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NUCLEAR REACTOR WITH A LASER FUSION NEUTRON SOURCE
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The latter half of the 20th century was marked by the vigorous development of nuclear power. At present, in a number
of European countries, in the United States, and in Japan, nuclear power plants account for as much as 25 to 75 percent
of the total electricity production. However, in Russia, a country that has lived through the consequences of the
Chernobyl accident, society will not accept nuclear power until it is assured beyond any doubt that nuclear power
plants are completely safe. The authors of the article published below suggest a version of an absolutely safe reactor.
This reactor is called "hybrid" because it combines fission and fusion subsystems. The prospects for its creation were
discussed at a meeting of the Presidium of the Russian Academy of Science, which approved the scientific ideas
underlying the design of this reactor.
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The situation has greatly changed since the first nuclear power plants appeared. In the past, the chief
concern was the economy of fissionable materials (they were in short supply and expensive) and their
turnover. Hence, intense energy liberation in the reactor core. At present, Russia is glutted with uranium
and plutonium as a result of nuclear disarmament and the curtailment of nuclear power programs. Now
the nuclear power industry has other priorities, the main one being safety — something for which one
has to pay.

For instance, it is well known what serious consequences may result from the destruction of the
coolant circuit. When a reactor is shut down and nuclear fission is stopped, there is the so-called
afterheat due to the radioactive decay of the accumulated fission products. This heat may be high enough
to melt the fuel elements and cause radioactivity to escape outside.

The rate at which the heat of decay is liberated is proportional to the operating power of the
reactor per unit volume of the fuel elements. Therefore, by reducing the specific power, it is possible to
decrease the heat of decay to a level at which it does not melt the fuel elements and is removed naturally
— by. heat conduction, radiation, or convection (depending on the reactor design). The lifetime of fuel
elements in the reactor increases correspondingly, and fuel elements may remain serviceable for as long
as the entire nuclear plant is in operation (for several decades, rather than several years!). Obviously, this
is a highly important factor for enhancing the safety of the nuclear plant and simplifying its operation.

At the same time, the principal hazard inherent in any reactor with a self-sustained chain reaction

. is fast, uncontrolled (explosive) energy release. The point is that each system capable of neutron
multiplication is either in a subcritical or supercritical state. In the former case, the number of neutrons
generated at any moment of time is less than that generated at the preceding moment, and the reaction
dies down. In the latter case, the rate of reaction rises with time. These two states are separated by a
critical state in which the rate of heat release is kept constant. A stationary state is characteristic of all
continuously operating reactors.

, Criticality, however, is a degenerate state: it is a mere boundary; at which it is very difficult to
remain without falling into the subcritical or supercritical region. Steady-state operation is achieved by
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manipulating the absorbing rods, which are controlled by numerous sensors arranged in the reactor core.
This is done either automatically or by an operator. There are two types of critical state: lower (all
neutrons are counted in the balance) and upper (delayed neutrons are excluded). Let us recall that, in the
act of fission, neutrons are released not only instantaneously but also within about a minute of the
moment of fission. Delayed neutrons account for up to 1.5 per cent of the total. When the reaction is past
the lower state but has not yet reached the upper state, its rate slows until the appearance of delayed
neutrons. This affords a time margin of safety, during which the mechanical protection system of the
reactor can be set in motion. It is impermissible or extremely dangerous to go beyond the upper critical
state, in which the neutron flux builds up within fractions of a millisecond.

Apparently, the reactor must be controlled with an accuracy of higher than one per cent. This can
be successfully done under normal conditions but not in unforeseen and sudden contingencies. When
power began to rise in the fourth unit of the Chernobyl power plant, the water in the coolant circuit began
to overheat, turning into steam. The reactivity went up, and positive feedback appeared (as the power
rose, its rate of growth increased), which determined the scope of the disaster. At the same time, the
supercriticality, which did not exceed several percent, was a function of the specific state of the reactor
fuel (when the reactor is started up and the fuel is in the initial condition, the "steam" effect has an
opposite, i.e., negative sign). -

It is precisely the high accuracy of foresight needed in reactor control that makes the problem of
reactor safety so difficult.

On the other hand, the uncertainty of all unforeseen factors that may bring the reactor to a
supercritical state does not exceed several percent. If a reactor had a subcriticality of 5-10 per cent, then,
apparently, it would never go into a dangerous supercritical state, regardless of any abnormalities in the
burning of the fuel and the temperature of the fuel elements, moderator, and coolant. But a subcritical
reactor is dead and cannot sustain a fission reaction. In such a reactor the required rate of energy release
can be obtained only with the help of an external neutron source.

A measure of reactivity is the neutron multiplication factor &, by which the numbcr of neutrons
released in the act of fission (V) must be divided to change the system from supercriticality (k>1) or
subcriticality (k<1) to a critical state. At such time, an average of d fission acts will occur per one
external neutron coming to the subcritical reactor: d = 2/v (1-k). With k = 0.9-0.95, one neutron from an
external source accounts for about 10 fissions.

Now we will proceed to the central point of the discussion and try to answer the following
question: What can be used as a neutron source of fairly high intensity?

In principle, it may be particle accelerators that induce nuclear reactions between hydrogen
isotopes. We, however, will discuss a laser neutron source, or, more specifically, an impulse-periodic
source based on laser fusion. It is well known that laser fusion requires laser light energy to be
concentrated within a small fraction of a cubic millimetre. The thermonuclear target is repeatedly
compressed and heated to a temperature of about 100 million degrees, thus causing nuclear fusion
reactions to occur between isotopes of hydrogen-deuterium and tritium: D + T= a + n. The fusion
results in an a-particle, which remains within the combustion chamber, and a 14 MeV neutron, which
escapes outside.

Our preference for laser fusion over other neutron sources is due to the fact that only in this
scheme is the target chamber - the fusion combustion zone - spaced from the energy source (lasers) by
tens of metres. The chamber, provided with channels for the injection of laser light (preferably with one
channel-one-side irradiation) is rather small and can be easily set up in the reactor core. This is
practically inconceivable for a "tokamak" or a particle accelerator.

Here, it is necessary to note the following. When a fission section and a fusion section are
combined in one device, the accepted term for such a device is a hybrid reactor (Fig. 1). The blanket of a
fusion reactor may be passive Uranium-238, in which case it acts as a plutonium accumulator. It has the
same purpose as the breeding blanket of a fast-neutron reactor, but its rationale raises the same doubts as
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Fig. 1 Hybrid fission-fusion Reactor; | - laser unit (1.1 - master oscillator, 1,2 - preamplifier, 1,3 - laser driver);
2 - fusion chamber with target; 3 - blanket; 4 - radiation shielding; 5 - containment; 6 - steam turbine unit.

that of this reactor. The question is: why should we produce plutonium at one place in order to use it
years later somewhere else, having paid for its transportation and chemical reprocessing? Apart from
ecological hazards, this creates military and political problems. It is well known that in 1980, the then US
President J. Carter, concerned about uncontrolled proliferation of Plutonium, the main component of
nuclear weapons, issued an order banning the construction of fast-neutron breeder reactors.

One neutron with an energy of 14 MeV coming to an infinite medium of Uranium-238 accounts
for one fission act, i.e., the energy output is ten times greater than in the act of fusion. In actual fact, the
energy release is appreciably smaller because the neutrons are slowed down and absorbed not only in the
uranium but also in the structural materials and the coolant.

In the given version of a hybrid reactor, fusion neutrons are used in a different arrangement. The
neutrons go to a subcritical multiplying blanket. There are no provisions for the accumulation or
chemical extraction of plutonium; it enters into reaction then and there. If ten fission acts occur per
neutron, the amount of energy released in the uranium blanket will be 100 times greater than in the
fusion blanket. In other words, the fusion section of the reactor generates one percent of the energy but
ensures the safety of the whole reactor.

The hybrid system that combines a subcritical assembly and a fusion source seems to be more
complicated than either of these two sections. What then are the advantages of the combination?

Because the reactor is in a subcritical state, its control is simplified or fully automated. Unlike the
conventional reactors, where control rods use strong neutron absorbers, our version may use Uranium-
238. It enables subcriticality to be maintained at the desired level, though Uranium-238 does not absorb a
neutron but, figuratively speaking, "borrows" it, since, several days later, it returns the neutron
absorption product in the form of an active atom of Plutonium-239. This circumstance and the fact that
the external source contributes its own neutrons substantially improves the neutron balance. For instance,
a heavy-hydrogen blanket with a neutron multiplication factor of 0.95 allows natural uranium to be
burned up to 3.5-4 per cent. Consequently, in the consumption of natural uranium, our reactor is 8 to 10
times more economical than the standard RBMK- and VVER-type reactors. Lastly, RBMK and VVER
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Fig. 2 Calculated relationships between fusion gain factor of the target (k) and laser
energy (E). Data 1 - 4 have been obtained by the Lawrence Livermore National
Laboratory (USA), 5 by the Lebedev Physical Institute and the Institute of Applied
Mathematics, RAS, 1 (optimistic prognosis) and 2 (pessimistic prognosis) correspond to
the conditions of “indirect” target compression, 3 and 4 (conventional laser pulse), and 5
(profiled pulse) to the conditions of "direct” target compression.
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Fig. 3 Energy fluxes in a hybrid fission-fusion reactor
reactors pose considerable difficulties when power must be readjusted (winter-summer, day-night). For a
hybrid reactor, such difficulties are practically nonexistent: they can be easily dealt with by varying the
shot repetition rate of the lasers and by adjusting subcriticality within close limits. Turning off the lasers
instantly stops the fission.

Now, let us look at the hybnd reactor from another angle. Since a nuclear fusion reaction is
excited with the help of a laser, why use uranium fission reactions? Is it not better to confine ourselves to
a "clean" hydrogen fusion reaction, as scientists are trying to do in the United States and Japan?

-Before answering these questions, we will clarify one point. It is not accidental that the word
"clean" is in quotation marks. The reaction of deuterium with tritium produces high-energy.  neutrons,
which, in the absence of uranium, interact with the surrounding materials through all channels: (, 2n),
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(n, p), (n, @), and (n, y). This results in the so-called induced radioactivity, which essentially does not
differ from fission fragment radioactivity. The ecological risk connected with the penetration of
radioactive products into the environment is determined by the quantity of radioactive substances
multiplied by the probability of an accident, i.e., it is a complicated function of the whole device. So far
as operation and maintenance of a hybrid reactor are concerned, they require the use of robots, just as in
any nuclear method of energy generation.

With the efficiency of lasers, which, it is optimistically expected, will be brought up to several
per cent, it can be hoped that the energy cycle of a power station will be completed if the gain factor, that
is, the ratio of nuclear energy released to laser energy, is about 100. If we refer to the gain-vs-laser
energy curve (Fig. 2), we see that this gain can be obtained with the laser energy of several megajoules.
In the hybrid arrangement, an energy gain of 100 is provided by the uranium blanket and, therefore, the
gain factor referred to the fusion section may be equal to unity. The same curve shows that, in this case,
the required laser energy is smaller by several orders of magnitude and does not exceed 100 - 200 kJ.
The cost of the laser decreases proportionally, and its price as well as the lead time become quite
acceptable.

The sharp reduction in laser energy allows the capacity of the nuclear plant to be reduced to tens
of megawatts (thermal), which is extremely important whenever new types of power sources are
developed. At first, the economic risk must be minimized. In this respect, the hybrid laser reactor
described here has a decided advantage over, say, the “tokamak”. In the “tokamak” the minimum
capacity required for the existence of a high-temperature plasma runs into gigawatts, and the costs rise
proportionally.

Though all calculations and assumptions are rather relative, the energy balance will be
approximately as follows (Fig 3). Let us assume that the fusion gain factor is unity; the repetition rate of
fusion bursts, 1 Hz; and the laser energy, 200 kJ. The neutrons of the D-T reaction are doubled by the (n,
2n) reaction in the inert layer and come to the multiplying blanket. Each neutron causes 10 fission acts,
which brings the reactor power to 40 MW. Conversion of thermal energy to electricity (efficiency 40
percent) gives 15 MW (electrical), of which 10 MW will be used for auxiliary needs, mainly to power
the laser (laser efficiency about 2 percent), and the remaining 5 MW will go to the consumer.

Therefore, we suggest an original approach to the design of a nuclear power plant. Its principal
elements are a laser, thermonuclear targets, and a subcritical blanket. It can be expected that the energy
cycle of a power plant with laser-fusion initiation will be completed when a laser driver is available to
generate 200 kJ in a pulse lasting 1 ns at a wavelength of 0.3-1 zm, with an efficiency of 5-10 per cent
and a pulse repetition rate of 1 = 10 Hz. At present, such lasers do not exist, and their creation runs into
serious scientific and technological problems.

The analysis of the latest achievements in the field of laser physics and engineering suggests that
the best candidate for a driver is a solid-state laser, specifically, a neodymium laser. This is demonstrated
convincingly enough by such laser installations as Nova (the Lawrence Livermore National Laboratory,
USA) and “Gekko XII” (the Institute of Laser Engineering, Osaka University, Japan), which generate 50

Fig. 4 Two side irradiation of the target in “indirect” compression: 1—laser emission;
2—system for concentrating emission onto target capsule walls; 3—capsule with
target; 4—transmission target compressed by X-rays.
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kJ in a nanosecond pulse at wavelengths of 0.35-0.5 zm.

It must be stressed that effective methods are already available for converting the emission
frequency of such lasers as well as methods to control the shape of laser pulses and focus them onto a
target. The latter reduces the spatial coherence of laser emission and ensures a more uniform distribution
of laser radiation over the surface of the target. This results in much more symmetrical compression of a
target with fusion fuel and, ultimately, a higher yield of fusion neutrons. Lastly, the use of state-of-the-
art techniques for combining laser beams and compressing laser pulse duration will, it is hoped, lead to
the early development of neodymium lasers with energies exceeding 200 kJ.

However, if such lasers are to be used for industrial power generation, their efficiency and pulse
repetition rate must be substantially increased. Today, these parameters for a 50-kJ laser do not exceed 1
percent and 10~ Hz. respectively.

Considering the high efficiency of semiconductor lasers (about 60 percent) and their long life
(10" shots), this problem can be solved by using diode semiconductor lasers for optical pumping of a
solid-state laser. The progress in semiconductor technology has already made it possible to design
AlGaAs laser-diode assemblies with an output power of 4 kW/cm? (for a pulse duration of 200us) and
build a laser system with an energy of 1 J, electrical efficiency of 18 per cent, and a pulse repetition rate
of 40Hz. The replacement of lamp pumping by laser pumping improves the characteristics of the
radiation and the quality of the beams. Thus, semiconductor pumping holds much promise for reactor
drivers. True, there is a complicating factor — the high cost of laser diodes. However, this problem can
be solved through the optimum selection of glass or crystals excited by emission from semiconductor
lasers and through the mass production of such diodes. The studies conducted at the Institute of Laser
Engineering of Osaka University indicate that optimization of laser materials makes it possible to reduce
the cost of a semiconductor-pumped UV driver to approximately $200 per joule.

The problem of a laser driver for a fission-fusion hybrid reactor still remains open to many
solutions although, on the basis of experimental results, the most practicable option seems to be a high-
power semiconductor-pumped solid-state laser possessing the characteristics necessary for such a
reactor. (However, it cannot be ruled out, for instance, that the demonstration reactor of the power plant
discussed here will use a neodymium laser with lamp pumping). One of the alternative candidates for a
driver is a shortwave chemical laser. Its advantages are high efficiency and high density of the energy
stored in the chemical — several megajoules per kilogram. A promising example is an oxygen-iodine
laser. This laser not only has a high specific output but, as was recently shown at the Lebedev Physical
Institute of the Russian Academy of Science, it can serve as an effective pumping source for a solid-state
laser.

The experimental investigation of the heating and compression of targets, conducted at the
already available laser energies of several tens of joules, indicates that the threshold of physically
efficient nuclear fusion (the gain factor is equal to unity) can be achieved with laser energy of about 200
kJ. This is confirmed by numerous calculations. At the same time, the selection and optimization of a
target in the energy region of a laser-driver remain a difficult problem. ‘

Suffice it so say that the maximum yield of neutrons from a target, recorded in experiments, is
5x10". This information dates back to 1986 (United States, Japan). New and later data is not available,
perhaps because the scientists of the Lawrence Livermore National Laboratory in the United States
regard information about so-called “indirect” compression of the target as being related to nuclear
weapons. In “direct” compression, laser beams affect the target surface directly, while in “indirect”
compression, the primary light interacts with a heavy material to form X-rays, which irradiate the target.
Publications dealing with the results of such studies are marked by caution and a high degree of secrecy,
which are probably explained by the authors' wish to avoid criticism for the disclosure of ideas connected
with nuclear weapons. ,

It is well known, for instance, that under the program “Centurion”. US scientists have carried out
experiments in which the target was exposed to the energy of a nuclear explosion. And, again, there have
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been no reports about concrete results, except for the expression of general optimism. However, after the
completion of this program, there appeared definite hopes that a clean thermonuclear plant could produce
useful power with a laser energy of about 5 MJ. This, in turn, means that, in the foreseeable future, US
scientists plan to achieve effective burning of the target with a fusion energy output at a gigajoule level
and a neutron yield of 10%-10%' neutrons per pulse (i.e., they intend to raise the neutron yield by seven
orders of magnitude).

Our intentions in connection with a hybrid reactor are much less ambitious: it is necessary to
increase the neutron yield per shot to 10'-10". The actual yield will depend on how much it will be
possible to increase the laser-pulse repetition rate (as was noted above, with semiconductor pumping, the
pulse-repetition rate may be 10 Hz) and on optimization of the target. It cannot be ruled out that at 200 kJ
the fusion gain factor will be appreciably higher than unity, making it possible to decrease the power of
the laser and the power of the plant still more. Possibly, while complying with safety requirements, we
will be able to increase the neutron multiplication factor of the blanket.

An “indirect” target-irradiation scheme, particularly, one-side (or two-side) irradiation (Fig. 4), is
more attractive for practical applications, as it is less sensitive to the wavelength and irradiation
symmetry. With X-ray conversion, the coherent properties of laser emission, the so-called “hot” spots,
are less manifest. It is most likely that this feature of laser emission accounts for the disagreement
between the theoretical and experimental data relating to the neutron yield in experiments with “direct”
compression.

Concluding the exposition of our ideas that form the scientific basis of .a hybrid fusion-fission
reactor, we would like to stress once more than its main advantage as a subcritical reactor is a high
(practically absolute) degree of safety. The analysis shows that despite the combined nature of the device
- the presence of fission and fusion subsystems, its separate components are theoretically lucid and, to
some extent, verified experimentally. Today there are no insurmountable difficulties in the way of its
realization, though it would be misleading to say that there are no difficulties at all.

A laser with the required fusion parameters, a pulse repetition rate of 1 Hz and a life of 10° shots,
is still nonexistent. We hope that this problem will be solved by semiconductor resonance pumping of
the amplification stages, but this requires the development of an appropriate branch of industry.
Unfortunately, in almost all experiments with the burning of thermonuclear targets, the neutron yield is
well below the theoretical level. Theory fails to clearly and unambiguously explain this phenomenon.

It is not quite clear how the structural elements of the reactor will behave under a pulsed-periodic
load, and how the radiation stability of fuel elements can be ensured, given the high fuel sum-up for
which we aim. On the other hand, technological innovations are always associated with a certain degree
of uncertainty and risk. In a hybrid reactor the main energy is obtained from nuclear fission. The
presence of a laser somewhat complicates the reaction design, but at the same time makes it somewhat
simpler as it imparts nuclear safety to the reactor. Such a reactor is simple to control; it ensures a higher
fuel burn-up and has provision for reliable power control, which is accomplished by adjusting
supercriticality and laser pulse frequency within close limits.

Time will show whether the reactor version suggested here is a viable project on a mere step in
the utilization of thermonuclear energy.

We think that for a “poor” Russia this is the only way to harness thermonuclear energy and to
perfect nuclear power plants, the source of energy abundance in the years to come.



