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RF injection for refueling and impurity control of fusion reactors
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Abstract

RF flelds may be used to enhance the effective ion-impurity collisional friction, resulting in an outflow
of higher Z ions and a net influx of low Z fuel.
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The impurities present in 2 Tokamak plasma are a major obstacle in attaining controlled
thermonuclear fusion. Even very small concentrations of high Z impurities can raise
the ignition condition substantially due to increased line, recombination, and brems-
strahlung radiation®, This problem tends to be exacerbated since classical transport
mechanisms®# predict impurity transport towards the region of highest plasma density
which is normally at the plasma center. Simultaneously, one must find a means of
removing the higher Z fusion reaction products (thermalized, vold alpha ““ash”) and
supplying fresh low Z fuel.

It has recently been shown®8 that in the Pfirsch-Schiuter and plateau regimes appro-
priate external sources and sinks of particles andjor energy may reverse the inward
transport of higher Z particles (impurities or ash). In terms of the force balance
equation the radial inward flux of higher Z jons is coupled to the outward radial flux
of low Z jons according to

mZw, = — mZw, = R B/(eByBs) O]

where the component of the frictional force parallel to the magnetic field B is

C .
Ry = — R T, @)

T

* Present address: 28, Wheatsheaf Road, Clatk, NJ. 07046, USA.
187
118¢,~5



188 R. JONES
Here the ion-impurity relative velocity is

Uy = ;= Uy, ®
and

74T = (By/rB) 27 ,126. @

Therefore the sign of Ry can be reversed by reversing the sign of 4, or 7y T, the gradient
of the ion temperature, which suggests sources andfor sinks of particles and/or energy.
Here C, and C, are coefiicients of order unity?, n,, ny, Z;, Z;, my and my ate the densities,
charge, and masses of the plasma ions and impurities, respectively, v, are the radial
velocity components, 7, is the jon-impurity classical coulomb collision time, and »
¢. and ¢ are the toroidal coordinates.

Some very preliminary experiments performed on the ISX device® at Oak Ridge
Nationa! Laboratory werc encouraging if not really conclusive. Unforiunately,
the magnitude of the external perturbations required for impurity flow reversal are
of the order of the ambient plasma recycling and are likely to be prohibitive. The
patticle throughout required, for instance, is given approximately by

ANidr o 1672 L T0) ©)
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where 4 is the scrape-off dimension, roughly an ionization mean free path, and the zeros
indicate central values of the various quantities, rather than edge vaives. For a medum
size Tokamak of current vintage dN/dt~ 102 5711 Furthcrmore, fusion plasmas in
the reactor regime are likely to be dominated by anomalous transport mechanisms'
and not neo-classical transport.

We have, however, suggested an improvement on the flow reversal scheme which
may overcome this limitation®. Oue can hope to significantly modify the parailel
frictional force!! by means of externally injected RF fields or by naturally occurring
microjnstabilities.

We will employ the quasilinear formalism in order to investigate the influcnce of
RF fluctuations on the initially generated fusion alpha particle distribution

= Madl0 e [ dlnng o,
“ Al B Q. ©
where
ng = S{rijv,. . (7

The alpha particle distribution will evolve according to the quasilinear equation
{given herz in the slab approximation)
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when fields of potential ¢, are present. Here, S(r) is the alpha production rate at
radius r, v, is the electron-alpha collision frequency, Q, is the alpha gyrofrequency,
 is the wave frequency, and the k& and k, are the parallel and radial components of
the wavenumber. Whereas electrostatic drift waves are found in the current (low
beta) experiments, future high beta devices!® (in the presence of alpha particles) are likely
to be dominated, instead, by the low frequency drift Alfven instabilities, The
spectrum of waves will then be centered around

Kol ®
where p, is the alpha’s gyroradius and
ky = Iqfr. i - )

These waves have w/ky ~ V), the Alfvenspeed, and both slow, w/ky < V¥, and fast,
}ky > V,, branches exist.

For mode numbers
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and configuration space diffusion tends to dominate' equation § which then takes on
the (predominant) character of a diffusion equation. For ash removal the resultant
diffusive flow must be large enough (in the steady state reactor assumption) to balance
the fusion alpha gneration

T = lj4a f n{ev ) rdr (13}
o
where'®
{ovy & 37 ) 1072 T2 exp (— 20 T/%) om3 gt (14)
which places limits on the values of ¢, required.
An ingrease in ¢, should increase 77+ and, hence, flow reversal action.
These waves are not found in present day experiments and it is not yet possible to

deterntine conclusively if naturally excited waves will have sufficient amplitude in the
reactor regime (or if injected fields'* will be required). The saturated instability levels
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{and mechanisms responsible) are just not known for the appropriate waves. However
if one assumes that all the free energy available to the lincar spectrum is present in the
field energy’® we can use the preceding equations to estimate the plasma parameters
for which flux balance allows a steady state ash removal. For Tokamaks having
=1 to 2 meters, Ry = 5 meters, B=4 Tesla, g=2-5, T=15keV, and n(0) =
few » 10% om~? steady state ash removal is satisfied and a fluctuation amplitude of
dnin ~ few % 10~* js obtained. For other parameters, or different assumptions,
onle mayv have to enhance the ambient wave amplitude by RF injection, Alfven wave
injecti()['l has already been demonstrated in the course of RF heating experiments’® and
coupling is not expected to present an insurmountable problem,
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