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A direct method of measuring the Fokker-Planck velocity diffusion coefficient in plas-
ma turbulence is developed. The method is consistent with, but more general than, the
quasilinear approximation. The velocity variance {Av? is measured by integrating the
space-time potential correlation function along unperturbed particle orbits. Correla-
tion times and velocity diffusion coefficients are measured as a function of velocity in
ion-beam—plasma turbulence and the experimental results are compared with the Fokker-

Planck theory requirements.

The Fokker-Planck diffusion equation is often
applied in plasma physics to describe the velocity
diffusion due to a statistical Coulomb field be-
tween charged particles in a stable plasma.+?
This scheme appears to be more general, how-
ever, since it also includes quasilinear theory.3*
The Fokker-Planck (FP) diffusion coefficient can
be simply related to measured experimental quan-
tities. Furthermore, this measurement is self-
contained and does not require the existence of a
dispersion relation, as previously assumed in
plasma turbulence.®*”” In this Letter, we will
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first present the basic ideas underlying the diffu-
sion-coefficient measurement. This approach
will then be applied to an experiment on ion-
beam-plasma turbulence. The experimental val-
ues of the diffusion coefficient will be calculated
and discussed.

When the E-field fluctuations are independent
of the particle trajectories on the time scale of
interest, it has been shown? that the particle dif-
fusion can be described by a FP equation
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where
—, . {avav)
D) = =5

is the diffusion tensor. It is expressed in terms
of the velocity variance at time Af, about the ini-
tial velocity v, due to the fluctuating field. Equa-
tion (1) holds when the velocity variance is pro-
portional to Af and small enough for the expan-
sion procedure? leading to (1) to be valid.

In stationary, homogeneous turbulence, and in
the absence of a magnetic field, the velocity var-
iance can be simply related to the electric field
correlation function by integrating the equation of
motion along unperturbed orbits. When the cor-
relation time (tensor) for a particle of velocity v
is defined by

T,=((E) ™" ar (E(0,0)E(r = v,7)), (2)
then if At>T,,
D) =(g*/m>(E?T,, (3)

Thus by integrating along the unperturbed orbits
of the electric field correlation function as meas-
ured in the laboratory (Eulerian) frame, we can
generate the FP diffusion coefficient D(V).

Equation (3) can also be related to the electric
field spectral density |E(w,k)?|. We find

-, q
D(v) = on*ighy,2
x fdw d"k%lﬁ(w,ﬁ)ﬂ o(kv —w), (4)

where 7 is the number of space dimensions.

This is similar to the usual quasilinear result
since the diffusion is due to spectral components
in resonance with the particles. The FP treat-
ment has the advantage of being more general,
however, since no dispersion relation w(l;) need
be assumed. The FP diffusion model can be ap-
plied to spectral densities which are not neces-
sarily concentrated along a plasma dispersion
relation. In particular a broad spectral density,®
which is sometimes taken as a characteristic of
strong turbulence, can be treated using the FP
model. .

The experiments were performed in a multipole®
double-plasma’ device (argon pressure 2.5x10"¢
Torr, T,=4.2 eV, T;=0.1-0.2 eV, n,~3X10®
cm™). A plane ion beam is injected into a target
plasma at about the ion acoustic speed (1, /z,
=0.45, v,/c,=0.95). As reported previously,!
the ion-beam-plasma instability develops into a

turbulent spectrum with a one-dimensional plane
structure. The frequency spectrum peaks at 170
kHz. Two positively biased spherical probes are
used, each smaller than a Debye length (Ap~1
mm). One probe is fixed at the origin x =0 (4.1
cm in front of the beam injection grid) while the
other can be moved along the x axis parallel to
the direction of the beam velocity. Using a 1-
MHz correlator, the correlation function is
traced out for a given time delay 7 as the movable
probe is swept slowly along the x axis. Displac-
ing the trace vertically by an amount proportion-
al to 7 (for each value of T) gives the space-time
correlation function as shown in Fig. 1.  This
function has the form of a Gaussian wave packet,
moving from left to right with a maximum at the
originx =0, 7=0.

Figure 1 gives the correlation function for the
electron current fluctuations J. Dividing by the
saturation currents J collected by each probe,
we can calibrate the vertical axis of Fig. 1 in
terms of the normalized potential fluctuations
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FIG. 1. Space-time correlation function of the poten-
tial fluctuations in one-dimensional ion-beam—plasma
turbulence. Top: mean square relative potential fluc-
tuation measured by the axially moving probe; vertical
scale same as for correlation function. The origin (x
= 0) is the point at which the two probes lie at the same
axial distance from the beam injection point.
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e9/KT,=J/J,. The top inset in Fig. 1 shows the
mean square relative potential fluctuation as a
function of x with the same normalized axis. The
potential noise power is small near the beam
source (x =~-41 mm), grows rapidly near x = -21
mm with a growth rate (#; /k,)=~0.25, reaches a
maximum of {(e@/KT,)?) =1.7x10"* (rms ~1.3
X107?), and then saturates and decays very slow-
ly.

To use Fig. 1, we must transform the measured
normalized potential correlation function into the
normalized electric field correlation function.
Since the measured correlation is fairly harmonic
with a2 mean wave number k, [=6X102 m™! in Fig.
1], we have {E(0,0)E(x,7)) ~k,%(¢(0,0) ¢(x,7)).
Now to obtain the diffusion coefficient D(v) from
Fig. 1, we calculate the correlation time 7, Eq.
(2), by integrating along the unperturbed orbits
x =v7. In order to carry out the integration along
a given orbit, a straight line of slope v is sketched
outwards from the origin (x=0, 7=0). The values
of the correlation function are measured at the
intersections of this line with the horizontal 7
lines. Then 7, is obtained by graphically integrat-
ing these values over T and normalizing the inte-
gral by the value of the correlation at the origin.
This procedure is carried out over different tra-
jectories, corresponding to different velocities v.
The diffusion coefficient is obtained by substitut-
ing these values of 7, into (3), which can be writ-
ten

D(v) =107 (v) m?/sec?,

where 7, is in microseconds.

The solid curve in Fig. 2 shows the correlation
time [and D(v)] as a function of v. These calcula-
tions correspond to the range of negative 7 values
in Fig. 1. The curve is sharply peaked at v=1.4
km/sec, a velocity which is consistent with the
phase velocity of the most unstable linear modes.’?
Around the peak, 7, decreases to low and even
(nonphysical) negative values. These minima are
due to the inhomogeneity of the turbulence!® since
the trajectory v=1.4 km/sec traverses the region
of noise growth (see top of Fig. 1). Far from the
peak, the diffusion coefficient extends into long
wings in the regions of large positive and negative
velocities. This behavior is not predicted by lin-
ear or quasilinear theory since no unstable nor-
mal plasma modes exist in this range. All of our
measurements show a similar behavior. When 7,
is measured in the region of positive T values
(Fig. 1, downstream from the fixed probe), for
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FIG. 2. Solid curve: Fokker-Planck diffusion coef-
ficient (or correlation time) as a function of velocity,
obtained from the negative-7 part of Fig. 1. The error
bars due to the graphical integration of Fig. 1 are 2%
at the maximum and 20% in the wings. The maximum
uncertainties in the numerical constants ¢?, k,2) in-
volved in 7, and D are 30%. Dashed curve: mean ion
velocity distribution function at x =— 0.8 cm.

trajectories in the nearly homogeneous turbulence
region, 7,(v) still has a peak at 1.4 km/sec, but
with a lower maximum [(7,);.x=6.6 usec] anda
larger half-width (0.5 km/sec at half-maximum),

The dashed curve in Fig. 2 shows the ion veloc-
ity distribution at x =-0.8 cm as measured with
an energy analyzer. The peak of the diffusion-
coefficient curve lies in the plasma-ion distribu-
tion, in the range of v where the slope is negative,
well separated from the beam distribution. The
measured velocity-distribution curves at increas-
ing distances have been compared to the FP spa-
tial evolution predicted by (1), into which the
measured values of D(v) are inserted. The beam
decay has been found consistent with (1). How-
ever, in the plasma distribution where a plateau
should very rapidly form and stabilize under the
peak of 7., a steady filling in of the plasma-ion
distribution by the beam particles is observed.
The ion-neutral collision mean free path is 20
cm, and does not play a significant role in the
diffusion process which occurs over a few centi-
meters.

We now examine the hypotheses which have
been used to establish the FP diffusion coefficient.
The expansion procedure used requires that

(av®)n, <(f71 8% /8077,

The lowest allowed value of {Av?),, is obtained
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for Af=7,. We must therefore satisfy

2 92f \ =1

When the measured value of (f "1 9% /80%)7! is
taken for velocities for which 7, is maximum we
.find that 7, must be less than 4.5 usec. However,
the measured peak value of 7, is larger than this.
Thus the use of the FP expansion is questionable
for ion-beam-plasma turbulence for the class of
velocities lying close to the peak of 7.

We can also estimate the effects of particle
trapping on the orbits. Since the E-field spatial
configuration moves at about the phase velocity
corresponding to the peak of 7(v), particles in
the velocity interval

Av=2(2e /m) ' ({p2))/4=1.14 km/sec

can be trapped with a characteristic “ion trapping
time”

w, Y=k, Ym,/e)2((92))"/4=3.75 usec.

We thus find that a large number of particles can
bounce in potential wells. These strong perturba-
tions in the particle orbits have not been taken
into account when expanding the trajectories
around unperturbed orbits x = vT,

The Fokker-Planck diffusion coefficient in a
turbulent plasma has thus been experimentally
measured using correlation techniques. The
method can be applied to different types of weak
turbulence and could be extended to other trans-
port coefficients.
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