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Progress in fusion research is marked not so much by a few giant steps as

by a continual number of small steps, which yield a steady advance towards the

goal of producing a fusion reactor. During the past year, there have been two

such steps in the Oak Ridge National Laboratory (ORNL) program: the

experimental demonstration of a-xess to the second stable region of beta in the

Advanced Toroidal Facility (ATF); and the acceleration of a frozen hydrogen

pellet by an intense electron beam.

The minimum value of power density required by a typical fusion reactor to

achieve a commercial cost of electricity has been established by systems

studies [1]. This requirement translates to a minimum plasma pressure ~ with a

temperature above 8 keV. The parameter beta, the ratio of plasma pressure to

magnetic pressure, is used to characterize this need. At conventional magnetic

fields of 8 to 12 Tesla on the coils, where the field in the plasma (BQ) is about

50% of the coil field, betas of 8% or more are required for typical tokamak and

stellarator reactors. Since pressure is proportional to beta times B2, one may

relax the beta requirement by increasing the magnetic field. While higher fields

may also improve confinement, these gains are at the expense of increased

engineering difficulty. An attractive alternative is to raise the beta above the

normal first stability limit.
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In the first stable region, there is a maximum beta at which the combination

of increased pressure and modification of the magnetic configuration by the

plasma pressure is sufficient to cause a macroscopic instability of the plasma.

For most tokamaks and stellarators, this first stability beta limit is close to the

minimum required by an attractive reactor, leaving little margin to accommodate

other constraints on the system.

Some years ago it was shown, theoretically, that at a much higher
pressure the modification of the magnetic field in tokamaks would lead to
restabilization [2]. Using very high power, the Columbia group was able to
power the plasma, in a small tokamak, across the unstable zone, between the
first and second stability regions, and enter the second stable region. An
approach which has longer term relevance is to design the magnetic field to
allow direct, stable access to second stability. The ATF stellarator [3] and PBX-
M tokamak are designed to accomplish this goal.

In ATF, access to the second stable region was expected at central betas

of about 5%, with the anticipated plasma profiles. In fact, the achievement of

second stable operation occurred at lower central beta ~ serendipity -- owing to

the presence of magnetic field errors, which led to quite narrow pressure

profiles, lowering both the first and second stability boundaries. The change in

the stability boundaries as a function of magnetic axis shift and central beta, for

the nominal and achieved cases, are shown in Figure 1. The experimental

evidence for access to second stability lies in the observed change in magnetic

fluctuation signals as the beta was raised, as shown in Figure 2. These

fluctuations are consistent with the expected behavior of resistive MHD modes

calculated with a nonlinear toroidal theory [4], first rising with beta in the first

stable region, and then decreasing in the second stable region. The scatter in

the data reflects the various trajectories followed in Figure 1 by plasmas with

different pressure profiles. The decrease in MHD activity highlights a second

advantage of second stable operation, the potential capability of suppressing

some instabilities which lead to loss of confinement. The field errors have been

repaired, and we look forward to further exciting studies of the second stable

region.



In most experiments, fueling of the plasma has been accomplished by

puffing hydrogen gas at the plasma boundary. This is a cheap, effrective

method, but it has two disadvantages. The edge fueling tends to generate flat

profiles, and charge exchange with the hot plasma leads to higher

bombardment and erosion of the vacuum vessel walls. Recent results appear

to confirm that flat density profiles are undesirable because they contribute to

ion temperature gradient instabilities, which impair confinement.

The injection of solid pellets of hydrogen at high velocity has been

developed at ORNL and other laboratories to overcome this problem [5]. The

pellets, typically 1-6 mm in diameter, have been accelerated by high pressure

gas or by a rotating arbor to speeds up to 2.8 km/s. The pellets are rapidly

ablated by the hot plasma but, owing to shielding by the ablated gas, they are

able to penetrate adequately in present day plasmas. For example, in the

largest plasma, JET, they lead to peaked density profiles and improved

confinement [6]. For reactor plasma, however, higher speeds (at least

5-10+ km/s) will be needed to obtain adequate penetration.

A new technique to achieve such ultra-high speeds was suggested by
Chris Foster [7], based upon the observation that, in a plasma, pellets were
deflected by the rocket action of ablating material. In the electron-beam-heated
rocket accelerator, an intense electron beam (10's keV, 10's A) is used to ablate
the receding end of a high aspect ratio pellet. The final velocity is given in terms
of the initial and final masses, Mo = Mf, by the rocket equation

U, = Uex ln(Mo/Mf)

where, for practical mass ratios of 3-10, exhaust velocities (Uex) of 5 km/s will be

required to achieve pellet speeds in the 10 km/s range. An accelerator based

on this concept has been built and is illustrated in Figure 3. In initial tests, a

pellet, 4 mm diameter by 12 mm long, has been accelerated from 110 m/s to

250 m/s by a 13 keV, -10 A electron beam of 250 ^s duration. In future tests,

the power and duration will be substantially increased. It is hoped that these

tests and experimental studies of pellet ablation in a high-temperature plasma

will lead to the design of an ultra-high-speed pellet injector which would be

suitable for a fusion reactor.
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1. Stability boundaries in ATF, for nominal (a) and highly peaked (b) plasma

profiles, as a function of central beta and shift of the magnetic axis.
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2. The rise and fall of resistive mode amplitude, as a function of increasing

central beta, shows the influence of second stability.



EXPERIMENTAL SETUP OF ELECTRON-BEAM
ROCKET PELLET ACCELERATOR
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