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ABSTR,l\CT 

This lecture will present an overview of the important considerations related to particle and 
energy transport in a tokamak. Transport irl tokamaks can be inferred by analyzing the 
experimental data ill ter'llIS of the one dimensional magnetic field diffusion equation and the 
particle and energy conservation equations. This approach will be illustrated by considering 
current penetration during the startup phase, denSIty buildup in high density discharges, as well 
as the ion and electron ener'gy balance in PLT ohrnicalJy heated discharges. i\reas requiring 
further research will be discussed. 

INTRODUCTION 

Two complernentary approaches exist in analyzing tokamak data in order to infer the 
underlying transport processes. The first is to use a"one dimensional transport code to 
simulate the tokamak discharge, such as that used by Du:::hs, Post and Rutherford (1976) and 
8,ost and coworkers (1978). In this approach, either the predictions of a theoretical transport 
mqgel are compared with experimental data or an empirical transport model is derived by 
tt~tli1ion on the assum ed tr ans port (and oft en irnpuri ty) model j nor der to obtain an acceptable Ii t to 
t~;:experimental data. One advantage of this approach is that the computed results are 

" ;5 internally consistent. i\nother is that after a theoretical model has been verified or an 
~ical model derived, it is very easy to extrapolate to other conditions. This is especially 

in perdicting the performance of future devices. The disadvantage of this approach is 
t is often difficult to isolate a single facet of the problem. For example, in. trying to 
; and current penetration during the startup phase, it is necessary to predict the electron 
rature and density profiles accurately in order to calculate the plasma conductivity, 

It is simpler and more reliable to use the measured profiles directly to calculate cr(r,t). 

;Jact is what is done in the second approach which utilizies a transport analysis code. In 
roach, whenever possible, experimential data are used directly to calculate local 

soefficients. Some quantities, for instance the current density, j(r), and neutral 
~r), profiles are very difficult to measure and thus are not typically available. For 
.'eters, models very similar to those used in the one dimensional simulation codes, 
Supplement the measured data. The advantage of this second approach is that the 
f: of	 the data is more direct and comparison with theoretical models is 

;9: Clearly, this approach places a heavy burden on the reliability of the data 
.,lng of the limitations of a particular diagnostic. However, even in the first 
Xa.lidity and the associated confidence level of the inferred transport model is 
the uncertainty in the data used for comparison. i 
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This lecture will describe the transport analysis code which has been developed by 
R. J. Goldston, D. McCune, G. L. Schmidt and myself. This code wilJ be used here mainly as a 
pedagogical tool to illustrate various important processes related to cross-field transport. In 
particular, current penetration during the startup phase, particle fluxes in high density He 
discharges, and the ion and electron energy balance in ohmically heated PLT discharges will be 
discussed. In the workshop Dr. Goldston will use this code to discuss the analysis of neutral 
beam injected discharges. Throughout this lecture, many important questions which remain to 
be satisfactorily resolved will be pointed out.

I'i, 'I' 
IJj TRANSPORT ANALYSIS CODE 

! 

The general structure ,of the time dependent transport analysis code which has been used to 
analyze PLT and POX ohmicalJy heated discharges is shown in Fig. 1. The experimental 
measurements are used to solve the magnetic field diffusion equation, calculate the neutral 
density profile and then using the particle and energy conservation equations calculate the 
local transport coefficients. This approach will be presented in detail later in the lecture .. At 
this point, only an overview wilJ be given to show how the various calculations are related. 

TRANSPORT ANALYSIS 
I; 
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Fig. 1. III ustr ates the str ucture of the tr ansport analysis code. 

The data inputs to the code inc1~de plasma cu~rent, i , s.urface v'fitage, V, gnd. spect~o.scopici 
measurements of hydrogen and ImpUrity confinemen~ tImes (T and T ) In additlOn. to c~ 
profile measurements of electron denSIty n (r,t), electron P temperaPure, T (r,t), Jon! 
temperature, T.(r,t>, and the radiated power, p ;<r,t). The electron density and te1nperaturej 
profiles are obtained by the multichannel Tho~son scattering system (Bretz and coworkers, ,~ 
1978). The Ion temperature profile are from measurements of the charge exchange flux, j 
neutron emission and Doppler broadening of impurity lines (Brusatj and coworkers, 1978). ~ 
The power radiated is from bolometric measurements (Hsuan and coworkers, 1978). ~ 
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On the basis of the measurements, the code solves the magnetic field diffusion equation for 
the poloidal magnetic field, Be (r,t) in order to evaluate Z ff (t), and the current density, 
j(r ,t). From these quanti ties, the ohmic input power, epOH(r ,t), the electron energy 
confinement time, T and the safety factor q are calculated. (The electron energyE
confinement time is lfefined as the electron energy divided by the ohmic input power, 
neglecting the rate of change of the electron energy.) 

In the next stage, the neutral density and temperature profiles are calculated on the basis of 
the particle confinement time measurements in order to determine the radial particle flux 
from the particle conservation equation. The particle confinement time is defined as the total 
number of particles in \he discharge divided by the total flux of particles to the walls and 
limi ters. 

Two approaches can' be used to investigate the ion energy balance. The preferred approach 
would be to calculate the ion heat conduction from the ion temperature profiles, and the 
inferred electron-ion heat transfer, charge exchange loss and particle convection. Then, the 
deduced ion heat conduction would be compared with the neoclassical prediction. However, 
because detailed ion temperature profiles are not always available, the ion temperature profile 
is calculated assuming neoclassical ion heat conduction. The power loss due to convection is 
obtained from the inferred particle flux and the charge exchange loss from the neutral 
penetration calculation. This approach is a generically similar to the time independent 
calculations of Stott (J 976), Brusati and coworkers (J 978), and Equipe TFR (J 978). 

Finally, the electron heat conduction is deduced from the electron energy balance equation. 
The inputs to the calculation are the measured electron density and temperature profiles, and 
radiated power and the deduced ohmic input power, electron-ion transfer and the power loss 
due to convection. This power loss is obtained from the inferred electron fluxes. 

MAGNETIC FIELD DiFFUSION 

In this section, two questions will be considered. First, can current penetration during the 
startup phase be modeled by a one dimensional magnetic field diffusion code assuming 
neoclassical conductivity? Second, what are the uncertainties in the subsequent calculations 
of the electron energy balance in the quasi-steady state due to uncertainties in the plasma 
resisti vity? 

Current Penetration 1 

C.urren~ penetration during the startup phase of PLT was investigated by solving the one 
dimenSional poloidal magnetic field diffusi.on equation, 

subject t':" the usual boundary conditions: 
~:>·i 

80<0). :: a (ra) 

(lb) 
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,~cussed in this section are from a study by R. J. Hawryluk, N. Bretz, D. Dimock, 
hnson, D. McCune, D. Monticello and S. Suckewer. 



The analytic approximation of Hirshman, Hawryluk and Birge (1977) was used to calculate the 
neecl assi cal conducti vi t y 

u (r,t) uoAe(Zeff) (l.~ 

The two terms on the right hand side correspond to the neoclassical correction where f is thet ifraction of trapped particles and v.. is the electron collisionality parameter. As f ~ 0 or t (1/.. ~ ro, the neoclassical .conducti\.ity goes to its classical limit, u A (Z if)' In the 
calculation of u (r,t), Z f is assumed to be independent of minor radius agd theemagnitude of 
Z ff is adjusted by iterglJOn to obtain agreement with the mfasured surf ace voltage. [n this Im1mner, the enhancement required in the neoclassical resistivity to account for the current 
penetration during the startup phase is evaluated. 
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Fig. 2.	 Plasma current and loop vol tage as 

measured across the ceramic break 
on the vacuum vessel during the 
startup phase of a high density He 
dischar ge in PLT. 
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Fig. 3. Thomson scattering measurements of 
the electron temperature profile for 
the discharge showrl in Fig. 2. 
(Courtesy of D. Johnson, PppL). 

plasma current and loop vol tage is shown for the startup phase of a high density 
in PLT with tungsten limiters. In addition in Fig. 3, Thomson scatiering 

s of the electron temperature profile are shown. These discharges were 
,ter extensive Taylor discharge cleaning. Thus, the low-Z impurity concentration 
d the lnferred spectroscopic Z if was 2.1 during the startup phase. For 
he calculations of the one dimensFonaJ magnetic field diffusion code are shown in 
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Fig. 4. In this case a significant enhancement in the inferred Z if is observed. This approach 
has been applied to three other discharges. In two of tho~e discharges, the maximum 
calculated Z f was even greater. However, in one case in which the electron temperature 
was Jow and 'thus the neoclassical resisti vity was relatively high, the calculated and measured 
Zeff was within experimental error. 
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In general, the use of a one dimensional magnetic field penetration code assuming neoclassical 
conductivity does not adequately model the current penetration during the startup phase of 
PLT. This was also found on the ST tokamak where an enhancement in the current penetration 
mechansim was also deduced (Hosea, 1974). So far, the mechanism responsible for the 
enhanced current penetration on PLT has not been identified. . 

In addition to the enhancement of the current penetration, this analysis indicates that the 
energy confinement time during the startup phase is much less than during the quasi-steady 
state. This may be due in part to the increased radiation losses during the startup phase. 
However, an enhancem ent in the transport process can not be excJ uded. Once again, these 
results are similar to those on the ST tokamak which also showed a shorter energy confinement 
time during the startup phase (Dimock and coworkers, 1973). I 
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Plasma Conductivity During the Quasi-Steady State 

The plasma conductivity in the quasi-steady state is important in determining the ohmic input 
power which in turn is important in the electron energy balance. Figure 5 shows the Thomson 
scattering measurements of the electron density and temperature throughout the high density 
He discharge discussed above. The one dimensional magnetic field diffusion code is used here 
to calculate Z if throughout the discharge including the quasi-steady state. The reswts of the 
calculation ofeL ff and the electron energy confinement time are shown in Fig. 6. As the 
density increased (juring the discharge, Z ff decreased and frequently was less than two. In 
high density gettered hydrogen or deuter1um discharges, Z ff less than one has also been 
observed. (Bol and coworkers 1978; Hawryluk and coworkers 1979). So far, no satisfactory 
explanation has been proposed to explain this result. In these high density discharges the 
concentration of runaway electrons was very small and thus would not significantly modify the 
resistivity. It is difficult to discount the possibility of some unknown systematic error in the 
analysis or the measurements. Bootstrap currents which would contribute ~596 to the total 
plasma current have been ignored in the analysis. The> error due to the analytic approximation 
of the neoclassical resistivity is -596 and this error would tend to overestimate Z ft. Z ff has 
also been calculated without the neoclassical corrections to the plasma conductrvllY. in this 
case, Zeff is typically-2 in the He discharge and -1 in the high density H or D discharges. 

In general, during the quasi-steady state the plasma conductivity is consistent with predicted 
neoclassical conducti vity to within a factor of 2. However, the corrections due to neoclassical 
effects which are typically less than a factor of 2 for present PLT operation have not yet been 
demonstrated conclusively. In additi'on, the role of MHD effects such as internal disruptions in 
modifying the plasma conductivity has not been clearly established. By accurately measuring 
~he current density profile (or the q profile) in a discharge with a very low concentration of 
~mpur~ties, it should be possible to resolve this question. Experiments on PDX are planned to 
investigate this by using a diagnostic neutral beam similar to that used on ATC (Goldston
1978). 

!he uncertainty in the plasma conductivity affects the calculations j(r), q(r) and the ohmic
 
Input power,
 

(3) 
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Thomson scattering measurements of the 
electron temperature profile for the dis­
charge shown in Fig. 2 and 3. (Courtesy of D. 
Johnson, pppL). 
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the loop voltage are shown for the discharge 
shown in Fig. 5. b) and c) Calculations of the 
electron energy confinement time and Zeif 
respectively from an analysis of the one Cli­
mensional magnetic field diffusion. 
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of the safety factor, the 
current density and the .ohmic 
input power with and without 
the neodassital correction to 
the plasma. conductivity for 
the discharge shown in Fig. 5 
at 630 msec. 
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Figure 7 illustrates this by comparing the results of the calculation with and without the 
neoclassical corrections for the high densit)' He discharge shown in Fig. 5. The effect of the 
neoclassical correction is to dE'crease the conductivity in the middle region of the discharge 
and thus to increase the current density on axis. In some high density hydrogen or deuterium 
discharges, the effect can be somewhat greater. The resulting uncertainty of 20-30% in the 
local ohmIc input power in the core of the discharge, though not very large, results in a 

. somewhat greater uncertainty in the electron heat conductivity in the core of the discharge. 

2
CONSERVATION Of PARTICLES

The particle conservation equation is 

on 10 (rnV) + S (4)ot r 0 r 

where n is the local particJe density, V is the radial flow velocity and S is the local source 
function. In the analysis code, the particle conservation equation for the background plasma 
(two species), one impurity species and the electrons are considered in addition to the beam 
ions. In this lecture, only the background plasma ions and electrons will be conli{dere~3 The 
evolution of the high density He discharge in which n (0) increases to - 1.5 x 10 I ern (see 
Fig. 5) will be analyzed to determine the radial fiB\\' velocity which can be obtaIned by 
integrating Eq. 4: 

V(r) 

The rate of change of densit)' is determined from the experimental measurements whereas the 
local source function is calculated on the basis of a neutral penetration model. 

NEiutral Penetration Model 

Neutral density within the discharge core provides a local ionization source. In the absence of 
si~ni1icant recombination, penetration by repeated charge exchange collisions is the process by 
which the neutral density profile is established. The dominant charge exchange reaction is 
that between Helium neutrals and He++. Because of its size, substantial attenuation of the 
flux of charge exchange neutrals can occur in the PLT device at the moderate electron 
densities reached in helium discharges. A Monte Carlo technique has been used to calculate 
fhis attenuation (Hughes and Post, 1978). 

TWo separate neutral fluxes are modeled in calculating the neutral density - a flux of cold 
neutrals corresponding to those introduced directly by gas injection, and a £lux of warm 
neutrals, ~orresponding to particles recycling at the limiter. An average neutral energy of 30 
tol~~O eV IS observed throughout the density rise by Doppler broadening measurements of 

'·i.helium. A Maxwel1ian velocity distribution with this average energy is therefore 
for the warm neutrals at the plasma boundary in this calculation. In an effort to 

I,1pper limit on the helium neutral density within the core of the discharge, all 
" caping from the plasma volume are assumed to re£lect at the wall with no loss of 

,e magnitude of the neutral density is determined by a normalization of the Monte 
ts. The Monte Carlo procedure in conjunction with Thomson scattering profiles of 

{the high density He discharge presented here is a summary of the work by G. 
• Bretz, M. Hughes, R. J. Hawryluk, D. W. Johnson and J. A. Schmidt (1977). 
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density and temperature, is used to calculate the radial dependence of the neutral density, f(r). 
The volume integral of the source function associated with f(r) is then computed. In the case 
of cold neutrals, this integral is normalized to the measured increase in the particle content of 
the discharge. In the case of warm neutrals, the integral is normalized to the measured 
particle replacement losses. (This approach implicitly assumes that the recycling coefficient 
is unity.) Azimuthal asymmetries during the density rise, limit the accuracy with which 
particle replacement losses are known for the discharges considered here. Measurements at a 
single location indicate that replacement times are less than 10 ms and nearly constant in 
time. An average value of 10 ms is more consistent with the energy input to the discharge and 
this value is used here. Note that this value of the particle replacement time is significantly 
less than the discharge energy confinement time, indicating that strong recycling of low 
temperature edge plasma occurs during density build up. Such recycling leads to enhanced 
levels of neutral density throughout the discharge. Since the recycling flux dominates the 
problem, the neutral density and the electron source scales linearly with replacement time. 
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Fig.g.	 Comparison of the 'calculated 
electron source on axis with the 
observed rate of rise of the ·electron 
density. 
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• 
Figure 8 compares the calculated electron source term on axis due to ionization of neutral 
helium with the measured change in central density during the discharge. The source term is 
decreased to a value more than an order of magnitude less than the observed rate of density 
increase, and cannot alone account for the observed rate. 

loniza tim of low- Z im puri ties (princi pall y oxygen) does provide an additional electron source 
term. However, in these discharges the concentration of oxygen is low. Estimates of the 
source function associated with this flux indicate that its magnitude is comparable to the He 
source functton within the core of the discharge and thus insufficient to account for the 
ob:;er ved densi ty rise. 

Radial Flow Velocity 

On the basis of the calculated electron source function and the observed density rise, the flow 
velocity was calculated using Eq. 5 as ShOM1 in Fig. 9. To account for the density rise on axis, 
the flow velocity in the core of discharge is inward though small in magnitude. In the plasma 
per'iphery, it is outward and its magnitude is clearly much larger. 
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Fig. 9.	 Comparison of the inferred radial flow velo­
city with the predicted neoclassical pinch at 
650 msec into the discharge. 

~json, the neoclassical pinch velocity was calculated using the resul 15 of Hirs hm an 
~1977) and also HirShman (J978) as shown in Fig. 9. The neoclassical pinch, possibly 
, ,all enhancement (:( 2), could provide the required inward flow in the PLT 

,died to date. However, the radial variation of the pinch and the deduced flow 
,Igilificantly different. To account for the difference, it is necessary to assume 

!19malous outward flux in addition to the pinch velocity. For simplicity if the 
;~umed to be proportional to Y'n, then 

(6) 

,radial particle diffusion coefficient, 0, can be obtained because the right 
The results of this calculation are shown in Fig. 10. The anomalous 
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transport coefficients both in the interior and exterior of the discharge are much larger than 
predicted by neoclassical theory, This anomalous particle diffusion coefficient is required to 
account for the radial profile and the large recycling at the edge. It should be kept in mind, I' 
however, that this model is not unique. For instance the anomalous particle flux can be a 
combination of both inward and outward fluxes and not necessarily simply proportional to the 
electron density gradient. Thus, the role of the neoclassical pinch in the density buildup has I 
not been established. 
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Fig. 10	 Calculation of the anomalous particle 
diffusion coefficient assuming that the 
inward flux is due solely to the neo­
classical pinch and that the outward 
flux is proportional to Vn • e 

ELECTRON AND ION ENERGY BALANCE 
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General Considerations 

The energy balance equation derived by Braginskii (965) can be expressed as: 

The first term is the rate of change of thermal energy. The following three terms are retat 
to particle fluxes where 7TQ!J3 is the stress tensor. The fourth term is the heat flux an 
represents the transport of energy associated with the random motion in the coordinate system 
in which the particle flow veloci ty is zero. The last t,erm is the heat generated by coJlisi()l1~ 
between two different species. Because of the choice of the coordinate system in which Q\ 
defined, . 

~ . 
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(8)Q
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whereR . is the change of momentum due to collisions between electrons and ions. The term 
on the I~It hand side corresponds to t>Jth the force of friction due to the existences of a 
relative velocity (ohmic heating) and a thermal force which, in c simple classical plasma, 
arises from the presence of a temperature gradient. 

As a consequence of the kinetic equations or of a particuJar microinstability model, it is 
possible to calculate 17, )Ta{3' q, and Q. In general, this is not the approach most commonly 
used in eIther one dlmenslOnal transport code or in analysis codes such as the one being 
described to analyze experimental data. Rather, Eq. 7 is substantially simplified. The usual 
approximations are: 

(j)	 Consider variations only in the radial direction (l-D approximation). 
(2)	 Neglect the stress tensor. 
(3)	 Assume that the coupling t>etween the ions and the electrons is due to CouJomb 

collisions, (Q. = q. due to CouJomb collisions). 
(4)	 Include charlge leexchange loss, neutral heating, ionization losses and impurity 

radiation. 
( 5)	 Set q = Kn aT/or where K is the heat conductivity due either to neoclassical heat 

condJcti on or anom aJ ous processes. 

At this point, there is a divergence of opinion as to what the convective power loss is. In order 
·to understand where the disagreement comes from, the frictional momentum force, R ., must 
be calculated (Goldston, 1979). From the conservation of momentum equation, el 

If .. (r -Y.) (9) . el e I 

2neglecting the stress tensor and terms of 0(V ), Substitute Eqs. (8), and (9) into Eq. (7) and 
quantitatively identify the terms originating from convection as being related to the radiaJ 
flow velocity, then 

i V. .\7 p.	 (10)Peon v = V • (~ nT.v.)I I I I I 

and 

e 
+ V	 (l1)Pconv V • (~ neTeV ) . \7 Pie I 

T~e last term on the right hand side can be considered to be the dissipation of the induced 
drifts due to radial diffusion. Note that in a classical plasma; the ion drifts are dissipated by 
~ectrprrion collisions. This resuJ ts in a transfer of power from the ions to the electrons. This 
:lmple"~CQ.ncept carries over into neoclassi~aJ theory, although the resuJting equations are 
Co;;·H~~~~~'ITl().r~ complex. However, the partIcle fluxes 1Il a tokamak are not a resuJt of only 
neeUlQgl~~coI!Jslons since the observed radiaJ velocity does not agree with the predictions of 
tflOO a1 theory. Thus, the way these fluxes are dissipated is dependent upon t~e 
the.··· ·model proposed to expliun the fluxes. This accounts 1Il part for the difference In 
e:·computatlonaJ simuJations where the conduction loss is given by the Braginskii

by 

(Stott, 1976)	 (12) 

(D'~hs, Post and Rutherford 1977).	 (13) 
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Until now Eqs. (10) and (11) have been used in the transport analysis code. However, without a 
priori, knowing what the kinetics of the radial transport mechanism are it is difficult to 
determine which approximation is more accurate. The differences between these approxi­
mations are not negligible since they introduce about a factor of two uncertainty in the power 
loss due to convection. 

Thus, the following equations have been used in the transport analysis code for the electron 
and ion energy balance: 

(14) 

and 

(15)i:, qie - Pchx + Pneut ., 
I; 

The power loss by ionization is given by 

neglecting the power loss by impurity ionization. However, the power radiated by impurities, 
Pr .d is accounted for. The radiated power is obtained from bolometric measurements of the 
tora! power to the wall, which includes both charge exchange and radiation. Assuming that the 
power is predominantly due to radiation, the bolometer measurements are Abel inverted to 
give the local radiated power. If the flux were mainly charge exchange, then the validity of 
the inversion would be uncertain (Hsuan and coworkers, 1978). 

In the electron and ion energy balance, the summation over k includes all of the hydrogenic 
and impurity ions and the totai ion density is denoted by n.. The power loss by charge 
exchang~ between a hydrogenic ion, n , and a neutral is given b9 H

-2
3

nHn <av> h (T. - T) , , 0 c X J 0 

Where the neutral density, n and neutral temperature, T , are determined by the 
penetration code. The power ~ained by ionizing a hot neutraPis 

(8). 

As mentioned above when this code is used to analyze experimental data, the ion temperat 

profile is calculated and compared with experimental measurements. As a working hypot 
the ion~at conductivity,K., is assumed to be given by neoclassical 'transport:t 
K· = O'K. ' • In order to evJluate this hypothesi's, the factor, 0', is varied; . In mY' 
licture: a summary of the experimental results, pertaining to the ion energy' bal@.; 
presented. The neoclassical ion heat conductivity is calculated using the resultS of Ruther, 
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and co,','orkers (197(,). For Z = 1 plasmc. this formulation agrees with that of Hazeltine andII 

Hinton (1976) in the banan~-region of n~oclassical theory (,1"1-1 = 0). Ho\,/ever, in the 
transition reglme between the plateau ano banana regime ("*H = 1), the calculation of 
Rutherford and coworkers (1976), are a factor of - 1.7 greater th'an that of Hazeltine and 
Hinton (I976), Accurate analytic approxir'lations for the conductivity corresponding to a 
r.lulti-speCle plasma (11, 0, Hllpurity and beam ions) for different collisionality parameters 
(banana, plateau and Pfirsch-Schll'Iter) would be very useful. Though it is difficult to infer the 
ion heat conduction to \'iithin a factor of two experimentally, theoretically at least it should 
be kno\l/n more accurately than that. This is important in obtaining a better estimate of the 
aCreement between the inferred ion heat conduction and the predictions of neoclassical 
theory. 

in the remainder of this lecture, a high and a low density ohmically heated discharge will be 
analyzed to illustrate the important terms in the ion and electron energy balance. In the 
workshop, Or. Goldston includes the deposition of po\'.'er and particles due to neutral beam 
injection, in using this approach to analyze the neutral beam heating experiments on PL T. 

High Density Discharge 

The first discharge which will be considered is a high density deuterium discharge with 
stainless steel limiters. In these discharges, the conductivity Zeff was - 1 in the quasi~steady 

state assuming neoclasslcal conductlvlty. In Flg. 11, the denslty and temperature profJ1es Rf"C 
shown at 500 msec into the discharge while the density was still rising. Assuming K. = K.' 
and T = 30 msec, the ion energy balance is calculated. (In both this case and the Aext, tlhe 
particlli?: confinement time was not measured and it is treated as a free parameter.) In Fig. 12, 
the volume integrated power flow and loss terms are calculated. For instance, the net charge 
exchange loss within a radius r is 

pchx rdr 

This uncertainty in T does not affect the central ion temperature in high density discharge, 
but it does not affec!f the power loss by convection in the plasma periphery. A short T 
increases ion convection and thus power flow from the electrons to the ions. If T is too shorlf 
for instance < 10 msec, then the results for the electron energy balance are not <?onsistent, as 
will be discussed further. . 

The effect of varying the ion neoclassical heat conductivity is shown in Fig. 13. A factor of 3 
variation results in only ~ 10% variation in the central ion temperature. Because the electrons 
and ioos are well equilibrated, the ion temperature is almost proportional to the electron 
temperature. Thus, to detect the effect of anomalous ion heat conduction both the error in 
the electron and ion temperature must be less than 3%. This is very difficul t to achieve. 

~hilei~is very diffi.cult to determine the electron-ion heat transfer in high density discharges 
caus~ Of the requlred accuracy in both the electron and ion temperature measurement, it is 

·9btai n an upper limit. The maximum power that can go from the electrons to ions 
~tr:ansport through the ion channel is the ohmic input power. Thus in the discharge 
t~. maximum permissible enhancement in the neoclassical ion heat transport is a 
,)nsomewhat higher density deuterium discharges, the maximum enhancement in 

t heat-conduction is a factor of 2-3. In contrast in high density discharges in 
..Jias observed that neoclassical ion heat transport could account for the heat 
~~ core of the discharge (Gondhalekar and coworkers, 1978). 

(". 

her'er gy balance for the high density discharge is shown in Fig. 14. In the core of 
. <: 20 cm), 60% of the power is lost by electron heat conduction. The 

35 



',( . 

oL..--.-l_-L_-L~ 

10 20 30 40 0 10 20 30 40 
r (em) r (em I 

Thomson scattering measurements of the electron 
temperature and density profile and the calculated 
ion temperature profile for a high density deuterium 
discharge with stainless steel limiters. (Courtesy of 
D. Johnson, pPpL). 
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Fig. 12. The ion energy balance for the discharge shown in 
Fig. 11. The volumeiritegrated power and the 
neodassical ion heat conductivity as a function of 
radius are shown. 
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remaining power is lost mainly by radiation (22%) and electron-ion coupling (1'5%). Near t 
axis of the discharge, electron-ion coupling accounts for a somewhat larger fradion of t 
power input (-25%) and the electron heat conductivity is only aiaCtor of ~1.71arger than! 

However, the electron heat conductivity has a spatial variation which is consid~rabl 
different than the ion neodassical heat conductivity (see Figs. 12 and Ill). The electron he~ 
conductivity tends to increase with minor radius. This is a fairly general resul't,though 1, 

some discharges the radial variation is less pronounced. 
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radius are shown. 

- sources o.f error irl the calculation of K. The first is the evaluatiorl of the 
~t!Jre gradient. Deperldirlg UpOrl the accu~acy of the data the uncertairlty in 

perature gradient can be sigrlificant. While in this discharge the profile was 
_wn, they are not aJways, as will be shown in the low density clischarge. The 
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second, is the model for the plasma resistivity. In these calculations, neodassical resistivity 
was assumed. If Spitzer resistivity were used, then the electron heat conducti vity would 
decrease within the inner 10 cm by 60% and the fraction of power going through the ion 
channel would increase to 30% in the region. Outside of the inner J 0 on, the difference 
between neodassicaJ' and Spitzer resistivity is minimal. The third is the uncertainty in the 
partide confinement time. This has a sm aU effect except near the plasma periphery 
(r > 30 cm). If T is assumed to be too small then the power loss by convection can be 
greater than the oh\?nic input power minus the power loss by radiation and ionization. This is 
useful in determining the minimum T consistent with the density and temperature profiles. 
The fourth uncertainty is due to the rr&asurements of the bolometric power. Depending upon 
the toroidal location of the bolometer, charge exchange may contribute significantly to the 
power flux which the bolometer measures. This must be considered in interpreting the validity

'",I ' !i of the calculation. In general while a transport analysis code appears to be useful in:! 1 

determining K in the interior of the discharge, the results in the plasma periphery (r > 30)

I are very suspett, due to the uncertainties in T, power radiated and to a lesser extent theiii 
accuracy of the density and temperature profileR. Similar problems are encountered by one 

!/ I' dimensional simulation codes in the plasma periphery where adhoc prescriptions limiting the , I: heat conduction and partide transport are often employed. 

! 
Low Density Discharge 

The electron temperature and density profiles for a low density hydrogen discharge which was 
used as the target plasma for neutral beam injection are shown in Fig. 15. In this case, water 
cooled graphite limiters were used and the conductivity Z if was ~ 2.5, again assuming 
neodassicaJ conductivity. Unlike the preceeding case, the el~ctron temperature gradient is 
strongly varying wi th minor radius. Whether these variations are meaningful is not certain. 
The' uncertainty in the electron temperature gradient is manliest in the calculation of the 
electron heat conductivity. In this discharge, the central ion temperature was in the range of 
800-1000 eV. 
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Fig. 15.	 Thomson scattering measurements 
of, the electron density and tem­
perature ,profile for a low density 
hydrogen discharge. (Courtesy of 
D. 'Johnson, pppL). 
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Fig. 16.	 The ion energy balance for the discharge shown in 
Fig. 15. The volume integrated power and the 
neoclassical ion heat conductivity as a function of 
radius are shown. 

The ion energy balance is presented in Fig. IG, assuming 1<. = llC and T = 30 msec. In this 
discharge, the ion energy balance in the core is dominated by pJarticle coRvection and charge 
exchange Joss with neoclassical heat conduction being relatively unimportant. These results 
are ~ensitive to the uncertainty in the neutral density profile which is illustrated by varying 
T (which was not measured) as shown in Fig. 17. The central neutral density must be kno"'//1 
to~etter than a factor of three so that the uncertanity in the neutral density is not important 
in the analysis of the heat conduction. The effect of varying the ion heat conduction 
coefficient can be seen in Fig. 18 assuming T = 30 msec. If T were 30 msec, then the 
ma~r:num possible enhancement in K. is aboutPa factor of 3. HoJever, if T = 100 msec, 
th.en.·~h~ maximum permissible enhaAcement is about a factor of 7. For trk's low density 
di~cmS!!1g~, the total electron-ion heat transfer as well as the heat which is transported by 
c~,y~ton and convection is considerably larger than the power loss by ion neoclassical heat 
tr. '; Even if the ion heat conducti vi ty were adequately predicted neoclassical theory, 
t:_~ convection still remains a significant source of anomalous heat transport at low 

~Iearly an understanding of the anomalous particle transport mechanism and how it 
. cessary in low density discharge. 

ii 
· ..energy balance assuming T = 30 msec and 1<. = I<NC is shown in Fig. 19. 

e,lectron heat conduction dolfJi nates the power balan2e in the interior of the 
Owever, now the electron-ion coupling is a very small part (~IO%) of the total 
-r balance. In the low density discharge, the electron heat conductivity is 
Wger than in the high density discharge reflecting the decreased electron 

ge radial variations in K are due to the variations in the electron temperature 
,shows the necessity fo~ reliable data. As both measurement of soft x-ray 

mputational simulation of islands due to tearing modes indicate, that the 
ture profile could, in principle, be substantially altered. However, in this 

on in the electron temperature gradients are not beyond experimental error. 
,dial variation in K shown in Fig. 19 may be an artifact. 

e 
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0: improve our understanding of both the radial flux of partides as weB as the ion 
..ce in low density discharges especially during neutral beam injection, measure­
. ;·f1ux surface averaged neutral density profile are required. These measurements 
- ,Useful in verifying the neutral penetration models. However because of the 

f'YPQloidal, and toroidal varIations in the neutral density profile, accurate 
;;~re very dif Ii cul t. 

F'the particle transport in high density discharges demonstrates the presence of 
::of. particles In addition to the large outward flux in the periphery. The 
e.st.1on is not the magnitude of the fluxes but whether these fluxes simply 

.Inward, though perhaps enhanced, pinch in additIon to an outward flux 
h:e electron density gradient (Hughes 1978; Schmidt and coworkers, 1977). For 

fluxes related to the electron temperature gradient as predicted by Coppi 
.. and Antonsen, Coppi and Englade (1979) 7 
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Fig. 19.	 The electron energy balance for the discharge shown 
in Fig. 15. The volume integrated power and the 
inferred electron heat conductivity a, a function of 
radius are shown. 

CONCLUDING RE1\lARKS 

The transport analysis code is useful in interpreting experimental measurements and 
facilitates an understanding of transport phenomenon in a tokamak discharge. In addition, one 
of the results of the transport analysis code has been an insight into the remaining unanswered 
questions and the diagnostIc measurements required to provide an answer. This final section 
will review the principal problems which remain to be sol ved. 

The analysis of the evolution of the poloidal magnetic field indicates the importance of direct 
measurements of the current density or the safety factor profile. This is necessary in the 
startup phase in order to evaluate the effect of MHO i.nstabilities on the evolution of the 
poloidal magnetic field directly. In the quasi-steady these measurements are necessary in 
a-der to verify the model for the plasma conductI vity and determine whether the predicted 
bootsiF,ap currents are present. In addition, it would be useful to evaluate changes in the 
eurrEhlt.jdensity profile due to beam or rf induced currents or MHO effects aSsodated with 
rapta!PI~rra heating to high {3 configurations. 
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One indication that particle transport may be considerably more complicated and difficult to 
understand is the observation on PLT of large poloidal asymmetries in the low ionization states 
of oxygen and carbon in the plasma periphery (5uckewer, Hinnov, and Schivell, 1978). Unlike 
similar observation on Alcator (Terry and coworkers, 1977) these do not correlate with VB 
drifts. 

The analysis of the ion energy blance in low density discharges indicates that the power loss by 
convection as well as by neutral loss can be significant. Low density discharges in conjunction 
with neutral beam heating has resulted in high ion temperatures in PLT (Eubank and 
coworkers, 1978; 1979). This "hot ion mode" may be attractive in future experiments 
operating more closely to ignition (see Dr. Clarke's lecture). Under these conditions a better 
understanding of particle transport and the corresponding power loss by convection will be 
especially important. In addition to the uncertainty in convection, the uncertainty in the ion 
power loss by conduction and the possible role of anomalous ion heat conduction must be 
considered in extrapolating to future experiments. In low density discharges, the uncertainty 
of the validity of the ion neoclassical theory prediction of the ion heat conduction is at least a 
factor of 2-3 in ohmicaJJy heated discharl;:es and somewhat greater in neutral beam injection 
discharges. Due to the W1certainty in both the measurements and the interpretation, it is 
difficult to conclude that the ion heat conduction agrees with neoclassical theory predictions by
 
much better than a factor of two under aU conditions of interest. However, it is possible
 
under some special cases such as high density discharges to more accurately verify the
 
prediction of the neoclassical theory. Nonetheless, it is difficult to exclude in general the
 
presence of anomalous ion heat conduction comparable with neoclassical ion heat conduction.
 

Perhaps one of the most fundamental questions associated with the analysis of both the 
electron and ion power balance is the validity of the assumption that the electron-ion coupling 
is due to Coulomb coUisions. Unfortunately, it is very difficult to verify this assumption in a 
tokamak discharge. On the basis of their an~lysis of the ion temperature balance in TFR-400, 
Equipe TFR (1978) concluded that both enhanced ion heat transport and electron-jon coupling 
may be required to explain the ion energy balance. depeflding upon ones faith in the accuracy of 
the profile measurement in the plasma periphery. In addition, in the low density slide-away 
regimes in 'the Alcator discharge, enhanced ion heating was obse~ved (09mens and coworkers, ,i 
1976). Both of these results suggest that a greater effort should be made to determine how .~ 

weJJ the power which is transferred from the electrons to the ions is predicted'by Coulomb 
coUision.s. One observation which supports this model is that the slowing down spectrum of 
neutral beam injected neutrals is well described by classical processes (see Dr. Goldston's 

. lecture). In addition, an upper limit on the electron-ion coupling is the ohmic input power. 
This places fairly stringent constr aints· on high densi ty discharges though not on low density 
discharges (see Fig. 19.). . '. . ' 

Electron heat conduction is the dominant power loss in the core of the discharge except in high
 
density discharges where ion neoclassical heat transport is important' arid in radiation.
 
dominated discharges. 50 far, it has been difficult to establish the parametric -dependence of,,·
 
the electron heat conductivity conclusively. This is in part due to our Jim,itations in inferring
 
the conductivity from the experimental measurements. In addition, it is difficult to v.arY..·
 
plasma parameters independently (except perhaps for the electron density) in order to evaluat~
 
the implication 6f different hypothesis. This is an especiall y important limitqtion in ohmically, 
heated discharges in which the heat conductivity, current density ilnd temperature,ar~strongJY; 
coupled. As a result of supplementary heating it should be possible to vary the- temper~t. 
and the current density independently. For instance in PLT, the electron ,heat conductlvlt 
during neutral beam injection was observed to decrease in the plasma core (Eu.bank'a 
coworkers 1978; 1979). While these results are interesting many more discharges conduct~ 
under a wide range of parameters will have to be analyzed before it will be possibl~,. 
determine the parametric dependence of the electron heat conductivity. In the next.few.y~ . 
with the application of intenseauxiJiary heating and the development of accurate'diagnostl -, 
it should be possible to make substantial progress in understanding cross--fieJd transport.' 
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DISCUSSION 

on paper presented by R, HAWRYLUK 

j WINSOR 
I,' : , u' 

ffi· Could I ask for any comments you have on the similarity of-Z eff as 
a~ , less than the actual Z of the plasma compared to corresponding devia­
" 

tions of' Zeff below the expected value,in A(CATOR. In the case of
 
ALCATOR, the toroidal elect~i~ field from the ohmic heati~g becomes
 
a substantial fraction of the runaway field, that is greater than a
 
few per cent. Is there anything corresponding in these cases?
 

HAWRYLUK
 
I have never been able to convince myself of that. The curre'nt den­

sity in PLT is much smaller. It is hard to se~ that t~at would be a,
 

problem, though I would be glad to talk to you further about this.
 
see whether we can come to a consensus. I don't see it offhand.
 

WINSOR
 

What you have to do really is to correct the runaway field for the
 

number of actual current carriers since we want :to trap particles
 

here and it might be comparable.
 

HAWRYLUK
 
We should look at that together.
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COPPI 

A brief comment. As regards some of the questions that you ask, they 
have, in fact, been resolved by the simulation work done here in 

Europe over the years. We began, in Bologna, and Garching to simulate 
the ALCATOR discharges, and when you put together all the various 
observations there are a rather unique set of diffusion coefficients. 

For example, let me refer to where 'you correctly pointed out that if 

you have an influx of particles, you must have it at the centre. 

There is a unique expression for the- inward flow and now we show that. 
In particular that flow cannot be related to the temperature gradient, 
for example, there is a set of experiments in ALCATOR, which shows 

,that, no matter how you vary the temperature gradient, the density ,. 

gradient does not change. This is similar for the Frascati machine. 

KAWRYLUK 
A comment about the density gradient. The density gradients in PLT 
can change quite substantially, especially in going from low to high 
density discharge. 

COpp I 

The temperature profile is determined basically by the fusion process 
as I shall show in my next lecture. 

KOGAN: 

You have stressed the importance of convection to the energy balance. 
There;;s a process in which I wonder what your model is which atomic 
H~hfl ,:' . . . . .. r a i sed . That i s the c ha r gee xchan ge 0 f hydr 0 gen with 
mO$.\of the charged ions. There has been some detailed work by Ralph
".~j,. 

IS jof ISX in which he speculated that this process would have to 
b . 'ed in a very large to explain the oxygen lines 

to ;~.s seeing and somebody asked from atomic ptiysics . 
t ngs are quite large all of them, but he has ~is measurements 

riy theory. Have you looked at this at all or do you think 
i~:h'a nget he con vec t ion I t rea I 1y com esin 0 n 

1~. - the ne ut r a1 mod e1 t hat you have use d . 

but not enough in detail to say anything quantitative. 
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GOLDSTON 

This is more of an answer to HOGAN's question than anything else. In 

the beam calculations, we use OLSON and SALOP's calculations of those 
cross-sections, so that we do have the beam neutral collisions with 
impurity ions done c?rredly for the beam penetration. The other 
question that comes up then is the. radiation that the recombined 

. impurity ion makes, and since we do a direct bolometric measurement 
of the total radiation power that comes in there. Now as far as 
thermal neutrals charge-exchanging with impurities. I don't think i 

anyone knows the cross-sections in the necessary energy range and we 
have not made an attempt to include that in the neutral transport 
code. I 
PFIRSCH
 

I have again a question on the Zeff and the bootstrap current.
 
think that, in principle, the bootstrap current would show up as a
 

reduction in the Zeff'
 

HAWRYLUK 

It's less than a 5% effect for PLT.
 

PFIRSCH
 

In principle. there could also be an anomalous bootstrap current
 
rel a ted to anoma 1ous transport. You have not analysed wha t the per­

centage of this bootstrap current would be ?
 

HAWRYLUK 

You would need something of the order of 20 or 25% if it is true. 

iii' 
i: 

(Reviewed by R. 
and R. 
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