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The transport of test ions in a quiet plasma

Roger McWilliams and Mason Okubo

Department of Physics, University of California, Irvine, California 92717

(Received 30 March 1987; accepted 11 June 1987)

Experimental measurements of cross-field transport of test ions in a quiet plasma are reported.

In a plasma with density fluctuations below {(6n/n,)

2)1/2~0.002, the experimental results

agree with simple predictions of test ion diffusion resulting from collisional processes for the
range of parameters tested. The observed transport may be attributed to Coulomb collisions
and the results disagree with predictions based solely on Bohm diffusion or turbulent

processes.

. INTRODUCTION

The nature of plasmas is such that they can provide an
excellent medium for the study of natural phenomena where
statistical physics plays a significant role. For example, the
understanding of stochastic processes can be advanced by
examining plasmas. Considerable experimental and theo-
retical effort has gone into studying plasma transport result-
ing from irreversible processes. Underlying much of this
work is the notion of the motion of a dressed test particie'™
reacting to fluctuating fields. Many theories and experi-
ments concerning diffusion have been developed. Experi-
mentally, most measurements of diffusive processes in plas-
mas have studied bulk plasma processes. In this paper an
experiment is described wherein a method for creating test
particles and following their subsequent motion in a plasma
was performed.

Experimentally, there has been substantial effort made
to understand the underlying processes responsible for
transport of particles across magnetic fields. Most experi-
ments have been unable to distinguish one plasma ion from
another and hence have measured bulk plasma motion rath-
er than the motion of test particles. Such experiments in-
clude those done by D’Angelo and Rynn,>° Stodiek, Ellis,
and Gordon,” Rynn,® D’Angelo,® D’Angelo and von
Goeler,'® Motley,"" Wolf and Rogers,'”> von Goeler and
Motley,"* von Goeler, Sadowski, Pacher, and Yoshikawa,'*
and Guilino.'® An attempt to measure transport coefficients
via injection of a second ion species into a plasma was done
by Eastlund,'® but the results were inconclusive. Test elec-
tron and ion beams were injected into a turbulent plasma by
Stenzel and Gekelman,!” with the electron motion exhibit-
ing Bohm scaling. Collisional drift waves with én/n~=0.1
were found to cause substantial diffusion by Hendel, Chu,
and Politzer.'® Animportant advance in the measurement of
transport processes is the method of optical tagging to mea-
sure test particle transport, demonstrated by Stern, Hill, and
Rynn.'"” Experiments using optical tagging which showed
anomalous cross-field transport in the presence of sizable
wave fluctuations were reported by McWilliams, Hill, Wolf,
and Rynn.?°

A considerable body of transport work has emerged in
tokamak research. Neutral beam injection has led to scaling
laws such as those developed by Kaye and Goldston.?! Im-
purity injection experiments by Marmar?? and others have
led to models of radial transport from empirical observation.
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Extensive reviews of neoclassical transport results and the-
ories have been given by Hinton and Hazeltine?® and
Liewer.’* Many theories have been developed and many em-
pirical observations have been made, but underlying this
body of work is a need to make a specific connection between
the transport processes and the responsible microturbulent
or classical mechanisms.

This paper describes an experiment where the motion of
a test ion population could be followed as it moved through a
plasma. The turbulence level in the plasma was sufficiently
low that transport theories which depend explicitly on tur-
bulence predict that classical diffusion would be the domi-
nant diffusive mechanism. The experimental results for the
inferred test ion spatial diffusion coefficient were found to
agree with simple classical diffusion predictions over the
range of plasma parameters tested.

{l. TEST PARTICLE DIFFUSION THEORY

Consider a plasma where the turbulent wave spectrum
is not enhanced by instabilities above the thermal noise level.
In simple magnetized and unmagnetized plasmas the elec-
tric field fluctuation level was expressed by Rostoker,! from
which an estimate of the density fluctuation level may be
made. For the conditions of the experiment (measured at the
center of the plasma column), the density fluctuation level
((6n)?)"/%/n, is estimated from the theory to be about
7% 1073, a little above the measured values. At the edge of
the plasma column the density fluctuation level was found to
be higher than this theoretical estimate and is attributed to
drift wave turbulence, '® where drift waves could be driven by
the radial density gradient. Hence all of the experimental
measurements were taken near the center of the plasma col-
umn where the density fluctuations did not exceed 2 X 103
for the quiet plasma measurements. Under these circum-
stances turbulent diffusion may be expected to be dominated
by classical collisional diffusion processes, as shown below.

To develop a model for collisional diffusion of a test
particle, one may start with the Langevin equation,

du_ —Pu+ A1), ()
dt
as described by Chandrasekhar.”® In Eq. (1), u(¢) is the
velocity of the test particle, and the force per unit mass act-
ing on the particle has been divided into a frictional drag
term — PBu and a fluctuating part A(¢). There are several
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assumptions made to obtain the solution to Eq. (1), namely,
(i) temporal homogeneity; (ii) A(#) is described by a Mar-
kov process with a fluctuation time far less than the time for
measurable variation in u; and (iii) 3 is not a function of u.
For times > 1/, Eq. (1) led Chandrasekhar to conclude

<(x —x())z)ave =11§(|r_r0|2)ave =2Dt= (ZT/mﬁ)t,
(2)

where D is the diffusion coefficient of test particles with mass
m. In determining the application of the Langevin equation
to the motion of a test ion in a plasma, one may note there
will be an exponentially small class of ions where the Cou-
lomb interaction process will violate the third of these as-
sumptions (since the collision frequency is velocity depen-
dent), but the bulk of the ion population will fit these
assumptions. Under conditions fitting Eq. (1), Thompson®®
(among others) has determined the diffusion coefficient.
Using Kac’s?” analysis of the Ehrenfest model also shows
that the recurrence time for the experimental measurements
may be estimated to be in excess of 10® sec and hence the
diffusive process may be viewed as an irreversible process in
the plasma.

Considering a plasma in an external magnetic field,
B = B, causes Eq. (1) to be modified to

du

“— = —Pu+A@) +uXo,, (3)
dt

where o, = eB/me. Writing u, =u, +iu,
A, =A4,+id,,andf = + io, and looking for the long-
time solution to (3), i.e., t> 1/, 1/w,., one obtains

((x—x)> + (0 —»)?) =2T/m)[B/(B* + ) ]t (4)

For the circumstances 82/ w? €1 the diffusion coefficient is
given by

D, Z%Pizvﬁ (5)

for a test ion in a quiet plasma with 7; ~ 7,, where p; is the
Larmor radius and v, is the collision frequency of the test
ions. Note that assumption (iii) was invoked to obtain Eq.
(5) through the 8 = B(v,; ). It is not readily apparent how
the addition of realistic plasma effects which violate parts of
the three assumptions will change the prediction of Eq. (5).
Hence, Eq. (5) should be taken as a sample theoretical pre-
diction which possibly does not include some physical ele-
ments required for a precise description of collisional trans-
port of test ions in a plasma. The result from Eq. (5) is
similar to that obtained by Rostoker' and Klimontovich.®

Like-particle collisions, as well as electron—ion colli-
sions also were considered by Simon,”® Longmire and
Rosenbluth,? and Taylor.3! Like-particle collisions between
indistinguishable particles do not lead to diffusion until third
order spatial derivatives are included in the flux calcula-
tions. An estimate of the flux resulting from third order ef-
fects in the experiments predicts a contribution of less than
1% of the flux predicted by Eq. (5). Calculations of elec-
tron—ion collisional diffusion show that the test particle dif-
fusion coefficient in Eq. (5) exceeds the ion—electron diffu-
sion coefficient by (m,/m,)'’?, which is much greater than
unity.
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Hl. EXPERIMENT

The experiments were performed in the University of
California, Irvine Q-Machine,?” which was run single ended
(see Fig. 1). The nearly completely ionized barium plasma
was formed via contact ionization on a rhenium-plated tung-
sten hot plate. The resulting 5 cm diam plasma flows down
the axial magnetic field, B, = ByZ with By < 7 kG, typically
at a speed of 5X 10* <v, < 1X 10° cm/sec, and is buried at a
cold floating plate 1.4 m downstream. Initial electron and
ion temperatures are approximately 0.2 eV. Electron tem-
perature was inferred from a Langmuir probe while ion ve-
locity distributions were obtained using laser induced flu-
orescence techniques (to be discussed later). Plasma
densities were 5 10°<n, <1.7 X 10'® cm 3, the density be-
ing inferred from Langmuir probes and through the angle of
propagation of a lower hybrid test wave (f=~w/w, W.r.t.
BO) .33

In creating test particles in a plasma it is important to
create a test particle population such that test particle-test
particle collisions are rare compared to test particle-back-
ground plasma collisions. The reason for this is that colli-
sions between indistinguishable particles do not lead to sig-
nificant diffusion even though the individual particle orbits
are affected. In following the diffusive motion of a test parti-
cle population it is therefore important to create a test parti-
cle population which is only a few percent of the background
density so that the measured diffusion coefficient will not be
reduced by like-particle collisions.

Laser induced fluorescence (LIF) was used to create
and follow the test ions in the experiment (see Fig. 1); the
details of LIF are described in Refs. 34-38. The test ion pop-
ulation was created in a manner similar to that reported in
Refs. 19 and 20. The LIF diagnostic uses a dye laser, tuned to
5854 A (broadband in this experiment), to induce transi-
tions from the 5°D,,, metastable state of singly ionized Ban
to the 6°P;, excited state. The excited state decays in a few
nanoseconds™ to the 6°S,,, ground state, emitting fluores-
cence at 4554 A, detected with a lens and photomultiplier.

LANGMUIR
PROBE\, T BEAM 8

FIG. 1. General plasma configuration and diagnostic geometry. Cylindrical
plasma formed at the hot plate drifts down the magnetic field to the end-
plate, where it is lost. T and D beams are the tagging and detection laser
beams, respectively.
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An exact relationship of the fluorescence intensity to the
density of excited ions is found by examining the transition
rate equations,*® depends on the metastable population
(typically about 8% of the total plasma density), and in-
volves kinetic effects.’®*' By examining ion velocity distri-
bution functions**** one may conclude that the fluorescence
intensity is proportional to the metastable ion density for this
experiment.

The cross-field diffusion measurements described in this
paper were made using this technique of optical tagging'®*°
in which a population of ions is marked spectroscopically.
Running the laser broadband tags the metastable population
regardless of ion velocity. As shown in Fig. 1, the plasma
ions stream from the hot plate. A small group of them pass
through the tag beam (T beam), where the local metastable
population is depleted by transitions into ground state in-
duced by the laser. A tagged population of ions, when pass-
ing through the detection beam (D beam), signals its pres-
ence by a reduction in the induced transitions, indicating an
ion flux between tag and detection beams. We refer to this
technique as dark-pulse tagging. Signal resolution was en-
hanced substantially by chopping the tag signal and using
synchronous detection. The axial spatial separation of the
tagging and detection could be made as small as 1 cm or as
large as 20 cm. Measuring the cross-field spatial motion of
the tagged ions by the cross-field scanning of the detection
beam allowed the test particle transport coefficients to be
determined. Clearly this optical tagging technique requires
an ion population which can be tagged. Hence many plasmas
would require the injection of a taggable ion beam to be able
to perform similar transport experiments.

If there are no sources or sinks of metastables other than
the hot plate (at which the ions were created) and the laser
beam which creates the tagged population, then any mecha-
nisms for cross-field transport will change the spatial distri-
bution of a tagged population drifting axially down the field
lines. The density of particles will satisfy the continuity
equation

%nD+V-I‘D=O, (6)
where n,, is the number density of the tagged particles and
I', isthe flux of nj, into (out of) the tag region. If the fluxisa
result of a bulk motion, then I' = nv = n(x)/7, where 7 is
the time it takes to shift the average position of a group of
particles by (x). If the flux is a diffusive flux a simple model
may apply, where I'= — DVn= — ({(x*)/7)Vn, and
where D is the diffusion coefficient. There would then be a
spreading of the group of particles which satisfies the equa-
tion

inD—V-(DVnD)zo. (7)
at

Ions, drifting along the magnetic field lines, enter the vertical
(parallel to the y axis) tagging laser beam (see Fig. 1)
whence they continue on as a laser-beam-shaped population
of tagged ions. Diffusive processes described by Eq. (7) and
Larmor orbits will cause a horizontal (parallel to the x axis)
spreading of this distribution. By measurement of the width
of the fluorescence signal, the diffusive spreading, and thus
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the diffusion coefficient, can be determined.

Given an initial distribution f(&, v, , ¢, t = 0) of tagged
particles at the horizontal position x = £, with perpendicu-
lar (to B,) velocity component v, moving in a direction ¢
with respect to the laser beam, it is possible to determine the
subsequent time evolution of the distribution and its depen-
dence on any diffusion processes that may be present. Parti-
cles tagged at x = & will experience a diffusive motion of
their guiding centers, causing a spreading of the distribution.

In addition to these diffusive processes, the thermal dis-
tribution of perpendicular velocities (giving a range of Lar-
mor orbit sizes) and the distribution of angles at which the
particles can leave the beam will affect the time evolution of
the spatial distribution. Figure 2 shows how two particles
with different Larmor orbit sizes entering the tag laser beam
at different positions (&, and &,), with different phases in
their orbits (¢, and ¢,), can give a width to the tagged signal
greater than the laser beam width. In the absence of diffu-
sion, a particle tagged at x = £ will be found, after a time ¢, at

x(t) =& —v, /o,[cosd —cos(w,t+¢)]. (8)

The density of particles at (x,t), resulting from particles
tagged at &, is

rp (i) = f v, do, j dé (&, $.80x — £

+ v, /0, [cos ¢ — cos(w,t + #) ]} (9)

Since the beam has a finite size, particles from different &,
initial tag points, may contribute to the number of particles
detected at x. Summing over these contributions, the density
of particles at (x,t) becomes

np(x,t) = Jdé’ J- v, dv, Jd¢f(§,vl,¢,t)5{x —£&

+ v, /0, [cos ¢ — cos(w,t + )]} (10)

Since the field of the laser mode has a Gaussian radial inten-
sity profile in the plasma, the distribution of tagged particles
f(&v,,6,0) will have a Gaussian spatial dependence. Since
the measured velocity space distribution is a Maxwel-
lian,**? for the case of the unperturbed plasma, the distribu-
tion of tagged particles will have a Gaussian velocity-space

¢ ) ® §0
2™ /
P LARMOR

$, ORBITS

¥
f.z\>

— ~—4A LASER BEAM
DIAMETER

FIG. 2. Phase and position of two different ions as they enter the tagging
laser beam.

R. Mcwilliams and M. Okubo 2851



dependence. Thus f(&,v, ,4,0) becomes
flE,,8,0) = Nyexp( — £¥/4A)exp( —vi/0?),  (11)

where 2A = is the initial half-width of the distribution in
coordinate space and o is the thermal width of the velocity
space distribution.

Since the guiding-center drift evolution of the particle
density is governed by the perpendicular component of the
diffusion equation [Eq. (7) ], the average time development
of the spatial distribution can be determined by taking a La-
place and Fourier transform into (k,w) space. The charac-
teristic equation, which can be derived from the transformed
diffusion equation, gives a relationship between w and %,

o= —iDk? (12)
where D, is the coefficient of diffusion perpendicular to B,,
With Eq. (12) and the Laplace transform of the initial spa-
tial distribution

Skp,,8,0) =N, exp( — k?A?), (13)

the time-dependent spatial distribution can be derived using
the inverse Laplace transform

S ,8,0) = Jf(k,vl,db,O)exp[ —i(ké —wt)1dk.  (14)

Solving the integral results in
flEv .6t) =N exp[ —£2/(2A* +4D,1)].  (15)

This is the time-dependent spatial distribution of tag parti-
cles including diffusive processes. By substituting
f(&p, ,¢,0) into Eq. (10) for the total density of particles
and changing the delta function from an x-dependent argu-
ment to a v, -dependent argument, the integral over dv, and
d¢ can be done, resulting in

o (xt) =B [ d exp( — - Jexpl —Bx - 71, (16)

where A = (A>+2D,1)"?, B= [4p}sin*(w,1/2)], and
B = (28)''?/(27A). Rearranging the terms and completing
the integral over d¢ results in a Gaussian density distribution
in space:

np(x,t) =BQ2m)'">(A 72+ B2

Xexp[ —x%/(B ' +247)]. (17

The full-width at half-maximum of this density distribution
is

2 am = 2.77[4p? sin (w1 /2) + 2% 44Dt ], (18)

where p, (=v, /@) is the Larmor radius.

If the tag beam and the detection optics are separated
axially by Az, then the time 7 is associated with a separation
Az = v,t because of the axial plasma drift v;. From the
sin?(w,;t /2) term, a spatial and temporal oscillation in the
width is expected, resulting from the plasma’s axial drift.
However, the thermal spread of the axial velocities will cause
particles that started in phase at the tag point to become out
of phase later, effectively smearing the oscillation. Calcula-
tions indicate full decorrelation after drifting about 1.6 cm
axially. Thus on experimental scales, the oscillations are
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averaged out. The full-width at half-maximum becomes
X lwum =2.77(202 + 242 + 4D, 1). (19)

Since for this experiment p;, and A are independent of the
axial drift, the change in X Z between two different axial
separations z, and z, is given by

Ax%wmw = Xi*WHM (z)) — X%’WHM (23)
=2.7[4D, (t, — 1;) ]
=2.77[4D, (z, — z,)/v4]. (20)

By measuring the AxZyya as a function of various param-
eters the properties of the diffusion coefficient D, can be
determined.

A typical radial density profile is shown in Fig. 3. The
plasma radius was 2.5 cm, but all tagged particle measure-
ments were made within 7<0.5 cm. Over the spatial range of
the measurements the total density changed by 5%, corre-
sponding to L, = (Vn/n) ~'=15.6 cm. Radial temperature
profiles showed similar scale lengths. Typical scales for the
tagged population gradient are of order of the Larmor radius
(two orders of magnitude less than L, ). Hence contribu-
tions to tagged particle diffusion resulting from gradients in
the total density or temperature were negligible.

The density fluctuation level in the plasma was mea-
sured using a probe with a cylindrical tip of radius
6.35x 1072 cm and length 2 X 107" cm, the axis of the tip
being oriented parallel to B,. Fluctuations were examined
for frequencies less than 200 MHz. The radial profile of the
fluctuation level is displayed in Fig. 4. The dominant region
of fluctuations is the outermost edge of the plasma, well
away from the region of tagged particle measurements.
These plasma oscillations have characteristic frequencies in
the very low kilohertz range and may be attributed to drift
waves'? at the plasma edge, where substantial temperature
and density gradients could drive the waves. In the region
where the tagged particle measurements were made, the den-
sity fluctuation level was less than 2 X 10>, For collisional
diffusion to be dominant over turbulent contributions the-
ory** predicts the fluctuation level should be less than 1%.
Thus collisional diffusion was expected to be the dominant
diffusive mechanism for test ions in this plasma.

1

e o ~ _
o T \
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; RANGE OF
- MEASUREMENT
— 05 - -
0
-
l
o I

1

I

|

1 1 i

-05 00 05
r (cm)

FIG. 3. Radial plasma density profile (n=1.1x10' cm~?, B, =3 kG)
showing a 5% change in density over the spatial range of measurement.
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FIG. 4. Radial ion density fluctuation profile showing én/n <0.002 over
most of the spatial range of measurement (r<0.5 cm).

An example of the measured tagged particle radial pro-
file at two different axial locations is given in Fig. 5. The
radial profiles are taken by scanning the detection beam and
collection optics in the x direction, as shown in the sub-
figures of Fig. 1. Comparison of the full-widths at half-maxi-
mum shows the diffusive radial spreading of the test ions as
they travel axially (in Fig. 5 the two detection beam scans
are separated axially by 18 cm). Equation (20) then gives
D, when v, is known. For the condition of this experiment
vy =7X 10% cm/sec (see Refs. 38 and 43 for how this may be
measured).

Plasma rotation must be considered since it would lead
to an apparent spread in the x-direction test ion profile as a
result of the laser beam geometry. A radial electric field will
cause an azimuthal drift of v, = cE,/B,. Because the laser

TAGGED-1ON SIGNAL (arb. units)

05 0.0 0.5
r{cm)

FIG. 5. Horizontal radial tagged particle profiles at two axial positions
(separated by 6z = 18 cm) displaying radial spreading of test particles re-
sulting from diffusion as plasma drifts down the magnetic field.
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tags a vertical column of ions, the horizontal spreading of the
tagged profile will be enhanced by (cos 8) ~', where @ is the
angle of plasma rotation that occurs between ion tagging and
detection. Measurements similar to the technique used by
Wickham*® showed radial electric fields of order 3 10~2
V/cm, giving a maximum rotation of 6 % 3.6 X 10? rad/sec.
Over the axial range of measurements this leads to an appar-
ent broadening of the test ion profile by 0.5% or an overesti-
mate of diffusion by about 1%. Hence plasma rotation ef-
fects may be ignored for this experiment.

The test ion classical diffusion coefficient estimated by
Eq. (5) goes as n/B . In contrast to this, anomalous diffu-
sion coefficients (such as those predicted by Bohm*® and
Dupree**) generally are independent of density. Figure 6
shows the experimentally inferred values of D, over the
range of densities tested. The shaded areas are the theoretical
predictions of Eq. (5), Bohm, and Dupree (D, Dg, and
D,, respectively), using measured values of =n,
{(6n/ny)?)'%, B, and T (including error bars), and are not
fit to the data. Two conclusions may be drawn from this
figure. First, the experimentally inferred D, has alinear den-
sity dependence. Second, the magnitude of the inferred D, is
in agreement with classical test ion diffusion predictions.

The magnetic field was varied over a range of 2.25 to 6
kG while holding the density constant. The resulting in-
ferred diffusion coefficients are displayed in Fig. 7. It is pos-
sible to fit 1/B 2 and 1/B curves through the error bars of the
data, so these data do not establish the magnetic field depen-
dence conclusively. One may say that the inferred test ion
diffusion coefficient has a magnetic field dependence near 1/
B?, but a stronger statement about field dependence should
not be made based on these data. Using the measured n, B,
and T values (including error bars) one may calculate D,
from Eq. (5). This calculation is plotted in Fig. 7 as the
shaded area labeled D;;. Also using the measured plasma
properties allows predictions for Bohm diffusion*® and tur-
bulent diffusion,** labeled D g and D, respectively, on Fig.
7. The experimentally inferred D, agrees, within the error
bars, with the classical prediction. There is an order of mag-

300

200 |

D, (em?/s)

100 |-

(o] 5 10 I5 20
n (10° cm )

FIG. 6. Measured test ion diffusion coefficient versus density in a quiet plas-
ma. Shaded areas are theoretical predictions for Bohm (D), collisional
(D;), and turbulent (D) diffusion.
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FIG. 7. Measured test ion diffusion coefficient versus the magnetic field in a
quiet plasma. Shaded areas are theoretical predictions for Bohm (Dy),
collisional (D;; ), and turbulent (D) diffusion.

nitude disagreement with Bohm diffusion and a factor of 6
disagreement with the turbulent diffusion prediction. The
data are consistent with diffusion dominated by classical
collisions with a small addition as a result of low level of
turbulence.

The experiments reported here measured test ion trans-
port when ((8n/n,)%)'/? was of the order of 21073 or
less, which we have characterized as a quiet plasma. Thus far
we also have been able to use this dark-pulse tagging method
to examine ion transport for turbulent conditions with
((6n/ny)*)"? up to 5X 102, Preliminary results were re-
ported previously’® and more detailed experiments have
been performed. These results are outside the scope of the
present paper, since the plasma can no longer be character-
ized as quiet, and will be reported in the future.

IV. CONCLUSIONS

Measurements were made of the cross-field transport of
test ions in a quiet plasma. The modified Langevin equation
predicts a cross-field diffusion coefficient of D, =1 piv, for
test ions in a quiet plasma. The experimental results agree
with the predictions of the modified Langevin equation,
Rostoker,' and Klimontovich.?® The experimental results
disagree with predictions of anomalous diffusion for these
plasma parameters.
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