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ABSTRACT 

Vertical poloidal asymmetries of hydrogen isotopes and low-Z impurity radi

ation in the PDX tokamak may be caused by poloidally asymmetric sources of 

these elements at gas inlet valves, lira iters or vacuum vessel walls, asymmetric 

magnetic field geometry in the region beyond the plasma boundary, or by ion 

curvature drifts. Low ionization states of carbon (C II- C IV) are more easily 

influenced by edge conditions than is C V. Vertical poloidal asymmetries of C 

V are correlated with the direction of the toroidal field. The magnitude of the 

asymmetry agrees with the predictions of a quasifiuid neoclassical model. Ex

perimental data and numerical simulations are presented to investigate different 

models of impurity poloidal asymmetries. 
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INTRODUCTION 

Observations of pronounced vertical asymmetries in hydrogen isotope 

and impurity line emission from tokamak plasmas in recent years have prompted 

a reconsideration of impurity transport processes near the plasma boundary. 

To the extent that low-Z element behavior in axisymmetric, large aspect ratio 

toroidal confinement devices can be described by a set of fluid or kinetic equa

tions, it is generally assumed at low order in an expansion parameter that the 

impurity density is distributed symmetrically on flux surfaces. This result, com

mon to both fluid and kinetic theories of plasma transport, is primarily due 

to the anticipated rapid parallel transport along field lines. The theory breaks 

down if strongly poloidally asymmetric sources of impurities are present or if 

the symmetry of magnetic flux surfaces has been destroyed. Either of these two 

situations can occur in the region of plasma beyond the Iimiter radius where 

hydrogen and the lowest ionization _!,ates cf an impurity ion reside. 

These arguments are less valid within the main plasma volume. Al

though some fraction of the poloidal variation of the lower ionization states 

propagates inward by the combination of collisional ionizat' in and radial trans

port, the rapid parallel motion along Seld lines tends quickly to establish poloidal 

symmetry on a flux surface. Therefore any mechanism which \B invoked to ex

plain vertical asymmetries of a relatively highly ionized impurity must account 

for this rapid parallel transport. Such is the case with the standard neoclassical 

theory of impurity transport. When the appropriate set of moment equations 

are solved to first order in the expansion parameter (the inverse aspect ratio 



c = r/R), impurity concentrations are no longer poloidally symmetric on a 

flux surface. These poloidal variations result from a combination of parallel 

friction between the main and impurity ions that is created by radial density 

and temperature gradients and the vertical ion drift due to the curvature of 

the toroidal magnetic field. The coupling between the poloidal variations in the 

impurity density and the vertical drift produces the normally inward transport 

of impurities predicted by neoclassical Ihtory. 

According to the theory, the sign and magnitude of vertical asym

metries depends on the ion collisionality and on the vertical ion drift. A cor

relation between impurity poloidal asymmetries and these quantities was first 

reported for the case of VUV emission from O V and 0 VI in the Alcator A 

tokamak1 The magnitude of the asymmetries was found to scale approximately 

with a quantity equal to the distance which an impurity ion drifts radially during 

a poloidal excursion of one radian- It was claimed that vertical asymmetries were 

the result of outwardly drifting impurity ions striking the limiter on the side of 

the plasma in the direction of the vertical drift. In the case of higher ionization 

states closer to the center of the plasma which did not drift beyond the limiter 

radius, asymmetries were attributed to the coupling through collisional ioniza

tion to the asymmetries of the lower ionization states. Subsequently, the Alcator 

scaling of impurity asymmetries was reproduced by different authors using the 

standard neoclassical theory of trace impurity transport in a collisionai plasma. 

These results were independent of interactions between the edge plasma and the 

limiter. 

While it accounted successfully for the Alcator A data, the theory 

- S -



could not explain both the large magnitude and the lime varying behavior of 

poloidal asymmetries of low-Z impurity radiation observed in the PLT tokamak.2 

This may have been partially a consequence of the higher impurity content 

of PUT [Zeff ~ 3 — 4) in which collisions among impurity ions dominate 

the ion dynamics. No correlation between the vertical drift parameter and 

the magnitude of low-Z impurity asymmetries was detected. Instead poloidal 

asymmetries were attributed to details of the gas input programming, positioning 

of the aperture limiter, edge ion temperature, and plasma MHD stability. (Along 

similar lines, observations of enhanced impurity line emission near the limiter in 

Alcator A were attributed to the effect of local recycling.3) 

In this paper we hope to resolve some of the theoretical issues surround

ing poloidal asymmetries of low-Z impurity emission in tokamaks by focusing 

on our experimental investigations of the poloidal distribution of carbon im

purities in the PDX tokamak. A distinction will be made between the behavior 

of the lower ioniiation states of carbon (C II, C 111) normally located at or 

beyond the limiter radius in PDX circular discharges, and that of C V, which is 

generally peaked several centimeters inside the limiter radius. We shall attempt 

to account for the observed asymmetries of C V on the basis of four different 

theoretical models. In addition to the mechanisms mentioned above, i.e., inward 

propagation of asymmetries by collisions! ionization and neoclassical transport, 

two others will be discussed. The first involves charge exchange recombination 

between a polaidally asymmetric neutral hydrogen profile and impurity ions, 

and the second, a poloidally varying radial diffusion coefficient. Experimental 

evidence for each of the theories will be presented, along with the results of an 



appropriate two-dimensional numerical modeling of carbon transport. 

The remainder of this paper is organiied as follows. In Sec. I we 

describe the experimental apparatus for the measurement of radial impurity 

scans, and some aspects of the PDX tokamak that are relevant to the interpreta

tion of the data. In Sec. II we survey the measurements of poloidal asymmetries 

of carbon emission with respect to the different theoretical models. In Sac. HI 

we discuss our results from the numerical modeling. 

I. EXPERIMENTAL DETECTION SYSTEM 

The PDX Fast Rotating Mirror (FARM) diagnostic, (Fig. I) based 

on a prototype model used on PLT,2 performs continuous vertical (radial) or 

horizontal (toroidal) scans of the spectral line emission in the range 2000 A — 

6500 A. The spatial scanning element is a rectangular alumini&ed quarts prism 

which can be rotated 90° in a direction orthogonal to its axis of rotation to 

select between vertically and horizontally scanning lines of sight. A set of two 

UV grade quarts lenses focuses plasma radiation onto the entrance slit of a 0,5 

m air monochromator. For vertically scanning lines of sight, the angular region 

in which radiation is detected by the system corresponds to a rectangular spot 

2-cm wide by 0.4-cm high at the nominal iocation of the magnetic axis of a PDX 

discharge. A shaft encoder mounted to the drive shaft of the rotating mirror 

allows the angular coordinate of the rotating mirror to be determined absolutely 

as a function of time. Due to slight variations in the mirror rotation speed 

(approximately 720 RPM) from scan to scan, and also to the magnetic axis during 
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a discharge, the uncertainty in the radial location or maximum signal intensity 

is roughly 1—2 cm. The signal was digitized using a 10 bit A/D converter at a 

sampling rate of 25 kHi, and subsequently analysed with a PDP-10 computer. 

During most of the period in which the data presented below were 

obtained, the inner wall of the vacuum vessel was shielded by a set of highly 

reflective, titanium-carbide-coated, graphite tiles that were designed to absorb 

incident neutral beam power. To minimise reflections from the tiles in vertical 

scans of the plasma, a viewing dump (80 cm X 10 cm) was mounted on the 

inner wall. It was found on the basis of toroidal scans of line emission that the 

dump reduced the signal intensity by as much as 40% as a result of eliminat

ing reflections. In the vertical and horisontal directions the sensitivity of the 

FARM system, excluding effects due to reflections from the vacuum vessel, was 

independent of the angular position of the scanning mirror. 

In PDX discharges can be run in either a circular or diverted configura

tion. In this paper only data obtained during circular discharges are presented 

because of the difficulty in interpreting impurity emission in the region beyond 

the magnetic separatrix in diverted discharges. Circular discharges are normal'y 

confined using two movable carbon rail limiters located above and below the 

plasma. For a several month period only the upper limiter was employed. The 

FARM is located approximately 180° toroidaily around the vacuum vessel from 

the rail limiters. A second method of creating circular plasma configurations is 

to use the inner wall armor as a toroidaily continuous "bumper" limiter. For the 

data presented in this paper Rn*j = 125 — 154 cm and a = 30 — 44 cm. 
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Data analysis 

The technique of Abel inversion is frequently used to convert line in

tegrated intensities to local plasma emissmties. Usually the inversion assumes 

cylindrical symmetry or else some expansion in poloidal harmonics. We have 

developed a fast, relatively accurate method of inverting asymmetric chordal 

profiles without recourse to Abe] inversion which is weil-suited to analysing large 

numbers of radial scans. The emissivity profile is assumed to have the following 

form: 

/(r, t) = / 0exp[-((r - vt)f&f]{\ + if sin 0)\ (I) 

where r, is the radius of maximum emissivity, 6 the width at half maximum, 

and t) is defined as the asymmetry parameter. The corresponding chordat 

intensity profile is determined by integrating this function along fifty vertically 

scanning lines of sight. By analogy with the quantities r ( ] i}, and 6, there are 

three parameters which characterise the chordal profile: the radial position of 

maximum intensity, the ratio of the maximum intensity above and below the 

midplane, and the width of the distribution. By numerically integrating l{r,0) 

for a wide range of values of r„ S, and *j, a simple empirical relationship can 

be found which relates the two setu of parameters defining the emissivity and 

chordal profiles. 

II. EXPERIMENTAL OBSERVATIONS 

In the PDX tokamak low-Z impurity line emission arises from two 

regions in the discharge: the main plasma, defined here as the volume inside 
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the limiter radius, and the limiter shadow, which refers to the region between 

the limiter radius and the vacuum vessel walls. In the latter region flux surfaces 

are not welt-defined, and the poloidal distribution can be affected by recycling 

or local sources of impurities. Figure 2 is a schematic of the magnetic flux 

geometry of a standard PDX circular discharge. In the limiter shadow, defined 

as the region of plasma beyond the flux surfce bounded by the upper and lower 

limiters, the distance between the limiter radius and the walls of the vacuum 

vessel varies with poloidal angle. Furthermore, the length of the emitting region 

of an impurity located in the limiter shadow depends to a large extent on the 

electron temperature, typically 10—20 eV, and on other factors which are poorly 

known â d may vary with poloidal angle. Hence, small scale modulations in the 

chorda! intensity profiles of the lowest ionization states of carbon and oxygen 

in PDX may reflect variations in the length of the emitting region, differences 

in the impurity source rates, recycling of impurities, and so on, rather than a 

variation in the impurity concentration on a flux surface. Figure 3 is an example 

of a chordal profile of C HI which exhibits this behavior. The irregular structure 

of the profile is repeated throughout the discharge and sometimes over many 

days of operation. 

While the majority of chordal profiles of C III did not exhibit these small 

scale spatial variations, they were often characterised by large vertical asym

metries. In general, the position of maximum intensity was located 

1—2 cm beyond the limiter radius. These asymmetries may be related to con

ditions at the edge of the plasma. In Fig. 4 chordal profiles of C III and 

C V have been plotted for a set of circular discharges with similar operat-
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ing parameters but for two different major radial positions of the magnetic 

axis. Note that the radial profile of C HI for the JZ=152 cm discharge is 

extremely asymmetric in comparison to the standard ii=143 cm discharge. 

This may have been due to an error in the magnetic feedback positioning sys

tem which caused the large major radius discharge to impinge on the bot

tom half of the vacuum vessel. Because only C III is strongly asymmetric, 

this is a clear indication of a poloidally asymmetric source of carbon at the 

edge. Line integrated radiated power profiles measured by a vertically scan

ning bolometer array also showed a strong peaking of the radiation at the 

edge of the plasma below the midplane for the #=152 cm discharge. 

Secondly, we note that the smaller poloidal asymmetry of C V is inde

pendent of the C III distribution. Poloidal asymmetries in the lower ionization 

states of carbon can in principle be transmitted to the higher ionization states 

by a combination of inward radial transport and collisional ionization. This 

in fact was among the explanations of the observation of poloidal asymmetries 

in the more highly ionized impurity species in Alcator A1 and of subsequent 

measurements of toroidal asymmetries in the same tokamak.3 Asymmetries in 

the charge states near the plasma boundary that were directly affected by the 

vertical ion drift to the limiter constituted an asymmetric source function for 

the more highly stripped ions. The difficulty with this theory in explaining the 

PDX observations is that the parallel diffusion time of C V is much shorter than 

the time required for a carbon ion to drift radially from the position of C HI to 

G V. In PDX the parallel transport is sufficiently fast so that the asymmetry of 

C HI has practically no influence on the poloidal distribution of C V. This topic 
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is explored further in the numerical modeling section. 

Figure 5 illustrates the effect of gas recycling on the poloidal distribu

tion of impurities. The line integrated densities of two discharges with similar 

parameters are plotted as a function of lime in the upper two figures; the lower 

graphs are radial scans (chordal profiles) of C II] during the same period of time. 

In the right hand set of graphs the asymmetry of C HI reversed direction at 

620—050 msec into the discharge. Simultaneously, the electron density leveled 

off for approximately 30 msec. We have determined that this flattening of the 

electron density was not caused by a change in gas fueling, but was probably a 

result of increased recycling of hydrogen and/or impurities at the plasma bound-

ary. The reversal of the impurity asymmetry was observed in approximately 

twenty discharges for which the density flattening occurred, but never in dis

charges where the density decreased monotonically at the end of the discharge. 

In ail of the discharges only the upper limiter was in use. It is therefore possible 

that the reversal of the C III asymmetry was due to impurity recycling at the 

upper limiter, since the intensity of the C III emission increased in the upper half 

of the discharge during the flattening of the electron density. (For the value of q 

at the plasma periphery the carbon plume emitted near the limiter would have 

traversed a poloidal angle of 40°, assuming purely parallel motion, as it reached 

the toroidal location of the FARM.) 

Impurity poloidal asymmetries have also been attributed to charge 

exchange recombination of impurity ions with a poloidally asymmetric neutral 

hydrogen profile.4 According to this theory, the sign of the asymmetries of the 

neutral species is oppedte that of the ions. In PDX we have obtained chordal 

l O -

l i : 



profiles of tif, 0 HI, and 0 V emission under similar discharge conditions. 

Generally, the vertical asymmetry of the neutral component is the <<.ame as that 

of carbon ions, although there are examples in whfch the poloidal asymmetry of 

H° changes sign during a discharge, but the distribution of the ionised species 

remains constant. Both of these results directly contradict the predictions of the 

theoretical model. 

We have already noted the importance of plasma*surface interactions 

and vacuum vessel geometry in explaining the pjloidal variations in the chordal 

profiles of the lowest impurity ionisation states. As was seen in Pig. 4, however, 

the vertical asymmetry of a more highly ionised impurity such as C V is unrelated 

to edge conditions. These exception* notwithstanding, in a majority of cases 

the sign of the vertical asymmetriei of carbon and oxygen is the same and 

depends only on the direction of the toroidal magnetic field. Figure 6 represents 

a set or radial scans of C 111, O V, O 111, and O V in a scries of similar 

ohmically heated hydrogen discharges with the following parameters: a = 30 cm, 

R7 ~ 2.7 X 10 t s cm - 3 , 3T = 21.7 kG, and / , ~ 200 kA. The direction of the 

asymmetries of carbon and oxygen is opposite the vertical ion drift in eich case. 

The magnitude of the asymmetry is largest for the lover charge states of G III 

and O HI and is a decreasing function of radius from O V to C V. It rs unlikely 

that the impurity source functions arc the reason for the asymmetry, since the 

sources of carbon and oxygen may in general be different anu the distributions 

of C III and 0 III are simitar. These data also demonstrate that the vertical 

ion drift, if indeed it is the mechanism producing the asymmetry, has the same 

influence on carbon and oxygen impurities. 
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A correlation between vertical poloidal impurity asymmetries and the 

direction of the toroidal field was first observed in the Alcator A lokamak.1 

The magnitude of the asymmetry was found to scale with a quantity equal to 

the radial excursion of an impurity ion (due to the v*B drift) during a poloidal 

transit of one radian. To explain the magnitude and direction of the impurity 

poloidal asymmetries observed on Alcator A, and also to account for the change 

in asymmetries during a single discharge sometimes observed in PLT,3 Burrell 

and Wong5 developed a neoclassical fluid model for small poloidal impurity 

asymmetries. Impurity asymmetries arise as a result of the return flows of ions 

along flux surfaces induced by poloidal variations of density and temperature 

created by the ion vertical drift. The theory correctly predicted the scaling 

of the impurity asymmetry on Alcator A. It was also in principle capable of 

accounting for reversals in the sign of the asymmetry, as this depends on the 

relative magnitudes of the ion density and temperature gradients, which can 

change during a discharge. 

Before embarking on a more quantitative discussion of these concepts, 

we illustrate the relationship between the vertical ion drift and impurity asym

metries in PDX. In Fig. 7 are shown two chordal profiles of C H! obtained during 

"inner wall" operation, i.e., in vriiich tht graphite tiles on the inboard side of the 

vacum, <«el were used as a toroidally continuous bumper limiter. The central 

emissivity maximum is caused by the desorption of carbon from the inner wail 

armor. Hence, the source of rarbon is symmetric about the horisontal midplane. 

Nevertheless, the sign of the vertical poloidal asymmetry of C III is in the same 

direction with respect to the vertical ioa drift as observed in Alcator A. 
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Figure S illustrate* the effect of reverting the toroidal field on the 

poloidal asymmetry of G HI and C V for a set of otherwise nearly identical 

discharges. For each radial scan the sign of the asymmetry is opposite the 

direction of the vertical ion drift. 

To establish a quantitative relationship between the magnitude of the 

impurity asymmetries in PDX and the predictions of the neoclassical transport 

model we have focused on C V because it is relatively unaffected by conditions 

at the edge of the plasma. Thus it is possible to isolate the effects of the 

vertical ion drift from those of impurity recycling, and so on. There are, 

however, 3 few points which must be addressed. First, although PDX plasmas 

are rp!.''t$vely dealt (£«// < 2), collisions between impurity ions, ignored in 

the theory, probably constitute an important part of the impurity dynamics. 

Second, the model of Burrell and Wong does not consider either atomic physics 

or anomalous radial transport, both of which determine the radial distribution 

of impurity species. Third, the model treats ions in the Pflnch-Schliiter regime, 

while the bulk ions and to some extent C V are in the plateau regime. One of 

the authors of this paper (S. K. Wong) has reformulated the neoclassical fluid 

equations of impurity transport in which atomic physics and radial anomalous 

diffusion terms are included, and ions may be in either the plateau or fluid 

regimes. The major simplification of this theory is in the form of the collision 

operator. A derivation U these equations is given in the appendix. One can make 

an approximate comparison between the magnitude and scaling of the observed 

asymmetries of C V with the predictions of the quasifluid model by retaining 

three terms in the impurity transport equation (Eq. 11 of Appendix) to obtain 
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tBTTi iH1-«"£)£] ~ Zjy/itpi, 7, j 
%LT Tt + 7, 

where Z/ is the charge of the impurity ion, r,- the ion collision frequency, ( a 

constant equal to 1.5 and —0.75 in the plateau and banana regimes, respectively, 

JR the major radius, and the ion temperature T,- is assumed to be equal for ail 

the ion species. The asymmetry parameter IT,/ is defined by the relation 

«/(#, r) = n/(r)(l + n,f "in »)• (3) 

Figure 9 is a plot of the experimental value of IJ measured for roughly 

600 radial scans of C V in PDX versus the quasifluid model predictions. Infor

mation about both the ion temperature and density profiles was not available in 

the majority of the data; hence 7,- and 7; were taken to be constant over the 

entire data set. The temperature of C V, in general, does not fluctuate by more 

than ±10% in the circular onmically heated discharges for which we have data 

(7,- ~ 180 - 220 eV). The density profile was measured by the TV Thomson 

Scattering diagnostic, or, if such data were not availabU a parabolic profile was 

fit to the measurements of the line integrated density, "be safety factor q at 

the radius corresponding to the C V shell was determined by interpolation from 

the value at the edge. If the discharge parameters were nearly constant over the 

course of several radial scans, the data wen averaged. In the figure the volume 

of a box is linearly proportional to the number of scans. 

In PDX at the radius of the C V shell the main plasma ions lie in the 

transition region between the plateau and collisionless regimes (v, ~ 1). We 

have therefore plotted the experimental data assuming each collisionaiity as a 
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separate case. According to Fig. 9 (a) if the plateau regime formula is used, the 

agreement with the theoretical prediction (dashed line) is very poor. However, 

in the banana regime (Fig. 9b) the agreement is excellent. To obtain a more 

accurate representation of the theoretical value of if requires a correct solution 

for the quantity f, which lies somewhere between 1.5 and —0.75 in the banana-

plateau transition regime. 

The quasifiuid model of poloidal asymmetries treats ion collisions using 

a simple Lorenti collision operator. In the plateau regime one must resort to 

a completely kinetic approach in order to treat ion-ion encounters properly, 

which involves a reformulation of the problem iu terms of the drift kinetic 

equation. An expression for the vertical impurity asymmetry in this kinetic 

theory has been obtained by neglecting atomic physics and assuming trace 

impurities. Because the radial distribution of C V is well separated in space 

from adjacent ioniiation states, as a first approximation the atomic coupling 

due tu ioniiation and recombination ca? be ignored. In the limit where the mass 

of the impurity ion is much greater than the plasma ion we have 

1 17HT In'i (3 Z, ffiTYTA .,. 

* - -t ivi*+U - i^r^M (4) 

where the subscripts I and i refer to impurities and protons, respectively, and 

pi is the proton Larmor radius in the toroidal field. Figure 10 (6) is a plot of 

the asymmetry parameters of C V versus if*. Although the magnitude of the 

asymmetry predicted by the kinetic model is within the range of observations, 

the functional dependence is completely incorrect. Since the asymmetry of C V 

scales with electron density (Fig. 10(a)), however, the lack of agreement between 
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the kinetic model and experiment may be related to the fact that t>t depends on 

the density gradient rather than the density itself. 

III. NUMERICAL MODELING 

We have developed a computer code to solve an arbitrary set of coupled 

2-D transport equations for the case of carbon impurities in PDX. The code 

is based on a finite element routine supplied by IMSL, and an atomic physics 

package used in one-dimensional simulations of impurity transport.7 The general 

set of coupled equations to be solved are of the form 

6V' 1 d n dn* 1 d n dn* 

nt[aMn*+l + S i -m* - 1 - ft.n*" - 5<n*) (5) 

where D$ and D, are poloidal and radial diffusion coefficients, / ' and g* are 

arbitrary functions with units of velocity, and the ay and 5/ are recombination 

and ionization rate coefficients, respectively. Because we are interested only in 

equilibrium solutions, the time derivative term is set tc tero. The density of 

one of the lowest ionitatioi; states (C° or C + 1 , depending on the problem) is 

specified at the boundary. Figure 11 is a plot of the density, temperature, and 

q profiles for the PDX discharges modeled below. 
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We first investigated the effect of a nonsymmetric source of neutral car

bon on the poloidal distribution of the successive ionixation states. In the simula

tion the radial transport of impurity ions is described by anomalous diffusion and 

inward convection, and the parallel transport by collisional diffusion. The latter 

assumption breaks down when the mean free path of an impurity ion is less than 

the parallel connection length qR. In PDX the transition from the collisional to 

the collisionlesB regime occurs a few centimeters within the radius of C V. Hence 

the numerical model is appropriate for C II- C IV and marginally valid for C 

V. We have neglected the radial and parallel ion motions due to magnetic field 

curvature and parallel friction. The 2-D diffusion equation for an impurity ion 

is given by 

WtfW r8rrDA^ rdT ~ *> ( 6 ) 

where DA is an anomalous radial diffusion coefficient, Z?y'the parallel diffusion 

coefficient, equal to Vfhfvt, v* an anomalous convective velocity, and By repre

sents ionization and recombination terms. DA and \>A are determined empirically 

by comparison of the numerically calculated radial emissivity profiles of C III and 

O V with the experimental data. Because this procedure does not determine DA 

and VA uniquely, we experimented with different combinations of the diffusion 

and convection coefficients. We found that the p&ioidal asymmetry is nearly in

dependent of the specific combination of diffusion and convection provided that 

they reproduce the correct radial dependence. In all of the numerical simulations, 

DA = 10'!cm2sec~1 and VA = —2000(r/o) cm/sec, where a it the minor radius. 

The poioidai distribution of neutral carbon is assumed to vary as 1 + 0.25 sin 9. 

In Fig. 12 we have plotted the asymmetry parameters of C H-C VI as 
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a function of radius. The four graphs were obtained assuming different values 

of ion collision frequency. It is clear that the asymmetry disappears for C V 

unless \>i was increased by a factor of ten from its experimental value. This 

lack of influence of the source function on the C V distribution is in agreement 

with experiment (see Fig. 4). These results further indicate that the poloidal 

asymmetry of C V cannot be due to vertical ion drifts of the lower ionization 

states to the limiter. 

We now wish to determine whether the lack of correlation between the 

poloidal asymmetry of neutral hydrogen and low-Z impurity emission is consis

tent with theory. It is thus necessary to establish at what value of Ro/rce t Q G 

charge exchange recombination rate of neutral hydrogen with carbon impurities 

becomes comparable to the parallel transport rate. Our numerical model is the 

same a& used in the previous example, with the neutral hydrogeu distribution 

given by 

noM) = no(r)(l + .48in0), (7) 

The radial profile of the neutral density was determined by a one-dimensional 

simulation of neutral radial transport.0 As a result of recent theoretical 

calculations8-12 and experimental measurements15 of charge exchange recom

bination rates for neutral hydrogen with the different ionization states of car

bon, the uncertainties now r,v̂ <? from 25% to a factor of two, which is less than 

the uncertainty in no(r). For the purposes of simulation 've allowed fto(r) to be 

increased by factors of 2, 5, and 10. At the boundary neutral carbon was assumed 

to be poloidally symmetric. 
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Our results are shown in Fig. 13, There appears to be a threshold 

neutral density above which the asymmetric neutral hydrogen profile has an 

effect on the carbon distribution, roughly «o/ n t ~ 6 X 10~ s. The charge state 

most affected by charge exchange recombination is C IV. Notice that C V and 

C VI are cylindricaily symmetric. Thus charge exchange recombination can be 

an important contribution to the vertical asymmetry of C IIL and C IV if the 

neutral hydrogen fraction at the edge exceeds 5 X 10"*. To account for the 

observed poloidal asymmetry of C V, the neutral fraction of hydrogen at the 

edge must be larger than 5 X 10 - 2 , 

We did not model the full neoclassical quasifiutd theory of poloidal 

asymmetries for the following reasons. Because the ion species of greatest 

interest, C V, lies in a region where the theory is least accurate (t/, ~ 1), invoking 

the full numerical machinery is somewhat inappropriate since the equations 

themselves may not be correct tor this transition collisionality. The estimates 

of T) obtained by retaining only three terms in the impurity transport equation 

are probably as accurate as the current theory permits. To determine whether 

the neglect of other quantities in the equation, such as atomic physics terms 

and anomalous radial diffusion, is justified, we modeled a simpler form of the 

impurity transport equation in which the poloidal variation of the electrostatic 

potential ws?. ignored, <tnd ions were assumed to be only in the collisions! or 

plateau regimes. The values of t\ for C V derived from this numerical simulation 

agreed to within 10% of tbx value obtained by neglecting anomalous diffusion 

and atomic physics. (In order to have the model produce large asymmetries to 

enable better comparison with the simplified approach, the temperature gradient 
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scale length was assumed to be infinite, thereby neglecting the thermal Force 

term.) 

Finally, to icvettigate the effect of a poloid&lly varying anomalous radial 

diffusion coefficient on the carbon distribution in PDX, the following equation 

was modeled: 

/ ? V d$2 rdr " v ' dr 

where DA{8) is taken to be of the form 

DA($) = (J + 0.25 cos 9)DA, (9) 

with DA. = 10* cm2 sec""1, and the neutral carbon profile ussumec' to be cylindii-

caily symmetric. We found that the asymmetry parameter of every species was 

less than 0.02 unless DA and Vi were each increased by a factor of five. Thus the 

parallel transport is simply too rapid to sustain poloidal asymmetries caused by 

an asymmetric diffusion coefficient. 

SUMMARY AND CONCLUSIONS 

In PDX there is a qualitative difference in the impurity behavior of 

ionitation states in the Pfirsch-Schliiter regime (C II- C IV) and those in the 

plateau regime (C V) which relates to the proximity to the limiter. Impurity 

species located within the shadow of the limiter are more subject to edge processes 

such as recycling) and therefore vary substantially with plasma conditions, while 

the asymmetry of C V, which is located several centimeters inside the plasma 
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boundary, varies less with edge conditions. Both the experimental observa

tions and the numerical simulations indicate that the C V asymmetry is not 

affected by that of the outer charge states. In general, the sign of the asym

metries of low ionization states of both carbon and oxygen is opposite the 

direction of the vertical ion drift. The magnitude of the asymmetry generally 

decreases towards the center of the discharge. A quasifluid neoclassical model 

of impurity transport reproduces the observed asymmetries of C V if the main 

ions are assumed to lie ir the banana regime. A simplified kinetic formula

tion of the problem lead* to asymmetries of approximately the correct mag

nitude, t>ut does not reproduce the observed scaling. 
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APPENDIX 

Here we derive the expression tor the quasifluid model of impurity 

asymmetries. The impurity flow in a toroidally confined plasma may be described 

by the particle continuity and momentum equations: 

V • n/u/ = Sr (i) 

-Vp, - ZtnTeV* + ZrnfeUl X B + R ( / = 0. (ii) 
c 

where u/ is the first order impurity flow velocity, 5/ represents atomic rates, 

Pt = n/Ti(r), taking the impurity and proton temperatures to be equal and 

constant on a flux surface, Zf is the ion charge, and R|/ the friction force 

between impurities and protons. The magnetic field is assumed to be of the 

form 

B = - ^ ( * + e(r)£) (iii) 

with h = 1 + e cos t. In general, there are N coupled equations of this type for 

an impurity with nuclear charge Z/y. 

The friction force R|/ is calculated from 

R „ = f d 3vm f w,CV(//, fi) (iv) 

where Cji is the linearised Fokker-PIanck collision operator for impurity-proton 

collisions, and / / and /,- the impurity and proton distribution functions, respec

tively. By expressing Cji in terms of the Rosenbluth po c ntials and expanding 

in powers of rm/mi, in the limit of large impurity mass it can be shown that 
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R|/ depends only on the two moments m mud ugf of / / . Straightforward com

putation yields 

ntiTii 

where 

I* v,/'*1 

(Vi) 

uV = -Jd*™ifr (vii) 

v-M¥fis) ,-]i£ (viii) 

/ M 7 
V m,- (ix) 

'"|7 . fT— —„ , . * 00 

In the small aspect ratio limit {e < 1) we have 

and 5=1.7, 0.5, —1.17, respectively in the collisional, plateau, and cu

:lisionless 

regimes. 1 4< 1 S To calculate U|/ we employ previously derived expressions for the 

first order proton distribution function.1*"18 Integrating fa over velocity, the 

terms which are proportional to a shifted Maxwetlian vaaish, aad we are left 

with 

«|,' = 2 ^ c o s f l " (xii) 
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where ( =1 , 1.5, -0.75, respectiTeiy, ia the collisional, plateau, and collisionless 

regimes. 

The first order perpendicular flow is obtain*! by taking the cross product 

of the momentum balance equation with b (= B/fl) 

n / U / I = e _ . ( X I 1 1 ) 

To obtain an expression for the impurity density we need to solve the 

particle continuity equation, which can be written 

B ' v ( x ) + 7' f l / U l f + v' ,1; , l' = 5' *xiv' 
where the third term on the left hand side accounts for "anomalous" radial 

transport processes. Expressing the parallel impurity flow velocity in terms of 

uji and u'jj, and substituting in Eq. (13) we obtain 

r,,T 1 (d*n, fx\ _ cT (n{ , ^--T/^dn, _ 

2Tc sin 

(xv) 

where 

X = -$r (xvi) 

'[% + TV J * 1 = ~Aipi* T V s i n ' ( x v i i * 
- « * -



and 
1.3 —:— in the Pfirach-Schliiter regime 

VTTa 
>/* . . . . . . (xviii) 
— • in the plateau regua? 

1.28ft in the banana regime 

where vr = vrfRq is the ion transit frequency, and *i the first order poloidally 

varying part of the electrostatic potential. The first term on the left hand side 

of Eq. (10) describes the diffusive spreading of impurities driven by parallel 

pressure gradients; the term involving derivatives of x describes the repulsion 

of the impurities from regions of high electrostatic potential, an effect which 

tends to reduce the asymmetry. In the origiral model by Burrell and Wong1 

the diffusive spreading term was balanced by the fifth term, which describes 

the effects of friction and thermal forces. Note that if the coefficient within 

the square brackets is negative, in other words, if friction forces predominate 

over thermal forces, or if the electrostatic potential term is sufficiently large, the 

asymmetry is opposite thp vertical drift. On the other hand, if the coefficient 

within the sqvare brackets is positive, (true for Lr/Ln < 1 - £ — l/Zj) and the 

electrostatic term is small, the asymmetry is in the same direction as VVB-

A « 

- 25 -



REFERENCES 

[1] TERRY, J. L., MARMAR, E. S. f CHEN, K.I., MOOS, W. H., Phys. 

Rev. Lett., 19 , (1977) 1015 

[2] SUCKEWER, S , HINNOV, E., SCHIV&LL, J., Rapid Scanning of Spa

tial Distribution of Spectra Line Intensities in PLT Tokamak, PPPL-

1430. 

[3j ALLEN, S., MOOS, W. H., RICHARDS, R. K., TERRY, J. L„ MAR-

MAR, E. S., Nucl. Fusion 1 1 , (1981) 251. 

[4] HOGAN, J. T., XII International Conference on the Physics of Electronic 

and Atomic Collisions, Proceedings, Gatlinburg, Tenn., (1981) 769. 

[5] BURRELL, K. H., WONG, S. K., Nuel. Fusion IB, (1979) 1571. 

{6] HUGHES, M. H., POST, D. E., J. Comp. Phys. S8 , (1978) 43. 

[7] HULSE, R., Numerical Studies of Impurities in Fusion Plasmas, PPPL-
1917, (1982). 

[8] BOTTCHER, C , HEIL, T. G., XII International Conference on the 

Physics of Electronic and Atomic Collisions, Abstracts, Vol. 2, Gatlinburg, 

Tenn., (1981) 676. 

[9J OLSON, R.E., SHIPSEY, E. J., BROWNE, J. L., J. Phys. B 1 1 , (1978) 

699. 

[10] SHIPSEY, E. J., BROWNE, J. L., OLSON, R. L., J. Phys. B 14 , (1981) 

869. 

- «£ -



[11] BUTLER, S. E., Phys. Re*. A 90, (1979) 2317. 

[12] HEIL, T., DALGARNO, A., J. Phys. B Utt. l i , (1979) L557. 

[13] PH ANEW, R., Xll International Conference on tbo Physics of Electronic 

and Atomic Collisions, Abstracts, Yol. 2, Gatlinburg, Tenn., (1981) 088. 

[14] HAZELTINE, R. D., Phys. Fluids, 17, (1974) 981. 

[15] HIRSHMAN, S., SIGMAR, D. J., Nucl. Fusion, 21, (1981) 1079. 

[16] HAZELTINE, R. D., HINTON, F. L., Phys. Fluids, U , (1973) 1883. 

[17] WONG, S. K., BUBRELL, K. K., Phys. Fluids, IS, (1982) 1853. 

[18] ROSENBLUTH, M. N., RUTHERFORD, P. H., TAYLOR, J. B., FRIE-

MAN, E. A., KOVRIZHNIKH, L. M., (1971), in Plasma Physics and 

Controlled Nuclear Fusion Research (proc. 4th Int. Conf. Madison, 

1971) Vol. 1, IAEA, Vienna (1971) 495. 

- a? -



FIGURE CAPTIONS 

FIG. 1. PDX Past Rotating Mirror (FARM) diagnostic. 

FIG. 3. Gross section of magnetic field geometry in standard PDX circular 
(rail limited) discharge. 

FIG. 1. Nonsymmetric radial scan of C HI. 

FIG. 4. Ohordal profiles of C HI and C V for J? m a ; = 143 cm (solid curves) 
and Rma; = 152 cm (dashed curves) circular discharges. 

FIG. 5. Time evolution of ntl (upper figures) and radial scans of C III (tower 
figures) for two PDX circular discharges. During density flattening as, î-
metry of G HI reverses direction. 

FIG. 0. Chorda! profiles of O III, C III, O V, and C V. 

FIG. 7, (Left) Radial scans of G HI during inner wall discharges for opposite 
directions of the vertical ion drift, (light) Schematic of G III distribution 
in inner wall discharge illustrating positions of intensity maxima. 

FIG. 8. Radial scans of C III and C V in circular discharges. The dashed (solid) 
curve corresponds to a vertical ion drift directed upward (downward). 

FIG. 11. Experimentally observed values of if for G V plotted versus different 
quantities, (a) Quasi-neoclassical fluid theory scaling, main ions assumed 
to be in plateau regime: Lr=lO cm, Ln=l2 cm, (6) same as above, but 
main ions in banana regime. 

FIG. 10. Experimentally observed values of tj for C V plotted versus different 
quantities, (a) ti„p versus fl^. (6) ij„^ versus tjkin. 

FIG. 11. Density, temperature, and q profiles of discharges used in numerical 
modeling. 

FIG. 12. Asymmetry parameter 17 of C + 1 — C + 5 (triangles) vs. minor radius 
from numerical modeling using 2-D transport code. In Figs. (6) through 
(d) vu has been increased by factors of 3, 10, and 100, respectively, and 
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DA = 10*cm2/tecr vA — -rVP{rfa) cm/aec. 

FIG. 1*. Plot of JJ for C + 1 - C + 5 rersus minor radiut in 2-D modeling of 
charge exchange recombination thoory of poloidal asymmetries. In (•), (e), 
and (d) tio(r) has been increased by factors of 2, 5, and !0, respectirely. 
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