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The interaction between charged particles and sharply localized fields is investigated.
The random particle scattering is described by a Fokker-Planck equation whose time-
dependent solution exhibits the formation of a highly populated superthermal tail.

Recent theoretical, "experimental, ' and com-
puter simulation4 studies have demonstrated that
sharply localized electric fields of high intensity
can be nonlinearly generated in a plasma by an
external pump field whose frequency is close to
the electron plasma frequency, co~. The under-
lying physical process which gives rise to these
localized fields can be traced to the formation of
density cavities by the ponderomotive force ex-
erted by the total rf field in the plasma. Inside
these cavities the field amplitude ean build up to
large levels as a result of both cavity-resonance
and wave-trapping effects. These localized fields
can be formed in nonuniform' 4 as well as in uni-
form' plasmas, and can attain energy densities
comparable with the mean particle kinetic ener-
gy density over a localized region of the order of
a few Debye wavelengths (e.g. , -10k.o). Such
narrow and intense fields can accelerate certain
electrons to very high velocities; hence they pro-
vide an efficient method of transforming external
energy into plasma kinetic energy.

In this Letter we investigate the interaction be-
tween electrons and intense localized fields. In
particular, we calculate the time evolution of the

distribution function of a model plasma which is
envisioned to be in a turbulent state consisting of
random localized fields whose nature has been
described above. Such turbulence is assumed to
be driven and maintained by external agents (e.g.,
rf sources, lasers, relativistic beams). The
formation and evolution of the turbulence itself
is not investigated in the present work. This
simplification permits the isolation of the funda-
mental particle-acceleration effects which should
be contained in a more complete future theory of
spiky turbulence.

The equation of motion for an electron subject-
ed to a localized field of frequency co, phase 8,
and amplitude Eo is

d'x(t)/dt' = (e/m)E, g(x(t)) cos(vt + 8),

in which e and m are the charge and mass of the
electron, and x is its position at time t. Equa-
tion (1) is difficult to solve analytically because
the shape function g must be evaluated at the par-
ticle trajectory, which is not known a priori.
However, there are two limiting cases in which
Eq. (1) becomes manageable. For small veloci-
ties one can extract the ponderomotive-force ef-
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ects by averaging over the fast rf oscillations. For fast particles one can evaluate g along the straight-
line orbits and thus obtain a first-order trajectory given by

t t
x ' (t) =vt —(e/m)Eof „dt'f „dt"g(vt") cos((ut" +8),

t (2)av" (t) =- (e/m)Z, f „dt' g(vt') cos((ut '+8)

and a second-order velocity change

av ' (t) = —(e/m)E, f „dt'g(x ' (t')) cos(~t'+8).

Equations (2) and (3) constitute the Born approxi-
mation often used in various branches of physics
to handle scattering problems. In this investiga-
tion we use the latter technique to calculate the
scattering of a single electron by a localized
electric field. Clearly, this procedure would be
in great error if it were used to describe the ex-
act particle trajectory of a slow particle. How-
ever, that is not what is required here. What
one needs is the phase-averaged velocity kick
(b.V) imparted to an electron by the localized
field. We have found that this averaged quantity
can be well described, for all velocities, by the
Born approximation, the reason being that phase
averaging leads to strong phase mixing for those
slow particles which spend several rf periods in-
side the localized field. Thus, the velocity scat-
tering effects arising from those slow particles
for which the Born approximation is not valid are
negligible, as will be seen in the following. We
have investigated the validity of this approxima-
tion procedure by comparing the numerical re-
sults obtained by a particle-pushing computer
calculation with the analytical result predicted
by the Born approximation. Figure 1 displays
the scaled phase-averaged energy change (~)/
(mV'/2) found by these two different methods for
a Gaussian field of width 10k.D and a scaled am-
plitude a —= (Eo'/4mnoT)'~'(&u/&u~) = 1.0, where no is

1 1 Q

Q Q4Q

(4)

and they describe the average velocity changes
produced by scattering off a localized field. We
envision a turbulent state in which the electrons
collide randomly with the localized fields, so
that the evolution of their velocity distribution
function f can be described by a Fokker-Planck
equation of the form

in which the square brackets imply an ensemble
average over the possible turbulent states and
At refers to the mean time bebveen collisions.
In the spirit of the calculation b,t =1/nv, where n
is the linear density of localized fields. Combin-
ing Eqs. (4) and (5) yields

~ the plasma, density, and T the electron tempera-
ture. Figure 1 clearly attests to the success of
the Born-scattering description of this problem.
Note that Fig. 1 shows that the contribution from
the slow particles is indeed negligible, as was
previously indicated.

Using the Born approximation, one can calcu-
late the phase-averaged quantities (bu) and ((hu)'),
in which u =v/v and V is the thermal velocity.
They are

&(&a)'& =.-'a'l f „dy g(ay) e'"I',

4 '
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FIG. 1. Velocity dependence of the phase-averaged
energy change. Solid curve is the Born-approximation
result. Enlarged dots are the particle-pushing comput-
er results.

which describes, in general, the evolution off
due to a localized electric field turbulence whose
statistics enters through the ensemble average,
which is yet to be performed. Unfortunately, at
the present time one does not know enough about
these spiky fields to be able to perform a rigor-
ous average. Our present information is that
these fields are roughly of the soliton shape, i.e.,
g(uy) = sech(uy A z&/d) with d —5Xo, and a - 1. We
thus proceed to investigate Eq. (6) under the as-
sumption that the ensemble average yields a
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FIG. 2. Velocity dependence of the initial distribu-
tion function and of the normalized diffusion coefficient,

mean value for a' and d; i.e., we consider that
diffusion coefficient that would be obtained as a
result of scattering by the most probable spiky
field. Defining the scaled width w =d/XD, and the
scaled time v =7tsva'nut, yields

—=—D(u, w)—ef e ef
BT BQ 8Q

with D(u, ~) = v(w/u) sech'(vu /2u).
We proceed to solve Eq. (7) numerically with a

Maxwellian distribution as the initial condition.
Figure 2 displays the velocity dependence of f(z
=0) and D, corresponding to a field of full width

10k.D at half-maximum. Figure 3 shows the dis-
tribution function at the times v =0 and 25. It is
evident from Fig. 3 that the localized fields accel-
erate some electrons very efficiently and thus
produce a highly populated superthermal tail.
The corresponding increase in the normalized
kinetic energy of the system is shown in Fig. 4.
This quantity exhibits an essentially linear time
dependence, thus implying a constant heating
rate given approximately by

(4v/25)nd(~/(u~)'(E, '/4~n, T)(u~ '.
The development of superthermal tails has

been observed in computer simulations. " Their

FIG. 4. Time evolution of the total kinetic energy.

formation has been previously attributed to quasi-
linear diffusion' by a broad wave spectrum, and
to quasilinear diffusion by soliton-shaped wave
packets. ' It has been shown here that spiky tur-
bulence can also give rise to this type of phenom-
enon.

An examination of Fig. 3 shows that the main
bulk of the electron distribution function is not
significantly altered by the localized fields. This
is an important feature which is required by the
internal consistency of the present model. The
reason is that these background particles are the
ones that participate in the formation of the den-
sity cavities which are required to support the
localized fields. The response of these slow par-
ticles can be treated by a fluid approach, as is
done in Refs. 1 and 2.

It has been found that the phase-averaged scat-
tering of charged particles by localized electric
fields is well described by the Born approxima-
tion. This technique permits the calculation of
the diffusion coefficient that governs the evolu-
tion of the distribution function due to spiky tur-
bulence. Such turbulence forms highly populated
superthermal tails and thus provides an efficient
method for increasing the kinetic energy of a
plasma.

The authors wish to thank Mr. R. Bollens for
helping with the particle-pushing calculations.
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FIG. 3. Velocity distribution function at times v
=0 and 25.
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The rf preferential plugging of multi-ion species plasma is studied experimentally in a
magnetic cusp: Desired ion species can be plugged and the others escape from the con-
tainer. The conditions necessary to realize an impurity-free cusp reactor using this
concept are discussed. It is shown that impurities, specifically krypton and argon, can
be preferentially reduced in the reactor.

One of the recent problems of Tokamak plasma
is the concentration of heavy impurity ions in the
central region of the plasma column. ' Such a
problem can be solved more easily in an open-
ended system than a closed system, It has been
shown' 4 that the end loss from the line cusp can
be plugged effectively when an rf field near the
ion-cyclotron frequency is applied at the line
cusp. In this Letter, an experimental result of
preferential rf plugging of the multi-ion species
plasma is reported; that is, only the desired
ions (resonance particles) are plugged preferen-
tially. This technique may be used to achieve an
impurity-free cusp reactor because the fusing
particles are plugged and the impurities allowed
to escape.

%hen the rf field is applied, the quasipotential

p, , which acts on the particles, is given by the
equation'

(Z,.e)'E' 1

4~ A (d
p j cj

where m~ is the proton mass, e is the charge of
the proton, ~, is the cyclotron angular frequency,
A is the atomic weight, and Z is the ionization
multiplicity. The subscripts ~ and j refer to a
resonance particle and an impurity. This expres-
sion was obtained by using the single-particle
and cold-plasma approximations. When applying
this equation to the plasma, one should note that
the rf field E exp(iut) is not the external field but
the net field in the plasma because the external

field is altered by the self-field of the charged
particles and is enhanced by the resonance of
the plasma. Moreover, in the plasma, (~' —&u„.')
in Eq. (1) should be rewritten using the character-
istic cyclotron oscillation frequency co,„of the
plasma. For simplicity, we assume that ~=are,„,
where a is some constant (1 ~a &2)'. Using Eq.
(1), the potential, which acts on the impurity,
can be calculated. If y,. &ABT,, where k& is Boltz-
mann's constant and T,. is the temperature of the
impurity, more than half the impurities (i.e. ,
that part of the Maxwellian energy distribution
with energy &pi) are allowed to escape

The experimental apparatus is shown in Fig. 1.
The plasma consists of several ion species [for
example, (He', He", N', and N, ') and (He',
He", Ar', and Ar")j. In order to produce
these plasmas, argon or nitrogen gas is fed into
the helium plasma which flows through the anode
hole. The ratio of the density of Ar' and N' to
that of He' is less than 0.2. The plasma density
is typically 10' cm . Ion and electron tempera-
tures are equal to each other and are about 10 eV.
A pair of ring-shaped rf electrodes 27 cm i.d. ,
37 cm o.d. , and 5 cm in separation sandwich the
plasma at the line cusp. Under the rf electrodes,
the magnetic field strength is about 2.0 kG.

The ion loss from the line cusp is measured by
a time-of-flight-type mass analyzer, which is
set up outside of the line cusp. The detector sig-
nal is fed into an oscilloscope, so the brightness
of the traces is proportional to the numbers of
escaping ions. A typical experimental result is
shown in Fig. 2, for the applied frequency equal
to the resonance frequency of He'. When the ap-
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