
VOLUME 74, NUMBER 10 PHYSICAL REVIEW LETTERS 6 MARcH 1995

Measurement of Fokker-Planck Diffusion with Laser-Induced Fluorescence
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Laser-induced fluorescence in plasmas is shown to be strongly inAuenced by velocity-space diffusion,
under the proper conditions. The induced fluorescence is modeled by a set of coupled rate equations
that include the Fokker-Planck operator for each state density, and the results are compared with data
from a gas-discharge plasma in which the ArII (3d')~ G9tz metastable state is optically pumped. The
Fokker-Planck diffusion coefficient D is determined and found to be in agreement with theory.

PACS numbers: 52.25.Fi, 52.70.Kz

Transport phenomena in plasmas are a topic of funda-
mental importance, both for obtaining an understanding of
the basic physical mechanisms that move an ionized gas
toward and also maintain equilibrium as well as for the
development of advanced applications [1—3]. One aspect
of the transport problem is the diffusion of a test particle
through a medium already in equilibrium. Test-particle
velocity-space, or Fokker-Planck, diffusion has recently
been measured [4] through a two-step process called "op-
tical tagging" [5] in which a narrow-band laser spectro-
scopically "tags" a given velocity class of ions. A second
narrow-band laser is subsequently used to view, by means
of laser-induced fluorescence (LIP), the "tagged" ions as
they diffuse. In this Letter we will show that information
about diffusion can also be obtained with just one laser
by correctly analyzing the resultant time-dependent fluo-
rescence. We present the first measurements of velocity-
space Coulomb diffusion in a gas-discharge plasma.

The time dependence of sub-Doppler LIF can be influ-
enced by many factors including laser intensity and spec-
tral width, collisional excitation rates, Zeeman splitting,
etc. In systems where optical pumping occurs, diffusion
also needs to be considered. If the Fokker-Planck coeffi-
cient D and Doppler width of the optically pumped region
o. are such that D/o2is at least com. parable with the op-
tically stimulated transition rate, then diffusion is signifi-
cant and is therefore evident in the time evolution of the
induced fluorescence. We have observed such evidence
in a magnetized argon (n) plasma. A system of rate equa-
tions governing the time-dependent populations of the ap-
propriate ionic states, and therefore the time-dependent
LIF signal, has been developed. The primary difference
between this system and previous treatment [6,7] is the
inclusion of a Fokker-Planck operator. By using these
equations to simulate the expected LIF signal, quantita-
tive information can be obtained about velocity-space dif-
fusion in the plasma [6,7].

The experiment was performed in an ArIr plasma,
immersed in a solenoidal magnetic field of approxi-

mately 2500 G. The 10 cm diam plasma is continuously
produced by nonresonant radio-frequency excitation. A
schematic of the apparatus is shown in Fig. 1. The laser
diagnostic consists of a Coherent 599-21 single-mode
continuous-wave dye laser in conjunction with an external
acousto-optic modulator. The output of the dye laser, be-
fore modulation, has a bandwidth on the order of 1 MHz,
and a center frequency that is electronically tunable.
The modulator was used to produce 60 p, s laser pulses
separated by several milliseconds. The laser beam is then
directed through the plasma, parallel to the magnetic field.
Fluorescence induced by this beam is collected along the
radial direction at the vacuum port shown. A mirror on
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FIG. 1. Experimental arrangement: Ar+ LAS (argon ion
laser); DYE LAS (dye laser); AOM (acousto-optic modulator);
LP (Langmuir probe); VC (vacuum chamber); MC (magnet
coils); OF (optical filter); PMT (photomultiplier tube); AMP
(electrical amplifier); DSA (digitizing signal analyzer).
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one side of the plasma and a lens on the other collect
and collimate the light before it passes through an opti-
cal bandpass filter and then strikes a photomultiplier tube.
The electrical signal is amplified and sent to a Tektronix
Digitizing Signal Analyzer. Noise, resulting primarily
from fluctuations in the background light from the plasma,
is eliminated by averaging wave forms at each laser fre-
quency (ion velocity). The other available diagnostic is a
Langmuir probe which is used to measure electron tem-
perature T, and ion density n;,„.

The LIF process is depicted in the Grotrian diagram
of Fig. 2. We chose to pump the ArIr excited metastable
state (3d') G9t2 because we found it to be well populated
and accordingly the laser was tuned to 611 nm. The upper
state of this transition, (4p') F7t2, spontaneously decays
primarily to the (4s') Dst2 state, emitting Iluorescence at
461 nm [8]. The dynamics of these state densities, and
therefore the emitted fluorescence, in the presence of a
resonant optical field can be modeled by a set of coupled
first-order ordinary differential equations. However, when
the ensemble of ions is characterized by a distribution

(4P') F7/2

(3d') Gg/2

(4s') D5/2
, 2

FIG. 2. The dye laser, at 611 nm, induces fluorescence at
461 nm by pumping the excited Arii metastable state (3d'2)G&t2.

of velocities, the equations become velocity dependent.
The optically pumped ions create a "test-ion" distribution
that has an average velocity and width determined by the
laser. Furthermore, these test ions interact with the ions
of the background distribution through the local electric
field. We have used the following two coupled partial
differential equations to describe the populations of the

!

metastable level (1) and upper level (2):

dn] I I Bn]
B12 g(vz) + rl + r12 nl + B2) g(v») + Ap) + r2i n2 +

dt c C FP
+y),

dn2

dt

I I Bn2
Bi2 —g(v, ) + ri2 n) — B2) —g(v, ) + A, „) + r2 + r2i n2 +

FP
+y2, (2)

where

n, =n(xv„t) = f; (x, v, t)dv» d vy (3)

Aa.
g(v) =

2~[(v —vo)' + (2)'] '

o. = Ahv = AA„„)/2',

(4)

is the natural Lorentzian line shape converted to veloc-
ity dependence through the relation v vo = A(v vp).
It should be noted that Eqs. (1) and (2), with the defini-
tions given above, provide for optical saturation effects
[9,10]. r~ and r2 represent loss rates of the corresponding
states (not including transitions between the two), possi-
bly resulting from collisions or Aow, and r&2, r2& are the
collisionally induced transition rates between states 1 and
2. y] and y2 are creation rates that depend on the back-
ground plasma. Finally, we must account for the interac-

and f; (x, v, t) is the phase-space distribution of ions in
the ith level. A and B are the Einstein spontaneous and
stimulated rate coefficients, respectively, I is the laser
intensity, and v, is the component of velocity parallel to
the beam. Note that the velocity dependence has been
reduced to one dimension because the laser is velocity
selective only along its direction of propagation. In this
case the laser spectral width of 1 MHz is considerably
smaller than the natural linewidth (b, v = 18.9 MHz ) of
the 611 nm transition, so

tion of test ions with the background distribution. This is
done through the Fokker-Planck diffusion operator [11],

an(x, v„ t)
Bt FP Vz—

Cn(x, v—„t) + D n(x, v„ t)
Vz

(6)

6vz 8 6v, 6v,

avzav,
(8)

This operator is based on the picture that each test
ion continually receives many small "kicks, " Bv„ from
the local electric field (arising from Iluctuations in the
background ion distribution). These kicks may be the
result of large amplitude waves (anomalous diffusion)
or thermal fluctuations. The coefficients C and D link
macroscopic changes of the test-ion distribution to kicks
occurring on the microscopic level. When the background
distribution is Maxwellian, C and D are not independent
but are related as follows:

—C = (v/v, „)D . (9)

These kicks, then, can often be described by a single
function.

The effect of the Fokker-Planck term on the solution of
the above rate equations is qualitatively different than that
of the other terms. Unlike constant rate coefficients, its
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TABLE I. Plasma characteristics and their uncertainties. All
of these values were determined independently of diffusion
measurements.

Parameter

Ion density
Ion temperature
Electron temperature
(Bn)/n
Parallel ion How
Laser intensity
Magnetic field

Value

3X10 cm'
0.05 eV

3 eV
0.03

1.5 X 10 cm/s
10 mW/cm'

2450 G

Uncertainty

50%
10%
15%

50%
2%

magnitude is a strong function of the shape of the test-ion
distribution, particularly through the second derivative. In
order that diffusion play a significant role, the following
relationships must hold:

rt ( Bi2Ig(vo)/c ( D/o (10)
The first inequality requires that some optical pumping oc-
cur, i.e., a test-ion distribution must be created and these
ions must have a chance to diffuse out of resonance with
the laser. The second inequality states that the laser spec-
tral intensity not be so strong as to completely dominate.
This can happen if the wings of the laser spectrum contain
enough power that the test-ion distribution spreads faster
by optical pumping than by diffusion.

Table I lists the measured characteristics of the plasma.
From these we can calculate the parameters needed for the
model. The decay rates A«,» and Ai2 can be found in the
literature [8] and used to determine B;,. The creation rates
y& and y2 play no role in the dynamics of the solution,
only in determining equilibrium populations. Also, r2 is
not critical since it is typically negligible compared to
At t ] We have estimated r;, by considering electron-
ion inelastic collisions. The appropriate rate coefficient
is given by McWhirter [12]:

6.5x10 4

r12 t/2 nelectrorrf «p
HAT, Te

where f is the oscillator strength and AE (in eV) is
the change in energy of the transition. Because we
have a singly ionized plasma, quasineutrality requires
n, &„„„„=n;,„resulting in ri2 = 2 X 10 s '. (r2i equals
ri2 without the exponential factor. However, it is still
insignificant compared to A2t. ) It must be realized that
this formula provides only an order of magnitude estimate
of the desired rate [13], and we have found that the
value ri2 = 1 x 10 s ' provides a better fit to the
data. Estimating ri is a bit more difficult. Electron-ion
collisions, charge exchange, as well as cross-field flow
must be considered. We are not certain which effect is
dominant in determining the metastable lifetime in the
laser beam. Fortunately, the effect of r& is distinguishable
from that of diffusion, so it is not necessary to know
ri a priori. We have found that r& = 3 X 10 s ' is
appropriate.

x = /ver , v, (13)

we use T; and n;,„as determined by separate LIF and
Langmuir probe measurements. The result is D(v = 0) =
(3 ~ 1.5) X 10'3 cm s 3, the uncertainty due principally
to the ion density measurement with the Langmuir probe.
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FIG. 3. Our model shows the importance of including dif-
fusion in the rate equations. Including diffusion significantly
alters the dynamics of optical pumping ( — —. LIF data:—model with diffusion; — — — model without diffusion).

With the model we have developed we can show that un-
der the appropriate conditions (i) Fokker-Planck diffusion
is evident in the time evolution of laser-induced Auores-
cence and its manifestation in LIF is distinct from that of
other terms, and (ii) quantitative information about D can
be obtained. In Fig. 3 are shown three normalized traces:
the observed fluorescence and two results from the model.
The dashed trace was produced by eliminating the Fokker-
Planck operator from the model. With the given parame-
ters (even allowing for uncertainties), it does not predict the
fluorescence that we observe. The solid trace, however,
because of its inclusion of the Fokker-Planck term, is ca-
pable of fitting the data very well. By comparing these two
traces it can be seen that diffusion is significant and also
how it is manifested in LIF. First, the asymptotic level is
higher, as if the metastable state lifetime had been reduced.
Second, and perhaps more importantly, diffusion begins to
act very quickly on the leading edge of pulse, as soon as
the test-ion distribution is created. Its effect is to reduce
the apparent optical pumping. With diffusion, Auores-
cence decay is much slower, consistent with considerably
lower laser power. However, the laser spectral intensity
can be measured and this allows a quantitative measure-
ment of D by using the model to fit the data. The result is
that we find D(v = 0) = (2.2 ~ 0.2) X 10'3 cm2 s 3. To
compare this with the theoretical prediction appropriate for
a "quiet" plasma [4,14],

one 3 T; 1 1 rl erf(x) &

2 mn e x Bx x )'
l I

(12)
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