7 September 1979, Volume 205, Number 4410

Plasma and the Controlled
Thermonuclear Reaction

The choice of theme for this Nobel lec-
ture presents some difficulty for me.
Usually the lecture is connected with
work recognized by the prize. In my
case, the prize was awarded for work in
low-temperature physics, at temper-
atures of liquid helium, a few degrees
above absolute zero. It so happened that
I left this field some 30 years ago, al-
though at the institute under my director-
ship low-temperature research is still
being done. Personally I am now study-
ing plasma phenomena at those very high
temperatures that are necessary for the
thermonuclear reaction to take place.
This research has led to interesting re-
sults and has opened new possibilities,
and 1 think that as a subject for the lec-
ture this is of more interest than my past
low-temperature work. For, it is said, les
extrémes se touchent.

At present, the controlled thermonu-
clear reaction is a process for producing
energy, which can effectively resolve the
approaching global energy crisis which is
a consequence of the depletion of the
fossil fuels now used as our principal en-
ergy source.

Intensive research on fusion is done in
many countries and is connected with
fundamental studies of high-temperature
plasmas. That fusion is possible is well
beyond doubt since it actually takes
place in the explosion of hydrogen
bombs. The detailed theory concerning
fusion nuclear reactions is in agreement
with experiments. But in spite of the
great effort and the large sums of money
spent up to now, it is still not possible to
conduct or control the process of fusion
so as to make it a useful source of ener-
gy. This certainly is a cause for some be-
wilderment.
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One could expect that during the dec-
ades of experimental and theoretical
work on plasma in studying the condi-
tions for fusion we would have reached a
sufficient understanding of the various
facts that hinder us from setting up a
controlled thermonuclear reaction. It
could be expected that we should have
revealed the main difficulties that bar our
progress. In this lecture I hope to clarify
what these difficulties are and the
chances that they will be resolved. I will
also try to explain the divergence of
opinions of different scientists on the
practical possibilities for obtaining useful
thermonuclear energy. Before embark-
ing upon this subject I would like to
speak on the practical importance of ob-
taining energy from nuclear sources.

The reality of the approaching global
energy crisis is connected with the un-
avoidable lack of the raw materials gas,
oil, and coal. Also, it is generally consid-
ered that the GNP (gross national prod-
uct), which determines the well-being of
people, is proportional to the expendi-
ture of energy. Energy resources deple-
tion will inevitably lead to general im-
poverishment.

There are two main possible ways of
escaping from the approaching energy
crisis. The first, maybe the more attrac-
tive, is to extensively use the inexhaust-
ible sources of energy, namely, hydro-
electric power, the power of wind, solar
energy, and geothermal energy. The sec-
ond way is to use nuclear energy, which
was discovered by man less than a hun-
dred years ago. At present, heavy ele-
ment fission power is already cheaper
than energy from some nonexhaustible
sources.

The main fuel in these reactors is ura-
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nium. As used at present there is enough
uranium for only a hundred years. If, in
the future, uranium will be more fully
used in breeder reactors, it will last
about 50 times longer, for a few thousand
years. Some consider that uranium dis-
solved in seawater may also be efficient-
ly used for cheap energy production.
Thus it may seem that the processes now
used in modern nuclear reactions may
resolve the approaching energy crisis.
But there are important reasons for not
using uranium as a source of energy.
These arguments are mainly connected
with security.

First, the use of uranium leads to accu-
mulation of long-lived radioactive wastes
and to the problem of safely storing a
growing amount of these waste materi-
als. This is a problem that at present has
not been definitely solved. Second, in a
large energy-producing nuclear power
plant a vast amount of radioactive mate-
rial is accumulated, so that in a hypothet-
ical accident, the dispersion of this mate-
rial might lead to a catastrophe com-
parable in scale to that of Hiroshima.

1 think that eventhally modern tech-
ndlogy will resolve these two dangers.
But there is still a third hazard, even
more grave. The danger is that the con-
struction. of great numbers of nuclear
power stations will inevitably lead to
such huge amounts of radioactive mate-
rial disseminated around the world that
an efficient control on its proper use will
be practically impossible. In the long tiin
not only a small country, but even a
wealthy man or a large industrial organ-
ization, will be able to build its own atomic
bomb. There is at present no secret of
the bomb. The necessary amount of plu-
tonium, especially if breeders are to be
widely built, will be readily available.
Thus, recently, in India a small bomb
was built and exploded. With the present
system of international organizations
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there is no one with sufficient authority
that could execute the necessary control
of the peaceful use of uranium as a
source of energy. Moreover, it is not
clear how such an organization could be
set up. This is the main reason why it is
most important to obtain energy by the
third way, through the process of ther-
monuclear fusion.

It is common knowledge that this pro-
cess will not lead to generation of large
amounts of radioactive wastes and thus
to a dangerous accumulation of radio-
active material, nor does it open up any
chances for a feasible nuclear explosion.
This is the main reason why the solution
of the scientific and technical problems
involved in controlled thermonuclear fu-
sion is considered of prime importance
by many physicists.

The conditions for the thermonuclear
reaction for energy production have
been firmly established. There are two
reactions of importance: the D + D and
D + T process. The first one is the reac-
tion between two nuclei of deuterium.
The second occurs in the interaction of
deuterium with tritium. In both cases
fast neutrons are emitted, whose energy
may be used. Since a small amount of
deuterium is present in water and is easy
to extract, an abundant source of fuel is
available. Free tritium practically does
not exist in nature and tritium has to be
produced, as it is usually done, through
the interaction of neutrons with lithium.

The thermonuclear reaction is to take
place in high-temperature plasma. In or-
der to use the energy of neutrons practi-
cally the production of energy has to be
greater than the power used to sustain
the high plasma temperature. Thus the
energy obtained from the neutrons has to
be much greater than the bremsstrahlung
radiation of the electron gas in the
plasma. Calculations show that for use-
ful energy production for the D + D re-
action the necessary ion temperature is
ten times greater than in the case of the
D + T reaction. Although the D + T re-
action works at a lower temperature, it is
hampered by the necessity to burn lith-
ium, whose amount in nature is limited.
Moreover, it seems that the use of lith-
ium complicates the design of the reac-
tor. Calculations show that for obtaining
useful energy the temperature of ions in
a plasma for the D + D reaction should
be about 10° K and for the D + T reac-
tion about 10® K.

From research in plasma and nuclear
physics it is thus known that, for practi-
cal energy generation purposes, the tech-
nical problem of realizing a controlled
thermonuclear reaction is reduced to ob-
taining a plasma ion temperature of at
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least 10® K, with a density of 10" to 10'*
cm™, It is obvious that the containment
of a plasma in this state by any ordinary
vessel is not feasible since there is no
material that can withstand the neces-
sary high temperature.

A number of methods for the contain-
ment of plasma and its thermal isolation
have been suggested. The most original
and promising method was the Tokamak
which was proposed in the Soviet Union
and which has been under development
for more than a decade (/, p. 15). The
principle of its operation is illustrated by
the design shown in Fig. 1. The plasma is
confined by a magnetic field, produced in
a toroidal solenoid. The plasma has the
form of a ring of a radius R and a cross
section a placed in the coil. The plasma
is kept at a pressure of a few atmo-
spheres. As it expands in the magnetic
field, currents that retard this expansion
are excited. The plasma is surrounded by
a vacuum insulation, in order to sustain
the sufficiently high temperatures at
which thermonuclear reactions take
place. This method of confinement is
limited in time. Calculations show that,
because of the low thermal capacity of
the plasma, the energy for initial plasma
heating, even in cases when the plasma
exists for a few seconds, will be small as
compared to the generated thermonu-
clear energy. Thus a reactor of this type
may effectively work only in a pulsed
mode. The Tokamak is started as a beta-
tron, that is, by discharging condensors
through the coils of the transformer
yoke. In practice, plasma confinement
by this method is not simple. First, there
are difficulties in stabilizing the plasma
ring in the magnetic field. With the
growth of the cross-section radius ¢ and
moreover of the torus radius R, the ring
loses its proper form and becomes un-
stable. This difficulty may be circum-
vented by choosing the appropriate ratio
of R to a, and by properly designing the
magnetic field, although at present the
time for plasma confinement is only a
fraction of a second. It is assumed that,
by scaling up the Tokamak, this time will
be proportional to the square of the size
of the machine.

But the main difficulty is attributable
to causes not fully appreciated in the be-
ginning. For the thermonuclear reaction,
the D and T ions must be heated. The
main difficulty in passing heat to them is
due to the fact that the plasma is heated
by an electric field. In this case all the
energy is transferred to the electrons and
is only slowly transferred to the ions be-
cause of their large mass as compared to
the mass of the electrons. At higher tem-
peratures, this heat transfer gets even

less efficient. In the Tokamak, the
plasma is heated by the betatron current
induced through the condensor dis-
charge. Thus, all the energy for heating
the plasma is confined to the electrons
and is transformed to the ions by colli-
sions. To heat the ions to the desired
temperatures the necessary time Ar is
much longer than the time during which
we may maintain heating of the plasma
by an electric current. The usual calcu-
lations are complicated, and attempts
were made to do them as exactly as pos-
sible; even so, they lose in clarity. It is
easy to estimate the lower time limit in
which the ion heating may be made by
the following simple formula (2, p. 24,
expression 14).

T 312
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It is assumed that during heating the
plasma density (1),
LT3 10
T.
and that the pressure p (atmospheres)
and the electron temperature 7, are con-
stant.

The coefficient f'is equal to the ratio of
the ion mass to that of the proton; A is
the well-known logarithmic factor (3),
and T; is the ion temperature. For mod-
ern Tokamaks, operating withthe D + T
reaction and at plasma temperatures
T; =5 x 10 K and n =3 X 10" ¢cm™
(with an initial electron temperature
T. = 10° K), the time necessary to heat
the ions to nuclear process temperatures
is more than 22 seconds, at least two or-
ders of magnitude more than con-
finement times in the modern Tokamaks.
The plasma confinement time may be
made greater only by building a larger
machine, since the time At is proportion-
al to the square of the size. From this for-
mula it also follows that the time Ar for
the D + D reaction is greater by another
two orders of magnitude, and then
Ar ~ 2 x 10® seconds. The difficulties
with the time for heating the ions is now
fully recognized, although one cannot
see how to shorten this time and how a
Tokamak may work if, before the plasma
ions have been heated, all the betatron
energy from the condensors will be fully
irradiated by the electrons. That is why
in the current Tokamak projects extra-
neous energy sources are envisaged
which are greater than the energy of the
betatron process, which is used only for
initially firing the plasma.

Extra energy must be transferred to
the ions by a more efficient way than
Coulomb scattering of electrons on ions.
There are two possible processes for
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this. The first (/, p. 20) and already used
consists in injecting into the plasma ring
atoms of deuterium or tritium, already
accelerated to temperatures necessary
for the thermonuclear reaction. The sec-
ond process of heating is through ex-
citing radial Alfvén magnetoacoustic
waves in the external magnetic field by
the circulating high-frequency current. It
is known (3) that the energy dissipated
by magnetoacoustic waves is directly
passed onto the ions and the transmitted
power may be sufficient to heat the ions
and sustain their temperature for a suffi-
ciently long time. Thus the problem of
heating the ions may be solved although
the mode of operation of Tokamak will
be more complicated than at first sug-
gested. The design of the Tokamak be-
comes more complicated and its efficien-
cy diminishes.

In all nuclear reactors, the power gen-
erated is proportional to the volume of
the active zone, and the losses are main-
ly proportional to its surface. Therefore
the efficiency of nuclear reactors is great-
er for larger sizes, and there exists a crit-
ical size for a nuclear reactor, after
which it may generate useful power. The
practically necessary dimension is deter-
mined not by scientists but by the engi-
neers who design the machine in general,
with proper choice of all the auxiliaries
and the technology necessary for energy
production. The following development
is to a great measure determined by the
talent and inventive ability of the design
engineers. That is why the critical size of
the Tokamak will be mainly determined
by the designs proposed. Personally, I
think that the existing published design

Ohmic heating,
poloidal field
supply (typical)

Magnetic
transformer
cores

A 4

Current for
toroidal field |

Poloidal field

Toroidal field

Axial current

solutions lead us to a critical size for
Tokamaks that make them unfeasible.
But certainly life does show that the in-
genuity of man has no limits and there-
fore one cannot be sure that a practically
useful critical size of Tokamaks may not
be reached in the future.

Although the main difficulty for ob-
taining a thermonuclear reaction in
Tokamaks is the heating of deuterium
and tritium ions, there are difficulties of
still another kind, which does not have a
well-defined solution. In a Tokamak, for
example, the plasma attracts and ab-
sorbs impurities extracted from the walls
of the container. These impurities great-
ly lower the reaction rate. The plasma
emits neutral atoms that hit and erode
the wall. Moreover, the extraction of en-
ergy from neutrons also complicates the
design of the Tokamak and leads to a
larger critical size. Will we be able to
bring the critical dimension of the Toka-
mak to a practically possible size? Even
if it will eventually happen, of course we
have no means to say when it will hap-
pen. Now we may only state that there
are no theoretical reasons why in a Toka-
mak controlled thermonuclear reactions
are not feasible, but the possibility of re-
leasing useful energy is still beyond the
scale of current practice.

Among other ways of controlling ther-
monuclear fusion, serious considerations
should be given to the pulsed methods in
the absence of magnetic confinement (/,
p. 33). The idea is to heat a D + T pellet
about 1 millimeter in diameter in a short
time so that it will not have time to fly
apart. For this, very high pressures are
necessary, to ensure intensive heat trans-
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fer between ions and electrons. It is as-
sumed that in this way the thermonu-
clear reaction ina D + T pellet may fully
take place. For this it is necessary to
have a very powerful source of focused
laser light that should heat the pellet
from all sides simultaneously in about a
nanosecond. This heating is a com-
plicated process, but with modern com-
puters the necessary conditions may be
calculated. If we illuminate a pellet by
well-focused laser beams, this may lead
to a surplus of thermonuclear energy.
But when one considers this process in
detail, it is not clear how one can possi-
bly resolve the technical and engineering
difficulties. How, for instance, can uni-
form and simultaneous illumination be
assured and can the neutron energy be
usefully exploited?

In this case it may also be said that the
basic theoretical idea is sound, but the
consequent engineering development
with current technology is beyond our
reach. It is not possible to exclude com-
pletely a solution to this problem, al-
though the design for laser implosion
seems to me even less probable than the
pulsed magnetic methods like the Toka-
mak.

The third approach to a thermonuclear
reactor is based on continuously heating
the plasma. Up to now this method has
been developed only at our institute. Our
work was described 9 years ago ).
Since then this type of reactor has been
studied in detail, and the main difficulties
that will be encountered are visible. I
will describe here in general terms the
problems demanding a scientific solu-
tion.
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Fig. 1 (left). Main features of a Tokamak.
of the high-frequency field in a resonator for E,, oscillations.

Epy oscillations

Fig. 2 (right). Structure
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As distinct from Tokamaks and the la-
ser implosion method for producing con-
ditions for the thermonuclear process,
our method was not specially invented,
but while developing a high-power, con-
tinuously operated microwave generator
accidentally we discovered a hot plasma
phenomenon. We constructed an effi-
cient microwave generator operating at
20-cm wavelength with a power of a few
hundred kilowatts. This generator was
called the Nigotron, and its principles
are described in (5); full details of its con-
struction and operating characteristics
are given in (6). In the process of its de-
velopment, beginning in 1950, during
tests of our early model, high-power mi-
crowave radiation was passed through a
quartz sphere filled with helium at a pres-
sure of 10 cm-Hg. A luminescent dis-
charge with well-defined boundaries was
observed, but only for a few seconds be-
cause the quartz sphere melted through
in one place.

These observations led to the sugges-
tion that the ball lightning may be due to
high-frequency waves, such as produced
by a thunderstorm cloud after the con-
ventional lightning discharge. Thus the
necessary energy is produced for sus-
taining the extensive luminosity ob-
served in ball lightning. This hypothe-
sis was published in 1955 (7). After some
years we were in a position to resume
our experiments. In March 1958, we ob-
tained a free gas discharge in a spherical
resonator filled with helium at atmo-
spheric pressure under resonance condi-
tions with intense Hy, oscillations. This
discharge was oval-shaped and was
formed in the region of the maximum of
the electric field and moved slowly, fol-
lowing the circular lines of force.

We started to study this type of dis-
charge where the plasma was not in di-
rect contact with the walls of the resona-
tor. We assume that this plasma may be
at a high temperature. For a number of
years we studied this interesting phe-
nomenon in various gases and at dif-
ferent pressures, up to some tens of at-
mospheres at different power levels,
reaching tens of kilowatts. We also stud-
ied the effect of a magnetic field reaching
2.5 T in our experiments. This work is
described in detail in @). A sketch of our
setup is shown in Fig. 2.

The plasma discharge has a cordlike
form 10 cm long, equal to half the wave-
length. Intense microwave oscillations Ey;
are excited in a cylindrical resonator.
The cord of the discharge is situated at
the maximum of the electric field, and its
stability along the longitudinal axis was
due to the high-frequency electric field.
In aradial direction the stability was pro-
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Fig. 3. Photograph of a cord discharge in deu-
terium with an admixture of 5 percent argon at
high power (P = 14.7 kW) and high pressure
(p = 3.32 atmospheres). The length of the dis-
charge was 10 cm. The left edge of the dis-
charge is blocked by the window. Oscillations
were of Ey; type.

vided by rotating the gas. The discharge
in hydrogen or deuterium was of great in-
terest. At low powers the discharge did
not have a well-defined boundary and its
luminosity was diffuse. At higher power
the luminosity was greater and the diam-
eter of the discharge increased. Inside
the discharge a well-defined filamentary
cordlike nucleus was observed. In our
initial experiments the power dissipated
in the discharge was up to 15 kW and the
pressure reached 25 atmospheres. The
higher the pressure, the more stable was
the discharge, with a well-defined shape
(Fig. 3). By measuring the conductivity
of the plasma and by using passive and
active spectral diagnostics we could
firmly establish that the central part of
the discharge had a very high temper-
ature—more than a million kelvins.
Thus, at the boundary of the plasma cord
in the space of a few millimeters we had
a discontinuity of temperature of more
than a million kelvins. This meant that at
its surface there was a layer of very high
heat isolation. At first some doubt was
expressed about the existence of such a
layer. Various methods of plasma diag-
nostics were used, but they all, and al-
ways, confirmed the extremely high tem-
perature. Later we found out how to
explain the physical nature of this
temperature jump. It is easy to show that
at these high temperatures electrons
scattered at the boundary and while free-
ly diffusing into the surrounding gas can
carry away a power of hundreds of kilo-
watts. The lack of such a thermal flux
may be explained by assuming the exis-
tence of electrons reflected without loss-
es at the boundary of a double layer. The
occurrence of a similar phenomenon is
well known, as such a layer exists in hot
plasmas surrounded by dielectric walls,
say, of glass or ceramics.

It is well known that in these condi-
tions, even at high pressures, the elec-
trons may have a temperature of many

ten thousands of kelvins and still not
markedly heat the walls. This phenome-
non may be well explained by the exis-
tence of a double layer on the dielectric
surface. The mechanism leading to its
formation is simple. When the electron
hits the surface, owing to its greater mo-
bility it penetrates the dielectric to a
greater depth than the ions and leads to
the formation of an electric double layer,
whose electric field is so directed that it
elastically reflects the hot electrons. The
low electron heat conductance at the sur-
face of plasmas is widely used in gas dis-
charge lamps, and the method of plasma
heat insulation was first suggested by
Langmuir. We assume that at a suffi-
ciently high pressure a similar mecha-
nism of heat insulation may take place in
our hot plasma. The existence of a dou-
ble layer in the plasma on the boundary
of the cord discharge as a discontinuity
in density was experimentally observed
by us. This mechanism for a temperature
discontinuity may exist only if the ion
temperature is much lower than the elec-
tron temperature and not much above
the temperature at which the plasma is
noticeably ionized. But this is only nec-
essary at the boundary of the discharge.
In the central part of the discharge, the
ion temperature may reach high values.
As we will see further, the difference in
temperatures inside the core and at the
surface is determined by the value of the
thermal flux and the heat conductivity of
the ion gas. Usually the heat con-
ductivity is high, but in a strong magnetic
field the transverse heat conductivity
may become very small. Thus, we may
expect that in a strong magnetic field the
ion temperature in the core will not differ
from the electron temperature and may
be sufficiently high to obtain in a deute-
rium or tritium plasma a thermonuclear
reaction. This is the basis for designing a
thermonuclear reaction to produce use-
ful energy, and this has been worked out
&) . The general outlay and the descrip-
tion of the reactor are shown in Fig. 4.
The cord discharge (/) takes place in a
confining vessel and resonator (2). The
deuterium pressure is 30 atmospheres,
the magnetic field 1 T, produced by an
ordinary solenoid. The design shows
how the neutron energy is used. The gas
heated by the neutrons passes through a
gas turbine (5) where it adiabatically ex-
pands. Next it passes through a turbo-
compressor (6) and is isothermally com-
pressed. The excess power is consumed
in the generator (8). The cord discharge
is heated by a high-frequency field as it is
done in cylindrical resonators (see Fig.
2). The difference is in the coil surround-
ing the discharge and used to excite mag-
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netoacoustic waves so as to raise the
plasma ion temperature (4, p. 1003).

This design and pertinent calculations
were published in 1970 (8, p. 200) and
demonstrate the expected parameters of
our thermonuclear reactor, when work-
ing with our plasma cord.

As time passed we were able to in-
crease considerably our understanding
of the processes in the plasma. We have
mainly improved the microwave diag-
nostics, and it is now possible to mea-
sure with an accuracy of 5 percent the
radial density distribution, its depen-
dence on the magnetic field, pressure,
and supplied microwave power. The
necessary stability conditions have been
established. All this has allowed us to
raise the microwave power by many
times and thus increase the electron tem-
perature up to 50 million kelvins. If we
could establish temperature equilibrium
between the electrons and ions even
without the extra heating of the plasma
by magnetoacoustic oscillations, we
could have reached the D + T reaction.
The design of the reactor is simpler and
its size is smaller so that the thermonu-
clear reactor becomes not only easier to
build but also the neutron energy is eas-
ier to convert to mechanical power. Thus
we escape the main difficulties on the
way to building pulsed type of thermonu-
clear reactors.

But still we have also some unresolved
difficulties that merit most serious con-
sideration because they may make the
whole problem unsolvable. The main dif-
ficulty is the following. Now we can ob-
tain in our installation a high-frequency
discharge at a pressure of 25 atmo-
spheres and continuously maintain the
electrons at a temperature of 50 million
kelvins, and going to a greater size even
more. At present the size of our dis-
charge is limited only by the power con-
veyed to it. Thus we have permanently
an electron gas with a record high tem-
perature, even higher than the electron
temperature inside the sun. The main
problem is to heat the ions to the same
temperature for, although the electron
gas interacts with the ions in the entire
volume of the discharge, it is not easy to
raise this temperature in such a way.

The temperature equalization pro-
ceeds in two steps. In the first step the
energy is passed from the electrons to
the ions. This is simply due to the colli-
sions of electrons with ions, and in this
case it is obvious that the heat transfer
will be proportional to the volume. The
next stage is the transfer of energy from
the ion gas to the surrounding media.
This flux will be proportional to the sur-
face of the plasma cord. At a given ther-
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mal conductivity of the ion gas the tem-
perature will increase for larger sizes of
the plasma cord. Thus at a certain heat
conductivity there will be a critical size
for the diameter of the plasma cord,
when the ion temperature will reach a
value close to that of the electrons and
the required D + D or D + T reaction
can take place. If we know the heat con-
ductivity of the plasma, then it is easy to
calculate the critical dimension. If, for
example, we make this calculation for
ordinary ion plasma in the absence of a
magnetic field, when the heat conductivi-
ty is determined by the mean free path,
we will find that the plasma must have an
unrealizably large size of many kilome-
ters. One can lower this cross section on-
ly by decreasing the heat conductivity of
the ion gas by placing it in a magnetic
field as it is done in the reactor shown in
Fig. 4. The heat conductivity of an ion
gas in a magnetic field is markedly de-
creased and is determined not by the
mean free path but by the radius of Lar-
mor orbits, the size of which is inversely
proportional to the magnetic field. The
thermal conductivity of ion gas in a mag-
netic field is easy to calculate.

It is thus seen that the critical diameter
of the cord is inversely proportional to

the magnetic field and at a field of a few
tesla the diameter of the cord necessary
to obtain thermal neutrons will be 5 to 10
cm, which can readily be provided for.
For this we need a plasma installation
considerably greater than the one in
which we at present study the nature of
the electron gas in the plasma. In our lab-
oratory this installation is quite feasible
and is now under construction.

It may be shown that the continuously
operated reactor which we have de-
scribed makes it possible to obtain con-
ditions net only for the D + T reaction
but also for D + D, if it were not for yet
another factor that could eventually
make the whole process unfeasible.

We determined the heat conductivity
of the ion gas by considering the mean
free path of the ion, assuming it to be
equal to the Larmor orbit radius, but not
having taken into account the effect of
convection fluxes of heat in a gas. It is
well known that even in ordinary gases
the convection heat transfer is much
larger than the heat conduction due to
molecular collisions. It is also known
that unfortunately it is virtually impos-
sible to calculate theoretically the heat
transfer by convective currents even for
the simple case of random turbulent mo-
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Fig. 4. Drawing of the construction of a thermonuclear reactor operating on a closed cycle. 1,
cord discharge; 2, cylindrical container of the reactor; 3, inclined nozzles; 4, pipe connecting
the container of the reactor with the gas turbine; 5, gas turbine; 6, isothermal compressor; 7,
cooling water; 8, generator; 9, coaxial waveguide; 10, coil for the alternating magnetic field; 11,
solenoid; 12, copper wall of the resonator; L, length of the resonator; L,, length of the so-
lenoid; P,, power of magnetoacoustic oscillations; P, high-frequency power; A, radius of
the resonator; A,, internal radius of the winding; A,, external radius of the winding; 21,
length of the cord discharge; 2a, diameter of the cord discharge; /, distance between the

wall of the container and the resonator.
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tion in an ordinary gas. However, usual-
ly we can, by dimensional considera-
tions, estimate the thermal conductivity
in a similar case and then generalize it for
a special case, determining the necessary
coefficients empirically. In the case of
plasma the process depends on many
more parameters and the problem of de-
termining the convectional thermal con-
ductivity is more complicated than in an
ordinary gas. But theoretically we may
estimate which factors have most influ-
ence on the rate of convection. To sus-
tain convection one must supply energy.
In a gas this energy is drawn from the
kinetic energy of the flow.

In a quiescent plasma there is no such
source of energy. But in an ionized
plasma there may be another source of
energy that will excite convection. This
source is connected with temperature
gradients and some of the thermal energy
flux could produce convection. Quan-
titatively this process is described by in-
ternal stresses and was first studied by
Maxwell (9), who showed that internal
stresses are proportional to the square of
viscosity derivative and of the temper-
ature gradient. In an ordinary gas the
stresses are so small that up to now they
have not yet been experimentally ob-
served. This is because the viscosity,
which is proportional to the mean free

path at normal pressures, is equal to
about 107® cm, and hence at low temper-
ature gradients the stresses are small.

In the plasma the mean free path of
electrons and ions is of the order of cen-
timeters, and the temperature gradients
are high. In this case the internal stresses
following Maxwell’s formula are ten or-
ders of magnitude greater than in a gas,
and we may expect both convection cur-
rents and turbulence. The presence of a
magnetic field certainly can have an ef-
fect on this phenomenon and, with addi-
tional effect of an electric field on con-
vection, it makes even a rough theoreti-
cal approach to estimating the magnitude
of convection very unreliable. Therefore
the only alternative is to study these pro-
cesses experimentally and this is what
we are now doing.

However, convectional thermal con-
ductivity will lower the heating of ions
and will lead to a greater critical cross
section for the thermonuclear plasma
cord. Correspondingly, the size of the re-
actors for useful energy production will
be greater.

If this size will be out of our practical
reach, then we should consider methods
to decrease convectional heat transfer.
This may be done by creating on the
boundary of the plasma a layer without
turbulence as happens in fluids where we

Comparative Biochemistry and Drug
Design for Infectious Disease

Proteins should be targets for

chemotherapeutic agents.

Some 70 years ago, Paul Ehrlich stated
the aim of a specific chemotherapy to be
the use of drugs to exterminate an in-
vading organism without injury to the
host (/, 2). Occasionally, this aim has
been achieved as a result of the empirical
screening of selected drugs. For the most
part, useful compounds were found with-
out insight as to the essential role of the
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structure affected by the discriminating
inhibitory agent. Such insights have usu-
ally developed long after the initial dis-
covery of the compound and have oc-
curred in the course of studies on the
mode of action of the inhibitory antibiot-
ic or synthetic substance. The knowl-
edge gained from such studies is now
among the major elements in our per-
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have the Prandtl boundary layer. This
possibility has been theoretically consid-
ered @, p. 1002).

In conclusion we may say that the
pulsed method used in Tokamaks can
now be fully worked out theoretically,
but the construction of a thermonuclear
reactor, based on this method, leads to a
large and complicated machine. In con-
trast, our thermonuclear reactor is
simple in construction, but practical
means of its realization and size depend
on convection heat transfer processes
that cannot be treated on a theoretical
basis alone.

The main attraction of scientific work
is that it leads to problems, the solutions
of which cannot be foreseen, and that is
why, to a scientist, research on the con-
trolled thermonuclear reactions is so fas-
cinating.
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ceptions of the complexities and dif-
ferences among organisms (3-5). These
biochemical differences, which consti-
tute the growing body of data of com-
parative biochemistry, are of two major
kinds. One relates to the diversity of
metabolic systems in various organisms
and may be exemplified by differences in
the biosynthesis of essential metabolites
such as lysine and nicotinamide, or in
other metabolic pathways. The second
relates to the new data of molecular biol-
ogy which affirm that differences in nu-
cleic acid composition and sequence be-
tween organisms compel differences in
the structures of essentially all of the
proteins and enzymes of parasites and
their hosts. The first type of difference
can yield information as to the essential-
ity of a metabolic system for the multipli-
cation or survival of both parasite and
host. In order that such an essential sys-
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