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The scientific session of the Physical Sciences Division of the
Russian Academy of Sciences (RAS) devoted to the centenary
of the birth of Academician L A Artsimovich was held on
18 February 2009 in the conference hall of the P N Lebedev
Physical Institute, RAS. The following reports were presented
at the session:

(1) Khalatnikov I M (L D Landau Institute of Theoretical
Physics, RAS, Chernogolovka, Moscow region) ‘““Nonacci-
dental coincidences (Lev Andreevich Artsimovich)”;

(2) Pashinin P P (A M Prokhorov Institute of General
Physics, RAS, Moscow) “L A Artsimovich and inertial
thermonuclear fusion”;

(3) Fortov V E (Institute of Thermophysics of Extreme
States of the Joint Institute for High Temperatures, RAS,
Moscow) “High-power shock waves and extreme states of
plasma”’;

(4) Fridman A M (Institute of Astronomy, RAS, Moscow)
“Prediction and discovery of ultrastrong hydrodynamic
instabilities caused by a velocity jump: theory and experi-
ment’’;

(5) Smirnov V P (Russian Research Centre ‘Kurchatov
Institute’, Moscow) “Retracing Artsimovich’s path to the
thermonuclear source of energy”.

Presented below are summaries of talk 1 and of the
introductory part of talk 4 [the main sections of talk 4
coincide with the review, published earlier, by A M Fridman
(Usp. Fiz. Nauk 178 225 (2008) [Phys. Usp. 51 213 (2008)])].
Since most of the material in talk 3 can be found in
V E Fortov’s reviews ““‘High-power shock waves and extreme
states of matter” (Usp. Fiz. Nauk 177 347 (2007) [Phys. Usp.
50 333 (2007)]) and ““Extreme states of matter on Earth and in
space” (Usp. Fiz. Nauk 179 653 (2009) [Phys. Usp. 52 615
(2009)]), the reader is offered the article by V E Fortov and
A A Makarov, “Avenues for the innovative development of
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Lev Andreevich Artsimovich
(25.02.1909-01.03.1973)

energetics in the world and in Russia”, which outlines the
prospects and pressing problems facing the atomic-energy
industry and to which L A Artsimovich devoted a large part
of his life.
* ok %

On 18 March 2009, a joint session of the Learned Council of
the Russian Research Centre ‘Kurchatov Institute’ (RNTs KI
in Russ. abbr.), the Presidium of the Russian Academy of
Sciences, and the Rosatom State Corporation took place at
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RNTs KI; the session was devoted to the 100th anniversary of
the birth of Academician L A Artsimovich. The following
talks were presented at the session:

(1) Velikhov E P (Russian Research Centre ‘Kurchatov
Institute’, Moscow) ““Academician L A Artsimovich— the
founder of our field of science and industry”’;

(2) Smirnov V P (Russian Research Centre ‘Kurchatov
Institute’, Moscow) “Retracing Artsimovich’s path to the
thermonuclear source of energy’’;

(3) Boyarchuk A A (Division of General Physics and
Astronomy, RAS, Moscow) “L A Artsimovich and astron-
omy”’;

(4) Martynenko Yu V (Institute of Nuclear Fusion,
Russian Research Centre ‘Kurchatov Institute’, Moscow)
“Electromagnetic isotope separation method and its heri-
tage”;

(5) Strelkov V S (Institute of Nuclear Fusion, Russian
Research Centre ‘Kurchatov Institute’, Moscow) “Our
teacher: Lev Andreevich Artsimovich™;

(6) Mirnov S V (Institute of Nuclear Fusion, Russian
Research Centre ‘Kurchatov Institute’, Moscow) “L A Artsi-
movich through the eyes of a former postgraduate student”.

A summary of the talk by Yu V Martynenko is published
below.
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Nonaccidental coincidences
(Lev Andreevich Artsimovich)

I M Khalatnikov

Physicists had begun thinking about the peaceful utilization
of atomic energy some time before the work on creating the
hydrogen bomb was completed. It was necessary to find a way
to confine the gaseous deuterium and tritium at superhigh
temperatures on the order of a hundred million degrees (the
electron—ion plasma).

It appears that the first people to suggest how to confine
the plasma in a limited volume were I E Tamm and
A D Sakharov. They placed it in a specially configured
magnetic field (magnetic traps). It was immediately clear
that this was a difficult task and that creating industrial-
scale thermonuclear reactors should take a very long time.
Fifty years have elapsed since this project started and it is only
now, and only by joining forces on an international scale, that
we are discerning certain practical results at the end of the
tunnel. However, the problem of studying the behavior of
plasmas in a magnetic field proved to be both difficult and
fascinatingly interesting for physicists. Lev Andreevich
Artsimovich, one of I V Kurchatov’s closest colleagues, also
a graduate of the scientific school of the Leningrad Physical-
Technical Institute, was chosen to head this peaceful atomic
project.

I first heard about Lev Andreevich (hereafter referred to
as L A) from the head of the First Main Directorate of the
USSR Council of Ministers, B L Vannikov, who once
complained to me that L A was moving forward too slowly
in the matter of separation of lithium isotopes. Namely, the
lithium-6 isotope, suggested by V L Ginzburg in his special
reports of 1948-1949 as a ‘fuel’, was to play an important
role in burning the hydrogen component of the ‘sloika’

(layered cake)—the first version of the hydrogen bomb
suggested by A D Sakharov. This was in 1952, and the first
tests were directed to take place in 1953. L A was ultimately
able to keep to the schedule and the tests were conducted on
time.

The Division of Plasma Physics at the Kurchatov Institute
was expanded, and theoreticians of all generations were
brought together—from M A Leontovich to the ‘holy
trinity’ of youngsters: Roald Sagdeev, Evgenii Velikhov, and
Sasha Vedenov. Andrei Budker played an important role of
the trigger of ideas. I still remember a large gathering of
physicists who filled the club hall of the Institute of Atomic
Energy (IAE): the main sensation was Budker’s idea of
‘magnetic bottles’— bottlelike configurations of a magnetic
field from which ions could escape only through a narrow
bottleneck. Despite the general optimism, I V Kurchatov was
less enthusiastic about its promise. His health was already
deteriorating but he dreamt of witnessing the ‘peaceful
thermonuke’ during his lifetime. Once, in summer 1957, he
invited me to hear out some alternative ideas. This was an
indication that I had earned what we now call a ‘high rating’
with him. When we left the administrative building of the
IAE, Igor’ Vasil’evich noticed my brand-new gray Moskvich
car, the 2nd model (‘le dernier cri’); his curiosity was aroused
and he decided to ride with me. He needed to go to the
Ministry on Ordynka Street, and I was going in the same
direction. We drove away just like that: I Vin my Moskvich in
front and his huge ZIS limousine with bodyguards escorting
us in the back.

My gray Moskvich deserves a brief digression. The more
popular and prestigious car among ordinary citizens at the
time was the Pobeda. One had to be on a waiting list for
several years to buy it; I had the money for it but was not on
the waiting list. Consequently, I had no choice and settled for
the less prestigious Moskvich, the 2nd model. However, soon
after that, I ran into a colleague (Tatjana Belova) from
A T Shal'nikov’s group at Moscow State University at the
Institute for Physical Problems (IFP) and she asked if I
wanted to swap my Moskvich for a new Volga-21, produced
to mark the opening of the 1957 World Festival of Youth and
Students in Moscow. She explained that the writer Nataliya
Ilyina and her husband, the Moscow University philologist
Professor A Reformatskii, were given permission to purchase
a Volga-21 but did not have enough money. They would
gladly buy my Moskvich in exchange for the permission to
acquire a new Volga car. The deal was done and made both
sides happy. In fact, my Moskvich was lucky — it entered
history. Nataliya Ilyina returned to Moscow from emigration
before WWII, namely from Harbin, China. There was a large
Russian settlement in Harbin; it was founded in connection
with the construction of the Chinese Eastern Railway
(KVZhD). The railway line was later handed back to China,
while nearly the entire Russian colony was moved to the
USSR. This was how Alexander Vertinsky, N Ilyina, and
other highly talented personalities found themselves in the
Soviet Union. In reality, most of the repatriated Harbinites
were soon arrested (in 1938) and sent into exile and remote
labor camps. N Ilyina was lucky and retained her freedom:
she was well integrated into the literary milieu. She was close
to Anna Akhmatova’s circle and when Akhmatova stayed in
Moscow on the Ordynka str. with the Ardovs (who took care
of her), Nataliya Ilyina would often organize trips for Anna
Akhmatova out of Moscow, to the country, to enjoy the fresh
air. These trips were made in my gray Moskvich, which thus
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entered history twice: it knew both I V Kurchatov and Anna
Akhmatova.

Back to Lev Andreevich, though. After I had visited
A P Aleksandrov (in 1963) and received his support for
founding the Institute for Theoretical Physics (ITF), he
charged LA with the ensuing activities in the USSR
Academy of Sciences needed to create a ‘gypsy camp’ of
theoreticians. L A was a very influential figure in the
Academy — he occupied the lofty position of the Academi-
cian-Secretary of the Division of General Physics and
Astronomy. Correspondingly, the creation of a new institute
within the Division was part of his responsibilities, and thus
we were in close contact at the time. Lev Andreevich was a
benevolent person: his entire appearance advertised solid
aristocratic upbringing. We had met before at family
reunions at the country house of Petr Leonidovich Kapitza
in Nikolina Gora.

By 1971, ITF was safely standing on its own feet and we
were conducting the Second Soviet-American Symposium in
Leningrad, where the local authorities closely watched over
us. The Soviet participants in the symposium were contacting
the foreigners far too freely and without restraint. I had to
discuss the summary of the symposium with Lev Andreevich
in a rather unpleasant context: he phoned me and began to
reprimand me nervously for the ‘wild” behavior of our
physicists in Leningrad, where one of them ended up in
either the hospital or the drunk tank. In complete deviation
from the academic style of discussion, L A demanded that I
provide a written so-called ‘explanation’. We had never had
anything like this complication before, and it seemed that the
Leningrad authorities had placed us under a microscope and
had written a heavy-handed shadowing report. I will not go
into the details of how the crude reply was composed or of the
suffering of our colleague who had worked so hard during the
symposium that he ended up in the hospital. I had never
deigned to send explanations to bosses and did not wish to
create a precedent. As luck would have it, Arkadii Migdal
lived in the same house, in an apartment on the same floor as
Lev Andreevich, and they were friends. I decided not to mail
the explanation but to pass it on by hand through A B Migdal.
It appears that, having received the explanation on the stairs,
L A felt a certain uncomfortableness and tore it up immedi-
ately. That was the end of the sensitive story with the
explanations. We were able not to slip to the level of the
explanations informing others on the behavior of respected
young scientists. It cannot be ruled out, though, that LA
recalled that when his sharp ‘politically incorrect’ remarks
made in 1950 about the Korean War were reported to
Lavrentiy Beria, the story ending with a ‘hello’ passed on to
L A through I V Kurchatov, warning L A to be more prudent
in his remarks.

And something about the Korean War, by the way. When
it ended at the same time as Stalin’s death, every organization
was ordered to send gifts to North Korea, which by that time
had almost been wiped off the face of the Earth. The Academy
of Sciences had a list of possible gifts drafted and sent it for a
second opinion to the Institute for Physical Problems. The list
reached me and Abrikosov. I still remember that the first two
items on this ‘list of gifts” were a pedestal of a candelabrum
from Nakhichevan and a list of courses served at the table of
Patriarch Job. It is possible that this list continues to be
‘relevant’ in some way to North Koreans.

L A could not stomach moral corruption. One example
comes to mind. A good theoretician, Boris Davydov, worked

for many years at IAE. He was a modest man but the
circumstances of his family life were far from trivial. It so
happened that he married the former wife of the accompanist
of the famous singer Alexander Vertinsky. Vertinsky,
together with his accompanist Brokhes, often gave concerts
at foreign embassies in Moscow. Big Brother did not rule out
the possibility that Brokhes’ wife may have visited these
embassies, too (this was absolutely off-limits for ordinary
citizens). Only Davydov’s closest friends knew about the
marriage, but one of them did alert ‘those who needed to
know’. The end was disastrous: Davydov lost access to
classified work and was fired from the Kurchatov Institute.
Many of us had a good idea who the fink was.

Once there was a sort of party at L A’s division at IAE on
the occasion of an ‘event’ (this could be a revolution-related
festivity or an informal gathering to summarize a successfully
completed job). The party was in full swing when the door
opened and a person from Davydov’s circle of ‘friends’
entered. L A looked the new arrival straight in the eye, then
addressed the rest of the company in a well-modulated voice:
“What is this fink doing here?”’. The man burst into tears,
covered his face with both hands, and hastily retreated. Very
soon he found employment in another organization where
colleagues did not know that much about him.

By tradition, everyone present at Petr Leonidovich
Kapitza’s birthday parties in his country house in Nikolina
Gora (where the cream of the Moscow intelligentsia would
get together) delivered a toast, one after the other. This wave
of toasts was conducted by the well-known sculptor Noko-
gosyan, who spoke with a recognizable Armenian accent. I
still remember his loud invitation: ““Ai, Artsimovich, we wish
to hear you!” L A would obediently rise from his seat and
deliver a brilliant toast—as he always did.

Lev Andreevich died early. I will never forget his smiling
face, on which you would invariably read that he was very
happy in his personal life.

PACS numbers: 89.20.Bb, 89.30.—g, 89.60.—k
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Avenues for the innovative development
of energetics in the world and in Russia

V E Fortov, A A Makarov

1. Introduction

In this paper, we consider the expected avenues of scientific
and technological progress (STP) in energetics, as well as
the possible effects of innovative development of energy
production in the coming decades, with an outlook to 2050.
Accelerated social development and economic globalization
urgently require the study of the potential, possibilities, and
strategic priorities of the innovative development of
anthropogenic energy production—a set of means of
energy conversion (covering all populated areas of our
planet) into forms useful for human activity. Nowadays,
the anthropogenic energy production that exceeds the
cumulative energy of people living on Earth by 15 times
and their power by 60 times, is already discernible in the
Earth’s biosphere, reaching 5% of the energy released in
photosynthesis processes supporting life on Earth, but yet
indiscernible at the level of space, making up less than
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Figure 1. Dynamics of global energy resource production (in billion tons of oil equivalent).

two ten-thousandths of the solar energy falling upon the
Earth.

Energetics represents a foundation of modern and future
civilizations, and it influences the directions and rates of
economic and social development in the world, its security,
and international relations. Almost all aspects of human life
are to some extent related to energy conversion and use. Food
and clothing supply, housing construction and maintaining
comfortable conditions in homes, cargo transport and the
movement of people, communication and information
exchange — all these examples of human activity require the
consumption of energy.

2. Development stages of energetics

In prehistoric times, a human being could count only on
muscular energy, disposing an average power of about 150 W.
Nowadays, according to our calculations, there is 3 kW of
electric motor power per person on average across the world,
and the available electric power approaches 20 kW per person
in developed countries and continues to grow. Taking into
account fuel-powered engines, the general availability of
power more than doubles for every human.

After mastering fire, humans used dead plants which
accumulated solar energy in the chemical photosynthesis
reaction

6C02 + 6H20 +hv = C6H1206 + 602 . (1)

However, that was only a ‘collection’, and anthropogenic
energy production appeared with the addition of mechanical
power to thermal biomass energy. At first, it was the muscular
force of domesticated animals kept alive by those same green

plants, and then the energy of flowing water and wind. This
opened a second channel (in addition to biological — through
photosynthesis to animals) of conversion of solar radiation
energy into mechanical energy. From the Copper Age (third
millennium BC) to the time of decline of the Roman Empire
(4th century AD), such energy production stably provided up
to 6 GJ per person in a year in agricultural civilizations, and
up to 4.5 GJ for other populations which increased during this
period by 30 times [1].

The industrial revolution, which happened about three
hundred years ago, was caused by the discovery of methods of
conversion of thermal energy into mechanical work. It
opened a third channel of conversion of solar radiation
energy into thermal and mechanical energy — through the
chemical energy of combustible fossils (coal, oil, and natural
gas) that accumulated energy through photosynthesis mil-
lions of years ago. This expensive but huge source of highly
concentrated energy strikingly changed the world’s current
look, having caused rapid population growth and unprece-
dented rapid development of civilization.

But it was only after a century and a half, in the last
quarter of the 19th century, that the chemical reaction of
burning fossil fuel, accompanied by the energy release,
namely

C+ 0, = CO, + 94 keal mol ', (2)
turned into the main energy source of the industrial world
(Fig. 1). Additionally, energy statistics reworked since 1860
revealed ‘long waves’ of development of the world’s energy
production [1].

The first wave lasted for 70 years, until the peak of great
depression (1929-1933), and increased the world’s energy
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Figure 2. Structure of the global production of energy resources (in %).

production by 4.5 times (see Fig. 1)—from 0.36 to
1.6 million tons of oil equivalent (t.0.e.)!, almost tripling
the average production of the world’s energy per capita —
from 0.29 t.o.e. to 0.7-0.8 t.o.e. (correspondingly, from 13
to 31-36 GIJ) per year. Firewood and the motive power of
animals were substituted by coal and coal-fuelled steam
engines, then the use of internal-combustion engines
expanded in the last third of this wave and undermined
the domination of coal in the world production of energy
resources (62% in 2015-2020) because of the accelerated
growth in the use of oil (Fig. 2). An even more important
event in the first wave was a technological breakthrough in
the conversion of not only chemical (galvanic cells) but
also mechanical energy into electric power and its
transmission across large distances. That provided the
energy foundation not only for industrial, but also for
post-industrial society.

The second wave, lasting 50 years, increased the produc-
tion of energy resources by further 4.5 times [from 1.6 to
7.3 million t.o.e. (see Fig. 1)], with the next doubling of the
average energy production per capita to 1.65 t.o.e. (75 GJ); it
attenuated around 1980 due to the oil crisis. That was indeed
the ‘century of motors’ and oil domination in the general
production of energy resources—its share increased from
11% to 47% in 1975, but after the termination of the oil crisis
it started to decrease, with an increasing share of coal and
atomic energy (see Fig. 2). Industrial employment of the first
‘extrasolar’ energy source—nuclear fission—became the
main technological breakthrough of this period. At that
time, experiments began for military and then peaceful
applications of controlled thermonuclear fusion.

Thermonuclear reaction is the almost inexhaustible
energy source of stars (and our Sun) appearing in the
exothermic nuclear fusion of light elements (lighter than
iron). On the Sun (according to H Bethe), this is the helium
cycle in which four protons are transformed into the
He* nucleus releasing 26.7 MeV of energy. In the conditions
on Earth, investigations aim at the practical realization of
lower-threshold fusion reactions between deuterium and

1 1 ton of oil equivalent equals 44.76 GJ or 107 kcal.

gas and novel renewable energy sources (see Fig. 2).

Figures 1 and 2 demonstrated the dynamics and structure
of primary energy production, but the true purpose of
anthropogenic energy production is to satisfy social needs in
the energy directly used in the production processes and
human vital activity. On the way to this final energy, the
primary energy resources are undergoing a number of
transformation stages, inevitably accompanied by losses.
Figure 3 [2] presents the ultimately aggregated view of the
main energy fluxes — from main primary energy resources via
their transformation to the principal energy carriers (electric
energy, steam and hot water, and various sorts of household,
technological, and motor fuels) and to the generation of final
energy in the processes of its direct use (medium-, low-, and
high-temperature processes, stationary and mobile power
processes, etc.); actually, the energy fluxes are much more
diverse and are rapidly becoming more complicated with
time.

From the mid-20th century, in most industrial countries
and in the whole world final energy has constituted only 37—
39% of the primary energy, which is even less than the energy
utilization factor of the primitive bonfire in a cave. This
paradox can be explained by the action of opposing
tendencies: the constant increase in the efficiency of particu-
lar energy conversion technologies was offset by higher and
higher requirements regarding the quality of energy used,
which are satisfied by larger energy losses (smaller process
efficiency 7). Indeed, 1 MJ of indoor heat can be obtained by
burning fuel with 7 = 0.9-0.95, we obtain the same energy
for melting metals with n = 0.45—0.5, for electric power
production with # = 0.35—0.42, and for a car with only
n =0.25—0.3. At the same time, from the middle of the last
century, the heating share in global final energy consumption
has decreased three times with a doubling of mobile processes
and almost an order of magnitude growth in electrophysical
and electrochemical processes. To break the established
balance and to transfer to stable growth of the general energy
utilization factor as the main indicator of scientific and
technical progress (STP) in energy production is one of the
major tasks of its innovative development in the forthcoming
period.

Another problem consists in lessening the large inequal-
ity in energy supply to populations of different countries
and regions. P L Kapitza was, apparently, the first to note
the relation between the level of economic development of a
country and its available per capita power: for most of the
20th century (prior to the beginning of the 1970s), the gross
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domestic product (GDP) and primary energy consumption
increased with almost identical rates in many countries, and
in the world as a whole. However, with the coming of post-
industrial society this synchronization was more disturbed
because of the increased role of quality (and not just
quantity) of energy used. Nevertheless, Fig. 4 [3] shows a
good correlation between the human development index
(including life expectancy, education, and specific GDP)
and per capita power available in different countries. It can
be seen that higher results were achieved only by the
countries (included in the so-called golden billion) capable
of creating powerful and modern energy production. At the
same time, nearly 2 billion people on Earth now have no
access to electric power, and 3 billion are short of it. The
elimination of such outrageous inequalities must become a
task for the future.

3. Prospects for global energetics

It is impossible to predict the future in particular details, and
even a prediction regarding the main tendencies is a risky but
necessary business in order to make a wide range of critical
decisions, especially such long-term ones as the creation of
new technologies, the development of fuel sources (for
example, sea shelves, including those of the Arctic), the
development of power systems and other infrastructure, etc.
In today’s setting, the uncertainty of the future is aggravated
by the next bifurcation of global energy production: the first
global economic crisis (with the main symptom being the
bursting of the oil price bubble) interrupted the beginning of
the successive period of accelerated growth in global energy
consumption. Therefore, not tending to total generalizations
here, we restrict ourselves to an analysis of the main factors
determining the development of power engineering— the
possible dynamics of the social requirements for energy and
restrictions raised by them (first of all environmental), the
energy resources available to humankind (with an acceptable
price), and progress in energy technologies — by carrying out
systematic agreement of these three components in scenarios
of energy production development that are reasonable and
feasible for society.

3.1 Demand for energy resources

The dynamics of the demand for energy resources determines
first of all the growth in the population’s well-being. In the
last decade, on the wave of economic liberalism, international
organizations gave more and more optimistic forecasts for
GDP growth and, following that, a rise in energy consump-
tion was also forecast (Fig. 5). Thus, in the last base scenario
of the International Energy Agency (IEA) [4, 5], energy
demand will increase from 2005 by more than one and a half
times by 2030, and will almost double by 2050. And though
the world economic crisis will correct these forecasts down-
wards, such growth in energy consumption seems to be a dead
end.
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Figure 5. Forecasts of energy consumption in units of billion t.o.e. (WEC— World Energy Council, IEA — International Energy Agency, and IIASA —

International Institute for Applied Systems Analysis).

Indeed, with a passage to post-industrial development in
the 1980s, it appeared that there was an encouraging tendency
of stabilization in average world energy consumption per
capita, but recently it again rapidly increased and the rising
tendency is continued in the IEA’s base scenario (see inset to
Fig. 5). Preserving the per capita consumption at the average
level of the end of the 20th century (see the hypothetical
scenario in Fig. 5) would reduce the energy demand growth by
three times, which is, probably, utopian. However, it seems
that (taking into account the necessary growth in the
population’s well-being and energy supply in developing
countries) the target scenario shown in Fig. 5 with its almost
twofold decrease in per capita energy consumption growth is
realistic enough. This is impossible without a decrease in the
consumer aspirations of the so-called golden billion in
developed countries and a decrease of their growth in
developing countries. We hope that the experienced world
crisis will force the elaboration of economic and social
arrangements to leave the consumer paradigm of social
development, but without essential loss of the intensity and
efficiency of human activity, which are in every possible way
encouraged now in developed countries by the availability of
consumer credit and penalized by strict measures for failures
to repay them. That would slow down energy consumption
growth by almost one and a half times, easing the burden on
energy production and the environment.

Refusing to impose restrictions on its own energy
consumption, society, at the same time, puts forward more
and more severe environmental requirements for energy
production. In response, with the passage to post-industrial
development, energy technologies were created that allow a
reduction (to admissible levels) in the negative local impact
that energy production has on the environment without an
essential price rise. Up-to-date technologies have almost
eliminated the once acute problem of acid rain and atmo-

spheric pollution from solid particulates. And though they
have not yet been ubiquitously applied, from the scientific
and technological point of view the problem of local pollution
can be considered as having been taken under control. In
return, however, the large-scale problem of global environ-
mental impact of anthropogenic energy production has
appeared.

This problem has a number of aspects. The direct thermal
influence of anthropogenic energy production on Earth’s
thermal balance is still indistinguishably small compared
with the influence of solar radiation energy falling upon the
Earth’s surface. According to Ref. [3], it constitutes 3% of
insolation changes caused by periodic alterations of Earth’s
orbit, and on the order of 0.1% of the solar radiation
variation during an 11-year cycle. However, the effect of
energy production on the atmosphere’s chemical composition
through the changes in the carbon cycle and the global
thermal balance due to the greenhouse effect [3] may already
show itself to be serious. This effect, predicted by S Arrhenius
more than 100 years ago, directly interferes with one of the
fundamental cycles for life on Earth and consequently is a
subject of great interest for specialists in energy production,
climatologists, politicians, and businesspeople (trading emis-
sion quotas for greenhouse gases, etc.).

According to Ref. [3], green plants absorb approximately
100 Gt of carbon from the atmosphere during the photo-
synthesis process and release a similar amount back upon
decomposition. Ocean plankton gives approximately as much
carbon (90 Gt). The total amount of carbon in Earth’s
biomass is estimated at 220 Gt; there is almost 200 times
more carbon in the ocean, and it annually takes away about
2 Gt of carbon from the atmosphere. Geological sources of
carbon (for example, volcanoes) are cumulatively insignif-
icant (about 0.1 Gt per year), but provide dangerous volley
emissions.
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Anthropogenic energy production emits about 5.5 Gt of
carbon per year, 2 Gt of which the ocean absorbs and about
0.2 Gt of which forests and other vegetation absorb. The
natural capabilities of the biosphere possibly compensate for
only about 40% of anthropogenic emissions of carbon, and
its concentration is increasing in the atmosphere, creating
serious barriers to the development of energy production. If
energy consumption doubles by 2050 (see Fig. 5), energy
production will emit 400 Gt of carbon into the atmosphere
and will increase its content from 750 Gt to 1000 Gt. It is
doubtful that Earth’s ecosystem can sustain such a load.

As a matter of fact, energy production over the course of a
few centuries is returning the carbon of organic origin
accumulated in sedimentary rocks over several million years
[2] to the atmosphere and oceans. This is a hazardous
experiment with a result difficult to predict. Thus, the global
problem for the innovative development of energy produc-
tion is to limit organic fuel emissions or, in general, to try to
abandon carbon energy production.

The requirement of global environmental security deter-
mines the dynamics [through an energy conserving way of life
(see the target scenario in Fig. 5)] and structure of anthro-
pogenic energy production, and finally its cost to society.
Indeed, according to the IEA’s base scenario, from 2005 to
2050 emissions of greenhouse gases produced by energy
production will increase from 28 to 62 billion tons of CO»
(which will raise Earth’s temperature from today’s level by
6°C), and such development of world energy production to
2050 requires $65 trillion. To reduce emissions of greenhouse
gases by more than two times in 2050 (returning to the level of
2005), an additional $17 trillions of capital investments is
required, and for a further cut in half (to 14 billion tons of
CO,, which, according to existing estimates, will provide
stabilization of the planet climate) almost twofold larger
capital investments are necessary [5]. The major interdisci-
plinary scientific problem is not only to be aware of the reality
of the climate hazard by greenhouse gas emissions, but also to
develop the most effective counteraction measures, including
scientific foundations and geoengineering methods. Other-
wise, sustaining climate by decreasing greenhouse gas emis-
sions would almost double capital investments in energy
production — from $65 to $115 trillion.

3.2 Provision with energy resources
The unprecedented rise in fuel prices just before the global
economic crisis once again actualized the hundred-year-old

Summarized energy resources

World-wide annual energy consumption by the population
il

Gas|

]

Uranium Wind

Hydro resources

Annual solar energy
Photosynthesis
Figure 6. Proportion of potentially accessible energy resources on Earth

(Source: National Petroleum Council, 2007; after Craig, Cunningham,
and Saigo).

discussion on whether Earth’s natural resources are able to
meet the increasing demands for energy. Visually, the positive
answer, displayed in Fig. 6, gives a comparison of the current
annual global energy consumption with Earth’s accessible
reserves of various sorts of energy resources; the quantitative
data are given in Table 1. It follows from them that for the last
150 years, 8% of conventional (accessible by current
technologies) resources of organic fuel and only 2% of its
general reserves on Earth have been used if we take into
account nonconventional resources requiring, however, the
application of new technologies. Hence, even if energy
consumption doubles in each of the next half-centuries, over
the course of two centuries humanity will not burn even half
of all organic fuel resources. This especially relates to Russia,
which is rich in energy resources, with 10-11 times more per
capita value than an average over the planet [7].

Wide application of new technologies using solar, nuclear
(with breeder type reactors and secondary fuel cycles), and, in
the longer term, fusion energy will provide the ultimate
solution to humankind’s energy problem for the ‘over-the-
horizon’ outlook over many centuries. Undoubtedly, this is
the historical mission of physics with regard to humankind —
to release it from the ‘energy death’ predicted by many. And
then the existence of our civilization and generally of life on
Earth (if we move away from gloomy scenarios like nuclear

Table 1. Accessible resources of organic fuels and nuclear fuel* (in million t.o.e.).

Energy resources Oil and Natural gas | Gas hydrates Coal Fuel Uranium Breeders Total
condensate altogether and others

Extracted 146 66 159 371 27 398
Proved 150 141 606 897 57 3390 4344
Possible 145 279 2800 3224 203 12,150 15,577
Altogether 441 486 0 3565 4494 287 1540 20,319
traditional **
Used, % 33 14 4 8 9 2
Nontraditional*** 525 850 18,650 20,025 150 8900 29,075
Total resources 966 1336 18,650 3565 24,519 437 4440 49,396
Used, % 15 5 4 2 6 1

* According to Energy Information Administration US 2007 data, British Petroleum (2007).

** Resources accessible for an acceptable price by using modern technologies.

*** Resources whose development will only be financially viable with the use of new technologies.
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wars and large-scale epidemics) will be determined not by
depletion of Earth’s energy resources but by global processes
of the cosmic evolution of the Sun—our major energy
source. According to the current view [8], the Sun is an
ordinary star of the yellow dwarf class, where the basic
energy release is due to helium and carbon—nitrogen thermo-
nuclear cycles. The period of stable solar thermonuclear
burning will take around 5 billion years, after which the Sun
will expand and its surface will reach Earth’s orbit, killing all
that lives.

Thus, there is no threat of a general shortage of energy
resources on Earth, but there is a real problem of the
exhaustion of cheap oil reserves. As shown in Table 1, for
the past one and a half centuries, the third of traditional oil
resources that has been used was the cheapest oil. In the last
decade, an increasing gap has emerged between preparation
of oil reserves and production volumes, together with strong
underfinancing of the whole branch. Unfortunately, the
natural gas branch is the next in line, with 14% of its
traditional resources having been currently used up (see
Table 1).

Despite the high percent of extraction, continuation of
the developed trend of oil production is expected, and in the
presence of a wide variation of former estimates, the IEA’s
recent base forecasts predict its increase by 50% by 2050
(Fig. 7). Additionally, an almost twofold acceleration in
natural gas production growth is expected by 2050.
Although oil and gas production forecasts are periodically
corrected towards a decrease, organic fuel remains the basis
of world energy production, providing, according to the
base scenario, the current 55-56% of general primary
energy production until the middle of the century (see inset
to Fig. 7).

An increase of oil production cannot be based on reserves
that are currently being developed —they will bring the
production down threefold already by 2020. Involvement in
the exploitation of already explored reserves will allow
supporting today’s production until 2015-2020. Hence,
almost all predicted increases should be based upon tradi-
tional and then nontraditional oil resources. This requires
new methods of finding and developing hydrocarbon fields
on land and shelves (including underice production), which
would allow increasing economically acceptable hydrocarbon
reserves by 1.7 times before 2030 and to triple them leading up
to 2050. Without that, oil production growth will stop and
turn into a decline in 10-15 years, and gas in 20-25 years,
which will sharply raise requirements for a technological
reorganization of energy production and, possibly, will slow
down the world’s economic development.

Major production of oil will be still concentrated in the
Middle East (with an increase from 1.7 billion tons in 2005 to
5-6 billion tons by 2050), and its remaining share will be
proportioned approximately evenly among countries of the
former USSR, Africa, and South America. The unequal
distribution of energy resources makes it necessary to create
international, transcontinental, and global energy production
networks. In the next decades, the operating oil network will
be complemented by a global gas network (Fig. 8).

3.3 Scientific and technological progress in energetics
Here, we briefly discuss a number of innovative areas in
energetics.

Scientific and technological progress in energy production
is accumulating advances and is one of the main channels of
practical realization of the results of practically all sciences
that create ideological and scientific and technological basic
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conditions for the innovative development of humankind’s  energy production, others (geology, biology, physics) deter-
energy base. Figure 9 illustrates this for the example of mine available energy resources, a third group (physics,
thermal power production. The results of some sciences chemistry, mechanics) creates concrete preconditions for
(first of all, economic and environmental sciences) influence  innovations in energy production, and a fourth group
the requirements of society concerning the development of  (mathematics, information technologies, control processes)
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Table 2. Research and development expenses for key technologies in energy production (in trillion US dollars, 2007) [1, Table 3.1].

Key technologies in energy production Research and development
GGEl* GGE2**
Electric-power production 32-38 3.9-45
Nuclear power stations 0.6—-0.75 0.6-0.75
Wind power stations 0.6-0.7 0.6-0.7
Coal-fired plants with hypercritical steam parameters 0.35-0.4 0.35-0.4
Coal gasification power plants 0.35-0.4 0.35-0.4
Biomass gasification power plants 0.1-0.13 0.1-0.13
Solar energy/electric energy converters 0.2-0.24 0.2-0.24
Solar energy concentrators 0.3-0.35 0.3-0.35
CO; catching and disposal in thermal power plants 0.7-0.8 1.3-1.5
Structures, buildings 0.32-0.42 0.32-0.42
Energy-efficient buildings and home appliances No data No data
Heat pumps 0.07-0.12 0.07-0.12
Solar heating and water heating 0.25-0.3 0.25-0.3
Transport 0.26-0.3 7.6-9.2
Energy-efficient transport vehicles No data No data
Second generation biofuel 0.09-0.12 0.09-0.12
Electrical transport and power network-connected transport 0.17-0.2 4-4.6
Transport using hydrogen fuel cells
No data 3.5-45
Industry 0.7-0.9 14-1.7
CO; catching and disposal in industry, hydrogen production, 0.7-0.9 1.4-1.7
synthetic fuel production
Energy-efficient industrial engines No data No data
Total 45-54 13.2-15.8
* Cuts in greenhouse gas emissions (GGE) by 2050 to 2005 levels (28 million tons of CO; equivalent).
** GGE cuts by 2050 to nondangerous levels (14 million tons of CO, equivalent).

ensures the controllability and stability of created energy
technologies and networks.

Innovations in power engineering clearly demonstrate a
pronounced international character and global trends. Con-
sider them on the basis of the last IEA technological forecast
[5] prepared according to the results of two-year studies made
by almost 2000 researchers from Organization of Economic
Cooperation and Development (OECD) countries.? Eight
classes of key energy technologies (Table 2) as a part of more
than 120 new technologies, and nine classes (almost 170 new
technologies) of energy use were recognized as priority ones.
Sufficiently detailed ‘roadmaps’ of their inclusion in innova-
tive energy production were developed for each class of
technology with terms and volumes of research and develop-
ment work (R&D), utilization scales and required capital
investments. In particular, a roadmap of actions was
developed for electrical power engineering to maintain CO»
emissions at the level of 2005 for average annual growth in
electric-power production of approximately 5% (approxi-
mately 110 GW per year) by the annual commissioning of:

e 30 coal-fired power stations at 500 MW with CO;
catchers— 15 GW per year;

2 By their goals, scale, and methodology they are close to the energy item of
a program that was developed in the 1980s under the supervision initially
of V A Kotel’'nikov and then of A I Anchishkin: “Complex program of
scientific and technological progress in the USSR.” These studies should
certainly be renewed in Russia under new socio-economic conditions and
at a new level of knowledge and methodology.

e 24 nuclear power stations at 1000 MW —24 GW per
year;

¢ 30 hydro power stations at 500 MW — 15 GW per year;

¢ 5000 wind turbines at 4 MW —20 GW per year;

e 45 CSP stations (Concentrated Solar Power) at
250 MW — 12 GW per year;

e Solar panels totaling 115 x 10° m? in area— 17 GW per
year.

Table 2 presents classes of key technologies singled out by
the IEA and the R&D expenses necessary for their realiza-
tion. To return by 2050 to the greenhouse gas emissions levels
of 2005, from $4.5 to $5.5 trillion are required, and mostly for
technologies of electricity production. Cutting emissions
twofold in order to stabilize Earth’s climate will triple these
expenses, mainly in relation to transport technologies.

Thus, the ‘greenhouse threat’ promises the world scientific
community $15 trillion, almost twice the expenses for military
R&D if current annual volumes are maintained. It is not
surprising that such prospects are encountering heated
responses in certain circles.

In the IEA’s forecast, the conclusion is drawn that the
technologies already brought to the stage of industrial trial
are capable of solving the problems faced by power engineer-
ing, at a minimum, until 2030. It would seem that the issue of
the innovative development of power production at the given
stage is solved.

However, it is necessary to emphasize that the TEA’s
technological package is entirely oriented on a conjuncture
of Western energy markets, and two thirds of these technol-
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ogies (according to costs) are guided towards aggressive
greenhouse gas emission cuts. As we shall show below, the
priorities and, most importantly, the technical and economic
characteristics of these technologies are not appreciably
rational for Russia’s energetics.

The ascending stream of possible energy technologies is
based on the fundamental achievements in physics, chemistry,
and, recently, biology, which are used by such physical and
engineering disciplines as electrical physics and electrical
engineering, thermal physics and heat engineering, hydrau-
lics and hydraulic engineering, atomic and nuclear physics
and nuclear engineering. This is the essence of corresponding
studies and the foundation of technological progress in
energy production, and according to rough estimates, up to
70% of scientific efforts in the field are devoted to them.

An overwhelming part of electric power in the 21st century
will still be produced by the burning of organic fuel in thermal
power plants. Apparently, in foreseeable decades, the steam—
gas (or combined) cycle based on the successive applications
of gas-turbine installations and steam-gas installations
remains the most promising. The current efficiency of 58—
62% can be increased to 75-80% by introducing high-
temperature fuel cells into the cycle, improving blade cooling
by air and water steam, applying high-strength high-tempera-
ture materials and barrier coatings, improving the gas
dynamics of blade and flowing channel parts, and applying
physicochemical and electrophysical control methods of
combustion, i.e., by using all the scientific arsenal of modern
high-temperature thermal physics. Coal-steam plants are
being created by applying various methods of coal gasifica-
tion—1in close cycle or in a fluidized bed. This is especially
important for Russia, in the European part of which natural
gas accounts for 70% of power plant fuel — currently burntin
an inefficient steam-power cycle with an efficiency of only 38—
40%. Coal can also be an efficient fuel in the conventional
Rankine cycles working at supercritical steam parameters
(T ~ 600—650°C, P~ 300—350 atm) with an efficiency of
47% [6].

Undoubtedly, fuel cells and ‘electrotechnological’ instal-
lations will be developed to obtain coal-derived liquid fuel,
high-energy gas, etc.

The main alternative energy sources are hydroelectricity,
solar energy, bioenergetics, and exothermic nuclear reactions.
Other sources (wind power, ocean tides, and geomagnetic
sources), though of certain local value, can hardly become
significant on a global scale, the more so because the world’s
energy consumption structure demands that about 50% of
energy be delivered to the user in a continuous (base) regime.
For many alternative sources this means energy recuperation
and, accordingly, the necessary doubling or tripling of power
during their active operation.

Thus, a solar plant with 1 GW mean power should have a
3—4 GW peak power and a hydroelectric plant with the power
on the order of I GW and a water basin area of approximately
30-40 km®. As an alternative, the use of solar power for
hydrogen production is possible. As a whole, solar power
engineering is now actively developing since use began of
semiconductor photoelectric converters and heat machines.
In the first of these areas, impressive results have been
reached — the efficiency of third-generation cascade hetero-
structures utilizing most of the solar spectrum is at the level of
40-50%.

As an interesting but not a close prospect, large-scale
projects of space-based photoelectric converters in helio-

synchronous orbits, and the transmission of produced
energy through microwave (MW) power channels to Earth
are being considered. Such a project assumes the application
of advanced energy and space technologies, as well as large-
scale international cooperation.

Hydraulic energy amounts to 21% of global electric
energy. Its development is determined by available water
resources and, as the majority of the most attractive hydro
resources have already been developed, the power of hydro-
electric plants will be at the level of 1.5-1.7 TW. Here, the
outlook is related to realization of new large-scale projects
(for Russia—in Siberia and in the Far East), as well as the
development of modern hydrogenerators with gigawatt
power and a variable rotation speed. Large-scale hydro
power engineering has good prospects in combination with
developed power transmission lines to transfer the produced
energy to the European part of Russia during peaks of daily
power consumption.

The prospects of using biomass in power engineering, as
the most ancient method of producing energy, depends in
many respects on advances in bioengineering associated
with developing highly productive green plants and meth-
ods for processing them into fuel. It is also necessary to
make sure that the fuel energy produced from biomass
exceed the energy spent for plant cultivation. At present,
to grow agriculture produce with the energy equivalent to
1 GJ it is necessary, for its cultivation, to spend not less
than 3 GIJ of fuel [3]. Advances in biology and chemistry
provide the scientific basis for conversion of biomass of
various sorts into high-quality liquid fuel and gas fuel with
the use of fermentation, for developing new species of
cellulose-containing cultures with enhanced productivity,
which do not compete with food-destined cultures, and for
developing other bioenergetic technologies. It is important
that this way of producing energy not disturb the carbon
balance, while changing, however, the nitric and phosphoric
cycles. According to Ref. [3], by the middle of 21st century
bioenergetics can produce up to 3.5 Gt of carbon (3.5% of
carbon fixed by Earth’s plants), processing 18-22 Gt of
biomass and providing about 12% of total demands for
energy. However, the development of bioenergetics can be
restricted by competitive demand for land and fertilizer
from agricultural producers.

On the basis of advances in chemistry and materials
science, technologies are being developed to obtain liquid
fuel from gas, coal, slate, and especially biomass, as well as
methods and means of direct conversion of chemical energy
into electric energy. It is known that the use of electric power
began with galvanic cells. Nowadays, the power of chemical
batteries exceeds the power of all power stations on Earth,
and ahead is the development of fuel cells for the transport
and distributed energy production. Of particular interest are
supercapacitors of enhanced capacity and small accumula-
tion times and time to release electric energy.

As highly attractive candidates for basic power engineer-
ing, atomic power stations (APSs) using the energy of the
chain fission of heavy nuclei are again being considered. APSs
deliver energy production of approximately 6% of the total
energy produced (15% of the electric power; in Russia—
16%, in France—up to 70%) in the world. Recently,
considerable progress has been achieved in increasing APS
safety by developing active and passive safety measures.
Today, nuclear power technologies are considered as highly
safe and nonpolluting. The IEA scenario assumes an increase
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in power from nuclear reactors from the present 370 GW to
433 GW by 2030 [4].

In the nearest 20-30 years, most developments should
demonstrate tank water-cooled reactors, fast-neutron liquid
metal-cooled reactors, and high-temperature helium-cooled
reactors. There is parallel work to create new-generation
oxide and nitride fuels, designed for higher burn-off levels
and improved safety characteristics.

Known caution in the development of nuclear power
engineering is related to the problem of nonproliferation of
nuclear materials suitable for nuclear weapons and of long-
life radioactive waste. Here, the future outlook is related to
reactors with increased (interior) safety and fast-neutron
reactors with extended nuclear fuel recovery and a closed
nuclear cycle involving uranium-238, and then thorium-232,
reserves. We note good prospects for fission reactors with
external neutron illumination, which demonstrate full inter-
nal safety.

The use of nuclear reactors for hydrogen recovery, which
is used afterwards as a nonpolluting energy carrier in the
electric-power engineering and in transport, has interesting
prospects.

The more than 50-year period of intensive research on
controlled nuclear fusion (CNF) has resulted in the beginning
of practical implementation of this carbon-free and, in
essence, inexhaustible energy source. The goal is to repro-
duce the CNF reactions of light elements, which give energy
to stars and our Sun, on Earth. For this purpose, it is
necessary to heat plasma in the conditions found on Earth
to huge temperatures and to confine it for a certain time. Two
approaches compete here: the use of fusion installations with
magnetic or with inertial plasma confinement. There was
recently impressive progress in both areas, allowing proceed-
ing to practical applications of fusion energy in power
engineering.

In CNF schemes with magnetic hot plasma confinement
in closed toroidal tokamak systems, three machines—JET
(Joint European Torus) (Europe), JT60-U (Japan), and PLT
(Princeton Large Torus) (USA)—have already attained
conditions where the energy input into the plasma is close to
the energy release from thermonuclear reactions [3]. That has
allowed proceeding to the construction of the International
Thermonuclear Experimental Reactor (ITER), costing
§13 billion (commissioning in 2017, with an operational life
of approximately 25 years) and which is expected to reach a
thermonuclear power of 500 MW and the energy release from
the fusion reaction exceeding the power input for plasma
heating and confinement by 10 times. The major scientific
and technological results are planned to be obtained within
8 years from the beginning of ITER’s operation.

Success of the ITER project will then allow proceeding
with the construction (approximately in the 2030s) of the $10—
$20 billion DEMO thermonuclear reactor (DEMOnstration/
prototype fusion power plant) which will become a prototype
of an industrial thermonuclear power station. As a prospec-
tive combined ‘fusion-fission’ scheme, a variant of a nuclear
reactor is being considered in which the CNF reactor is used
as a source of thermonuclear neutrons for an external-shell
fissile fuel (which resides in an undercritical regime).

In parallel with the development of magnetic CNF power
plants, an alternative scheme is being successfully developed
based on inertial confinement of thermonuclear plasma that
is heated up to temperatures of 10% K and compressed to huge
densities (on the order of 1000 g cm™>) with soft X-rays

generated by powerful laser-heated plasma or by high-current
Z-pinch plasma. Towards that end, a powerful laser system,
NIF (National Ignition Facility), was constructed at Lawr-
ence Livermore National Laboratory, consisting of 192 laser
beams with a total energy of 1.8 MJ and a pulse length of
about 10~° s. A similar installation—LMJ (Laser Méga-
joule)—is being constructed in France. According to
estimates from their developers, both these facilities should
provide positive thermonuclear energy release in the form of
microexplosions.

With some delay, work in the area of pulsed power inertial
CNF is being carried out rather vigorously, as well. In this
case, soft X-rays compressing and heating a thermonuclear
microtarget are generated by the collision of high-velocity (up
to 500 km s~!) plasma fluxes, which are accelerated by a huge
pulse current (to approximately 40 MA).

In recent years, significant progress has been achieved in
understanding the physical processes in hot plasmas of
extreme states, occurring when compressing a target by
laser and X-ray radiation. It is important that modern
thermonuclear microtargets have already been tested in
underground nuclear explosions, which provide the required
radiation parameters [8]. The conditions for the ignition of
fusion reactions have already been attained and consequently
there are no doubts that CNF with inertial confinement can
lead to success. The main technical problem faced by
researchers working in this field is to make an effective pulse
driver to accelerate thermonuclear microtarget shells. Along
with the use of lasers and high-current pinches, intensive
relativistic heavy-ion beams and various sophisticated com-
bined schemes like ‘fast ignition’ are being considered here [8].

Speaking about thermonuclear research, we especially
stress that the generation of extremely high temperatures
and pressures is necessary to ignite thermonuclear reactions;
that requires detailed studies of the physical properties of hot
plasmas in extreme states occurring in astrophysical objects,
but is difficult to attain in laboratory conditions [8].

Thermonuclear energy production is especially attractive
because of its virtually unlimited fuel resources and ecological
cleanness. The widespread deuterium isotope can easily be
extracted from sea water. Tritium is sufficiently recovered in
the reactor from lithium whose reserves (like those of
deuterium) will be available for many thousands of years.
The fusion reaction product— helium —is not radioactive.
While there is an induced radioactivity in reactor materials,
this problem already has satisfactory solutions.

Currently, it is difficult to say which CNF scheme —
magnetic or inertial —will be the basis of future industrial
thermonuclear reactors, but, considering the significant
difficulties of this project, practical implementation of
thermonuclear energy production is predicted [7] not to take
place earlier than in the second half of the 21st century.

Development of thermonuclear and space power engi-
neering in the future will require, according to the forecast of
the International Council on Large Electric Systems
(CIGRE), the creation of a global electrical power system
(Fig. 10).

Along with power generation, a considerable and crucial
part of the present-day electrical power engineering is
represented by electrical transmission and distribution net-
works. Over the previous decades, one of the world’s largest
united power grids was built in Russia; however, it now
requires reconstruction and development based on new
power technologies. Recent progress is related here to the
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Figure 10. The global electrical power system —a project of the Interna-
tional Council on Large Electric Systems (Conseil International des
Grands Réseaux Electriques, CIGRE).

Figure 11. Mobile explosive simulator of lightning strokes based on a
magnetic explosion generator.

creation of so-called controlled (or ‘intellectual’) electrical
systems, practical use of high-temperature superconductivity,
development of new composite conductors with improved
strength and low resistance, as well as development of modern
semiconductor schemes of control and monitoring of power
networks, and many other solutions which physics is now
offering to energetics [9]. Implementation of FACTS
(Flexible Alternating Current Transmission System) technol-
ogies for creating controlled power networks allows radically
increasing their reliability and decreasing losses (to 5%,
instead of Russia’s average 10-15%) owing, in particular, to
the application of power semiconductor electronics and
modern information systems of diagnostics, control, and
monitoring. This enables optimizing and controling the
transmitted active and reactive power, changing as required
the electric power fluxes and effectively control voltage levels
in the basic and emergency regimes. To create such intellec-
tual systems requires perfect high-current semiconductor
devices. Today, up to approximately 40% of all electric
power produced in the world passes through various high-
current semiconductor devices which are quite reliable and
effective for the control of considerable outputs in power
transmitting, distribution, limiting, and conjugating devices.
Here, especially attractive prospects are related to the
application of silicon carbide, as well as large-scale imple-
mentation of semiconductor devices for controling electrical
power, and improving its quality and reliability.

To transfer the power supply network sector to a new
technological level, it is necessary to apply large-scale efforts
and expenses to create an elemental basis of high-current
semiconductor electronics [9] with the subsequent develop-
ment of controllable reactors, synchronous compensators,
devices of transverse and longitudinal compensation, phase
rotation systems, static compensators (statcoms), and semi-
conductor rectifiers for conjugation inserts. Other methods
can potentially increase the reliability of electrical systems, in
particular, the employment of highly reliable and fast
explosive circuit breakers and commutators, and mobile
simulators of lightning strokes based on powerful magnetic
explosion generators, as suggested by Andrei D Sakharov
(Fig. 11).

Superconductivity and especially high-temperature super-
conductivity remain the most promising fields of work in

electrical power engineering. Recently, there was a serious
breakthrough related to an increase in the critical tempera-
ture of superconducting transition, which exceeded the
boiling temperature of liquid nitrogen. There is widely active
work to make superconducting inductive storage systems,
short-circuit current limiters, synchronous compensators,
superconducting cables and solenoids, magnetic systems,
electric motors, transformers, etc. [9].

In 2006, the USA commissioned the longest (350 m) semi-
industrial superconducting cable made of a second generation
superconducting wire, rated at a current of 0.8 kA, a voltage
of 34.5kV, and a power of 35 MW. In our country, work has
started to make a superconducting cable 200 m in length with
a current of 1.5 kA, a voltage of 20 kV, and a power of 50—
60 MW. These developments, which are already solving the
complicated problems of energy delivery into densely built-up
historical parts of megacities, provide a technological basis
for the construction of more extended superconducting
industrial lines and other electrotechnical units without
electric power losses [9, 10].

Radical change in the electric power engineering is
expected, of course, with the discovery of ‘room’-tempera-
ture superconductivity — one of the central issues of modern
physics [11] and on which large teams of skilled physicists of
various specialties are persistently working.

3.4 System studies

of the development prospects of energetics

Energy science selects effective energy technologies from a
large number of possible technologies following M A Styriko-
vich’s paradoxical principle: “Energetics is physics+eco-
nomics.” Such a selection is made according to the criteria
of economic efficiency and environmental sustainability, taking
into account all aspects of reliability and controllability of
technologies. Ten to fifteen percent of energy studies are
devoted to that and, apparently, they define the STP priorities
in energetics.

First, however, the above selection criteria of effective
technologies are quite ambiguous and very inconsistent: it is
clear that the more reliable and ‘environmental-friendly’ the
technologies are, the more expensive they end up being.
Second, energy technologies do not usually work in isola-
tion, but in complexes or systems where the sum of local
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Figure 12. End-use energy supplied to customers.

optima by definition does not correspond to the global
optimum.

Therefore, an important field of energy science covers
research and development of energy systems, which consumes
another 10—15% of efforts. System studies in energetics on the
basis of mathematical modeling using computers have been
widely expanded since the 1960s, and the Soviet school of
L A Melent’ev [2] ranked among the leading positions in the
world. However, because of large uncertainties regarding the
future and the ambiguity of scientific and technological
process, this methodology does not also provide sufficiently
robust predictions of innovations.

Thus, to determine effective avenues and priorities of
scientific and technological progress, in addition to what
was said above, it is necessary to involve studies of evolving
trends of spatial and industrial development of energetics, i.e.,
the quintessence of ‘as it actually was’ in the past[1, 12]. Up to
5% is focused on this in energy research.

Spatial development of energetics follows the trend of
creating interstate, transcontinental, and global systems.
Such systems have a powerful physical and technological
basis in the form of pipelines and electrical networks and
simultaneously act as more and more complex industrial
systems and, nowadays, as energy markets. The global oil
system, formed during the 1980s-1990s, in the next 10—
15 years will be complemented by (and integrated with) the
global system of gas supply (see Fig. 8) that is being formed by
the wide use of liquefied natural gas in combination with the
development of the Eurasian gas supply system [13]. Later on,
probably after 2050, a global integration of regional electric-
power systems will be required for wide use of space and
thermonuclear energy (see Fig. 10).

The technological development of energy production, as
was already stated, follows the path of a quick increase in the
variety of consumed energy forms and increasing energy
quality. At the same time, the avenues of scientific and
technological progress discussed in Section 3.3 promise at

last to overcome the ‘imprecation’ of efficiency reduction
when producing higher-quality energy. Understanding these
trends allows aiming to achieve an efficiency of more than
50% by the middle of the 21st century for the basic indicator
of energy production innovation—the general available
energy factor —and accordingly formulating the technologi-
cal policies and searching for means to achieve this goal. But
for this purpose it is necessary to see the possible directions of
the changes in end-use energy consumption structure.

Figure 12 shows that for the IEA’s predicted doubling of
global energy production from 2005 to 2050, the share of
electric energy in the gross end-use energy will increase
according to established trends from 25% to 33% with a
reduction of the share of direct burning of fuel (boiler and
motor in total) from 69% to 63%, and the share of heat
(steam, hot water) from about 6% to 4%.

The USA, the European Union, and Japan plan to
proceed from this traditional trajectory to the hydrogen
energetics scenario according to the ‘Bush hydrogen initia-
tive’. Even by optimistic estimates, hydrogen will provide no
more than 10% of end-use energy consumption, which will
demand the development of infrastructure to produce,
transmit, store, and distribute (to car refueling stations) up
to 3 billion cubic meters of this highly volatile, very fluid, and
dangerously explosive gas. (For comparison, the world is
currently producing an approximately similar amount of
natural gas, and significantly simpler issues of its safe use
are already expensive enough.)

The hydrogen scenario will barely change the share of
electric energy in end-use energy consumption, and the share
of fuel (basically, liquid) will be reduced to 55%, and the share
of heat to 3%. But even with wide replacement of present
water electrolysis by thermochemical technologies of hydro-
gen production, its use will require large electric power
consumption. Meanwhile, hydrogen will replace oil fuel in
fuel cells, again with producing electric power: a hydrogen car
is, as a matter of fact, an electric vehicle. As a result, we shall
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obtain a sort of special electric energy storage, but with a cycle
efficiency of less than 20%.

As an alternative, there is an electrical global scenario
where more than half of the end-use consumption is provided
by electric energy. With qualitatively new accumulators, it
will reduce the direct burning of fuel to 47%, first and
foremost, in transport and in distributed energy production,
and with mastering superconductivity will facilitate the use of
renewable energy, especially solar and tidal.

This is one of the major bifurcations of innovations in
power engineering. The demand for other areas of STP and
the general configuration of future power engineering
strongly depend on who wins the race of ideas and
technologies in the field of effective storage of electric
power. Yet, in the IEA’s forecasts, there is no clarity with
respect to this issue.

The system estimate of possible scenarios for global
energy consumption growth (see Fig. 5) taking into account
expansion of accessible reserves of primary energy resources
(see Table 1 and Fig. 6) and STP possibilities in energetics (see
Section 3.3) allows one to make the two following conclusions
on the development prospects for global energetics in the first
half of 21st century:

(1) Realization of the IEA’s traditional scenario [4, 5] is
unlikely because of the global crisis, as well as of internal
inconsistency of the scenario: on established trends of
technological progress in energetics this scenario would give
us intolerably high emissions of greenhouse gases with a high
risk of planetary climate change, and its modification
suggested in Ref. [5] of the forced development of ‘less
carbon’ technologies will only reduce emissions to a ‘safe’
level (nearly 14 billion tons of CO,) by doubling the expenses
for the development of energetics, which will hardly be
acceptable for the global economy.

(2) It is necessary to apply the best efforts of the public,
politicians, and business (otherwise it will be initiated by the
course of events through economic crises and natural
cataclysms) for the conscious transition to an energy-
effective way of life with deceleration and then termination
of the growth of the world average energy consumption per
person (see target scenario 2 in Figs 5 and 7). Then, the ‘safe’
scale of greenhouse gas emissions will be almost twice as
cheap as in the traditional scenario, or even cheaper if the
methods of geoengineering to reduce overheating of the
atmosphere will also be used.

4. Prospects of the Russian fuel
and energy complex

Russian energetics has important features leading to specifics
of the country’s energy policy and its scientific and technolo-
gical component.

The main feature is the wealth of comparatively cheap
energy resources: Russia possesses more than 15% of the
global explored fuel reserves for less than 3% of the world’s
population and 6% of the global energy consumption. That
objectively predetermines a large export component of our
energetics.

Furthermore, Russia is the coldest (two thirds of the
territory is a permafrost) and the most extended (11 time
zones) country, with a very low density of population and
energy infrastructure — four and seven times smaller than in
the USA, respectively,. It is partly for these reasons that the
energy efficiency of the Russian economy is five times
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Figure 13. Dynamics of Russia’s gross domestic product, industry, and
FEC branches (in %).

worse, and the load of energetics on the economy is four
times larger, than the world average: capital investments in
our energy production are reaching 5% of the gross
national product, while they are 1.5% in the world as a
whole.

It is important that Russia is relatively neutral to the
climate warming and, possibly, can even benefit from it, and
therefore this topic concerns us (objectively) to a lesser degree.

As an inheritance from the USSR, Russia obtained a
powerful (second in the world by production) fuel and energy
complex (FEC) which experienced a heavy recession together
with all of the nation’s economy. Recently, its basic branches
had almost recovered to the pre-reform level (Fig. 13), but the
world crisis brought new losses.

Despite an acute shortage of investments, in last 15 years
Russia’s FEC supported the reconstructed national economy;
that caused crisis phenomena in its important sectors.
Commissioning new facilities in the electrical power engineer-
ing was reduced by 10 times, and the depreciation of
equipment reached a threatening magnitude. Half of the
electric power capacities and up to 60% of heat networks in
the country have used up the base resource and require
replacement, and 10-20% of them are in emergency state.
The share of our most perfect combined-cycle plants is
depressively small—only 1.5%. Losses in heat networks
reach 30%, and in electric networks reach 15%, with an
average European level of approximately 5%. To replace
discontinued facilities, it is necessary to commission 7-8 GW
of new installations annually, whereas the actual input is
nearly 1 GW.

The current Energy Strategy of Russia for the period to
2020 (ES-20) aims to overcome these deficiencies [12, 13], and
in 2007 work began to amend and extend it to 2030 (ES-30).
The global economic crisis brought essential corrective
amendments not only to global prospects, but also to
Russia’s, having delayed by 5-7 years the achievement of
planned (in the middle of 2008) development levels for the
expected national economics (Fig. 14) and energy production
(Fig. 15). But with reduced expectations for the growth in the
country’s gross national product by 2030, the amended
forecasts for the period to 2020 remain within the range of
ES-20 values.
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Figure 15. Primary energy resources (in millions of tons of hydrocarbon fuel).

The above specific features of Russia’s energetics essen-
tially distinguishes its innovative development priorities from
those developed by the TEA [5]. The highest priority for us is
power efficiency in organizational-administrative, and also
in technological, aspects. Innovations in long-distance power
transmission and in distributed (decentralized) energy pro-
duction, as well as in deep fuel (especially hydrocarbons)
processing and in heat-power engineering are also very
important for Russia. But the means and technologies for
realizing these priorities are seriously restrained in Russia by
an acute shortage of investments. Therefore, with relatively
cheap fuel and energy in Russia, it is more rational to use
moderately capital-intensive technologies, even with slightly
worse efficiency compared to the highest achieved efficiencies
in countries with expensive energy.

In addition, Russia’s technological policy should be
oriented towards moderate costs of measures to restrict
greenhouse gas emissions.

Taking the above into account, adjusted scenarios for
Russia’s FEC development suggest renewal from 2014-2015
of sufficiently high rates of economic development (with a
growth in gross domestic product by 2030 of 2.9-3.1 times
(see Fig. 14) compared to GDP in 2005). However, the crisis
has not just slowed down, but also for 2-3 years has turned
back the decrease in energy capacity of GDP (in 20002008,
the energy capacity decreased by one third), having returned
its subsequent dynamics in the mid-range of the ES-20
forecasts (see inset to Fig. 14). Thus, the economics will
show a rise in demand for energy resources, in which their
consumption to 2030 will increase, with respect to 2005, by
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35-45%. At the same time, reorganization of the internal
demand structure — transition from gas to other energy
resources — will be slowed down essentially, as long as gas
still remains the cheapest fuel (at least to 2011-2012). Only
then will the share of natural gas in the country’s energy
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Figure 19. Export of energy resources (in millions of tons of hydrocarbon
fuel).

consumption begin to decrease to 48-49% by 2030 (Fig. 16).
Electric-power stations whose power production will increase
with respect to their figures in 2005 by 34-42% in 2020, and in
1.7-1.9 times by 2030 will still be the major consumer (41—
42%) of energy resources in our country, with an increase of
the cumulative share of hydroelectric plants, nuclear power
plants, and renewable sources from 32.3% in 2005 to 33-36%
(Fig. 17) and a reduction in the share of gas in fuel
consumption from 67.9% in 2005 to 64-65% in 2030
(Fig. 18). Overall, production of energy resources in the
country from 2005 to 2030 will increase by 25-30% with the
essential replacement of oil (from 38.5% to 33-33.5%) by
nuclear energy (increase from 2.8% to 3.5-4.2%), renewable
sources (from 1.2% to 1.7-2.4%), and coal (from 11.7% to
13%) (see Fig. 18). Oil production will increase from today’s
480 million tons to 500-535 million tons by 2030, mostly
because of Eastern Siberia and the Far East, but the major
increase in energy resource production will be provided by
natural gas production to 855-885 billion m?3 in 2030, mostly
in Yamal and the Shtokman field, as well as in Eastern Siberia
and in the Far East. Also, an advanced growth in coal mining
to 420-425 million tons in 2030, mostly in the Kuznetsk and
Kansko-Achinsk basins, is expected.

All this will allow fuel export (relative to the crisis’
lowered level of 2010) to increase by 16-17% by 2020, with
subsequent stabilization or even a decrease (Fig. 19) and
replacement of oil exports (from 61.5% to 49-50%) by
natural gas exports through pipelines (growth from 34% to
37-39.5%) and in a liquefied state (to 3-4%).

Such development in Russian energetics will allow
keeping greenhouse gas emissions below 1990 levels up to
2030 (Fig. 20). Capital investments in energetics’ develop-
ment for this period as a whole will be 3.5-3.7% of the
country’s GDP, reducing from the current 4-5 % to 3% by
2026-2030. Thus, the main social and economic parameters
of energy production can be significantly improved compared
to analogous parameters in pre-crisis forecasts.

To achieve the above results, our energy science should
concretize Russian STP priorities, while taking into account
global trends, and creating technologies with parameters
corresponding to Russian conditions. It is also important to
secure, using documents from the Energy Strategy, the
composition, parameters, terms, and scale of application of
priority energy technologies with their necessary financing.
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Lev Andreevich Artsimovich and extremely
strong hydrodynamic instabilities

A M Fridman

A Dbrief background account is perhaps in order to explain
how it was that Lev Andreevich presented my graduate thesis
to Sov. Phys. Dokl. journal.

The story starts with the 1962 Phys. Rev. Lett. paper [1] by
R Geller, a prominent American experimentalist, who
demonstrated for weakly ionized plasma in a magnetic field
that its diffusion across the field builds up as the field is
monotonically increased from a certain value.

This finding seemed to be at odds with well-known
earlier experiments indicating that both the classical and
the Bohm diffusion coefficients decrease with increasing
magnetic field H.

I was then an undergraduate at NGU¥*, and here is what
Roald Sagdeev, my teacher, told me that same year when
leaving for summer vacation: “I’ll tell you what. I will be back
in a month and if I find your paper on my desk explaining the
Geller effect, you will be a postgraduate at IYaF upon your
graduation. If not, at NGU.”

Roald did find the paper on his desk on his return, and he
then arranged with Lev Andreevich for the paper to be
presented at the T seminar (on thermonuclear fusion) at
what was then LIPAN (Russian acronym for Laboratory of
Measuring Instruments of the USSR Academy of Sciences,
currently the RRC ‘Kurchatov Institute’). Two days after my
talk there, Sagdeev told me that Lev Andreevich suggested
presenting my graduate thesis to Sov. Phys. Dokl. (see
Ref. [2]), but that he would like to speak to me first.

The conversation with Artsimovich is a memory I will
never forget. What I saw and heard struck me. It had never
occurred to me that what I did could be looked at in that
simple back-of-the-envelope way. With one exception
(coefficient k < 1), all aspects of my work were explained by
Lev Andreevich at a totally elementary level.

As an illustration of what our conversation was about, a
few pages of my thesis follow below.

The analysis in Ref. [2] leans upon the following equations
to describe the dynamics of weakly ionized plasma with
electrons magnetized and ions not magnetized:

d d e dInn(x) B
a(TSI’l) — eny a 6(0+En08ve'1;B+T T67’l —O7
(1)
ik, T8n — ik, eng 8¢ — & 1o dvex B= 0, (2)
’ ’ c
ik.Tdn — ik.eng d¢p = —npme(Vei + Ven) Ve, — NoMieVei OV ,
3)
iw dn + div (veo 0n) + div (venp) = 0, (4)
iwm; dviy + d S 0 (5)
i OVix e =Y,
dx ¢
wm; dvyy, + ek, d¢p =0, (6)
wm; dvi; + ek, dp =0, (7)
iw don + div (ng dvi) + div (vip én) = 0, (8)

where T is the electron temperature (it being assumed that
T. > T)); e is the electron charge; ¢ is the speed of light in a
vacuum; m, and m; are the electron and the ion mass,
respectively; ve; and ve, are the electron—ion and electron—
neutral collision frequencies, respectively, and v, and v; are
the directed velocities of the electrons and ions, respectively.

* NGU, Novosibirsk State University; ['YaF, Institute of Nuclear Physics,
Siberian Branch of the Russian Academy of Sciences.
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In Eqns (5)—(7), we neglected dissipative terms because of the
condition @ > vj,.

In the region of maximum plasma density, the system of
equations (1)—(8) reduces to the Schrédinger type equation

@*x?
dx2+2(E— - >5¢:0 9)

for a linear oscillator with the complex energy

2 & —Vf: wk? 52
Z Ven MgV Vei - y
E— en Tle en ei _ 10
k2T w® 1 dlnng 2 (10)
2l ——w+——
Ven Me oy, k, dx
and the frequency
w_zln/n0 Lz i w_2ﬁ+ Ven ok
~2:_U~)H; ky R © Ven Me Ven + Vei - (11)

1 2 o? 1 dinny\’
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Ven Me og ky, dx

As is known, the solution of this equation is given by
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(0]

5, = (=

®i (n>

where Hj; (xv/@) is the Hermite function, 7 =0,1,2,....
The critical magnetic field induction is then

21ﬁﬁ! P <_§ x2>Hﬁ("“/5) - (1)

(13)

which is exactly what was found by Geller [1] (the theoretical
curve fitted the experimental points very closely).

What was found in Ref. [2] was a new instability whose
increment has the magnetic field dependence opposite to that
of the drift instability increment (hence my term ‘antidrift
instability’).

So much for how L A Artsimovich ‘blessed’ the
publication of my first paper on hydrodynamic instabil-
ities. Owing to Lev Andreevich, the beautiful physics of
these instabilities became my lifelong love. It is therefore
only natural that my talk at the scientific session of the
RAS Physical Sciences Division commemorating the cen-
tenary of the birth of Academician L A Artsimovich is
titled as it is: “Prediction and discovery of ultrastrong
hydrodynamic instabilities caused by a velocity jump:
theory and experiment” (review [3] in Physics—Uspekhi
published last year under the same title reflects the content
of my talk today).

References

1. Geller R Phys. Rev. Lett. 9 248 (1962)

2. Fridman A M Dokl. Akad. Nauk SSSR 154 567 (1963) [Sov. Phys.
Dokl. 975 (1964)]

3. Fridman A M Usp. Fiz. Nauk 178 225 (2008) [Phys. Usp. 51 213
(2008)]

PACS numbers: 01.65. + g, 28.60. +s, 29.25.Ni
DOI: 10.3367/UFNe.0179.200912n.1354

Electromagnetic isotope separation method
and its heritage

Yu V Martynenko

This talk briefly reviews the history of development of the
electromagnetic isotope separation method in the USSR and
discusses the new scientific and technological possibilities it
left as its heritage.

Today, the name Lev Andreevich Artsimovich is primar-
ily associated with thermonuclear fusion and thermonuclear
energy. It was L A Artsimovich who became the scientific
leader in this field in the USSR and who was instrumental in
making the tokamak the focus of world fusion research. But
there is also another major twentieth century scientific effort
where Artsimovich proved his caliber as a scientist— the
creation of nuclear weapons. More specifically, it was the
Soviet Atomic Project [1], and, speaking chronologically, his
involvement in this project started even earlier.

The most serious challenge the atomic bomb project faced
from the very beginning was how to obtain fissionable
material, the ‘explosive’. The two available alternatives were
plutonium and uranium-235. Plutonium could be extracted
from an atomic reactor, and such a reactor, the first of its kind
on the continent, was indeed launched on 25 December 1946
at the Kurchatov Institute, but it took more than two years
before the required amount of plutonium was produced.
Uranium-235 had to be separated from natural uranium,
where its content is as low as 0.72%. The production of
plutonium-239 and the extraction of uranium-235 from
natural ore were carried out in parallel, and one of
technologies used to extract uranium-235, the so-called
electromagnetic isotope separation, was developed by
L A Artsimovich; the two others were the gaseous-diffusion
separation (I K Kikoin) and the centrifugal separation
(F F Lange and I K Kikoin). What really triggered the
serious work on the electromagnetic separation of uranium
isotopes was apparently the 24 November 1944 memo by
1V Kurchatov to Lavrentiy Beria as to who should do the job.
Here is the reference I V Kurchatov gave L A Artsimovich in
that memo [1]:

“Prof. L A Artsimovich

L A Artsimovich, Professor, Dr. Phys.-Math. Sci., is
currently a laboratory head at the Physical-Technical
Institute of the USSR Academy of Sciences and a consultant
to Laboratory No 2 of the USSR Academy of Sciences [row
the Russian Research Centre ‘Kurchatov Institute’ (KI)—
YuVM]. L A Artsimovich is a very able physicist and the
USSR’s top expert in electron optics. His primary current
interest is vision in darkness, and the magnetic extraction of
uranium-235 is only his part-time work. I consider it
necessary to make it full-time.”

The decision was immediate, resulting in two research
bodies being set up by the end of 1944 under the leadership of
L A Artsimovich: Sector No. 5 (uranium ion isotope
separation) at Laboratory No. 2, and Sector 1 at the
Leningrad Physical-Technical Institute (LFTI) [now the
A F loffe Physical-Technical Institute, RAS (FTI)]. Inten-
sive work on the electromagnetic separation of isotopes
began.
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Figure 1. Schematic of electromagnetic isotope separation and major
problem areas.

In parallel, after 1945, a research center working in this
area operated in Sukhumi, Georgia, staffed by German and
Soviet specialists and led by Manfred von Ardenne, a German
physicist who agreed to work in the Soviet Union.

The problem was how to employ the mass spectrometer
principle — the phenomenon that a transverse magnetic field
separates accelerated ions by mass—to produce uranium
isotopes in large quantities. Until then, the mass spectrometer
developed by A J Dempster back in 1918 [2] had been applied
only to the analysis of small amounts of material.

To accomplish this task, three major issues needed to be
addressed: (1) a high-current ion source, (2) the ion optics of
high-current beams, and (3) the ion receiver and the
extraction of the uranium-235 isotopes from it (Fig. 1). A
1957 paper [3], one of the first open publications on the
subject, describes the principles and basic parameters of the
electromagnetic isotope separation facility that was devel-
oped and built.

While ion sources had already existed and been used in
mass spectrometers, the source current did not exceed a few
nanoamperes —a value which now had to be raised by 7 to
8 orders of magnitude to achieve at least one tenth of an
ampere, a sine qua non minimum for separation. There was
also a requirement that the source have a high output — hence
the additional requirement for dozens of hours of uninter-
rupted operation.

As to the question of the method of substance ionization,
the obvious choice was electron impact, clearly advantageous
in being material nonspecific (provided a material could be
obtained in gaseous form). Of the several types of ion sources
that were tried (some, independently, at the Sukhumi
Physical-Technical Institute under Ardenne), it was the
Kurchatov Institute’s design which was found to be best and
was ‘put into service’.

The source, named I-22 [4], was a hot cathode arc
discharge in a longitudinal magnetic field; the ions were
extracted by an accelerating voltage across a magnetic field
through a slot (Fig. 2). Initially, the working material used
was uranium tetrafluoride (UF4). However, its advantage —
the fact that fluorine is a single-isotope element— was
compromised in that the vapor pressure required,
P =102 Torr, was achieved at 800°C, a temperature at
which the vaporizer crucibles rapidly burned out. The result
was that in September 1946, following necessary experiments,
a switch to UCl4 was made —a material which, although bi-
isotopic [**Cl (75.4%) and *’Cl (24.6%)], has a vaporization
temperature of as low as 400°C. With this material, a U™
current of up to 80% of the total current was obtained by
selecting operating conditions.

Considerable work was done on optimizing the operating
variables, including the working chamber pressure and the

Gas

Figure 2. Schematic of the ion source: /, tungsten filament; 2, heated
cathode; 3, screen; 4, anode chamber, and 5, reflector.

discharge current and voltage. For example, a low discharge
voltage provides insufficient ionization efficiency, whereas
too high a voltage gives rise to strong cathode sputtering and,
besides, produces a large proportion of multiply charged U+?
and UT3 ions, thus reducing the current of singly charged U™
ions. The parameters for optimization were naturally the
maximum current of singly charged U™ ions and the
uninterrupted service life of the source.

The distribution of vapor supply to the ion source was
also a factor affecting the parameters of a beam extracting
from the source. It was found that a rectangular shape — the
optimum —was obtained when the vapor supply rate
increased in the cathode to the anode direction.

Discharge oscillations in the source and their associated
beam oscillations in the separating chamber were yet another
area of concern. Studies showed that they were due to the
oscillations of the volume charge near the cathode. The
influence of this factor on the extracted beam was reduced
by moving the extracting slot farther away from the cathode.

A review paper [5] by M K Romanovskii, L A Artsimovi-
ch’s deputy at the Kurchatov Institute, provides more details
on the work concerning the physics of electromagnetic
isotope separation. Although written only from memory —
there were no publications on the subject at the time, nor did
any technical report survive—this paper is a dramatic
account of the problems encountered and solutions
attempted and found.

The development of ion sources was the task of
P M Morozov’s laboratory at L A Artsimovich-led Section
No. 5. Comprising the team were M S Ioffe, A V Zharinov,
B N Makov, Yu D Pigarov, V I Agafonov, V V Zhukov,
B G Brezhnev, N I Chizhov, S M Naftulin, L I Staroverov,
and E N Braverman.

Ion optics of high-current beams. What was needed here
were well-focused beams of isotopes with a dispersion of at
least 1 cm at a relative mass difference AM/M = 1% in order
that each 2>°U"* and 2**U" ion could get into its own receiver
cell.

In an ion source, although the region where the primary
electrons move and produce ionization is highly localized due
to electron magnetization, ions and electrons diffusing
transversely to the magnetic field form a secondary plasma
near the chamber wall, with the result that the former can lose
ions to the latter. This loss of ions is reduced by applying the
anode potential to the wall. With a slot in the wall, it is
possible for ions to be extracted from the chamber using an
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Figure 3. Schematics of three-electrode optics.

array of electrodes (Fig. 3). Importantly, the accelerating
voltage should be sufficiently large (more than 2.5 kV; actual
figures were 30-50 kV)—otherwise the boundary of the
secondary plasma penetrates the slot and the beam being
extracted becomes divergent.

An increase in the accelerating voltage increases the
velocity of ions and decreases their density in the beam,
resulting in the plasma boundary coming closer to the
primary plasma column. The approach used first was a
system of two electrodes, one the chamber wall and the
other the accelerating electrode. With this setup, however,
tests showed that the ion beam volume charge is not
compensated for because of the exit to the second electrode
of all the electrons produced by the beam ionization of the
residual gas in the separating chamber. As a result, the beam
diverges due to Coulomb repulsion, and isotope separation
becomes impossible except for negligible currents. In addi-
tion, there is the melting effect of the electron current on the
accelerating electrode. Introducing a third electrode, less
negative than the second, slows ions to some extent but
leads to the formation of an electron cloud between the
second and the third electrodes which—at currents of less
than ~ 100 mA cm~2 — automatically ensures the compensa-
tion for the beam volume charge owing to the ionization for
the residual gas. For stronger currents, the so-called ‘plasma
curtain’ was proposed as a compensation scheme, which
consisted in mounting a hot cathode above—and at 250—
300 V relative to— the third electrode. As a result, a discharge
occurred at the plane of the slot, which was fully transparent
for ions from the source. Electrons, on the other hand, could
not enter the source and served to perform volume charge
compensation.

Another important problem, the oscillations of the high-
current ion beam, turned out to be related both to the
operation of the ion source and to the compensation for the
beam volume charge.

It was found, in particular, that fluctuations in the ion
current density j due to ion source oscillations should be less
than the ionization rate of the residual gas:

% < jnvo
where 7 is the residual gas concentration, v is the ion velocity,
and o is the ionization cross section. Otherwise, oscillations in

the beam build up due to the decompensation for the volume
charge.

Oscillations may also arise in ion optics itself. The field
of the second electrode can penetrate through the slot
behind the third electrode, and the slow secondary
electrons drifting in the crossed E x H field accumulate
near the third electrode to form there a volume charge
which grows until slow ions are ejected toward the second
electrode and the field FE is restored. After that, the process
repeats. To suppress these oscillations it is necessary that
the electric potential of the second electrode relative to the
third electrode be not less than a certain source-specific
value.

Beam oscillations also occur due to the fact that the beam
cross section is nonuniform (because the ionization rate and
the volume charges are so). As mentioned earlier, this
problem was solved by properly distributing gas supply to
the ion source.

The above list of problems that were encountered, while
brief and far from complete, still gives an idea of how complex
was the goal achievement, both overall and in terms of how its
constituent parts interrelated. In solving these problems, both
calculations and empirical selection were employed. In
particular, the shape of and spacing between the electrodes
were chosen either using an electrolytic bath or directly
during experimentation.

The researchers involved in work on ion optics were
V S Zolotarev, A F Malov, A M Andrianov, G Ya Shchep-
kin, S Yu Luk’yanov, V A Suzdal’tsev, V M Kel’'man, and
E P Fedoseev [6], plus some members of N V Fedorenko’s
laboratory at the Leningrad Physical-Technical Institute.
Extensive theoretical work on atomic collisions was con-
ducted by O B Firsov.

L A Artsimovich was very active in all aspects of work,
but his main activities were in ion optics and in making
calculations. His major proposal—not to be realized until
later, though— was to enhance mass dispersion by using a
magnetic field weakening with radius.

To give an idea of the scale of the work done, about 1,500
experiments of many hours’ duration were conducted at only
one facility [7], of which there were several and which
operated simultaneously and in parallel.

The ion receiver depended for its realization on under-
standing some totally new phenomena related to the interac-
tion of ions with solids. It was not clear at the time what
occurs when a fast ion collides with a solid surface: is it
reflected by or does it penetrate the surface? What is the role
of sputtering? One possibility was, for example, that all the
ions penetrating the surface layer are sputtered together with
the layer. It is from studies of these problems—studies that
were intertwined with the development of the ion receiver —
that the major research discipline, the interaction of ions with
a surface, emerged.

The primary requirements regarding the ion receiver are
the maximum catching of separated isotopes and small
damage from ion bombardment. In order for reflected ions
not to leave the receiver, the ion beam should be incident at an
angle to the surface. This causes the reflected ions to be
directed into the receiver, but simultaneously increases
sputtering coefficient and accelerates the destruction of the
receiver. With these difficulties overcome, the receiver
developed, with a capacity of 10,000 Ampere-hours, ensured
the simultaneous reception and satisfactory separation of all
the isotopes involved.
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Also under development was energy recuperation tech-
nology for by-product ions (such as Cl'). Acceleration
receivers developed for the purpose about halved the load
on the high-voltage rectifier because the current of U™ ions
was ~ 50%. However, energy recuperation is not possible for
main beams (due to the loss of collected ions), so that the
recuperation idea was later abandoned as being of no use for
the electromagnetic separation of stable isotopes — a method
where all isotopes are needed.

Ton receiver researchers included, at the Kurchatov
Institute, I N Golovin, B V Panin, and V G Tel’kovskii, and,
in Sukhumi, M Ardenne, V M Gusev, M I Guseva,
R A Demirkhanov, and D V Chkuaseli.

The work was conducted overall very intensely. Below is
the step-by-step chronology of what was done [1].

5 November 1945. L A Artsimovich (Laboratory No. 2)
produced 70 micrograms of 12—-15% enriched uranium-235 in
one day.

Late 1946. The following developments took place at
Sector No. 5 of Laboratory No. 2, and Sector No. 1 of LFTT:

(1) theoretical and experimental studies were made of
various types of systems for forming and accelerating ion
fluxes;

(2) a number of types of ion sources were developed
experimentally;

(3) ion composition analysis was made for an ion source
using uranium tetrafluoride as a working material;

(4) separation chambers were designed and manufactured
for conducting initial isotope separation experiments.

Uranium enrichment exceeded 90%. The ion current
amounted to 20 mA. Source lifetime ranged from 1 to 2 hours.

With the experience acquired, the design and manufacture
of an industrial prototype of a separation unit started at Plant
No. 814 (Sverdlovsk-45).

Late 1947. The ion current was increased to 50 mA,
uninterrupted service time was 810 hours.

Fourth quarter 1950. The first batch of highly enriched
uranium-235 was produced at the SU-20 facility (20
separation chambers) at Plant No. 814 (Sverdlovsk-45).
Ton current ranged up to 100 mA; source lifetime, up to 48
hours. Thus, the industrial-scale separation of atomic bomb
uranium-235 became a reality. In parallel with electromag-
netic separation work, studies on molecular methods for
separating isotopes were conducted at Plant No. 813
(Chelyabinsk-40) under the leadership of I K Kikoin.
Molecular methods, while much superior in efficiency, did
not provide more than 75% enrichment of uranium-235—
compared to 94% needed for the atomic bomb. The first
Soviet atomic bomb successfully tested in August 1949 used
plutonium made in a nuclear reactor. The second atomic
bomb, tested in October 1951, used uranium-235, specifi-
cally that produced at Plant No.813 at an enrichment of
75% and subsequently improved to the required level by
using the electromagnetic method.

However, as a result of advances in developing
molecular separation techniques for enriching uranium-
235, a resolution was issued by the USSR Council of
Ministers in October 1951 whereby Plant No. 814 was
terminated as an autonomous enterprise. Electromagnetic
separation equipment was then made part of Plant No. 418
targeted at producing °Li isotopes for the hydrogen bomb
using the reaction °Li+n — T 4 *He + 4.785 MeV—an
idea proposed by V L Ginzburg and first described by him
in classified reports dated 2 December 1948, and 3 March and
23 August 1949 (see Ref. [8] for more details). The task was
successfully accomplished and on March 1953 the first Soviet
hydrogen bomb was tested, which used °Li produced by the

electromagnetic method alone. This event contributed hugely
to the prestige and authority of the Soviet Union.

Following this success, more than 3,500 people were
awarded the Stalin Prize, the following precisely for the
electromagnetic isotope separation method: at the Kurcha-
tov Institute, L A Artsimovich, I N Golovin, P M Morozov,
A M Andrianov, G Ya Shchepkin, B A Alekseev, V S Zolo-
tarev, B N Makov, S Yu Luk’yanov, M S Iloffe, and
V N Zhukov; and at the Sukhumi Physical-Technical
Institute, M Ardenne, V M Gusev, R A Demirkhanov, and
D V Chkuaseli.

The first two hydrogen bombs used °Li produced by
electromagnetic separation, but after that only molecular
methods were employed. The high-power electromagnetic
facilities were in the meantime given the task of separating
stable isotopes. By the early 1970s, new separation technolo-
gies were developed for important stable isotopes of more
than forty elements. The SU-20 facility in the USSR produced
stable isotopes of a large number of elements in amounts
ranging from fractions of a gram to many kilograms
(depending on the natural abundance), leading to isotope
applications in medicine, nuclear physics research, biological
tracer method, neutron activation analysis in geology, and so
forth.

The construction of new electromagnetic facilities for
stable isotope separation led to a considerable improvement
in the quality of isotopes and, most importantly, in that of
isotope enrichment. The facilities currently in use are S-2 and
S-5M. The development of isotope separation technologies
using nonuniform magnetic fields resulted in a 2-5-time
increase in dispersion. Instrumental in the development of
such facilities were L A Artsimovich, A F Malov, E P Fedo-
seev, and others.

Also of great importance for further advancement of the
method are ongoing improvements in ion sources for
electromagnetic isotope separation, including high efficiency
with respect to the material being separated and high working
temperatures (up to 1500 °C), the latter allowing the indus-
trial-scale, fluorine-free, environment-friendly production of
isotopes (of the platinum—palladium group, as well as the
isotopes of other elements with high vaporization tempera-
ture).

Although the electromagnetic method cannot be as
highly efficient as its molecular counterparts, it still
continues to play a major role in the production of stable
isotopes. This is currently the only method for producing
isotopes of 25—30 elements which include all rare-earth,
alkaline-earth and alkaline elements, thallium, etc.

Today, the Laboratory of Electromagnetic Isotope
Separation at the Nuclear Fusion Institute (NFI) of RRC
‘Kurchatov Institute’ produces stable isotopes of Ca, Cd, Gd,
Eu, Hg, Pd, Sm, Tl, Yb, and Zn, which are distributed both
domestically and internationally (Germany, Iran, Canada,
China, South Korea, USA, Taiwan, Uzbekistan, France,
Sweden, and Japan). Table 1 above lists the species and
enrichment factors of the isotopes produced at the Labora-
tory [9].

However, the benefit gained from the electromagnetic
separation method is not so much the production of stable
isotopes as the vast scientific and engineering experience
accumulated in the process of its development.

The ion sources developed for this technology formed the
basis of most ion sources currently used in experimental and
commercial ion-beam facilities.

The first ‘spin-off” application of the high-current ion
source developed for the electromagnetic separation method
was apparently the neutron source developed for research
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Figure 4. High-current ion source I-22 designed at P M Morozov’s
laboratory in KI.

Table 1 (compiled by R N Kuz’min, 1998).

Element, Facility Natural Enrichment | Enrichment
isotope abundance, % level factor
176y S-2 12.7 99.43 1030
168Yh S-2 0.13 86.9 5096
168Yb S-2 0.13 82.4 3597
160Gd S-5M 21.9 99.87 2740
157Gd S-5M 15.7 99.5 1070
ISIEy S-2 47.77 99.91 1213
153Eu S-2 52.23 99.97 3047
104pd S-2 11.1 99.1 882
102pd S-2 1.0 95.5 2100
67Zn S-5M 4.1 97.0 750

purposes in the late 1950s. The underlying technology of the
device was ion implantation where 200-keV deuterium ions
were implanted into titanium until reaching the concentration
ratio of 1:1, after which the same deuterium ion beam, now
bombarding deuterium-enriched titanium, produced neu-
trons by the reaction D + D — n+*He. V M Gusev and
M I Guseva used the identical reaction at the same time to
study the depth distribution of deuterium implanted into
metals.

In the 1960s, a space ion engine was built around an ion
source (Fig. 4) developed by P M Morozov’s sector
researchers in cooperation with a design team from the
Institute of Engines (aka Zarya Special Design Bureau). The
Kurchatov Institute motor design team included N F Balaev,
A G Zimelev, A Ya Kozlov, R N Kuz’min, L I Staroverov,
Yu D Pigarov, L N Pil’gunov, N I Chizhov and some others,
and their principal Zarya collaborators were Khan Girun,
V A Vetrov, M T Dedyukhin, G M Antropov, V A Shchepeti-
lov and some others. In 1968, a bismuth-based, 10-g-thrust
multislot model of an ion engine demonstrated a continuous
service lifetime of 3016 hours. The research conducted in that
period revealed a number of advantages of ion engines over
other types of electrical rocket engines. These include:

— higher energy efficiency;

— the possibility of a higher specific momentum (the ratio
of the thrust to the propellant weight flow rate);

— long service lifetime;

— larger assortment of propellants.

These features were instrumental in realizing already in
the period we are discussing that the best application for ionic

Figure S. Ion engine Zefir.

Figure 6. Stationary plasma engine Eol.

engines is in long-term space missions. Plasma engines, by
contrast, seemed more suitable for near space—as maneu-
vering engines capable of rapidly moving satellites from orbit
to orbit.

In December 1971, an artificial Earth satellite, Meteor,
was launched into orbit on the initiative of A G Zimelev,
being equipped with the liquid-metal (mercury) propelled ion
engine Zefir (Fig. 5), and in the same month the stationary
plasma engine Eol (Fig. 6) designed by A I Morozov, also of
L A Artsimovich’s Plasma Research Department, was tested.
Both space engines stood up well to testing, showing a good
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correlation of prediction to measurement for all performance
parameters, including the thrust.

Today, admittedly, ion engines find no application
because the long-term space missions for which they are
mainly intended cannot currently be provided with enough
electrical energy on board. A multiyear flight on a spacecraft
with marching ion engines is only a dream at this point. By
contrast, stationary plasma engines are currently in demand
in the space industry for their well-established ability to rather
rapidly perform orbital transfer operations with space
objects.

Based on ion sources developed in P M Morozov’s
laboratory, sources of multiply charged ions were developed
for the Dubna cyclotron, which were also used in the
G N Flerov laboratory to produce artificial transuranium
elements. For this achievement, the team led by G N Flerov
(including the Kurchatov Institute’s B M Makov, who
developed the source of multiply charged ion) was awarded
the USSR State Prize in 1975.

Ion optics has also left a good legacy. Solutions found for
electromagnetic isotope separation find direct applications in
ion implanters and ion injectors.

The problem of ion beam neutralization —a phenomenon
that occurs for high-current beams in the electromagnetic
method of isotope separation—also had to be addressed in
relation to space engines. R N Kuz’'min and N F Balaev
developed a high-efficiency plasma neutralizer for the space
ion engine Zefir. Even earlier, in 1966—-1970, a neutralizer was
utilized on the ionospheric laboratory Yantar’.

Problems with high-current ion beams stimulated in-
depth research on the physics of atomic collisions, bringing
world recognition to N V Fedorenko’s laboratory at FTI and
to O B Firsov and V A Belyaev at the Kurchatov Institute. In
1972, a series of studies titled “Elementary processes and
inelastic scattering in atomic collisions” brought the Lenin
Prize to a group of researchers including V V Afrosimov,
V A Belyaev, V M Dukel’skii, N V Fedorenko, and
O B Firsov.

But perhaps the greatest impact was made by research on
ion—surface interaction, which was initiated for developing
an ion receiver and which was given much impetus when
work on the production of uranium-235 and lithium-6 was
completed. The principal researchers in this field were
V M Gusev and M I Guseva (initially of the Sukhumi
Physical-Technical Institute and later, from the early 1960s,
of the Kurchatov Institute); B V Panin, V G Tel’kovskii, and
V M Chicherov (of L A Artsimovich’s department at the
Kurchatov Institute), and V A Molchanov and E S Mashkova
of the Chair of Atomic Physics and Electronic Phenomena at
the Physics Department of Moscow State University. Led by
L A Artsimovich, the Chair conducted significant research
on ion-surface interaction. In a major development, the
Kurchatov Institute produced a mass monochromator
(mass separator) which was transferred to the MSU
Research Institute of Nuclear Physics (staffed in part by
researchers from L A Artsimovich’s Chair). Two other
research centers on ion—surface interaction —and ones with
leading positions globally — were the Chair of Electronics at
the MSU Physics Department (V E Yurasova), and the
Institute of Electronics of the UzbekSSR Academy of
Sciences, Tashkent (U A Arifov, an alumnus of Leningrad
State University and a close collaborator with FTT and the
Kurchatov Institute).

The ion sputtering of solids was studied primarily in the
late 1950s and in the 1960s. It is these studies that led to the
possibility today of controlling erosion processes in a variety
of ion—beam and plasma facilities, including thermonuclear

ones (among them ITER, the International Thermonuclear
Experimental Reactor). Sputtering is also widely used in
coating technologies of various purposes.

The in-depth studies that were done of ion reflection from
a surface and of ion—ion emission (the latter with the use of
secondary-ion mass spectroscopy, or SIMS) formed the basis
of modern surface diagnostics techniques.

The discovery titled “The phenomenon of anisotropy in
the ion—¢lectron emission of single crystals” (E S Mashkova,
V A Molchanov, D D Odintsov, V G Tel’kovskii, and
V M Chicherov, discovery diploma No. 126, priority date
13 October 1960) was made and filed by the members of
L A Artsimovich’s Chair and those of his Department at the
Kurchatov Institute.

A remarkable legacy of the electromagnetic isotope
separation method is ion implantation. V M Gusev and
M T Guseva were the first to realize that electromagnetic
separation facilities, allowing as they do the control of ion
implantation into surface layers, are best suited for doping
semiconductors to obtain a near-surface p—n junction. The
reverse of the conductivity type in p-Ge was achieved for the
first time by M M Bredov, who in 1961 bombarded
germanium with Li* ions. In the same year, V M Gusev and
M I Guseva obtained electron-hole transitions in silicon by
bombarding it with group IIT and group V ions. The year 1963
witnessed the creation of the lon Bombardment Laboratory
(IBL) in L A Artsimovich’s Department at the Kurchatov
Institute, with V M Gusev as its head. The fundamental
studies conducted at IBL in the 1960s and early 1970s
provided the basis for ion implantation in semiconductors.
As a result, in 1979 the team led by M I Guseva was awarded
the USSR State Prize for Science and Technology for the
“Development and implementation of the series production
of special-purpose industrial ion-beam facilities, and the
basic development of industrial ion implantation technology
for the series production and development of new types of
semiconductor devices and integrated circuits for the national
economy and defense.”

In the mid-1970s, having laid a good basis for and thus
ensuring the further development of ion implantation in
semiconductors, IBL changed its focus to other topical
questions, including plasma-surface interaction in relation
to nuclear fusion and the ion implantation in nonsemicon-
ducting materials.

The ion—-beam accelerator currently in operation at IBL is
the ILU (Russian abbreviation for Ion Beam Installation
Accelerator) [11], which separates ions by mass (analogous in
fact to the mass separator S-5M) and is used both for scientific
research and in ion implantation technology (Fig. 7). Ton
implantation can increase the hardness, corrosion resistance,
and wear resistance of a metal and can reduce its friction
coefficient. It is successfully applied to drawing, cutting, and
stamping tools. Implanting ions also improves the wear
resistance and reduces the friction coefficient of elastomers.
A good illustration is the deadwood bearings on the ice-
breaker Arktika, whose elastomer bushings survived the
North Pole expedition unreplaced —in contrast to their best
foreign counterparts, which need re-bushing bearings after
each major trip. Ion-implanted elastomers were also used for
the same purpose on the icebreaker Leonid Brezhnev and in
pump bushings at the Kalinin atomic-power plant in the town
of Udomlya.

A later development, the implantation-plasma accelerator
Vita [12] features both high-energy (up to 40 keV) and low-
energy (250-300 eV) ion beams (Fig. 8).

Using the Vita apparatus as a compressor blade finishing
tool at the Ufa Engine Plant increases the blades’ useful life
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Figure 7. Ion—beam accelerator ILU. Ton energy: up to 40 keV; total
current: up to 30 mA; magnetic field: up to 5500 Oe; processed area:
15 x 20 cm?; ion species: throughout the Periodic Table.

Figure 8. Implantation-plasma accelerator Vita. High-energy ions: en-
ergy —4.0 x 10* eV, current density—2.0 x 10™* A cm™?; low-energy
ions: energy — 250-300 eV, current density —2.5 x 107> A ¢cm~2; pro-
cessed area: 110 x 250 mm?.

time by a factor of 2.5 to 3 compared to traditional
technologies.

In a recently developed technology, vacuum plasma
coating deposition (including reactive deposition) is con-
ducted simultaneously with ion implantation using high-
energy (up to 50 keV) metal ion beams (Fig. 9). This hybrid
technology increases the adhesion of coatings, including
multilayered ones, and improves their performance charac-
teristics (hardness, wear resistance, etc.).

The hybrid technology will be utilized in the joint project
in which the Saturn Research and Production Association
cooperates with Rosnano and Gazprombank to construct a
tool plant in the town of Rybinsk using RRC ‘Kurchatov
Institute’s technologies and equipment.

In conclusion, it can be said that the electromagnetic
isotope separation method played a crucial role in the
implementation of the Soviet Atomic Project and paved the
way for numerous research avenues that led both to
remarkable scientific achievements and to major modern
technologies. The electromagnetic isotope separation
method left a great legacy to build on.

Vacuum chamber Substrate

Microdrop
separating

Arc arc vaporizer

vaporizer

rersrIsIIIIISI:

V22777774
77774

Pulsed arc
implanter

Figure 9. Hybrid technology facility (vacuum plasma coating combined
with ion beam bombardment).
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