Heating
-Ohmic heating: "Since the plasma is an electrical conductor, it is possible to heat the plasma by passing a current through it; in fact, the current that generates the poloidal field also heats the plasma. This is called ohmic (or resistive) heating; it is the same kind of heating that occurs in an electric light bulb or in an electric heater." "The heat generated depends on the resistance of the plasma and the current. But as the temperature of heated plasma rises, the resistance decreases and the ohmic heating becomes less effective. It appears that the maximum plasma temperature attainable by ohmic heating in a tokamak is 20-30 million degrees Celsius. To obtain still higher temperatures, additional heating methods must be used." 

-Magnetic Compression (Adiabadi) :"A gas can be heated by sudden compression. In the same way, the temperature of a plasma is increased if it is compressed rapidly by increasing the confining magnetic field. In a tokamak system this compression is achieved simply by moving the plasma into a region of higher magnetic field (i.e. radially inward). Since plasma compression brings the ions closer together, the process has an additional benefit of facilitating attainment of the required density for a fusion reactor." 

-Neutral Beam injection (NBI): acceleration of ions which are then neutralized and cross B to enter plasma (100 keV D in TFTR). "Neutral-beam injection involves the introduction of high-energy (neutral) atoms into the ohmically -- heated, magnetically -- confined plasma. The atoms are immediately ionized and are trapped by the magnetic field. The high-energy ions then transfer part of their energy to the plasma particles in repeated collisions, thus increasing the plasma temperature." 

-Ion Cyclontron Range of Frequencies (ICRF): launching of waves near the ion cyclontron frequency into plasma to heat ions; often produces a "tail" of superthermal ions (up to ~1MeV in TFTR). "In radiofrequency heating, high-frequency waves are generated by oscillators outside the torus. If the waves have a particular frequency (or wavelength), their energy can be transferred to the charged particles in the plasma, which in turn collide with other plasma particles, thus increasing the temperature of the bulk plasma." 

-Inertial Compression: This is similar to magnetic compression in that decreasing the gas volume causes the temperature to rise, but in the inertial approach the compression is achieved by using laser or particle beams to heat the outer layer of a target pellet; the outer layer vaporizes and the pressure that the vaporized layer exerts back on the core of the pellet accelerates the plasma inward on itself, and the inertia of the imploding atoms in the pellet allows the pellet to be compressed (for a very short time), and thus heated. 

-Fusion products: DT fusion reactions produce 3.5 MeV alpha particles which can collisionally heat the plasma.

-"In an operating fusion reactor, part of the energy generated will serve to maintain the plasma temperature as fresh deuterium and tritium are introduced. However, in the startup of a reactor, either initially or after a temporary shutdown, the plasma will have to be heated to 100 million degrees Celsius. In current tokamak (and other) magnetic fusion experiments, insufficient fusion energy is produced to maintain the plasma temperature. Consequently, the devices operate in short pulses and the plasma must be heated afresh in every pulse." 

Questions for thought:
-Is the classical (Coulomb) collisional model correct? How do electrons going at high speeds compare to electrons going at lower speeds? Does the classical understanding hold up or break down?

Converting energy:

Generally it is expected that fusion energy will be converted to electrical energy. However, one might want to make lots of heat to drive chemical reactions, perhaps to make hydrogen as a fuel. The easiest method to convert fusion energy to electricity is to collect the fusion energy as heat, use the heat to boil water, and then drive a good 'ol steam turbine. Alternatives use something besides water as the heat transfer fluid (say liquid metal, or helium) and something besides water as the turbine driver (such as helium). These more advanced turbines are somewhat more efficient. (Steam turbines have a conversion efficiency of about 35%, and advanced turbines can get up to about 50%.) 

for the future
Though TFTR has not literally achieved "breakeven" (fusion power

     output equals plasma heating power input), we are very close

     now, and in addition we have achieved plasma conditions very

     close to those needed in a real fusion powerplant.  The

     scientific results achieved suggest that D-T plasmas have

     better confinement than their D-D counterparts.  A number of

     crucial scientific issues have been resolved and the sense

     of the scientists here is that we can be fairly confident

     that we can build a fusion reactor which will generate 

     gigawatts of surplus energy.  The trick now is to find ways

     to do this an an environmental and cost-effective manner.

*
(b) Why does it matter?

The generation of multi-megawatt levels of fusion power is a major

achievement for the controlled fusion program.  Sustaining the

power output for a second is also significant, because most

known plasma instabilities occur much more quickly.  Also, use 

of tritium to achieve high power levels enables researchers to 

study plasmas under conditions closer to those of a working 

fusion reactor.  There are effects due to the heavier tritium 

ions, and due to the presence of highly energetic helium ions

produced in the fusion reaction.  In particular, scientists

were worried that the energetic He ions might trigger new plasma

instabilities.  (Plasmas are notorious for finding new ways to

misbehave whenever scientists manage to improve the operating 

conditions.)  Fortunately, no major instabilities were observed,

and in fact early reports are that plasma performance actually

improves in high-power D-T conditions.  These results enhance

the prospects for future experiments which will try to achieve

even higher power outputs in nearly steady-state conditions.

(See Section 8 for more information on future experiments.)
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