Possible Applications of Powerful Pulsed C0,-Lasers in
Tokamak Reactors

A. Hassanein
Argonne National Laboratory, Argonne, IL, 60439, USA

A. F. Nastoyashchii, and I. N. Morozov
Troitsk Institute for Innovation and Fusion Research, 142092, Troitsk, Russia

The submitted manuscript has been authored
by a contractor of the U. S. Government
under contract No. W-31-104ENG-38.
Accordingly, the U. S. Government retains a
nonexclusive, royally-fre license to publish
or reproduce the published form of this
contribution, or allow others 10 do fo. for
U. S. Government purposes.

J

To be presented at 20th Symposium on Fusion Technology (SOFT),
Sept. 7-1 1, 1998, Marseille, France

This report was prepared as an account of work sponsored by an agency of the

United States Government. Neither the United States Government nor any agency
thenof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product. or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise docs not nccessarily constitute or imply its endorsement, m m mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect thosc of the United States Government or any agency thereof.

DISCLAIMER
Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.

Possible Applications of Powerful Pulsed C0,-Lasers in Tokamak
Reactors
Anatolii F. Nastoyashchii I ) , Igor' N. Morozov

I),

and Ahmed Hassanein 2,

') RF SRC "Troitsk Institute for Innovation and Fusion Research", Troitsk, 142092 Moscow
Reg., Russia
"Argonne National Laboratory, Argonne, Illinois 60439-4841, USA

Applications of powerful pulsed C0,-lasers for injection of fuel tablets or creation of a protective
screen from the vapor of light elements to protect against the destruction of plasma-facing components
are discussed, and the corresponding laser parameters are determened. The possibility of using C0,lasers in modelling the phenomena of powerful and energetic plasma fluxes interaction with a wall, as in
the case of a plasma disruption, is considered.

1. INTRODUCTION
To build a commercial nuclear fusion reactor based on the tokamak (stellarators) concept
requires the solution of several research and engineering problems [l-21. First of all, it is necessary
to find the optimum regimes with best plasma confinement in order to reduce the size of future
reactors and, therefore, its cost. A notable success in this field has been recently achieved [3].
Then, it seems necessary to provide a contiinuous and reliable operation of the reactor, completely
excluding Occurence of the most hazardous hydrodynamical instabilities causing plasma
disruptions. In the case of their inevitability measures for preventing any destructive consequences
should be provided.
To solve the problems mentioned, together with traditional approaches [3], it is useful to
consider new and promising technologies such as the use of powerful pulsed C0,-lasers. The
problems of plasma heating, non-inductive current drive, as well as physical principles of frozen
hydrogen pellet injection based on C0,-laser radiation have been discussed [4-71. Applications of
pulsed C0,-lasers discussed below are aimed at solving such problems as monitoring the processes
of stationary nuclear fusion burning including its quench and preventation of dangerous
consequences of plasma instabilities.
Another engineering problem where laser systems can be successfully applied is modelling the
effect of energetic plasma fluxes on first wall components [3]. The fact that the depth of plasma
particle energy penetration, as well as that of the energy of laser radiation is substantially lower
than the characteristic depth of heat wave penetration can be the basis for such modeling and
simulation. As a result one can use the wide experience gained in laser experiments.
2. APPLICATIONS OF LASER PELLET INJECTION
To sustain a stationary burning regime in the reactor it is necessary to provide a continuous
fuel feed. The most suitable solution of this problem is the well-known injection of frozen DTpellets. In order to attain central and hottest plasma regions the fuel pellet must have a sufficiently
high velocity [8]. A significant a-particles concentration is expected to be in the reactor plasma;
e.g., in ITER according to estimates [I] it can reach about 0.1%. Because of such high a-particles
concentration in the plasma these can cause a substantial contribution to pellet destruction. It is
due to the large a-particles path in the hydrogen plasma that there is no significant screening effect
[8] for the a-particles. The characteristic lifetime of the pellet in a condensed state depend on its

demension. Similar considerations are also basically valid for pellets of reasonable sizes made of
materials with the low atomic number (Be,B,C, etc).

2.1. Fuel pellet injection.
The pellet lifetime is the time required for heating the pellet up to the boiling temperature.
The path of a 3.5 MeV @-particlein a frozen hydrogen is determined from the ionization losses; it
is equal of =lo0 pm [9]. Thus the energy of a-particles = 0.1 n,*J/cm3 is deposited at the surface
of a pellet where n, is the a - particle density. As a result, a dense nonideal plasma is formed.
Assuming the transfer of the energy into pellet is achieved by diffusion of radiation, and applying
the Kramers formula [IO] for calculation of photon paths one can find
t,, =

8,s

where t,, is the time for heating of a pellet with radius r, cm.
For conditions in the ITER-type reactor, in order for a pellet with r = 0.3 cm to penetrate into
a 30-50 cm depth of hot plasma, its velocity must be not less than 30 k d s . With current
methods of pellet injection one cannot provide accelerations up to similar velocities. Hower, when
the laser reactive thrust is used pellet velocities could reach a value of the order of 100 km/s [ 4,5].
The conditions in the laser plasma corona (and those corresponding to C0,-laser parameters) have
been established where acceleration of the frozen DT-pellet occurs without any fault of its phase
state [ 5 ] . Numerical calculations given in [5] comply with the case where the material for ablation
is the frozen hydrogen itself. Together with this it is easy to show that for ablation one can use
materials of (C2H2),type. In addition to the economic advantages of the solid fuel, using plastics
can substantially facilitate the technology of pellet manufacturing. In fact, the reactive traction is
proportional to MdZTJh4 where M is ion mass and Z is its charge. In the case of coronal
equilibrium total carbon ionization is reached at the electron temperature T, > 40 eV. It is clear
the thrust remains approximately the same as in the case of deuterium ablation. Linear and
recombination radiation of carbon plasma can cause serious problems, however, at a sufficiently
large thikness of the ablation part of the pellet (more than 1 mm) its effect on frozen hydrogen is
trivial due to self absorption of the radiation [IO].
In conclusion we present estimates for ITER-type reactor. The expected fuel feed rate of 0.1
g/s can be attained by means of injection of a DT-pellet of mass 0.01 g at a 10 Hz frequency. For
accelerating the pellet up to v=30 k d s a C0,-laser is requitred with a pulsed energy of about 1015 KJ. This is a well-developed area of laser parameters.

2.2. Prevention of Plasma Disruption, its Consequences, and Burning Control
Up to now plasma regimes with perfect particle and heat confinement are not yet achievables
and plasma disruption events will occur in tokamak reactors. So it is necessary to take preventive
measures against dangerous consequences of disruption instabilities. A protective screen from the
vapor of light elements (Be, B, C, etc) seems to be the most effective means to protect
components of the first wall against a destructive effects of hot plasma. The shieding properties of
these elements is roughly the same.
As the boiling temperature of the elements indicated is two orders of magnitude greater than
the corresponding one for hydrogen requirements the velocity of dopant pellets are substantially
lower. Hower such advantages of laser systems as their actual inertness and a possibility to
“shoot” the pellet inside the chamber can be crucial. In fact, the protective curtain must be
established in a time which is less than the characteristic time of disruption instability
development (= 10 ms). So it seems desirable that pellets reach plasma region with a rather high

concentration of a - particles which can promote the pellet destruction (in ITER the corresponding
time is about 100-300 ps). Regarding a relatively low 3-5 km/s velocity expansion of the ionized
vapor, it might be as well to bring about 10 pellets each of mass about 1 g to a 30 cm depth in
plasma and to distribute them along minor and major perimeters of the plasma loop. In this case
the vapor of the dopant elements in time At = 1 ms is able to create a practically uniform curtain
around the plasma loop. The laser pulse energy required for pellet acceleration up to 3 km/s is
about 10-15 kl. After the discharge the quenched vapor of dopant elements is uniformly distributed
on the first wall surface forming a coating of 106cm in thickness.
When the reactor shut-down is in plan, discontinuation of the burning process can be executed
as described above. A simpler method is the injection of a large single pellet of mass about 10 g
accelerated up to about 3-5 km/s. However, in this case a pulsed laser energy in the order of
several hundred kJ would be necessary. Besides, it seems expedient to also investigate possibile
causing and prevention of dangerous hydrodynamic instabilities in addition to further applying this
concept.

3. SIMULATION OF PLASMA

-

WALL INTERACTION

The plasma-facing components in the reactor experience permanent and strong damage due to
energetic plasma particles which can result in their gradual erosion and degradation. The first wall
and divertor plates undergoe severe thermal effects during plasma disruption. That is why great
attention is payed to investigate these problems. Measures considered in the preceding section
were aimed at diminishing this effect. However, at the same time due to frequent disruptions
substantial erosion of wall1 reactor materials is inevitable. It seems desirable to make estimations
of possible damages beforehand in order to provide for the necessary measures. At present active
theoretical and experimental investigations are being canid out including those where plasma
injectors are used [ 113.
In laser experiments concerning interactions of laser beams with surfaces of condensed media,
a broad experience has been obtained which can be used for estimations of possible damages. The
characteristic time of the development of plasma disruption is likely to be not less than 1 ms. In
this case penetration of the heat wave into metal significantly exceedes plasma particles range or
radiation mean free path. It means that the phenomena of plasma-wall interaction will be similar
to those which are usually observed at corresponding laser fluxes. On the base of this analogy one
can estimate the critical density of the energy flux which initiates evaporation of material
w,, = T,, ( C,h

147,

where 7 is the duration of the energetic interactin, T,, is the critical temperature of evaporation, C ,
and h are the specific capacity and heat conductivity of the wall, respectively. For a number of
metals studied in the laser experiments ( Cu, Be, ...) usually w,,= 5 0 1 0 ~W/cm2 at 2 = l o 3s.
If the density of the energy flux surpasses w,, then at t< z the wall distruction occurs in a regime
of evaporation wave and its front will go into the depth of the wall with a velocity
v=w/Hp,

(3)

where p is the mass density and H is the spesific heat of wall material evaporation. A heated-up
layer 6 with its depth decreasing with v , moves in front of the evaporation wave,

6= h / v

c,

(4)

Thus at w > > w,, there appear regimes characterised by a high-rate material evaporation. Because
of vapor condensation as well as of expansion and formation of droplets there also arise a screening
effect which has been well studied. Nevertheless possible applicability of any analogy here
requires further studies.

4. CONCLUSION
The considerations developed above show that powerful pulsed C0,-lasers can have a wide
application in tokamak reactors including the maintenance of a stationary nuclear fusion reaction
by injecting high-velocity fuel pellets, creation of a protective shield from light elements with low
Z to prevent the destructive influence of plasma disruption and reactor shut-down. The required
laser parameters for the above mentioned applications are within the achievable current laser
engineering.
Besides it is possible to use laser radiation to simulate the phenomena of intensive plasma
energy fluxes interaction with reactor wall materials. The experience in the field of laser
experiments shows that at a quite moderate power fluxes of order of w 20.5 MW/cm2, the
destruction of a wall will occur in a regime of an evaporation wave.
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