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This presentation provides an update on the applications of neutral beams and

radiofrequency (rf) power in the fusion program; highlights of the ion cyclotron

heating (ICK) experiments now in progress, as well as the neutral beam experiments;

and heating requirements of future devices and some of the available options. Some

remarks on current drive are presented because this area of technology is one that

is being considered for future devices.

Several collaborations that are of critical importance to the program are involved

in these technologies. These key areas are identified as the presentation proceeds.

The principal rf experiments under way today are on the Tokamak Fusion Test

Reactor (TFTR) at Princeton Plasma Physics Laboratory (PPPL), the Joint Eu-

ropean Torus (JET) at Culham Laboratory in Abingdon, England, the Tore Supra

tokamak at Cadarache, France, and the JT-60 tokamak in Naka, Japan.

The first ICH experiments on TFTR will take place late this summer. This

system is being pursued in a combined effort by PPPL and Oak Ridge National

Laboratory (ORNL); these experiments are expected to achieve 10 MW at 40 to

80 GHx with a pulse length of about 2 s.

On JET, 6 MW of ICH power is now available, and a massive upgrade is in

progress. When it is completed, the system should produce 20 MW at 22 to 55 MHz

with a pulse length of about 10 s.

Tore Supra will have an ICH system in place when it begins operations in mid-

1988. The device will have 8 to 12 MW of ICH power at 35 to 80 MHz with a pulse

length of about 30 s.

The JT-60 tokamak has both ICH and lower hybrid current drive (LHCD). The

ICH system operates at 110 to 130 MHz and produces 1 to 5 MW of power for 10-s



pulses; the LHCD system operates at 2 GHz and produces 7 to 15 MW of power,

also for 10-s pulses.

RF LAUNCHERS

In the ICH program today, the principal technical issue is the launcher, which

is the device that takes the rf power from an amplifier to the plasma. Several ap-

proaches are being pursued to provide an adequate heating system for the program.

The compact loop antenna shown in Fig. 1 was developed from an idea born

in a series of meetings between personnel from GA Technologies, ORNL, PPPL,

and others in the community. It is called "compact" because the launcher can be

inserted and removed through a single port on a fusion device and is about 2 m long,

rather modest in size compared with some other heating systems. This launcher,

which muBt be actively cooled, is ruggedly built because it must handle relatively

high power over long periods.

The power enters the compact loop antenna through the vacuum feedthrough

and passes along a current strap, which is the active element, and back through the

vacuum variable capacitor. The entire assembly can be moved toward or away from

the plasma. The Faraday shield keeps the plasma in the active domain within the

loop.

The launcher shown in Fig. 2 was constructed as a prototype and used in short-

pulse experiments on Doublet III-D, the Big-D tokamak at GA Technologies. Also

in Fig. 2, the Faraday shield is at right.

The experiments produced good and bad news. The good news was that in the

limiter mode (L-mode) of operation, the coupling was about a factor of two better

than that calculated. The bad news was that in the divertor mode (H-mode) of

operation, it decreased by a factor of two. Thus, in the H-mode, the antenna can-



operate at a power of about 1 to 2 MW in future experiments. The ICH system for

TFTR has a very similar launcher.

Figure 3 displays a second antenna system, the resonant double loop (RDL).

The difference between the RDL and the compact loop is that the RDL system

maintains constant cooling. This design allows operation at long pulse, and the

feed for the rf power is coupled into the center of the current strap. The RDL can

operate at higher power with lower voltage and lower current in critical areas of the

hardware.

At ORNL, some design work was done on an ICH heating system for the Com-

pact Ignition Tokamak (CIT) that would use these compact launchers. Figure 4

displays a concept that would provide 4 MW through a single port. The launchers

are 2-MW units that are very similar to the system used on TFTR.

A 10-MW system is now being designed for CIT. The compact loop antennas are

sufficient for heating today's tokamaks, but as technology proceeds toward larger

machines with higher fields and frequencies, the efficiency of the compact loops drops

off dramatically with increasing power. Thus, alternative concepts are needed.

One concept was developed at Oak Ridge in response to the possibility that at

higher frequency it might be desirable to use a waveguide. The long dimension of

the waveguide has to be in the plane of the torus, and that is a critical dimension

for designing magnets and other components. It makes it impossible to locate a

full-size waveguide in that area.

A researcher from McDonnell Douglas who is on assignment at ORNL developed

the idea of a folded waveguide concept, as shown in Fig. 5, which can interface

between the coils. However, with this initial concept the polarization of the waves

was in the wrong direction in part of the waveguide; therefore, he added a polarizing

plate that shields and improves the design.



The folded waveguide has several advantages. The coupling efficiency is very

high, and there are no insulators near the plasma. The folded waveguide should be

compatible with reactor systems.

RF POWER SYSTEMS

Systems that provide power to rf launchers have been developed in joint efforts

by EIMAC, Continental, ORNL, PPPL, and GA Technologies. Power amplifiers are

being built that can produce 1.5 to 2.25 MW, at frequencies from 40 to 80 MHz, and

operate continuously. The final power amplifier in Fig. 6 is part of a 40-MHz system

and operates at 1.5 MW; it was installed and operated on the RF Test Facility at

ORNL.

An upgraded tube that operates at 2.25 MW is now available and is impedance

matched to the systems that are now being built. Models of this tube will be used

at Princeton and GA Technologies.

POSITIVE-ION-BASED NEUTRAL BEAM APPLICATIONS

The development for the positive-ion-based neutral beam systems now in place

was complete about two years ago, although some extrapolations were done to bring

the TFTR beam lines up to full pulses. At present, Princeton is installing 27 MW

of power with pulse lengths from 0.5 to 4 s. The neutral beam system on JT-60

operates at 20 MW for 3-s pulses.

There is a two-phase program on JET for operation with hydrogen and deu-

terium. Their hydrogen beams are rated at 5 MW for 3 to 7 s, and the deuterium

beams, which are now being used, are rated at about 10 MW for 10 s. An upgrade

of these systems should take place this summer and continue throughout next year

to attain higher energies.



The Tore Supra system will come on line in late 1988. This system is designed

for deuterium at 100 keV and should produce 7 MW for 30-s pulses, which is

conservative. Based on other experiments, the system should achieve a level of

12 MW.

The progress made with neutral beams in tokamaks can be appreciated by

viewing the Lawson number distributions in Fig. 7. There has been steady progress

for neutral beam injection (NBI) in a gas fueling mode; TFTR came very close to

reaching thermalized breakeven just a few months ago.

Figure 7 also shows results for discharges fueled by injecting cryogenic pellets of

deuterium into the plasma. This method has been used on TFTR to achieve record

values of nr.

Combinations of these heating and fueling systems are being implemented on

TFTR, Tore Supra, and JET. JT-60 is also in a similar regime, and there are plans

to install a pellet injector on that device.

FUTURE HEATING REQUIREMENTS

Synergistic effects are being observed with combinations of heating and current

drive systems. Heating and current drive systems that are compatible with good

plasma performance, are efficient, and operate economically at high power must .be

developed.

The technology is in place to design heating systems for future devices, including

reactors. Additional work is required in some areas, such as lower hybrid heating,

but there is an adequate database in most areas. The situation is quite different

for current drive. The databases for both theory and experiment are incomplete or

nonexistent (with the exception of the experimental database for neutral beams).

Work is in progress to explore synergistic effects between beams and rf power.

If the efficiency of the beams can be raised by a factor of two to four with simul-



taneous application of rf power, then this may provide an efficient current drive

mechanism. The tokamak of interest is the International Thermonuclear Experi-

mental Reactor (ITER). Negative-ion beams would be used, because positive ions

do not penetrate and the efficiency is very low at high energy. Negative ions with

electrostatic acceleration will allow operation at energies on the order of 0.5 MeV,

but their penetration is not really adequate. ORNL would like to develop beams

with high enough energy to take advantage of the synergistic factor of two or three

in current drive efficiency. There are trade-offs between beam penetration, beam

confinement, and current drive efficiency. An injection energy of about 3 MeV is a

reasonable compromise.

ORNL is developing the technology to support 3-MeV beams, with help from

the Strategic Defense Initiative (SDI) and Chalk River Nuclear Laboratories. A

design concept for a single rf quadrupole (RFQ) was evaluated; however, hardware

is not available to support this activity. This RFQ is about 7 m long, with 1.2 A-m,

a beam radius of about 2.5 cm, and a frequency in the RFQ of 30 MHz.' If this design

can be executed, it may be possible to obtain very high current drive efficiencies.

The total system requirement, unless there is some synergism between rf power and

neutral beams, is about 10 A at 3 MeV.

SUMMARY

Recent developments in technology should allow us to pursue direct drive in the

very near future—perhaps this summer at TFTR and JET. Further development

will provide opportunities for increased heating efficiency and possibly for current

drive in large tokamaks.
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