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ABSTRACT

This Jecture will present an overview of the important considerations related to particle and"
energy transport in a tokamak. Transport in tokamaks can be inferred by analyzing the
experimental data in terms 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 energy balance in PLT ohmically heated discharges. Areas requiring
further research will be discussed.

INTRODUCTION

Two complementary 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 Duchs, Post and Rutherford (1976) and
Post and coworkers (1978). In this approach, either the predictions of a theoretical transport
model are compared with experimental data or an empirical transport model is derived by

" iterationon the assumed transport (and often impurity)modelin order toobtain an acceptable fit to

the experimental data. One advantage of this approach is that the computed results are
always internally consistent. Another is that after a theoretical model has been verified or an
empirical model derived, it is very easy to extrapolate to other conditions. This is especially
useful in perdicting the performance of future devices. The disadvantage of this approach is
that it is often difficult to isolate a single facet of the problem. For example, in trying to
understand current penetration during the startup phase, it is necessary to predict the electron
temperature and density profiles accurately in order to calculate the plasma conductivity,
ofr,t). It is simpler and more reliable to use the measured profiles directly to calculate o(r,t).

This in fact is what is done in the second approach which utilizies a transport analysis code. In
this -approach, whenever possible, experimential data are used directly to calculate local
transport coefficients. Some quantities, for instance the current density, j{r), and neutral
density, n_(r), profiles are very difficult to measure and thus are not typically available . For
these parameters, models very similar to those used in the one dimensional simulation codes,
are used to supplement the measured data. The advantage of this second approach is that the
interpretation of the data is more direct and comparison with theoretical models is
straightforward, Clearly, this approach places a heavy burden on the reliability of the data
and ‘understanding of the limitations of a particular diagnostic. However, even in the first
approach, the validity and the associated confidence level of the inferred transport model is
determined by the uncertainty in the data used for comparison,
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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 will 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.

TRANSPORT_ANALYSIS CODE

The general structure of the time dependent transport analysis code which has been used to
analyze PLT and PDX ohmically 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 will be given to show how the various calculations are related.
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Fig. l.  Ilustrates the structure of the transport analysis code.

The data inputs to the code include plasma current, i_, surface v?_{tage, V, and spectroscopic
measurements of hydrogen and impurity confinement times (. and T_°) in addition to
profile measurements of electron density n_{r,t), electron tempera?ure, T (r,t), ion
temperature, T.(r,t), and the radiated power, p__ {r,t). The electron density and temperature
profiles are obtained by the multichannel Thomson scattering system (Bretz and coworkers,
1978). The ion temperature profile are from measurements of the charge exchange flux,
neutron emission and Doppler broadening of impurity lines (Brusati 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 diff usion equation for
the poloidal magnetic field, By (r,t) in order to evaluate Z .. (t), and the current density,
je,t).  From these quantities, the ohmic input. power, PO (r,t), the electron energy
confinement time, Tp and the safety factor q are calculated. (The electron energy
confinement time is “defined 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 the discharge divided by the total flux of particles to the walls and
limiters.

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 (1976), Brusati and coworkers (1978), and Equipe TFR (1978).

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
resistivity?

Current Penetrati on1

Current penetration during the startup phase of PLT was investigated by solving the one
dimensional poloidal magnetic field diffusion equation,

BBG 3 | 3 . '
-—B—¥— = —a-;_ ——-—ﬁrp’oo_(rm St rBe, (l)
subject i. the usual boundary conditions:
Bg(0) = 0 (1a)
and.
B, ( fﬂiﬂ
p (@) = Zma ? (1b)

lThe results discussed in this section are from a study by R. J. Hawryluk, N. Bretz, D. Dimock,
E. Hinnov, D. Johnson, D. McCune, D. Monticello and S. Suckewer.
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The analytic approximation of Hirshman, Hawryluk and Birge (1977) was used to calculate the
neoclassical conductivity

f Cr(Z gt
1 t R*"eff™t
o) = 0 Ae(Zegy) (1'- 1@) (‘W) ' @

The two terms on the right hand side correspond to the neoclassical correction where f_ is the .
fraction of trapped particles and v, is the electron collisionality parameter As f. » O0or
> o, the neoclassical conduct1v1ty goes to its classical limit, oy Al ). In the
ca?culatlon of o (r,t), Z .. is assumed to be independent of minor radius afd Fhe magmtude of
Zef is adjusted by iteration to obtain agreement with the measured surface voltage. In this
manner, 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 voltage as

: measured across the ceramic break

on the vacuum vessel during the

startup phase of a high density He
discharge in PLT.
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Fig. 3. Thomson scattering measurements of

the electron temperature profile for
the discharge shown in Fig. 2,
(Courtesy of D. Johnson, PPPL).

In Fig. 2, the plasma current and loop voltage is shown for the startup phase of a high density
He discharge in PLT with tungsten limiters. In addition in Fig. 3, Thomson scattering
- measurements of the electron temperature profile are shown. These discharges were
conducted after extensive Taylor discharge cleaning. Thus, the low-Z impurity concentration
was small and the inferred spectroscopic Zeﬁ was 2.0 during the startup phase. For
comparison, the calculations of the one dimensional magnetic field diffusion code are shown in
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Fig. 4. In this case a significant enhancement in the inferred Z
has been applied to three other discharges.
calculated Z__. was even greater.

zeff was within experimental error.
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In two of those discharges, the maximum
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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 enhancement in the transport process can not be excluded. 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).

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_.. throughout the discharge including the quasi-steady state. The results of the
calculation of £t and the electron energy confinement time are shown in Fig. 6. As the
density increased during the discharge, Z .. decreased and frequently was less than two. In
high density gettered hydrogen or deuteriim discharges, Z 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 <5% to the total
plasma current have been ignored in the analysis. The error due to the analytic approximation
of the neoclassical resistivity is ~5% and this error would tend to overestimate Zef « Zoge has
also been calculated without the neoclassical corrections to the plasma conductivity. Ih this
case, Z s 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 conductivity 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 addition, the role of MHD effects such as internal disruptions in
modifying the plasma conductivity has not been clearly established. By accurately measuring
the current density profile (or the q profile) in a discharge with a very low concentration of
impurities, it.should be possible to resolve this question. Experiments on PDX are planned to
inves)tigate this by using a diagnostic neutral beam similar to that used on ATC (Goldston
1973).

The uncertainty in the plasma conductivity affects the calculations j{r), q(r) and the ohmic
input power,

Pop® = 26Vt | 1€
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Figure 7 illustrates this by comparing the results of the calculation with and without the
neoclassical corrections for the high density He discharge shown in Fig. 5. The effect of the
neoclassical correction is to decrease 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.

CONSERVATION OF PARTICLE52

The particle conservation equation is

on _ _ 13 '
ﬁ-'rar('“)”'s’ ®

where n is the local particle 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 <:onijqc.jerec_j3 The
evolution of the high density He discharge in which ne(O) increases to ~ 1.5x 10" cm ~ (see
Fig. 5) will be analyzed to determine the radial flow velocity which can be obtained by
integrating Eq. &

o
Ve = ;‘ﬁf (s- -2—';) CoF )
o .

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

Neutral Penetration Model

Neutral density within the discharge core provides a local ionization source. In the absence of
significant 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
this 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 flux of warm
neutrals, corresponding to particles recycling at the limiter. An average neutral energy of 30
to 40 eV is observed throughout the density rise by Doppler broadening measurements of
neutral helium., A Maxwellian velocity distribution with this average energy is therefore
assumed for the warm neutrals at the plasma boundary in this calculation. In an effort to
obtain an upper limit on the helium neutral density within the core of the discharge, all
neutrals escaping from the plasma volume are assumed to reflect at the wall with no loss of
energy.

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

2The analysis of the high density He discharge presented here is a summary of the work by G.
L. Schmidt, N. 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 £{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. 8  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
nelium 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.

fonization of low-Z impurities (principally 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 function within the core of the discharge and thus insufficient to account for the
observed density 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 shown 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
periphery, 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.
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For comparison, the neoclassical pinch velocity was calculated using the results of Hirshman
and Sigmar (1977) and also Hirshman (1978) as shown in Fig. 9. The neoclassical pinch, possibly
with some small enhancement (<2), could provide the required inward flow in the PLT
discharges studied to date. However, the radial variation of the pinch and the deduced flow
velocity are significantly different. To account for the difference, it is necessary to assume
an additional anomalous outward flux in addition to the pinch velocity. For simplicity if the
outward flux is assumed to be proporsional to Vn, then

an
b 5e = me (V) - V), (6

and the anomalous radial particle diffusion coefficient, D, can be obtained because the right
hand side is known. 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,
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
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 Vne.

ELECTRON AND ION ENERGY BALANCE

General Considerations

The energy balance equation derived by Braginskii (1965) can be expressed as:

nT +.V.—§-nTV‘ - V. VnT + Ty gz‘; +peq=Q .

N W
o

The first term is the rate of change of thermal energy. The following three terms are related
to particle fluxes where m,, is the stress tensor. The fourth term is the heat flux and
represents the transport of energy associated with the random motion in the coordinate system
in which the particle flow velocity is zero. The last term is the heat generated by collisions
between two different species. Because of the choice of the coordinate system in which Q is
defined,
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Q =- ¢ - R, -(V_-V) (8

€

whereﬁe. is the change of momentum due to collisions between electrons and ions. The term
on the 18Ft hand side corresponds to both the force of friction due to the existences of a
relative velocity {ohmic heating) and a thermal force which, in a simple classical plasma;
arises from the presence of a temperature gradient.

As a consequence of _the kinetic equations or of a particular microinstability model, it is
possible to calculate V, w44, 4, and Q. In general, this is not the approach most commonly
used in either one dimensional 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:

(1) Consider variations only in the radial direction (1-D approximation).

(2) Neglect the stress tensor.

(3) Assume that the coupling between the ions and the electrons is due to Coulomb -
collisions, (Q; = q;, due to Coulomb collisions). .

(#) Include charlge exchange loss, neutral heating, ionization losses and impurity
radiation.

(5) Set q. =kn 3T/3r where K is the heat conductivity due either to neoclassical heat
conduction or anomalous processes.

At this point, there is a divergence of opinion as to what the convective power loss is. In order
4o understand where the disagreement comes from, the frictional momentum force, R;» must
be calculated (Goldston, 1979). From the conservation of momentum equation,

e

Rej = VeV = Poy + Ve - VPe + Vj WP ©)

neglecting the stress tensor and terms of O(v?). substitute Egs. (8), and (9) into Eq. (7) and
quantitatively identify the terms originating from convection as being related to the radial
flow velocity, then

i 5 o= =

Pony = V .(5 niTiVi> - V-Vpy (10)
and

e 5 Y2 T

Peonv = ¥ '(7 Ne eve> + ViV ’ (n

The 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
electron-ion collisions. This results in a transfer of power from the ions to the electrons. This
simple concept carries over into neoclassical theory, although the resulting equations are
somewhat more complex. However, the particle fluxes in a tokamak are not a result of only
Coulomb collisions since the observed radial velocity does not agree with the predictions of
neoclassical theory. Thus, the way these fluxes are dissipated is dependent upon the
theoretical model proposed to explain the fluxes. This accounts in part for the difference in
the various computational simulations where the conduction loss is given by the Braginskii
equation or by ' , :

v - (% nT'\T) (Stott, 1976) (12)
or
V- (% nT_j (D'L'r:hs, Post and Rutherford 1977). (13)
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Until now Egs. (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:- :

3 2 13 (3 Ty 20T,
Z 3t "eTe * 1t 3r (2 rneTeVe) * % Vikar K1
1 9 =)
“rar MeXear e * PoH ~ Yie - Pioniz ~ Prad (1%)
and

13 3
- voar MK oar Ti = 9 = Pehx * Pheut (15)
The power loss by ionization is given by
Pioniz NeNo <OV>i6niz%jon (16)

neglecting the power loss by impurity ionization. However, the power radiated by impurities,
P, is accounted for. The radiated power is obtained from bolometric measurements of the
to?gl 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 total ion density is denoted by n.. The power loss by charge
exchange between a hydrogenic ion, Npye and a neutral is given by

3 - '
Pchx = 2 PH" <O"”>chx (Ti'To) ’ 17)

where the neutral density, n_ and neutral temperature, T , are determined by the neutral
penetration code. The power gained by ionizing a hot neutrafis

3
Preut = 3 MeNo <OV2ioniz To (18).

As mentioned above when this code is used to analyze experimental data, the ion temperature
profile is calculated and compared with experimental measurements. As a working hypothesis,
the ion l\R?at conductivity, K., is assumed to be given by neoclassical transport theory
K. =ak. ~. In order to evaluate this hypothesis, the factor, «, is varied. In my other
lecture, a summary of the experimental results pertaining to the ion energy balance is
presented. The neoclassical ion heat conductivity is calculated using the results of Rutherford

34

SRR sk, 1 e




and coworkers (1976). For Z .. = | plasma, this formulation agrees with that of Hazeltine and
Hinton (1976) in the banana tegion of neoclassical theory (y,, = 0). However, in the
transition regime between the plateau and banana regime {j,, =1), the calculation of
Rutherford and coworkers (1976), are a factor of ~ 1.7 greater tl'_x[an that of Hazeltine and
Hinton (1976). Accurate analytic approximations for the conductivity corresponding to a
multi-specie plasma (I, D, impurity and beam ions) for different collisionality parameters
(banana, plateau and Pfirsch-Schltter) would be very useful. Though it is difficult to infer the
ion heat conduction to within a factor of two experimentally, theoretically at least it should
be known more accurately than that. This is important in obtaining a better estimate of the
agreement 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, Dr. Goldston includes the deposition of power and particles due to neutral beam
injection, in using this approach to analyze the neutral beam heating experiments on PLT.

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 Z g was ~ 1 in the quasi-steady
state assuming neoclassical conductivity. In Fig. 11, the density and temperature profiles’ﬁré
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 next, the
particl% 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

r

ot |
Pchx = 4mT°R o pchxrdr

This uncertainty in 7_ does not affect the central ion temperature in high density discharge,
but it does not affec? 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 sho
for instance < 10 msec, then the results for the electron energy balance are not cponsistent, 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 ions 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 difficult to achieve.

While it is very difficult to determine the electron-ion heat transfer in high density discharges
because of the required accuracy in both the electron and ion temperature measurement, it is
possible to obtain an upper limit. The maximum power that can go from the electrons to ions
and thus be transport through the ion channel is the ohmic input power. Thus in the discharge
in Fig. 10, the maximum permissible enhancement in the neoclassical ion heat transport is a
factor of 5. In somewhat higher density deuterium discharges, the maximum enhancement in
the neoclassical heat-conduction is a factor of 2-3. In contrast in high density discharges in
Alcator A, it was observed that neoclassical ion heat transport could account for the heat
transport in the core of the discharge (Gondhalekar and coworkers, 1978).

The electron energy balance for the high density discharge is shown in Fig. 14. In the core of
the discharge (r <20 cm), 60% of the power is lost by. electron heat conduction. The
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Fig. 11. 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 3
D. Johnson, PPPL). I
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Fig. 12. The ion energy balance for the discharge shown in )
Fig. 11. The volume integrated power and the
neoclassical ion heat conductivity as a function of
radius are shown.
remaining power is lost mainly by radiation (22%) and electron-ion coupling (15%). Near the )
axis of the discharge, electron-ion coupling accounts for a somewhat larger fraction of the
power input (~25%) and the electron heat conductivity is only a factor of ~ 1.7 larger than the
ion, However, the electron heat conductivity has a spatial variation which is considerably
different than the ion neoclassical heat conductivity (see Figs. 12 and 14). The electron heat
conductivity tends to increase with minor radius. This is a fairly general result, though in
some discharges the radial variation is less pronounced.
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Fig. 13. [Illustrates the effect on the ion
temperature profile by varying the
neoclassical ion heat conductivity
by a factor of 3.
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Fig. 14. The electron energy balance for the discharge shown
in Fig. 11. The volume integrated power and the
inferred electron heat conductivity as a function of

radius are shown.

There are several sources of error in the calculation of k_. The first is the evaluation of the
electron temperature gradient. Depending upon the accu?acy of the data the uncertainty in
evaluating the temperature gradient can be significant. While in this discharge the profile was
relatively well known, they are not always, as will be shown in the low density discharge. The
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second, is the model for the plasma resistivity. In these calculations, neoclassical resistivity
was assumed. If Spitzer resistivity were used, then the electron heat conductivity 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 10 cm, the difference
between neoclassical and Spitzer resistivity is minimal. The third is the uncertainty in the
particle confinement time. This has a small effect except near the plasma periphery
{r >30cm). I T_ is assumed to be too small then the power loss by convection can be
greater than the ohfnic input power minus the power loss by radiation and ionization. This is
useful in determining the minimum 7 consistent with the density and temperature profiles.
The fourth uncertainty is due to the mieasurements 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
of the calculation. In general while a transport analysis code appears to be useful in
determining X _ in the interior of the discharge, the results in the plasma periphery {r > 30)
are very suspegt, due to the uncertainties in 7, power radiated and to a lesser extent the
accuracy of the density and temperature proﬁ]ef. Similar problems are encountered by one
dimensional simulation codes in the plasma periphery where adhoc prescriptions limiting the
heat conduction and particle 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 was ~ 2.5, again assumning
neoclassical conductivity. Unlike the preceeding case, the eléCtron temperature gradient is
strongly varying with minor radius. Whether these variations are meaningful is not certain.
The uncertainty in the electron temperature gradient is manifest 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. 16, assuming X, ;:/}}lc and T =30 msec. In this
discharge, the ion energy balance in the core is dominated by particle coRvection and charge
exchange loss with neoclassical heat conduction being relatively unimportant. These results
are sensitive 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 known
tofbetter 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 7 _ = 30 msec. If 7  were 30 msec, then the
maximum possible enhancement in K. is about fa factor of 3. Hov?ever, if T = 100 msec,
then the maximum permissible enhancement is about a factor of 7. For ths Jow density
discharge, the total electron-ion heat transfer as well as the heat which is transported by
conduction and convection is considerably larger than the power loss by ion neoclassical heat
transport. Even if the ion heat conductivity were adequately predicted neoclassical theory,
then particle convection still remains a significant source of anomalous heat transport at low
densities. Clearly an understanding of the anomalous particle transport mechanism and How it
scales in necessary in low density discharge.

The electron energy balance assuming 7. = 30 msec and K. = k.NC is shown in Fig. 19.
Once again, electron heat conduction dofinates the power balande in the interior of the
discharge. However, now the electron-ion coupling is a very small part (< 10%) of the total
electron power balance. In the low density discharge, the electron heat conductivity is
considerably larger than in the high density discharge reflecting the decreased electron
density. The large radial varidtions in K_ are due to the variations in the electron temperature
gradient. This shows the necessity for reliable data. As both measurement of soft x-ray
emission and computational simulation of islands due to tearing modes indicate, that the
electron temperature profile could, in principle, be substantially altered. However, in this
case; the variation in the electron temperature gradients are not beyond experimental error.
Thus, the large radial variation in Ko shown inFig. 19 may be an artifact.
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Fig. 18 [Illustrates the effect on the ion
temperature profile by varying the
neoclassical ion heat conductivity
by a factor of 3.
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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 conduct1v1ty as a function of
radius are shown.

CONCLUDING REMARKS

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 solved.

The analysis of the evolution of the poloidal magnetic field indicates the importance of diréct
measurements of the current density or the safety factor profile. This is necessary in the
startup phase in order to evaluate the effect of MHD instabilities on the evolution of the
poloidal magnetic field directly. In the quasi-steady these measurements are necessary in
order to verify the model for the plasma conductivity and determine whether the predicted
bootstrap currents are present. In addition, it would be useful to evaluate changes in the
current density profile due to beam or rf induced currents or MHD effects associated with
rapid plasma heating to high B configurations.

In order to improve our understanding of both the radial flux of particles as well as the ion
energy balance in low ‘density discharges especially during neutral beam injection, measure-
ments of the flux surface averaged neutral density profile are required. These measurements
would also be useful in verifying the neutral penetration models. However because of the
large radial, poloidal, and torcidal variations in the neutral density profile, accurate
measurements are very difficult.

The analysis of the particle transport in high density discharges demonstrates the presence of

an inward flux of particles in addition to the large outward flux in the periphery. The

fundamental question is not the magnitude of the fluxes but whether these fluxes simply

results from the inward, though perhaps enhanced, pinch in addition to an outward flux

proportional to the electron density gradient (Hughes 1978; Schmidt and coworkers, 1977). For -
instance, are the fluxes related to the electron temperature gradient as predlcted by Coppi

and Splght (1978) and Antonsen, Coppi and Englade (1979) ?
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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 (Suckewer, Hinnov, and Schivell, 1978). Unlike
similar observation on Alcator (Terry and coworkers, 1977) these do not correlate with y
drif ts. ‘

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 jon 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 ohmically heated discharges and somewhat greater in neutral beam injection
discharges. Due to the uncertainty 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 all 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 collisions. Unfortunately, it is very difficult to verify this assumption in a
tokamak discharge. On the basis of their analysis of the ion temperature balance in TFR-400,
Equipe TFR (1978) concluded that both enhanced ion heat transport and electron-ion coupling
may be required to explain the ion ener gy balance depending 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 observed (Oomens and coworkers,
1976). Both of these results suggest that a greater effort should be made to determine how
well the power which is transferred from the electrons to the ions is predicted by Coulomb
collisions. 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 constraints on high density 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 and in radiation
‘dominated discharges. So far, it has been difficult to establish the parametric dependence of -
the electron heat conductivity conclusively. This is in part due to our limitations in inferring
the conductivity from the experimental measurements. In addition, it is difficult to vary
plasma parameters independently (except perhaps for the electron density) in order to evaluate
the implication of different hypothesis. This is an especially important limitation in ohmically
heated discharges in which the heat conductivity, current density and temperature are strongly
coupled. As a result of supplementary -heating it should be possible to vary the temperature
and the current density independently. For instance in PLT, the electron heat conductivity
during neutral beam injection was observed to decrease in the plasma core (Eubank and
coworkers 1978; 1979). While these results are interesting many more discharges conducted
‘under a wide range of parameters will have to be analyzed before it will be possible to
determine the parametric dependence of the electron heat conductivity. In the next few years
with the application of intense auxiliary heating and the development of accurate diagnostics,
it should be possible to make substantial progress in understanding cross-field transport.
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DISCUSSION
on paper presented by R. HAWRYLUK

WINSOR

Could I ask for any comments you have on the similarity of Z off 25
less than the actual Z of the p1asma compared to corresponding devia-
tions of Zeff below the expected value ,in ALCATOR. In the case of
ALCATOR, the toroidal electric field from the ohmic heating 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 current den-
sity in PLT is much smaller. It is hard to see that that would be a
problem, though I would be glad to talk to you further about this and
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.

HAWRYLUK A

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

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

HOGAN

You have stressed the importance of convection to the energy balance.
There is a process in which I wonder what your model is which atomic
field ....... raised. That is the charge exchange of hydrogen with
most of the charged ions. There has been some detailed work by Ralph
ISLER of ISX in which he speculated that this process would have to
be invoked in a very large .............. to explain the oxygen lines
that he was seeing and somebody asked from atomic physics ...........
these things are quite large all of them, but he has his measurements
....... any theory. Have you looked at this at all or do you think
it might change the convection ............ It really comes in on
the neutral - the neutral model that you have used.

HAWRYLUK
A little bit 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 correctly for the beam penetration. The other
question that comes up then is the radiatibn 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
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.

PFIRSCH _

I have again a question on the Zeff and the bootstrap current. I

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
related to anomalous transport. You have not analysed what 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.

(Reviewed by R. HAWRYLUK
and R. GOLDSTON)
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