäèîàêòèâíûå èçîòîïû.

Ðåæèì ðàáîòû íà íåñêîëüêèõ ìèøåíÿõ óìåíüøàåò «ìåðòâîå» âðåìÿ èñïîëü-

çîâàíèÿ öèêëîòðîíà ïðè ñìåíå ìèøåíåé è ñíèæàåò â øåñòü ðàç ðàñõîä ýëåêòðî-

ýíåðãèè, ïîòðåáëÿåìîé ïðè ðàáîòå íà îäíó ìèøåíü.

Òàêèì îáðàçîì, èíæåêòîðíûé ÖÐÎ äëÿ ðàáîòû íà íåñêîëüêèõ ìèøåíÿõ

ïðåäñòàâëÿåòñÿ íàèáîëåå ýôôåêòèâíûì

ðåøåíèåì äëÿ ïîëó÷åíèÿ ïó÷êîâ ïðîòîíîâ

íèçêèõ ýíåðãèé.

3.4. Áóñòåðíûé ñâåðõïðîâîäÿùèé ÖÐÎ.

Ïîñëå èíæåêòîðíîãî öèêëîòðîíà ïó÷êè

òðàíñïîðòèðóþòñÿ â áóñòåðíûé ÖÐÎ (ðèñ.6) ïî

êàíàëàì òðàíñïîðòèðîâêè. Çäåñü îíè óñêîðÿþòñÿ

íà 8-ïðîòîííîé ÷àñòîòíîé ãàðìîíèêå äî

300 ÌýÂ.

Îñíîâíûå ïàðàìåòðû áóñòåðíîãî ÖÐÎ

ïðèâåäåíû â òàáë.2. Êàæäûé ìíîãîäóàíòíûé

öèêëîòðîí íàõîäèòñÿ íà ðàçíîì ðàññòîÿíèè îò

ïåðâîãî âûñîêî÷àñòîòíîãî ðåçîíàòîðà-áóñòåðà. Ïîýòîìó ïó÷îê ñîãëàñóåòñÿ ïóòåì

óñòàíîâêè ôàçîâîãî ñäâèãà ìåæäó ðåçîíàòîðîì è âûñîêî÷àñòîòíîé ñèñòåìîé

ñîîòâåòñòâóþùåé ìàøèíû.

Áóñòåðíûé ÖÐÎ èìååò 12 âûñîêî÷àñòîòíûõ ðåçîíàòîðîâ. Ðåçîíàòîðû

âûáðàíû òåïëûìè ïî äâóì îáñòîÿòåëüñòâàì: âî-ïåðâûõ, ñîçäàíèå

ñâåðõïðîâîäÿùåé ïåòëè ñâÿçè íà 2 ÌÂò ïðåäñòàâëÿåòñÿ ïðîáëåìàòè÷íûì;

âî-âòîðûõ, âûñîêî÷àñòîòíûé óñèëèòåëü, íàãðóæåííûé ñâåðõïðîâîäÿùèì

ðåçîíàòîðîì, äîëæåí èìåòü èñêëþ÷èòåëüíî øèðîêèé äèíàìè÷åñêèé äèàïàçîí

âûõîäíîé ìîùíîñòè äëÿ âîçáóæäåíèÿ ðåçîíàòîðà ñ ïó÷êîì è áåç íåãî. ×òîáû

óìåíüøèòü ìãíîâåííóþ çàãðóçêó ðåçîíàòîðîâ â áóñòåðíîì ÖÐÎ êîðîòêèìè

èìïóëüñàìè áàí÷åðîâàííîãî ïó÷êà (âû÷èñëåíèÿ ïîêàçàëè, ÷òî âûñîêî÷àñòîòíàÿ

ôàçîâàÿ äëèíà ïó÷êà ïîñëå èíæåêòîðíîãî öèêëîòðîíà ðàâíà 5–6�), äëÿ ïÿòè

ïó÷êîâ âûáðàíî âðàùåíèå ïî ÷àñîâîé ñòðåëêå, à äëÿ äðóãèõ ïÿòè — ïðîòèâ íåå.

Ìàãíèòíàÿ ñèñòåìà áóñòåðà ñîñòîèò èç 16 ÔÎÄÎ-ïåðèîäîâ íà îáîðîò ïó÷êà. Â

êàæäîì ïåðèîäå èìåþòñÿ äâà ñâåðõïðîâîäÿùèõ ìàãíèòà è äâå êâàäðóïîëüíûå

ôîêóñèðóþùèå ëèíçû. Äâà îòêëîíÿþùèõ ìàãíèòà íà ÔÎÄÎ-ïåðèîä âûáðàíû äëÿ

òîãî, ÷òîáû óìåíüøèòü âëèÿíèå ñàãèòòû íà ãîðèçîíòàëüíóþ àïåðòóðó ìàãíèòà.

76

Ðèñ. 6Ð

Ðèñ.6



Ìàãíèò èìååò ïðîñòåéøóþ ôîðìó. Âñå ìàãíèòû èìåþò îäèíàêîâîå çíà÷åíèå

ìàãíèòíîãî ïîëÿ, ðàâíîå 1,45 Òë. Ïîëå ôîðìèðóåòñÿ îäíîñëîéíîé

ñâåðõïðîâîäÿùåé îáìîòêîé ñ ìàëîé ðàäèàëüíîé øèðèíîé, ðàâíîé 2,5 ìì, è

âûñîêèì çíà÷åíèåì êðèòè÷åñêîãî òîêà. Â ñëó÷àå ìàññîâîãî ïðîèçâîäñòâà

ñòîèìîñòü ìàãíèòà è ëèíç áóäåò âåñüìà íèçêîé.

Òàáëèöà 2. Îñíîâíûå ïàðàìåòðû áóñòåðíîãî ñâåðõïðîâîäÿùåãî ÖÐÎ

Ïó÷îê

Ýíåðãèÿ èíæåêöèè, ÌýÂ 30,10

Êîíå÷íàÿ ýíåðãèÿ ïðîòîíîâ, ÌýÂ 298,22

×èñëî îáîðîòîâ 42

Îáùåå ÷èñëî ïó÷êîâ 10

×èñëî ïó÷êîâ, âðàùàþùèõñÿ ïî ÷àñîâîé ñòðåëêå 5

Áåòàòðîííàÿ ÷àñòîòà, ðàäèàëüíàÿ 3,542

âåðòèêàëüíàÿ 3,561

Ïîëíàÿ èíòåíñèâíîñòü ïó÷êà, ìÀ 100

Ìàãíèòíàÿ ñèñòåìà

×èñëî ïåðèîäîâ íà îáîðîò 16

Ìàãíèòíîå ïîëå ïðè èíæåêöèè, Të 0,2947

íà âûõîäå, Òë 0,3769

Ñðåäíèé ðàäèóñ ïðè èíæåêöèè, ì 2,709

íà âûõîäå, ì 7,147

×èñëî äèïîëüíûõ ìàãíèòîâ íà ÿ÷åéêó 2

Ïîëå â äèïîëüíîì ìàãíèòå, Òë 1,450

Äëèíà äèïîëüíîãî ìàãíèòà ïðè èíæåêöèè, ñì 10,82

íà âûõîäå, ñì 36,32

Àïåðòóðà äèïîëüíîãî ìàãíèòà, ìì 25� 25

Ðàçìåð äèïîëÿ â ïîïåðå÷íîì ñå÷åíèè, ìì 40� 48

Ñðåäíÿÿ ìàññà äèïîëüíîãî ìàãíèòà, êã 2,104

Àìïåð-âèòêè ñâåðõïðîâîäÿùåé îáìîòêè, êÀ 28,847

×èñëî âèòêîâ ñâåðõïðîâîäÿùåé îáìîòêè 26

Òîê îáìîòêè, À 1030

Ãðàäèåíò â êâàäðóïîëüíûõ ëèíçàõ, Òë/ì 65,50

Ñðåäíÿÿ äëèíà êâàäðóïîëüíûõ ëèíç, ñì 2,988

íà âûâîäå, cì 3,782

Àïåðòóðà ëèíç, ìì 25� 25

Ðàçìåð ëèíçû â ïîïåðå÷íîì ñå÷åíèè, ìì 40� 40

Ñðåäíÿÿ ìàññà êâàäðóïîëüíîé ëèíçû, êã 0,257

Ïîëíàÿ ìàññà ìàãíèòíîé ñèñòåìû, ò 32

Âûñîêî÷àñòîòíàÿ ñèñòåìà

×àñòîòà îáðàùåíèÿ ïðîòîíîâ, ÌÃö 4,3458

Íîìåð ãàðìîíèêè 8

×èñëî âûñîêî÷àñòîòíûõ ðåçîíàòîðîâ 12

Íà÷àëüíûé ðàäèóñ ðåçîíàòîðà, ì 1,25

Ìàêñèìàëüíîå íàïðÿæåíèå íà ðåçîíàòîðå, êÂ 600

Íàáîð ýíåðãèè çà îáîðîò ïðè èíæåêöèè, ÌýÂ 3,675

íà âûõîäå, ÌýÂ 6,070

77



Ðàäèàëüíûé øàã çà îáîðîò ïðè èíæåêöèè, ñì 15,29

íà âûõîäå, ñì 4,82

Ðàçìåð ðåçîíàòîðà, ì 8,6� 5,0

Øèðèíà ðåçîíàòîðà, ì 0,58

Ìîùíîñòü âîçáóæäåíèÿ îäíîãî ðåçîíàòîðà, êÂò 150

Ìàññà ðåçîíàòîðà, ò 5,23

Óãîë îòêëîíåíèÿ â ìàãíèòå è âûñîêî÷àñòîòíàÿ ñèíõðîííîñòü ïó÷êà çàäàþòñÿ

äëèíîé äîðîæêè â êàæäîì ïåðèîäå. Ýòà äëèíà ìîæåò áûòü ëåãêî è àêêóðàòíî

íàéäåíà ïóòåì êîìïüþòåðíîãî ìîäåëèðîâàíèÿ ïðîöåññà óñêîðåíèÿ. Äëÿ ýòîãî

íåîáõîäèìî çíàòü ðàñïðåäåëåíèå ïîëÿ â ðåçîíàòîðàõ.

Òèïè÷íûì ÿâëÿåòñÿ ðàçìåùåíèå äâóõ ìàãíèòîâ è äâóõ ëèíç â îäíîé ïîëîâèíå

ïåðèîäà, ôîðìèðóþùåé õîëîäíóþ ÷àñòü. Äðóãàÿ, òåïëàÿ, ÷àñòü ïåðèîäà çàíÿòà

óñêîðÿþùèì ïðîìåæóòêîì ðåçîíàòîðà. Ðåçîíàòîðû îòñóòñòâóþò â êàæäîé

÷åòâåðòîé ÿ÷åéêå, è ýòî ìåñòî èñïîëüçóåòñÿ äëÿ ðàçìåùåíèÿ îáîðóäîâàíèÿ

èíæåêöèè ïó÷êà, îòêëîíåíèÿ, óïðàâëåíèÿ îðáèòîé è äèàãíîñòèêè.

Âñå ñâåðõïðîâîäÿùèå ýëåìåíòû ðàçìåùàþòñÿ â îäíîì êðèîñòàòå (ðèñ.7),

îõëàæäàåìîì æèäêèì ãåëèåì. Êàæäûé ÷åòâåðòûé è ïÿòûé êðèîñòàò ñâÿçûâàþòñÿ

â åäèíûé óçåë. Îáîðóäîâàíèå 10-ýòàæíîé ìàãíèòíîé ñèñòåìû äëÿ áóñòåðíîãî

ÖÐÎ ðàçìåùàåòñÿ â îáùåì êðèîñòàòå, è ñíàðóæè áóñòåð âûãëÿäèò êàê 12 æèäêî-

ãåëèåâûõ êðèîñòàòîâ, ðàçäåëåííûõ 12 âûñîêî÷àñòîòíûìè ðåçîíàòîðàìè, ôîðìè-

ðóþùèìè çàìêíóòîå êîëüöî.

Îöåíêè òåïëîâûõ ïîòåðü êðèîñòàòà ïîêàçûâàþò, ÷òî áîëüøèíñòâî èõ

ïðèõîäèòñÿ íà êðàåâûå ÷àñòè, â êîòîðûõ õîëîäíàÿ âàêóóìíàÿ êàìåðà óñêîðèòåëÿ

ñìîòðèò íà òåïëûå ñòåíêè óñêîðÿþùèõ ðåçîíàòîðîâ. Òåì íå ìåíåå äåòàëüíûå

âû÷èñëåíèÿ ïîêàçûâàþò, ÷òî ïîòåðè òåïëà íà êðèîñòàò ðàâíû 26 Âò. Ýòî îçíà÷àåò

ïðèìåðíî 310 Âò íà ñâåðõïðîâîäÿùóþ ñèñòåìó áóñòåðíîãî ÖÐÎ ïðè òåìïåðàòóðå

æèäêîãî ãåëèÿ. Çíà÷èò, íàãðóçêà ñåòè ðàâíà 240 êÂò, ÷òî äîïóñòèìî ïî ñðàâíåíèþ

ñ ïîëíûì ïîòðåáëåíèåì ýíåðãèè â 45 ÌÂò.

Àíàëèç áåòàòðîííîãî äâèæåíèÿ ïîêàçàë, ÷òî ãîðèçîíòàëüíûå è âåðòèêàëüíûå

áåòàòðîííûå ÷àñòîòû ðàâíû ïðèìåðíî 3,5, à ïîïåðå÷íûå ðàçìåðû ïó÷êà íå

ïðåâûøàþò 7 ìì ïðè ëþáîé ýíåðãèè, êðîìå ñàãèòòû, êîòîðàÿ äîáàâëÿåò åùå 8 ìì.
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Ïðîáëåìû, ñâÿçàííûå ñ

âûñîêî÷àñòîòíîé ñèñòåìîé áóñòåðíîãî

ÖÐÎ, òàêèå æå, êàê è äëÿ îñíîâíîãî

ÖÐÎ, è îíè áóäóò îáñóæäàòüñÿ íèæå.

3.5. Îñíîâíîé ñâåðõïðîâîäÿùèé

ÖÐÎ. Â îñíîâíîì ñâåðõïðîâîäÿùåì ÖÐÎ

(ðèñ.8) ïó÷îê ïðîòîíîâ ïîëó÷àåò

äàëüíåéøåå óñêîðåíèå äî 1 ÃýÂ íà 12-é

ãàðìîíèêå, ïðè ýòîì ÷àñòîòà

âûñîêî÷àñòîòíîãî ãåíåðàòîðà îñòàåòñÿ

òîé æå. Îñíîâíûå ïàðàìåòðû ýòîãî

êàñêàäà óñêîðåíèÿ ïðèâåäåíû â òàáë.3.

Êàê îòìå÷àëîñü âûøå, âûñîêî÷àñòîò-

íûé ðåçîíàòîð îñíîâíîãî ÖÐÎ òàêîé æå, êàê â áóñòåðå. Îí èìååò ôîðìó ïàðàëëå-

ëåïèïåäà, êàê îáúåìíûé ðåçîíàòîð (ðèñ.9) ñ ïðîñòåéøåé âîçáóæäàåìîé ìîäîé êî-

ëåáàíèé TÌ-110. Äëÿ ýòîé ìîäû íåîáõîäèìî ñîáëþäàòü ñëåäóþùåå óñëîâèå â òàê

íàçûâàåìîì ãëàäêîì ïðèáëèæåíèè:

4 1 1
2 2 2λ
= +

a b
,

(9)

ãäå λ — äëèíà âîëíû êîëåáàíèÿ, a è b — íàèáîëüøèå ñòîðîíû ïàðàëëåëåïèïåäà.

Ýëåêòðè÷åñêîå ïîëå â ðåçîíàòîðå èìååò ñëåäóþùèå êîìïîíåíòû:

E E
x

a

y

b
E Ex y z= = =0 0sin sin

π π
, .

(10)
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Ïàðàìåòðû ðåçîíàòîðà ïðèâåäåíû â òàáë.3, è èç óðàâíåíèÿ (10) ìîæíî

óñòàíîâèòü, ÷òî êîìïîíåíòà Ex îñòàåòñÿ ïîñòîÿííîé ñ òî÷íîñòüþ ± ⋅ −3 10 3, â òî

âðåìÿ êàê êîîðäèíàòà y èçìåíÿåòñÿ îò 0 äî ±20 ñì ïðè 10-ýòàæíîé ãåîìåòðèè.

×òîáû ïîëó÷èòü â îñíîâíîì ÖÐÎ ðàäèàëüíûé øàã â 5 ñì íà îáîðîò íà

êîíå÷íîì ðàäèóñå, ïî îêðóæíîñòè ìàøèíû ïî÷òè ðàâíîìåðíî ðàçìåùàåòñÿ 44

ðåçîíàòîðà. Äëÿ âûïîëíåíèÿ ýòîãî óñëîâèÿ ìàãíèòíàÿ ñòðóêòóðà ãëàâíîãî ÖÐÎ

ñîñòàâëåíà èç 24 ïåðèîäîâ ÔOÄO íà îáîðîò.

Òàáëèöà 3. Îñíîâíûå ïàðàìåòðû áóñòåðíîãî ñâåðõïðîâîäÿùåãî ÖÐÎ

Ïó÷îê

Ýíåðãèÿ èíæåêöèè, ÌýÂ 298,22

Êîíå÷íàÿ ýíåðãèÿ ïðîòîíîâ, ÌýÂ 1000,12

×èñëî îáîðîòîâ 30

Ïîëíîå ÷èñëî ïó÷êîâ 10

×èñëî ïó÷êîâ, âðàùàþùèõñÿ ïî ÷àñîâîé ñòðåëêå 5

Áåòàòðîííàÿ ÷àñòîòà, ðàäèàëüíàÿ 5,3342

âåðòèêàëüíàÿ 5,3277

Ïîëíàÿ èíòåíñèâíîñòü ïó÷êà, ìÀ 100

Ìàãíèòíàÿ ñèñòåìà

×èñëî ÔÎÄÎ-ïåðèîäîâ íà îáîðîò 24

Ìàãíèòíîå ïîëå ïðè èíæåêöèè, Të 0,2512

íà âûõîäå, Òë 0,3933

Ñðåäíèé ðàäèóñ ïðè èíæåêöèè, ì 10,726

íà âûõîäå, ì 14,411

×èñëî äèïîëüíûõ ìàãíèòîâ íà ïåðèîä 2

Ïîëå â äèïîëüíîì ìàãíèòå, Òë 1,450

Äëèíà äèïîëüíîãî ìàãíèòà ïðè èíæåêöèè, ñì 24,23

íà âûõîäå, ñì 51,04

Àïåðòóðà äèïîëüíîãî ìàãíèòà, ìì 25� 25

Ðàçìåð äèïîëÿ â ïîïåðå÷íîì ñå÷åíèè, ìì 40� 48

Ñðåäíÿÿ ìàññà äèïîëüíîãî ìàãíèòà, êã 3,360

Àìïåð-âèòêè ñâåðõïðîâîäÿùåé îáìîòêè, êÀ 28,847

×èñëî âèòêîâ ñâåðõïðîâîäÿùåé îáìîòêè 28

Òîê îáìîòêè, À 1030

Ãðàäèåíò â êâàäðóïîëüíûõ ëèíçàõ, Òë/ì 65,50

Äëèíà êâàäðóïîëüíîé ëèíçû ïðè èíæåêöèè, ñì 3,80

íà âûõîäå, cì 5,94

Àïåðòóðà ëèíç, ìì 25� 25

Ðàçìåð ëèíçû â ïîïåðå÷íîì ñå÷åíèè, ìì 40� 40

Ñðåäíÿÿ ìàññà êâàäðóïîëüíîé ëèíçû, êã 0,370

Ïîëíàÿ ìàññà ìàãíèòíîé ñèñòåìû, ò 55,33

Âûñîêî÷àñòîòíàÿ ñèñòåìà

Ïðîòîííàÿ ÷àñòîòà, ÌÃö 2,8972

Íîìåð ãàðìîíèêè 12

×èñëî Â×-ðåçîíàòîðîâ 44

Íà÷àëüíûé ðàäèóñ ïîëîñòè ðåçîíàòîðà, ì 9,008
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Ìàêñèìàëüíîå íàïðÿæåíèå íà ðåçîíàòîðå, êÂ 584

Íàáîð ýíåðãèè çà îáîðîò ïðè èíæåêöèè, ÌýÂ 15,103

íà âûõîäå, ÌýÂ 23,838

Ðàäèàëüíûé øàã çà îáîðîò ïðè èíæåêöèè, ñì 17,32

íà âûõîäå, ñì 5,54

Ðàçìåð ïðîäîëüíîãî ñå÷åíèÿ ðåçîíàòîðà, ìì 8,6� 5,0

Øèðèíà ðåçîíàòîðà, ì 0,58

Ìîùíîñòü âîçáóæäåíèÿ îäíîãî ðåçîíàòîðà, êÂò 140

Ìàññà ðåçîíàòîðà, ò 5,23

Êàæäàÿ ïîëîâèíà ïåðèîäà âêëþ÷àåò ôîêóñèðóþùèå (èëè äåôîêóñèðóþùèå)

ëèíçû, äâà ïîâîðîòíûõ äèïîëÿ òîãî æå òèïà, ÷òî è â áóñòåðíîì ÖÐÎ, à òàêæå

áîëüøîé òåïëûé ïðÿìîé ó÷àñòîê, ñîäåðæàùèé ðåçîíàòîð. Ïîýòîìó ìîæíî

ðàçìåñòèòü 48 ðåçîíàòîðîâ, ïðè ýòîì ÷åòûðå èç íèõ äîëæíû áûòü ïðîïóùåíû äëÿ

òîãî, ÷òîáû îñòàâèòü ìåñòî äëÿ óñòàíîâêè â êîëüöî èíæåêöèîííîãî è äðóãîãî

äîïîëíèòåëüíîãî îáîðóäîâàíèÿ.

Ïðîòîíû äâèæóòñÿ îò îäíîãî ðåçîíàòîðà ê ñîñåäíåìó â òå÷åíèe ÷åòâåðòè

âûñîêî÷àñòîòíîãî öèêëà. Òàêèì îáðàçîì, âûáèðàåòñÿ 90-ãðàäóñíûé ôàçîâûé

ñäâèã ìåæäó ñîñåäíèìè ðåçîíàòîðàìè. Ñäâèã âûäåðæèâàåòñÿ ñîîòâåòñòâóþùèì

âîçáóæäåíèåì âûñîêî÷àñòîòíûõ óñèëèòåëåé, óïðàâëÿåìûõ ðàçâèòîé ñèñòåìîé

ôàçîâîé è àìïëèòóäíîé íàñòðîéêè.

Èç-çà íåäîñòàòêà ìåñòà ìû ïðîïóñòèì äåòàëüíîå îïèñàíèå âàêóóìíîé ñèñòåìû

óñêîðèòåëÿ, îäíàêî èç íàøåãî îïûòà ñëåäóåò, ÷òî äàâëåíèå â âàêóóìíîé êàìåðå

ñâåðõïðîâîäÿùåãî ÖÐÎ áóäåò 10–8 ìì ðò.ñò. èëè íèæå. Ýòî îçíà÷àåò, ÷òî ïîòåðè

ïó÷êà âñëåäñòâèå ðàññåÿíèÿ ïðîòîíîâ íà àòîìàõ îñòàòî÷íîãî ãàçà áóäóò

ïðåíåáðåæèìî ìàëû. Òî æå óòâåðæäåíèå ñïðàâåäëèâî è äëÿ ïîòåðü äðóãîãî òèïà.

Áîëåå òîãî, ïîòåðè èìåþò ìåñòî â ñèíõðîòðîíàõ ïðè ìíîãîîáîðîòíîé èíæåêöèè,

ãäå ïó÷êè óñêîðÿþòñÿ â òå÷åíèå íåñêîëüêèõ ñåêóíä è çàòåì èñ÷åçàþò. Â

îáñóæäàåìîì âàðèàíòå ÖÐÎ äëÿ ÷àñòèöû òðåáóåòñÿ 25 ìêñ, ÷òîáû ïðîéòè îò

èîííîãî èñòî÷íèêà äî âûõîäà. Ýòîò ïðîöåññ äîëæåí áûòü íàçâàí ñêîðåå

òðàíñïîðòèðîâêîé. Èòàê, ïåññèìèñòè÷åñêèå îöåíêè ïîòåðü ïó÷êà äàþò çíà÷åíèå

10–9 –10–8. Ýòè ïîòåðè ìîãóò áûòü ëîêàëèçîâàíû òàê íàçûâàåìûì ìåòîäîì «áðèòüÿ

ïó÷êà», êîãäà ãàëî ïó÷êà ïåðåõâàòûâàåòñÿ ñïåöèàëüíûì ñêðåáêîì.

Ïîñëå óñêîðåíèÿ äåñÿòü ïó÷êîâ àâòîìàòè÷åñêè äîñòèãàþò òðàíñïîðòíûõ

ëèíèé, ñâÿçûâàþùèõ óñêîðèòåëü è ðåàêòîð, ãäå êàæäàÿ ëèíèÿ çàâåðøàåòñÿ

ñâåðõïðîâîäÿùèì ìàãíèòîì, çàâîðà÷èâàþùèì ïó÷îê íà 90� â âåðòèêàëüíîé

ïëîñêîñòè. Ëèíèè äîïîëíåíû 10 áàìï-ìàãíèòàìè, êîòîðûå ðàñùåïëÿþò êàæäûé

èç ïó÷êîâ íà äâà. Âûêëþ÷åíèå áàìï-ìàãíèòîâ ïðîèñõîäèò òîãäà, êîãäà ïó÷îê

ïîëíîñòüþ îòñóòñòâóåò â êàíàëå è, ñîîòâåòñòâåííî, íå âûçûâàåò ïîòåðè, êîãäà

ìàøèíà ðàáîòàåò â êâàçèíåïðåðûâíîì ðåæèìå (ñì. âûøå). Ðàñùåïëåíèå ñíèæàåò

âäâîå òåïëîâóþ íàãðóçêó íà ìèøåíü.

4. Ïðîìûøëåííûé ýíåðãåòè÷åñêèé ðåàêòîð
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Íèæå, êàê ïðèìåð, ðàññìîòðåí ðåàêòîð ÐÌÁÊ-1000 [16]. Êîíå÷íî, ìîæíî

ðàññìîòðåòü è påàêòîð òèïà ÏÂÐ. Ïðåäïîëîæèì, ÷òî òîïëèâî èìååò ïîäêðèòè-

÷åñêèé ìàññîâûé ñîñòàâ è ñàìî ïî ñåáå íå ñãîðàåò. Àêòèâíàÿ çîíà ðåàêòîðà

ïîêàçàíà íà ðèñ.10. Îíà âêëþ÷àåò â ñåáÿ ïðèìåðíî 1693 ñáîðêè èëè ñòåðæíÿ,

âñòàâëåííûõ â ãðàôèòîâóþ êîëîííó ðàçìåðîì 250�250 ìì. Ñáîðêà — ýòî òðóáêà

ðàçìåðîì 88�4 ìì â äèàìåòðå. Òðóáêà èç íåðæàâåþùåé ñòàëè ñîäåðæèò 13

òîïëèâíûõ ñòåðæíåé ðàçìåðîì 13,6�0,4 ìì â äèàìåòðå è äëèíîé 3,5 ì. Îíè

çàïîëíåíû îêñèäîì óðàíà. Äâå êàññåòû ñòåðæíåé ïîìåùåíû îäíà íàä äðóãîé â

ñáîðêå. Îõëàæäàþùàÿ âîäà èäåò ïî ñâîáîäíîìó ïðîñòðàíñòâó ñáîðêè ïîä

äàâëåíèåì 74 àòì è ïðè òåìïåðàòóðå 284 �Ñ. Íà÷àëüíàÿ çàãðóçêà ðåàêòîðà

òîïëèâîì ñîñòàâëÿåò 204 ò óðàíà ñ îáîãàùåíèåì 1,8.

Âñÿ àêòèâíàÿ çîíà (11,6 ì â äèàìåòðå è 7 ì â âûñîòó) îêðóæåíà ñèñòåìîé

áèîëîãè÷åñêîé çàùèòû. Êðîìå òîãî, èìååòñÿ 169 ãðàôèòîâûõ ñòåðæíåé äëÿ

óïðàâëåíèÿ ðàáîòîé ðåàêòîðà. Íà÷àëüíîå îáîãàùåíèå òîïëèâà óìåíüøàåòñÿ ïðè

ðàáîòå ðåàêòîðà. Ïðè äîñòèæåíèè îáîãàùåíèÿ, áëèçêîãî ê åñòåñòâåííîìó

çíà÷åíèþ (0,7 %), òîïëèâî äîëæíî áûòü çàìåíåíî èç-çà çàòóõàíèÿ öåïíîé

ðåàêöèè. Âûãðóæåííîå òîïëèâî ñîäåðæèò 1,1 % òðàíñóðàíîâûõ ýëåìåíòîâ è

îêîëî 4,4 % ïðîäóêòîâ äåëåíèÿ â ñìåñè ñ 95 % îêñèäà óðàíà â òîïëèâíûõ

ñòåðæíÿõ. Òðàíñóðàíîâàÿ êîìïîíåíòà ðàäèîàêòèâíûõ îòõîäîâ, ðîæäåííàÿ â

ÿäåðíîì òîïëèâíîì öèêëå, ñîõðàíÿåò äîëãîâðåìåííóþ ðàäèîòîêñè÷íîñòü, â òî

âðåìÿ êàê ïðîäóêòû äåëåíèÿ, êîòîðûõ â ÷åòûðå ðàçà áîëüøå ïî ìàññå,

ïðåäñòàâëÿþò êîðîòêîæèâóùóþ êîìïîíåíòó ðàäèîòîêñè÷íîñòè [17].

Îáùóþ ïðîáëåìó áåçîïàñíîé ýíåðãåòèêè ñîñòàâëÿåò ðàçðóøåíèå îáåèõ

êîìïîíåíò îòõîäîâ ïðè ñîõðàíåíèè ñïåöèôèêè îáðàùåíèÿ ñ êàæäîé.

4.1. Îõëàæäåíèå ìèøåíè. Ïðåäïîëîæèì, ÷òî ïðåäñòàâëåííûé âûøå ðåàêòîð

ïîäâåðãñÿ ìîäåðíèçàöèè, à èìåííî 19 òåõíîëîãè÷åñêèõ ñáîðîê óäàëåíû è âìåñòî

íèõ 19 òðóáîê ñ æèäêèì ñâèíöîì èëè ýâòåêòèêîé Pb–Bi ïîìåùåíû â àêòèâíóþ

çîíó ðåàêòîðà. Êàæäàÿ òðóáêà, èìåþùàÿ

âàêóóì â âåðõíåé ÷àñòè è æèäêèé ìåòàëë

â íèæíåé, ñëóæèò ìèøåíüþ äëÿ ïó÷êîâ

ïðîòîíîâ. Äàâëåíèå ïàðîâ ìåòàëëà

ïðåíåáðåæèìî ìàëî, åñëè òåìïåðàòóðà

íå ïðåâûøàåò 500 �Ñ (ïðè òàêîé

òåìïåðàòóðå äàâëåíèå ïàðîâ Bi èëè Pb

ìåíåå 1�10–10 ìì ðò.ñò.) è ïîâåðõíîñòü

ìåòàëëà îòêðûòà äëÿ ïó÷êà. Âàðèàíò

ðåøåíèÿ òàê íàçûâàåìîé ïðîáëåìû

«ïåðâîé ñòåíêè» ïîäíèìàåò íîâóþ

ïðîáëåìó óïðàâëåíèÿ óðîâíåì

ïîâåðõíîñòè ìåòàëëà â âàêóóìå è â òî æå

âðåìÿ ïîëó÷åíèÿ ñîîòâåòñòâóþùåé
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ñêîðîñòè ïåðåìåùåíèÿ ìåòàëëà â òðóáêå äëÿ óäàëåíèÿ òåïëà, ïðîèçâîäèìîãî â

ìèøåíè ïó÷êîì ïðîòîíîâ. Åñëè òàêàÿ ãèäðàâëè÷åñêàÿ ïðîáëåìà ðåøåíà, òî, êàê

ïîêàçûâàþò ïðèáëèæåííûå îöåíêè, ñêîðîñòü æèäêîãî ñâèíöà áóäåò 2,5 ì/ñ â

òðóáêå äèàìåòðîì 88 ìì (òàêîé æå, êàê è â ïðåäûäóùåì ñëó÷àå) èëè 0,6 ì/ñ ïðè

âäâîå áîëüøåì äèàìåòðå. Ïðè ýòîé ñêîðîñòè ìàññà ïåðåíîñèìîãî ìåòàëëà ðàâíà

100 êã/ñ, ÷òî ïîçâîëÿåò âûâåñòè 5 ÃÂò ìîùíîñòè òåïëà, ñîçäàííîãî

èîíèçàöèîííûìè ïîòåðÿìè ïðîòîíîâ.

4.2. Ïîëÿ è ñïåêòðû íåéòðîíîâ. Êàæäàÿ ìèøåíü ìîæåò ðàññìàòðèâàòüñÿ êàê

òî÷å÷íûé èñòî÷íèê íåéòðîíîâ, ïðè ýòîì ïîòîê íåéòðîíîâ ñíèæàåòñÿ êàê r–2, ãäå

r — ðàññòîÿíèå îò ìèøåíè [18]. Åñëè îïèñàííûå âûøå ìèøåíè ðàâíîìåðíî

ðàñïðåäåëåíû ïî ãîðèçîíòàëüíîìó ñå÷åíèþ ðåàêòîðà, çíà÷èò, ïëîòíîñòü

íåéòðîíîâ ôîðìèðóåòñÿ 19 òî÷å÷íûìè èñòî÷íèêàìè, èìåþùèìè ìàëûå ðàçëè÷èÿ.

Ïåðâè÷íûå íåéòðîíû, ñôîðìèðîâàííûå íà ìèøåíÿõ, èìåþò øèðîêèé

ýíåðãåòè÷åñêèé ñïåêòð, äîñòèãàþùèé 20 ÌýÂ, îäíàêî îíè äîñòàòî÷íî áûñòðî

çàìåäëÿþòñÿ èç-çà ðàññåÿíèÿ íà ëåãêèõ ÿäðàõ ðåàêòîðà (óãëåðîä, âîäà). Ðåàêöèè

äåëåíèÿ òðàíñóðàíîâûõ ýëåìåíòîâ íà òåïëîâûõ íåéòðîíàõ èìåþò ñèëüíûé ýôôåêò

ïî ÷åòíîñòè-íå÷åòíîñòè ÿäåð âåðîÿòíîñòè äåëåíèÿ. Òàêèå èçîòîïû, êàê 233U, 235U,
239Pb, èìåþò âûñîêóþ âåðîÿòíîñòü äåëåíèÿ (�60 %). Íàïðîòèâ, èçîòîïû 236U,
238U, 240Pb è ò.ï. èìåþò íèçêóþ âåðîÿòíîñòü äåëåíèÿ (�10 %), à íåêîòîðûå èç íèõ

íå äåëÿòñÿ âîâñå. Êîíå÷íî, ìîäåðíèçèðîâàííûé ðåàêòîð áóäåò ðàáîòàòü êàê

î÷èñòèòåëü, íî âåñüìà íåýôôåêòèâíûé, äëÿ ãëàâíîé ÷àñòè ðàäèîàêòèâíûõ

îòõîäîâ. Çàìåòíî áîëåå ïðèâëåêàòåëüíîé âûãëÿäèò ñõåìà, â êîòîðîé ïåðâè÷íûå

íåéòðîíû èñïîëüçóþòñÿ ïåðåä çàìåäëåíèåì. Ñõåìà, îáîçíà÷åííàÿ êàê êîíöåïöèÿ

«äâà â îäíîì», îáñóæäàåòñÿ íèæå.

4.3. Êîíöåïöèÿ «äâà â îäíîì». Ïðåäïîëîæèì, ÷òî 19 íåéòðîííûõ ìèøåíåé

ðàçìåùåíû â öåíòðàëüíîé ÷àñòè ðåàêòîðà äèàìåòðîì 5 ì è âûñîòîé 2 ì, à ãðàôèò

çàìåíåí òÿæåëîé ìåòàëëè÷åñêîé êîíñòðóêöèåé. Ïðè ýòîì îõëàæäàþùàÿ âîäà â

òåõíîëîãè÷åñêèõ ñáîðêàõ çàìåíåíà æèäêèì ñâèíöîì èëè ýâòåêòèêîé Pb–Bi, à

ïëîòíîñòü òîïëèâíûõ ñáîðîê óâåëè÷åíà â 3–4 ðàçà, ÷òî îçíà÷àåò 64 ñáîðêè íà

êâàäðàòíûé ìåòð âìåñòî 16. Òîãäà ïåðâè÷íûå íåéòðîíû äåëÿò âñå èçîòîïû

îòõîäîâ âî âíóòðåííåé ÷àñòè ðåàêòîðà ñ äîñòàòî÷íî âûñîêîé ýôôåêòèâíîñòüþ,

ìãíîâåííûå íåéòðîíû äåëåíèÿ ñîõðàíÿþò ñâîþ ýíåðãèþ. Ñðåäíÿÿ ýíåðãèÿ —

2 ÌýÂ è âûøå, à ñðåäíåå ÷èñëî íåéòðîíîâ äåëåíèÿ ν óâåëè÷èâàåòñÿ ñ ýíåðãèåé

íåéòðîíîâ En, âêëþ÷àÿ ïîñëåäóþùåå äåëåíèå:

ν ν( ) ,En aEn= +0 (11)

ãäå ν0 — ñðåäíåå ÷èñëî íåéòðîíîâ äåëåíèÿ è a — êîíñòàíòà, ñëàáî ìåíÿþùàÿñÿ ñ

En [19]. Íàïðèìåð, çíà÷åíèå ν0 äëÿ 238U ðàâíî 2,65 äëÿ 1,5 ÌýÂ, èëè äëÿ ýíåðãèè

íåéòðîíîâ äåëåíèÿ, è äîñòèãàåò 4,55 äëÿ 14,2 ÌýÂ, èëè äëÿ ýíåðãèè çíà÷èòåëüíîé

÷àñòè ïåðâè÷íûõ íåéòðîíîâ. Â òî æå âðåìÿ ñå÷åíèå äåëåíèÿ 238U ïðè ýíåðãèè

íåéòðîíîâ 2 ÌýÂ ðàâíî 1 á. Ýòî îçíà÷àåò, ÷òî ñâîáîäíûé ïðîáåã íåéòðîíîâ â
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èçîòîïàõ óðàíà ñîñòàâëÿåò îêîëî 30 ñì [20]. Òåì íå ìåíåå ÷àñòü áûñòðûõ

íåéòðîíîâ ïîêèäàåò öåíòðàëüíóþ çîíó ðåàêòîðà è çàìåäëÿåòñÿ âî âíåøíåé

îáëàñòè. Îíà ìîæåò ðàññìàòðèâàòüñÿ êàê áëàíêåò, ôîðìèðóþùèé òåïëîâûå

íåéòðîíû. Ïîýòîìó ñõåìà íàçâàíà «äâà â îäíîì».

Êîýôôèöèåíò ðàçìíîæåíèÿ íåéòðîíîâ â ÷èñòîì 238U íå ïðåâûøàåò k � 0,0435

[20]. ßäåðíûå îòõîäû âêëþ÷àþò â ñåáÿ ìíîæåñòâî äðóãèõ èçîòîïîâ. Òîãäà

ïîäêðèòè÷íîñòü ñìåñè ìîæåò èçìåíèòüñÿ. Ñèòóàöèÿ ìîæåò áûòü óëó÷øåíà ïðè

êâàçèíåïðåðûâíîì ðåæèìå ðàáîòû óñêîðèòåëÿ, ïðè êîòîðîì ïîÿâëÿåòñÿ

âîçìîæíîñòü ñòàáèëèçèðîâàòü ìîùíîñòü ðåàêòîðà íà çàäàííîì óðîâíå. Î÷åâèäíî,

ýòî ïðåäëîæåíèå [20] òðåáóåò äîïîëíèòåëüíûõ èññëåäîâàíèé è êîìïüþòåðíîãî

ìîäåëèðîâàíèÿ, îäíàêî âûãëÿäèò îáåùàþùèì.

5. Çàêëþ÷åíèå

Â ðàáîòå îïèñàí óñêîðèòåëü, ïðèãîäíûé äëÿ óïðàâëåíèÿ ýíåðãåòè÷åñêèì

ÿäåðíûì ðåàêòîðîì. Õîòÿ òàêîé óñêîðèòåëü ïîêà íå ñóùåñòâóåò, åãî ïðîåêò áàçè-

ðóåòñÿ íà óçëàõ è òåõíîëîãèè, êîòîðûå õîðîøî èçâåñòíû ïðàêòè÷åñêè è øèðîêî

èñïîëüçóþòñÿ â ðàáîòàþùèõ ìàøèíàõ. Òàêèì îáðàçîì, ïðîåêò îáñóæäàåìîãî

óñêîðèòåëÿ ãîòîâ ê ðåàëèçàöèè.

Óäîáíîå ðàçäåëåíèå èíòåíñèâíîãî ïó÷êà íà 20 ñ ìåíüøåé ìîùíîñòüþ ñíèìàåò

ìíîæåñòâî ïðîáëåì óñêîðåíèÿ è äàëüíåéøåãî èñïîëüçîâàíèÿ ïó÷êà â ðåàêòîðå. Â

òî æå âðåìÿ îí ïîçâîëÿåò èíòåãðèðîâàòü óñêîðèòåëü â ñóùåñòâóþùèé ïðîìûø-

ëåííûé ðåàêòîð ïîñëå íåäîðîãîé ìîäåðíèçàöèè è áåç ñòðîèòåëüñòâà íîâîãî. Áîëåå

ãëóáîêàÿ ìîäåðíèçàöèÿ îáåùàåò ïîÿâëåíèå íîâîé òåõíîëîãèè ïðîèçâîäñòâà

ýíåðãèè ñ 238U, íàêîïëåííûì ñåé÷àñ.

Cïèñîê ëèòåðàòóðû

1. Bartolomeev G.A. // Intense Neutron Source. Santa Fe Conf., CONF-660. 1963.

P.925.

2. Tîëñòîâ K.Ä. // Êðàòêèå ñîîáùåíèÿ ÎÈßÈ. 1993. ¹5[62]-93. C.5.

3. Carminati F., Klapish R., Revol J.P., Roche C.H., Rubio J.A., Rubbia C.

CERN/AT/93-74 (ET), 1993.

4. See E.G. // Proc. of the 3rd Int. Conf. «Accel. Driven Transmutation Tech. and Ap-

plic.», 7–11 June, 1999, Prague.

5. The TARC Collaboration. Neutron-Driven Nuclear Transmutation by Adiabatic

Resonance Crossing. Final Rep. to European Com. CERN 99–11, 15 December,

1999.

6. Arnold H. et al. // Phys. Lett. 1999. V.B458. P.167.

7. Wan J.-S. et al. // Kerntechnik. 1998. V.63. P.167.

8. Krivopustov M.I. et al. // J. of Radioanalitic and Nuclear Chemistry. 1997. V.222.

P.267.

84



9. Armbruster P. // Phys. 1999. V.B155. No.2. P.33.

10. Ñóááîòèí Â.È. // Ý×Àß. 1998. T.29. Âûï.2. C.333.

11. Fietier N., Mandrillon P. CERN/AT/95-03 (ET), 1995.

12. Barashenkov V.S., Shelaev I.A. JINR Preprint E2-98-137, Dubna, 1998.

13. Øåëàåâ È.À. // Êðàòêèå ñîîáùåíèÿ ÎÈßÈ. 1993. ¹5[62]-93. C.16.

14. Øåëàåâ È.À. // Òð. Ìåæäóíàð. êîíô. ïî óñêîðèòåëÿì âûñîêèõ ýíåðãèé. Íîâî-

ñèáèðñê, 7–11 àâãóñòà, 1986. T.2. C.24.

15. Jongen Y. // Proc. EPAC, 2–6 May, 1994.

16. Êàçíîâñêèé Ñ.Ï. Ïðîåêòèðîâàíèå ÿäåðíûõ ðåàêòîðîâ. Ì.: Ýíåðãîèçäàò, 1974.

C.23.

17. Revol J.-P. CERN-PPE/97-142, 31 October, 1997.

18. Andramonje S. et al. CERN/AT/94-45 (ET), 1994.

19. Êèêîèí È.Ê. Òàáëèöû ôèçè÷åñêèõ âåëè÷èí. Ì.: Àòîìèçäàò, 1976. C.931.

20. Äìèòðèåâñêèé Â.Ï., Ñåðãååâà Í.Â. // Êðàòêèå ñîîáùåíèÿ ÎÈßÈ. 1999. ¹5,6

[97]-99. C.85.

85



ÍÎÂÛÅ ÏÐÅÄËÎÆÅÍÈß ÄËß ÈÑÑËÅÄÎÂÀÍÈß

ÃÈÏÅÐßÄÅÐ ÍÀ ÍÓÊËÎÒÐÎÍÅ

Þ.Ëóêñòèíüø

Ëàáîðàòîðèÿ âûñîêèõ ýíåðãèé ÎÈßÈ

Â íàñòîÿùåå âðåìÿ, â ñâÿçè ñ ïåðâûìè óñïåøíûìè ïîïûòêàìè âûâîäà ïó÷êà

íà íîâîì óñêîðèòåëå íóêëîòðîíå, âïîëíå óìåñòíî îáñóäèòü ïðîãðàììó èññëåäî-

âàíèé ãèïåðÿäåð, îñîáåííî òó ÷àñòü, êîòîðóþ â ïîñëåäíåå âðåìÿ ïðåäëîæèëè

ïîëüñêèå è ÷åøñêèå ôèçèêè.

Ìû ïðåäïîëàãàåì, ÷òî â ïåðâûõ ãèïåðÿäåðíûõ ýêñïåðèìåíòàõ íà íóêëî-

òðîíå [1–4] öåëåñîîáðàçíî ïðîäîëæèòü òå ïðîñòåéøèå èññëåäîâàíèÿ, â êîòîðûõ

õîðîøèé ðåçóëüòàò áûë äîñòèãíóò áëàãîäàðÿ îòðàáîòàííîé ìåòîäèêå, íàïðèìåð,

çà ñ÷åò îòñóòñòâèÿ ñèñòåìàòè÷åñêèõ îøèáîê ïðè èçìåðåíèè âðåìåíè æèçíè

ãèïåðÿäåð [5]. Ýòà ÷àñòü ïðîãðàììû èññëåäîâàíèé ãèïåðÿäåð ÿâëÿåòñÿ ïðîäîëæå-

íèåì íàøèõ ïðåäûäóùèõ ýêñïåðèìåíòîâ.

Íà ñèíõðîôàçoòðîíå â ïó÷êàõ èîíîâ (3He, 4He, 6Li) èññëåäîâàëèñü ñå÷åíèÿ

ðîæäåíèÿ è âðåìåíà æèçíè ãèïåðÿäåð Λ
4 H è Λ

3 H ïðè îáëó÷åíèè ñòðèìåðíîé

êàìåðû ÃÈÁÑ [5,6]. Êàê ïðåèìóùåñòâî ýòèõ ýêñïåðèìåíòîâ ñëåäóåò îòìåòèòü

áåçóêîðèçíåííóþ èäåíòèôèêàöèþ ãèïåðÿäåð, íåçíà÷èòåëüíûé ôîí è õîðîøóþ

ýôôåêòèâíîñòü òðèããåðà. Îäíàêî ýòè ýêñïåðèìåíòû áûëè ïðèîñòàíîâëåíû èç-çà

ìàëîé ñêîðîñòè íàáîðà äàííûõ â ïó÷êàõ ñèíõðîôàçîòðîíà.

Ïëàíèðóåìàÿ áîëüøàÿ äëèòåëüíîñòü âðåìåíè âûâîäà ïó÷êà íà íóêëîòðîíå

(áîëåå 10 ñ) è èñïîëüçîâàíèå ïðîïîðöèîíàëüíûõ êàìåð ïîçâîëÿþò óâåëè÷èòü

ñêîðîñòü íàáîðà äàííûõ â 200–300 ðàç è ðåøàòü êà÷åñòâåííî áîëåå ñëîæíûå

çàäà÷è. Íàïðèìåð, èçìåðèòü âðåìÿ æèçíè ëåãêèõ ãèïåðÿäåð ñ òî÷íîñòüþ â 2–3 %,

÷òî â íåñêîëüêî ðàç òî÷íåå èçìåðåíèé â äðóãèõ ëàáîðàòîðèÿõ.

Äðóãîå íàïðàâëåíèå èññëåäîâàíèé äëÿ ïåðâûõ ýêñïåðèìåíòîâ — ïðèíöè-

ïèàëüíî íîâûé ìåòîä îïðåäåëåíèÿ ýíåðãèè ñâÿçè ñëàáîñâÿçàííûõ ãèïåðÿäåð

(Λ
3 Í), îñíîâàííûé íà èçìåðåíèè ñå÷åíèé êóëîíîâñêîé äèññîöèàöèè ãèïåðÿäåð

(ïðè ýòîì âïåðâûå áóäåò èññëåäîâàíî âçàèìîäåéñòâèå ãèïåðÿäåð ñ âåùåñòâîì).

Îäíîé èç âàæíåéøèõ õàðàêòåðèñòèê ãèïåðÿäåð ÿâëÿåòñÿ BΛ -ýíåðãèÿ ñâÿçè

ëÿìáäà-÷àñòèöû â ÿäðå. Èçìåðåíèå ýòîé âåëè÷èíû äëÿ ãèïåðòðèòîíà îñîáåííî

öåííî, ïîñêîëüêó ýòî ëåã÷àéøåå è äëÿ òåîðèè íàèáîëåå îäíîçíà÷íî ðàññ÷èòû-

âàåìîå ãèïåðÿäðî (ñì. [7]). Òåïåðü äëÿ îïðåäåëåíèÿ BΛ ïðåäëàãàåòñÿ ìåòîä,

îñíîâàííûé íà èçìåðåíèè ñå÷åíèÿ ýëåêòðîìàãíèòíîé äèññîöèàöèè ãèïåðòðèòîíà.

Â ðàáîòå Â.Ëþáîøèöà [8] ïîêàçàíî, ÷òî ñå÷åíèå ýëåêòðîìàãíèòíîé äèññîöèàöèè

ñëàáîñâÿçàííûõ ÿäåðíûõ ñèñòåì îáðàòíî ïðîïîðöèîíàëüíî ýíåðãèè ñâÿçè è ïðÿìî
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ïðîïîðöèîíàëüíî êâàäðàòó çàðÿäà ÿäåð ìèøåíè. Àíàëîãè÷íûé ðåçóëüòàò ïîëó÷åí

â ðàñ÷åòàõ, ïðîâåäåííûõ äëÿ íàøåãî ýêñïåðèìåíòà Ì.Åâëàíîâûì ñ ñîòðóäíè-

êàìè [9]. Ñäåëàííûå íàìè îöåíêè [2] ïîêàçûâàþò, ÷òî èçìåðåíèå ñå÷åíèÿ

äèññîöèàöèè ãèïåðòðèòîíà ñ òî÷íîñòüþ îêîëî 10 % ÿâëÿåòñÿ âïîëíå ðåàëüíûì è

òàêîé òî÷íîñòè äîñòàòî÷íî äëÿ îïðåäåëåíèÿ çíà÷åíèÿ ýíåðãèè ñâÿçè.

Îäíîâðåìåííî â ýòèõ ýêñïåðèìåíòàõ íà ïîðÿäîê áóäåò óâåëè÷åíà òî÷íîñòü

îïðåäåëåíèÿ ñå÷åíèÿ ðîæäåíèÿ ãèïåðÿäåð, ÷òî ïîçâîëèò ïðîâåðèòü ðàñ÷åòû,

ïðîâåäåííûå ïî ìîäåëè êîàëåñöåíöèè ÿïîíñêèìè òåîðåòèêàìè [10,11], êàê äëÿ

ñàìîé âåëè÷èíû, òàê è äëÿ ýíåðãåòè÷åñêîé çàâèñèìîñòè.

Â ïîñëåäíåå âðåìÿ ïîëüñêèìè è ÷åøñêèìè ôèçèêàìè áûëî ïðåäëîæåíî [12,13]

èñïîëüçîâàòü ïó÷êè íóêëîòðîíà äëÿ áîëåå ñëîæíûõ, íî è áîëåå èíôîðìàòèâíûõ

ýêñïåðèìåíòîâ ñ ãèïåðÿäðàìè ïðîìåæóòî÷íûõ àòîìíûõ ÷èñåë (A= 10 èëè áîëåå),

äëÿ êîòîðûõ íàèáîëåå õàðàêòåðíû áåçìåçîííûå ðàñïàäû. Â íàøèõ ïåðâûõ

ýêñïåðèìåíòàõ, â êîòîðûõ íàáëþäàëèñü ðàñïàäû ñ èñïóñêàíèåì îòðèöàòåëüíîãî

ïèîíà (äëÿ ëåãêèõ ÿäåð î÷åíü èíòåíñèâíûé êàíàë ðàñïàäà), òðèããåð âûäåëÿë

îòíîñèòåëüíî ïðîñòî è íàäåæíî èçìåðÿåìóþ ðàçíèöó çàðÿäà ÿäðà äî è ïîñëå

ðàñïàäà. Äëÿ áåçìåçîííûõ ðàñïàäîâ ñîçäàíèå òðèããåðà íàìíîãî ñëîæíåå. À äëÿ

ïîïûòêè ðåãèñòðèðîâàòü ðàñïàäû ñ 8Be â ïðîìåæóòî÷íîì ñîñòîÿíèè [13]

òðåáóåòñÿ òàêæå òðåêîâûé äåòåêòîð ñ âûñîêèì ðàçðåøåíèåì, ÷òîáû ðàçäåëèòü äâå

áëèçêî ëåòÿùèå àëüôà-÷àñòèöû. Åñëè áû óäàëîñü ðåãèñòðèðîâàòü ÷åòûðå

ãèïåðÿäðà, êîòîðûå ðàñïàäàþòñÿ ÷åðåç 8Be — Λ
8 8Li Be,→ +−π Λ

9 8Be Be,→ + +−π p

Λ
10 8Be Be,→ + +n n Λ

10 8B Be,→ + +n p òî ïîÿâèëàñü áû âîçìîæíîñòü âåñüìà òî÷íî

îïðåäåëèòü ñîîòíîøåíèå âåðîÿòíîñòè êàíàëîâ, ñòèìóëèðîâàííûõ ïðîòîíàìè è

íåéòðîíàìè. Ýòà âåëè÷èíà èíòåíñèâíî îáñóæäàåòñÿ òåîðåòèêàìè, ïîñêîëüêó

ðàñõîæäåíèå èìåþùèõñÿ íå î÷åíü áîãàòûõ ýêñïåðèìåíòàëüíûõ äàííûõ è

òåîðåòè÷åñêèõ ðàñ÷åòîâ âåëèêî è òðóäíî îáúÿñíèìî.

Ãðóáûå îöåíêè çàñòàâëÿþò äóìàòü, ÷òî òàêèå ýêñïåðèìåíòû íåâîçìîæíû.

Îäíàêî äåòàëüíîå ìîäåëèðîâàíèå ïîêàçàëî, ÷òî ðåàëèñòè÷íî ñîçäàòü òðåêîâûå

äåòåêòîðû ñ ôèáðîâûìè ñöèíòèëëÿòîðàìè â êà÷åñòâå öåíòðàëüíîé ÷àñòè,

èìåþùåé äîñòàòî÷íî âûñîêîå ðàçðåøåíèå è ýôôåêòèâíîñòü ðåãèñòðàöèè

óïîìÿíóòûõ ãèïåðÿäåð.

Íàäåþñü, ÷òî ñîòðóäíè÷åñòâî ñ ïîëüñêèìè ôèçèêàìè â ïîäãîòîâêå è ïðî-

âåäåíèè ãèïåðÿäåðíûõ ýêñïåðèìåíòîâ íà íóêëîòðîíå ïðîäîëæèòñÿ. Ýòî ïîçâîëèò

çíà÷èòåëüíî óñêîðèòü ïîëó÷åíèå óíèêàëüíûõ ýêñïåðèìåíòàëüíûõ äàííûõ.
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ÑÎÇÄÀÍÈÅ È ÈÑÑËÅÄÎÂÀÍÈÅ
ÂÛÑÎÊÎÝÊÎÍÎÌÈ×ÍÛÕ ÓÑÒÀÍÎÂÎÊ

Ñ ÑÈËÜÍÛÌÈ ÌÀÃÍÈÒÍÛÌÈ ÏÎËßÌÈ
ÄËß ßÄÅÐÍÎÉ ÔÈÇÈÊÈ È ÝÊÎËÎÃÈÈ

Ã.Ìàëèíîâñêèé

Èíñòèòóò ýëåêòðîòåõíèêè Ïîëüñêîé ÀÍ, Âàðøàâà

1. Ìàãíèòíûå ïîëÿ äëÿ ÿäåðíîé ôèçèêè. Ñîâðåìåííûå äåòåêòîðíûå

óñòàíîâêè îáëàäàþò óíèêàëüíûìè ïàðàìåòðàìè ìàãíèòîâ c ïîëÿìè 3–7 Òë è

áîëåå. Ýòî îêàçàëîñü âîçìîæíûì ïðè èñïîëüçîâàíèè êîìïàêòíûõ ñâåðõïðîâîäÿ-

ùèõ ìàãíèòíûõ ñèñòåì. Ðàçâèòèå ýòèõ ñèñòåì ïðîèñõîäèëî íà áàçå òàê

íàçûâàåìûõ æåñòêèõ ñâåðõïðîâîäíèêîâ, îõëàæäàåìûõ ìåòîäîì ïîãðóæåíèÿ â

æèäêîì ãåëèè — åäèíñòâåííîì õëàäàãåíòå, ñ ïîìîùüþ êîòîðîãî ìîæíî äîñòè÷ü

òåìïåðàòóðû ñâåðõïðîâîäèìîñòè ýòèõ ìàòåðèàëîâ. Íî äàæå äëÿ ìàëîìàñøòàáíûõ

ýêñïåðèìåíòîâ ñ ÑÏ-ìàãíèòàìè òðåáîâàëîñü ãðîìàäíîå îñíàùåíèå, ïîçâîëÿþùåå

íà âðåìÿ îïûòà ñîõðàíèòü ãåëèé æèäêèì: òåïëîèçîëÿöèîííûå ñîñóäû è òðóáû,

ñèñòåìà ñáîðà ãàçîâîãî ãåëèÿ è ìí. äð.

Îáñëóæèâàíèå âñåé ñèñòåìû òðåáóåò âûñîêîêâàëèôèöèðîâàííûõ ñîòðóäíè-

êîâ è áîëüøèõ çàòðàò. Òîëüêî êðóïíûå ïðîåêòû ìîãóò ïðîôèíàíñèðîâàòü

ñîçäàíèå ñîâðåìåííûõ äåòåêòîðíûõ óñòàíîâîê ñ ÑÏ-ìàãíèòàìè.

2. Ïðîãðåññ â êðèîãåííîé òåõíîëîãèè. Â ïîñëåäíåå âðåìÿ â ñâÿçè ñ èçó÷åíèåì

óíèêàëüíûõ òåïëîâûõ ñâîéñòâ ðåäêèõ çåìåëü èäåò ðàçâèòèå òàê íàçûâàåìîé

áåçãåëèåâîé òåõíîëîãèè äîñòèæåíèÿ êðèîãåííûõ òåìïåðàòóð. Ýòè áåçãåëèåâûå

ìèêðîìàøèíû âûðàáàòûâàþò ìîùíîñòü îêîëî 1 Âò ïðè 4,2 Ê è 35 Âò ïðè 40 Ê.

(Ìîùíîñòü 1 Âò ïðè 4,2 Ê îòâå÷àåò èñïàðåíèþ 1,4 ë æèäêîãî ãåëèÿ â ÷àñ.)

Ïðèìåðîì ìîæåò ñëóæèòü êðèîêóëëåð ôèðìû «Sumimoto».

Ñ òàêîé «õîëîäíîé» ìîùíîñòüþ ðåàëüíî îáñëóæèâàòü áîëüøèå ÑÏ-ìàãíèòû

âåñîì äî íåñêîëüêèõ ñîò êèëîãðàìì. Íî ýòî äîñòèãàåòñÿ çà ñ÷åò ñîçäàíèÿ

âûñîêîýêîíîìè÷íûõ êðèîñòàòîâ ñ èñïîëüçîâàíèåì íîâåéøèõ òåõíîëîãèé è

ìàòåðèàëîâ è òðåáóåò äàëüíåéøèõ èññëåäîâàíèé è ðàçâèòèÿ.

3. Ïðåèìóùåñòâà íîâîé êðèîãåííîé òåõíîëîãèè. Îñâîåíèå ïðîìûøëåí-

íîñòüþ äîìàøíèõ (home) ðåôðèæåðàòîðîâ íåáîëüøîé ìîùíîñòè ïîâëåêëî çà

ñîáîé øèðîêîå îñâîåíèå ñâåðõïðîâîäÿùèõ ìàãíèòîâ â ðàçëè÷íûõ îáëàñòÿõ íàóêè

è òåõíèêè, îñîáåííî òàì, ãäå îíè ðàíåå íå ïðèìåíÿëèñü. Ðàçðàáàòûâàåòñÿ ñèñòåìà

ñ òàê íàçûâàåìûìè ñóõèìè ìàãíèòàìè (ðàíüøå íàçûâàëèñü «ñ êîñâåííûì êðèîñòà-

òèðîâàíèåì» — «èíäèðåêò êóëëåð») äèàìåòðîì äî 1 ì, èíäóêöèåé äî 12–15 Òë.

89



Áëàãîäàðÿ ïðîñòîòå óïðàâëåíèÿ è íàäåæíîñòè òàêèå ñèñòåìû ìîãóò áûòü èñ-

ïîëüçîâàíû íå òîëüêî â áîëüøèõ ëàáîðàòîðèÿõ, íî è â óíèâåðñèòåòàõ è íåáîëüøèõ

ôèðìàõ. Ïðåæäå âñåãî îíè ðåçêî ñîêðàòÿò êàïèòàëüíûå è ýêñïëóàòàöèîííûå

çàòðàòû è ÷ðåçâû÷àéíî óïðîñòÿò îáñëóæèâàíèå ÑÏ-ìàãíèòíûõ ñèñòåì.

Íàïðèìåð, ñðåäíèõ ðàçìåðîâ ÑÏ-ìàãíèò íà 6 Òë çà ãîä íåïðåðûâíîé ðàáîòû

ïðè îáñëóæèâàíèè ïî íîâîé òåõíîëîãèè ïîçâîëÿåò ñýêîíîìèòü îêîëî 4–5 òûñ.

äîëëàðîâ ïî ñðàâíåíèþ ñ èñïîëüçîâàíèåì îáû÷íîé òåõíîëîãèè ñ æèäêèì ãåëèåì,

è çà 3–4 ãîäà ïîëíîñòüþ îêóïàåòñÿ ñòîèìîñòü ãåëèåâîé ìèêðîìàøèíû.

Íîâàÿ ñèñòåìà îáëàäàåò ñëåäóþùèìè ïðåèìóùåñòâàìè:

— ïðàêòè÷åñêàÿ âîçìîæíîñòü íåïðåðûâíîãî îõëàæäåíèÿ ÑÏ-ìàãíèòîâ â

òå÷åíèå íåñêîëüêèõ ìåñÿöåâ è âïëîòü äî 5–7 ëåò ïðè ýïèçîäè÷åñêîé ïðîâåðêå

óñòàíîâêè ñïåöèàëèñòîì ñðåäíåé êâàëèôèêàöèè;

— ìèíèìàëüíîå âðåìÿ ïîäãîòîâêè ñèñòåìû ê ïóñêó ïîðÿäêà íåñêîëüêî ÷àñîâ;

— êîìïàêòíîñòü è óíèâåðñàëüíîñòü (ðàáîòà â ëþáîì ïîëîæåíèè);

— âîçìîæíîñòü ïîëíîé è äåøåâîé àâòîìàòèçàöèè ÑÏ-ìàãíèòíîé ñèñòåìû ñ

èñïîëüçîâàíèåì äèñòàíöèîííîãî óïðàâëåíèÿ.

Êîíå÷íî, êàê è âñå óñòðîéñòâà, êðèîêóëëåð òîæå èìååò íåäîñòàòêè — ïðåæäå

âñåãî íåáîëüøóþ ìîùíîñòü: 1 Âò ïðè 4,2 Ê. Íî íàäî ïîä÷åðêíóòü, ÷òî óæå

ñóùåñòâóåò ïðîñòîé ìåòîä óâåëè÷åíèÿ ñêîðîñòè îõëàæäåíèÿ ÑÏ-ìàãíèòîâ ñ

ïîìîùüþ êðèîêóëëåðîâ â 1,5–2 ðàçà.

4. Çàäà÷è èññëåäîâàíèÿ íîâûõ ìàãíèòíûõ ñèñòåì â ÎÈßÈ. Âûøåèç-

ëîæåííûå ïðåèìóùåñòâà íîâûõ êðèîãåííûõ è ìàãíèòíûõ òåõíîëîãèé ñîçäàþò

íîâûå ïåðñïåêòèâû â ñîçäàíèè è èñïîëüçîâàíèè âûñîêèõ ìàãíèòíûõ ïîëåé â

ÿäåðíîé ôèçèêå. Ïðèìåðîì êîíñòðóêöèè ìàãíèòíûõ ñèñòåì ñ êðèîêóëëåðîì â

ñèñòåìå îõëàæäåíèÿ ìîãóò áûòü ñëåäóþùèå óñòàíîâêè.

Îäíà èç íèõ áûëà ïîñòðîåíà â 1977 ã. äëÿ ôîêóñèðîâêè òÿæåëûõ èîíîâ íà

óñêîðèòåëå RIKEN. Óñòàíîâëåííûé ñâåðõïðîâîäÿùèé ñîëåíîèä áûë îõëàæäåí

êðèîêóëëåðîì, óêàçàííûì âûøå. Ìàêñèìàëüíàÿ èíäóêöèÿ äîñòèãàëà 6,2 Òë, à

èíòåãðàë ïîëÿ — 6,8 Òë�ì ïðè äëèíå ìàãíèòà 1,1 ì. Âåñ îáìîòêè ìàãíèòà —

300 êã.

Â èñïîëüçîâàíèè ñèñòåì, êîòîðûå îáëàäàþò òàêèìè õîðîøèìè ïàðàìåòðàìè

ìàãíèòíîãî ïîëÿ, çàèíòåðåñîâàíû è äðóãèå îòðàñëè íàóêè — ýêîëîãèÿ, ìåäèöèíà.

C ÎÈßÈ â îáëàñòè ïðèìåíåíèÿ íîâîé òåõíîëîãèè îõëàæäåíèÿ ÑÏ-ìàãíèòîâ

ñîòðóäíè÷àþò Èíñòèòóò ýëåêòðîòåõíèêè â Âàðøàâå, Ïîëèòåõíè÷åñêèé èíñòèòóò â

Ëþáëèíå è Ãîðíî-ìåòàëëóðãè÷åñêàÿ àêàäåìèÿ â Êðàêîâå. Åñòü óæå ïîëîæèòåëü-

íûå ýëåìåíòû â ðàçðàáîòêå íåêîòîðûõ óçëîâ ñèñòåìû: â Ïîëüøå â Èíñòèòóòå

ýëåêòðîòåõíèêè (Âàðøàâà) ðàçðàáàòûâàåòñÿ ìàãíèò îõëàæäåíèÿ êðèîêóëëåðîì,

âåñîì 50 êã ñ èíäóêöèåé 6,5 Òë, êîòîðûé ïðåäíàçíà÷åí äëÿ î÷èñòêè ïðîìûø-

ëåííûõ âîä è ñåïàðàöèè ìåòàëëîâ. Â Ëàáîðàòîðèè ÿäåðíûõ ïðîáëåì èì. Â.Ï.Äæå-

ëåïîâà ðàçðàáàòûâàåòñÿ ìàãíèò äëÿ èñòî÷íèêà èîíîâ DECRIS, êîòîðûé ïóòåì
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ïîâûøåíèÿ ìàãíèòíîé èíäóêöèè íà îñè ïó÷êà äî 3 Òë äàñò íîâîå êà÷åñòâåííîå åãî

èñïîëüçîâàíèå. Ìàãíèò áóäåò îõëàæäàòüñÿ êàê ìàãíèò äëÿ î÷èñòêè âîäû.

Íî âñå ýòî âîçìîæíî òîëüêî â ðåçóëüòàòå èññëåäîâàíèÿ è îñâîåíèÿ

êà÷åñòâåííî íîâîé òåõíîëîãèè è ìàòåðèàëîâ.

Èññëåäîâàíèÿ âêëþ÷àþò ñëåäóþùèå îñíîâíûå àñïåêòû:

• èññëåäîâàíèå è ñîçäàíèå ýëåìåíòîâ ÑÏ-ìàãíèòà ñ ïðèìåíåíèåì HTS-ìàòå-

ðèàëîâ;

• ñîçäàíèå ÑÏ-ìàãíèòà ñ âûñîêîé òåïëîïðîâîäíîñòüþ;

• ñîçäàíèå è èññëåäîâàíèå ýêîíîìè÷íîãî êðèîñòàòà;

• ïðèîáðåòåíèå è îñâîåíèå ãåëèåâîé ìèêðîìàøèíû.
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ÃÎÐß×ÈÅ ßÄÐÀ È ÔÀÇÎÂÛÉ ÏÅÐÅÕÎÄ
ÆÈÄÊÎÑÒÜ–ÃÀÇ Â ßÄÅÐÍÎÌ ÂÅÙÅÑÒÂÅ

Â.À.Êàðíàóõîâ

Ëàáîðàòîðèÿ ÿäåðíûõ ïðîáëåì èì. Â.Ï.Äæåëåïîâà ÎÈßÈ,

îò èìåíè êîëëàáîðàöèè ÔÀÇÀ

Êîëëàáîðàöèÿ ÔÀÇÀ:

• Ñ.Ï.Àâäååâ, Â.À.Êàðíàóõîâ, Â.Â.Êèðàêîñÿí, Ë.À.Ïåòðîâ, Â.Ê.Ðîäèîíîâ,

Â.Ä.Òîíååâ — Îáúåäèíåííûé èíñòèòóò ÿäåðíûõ èññëåäîâàíèé;

• À.Áóäçàíîâñêèé, Â.Êàð÷, Ì.ßíèöêèé — Èíñòèòóò ÿäåðíîé ôèçèêè

èì. Ã.Íåâîäíè÷àíñêîãî, Êðàêîâ;

• Õ.Îéøëåð — Òåõíè÷åñêèé óíèâåðñèòåò, Äàðìøòàäò;

• Î.Â.Áî÷êàðåâ, Å.À.Êóçüìèí, Ë.Â.×óëêîâ — ÐÍÖ «Êóð÷àòîâñêèé èíñòèòóò»,

Ìîñêâà;

• À.Ñ.Áîòâèíà — Èíñòèòóò ÿäåðíûõ èññëåäîâàíèé, Ìîñêâà;

• Ý.Íîðáåê — Óíèâåðñèòåò øòàòà Àéîâà, Àéîâà-ñèòè

Â äîêëàäå ïðèâîäÿòñÿ íàèáîëåå çíà÷èòåëüíûå ðåçóëüòàòû, ïîëó÷åííûå

êîëëàáîðàöèåé ÔÀÇÀ çà äåñÿòü ëåò åå ñóùåñòâîâàíèÿ. Âåñüìà ñóùåñòâåííûé

âêëàä â ðåàëèçàöèþ ïðîåêòà ÔÀÇÀ âíåñëî ñîòðóäíè÷åñòâî ñ Èíñòèòóòîì ÿäåðíîé

ôèçèêè èì. Ã.Íåâîäíè÷àíñêîãî.

Ââåäåíèå

Èññëåäîâàíèå ñâîéñòâ î÷åíü ãîðÿ÷èõ ÿäåð — îäíà èç èíòåðåñíåéøèõ çàäà÷ ñî-

âðåìåííîé ÿäåðíîé ôèçèêè. Ýíåðãèÿ âîçáóæäåíèÿ òàêèõ ÿäåð (400–600 ÌýÂ)

ñðàâíèìà ñ ïîëíîé ýíåðãèåé ñâÿçè ÿäðà. Êàê ìû òåïåðü çíàåì, äëÿ ñòîëü ãîðÿ÷èõ

ÿäåð èñïàðåíèå ÷àñòèö ñìåíÿåòñÿ ïðîöåññîì âçðûâíîãî òèïà — òåïëîâîé ÿäåðíîé

ìóëüòèôðàãìåíòàöèåé. Ýòî íîâûé, ìíîãîòåëüíûé òèï ðàñïàäà âîçáóæäåííûõ

ÿäåð, ïðè êîòîðîì ïðîèñõîäèò ìíîæåñòâåííàÿ ýìèññèÿ ôðàãìåíòîâ ïðîìåæóòî÷-

íîé ìàññû (ÔÏÌ). Îíè òÿæåëåå α-÷àñòèö, íî ëåã÷å îñêîëêîâ äåëåíèÿ. Òåïëîâàÿ

ìóëüòèôðàãìåíòàöèÿ ÿâëÿåòñÿ ïðîÿâëåíèåì ôàçîâîãî ïåðåõîäà æèäêîñòü–ãàç

â ÿäåðíîì âåùåñòâå. Ïîä äåéñòâèåì òåïëîâîãî äàâëåíèÿ ãîðÿ÷åå ÿäðî ðàñøèðÿåò-

ñÿ è ïîïàäàåò â îáëàñòü ôàçîâîé íåóñòîé÷èâîñòè (ñïèíîäàëüíàÿ îáëàñòü). Ôëóêòó-

àöèè ïëîòíîñòè ïðèâîäÿò ê òîìó, ÷òî îäíîðîäíàÿ ñèñòåìà ïðàêòè÷åñêè ìãíîâåííî

ïðåâðàùàåòñÿ â ñìåñü äâóõ ôàç — êàïåëüêè æèäêîñòè (ôðàãìåíòû), îêðóæåííûå

ãàçîì (íóêëîíû). Íåéòðîíû óñòðåìëÿþòñÿ â ñâîáîäíîå ïðîñòðàíñòâî ñ ýíåðãèåé,

îòâå÷àþùåé òåìïåðàòóðå ñèñòåìû â ìîìåíò ðàçâàëà (5–6 ÌýÂ), à çàðÿæåííûå ÷à-

ñòèöû ðàçëåòàþòñÿ ïîä äåéñòâèåì êóëîíîâñêèõ ñèë. Òàêàÿ êàðòèíà ðàñïàäà î÷åíü

ãîðÿ÷èõ ÿäåð ïðåäñêàçûâàëàñü ñòàòèñòè÷åñêîé ìîäåëüþ è áûëà äîêàçàíà ýêñïåðè-

ìåíòàëüíî â ðàáîòàõ êîëëàáîðàöèè ÔÀÇÀ. Îñòàíîâèìñÿ íà ýòîì ïîäðîáíåå.
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Êàê ïðèãîòàâëèâàòü ãîðÿ÷èå ÿäðà

Äëÿ ýòîé öåëè øèðîêî èñïîëüçóþòñÿ ÿäåðíûå ðåàêöèè, âûçâàííûå òÿæåëûìè

èîíàìè ñ ýíåðãèÿìè â äåñÿòêè è ñîòíè ÌýÂ íà íóêëîí. Îäíàêî â ýòîì ñëó÷àå íà-

ãðåâ ñîïðîâîæäàåòñÿ çíà÷èòåëüíûì ñæàòèåì, ñèëüíûì âðàùåíèåì è äåôîðìàöèåé

ñèñòåìû. Âîçáóæäåíèå êîëëåêòèâíûõ ñòåïåíåé ñâîáîäû ñóùåñòâåííî ñêàçûâàåò-

ñÿ íà ðàñïàäå ãîðÿ÷åãî ÿäðà è çàòðóäíÿåò ïîëó÷åíèå èíôîðìàöèè î åãî òåðìîäèíà-

ìè÷åñêèõ õàðàêòåðèñòèêàõ. Êàðòèíà óïðîùàåòñÿ, åñëè â êà÷åñòâå áîìáàðäèðóþ-

ùåé ÷àñòèöû èñïîëüçîâàòü ëåãêîå ÿäðî (ïðîòîí, ãåëèé) ñ ðåëÿòèâèñòñêîé

ýíåðãèåé. Ïðîõîäÿ ÷åðåç ÿäðî-ìèøåíü (íàïðèìåð, Au), îíî èñïûòûâàåò ñåðèþ

ñîóäàðåíèé ñ íóêëîíàìè, âûçûâàÿ âíóòðèÿäåðíûé êàñêàä. Áûñòðûå êàñêàäíûå

÷àñòèöû âûëåòàþò íàðóæó, à áîëåå ìåäëåííûå çàñòðåâàþò â ÿäðå-îñòàòêå

(ñïåêòàòîðå), íàãðåâàÿ åãî. Èñïîëüçîâàíèå ðåëÿòèâèñòñêèõ ëåãêèõ èîíîâ — óíè-

êàëüíûé ñïîñîá ïîëó÷åíèÿ ãîðÿ÷èõ ÿäåð, ýíåðãèÿ âîçáóæäåíèÿ êîòîðûõ ïðàê-

òè÷åñêè öåëèêîì òåïëîâàÿ. Ðèñ. 1 èëëþñòðèðóåò êàðòèíó ñîóäàðåíèÿ áûñòðîãî

ïðîòîíà ñ òÿæåëûì ÿäðîì, â ðåçóëüòàòå ÷åãî âïåðåä âûëåòàþò «êàñêàäíûå»

÷àñòèöû, à ðàçîãðåòîå è ðàñøèðèâøååñÿ ÿäðî-îñòàòîê ðàçâàëèâàåòñÿ, èñïóñêàÿ

â ðàçíûå ñòîðîíû íóêëîíû è ôðàãìåíòû.

Óñòàíîâêà ÔÀÇÀ

Äëÿ èçó÷åíèÿ ïðîöåññà ìóëüòèôðàãìåíòàöèè áûëà ñîçäàíà ìíîãîäåòåêòîðíàÿ

óñòàíîâêà ÔÀÇÀ, èìåþùàÿ 4π-ãåîìåòðèþ. Óñòàíîâêà ðàçìåùåíà íà ïó÷êå

ñèíõðî- ôàçîòðîíà ÎÈßÈ. Â íàñòîÿùåå âðåìÿ èñïîëüçóåòñÿ óæå óñòàíîâêà

ÔÀÇÀ-2, ÷èñëî äåòåêòîðîâ â êîòîðîé óâåëè÷åíî â 1,5 ðàçà çà ñ÷åò ââåäåíèÿ

ñèñòåìû èç 25 ∆E E− -òåëåñêîïîâ. Òåïåðü â óñòàíîâêå 30 òåëåñêîïîâ çàðÿæåííûõ

÷àñòèö, êîòîðûå ñëóæàò òàêæå òðèããåðàìè ñèñòåìû ðåãèñòðàöèè,

è 64 ñöèíòèëëÿöèîííûõ ñ÷åò÷èêà CsI(Tl), ñîñòàâëÿþùèõ äåòåêòîð

ìíîæåñòâåííîñòè ôðàãìåíòîâ (ñì. ðèñ. 2). Ïîëíîå ÷èñëî êàíàëîâ ýëåêòðîíèêè

îêîëî 200.

Êàêîâà ïëîòíîñòü ÿäðà, èñïóñêàþùåãî ôðàãìåíòû?
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Ðèñ. 1. Êàðòèíà ñîóäàðåíèÿ áûñòðîãî ïðîòîíà ñ òÿæåëûì ÿäðîì



Äåéñòâèòåëüíî ëè ãîðÿ÷åå ÿäðî ðàñøèðÿåòñÿ ïîä äåéñòâèåì òåïëîâîãî äàâëå-

íèÿ è òîëüêî ïîñëå ýòîãî ðàñïàäàåòñÿ? Ïîëîæèòåëüíûé îòâåò íà ýòîò âîïðîñ ìîæ-

íî ðàññìàòðèâàòü êàê äîêàçàòåëüñòâî ïîïàäàíèÿ ÿäåðíîé ñèñòåìû

â ñïèíîäàëüíóþ îáëàñòü ôàçîâîé íåóñòîé÷èâîñòè. ×òîáû îòâåòèòü íà ýòîò âîïðîñ,

èçìåðÿëîñü ðàñïðåäåëåíèå ñîâïàäàþùèõ (èç îäíîãî ñîáûòèÿ) ôðàãìåíòîâ ïî îò-

íîñèòåëüíîé ñêîðîñòè V V Vrel = −1 2 . Ïðè ýòîì ðåãèñòðèðîâàëèñü ÔÏÌ, ëåòÿùèå

â ïðîòèâîïîëîæíûå ñòîðîíû. ×åì îïðåäåëÿåòñÿ ýòà ñêîðîñòü? Ðàñ÷åòû ïîêàçûâà-

þò, ÷òî íà 80 % ýíåðãèÿ ôðàãìåíòîâ îïðåäåëÿåòñÿ èõ óñêîðåíèåì â êóëîíîâñêîì

ïîëå è òîëüêî 20 % ñâÿçàíî ñ òåïëîâûì äâèæåíèåì. ÏîýòîìóVrel ÷óâñòâèòåëüíà

ê êîíôèãóðàöèè ñèñòåìû â ìîìåíò ðàçâàëà: ÷åì ìåíüøå ïëîòíîñòü (ò.å. ÷åì áîëü-

øå ðàçìåð ñèñòåìû), òåì ìåíüøå êàæäàÿ èç ñêîðîñòåé. Â âåðõíåé ÷àñòè ðèñ. 3

ïðåäñòàâëåíû äâà âîçìîæíûõ âàðèàíòà ýìèññèè ÔÏÌ: èñïàðåíèå ñ ïîâåðõíîñòè

ÿäðà ñ íîðìàëüíîé ïëîòíîñòüþ (ñïðàâà) è îáúåìíûé ðàçâàë ðàñøèðåííîé ñèñòå-

ìû. Â ñëó÷àå ïåðâîãî âàðèàíòà îæèäàåòñÿ ðàñïðåäåëåíèå, ïîêàçàííîå øòðèõîâîé

ëèíèåé. Èçìåðåííîå ðàñïðåäåëåíèå ñìåùåíî îò îæèäàåìîãî äëÿ ïîâåðõíîñòíîé

ýìèññèè â ñòîðîíó ìåíüøèõ çíà÷åíèé ñêîðîñòè, îòâå÷àÿ ðàçâàëó ÿäðà ñ ïîíèæåí-

íîé ïëîòíîñòüþ. Êîëè÷åñòâåííûé àíàëèç ïîòðåáîâàë ðàçâèòèÿ êîìáèíèðîâàííîé

ìîäåëè âçàèìîäåéñòâèÿ INC+ +α SMM.

Ïåðâàÿ ñòóïåíü ðåàêöèè îïèñûâàåòñÿ â ïðèáëèæåíèè âíóòðèÿäåðíîãî êàñêàäà

(INC). Íà ñòàäèè òåïëîâîãî ðàñøèðåíèÿ ãîðÿ÷åå ÿäðî-îñòàòîê òåðÿåò ÷àñòü ýíåð-

ãèè âîçáóæäåíèÿ çà ñ÷åò ýìèññèè íóêëîíîâ. Ýòîò ïðîöåññ ó÷èòûâàåòñÿ ââåäåíèåì

ýìïèðè÷åñêîãî ïàðàìåòðà «α». Ðàçâàë îñòàòî÷íîãî ÿäðà îïèñûâàåòñÿ ñòàòèñòè÷å-

ñêîé ìîäåëüþ ìóëüòèôðàãìåíòàöèè (SMM), êîòîðàÿ âêëþ÷àåò ìíîãîòåëüíûé ðàñ-
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Ðèñ. 2. Óñòàíîâêà ÔÀÇÀ-2



÷åò êóëîíîâñêèõ òðàåêòîðèé âñåõ çàðÿæåííûõ ÷àñòèö. Â ðåçóëüòàòå ïîëó÷àþòñÿ

ñêîðîñòè, ýíåðãèè è óãëû ðàçëåòà ôðàãìåíòîâ, ÷òî óæå ìîæíî ñðàâíèâàòü ñ ýêñïå-

ðèìåíòîì. Ïëîòíîñòü ÿäðà â ìîìåíò ðàçâàëà ÿâëÿåòñÿ ïàðàìåòðîì ðàñ÷åòà, êîòî-

ðûé è îïðåäåëÿåòñÿ èç òàêîãî ñðàâíåíèÿ.

Íàéäåíî, ÷òî ýìèññèÿ ôðàãìåíòîâ ïðîèñõîäèò ïîñëå òîãî, êàê ãîðÿ÷åå ÿäðî

ðàñøèðÿåòñÿ â 3–4 ðàçà, ÷òî îòâå÷àåò ïîïàäàíèþ â ñïèíîäàëüíóþ îáëàñòü.

Àíàëîãè÷íûé âûâîä ïîëó÷àåòñÿ è èç àíàëèçà ôîðìû ýíåðãåòè÷åñêîãî ñïåêòðà

ôðàãìåíòîâ.

Òåïëîâàÿ ìóëüòèôðàãìåíòàöèÿ — íîâûé òèï ðàñïàäà
ãîðÿ÷èõ ÿäåð

Êàêîâà âðåìåííàÿ øêàëà ïðîöåññà ìíîæåñòâåííîé ýìèññèè ôðàãìåíòîâ? Ýòî

êëþ÷åâîé âîïðîñ. Èñïóñêàþòñÿ ëè ôðàãìåíòû íåçàâèñèìî è ïîñëåäîâàòåëüíî (òî-

ãäà ýòî ïðîñòî åùå îäíî ïðîÿâëåíèå óæå èçâåñòíîãî èñïàðåíèÿ ÷àñòèö èç ÿäðà) èëè

ýòî ñîâåðøåííî íîâûé, âçðûâîïîäîáíûé ïðîöåññ — ìíîãîòåëüíûé ðàñïàä, êîãäà

ôðàãìåíòû âîçíèêàþò ïðàêòè÷åñêè îäíîâðåìåííî? Îòâåò ïîëó÷åí â ðåçóëüòàòå

òîíêîãî àíàëèçà ðàñïðåäåëåíèÿ ñîâïàäàþùèõ ôðàãìåíòîâ (âîçíèêàþùèõ â îäíîì

ñîáûòèè) ïî îòíîñèòåëüíîìó óãëó (ñì. ðèñ. 4). Åñëè äâà ôðàãìåíòà âûëåòàþò â îä-

íîì è òîì æå íàïðàâëåíèè íåçàâèñèìî, ò.å. ñ ñóùåñòâåííîé ñäâèæêîé âî âðåìåíè,
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Ðèñ. 3. Ðàñïðåäåëåíèå ÷èñëà ñîâïàäàþùèõ ôðàãìåíòîâ ïî îòíîñèòåëüíîé ñêîðîñòè äëÿ ñîóäàðåíèé
4He (14,6 ÃýÂ) + Au



èõ òðàåêòîðèè íå áóäóò èñêàæåíû

âçàèìíûì êóëîíîâñêèì îòòàëêèâà-

íèåì. Ýòî ñëó÷àé ïîñëåäîâàòåëüíî-

ãî èñïàðåíèÿ ôðàãìåíòîâ, ïðè ýòîì

ñðåäíåå âðåìÿ ýìèññèè τ ïðåâûøà-

åò õàðàêòåðíîå âðåìÿ óñêîðåíèÿ

â êóëîíîâñêîì ïîëå τ ñ ≈
−10 21 c.

Åñëè æå ýìèññèÿ áóäåò ïðîèñõî-

äèòü ñ τ τ< ñ , òðàåêòîðèè ðàçîéäóò-

ñÿ çà ñ÷åò êóëîíîâñêîãî

îòòàëêèâàíèÿ è ìàëûå îòíîñèòåëü-

íûå óãëû áóäóò íàáëþäàòüñÿ ðåäêî. Ñòåïåíü ïîäàâëåíèÿ âûõîäà ïàð ñ ìàëûì îò-

íîñèòåëüíûì óãëîì çàâèñèò îò τ : ÷åì ìåíüøå ñðåäíåå âðåìÿ ýìèññèè, òåì áîëüøå

ýôôåêò ïîäàâëåíèÿ. Òàêèì îáðàçîì, ìû èìååì ñâîåîáðàçíûå ÷àñû äëÿ èçìåðåíèÿ

î÷åíü êîðîòêèõ âðåìåííûõ èíòåðâàëîâ. Íà ðèñ. 4 ïîêàçàí ðåçóëüòàò òàêîãî èçìå-

ðåíèÿ äëÿ ìóëüòèôðàãìåíòàöèè â ñîóäàðåíèÿõ 4 He (14,6 ÃýÂ) + Au. Ãëóáîêèé ìè-

íèìóì â îáëàñòè ìàëûõ óãëîâ — êà÷åñòâåííîå ñâèäåòåëüñòâî â ïîëüçó

«îäíîâðåìåííîñòè» ýìèññèè ôðàãìåíòîâ. Âðåìåííàÿ øêàëà, ïîêàçàííàÿ â íèæíåé

÷àñòè ðèñ. 4, ðàçäåëåíà íà äâå ÷àñòè õàðàêòåðèñòè÷åñêèì âðåìåíåì τ c : ìåíüøèì

âðåìåíàì ýìèññèè îòâå÷àåò ìíîãîòåëüíûé ðàñïàä ñèñòåìû, áîëüøèì — ïîñëåäî-

âàòåëüíîå èñïàðåíèå. Êîëè÷åñòâåííûé àíàëèç ïðèâîäèò ê âåëè÷èíå ñðåäíåãî âðå-

ìåíè ýìèññèè τ ≤ ⋅ −2 10 22 c, ÷òî ñóùåñòâåííî ìåíüøå τ c . Òàêèì îáðàçîì,

äîêàçàíî, ÷òî òåïëîâàÿ ìóëüòèôðàãìåíòàöèÿ — íîâûé, ìíîãîòåëüíûé òèï ðàñïàäà

âîçáóæäåííûõ ÿäåð. Áëèçêèå çíà÷åíèÿ âðåìåí ýìèññèè ôðàãìåíòîâ ïîëó÷åíû

è äëÿ ñîóäàðåíèé p (8,1 ÃýÂ) è 12 C (22,4 ÃýÂ) ñ ÿäðàìè çîëîòà.

Ýâîëþöèÿ ìåõàíèçìà òåïëîâîé ìóëüòèôðàãìåíòàöèè
ñ ðîñòîì ìàññû áîìáàðäèðóþùåé ÷àñòèöû

Èçâåñòíî, ÷òî íà ïó÷êàõ î÷åíü òÿæåëûõ èîíîâ ìóëüòèôðàãìåíòàöèÿ íå îïèñû-

âàåòñÿ ñòàòèñòè÷åñêîé ìîäåëüþ è, ïî-âèäèìîìó, ÿâëÿåòñÿ äèíàìè÷åñêèì ïðîöåñ-

ñîì. Íàìè ïðîâåäåíî ñðàâíèòåëüíîå èññëåäîâàíèå ìóëüòèôðàãìåíòàöèè ìèøåíè

èç çîëîòà íà ïó÷êàõ p (8,1 ÃýÂ), 4 He (4 è 14,6 ÃýÂ) è 12 C (22,4 ÃýÂ). Âî âñåõ ýòèõ
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Ðèñ. 4. Ðàñïðåäåëåíèå ñîâïàäàþùèõ ôðàã-

ìåíòîâ ïî îòíîñèòåëüíîìó óãëó äëÿ ñîóäà-

ðåíèé 4He (14,6 ÃýÂ) + Au. Øêàëà âðåìåíè

äàíà â åäèíèöàõ ôì/ñ = ⋅ −3 10 24 ñ, æèðíàÿ

«òî÷êà» íà íåé ïîêàçûâàåò ñðåäíåå âðåìÿ

ýìèññèè ôðàãìåíòîâ



ñëó÷àÿõ ìîæíî ãîâîðèòü î òåïëîâîé

ìóëüòèôðàãìåíòàöèè. Â ðàìêàõ

êîìáèíèðîâàííîé ìîäåëè

INC+ +α SMM, â êîòîðîé ðàçâàë ãî-

ðÿ÷åãî ÿäðà-îñòàòêà ðàññìàòðèâàåò-

ñÿ êàê ðàâíîâåñíûé ñòàòèñòè÷åñêèé

ïðîöåññ, óäàåòñÿ îïèñàòü ðàñïðåäå-

ëåíèå ôðàãìåíòîâ ïî ìíîæåñòâåí-

íîñòè, ìàññàì, óãëó âûëåòà.

Ñïåêòðû êèíåòè÷åñêèõ ýíåðãèé

èìåþò òèïè÷íóþ ìàêñâåëëîâñêóþ ôîðìó, îäíàêî ñ óâåëè÷åíèåì ìàññû áîìáàðäè-

ðóþùåé ÷àñòèöû îíè ñòàíîâÿòñÿ áîëåå «æåñòêèìè». Ýòî âèäíî èç ðèñ. 5, ãäå ïîêà-

çàíû ñïåêòðû óãëåðîäà, ïîëó÷åííûå â ñîóäàðåíèÿõ ðåëÿòèâèñòñêèõ ïðîòîíîâ, 4 He

è 12 C ñ Au. Ðàñ÷åòû ïî ìîäåëè INC+ +α SMM ïðåêðàñíî îïèñûâàþò ôîðìó ñïåê-

òðà äëÿ ñëó÷àÿ p (8,1 ÃýÂ) + Au è çàìåòíî ðàñõîäÿòñÿ ñ äàííûìè, ïîëó÷åííûìè

íà ïó÷êàõ 4 He (14,6 ÃýÂ) è 12 C (22,4 ÃýÂ). Ýòî ñâÿçàíî ñ ïîÿâëåíèåì êîëëåêòèâíî-

ãî ïîòîêà íà áîëåå òÿæåëûõ ïó÷êàõ (îòìåòèì, ÷òî â ñòàòèñòè÷åñêîé ìîäåëè êîë-

ëåêòèâíîå äâèæåíèå íå ó÷èòûâàåòñÿ). Âåëè÷èíà ïîòîêà íàõîäèòñÿ èç ðàçíîñòè

èçìåðåííîé è ðàñ÷åòíîé ýíåðãèé

ôðàãìåíòîâ. Ïîëó÷åííàÿ ñðåäíÿ-

ÿ êîëëåêòèâíàÿ ñêîðîñòü ôðàã-

ìåíòîâ â ôóíêöèè èõ àòîìíîãî

íîìåðà Z ïîêàçàíà íà ðèñ. 6 äëÿ

ñîóäàðåíèé 12 C + Au. Â ýòîì ñëó-

÷àå ïîëíàÿ ýíåðãèÿ ïîòîêà

100–120 ÌýÂ. Ýòî ðàäèàëüíûé

ïîòîê, êîòîðûé âîçíèêàåò çà ñ÷åò
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Ðèñ. 5. Ýíåðãåòè÷åñêèå ñïåêòðû óãëåðîäà

èç ñîóäàðåíèé ïðîòîíîâ 4He è 12C ñ ìèøå-

íüþ èç çîëîòà. Ðàñõîæäåíèå ýêñïåðèìåíòà

è ðàñ÷åòà (ëèíèè) â ñëó÷àå ïó÷êîâ
4He (14,6 ÃýÂ) è 12C óêàçûâàåò íà âêëàä êîë-

ëåêòèâíîãî ïîòîêà

Ðèñ. 6. Ñêîðîñòè êîëëåêòèâíîãî ïîòî-

êà, èçìåðåííûå äëÿ ôðàãìåíòîâ ñ ðàç-

ëè÷íûìè Z . Øêàëà ñïðàâà ïîêàçûâàåò

ñîîòâåòñòâóþùèå èì ñðåäíèå ðàäèàëü-

íûå êîîðäèíàòû ôðàãìåíòîâ, ïóíê-

òèð — ïðåäñêàçàíèå ìîäåëè SMM



òåïëîâîãî äàâëåíèÿ â ðàçîãðåòîì ÿäðå. Àíàëèç çàâèñèìîñòè êîëëåêòèâíîé ñêîðî-

ñòè îò Z äàåò íåîæèäàííóþ èíôîðìàöèþ î ðàñïðåäåëåíèè ôðàãìåíòîâ â îáúåìå

ñèñòåìû, êîòîðàÿ íå ñîãëàñóåòñÿ ñ ïðåäñêàçàíèÿìè êîïåíãàãåíñêîé ìîäåëè ìóëü-

òèôðàãìåíòàöèè: áîëåå òÿæåëûå ôðàãìåíòû îáðàçóþòñÿ ïðåèìóùåñòâåííî â öåí-

òðàëüíîé ÷àñòè îáúåìà ñèñòåìû, ÷òî óêàçûâàåò íà íåîäíîðîäíîå ðàñïðåäåëåíèå

ïëîòíîñòè â ãîðÿ÷åì ÿäðå. (Â ýòîì àíàëèçå èñïîëüçóåòñÿ ëèíåéíàÿ çàâèñèìîñòü

ñêîðîñòè ïîòîêàVflow îò ðàäèàëüíîé êîîðäèíàòû ÷àñòèöû RZ : V RZflow ~ .

Ïðîåêò ÔÀÇÀ â 2001–2003 ã.

Ìåòîäè÷åñêîå ðàçâèòèå óñòàíîâêè ÔÀÇÀ ñâÿçàíî â ïåðâóþ î÷åðåäü

ñ ââåäåíèåì â ñòðîé â ïîëíîì îáúåìå íîâîé ñèñòåìû òðèããåðîâ èç 25

∆E E− -òåëåñêîïîâ (â íàñòîÿùåå âðåìÿ îñíàùåíî ýëåêòðîíèêîé òîëüêî 16 èç íèõ).

Ýòà ñèñòåìà ïîçâîëèò ïðîâîäèòü êîððåëÿöèîííûå èçìåðåíèÿ ñ ëó÷øåé òî÷íîñòüþ,

÷åì ðàíåå, è ïîäíèìåò ýôôåêòèâíîñòü òðèããåðîâàíèÿ â 6 ðàç. Â êà÷åñòâå

ñëåäóþùåãî ýòàïà ìû ðàññìàòðèâàåì âîçìîæíîñòü ââåäåíèÿ åùå îäíîãî «ñëîÿ

äåòåêòîðîâ» íà îñíîâå ïëàñòè÷åñêèõ ñöèíòèëëÿòîðîâ äëÿ ðåãèñòðàöèè ëåãêèõ

çàðÿæåííûõ ÷àñòèö. Ýòî ïîçâîëèò èçìåðÿòü èõ ìíîæåñòâåííîñòü è ñîðòèðîâàòü

ñîáûòèÿ ïî ýíåðãèè âîçáóæäåíèÿ ôðàãìåíòèðóþùèõ ÿäåð.

Íàó÷íàÿ ïðîãðàììà íàïðàâëåíà íà äàëüíåéøåå èññëåäîâàíèå ìåõàíèçìà

òåïëîâîé ÿäåðíîé ìóëüòèôðàãìåíòàöèè íà âûâåäåííîì ïó÷êå íóêëîòðîíà.

— Áóäóò ïîëó÷åíû íîâûå äàííûå î âðåìåíè æèçíè ãîðÿ÷èõ ÿäåð (â äèàïàçîíå

10 1022 20− −− ñ), îáðàçóþùèõñÿ â ðàçëè÷íûõ ñîóäàðåíèÿõ.

— Àíàëèç ýíåðãåòè÷åñêèõ ñïåêòðîâ äàñò èíôîðìàöèþ î ïðîñòðàíñòâåííîé

êîíôèãóðàöèè ñèñòåìû â ìîìåíò ðàçâàëà.

— Áóäóò ñäåëàíû âûâîäû îá ýâîëþöèè ìåõàíèçìà ïðîöåññà îò ÷èñòî

«òåïëîâîãî» (ñòàòèñòè÷åñêîãî) ê áîëåå ñëîæíîìó (çà ñ÷åò âëèÿíèÿ äèíàìè÷åñêèõ

ýôôåêòîâ) ïðè óâåëè÷åíèè ìàññû ÿäðà-ñíàðÿäà.

— Áóäóò óñòàíîâëåíû ïðåäåëû ïðèìåíèìîñòè ñòàòèñòè÷åñêîé èíòåðïðåòàöèè

ïðîöåññà ìóëüòèôðàãìåíòàöèè.
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• Ã.Ìîíõîðñò — Óíèâåðñèòåò Ôëîðèäû (UF), Ãåéíñâèëë, ÑØÀ.

Ïðîåêò «LESI» ïîñâÿùåí èçó÷åíèþ ðåàêöèé ìåæäó ëåãêèìè ÿäðàìè (dd-, pd-,

d 3 He-ðåàêöèé) â îáëàñòè óëüòðàíèçêèõ ýíåðãèé ( ~ êýÂ).

Èíòåðåñ ê èçó÷åíèþ ñèëüíûõ âçàèìîäåéñòâèé â óêàçàííîé îáëàñòè ýíåðãèé

îáóñëîâëåí íå òîëüêî âîçìîæíîñòüþ ïðîâåðêè ôóíäàìåíòàëüíûõ ñèììåòðèé (çà-

ðÿäîâîé, èçîòîïè÷åñêîé èíâàðèàíòíîñòè) [1,2], íî è íåîáõîäèìîñòüþ ðàçðåøåíèÿ

ðÿäà ïðîáëåì, ñóùåñòâóþùèõ â àñòðîôèçèêå [3,4]. Êðîìå òîãî, ïîÿâëÿåòñÿ ðåàëü-

íàÿ âîçìîæíîñòü ïîëó÷åíèÿ èíôîðìàöèè î âêëàäå âî âçàèìîäåéñòâèå îáìåííûõ

ìåçîííûõ òîêîâ [5], î âåëè÷èíå ýôôåêòà ýêðàíèðîâêè ÿäåð [6], î õàðàêòåðå

íóêëîí-íóêëîííîãî ïîòåíöèàëà [1,2], à òàêæå î ìàñøòàáå ýôôåêòà Îïïåíãåé-

ìåðà–Ôèëëèïñà [7].

Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ÿäåðíûõ ðåàêöèé (dd, pd è d 3 He) â îáëàñòè

óëüòðàíèçêèõ ýíåðãèé ñòîëêíîâåíèÿ ( ~ êýÂ) ñ èñïîëüçîâàíèåì êëàññè÷åñêèõ

óñêîðèòåëåé âåñüìà ïðîáëåìàòè÷íî, òàê êàê èíòåíñèâíîñòü ïó÷êîâ çàðÿæåííûõ

÷àñòèö è ñå÷åíèÿ èçó÷àåìûõ ïðîöåññîâ (σ ≈ −− −10 1032 43 ñì2) êðàéíå ìàëû.
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Íà ðèñ. 1 ïðèâåäåíû çàâèñèìîñòè ñå÷å-

íèé dd-, pd- è d 3 He-ðåàêöèé îò ýíåðãèè

ñòîëêíîâåíèÿ, îòðàæàþùèå ðåàëüíóþ

ñèòóàöèþ, ñóùåñòâóþùóþ

â ëèòåðàòóðå äî íà÷àëà ïðîâåäåíèÿ

íàøèõ èññëåäîâàíèé. Ïóíêòèðîì îòðà-

æåíû ðàñ÷åòíûå çàâèñèìîñòè ñå÷åíèé,

ñîîòâåòñòâóþùèå îáëàñòè óëüòðàíèç-

êèõ ýíåðãèé ñòîëêíîâåíèÿ (ýÂ–êýÂ).

Äëÿ ïîëó÷åíèÿ íåîáõîäèìîé èí-

ôîðìàöèè î õàðàêòåðèñòèêàõ äàííûõ

ðåàêöèé â óêàçàííîé âûøå îáëàñòè

ýíåðãèé íàìè áûë ïðåäëîæåí íîâûé

ìåòîä èçìåðåíèÿ ñå÷åíèé, îñíîâàííûé

íà èñïîëüçîâàíèè âûñîêîèíòåíñèâíûõ

ðàäèàëüíî êîíâåðãèðóåìûõ èîííûõ

ïîòîêîâ, ãåíåðèðóåìûõ â òå÷åíèå

èìïëîçèè ëàéíåðíîé ïëàçìû [4,8,9]. Ïðè ýòîì èíòåíñèâíîñòü ïîòîêîâ

óñêîðåííûõ èîíîâ ñîñòàâëÿåò 10 1020 21− ÷àñòèö â èìïóëüñå â óêàçàííîé îáëàñòè

ýíåðãèé. Ñóòü ìåòîäà ïîëó÷åíèÿ âûñîêîèíòåíñèâíûõ èìïóëüñíûõ ïó÷êîâ èîíîâ

çàêëþ÷àåòñÿ â ñëåäóþùåì. Ïî ëàéíåðó (ïîëàÿ öèëèíäðè÷åñêàÿ ãàçîâàÿ ñòðóÿ

äåéòåðèÿ, âîäîðîäà èëè ãåëèÿ; ñáîðêà äèýëåêòðè÷åñêèõ íèòåé èç ÑD2 èëè CH 2 ,

ðàñïîëîæåííûõ ïî îáðàçóþùåé öèëèíäðà) ïðîïóñêàåòñÿ ìîùíûé èìïóëüñ òîêà

( )I = −1 2 MA , êîòîðûé âçðûâàåò åãî, è îáðàçîâàâøàÿñÿ ïëàçìà ïîä äåéñòâèåì

ñîáñòâåííîãî ìàãíèòíîãî ïîëÿ óñêîðÿåòñÿ â ðàäèàëüíîì íàïðàâëåíèè ê ìèøåíè.

Â êà÷åñòâå ìèøåíè èñïîëüçóåòñÿ ñòðóÿ ãàçà ( , )H D2 2 , ôîðìèðóåìàÿ ñîïëîì

Ëîâàëÿ è èìåþùàÿ íàïðàâëåíèå âäîëü îñè ëàéíåðà, ëèáî ñòåðæåíü èç CD2 (CH 2 ),

óñòàíîâëåííûé âäîëü îñè ëàéíåðà.

Âûïîëíåíèå íàìå÷åííîé ýêñïåðèìåíòàëüíîé ïðîãðàììû çàïëàíèðîâàíî íàìè

íà ìîùíûõ èîííûõ èìïóëüñíûõ óñêîðèòåëÿõ ÈÑÝ ÑÎ ÐÀÍ (Òîìñê). Ïðîãðàììà

âêëþ÷àåò â ñåáÿ òðè ýòàïà:

— èññëåäîâàíèå dd-ðåàêöèè â èíòåðâàëå ýíåðãèé ñòîëêíîâåíèé 0,1–3,0 êýÂ;

— èçó÷åíèå pd-ðåàêöèè â èíòåðâàëå 0,1–3,0 êýÂ;

— èçìåðåíèå ñå÷åíèé d 3 He-ðåàêöèè â äèàïàçîíå ýíåðãèé 3–10 êýÂ.

Ðàáîòû ïî ñîçäàíèþ ýêñïåðèìåíòàëüíîé óñòàíîâêè 1-é î÷åðåäè äëÿ èçó÷åíèÿ

dd-ðåàêöèè áûëè íà÷àòû â 1995 ã. ïðè ôèíàíñîâîé ïîääåðæêå Ìåæäóíàðîäíîãî

íàó÷íîãî ôîíäà Ñîðîñà è ôîíäà Ïîëíîìî÷íîãî Ïðåäñòàâèòåëÿ Ïîëüøè â ÎÈßÈ

â êîëëàáîðàöèè ÎÈßÈ–ÈÝÔ ÑÎ ÐÀÍ (Åêàòåðèíáóðã)–ÈÑÝ ÑÎ ÐÀÍ (Òîìñê)–

UCI (Èðâàéí, ÑØÀ)–ÔÔßÒ ÃÌÀ (Êðàêîâ, Ïîëüøà).
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Ðèñ. 1. Çàâèñèìîñòü ñå÷åíèé dd-, pd-

è d 3He-ðåàêöèé îò ýíåðãèé ñòîëêíîâåíèÿ



Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà

[8–11] âêëþ÷àåò â ñåáÿ (ñì. ðèñ. 2):

ñèëüíîòî÷íûé ãåíåðàòîð (íàïðÿæå-

íèå 750 êÂ, àìïëèòóäà òîêà 950 êÀ,

âðåìÿ íàðàñòàíèÿ òîêà 60–80 íñ) (ñì.

ðèñ. 3), áëîê íàãðóçêè (ëàéíåð è ìè-

øåíü) (ðèñ. 4), äåòåêòîðû ïðîäóêòîâ

ÿäåðíûõ ðåàêöèé, ðåãèñòðèðóþùóþ

ýëåêòðîíèêó, äèàãíîñòè÷åñêóþ àïïà-

ðàòóðó äèíàìèêè èìïëîçèè ëàéíåðà.

Ðåãèñòðàöèÿ íåéòðîíîâ dd-ñèíòåçà

îñóùåñòâëÿåòñÿ äâóìÿ òèïàìè äåòåê-

òîðîâ: ñöèíòèëëÿöèîííûìè ñïåêòðî-

ìåòðàìè ñ èñïîëüçîâàíèåì ìåòîäèêè

ïî âðåìåíè ïðîëåòà è äåòåêòîðàìè òå-

ïëîâûõ íåéòðîíîâ [8–11]. Ðåãèñòðà-

öèÿ γ-êâàíòîâ èç ðåàêöèé

pd→ +3 He γ (5,5 MýÂ) è dd→ +4 He γ
(22,4 MýÂ) îñóùåñòâëÿåòñÿ øåñòüþ

ñöèíòèëëÿöèîííûìè äåòåêòîðàìè íà

îñíîâå êðèñòàëëîâ NaI(Tl), à çàðÿæåí-

íîé êîìïîíåíòû èç ðåàêöèé

dd p t→ + , dd n→ +3 He è d p3 He→ +α
— ñ ïîìîùüþ òâåðäîòåëüíûõ òðåêî-

âûõ äåòåêòîðîâ CR-39, ÐÌ-355

[4,8–11].
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Ðèñ. 2. Ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâ-

êè: 1 — ñèëüíîòî÷íûé èìïóëüñíûé óñêîðè-

òåëü; 2 — íàãðóçî÷íûé ìîäóëü óñêîðèòåëÿ;

3 — êàìåðà äèàãíîñòèêè; 4 — ñâåðõçâóêîâîå

ñîïëî; 5 — áûñòðîäåéñòâóþùèé ýëåêòðî-

ìàãíèòíûé êëàïàí; 6 — ãàçîâûé ëàéíåð; 7 —

ìèøåíü; 8 — ñöèíòèëëÿöèîííûå âðåìÿ-

ïðîëåòíûå ñïåêòðîìåòðû (8 ñïåêòðîìåòðîâ);

9 — äåòåêòîðû òåïëîâûõ íåéòðîíîâ

(3 äåòåêòîðà); 10 — ñïåêòðîìåòðû íà îñíîâå

êðèñòàëëîâ NaI(Tl) (6 ñïåêòðîìåòðîâ); 11 —

òðåêîâûå äåòåêòîðû çàðÿæåííûõ ÷àñòèö íà

îñíîâå CR-39 (PM-355)

Ðèñ. 3. à) Ñõåìà ñèëüíîòî÷íîãî óñêîðèòåëÿ.

á) Çàâèñèìîñòè íàïðÿæåíèÿ íà èçîëÿòîðå è òîêà

÷åðåç ëàéíåð îò âðåìåíè (âðåìÿ îòñ÷èòûâàåòñÿ

îò ìîìåíòà ïîÿâëåíèÿ âûñîêîâîëüòíîãî èìïóëüñà

íà íàãðóçî÷íîì ìîäóëå)



Ïåðâûå ýêñïåðèìåíòû ïî èññëåäîâà-

íèþ dd-ðåàêöèè ñ èñïîëüçîâàíèåì äàííîé

ìåòîäèêè, âûïîëíåííûå â 1995–1996 ãã.

[10,11] íà ñèëüíîòî÷íîì óñêîðèòåëå Èí-

ñòèòóòà ñèëüíîòî÷íîé ýëåêòðîíèêè ÑÎ

ÐÀÍ (Òîìñê), ñâèäåòåëüñòâîâàëè î òîì, ÷òî

ïðåäëîæåííûé ïîäõîä çàñëóæèâàåò âíèìà-

íèÿ è ìîæåò áûòü ýôôåêòèâíî ïðèìåíåí

äëÿ ðåàëèçàöèè ïðîãðàììû èññëåäîâàíèÿ

ñèëüíûõ âçàèìîäåéñòâèé â îáëàñòè óëüòðà-

íèçêèõ ýíåðãèé. Íà 90 %-ì óðîâíå äîñòî-

âåðíîñòè ïîëó÷åíî âåðõíåå ãðàíè÷íîå

çíà÷åíèå ýôôåêòèâíîãî ñå÷åíèÿ dd-ðåàê-

öèè ñ îáðàçîâàíèåì íåéòðîíà ïðè ñðåäíåé

ýíåðãèè äåéòðîíîâ 440 ýÂ:

σdd

n < ⋅ −2 10 34 ñì2.

Â íà÷àëå 1997 ã. áûëî çàâåðøåíî ñîçäàíèå 2-é î÷åðåäè óñòàíîâêè

äëÿ èññëåäîâàíèÿ dd-ðåàêöèè. Ïðîâåäåíû èçìåðåíèÿ ñå÷åíèé dd-ðåàêöèè [12]

ïðè òðåõ çíà÷åíèÿõ ñðåäíåé ýíåðãèè äåéòðîíîâ: Ed =0,1; 0,38; 2,07 êýÂ. Íà 90 %-ì

óðîâíå äîñòîâåðíîñòè íàéäåíû âåðõíèå ãðàíè÷íûå çíà÷åíèÿ ýôôåêòèâíûõ

ñå÷åíèé dd-ðåàêöèè:

σdd

n < ⋅ −3 1 10 32, ñì2 (Ed =100 ýÂ);

σdd

n < ⋅ −1 6 10 33, ñì2 (Ed =0,38 êýÂ);

σdd

n < ⋅ −1 5 10 34, ñì2 (Ed =2,07 êýÂ).

Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå îöåíêè ýôôåêòèâíûõ ñå÷åíèé dd-ðåàêöèè

íàõîäÿòñÿ â ñîãëàñèè ñ ðåçóëüòàòàìè âû÷èñëåíèé ñîîòâåòñòâóþùåé âåëè÷èíû.

Â 1998–1999 ãã. íàìè âûïîëíåíû èçìåðåíèÿ çíà÷åíèé àñòðîôèçè÷åñêîãî

S-ôàêòîðà äëÿ dd-ðåàêöèè ïðè ýíåðãèÿõ ñòîëêíîâåíèÿ äåéòðîíîâ E =1,8; 2,06;

2,27 êýÂ [13].

Âïåðâûå ïîëó÷åíû ýêñïåðèìåíòàëüíûå çíà÷åíèÿ àñòðîôèçè÷åñêîãî S-ôàê-

òîðà dd-ðåàêöèè ïðè óëüòðàíèçêèõ ýíåðãèÿõ ñòîëêíîâåíèÿ äåéòðîíîâ 1,8; 2,06

è 2,27 êýÂ:
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Ðèñ. 4. Ñõåìà íàãðóçî÷íîãî ìîäóëÿ â ðåæèìå ïðÿ-

ìîãî Z-ïèí÷à



S E( , ) ( ) ;= = ± ⋅1 8 114 68êýÂ á êýÂ

S E( , ) ( ) ;= = ± ⋅2 06 64 30êýÂ á êýÂ

S E( , ) ( ) .= = ± ⋅2 27 53 16êýÂ á êýÂ

Íà ðèñ. 5 ïðèâåäåíû íàéäåííûå íàìè ýêñïåðèìåíòàëüíûå çíà÷åíèÿ àñòðîôè-

çè÷åñêîãî S-ôàêòîðà äëÿ dd-ðåàêöèè, à òàêæå çíà÷åíèÿ S-ôàêòîðà äëÿ íèçêî-

ýíåðãåòè÷åñêîé îáëàñòè ýíåðãèé ñòîëêíîâåíèÿ äåéòðîíîâ, ñóùåñòâóþùèå â ëèòå-

ðàòóðå ê íàñòîÿùåìó âðåìåíè. Êàê âèäíî, íàéäåííûå íàìè çíà÷åíèÿ S-ôàêòîðà

â ïðåäåëàõ ñòàòèñòè÷åñêèõ ïîãðåøíîñòåé ñîãëàñóþòñÿ ñî çíà÷åíèÿìè äàííîé

âåëè÷èíû, èçìåðåííûìè â èíòåðâàëå ýíåðãèé ñòîëêíîâåíèÿ äåéòðîíîâ 7–45 êýÂ.

×òî êàñàåòñÿ ñå÷åíèé dd-ðåàêöèè, òî íàìè áûëè âûïîëíåíû âû÷èñëåíèÿ äàí-

íîé âåëè÷èíû äëÿ óêàçàííûõ âûøå ýíåðãèé ñòîëêíîâåíèÿ äåéòðîíîâ ñ èñïîëü-

çîâàíèåì ýêñïåðèìåíòàëüíî íàéäåííûõ çíà÷åíèé

σdd

n E( , ) ( , , )col êýÂ= = ± ⋅ −1 8 4 3 2 6 10 33 ñì2;

σdd

n E( , ) ( , , )col êýÂ= = ± ⋅ −2 06 9 8 4 6 10 33 ñì2;

σdd

n E( , ) ( , , )col êýÂ= = ± ⋅ −2 27 2 1 0 6 10 32 ñì2.

Ïîëó÷åííûå òàêèì îáðàçîì çíà÷åíèÿ ñå÷åíèÿ dd-ðåàêöèè ïðèâåäåíû íà ðèñ. 6.

Â ïðåäåëàõ ñòàòèñòè÷åñêèõ ïîãðåøíîñòåé íàáëþäàåòñÿ ñîãëàñèå ðàñ÷åòíûõ

çíà÷åíèé ñå÷åíèÿ dd-ðåàêöèè ñ ýêñïåðèìåíòàëüíûìè.

Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ ìîæíî ñôîðìóëèðîâàòü ñëåäóþùèå

âûâîäû.

1. Ïðåäëîæåí íîâûé ìåòîä èññëåäîâàíèÿ ñèëüíûõ âçàèìîäåéñòâèé ìåæäó

ëåãêèìè ÿäðàìè â îáëàñòè óëüòðàíèçêèõ ýíåðãèé ñòîëêíîâåíèÿ ( ~ êýÂ), áàçèðóþ-

ùèéñÿ íà èñïîëüçîâàíèè ëàéíåðíîé ïëàçìû.
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Ðèñ. 5. Çàâèñèìîñòü àñòðîôèçè÷åñ-

êîãî S -ôàêòîðà â dd-âçàèìîäåéñòâèè

îò ýíåðãèè ñòîëêíîâåíèÿ äåéòðîíîâ:

�, � — äàííûå ðàáîò [15] è [16]

ñîîòâåòñòâåííî; � — ðåçóëüòàò

íàñòîÿùåé ðàáîòû



2. Âïåðâûå ýêñïåðèìåíòàëüíî ïîëó÷åíû çíà÷åíèÿ àñòðîôèçè÷åñêîãî S-ôàê-

òîðà äëÿ dd-ðåàêöèè ïðè ýíåðãèÿõ ñòîëêíîâåíèÿ äåéòðîíîâ 1,8, 2,06 è 2,27 êýÂ.

3. Âïåðâûå ýêñïåðèìåíòàëüíî îïðåäåëåíû âåðõíèå ãðàíè÷íûå çíà÷åíèÿ

ýôôåêòèâíûõ ñå÷åíèé ñòîëêíîâåíèÿ äåéòðîíîâ 0,05–2,3 êýÂ.

Íåñîìíåííî, ïðåäñòàâëÿåò áîëüøîé èíòåðåñ ïðîâåäåíèå èññëåäîâàíèé

dd-ðåàêöèè ïðè ýíåðãèÿõ ñòîëêíîâåíèÿ äåéòðîíîâ 3–5 êýÂ. Äàííûå èññëåäîâàíèÿ

ïîçâîëÿò âïåðâûå èçìåðèòü ñå÷åíèÿ dd-ðåàêöèè â óêàçàííîì äèàïàçîíå ýíåðãèé

ñòîëêíîâåíèÿ äåéòðîíîâ, à òàêæå ïðîèçâåñòè êîððåêòíîå ñðàâíåíèå èõ êàê

ñ ðåçóëüòàòàìè ýêñòðàïîëÿöèè ñîîòâåòñòâóþùèõ çíà÷åíèé äàííîé âåëè÷èíû èç

«âûñîêîýíåðãåòè÷åñêîé» îáëàñòè â èçó÷àåìóþ, òàê è ñ ðåçóëüòàòàìè, ïîëó÷åí-

íûìè ñ èñïîëüçîâàíèåì êëàññè÷åñêèõ óñêîðèòåëåé. Äëÿ ðåàëèçàöèè äàííîé

ïðîãðàììû èññëåäîâàíèÿ ÿäåðíûõ ðåàêöèé â îáëàñòè ýíåðãèé 3–5 êýÂ íàìè,

â êà÷åñòâå àëüòåðíàòèâû, áûëà âûñêàçàíà ãèïîòåçà [12] î âîçìîæíîñòè èñïîëü-

çîâàíèÿ èíâåðñíîãî Z-ïèí÷à. Â ñõåìå èíâåðñíîãî Z-ïèí÷à ëàéíåðíàÿ ïëàçìà

óñêîðÿåòñÿ ðàäèàëüíî îò îñè (äî ýòîãî ìû ïðîâîäèëè èññëåäîâàíèÿ dd-ðåàêöèè

ñ èñïîëüçîâàíèåì ïðÿìîãî Z-ïèí÷à: ïëàçìà óñêîðÿëàñü â íàïðàâëåíèè ê îñè

ëàéíåðà), ÷òî ïîçâîëÿåò äèñêðèìèíèðîâàòü ïî âðåìåíè ïðîöåññû ýëåêòðîäèíà-

ìè÷åñêîãî óñêîðåíèÿ ïëàçìû è åå âçàèìîäåéñòâèÿ ñ ìèøåíüþ. Â ëèòåðàòóðå

ê ìîìåíòó ðåàëèçàöèè ýòîé èäåè îòñóòñòâîâàëà êàêàÿ-ëèáî èíôîðìàöèÿ î ïðèìå-

íåíèè èíâåðñíîãî Z-ïèí÷à â ôèçè÷åñêèõ èññëåäîâàíèÿõ.

Â 1999 ã. íàìè áûëè âûïîëíåíû ðàáîòû [14], ïîñâÿùåííûå èçó÷åíèþ

äèíàìèêè ôîðìèðîâàíèÿ èíâåðñíîãî äåéòåðèåâîãî Z-ïèí÷à ïðèìåíèòåëüíî
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Ðèñ. 6. Çàâèñèìîñòü ñå÷åíèÿ dd-ðåàêöèè îò ýíåðãèè ñòîëêíîâåíèÿ äåéòðîíîâ: cïëîøíàÿ êðèâàÿ —

ðàñ÷åòíàÿ çàâèñèìîñòü, – — ýêñïåðèìåíò [15]; ðåçóëüòàòû íàñòîÿùèõ èññëåäîâàíèé: � — çíà÷åíèÿ

ñå÷åíèÿ dd-ðåàêöèè, íàéäåííûå ïðè ýíåðãèÿõ ñòîëêíîâåíèÿ äåéòðîíîâ 1,8; 2,06; 2,27 êýÂ; ↓ —

ýêñïåðèìåíòàëüíî íàéäåííûå âåðõíèå îöåíêè ýôôåêòèâíûõ ñå÷åíèé dd-ðåàêöèé íà 90 %-ì óðîâíå



ê èññëåäîâàíèþ dd-ðåàêöèè â îáëàñòè óëüòðàíèçêèõ ýíåðãèé ñòîëêíîâåíèÿ

äåéòðîíîâ. Âïåðâûå èçìåðåíû õàðàêòåðèñòèêè äåéòåðèåâîãî ëàéíåðà,

óñêîðåííîãî â ñõåìå èíâåðñíîãî Z-ïèí÷à äî ñêîðîñòåé ( , , )2 8 7 2 107÷ ⋅ ñì/ñ, à òàêæå

èññëåäîâàíû õàðàêòåð è óðîâåíü íåéòðîííîãî è γ-èçëó÷åíèé, ñîïðîâîæäàþùèõ

ïðîöåññ óñêîðåíèÿ ëàéíåðà. Ïîêàçàíî, ÷òî ïðèìåíåíèå ìåòîäèêè èíâåðñíîãî

Z-ïèí÷à ïîçâîëÿåò äîñòàòî÷íî íàäåæíî äèñêðèìèíèðîâàòü ïî âðåìåíè

«ïîëåçíûå» è ôîíîâûå ñîáûòèÿ. Îòìåòèì, ÷òî ìåòîäèêà èíâåðñíîãî Z-ïèí÷à

ïðèìåíèìà òàêæå äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ ïî èçìåðåíèþ õàðàêòåðèñòèê

pd- è dHe-ðåàêöèé â îáëàñòè óëüòðàíèçêèõ ýíåðãèé.

Âñÿ ñîâîêóïíîñòü ïîëó÷åííûõ ðåçóëüòàòîâ ñâèäåòåëüñòâóåò î òîì, ÷òî

ïðèìåíåíèå ïðåäëîæåííîé íàìè ìåòîäèêè èññëåäîâàíèÿ ñèëüíûõ âçàè-

ìîäåéñòâèé â îáëàñòè óëüòðàíèçêèõ ýíåðãèé ñòîëêíîâåíèÿ ñ èñïîëüçîâàíèåì

ïðÿìîãî è «èíâåðñíîãî» Z-ïèí÷à ÿâëÿåòñÿ ïåðñïåêòèâíûì íàïðàâëåíèåì,

ïîçâîëÿþùèì îñóùåñòâèòü èçó÷åíèå ÿäåðíûõ ðåàêöèé ìåæäó ëåãêèìè ÿäðàìè

â îáëàñòè ýíåðãèé, íåäîñòóïíîé äëÿ êëàññè÷åñêèõ óñêîðèòåëåé.

Ñ ìîìåíòà íà÷àëà âûïîëíåíèÿ ýêñïåðèìåíòàëüíîé ïðîãðàììû ïî ïðîåêòó

«LESI» íàìè îïóáëèêîâàíî 14 ðàáîò:

1. V.B.Belyaev, V.M.Bystritsky et al. Investigation of strong interactions at very low en-

ergies (50 eV÷1000 eV). JINR Communication D15-92-324, Dubna, 1992.

2. V.B.Belyaev, V.M.Bystritsky et al. New proposals for the investigation of strong in-

teraction of light nuclei at superlow energies // Nucleonica, 40 (1995) 85.

3. Vit.M.Bystritskii, Vyach.M.Bystritsky et al. Investigation of interactions between

light nuclei at ultralow energies 100÷2000 eV. JINR Preprint D15-95-378, Dubna,

1995.

4. V.M.Bystritsky et al. Investigation of strong interactions between light nuclei at su-

perlow energies using Z-pinch plasma flow // 10th IEEE Intern. Pulse Power Conf.,

NM, Jule 10–3, 1995, USA; IEEE, v.2 (1995) 1215.

5. V.M.Bystritsky et al. Nuclear reactions cross section measurement using Z-pinch

technology // Proceed. of the 11th Intern. Conf. High. Power Particle Beams

«Beams 96», Prague, June 10–14, 1996, v.2, p.917.

6. V.M.Bystritsky et al. A new approach in the experimental studies of nuclear reactions

at ultralow energies // Nukleonika, 42 (1997) 775.

7. V.M.Bystritsky et al. Setup to investigate rare neutron producing processes. // NIM,

374 (1996) 73.

8. V.M.Bystritsky et al. On the registration ability of solid state CR-39 track detectors. //

NIM (Russia), 4 (1997) 12.

9. V.M.Bystritsky et al. Measurement of d d n+ → +3 He cross section at ultralow ener-

gies using Z-pinch. JINR Preprint D15-96-11, Dubna, 1996.

10. V.M.Bystritsky et al. Measurements of the cross section of the reaction

d d n+ → +3 He at ultralow collisions energies by Z-pinch technique // Physics

of Atomic Nuclei, 60 (1997) 1349.
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11. V.M.Bystritsky et al. Experimental Investigation of dd Reaction in Range of Ultralow

Energies Using Z-Pinch // Laser and Particle Beams, v.18 (2000) 1.

12. V.M.Bystritsky et al. The Astrophysical S-Factor for the dd-Reaction at Ultralow En-

ergy // Phys. of Atomic Nucl. 5 (2001).

13. V.M.Bystritsky et al. Invesrse Z-Pinch in Fundamental Investigations // NIM, A455

(2000) 706.

14. Vyach.M.Bystritsky and F.M.Pen’kov. Analitical estimates of the nuclear reaction

yields in the ultralow energy range. JINR Preprint D15-2000-293, Dubna, 2001.

Ïðîãðàììà èññëåäîâàíèé
íà 2001–2003 ãã.

2001 ã.

1. Èññëåäîâàíèå çàâèñèìîñòè ýôôåêòèâíîãî ñå÷åíèÿ dd-ðåàêöèè â äèàïàçîíå

ýíåðãèé ñòîëêíîâåíèÿ äåéòðîíîâ 0,1–3 êýÂ.

2. Èçìåðåíèå àñòðîôèçè÷åñêîãî S-ôàêòîðà â âûøåóêàçàííîì äèàïàçîíå

ýíåðãèé äåéòðîíîâ.

2002 ã.

1. Èññëåäîâàíèå ïðîöåññà îáðàçîâàíèÿ èíâåðñíîãî Z-ïèí÷à äëÿ èçó÷åíèÿ

pd-ðåàêöèè â äèàïàçîíå ýíåðãèé ñòîëêíîâåíèÿ äåéòðîíîâ 0,1–3 êýÂ.

2. Èíòåðïðåòàöèÿ è àíàëèç äàííûõ ýêñïåðèìåíòîâ ïî èññëåäîâàíèþ

dd-ðåàêöèè.

2003 ã.

1. Èññëåäîâàíèå pd-ðåàêöèè â äèàïàçîíå ýíåðãèé ñòîëêíîâåíèÿ 0,1–3,0 êýÂ.

2. Èçìåðåíèå àñòðîôèçè÷åñêîãî S-ôàêòîðà äëÿ âûøåóêàçàííîãî äèàïàçîíà

ýíåðãèé.

Ãðàíòû

Â íàñòîÿùåå âðåìÿ ïðîåêò «LESI» èìååò ôèíàíñîâóþ ïîääåðæêó:

1) ãðàíòà Ðîññèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé (¹ 00-02-17203);

2) ãðàíòà Ïîëíîìî÷íîãî Ïðåäñòàâèòåëÿ Ðåñïóáëèêè Ïîëüøà â Îáúåäèíåííîì

èíñòèòóòå ÿäåðíûõ èññëåäîâàíèé.

Â çàêëþ÷åíèå õî÷åòñÿ âûðàçèòü èñêðåííþþ áëàãîäàðíîñòü äèðåêòîðó ÎÈßÈ

àêàäåìèêó ÐÀÍ Â.Ã.Êàäûøåâñêîìó, âèöå-äèðåêòîðó ÎÈßÈ ïðîô. À.Í.Ñèñàêÿíó,

ïðîô. Å.Íåâîäíè÷àíñêîìó è ïðîô. À.Õðûíêåâè÷ó çà ïîñòîÿííûé èíòåðåñ

ê ïðåäñòàâëåííîé ïðîãðàììå èññëåäîâàíèé è ôèíàíñîâóþ ïîääåðæêó.

Ñïèñîê ëèòåðàòóðû

1. Merkuriev S.P. et al. // Proc. Int. Conf. on the theory of Few Body and Quark

Hadronic Systems, Dubna, 1987, p.6.

107



2. Friar J.L. // Proc. Intern. Conf. on the Theory of Few Body and Quark–Hadronic

Systems, Dubna, 1987, p.70.

3. Rolfs C. // Proc. Intern. School of Phys. «Enrico Fermi», Course C.3, Villa Monas-

tero, 23 June – 3 July 1987, edited by P.Kienle, R.A.Ricci and A.Rubbino, North

Holland, 1989, p.417;

Bachall J.N. and Pinsonneault M.H. // Rev. Mod. Phys., 64 (1992) 885;

Arnould M. and Forestini J. // Nuclear Astrophysics, Proc. of the Third Intern. Sum-

mer School, La Rabida, Huelve, Spain, June 1988, Springer-Verlag, Research Re-

ports in Physics, p.48.

4. Belyaev V.B. et al. // Nucleonika 40 (1995) 85.

5. Õàð÷åíêî Â.Ô. è äð. // ßäåðíàÿ ôèçèêà 55 (1992) 86.

6. Angulo Ñ. et al. // Z. Phys. A513 (1990) 316.

7. Greife U. et al. // Z. Phys. A351 (1995) 107.

8. Belyaev V.B. et al. JINR Preprint D15-92-324, Dubna, 1992.

9. Belyaev V.B. et al. JINR Preprint D15-95-375, Dubna, 1995.

10. Áûñòðèöêèé Âèò.Ì. è äð. // ßäåðíàÿ ôèçèêà 60 (1997) 1349.

11. Áûñòðèöêèé Âèò.Ì. è äð. Ïðåïðèíò ÎÈßÈ Ä15-96-11, Äóáíà, 1996.

12. Bystritsky V.M. et al. // Laser and Particle Beams 18 (2000) 1.

13. Bystritsky V.M. et al. // Phys. of Atomic Nucl. 5 (2001).

14. Bystritsky V.M. et al. // Nucl. Instr. Meth. A 455 (2000) 706.

15. Krauss A. et al. // Nucl. Phys. A465 (1987) 150.

16. Jarmie N. et al. // Phys. Rev. C29 (1984) 2031.
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ÌÍÎÃÎÊÐÈÑÒÀËÜÍÛÅ ÏÎËÓÏÐÎÂÎÄÍÈÊÎÂÛÅ
ÑÏÅÊÒÐÎÌÅÒÐÛ ÄËß ÇÀÄÀ× ÔÈÇÈÊÈ ÍÈÇÊÈÕ

È ÏÐÎÌÅÆÓÒÎ×ÍÛÕ ÝÍÅÐÃÈÉ

Â.Ã.Ñàíäóêîâñêèé

Ëàáîðàòîðèÿ ÿäåðíûõ ïðîáëåì èì. Â.Ï.Äæåëåïîâà ÎÈßÈ

Ñîòðóäíè÷åñòâî ËßÏ ÎÈßÈ — ÈßÔ èì. Ã.Íåâîäíè÷àíñêîãî (Êðàêîâ) â îáëàñòè

ñîâåðøåíñòâîâàíèÿ ìåòîäèêè ñîçäàíèÿ íåñòàíäàðòíûõ òèïîâ ãåðìàíèåâûõ

äåòåêòîðîâ ÷àñòèö:

� øèðîêîàïåðòóðíûõ ïëàíàðíûõ HPGe-äåòåêòîðîâ;

� ñåêöèîíèðîâàííûõ êîàêñèàëüíûõ HPGe-äåòåêòîðîâ;

� HPGe-äåòåêòîðîâ äëÿ ñâåðõíèçêèõ òåìïåðàòóð

Ñîòðóäíè÷åñòâî Ëàáîðàòîðèè ÿäåðíûõ ïðîáëåì ñ íàó÷íûìè öåíòðàìè

Ðåñïóáëèêè Ïîëüøà â îáëàñòè òåõíîëîãèè èçãîòîâëåíèÿ ïîëóïðîâîäíèêîâûõ

äåòåêòîðîâ ÿäåðíûõ èçëó÷åíèé è ñîçäàíèÿ ðàçëè÷íûõ ñïåêòðîìåòðîâ íà èõ îñíîâå

èìååò äàâíèå òðàäèöèè. Áîëåå òðèäöàòè ëåò âåäóòñÿ ðàçðàáîòêè ðàçëè÷íûõ òèïîâ

ñïåêòðîìåòðè÷åñêèõ ñèñòåì è îòäåëüíûõ äåòåêòîðîâ ÷àñòèö èç êðåìíèÿ è

ãåðìàíèÿ ñîâìåñòíî ñî ñïåöèàëèñòàìè èç Ñâåðêà, Ëþáëèíà, Êðàêîâà, Âðîöëàâà.

Â ïîñëåäíèå 5–7 ëåò íàèáîëåå ðåçóëüòàòèâíî ðàçâèâàåòñÿ ñîòðóäíè÷åñòâî ñ

ÈßÔ (Êðàêîâ) ïî ñîçäàíèþ ñïåöèàëüíûõ HPGe-äåòåêòîðîâ. Ýòè ðàáîòû íàøëè

ñâîå îòðàæåíèå â ñëåäóþùèõ ýêñïåðèìåíòàëüíûõ ïðîãðàììàõ, áàçèðóþùèõñÿ íà

ìíîãîêðèñòàëüíîé êîíöåïöèè ñïåêòðîìåòðîâ.

1. Ìíîãîêðèñòàëüíûé ñïåêòðîìåòð ÒGV (Telescope Germanium Vertical)

ïðåäíàçíà÷åí äëÿ ïîèñêà î÷åíü ðåäêîãî ïðîöåññà — äâîéíîãî áåòà-ðàñïàäà.

Ñõåìà 16-äåòåêòîðíîé êîíôèãóðàöèè ñïåêòðîìåòðà, êîòîðûé ðàñïîëîæåí â ïîä-

çåìíîé ëàáîðàòîðèè Ìîäàí (Ôðàíöèÿ), ïîêàçàíà íà ðèñ. 1. Àêòèâíàÿ ïëîùàäü

îòäåëüíîãî HPGe-äåòåêòîðà 12 ñì2. Â

íàñòîÿùåå âðåìÿ èäåò ïîäãîòîâêà ê

çàïóñêó ñëåäóþùåé ìîäèôèêàöèè

ñïåêòðîìåòðà — TGV-2, â ñîñòàâ

êîòîðîãî âîéäóò 32 ïëàíàðíûõ

HPGe-äåòåêòîðà ñ àêòèâíîé ïëî-

ùàäüþ 20 ñì2 êàæäûé. Äåòåêòîðû

áûëè èçãîòîâëåíû â ÈßÔ (Êðàêîâ) ïî

êîíòðàêòó â ñ÷åò âçíîñîâ Ïîëüøè â

ÎÈßÈ. Ðàáîòà ïî ñîçäàíèþ äåòåê-

òîðîâ è èõ òåñòèðîâàíèþ çàíÿëà

÷åòûðå ãîäà.

109

Ðèñ.1.



2. Ìàëîóãëîâîé ñïåêòðîìåòð èçìåðèòåëüíîãî êîìïëåêñà CELSIUS–WASA

(Óïïñàëà, Øâåöèÿ), ñîçäàííûé íà îñíîâå äåòåêòîðîâ èç ãåðìàíèÿ, ïðåäíàçíà÷åí

äëÿ èññëåäîâàíèé äâóõ÷àñòè÷íûõ ÿäåðíûõ ðåàêöèé íà âíóòðåííèõ ìèøåíÿõ

íàêîïèòåëüíîãî êîëüöà CELSIUS. Ñî÷åòàíèå ìíîãîñëîéíîãî ïîëóïðîâîäíè-

êîâîãî òåëåñêîïà è ìàãíèòíîé ñèñòåìû íàêîïèòåëüíîãî êîëüöà îáåñïå÷èâàåò

õîðîøèå âîçìîæíîñòè äëÿ èññëåäîâàíèÿ ïðîöåññîâ ñ âûëåòîì ÷àñòèö ïîä ìàëûìè

óãëàìè (ìå÷åíèå ðåàêöèé π η, -ðîæäåíèÿ â ýêñïåðèìåíòàõ ïî èçó÷åíèþ ìîä

ðàñïàäîâ ìåçîíîâ, ïîèñê ãëóáîêîëåæàùèõ ñîñòîÿíèé ïèîííûõ àòîìîâ òÿæåëûõ

ýëåìåíòîâ â (d, Íå)-ðåàêöèè è ò.ï.). Ñõåìà ñïåêòðîìåòðà ïîêàçàíà íà ðèñ. 2.

Ïîëüñêèå ñïåöèàëèñòû îêàçàëè ïîìîùü â ñîçäàíèè òîíêèõ ïåðåäíèõ âõîäíûõ

îêîí íà HPGe-äåòåêòîðàõ.
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Ðèñ.2. Ìàëîóãëîâîé ñïåêòðîìåòð êîìïëåêñà CELSIUS–WASA (Óïïñàëà, Øâåöèÿ): 1 —

ïîëóïðîâîäíèêîâûé òåëåñêîï, 2 — ïîâîðîòíûå ìàãíèòû, 3 — èîíîïðîâîä, 4 — êðèîñòàò, 5 —

ñèëüôîí, 6 — ñèñòåìà ïåðåìåùåíèÿ, 7 — Si ñòðèïîâûå äåòåêòîðû, 8 — HPGe-äåòåêòîðû



3. Ïðîãðàììà EDELWEISS. Ñîòðóäíè÷åñòâî ËßÏ ÎÈßÈ ñ ðÿäîì íàó÷íûõ

öåíòðîâ Ôðàíöèè ïî ïðîãðàììå EDELWEISS íàïðàâëåíî íà ñîçäàíèå

íèçêîôîíîâîãî ïîëóïðîâîäíèêîâîãî áîëîìåòðà, ðàáîòàþùåãî â äâîéíîé ìîäå

(òåïëîâîé è èîíèçàöèîííîé). Íàçíà÷åíèå óñòàíîâêè EDELWEISS — ïîèñê

ãèïîòåòè÷åñêèõ òÿæåëûõ íåéòðàëüíûõ ÷àñòèö (WIMPs), âîçìîæíî îòâåòñòâåííûõ

çà äåôèöèò ìàòåðèè âî Âñåëåííîé. Óñòàíîâêà ðàñïîëîæåíà â ïîäçåìíîé

ëàáîðàòîðèè â Ìîäàíå. Â ðàìêàõ ýòîãî ñîòðóäíè÷åñòâà â ËßÏ ïðîâåäåíî

èññëåäîâàíèå ïîâåäåíèÿ õàðàêòåðèñòèê ðàçëè÷íûõ äåòåêòîðîâ èç êðåìíèÿ è

ãåðìàíèÿ â óñëîâèÿõ ñâåðõíèçêèõ òåìïåðàòóð. Äåòåêòîðû èç HPGe ïîêàçàëè, â

÷àñòíîñòè, ñïîñîáíîñòü íå òåðÿòü ñïåêòðîìåòðè÷åñêèå ñâîéñòâà âïëîòü äî

òåìïåðàòóðû 1 Ê.

4. Ïðîåêò MAJORANA. Ãîä íàçàä áîëüøàÿ êîëëàáîðàöèÿ, âîçãëàâëÿåìàÿ

Óíèâåðñèòåòîì Äþêà (Ñåâåðíàÿ Êàðîëèíà, ÑØÀ), ïðåäëîæèëà ïðîåêò

MAJORANA, íàïðàâëåííûé íà ïîèñê áåçíåéòðèííîãî áåòà-ðàñïàäà ñ ïîìîùüþ

500-êã ñåãìåíòèðîâàííûõ äåòåêòîðîâ èç îáîãàùåííîãî Ge-76. Ïðåäïîëàãàåòñÿ,

÷òî ïðîåêò MAJORANA áóäåò èìåòü â 100 ðàç áîëüøóþ ÷óâñòâèòåëüíîñòü ïî

ñðàâíåíèþ ñ ñóùåñòâóþùèìè â íàñòîÿùåå âðåìÿ ýêñïåðèìåíòàìè è ñìîæåò

îòâåòèòü íà âîïðîñ î ïðèðîäå íåéòðèíî (ìàéîðàíîâñêàÿ èëè äèðàêîâñêàÿ ÷àñòèöà).

Íà ïåðâîé ñòàäèè ïðåäïîëàãàåòñÿ èìåòü îäèí ñåãìåíòèðîâàííûé êðèñòàëë Ge-76,

îêðóæåííûé 13 êîàêñèàëüíûìè äåòåêòîðàìè èç îáû÷íîãî HPGe. Íà ýòîé ñòàäèè

áóäåò âåñòèñü ïîèñê 2νββ-ðàñïàäà. Â îêîí÷àòåëüíîé ñòàäèè óñòàíîâêà áóäåò

âêëþ÷àòü â ñåáÿ 210 ñåãìåíòèðîâàííûõ äåòåêòîðîâ èç Ge-76. Â ðàìêàõ ýòîãî

ñîòðóäíè÷åñòâà ìû ïëàíèðóåì ñîçäàíèå ñîâìåñòíî ñ êîëëåãàìè èç ÈßÔ (Êðàêîâ)

ïðîòîòèïà ñåãìåíòèðîâàííîãî äåòåêòîðà èç îáû÷íîãî ãåðìàíèÿ äëÿ äåòàëüíîãî

èññëåäîâàíèÿ åãî ñïåêòðîìåòðè÷åñêèõ õàðàêòåðèñòèê.
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ÏÐÎÃÐÀÌÌÀ «ÁÎÃÎËÞÁÎÂ–ÈÍÔÅËÜÄ»

(Ïðîãðàììà ñîòðóäíè÷åñòâà ñ íàó÷íûìè öåíòðàìè

Ïîëüøè â îáëàñòè òåîðåòè÷åñêîé ôèçèêè)

Â.Â.Âîðîíîâ, Â.È.Æóðàâëåâ

Ëàáîðàòîðèÿ òåîðåòè÷åñêîé ôèçèêè èì. Í.Í.Áîãîëþáîâà ÎÈßÈ

Íà÷íåì ñ êðàòêîé èíôîðìàöèè î ëàáîðàòîðèè. Ñåãîäíÿ Ëàáîðàòîðèÿ òåîðåòè-

÷åñêîé ôèçèêè èì. Í.Í. Áîãîëþáîâà — ìåæäóíàðîäíûé ìíîãîïðîôèëüíûé öåíòð

òåîðåòè÷åñêîé ôèçèêè. Íàó÷íûé ïåðñîíàë ëàáîðàòîðèè — îêîëî 160 ÷åëîâåê,

ïðèìåðíî ïîëîâèíà èç êîòîðûõ ðàáîòàåò ïî êîíòðàêòó. Ïîìèìî ðîññèéñêèõ ó÷å-

íûõ â ËÒÔ ðàáîòàþò ïðåäñòàâèòåëè Àðìåíèè (3), Àðãåíòèíû (1), Áåëîðóññèè (2),

Áîëãàðèè (3), Ãåðìàíèè (4), Ãðóçèè (3), Êàçàõñòàíà (2), Ìåêñèêè (1), Ìîëäàâèè (3),

Ìîíãîëèè (2), Ïîëüøè (2), Ñëîâàêèè (2), Óçáåêèñòàíà (1), Óêðàèíû (2). Èññëåäî-

âàíèÿ âåäóòñÿ ïî òðåì íàïðàâëåíèÿì (òåìàì):

1. Ïîëÿ è ÷àñòèöû (ðóêîâîäèòåëè òåìû À.Ò.Ôèëèïïîâ, Ä.È.Êàçàêîâ,

À.Ï.Èñàåâ):

• êâàíòîâûå ñèììåòðèè, èíòåãðèðóåìûå ìîäåëè, ñóïåðñèììåòðèè ñ ïðèëîæå-

íèÿìè ê ñòðóíàì, ãðàâèòàöèè è êîñìîëîãèè;

• íåïåðòóðáàòèâíûå ïîäõîäû â êàëèáðîâî÷íûõ òåîðèÿõ;

• ñòàíäàðòíàÿ ìîäåëü è åå ðàñøèðåíèÿ;

• êâàíòîâàÿ õðîìîäèíàìèêà: ñïèíîâûå ýôôåêòû, ïðàâèëà ñóìì, ñòðóêòóðà âà-

êóóìà;

• êâàðêîâûå ìîäåëè àäðîíîâ.

2. Òåîðèÿ àòîìíîãî ÿäðà è äðóãèõ êîíå÷íûõ ñèñòåì (ðóêîâîäèòåëè òåìû

Â.Â.Âîðîíîâ, Ð.Â.Äæîëîñ):

• ñòðóêòóðà ÿäðà â ýêñòðåìàëüíûõ óñëîâèÿõ;

• äèíàìèêà è ñòðóêòóðíûå ýôôåêòû â ÿäåðíûõ è ìåçîñêîïè÷åñêèõ ñèñòåìàõ;

• ôèçèêà ìàëî÷àñòè÷íûõ ñèñòåì;

• ðåëÿòèâèñòñêàÿ ÿäåðíàÿ äèíàìèêà.

3. Òåîðèÿ êîíäåíñèðîâàííûõ ñðåä (ðóêîâîäèòåëè òåìû Í.Ì.Ïëàêèäà, Â.Á.Ïðè-

åçæåâ):

• ñèëüíî êîððåëèðîâàííûå ñèñòåìû;

• äèíàìè÷åñêèå ñèñòåìû: õàîñ, èíòåãðèðóåìîñòü, ñàìîîðãàíèçàöèÿ;

• íåóïîðÿäî÷åííûå ñòðóêòóðû: ñòåêëà, òîïîëîãè÷åñêèå äåôåêòû, íàíîñòðóê-

òóðû è äæîçåôñîíîâñêèå êîíòàêòû;

• ìåçîñêîïè÷åñêèå è êîãåðåíòíûå ÿâëåíèÿ â êâàíòîâûõ ñèñòåìàõ.
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Êîìïüþòåðíûé öåíòð ëàáîðàòîðèè âêëþ÷àåò ïàðê ñåðâåðîâ è ïåðñîíàëüíûõ

êîìïüþòåðîâ, îáúåäèíåííûõ â ëîêàëüíóþ ñåòü. Â ëàáîðàòîðèè åæåãîäíî ïðîâî-

äèòñÿ îêîëî 10 êîíôåðåíöèé, øêîë, ñîâåùàíèé.

Âàæíàÿ ÷àñòü äåÿòåëüíîñòè ëàáîðàòîðèè ñâÿçàíà ñ ñîòðóäíè÷åñòâîì ñ íàó÷íû-

ìè öåíòðàìè ñòðàí-ó÷àñòíèö è äðóãèõ ñòðàí. Ïîìèìî ó÷àñòèÿ â îáùåèíñòèòóò-

ñêèõ ñîãëàøåíèÿõ ëàáîðàòîðèåé çàêëþ÷åíû ñëåäóþùèå ñïåöèàëüíûå ñîãëàøåíèÿ

î ñîòðóäíè÷åñòâå â îáëàñòè òåîðåòè÷åñêîé ôèçèêè:

• ËÒÔ–ICTP (1988);

• ËÒÔ–Ãåðìàíèÿ (1991)

Ïðîãðàììà «Ãåéçåíáåðã–Ëàíäàó»;

• ËÒÔ–INFN (1995);

• ËÒÔ–CERN TH (1995);

• ËÒÔ–Ïîëüøà (äåêàáðü 1998 ã.)

Ïðîãðàììà «Áîãîëþáîâ–Èíôåëüä»;

• ËÒÔ–×åõèÿ (äåêàáðü 1999 ã.)

Ïðîãðàììà «Áëîõèíöåâ–Âîòðóáà».

Ïîëüøà ñûãðàëà áîëüøóþ ðîëü â ñîçäàíèè ÎÈßÈ è Ëàáîðàòîðèè òåîðåòè÷å-

ñêîé ôèçèêè. Â ñîñòàâå ïåðâîãî Ó÷åíîãî ñîâåòà ÎÈßÈ áûë âûäàþùèéñÿ ïîëüñêèé

òåîðåòèê Ëåîïîëüä Èíôåëüä, à â ñîñòàâ ïåðâîãî Ó÷åíîãî ñîâåòà ËÒÔ, óòâåðæäåí-

íûé 26 ñåíòÿáðÿ 1956 ã., âîøëè ïîëüñêèå òåîðåòèêè ßí Æåâóñêèé è Åæè Ïëåáàí-

ñêèé. Îäíèìè èç ïåðâûõ ñîòðóäíèêîâ ëàáîðàòîðèè èç ñòðàí-ó÷àñòíèö áûëè

ïîëüñêèå òåîðåòèêè ßíóø Äîìáðîâñêèé, Ãåîðãèé Ñàâèöêèé, ßí Æåâóñêèé.

Ïîëüñêèå òåîðåòèêè âíåñëè çíà÷èòåëüíûé âêëàä â íàó÷íóþ ïðîãðàììó ëàáî-

ðàòîðèè. Ïðèçíàíèåì ýòîãî áûëî ïðîâåäåíèå âûåçäíîé ñåññèè ñåêöèè Ó÷åíîãî ñî-

âåòà ÎÈßÈ ïî òåîðåòè÷åñêîé ôèçèêå â Êðàêîâå 16–20 ìàÿ 1988 ã.

Â íà÷àëå 90-õ ãîäîâ òðóäíîñòè, ïåðåæèâàåìûå íàøèìè ñòðàíàìè, ïðèâåëè ê

çàìåòíîìó ñîêðàùåíèþ ñîòðóäíè÷åñòâà ëàáîðàòîðèè ñî ñòðàíàìè-ó÷àñòíèöàìè, â

òîì ÷èñëå è ñ Ïîëüøåé. Ïåðåëîì íàñòóïèë â êîíöå 1998 ã., êîãäà ïî ïðåäëîæåíèþ

ïðîôåññîðà À. Õðûíêåâè÷à áûëà óòâåðæäåíà ïðîãðàììà öåëåâîãî èñïîëüçîâàíèÿ

ïîëüñêîãî âçíîñà â ðàìêàõ ñðåäñòâ ïî ãðàíòó Ïîëíîìî÷íîãî Ïðåäñòàâèòåëÿ Ðåñïó-

áëèêè Ïîëüøà â ÎÈßÈ. Â îáëàñòè ñîòðóäíè÷åñòâà ïî òåîðåòè÷åñêîé ôèçèêå ýòà

ïðîãðàììà ïîëó÷èëà íàçâàíèå «Ïðîãðàììà Áîãîëþáîâ–Èíôåëüä». Çà ïîñëåäíèå

äâà ãîäà çíà÷èòåëüíî óâåëè÷èëîñü ÷èñëî êîìàíäèðîâîê ñîòðóäíèêîâ ËÒÔ â Ïîëü-

øó è ïîëüñêèõ òåîðåòèêîâ â Äóáíó.

Êîìàíäèðîâêè 1996 1997 1998 1999 2000

Â Ïîëüøó 13 11 13 35 21

Èç Ïîëüøè

(áåç êîíôåðåíöèé) 2 5 3 13 12
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Â 1999–2000 ãã. ïîëüñêèå òåîðåòèêè ó÷àñòâîâàëè â êîíôåðåíöèÿõ è ðàáî÷èõ

ñîâåùàíèÿõ, îðãàíèçîâàííûõ ËÒÔ:

• ðàáî÷åì ñîâåùàíèè «Êîëëåêòèâíûå ìåòîäû â ÿäðàõ è äðóãèõ ìåçîñêîïè÷å-

ñêèõ ñèñòåìàõ» (14–24 èþíÿ 1999 ã., Äóáíà);

• ðàáî÷åì ñîâåùàíèè «Ñóïåðñèììåòðèè è êâàíòîâûå ñèììåòðèè»

(27–31 èþëÿ 1999 ã., Äóáíà);

• Áîãîëþáîâñêîé êîíôåðåíöèè «Ïðîáëåìû òåîðåòè÷åñêîé è ìàòåìàòè÷åñêîé

ôèçèêè» (27 ñåíòÿáðÿ – 6 îêòÿáðÿ 1999 ã., Ìîñêâà, Äóáíà, Êèåâ);

• ìåæäóíàðîäíîé êîíôåðåíöèè «Ñòðóêòóðà ÿäðà è ñâÿçàííûå âîïðîñû»

(6–10 èþíÿ 2000 ã., Äóáíà);

• ðàáî÷åì ñîâåùàíèè «Àíàëèòè÷åñêèå âû÷èñëåíèÿ äëÿ ñîâðåìåííûõ è áóäó-

ùèõ êîëëàéäåðîâ» (9–23 èþëÿ 2000 ã., Äóáíà);

• XXIII Ìåæäóíàðîäíîì êîëëîêâèóìå ïî òåîðåòèêî-ãðóïïîâûì ìåòîäàì â ôè-

çèêå (31 èþëÿ – 5 àâãóñòà 2000 ã., Äóáíà);

• ðàáî÷åì ñîâåùàíèè «Àêòóàëüíûå ïðîáëåìû â àñòðîôèçèêå» (22–26 àâãóñòà

2000 ã., Äóáíà).

Ñîòðóäíèêè ËÒÔ çà ïîñëåäíèå äâà ãîäà òàêæå ó÷àñòâîâàëè â ðÿäå êîíôåðåí-

öèé è ñîâåùàíèé, ïðîõîäèâøèõ â Ïîëüøå:

• XXXV çèìíåé øêîëå ïî òåîðåòè÷åñêîé ôèçèêå (2–12 ôåâðàëÿ 1999 ã., Ïîëà-

íèöà);

• XIV Áîðíîâñêîì ñèìïîçèóìå «Íîâûå ñèììåòðèè è èíòåãðèðóåìûå ñèñòå-

ìû» (21–24 ñåíòÿáðÿ 1999 ã., Êàðïà÷);

• 7-ì Ìåæäóíàðîäíîì ñåìèíàðå ïî èññëåäîâàíèþ êîíäåíñèðîâàííûõ ñðåä ñ

ïîìîùüþ ðàññåÿíèÿ íåéòðîíîâ (11–13 ìàÿ 2000 ã., Ïîçíàíü);

• ìåæäóíàðîäíîé êîíôåðåíöèè «Ìåçîí-2000» (19–23 ìàÿ 2000 ã., Êðàêîâ);

• 6-é Ìåæäóíàðîäíîé ëåòíåé øêîëå ïî òåîðåòè÷åñêîé ôèçèêå (30 àâãóñòà –

6 ñåíòÿáðÿ 2000 ã., Æåøóâ);

• 2-ì ðàáî÷åì ñîâåùàíèè ïî âûõîäó çà ðàìêè êâàíòîâûõ òåîðèé (12–15 îêòÿ-

áðÿ 2000 ã., Êðàêîâ).

Íà åæåãîäíîì êîíêóðñå ÎÈßÈ âòîðàÿ ïðåìèÿ çà 1999 ãîä â îáëàñòè òåîðåòè-

÷åñêîé ôèçèêè ïðèñóæäåíà öèêëó èññëåäîâàíèé «Ïðåäñêàçàíèå ñóùåñòâîâàíèÿ

ñâåðõòÿæåëîãî äîëãîæèâóùåãî ÿäðà ñ çàðÿäîì Z = 114 è îñòðîâà ñòàáèëüíîñòè»,

àâòîðû: Ô.À. Ãàðååâ (ËÒÔ, ÎÈßÈ), Á.Í. Êàëèíêèí (ËÒÔ, ÎÈßÈ), À. Ñîáè÷åâñêèé

(ÈßÏ, Âàðøàâà).

Çà ïðîøåäøèé ãîä ñ ïîëüñêèìè òåîðåòèêàìè îïóáëèêîâàíî 10 ñîâìåñòíûõ ðà-

áîò, íåñêîëüêî ïóáëèêàöèé ãîòîâÿòñÿ ê ïå÷àòè. Îòìåòèì áîëüøîé îáçîð, îïóáëè-

êîâàííûé â æóðíàëå Ý×Àß (2000, òîì 31, âûï.4): Â.È. Íàâðîöêà (ÈÒÔ,

Óíèâåðñèòåò, Âðîöëàâ), Ð.Ã. Íàçìèòäèíîâ (ËÒÔ, ÎÈßÈ) «Íåêîòîðûå àñïåêòû

ïàðíûõ êîððåëÿöèé â êîíå÷íûõ ôåðìè-ñèñòåìàõ». Â îáçîðå ïîäâåäåí èòîã ìíîãî-

ëåòíèõ ñîâìåñòíûõ èññëåäîâàíèé ýôôåêòîâ ïàðíûõ êîððåëÿöèé ñâåðõïðîâîäÿùå-

ãî òèïà âî âðàùàþùèõñÿ ÿäðàõ è ìåòàëëè÷åñêèõ çåðíàõ.
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Â òå÷åíèå ïîñëåäíèõ äâóõ ëåò ìû ðåãóëÿðíî ïðèíèìàåì ïîëüñêèõ ñòóäåíòîâ, è

íà òàêèõ âñòðå÷àõ âûñòóïàþò âåäóùèå ñîòðóäíèêè ËÒÔ.

Â ýòîì ãîäó â Ïîëüøå áóäåò ïðîõîäèòü ðàáî÷åå ñîâåùàíèå «Ñóïåðñèììåòðèè

è êâàíòîâûå ñèììåòðèè» (17–22 ñåíòÿáðÿ, Êàðïà÷), îðãàíèçóåìîå ñîâìåñòíî ËÒÔ

è Èíñòèòóòîì òåîðåòè÷åñêîé ôèçèêè (Âðîöëàâ). Íà XXXVII çèìíþþ øêîëó ïî òå-

îðåòè÷åñêîé ôèçèêå (6–15 ôåâðàëÿ, Êàðïà÷) ïðèãëàøåíû â êà÷åñòâå ëåêòîðîâ òðè

ñîòðóäíèêà ËÒÔ.

Ïðîãðàììà «Áîãîëþáîâ–Èíôåëüä» äåéñòâóåò äâà ãîäà, è íàì ïðåäñòàâëÿåòñÿ,

÷òî îíà åùå íå â ïîëíîé ìåðå ðåàëèçîâàëà òâîð÷åñêèé ïîòåíöèàë ËÒÔ è ïîëüñêèõ

ó÷åíûõ. Íåîáõîäèìî áîëüøå èíôîðìèðîâàòü î ïðîãðàììå ïîëüñêèõ òåîðåòèêîâ.

Ñ ýòîé öåëüþ â ïðîøëîì ãîäó ñ âèçèòîì â Ïîëüøå áûëè äèðåêòîð ËÒÔ ïðîôåññîð

À.Ò. Ôèëèïïîâ è ðóêîâîäèòåëü òåìû «Òåîðèÿ êîíäåíñèðîâàííûõ ñðåä» ïðîôåñ-

ñîð Í.Ì. Ïëàêèäà. Â îðãàíèçàöèîííîì ïëàíå ìîæåò áûòü ïîëåçåí îïûò ïðîãðàì-

ìû «Ãåéçåíáåðã–Ëàíäàó».
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ÏÐÎÅÊÒ ÍÎÂÎÃÎ ÍÅÉÒÐÎÍÍÎÃÎ ÈÑÒÎ×ÍÈÊÀ ÎÈßÈ
ÄËß ÈÑÑËÅÄÎÂÀÍÈÉ ÏÎ ÔÓÍÄÀÌÅÍÒÀËÜÍÎÉ

È ÏÐÈÊËÀÄÍÎÉ ßÄÅÐÍÎÉ ÔÈÇÈÊÅ
È ÏÅÐÑÏÅÊÒÈÂÛ ÑÎÒÐÓÄÍÈ×ÅÑÒÂÀ

Ñ ÏÎËÜÑÊÈÌÈ ÍÀÓ×ÍÛÌÈ ÖÅÍÒÐÀÌÈ

Â.È.Ôóðìàí

Ëàáîðàòîðèÿ íåéòðîííîé ôèçèêè èì. È.Ì.Ôðàíêà ÎÈßÈ

1. Ââåäåíèå

Ñîçäàííàÿ â ËÍÔ íàó÷íàÿ øêîëà ïî íåéòðîííîé ÿäåðíîé ôèçèêå äîáèëàñü

îáùåïðèçíàííûõ ðåçóëüòàòîâ â èññëåäîâàíèè ñâîéñòâ íåéòðîíà êàê ýëåìåíòàðíîé

÷àñòèöû, ýôôåêòîâ íàðóøåíèÿ ñèììåòðèè ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé

íåéòðîíîâ ñ ÿäðàìè, ñòðóêòóðû âîçáóæäåííûõ êîìïàóíä-ñîñòîÿíèé òÿæåëûõ

ÿäåð, îáðàçîâàííûõ ïîñëå çàõâàòà ðåçîíàíñíûõ íåéòðîíîâ, à òàêæå ìåõàíèçìîâ

ÿäåðíîãî äåëåíèÿ è àëüôà-, ãàììà- è ïðîòîííîãî ðàñïàäà ýòèõ ñîñòîÿíèé.

Íàó÷íàÿ ïðîãðàììà, ðåàëèçîâàííàÿ ñ àêòèâíûì ó÷àñòèåì ñïåöèàëèñòîâ èç

ïîëüñêèõ íàó÷íûõ öåíòðîâ íà ñóùåñòâóþùåì èñòî÷íèêå ÈÁÐ-30, êîòîðûé

ïëàíèðóåòñÿ çàêðûòü â èþíå 2001 ã. â ñîîòâåòñòâèè ñ ïëàíîì-ãðàôèêîì ñîçäàíèÿ

íîâîãî èñòî÷íèêà ðåçîíàíñíûõ íåéòðîíîâ (ÈÐÅÍ) ÎÈßÈ, îòâå÷àëà ñîâðåìåííîìó

ìèðîâîìó óðîâíþ. Ïî ðåçóëüòàòàì ðàáîò íà ÈÁÐ-30 ïóáëèêîâàëîñü ïî 30–40

ñòàòåé â ãîä â ðåôåðèðóåìûõ æóðíàëàõ, òàêèõ êàê «ßäåðíàÿ ôèçèêà», «Nucl.

Phys.», «Phys. Rev.», NIM è äð. (Ñì. ïîäðîáíåå ãîäîâûå îò÷åòû ËÍÔ çà ýòè ãîäû.)

Ðÿä ðåçóëüòàòîâ áûë ïðåäñòàâëåí â ïðèãëàøåííûõ äîêëàäàõ íà ìåæäóíàðîäíûõ

êîíôåðåíöèÿõ.

Ïîëüçîâàòåëè èç ðÿäà íàó÷íûõ öåíòðîâ Ïîëüøè àêòèâíî ðàáîòàëè íà ïó÷êàõ

ÈÁÐ-30 è ïî ðåçóëüòàòàì èññëåäîâàíèé çàùèòèëè äåñÿòêè êàíäèäàòñêèõ è äîêòîð-

ñêèõ äèññåðòàöèé. Êîíêóðåíòîñïîñîáíûå íà åâðîïåéñêîì óðîâíå ïàðàìåòðû íî-

âîãî èñòî÷íèêà äîëæíû ïðèâëå÷ü ìîëîäûõ è îïûòíûõ èññëåäîâàòåëåé èç ñòðàí-

ó÷àñòíèö è íåó÷àñòíèö ÎÈßÈ, â òîì ÷èñëå, êîíå÷íî, èç Ïîëüøè.

Êîíöåïöèÿ íîâîãî èñòî÷íèêà ÿâëÿåòñÿ ïðÿìûì ðàçâèòèåì èäåè áóñòåðà

ËÓÝ-40 + ÈÁÐ-30. Óñòàíîâêà ÈÐÅÍ ñîñòîèò èç ñîâðåìåííîãî ýëåêòðîííîãî ëè-

íåéíîãî óñêîðèòåëÿ íà 200 ÌýÂ ñ äëèòåëüíîñòüþ ýëåêòðîííîãî èìïóëüñà 250 íñ,

÷àñòîòîé 150 Ãö è ìîùíîñòüþ ýëåêòðîííîãî ïó÷êà íå ìåíåå 10 êÂò, êîòîðûé èí-

æåêòèðóåò ïó÷îê ýëåêòðîíîâ â öåíòð áûñòðîé ïîäêðèòè÷åñêîé ïëóòîíèåâîé ñáîð-

êè îðèãèíàëüíîé êîíñòðóêöèè ñ êîýôôèöèåíòîì ðàçìíîæåíèÿ îêîëî 30, ÷òî

116



ïîçâîëÿåò ïîëó÷èòü èìïóëüñ áûñòðûõ íåéòðîíîâ ïðîäîëæèòåëüíîñòüþ 400 íñ ñî

ñðåäíåé èíòåíñèâíîñòüþ 1015 ñ–1.

Â ïðîåêò ÈÐÅÍ çàëîæåíî óëó÷øåíèå ðàçðåøåíèÿ íåéòðîííîãî ñïåêòðîìåòðà

íà ïîðÿäîê ïðè óâåëè÷åíèè èíòåíñèâíîñòè â äâà ðàçà.

Äîñòèæåíèå óêàçàííûõ ïàðàìåòðîâ ñäåëàåò ÎÈßÈ îáëàäàòåëåì ñîâðåìåí-

íîãî íåéòðîííîãî èñòî÷íèêà äëÿ ÿäåðíîé ôèçèêè, óñòóïàþùåãî èç ñóùåñòâóþùèõ

òîëüêî ëó÷øåìó â ìèðå èñòî÷íèêó LANSCE â Ëîñ-Àëàìîñå (ñì. òàáëèöó).

Íå âõîäÿ â äåòàëè, çäåñü óìåñòíî îòìåòèòü, ÷òî ïðîåêò ÈÐÅÍ áûë îïòèìè-

çèðîâàí ïî ñòîèìîñòè ñîîðóæåíèÿ è ýêñïëóàòàöèè ñ ðåàëüíûìè âîçìîæíîñòÿìè

ÎÈßÈ, à èìåííî: ñóùåñòâóþùèå çäàíèÿ óñòàíîâêè ËÓÝ-40 + ÈÁÐ-30, ýêñïåðè-

ìåíòàëüíîãî çàëà è ïó÷êîâàÿ èíôðàñòðóêòóðà ñ èçìåðèòåëüíûìè ïàâèëüîíàìè

áóäóò èñïîëüçîâàíû ïðè ñîçäàíèè è â ðàáîòå íà ýêñïåðèìåíò íîâîãî èñòî÷íèêà.

Ïðèìåíåíèå ðàçìíîæàþùåé ìèøåíè ñóùåñòâåííî ñíèæàåò ýíåðãîçàòðàòû ïðè

ýêñïëóàòàöèè èñòî÷íèêà ïî ñðàâíåíèþ ñ äðóãèìè èñòî÷íèêàìè íåéòðîíîâ ñ

áëèçêîé èíòåíñèâíîñòüþ.

Cïåêòðîìåòð I
n

,1015 1c−
C ,107 τ, íñ

∆t (100 ýÂ),
íñ

ÔÀÊÅË (ÐÍÖ ÊÈ, Ðîññèÿ) 0,003 0,03 50 200

ORELA (Oê-Ðèäæ, ÑØÀ) 0,13 1,5 30 180

GELINA (IRMM, Áåëüãèÿ) 0,05 0,6 1 160

ËÓÝ-40/ÈÁÐ-30 (Äóáíà) 0,5 6 4300 4500

LANSCE (Ëîñ-Àëàìîñ, ÑØÀ) 10 40 150 300

CERN n_TOF 0,4 5 40 200

ÈÐÅÍ (Äóáíà, ïðîåêò) 0,9 9 400 430

Ïðèìå÷àíèå. Çäåñü τ — ïðîäîëæèòåëüíîñòü íåéòðîííîé âñïûøêè ïî áûñòðûì íåéòðîíàì,∆t —

ðåàëüíàÿ äëèòåëüíîñòü íåéòðîííîãî èìïóëüñà ïðè E
n
=100 ýÂ ïîñëå çàìåäëåíèÿ, âåëè÷èíà Ñ îïðå-

äåëåíà ñîîòíîøåíèåì φ( ) /E C E L
n n
= ⋅ 2, ãäå φ( )E

n
— ïîòîê íåéòðîíîâ ñ ýíåðãèåé Ån íà îáðàçöå â

1 ñì2, ðàñïîëîæåííîì íà ðàññòîÿíèè L ìåòðîâ îò èñòî÷íèêà, I
n

— ïîëíûé âûõîä íåéòðîíîâ â

ñåêóíäó.

2. Íàó÷íàÿ ïðîãðàììà èññëåäîâàíèé íà ÈÐÅÍ

Áëàãîäàðÿ âûñîêîé èíòåíñèâíîñòè è ðåêîðäíîìó äëÿ ñòðàí-ó÷àñòíèö ÎÈßÈ

ýíåðãåòè÷åñêîìó ðàçðåøåíèþ óñòàíîâêà ÈÐÅÍ ïðåäîñòàâëÿåò êîíêóðåíòîñïî-

ñîáíûå âîçìîæíîñòè äëÿ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé â îáëàñòè ôóíäàìåí-

òàëüíîé è ïðèêëàäíîé ÿäåðíîé ôèçèêè.

Íàëè÷èå ñëîæèâøåéñÿ â ÎÈßÈ íàó÷íîé øêîëû è ýêñïåðèìåíòàëüíîé áàçû

äëÿ íåéòðîííîé ÿäåðíîé ôèçèêè ïîçâîëÿåò âêëþ÷èòü â ïðîãðàììó èññëåäîâàíèé

òàêèå òðóäíûå çàäà÷è, êàê ïîèñê ýôôåêòîâ, íàðóøàþùèõ âðåìåííóþ èíâàðèàíò-

íîñòü è ïðîñòðàíñòâåííóþ ÷åòíîñòü â ðåàêöèÿõ, âûçâàííûõ íåéòðîíàìè,
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äåòàëüíîå èññëåäîâàíèå íîâûõ, íåäàâíî îáíàðóæåííûõ â ýêñïåðèìåíòàõ íà

ÈÁÐ-30 ÿâëåíèé â ðàäèàöèîííîì çàõâàòå è äåëåíèè òÿæåëûõ ÿäåð. Ñîçäàíèå ÈÐÅÍ

îòêðûâàåò áîãàòûå âîçìîæíîñòè äëÿ ïîëó÷åíèÿ íîâûõ ÿäåðíûõ äàííûõ äëÿ

àñòðîôèçèêè, ðåàêòîðíîé òåõíèêè è òðàíñìóòàöèè ðàäèîàêòèâíûõ îòõîäîâ.

Ñóùåñòâóþùèå îðèãèíàëüíûå ìåòîäè÷åñêèå íàðàáîòêè ïîçâîëÿþò ïî-íîâîìó

ïîñòàâèòü èññëåäîâàíèÿ ýëåêòðîìàãíèòíûõ ñâîéñòâ íåéòðîíà — åãî ýëåêòðè-

÷åñêîé ïîëÿðèçóåìîñòè (óñòàíîâêà ÓÃÐÀ) è íåéòðîí-ýëåêòðîííîãî âçàèìîäåéñò-

âèÿ. Ïîñëåäíÿÿ çàäà÷à ïðåäïîëàãàåò èñïîëüçîâàíèå òåïëîâûõ íåéòðîíîâ ðåàêòîðà

ÈÁÐ-2 â äîïîëíåíèå ê äàííûì, ïîëó÷àåìûì íà ÈÐÅÍ â îáëàñòè ðåçîíàíñíûõ

íåéòðîíîâ.

Ïðåöèçèîííûå ýêñïåðèìåíòû ïî èçó÷åíèþ ìàëûõ (10–3–10–4) ýôôåêòîâ

íàðóøåíèÿ ñèììåòðèé ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé â ðåàêöèÿõ, âûçâàííûõ

ðåçîíàíñíûìè íåéòðîíàìè, òðåáóþò èñïîëüçîâàíèÿ ïó÷êîâ ïîëÿðèçîâàííûõ

íåéòðîíîâ è ïîëÿðèçîâàííûõ ÿäåðíûõ ìèøåíåé. Ýòà ýêñïåðèìåíòàëüíàÿ òåõíèêà,

òðàäèöèîííî èñïîëüçóåìàÿ â ËÍÔ, íàõîäèòñÿ â íàñòîÿùåå âðåìÿ â ñòàäèè

àêòèâíîãî ðàçâèòèÿ, íåîáõîäèìîãî äëÿ âûïîëíåíèÿ íàó÷íîé ïðîãðàììû íà ÈÐÅÍ.

Â ñîòðóäíè÷åñòâå ñ ÔÈÀÍ è ÈÒÝÔ ñîçäàþòñÿ è èñïûòûâàþòñÿ ãåëèåâûå

ïîëÿðèçàòîðû è íîâûå òèïû ïîëÿðèçîâàííûõ ÿäåðíûõ ìèøåíåé.

Ïî îðèãèíàëüíîé, ïðåäëîæåííîé â ËÍÔ ìåòîäèêå KATRIN èññëåäóþòñÿ

ýôôåêòû íàðóøåíèÿ âðåìåííîé èíâàðèàíòíîñòè â ïðîïóñêàíèè ïîëÿðèçîâàííûõ

íåéòðîíîâ ÷åðåç ïîëÿðèçîâàííóþ ãàçîâóþ ìèøåíü 131Õå. Íîâûå ñîåäèíåíèÿ

ëàíòàíà èñïûòûâàþòñÿ â êà÷åñòâå ïîëÿðèçîâàííîé ìèøåíè íà îñíîâå

ñâåðõïðîâîäÿùèõ ìàãíèòîâ.

Ìîäåðíèçèðîâàííóþ óñòàíîâêó ÏÎËßÍÀ ïðåäïîëàãàåòñÿ èñïîëüçîâàòü â

êîëëàáîðàöèè ñ ÏÈßÔ (Ãàò÷èíà) äëÿ èññëåäîâàíèÿ Ð-÷åòíûõ è Ð-íå÷åòíûõ

óãëîâûõ êîððåëÿöèé îñêîëêîâ äåëåíèÿ ðÿäà àêòèíèäîâ ñ öåëüþ âûÿñíåíèÿ

çàâèñèìîñòè îò ÷åòíîñòè âíåøíèõ áàðüåðîâ äåëåíèÿ è, ñëåäîâàòåëüíî, ñèììåòðèè

ôîðìû ãèïåðäåôîðìèðîâàííûõ ÿäåð â òî÷êå ðàçðûâà.

Â êîëëàáîðàöèè ñ ÔÝÈ (Îáíèíñê) íà íîâîì ìåòîäè÷åñêîì óðîâíå áóäóò

ïðîäîëæåíû èññëåäîâàíèÿ óãëîâîé àíèçîòðîïèè îñêîëêîâ äåëåíèÿ âûñòðîåííûõ

ïî ñïèíó ÿäåð-ìèøåíåé. Áóäåò èçó÷àòüñÿ àíèçîòðîïèÿ, ñâÿçàííàÿ ñ îòäåëüíûìè

ìîäàìè äåëåíèÿ, ÷òî äîëæíî óëó÷øèòü ïîíèìàíèå ïðèðîäû ïåðåõîäíûõ

ñîñòîÿíèé äåëÿùèõñÿ ÿäåð.

Èññëåäîâàíèe ìàññîâûõ è ÒÊÅ-ðàñïðåäåëåíèé äëÿ ìíîãèõ êîìïàóíä-

ñîñòîÿíèé øèðîêîé îáëàñòè àêòèíèäîâ (ýêñïåðèìåíò ÄÅËÐÅÍÅ), êîòîðîå ñòàíåò

âîçìîæíûì áëàãîäàðÿ ñóùåñòâåííîìó óëó÷øåíèþ ðàçðåøåíèÿ ïî ýíåðãèè è

óâåëè÷åíèþ èíòåíñèâíîñòè íåéòðîííûõ ïó÷êîâ íà ÈÐÅÍ, ïîçâîëèò äåòàëüíî

èçó÷èòü áàðüåðû äåëåíèÿ äëÿ îòäåëüíûõ ìîä.

Î÷åíü ïåðñïåêòèâíûì ÿâëÿåòñÿ èññëåäîâàíèå íåñòàòèñòè÷åñêèõ çàêîíî-

ìåðíîñòåé â êàñêàäíîì ãàììà-ðàñïàäå êîìïàóíä-ñîñòîÿíèé. Äëÿ ýòîãî

íåîáõîäèìî ñóùåñòâåííîå óëó÷øåíèå ýôôåêòèâíîñòè HPGe-äåòåêòîðîâ â óñòà-
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íîâêå ÊÀÑÊÀÄ. Çäåñü ïåðñïåêòèâíûì ÿâëÿåòñÿ ñîòðóäíè÷åñòâî ñ êðàêîâñêèì

Èíñòèòóòîì ÿäåðíîé ôèçèêè, îáëàäàþùèì òåõíîëîãèåé ñîçäàíèÿ íåîáõîäèìûõ

ãàììà-äåòåêòîðîâ. Èñïîëüçîâàíèå òàêèõ äåòåêòîðîâ ïîçâîëèò âïåðâûå èçó÷èòü

äëÿ íàáîðà íåéòðîííûõ ðåçîíàíñîâ íåäàâíî îáíàðóæåííûå ÿâëåíèÿ òèïà

êâàçèâèáðàöèîííûõ ïîëîñ èëè ñêà÷êà â ýíåðãåòè÷åñêîé çàâèñèìîñòè ïëîòíîñòè

óðîâíåé ïðè ïðîìåæóòî÷íûõ ýíåðãèÿõ âîçáóæäåíèÿ è ñäåëàòü íàäåæíîå

çàêëþ÷åíèå î ñóùåñòâîâàíèè è ñâîéñòâàõ ôàçîâîãî ïåðåõîäà ñâåðõòåêó÷åñòü —

ôåðìè-ãàç â ñòðóêòóðå âîçáóæäåííûõ óðîâíåé òÿæåëûõ ÿäåð.

Ðàçâèòèå ñîâìåñòíî ñ ëîäçèíñêèì Óíèâåðñèòåòîì íåäàâíî ïðåäëîæåííîé

ñâåòîñèëüíîé ìåòîäèêè (óñòàíîâêà ÊÎÊÎÑ) ðåãèñòðàöèè ìãíîâåííûõ

ãàììà-êâàíòîâ èç îñêîëêîâ äåëåíèÿ äàåò âîçìîæíîñòü èçó÷èòü èõ öèðêóëÿðíóþ

ïîëÿðèçàöèþ. Ýòî ïîçâîëèò ïðîäâèíóòüñÿ â ïîíèìàíèè ìåõàíèçìà ôîðìèðîâàíèÿ

âûñîêîãî ñïèíà ïðîäóêòîâ äåëåíèÿ, ÷òî ÿâëÿåòñÿ îäíîé èç àêòóàëüíûõ ïðîáëåì

ôèçèêè äåëåíèÿ.

Â êîëëàáîðàöèè ñ ëîäçèíñêèì Óíèâåðñèòåòîì è ORNL (ÑØÀ) íàìå÷åíà

øèðîêàÿ ïðîãðàììà ïî ÿäåðíîé àñòðîôèçèêå, êîòîðàÿ áóäåò âûïîëíÿòüñÿ ñíà÷àëà

íà èñòî÷íèêå ORELA (Îê-Ðèäæ), à ïîòîì è íà ÈÐÅÍ.

Çàäà÷è ïî ïîëó÷åíèþ íåîáõîäèìûõ äëÿ ðàçâèòèÿ ÿäåðíîé òåõíîëîãèè äàííûõ

áóäóò ðåøàòüñÿ â òðàäèöèîííîé êîëëàáîðàöèè ñ ÔÝÈ íà îñíîâå ñîâìåñòíî

ñîçäàâàåìûõ íîâûõ ìåòîäèê è èñïîëüçîâàíèÿ óíèêàëüíûõ èçîòîïíûõ ìèøåíåé.

Íîâûå ýêñïåðèìåíòàëüíûå âîçìîæíîñòè óñòàíîâêè ÈÐÅÍ è ðàçâèòàÿ

èíôðàñòðóêòóðà ïðèâëåêóò â ÎÈßÈ ïîëüçîâàòåëåé èç ñòðàí-ó÷àñòíèö è

íåó÷àñòíèö ÎÈßÈ, êîòîðûå ïðèâíåñóò íîâûå ïëîäîòâîðíûå èäåè â ïðîãðàììó

íàó÷íûõ èññëåäîâàíèé.

3. Ñòàòóñ ïðîåêòà ÈÐÅÍ

Ïîñëå îäîáðåíèÿ ïðîåêòà ÈÐÅÍ íà ñåññèè ÊÏÏ ÎÈßÈ â ìàðòå 1993 ã. è ïîñëå

åãî ðàññìîòðåíèÿ íà 76 ñåññèè Ó÷åíîãî ñîâåòà ÎÈßÈ â èþíå 1994 ã. äèðåêöèÿ

Èíñòèòóòà ïðèíÿëà ðåøåíèå î ðåàëèçàöèè ïðîåêòà ÈÐÅÍ ñî ñðîêîì îêîí÷àíèÿ â

äåêàáðå 1997 ã. Îäíàêî ïî öåëîìó ðÿäó îáúåêòèâíûõ ïðè÷èí, ãëàâíûì îáðàçîì,

èç-çà îòñóòñòâèÿ íåîáõîäèìîãî ôèíàíñèðîâàíèÿ, ðåàëèçàöèÿ ïðîåêòà èäåò ñ

ñóùåñòâåííûì îòñòàâàíèåì îò ïåðâîíà÷àëüíîãî ïëàíà-ãðàôèêà. Ñèòóàöèÿ ñ

âûïîëíåíèåì ïðîåêòà ÈÐÅÍ íåîäíîêðàòíî ðàññìàòðèâàëàñü íà ñåññèÿõ ÊÏÏ,

Ó÷åíîãî ñîâåòà è Ïðîãðàììíî-êîíñóëüòàòèâíîãî ñîâåòà ïî ÿäåðíîé ôèçèêè

ÎÈßÈ. Íà÷èíàÿ ñ ñåðåäèíû 1999 ã. ïîëîæåíèå ñòàëî ìåäëåííî âûïðàâëÿòüñÿ, è â

ìàðòå 2000 ã. äèðåêöèÿ ÎÈßÈ ïðèíÿëà ïëàí-ãðàôèê ðåàëèçàöèè ïðîåêòà ÈÐÅÍ ñî

ñðîêîì ïóñêà ïåðâîé î÷åðåäè èñòî÷íèêà â 2003 ã. (ñì. íèæå). Ê íà÷àëó 2001 ã.

èçãîòîâëåíû è ïîñòàâëåíû â ÎÈßÈ óñêîðèòåëüíûå ñåêöèè ëèíåéíîãî óñêîðèòåëÿ

ËÓÝ-200, â ñòàäèè çàâåðøåíèÿ íàõîäÿòñÿ îñòàëüíûå óçëû ËÓÝ-200, èçãîòàâëèâàå-

ìûå â ÈßÔ èì. Ã.È.Áóäêåðà (Íîâîñèáèðñê). Ñîçäàí è íà÷àë ðàáîòàòü â ËÔ× íîâûé

îòäåë, îñíîâíàÿ çàäà÷à êîòîðîãî — ñîçäàíèå ËÓÝ-200. Ïîäêëþ÷åíèå ëþäñêèõ è
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òåõíè÷åñêèõ ðåñóðñîâ ËÔ× ê ðåàëèçàöèè ïðîåêòà ÈÐÅÍ ïîçâîëèò óñêîðèòü ïóñê

íîâîãî èñòî÷íèêà. Íà ÏÎ «Ìàÿê» çàâåðøåíû èçãîòîâëåíèå è îôèöèàëüíàÿ ïðèåì-

êà òâýëîâ ðàçìíîæàþùåé ìèøåíè ÈÐÅÍ, îíè îñòàâëåíû òàì íà îòâåòñòâåííîå

õðàíåíèå. Çàêàí÷èâàåòñÿ ðàçðàáîòêà ïðîåêòà âûâîäà èç ýêñïëóàòàöèè ðåàêòîðà

ÈÁÐ-30.

Ïëàíû ðàáîò ïî ïðîåêòó ÈÐÅÍ íà 2001 ã. ïðåäóñìàòðèâàþò äåìîíòàæ

ñóùåñòâóþùåãî óñêîðèòåëÿ ËÓÝ-40 è ïîäãîòîâêó çäàíèÿ 43 ê ìîíòàæó ËÓÝ-200.

Âàæíåéøåé çàäà÷åé íà 2001 ã. ÿâëÿåòñÿ çàâåðøåíèå ïîäãîòîâêè ê âûâîäó èç

ýêñïëóàòàöèè ðåàêòîðà ÈÁÐ-30 è åãî äåìîíòàæó. Äëÿ ïîëó÷åíèÿ ê êîíöó ãîäà

ñîîòâåòñòâóþùåé ëèöåíçèè íåîáõîäèìî ñïðîåêòèðîâàòü è èçãîòîâèòü îáîðó-

äîâàíèå è îñíàñòêó äëÿ äåìîíòàæà è ýâàêóàöèè ÿäåðíîãî òîïëèâà è àêòèâèðî-

âàííûõ êîíñòðóêöèîííûõ ýëåìåíòîâ ðåàêòîðà, ïîñòðîèòü è àòòåñòîâàòü íîâîå

õðàíèëèùå ðàäèîàêòèâíûõ îòõîäîâ.

Â 2001 ã. ïëàíèðóåòñÿ çàâåðøèòü êîíñòðóêòîðñêèå ðàáîòû ïî îòäåëüíûì

óçëàì ËÓÝ-200, èçãîòàâëèâàåìûì â ÎÈßÈ, à òàêæå îáùóþ êîìïîíîâêó
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óñêîðèòåëÿ â çäàíèè 43. Äîëæíû áûòü èçãîòîâëåíû ýëåêòðîííûé èñòî÷íèê,

ñèñòåìà ìàãíèòíîé ôîêóñèðîâêè è ñïåêòðîìåòð. Óñêîðèòåëüíûå ñåêöèè ËÓÝ-200

äîëæíû áûòü èñïûòàíû íà ïîëíóþ Â×-ìîùíîñòü ïðè ÷àñòîòå 50 Ãö. Â ÈßÔ

èì. Ã.È.Áóäêåðà îíè áûëè èñïûòàíû â îêòÿáðå 2000 ã. ñ ïó÷êîì ýëåêòðîíîâ ïðè

÷àñòîòå 2,5 Ãö, ïîëó÷åí ïðîåêòíûé òåìï óñêîðåíèÿ 35 ÌýÂ/ì.

Òàêèì îáðàçîì, ïðè íàëè÷èè íåîáõîäèìîãî ôèíàíñèðîâàíèÿ ñîõðàíÿþòñÿ

øàíñû âûïîëíèòü óòâåðæäåííûé ïëàí-ãðàôèê ïðîåêòà ÈÐÅÍ ñî ñðîêîì

ôèçè÷åñêîãî ïóñêà â 2003 ã.

Ïëàí-ãðàôèê âûïîëíåíèÿ ïðîåêòà ÈÐÅÍ íà 2000–2003 ãã.

Ñîäåðæàíèå ðàáîò
Êâàðòàëû

2000 2001 2002 2003

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

Òåõíè÷åñêèé ïðîåêò óñòàíîâêè ÈÐÅÍ, âêëþ÷àÿ
ÒÎÁ, ñîãëàñîâàíèå ïðîåêòà

Èçãîòîâëåíèå óñêîðèòåëüíûõ ñåêöèé, ãðóïïè-
ðîâàòåëÿ è ñèñòåìû SLED, ïîñòàâêà â ÎÈßÈ

Èçãîòîâëåíèå îñíîâíûõ ñèñòåì ëèíàêà è èõ
èñïûòàíèå íà ñòåíäàõ

Ëèöåíçèðîâàíèå è èçãîòîâëåíèå òâýëîâ è ÒÓÊ,
ïîñòàâêà òâýëîâ â ÎÈßÈ

Ðàáî÷èé ïðîåêò ðàçìíîæàþùåé ìèøåíè

Èçãîòîâëåíèå ðàçìíîæàþùåé ìèøåíè è
êîìïëåêòàöèÿ îáîðóäîâàíèÿ âñïîìîãàòåëüíûõ
ñèñòåì

Ëèöåíçèðîâàíèå îñòàíîâêè è äåìîíòàæà ÈÁÐ-30

Äåìîíòàæ ËÓÝ-40

Èçãîòîâëåíèå îñíàñòêè äëÿ äåìîíòàæà ÈÁÐ-30

Äåìîíòàæ ÈÁÐ-30

Ðåêîíñòðóêöèÿ çäàíèÿ 43 è ñîçäàíèå
èíôðàñòðóêòóðû äëÿ óñòàíîâêè ÈÐÅÍ

Ìîíòàæ ëèíàêà ËÓÝ-200

Ìîíòàæ ðàçìíîæàþùåé ìèøåíè â çä. 43

Íàëàäêà ËÓÝ-200 è ïóñê óñòàíîâêè ÈÐÅÍ

Ôèíàíñèðîâàíèå (â k$) 306,5 609 1523

Óòâåðæäåííàÿ ñìåòíàÿ ñòîèìîñòü ïðîåêòà — 3740 k$.
Èíâåñòèðîâàíî â 1994–2000 ãã. — 1608 k$.
Çàïðàøèâàåìîå ôèíàíñèðîâàíèå íà 2001–2003 ãã. — 2132 k$.
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ÎÁÇÎÐ ÒÅÊÓÙÅÃÎ ÑÎÑÒÎßÍÈß ÏÐÎÅÊÒÀ SAD

Â.Í.Øâåöîâ

Ëàáîðàòîðèÿ íåéòðîííîé ôèçèêè èì. È.Ì.Ôðàíêà ÎÈßÈ

Ââåäåíèå

Ïðîåêò «Ñîçäàíèå ïîäêðèòè÷åñêîé ñáîðêè ñ êîìáèíèðîâàííûì ñïåêòðîì

íåéòðîíîâ, óïðàâëÿåìîé ïðîòîííûì óñêîðèòåëåì ñ ýíåðãèåé ïðîòîíîâ 660 MýÂ

äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ ïî òðàíñìóòàöèè äîëãîæèâóùèõ ïðîäóêòîâ äåëå-

íèÿ è ìèíîðíûõ àêòèíèäîâ», ïîëó÷èâøèé íàçâàíèå SAD (Subcritical Assembly in

Dubna), èìååò ñâîåé öåëüþ ñîçäàíèå íà áàçå ôàçîòðîíà ÎÈßÈ ïðîòîòèïà

ýëåêòðîÿäåðíîé óñòàíîâêè ñ ïëóòîíèåâûì MOX-òîïëèâîì (ìåòàëëî-îêñèäíûì),

óïðàâëÿåìîé ïó÷êîì ïðîòîíîâ. Ôèíàíñèðîâàíèå ïðîåêòà ïëàíèðóåòñÿ â îñíîâíîì

çà ñ÷åò ñðåäñòâ ÌÍÒÖ (Ìåæäóíàðîäíîãî íàó÷íî-òåõíè÷åñêîãî öåíòðà) — ìåæäó-

íàðîäíîé ìåæïðàâèòåëüñòâåííîé îðãàíèçàöèè ïðè íåïîñðåäñòâåííîì ó÷àñòèè â

ôèíàíñèðîâàíèè ïðîåêòà ñòðàí Åâðîïåéñêîãî ñîîáùåñòâà.

Öåëè ïðîåêòà

Ïðîáëåìà óòèëèçàöèè äîëãîæèâóùèõ îòõîäîâ ÿäåðíîé ýíåðãåòèêè ÿâëÿåòñÿ

êëþ÷åâîé â îïðåäåëåíèè ñòðàòåãèè äàëüíåéøåãî ðàçâèòèÿ ÿäåðíîé îòðàñëè. Äëÿ

ñòðàí ñ «çàìêíóòûì» òîïëèâíûì öèêëîì (Ôðàíöèÿ, ßïîíèÿ, Ðîññèÿ) ñóùåñòâóåò

òàêæå ïðîáëåìà îïòèìàëüíîãî èñïîëüçîâàíèÿ ïëóòîíèÿ, âîññòàíîâëåííîãî èç

îáëó÷åííîãî òîïëèâà. Ýòè íàñóùíûå çàäà÷è ðåçêî ïîâûñèëè èíòåðåñ ê âîçìîæ-

íîñòè èñïîëüçîâàíèÿ ïîäêðèòè÷åñêèõ ñèñòåì ñ ïëóòîíèåâûì òîïëèâîì äëÿ

óòèëèçàöèè ïëóòîíèÿ è òðàíñìóòàöèè ìèíîðíûõ àêòèíèäîâ (ÌÀ) è äîëãîæè-

âóùèõ ïðîäóêòîâ äåëåíèÿ (ÄÏÄ). Ýêîëîãè÷åñêè áåçîïàñíàÿ è ýêîíîìè÷åñêè

âûãîäíàÿ óòèëèçàöèÿ îðóæåéíîãî è íàðàáàòûâàåìîãî â áîëüøèõ êîëè÷åñòâàõ íà

ÀÝÑ «òåõíè÷åñêîãî» ïëóòîíèÿ ñïîñîáñòâóåò ïîâûøåíèþ àòîìíîé áåçîïàñíîñòè è

âìåñòå ñ òåì ìîæåò áûòü ìîùíûì èñòî÷íèêîì ýíåðãèè. Ñîçäàíèþ êðóïíûõ

ïîäêðèòè÷åñêèõ ñáîðîê ñ ïðîòîííûìè óñêîðèòåëÿìè (ADS) äîëæíû ïðåä-

øåñòâîâàòü ýêñïåðèìåíòàëüíàÿ ïðîâåðêà òåîðåòè÷åñêèõ ïðåäñêàçàíèé è îöåíêà

òåõíîëîãè÷åñêèõ îñîáåííîñòåé òàêèõ ñèñòåì. Çàäà÷àìè, òðåáóþùèìè ñâîåãî

ðàçðåøåíèÿ, ÿâëÿþòñÿ: îáîñíîâàíèå áåçîïàñíîñòè ðàáîòû òàêèõ ñèñòåì — ðàñ÷åò

âåëè÷èíû ýíåðãåòè÷åñêîãî âûèãðûøà; âûáîð òîïëèâà, òèïà ìèøåíè è ðåôëåê-

òîðîâ; êîíñòðóêöèÿ àêòèâíîé çîíû, ðàçðàáîòêà ìåòîäîâ íàäåæíîãî ìîíèòîðèðî-

âàíèÿ êîýôôèöèåíòà ðàçìíîæåíèÿ íåéòðîíîâ keff; èçìåðåíèå âåëè÷èíû ýíåðãåòè-

÷åñêîãî âûõîäà ADS; èçìåðåíèå âêëàäà âûñîêîýíåðãåòè÷åñêîé (E > 10 ÌýÂ) ÷àñòè
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íåéòðîííîãî ñïåêòðà, îñîáåííî âàæíîé äëÿ ñîçäàíèÿ íàäåæíîé ðàäèàöèîííîé

çàùèòû. Äëÿ ðåøåíèÿ ýòèõ çàäà÷ äîñòàòî÷íî èìåòü ïîäêðèòè÷åñêóþ ñáîðêó ñ

òåïëîâîé ìîùíîñòüþ îêîëî 15 êÂò. Ñîçäàíèå ïðîòîòèïà ADS ñ ìîùíîñòüþ

15 � 20 êÂò è ÿâëÿåòñÿ îñíîâíîé öåëüþ ïðîåêòà SAD. Â õîäå âûïîëíåíèÿ ýòîé

çàäà÷è áóäóò òàêæå ðåøåíû âîïðîñû ýêñïåðèìåíòàëüíîãî è òåîðåòè÷åñêîãî

èññëåäîâàíèÿ õàðàêòåðèñòèê òÿæåëûõ íåéòðîíîïðîèçâîäÿùèõ ìèøåíåé èç

ðàçëè÷íûõ ìàòåðèàëîâ, ñîçäàíû è èñïûòàíû ìåòîäèêè ìîíèòîðèðîâàíèÿ

õàðàêòåðèñòèê ïîäêðèòè÷åñêîé ñáîðêè, ðàçðàáîòàíî îáîñíîâàíèå áåçîïàñíîñòè.

Íàó÷íàÿ ïðîãðàììà

Ïîñëå ðåàëèçàöèè ïðîåêòà íà îñíîâå óñòàíîâêè SAD ïðåäïîëàãàåòñÿ âûïîë-

íåíèå ñëåäóþùåé èññëåäîâàòåëüñêîé ïðîãðàììû:

• èññëåäîâàíèå ðåæèìîâ ðàáîòû ïîäêðèòè÷åñêîé ñáîðêè â ñî÷åòàíèè ñ

ïðîòîííûì óñêîðèòåëåì, îòðàáîòêà ìåòîäèê èçìåðåíèÿ è êîíòðîëÿ

ïàðàìåòðîâ óñòàíîâêè;

• èçó÷åíèå ïðîáëåì ñîïðÿæåíèÿ ìèøåíè è ïîäêðèòè÷åñêîé ñáîðêè, âêëþ÷àÿ

âëèÿíèå ðàçìåðà è ïîëîæåíèÿ ìèøåíåé íà îñíîâíûå õàðàêòåðèñòèêè SAD;

• èçìåðåíèå àáñîëþòíîé âåëè÷èíû ýíåðãåòè÷åñêîãî âûõîäà óñòàíîâêè (äëÿ

ðåøåíèÿ ýòîé çàäà÷è íàèáîëåå ïîäõîäÿò ñèñòåìû ñ íèçêèì óðîâíåì

ìîùíîñòè);

• èçìåðåíèå ýôôåêòèâíîñòè çàùèòû (îñîáåííî â íàïðàâëåíèè ïåðâè÷íîãî

ïðîòîííîãî ïó÷êà);

• àíàëèç ñîñòîÿíèÿ íåéòðîíîïðîèçâîäÿùèõ ìèøåíåé ïîñëå îáëó÷åíèÿ

ïðîòîíàìè, àíàëèç ñïåöèàëüíûõ îáðàçöîâ (ÌÀ, ÄÏÄ), îáëó÷åííûõ â

êàíàëàõ SAD (âêëþ÷àÿ ðàäèîõèìè÷åñêèé àíàëèç);

• èçìåðåíèå ñêîðîñòåé ðåàêöèé òðàíñìóòàöèè ÌÀ è ÄÏÄ â ðàçëè÷íûõ

íåéòðîííûõ ñïåêòðàõ.

Îðãàíèçàöèÿ ïðîåêòà

Ãîëîâíîé îðãàíèçàöèåé ïðîåêòà SAD ÿâëÿåòñÿ ÎÈßÈ, îðãàíèçàöèÿìè-ïàðò-

íåðàìè ÎÈßÈ ïî âûïîëíåíèþ ïðîåêòà — èíñòèòóòû è ïðåäïðèÿòèÿ Ìèíèñòåðñò-

âà ÐÔ ïî àòîìíîé ýíåðãèè: Íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò ýíåðãîòåõíèêè

(ÍÈÊÈÝÒ), Ãîñóäàðñòâåííûé ñïåöèàëèçèðîâàííûé ïðîåêòíûé èíñòèòóò (ÃÑÏÈ),

Âñåðîññèéñêèé íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò íåîðãàíè÷åñêèõ ìàòåðèàëîâ

(ÂÍÈÈÍÌ) è ïðîèçâîäñòâåííîå îáúåäèíåíèå «Ìàÿê». Â ñòàäèè ïåðåãîâîðîâ

íàõîäèòñÿ âîïðîñ îá ó÷àñòèè â ðåàëèçàöèè ïðîåêòà êîíöåðíà ÿäåðíîãî ìàøèíî-

ñòðîåíèÿ «Øêîäà» èç ×åøñêîé Ðåñïóáëèêè. ×ðåçâû÷àéíî âàæíûì äëÿ ðåàëèçàöèè

ïðîåêòà ÿâëÿåòñÿ ó÷àñòèå â åãî âûïîëíåíèè çàèíòåðåñîâàííûõ ñòðàí-ó÷àñòíèö

ÎÈßÈ. Òàê, â ÷àñòíîñòè, ïðåäñòàâëÿåòñÿ âîçìîæíûì è æåëàòåëüíûì ó÷àñòèå

123



ïîëüñêèõ ñïåöèàëèçèðîâàííûõ îðãàíèçàöèé, ñîçäàâàâøèõ êîìïëåêñ ÑÓÇ ðåàêòî-

ðà ÈÁÐ-2, â ñîçäàíèè àíàëîãè÷íîé ñèñòåìû íà óñòàíîâêå SAD.

Òåêóùåå ñîñòîÿíèå ïðîåêòà

Íà äàííûé ìîìåíò çàâåðøåíû ïåðåãîâîðû ñî âñåìè ó÷àñòíèêàìè ïðîåêòà ïî

óòî÷íåíèþ ñðîêîâ, îáúåìîâ ðàáîò è ôèíàíñèðîâàíèÿ. Ïðè ôèíàíñîâîé ïîääåðæêå

çàïàäíûõ ïàðòíåðîâ ïðîåêòà (FZK, Êàðëñðóý, Ãåðìàíèÿ; RIT, Ñòîêãîëüì, Øâåöèÿ;

Ciemat, Ìàäðèä, Èñïàíèÿ è CEA, Êàäàðàø, Ôðàíöèÿ) è îðãàíèçàöèîííî-

òåõíè÷åñêîé ïîääåðæêå ñî ñòîðîíû Ãîðíî-ìåòàëëóðãè÷åñêîé àêàäåìèè (Êðàêîâ,

Ïîëüøà) áûëè ðàçðàáîòàíû ýñêèçíûå ïðîåêòû ïîäêðèòè÷åñêîé ñáîðêè (ÍÈÊÈÝÒ,

ðèñ. 1), ïðîòîííîãî òðàêòà (ËßÏ ÎÈßÈ, ðèñ. 2, 3 è òàáë. 1) è îáùåèíæåíåðíûé
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Ðèñ. 1. Îáùèé âèä ïîäêðèòè÷åñêîé ñáîðêè SAD
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Ðèñ. 2. Ñõåìà «÷èñòî» ãîðèçîíòàëüíîãî êàíàëà òðàíñïîðòèðîâêè âûâåäåííîãî ïðîòîííîãî ïó÷êà ê

ïîäêðèòè÷åñêîé ñáîðêå, ðàñïîëîæåííîé ìåæäó ñòåíîé çäàíèÿ ôàçîòðîíà è çäàíèåì óñòàíîâêè

ßÑÍÀÏÏ-2

Ðèñ. 3. Îãèáàþùèå âûâåäåííîãî ïðîòîííîãî ïó÷êà ôàçîòðîíà (2σ-óðîâåíü)



ïðîåêò óñòàíîâêè. Çàâåðøàåòñÿ ðàáîòà ïî ýñêèçíîìó ïðîåêòèðîâàíèþ òåïëîâûäå-

ëÿþùèõ ýëåìåíòîâ óñòàíîâêè (òâýëîâ). Ðàáîòà âåäåòñÿ âî ÂÍÈÈÍÌ è íà ÏÎ

«Ìàÿê». Òàêæå íà ÏÎ «Ìàÿê» ïðîâåäåíà ðàáîòà ïî èññëåäîâàíèþ âîçìîæíîñòè

óâåëè÷åíèÿ ïðîöåíòíîãî ñîäåðæàíèÿ îêñèäà ïëóòîíèÿ â MOX-òîïëèâå äî 35 %

âìåñòî 27 %. Ðåçóëüòàòû èññëåäîâàíèé áóäóò èñïîëüçîâàíû ïðè ïðîåêòèðîâàíèè

è èçãîòîâëåíèè òâýëîâ óñòàíîâêè SAD.

Òàáëèöà 1. Îöåíêà ñòîèìîñòè ðàçëè÷íûõ âàðèàíòîâ êàíàëà òðàíñïîðòèðîâêè

âûâåäåííîãî ïðîòîííîãî ïó÷êà ê ïîäêðèòè÷åñêîé ñáîðêå

Âàðèàíò ×èñëî ýëåìåíòîâ êàíàëà
Îöåíî÷íàÿ ñòîèì.
âàðèàíòà, òûñ. $

Ïîëíàÿ ïîòðåáë.
ìîùíîñòü, êÂò

1 14 140 840

2 36 360 2160

3 22 220 1320

4 47 470 2820

5 37 370 2220

6 55 550 3300

7 29 290 1740

Íà îñíîâå òåõíèêî-ýêîíîìè÷åñêîãî îáîñíîâàíèÿ, ïðåäñòàâëåííîãî â ýñêèçíîì

ïðîåêòå óñòàíîâêè, ïîäãîòîâëåíà çàÿâêà â ÌÍÒÖ, êîòîðàÿ áóäåò íàïðàâëåíà â

îòðàñëåâóþ êîìèññèþ Ìèíèñòåðñòâà ÐÔ ïî àòîìíîé ýíåðãèè â êîíöå ìàðòà

2001 ãîäà äëÿ ýêñïåðòèçû è äàëüíåéøåãî íàïðàâëåíèÿ çàÿâêè â ÌÍÒÖ.

Ýêñïåðèìåíòàëüíàÿ äåÿòåëüíîñòü ïî ïðîåêòó

Â ðàìêàõ ïîäãîòîâêè ïðîåêòà SAD ëåòîì 2000 ã. íà âûâåäåííîì ïó÷êå

ïðîòîíîâ ôàçîòðîíà ËßÏ áûë ïðîâåäåí ýêñïåðèìåíò ïî èçó÷åíèþ ñïåêòðàëüíî-

óãëîâûõ è ïðîñòðàíñòâåííûõ ðàñïðåäåëåíèé àäðîíîâ, èñïóñêàåìûõ ñâèíöîâîé

ìèøåíüþ ïðè îáëó÷åíèè ïðîòîíàìè ñ ýíåðãèåé 660 ÌýÂ. Â ðåçóëüòàòå ïÿòèäå-

ñÿòè÷àñîâîãî ñåàíñà áûëè èçìåðåíû óãëîâûå è ýíåðãåòè÷åñêèå ðàñïðåäåëåíèÿ

íåéòðîíîâ âîêðóã ìèøåíè ñ èñïîëüçîâàíèåì ìíîãîñôåðíîãî ñïåêòðîìåòðà

Áîííåðà (ðàáîòà âûïîëíåíà ñîòðóäíèêàìè ÎÐÐÈ ÎÈßÈ). Òàêæå äâóìÿ ãðóïïàìè

(ÎÐÐÈ ÎÈßÈ è Ãîðíî-ìåòàëëóðãè÷åñêàÿ àêàäåìèÿ, Êðàêîâ) áûëè èçìåðåíû

óãëîâûå è ïðîñòðàíñòâåííûå ðàñïðåäåëåíèÿ àäðîíîâ âîêðóã ìèøåíè ñ

èñïîëüçîâàíèåì àêòèâàöèîííûõ äåòåêòîðîâ. Ãðóïïàìè èç ËÍÔ ÎÈßÈ è

Ãîðíî-ìåòàëëóðãè÷åñêîé àêàäåìèè áûëè èçìåðåíû âûõîäû ïðîäóêòîâ ÿäåðíîãî

êàñêàäà â ñâèíöîâîé ìèøåíè, â íàñòîÿùåå âðåìÿ âåäåòñÿ ñîâìåñòíàÿ ðàáîòà ïî

îïðåäåëåíèþ àáñîëþòíûõ àêòèâíîñòåé îáðàçîâàâøèõñÿ èçîòîïîâ.

Ïðè ïîääåðæêå Ïîëíîìî÷íîãî Ïðåäñòàâèòåëÿ ×åøñêîé Ðåñïóáëèêè â ÎÈßÈ

â ÈßÔ ÀÍ (Ðæåæ, ×åõèÿ) áûëè èçãîòîâëåíû äâà êîìïëåêòà ñâèíöîâî-âèñìóòîâûõ

ìèøåíåé äëÿ ïðîäîëæåíèÿ ýêñïåðèìåíòàëüíîé ïðîãðàììû â 2001 ã. Ìèøåíè
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áóäóò äîñòàâëåíû â ÎÈßÈ âî âòîðîì êâàðòàëå 2001 ã., ýêñïåðèìåíòû íà ôàçîòðîíå

çàïëàíèðîâàíû íà âòîðóþ ïîëîâèíó ãîäà.

Çàêëþ÷åíèå

Â ÎÈßÈ ýêñïåðèìåíòàëüíûå è òåîðåòè÷åñêèå ðàáîòû ïî èñïîëüçîâàíèþ

ïðîòîííûõ óñêîðèòåëåé â ÿäåðíîé òåõíîëîãèè âåäóòñÿ ñ ñåðåäèíû 50-õ ãîäîâ.

Èçìåðåíû âûõîäû íåéòðîíîâ è èõ ñïåêòðû â ñâèíöîâûõ è óðàíîâûõ ìèøåíÿõ

ðàçëè÷íûõ òèïîâ, íåéòðîííûå ñå÷åíèÿ äëÿ ðÿäà èçîòîïîâ, âàæíûõ äëÿ îöåíêè

ýôôåêòèâíîñòè ðàçëè÷íûõ ðåæèìîâ òðàíñìóòàöèè, ñîçäàíà ìàòåìàòè÷åñêàÿ

ìîäåëü è ñîîòâåòñòâóþùåå êîíñòàíòíîå è ïðîãðàììíîå îáåñïå÷åíèå äëÿ ðàñ÷åòà

ýëåêòðîÿäåðíûõ ñèñòåì.

Â ÎÈßÈ èìååòñÿ ðàçðåøåíèå íà ýêñïëóàòàöèþ èññëåäîâàòåëüñêèõ ÿäåðíûõ

ðåàêòîðîâ ñ çîíàìè, ñîäåðæàùèìè ìåòàëëè÷åñêèé ïëóòîíèé è îêèñü ïëóòîíèÿ.

Ýòè ðåàêòîðû íàäåæíî è áåçîïàñíî ýêñïëóàòèðóþòñÿ â òå÷åíèå áîëåå 35 ëåò. Â

ÎÈßÈ òàêæå íàêîïëåí ìíîãîëåòíèé îïûò ýêñïëóàòàöèè ïðîòîííûõ óñêîðèòåëåé.

Âñå ýòî ÿâëÿåòñÿ õîðîøåé îñíîâîé äëÿ ñîçäàíèÿ è ïîñëåäóþùåãî èñïîëüçîâàíèÿ â

Äóáíå ýêñïåðèìåíòàëüíîé ýëåêòðîÿäåðíîé óñòàíîâêè ñ ïëóòîíèåâûì òîïëèâîì.

Ìåæäóíàðîäíûé ñòàòóñ ÎÈßÈ ïîçâîëÿåò èñïîëüçîâàòü äëÿ ðàáîò ïî ýëåêòðî-

ÿäåðíîé ïðîáëåìàòèêå öåëåâûå ôèíàíñîâûå âêëàäû ñòðàí-ó÷àñòíèö Èíñòèòóòà.

Ñîçäàíèå â ÎÈßÈ ïðîòîòèïà ýëåêòðîÿäåðíîé óñòàíîâêè ñ èñïîëüçîâàíèåì

ÌÎÕ-òîïëèâà ïðåäîñòàâèò óíèêàëüíóþ ýêñïåðèìåíòàëüíóþ áàçó äëÿ ðåøåíèÿ

êîìïëåêñà çàäà÷, ñâÿçàííûõ ñ ïðîáëåìàìè áåçîïàñíîé ýêñïëóàòàöèè ïîäêðèòè-

÷åñêèõ áûñòðûõ ñáîðîê, óïðàâëÿåìûõ ïðîòîííûì óñêîðèòåëåì, è òðàíñìóòàöèè

ÿäåðíûõ îòõîäîâ.

Ñîçäàíèå óñòàíîâêè SAD — íå òîëüêî âåñüìà èíòåðåñíàÿ íàó÷íàÿ ïðîáëåìà,

íî è ñëîæíàÿ èíæåíåðíî-òåõíîëîãè÷åñêàÿ çàäà÷à, ïðèâëåêàòåëüíàÿ äëÿ ñïåöèà-

ëèñòîâ ÂÍÈÈÍÌ è ÃÑÏÈ. Ó÷àñòèå ýòèõ èíñòèòóòîâ è ïðåäïðèÿòèé, ÿâëÿþùèõñÿ

ðàçðàáîò÷èêàìè è ïðîèçâîäèòåëÿìè òâýëîâ ÁÍ-600, âûáðàííûõ çà îñíîâó äëÿ

óñòàíîâêè SAD, ïîçâîëèò èì ýôôåêòèâíî èñïîëüçîâàòü ñâîé îïûò â ïåðñïåê-

òèâíîé ìèðíîé îáëàñòè, ÷òî ñîîòâåòñòâóåò öåëÿì ÌÍÒÑ.

Ó÷àñòèå â ïðîåêòå ÎÈßÈ â êà÷åñòâå ãîëîâíîé îðãàíèçàöèè ïîçâîëèò

ýôôåêòèâíî îñóùåñòâèòü èíòåãðàöèþ ó÷åíûõ èç ñòðàí-ó÷àñòíèö ÎÈßÈ â ðåøå-

íèè ôóíäàìåíòàëüíûõ è ïðèêëàäíûõ çàäà÷, ñâÿçàííûõ ñ ðåàëèçàöèåé ïðîåêòà.
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ÀÍÀËÈÒÈ×ÅÑÊÈÅ ÈÑÑËÅÄÎÂÀÍÈß

ÍÀ ÐÅÀÊÒÎÐÅ ÈÁÐ-2 ËÍÔ ÎÈßÈ

Ì.Â.Ôðîíòàñüåâà

Ëàáîðàòîðèÿ íåéòðîííîé ôèçèêè èì. È.Ì.Ôðàíêà ÎÈßÈ

×òî òàêîå àíàëèòèêà? Ýòî íàóêà î ñïîñîáàõ èäåíòèôèêàöèè õèìè÷åñêèõ

ñîåäèíåíèé, î ïðèíöèïàõ è ìåòîäàõ îïðåäåëåíèÿ ñîñòàâà âåùåñòâà è åãî

õèìè÷åñêîé ñòðóêòóðû. Òåðìèí àíàëèòèêà ñîçâó÷åí òàêèì íàçâàíèÿì, êàê

êèáåðíåòèêà è áèîíèêà. Â Ãåðìàíèè, ïðàðîäèòåëüíèöå àíàëèòè÷åñêîé õèìèè, óæå

äàâíî âìåcòî Analytisch Chemie ïèøóò Analytik. Ïîíèìàÿ óñëîâíîñòü âñåõ

êëàññèôèêàöèé, ìîæíî îõàðàêòåðèçîâàòü òèïû àíàëèçà êàê êà÷åñòâåííûé,

êîëè÷åñòâåííûé, àíàëèç õèìè÷åñêèõ ôîðì (speciation), ñòðóêòóðíûé àíàëèç,

àíàëèç ðàñïðåäåëåíèé, àíàëèç êèíåòèêè è ìåõàíèçìà ðåàêöèé. Âñå ìåòîäû àíàëèçà

(ýëåìåíòíûé, ìîëåêóëÿðíûé, ôàçîâûé èëè èçîòîïíûé) îñíîâàíû íà çàâèñèìîñòè

ìåæäó ñîñòàâîì âåùåñòâà è åãî ñâîéñòâàìè. Äëÿ ÿäåðíî-ôèçè÷åñêèõ ìåòîäîâ —

ýòî ñïèí è ìàãíèòíûé ìîìåíò, ìàññà, âîçáóæäåííûå ñîñòîÿíèÿ ÿäðà è èõ

ïàðàìåòðû, âåðîÿòíîñòü ÿäåðíûõ ðåàêöèé, ïåðèîä ïîëóðàñïàäà, âèäû ðàñïàäà

(α β− γ− è äð.) è ýíåðãèè èñïóñêàåìîãî èçëó÷åíèÿ â ñëó÷àå ðàäèîàêòèâíûõ ÿäåð.

Íèæå ïåðå÷èñëåíû îñíîâíûå ÿäåðíî-ôèçè÷åñêèå ìåòîäû àíàëèçà:

ÈÍÀÀ — èíñòðóìåíòàëüíûé íåéòðîííûé àêòèâàöèîííûé àíàëèç (INAA);

ÐÍÀÀ — ðàäèîõèìè÷åñêèé íåéòðîííûé àêòèâàöèîííûé àíàëèç (RNAA);

ÐÔË — ðåíòãåíîôëóîðåñöåíòíûé àíàëèç (XRF);

ÐÔË-ÏÎ — ÐÔË ñ ïîëíûì îòðàæåíèåì (TXRF);

ÐÔË-ÑÈ — ÐÔË ñ ñèíõðîòðîííûì îáëó÷åíèåì (SXRF);

ÈÔÑ — èîííî-ôîòîííàÿ ñïåêòðîìåòðèÿ (PIXE);

ÈÑÏ-ÝÑ — ýìèññèîííàÿ ñïåêòðîñêîïèÿ ñ ÈÑÏ (ICP-ES);

ÀÀÑ — àòîìíî-àáñîðáöèîííàÿ ñïåêòðîìåòðèÿ (AAS);

ÈÑÏ-ÌÑ — ìàññ-ñïåêòðîìåòðèÿ ñ ÈÑÏ (ICP-MS);

ÈÑÏ-ÈÐÌÑ — ÈÑÏ-ÌÑ ñ èçîòîïíûì ðàçáàâëåíèåì (ICP-IDMS);

ÈÌÑ — èñêðîâàÿ ìàññ-ñïåêòðîìåòðèÿ (SSMS).

Ñðàâíåíèå ýòèõ ìåòîäîâ ïî òàêèì ïàðàìåòðàì, êàê òî÷íîñòü, ÷óâñòâèòåëü-

íîñòü (äëÿ àíàëèçà òâåðäûõ âåùåñòâ è æèäêîñòåé), ðàñïðîñòðàíåííîñòü, ìíîãî-

ýëåìåíòíîñòü, ðàçìåð îáðàçöà, òèï îáðàçöà, ðóòèííîñòü è ïðîäîëæèòåëüíîñòü

àíàëèçà, äîñòóïíîñòü, ñòîèìîñòü, äàíî â òàáë. 1.

Êàæäûé ìåòîä õàðàêòåðèçóåòñÿ ñâîèì ïðåäåëîì îáíàðóæåíèÿ. Â íà÷àëå

40-õ ãã. ïðèìåñè â ìåòàëëàõ îïðåäåëÿëè ñ ïðåäåëîì îáíàðóæåíèÿ 0,1–0,01 %,
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ê 1950 ã. äëÿ áîëüøèíñòâà ÷èñòûõ ìåòàëëîâ ýòè òðåáîâàíèÿ âîçðîñëè äî 10 4− %,

à äëÿ íåêîòîðûõ ïðèìåñåé (áîðà, ãàäîëèíèÿ, êàäìèÿ) â óðàíå è äðóãèõ ÿäåðíûõ

ìàòåðèàëàõ — äàæå äî 10 105 6− −− %. Åùå áîëåå æåñòêèå òðåáîâàíèÿ âîçíèêëè

â ïåðèîä ðàçâèòèÿ ïîëóïðîâîäíèêîâîé òåõíèêè. Òàê, äëÿ ïîëóïðîâîäíèêîâûõ

ìàòåðèàëîâ ãåðìàíèÿ è êðåìíèÿ íåäîïóñòèìî ñîäåðæàíèå ïðèìåñè ìåäè èëè

íèêåëÿ íà óðîâíå 10 107 8− −− %. Òàêèì îáðàçîì, âîçíèêëà íåîáõîäèìîñòü

îïðåäåëÿòü îäèí àòîì ýëåìåíòà-ïðèìåñè íà 10 ìèëëèàðäîâ àòîìîâ ãåðìàíèÿ èëè

êðåìíèÿ! Â ýòîò ïåðèîä òîëüêî ðàäèîàêòèâàöèîííûé ìåòîä äàâàë âîçìîæíîñòü

îïðåäåëÿòü ïðèìåñè íà óðîâíå 10 106 10− −− %.

Òàáëèöà 1. Ñðàâíåíèå íåêîòîðûõ ñïåêòðîìåòðè÷åñêèõ ìåòîäîâ ýëåìåíòíîãî àíàëèçà
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ÈÍÀÀ + 0 0 – + ì–á ò,æ + – – 0 0

ÐÍÀÀ + + + – 0 ì,ñ ò,æ + – – – –

ÐÔË 0 – – + ì ò + + + +

ÐÔË-ÏÎ 0 0 + – + ì,ñ æ + + + 0 +

ÐÔË-ÑÈ 0 + + + ì ò – – – –

ÈÔÑ – 0 + + ì ò + – – –

ÈÑÏ-ÝÑ 0 0 + – + ì,ñ æ + + + 0 +

ÀÀÑ – 0 + – ì,ñ æ + + + 0 +

ÈÑÏ-ÌÑ 0 0 + – + ì,ñ æ + + 0 – 0

ÈÑÏ-ÈÐÌÑ + 0 0 – ì,ñ æ 0 + 0 – –

ÈÌÑ – 0 – + ì ò + + + +

Ïðèìå÷àíèå. Çíà÷åíèÿ: âûñîêîå (+); ñðåäíåå (0); íèçêîå (–). Ðàçìåð îáðàçöà: ì — ìàëûé; ñ —

ñðåäíèé; á — áîëüøîé. Òèï îáðàçöà: ò — òâåðäûé; æ — æèäêèé.

Îñíîâàòåëÿìè ðàäèîàêòèâàöèîííîãî ìåòîäà — íåéòðîííîãî àêòèâàöèîííîãî

àíàëèçà (ÍÀÀ) — ñ÷èòàþòñÿ Äæîðäæ ôîí Õåâåøè è Ëèíäà Ëåâè. Â Äàíèè

â 1936 ã., ÷åòûðå ãîäà ñïóñòÿ ïîñëå îòêðûòèÿ íåéòðîíà, îíè èçó÷àëè

âçàèìîäåéñòâèå íåéòðîíîâ ñ ðåäêîçåìåëüíûìè ýëåìåíòàìè: «...The usual chemical

methods of analysis fail, as is well known, for most of the rare earth elements and have

to be replaced by spectroscopic, X-ray, and magnetic methods. The latter methods can be

supplemented by the application of neutrons to analytical problems by making use
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of artificial radioactivity and of the great absorbing power of some of the rare earth

elements for slow neutrons...».

Íåéòðîííûé àêòèâàöèîííûé àíàëèç ïðîøeë âñå ýòàïû ðàçâèòèÿ àíàëèòè-

÷åñêîãî ìåòîäà ïî ñõåìå, ïðèíÿòîé íà îäíîì èç ìåæäóíàðîäíûõ êîëëîêâèóìîâ

ïî ñïåêòðîñêîïèè â ÑØÀ: 1) êîíöåïöèÿ, èäåÿ; 2) ïðîåêò è ñîçäàíèå ïðèáîðà

äëÿ ïðîâåðêè ïðèíöèïà; 3) óñïåøíàÿ äåìîíñòðàöèÿ èäåè; 4) ïðîåêò è ñîçäàíèå

èíñòðóìåíòà äëÿ èäåíòèôèêàöèè ýêñïåðèìåíòàëüíûõ ïàðàìåòðîâ ñ íåîáõîäèìîé

÷óâñòâèòåëüíîñòüþ, ñåëåêòèâíîñòüþ, ïðàâèëüíîñòüþ è âîñïðîèçâîäèìîñòüþ;

5) äîñòèæåíèå çàâåðøåííîñòè, ðàçðàáîòêà ñòàíäàðòíûõ óñëîâèé è ïðîöåäóð,

àâòîìàòèçàöèÿ îïåðàöèé, êîìïüþòåðíàÿ îáðàáîòêà äàííûõ; 6) óãëóáëåíèå

ïîíèìàíèÿ íàó÷íûõ ïðèíöèïîâ; 7) ñòàðåíèå (mature).

Òàáëèöà 2

Ãîäû Îñíîâíûå ýòàïû Òèïè÷íûå õàðàêòåðèñòèêè ×èñëî ïóáëèêàöèé

1936–1944 Ïåðèîä ñòàíîâëåíèÿ Ïëîòíîñòü ïîòîêà

íåéòðîíîâ 5 105 2 1⋅ ⋅− −cì c
10

1944–1950 ßäåðíûå ðåàêòîðû Ïëîòíîñòü ïîòîêà

íåéòðîíîâ 5 1011 2 1⋅ ⋅− −cì c
10

1950–1960 Ñöèíòèëëÿöèîííûå

äåòåêòîðû NaI(Tl)

Ðàçðåøåíèå 50 êýÂ

äëÿ ëèíèè 1332 êýÂ 60Co

100

1960–1970 Ïîëóïðîâîäíèêîâûå

äåòåêòîðû Ge(Li)

Ðàçðåøåíèå 2–3 êýÂ 1000

1970–1998 Ýêñòåíñèâíûå ïðèìåíåíèÿ

Äåòåêòîðû èç ñâåðõ÷èñòîãî

ãåðìàíèÿ; ìåòîäè÷åñêèå

óñîâåðøåíñòâîâàíèÿ

Ïëîòíîñòü ïîòîêà

íåéòðîíîâ10 14 2 1− − −⋅cì c

Ðàçðåøåíèå 1,7 êýÂ

2000

Ðàçëè÷àþò èíñòðóìåíòàëüíûé (ÈÍÀÀ) è ðàäèîõèìè÷åñêèé íåéòðîííûé

àêòèâàöèîííûé àíàëèç. Íà ðåàêòîðàõ, ñïåêòðû íåéòðîíîâ êîòîðûõ ñîäåðæàò

ðåçîíàíñíûå (ýïèòåïëîâûå) è áûñòðûå íåéòðîíû, âîçìîæíî ïðîâåäåíèå

ýïèòåïëîâîãî íåéòðîííîãî àíàëèçà (ÝÍÀÀ), à åñëè ðåàêòîð îñíàùåí è áûñòðîé

ïíåâìîïî÷òîé, òî è öèêëè÷åñêîãî íåéòðîííîãî àêòèâàöèîííîãî àíàëèçà (ÖÍÀÀ).

Îáà ýòè ìåòîäà ðåàëèçóþòñÿ íà èìïóëüñíîì áûñòðîì ðåàêòîðå ÈÁÐ-2 ËÍÔ

ÎÈßÈ. Àêòèâàöèÿ ýïèòåïëîâûìè íåéòðîíàìè ïîçâîëÿåò îïòèìèçèðîâàòü óñëîâèÿ

îáëó÷åíèÿ èññëåäóåìûõ îáðàçöîâ, îñîáåííî â òåõ ñëó÷àÿõ, êîãäà èíòåðåñóþùèå

èçîòîïû îáëàäàþò áîëüøèìè ðåçîíàíñíûìè èíòåãðàëàìè (ðÿä òÿæåëûõ ìåòàëëîâ,

áîëüøèíñòâî ðåäêîçåìåëüíûõ ýëåìåíòîâ).

Àíàëèòè÷åñêèé êîìïëåêñ íà áàçå ïíåâìîòðàíñïîðòíîé óñòàíîâêè (ÏÒÓ)

«Ðåãàòà» íà ÈÁÐ-2 ËÍÔ ÎÈßÈ ïðåäíàçíà÷åí äëÿ ïðîâåäåíèÿ ìíîãîýëåìåíòíîãî

èíñòðóìåíòàëüíîãî (ÈÍÀÀ), ýïèòåïëîâîãî (ÝÍÀÀ) è öèêëè÷åñêîãî íåéòðîííîãî

àêòèâàöèîííîãî àíàëèçà, à òàêæå ðàäèàöèîííûõ èññëåäîâàíèé ñ èñïîëüçîâàíèåì
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òåïëîâûõ, ðåçîíàíñíûõ è áûñòðûõ íåéòðîíîâ ðåàêòîðà ÈÁÐ-2. Óñòàíîâêà

«Ðåãàòà» îñíàùåíà «ãîðÿ÷èìè» êàìåðàìè ñ äèñòàíöèîííûìè ìàíèïóëÿòîðàìè,

ãåðìåòè÷íûì ïåð÷àòî÷íûì áîêñîì äëÿ ïðîâåäåíèÿ ðàáîò ñ îòêðûòûìè

ðàäèîàêòèâíûìè èñòî÷íèêàìè.

Ïîìåùåíèå ÏÒÓ «Ðåãàòà» íà ÈÁÐ-2 ïàñïîðòèçîâàíî êàê «ðàäèîõèìè÷åñêàÿ

ëàáîðàòîðèÿ III êëàññà». Íà ïðîâåäåíèå àíàëèòè÷åñêèõ ðàáîò èìååòñÿ àêêðåäè-

òàöèÿ Ãîññòàíäàðòà Ðîññèè è ìåæäóíàðîäíàÿ àêêðåäèòàöèÿ ÌÀÃÀÒÝ.

Îáðàçöû îáëó÷àþòñÿ â òðàíñïîðòíûõ

êîíòåéíåðàõ èç ïîëèýòèëåíà, òåôëîíà èëè

àëþìèíèÿ (ðèñ. 2). Âðåìÿ îáëó÷åíèÿ

â êîíòåéíåðàõ èç ïîëèýòèëåíà — äî 30 ìèí

äëÿ âñåõ êàíàëîâ îáëó÷åíèÿ ïðè ìîùíîñòè

ðåàêòîðà 2 ÌÂò. Àëþìèíèåâûå

êîíòåéíåðû èñïîëüçóþòñÿ äëÿ äëèòåëü-

íûõ îáëó÷åíèé.
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Ðèñ. 1. Ýíåðãåòè÷åñêèå ñïåêòðû íåéòðîíîâ â êàíàëàõ ÎÊ1 è ÎÊ3 ðåàêòîðà ÈÁÐ-2. Ñïëîøíàÿ

êðèâàÿ — ñïåêòð äëÿ ÎÊ3, � — äëÿ ÎÊ1. Â èíòåðâàëå E<055, ýÂ — ñïåêòðû òåïëîâûõ íåéòðîíîâ

â ÎÊ1 áåç è ñ ýêðàíîì èç êàäìèÿ

Ðèñ. 2. Ïîëèýòèëåíîâûé òðàíñïîðòíûé êîíòåéíåð

è âíóòðåííÿÿ êàïñóëà äëÿ îáðàçöà. Ðàçìåðû óêàçàíû

â ìì. Äî 7 êîíòåéíåðîâ ìîæåò îáëó÷àòüñÿ â êàíàëàõ

îäíîâðåìåííî. Ïëîòíîñòü ïîòîêà íåéòðîíîâ êîí-

òðîëèðóåòñÿ ìîíèòîðàìè èç çîëîòà, öèðêîíèÿ è äð.



Òàáëèöà 3. Îñíîâíûå õàðàêòðèñòèêè êàíàëîâ îáëó÷åíèÿ

Ïîçèöèÿ

îáëó÷åíèÿ

Ïëîòíîñòü ïîòîêà íåéòðîíîâ,

ñì ñ− −⋅ ⋅2 1 1210
Ò, �Ñ

Äèàìåòð

êàíàëà, ìì

Äëèíà

êàíàëà, ìì
Òåïëîâûå Ðåçîíàíñíûå Áûñòðûå

ÎÊ1 Cd-ýêðàí 3,31 4,32 70 28 260

ÎÊ2 1,23 2,96 4,10 60 28 260

ÎÊ3 4,2 7,6 7,7 30–40 30 400

Îáðàçöû òðàíñïîðòèðóþòñÿ â ïíåâìîòðàíñïîðòíîé ñèñòåìå ñæàòûì âîçäóõîì

ïðè äàâëåíèè 3–6 àòì. Âñå áëîêè ñèñòåìû íàõîäÿòñÿ íà ðàññòîÿíèè 50–60 ì

îò àêòèâíîé çîíû ðåàêòîðà. Âðåìÿ òðàíñïîðòèðîâêè ïîëèýòèëåíîâûõ êîíòåéíåðîâ

ê ïîçèöèè îáëó÷åíèÿ 7–20 ñ. Àëþìèíèåâûå êîíòåéíåðû ïåðåìåùàþòñÿ

áûñòðåå — 3–7 ñ. Ïðîìåæóòî÷íîå õðàíèëèùå (S) (åìêîñòüþ äî 15 êîíòåéíåðîâ)
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Ðèñ. 3. Ñõåìà óñòàíîâêè «Ðåãàòà»: Ch1 ÷Ch4 — êàíàëû îáëó÷åíèÿ, S — ïðîìåæóòî÷íîå õðàíèëèùå,

DCV — óñòðîéñòâî ðàçâîðîòà êîíòåéíåðîâ, L — áëîê çàãðóçêè, RCB — ðàäèîõèìè÷åñêèé

ïåð÷àòî÷íûé áîêñ, U — áëîê âûãðóçêè, SU — áëîê ñîðòèðîâêè, SM — âðåìåííîå õðàíèëèùå

îáëó÷åííûõ îáðàçöîâ, R — áëîê ïåðåïàêîâêè, D — Ge(Li)-äåòåêòîðû, AA — àìïëèòóäíûé

àíàëèçàòîð, CB — ïóëüò óïðàâëåíèÿ, CC — CAMAC-êîíòðîëëåðû, R1�R3 — ïîìåùåíèÿ, ãäå

ðàñïîëàãàåòñÿ óñòàíîâêà



èñïîëüçóåòñÿ äëÿ âûäåðæêè àëþìèíèåâûõ êîíòåéíåðîâ ïîñëå äëèòåëüíûõ

îáëó÷åíèé. Ýòî õðàíèëèùå íàõîäèòñÿ â êîëüöåâîì êîðèäîðå áèîëîãè÷åñêîé

çàùèòû ðåàêòîðà. Õðàíèëèùå (SM) ñîäåðæèò 32 ÿ÷åéêè äëÿ õðàíåíèÿ àêòèâíûõ

îáðàçöîâ, îíî îêðóæåíî áèîëîãè÷åñêîé çàùèòîé èç ñâèíöà è áåòîííûõ áëîêîâ.

Óñòàíîâêà êîíòåéíåðîâ â ïîçèöèè îáëó÷åíèÿ êîíòðîëèðóåòñÿ ñ ïîìîùüþ

àêóñòè÷åñêèõ äàò÷èêîâ.

Îáðàáîòêà ðåçóëüòàòîâ èçìåðåíèé âåäåòñÿ ñ ïîìîùüþ êîìïëåêñà ïðîãðàìì,

ðàçðàáîòàííûõ ñïåöèàëèñòàìè ËÍÔ äëÿ êîíêðåòíûõ óñëîâèé ïðîâåäåíèÿ

íåéòðîííîãî àêòèâàöèîííîãî àíàëèçà íà ÈÁÐ-2.

Íà áàçå ñåêòîðà ÀÀèÐÈ ËÍÔ îðãàíèçîâàí ïðàêòèêóì è ÷èòàåòñÿ ñïåöêóðñ

«Íåéòðîííûé àêòèâàöèîííûé àíàëèç êàê ÿäåðíî-ôèçè÷åñêèé ìåòîä îïðåäåëåíèÿ

ýëåìåíòíîãî ñîñòàâà âåùåñòâà. Ïðèìåíåíèå â ýêîëîãèè» äëÿ ñòóäåíòîâ Ìåæôà-

êóëüòåòñêîãî öåíòðà ÌÃÓ è êàôåäðû ýêîëîãèè óíèâåðñèòåòà «Äóáíà», à òàêæå

ïðàêòèêóì äëÿ åæåãîäíîé Íåéòðîííîé øêîëû ËÍÔ, îðãàíèçóåìîé äëÿ ñòóäåíòîâ

è ìîëîäûõ ñïåöèàëèñòîâ.

Â íàñòîÿùåå âðåìÿ ñ ïîìîùüþ àíàëèòè÷åñêîãî êîìïëåêñà íà áàçå ÏÒÓ

«Ðåãàòà» ðåøàþòñÿ ýêîëîãè÷åñêèå çàäà÷è, ñâÿçàííûå ñ èçó÷åíèåì ýëåìåíòíîãî

ñîñòàâà îáúåêòîâ îêðóæàþùåé ñðåäû, à òàêæå çàäà÷è ìàòåðèàëîâåäåíèÿ (íîâûå

ìàòåðèàëû è òåõíîëîãè÷åñêèå ïðîöåññû, ãäå íåîáõîäèìà èíôîðìàöèÿ

îá ýëåìåíòíîì ñîñòàâå âåùåñòâà). Ðåçóëüòàòû ýòèõ èññëåäîâàíèé âàæíû êàê

äëÿ ïðèêëàäíûõ, òàê è äëÿ ôóíäàìåíòàëüíûõ íàóê. Íèæå ïåðå÷èñëåíû îñíîâíûå

íàïðàâëåíèÿ ðàáîò, êîòîðûå âåäóòñÿ â íàñòîÿùåå âðåìÿ

ÀÍÀËÈÒÈ×ÅÑÊÈÅ ÈÑÑËÅÄÎÂÀÍÈß

ÍÀ ÐÅÀÊÒÎÐÅ ÈÁÐ-2 ËÍÔ ÎÈßÈ, ÄÓÁÍÀ

Èíñòðóìåíòàëüíûé

íåéòðîííûé àêòèâàöèîííûé

àíàëèç ÈÍÀÀ

Ýïèòåïëîâîé íåéòðîííûé

àêòèâàöèîííûé àíàëèç

ÝÍÀÀ

Öèêëè÷åñêèé íåéòðîííûé

àêòèâàöèîííûé àíàëèç

ÖÍÀÀ

Ýêîëîãè÷åñêèå èññëåäîâàíèÿ Ìàòåðèàëîâåäåíèå

• Áèîìîíèòîðèíã àòìîñôåðíûõ âûïàäå-

íèé (ìõè, ëèøàéíèêè, êîðà äåðåâüåâ).

Ïðîåêò «ÐÅÃÀÒÀ».

• Áèîòåõíîëîãèè: áàêòåðèàëüíîå âûùåëà-

÷èâàíèå ìåòàëëîâ èç ðóä, ïîðîä è ïðî-

ìûøëåííûõ îòõîäîâ; íîâûå ìåäè-

öèíñêèå ïðåïàðàòû íà îñíîâå ñèíå-

çåëåíîé âîäîðîñëè Spirulina Platensis).

• Èçó÷åíèå çàãðÿçíåíèé âîçäóõà (àýðî-

çîëüíûå ôèëüòðû: Ñèáèðü (Áàéêàë),

Åãèïåò (Âåëèêàÿ Êàèðñêàÿ äîëèíà)).

• Ñâåðõ÷èñòûå ìàòåðèàëû: àëþìèíèé,

ïîëóïðîâîäíèêè íà îñíîâå ãåðìàíèÿ,

êðåìíèÿ è àðñåíèäà ãàëëèÿ.
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• Îöåíêà ýêîëîãè÷åñêîé ñèòóàöèè: òåï-

ëîâûå ýëåêòðîñòàíöèè; ïîëèãîíû áûòî-

âûõ îòõîäîâ, àâàðèè ñ ðàçëèâîì íåôòè,

çàãðÿçíåíèå âîäíûõ áàññåéíîâ (Ìîñ-

êîâñêîå ìîðå, ðåêà Îêà, îçåðî Áàéêàë).

• Êîíñòðóêöèîííûå ìàòåðèàëû â ïðîáëå-

ìàõ ïðåêðàùåíèÿ ýêñïëóàòàöèè àòîìíûõ

ýëåêòðîñòàíöèé, îñòåêëîâûâàíèÿ ðàäèî-

àêòèâíûõ îòõîäîâ, óòèëèçàöèè îòõîäîâ

ïðîìûøëåííîãî ïðîèçâîäñòâà.

Áîëåå äåòàëüíîå ñîäåðæàíèå ýòèõ èññëåäîâàíèé îòðàæåíî â ñëåäóþùèõ

êîíêðåòíûõ ïðîåêòàõ (òàáë. 4).

Òàáëèöà 4

No ON-GOING INTERNATIONAL PROJECTS

1 Biomonitoring of heavy metals and radionuclides in Chelyabinsk Region, South Ural,

Russia: temporal and spatial trends (Russia, Norway) (IAEA grant 1997–2002)

2 Air Pollution Monitoring Industrial Areas under Strong Anthropogenic Impact

(Grant RFBR. Magnitogorsk Technical University–JINR, 2001–2001)

3 Heavy metal atmospheric deposition in Bulgaria (PP* grant, 2000)

4 Atmospheric deposition study in Poland (PP* grant, 1999–2001)

5 Biomonitoring in Slovakia for heavy metals and radionuclides (PP* grant 2000–2003)

6 Biomonitoring in Czech Republic and γ γ− -coincidence installation (PP* grant, 2001)

7 Biomonitoring in Yugoslavia around Belgrade and Novi Sad (Serbia) and mountainous area

(Bosnia) (Pilot project, 2000–2001) (Project submitted to UNEP)

8 Heavy metal atmospheric deposition in Romania (1995–2001) (IAEA grant for IFIN and JINR);

(Expectations for a PP* grant for 2001–2002)

9 Heavy metal atmospheric deposition in the South Korea (moss, lichens, bark) (Pilot project)

10 Atmospheric deposition study in China (Protocol on collaboration) (1999–2003)

11 Air Pollution Studies in the Greater Cairo Area, Egypt

(Agreement with the Atomic Energy Authority of Egypt) (2000–2003)

12 Workplace monitoring and occupational health studies at some selected phosphate fertilizer plans

using nuclear and related analytical techniques in Russia, Uzbekistan, Poland, Romania,

the Netherlands, Denmark (Grant COPERNICUS) (2001–2002)

13 Workplace monitoring and health related studies at phosphate fertilizer plant in Voskresensk,

Russia (IAEA grant) (1998–2001)

14 Workplace monitoring and health related studies at phosphate fertilizer plant in Gdansk, Poland

(PP* grant, 2000–2001)

15 Selenium-Containing Blue-Green Algae Spirulina Platensis for Preventive Health-Care

Investigated by Nuclear Techniques (IAEA grant for «a single project of outstanding

importance», JINR–Georgia, 2000–2002)

16 Biotechnology applied to rocks and poor ores in Georgia for extraction of radioactive and rare

earth elements (grant ISC) (1999–2000)

17 Development of the Analytical Complex REGATA at IBR-2 (Grant of the Academy of Sciences

of Czech Republic) (2000–2001)

PROJECTS SUBMITTED FOR FINANCING
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1 Quality and toxic safety of food products grown in contaminated areas under strong

anthropogenic impact of heavy metals and radionuclides (submitted to INTAS-2000)

2 The upgrading of the analytical complex based on pneumatic installation REGATA at IBR-2

reactor, FLNP JINR (submitted to MINNAUKA as a part of JINR project)

3 Investigation of atmospheric heavy metal deposition impact population health in some selected

areas of Russia (Central Russia, basins of Ivankovskoe and Rybinsk reservoirs, Tula Region,

South Ural Mountains, Lake Baikal) (EPIDEP-RUSSIA) (submitted to RFBR)

PROJECTS UNDER PREPARATION

1 Identification of freshwater aquatic biomarkers using advanced field and laboratory techniques

in Russian freshwater ecosystems (Rybinsk Reservoir) (2001–2003)

2 Assessment of the environmental situation in the deltas of two great rivers of the world: Volga

and Nile (European Union Commission on Mediterranean projects)

3 Monitoring of radionuclides and heavy metals in the Northern Kazakhstan, Russia, Mongolia

and China affected by Semipalatinsk nuclear test site (World Monetary Bank)

* PP — grant of the Plenipotentiary of JINR member-state.

Äîñòèæåíèÿ ñîòðóäíèêîâ ñåêòîðà ÀÀèÐÈ ËÍÔ îòìå÷åíû ïåðâîé ïðåìèåé

ÎÈßÈ 1996 ã. çà öèêë èç 18 ðàáîò «Íåéòðîííûé àêòèâàöèîííûé àíàëèç íà ÈÁÐ-2

â ðåøåíèè çàäà÷ îõðàíû îêðóæàþùåé ñðåäû». Â íàñòîÿùåå âðåìÿ ñåêòîð ÀÀèÐÈ

ó÷àñòâóåò â ÷åòûðåõ êîîðäèíàöèîííûõ ïðîãðàììàõ ÌÀÃÀÒÝ; íà êîíêóðñíîé

îñíîâå ïîëó÷åí ãðàíò «Ïðîãðàììû-5» ôîíäà COPERNICUS (European Union)

â 2000 ã.; à òàêæå ãðàíò ÐÔÔÈ íà 2001 ã. Íàó÷íàÿ áèáëèîãðàôèÿ ñåêòîðà ÀÀèÐÈ

(ñì. ïðèëîæåíèå — ñïèñîê íàèáîëåå âàæíûõ ðàáîò çà ïîñëåäíèå 5 ëåò) îòðàæàåò

ìåæäóíàðîäíîå ïðèçíàíèå ðàáîò ïî èñïîëüçîâàíèþ ÍÀÀ â ýêîëîãè÷åñêèõ

èññëåäîâàíèÿõ, âåäóùèõñÿ â òåñíîì ñîòðóäíè÷åñòâå êàê ñ ðîññèéñêèìè, òàê

è ñ çàðóáåæíûìè íàó÷íûìè öåíòðàìè. Ðåçóëüòàòû àíàëèçà ìõîâ-áèîìîíèòîðîâ,

ïîëó÷åííûå â ñåêòîðå ÀÀèÐÈ, âêëþ÷àþòñÿ â Àòëàñ àòìîñôåðíûõ âûïàäåíèé

òÿæåëûõ ìåòàëëîâ â Åâðîïå, èçäàâàåìûé Ýêîëîãè÷åñêîé êîìèññèåé ÎÎÍ (UNEP

Commission on Ecology and Hydrology).

Îäíî èç îñíîâíûõ íàïðàâëåíèé èññëåäîâàíèé â ñåêòîðå ÀÀèÐÈ ËÍÔ

ÎÈßÈ — áèîìîíèòîðèíã àòìîñôåðíûõ âûïàäåíèé òÿæåëûõ ìåòàëëîâ. Àíàëèçè-

ðóþòñÿ îáðàçöû ìõîâ (èëè ëèøàéíèêîâ), êîòîðûå ÿâëÿþòñÿ ïðèðîäíûìè àíàëîãà-

ìè âîçäóøíûõ ôèëüòðîâ ñ òî÷êè çðåíèÿ ñîðáöèè àòìîñôåðíûõ âûïàäåíèé çà ôèê-

ñèðîâàííûé ïåðèîä âðåìåíè. Ýòè ðàáîòû â ðàìêàõ ïðîåêòà ÎÈßÈ ïåðâîãî ïðèî-

ðèòåòà «Ðåãàòà» âåäóòñÿ â ñîäðóæåñòâå ñî ñïåöèàëèñòàìè èç ðàçíûõ îðãàíèçàöèé

Þæíîãî Óðàëà, Òóëüñêîé, Ìîñêîâñêîé îáëàñòåé, Êîëüñêîãî ïîëóîñòðîâà, Ïîëü-

øè, Áîëãàðèè, Ðóìûíèè, Íîðâåãèè. Ïîäïèñàí ïðîòîêîë î ñîòðóäíè÷åñòâå â ýòîé

îáëàñòè ñ Êèòàåì.

Îñíîâíûå öåëè ïðîåêòà:

• ðàçðàáîòêà è ñîçäàíèå ñåòè ìîíèòîðèíãà àòìîñôåðíûõ âûïàäåíèé íà îáñëå-

äóåìûõ òåððèòîðèÿõ â ñîîòâåòñòâèè ñî ñòðàòåãèåé è ïðèíöèïàìè Åâðîïåé-
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ñêîé ïðîãðàììû «Atmospheric Heavy Metal Deposition in Europe —

Estimations Based on Moss Analysis»;

• îïðåäåëåíèå óðîâíåé çàãðÿçíåíèé òÿæåëûìè ìåòàëëàìè è äðóãèìè ýëåìåí-

òàìè, âêëþ÷àÿ ðåäêîçåìåëüíûå ýëåìåíòû, íà áîëüøèõ ãåîãðàôè÷åñêèõ òåð-

ðèòîðèÿõ;

• âûÿâëåíèå ëîêàëüíûõ èñòî÷íèêîâ çàãðÿçíåíèé è òåððèòîðèé, ïîïàäàþùèõ

ïîä èõ âîçäåéñòâèå;

• ñîçäàíèå áàçû äàííûõ äëÿ ñðàâíèòåëüíûõ, ïîâòîðÿþùèõñÿ ñ ïåðèîäè÷íî-

ñòüþ â ïÿòü ëåò, îäíîìîìåíòíûõ ñáîðîâ ìõîâ-áèîìîíèòîðîâ (moss-surveys);

• ïðîâåäåíèå ñòàòèñòè÷åñêîãî è ãðàôè÷åñêîãî àíàëèçà ïîëó÷åííûõ ìàññèâîâ

äàííûõ ñ öåëüþ âûÿâëåíèÿ õàðàêòåðà è ïðîèñõîæäåíèÿ èñòî÷íèêîâ çàãðÿç-

íåíèÿ â ïðåäåëàõ èññëåäóåìûõ òåððèòîðèé, à òàêæå âîçäåéñòâèÿ äàëüíåãî ïå-

ðåíîñà ýëåìåíòîâ-çàãðÿçíèòåëåé;

• ðàçðàáîòêà è ñîçäàíèå êàðò ðàñïðåäåëåíèé îïðåäåëÿåìûõ ýëåìåíòîâ äëÿ îá-

ñëåäîâàííûõ òåððèòîðèé ñ ïîìîùüþ ÃÈÑ-òåõíîëîãèé â öåëÿõ ìîíèòîðèíãà

îêðóæàþùåé ñðåäû.

Òàêîé êîìïëåêñíûé ïîäõîä — îò ñáîðà îáðàçöîâ, äî ïîñòðîåíèÿ ãåîãðàôè-

÷åñêèõ êàðò ðàñïðåäåëåíèé ýëåìåíòîâ — ïîçâîëÿåò ïîëó÷àòü óíèêàëüíóþ èíôîð-

ìàöèþ äëÿ áîëüøîãî êðóãà ñïåöèàëèñòîâ, âîâëå÷åííûõ â ðåøåíèå çàäà÷ îõðàíû

îêðóæàþùåé ñðåäû.

Â ðàìêàõ ãðàíòîâ Ìåæäóíàðîäíîãî àãåíòñòâà ïî àòîìíîé ýíåðãèè è Åâðî-

ïåéñêîãî ôîíäà COPERNICUS â ñåêòîðå ÀÀèÐÈ ËÍÔ ðåàëèçóåòñÿ ïðîåêò «Ìîíè-

òîðèíã íà ðàáî÷èõ ìåñòàõ è çäîðîâüå ïåðñîíàëà, çàíÿòîãî â ïðîèçâîäñòâå

ôîñôîðíûõ óäîáðåíèé». Â íåãî âõîäÿò ïðåäñòàâèòåëè ÷åòûðåõ ñòðàí-ó÷àñòíèö

ÎÈßÈ: Ðîññèè, Óçáåêèñòàíà, Ïîëüøè è Ðóìûíèè, à òàêæå Íèäåðëàíäîâ è Äàíèè.

Îñîáî ñëåäóåò îòìåòèòü ìàòåðèàëîâåä÷åñêîå íàïðàâëåíèå ðàáîò ñ ïðèìåíå-

íèåì âñåãî àðñåíàëà ñðåäñòâ íåéòðîííîãî àêòèâàöèîííîãî àíàëèçà — ýòî àíàëèç

ñâåðõ÷èñòîãî àëþìèíèÿ, ïîëóïðîâîäíèêîâ íà îñíîâå êðåìíèÿ è àðñåíèäà ãàëëèÿ,

èçó÷åíèå õèìè÷åñêîãî ñîñòàâà ìàòåðèàëîâ, èñïîëüçóåìûõ ïðè îñòåêëîâûâàíèè

ðàäèîàêòèâíûõ îòõîäîâ, âûÿâëåíèå òîêñè÷íûõ ýëåìåíòîâ, êîòîðûå ìîãóò ïîïàñòü

â îêðóæàþùóþ ñðåäó ïðè óòèëèçàöèè áîÿ êèíåñêîïíîãî ñòåêëà, ìîíèòîðîâ

êîìïüþòåðîâ è ëþìèíåñöåíòíûõ ëàìï.

Èññëåäîâàíèÿ â ñåêòîðå àêòèâàöèîííîãî àíàëèçà è ðàäèàöèîííûõ èññëåäîâà-

íèé ËÍÔ âñåãäà ïðèâëåêàëè âíèìàíèå ïîëüñêèõ ó÷åíûõ ñâîåé ðàçíîîáðàçíîé òå-

ìàòèêîé. Â ñâîå âðåìÿ â ñåêòîðå ðàáîòàëè ïðîôåññîðà À.Íàâðîöêè

è Ñ.Ñòåðëèíñêè, Ð.Ëèïïåðò, Ý.Ãàöåê, Â.Êàíòîð, Ç.Áîáðîâñêè, Ë.Ñòàðîñòèí è ìíî-

ãèå äðóãèå. Â íàñòîÿùåå âðåìÿ â ðàìêàõ äâóõ ãðàíòîâ Ïîëíîìî÷íîãî Ïðåäñòàâèòå-

ëÿ Ðåñïóáëèêè Ïîëüøà â ÎÈßÈ âåäóòñÿ ñîâìåñòíûå ðàáîòû ñ Èíñòèòóòîì

áîòàíèêè ÏÀÍ, âîçãëàâëÿåìûå ñ ïîëüñêîé ñòîðîíû ïðîôåññîðîì Ê.Ãðîäçèíñêîé

(ñì. ïðîåêò ¹ 4), âòîðîé ãðàíò ïîääåðæèâàåò ïðîåêò, ñâÿçàííûé ñ äâóìÿ êàôåäðà-

ìè Òåõíè÷åñêîãî óíèâåðñèòåòà â Ãäàíüñêå, âîçãëàâëÿåìûìè ïðîôåññîðàìè Ì.Áè-
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çþêîì è ß.Íàìåñíèêîì (ïðîåêò ¹ 14). Ýòè æå ïîëüñêèå ó÷åíûå ó÷àñòâóþò

â áîëüøîì ìåæäóíàðîäíîì ïðîåêòå ôîíäà Åâðîïåéñêîãî ýêîëîãè÷åñêîãî ñîîáùå-

ñòâà COPERNICUS. Ïîääåðæèâàþòñÿ òðàäèöèîííûå ñâÿçè ñ Èíñòèòóòîì õèìè÷å-

ñêîé è ÿäåðíîé òåõíîëîãèè â Âàðøàâå. Ïðîôåññîð Ð.Äèá÷èíüñêè ïðèãëàñèë

íàøèõ ñïåöèàëèñòîâ äëÿ ó÷àñòèÿ â ìåæäóíàðîäíîé ñâåðêå íîâûõ ýòàëîííûõ ìàòå-

ðèàëîâ, ðàçðàáîòàííûõ â ýòîì èíñòèòóòå.

Ïî÷òè ïîëãîäà ïðîâåëà â Äóáíå ñòóäåíòêà ôèçè÷åñêîãî ôàêóëüòåòà Óíèâåð-

ñèòåòà èì. À.Ìèöêåâè÷à â Ïîçíàíè Àãíåøêà Êóõàðñêà. Åå ìàãèñòåðñêèé

äèïëîì — ýòî ïðèìåð ñîâìåñòíîãî ïîëüñêî-ðîññèéñêîãî ðóêîâîäñòâà íàó÷íîé

ðàáîòîé ìîëîäåæè.

Â çàêëþ÷åíèå õîòåëîñü áû âûðàçèòü ãëóáîêóþ ïðèçíàòåëüíîñòü Ïîëíîìî÷-

íîìó Ïðåäñòàâèòåëþ Ðåñïóáëèêè Ïîëüøà â ÎÈßÈ àêàäåìèêó ÏÀÍ, ïðîôåññîðó

À.Õðûíêåâè÷ó çà åãî ïîñòîÿííîå âíèìàíèå ê ïðèêëàäíûì àíàëèòè÷åñêèì èññëå-

äîâàíèÿì, âåäóùèìñÿ â ñîòðóäíè÷åñòâå ñ ïîëüñêèìè ñîòðóäíèêàìè íà ðåàêòîðå

ÈÁÐ-2. Àâòîð òàêæå áëàãîäàðèò äîêòîðà Â.Õìåëüîâñêè çà äîáðîæåëàòåëüíîå

îòíîøåíèå è ïîìîùü â îðãàíèçàöèîííûõ âîïðîñàõ.

Ñïèñîê íàèáîëåå âàæíûõ ðàáîò, âûïîëíåííûõ â ñåêòîðå àêòèâàöèîííîãî

àíàëèçà è ðàäèàöèîííûõ èññëåäîâàíèé çà ïîñëåäíèé ïåðèîä.
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ÍÅÉÒÐÎÍÍÛÅ ÈÑÑËÅÄÎÂÀÍÈß
ÊÎÍÄÅÍÑÈÐÎÂÀÍÍÛÕ ÑÐÅÄ

À.Â.Áåëóøêèí

Ëàáîðàòîðèÿ íåéòðîííîé ôèçèêè èì. È.Ì.Ôðàíêà ÎÈßÈ

Ñîòðóäíè÷åñòâî ìåæäó ËÍÔ ÎÈßÈ è íàó÷íûìè öåíòðàìè Ïîëüøè â îáëàñòè

èññëåäîâàíèé ñâîéñòâ êîíäåíñèðîâàííûõ ñðåä ñ ïîìîùüþ ðàññåÿíèÿ íåéòðîíîâ

èìååò äàâíþþ è áîãàòóþ èñòîðèþ. Óìåñòíî âñïîìíèòü, ÷òî ñàìî ýòî íàïðàâëåíèå

ðîäèëîñü â ÎÈßÈ ïî ïðåäëîæåíèþ âûäàþùåãîñÿ ïîëüñêîãî ó÷åíîãî, ïðî-

ôåññîðà, àêàäåìèêà Åæè ßíèêà. Â 1958 ã. îí ñäåëàë ïðåäëîæåíèå î íà÷àëå ðàáîò ïî

äàííîé òåìàòèêå òîãäàøíåìó äèðåêòîðó ëàáîðàòîðèè Èëüå Ìèõàéëîâè÷ó Ôðàíêó,

êîòîðûé èäåþ ïîääåðæàë, è óæå â 1959 ã. áûëè ïðîâåäåíû ïåðâûå ñîâìåñòíûå

ýêñïåðèìåíòû ñ Èíñòèòóòîì ÿäåðíîé ôèçèêè (Êðàêîâ). Ñåãîäíÿ ñîòðóäíè÷åñòâî

âêëþ÷àåò â ñåáÿ, ïîìèìî óïîìÿíóòîãî èíñòèòóòà, Èíñòèòóò õèìèè è ÿäåðíîé

òåõíèêè â Âàðøàâå, ßãåëëîíñêèé óíèâåðñèòåò â Êðàêîâå, Èíñòèòóò àòîìíîé

ýíåðãèè â Ñâåðêå, Óíèâåðñèòåò èì. À. Ìèöêåâè÷à â Ïîçíàíè, Òåõíîëîãè÷åñêèé

óíèâåðñèòåò âî Âðîöëàâå, Óíèâåðñèòåò Ìàðèè Ñêëîäîâñêîé-Êþðè â Ëþáëèíå è

Òåõíè÷åñêèé óíèâåðñèòåò â Ùåöèíå. Òåìàòèêà ñîâìåñòíûõ èññëåäîâàíèé òàêæå

äîñòàòî÷íî øèðîêà, è ñ êàæäûì ãîäîì âîçíèêàþò âñå íîâûå íàïðàâëåíèÿ ðàáîò.

Òàêèì îáðàçîì, èäåÿ àêàäåìèêà Å.ßíèêà îêàçàëàñü ÷ðåçâû÷àéíî ïëîäîòâîðíîé è

äî ñèõ ïîð ñëóæèò ôóíäàìåíòîì àêòèâíîãî ñîòðóäíè÷åñòâà èññëåäîâàòåëåé

Ïîëüøè è Ëàáîðàòîðèè íåéòðîííîé ôèçèêè. Íà îäíîì èç ñàìûõ ñîâðåìåííûõ

íåéòðîííûõ èñòî÷íèêîâ â ìèðå ÈÁÐ-2 ïîäàâëÿþùåå áîëüøèíñòâî

ýêñïåðèìåíòàëüíûõ óñòàíîâîê ïðåäíàçíà÷åíî èìåííî äëÿ íåéòðîííûõ èññëåäî-

âàíèé êîíäåíñèðîâàííûõ ñðåä. Äâà ñïåêòðîìåòðà áûëè ñäåëàíû ïî èíèöèàòèâå è

ïðè îïðåäåëÿþùåì ó÷àñòèè ïîëüñêèõ ôèçèêîâ, èíæåíåðîâ, òåõíèêîâ. Â ñîçäàíèå

öåëîãî ðÿäà äðóãèõ óñòàíîâîê ñïåöèàëèñòû Ïîëüøè âíåñëè ñóùåñòâåííûé âêëàä.

Âàæíî îòìåòèòü, ÷òî è â ñîçäàíèè ñàìîãî ðåàêòîðà Ïîëüøà èãðàëà î÷åíü

âàæíóþ ðîëü. Ýëåêòðîííàÿ àïïàðàòóðà ñèñòåìû óïðàâëåíèÿ è çàùèòû (ÑÓÇ)

ðåàêòîðà áûëà ðàçðàáîòàíà è èçãîòîâëåíà â Ïîëüøå. Ñîçäàííûé êîìïëåêñ

ïîçâîëÿåò êîíòðîëèðîâàòü áîëüøîå ÷èñëî ïàðàìåòðîâ ðåàêòîðà, èçìåðÿòü è

àâòîìàòè÷åñêè ïîääåðæèâàòü åãî ìîùíîñòü, êîíòðîëèðîâàòü âèáðàöèè è îñåâûå

ñìåùåíèÿ ïîäâèæíûõ îòðàæàòåëåé. Ñïåöèàëèñòû èç Ñâåðêà ó÷àñòâîâàëè â

ôèçè÷åñêîì è ýíåðãåòè÷åñêîì ïóñêå ÈÁÐ-2. Â ðåçóëüòàòå áûë íàêîïëåí áîëüøîé

ïðàêòè÷åñêèé ìàòåðèàë, ÿâèâøèéñÿ îñíîâîé ñîâìåñòíûõ ïóáëèêàöèé è èçîáðå-

òåíèé. Íåóäèâèòåëüíî, ÷òî ñåé÷àñ, â ïåðèîä ìîäåðíèçàöèè ðåàêòîðà, ïðåäëîæåíèå

î ðàçðàáîòêå íîâîé àïïàðàòóðû äëÿ ÑÓÇ áûëî íàïðàâëåíî â Èíñòèòóò àòîìíîé
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ýíåðãèè â Ñâåðêå. Áëàãîäàðÿ ïðèíöèïèàëüíîé äîãîâîðåííîñòè ìåæäó äèðåêòîðîì

Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé àêàäåìèêîì Â.Ã.Êàäûøåâñêèì

è Ïîëíîìî÷íûì Ïðåäñòàâèòåëåì Ïîëüøè â ÎÈßÈ àêàäåìèêîì À.Õðûíêåâè÷åì â

2000 ã. íà÷àëàñü ðàçðàáîòêà òåõíè÷åñêèõ óñëîâèé íà íîâóþ àïïàðàòóðó çà ñ÷åò

ñðåäñòâ ãðàíòà Ïîëíîìî÷íîãî Ïðåäñòàâèòåëÿ Ïîëüøè. Ñïåöèàëèñòû ËÍÔ êðàéíå

çàèíòåðåñîâàíû â ñêîðåéøåì çàâåðøåíèè ïðîöåäóðû ñîãëàñîâàíèé è âûðàáîòêå

ïðåäëîæåíèé îòíîñèòåëüíî êîíòðàêòà ïî íîâîé àïïàðàòóðå äëÿ ÑÓÇ, ïîñêîëüêó åå

èñïûòàíèå íåîáõîäèìî ïðîâåñòè íå ïîçäíåå 2006 ã., â êîíöå êîòîðîãî ÈÁÐ-2 áóäåò

îñòàíîâëåí äëÿ çàìåíû îñíîâíîãî îáîðóäîâàíèÿ.

Òåìàòèêà ñîâìåñòíûõ íàó÷íûõ ðàáîò îõâàòûâàåò ÷ðåçâû÷àéíî øèðîêèé êðóã

ïðîáëåì. Òðàäèöèîííûì íàïðàâëåíèåì ñîòðóäíè÷åñòâà â òå÷åíèå ìíîãèõ ëåò

ÿâëÿåòñÿ íåéòðîííàÿ ñïåêòðîñêîïèÿ. Îñíîâó ýòèõ èññëåäîâàíèé çàëîæèëè è

ïðîäîëæàþò ðàçâèâàòü ñïåöèàëèñòû Èíñòèòóòà ÿäåðíîé ôèçèêè â Êðàêîâå. Â

ïîñëåäíèå ãîäû ê ðàáîòàì ïî äàííîé òåìàòèêå ïðèñîåäèíèëèñü èññëåäîâàòåëè èç

Âàðøàâû, Âðîöëàâà è Ùåöèíà. Âñëåäñòâèå îñîáåííîñòåé âçàèìîäåéñòâèÿ

íåéòðîíà ñ âåùåñòâîì äàííûé ìåòîä èìååò ðÿä ïðåèìóùåñòâ ïî ñðàâíåíèþ ñ

òðàäèöèîííîé îïòè÷åñêîé ñïåêòðîñêîïèåé. Â ðåçóëüòàòå íåéòðîííûå è îïòè-

÷åñêèå ìåòîäû ýôôåêòèâíî äîïîëíÿþò äðóã äðóãà, ïîçâîëÿÿ ïîëó÷àòü íàèáîëåå

ïîëíóþ êàðòèíó ñèëîâûõ âçàèìîäåéñòâèé ìåæäó àòîìàìè è ìîëåêóëàìè â
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Ðèñ.1. Ñðàâíåíèå ýêñïåðèìåíòàëüíîãî ñïåêòðà íåóïðóãîãî íåêîãåðåíòíîãî ðàññåÿíèÿ íåéòðîíîâ

(òî÷êè) îò ìîëåêóëÿðíîãî êðèñòàëëà NH3CH2SO3 ñ ìîäåëüíûì ðàñ÷åòîì (ëèíèÿ). Ýêñïåðèìåíò

âûïîëíåí íà ñïåêòðîìåòðå ÍÅÐÀ-ÏÐ íà ðåàêòîðå ÈÁÐ-2



êðèñòàëëàõ. Â ñî÷åòàíèè ñ ñîâðåìåííûìè êâàíòîâî-õèìè÷åñêèìè ðàñ÷åòàìè ñ ïî-

ìîùüþ íîâûõ ìåòîäîâ îáðàáîòêè è àíàëèçà ýêñïåðèìåíòàëüíûõ äàííûõ óäàåòñÿ

ïîëó÷àòü âàæíûå ðåçóëüòàòû äëÿ áèîëîãè÷åñêèõ ñîåäèíåíèé, ëåêàðñòâåííûõ

ïðåïàðàòîâ è ò.ä. Ñîçäàííûé ïðè îïðåäåëÿþùåì âêëàäå ïîëüñêèõ ñïåöèàëèñòîâ

ñïåêòðîìåòð íåóïðóãîãî ðàññåÿíèÿ íåéòðîíîâ ÍÅÐÀ-ÏÐ ïîçâîëÿåò ïðîâîäèòü

óêàçàííûå èññëåäîâàíèÿ íà ñàìîì ñîâðåìåííîì ìèðîâîì óðîâíå.

Î÷åíü èíòåðåñíîå íàïðàâëåíèå ñîòðóäíè÷åñòâà ðàçâèâàåòñÿ ñ Óíèâåðñèòåòîì

èì. À. Ìèöêåâè÷à â Ïîçíàíè. Íà ðåàêòîðå ÈÁÐ-2 â ñîòðóäíè÷åñòâå ñ Ðîññèéñêèì

íàó÷íûì öåíòðîì «Êóð÷àòîâñêèé èíñòèòóò» áûë ñîçäàí ñïåöèàëèçèðîâàííûé

ñïåêòðîìåòð äëÿ èññëåäîâàíèé ñòðóêòóðû è äèíàìèêè êîíäåíñèðîâàííûõ ñðåä

ïðè âûñîêèõ äàâëåíèÿõ. Èñïîëüçóÿ òåõíèêó ñàïôèðîâûõ èëè àëìàçíûõ íàêîâàëåí,

íà èññëåäóåìûé îáðàçåö ìîæíî âîçäåéñòâîâàòü äàâëåíèåì ñâûøå ñòà òûñÿ÷

àòìîñôåð, ïðè ýòîì â èçó÷àåìîé ñèñòåìå ìîãóò ïðîèñõîäèòü ôàçîâûå ïåðåõîäû,

âîçíèêàòü íîâûå ôèçè÷åñêèå ÿâëåíèÿ. Â Óíèâåðñèòåòå èì. À. Ìèöêåâè÷à

èçó÷åíèåì ïîäîáíûõ ýôôåêòîâ çàíèìàþòñÿ ìíîãèå ãîäû ñ èñïîëüçîâàíèåì

ìåòîäîâ äèýëåêòðè÷åñêîé ñïåêòðîñêîïèè è ÿäåðíîãî ìàãíèòíîãî ðåçîíàíñà.

Äàâëåíèå íà îáðàçöå ïðè ýòîì ñîçäàåòñÿ ñ ïîìîùüþ ñïåöèàëüíîãî êîìïðåññîðà,

ñæèìàþùåãî ãàçîîáðàçíûé ãåëèé. Â ðåçóëüòàòå îáåñïå÷èâàåòñÿ ïîëíàÿ ãèäðî-

ñòàòè÷íîñòü, íî äîñòèæèìûå äàâëåíèÿ îãðàíè÷åíû âåëè÷èíîé â äåñÿòü–

ïÿòíàäöàòü òûñÿ÷ àòìîñôåð. Ñîâìåñòíîå èñïîëüçîâàíèå âîçìîæíîñòåé, èìåþ-

ùèõñÿ â ËÍÔ ÎÈßÈ è â Óíèâåðñèòåòå èì. À. Ìèöêåâè÷à, ïîçâîëÿåò ñóùåñòâåííî
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Ðèñ. 2. Îäèí èç ðåçóëüòàòîâ ñîâìåñòíîãî ñ Óíèâåðñèòåòîì èì. À. Ìèöêåâè÷à â Ïîçíàíè

èññëåäîâàíèÿ âëèÿíèÿ âûñîêîãî äàâëåíèÿ íà ñòðóêòóðó è äèíàìèêó èîííî-ìîëåêóëÿðíûõ

êðèñòàëëîâ. Òî÷êè — ÷àñòîòû ëèáðàöèîííîé ìîäû êîëåáàíèé èîíà àììîíèÿ â ôàçå II NH4I,

ðàññ÷èòàííûå íà îñíîâå äàííûõ ÿäåðíîãî ìàãíèòíîãî ðåçîíàíñà. Êâàäðàòû — ïðÿìûå èçìåðåíèÿ

ýòîé ÷àñòîòû ïðè ðàçëè÷íûõ äàâëåíèÿõ íà ñïåêòðîìåòðå ÄÍ-12 íà ðåàêòîðå ÈÁÐ-2



ðàñøèðèòü êðóã èññëåäîâàíèé, ïðîâåðèòü ñîãëàñîâàííîñòü ðåçóëüòàòîâ, ïîëó-

÷àåìûõ ðàçëè÷íûìè ìåòîäàìè, çà ñ÷åò ýòîãî ïîâûñèòü íàäåæíîñòü äàííûõ, à

çà÷àñòóþ ïîëó÷èòü è êà÷åñòâåííî íîâóþ èíôîðìàöèþ.

Íîâûì, íî èñêëþ÷èòåëüíî èíòåðåñíûì è ïåðñïåêòèâíûì íàïðàâëåíèåì ðàáîò

ÿâëÿåòñÿ èçó÷åíèå ïîâåðõíîñòíî-àêòèâíûõ âåùåñòâ. Óêàçàííûå èññëåäîâàíèÿ

ïðîâîäÿòñÿ ñîâìåñòíî ñ âðîöëàâñêèì Óíèâåðñèòåòîì è Èíñòèòóòîì àòîìíîé ýíåð-

ãèè â Ñâåðêå. Ïîâåðõíîñòíî-àêòèâíûå âåùåñòâà — ñóðôàêòàíòû — îáðàçîâàíû èç

àìôèôèëüíûõ ìîëåêóë, ñîñòîÿùèõ èç ãèäðîôèëüíîé ïîëÿðíîé ãîëîâíîé ÷àñòè è

õâîñòîâ — îäíîé èëè äâóõ ãèäðîôîáíûõ àëêèëüíûõ öåïåé. Â ðÿäå äðóãèõ ðàñòâî-

ðèòåëåé òàêèå ìîëåêóëû ñàìîîðãàíèçóþòñÿ â ãëîáóëÿðíûå àãðåãàòû. Òàêàÿ ñàìî-

îðãàíèçàöèÿ îêàçûâàåòñÿ ýíåðãåòè÷åñêè áîëåå âûãîäíîé, ÷åì ðàçäåëüíîå

ïðåáûâàíèå ìîëåêóë â ðàñòâîðèòåëå. Ïðè ìàëûõ êîíöåíòðàöèÿõ ñóðôàêòàíòà

àãðåãàòû èìåþò ôîðìó øàðèêîâ — ìèöåëë, â êîòîðûõ õâîñòû ñïðÿòàíû âíóòðü, à

ãîëîâû íàõîäÿòñÿ ñíàðóæè. Ñ ðîñòîì êîíöåíòðàöèè ñóðôàêòàíòà è â çàâèñèìîñòè

îò òèïà ðàñòâîðèòåëÿ è âíåøíèõ óñëîâèé (òåìïåðàòóðà, äàâëåíèå è ò.ï.) àãðåãàòû

ìîãóò ïðèíèìàòü ôîðìó öèëèíäðîâ, ïîëûõ ñôåðè÷åñêèõ ñëîåâ, ïëîñêîñòåé. Ôèçè-

êî-õèìè÷åñêèå ñâîéñòâà òàêèõ ñàìîîðãàíèçóþùèõñÿ ñèñòåì ïðåäñòàâëÿþò èñêëþ-

÷èòåëüíûé èíòåðåñ íå òîëüêî ñ ÷èñòî íàó÷íîé òî÷êè çðåíèÿ — ýòî èññëåäîâàíèå

õàðàêòåðà ìåæàãðåãàòíûõ âçàèìîäåéñòâèé, ôëóêòóàöèîííûå ýôôåêòû, ôàçîâûå

ïåðåõîäû â ðàññìàòðèâàåìûõ ñèñòåìàõ è ò.ä. Ïîâåðõíîñòíî-àêòèâíûå âåùåñòâà

íàõîäÿò øèðîêîå ïðàêòè÷åñêîå ïðèìåíåíèå. Îíè ñëóæàò îñíîâîé ìîþùèõ

ñðåäñòâ, èñïîëüçóþòñÿ â êîñìåòè÷åñêîé ïðîìûøëåííîñòè äëÿ ñîçäàíèÿ ïðåïàðà-

òîâ, ëåãêî ïðîíèêàþùèõ ñêâîçü êîæó, â ìåäèöèíå äëÿ öåëåíàïðàâëåííîãî ïåðåíî-

ñà ëåêàðñòâ â îðãàíèçìå. Î÷åíü ïåðñïåêòèâíî èñïîëüçîâàíèå ñëîèñòûõ ñòðóêòóð â

ýëåêòðîííîé è ôîòîïðîìûøëåííîñòè. Òàêèì îáðàçîì, óêàçàííîå íàïðàâëåíèå ñî-

âìåñòíûõ èññëåäîâàíèé, íåñîìíåííî, âñêîðå ïðèíåñåò öåëûé ðÿä íîâûõ, èíòåðåñ-

íûõ è íåîæèäàííûõ ðåçóëüòàòîâ.

Â çàêëþ÷åíèå õîòåëîñü áû îòìåòèòü, ÷òî Ëàáîðàòîðèÿ íåéòðîííîé ôèçèêè

èì. È.Ì.Ôðàíêà çàèíòåðåñîâàíà â ðàçâèòèè êîíòàêòîâ ñ ïîëüñêèìè íàó÷íûìè öåí-

òðàìè è ïî äðóãèì íàïðàâëåíèÿì ðàáîò. Â ÷àñòíîñòè, ìîæíî îòìåòèòü ñîçäàíèå

íîâûõ ïåðñïåêòèâíûõ äåòåêòîðîâ òåïëîâûõ íåéòðîíîâ, îáëàäàþùèõ ïîçèöèîí-

íîé ÷óâñòâèòåëüíîñòüþ, ðàçâèòèå ìåòîäîâ ïîëó÷åíèÿ ìíîãîñëîéíûõ òîíêîïëå-

íî÷íûõ ñòðóêòóð äëÿ íåéòðîííûõ çåðêàë, â òîì ÷èñëå ïîëÿðèçóþùèõ. Ìíîãî

ñîâìåñòíûõ ðàáîò ìîãëî áû ïðîâîäèòüñÿ è â îáëàñòè ñîçäàíèÿ ýëåêòðîíèêè è ïðî-

ãðàììíîãî îáåñïå÷åíèÿ äëÿ íåéòðîííûõ ñïåêòðîìåòðîâ, ðàçðàáîòêè íîâûõ ìåòî-

äîâ îáðàáîòêè è âèçóàëèçàöèè äàííûõ, ðàçâèòèÿ ñèñòåì ïåðåäà÷è è àíàëèçà

áîëüøèõ ìàññèâîâ äàííûõ. Ïî ðÿäó èç ýòèõ íàïðàâëåíèé â ïðåäûäóùèå ãîäû ñî-

òðóäíè÷åñòâî ñóùåñòâîâàëî, íî â ñèëó îáúåêòèâíûõ è ñóáúåêòèâíûõ ïðè÷èí ïðàê-

òè÷åñêè ïðåêðàòèëîñü. Âîçîáíîâëåíèå êîíòàêòîâ, ïîèñê íîâûõ ôîðì âçàèìî-

âûãîäíîãî ñîòðóäíè÷åñòâà, íåñîìíåííî, äîëæíî ñòàòü îäíîé èç ïðèîðèòåòíûõ çà-

äà÷ íà áëèæàéøóþ ïåðñïåêòèâó.
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DRIBs. ÏÅÐÑÏÅÊÒÈÂÛ ÑÎÒÐÓÄÍÈ×ÅÑÒÂÀ

Þ.Ö.Îãàíåñÿí

Ëàáîðàòîðèÿ ÿäåðíûõ ðåàêöèé èì. Ã.Í.Ôëåðîâà ÎÈßÈ

Ìîå êðàòêîå âûñòóïëåíèå áóäåò ïîñâÿùåíî íîâîìó ïðîåêòó ÎÈßÈ — DRIBs

(Dubna Radioactive Ion Beams). Ýòà óñòàíîâêà, áàçèðóþùàÿñÿ íà óñêîðèòåëÿõ

òÿæåëûõ èîíîâ ËßÐ, äîëæíà ãåíåðèðîâàòü ïó÷êè ðàäèîàêòèâíûõ èîíîâ,

îòñòîÿùèõ îò ëèíèè áåòà-ñòàáèëüíîñòè â ñòîðîíû èçáûòêà ïðîòîíîâ è íåéòðîíîâ.

Íåñìîòðÿ íà òðóäíûå äëÿ Èíñòèòóòà âðåìåíà îíà, ðåøåíèåì äèðåêöèè ÎÈßÈ,

ôèíàíñèðóåòñÿ ïî ïðèíÿòîìó ãðàôèêó åå ñîîðóæåíèÿ, è ìíå ïðèÿòíî îòìåòèòü,

÷òî àäåêâàòíî ýòîìó ãðàôèêó èäåò åå ñîîðóæåíèå. Â ñîçäàíèè ýòîãî ñëîæíîãî

ïðîåêòà ó÷àñòâóþò èíñòèòóòû è ïðåäïðèÿòèÿ íàøèõ ñòðàí-ó÷àñòíèö: Ïîëüøè,

×åõèè, Áîëãàðèè, Ñëîâàêèè, Ðóìûíèè, Ðîññèè. Îíè äåëàþò ñâîå äåëî íàñòîëüêî

êà÷åñòâåííî è îïåðàòèâíî, ÷òî ìû, ïo ñóùåñòâó, ïðàêòè÷åñêè ïîëíîñòüþ

îòêàçàëèñü îò óñëóã çàïàäíûõ ôèðì. Ýòî ïîêàçûâàåò, ÷òî åñëè ó ÎÈßÈ áóäåò

ôèíàíñîâûé áàçèñ — îí ìîæåò âåñòè íàó÷íî-ýêñïåðèìåíòàëüíóþ äåÿòåëüíîñòü íà

ñàìîì ñîâðåìåííîì óðîâíå.

Ïî ñâîèì ïàðàìåòðàì DRIBs áóäåò îäíèì èç ëó÷øèõ óñêîðèòåëüíûõ

êîìïëåêñîâ ïó÷êîâ ðàäèîàêòèâíûõ èîíîâ. Â 2002 ã. íà íåì íà÷íóòñÿ ýêñïåðè-

ìåíòû ñ èîíàìè 6Íå è 8Íå, ÿäðà êîòîðûõ èìåþò, êàê èçâåñòíî, ýêçîòè÷åñêóþ

ñòðóêòóðó. Ñåé÷àñ âåäåòñÿ ïîäãîòîâêà ê ýòèì ýêñïåðèìåíòàì.

Òåïåðü ÿ õîòåë áû çàòðîíóòü âîïðîñ íàøåãî ñîòðóäíè÷åñòâà ñ ôèçèêàìè,

ðàáîòàþùèìè â ðàçëè÷íûõ èíñòèòóòàõ Ïîëüøè.

Â èñòîðèè ÎÈßÈ, è ËßÐ â ÷àñòíîñòè, ïîëüñêàÿ íàóêà â ëèöå ñâîèõ

ïðåäñòàâèòåëåé ðàçëè÷íûõ ïîêîëåíèé èãðàëà áîëüøóþ ðîëü. Ýòî îáúÿñíÿåòñÿ íå

òîëüêî ãëóáîêèìè òðàäèöèÿìè â îáëàñòè ÿäåðíîé ôèçèêè â Ïîëüøå, íà÷èíàÿ ñ

ìîìåíòà îòêðûòèÿ åñòåñòâåííîé ðàäèîàêòèâíîñòè, íî è áîëüøèì èíòåðåñîì

ïîëüñêèõ ó÷åíûõ ê èññëåäîâàíèÿì, ïðîâîäèìûì êàê â Åâðîïå, òàê è â Ðîññèè.

Íå çàãðóæàÿ âàøå âíèìàíèå ïåðå÷èñëåíèåì èçâåñòíûõ ó÷åíûõ, êîòîðûå, ê

íàøåé ãîðäîñòè, ôèãóðèðóþò â êà÷åñòâå ñîàâòîðîâ â ðàáîòàõ, âûïîëíåííûõ â

ÎÈßÈ, ÿ äîëæåí, ñ áîëüøèì ñîæàëåíèåì, îòìåòèòü, ÷òî êîëè÷åñòâî òàêèõ ðàáîò

ñòàíîâèòñÿ âñå ìåíüøå. Âñå äåëàåòñÿ ëþäüìè è âñå äåëàåòñÿ äëÿ ëþäåé.

Åñëè îòêðûâàþòñÿ íîâûå âîçìîæíîñòè äëÿ èññëåäîâàíèé, íàïðèìåð, íà

êîìïëåêñå DRIBs, êîòîðûé íåëåãêî íàì äàåòñÿ, è åñëè ê íåìó ïðèêîâàíî âíèìàíèå

íàöèîíàëüíûõ öåíòðîâ Ôðàíöèè, Ãåðìàíèè, Èòàëèè, ßïîíèè, ÑØÀ — ôèçèêè

ýòèõ ñòðàí óæå ïðèíèìàþò ó÷àñòèå â ýòîé ïðîãðàììå, òî ïî÷åìó ýòîé àêòèâíîñòè

íå âèäíî ñî ñòîðîíû ïîëüñêîãî ôèçè÷åñêîãî ñîîáùåñòâà? Ñòàðøåå ïîêîëåíèå
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ïî-ïðåæíåìó àêòèâíî, íî îíî çàãðóæåíî ìíîãèìè îáÿçàííîñòÿìè âíóòðè Ïîëüøè,

à ìîëîäîå ïîêîëåíèå, ìíå êàæåòñÿ, ìàëî èíôîðìèðîâàíî î òîì, ÷òî ïðîèñõîäèò â

ÎÈßÈ. Íà íàøèõ ñîâåòàõ çàùèùàþò ñâîè äèññåðòàöèè ìíîãèå ìîëîäûå ôèçèêè èç

ðàçíûõ ñòðàí, íåêîòîðûå èç íèõ ïî ðåçóëüòàòàì ñâîåé ðàáîòû â Äóáíå. Íî äàâíî

ìû íå ñëóøàëè íà ýòèõ çàñåäàíèÿõ ìîëîäûõ ïîëÿêîâ.

Ñèòóàöèþ íàäî èñïðàâëÿòü. Ýòî íàøà îáÿçàííîñòü è íàøà îòâåòñòâåííîñòü.

Íàäî, ïî-âèäèìîìó, ðàñøèðèòü ñòåïåíè ñâîáîäû ñ ó÷åòîì íàó÷íî-òåõíè-

÷åñêîãî è êîììóíèêàöèîííîãî ïðîãðåññà ïîñëåäíåãî âðåìåíè.

Íå âñå ìîãóò ïðèåõàòü â Äóáíó è æèòü çäåñü íåñêîëüêî ëåò, êàê ýòî áûëî

ðàíüøå. Íî âî ìíîãèõ ñëó÷àÿõ ýòîãî è íå òðåáóåòñÿ. Ñîâðåìåííûå âîçìîæíîñòè

ó÷àñòèÿ â ýêñïåðèìåíòàõ â ìàñøòàáå ðåàëüíîãî âðåìåíè ïîçâîëÿþò ëþäÿì âåñòè

àêòèâíîå ñîòðóäíè÷åñòâî íà ðàññòîÿíèè, áûòü ïîëíîöåííûìè ó÷àñòíèêàìè

ðàáîòû, îêàçûâàòü àêòèâíîå âëèÿíèå íà õîä ðàáîò è ïðàâèëüíî îöåíèâàòü

ðåçóëüòàòû. Íàäî äàòü ýòó âîçìîæíîñòü.

Ñ äðóãîé ñòîðîíû, íàäî âûðàâíèâàòü ñòàòóñ ñîòðóäíèêà, êîìàíäèðóåìîãî èç

Ïîëüøè â ëþáîé åâðîïåéñêèé èíñòèòóò è â ÎÈßÈ. Èíûìè ñëîâàìè, íåîáõîäèìî

âûðàâíÿòü âñå ïðî÷èå óñëîâèÿ, îñòàâèâ äëÿ âûáîðà ëèøü ïðîôåññèîíàëüíûé

èíòåðåñ. Òîãäà ñðàçó ñòàíåò ÿñíî, ãäå ìîëîäîìó ôèçèêó ìîæíî áûñòðåå è

êà÷åñòâåííåå ñäåëàòü íàó÷íóþ êàðüåðó è ïðîÿâèòü ñâîè ñïîñîáíîñòè. Óâåðåí, ÷òî

â ýòîì ñëó÷àå ÎÈßÈ áóäåò èìåòü îïðåäåëåííûå ïðåèìóùåñòâà, òàê êàê Ïîëüøà

ÿâëÿåòñÿ ñòðàíîé-ó÷àñòíèöåé ÎÈßÈ è àêòèâíî ó÷àñòâóåò â åãî ðàçâèòèè.

Ìû âñå ïîíèìàåì, ÷òî íàó÷íûå äîñòèæåíèÿ íå îïðåäåëÿþòñÿ êîëè÷åñòâîì

ðàáîòíèêîâ. Äàæå íåáîëüøàÿ ãðóïïà òàëàíòëèâîé ìîëîäåæè ìîæåò ñóùåñòâåííî

èçìåíèòü ëèöî íàó÷íîãî êîëëåêòèâà.
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Introduction

The project of Dubna Radioactive Beams (DRIBs) has been developed recently at

the Flerov Laboratory of Nuclear Reactions (FLNR). The aim of the project is to produce

unstable, radioactive ions by ISOL method, transport these ions to the U-400 cyclotron,

accelerate and deliver to an experimental area for physical experiments.

In the first stage of the project the beam of 6He ions has to be obtained in fall of 2001.

The ions will be produced at U-400M cyclotron by bombarding a thick beryllium target

with a 34 MeV/n 7Li primary beam. The 6He ions accelerated in the second cyclotron

will have a fixed energy of 16 MeV/n. A task has to be fulfilled to adopt the U-400

cyclotron for providing a beam energy resolution of 0.5 % and the beam emittance on a

physical target of 5 πmm mrad. These parameters are rather standard prerequisites of a

scattering type experiment. In the advent of commissioning the first beam of DRIBS

project we propose here experiments for the 6He beam, which will be available soon.

Because of a rather high beam energy, we leave aside any consideration of otherwise

very interesting experiments on resonant scattering as well as investigation of 6He

interaction with nuclei close to the Coulomb barrier, for example, sub-barrier fusion

phenomena. These experiments would need the beam energy in the region of

3.5–10 MeV/n.

Discussed experiments are listed in order according to our comprehension of their

scientific importance. They are the continuation of the earlier studies, which have been

done or are currently underway at FLNR [1–3].

1. A search for Analog States of 5H and 5He

Ground state properties of the 5H nuclear system are of fundamental importance for a

few body physics. Recently a resonance in p (6He, 2p) 5H reaction has been observed at

34 MeV/n 6He beam energy [3]. The experiment has been carried out at separator

ACCULINNA in FLNR. The resonance lays at an energy of about 2.0 MeV above the

t + 2n decay threshold, and its width is 1.9 MeV broad including the experimental

excitation energy resolution which was estimated to be of the order of 1.0 MeV. The

obtained width seems to be unexpectedly narrow as compared to the existing model
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calculations. However the calculations are heavily dependent on the assumed properties

of the 4H subsystem, which is a problem by itself. A new attempt to unambiguously

determine quantum characteristics of this level and more precisely measure its width is

highly desirable. Moreover the isospin invariance of nuclear forces implies that an

analog state, T = 3/2, should exist in the 5He nucleus at similar excitation energy counted

in respect to the 3He + 2n or t + (p + n) decay thresholds. Such analog state in 5He is

unknown so far.

We propose to investigate the d (6He, 5H) 3He and d (6He, 5He) 3H reactions for a

simultaneous study of 5H and its analog 5He (T = 3/2) systems. These two reactions, in

terms of one nucleon transfer mechanism, correspond to the pickups of either proton or

neutron from the alpha-particle core of 6He. The kinematics as well as dynamics of both

reactions should be very similar, and their relative yields governed by the isospin

selection rule. The experiment requires the measurement of energies and scattering

angles of recoiled 3He and t particles in the region of 14–25 degrees in laboratory system

in coincidence with 5H and 5He (T = 3/2) decay products emitted in forward direction,

(5–12) degrees in lab. system. It is expected that the two-body decay of the two ejectiles

will be forbidden due to the fact that the ground state resonances of corresponding

4-nucleon subsystems are less bound than those of 5-nucleon systems. The 5H nucleus in

the three-body decay yields triton and a pair of neutrons. The 5He (T = 3/2) decays

through the two branches: 3He +2n and t + (p + n). The branching ratio will depend on

the Coulomb energy of t + (p + n) configuration. This Coulomb energy of 5He (T = 3/2)

state is a main physical information to be extracted from the data. The main experimental

task would be to provide unambiguous identification and energy and angle

measurements of the low energy target-like 3He ions. A thin-window deuteron gas target

should be applied and a telescope with a thin position sensitive silicon detector installed.

2. Study of the Structure of 6He by Means

of Neutron Transfer Reactions

The 6He nucleus is usually represented as a superposition of a 4He core interacting

with two loosely bound neutrons. Assuming that partition of the initial nucleus, 3-body

calculation results in 2 main configurations of the total wave function, that is the cigar

and di-neutron configurations [4]. 2-neutron transfer reaction is expected to provide

information on the existence and relative weight of these two configurations. However

this partition is not unique, and recent calculations [5] consider other channel, i.e., the

presence of a 3H-3H configuration in the total wave function of 6He. Following Ref. 2,

where p (6He,4He)t reaction at 25 MeV/n was reported, this reaction may be considered

as a 2n transfer to the proton target, and/or a 3H transfer to form 4He as well. The relative

weight of these processes is expected to be strongly dependent on the exact wave

function of 6He. The involved Q-values and choice of the projectile energy are known to
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be crucial for the final matching of the transfer. Since the cross sections decrease rapidly

with the number of transferred particles, the direct 2n transfer may be in competition

with a sequential 1n transfer leading to the same exit channel. In the case of 6He, such a

mechanism would involve the resonant 5He state. There are calculations considering the

evolution of the two processes with the incident energy [6]. It was shown that the total

cross section, which is a coherent sum of the one-step and two-step processes, is

dominated by the later at low energy. Above 10 MeV/n, it becomes sensitive to the

one-step component, still with some destructive interference. In order to disentangle the

two processes and to extract relevant spectroscopic factors, it is necessary to perform the

experiment on one- and two-nucleon transfer for, at least, two different incident

energies. We propose to make the measurement at 16 MeV/n, which will be completed

by other experiments already done at 25MeV/n in Dubna and recently at GANIL. The

angular distributions corresponding to 1n and 2n transfers have to be measured within a

maximally wide angular region and a special effort has to be done to cover forward and

backward scattering angles.

3. Study of the Elastic and Inelastic Scattering 6He Ions

on a Tritium Target and 3H(6He,4He)5H Reaction

The high quality beam of 6He ions combined with a tritium target would offer a

unique opportunity to study nuclear interaction between a few body systems with large

channel isospin. The most straightforward experiment in this context is to measure

elastic scattering in a wide angular region, particularly at backward angles where an

enhancement due to exchange processes could be expected. Most likely, the

enhancement will be related to the exchange of a triton cluster and in this way dependent

on the triton spectroscopic factor of 6He wave function. On this point see proposal 2. In

the interaction of 6He with triton one has to consider two isospin channels present —

T = 3/2 and T = 1/2. The elastic scattering angular distribution will be analyzed in terms

of theoretical models and compared with existing experimental data on 6Li + 3He

scattering at similar CM energy and their interpretation. See [7] and references therein.

Assuming isospin independence of nuclear interaction these data could provide a

consistent way for the treatment of both isospin channels. It is known that the elastic

channel is coupled to inelastic excitations. In order to put some constraints on coupling

mechanisms the data for inelastic scattering leading to excitation of 2+ resonance in 6He

would be highly desirable. The data could be obtained in the same experiment provided

that the condition of sufficient angular and energy resolution is fulfilled.

At first glance 6He + t system looks also as an attractive tool for alternative way to

study the 5H resonance. Indeed 2-neutron transfer reaction should populate favorably

2n + t configuration. Its presence should be seen as a peak in the energy spectrum of

alpha particle ejectiles. However it seems that the inclusive energy spectrum of alpha

particles will be heavy contaminated by the same product originated from nuclear
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reactions on non-tritium content of a physical target. In the best case the target would be

a Titanium foil saturated by tritium with the atomic ratio 1:1. Moreover, one should be

aware that the exclusive measurement could be difficult to do due to a low kinetic energy

of the recoiled 5H system. Nevertheless, since the detecting system will be flexible

enough, an attempt can be undertaken to reveal the manifestation of 5H resonance in the

experiment on the elastic scattering.
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ÑÎÒÐÓÄÍÈ×ÅÑÒÂÎ ËßÐ Ñ ÍÀÓ×ÍÛÌÈ ÖÅÍÒÐÀÌÈ

ÏÎËÜØÈ Â ÎÁËÀÑÒÈ ÔÈÇÈÊÈ ÒßÆÅËÛÕ ÈÎÍÎÂ

Ì.Ã.Èòêèñ

Ëàáîðàòîðèÿ ÿäåðíûõ ðåàêöèé èì. Ã.Í.Ôëåðîâà ÎÈßÈ

Íàó÷íàÿ äåÿòåëüíîñòü Ëàáîðàòîðèè ÿäåðíûõ ðåàêöèé èì. Ã.Í.Ôëåðîâà â

îáëàñòè ôèçèêè òÿæåëûõ èîíîâ òðàäèöèîííî ðàçâèâàåòñÿ ïî òðåì ãëàâíûì

íàïðàâëåíèÿì. Îíà âêëþ÷àåò ýêñïåðèìåíòû ïî ñèíòåçó òÿæåëûõ è ýêçîòè÷åñêèõ

ÿäåð ñ èñïîëüçîâàíèåì ïó÷êîâ ñòàáèëüíûõ è ðàäèîàêòèâíûõ èçîòîïîâ è èçó÷åíèå

ìåõàíèçìîâ ÿäåðíûõ ðåàêöèé, ðàçâèòèå óñêîðèòåëüíîé òåõíèêè, èçó÷åíèå

âçàèìîäåéñòâèé òÿæåëûõ èîíîâ ñ âåùåñòâîì è ïðèêëàäíûå èññëåäîâàíèÿ.

Ïðàêòè÷åñêè âî âñåõ ïðîåêòàõ ó÷àñòâóþò íàøè êîëëåãè èç Ïîëüøè.

Òÿæåëûå ýëåìåíòû

Ôóíäàìåíòàëüíûì ñëåäñòâèåì ìàêðî-ìèêðîñêîïè÷åñêîé òåîðèè ÿâèëîñü

ïðåäñêàçàíèå «îñòðîâà ñòàáèëüíîñòè» ñâåðõòÿæåëûõ ýëåìåíòîâ âáëèçè Z = 114 è

N ≈ 184. Ýòà èíòðèãóþùàÿ ãèïîòåçà, ïðåäëîæåííàÿ îêîëî 35 ëåò íàçàä â

ïèîíåðñêèõ ðàáîòàõ Ô.Ãàðååâà, Á.Êàëèíêèíà è À.Ñîáè÷åâñêîãî è èíòåíñèâíî

ðàçâèâàâøàÿñÿ âñå ýòî âðåìÿ, ïîëó÷èëà ýêñïåðèìåíòàëüíîå ïîäòâåðæäåíèå â

Ëàáîðàòîðèè ÿäåðíûõ ðåàêöèé.

Èñïîëüçîâàíèå èîíîâ 48Ca â êà÷åñòâå áîìáàðäèðóþùèõ ÷àñòèö ïðåäñòàâëÿåò

îñîáûé èíòåðåñ äëÿ ñèíòåçà òÿæåëûõ ýëåìåíòîâ. Çíà÷èòåëüíûé íåéòðîííûé

èçáûòîê ýòèõ ÿäåð ïîçâîëÿåò ïîëó÷èòü êîìïàóíä-ÿäðà ñ ÷èñëîì íåéòðîíîâ, íàèáî-

ëåå ïðèáëèæåííûì ê ïðåäñêàçàííûì ìàãè÷åñêèì ÷èñëàì. Áëàãîäàðÿ äâàæäû

ìàãè÷åñêîé ñòðóêòóðå 48Ca (Z = 20, N = 28) ïðè ýíåðãèÿõ âáëèçè êóëîíîâñêîãî

áàðüåðà ìîãóò îáðàçîâûâàòüñÿ îòíîñèòåëüíî õîëîäíûå êîìïàóíä-ÿäðà.

Ýêñïåðèìåíòû âûïîëíÿëèñü íà öèêëîòðîíå òÿæåëûõ èîíîâ ËßÐ Ó-400 è

ñåïàðàòîðàõ ÂÀÑÈËÈÑÀ è ÃÍÑ â ðàìêàõ øèðîêîãî ìåæäóíàðîäíîãî ñîòðóäíè-

÷åñòâà. Ðåçóëüòàòû ýêñïåðèìåíòîâ ïðåäñòàâëåíû â òàáë. 1.

Ïåðâûå ïîëîæèòåëüíûå ðåçóëüòàòû áûëè ïîëó÷åíû íà ñåïàðàòîðå

ÂÀÑÈËÈÑÀ âåñíîé 1998 ã. ïîñëå îáëó÷åíèÿ ìèøåíè 238U èîíàìè 48Ca. Â ýòîì

ýêñïåðèìåíòå íàáëþäàëèñü äâà ñîáûòèÿ ñïîíòàííîãî äåëåíèÿ, êîòîðûå áûëè

ïðèïèñàíû ðàñïàäó íîâîãî èçîòîïà ýëåìåíòà 112 (ñì. ðèñ. 1,á). Ïðè îáëó÷åíèè

ìèøåíè 242Pu èîíàìè 48Ca íàáëþäàëñÿ α-ðàñïàä ðîäèòåëüñêîãî ÿäðà 287114

(ñì. ðèñ. 1,a). Îáå öåïî÷êè ðàñïàäîâ çàêàí÷èâàëèñü ñïîíòàííûì äåëåíèåì óæå

èçâåñòíîãî äî÷åðíåãî ÿäðà 283112.
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Òàáëèöà 1

Äàòà Ìèøåíü
Ýíåðãèÿ âîçáóæäåíèÿ

E*, ÌýÂ

Äîçà ïó÷êà,

1018
Íàáëþä.

ÿäðî

Ñå÷åíèå,

ïá

Ìàðò 1998 ã. 238U 31,0 3,5 283112 5

Íîÿá.–äåê. 1998 ã. 244Pu 35,0 5,2 289114 1

Ìàðò 1999 ã. 242Pu 33,5 7,5 287114 2,5

Èþíü–îêò. 1999 ã. 244Pu 35,3 10 288114 1

Èþíü–äåê. 2000 ã.* 248Cm 33,1 18* 292116 0,5*

*Ýêñïåðèìåíò áóäåò ïðîäîëæåí.

Â ðåàêöèÿõ ñëèÿíèÿ 48Ca ñ ìèøåíÿìè 244Pu è 48Cm íà ãàçîíàïîëíåííîì

ñåïàðàòîðå áûëè ñèíòåçèðîâàíû èçîòîïû ýëåìåíòîâ 114 è 116, íàèáîëåå áëèçêèå ê

âåðøèíå «îñòðîâà ñòàáèëüíîñòè» (ðèñ. 1,â, 2,à, 2,á).

Ñâîéñòâà íàèáîëåå òÿæåëûõ èçîòîïîâ Hs — 292116 ïðåäñòàâëåíû â òàáë. 2.

Ïðè àíàëèçå ðåçóëüòàòîâ ìû èñïîëüçóåì ïðåäñêàçàíèÿ ñâîéñòâ íîâûõ

ýëåìåíòîâ, âûïîëíåííûå ïðîôåññîðàìè À.Ñîáè÷åâñêèì è Ø.×âîêîì.

Â 2001–2002 ãã. ýêñïåðèìåíòû áóäóò íàöåëåíû íà ñèíòåç ÿäåð ñ Z = ÷110 118 â

ðåàêöèÿõ 232Th, 236,238U, 237Np, 242,244Pu, 241,243Am, 246,248Cm, 249Cf + 48Ca.

Îáñóæäàåòñÿ âîçìîæíîñòü ïðîâåäåíèÿ èññëåäîâàíèé ñ èîíàìè 36S, 50Ti, 58Fe è

ðàäèîàêòèâíûìè ïó÷êàìè.
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Ðèñ. 1. Ïîçèöèîííî-êîððåëèðîâàííûå öåïî÷êè ðàñïàäîâ: a) 287114, îáðàçóþùåãîñÿ â ðåàêöèè
48Ca+242Pu; á) 283112, îáðàçóþùåãîñÿ â ðåàêöèè 48Ca+238U è â) 289114, îáðàçóþùåãîñÿ â ðåàêöèè
48Ca+244Pu



Òàáëèöà 2

Èçîòîï Âèä ðàñïàäà Eα , ÌýÂ TKE èçì, ÌýÂ T1 2/

277Hs SF 170 11 ìèí

280110 SF 210 6,6 ñ

281110 α 8,83 1,1 ìèí

283112 SF 190 3 ìèí

284112 α 9,17 19 ñ

285112 α 8,67 11 ìèí

287114 α 10,29 5 ñ

288114 α 9,83 1,8 ñ

289114 α 9,71 21 ñ

292116 α 10,56 33 ìñ

Â 2001 ã. áóäóò çàâåðøåíû ïåðâûå ýòàïû ìîäåðíèçàöèè ãàçîíàïîëíåííîãî ñåïà-

ðàòîðà ÃÍÑ (ýëåêòðîííàÿ è äåòåêòèðóþùàÿ ñèñòåìû) è ñåïàðàòîðà ÂÀÑÈËÈÑÀ

(óñòàíîâêà íîâîãî îòêëîíÿþùåãî ìàãíèòà, ýëåêòðîííàÿ è äåòåêòèðóþùàÿ

ñèñòåìû). Â ýòèõ ðàáîòàõ òàêæå ó÷àñòâóþò íàøè ïîëüñêèå êîëëåãè.

Õèìèÿ òðàíñàêòèíèäîâ

Èññëåäîâàíèÿ õèìè÷åñêèõ ñâîéñòâ íîâûõ ýëåìåíòîâ òðàäèöèîííî âõîäÿò â

ïðîãðàììó èññëåäîâàíèé ËßÐ. Íàøèì ïàðòíåðîì ÿâëÿåòñÿ Èíñòèòóò ÿäåðíîé

ôèçèêè â Êðàêîâå — ãðóïïà ïðîôåññîðà Ùåãëîâñêîãî. Â ðåçóëüòàòå ñîâìåñòíûõ
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Ðèñ. 2. a) Äâå öåïî÷êè ðàñïàäîâ 288114, íàáëþäàâøèåñÿ â ðåàêöèè 244Pu(48Ca,4n); á) ïîñëåäîâà-

òåëüíîñòü ñîáûòèé, íàáëþäàâøàÿñÿ â öåïî÷êå ðàñïàäà 292116



ðàáîò áûëè ïîëó÷åíû íîâûå äàííûå î ñâîéñòâàõ ðåçåðôîðäèÿ (Rf), äóáíèÿ (Db) è

ñèáîðãèÿ (Sg).

Çíà÷èòåëüíûå âðåìåíà æèçíè èçîòîïîâ ñ Z = ÷108 114, ñèíòåçèðîâàííûõ â

ðåàêöèÿõ ñ 48Ca, ïîçâîëÿþò ïðîâîäèòü ýêñïåðèìåíòû ïî èçó÷åíèþ õèìè÷åñêèõ

ñâîéñòâ ýòèõ ýëåìåíòîâ. Ïðîáëåìà ìîæåò áûòü ñôîðìóëèðîâàíà ñëåäóþùèì

îáðàçîì: ÿâëÿþòñÿ ëè ýòè ýëåìåíòû ãîìîëîãàìè òÿæåëûõ ìåòàëëîâ Os�Pb. Õèìè-

÷åñêèå ñâîéñòâà òÿæåëûõ ýëåìåíòîâ îïðåäåëÿþòñÿ ðåëÿòèâèñòcêèìè ýôôåêòàìè,

è èõ èçó÷åíèå îòíîñèòñÿ ê ôóíäàìåíòàëüíûì ïðîáëåìàì ñîâðåìåííîé õèìèè.

Ïîäãîòîâëåíû ìåòîäèêè ïî èçó÷åíèþ õèìèè ýëåìåíòîâ 107, 108, 110, 112 è

114 â âîäíûõ ðàñòâîðàõ è âûïîëíåíû ìîäåëüíûå îïûòû ñ êîðîòêîæèâóùèìè

èçîòîïàìè Re, Os, Pt, Hg è Pb.

Â 2001 ã. çàïëàíèðîâàíû ýêñïåðèìåíòû ïî õèìè÷åñêîìó âûäåëåíèþ è èäåí-

òèôèêàöèè òÿæåëîãî èçîòîïà ýëåìåíòà Z = 112, îáðàçóþùåãîñÿ â ðåàêöèè
238U(48Ca,3–4n), äåòåêòèðîâàíèå åãî α-ðàñïàäà è ñïîíòàííîãî äåëåíèÿ â ñîâïà-

äåíèè ñ íåéòðîíàìè. Ýòè ýêñïåðèìåíòû áóäóò ïðîâîäèòüñÿ â ñîòðóäíè÷åñòâå ñ

íàó÷íûìè öåíòðàìè Øâåéöàðèè, Ãåðìàíèè è Ïîëüøè. Ê íèì ïîäêëþ÷èòñÿ òàêæå

ãðóïïà ïðîôåññîðà Áèëåâè÷à èç Èíñòèòóòà ÿäåðíîé õèìèè è òåõíîëîãèè.

Äåëåíèå ÿäåð

Èíòåðåñ ê èçó÷åíèþ äåëåíèÿ ñâåðõòÿæåëûõ ÿäåð â ðåàêöèÿõ ñ òÿæåëûìè

èîíàìè ñâÿçàí â ïåðâóþ î÷åðåäü ñ âîçìîæíîñòüþ ïîëó÷åíèÿ èíôîðìàöèè, íåîá-

õîäèìîé äëÿ ñèíòåçà íîâûõ ýëåìåíòîâ è îöåíêè ñå÷åíèÿ îáðàçîâàíèÿ

êîìïàóíä-ÿäåð ïðè ýíåðãèè âîçáóæäåíèÿ ≈ ÷15 30 MýÂ.

Ýêñïåðèìåíòû âûïîëíÿëèñü íà âûâåäåííîì ïó÷êå èîíîâ 48Ca è 86Kr

öèêëîòðîíà Ó-400 ñ ïîìîùüþ âðåìÿïðîëåòíîãî ñïåêòðîìåòðà CORSET, 24 ìîäó-

ëåé íåéòðîííîãî ñïåêòðîìåòðà DEMON è 4-êðèñòàëüíîãî ñöèíòèëëÿöèîííîãî

äåòåêòîðà ìíîæåñòâåííîñòè γ-êâàíòîâ.

Â ËßÐ áûëè âûïîëíåíû ýêñïåðèìåíòû ïî äåëåíèþ òÿæåëûõ ÿäåð â ðåàêöèÿõ
208Pb+48Ca�256No, 238U+48Ca�286112, 244Pu+48Ca�292114, 208Pb+86Kr�294118. Âûáîð

ýòèõ ðåàêöèé áûë ñâÿçàí ñ ýêñïåðèìåíòàìè ïî ñèíòåçó èçîòîïîâ 283112, 287114,
289114 â Äóáíå è èçîòîïà 293118 â Áåðêëè (ÑØÀ).

Â òàáë. 3 ïðåäñòàâëåíû ðåçóëüòàòû èçó÷åíèÿ ðåàêöèé ñ 48Ca è ðåàêöèè
86Kr+208Pb.

Â ñëó÷àå ðåàêöèè 86Kr+208Pb â îáëàñòè ñèììåòðè÷íîãî ìàññîâîãî ðàñïðåäå-

ëåíèÿ (A/2±30) ïðîöåññ êâàçèäåëåíèÿ ïðåîáëàäàåò. Â ýòîì çàêëþ÷àåòñÿ êîðåííîå

îòëè÷èå ðåàêöèè 86Kr+208Pb îò ðåàêöèè 48Ca+238U è îñîáåííî îò 48Ca+244Pu, â

êîòîðûõ â òîé æå îáëàñòè ìàññ ïðåîáëàäàåò âêëàä äåëåíèÿ êîìïàóíä-ÿäðà.

Ïðè ïîìîùè âðåìÿïðîëåòíîãî ñïåêòðîìåòðà CORSET è ìîäóëåé íåéòðîííîãî

ñïåêòðîìåòðà DEMON áóäåò ïðîäîëæåíî èçó÷åíèå ñëèÿíèÿ-äåëåíèÿ Pb, U, 244Pu,
248Cm + 48Ca, 58Fe, 64Ni, 86Kr. Ïëàíèðóåòñÿ òàêæå ïðîäîëæèòü èçó÷åíèå âëèÿíèÿ

îáîëî÷å÷íûõ ýôôåêòîâ íà äèíàìèêó ñïîíòàííîãî äåëåíèÿ 252Cf.
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Òàáëèöà 3

Ðåàêöèÿ Elab, MýÂ Å, ÌýÂ σfis σfis/σcap, % �TKE�, MýÂ

48Ca+208P 230 33 350 ìá 96 193

48Ca+238U 232 33 6 ìá 3 215

48Ca+244Pu 233,5 33 4 ìá 9 220

86Kr+208Pb 486 28 � 6 ìá �10–3 260

86Kr+208Pb 453 15 �500 íá — 260

Ñåïàðàòîð COMBAS

Ïîëüñêèå ôèçèêè ïðîÿâëÿþò áîëüøîé èíòåðåñ ê èçó÷åíèþ ðåàêöèé ïðè

ïðîìåæóòî÷íûõ ýíåðãèÿõ. Ýòè ðàáîòû ïðîâîäÿòñÿ ó íàñ íà ôðàãìåíò-ñåïàðàòîðå

COMBAS (ðèñ. 3) íà ïó÷êå óñêîðèòåëÿ Ó-400Ì. Â íàñòîÿùåå âðåìÿ ñåïàðàòîð

ïîëíîñòüþ îñíàùåí êîìïëåêñîì óïðàâëÿþùåé è êîíòðîëüíîé àïïàðàòóðû. Â

êà÷åñòâå äåòåêòîðà èñïîëüçóåòñÿ ïîëóïðîâîäíèêîâûé �E1, �E2, �E3, �E4

òåëåñêîï-ñïåêòðîìåòð.

Áûëè âûïîëíåíû ñåðèè ýêñïåðèìåíòîâ ïî èçó÷åíèþ íóêëîí-íóêëîííûõ

âçàèìîäåéñòâèé ïðè ýíåðãèÿõ 20�50 ÌýÂ/À è îïðåäåëåíèþ èíòåíñèâíîñòè

âòîðè÷íûõ ðàäèîàêòèâíûõ ïó÷êîâ ÿäåð.

Â ðåàêöèÿõ ìåæäó 18O (35 A MýÂ) è 9Be (ëåãêàÿ ìèøåíü) è 181Ta (òÿæåëàÿ

ìèøåíü) èçìåðÿëèñü èíêëþçèâíûå âûõîäû ýêçîòè÷åñêèõ èçîòîïîâ 9Li, 11Li, 11Be,
12Be è 14Be, êîòîðûå ìîãóò èñïîëüçîâàòüñÿ êàê âòîðè÷íûå ðàäèîàêòèâíûå ïó÷êè

ÿäåð, èìåþùèõ ñòðóêòóðó ãàëî (òàáë. 4).
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Ðèñ. 3. Èîííî-îïòè÷åñêàÿ ñõåìà ñåïàðàòîðà COMBAS



Òàáëèöà 4

Âòîðè÷íûå ïó÷êè (÷àñòèö â ñåêóíäó)

9Li 11Li 11Be 12Be 14Be

5 105⋅ 6 103⋅ 3 105⋅ 3 105⋅ 5 102⋅

Â òå÷åíèå 2001–2002 ãã. áóäóò âûïîëíåíû èññëåäîâàíèÿ âûõîäîâ è ñâîéñòâ

òÿæåëûõ èçîòîïîâ êèñëîðîäà â ðåàêöèÿõ 36S, 40Ar(20�60 À ÌýÂ)+9Be,Ta. Äëÿ ýòèõ

öåëåé áóäåò èñïîëüçîâàí òðåêîâûé äåòåêòîð íà áàçå ìíîãîñëîéíîé ïðîïîð-

öèîíàëüíîé êàìåðû.

Ðåàêöèè ñ ïó÷êàìè ðàäèîàêòèâíûõ èîíîâ

Ýòà îáëàñòü ÿäåðíîé ôèçèêè ÿâëÿåòñÿ, ïîæàëóé, íàèáîëåå äèíàìè÷íî ðàçâè-

âàþùåéñÿ â ìèðå. Äëÿ èññëåäîâàíèé ðåàêöèé ñ ðàäèîàêòèâíûìè ïó÷êàìè áûë

ðàçðàáîòàí è ñîçäàí ñåïàðàòîð ÀÊÓËÈÍÀ, êîòîðûé â 2000 ã. áûë ñóùåñòâåííî

ìîäåðíèçèðîâàí: ëèíèÿ òðàíñïîðòà ïó÷êà áûëà ïðîäîëæåíà çà äâóõìåòðîâóþ áå-

òîííóþ ñòåíó çàëà óñêîðèòåëÿ ê íîâîìó ýêñïåðèìåíòàëüíîìó ïàâèëüîíó, ãäå áûëà

ñìîíòèðîâàíà ðåàêöèîííàÿ êàìåðà ñ êðèîãåííîé òðèòèåâîé ìèøåíüþ (ðèñ. 4).

Èñïîëüçóÿ âûâåäåííûå èç öèêëîòðîíà Ó-400Ì ïó÷êè èîíîâ 7Li è 11B ñ

ýíåðãèåé 32–34 A MýÂ, óäàëîñü ïîëó÷èòü âòîðè÷íûå ïó÷êè èîíîâ 6He è 8He ñ

ýíåðãèåé 20–30 A ÌýÂ è èíòåíñèâíîñòüþ ñîîòâåòñòâåííî 3�105 è 1�104 ñ–1 ïðè

èíòåíñèâíîñòè ïåðâè÷íîãî ïó÷êà íà áåðèëëèåâîé ìèøåíè îêîëî 2�1013 ñ–1. Â

ïðîøëîì ãîäó ìû ïîëó÷èëè ïó÷îê èîíîâ òðèòèÿ ñ ýíåðãèåé 51 ÌýÂ íà öèêëîòðîíå

Ó-400Ì.
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Ðèñ. 4. Ñåïàðàòîð ÀÊÓËÈÍÀ, ìîäåðíèçèðîâàííûé äëÿ ýêñïåðèìåíòîâ ñ êðèîãåííîé òðèòèåâîé

ìèøåíüþ



Ïåðâûå ýêñïåðèìåíòû íà óñòàíîâêå ÀÊÓËÈÍÀ áûëè íàïðàâëåíû íà èçó÷åíèå

ðåàêöèé ïåðåäà÷ ìåæäó íàëåòàþùèìè ÷àñòèöàìè 6He è 8He è ÿäðàìè-ìèøåíÿìè

âîäîðîäîì è ãåëèåì. Â ñëó÷àå ÿäðà-ìèøåíè 4He ìîãëà ïðîèñõîäèòü ïåðåäà÷à äâóõ

èëè ÷åòûðåõ íåéòðîíîâ äëÿ 6He è 8He, ò.å. îáìåííûé ïðîöåññ, êîòîðûé ìîæíî

áûëî áû íàáëþäàòü â ñèñòåìå öåíòðà ìàññ êàê óïðóãîå ðàññåÿíèå â îáðàòíîì

íàïðàâëåíèè. Ïåðåäà÷à äâóõ íåéòðîíîâ ìåæäó ÿäðàìè 6He è 1H ìîãëà áû áûòü

õîðîøèì òåñòîì òåîðåòè÷åñêèõ ïðåäñêàçàíèé, ñäåëàííûõ íà áàçå òðåõòåëüíîé

ìîäåëè 6He (ðèñ. 5).

Óñïåøíî çàâåðøèëàñü ñåðèÿ ýêñïåðèìåíòîâ, íàïðàâëåííàÿ íà îáíàðóæåíèå

ðåçîíàíñà 5H (îñíîâíîãî ñîñòîÿíèÿ). Ðåçîíàíñ 5H âîçáóæäàëñÿ â ðåàêöèè
6He+ð�5H+2p. Óñëîâèÿ äâóõ÷àñòè÷íîé êèíåìàòèêè â ýòîé ðåàêöèè ðåàëèçóþòñÿ

áëàãîäàðÿ âèðòóàëüíîìó âçàèìîäåéñòâèþ äâóõ ïðîòîíîâ. Ðåçîíàíñíîå ñîñòîÿíèå,

êîòîðîå íàõîäèòñÿ ïðèìåðíî íà 2 ÌýÂ âûøå ïîðîãà ðàñïàäà t+n+n, áûëî

îáíàðóæåíî â ñïåêòðå ïîëíîé ýíåðãèè êîððåëèðîâàííûõ ïðîòîíîâ, èñïóñêàåìûõ â

âûõîäíîì êàíàëå ðåàêöèè (ðèñ. 6). Ñ òðèòèåâûì ïó÷êîì ýòîò ðåçîíàíñ áóäåò

èçó÷àòüñÿ â ðåàêöèè 3Í(t,p)5H.

Çàâåðøåíû ýêñïåðèìåíòû ïî èçó÷åíèþ ðåçîíàíñíûõ ñîñòîÿíèé â 7He, çàñåëÿå-

ìûõ ïðè ïåðåäà÷å îäíîãî íåéòðîíà íà 6He îò äåéòåðèåâîé ìèøåíè. Â íàñòîÿùåå

âðåìÿ äàííûå àíàëèçèðóþòñÿ ñ öåëüþ èçâëå÷ü èíôîðìàöèþ î ñòðóêòóðå ðåçîíàíñà

p3/2 â îñíîâíîì ñîñòîÿíèè 7He è, âîçìîæíî, î äðóãîì ðåçîíàíñå — p1/2.

Â ñåðèè ýêñïåðèìåíòîâ áûëè èññëåäîâàíû ïðÿìûå ðåàêöèè, ïðîòåêàþùèå

ìåæäó 8He è âîäîðîäîì ïðè ýíåðãèè 26 A MýÂ. Ñå÷åíèÿ óïðóãîãî ðàññåÿíèÿ,

ïåðåäà÷è îäíîãî è äâóõ íåéòðîíîâ íà îñíîâíîå ñîñòîÿíèå 6He, à òàêæå ïåðåäà÷à

156

Ðèñ. 5. Äèôôåðåíöèàëüíîå ñå÷åíèå óïðóãîãî ðàñ-

ñåÿíèÿ 8He+4He, ýíåðãèÿ èîíîâ 8He 25 ÌýÂ/À

Ðèñ. 6. Ðåçîíàíñ îñíîâíîãî ñîñòîÿíèÿ â 5H,

íàáëþäàâøèéñÿ â ðåàêöèè 6He+p � 5H+2p



äâóõ íåéòðîíîâ íà 2+-ñîñòîÿíèå 6He áûëè èçìåðåíû â äèàïàçîíàõ óãëîâ 35	–142	,
33	–143	, 15	–135	 è 13	–138	.

Äàëüíåéøèå íàøè ïëàíû â ýòîé îáëàñòè ñâÿçàíû ñ èçó÷åíèåì ðåàêöèé èîíîâ

òðèòèÿ è äðóãèõ ýêçîòè÷åñêèõ èîíîâ ñ òðèòèåâîé ìèøåíüþ. Äëÿ ýêñïåðèìåíòîâ ñ

ðàäèîàêòèâíûìè ïó÷êàìè ïîñëå çàïóñêà ïåðâîé î÷åðåäè êîìïëåêñà DRIBs ìû

âûáðàëè ðåàêöèè: 8He+3H�10He+p; 9Li+3H�11Li+p; 6He+3Í�8He+p. Ïðè ýòîì

áóäåò ïîëó÷åíà èíôîðìàöèÿ îá îáðàçîâàíèè íåéòðîíîèçáûòî÷íûõ ÿäåð è î

íàëè÷èè â íèõ âîçáóæäåííûõ ñîñòîÿíèé.

Ðàäèàöèîííàÿ ôèçèêà òâåðäîãî òåëà

è ïðèêëàäíûå èññëåäîâàíèÿ

Â ýòîì íàïðàâëåíèè èññëåäîâàíèé ó íàñ ñóùåñòâóåò ìíîãîëåòíåå ïàðòíåðñòâî

ñî ìíîãèìè èíñòèòóòàìè â Ïîëüøå: Âàðøàâñêèì óíèâåðñèòåòîì, Òåõíè÷åñêèì

óíèâåðñèòåòîì, Èíñòèòóòîì õèìèè è ÿäåðíîé òåõíîëîãèè.

Çà ãîäû ñîâìåñòíûõ ðàáîò áûëè âûïîëíåíû ýêñïåðèìåíòû ïî èçó÷åíèþ

âçàèìîäåéñòâèÿ óñêîðåííûõ òÿæåëûõ èîíîâ ñ ìåòàëëàìè, ìîíîêðèñòàëëàìè è

ïîëèìåðíûìè ìàòåðèàëàìè. Ðàçðàáîòàíû ìåòîäû ïðîèçâîäñòâà óëüòðà÷èñòûõ

èçîòîïîâ (235Np, 236Np, 236Pu).

Ýêñïåðèìåíòû, óïîìÿíóòûå â ïðåäñòàâëåííîì äîêëàäå, âûïîëíÿëèñü ïðè

ñàìîì àêòèâíîì ó÷àñòèè ïîëüñêèõ êîëëåã è íåîäíîêðàòíî îòìå÷àëèñü ïðåìèÿìè

ÎÈßÈ.
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REPORT ON THE PROJECT OF THE REGENERATIVE FEL

AMPLIFIER AT THE DESY TESLA TEST FACILITY

J.Krzywinski1, M.V.Yurkov2

1
Institute of Physics of Polish Academy of Sciences, Warsaw

2
Laboratory of Particle Physics, JINR

Introduction

The RAFEL project is the result of a collaboration agreement between DESY and

JINR (Dubna). The budget of the project is formed by DESY and JINR contributions.

Institute of Physics of Polish Academy of Sciences (IP) participates in the RAFEL

project in the framework of the grant programme of the special purpose use of the Polish

contribution to JINR.

Table. VUV Regenerative FEL amplifier at DESY

Electron beam

Energy 180–260 MeV

Charge per bunch 1 nC

Peak current 500 A

Bunch separation 444 ns

Undulator

Period 2.73 cm

Peak magnetic field 0.497 T

Feedback system

Distance between mirrors 66.4 m

Monochromator resolution 5 � 10–5

Total transmission 5 � 10–4

Radiation

Wavelength 80–140 nm

Micropulse duration (RMS) 500 fs

Spectrum bandwidth 0.01 %

Peak output power 300 MW

Average power up to 25 W

The concept of regenerative FEL amplifier (RAFEL) has been developed in the

framework of the JINR participation in the TESLA collaboration. The RAFEL project

may be regarded as a milestone towards a short wavelength FEL user facility, since it

aims at demonstrating the possibility of seeding an FEL, turning it from a mere amplifier

of shot noise into a real VUV/soft X-ray laser. The proposed project requires the

additional installation of a narrow-band feedback system and is fully compatible with the
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present design and the infrastructure developed for the TTF FEL project. It would allow

one to construct a tunable VUV laser with a minimum wavelength around 80 nm, a pulse

duration of 1 ps, a peak power of about 300 MW and an average power of about 25 W.

The output radiation of the regenerative FEL amplifier would possess all the features

which are usually associated with laser radiation: full transverse and longitudinal

coherence and shot-to-shot stability of the output power. The degeneracy parameter of

the output radiation would be about 1014 and thus have the same order of magnitude as

that of a quantum laser operating in the visible.

RAFEL Layout

The schematic layout of the RAFEL is presented in Fig. 1. The equipment of the

RAFEL consists of three main systems:

• the mirror assembly;

• the grating assembly;

• the control system.

The mirror and the grating assembly have similar design (see Fig. 2). Each assembly

consists of a vacuum chamber, a set of translators and a rigid support. The optical

elements (mirrors and grating) are fixed firmly inside the vacuum chambers. The tuning

of the optical elements is provided by means of translation of the whole vacuum

chamber. The chambers are installed on the translators having sufficient number of

degrees of freedom.
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Fig. 1. RAFEL layout

Fig. 2. Mirror (upper photo) and grating (lower photo) assembly mounted at the TTF accelerator
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Fig. 4. Scheme of active alignment system

Fig. 3. Design drawing of RAFEL chamber



The vacuum chambers have similar design (see Fig. 3). The following elements are

mounted inside the vacuum chamber of the mirror assembly: a plane SiC mirror and

radiation detectors (micro-channel plate (MCP) and SiPt photodiode). The following

elements are mounted inside the vacuum chamber of the grating assembly: a curved SiC

mirror, curved grating, an optical prism and radiation detectors (MCP and SiPt

Photodiode). Each vacuum chamber has a viewport for laser prealignment of the optical

elements. The design of the grating vacuum chamber allows one to move all the elements

out of the beam axis, thus providing sufficient aperture for the electron beam transport in

the mode of the TTF Linac operation without bunch compressor 2 (BC2).

Each assembly is equipped with an active alignment system for stabilization of

angular position of the optical elements with a microradian level accuracy (see Fig. 5).

The active alignment system provides accuracy of measurements of angle deviations of a
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Fig. 6. Scheme of laser pre-alignment of RAFEL mirrors

Fig. 5. Angular oscillation of the grating chamber (a) and probability distribution of the angle deviation (b)



fraction of microradians. Special efforts were directed to suppression of mechanical

resonances which made possible to keep oscillation amplitudes around one microradian

level (see Fig. 4).

The alignment of the optical elements was performed in two stages. At the first stage

laser prealignment procedure has been performed (see Fig. 6). Final alignment of the

mirrors has been performed with SASE FEL radiation (see Fig. 7).

RAFEL Schedule

RAFEL project has been launched in the middle of 1998 and proceeded as follows:

• June, 1998 — approval of the project by DESY;

• November, 1998 — approval of the project by JINR;

• May, 1999 — finishing the design;

• June, 1999 — purchasing of mechanical equipment, mirrors, gratings, radiation

detectors and electronic components for the control system;

• June/December, 1999:

— manufacturing of elements, assembling and testing of the RAFEL alignment

system at JINR. Design and manufacturing of the RAFEL control system;

— manufacturing of the mirror and grating vacuum chambers at DESY;
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Fig. 7. MCP signal in the mirror chamber. First peak is SASE pulse. Second peak is the same SASE pulse

after complete round-trip in the optical feedback system. Pulse separation is 444 ns



• January/June, 2000 — assembling and testing of the RAFEL alignment system

at DESY. Integration of the control system into the TTF control system;

• May/June, 2000 — assembling of the RAFEL optical feedback and control

systems at the TTF site. Upgrade of the photoinjector laser for 2.25 MHZ

repetition rate;

• July/September, 2000 — alignment of the optical feedback system;

RAFEL Budget

Budget 1999:

• 60 k$ — the grant program of the special purpose use of the Polish contribution

to JINR: design, ordering and delivering components for the RAFEL to DESY

— Institute of Physics of the Polish Academy of Sciences;

• 30 kDM — a fraction of the German contribution to JINR: manufacturing,

assembling and testing of the RAFEL systems at JINR;

• 170 kDM — DESY budget: ordering components for the RAFEL.

Budget 2000:

• 40 kDM — a fraction of the German contribution to JINR: control electronics;

• 150 kDM — DESY budget: ordering of components, manufacturing of

equipment, salary & infrastructure.

The grant from program of the special purpose use of the Polish contribution to

JINR, 60 k$, has been received in the year 1999. A fraction of 8 k$ has been spent by

JINR for travel expenses and organization of RAFEL components production at JINR. A

fraction of 52 k$ has been transferred to the Institute of Physics of the Polish Academy of

Sciences and was used for ordering the equipment for the RAFEL.

Future Plans

At present all components of the RAFEL are ready and installed at the TTF

accelerator. Dedicated beam time is scheduled for spring 2001. The first stage of the

RAFEL experiment will be organization of the optical feedback with mirrors and fixing

the longitudinal base of the RAFEL feedback. In the second stage the grating will be

installed in the grating chamber and RAFEL will produce fully coherent, tunable VUV

radiation. It is foreseen to deliver this radiation for experiments currently under

preparation at the TESLA Test Facility.
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COOPERATION WITH POLISH INSTITUTES

IN THE FIELD OF COMPUTATIONAL PHYSICS

A.Polanski

Laboratory of Information Technologies, JINR

Laboratory of Information Technologies (LIT) cooperates with different scientific

research organizations in Poland: Soltan Institute for Nuclear Studies (SINS) in Swierk,

University of Mining and Metallurgy (UMM) in Ñrañow, Institute of Mathematical

Machines (IMM) in Warsaw, and H.Niewodniczanski Institute of Nuclear Physics

(NINP) in Ñrañow.

The well-known internuclear cascade model and Dubna Cascade program complex

was developed [1,2] in cooperation with SINS. The intranuclear cascade model

describes hadron-nucleus interactions quite exactly, but overestimates the multiplicity of

produced mesons in nucleus-nucleus interactions without taking into account the meson

and baryon resonance production. Inclusion of the resonances leads to decreasing

multiplicity of mesons, neutrons and protons. In order to overcome the problem, it is

proposed to modify the FRITIOF code to low energies [3,4]. For these purpose we

choose:

• dW/dM' ~ 1/M' M'min = 1.1 GeV;

• Isotropic decay of quark strings with masses less than 1.7 GeV;

• Charge exchange of nucleons during the interactions;

• The Reggeon theory model of nuclear destruction.

Figure 1 shows the proton and pi-meson rapidity distributions in different

nucleus-nucleus interactions. They were calculated by the modified FRITIOF code and

by the code of the cascade-evaporation model. The cascade model takes into account the

trailing effect, Pauli principle, and the dependence of the Fermi momentum on the local

nuclear density, the pre-equilibrium emission and the evaporation of the nuclei. Events

with at least one inelastic NN collision were selected at the simulations. As is seen, for dd

interactions the models give similar results. Since in this case we can neglect the cascade

interactions, the coincidence of the results tells us about the correctness of the NN

interactions description in CEM (the CEM code used by us does not allow a direct

simulation of NN interactions). We can mark only a little enhanced baryon production in

the central rapidity region in CEM. In alpha-alpha interactions where the influence of the

cascade interactions is sufficiently large, we observe a difference of the predicted

pi-meson spectra. As expected, taking into account the resonances in the FRITIOF

model leads to a decreased meson yield. The enhanced meson production in CEM

becomes more pronounced in CC interactions.
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To describe the proton production in the nuclear fragmentation regions in the

framework of the FRITIOF model, we take into account both the inelastic interactions of

the nucleons considered above and the elastic re-scatterings. As seen, we reproduce the

baryon yields in the fragmentation regions at y ~ 0, 2.2 for the dd and alpha-alpha
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Fig. 1. Proton and pi-meson rapidity distributions in nucleus-nucleus interactions at the energy of

3.3 GeV/nucleon. Points are the experimental data. The solid and dashed curves are the modified FRITIOF

and CEM calculations, respectively



interactions. The CEM calculations for CC collisions were used for determination of the

nuclear destruction model parameters, Cnd = 1, rnd
2 = 1.4 fm2. Then we introduced the

experimental criteria for the proton registration.

The calculations for heavy nuclei look more interesting. Figure 2 gives the proton

distributions on total and transverse momentum in n + Ta interactions at P = 4.2 GeV/c.

As seen, the model predictions are close to each other. The same closeness we observe

for C + Ta interactions at P = 4.2 GeV/c/nucleon presented in Fig. 2. Though, there is a

big difference between the predicted meson spectra. The FRITIOF model calculations

are close to the experimental data. At the calculation we use the following values of the

parameters: Cnd = 0 2. , rnd
2 = 1.1 fm2 to reproduce the Ta nuclei destruction.

Summing up, we can conclude that we have reached a satisfactory description of the

meson and nucleon production in the nucleus-nucleus interactions at the energy of

3 GeV/nucleon in the framework of the sufficiently simple FRITIOF model. The model
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Fig. 2. Proton momentum distributions in n-Ta interactions. Points are the experimental data. The solid and

dashed curves are the modified FRITIOF and CEM calculations, respectively

Fig. 3. Geometry of subcritical assembly



can be applied to a practical calculation of the nucleus-nucleus interaction characteristics

at high energies.

It is shown that the combination allows one to satisfactorily reproduce the meson

and baryon yields in the nucleus-nucleus collisions at the energy of 3.3 GeV/nucleon.
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Fig. 4. The dependence of the neutron multiplication coefficient keff on the percentage of PuO2 in the MOX

fuel for the effective density: 9.0 g/cm3

Fig. 5. The neutron spectrum calculated along the radius (r = 8.5, 15, 30 and 38 cm) of the subcritical

assembly with keff = 0.947



The combined model works faster than a typical quantum molecular dynamic model,

and allows one to estimate the data needed for creation of an electronuclear amplifier.

In cooperation with UMM, the properties of the experimental facility — a

sub-critical assembly in Dubna (SAD) — driven with the existing 660 MeV JINR

protons accelerator have been investigated [5–15]. The assembly consists of a central

cylindrical lead target surrounded by a mixed-oxide (MOX) fuel (PuO2 + UO2) and a

leader reflector (Fig. 3).

The calculated quantities were: a neutron multiplication coefficient, a neutron

energy distribution for different places inside the subcritical assembly and the

dependence of the energetic gain G on the proton energy,

The fuel has been considered with a composition of plutonium dioxide PuO2 and

uranium dioxide UO2. The content of plutonium isotopes in plutonium was as follow:

95 % 239Pu, 5 % 240Pu. Uranium was natural. Taking into account the split between the

fuel element wall and the tablet, the effective density of the fuel is in the range from 9 to

9.5 g/cm3. Calculations have been done in the MCNP4B code for different percentage of

PuO2 in the MOX fuel and for various density of the fuel fabricated in the Research

Institute of Atomic Reactors in Dimitrovgrad in Russia.

According to Fig. 4, we have found that for keff = 0.945 the percentage of PuO2 in

MOX fuel is about 29 for effective density: 9.0 g/cm3.

Figure 5 presents neutron spectra averaged over the small volumes calculated along

the radius (r = 8.5,15, 30 and 38 cm) of the subcritical assembly with keff = 0.947.

Neutron flux: 1.54�1012 cm–2
�s–1, 1.35�1012 cm–2

�s–1, 0.74�1012 cm–2
�s–1, and

0.52�1012 cm–2
�s–1, respectively, was obtained inside the core.
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Fig. 6. Energetic gain G vs. incident proton energy T for keff = 0.945 /0.003/



Calculations were performed for the 660 MeV protons and 1 µA current. ALCS

computer code was used.

Several conclusions can be made from the presented results: (i) different neutron

spectra can be formed inside the assembly — from hard up in the blanket to epithermal

ones in the lead reflector; (ii) fast neutron flux is about 1012 cm –2
�s–1.

The energetic gain G is presented in Fig. 6. It was calculated by using a Dubna

CASCADE code. The energetic gain G is a ratio of the heat produced in the device to the

beam energy. A decrease in the energy gain (see Fig. 6) at low energies range is caused

by ionization losses of primary protons. As we can see from Fig. 6 for 660 MeV proton

energy, the energetic gain is G = 27 and for 1.5 GeV proton energy G =32.

The calculations show that for the subcritical assembly with a mixed-oxide (MOX)

BOR-60 fuel (29 %PuO2 + 71 %UO2) the multiplication coefficient keff is equal to 0.947,

the energetic gain is equal to 30, the fission power is 20 kW and the neutron flux density

is 1012 cm–2
�s–1.

In frames of the project SAD, a first stage of the experimental investigation was

carried out at LNP phasotron. [16,17]. The main goal of the experiment was to study the

differential characteristics of the secondary radiation field around the thick lead target

irradiated by protons. Such experimental data are needed for verification of the

calculations of the internuclear cascade of secondary particles generated by primary

protons within the target. Figure 7 demonstrates the comparison of the calculated and

experimental neutron spectra from Pb target at 75� [16].
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Fig. 7. Comparison of calculated and experimental neutron flux (neutrons/cm2 per unit lethargy) from the Pb

target at 75�



In cooperation with IMM, image-processing method [18] was developed. Image

processing can be applied to:

• Experimental physics;

• Space photograph recognition;

• Chromosome analyses;

• Face recognition.

A computer code for the face recognition by a new type of neural networks was

proposed [19]. They are suitable for a direct handling of digitized images of human faces

and need much less time for training than the ordinary multilayer perceptions with the

back propagation algorithm. The tolerance ability to various image distortions was

tested. Such imaging processing problems as a massive data array, great variations in

size, orientations, lightening, background, etc., were solved by:

• Data Compression by Principal Component method,

• Image scaling by Wavelet transforms,

• Classification by a new type of neural networks.

Theoretical investigation on quantum theory with a vector time was performed in

cooperation with NINP. The possibility of supraliminal signals and the respective

generalization of relativity have been investigated by means of the multitime theory

developed at JINR. The results are presented at the International Workshop on Extended

Quantum Theory (Cracow, October 2000, to be published in the Proc. of the Workshop).

A common (V.Barashenkov, E.Kapuscik) review paper of cosmological theories has

been prepared and sent to the Russian journal «Znanie — Sila». The paper will be

published in the January issue of the Journal.

Future Plans for the Years 2001–2003

•Development of computer codes for the mathematical modeling of interactions of

particles with nuclei and substance. Creation of a modern version of the program

DUBNA–CASCADE for Monte-Carlo simulation of transport and interaction of

particles with nuclei.

•Creation of methods and numerical algorithms for physics fields calculation and

particle beams transport. Introduction and maintenance of modern computer programs

for magnetic fields calculations.

• Creation of numerical methods and software for mathematical simulation of

complex physics systems. Development of a program library for calculation of the

stationary and dynamic models of quantum mechanics and the field theory oriented to

vector-parallel computer systems.

• Development of methods, algorithms and software of computer algebra.

Introduction and maintenance of modern systems of analytical calculations.

• Development of numerical and analytical methods for a research in nonlinear

models of theoretical physics.
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• Development of the elastodynamic approach to the continuum mechanics of

nuclear matter and its application to physics of nuclear fission and pulsar astrophysics.

• Development of methods for modeling and processing experimental data,

including the development and introduction of new methods for data filtering and data

compression as well as pattern recognition. Introduction of the results in the software

support of experimental investigations.

•Creation of systems for experimental data processing in particle physics, including

the development of algorithms, software and architecture of computing clusters.

Application of the developed systems for mathematical processing of experimental data.

•Development of the program packages for simulation, processing and visualization

of data with the use of systems ROOT, GEANT, LAHET, FRITIOF, HIJING, RQMD

for experiments STAR, ALICE, COMPASS, HEND, SPHERE, FAZA HERA-B.

•STAR — Research of the spatial-temporal characteristics of the nuclear substance

in the course of nuclear collisions, simulation of spin effects in the experiments with

polarized beams.

• COMPASS — Development of a method and algorithms for calculations of the

cross sections of diffraction processes in πp, pp, pA, and πA collisions. Creation of a

mathematical model to achieve high efficiency pattern recognition when restoring

events. Development of algorithms for particle identification on the data from the

RICH-detectors.

•HEND — Creation of a mathematical model of the neutron and gamma irradiation

of the Mars surface on the basis of the measurements of fast neutrons.

•SPHERE, FAZA — Simulation of the processes of the neutron field’s generation;

development and maintenance of the programs: event generators for modeling the

processes of nuclei fragmentation, processes of complete destruction of nuclei and

dynamics of nuclear interactions on the basis of measurements at the installations.

•HERA-B — Increasing the efficiency of the track reconstruction program for the

external track detector.
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Ñòðåìèòåëüíîå ðàçâèòèå ñåòåâûõ, êîìïüþòåðíûõ è èíôîðìàöèîííûõ òåõíî-

ëîãèé ñîçäàëo áàçó äëÿ ãëîáàëüíîãî îáúåäèíåíèÿ âû÷èñëåíèé è âûñîêîñêîðîñò-

íûõ ñåòåé ñâÿçè.

Íà ðóáåæå âåêîâ áûëà ñôîðìóëèðîâàíà êîíöåïöèÿ GRID, êîòîðàÿ ïðåäïîëà-

ãàåò ñîçäàíèå êîìïüþòåðíîé èíôðàñòðóêòóðû íîâîãî ïîêîëåíèÿ, îðèåíòèðîâàí-

íîé íà êà÷åñòâåííî íîâûé óðîâåíü äîñòóïà ê èíôîðìàöèîííûì è âû÷èñëè-

òåëüíûì ðåñóðñàì íà ãëîáàëüíîì óðîâíå. grid — çàðîæäàþùàÿñÿ èíôðàñòðóêòóðà,

ñïîñîáíàÿ êàðäèíàëüíî èçìåíèòü ïðèâû÷íûå ïðåäñòàâëåíèÿ îá îðãàíèçàöèè

âû÷èñëåíèé. Ïðåäïîëàãàåòñÿ, ÷òî ïîäîáíûå ñòðóêòóðû ñìîãóò îáúåäèíèòü

ðåãèîíàëüíûå è íàöèîíàëüíûå âû÷èñëèòåëüíûå êîìïüþòåðíûå èíôðàñòðóêòóðû

äëÿ ñîçäàíèÿ âñåîáùåãî ðåñóðñà.

Òåõíîëîãè÷åñêîå îñíîâàíèå äëÿ ñîçäàíèÿ grid-èíôðàñòðóêòóð äàþò óæå

ñóùåñòâóþùèå âîëîêîííî-îïòè÷åñêèå ñåòè, âûñîêîïðîèçâîäèòåëüíûå ïðîöåñ-

ñîðû, ïàðàëëåëüíûå àðõèòåêòóðû, ïðîòîêîëû ñâÿçè, ìàòåìàòè÷åñêîå îáåñïå÷åíèå

ðàñïðåäåëåííûõ ñòðóêòóð, ìåõàíèçìû îáåñïå÷åíèÿ áåçîïàñíîñòè. Ðåàëèçàöèÿ grid

ïîòðåáóåò ïðîäîëæåíèÿ ñåðüåçíûõ èññëåäîâàíèé âî âñåõ ïåðå÷èñëåííûõ

îáëàñòÿõ.

Áåçóñëîâíî, óñèëèÿ ïî ðàçâåðòûâàíèþ grid-èíôðàñòðóêòóð èìåþò ñìûñë òîëü-

êî â òîì ñëó÷àå, åñëè îíè áóäóò âîñòðåáîâàíû áîëüøèì ÷èñëîì ïîëüçîâàòåëåé.

Ñðåäè îñíîâíûõ íàïðàâëåíèé èñïîëüçîâàíèÿ grid íà äàííûé ìîìåíò ìîæíî

âûäåëèòü:

• ðàñïðåäåëåííûå ñóïåðâû÷èñëåíèÿ, ðåøåíèå î÷åíü êðóïíûõ çàäà÷, òðåáóþ-

ùèõ îãðîìíûõ ïðîöåññîðíûõ ðåñóðñîâ, ïàìÿòè è ò.ä.;

• «âûñîêîïîòî÷íûå» âû÷èñëåíèÿ (High-Throughput Computing), ïîçâîëÿþùèå

îðãàíèçîâàòü ýôôåêòèâíîå èñïîëüçîâàíèå ðåñóðñîâ äëÿ íåáîëüøèõ çàäà÷,

óòèëèçèðóÿ âðåìåííî ïðîñòàèâàþùèå êîìïüþòåðíûå ðåñóðñû;

• âû÷èñëåíèÿ «ïî òðåáîâàíèþ» (On-Demand Computing), êðóïíûå ðàçîâûå

ðàñ÷åòû;
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• âû÷èñëåíèÿ ñ ïðèâëå÷åíèåì áîëüøèõ îáúåìîâ ðàñïðåäåëåííûõ äàííûõ

(Data-Intensive Computing), íàïðèìåð, â ìåòåîðîëîãèè, àñòðîíîìèè, ôèçèêå

âûñîêèõ ýíåðãèé;

• êîëëåêòèâíûå âû÷èñëåíèÿ (Collaborative Computing).

Âàæíåéøèì êîìïîíåíòîì grid-èíôðàñòðóêòóðû ÿâëÿåòñÿ ïðîìåæóòî÷íîå

ïðîãðàììíîå îáåñïå÷åíèå (ÏÎ), êîòîðîå áóäåò îáåñïå÷èâàòü áåçîïàñíûé äîñòóï ê

äàííûì áîëüøîãî îáúåìà â óíèâåðñàëüíîì ïðîñòðàíñòâå èìåí, ïåðåìåùàòü è

òèðàæèðîâàòü äàííûå ñ âûñîêîé ñêîðîñòüþ èç îäíîãî ãåîãðàôè÷åñêè óäàëåííîãî

óçëà íà äðóãîé è îðãàíèçîâûâàòü ñèíõðîíèçàöèþ óäàëåííûõ êîïèé, à òàêæå

èíòåðôåéñ ê ñèñòåìàì óïðàâëåíèÿ ìàññîâîé ïàìÿòüþ.

Âû÷èñëèòåëüíàÿ grid-èíôðàñòðóêòóðà — ðàñïðåäåëåííàÿ ïðîãðàììíî-àïïà-

ðàòíàÿ êîìïüþòåðíàÿ ñðåäà, â êîòîðîé îðãàíèçîâàí ôóíêöèîíàëüíî íàäåæíûé,

ñîãëàñîâàííûé, óñòîé÷èâûé è íåäîðîãîé äîñòóï ê êîíå÷íûì âû÷èñëèòåëüíûì

ðåñóðñàì.

Ôóíêöèîíàëüíàÿ íàäåæíîñòü ïîçâîëÿåò ïðåäîñòàâèòü ïîëüçîâàòåëþ ãàðàíòèè

ïîëó÷åíèÿ èì äëèòåëüíîãî ïðåäñêàçóåìîãî äîñòóïà ê ðåñóðñàì âñåõ êîìïîíåíòîâ

grid. Êîíå÷íûé ïîëüçîâàòåëü äîëæåí èìåòü ïîëíóþ èíôîðìàöèþ î âñåõ

õàðàêòåðèñòèêàõ ïðîèçâîäèòåëüíîñòè, âêëþ÷àÿ ïîëîñó ïðîïóñêàíèÿ êàíàëà ñâÿçè,

âðåìåíà çàäåðæåê, èñêàæåíèÿ, ïðîèçâîäèòåëüíîñòü êîìïüþòåðîâ, ïðîãðàììíûå

ñëóæáû, áåçîïàñíîñòü è íàäåæíîñòü êîíôèãóðàöèè.

Ñîãëàñîâàííîñòü ïðåäïîëàãàåò ñòàíäàðòèçàöèþ âñåõ grid-ñëóæá, èíòåðôåé-

ñîâ, à òàêæå ñïîñîáîâ ðàáîòû ïîëüçîâàòåëåé.

Ðàáîòû â îáëàñòè ðàñïðåäåëåííûõ âû÷èñëåíèé â ÎÈßÈ. Â Îáúåäèíåííîì

èíñòèòóòå ÿäåðíûõ èññëåäîâàíèé âîïðîñàìè èíòåãðàöèè êîìïüþòåðíûõ ðåñóðñîâ

è ïîâûøåíèåì ýôôåêòèâíîñòè èõ èñïîëüçîâàíèÿ çàíèìàþòñÿ óæå áîëåå 40 ëåò.

Ñ 1997 ã. âû÷èñëèòåëüíûå ìîùíîñòè öåíòðàëüíûõ ñåðâåðîâ ÎÈßÈ ñîñòàâèëè

îñíîâó ñóïåðêîìïüþòåðíîãî öåíòðà (ÑÊÖ), ÿäðîì êîòîðîãî ñòàëà ïàðàëëåëüíàÿ

ìàøèíà SPP-2000 è àâòîìàòèçèðîâàííàÿ ëåíòî÷íàÿ áèáëèîòåêà ATL-2640, äîïóñ-

êàþùàÿ äâå òåõíîëîãè÷åñêèå ñõåìû èñïîëüçîâàíèÿ: ñ ïîìîùüþ ïðîãðàììíûõ

ñðåäñòâ HP OmniBack (àâòîìàòè÷åñêîå ðåçåðâíîå êîïèðîâàíèå èíñòèòóòñêèõ

êîìïüþòåðîâ) è HP OmniStorage (óïðàâëåíèå ìèãðèðóþùåé ôàéëîâîé ñèñòåìîé).

Êàê ïîêàçûâàåò îïûò, âîçìîæíîñòåé ñòàíäàðòíîãî ÏÎ íå âñåãäà äîñòàòî÷íî äëÿ

îðãàíèçàöèè âûñîêîýôôåêòèâíîé ýêñïëóàòàöèè ïðîãðàììíî-àïïàðàòíîãî êîìï-

ëåêñà è òðåáóþòñÿ äîïîëíèòåëüíûå óñèëèÿ äëÿ îïòèìèçàöèè ðàáîòû öåíòðà.

Â òå÷åíèå ïîñëåäíèõ äåñÿòè ëåò â ÎÈßÈ áûë ñîçäàí ðÿä êëàñòåðîâ íà

ðàçëè÷íûõ ïëàòôîðìàõ: îò êëàñòåðîâ íà áàçå êîìïüþòåðîâ VAX è Sun äî Linux-

êëàñòåðîâ, ñîáðàííûõ èç ÏÊ.

Çà 1999–2000 ãã. ñîçäàíî íåñêîëüêî ôåðì èç ÏÊ ñîâîêóïíîé ïðîèçâîäè-

òåëüíîñòüþ ïðèìåðíî 1,5K SPECint95. Íà ýòèõ ôåðìàõ èñïîëüçóþòñÿ ðàçëè÷íûå

ñèñòåìû ïàêåòíîé îáðàáîòêè: NQS, PBS, Condor. Óñòàíîâëåí íàáîð èíñòðóìåí-
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òàëüíûõ ñðåäñòâ Globus ñ öåëüþ ïðîâåäåíèÿ ñîâìåñòíûõ ðàáîò ñ ðîññèéñêèìè è

çàðóáåæíûìè êîëëåãàìè.

Íà ïðîòÿæåíèè ðÿäà ëåò ÎÈßÈ ÿâëÿåòñÿ âåäóùåé îðãàíèçàöèåé ïðîåêòà

ÁÀÔÈÇ ïî ñîçäàíèþ è ðàçâèòèþ ðàñïðåäåëåííîé ñåòè áàç äàííûõ è çíàíèé â

îáëàñòè ÿäåðíî-ôèçè÷åñêèõ èññëåäîâàíèé. Ýòîò ïðîåêò ÿâëÿåòñÿ õîðîøåé

îñíîâîé äëÿ ñîçäàíèÿ åäèíîãî èíôîðìàöèîííîãî ïðîñòðàíñòâà ÎÈßÈ è

èíñòèòóòîâ ñòðàí-ó÷àñòíèö.

Ó÷àñòâóÿ â ñîâìåñòíûõ ñ ðÿäîì ôèçè÷åñêèõ èíñòèòóòîâ (ÍÈÈßÔ ÌÃÓ,

ÈÒÝÔ, ÈÔÂÝ) ðàáîòàõ ïî ñîçäàíèþ ðåãèîíàëüíîãî öåíòðà äëÿ LHC â Ðîññèè, ìû

âïëîòíóþ ïîäîøëè ê îñîçíàíèþ íåîáõîäèìîñòè ñîçäàíèÿ ëîêàëüíîãî

grid-ñåãìåíòà â Ðîññèè.

Ïîñêîëüêó èíôîðìàöèîííî-âû÷èñëèòåëüíàÿ èíôðàñòðóêòóðà ÎÈßÈ õàðàêòå-

ðèçóåòñÿ íàëè÷èåì îáîðóäîâàíèÿ ðàçëè÷íûõ àðõèòåêòóð è îïåðàöèîííûõ ñèñòåì,

òî èñïîëüçîâàíèå grid-òåõíîëîãèé ïîçâîëèò ýôôåêòèâíî èíòåãðèðîâàòü

ðàçëè÷íûå ýëåìåíòû ÑÊÖ , êëàñòåðû, âû÷èñëèòåëüíûå ôåðìû, äèñêîâûå ìàññèâû,

ñèñòåìû ìàññîâîé ïàìÿòè â åäèíûé êîìïëåêñ.

Âî ìíîãèõ ðàçâèòûõ ñòðàíàõ ìèðà (â òîì ÷èñëå â Ðîññèè è Ïîëüøå) ïîÿâèëèñü

èíèöèàòèâíûå ðàáîòû ïî ñîçäàíèþ íàöèîíàëüíûõ ñåãìåíòîâ GRID.

Íà ñåãîäíÿøíèé äåíü ñëîæèëèñü õîðîøèå ïðåäïîñûëêè äëÿ àêòèâèçàöèè

ðàáîò ïî ñîçäàíèþ åäèíîãî èíôîðìàöèîííîãî ïðîñòðàíñòâà ÎÈßÈ è èíñòèòóòîâ

ñòðàí-ó÷àñòíèö.

Ïðåäëàãàåòñÿ ðàññìîòðåòü ïèëîòíûé ïðîåêò îáúåäèíåíèÿ èíôîðìàöèîííî-

âû÷èñëèòåëüíîé èíôðàñòðóêòóðû ÎÈßÈ è íàó÷íî-îáðàçîâàòåëüíûõ öåíòðîâ

Ïîëüøè.

Îñíîâíûå çàäà÷è ïðîåêòà:

— ñîâìåñòíîå îñâîåíèå è îáìåí îïûòîì â îáëàñòè GRID-òåõíîëîãèé è ó÷àñ-

òèå â ñîçäàíèè íàöèîíàëüíûõ ñåãìåíòîâ;

— îáúåäèíåíèå è ñîâìåñòíîå èñïîëüçîâàíèå èíôîðìàöèîííûõ è âû÷èñëè-

òåëüíûõ ðåñóðñîâ, ðàñïðåäåëåííûõ áàç äàííûõ, ýëåêòðîííûõ áèáëèîòåê;

— èñïîëüçîâàíèå ñîâðåìåííûõ ñèñòåì äëÿ îðãàíèçàöèè õðàíåíèÿ è îáðàáîòêè

áîëüøèõ ìàññèâîâ ýêñïåðèìåíòàëüíûõ äàííûõ;

— îáåñïå÷åíèå âîçìîæíîñòè óäàëåííîãî ó÷àñòèÿ ôèçèêîâ Ïîëüøè â ðàáîòå

óñòàíîâîê ÎÈßÈ;

— ñîâìåñòíûå ðàáîòû è îáìåí îïûòîì â óïðàâëåíèè êðóïíûìè ñåòÿìè,

âêëþ÷àÿ âîïðîñû êîíòðîëÿ, àíàëèçà, çàùèòû ñåòåé, ñåðâåðîâ, èíôîðìàöèè;

— ñîâìåñòíûå ðàáîòû è îáìåí îïûòîì â ñîçäàíèè ñóïåðêîìïüþòåðíûõ

ïðèëîæåíèé;

— ïðÿìûå òåëåêîíôåðåíöèè è äèñòàíöèîííîå îáó÷åíèå.

Â êà÷åñòâå îñíîâíîãî ïàðòíåðà ÎÈßÈ èç íàó÷íûõ öåíòðîâ Ïîëüøè äëÿ

ðåàëèçàöèè ýòîãî ïèëîòíîãî ïðîåêòà ïðåäëàãàåòñÿ ÖÈÔÐÎÍÅÒ (Êðàêîâ).

Â èíôðàñòðóêòóðå ÎÈßÈ è ÖÈÔÐÎÍÅÒ èìååòñÿ î÷åíü ìíîãî îáùåãî â ñîñòàâå
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âû÷èñëèòåëüíûõ è êëàñòåðíûõ ðåøåíèé, ñèñòåì DATA MANAGEMENT, ñåòåâûõ

òåõíîëîãèé è SOFTWARE.
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ÎÁÐÀÇÎÂÀÒÅËÜÍÀß ×ÀÑÒÜ ÏÐÎÃÐÀÌÌÛ

«ÁÎÃÎËÞÁÎÂ–ÈÍÔÅËÜÄ»:

ÑÎÑÒÎßÍÈÅ ÄÅË È ÏÅÐÑÏÅÊÒÈÂÛ

Ñ.Ï.Èâàíîâà

Ó÷åáíî-íàó÷íûé öåíòð ÎÈßÈ

Äîðîãèå êîëëåãè!

Ïðåæäå ÷åì ïåðåéòè ê îáñóæäåíèþ ïðîãðàììû «Áîãîëþáîâ–Èíôåëüä», ÿ

õî÷ó êðàòêî ïðåäñòàâèòü âàì íåêîòîðûå íàïðàâëåíèÿ äåÿòåëüíîñòè ÓÍÖ.

Ñòàðøåêóðñíèêè ïîëó÷àþò â ÓÍÖ ïîëíîå âûñøåå îáðàçîâàíèå â ñëåäóþùèõ

îáëàñòÿõ: ÿäåðíàÿ ôèçèêà, ôèçèêà ýëåìåíòàðíûõ ÷àñòèö, ôèçèêà êîíäåíñèðîâàí-

íûõ ñðåä, òåîðåòè÷åñêàÿ ôèçèêà, òåõíè÷åñêàÿ ôèçèêà, ðàäèîáèîëîãèÿ.

Äëÿ îòäåëüíûõ ñòóäåí÷åñêèõ ãðóïï ÓÍÖ ðàçðàáàòûâàåò íîâûå ïðîãðàììû

ñïåöèàëüíîé ïîäãîòîâêè.

Â ðàìêàõ ïîäãîòîâêè ñïåöèàëèñòîâ äëÿ ñëîâàöêîãî öèêëîòðîííîãî êîìïëåêñà,

ñòðîÿùåãîñÿ ñ ïîìîùüþ ÎÈßÈ, îñåíüþ 1998 ã. â ÓÍÖ íà÷àëèñü çàíÿòèÿ ó ïåðâîé

ãðóïïû ñòóäåíòîâ èç Ñëîâàêèè. Â 2000 ã. îíè óñïåøíî çàùèòèëè äèïëîìíûå

ðàáîòû. Â ÿíâàðå 2001 ã. çàùèòèòñÿ âòîðàÿ ãðóïïà ñëîâàöêèõ ñòóäåíòîâ. Îáå ýòè

ãðóïïû ñîñòîÿò èç ñòóäåíòîâ Áðàòèñëàâñêîãî òåõíè÷åñêîãî óíèâåðñèòåòà. Â

ñåíòÿáðå 2000 ã. â ÓÍÖ ïðèñòóïèëà ê çàíÿòèÿì òðåòüÿ ãðóïïà, ñîñòàâëåííàÿ èç

ñòóäåíòîâ Áðàòèñëàâñêîãî òåõíè÷åñêîãî óíèâåðñèòåòà è Óíèâåðñèòåòà èìåíè

Êîìåíñêîãî.

ÓÍÖ ñòàðàåòñÿ ðàñøèðèòü îáëàñòü ñâîåé îáðàçîâàòåëüíîé äåÿòåëüíîñòè.

Àêòèâíîå èñïîëüçîâàíèå ìåäèöèíñêèõ ïó÷êîâ óñêîðèòåëÿ â ËßÏ ñòàëî îñíîâà-

íèåì äëÿ ó÷ðåæäåíèÿ íîâîé âûïóñêàþùåé êàôåäðû ÌÈÔÈ — êàôåäðû ôèçè-

÷åñêèõ ìåòîäîâ â ïðèêëàäíûõ èññëåäîâàíèÿõ è ìåäèöèíå (¹ 45). Âîçãëàâëÿåò åå

äèðåêòîð ËßÏ ïðîô. Í.À. Ðóñàêîâè÷.

Îñîáåííîñòüþ óíèâåðñèòåòñêîãî îáðàçîâàíèÿ ÿâëÿåòñÿ åãî ðàçíîñòîðîííîñòü.

Ñòóäåíòû ìîãóò âûáèðàòü ëåêòîðîâ è ëåêöèè; äëÿ íèõ åñòü ìíîãî äîïîëíèòåëüíûõ

êóðñîâ, â òîì ÷èñëå ôàêóëüòàòèâíûõ. Ñðåäè êóðñîâ, ïðåïîäàâàåìûõ â ÓÍÖ, —

ôèçèêà ýëåìåíòàðíûõ ÷àñòèö, ðåëÿòèâèñòñêàÿ ÿäåðíàÿ ôèçèêà, òåîðèÿ ôóíäà-

ìåíòàëüíûõ âçàèìîäåéñòâèé (êâàíòîâàÿ õðîìîäèíàìèêà), òåîðèÿ ôóíäàìåí-

òàëüíûõ âçàèìîäåéñòâèé (òåîðèÿ ÿäåðíûõ ðåàêöèé), ñòðóêòóðà àòîìíîãî ÿäðà,

ââåäåíèå â òåîðèþ óñêîðèòåëåé, ýêñïåðèìåíòàëüíàÿ ÿäåðíàÿ ôèçèêà, ñîâðå-

ìåííûå ìåòîäû ðåãèñòðàöèè ÿäåðíûõ ðåàêöèé è ÿäåðíîãî èçëó÷åíèÿ, ïðîãðàì-

ìèðóåìûå ëîãè÷åñêèå óñòðîéñòâà, îñíîâû ðàäèîòåõíèêè, öèôðîâûå óñòðîéñòâà è
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èõ ïðèìåíåíèå, ýëåêòðîííûå ìåòîäû ðåãèñòðàöèè èîíèçèðóþùåãî èçëó÷åíèÿ,

ðàäèàöèîííàÿ áåçîïàñíîñòü è çàùèòà îêðóæàþùåé ñðåäû, ìàòåìàòè÷åñêàÿ ñòàòèñ-

òèêà, îáúåêòíî-îðèåíòèðîâàííîå ïðîãðàììèðîâàíèå íà Ñ++, ïðîãðàììèðîâàíèå â

UNIX, êîìïüþòèíã â ôèçèêå âûñîêèõ ýíåðãèé, èíòåðíåò-òåõíîëîãèè, êîìïüþ-

òåðíàÿ òåõíèêà â ÿäåðíîé ôèçèêå (ñåìèíàð), òåëåêîììóíèêàöèîííûå ñèñòåìû è

ìèðîâûå èíôîðìàöèîííûå ðåñóðñû, êîìïüþòèíã (âèçóàëèçàöèÿ â íàó÷íûõ

èññëåäîâàíèÿõ), ðàáîòà ñ ñèñòåìîé «Mathematica», àíãëèéñêèé ÿçûê (äëÿ

ñòóäåíòîâ), àíãëèéñêèé ÿçûê (äëÿ àñïèðàíòîâ).

Â òå÷åíèå ñåìåñòðîâ ÓÍÖ ïðåäëàãàåò ñâîèì ñòóäåíòàì è àñïèðàíòàì êîðîòêèå

êóðñû ëåêöèé ïî ñîâðåìåííûì äîñòèæåíèÿì â ôèçèêå è ñìåæíûõ îáëàñòÿõ. Ýòè

êóðñû îáðàçóþò ëåêöèîííûé öèêë «Ñîâðåìåííûå ïðîáëåìû åñòåñòâîçíàíèÿ».

Äëÿ ñâîèõ ñòóäåíòîâ è àñïèðàíòîâ ÓÍÖ èçäàåò ó÷åáíûå ïîñîáèÿ. Íàïðèìåð, â

2000 ã. âûïóùåíî ðóêîâîäñòâî ïî ñèñòåìå «Mathematica», àâòîð — ïðîô.

Ð.Êðàãëåð (Âûñøàÿ ïðîôåññèîíàëüíàÿ øêîëà, Ðàâåíñáóðã-Âàéíãàðòåí; Óíèâåð-

ñèòåò ïðèêëàäíûõ íàóê): R. Kragler «Mathematica Tutorial Course».

Â 2000 ã. ïðîäîëæèëà ðàáîòó àñïèðàíòóðà ÎÈßÈ ïî 10 ñïåöèàëüíîñòÿì

ôèçèêè è ìàòåìàòèêè.

Âûïóñê ïåðâîãî íàáîðà àñïèðàíòîâ ñîñòîÿëñÿ â 1998 ã. Ê íàñòîÿùåìó âðåìåíè

âîñåìü èç íèõ çàùèòèëè êàíäèäàòñêèå ðàáîòû.

Äâîå èç íûíåøíèõ àñïèðàíòîâ ÓÍÖ — åãèïòÿíå.

Â ñâÿçè ñ ìåæäóíàðîäíûì õàðàêòåðîì äåÿòåëüíîñòè ÎÈßÈ ÓÍÖ àêòèâíî

ðàçâèâàåò ñâîè ñâÿçè ñ çàðóáåæíûìè âóçàìè. Â ðàìêàõ ïðîãðàììû Ãåðìàíñêîé

ñëóæáû àêàäåìè÷åñêèõ îáìåíîâ (DAAD) «Ñòèïåíäèè Ëåîíàðäà Ýéëåðà» íà

1999–2000 è 2000–2001 ãã. ïîääåðæàí ñîâìåñòíûé ïðîåêò ÓÍÖ è Èíñòèòóòà

òåîðåòè÷åñêîé ôèçèêè Óíèâåðñèòåòà ã.Ãèññåí (Ãåðìàíèÿ). Äâà àñïèðàíòà è îäèí

ñòóäåíò ÓÍÖ, çàíèìàþùèåñÿ òåîðåòè÷åñêèìè èññëåäîâàíèÿìè â ôèçèêå òÿæåëûõ

èîíîâ, ïîëó÷àþò â ýòîì ó÷åáíîì ãîäó äîïîëíèòåëüíóþ ñòèïåíäèþ; ó íèõ áóäåò

ìåñÿ÷íàÿ ñòàæèðîâêà â Ãèññåíå.

Â èþëå 2000 ã. ÓÍÖ ïîñåòèëà ãðóïïà èç 18 ñòóäåíòîâ Ïðàæñêîãî òåõíè÷åñêîãî

óíèâåðñèòåòà. Îíè ïîáûâàëè â ëàáîðàòîðèÿõ ÎÈßÈ è ïîçíàêîìèëèñü ñ

äåÿòåëüíîñòüþ ÓÍÖ.

20–28 èþíÿ 2000 ã. â Ïîçíàíè (Ïîëüøà) ñîñòîÿëñÿ ðåãèîíàëüíûé ôîðóì

Åâðîïåéñêîé ñåòè ôèçè÷åñêîãî îáðàçîâàíèÿ (EUPEN), ãäå ÎÈßÈ áûë

ïðåäñòàâëåí Ó÷åáíî-íàó÷íûì öåíòðîì. Íà ôîðóìå îáñóæäàëèñü ñîòðóäíè÷åñòâî

ïî ëèíèè Åâðîïåéñêîãî ôèçè÷åñêîãî îáùåñòâà, EUPEN è ÎÈßÈ, ïðîâåäåíèå â

2001 ã. â ÎÈßÈ ìåæäóíàðîäíîé ñòóäåí÷åñêîé øêîëû «ßäåðíî-ôèçè÷åñêèå

ìåòîäû è óñêîðèòåëè â áèîëîãèè è ìåäèöèíå», à òàêæå âîïðîñû, ñâÿçàííûå ñî

ñòóäåí÷åñêèìè îáìåíàìè.

ÓÍÖ ïîëó÷èë ãðàíò Åâðîïåéñêîãî ôèçè÷åñêîãî îáùåñòâà, êîòîðûé ïîçâîëèò

ïÿòè ñòóäåíòàì ÓÍÖ ïðîâåñòè ìåñÿö â îäíîì èç èòàëüÿíñêèõ óíèâåðñèòåòîâ.
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Âñÿ ýòà ðàáîòà òðåáóåò äîëæíîãî ìàòåðèàëüíîãî îáåñïå÷åíèÿ. Íà ðèñóíêå

ïðåäñòàâëåí ïëàí ó÷åáíûõ ïîìåùåíèé è îáîðóäîâàíèå ÓÍÖ:

• 4 êîìïüþòåðíûõ êëàññà, îäèí èç êîòîðûõ ñïåöèàëèçèðîâàí íà âèçóàëèçàöèè

äàííûõ;

• 3 àóäèòîðèè ñ ëåêòîðñêèìè ìåñòàìè, îáîðóäîâàííûìè ìóëüòèìåäèéíûìè

ñðåäñòâàìè;

• ñåðâåðíàÿ êîìíàòà ñ e-mail è WWW-ñåðâåðîì (Alpha Server ïîä DecUNIX) è

ìóëüòèìåäèéíûì ñåðâåðîì ëîêàëüíîé àóäèòîðíîé ñåòè (ïîä Windows NT);

• ñòóäåí÷åñêàÿ ëàáîðàòîðèÿ, îñíàùåííàÿ çà ñ÷åò ãðàíòà äèðåêöèè ÎÈßÈ.

Â ó÷åáíûå ïðîãðàììû ÓÍÖ ââåäåí ïðàêòèêóì, ñîñòîÿùèé èç äâóõ ëàáîðàòîð-

íûõ ðàáîò. Â îäíîé èç íèõ ñòóäåíòû èçó÷àþò îñíîâíûå õàðàêòåðèñòèêè ñïåêòðî-

ìåòðà, èçìåðÿþò ãàììà-ñïåêòð êàëèáðîâàííûõ èñòî÷íèêîâ è îïðåäåëÿþò ýíåðãèþ

è èíòåíñèâíîñòü õàðàêòåðíûõ ëèíèé. Òåìà äðóãîé ðàáîòû — ñïåêòðîìåòðèÿ

çàðÿæåííûõ ÷àñòèö.

Ðåãóëÿðíî îáíîâëÿåòñÿ ñàéò ÓÍÖ (http://uc.jinr.ru).

Îñåíüþ 1998 ã. ðóêîâîäñòâîì ÎÈßÈ è Ìîñêîâñêîãî èíñòèòóòà ðàäèîòåõíèêè,

ýëåêòðîíèêè è àâòîìàòèêè (ÌÈÐÝÀ) â ÎÈßÈ ó÷ðåæäåíà âûïóñêàþùàÿ êàôåäðà

ïî ñïåöèàëüíîñòè «Ýëåêòðîíèêà è àâòîìàòèêà ôèçè÷åñêèõ óñòàíîâîê». Òåïåðü â

ÓÍÖ ñ ïåðâîãî êóðñà ó÷àòñÿ ñòóäåíòû ÌÈÐÝÀ äíåâíîé ôîðìû îáó÷åíèÿ. Â
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íàñòîÿùåå âðåìÿ â ÓÍÖ îáó÷àåòñÿ â îáùåé ñëîæíîñòè 46 ñòóäåíòîâ ÌÈÐÝÀ. Äëÿ

íèõ â ÓÍÖ åñòü äâå àóäèòîðèè è êîìïüþòåðíûé êëàññ.

Ñ 1999 ã. íà áàçå ëàáîðàòîðèé è ïîäðàçäåëåíèé ÎÈßÈ ÓÍÖ âåäåò ïîäãîòîâêó

è ïåðåïîäãîòîâêó ïåðñîíàëà Èíñòèòóòà. ÓÍÖ íàìåðåí ðàñøèðèòü îáëàñòü îáó÷å-

íèÿ òåõíè÷åñêîãî è èíæåíåðíîãî ïåðñîíàëà, äëÿ ÷åãî â íàñòîÿùåå âðåìÿ èäåò ïîä-

ãîòîâêà ê ïîëó÷åíèþ ëèöåíçèé íà âåäåíèå îáðàçîâàòåëüíîé äåÿòåëüíîñòè â îáëàñ-

òè ðàäèàöèîííîé áåçîïàñíîñòè, îõðàíû òðóäà è èíôîðìàöèîííûõ òåõíîëîãèé.

Ñîòðóäíè÷åñòâî ñ ïîëüñêèìè óíèâåðñèòåòàìè

Ñòàëè òðàäèöèîííûìè äðóæåñêèå ñâÿçè ÓÍÖ ñ óíèâåðñèòåòñêèì ñîîá-

ùåñòâîì Ïîëüøè.

Ñòóäåíòû è àñïèðàíòû ÓÍÖ è ïîëüñêèõ âóçîâ îáìåíèâàþòñÿ îçíàêî-

ìèòåëüíûìè âèçèòàìè è ó÷àñòâóþò â øêîëàõ è êîíôåðåíöèÿõ, ïðîâîäèìûõ â

Äóáíå è Ïîëüøå. Äëÿ ïîääåðæêè èíèöèàòèâ ïîëüñêèõ óíèâåðñèòåòîâ è ÎÈßÈ ïî

ðàçðàáîòêå è âûïîëíåíèþ îáðàçîâàòåëüíûõ ïðîåêòîâ áûëà ó÷ðåæäåíà ïðîãðàììà

«Áîãîëþáîâ–Èíôåëüä», êîòîðàÿ ôèíàíñèðóåòñÿ ñïåöèàëüíûì ãðàíòîì Ïîëíî-

ìî÷íîãî Ïðåäñòàâèòåëÿ Ïîëüøè â ÎÈßÈ.

Â ìàå 1999 ã. â ÓÍÖ áûëî ïðîâåäåíî ñîâåùàíèå ïî ñîòðóäíè÷åñòâó â îáëàñòè

îáðàçîâàíèÿ â ðàìêàõ ïðîãðàììû «Áîãîëþáîâ–Èíôåëüä». Ïðîôåññîðà èç óíèâåð-

ñèòåòîâ Áåëîñòîêà, Âðîöëàâà, Ãäàíüñêà, Êðàêîâà, Ëîäçè, Ëþáëèíà è Ùåöèíñêîãî

ïîëèòåõíè÷åñêîãî èíñòèòóòà îáñóæäàëè ñ ðóêîâîäñòâîì ÓÍÖ âîçìîæíîñòè è

íàïðàâëåíèÿ Îáðàçîâàòåëüíîé ïðîãðàììû ÎÈßÈ. Îñîáîå âíèìàíèå áûëî

óäåëåíî ðàçâèòèþ ñîòðóäíè÷åñòâà ñ ïîëüñêèìè âóçàìè. Ó÷àñòíèêè ñîâåùàíèÿ

ïîçíàêîìèëèñü ñ íàó÷íûìè ïðîãðàììàìè âñåõ ëàáîðàòîðèé ÎÈßÈ è ïîñåòèëè

îñíîâíûå óñòàíîâêè ÎÈßÈ.

Â ðåçîëþöèè ñîâåùàíèÿ îòìå÷åíà öåëåñîîáðàçíîñòü îáìåíà ñòóäåí÷åñêèìè

âèçèòàìè ñ çàðàíåå ïîäãîòîâëåííîé íàó÷íî-ëåêöèîííîé ïðîãðàììîé, à òàêæå

îáìåíà èíôîðìàöèåé î øêîëàõ, ñåìèíàðàõ è êîíôåðåíöèÿõ äëÿ ñòóäåíòîâ,

àñïèðàíòîâ è ñïåöèàëèñòîâ è ó÷àñòèÿ â íèõ îáåèõ ñòîðîí. Îñîáîå âíèìàíèå

óäåëåíî âûïîëíåíèþ äèïëîìíûõ ðàáîò â ëàáîðàòîðèÿõ ÎÈßÈ è â ÓÍÖ ïîä

ñîâìåñòíûì ðóêîâîäñòâîì ñïåöèàëèñòîâ èç ïîëüñêèõ óíèâåðñèòåòîâ è ÎÈßÈ.

Ñ êàæäûì ãîäîì âñå áîëüøå ïîëüñêèõ ñòóäåíòîâ è àñïèðàíòîâ ïîñåùàþò ÓÍÖ

è âñå áîëüøå ñòóäåíòîâ è àñïèðàíîâ ÓÍÖ íàíîñÿò îòâåòíûå âèçèòû â Ïîëüøó.

Ïåðâûé îáìåí âèçèòàìè ñîñòîÿëñÿ â 1992 ã., êîãäà ãðóïïà ñòóäåíòîâ èç óíè-

âåðñèòåòà Ëîäçè ïðîõîäèëà â ÓÍÖ äâóõíåäåëüíóþ ïðàêòèêó; çàòåì ñîñòîÿëñÿ

îòâåòíûé âèçèò â Ïîëüøó ãðóïïû ñòóäåíòîâ ÓÍÖ. Â 1996 ã. ñîñòîÿëñÿ äâóõíå-

äåëüíûé âèçèò â ÓÍÖ ãðóïïû ñòóäåíòîâ Óíèâåðñèòåòà èì. Ìàðèè Ñêëîäîâ-

ñêîé-Êþðè (Ëþáëèí). Â ôåâðàëå 1997 ã. òðè ñòóäåíòà è àñïèðàíò ÓÍÖ ó÷àñòâî-

âàëè â øêîëå ïî òåîðåòè÷åñêîé ôèçèêå â ã. Êàðïà÷, êîòîðóþ åæåãîäíî ïðîâîäèò

Èíñòèòóò òåîðåòè÷åñêîé ôèçèêè Âðîöëàâñêîãî óíèâåðñèòåòà. Â ìàå 1997 ã. ãðóïïà

ñòóäåíòîâ ÓÍÖ ïîñåòèëà óíèâåðñèòåòû Âðîöëàâà, Ëîäçè è Ëþáëèíà è Óíèâåð-
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ñèòåò èì. Àäàìà Ìèöêåâè÷à (Ïîçíàíü). Â èþíå 1997 ã. ñîñòîÿëñÿ îòâåòíûé âèçèò â

Äóáíó ñòóäåíòîâ-ôèçèêîâ èç Ïîçíàíè. Â ñåíòÿáðå 1997 ã. ãðóïïà ñòóäåíòîâ

Âðîöëàâñêîãî óíèâåðñèòåòà ïîñåòèëà ëàáîðàòîðèè ÎÈßÈ è ÓÍÖ.

Â íèæåñëåäóþùåé òàáëèöå ïðèâîäèòñÿ ñòàòèñòèêà ïîñåùåíèé ÎÈßÈ ïîëüñ-

êèìè ñòóäåíòàìè â ïîñëåäíèå òðè ãîäà (ðàñïðåäåëåíèå ïî óíèâåðñèòåòàì è ãîäàì).

Óíèâåðñèòåò
×èñëî ñòóäåíòîâ

1998 1999 2000

ã.Ëîäçü — — 9

ã.Âðîöëàâ 15 — 24

èì. Àäàìà Ìèöêåâè÷à, Ïîçíàíü — 12 —

ßãåëëîíñêèé è Ãîðíî-ìåòàëëóðãè÷åñêàÿ àêàäåìèÿ, Êðàêîâ 40 19 —

ã.Ëþáëèí — 10 —

Â 1998 ã. ñòóäåíòêà ôèçè÷åñêîãî ôàêóëüòåòà Óíèâåðñèòåòà èì. Àäàìà Ìèöêå-

âè÷à À.Êóõàðñêà ïðîõîäèëà òðåõìåñÿ÷íóþ ïðåääèïëîìíóþ ïðàêòèêó â îòäåëå

ôèçèêè ÿäðà Ëàáîðàòîðèè íåéòðîííîé ôèçèêè; çàòåì îíà áëåñòÿùå çàùèòèëà ñâîþ

ìàãèñòåðñêóþ ðàáîòó.

Â èþíå 1998 ã. íà áàçå ÎÐÐÈ, ÓÍÖ è äóáíåíñêîãî ôèëèàëà ÍÈÈßÔ ÌÃÓ äëÿ

ãðóïïû ñòóäåíòîâ Óíèâåðñèòåòà èì. Àäàìà Ìèöêåâè÷à è ôèçè÷åñêîãî ôàêóëüòåòà

ÌÃÓ áûëà îðãàíèçîâàíà ó÷åáíàÿ ïðàêòèêà ïî ìåäèöèíñêîé ôèçèêå.

Â ôåâðàëå 1998 ã. âîñåìü ñòóäåíòîâ è àñïèðàíòîâ ÓÍÖ ó÷àñòâîâàëè â øêîëå ïî

òåîðåòè÷åñêîé ôèçèêå «Îò êâàíòîâîé ìåõàíèêè ê êâàíòîâîé òåõíîëîãèè»,

ïðîõîäèâøåé â ã. Êàðïà÷.

Â 1999 ã. äâà àñïèðàíòà ÓÍÖ ó÷àñòâîâàëè â 35-é çèìíåé øêîëå ïî òåîðåòè-

÷åñêîé ôèçèêå «Îò êîñìîëîãèè ê êâàíòîâîé ãðàâèòàöèè»; â 2000 ã. øåñòü ñòóäåí-

òîâ ÓÍÖ ó÷àñòâîâàëè â ñëåäóþùåé øêîëå.

Äàëüíåéøåå ðàçâèòèå ñîòðóäíè÷åñòâà ñ ïîëüñêèìè óíèâåðñèòåòàìè áûëî áû

áîëåå ýôôåêòèâíûì, åñëè áû â ó÷åáíûå ïëàíû ñòóäåíòîâ ñîîòâåòñòâóþùèõ

ôàêóëüòåòîâ áûëà âêëþ÷åíà ïðàêòèêà â ÎÈßÈ, à àñïèðàíòû ìîãëè èìåòü äâîéíîå

ðóêîâîäñòâî (îäèí ðóêîâîäèòåëü èç ÎÈßÈ, äðóãîé — èç ïîëüñêîãî óíèâåðñèòåòà).

Ðóêîâîäñòâî ÓÍÖ ïðèäàåò áîëüøîå çíà÷åíèå ðàçâèòèþ ìåæäóíàðîäíûõ

ñòóäåí÷åñêèõ îáìåíîâ. Âàæíîñòü ýòîé äåÿòåëüíîñòè óæå îòìå÷åíà ó÷àñòíèêàìè

ïðîøëûõ îáìåíîâ. Òàêèå ñâÿçè ïîìîãóò ìîëîäûì ó÷åíûì ñòðàí-ó÷àñòíèö ÎÈßÈ

ëåãêî ñòàòü ÷àñòüþ ìåæäóíàðîäíîãî íàó÷íîãî ñîîáùåñòâà.

27 èþíÿ – 11 èþëÿ 2001 ã. â Ðàòìèíî (îêðåñòíîñòè Äóáíû) ñîñòîèòñÿ ìåæäó-

íàðîäíàÿ ñòóäåí÷åñêàÿ øêîëà «ßäåðíî-ôèçè÷åñêèå ìåòîäû è óñêîðèòåëè â

áèîëîãèè è ìåäèöèíå». Ýòà øêîëà áóäåò î÷åðåäíîé â öèêëå ëåòíèõ ñòóäåí÷åñêèõ

øêîë, ïðîâîäèìûõ ÎÈßÈ.
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Øèðîêîå ïðèìåíåíèå â ìåäèöèíå èîíèçèðóþùåãî è íåèîíèçèðóþùåãî

èçëó÷åíèÿ, ðàäèîíóêëèäîâ, óñòàíîâîê ãàììà-òåðàïèè, óñêîðèòåëåé ýëåêòðîíîâ è

ïðîòîíîâ, êîìïüþòåðíûõ òîìîãðàôîâ ñäåëàëî ìåäèöèíñêóþ ôèçèêó «ñòðàòåãè-

÷åñêèì îðóæèåì» è îäíîé èç îñíîâ ìåäèöèíû íàñòîÿùåãî è áóäóùåãî. Ñîâðå-

ìåííàÿ ïðèêëàäíàÿ ìåäèöèíñêàÿ ôèçèêà âêëþ÷àåò â ñåáÿ ðàäèàöèîííóþ òåðàïèþ,

ÿäåðíóþ ìåäèöèíó, ðàäèàöèîííóþ äèàãíîñòèêó, íåèîíèçèðóþùóþ äèàãíîñòèêó è

òåðàïèþ, êîìïüþòåðíóþ òåõíèêó è ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå â äèàãíîñòèêå

è òåðàïèè, ðàäèàöèîííóþ áåçîïàñíîñòü è ðàäèîýêîëîãèþ.

Öåëü øêîëû — ïîçíàêîìèòü ñòóäåíòîâ è àñïèðàíòîâ ñ ïîñëåäíèìè

äîñòèæåíèÿìè è àêòóàëüíûìè ïðîáëåìàìè ïðèêëàäíîé ìåäèöèíñêîé ôèçèêè.

Øêîëà áóäåò ñîñòîÿòü èç íåñêîëüêèõ òåìàòè÷åñêèõ ñåññèé è îõâàòèò

ñëåäóþùèå òåìû:

• ìåäèöèíñêàÿ ôèçèêà;

• ðàäèîôàðìàêîëîãèÿ;

• ñðàâíåíèå âîçìîæíîñòåé ýëåêòðîííûõ è ïðîòîííûõ óñêîðèòåëåé è ãàììà-òå-

ðàïèè ñ ìåäèöèíñêîé òî÷êè çðåíèÿ;

• öèêëîòðîííûå è ñèíõðîòðîííûå óñòàíîâêè: ïîñëåäíèå ðåçóëüòàòû;

• óñêîðèòåëüíàÿ òåõíèêà äëÿ àäðîííîé òåðàïèè.

Â 2000 ã. îò÷åòû î õîäå âûïîëíåíèÿ Îáðàçîâàòåëüíîé ïðîãðàììû ÎÈßÈ áûëè

ïðåäñòàâëåíû:

• íà ðåãèîíàëüíîì ôîðóìå Åâðîïåéñêîé ñåòè ôèçè÷åñêîãî îáðàçîâàíèÿ

(EUPEN) â Ïîçíàíè, Ïîëüøà;

• íà ìåæäóíàðîäíîì êîíãðåññå «Íàóêà è îáðàçîâàíèå íà ïîðîãå XXI âåêà» â

Ìèíñêå, Áåëîðóññèÿ.
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SUPERHEAVY NUCLEI: POLAND–JINR COOPERATION

A.Sobiczewski

Soltan Institute for Nuclear Studies, Warszawa

Cooperation of Polish physicists with Dubna physicists started at the very beginning

of the appearance of the problem of superheavy nuclei. It began with a theoretical

prediction of closed spherical shells next to the last experimentally known shells at the

proton number Z = 82 and the neutron number N = 126. The result was: Z = 114 and

N = 184 [1]. Thus, according to this prediction, the doubly magic nucleus next to 208Pb

should be 298114. The prediction was based on a realistic, final-depth Woods–Saxon

single-particle potential elaborated [2–4] by Dubna physicists in cooperation with the

Polish physicist J.Grabowski.

These early predictions were followed by extensive calculations of the properties of

heavy and superheavy nuclei, performed by a large Swedish–Polish–American group

(e.g., [5–9]). A close contact of Polish physicists with JINR researchers resulted in a

fruitful interaction between theoretical studies of this group and experimental works

being done in the JINR Laboratory of Nuclear Reactions (LNR) headed by

Prof. G.N.Flerov. This concerns works both on synthesis of the heaviest elements

(e.g., [10]) and searches for superheavy elements in nature (cf., e.g., [11]).

Especially close cooperation on the heaviest nuclei, between Polish theoretical

physicists and Dubna experimental physicists, has started when studies on deformed

superheavy nuclei have been undertaken (e.g., [12–20]). In particular, it has been shown

by theoretical physicists [15,16] that the nucleus 270Hs is expected to be a doubly magic

deformed nucleus. Thus, in addition to the long expected spherical doubly magic nucleus
298114 [1], a deformed doubly magic nucleus 270Hs has appeared [15,16] in the

predictions, with a large region of nuclei with increased stability around it, as shown in

Figure taken from [18]. Extensive calculations of the properties of these nuclei have

shown that they have relatively long half-lives. Experiments done in Dubna showed that

this was really the case (e.g., [21–23]). Recent Dubna experiments on synthesis of

neutron-rich isotopes of the heaviest elements (e.g., [24–30]) gave an indication of

approaching to the spherical closed shell at N = 184.

Besides experiments on superheavy nuclei (SHN) performed by JINR physicists in

Dubna, these physicists intensively work on SHN at other laboratories, in particular at

GSI-Darmstadt (e.g., [31–33]). Contacts of Polish theoretical physicists with them also

extend to these laboratories, within a large international cooperation.

Extensive works of Dubna physicists on synthesis of SHN with the use of stable

projectiles (in particular of 48Ca) and intensive preparation to use radioactive projectiles
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(the DRIBs project) give very good perspectives for extension of the SHN research in

Dubna and also for the continuation of a very fruitful cooperation between Poland and

JINR in this field.

One should add that a very good and long-lasting cooperation of Polish theoretical

physicists with JINR physicists on superheavy nuclei has certainly profited from a

general Polish–JINR cooperation in the theory of nuclear structure. For example, the

studies [34,35] have importantly contributed to our understanding of the role of pairing

interactions in nuclei and to methods of description of them. The papers [2–4] were

helpful in describing the single-particle structure of a nucleus with the use of the

final-depth Woods–Saxon potential. The studies [36,37] have predicted new regions of

deformed nuclei within approaches including pairing interactions. The papers [38,39]

treated the pairing interaction in a nonconventional way, the works [40,41] considered

the influence of temperature of a nucleus on its properties and the papers [42,43] studied

the fission process. Due to the cooperation, many papers of Polish physicists in the

discussed field have been published in various Russian journals (e.g., [17,20,34,35]) and

of Russian physicists in the Polish journals (e.g., [2–4,39]). The latter tendency is

continued, with an important contribution to it by international conferences and schools

organized both in Dubna and in Poland, in which both JINR and Polish physicists

participate.
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