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ABSTRACT 

Local impurity particle diffusion coefficients have been measured in a low 

temperature plasma by the injection of test particles at the center of the plasma. 

The injection is accomplished by a high voltage discharge between two small 

graphite electrodes on a probe. The probe can be located anywhere in the 

plasma. The diffusion is observed spectroscopically. An analysis of the spatial 

and temporal evolution o:f the CII radiation from the carbon discharge can 

determine the parallel and perpendicular diffusion of the impurity ions. Results 

with the diagnostic have been obtained in the Proto S-l/C spheromak. The 

measured value of the diffusion coefficient in the afterglow plasma is in good 

agreement with classical predictions. 
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I. Introduction 

Measurement of the loc<.' particle diffusion coefficient is essential toward an under

standing of the transport processes in a laboratory confined plasma. In order to obtain 

an understanding of the driving mechanisms of the transport, it is helpful to measure the 

local particle diffusion coefficient and correlate it with the plasma parameters, including 

fluctuations in the density, Mid electric and magnetic fields. 

To measure the particle diffusion in the Proto S-l/C spheromak, 1 a diagnostic that 

not only provides spatial, but also good temporal resolution is required. This is needed 

because of the short lifetime of the experiment (100 fisec) and large particle diffusion rates 

due to the low temperatures(5 ~ 15eV), low magnetic fields (1 ~ 3kG), and high electron 

densities(0.5 ~-2x 1 0 u c m - 3 ) . 

Various methods have been used to measure the particle confinement time, r p , or 

diffusion coefficient, in fusion plasma experiments. Most of these methods would not be 

appropriate in Proto S-l/C because of the spatial and temporal resolution required. 

A common method is to measure the Ha radiation from the plasma with an absolutely 

calibrated spectrometer. 2 , 3 There is significant density outside the separatrix in Proto S-

1/C which contributes to the Ha radiation. In addition, the lack of spatial uniformity in 

the signal makes interpretation of r p difficult. 

On the PLT 4 and T-10 5 tokamaks the information gained from the HB has been aug

mented by gas puffing. On PLT the evolution of the density profile after a gas puff is 

used to estimate the diffusion coefficient and convective velocities. On T-10, a single gas 

puff has been augmented by periodic puffing which allows phase correlations between ihe 

density changes at various locations to be measured. 

A number of methods for determining r p rely on the use of computer codes(e.g., the 

MIST code 6) to solve impurity ionization, recombination, and transport models. The 

injection of an impurity from the edge of the plasma by laser blowoff is the most common 

of these techniques. r , s In this case, an impurity species which is typically not found in 
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the plasma is chosen. The lemporal and spatial evolution of the various charge states of 

the impurity ions is followed spectroscopically, and these results are compared with those 

generated in an impurity evolution computer code. The measured temperature and density 

profiles are used as input in the code and the particle diffusion coefficient and convective 

velocity are the major free parameters so that the global particle diffusion coefficient can be 

determined by matching the observations. This method has two difficulties for application 

to Proto S-l /C. Firstly, the injected impurities are neutral and have a transit time which is 

longer than the diffusion time scale in this experiment. Secondly, injection of the impurities 

from the edge makes the interpretation of the local particle diffusion difficult. 

A similar estimate of the diffusion coefficients can be made if the profiles of the impu

rities can be determined. By the use of charge-exchange recombination spectroscopy, the 

radial profiles of all of the charge states of a low-Z impurity species(i.e., oxygen) can be 

determined. 9 Again, with a knowledge of the temperature and density profiles, an impurity 

transport code can be used to determine the particle diffusion coefficient. 

In addition to the schemes described above, a number of other spectroscopic techniques 

have been devised to follow the evolution of test particles to determine the confinement 

properties, such as the method described in this article. These include optical tagging, 1 0 

the use of high energy electrons, 1 1 injection of a gas puff through a hollow tube , 1 2 and the 

injection of neutral impurities by laser ablation of a pellet in the plasma. 1 3 The first two of 

these techniques require knowledge of the magnetic flux surfaces to separate parallel and 

perpendicular diffusion. The latter two techniques inject neutral atoms so that the source 

of ions, the useful test particles, is unknown and requires knowledge of the local plasma 

parameters. The time scale for changes in the plasma parameters is significantly shorter 

than the discharge lifetime making these measurements even more difficult. 

The most commonly used methods for determining the particle diffusion coefficients 

would be difficult to implement on Proto S-l/C so a novel method of measuring the local 

parallel and perpendicular particle diffusion coefficients has been developed and will be 

described in the next section. 
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II. Experimental Technique 

The basic technique used to measure the particle diffusion coefficient is to inject a 

delta function(in both space and time) source of particles into the spheromak plasma and 

spectroscopically observe them as they move across flux surfaces. Figure 1 shows the basic 

layout of the experiment. A probe, consisting of a pair of carbon tips connected to a 

capacitor, is inserted into the midplane of the plasma. The capacitor is discharged on 

a time scale short compared to the plasma lifetime and the injected carbon is observed 

spectroscopically. The geometry of Proto S-l/C, with a 48cm diameter, allows a large 

glass window(35cm diameter) to be installed on the end of the machine in a constant z 

plane. A visible spectrometer is connected to a movable lens assembly on the outside of 

the window by a fiber optic cable. The system is focused onto the midplane of the plasma. 

The perpendicular particle diffusion coefficient, D± , is measured by moving the viewing 

location of the spectrometer radially from the injection point, thus observing the diffusion 

of the injected particles across the flux surface. The diffusion of particles parallel to 

the magnetic field, D\\ , can be observed by rotating the lens and fiber optic assembly 

toroidally away from the discharge. The lens assembly is also adjusted in the major radius 

direction due to the rotation of the magnetic flux tube. This provides a measure of the 

local rotational transform, or q. 

A. Experimental Setup 

The injection source (Fig. 2) consists of a pair of graphite rods, 3 mm in diameter, which 

have been machined into a mushroom shape and are connected by stainless steel sleeves 

to an R.G58 coaxial cable. The inner diameter of the stainless steel sleeves is slightly less 

than the diameter of the carbon rods. The sleeves are heated and slipped over the carbon 

to obtain a good electrical contact . The entire cable is enclosed in a 3/8in. o.d. stainless 

steel tube. A vacuum seal is obtained with a silicon sealant which is flexible enough to 

withstand the forces caused by the firing of the spark and maintain a good vacuum seal. 

Figure 3 is a photograph cf the tips of the electrodes after substantial use. 
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The coaxial cable from the electrodes is connected t o a 15kV, 2fiF capacitor. Typically, 

the capacitor is charged to 12 kV and is discharged by firing an ignitron. Figure 4 shows 

an example of the current in the circuit, with a peak current of 6kA. The inductance of 

the system is determined from the width of the current pulse, and is roughly 2/xH, with 

half of the inductance in the firing circuit and half in the cable and tips. 

The spectrometer is a 0.5 m Czerny-Turner Monochromator with a 1200 g/mm grating. 

Light is collected by a lens and imaged onto a quartz fiber optic bundle which couples 

the light to the monochromator. The fiber optic bundle consists of a row of 210 micron 

fibers. The lens and fiber optic assembly is free to move along the major radius and can 

be rotated toroidally. This allows sufficient freedom to view any location in the plasma. 

A 1 mm slit in front of the fiber guide gives a 2mm resolution in the plasma. 

B. Details of the Injection 

The initial conditions of the injected particles are determined by looking in the vicinity 

of the discharge, both spatially and temporally. Distance from the injection discharge will 

be defined as Ar , with the positive direction taken t o be in the direction of positive major 

radius. 

As shown in Fig. 4, the peak current during the discharge is roughly 6 kA. The path of 

the current due to the discbarge is roughly that of a 2 mm diameter loop, as the currents 

are cancelled, except in the neighborhood of the spark. The peak magnetic field caused by 

the discharge current is roughly 20 kG at the axis of the loop. While this current falls off 

as r 3 , it is still a significant local perturbation of the magnetic field which is an order of 

magnitude lower. For this reason, the initial condition for the density evolution is chosen 

as the shape of the injected impurities at the end of the injection discharge as shown in 

Fig. 5. The line drawn through the points is a gaussian, e _ r 2 / V o , with r 0 = 0.6cm. Thus. 

the changes in the density evolution are observed after the largest perturbations from the 

carbon discharge are over. At this point the increase of the local carbon density is less 

than a factor of two. 
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C. Basic Assumptions 

« A variety of assumptions are required to interpret the spatial expansion of the injected 

carbon. Experimentally it is observed, from the parallel motion of the injected carbon ions, 

that it would take longer than the discharge lifetime for the carbon to spread over the flux 

surface. Thus, the motion of the injected carbon is determined by the local magnetic field 

and not the full magnetic flux surface. It is assumed that the local magnetic flux tube 

can be approximated by a cylindrical geometry with the symmetry axis(the z direction) 

along the magnetic field, and that two diffusion coefficients will be sufficient to describe 

the evolution of the injected carbon density, D\t along the local magnetic field and Dx 

in the directions orthogonal to the field. This ignores any differences between the diffusion 

in the flux surface perpendicular to the magnetic field and perpendicular to the surface. 

In a magnetized plasma cross-field diffusion is driven by collisions between different 

species. By conservation of momentum, collisions between like particles cannot drive dif

fusion. 1 4 The carbon diffusion in the background plasma is driven by the carbon-hydrogen 

collisions. The momentum acquired in these collisions moves the carbon guiding center 

an average distance of the ion gyro-radius, pi. Because of the density gradient, there 

is a net flux of particles down the density gradient, D± ~- £>|/2TCH, where TCK is the 

carbon-hydrogen collision time. 

In the Proto S-l/C plasmas, the gradient length of the injected carbon density and 

the time scale for the change in the injected carbon density are shorter than those of the 

background plasma. It is assumed that the diffusion coefficient is constant in the region of 

the measurement and in time, and that the carbon density gradient drives the diffusion. 

While all of the carbon is initially in the CII charge state, there is some ionization into 

the CIH charge state. This effect has been included and is discussed in Sec. I l l 
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D. Solution of the Continuity Equation 

In a cylindrical coordinate system the impurity density evolution is governed by 

where n[x,t) and S(x,t) are the density and source of injected particles, respectively. With 

this model the gradients in the background plasma are ignored and the gradients of the 

injected ions are those which drive the diffusion. The diffusion coefficient is determined by 

the interaction of the injected particles with the background plasma. 

A solution of the evolution of the impurity density can be determined by assuming that 

the source has the form, 

S(S, *) = «(*) rap - f ^ + 4 ) • (2) 

The impurity density then evolves a s 1 5 

F T-2 - J 1 
(3) nc[x.t) = —; r - e x p -

where the subscript C signifies the injected carbon density, and K is the overall calibration 

constant. 

Because the spectrometer views a chord parallel to the symmetry axis of the plasma, 

the effect of the particles diffusing into the entire length of the viewing chord has been 

included in the computer code which calculates the expected density evolution according 

to Eq. (3). This effect is not very important. 

Figure 6 shows an example of the experimental and theoretical evolution of the in

jected CII density. For the theoretical calculation, constant values for the parallel and 

perpendicular diffusion coefficients, and initial width were chosen. In addition, there is an 

overall multiplicative constant which represents the actual injected density. This constant 

is also kept fixed during the times shown in Fig. 6 and all of the panels have the same 

arbitrary units. For this calculation, D± = 1.5 x 10 5 cm 2 / s , D\\ = 3.0 x 10 6 cnr / s , and 

ro — 2u = 0.6 cm. 

6 



In principle, this method of fitting the radial evolution of the test particle density to 

the calculated one could be used. Another method which relies less on shot reproducibility, 

the exact knowledge of the parallel diffusion coefficient, or the initial width of the density, 

is to look at the temporal evolution of the carbon density at each radial location. Figure 7 

shows the temporal evolution density at various distances from the discharge. The solid 

line shows the experimentally observed evolution of the CII ions, while the dashed one 

shows the expected evolution from Eq. (3) for D^ — 2 x 10 6 cm 2 / s , D± - 1.9 x 10 5 cnr / s . 

and z = 0. 

To determine the perpendicular diffusion coefficient from a series of plasma shots with 

the same conditions and same injection time, the viewing optics is moved to various radial 

distances from the injection probe, A T \ and the temporal evolution of the injected particle 

density is observed at each location. At each position, a series of plasma shots is taken 

with and without particle injection. These shots are averaged together with the average 

of those shots without injection subtracted from those with injection. From this data, a 

delay time. At. is measured by determining the time points at which the signal is half its 

maximum value, *i and t*. The measured ' t ime' for a given condition is simply halfway 

between, tm = (f;> +f j ) /2 . The initial time of the ^arbon evolution, t0, is then subtracted 

from the measured time to give a delay time, At, for the particular radius and conditions, 

At = tjr, — t 0 . The definition of the delay time is illustrated in Fig. 7. This method 

of determining the delay time was chosen for two major reasons, both shown in Fig. 7. 

First, the delay time as described above changes much more significantly than the time 

of the peak expected signal. Secondly, it is sometimes very difficult to pick out the time 

of the peak signal, as the noise allows a number of peaks to be chosen. Figure 8 shows a 

theoretical calculation of the delay time, At, versus perpendicular diffusion coefficient at 

Ar = 1.5 cm and AT = 3.0 cm. 

For a given plasma condition and firing time, a set of delay times is measured at the 

various observation points, Ar . The perpendicular diffusion coefficient is then determined 

by a least squares fit of these measured times to the expected times of various diffusion 
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coefficient s. 

The parallel diffusion coefficient can be measured by rotating the lens and fiber optic 

holder toroidally and viewing the arrival of the injected carbon ions along the flux tube 

onto which they were injected. Because of the finite pitch of the field lines the observed 

injected ions need not be at the same major radius as that at which they were injected, 

except for those injected at the magnetic axis. To correct for this, the lens assembly is 

scanned in major radius to find the radius at which the ions arrive earliest and which has 

the highest density of ions. It is at this position, that a delay time, A£, is calculated to 

determine D\\ . For a plasma which is not moving, the shift in major radius can be used 

to measure the pitch of the field lines and determine the safety factor, q. 

E. Fitting Technique and Error Analysis 

Because the equation for the delay time versus radius is not analytical, the least squares 

sum is determined by looping through the set of calculated delay times for each perpen

dicular diffusion coefficient. A< c(Ar, D±) and finding the value of Dj_ which minimizes the 

sum 

MM-tV"**-"?*"-™. (4) 

where the sum is over the values of At at the n different radial observation points, and Afm 

refers to the measured values. The variance, f,, is that of the experimental observations 

of Af. The variance, <7£>, of the diffusion coefficient determined from the minimization of 

the sum in Eq. (4) can be estimated following Young. 1 6 The minimization of Eq. (4) is 

equivalent to taking the derivative and setting it equal to zero, 

d M _ Q ^ y - [ A M A r J - AJ C (AT-„ DX)] dAUAru D±) 
dD± £f cr? dD± 

The variance of the fit is given by the second derivative of Eq. (4), 

1 PM(D±) _ " I (dAtc{Ar,Djy 
\ 9D± 'J 

( 5 ) ' 
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Equations (4) and (5J show the basic fitting technique used to reduce the experimental 

delay times into diffusion coefficients. A computer code is used to generate a set of delay 

times, Afc, for various Ar's and perpendicular diffusion coefficieiit?. At the rame time the 

first and second derivatives of the delay time with respect to D, m-t also c.^cuiated. The 

experimental set of delay times versus radius is compared with the s^t 'alculated with the 

measured value of D± , that which minimk^s the sum in ^q- (4). The error of the fit is 

then determined from Eq. (5). 

The variances include those calculated from Eq. (5) and those which emanate from 

the uncertainties in the conditions of ihe model for the injected density evolution shown 

in Eq. (3). The two major parameters, other than D± , are the initial width of the 

distribution, r 0 , and the parallel diffusion coefficient, D\\ . An examination of Eq. (3) 

shows that at z = 0 where the measurements of D± are made, the evolution of the carbon 

density should be less dependent on ro and D\\ than on D± • A series of calculations 

of the delay times versus radius were made for various values of D\\ . whieh varied from 

1 x 10 6 to 3 x 10 6 cm 2 / s and 7-0 which varied from 0.4 to 1.2 cm. This range of parameters 

represents the experimental range and gives a 6% variance in the value of D± calculated, 

which is added in quadrature to err, from Eq. (5). 

In addition, it is necessary to determine the errors in the individual measurements of 

At. There are three primary sources of these errors, the uncertainty of the exact time 

from which the delay time should be calculated, errors in determining the delay time due 

to the fluctuation level and the errors due to the reproducibility of the plasma. The latter 

two sources of error can be estimated by repeating the measurements of At for the same 

experimental conditions. In addition, a series of measurements were taken with the same 

plasma conditions where the voltage on the capacitor ..'as varied and in another case, the 

value of the capacitor was changed from 2/iF to 1 /iF. These measurements allow a variance 

of ±3^sec to be assigned to all data points, even if only a siugle sample was taken. Figure 

9 shows an example of the fit of the calculated delay times to experimental ones for a case 

with D± = 2.8 ± 0.7 x 10 5 cm 2 / s . 

P 



III . Effects of Ionization and Convection 

The last two effects to be included in the analysis of the perpendicular diffusion coef

ficient are the effects of convection and ionization on the injected particles. 

Convection arises from the bulk motion of the plasma and the relative velocity across 

the flux surface. During the formation of the plasma, the magnetic axis starts in the flux 

core and siowiy moves into the plasma during the remainder of the formation. After the 

plasma is formed, the size shrinks due to the decay of the internal fields while the external 

field remains constant. Thus, there is a continual shrinking of the plasma in the major 

radial direction. The velocity associated with this motion, which can be determined from 

magnetic measurements, is typically les? than 1 x 10 5 cm/s . The effect of the motion of 

the plasma, vp, can be included in Eq. (3) by replacing r by r' = r — vpt. 

The ionization of the injected carbon can be important. Until now the analysis has 

been carried out assuming that the carbon density CEXL be represented by the observed CII-

This assumption is only valid as long as the ionization time of the carbon is long enough so 

that it can be ignored in the determination of the diffusion coefficients. All of the charge 

states CI through CIV were observed in the injection discharge, though CII appears to be 

the dominant species. Immediately after injection all of the carbon is in the CII charge 

state. At later times, in some of the cases observed, there is some appearance of CIII in the 

plasma, indicating that some ionization is occurring. Neither the CI nor CIV charge states 

appear above the noise level at any time after the initial discharge. Thus, it is assumed 

that all of the injected carbon is in the CII and CIII charge states and is initially in the CII 

charge state. The important effect on the evolution of the CII density is some ionization 

into the CIII charge state. This can be included in the model by using a characteristic 

ionization time, T i o n , dependent on the local electron density and temperature, for the CII 

to become CIII. The injected density evolution becomes 

ncn(T',t) = e-tJj~™n(r\t) 
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and 

n c m ( r ' , t ) = ( l - e - ' / T " n ) n ( r ' , f ) , 

where ncn and ncni are the densities of the CI1 and CIII charge states, and n is the value 

calculated in Eq. (3). This characterization assumes either that CII and CIII diffuse at 

the same rate or that the amount of CIII in the plasma is not sufficient to change the CII 

gradients so that CII continues to diffuse according to the initial assumptions. 

Typically, the observed values of Tj,,,, estimated from the amount of time required 

to ionize injected impurities are greater than 40/isec. These are roughly a factor of 2 

larger than those expected from the average plasma electron temperature, 1 7 but could be 

explained by a 25% drop in the local electron temperature due to the injection. 

The effect on D± of changing v and r l o n has been examined. In the typical case where 

•Hon £ 4 0 jxsec and v ^ 1.0 x 10 5 cm/s, the effect on D± of changing v and r J o n is comparable 

to the variance calculated from the data as described in Sec. II. This is because the time 

scales for ionization and convection are longer than those associated with diffusion. The 

variance gets a little worse as the diffusion coefficient gets smaller, and the diffusion time 

scale gets longer. 

It is difficult to determine either v or TiaD, exactly so that for the typical plasma condi

tions mentioned above a single value of each term will be used for the calculation of D± . 

As long as it appears that T i o n £40fisec and v ^ l . O x 10 5 cm/s, the values of T i o n = 60f^sec 

and v = 5 x 10 4 cm/s will be used, and a 15% error due to this technique will be added in 

quadrature to the errors described in the previous sections. This leads to a typical error 

in the measured value of D± of 20%. 

When either TIOR or v appears to be outside the limits mentioned above, the corrected 

values will be used in the calculation. The velocity, v, ist determined from the magnetic 

measurements, and T i o n can be estimated by the appearance of a significant CIII signal. 

An example of a case with a small value of Tjon is illustrated in Fig. 10. For this case, 

the solid lines are calculated for r i o n = 10/isec, D± — 1 x 10 5 cm 2 /s , D = 1 X 10 5cm/s, and 

£>i; = 3 x 10 6 cm 2 /s . The poor quality of the fit may be due to a changing T i o n during 

11 



the period observed. The CI1 density evolution can be better fit with a slightly longer 

ionization time or a slightly different diffusion coefficient. 

The errors in the measurement of D\\ are larger than those of D± for two important 

reasons. The first reason was described above: ther« is more uncertainty in the measure

ment of Al than in Ar. The latter can be directly measured, but the former requires a 

knowledge of the local q. A second important source of error is that only a single value of 

A d can be observed due to the constraints imposed by the machine and diagnostic design. 

A value of A<t> twice as large as the one used for the measurement is allowed but the signal 

level is too small at this distance from the discharge. The signal can be observed at both 

positive and negative Ad>, and these signals have similar shapes. 

.TV. Results in the Afterglow Plasma 

During the period after the disappearance of the internally generated magnetic fields 

of the plasma, the density decays in the slightly mirrored externally applied verti "al field. 

This period is known as the afterglow plasma- For the case examined, the vertical field 

strength is 300 G, and the electron density and temperature were roughly 2.5 x 10 1 3 cm~ 3 

and 3eV. respectively. 

The advantage of looking at the afterglow plasma is that it is electrically quiet, giving 

accurate results with the triple probe, This plasma provides a good test of the method 

because at this time the temperature and density are uniform and there is no motion of 

the magnetic field. 

Because the electron density changes on a time scale comparable to the transport time 

scale, the spectroscopic signal is divided by the electron density. Figure 11 shows the 

evolution of the injected CII density at various distances from the discharge which was at 

t0 = 156/xsec. The data have been averaged over ±4^isec around the plotted data point. 

The solid lines in Fig. II are those calculated from E<j. (3) assuming D± = 1.8 x 

10 5 cm 2 / s and D\< = 2.0 x 10°cm 2/s. In this geometry, the magnetic field is parallel to the 

z direction so that the R direction is still perpendicular to the magnetic field. With the 
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small magnetic field, there is very little difference between Dx and Dj, , 

In the afterglow plasma, the classical perpendicular diffusion coefficient is varying and 

is given approximately by D± = 3 ± 1.5 x 10 5 cm 2 / s . The determination of the classical 

diffusion coefficient is discussed in the appendix. This shows that the method of measuring 

the particle diffusion coefficient does a good job of producing the expected classical results 

within the uncertainties of the measured quantities. 

Both perpendicular and parallel diffusion coefficients can be measured locally with 

errors less than 30%. With this method the diffusion coefficients can be mapped out and 

related to various plasma quantities to better understand the transport processes in the 

plasma. 
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Appendix A. Classical Diffusion Coefficient in the Afterglow Plasma 

The carbon-hydrogen collision time, T; , and diffusion coefficient can be calculated as

suming that the hydrogen density and temperature are the same as those of the electrons. 

The electron density and temperature evolutions as measured by a Triple Langmuir Probe 

are shown in Fig. 12. 

The ion collision time i s 1 4 

yl-5 
T, = 1.8 x 108 TTTTSec 

riy ln(A) 

where ln(A) is the coulomb logarithm, 1 8 and is about 9 for these plasmas. In the afterglow 

plasma, T, is roughly 2 x 10 _ 6 sec, and the ion cyclotron frequency, fi; is roughly 2,4 X 

10 5rad/sec so that the product, fi;T,- is less than 1 and the ions are basically unconfined 

by the magnetic field. 

The classical perpendicular diffusion coefficient can be calculated according to Chen, 1 9 

^ = 1 0 ^ " ( A 1 ) 

The parallel diffusion coefficient, D\\ , is determined by the collisional mean-free path and 

collision time, 1* 

In the afterglow plasma, the classical perpendicular diffusion coefficient is varying and is 

given approximately by D± = 3 ± 1.5 x 10 5 cm 2 / s . 
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Figures 

FIG. 1. Basic experimental setup. 

FIG. 2. Details of the injection probe construction. 

FIG. 3. Photograph of the injection probe. 

FIG. 4. Typical current trace in the injection circuit. 

FIG. 5. Example of the impurity density profile at the end of the injection discharge. 

FIG. 6. Experimental and theoretical ei'olution of the injected CII density versus radius 

at 4^sec(a), 8^sec(b), 12fisec(c), 16>sec(d), 20/isec(e), and 24^sec(f). 

FIG. 7, The experimental (solid) and calculated (dashed) temporal evolution of the in

jected CII ions at Ar = 1.5cm(a), 2.0cm(b), and 2.5crn(c). 

FIG. 8. Calculated delay time, At. versus perpendicular diffusion coefficient at AT- = 

l.ocm(a) and Ar = 3.0cm(b). 

FIG. 9. The fit of the calculated vaJaes of At to the measured values for a case with 

D± = 2.8 ± 0.8 x 10 s cm 2 / s . 

FIG. 10. Observed and calculated evolutions of the CII and CIII density for r I o a = lO^tsec 

at Ar = 2.0ctn(a,b). dlr = 2.5cm(c,d), and Ar = 3.0cm(e,f). 

FIG. 11. Evolution of the CII density in the afterglow plasma at Ar =; 4cm(a), Ar = 

6cm(b), and Ar = 8cm(c). The solid lines are the calculated evolutions for D = 

1.8 x 10 5 cm 2 /s . 

FIG. 12. Evolution of the electron density(a) and electron temperature(b) in the afterglow 

plasma. 
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