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I. Introduction 

The electrical resistivity of a magnetized plasma parallel to the mag

netic field is a basic consequence of the electron parallel force-balance equa

tion. Classical resistivity1 is predicted for a near-Maxwellian unmagnetized 

plasma or for a plasma embedded in a uniform magnetic field (in particu

lar V B - 0). 11 is determined by the balance of the electric and friction 

forces, and includes the consequences of distortion of the electron distribution 

function away from a shifted Maxwellian. Neoclassical theory 2 , 3 corrects the 

classical expression for the effects of a poloidally nonuniform magnetic field 

strength in an axisymmetnc toroidal plasma, in particular the parallel viscous 

damping due to magnetic trapping or magnetic pumping (for collisionless or 

collisional electrons, respectively). Thus, experimental measurements of the 

resistivity are of fundamental importance in understanding parallel electron 

transport. In some theories, parallel electron transport is closely related to 

cross-field transport; thus, an understanding of the parallel resistivity can 

give insight into the mechanisms of anomalous perpendicular transport. In 

addition, the resistivity is of practical importance in understanding and de

signing laboratory plasma arts and pinches, such as tokamaks. 

Previous measurements of the plasma resistivity in tokamaks. averaged 

over the plasma cross section, have been in agreement with the classical value 

t 
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in PLT. 4 TEXT. 5 ASDEX.8 and JT-GO.7 have l)een between the classical and 

neoclassical values in JET. and have been in agreement with neoclassical 

theory in a recent reanalysis of JT-60 data. 9 In addition, the resistivity was 

found to be anomalous when the current was being ramped up or down slowly 

on J E T . 8 1 0 Local measurements of the resistivity were found to be in agree

ment with neoclassical theory for toroidal multipoles 1 1 for the plateau and 

collisional regimes (but were anomalously large for the collisionless regime), 

and were between the classical and neoclassical predictions (but did not re

solve between them) in the TEXTOR 1 2 and J E T 8 tokamaks (see Ref. 10 for 

differing conclusions). In other experiments, the resistivity was assumed 1 3 to 

be either classical or neoclassical as a way of inferring the plasma impurity 

content. Previous experiments with high J3p auxiliary heated plasmas on 

TFTR1"1 and J E T ' 3 were found to agree with the predictions of the neoclas

sical bootstrap current in combination with neoclassical resistivity. 

In this paper we compare the resistivity of TFTR ohmic plasmas with 

theoretical predictions over a wide range of plasma parameters. Section II 

describes general experimental and plasma conditions, section III discusses 

the analysis method, section IV presents the experimental results, and section 

V discusses and summarizes the work. 
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II. Experimental Conditions 

The TFTK experiment has been described previously."1 The tokamak 

plasmas studied here u-ere heated ohmically and fueled by gas puffing at the 

plasma edge. The evolution of global parameters for a typical plasma are 

shown in Fig. 1. 

The TFTR magnetic diagnostics are described in Ref. 17. The plasma 

current lp is measured by a poloidal Rogowski loop. The plasma position, 

shape, and A 3 3P - IJ2. are obtained by fitting measured moments of the 

poloidal magnetic field distribution (by a poloidal array of loops) and the 

poloida.1 flux distribution (by six saddle-coils) outside the thin vacuum ves

sel (vessel field-penetration time -<• 10 msec) using a filament code. 1 8 Here 

3p = 2/ioP/Bp(a) is the poloidal beta, /, s Bp/Bp(a) is the dimensionless 

internal inductance, p is the plasma pressure. Bp is the poloidal magnetic 

field strength, and the overbar indicates volume average. The toroidal volt

age at the plasma surface is obtained by averaging -the voltages measured 

on six toroidal loops (distributed poloidally) corrected for the calculated 

time-derivative of the poloidal flux between each loop and the plasma. The 

poloidal voltage at the plasma surface is obtained using a poloidal loop (part 

of the diamagnetic system) corrected for the calculated time-derivative of the 

toroidal flux between the loop and the plasma. The time-evolution of the 
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plasma current Ip. plasma horizontal and radial position, arid line-average 

electron density n, (as measured by a horizontal I mm interferometer) are 

controlled by preprogrammed feedback loops . 1 9 

The electron density n, and t empera tu re 7",. profiles are measured at a 

single t ime in each discharge by Thomson sca t t e r ing . 2 0 see Fig. 2. The time 

evolution of the n r profile is obtained by Abel inversion 2 ' of the measurements 

of a ten-channel array of far-infrared in ter ferometers . 2 2 The t ime evolution of 

the ]\ profile is measured by electron cyclotron emission (EC'E) rad iometrv 2 " 

calibrated by the Thomson scattering measurement . The t ime evolution of 

the n,. and Tc profiles for the plasma of Fig. 1 are shown in Fig. .'i. Theceri t ral 

Zrfj ~ V « , Z 2 ' n e . where the sum is over the ion species, is determined from 

t ange - ' - a l and radial measurements of t he visible bretnsstrahluug emission. 2 1 

as shown in Fig. -4. Zcfj is measured (using an array of visible bremsstrrthlnrig 

detectors) to be spatially uniform in the helium plasmas studied and in pre

vious deuterium plasmas. It is assumed to be uniform for the deuterium 

plasmas studied here. 

III . Analysis 

Two slightly different methods have been used in this study: full time-

dependent analysis of an entire discharge using TKAN'SP2' and near-equilibrium 
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analysis at a single time using SNAP.26 In both cases, the measured plasma 

kinetic parameters (Tr. nr) are mapped and symmetrized onto an magne-

tohydrodynamic equilibrium set of flux surfaces calculated self-consistently 

using the kinetic pressure profile and the magnetically measured shape and 

location of the outermost flux surface. The Thomson scattering measure

ments of the T, and ne profiles are each found to be symmetric within r lO% 

for r < 0.7 a in the plasmas studied. 

TRANSP numerically evolves the poloidal field diffusion equation2 

d dTp _ _9_ 
dt dp dp 

on a toroidal flux surface grid, where v is the poloidal flux contained within 

a given flux surface, R is the local major radius, F = RBj, BT and B 

are the toroidal and total magnetic field, E is the electric field, p is a 

radial flux surface coordinate, the standard flux surface average is (.4) = 

dp/d\' § .4dS/!Vp|, V is the volume enclosed in the flux surface, and dS is 

an area element on the flux surface. The measured total plasma current pro

vides the external boundarv condition for the solution, and the flux surface 

averages are evaluated using a moments-solution2 , to the Grad-Shafranov 

equation using the measured plasma shape and kinetic pressure profile, and 

the calculated current profile. The parallel electric field on each flux sur

face is related to the parallel current density J by the flux-surface-averaged 
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electron parallel force-balance equation, or Ohm's law3 

(E-B) = r,ir[(J-JDR)-B). (2) 

where JQR is any current not driven by the electric field and rju is the parallel 

resistivity. The plasma resistivity on each flux surface is calculated from 

the measured plasma parameters using a theoretically predicted resistivity. 

The predicted resistivity for a flow-shifted Maxwellian electron distribution 

function is 

77Je Zcff L>„ , . 
mmx- 5—* W 

where mc is the electron mass, e is the electron charge, and P „ is the electron-

electron collision frequency.2 8 Classical resistivity is accurately given by 2 9 

(4) tykl - ty.mx 
fl - 1.198ZtS -r Q.222Z*ff] 
,1 - 2.966 Z e j 7 •+- 0.753 Z ^ j 

and neoclassical resistivity by 3 0 

(5) 

where / , is the trapped particle fraction, cR = 0.56 Ztfi'x (3.0 - Zcff)/(3.0 + 

Zeff), i = 0.58 + Q.2QZt8, v.c = i/J(t3/2ub). i/e is the electron collision fre

quency, e = rjR, r is the local minor radius, and uit, is the electron bounce 

frequency. The neoclassical resistivity is larger than the classical value due to 

damping of poloidal electron motion by neoclassical parallel viscosity. Rela-

tivistic corrections to the resistivity3 1 are negligible, for the plasmas studied, 



as 7"e <g 511 keV. The only non-Ohmic current J O R predicted for the plas

mas studied here is the neoclassical bootstrap current, which arises from 

the interaction of the Pfirsch-Schliiter current with the neoclassical paral

lel viscosity. This is calculated using expressions 3 , 2 9 including the effects 

of impurities and finite aspect ratio, and is predicted to be small (but sys

tematically significant) due to the low flp achieved Ohmically (see Table 1). 

An optional Kadomtsev sawtooth reconnection model 3 2 can be applied in 

TRANSP to redistribute the current profile each time a sawtooth is observed 

experimentally. In other experiments 3 3 , 3 ' 1 the observed change in the current 

profile due to sawteeth is less than predicted by the Kadomtsev model; thus, 

the effects of sawteeth on the current profile evolution should be bounded 

between no sawtooth-redistribution and the Kadomtsev model. 

The results of these calculations are various predictions (for a given the

oretical resistivity and sawtooth model) that can be compared with exper

imental measurements, such as the q profile and the parallel voltage per 

toroidal transit at the surface of the piasma 

2rr (E-B) 
^ ' a 

dt ' q{a) dt ' { ' 

where <i> is the toroidal flux contained within the flux surface and q = d(j>/dv 

is the safety factor. 

9 



The SNAP analysis is similar to the TRANSP analysis, except that it solves 

for the steady-state current profile and assumes circular cross-section mix sur

faces. In many TFTR plasmas, the current profile does not reach steady state 

during the finite pulse length available ( < 8 secj. In order to analyze these 

plasmas with SNAP the effective surface voltage 1'/^ = V, u r - ^)i0R]pdlJdt 

is used, approximately correcting for the extra voltage due to the equilibrat

ing inductance. This expression for \'ur above has taken advantage of the 

restriction of the SNAP analysis to times when dlp/dt = dR(a)/dt = 0. For 

all of the SNAP results discussed here the inductance is nearly equilibrated, 

with less than a 10% difference between V, u r and 1'/ u r. 

IV. Experimental Results 

The resistivity has been analyzed for a wide variety of ohmic plasmas 

from the 1986, 1987, and 1988 TFTR runs, whose parameters are summa

rized in Table 1 and Fig. 5. These plasn;as were selected by having an 

adequate set of diagnostic measurements, by not showing significant distor

tion of their ECE spectrum (which would indicate the presence of high-energy 

nonthermal electrons), and by not being detached 3 5 or having a M.ARFE.3 6 

Figure 6 compares the measured evolution of l j u r for the plasma of Fig. I 

with the TRANSP predictions using classical and neoclassical resistivity. The 
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predictions of the two theories are well separated throughout the discharge, 

and the neodrissical prediction is in good agreement with the measurement 

throughout (including the slow lp ramp-up and -down phases). Due to the 

low 3p achieved ohmically. the calculated total bootstrap cunent is small 

(-~ LOO kA), decreasing the neoclassical r j u r by 5.5% during the /p-constant 

period. The possible effect of Kadomtsev sawtooth reconnection is very small, 

and is calculated to increase the neoclassical l ' J u r by less than 1% relative 

to the curve in Fig. 6. The results of similar analysis using TRAN'SP and 

SNAP are summarized in Fig. 7 for the plasmas of Fig. 5. The uncertain

ties shown in the figures represent the standard deviation of the distribution 

of results obtained by varying all of the experimental measurements within 

their range of uncertainty (both systematic and statistical), as estimated by 

a Monte-Carlo ensemble. On the average, 49% of the calculated uncertainty 

in l ' s u r is due to uncertainty in Tc, 33% is from uncertainty in the visible 

bremsstrahlung iignal, and 18% is from uncertainty in the nr profile shape. 

In general, the measurements indicate that the average resistivity is equal to 

the neoclassical prediction within the experimental iricertainty. It should be 

noted that, v;hile the average experimental resistivity is rcughly twice the 

classical prediction, there is not a constant ratio between them. As shown 

in Fig. 8, this ratio varies (modestly) with electron collisionality u.c as ex-
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n m e d fr'prn neoclassical theory. In particular, see Fig. 8(c). the observed 

resistivity is in ilis'igm'mt'nl with the value expected fi>r purely .Maxwp-ll'an 

electrons. T aken as an ensemble, the data of Fig. 3 in'V'cate that the ratio 

nt the neoclassically predicted l",ur to the measured 1 j u t is 1.014 — O.QJiT. 

While a direct measurement of the plasma current or q profile was not 

available for these experiments, experimental information about the current 

profile shape can be obtained from the location, of the q - I surface. The 

q - ; surface can he unambiguously located by observation of the initial po

sition »>f the mi n - 1 /1 sawtooth precursor, as measured by a high speed soft 

x-ray camera. 3 ' In addition, the sawtooth inversion radius typically agrees 

ive!) with the mf* = I'l position, and gives a more generally available in

dication of the g - 1 minor radius. Figure 9 compares the calculated radius 

of the q - i surface (with and without the Kadomtsev sawtooth model) 

with t?e observed sawtooth inversion radius (also measured by the soft x-ray 

camera) and the observed m/n = 1/1 location for ihe plasma of Fig. !. The 

neoclassical-resistivity calculation accurately predicts 'he evolution of the 

q = 1 radius, including the coincidence o[ the initial appearance of a q = I 

surface and the first observed sawtooth. In contrast, the classical-resistivity 

prediction shows no q = 1 surface during the entire discharge, in clear conflict 

with the observed sawteeth and the measured q = 1 location. With classical 
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resistivity, the minimum value of g predicted for this discharge is 1.2, occur

ring at the end of the analysis (~- a sec) when lp has dropped to 0.7 MA. 

For all the plasmas studied, the predicted and measured radius of the q = 1 

surface were found to agree with neoclassical resistivity, and no q = I surface 

was predicted with classical resistivity. The time evolution of A also gives an 

integral measure of the current profile shape. While the measured evolution 

and value of A is generally in better agreement with the neoclassical predic

tion than the classical prediction, the difference between the two predictions 

is usually not large enough to be experimentally significant. 

V. Discussion 

The above observations indicate that the parallel plasma resistivity is in 

good agreement with the predictions of neoclassical parallel-transport theory 

over a wide range of plasma parameters from the banana regime into the 

plateau regime. This agreement is found when the plasma current is static 

or is being ramped up or down at a moderate rate (dlp/dt < 1 MA/sec). 

No attempt has been made to analyze the very rapid initial current ramp 

{dlp/dt > 5 MA/sec during the first 0.2 sec) on TFTR. 

While the observations indicate that the parallel electron transport is 

as expected from neoclassical theory, the observed perpendicular transport 
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is typically much larger ( by a factor > HlOJ than neoclassical predictions. 

This combination is expected, for example, if the perpendicular transport is 

dominantly caused by electrostatic turbulence. 3 8 It is easily seen that if the 

perpendicular diffusion coefficient for electron parallel momentum is com

parable to the observed perpendicular electron thermal diffusion coefficient 

i\e ~- 1 m 2/sec ). the effect on the apparent resistivity is negligible. Alterna

tively, it has been proposed 2 9 - 1 ' that an adequate self-consistent explanation 

of the anomalous perpendicular transport could be obtained via an anoma

lously large i/„. possibly due to the interaction between the electrons and 

turbulent structures. Such an increase in ucr increases the parallel viscosity 

[in the colhsjnnless regime), and thus increases the resistivity, bootstrap cur

rent, and Ware pinch over the neoclassical values. The increased resistivity 

and bootstrap current largely cancel, resulting in the overall appearance of 

classical resistivity.'"3 for an ohmic plasma that remains in the collisionless 

regime, The general case is more complicated,4 1 but consistently leads to 

the appearance of anomalous (non-neoclassical) resistivity. This is in con

flict with the above observations, indicating that it is very unlikely that an 

anomalous v„ is the cause of anomalous perpendicular transport. 

Finally, the persistent and long-standing observations of classical resistiv

ity in small tokamaks 4" 6 stand in sharp contrast to the observations presented 
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here. Due to the fundamental connection between the parallel resistivity and 

parallel (and some perpendicular) transporl processes, this may imply that 

tne electron transport mechanisms are fundamentally different in large and 

small tokamak experiments. 

In conclusion, the ohmic resistivity and general current profile shape in 

TFTR is seen to be in good agreement with neoclassical predictions for the 

available range of plasma parameters for both near-equilibrium and dynamic 

(current changing) situations. The observed resistivity is in disagreement 

with predictions neglecting torcidai (trapped particle) effects or involving 

significantly anomalous resistivity in conjunction with anomalous transport. 
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Tables 

TABLE 1. The range of discharge parameters for the plasmas studied. 

Ion Species D, He, 0 

IP 0.7 - 2.2 M A 

BT 
3.9 - 5.1 T 

R . 2.3 - 2.5 m 

Rla 1 3.0 - 3.6 

ne 0.5 • 9.0 x 10' 9 m 

TJO) • 1.8- 5.4 keV 

Z'-8 1.4 - 6.4 

3p 0.06 - 0.36 



Figures 

FIG. 1. Time evolution of Ip, R, A, l ' , U P . and nr the line-average electron 

density for a typical helium T F T R Ohmic plasma. 

FIG. 2. Radial profiles of (aj Tt and (b) ne, measured in the horizontal mid-

plane by Thomson scat ter ing for the plasma of Fig. 1 at t - 3.9 sec. The 

error bars represent the s tandard deviation in the value from the fit to 

the scattered spectrum. The systematic uncertainty of 7", is calculated to 

have a s tandard deviation of 5% of the measured values. 

FIG. 3. Contour plots of the time evolution of the fa) Tt and (b) n c profiles 

for the plasma of Fig. 1. as measured by E C E spectroscopy (calibrated 

to Thomson scattering) and the interferometer array, respectively. Con

tour intervals (and lowest contour values) are 200 eV and 5 A 1 0 1 8 m 3 , 

respectively. 

F IG. 4. The t ime evolution of Zzg for the plasma of Fig. 1. calculated from a 

visible bremsstrahlung measurement along a tangentialiy viewing chord. 

FIG. 5. Range of plasma parameters studied, where q(a) is the edge safety 

factor and v.t(aj2) is the electron collisionality parameter at r - a "1. 

Solid circles (•) indicate helium plasmas (at the end of the constant cur

rent period) analyzed using TRANSP, open circles (o) indicate helium 
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plasmas analyzed using SNAP, and (x) indicate deuterium plasmr", ana

lyzed using SNAP. 

FIG. 6. Time evolution of r , u r for the plasma of Fig. 1: (a) measured, (h) 

predicted using neoclassical resistivity, and (c) predicted using classical 

resistivity. 

FIG. 7. Predicted values of l j u r (for (a) neoclassical and (b) classical resis

tivity) vs. measured values. Solid circles (•) indicate helium plasmas (at 

the end of the constant current period) analyzed using TRAN'SP, open cir

cles (o) indicate helium plasmas analyzed using SNAP, and (x) indicate 

deuterium plasmas analyzed using SNAP. 

FIG. 8. Ratio of predicted to measured values of l ' j u r vs. i/.e at r = a/2, for 

(a) neoclassical, (b) classical resistivity, and (c) the flow-shifted Maxwellian 

resistivity. Solid circles (•) indicate helium plasmas (at the end of the 

constant current period) analyzed using TRANSP, open circles (o) indi

cate helium plasmas analyzed using SNAP, and (x) indicate deuterium 

plasmas analyzed using SNAP. 

FIG. 9. Time evolution of the radius of the q = 1 surface: (a) m: n — 1 

precursor radius, (b) sawtooth inversion radius, (c) predicted using neo

classical resistivity without redistribution of the current profile by saw-
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teeth, and (d) predicted using neoclassical resistivity and the Kadomtsev 

sau-tooth model. The prediction using classical resistivity does not haw 

a q — 1 surface in the plasma at any time. 
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