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Abstract

The effect of electromagnetic turbulence on electrons and ions under
tokamak conditions is considered using a kinetic descripfion. Taking the
magnetic fluctuation spectrum as given, the density fluctuation spectrum
is self-consistently calculated taking account of quasi-neutrality. The
calculation is valid for arbitrary collisionality and appropriate to low
frequencies typical of experiment. In addition to the usual enhancement
of the radial electron energy transport, it is found that the turbulent
fluctuations can heat the plasma at rates comparable to ordinary ohmic
heating under some conditions. Interestingly, electromagnetic turbulence
appears to imply only an insignificant correction to the toroidal
resistance of the plasma as estimated from Spitzer resistivity. The
scalings of anomalous transport, density fluctuations and heating with
temperature and plasma volume are investigated. Although the turbulent
heating is small compared to the ohmic power in TFR, the assumption that
the magnetic fluctuation spectrum of the turbulence is invariant leads to
the interesting result that the turbulent heating can be comparable or

larger than the ohmic power in JET-like plasmas.
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1. Introduction

It is generally believed that turbulence in tokamaks is responsible for
the observed anomalous transport of particles and energy. The purpose of
the present paper is to investigate the effects to be expected from a
given spectrum of magnetic turbulence in the presence of ohmic heating in
tokamaks. We consider a gquasi-neutral, kinetic description of electrons
and ions subjected to turbulence with frequencies small compared to W
and perpendicular wavelengths of the order or larger than the ion larmor
radius. Collisions are fully accounted for using appropriate
Fokker-Planck collision model operators. In the past, attention has
generally focussed on the electrostatic and electromagnetic losses due to
turbulence. 1In the present paper we give a more complete account of the
energetics and in particular exhibit explicitly the local heating effects
of the turbulence. We also discuss the global consistency of the
formulation as a whole by relating it to the ohmic input (IV). Under
certain conditions, subject to hypotheses relating to the turbulent
spectrum, we show that the heating effects of turbulence can to some
extent counterbalance the losses due to the turbulence and result in
interesting observable consequences for the temperature profiles.

In previous papers, we have discussed the magnetic turbulence
interpretation of anomalous electron thermal diffusivity from both the
two-fluid (HAAS and THYAGARAJA 1984) and test-particle (THYAGARAJA et al
1985) points-of-view. In the latter, the discussion was restricted solely
to the effect of specified magnetic fluctuations on the energy transport
of electrons. Thus, ignoring all drifts, we were able to calculate the
contribution to xle from magnetic fluctuations under TFR-like conditions.
The discussion did not include ion dynamics and the effects of
quasi-neutrality. Thus we were not able to account for ambipolar particile
transport and the possible heating effect of the fluctuating electric

fields doing work on the fluctuating currents.

Here, we further develop the test-particle approach to formulate a kinetic

description for both ions and electrons. By taking the appropriate



moments we are led to a form of radial energy balance which shows both
ohmic and turbulent heating terms. To assess the relative magnitudes of
these terms we apply our theory to TFR and JET. Assuming the magnetic
fluctuation spectrum to be given we derive levels for the density
fluctuations which agree with those in TFR. Then using this magnetic
fluctuation spectrum we evaluate the electron thermal diffusivity Xle and
find this to agree with the xl as determlned by the TFR group from their
transport codes. We find the turbulent heatlng term to be small compared
with the ohmic dissipation. However, making the heuristic assumption that
the magnetic fluctuation spectrum is the same in JET, we find that the
turbulent power can be comparable or larger than the ohmic power. The
magnitude of the effect is principally a function of temperature, the

turbulent term scaling like while the ohmic power
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! . The effect of this term is to off-set to some extent
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the turbulent losses expected for the system. For these conditions

scales like

toroidal resistivity is essentially Spitzer. Section 2 describes the
basic model while Section 3 considers the perturbation analysis.
Numerical results are presented in Section 4, and Sections 5 and 6 contain

the discussion and conclusions respectively.
2. Model

For present purposes we consider a periodic cylinder to be adequately
representative of tokamak geometry. The electromagnetic turbulence
spectrum is assumed to be of low fregquency, typically of order the drift-

*
frequency w (¢ 1/2 MHz), with mode numbers m, n such that.g pi ~1,

where pi is the ion-larmor radius. The fluctuations are assumed to be
essentially in the poloidal plane, that is, 6Bz << éBr, éﬁe, where r, 0, z
are the usual cylindrical coordinates. Experimental evidence for plasma
turbulence having the above properties is cited by LIEWER (1985). In our
previous paper (THYAGARAJA et al (1985)) assuming the magnetic fluctuation
spectrum as given, we calculated the density fluctuations and found them

£d be consistent with the results observed in TFR. We subsequently found



that this choice of magnetic spectrum also yielded the electron thermal
diffusivity profile, xle(r), obtained by the TFR group from transport
code studies. Thus encouraged we shall assume the same magnetic

turbulence spectrum to be appropriate in the present study.

Taking quasi-neutrality to apply at all times, the electron and ion
distribution functions fi,egf' Ve t) are assumed to depend only on the
parallel velocity components. The perpendicular velocities of both
species are obtained from the leading-order drift approximation, which for
electrons is

c Vpe

Yae © ;3'(5 * EH_)%E' ¢
and a similar expression for the ions. With these approximations the

Fokker-Planck equations take the following forms

afe E“ Bfe
— + vu V.(Efe) + V. (ldefe_) -8 - —
ot m_ ov
: e ]
= C(fe.fe) + C(fe'fi) (2)
afi EII bfi
- + v“ V.(_}i fi) + V.(i difi) + e .ﬁi "Ev“
= c_(fi’fi) + C(fi,fe] (3)

Defining B to be the resultant equilibrium magnetic field, that is Bﬁ =
0

Bog + BQ:, then it is convenient to normalise the instantaneous magnetic

field with respect to this quantity. Thus we write

&B
= + -
b = by Bg ' (4)
where b = L_ ’ _.z]. Furthermore, defining the vector potential 6Az,



the electrostatic potential &¢ and the external electric field EOZ' we

have
_ 12 __ 29
6Hr T T 36 aAz ang aBG B Er&z ()
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The eleétrostatic potential is determined through the quasi-neutrality
condition. In the work that follows we regard Boe(r), Bgz(r) and

éBr(r,e,z,t) as specified quantities.

To make further progress we approximate the full Fokker-Planck collision
terms by model forms which ensure the correct conservation properties
(GREENE, 1973), and also include classical or neoclassical radial

transport explicitly. Thus we write

2 2 of
+ (v, -V -)fe), (7)

Clferfe) = Vee 7oy (Vthe o, 1" Vie

with a similar expression for C(fi,fi)-

In this form

fav v £ fav (v, - v, )£ T
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with similar definitions for ions. We write the electron-ion collision

term as

C(f /£, ) + (v, - v, )E ) (9)

where
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In the above ve denoges the electron-electron Braginskii 90° collision
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In the perturbation analysis that follows it is convenient to write

the distribution functions as

£ . =f¢ Ar,v ) + &6  (r, v ,t) (11)
e,i oe,i I e,i - I
where
n (r)
o 1 2
g = exp(-x</2) (12)
oe,i PR Vthe,i(r)
Ty Ve, i ()
with X = = Er) and the electron and ion temperatures in the
the,i 7 :
mean-state related to the thermal velocities by v £ . = ol
the,i me i

3. Perturbation Analysis

The perturbation analysis of the Fokker-Planck equations, Egs(2) and
(3), and the subsequent taking of moments, follows very closely the
procedures described in our previous studies (THYAGARAJA et al, 1985).
Thus averaging the fluctuations over O, z and t (HAAS and THYAGARAJA,

1984) leads to the following radial energy equation for the electrons:

14 -

T E(R ) * o< fav & (v - v, >

_ 14 (r pez 1dp &) + 2\"e:‘Lmeno(Toi - Toe) & , 2 (13)
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where

6Br 6pe
= & T.)
Qle Bo 6Qetl> <6ver
1 ) _ 2
and 8, =5 m, Javdf, v (v, = v,.) - F14d
_ 2
bp, = m, Jav, 8, (vy = V) .
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with t_ defined to be 1-1 = v + v, and p_ is the electron larmor
e e ee ei e

radius. We note that the effective perpendicular (radial) heat flux Qle
comprises two terms. The first - proporticnal to EQe“ - is the electron
heat transport due to magnetic fluctuations (THYAGARAJA et al, 1985). The
second term-proporticnal to 6ver- is due to the effective radial
convection of the electrons. The term involving BE" in Eq (13) clearly
represents the rate of working of the fluctuating parallel electric field
" on the electrons; on the other hand, the perpendicular component of the
electric field (due to &¢) does no work on the electrons, and hence does
not appear. Turning to the right-hand side of Eqg.(13) we note that the
terms represent classical diffusion, classical equilibration and ohmic
heating due to mean currents, respectively. 1In an appendix we consider
the parallel momentum balance in the presence of turbulence for conditions
typical of tokamaks (eg.TFR & JET) and show that the parallel electric

field is given by

(15)
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to a good approximation.
Although the above form of the energy eguation has a ready

interpretation, it is possible to cast Eg (13) into an alternative form

which is far more insightful. In order to obtain this new form, we derive



an identity for the (SEH term. Thus we begin by writing down the

linearised electron Fokker-Planck equation, namely,

0 6Br dfoe dfoe E‘SEII E)foe
ot 6fe * Y I-Jo' V6f N Vi or 6vder dr - m Bv"
1 0 2 0 -
= o + -
T vy (ene o, 8 + (V) = VIOt ) (16)
and wh e that €, % = Py
T where we no the = Vthe ’ V"e Vthe-

In the work that follows we make this approximation. Multiplying this
of

equation by f_e and integrating over dv"and averaging over the turbulent
oce

fluctuations as before, we derive the identity

e<6E"ftSfe (v“ —VUe)dvIl>
d no 6Br
= Toe ar (%——-KI(V" B + 6vder)6fe dvll>
the fe)
1 ar &B m
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Substituting in Eq (13) we obtain
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where rle is the radial particle flux, that is

8B

— r )
P, <j(v“_;_ + &rder) 6f av > (19)

Q

The form factor Fe(r) is given by

a o, 2
Fe(r) = <jexp(-x2/2) (EE (?__)) dx>
. oe (20)
_f&fedx
<) ?
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We now give a discussion of the local and global energetics
implications of Egs.(13) and (18). In order to discuss the global
considerations first, it is useful to add Eg.(13) and the corresponding
ion radial energy balance eguation. If we integrate the resulting
equation over the volume, we obtain the following identity:

anZar[o (a) + @ (a) + Qi;?§§i°al+ jS?g?lcal]

= ;2 o« &
In3 2 at + [<8E .85 pdr

where Qle and Qli are defined as in Eq.(14) and the classical fluxes are



as defined in Eg.(13). Using Maxwell's equations we obtain as usual the

Poynting relation

2
c 0 B . . . .
‘ = + + . + 4 + <
Iz JRBXE dS = = [—dv+ [(3/E + 3 -6E + E .85 + &.8j)dv
Time averaging this egquation, making use of Egs.(6) and (15), and

evaluating the left hand side we get the relation

v = fnojoz dt + f< Qiu.QE? dr.
Substitution in the first equation above aemonstrates that the energy flow
out of the system equals the total input IV, and hence the global
consistency of our formulation. The second relation proves that
I<§i".§5">dt < IV. The relative size of this term compared with the joule
heating term Jﬁ%jozdt depends of course on the amplitude of the turbulent
fluctuations. There is no a priori reason why the two integrals cannot be
of comparable order. It is apparent that if IV = 0 there would be no
turbulence and Egs.(13) and (18) would be trivially satisfied with all the

terms being individually zero.

We now consider the local implications of Egs.(13) and (18). It is
important to compare  Eq.(13) with that written by experimentalists. This
latter equation is always of the form (for the present conditions)

p2
14d exp _ 14 e 14d )

o (MR, (N = - ‘rﬁ;"zafpoe

2veimen0
 —_———oro (T, - T
m_ <+ m, ol oe
e b3

The main result of our paper is that locally Qi:p(r) must not be confused
with
R)

e<6E“fdv"5fe(v"-;ue)> locally can make a significant contribution in

e(r) as defined in Eq.(13). This is so, since the term



Eq.(13). The main content of Eq.(17) is to show that this term consists
of two pieces: a negative definite part which can be identified with the
heating effect of turbulence, and another piece related to Qle and the

turbulent particle flux T e(r). Eg.(18) represents this new decomposition

of Eq.(13). The structur: of Eq.(18) is readily identifiable as the local
form of the second law of thermodynamics taking account of ordinary joule
heating (nojoz) and the entropy production due to turbulence coming from
the term expressed in Eq.(20). The net effect of this analysis is to show
that the transport losses embodied in Qle are off-set to some extent -
depending on the turbulent spectrum - by the heating effects of the
turbulence. BAs we shall see later f(QEu.Qi">d1 can be the result of a

cancellation between two individually significant contributions.

6n &B
We now turn to the relation linking — and E’E implied by Eg. (16), and
o
the formal expression for the effective electron perpendicular thermal
' &B
diffusivity. Eq (16) is solved by Fourier analysis where we take _ﬁi to
o]
be
6Br nz
5 = m,y'n fJawb (r,w) exp(i[me + = + wt]) (21)

The perturbed electron distribution function éfe then has the expansion

2 e ; nz
ﬁfe = exp(-x /4) mZn fdw an (r,w)Exp[l[me + - + mt]) (22)
where
Ty Ve F
X = b Substituting in Eg (15)
v (r)
the

e . .
an is given by
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where évdre and 5E” are the fluctuated forms of Egs (6) and (1), taking

: . = - - -—
the appropriate Fourier components. The amplitudes xe s YW and Ze
mn mn’ mn mn

are functions of r, w and the velocity space variable x. They satisfy the

following inhomogeneous linear differential system of equations:

d2 1 x2 ' vﬂe " nvdze
+ - - i + + + |- +
{g;z /2 7 1% (9t gEm B0+ g t 7))
_Ee — - 4 -
mn
f:n xz x2
X = exp(-"/,) (24)
-2 4
W b 4
mn
- 3
e X - X
RS L a
The ions satisfy a similar system with 1; = vii' This system of

equations is numerically solved to obtain the functions i:n etc at every
r, my n and w. Then substituting in Eg(23) and its ion equivalent, and
taking moments, it is possible to obtain the linking relations connecting

the Fourier components of §E, 8¢ and bmn' Although these relations are

(o]
simple to obtain, the algebraic formulae are complicated and offer no

insight; they are evaluated numerically in the next section. In contrast
to our earlier work, the present theory is fully consistent with quasi-
neutrality. Substituting these expressions in Eqs (14) and (20), one can

evaluate the heat flux and entropy production due to the assumed spectrum



of field fluctuations. The heat-flux Qle naturally takes the form

4aT

» oe
Qle(r) =X e T noToe Ure (25)

which defines xle' We note from Eg (23) that xle essentially arises from

the term proportional to z°.

4. Numerical Results

We now present results for two strongly contrasted experimental

conditions, namely TFR and JET. The magnetic fluctuation spectrum and the
2
g-profile (q(r) =1 +3r/a2) are taken as identical. The fluctuating

spectrum is

m

aBr ET - 1 .= 2 nz *
5 = Y z exp(- 4_(m -ng) )cos(me al + mw t), (26)
o m=1 n=1

*
the form taken in our previous work. The frequency w = 5x103 rad sec™ !,
€ = 3x10™2 and mmax = 80. Other relevant parameters are given in Table I.
These together with Eg(26) lead to the results given in Table II. Thus

r : ; :
we calculate at /a = 0.5, which is a representative point, the following

qguantities:
172 1/2
8B_ 2 2 n T 2
r &n . 2 _ o’oe &n
Xer (=) >) o+ <) > , nj2andp .= <(=) >F (x).
o o tEJZﬂ o

The calculated xle (3.9 x 103 cm? s~1) for TFR agrees reasonably well
with the experimental value of 4.5 x 103 cm? s~! (EQUIPE TFR, 1983),
indicating that the choice of € is appropriate for this case. It is then
a test of the theory to check whether the predicted density fluctuation
level is also in agreement with experiment. This indeed turns out to be
the case as comparison with the experimental result of TFR shows. It is
useful to note that the ohmic heating power density nojg due to the mean

current is much larger than Pturb in TFR, indicating that significant



turbulent heating does not occur.

Table I also gives the parameters appropriate to a 5.0 keV ohmic
plasma at 2 MA and 5.0 x 1013 cem™3 in JET. It is a consequence of the
currents and the geometries inveolved that the ochmic power density is much
smaller than in TFR. Table II presents the calculated values of X e8tc
for JET, for the same magnetic spectrum and g-profile as in TFR. It is

: &n
immediately seen that the — fluctuation level in JET is slightly lower
: o]

than in TFR, and yet the xle is a factor of 5.0 larger. is of the

P
turb
same order as for TFR, despite the fact that the electron collision time
in JET (see Table I) is nearly a factor of 10.0 larger. Thus in JET, the
turbulent heating power is very important in balancing the larger values

of v i From the calculated qguantities we can form the non-dimensional
2

}, which is a measure of the self-

ratio ;_E;T;;izg (noji + Pturb
consistency of the calculation. .In both cases this quantity is close to
unity, indicating that the assumptions regarding the power spectrum are
compatible with the observed density and temperature profiles.
Summarising, the results of the above calculations show that the
electromagnetic turbulence results in the following effects in a tokamak
plasma: (1) It can lead to enhanced perpendicular thermal and particle
transport (c.f.Egs.(14) and (19)), (2) The enhanced energy transport is
offset by turbulent heating due to fluctuating electric fields and
currents (c.f.Eq.(20)), (3) It apparently does not result in a significant

correction to toroidal resistivity as estimated ftom Spitzer (see

Appendix).

In order to examine the scaling of various gquantities with tempera-
ture at fixed density n, current I and magnetic fluctuation spectrum, we
have made a series of runs for JET conditions with central electron
temperatures varying from 1.0 to 10.0 keV. The density and temperature

. § . T 5 .
profiles are assumed to be gaussian in /a. Fig 1 shows plots of various

scales like Te'3/2, as

quantities at r/a 0.5. We note that Po

hm

expected, but P exhibits a maximum at 2.4 keV, as does X (at 4kev).
turb le



This is a characteristic - the Knudsen maximumt

- which we have reported
previously. The density fluctuation level is virtually constant
indicating that the assumption of invariant magnetic and density
fluctuation spectra (with respect to variations of Teat constant n and I)
are equivalent. Furthermore, Xle and the form factor Fealso show maxima.
Our results show that the turbulent heating term can be more important
than the background ohmic dissipation at higher temperatures; the effect
also appears to be greater in larger machines. It should be remembered
that we have assumed the power spectrum to be that necessary to correctly

interpret TFR. As we shall discuss later on, some supporting evidence for

this follows from the ideas of profile-consistency.

We have also considered the scaling of the turbulent heating with

tor
also be viewed as a variation of collisionality at fixed density. Our

temperature,for given IP, B R and power spectrum. This scaling can

study shows that the density fluctuation level at constant magnetic power
spectrum is relatively insensitive to changes in electron temperature.
The turbulent power and xle vary somewhat and hav? maxima. For large
temperature, the turbulent heating scales like ——.

p 1/2
e

It must be clearly noted that the effective xle measured by
experimentalists for a given external heating source is not necessarily

the xie calculated from the above theory, especially for JET-like

conditions. Thus the experimentalist's energy balance equation is

daT
essentially, (i.e.Qi:?r) = - noxexp EEEE)'

+In the gas dynamics literature the phenomenon is often referred to as a
"¥nudsen minimum". The difference in nomenclature arises from the fact
that when a flux is a minimum, the associated transport coefficient is a

maximum.



1 d daT

oe _
T Hf(rno xexp dr )+ Pext{r) = £ (27)
where Pext represents the background ohmic heating, equilibration,
radiative loss etc. Knowing n, and Toe Eq (27) is used to "measure"
xexér). Eg (18) on the other hand, leads to the theoretical form
1 4
- f"Hf(rQle) + Wturb(r) + Pext(r) =0 (28)
where
daT
(r) = -n ®+nT U (r) (29)
Qle oxie ax o oe Te
dno
= = +
Ple(r) Dlé_af "o Un(r) . (30)
¢ dToe Toe dno 1 dToe
= + -
wturb(r) Pturb+ Toe dr Qle n_ dr rle 2 Tdar Fle ¥
where
nT 2
P w OO0 1 <(Iiﬁ] > F_(r). (32)
turb B, VZW o

Thus we observe that the XExp is a result of the sum of Qlﬂ and the energy
flux implied by the turbulent heating terms. This point has two

physically important consequences which we note. If there are physical

circumstances where P is much larger than Po - to leading

turb hm xt
order the temperature profile is determined by the turbulent loss term

or P
e

balancing the turbulent heating. A temperature profile so obtained would
be relatively insensitive to the spatial distribution of Pext' Experiment
would then show an "invariant" temperature profile, just as the density
profile in the absence of particle sources takes on an invariant aspect.
This is a form of "profile-consistency" and could possibly be an
explanation of recent experimental observations (FURTH et al, 1985

REBUT and BRUSATI, 1985). In this sense profile-consistency could be a

reflection of the deeper fact of the profile invariance of the turbulence

spectrum.



A second point of interest which arises from the difference of xexp
and xle (as defined in Egns.(27) and (28)), concerns the time-dependent
versions of these equations used, for example, to describe sawtooth heat
propagations. The time-scale of this process is short enough to require
the inclusion of time derivatives (thermal inertia terms), but long enough
with respect to the turbulent fluctuation spectrum for the time-averaging
of the theory to be carried out. Experiments in TFTR (FREDRICKSON et al
1986] and JET, for example, suggest that the y required to fit the
sawtooth pulse propagation data can be up to an order of magnitude larger
than that obtained from Egq (27), say. In theoretical terms this can be
interpreted as follows. Sawtooth propagation inherently involves large
spatial gradients of the instantaneous temperature profile. Thus these

dr

; C s oe ; -
experiments are very sensitive to the = term in the heat flux, and not

at all, or very weakly, to P or U . This means that the sawtooth
turb Te

data would yield a direct estimate of Xle' rather than xe « Furthermore
Xp

it would suggest that the heat transfer process is diffusive (i.e.
daT
proportional to EEEE) rather than a mixture of diffusive and convective.

Since our numerical simulations of JET suggest that ¥ leand Pturb can be
individually large and yet cancel sufficiently to yield a lower thermal
diffusivity, our theory would appear to be capable of explaining the

difference between xle (heat pulse) and Xle (stationary).

An interesting feature of our JET simulations is the Knudsen maximum

« As have previou oted
il we P sly n . a

maximum of this type is to be expected when the collisionality parameters

phenomenon observed in both xle and P

v T
_EEE_E and wt, are of order unity. This characteristic of long mean free

gR
path phenomena is well-known in rarefied gas dynamics (CERCIGNANI,1969).

We can also engquire as to whether externally applied magnetic field
oscillations at frequencies comparable with the collision frequency can
result in plasma heating. This is analogous to collision-time magnetic
pumping schemes (STIX,1962). Leaving aside the question of accessibility

of such field oscillations, we have calculated the effect in JET of a

- 16 -



single low-frequency mode with m = 2, n = 1 at a frequency of order 100

kHz with a spatial dependence given by

éBr r
— exp[— 1/4 (m - nq(r))z] (33)
B a
o
5Br
We arbitrarily take the amplitude to be — = 3 x 10~3 at the resonant
B
o
point. This results in a large value of Pturb localised to within 20 cms
6B
R r = 13 =-3g—1
of the 2,1 resonance. We estimate ﬂpturb/c'“ ) =4 x 1013 ergs cm~3s
B
o
and the (AP heating due to input 2,1 mode) increase in the y due to
turb &8 2
; i E & 12 (n25-1
the mode which is Axle/@_, ) = 1.6 x 10 cm“s™+. These values suggest
B
o

that it is possible to heat the plasma at well-defined internal locations
and transport the energy from these locations efficiently. Since Axle
from the calculation is large only where the heating is large, the overall
confinement will be unaffected: whether this could be a practical heating

scheme is an open question.

- 17 -



Conclusions

v

Using a model Fokker-Planck theory we have shown the following:

(1) Magnetic turbulence not only enhances radial energy transport but can
also result in significant heating effects under JET-like conditions. Thus
the net effect of turbulence on the electron energy balance must always be
understood as the difference of two possibly large effects. That is, an
enhanced outward loss offset by enhanced heating, ohmic heating and any

additional sources and sinks.

(2) The levels of turbulence which need to be assumed to get a
self-consistent energy-balance appear not to significantly modify the

toroidal resistance as calculated from Spitzer resistivity..

(3) We have investigated the scaling with respect to size and temperature
of the turbulent heating term, and conclude that, if the magnetic
fluctuation spectrum is invariant, it can be more effective than
background ohmic heating in JET-like plasmas. However, it must be
remembered that the heating effects of turbulence are always off-set by
turbulent losses, and it is the net efféct which is physically

significant.

(4) We have also shown that the relation between 6&n and &B-fluctuations
is relatively insensitive to temperature variations over a large range,
thereby showing that the invariance of the density fluctuation spectrum is

physically equivalent to that of the magnetic fluctuation spectrum.

(5) This relatively broad view of the effects of turbulence on gross
energy transport is shown to result in observable conseguences such as the
possibility of profile-consistency being related to the invariance of the

turbulence power spectrum.

(6) The same features can also explain the observed difference in
effective electron thermal diffusivity determined by two different
methods, namely, sawtooth pulse propagation and steady-state transport

analysis.



(7) We have considered the effects of externally excited single modes and
show that in principle they can heat the plasma locally without

necessarily destroying global confinement.

Finally, we envisage the development of electromagnetic turbulence in a
tokamak in the following qualitative terms. For specified external
sources of particles, momentum and energy, purely collisional processes
alone presumably lead to very unstable profile configurations. In
consequence of the instabilities generated the profiles evolve to new,
more relatively stable configurgtions in which stationary small amplitude
turbulence can be sustained. The resulting transport must necessarily be
very different from that due to purely collisional processes. In this
paper we have been concerned with the effects of a given‘turbulence
spectrum on plasma properties. The complementary problem of successfully
characterising the turbulence spectrum in terms of the plasma properties

remains open.
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TABLE I

Parameter TFR JET
Ro(cms) 100 300
a (cms) 20 125
Btor(tesla) 4.0 3.0
qa 4.0 4.0
IP(M.AIHPS) 0.2 2.0
no(o)(/cma) 1.0 x 101 5 x 1013
Toe(oj(kev) 1.6 5.0
T, (0) (sec) 2.7 x 10=6 3.1 x 10™3
Jtor(o)(MA/MZ) 1.6 0.4
3 < 7 5
Pohm(erg/cm /sec) at r=o 5.4 x 10 5.9 x 10
TABLE II
Calculated Magnitudes at r/a =
Quantity TFR JET
xle(cm?'/sec) 3.9 x 103 2 x 10"
2 1/2
<(=Z2) > 1.1 x 10-% 1.1 x 10-%
B
° 172
5 2
<[Z2] » 1.3 x 10~3 0.8 x 10~3
n
o)
r’ojoz (erg/cm3/sec) 1.2 x 107 1.3 x 10°
3 6 6
Pturb(erg/cm /sec) 3.7 X 10 4.4 %X 10
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FIG.1 Plots of (a) RMS density fluctuation, (b) turbulent electron
thermal diffusivity, (c) ohmic power, and (d) turbulent heating. These

qguantities are calculated at r/a = 0.5 assuming a magnetic fluctuation

6B -8
level <(_B_r)2> = 1.2 x 10 at this point. The plasma current, toroidal

o
field, density and temperature profiles, and the power spectrum of the

magnetic fluctuations are held fixed, while the central temperature

T e(o)is varied parametrically. The turbulent power for any other

fluctuation level can be obtained from the last column of TABLE III.
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Appendix

Taking the moment of Eg.(2) with respect to v making use of

, '
definitions and that C(fe'fe) conserves momentum, we derive the parallel

electron momentum balance equation in complete generality (parallel ohm's

law). Thus
 (n¥ )+ V.[n¥2 b + Ze b+Vv. oV ]+ En=v 0V -V ), (&a1)
TE e ' le — E;-— —de " le ﬁ; I ei i ne’’

where all quantities are functions of position and time. The mean
parallel momentum balance is obtained by space-time averaging as usual.
We observe that for tokamak conditions the electron parallel drift
velocity is very much smaller than the electron thermal velocity. Making

use of this we obtain the mean ohm's law,

op_b
10 er e e
— s _< >
T Or xS m o m E!Iono * m 6Euén
e e e
= Vot (Vi oV ieo) + Vey <O (87~87\ ) (A2)

Following the procedure similar to the one adopted for the energy

equation, we linearise Eg.(A1) with respect to br' multiply by &én and
average as before. Making use of the continuity egquations and a few
transformations, <6E“6n> is eliminated in Eg.(A2). The result is the

following equation for E .« Thus

lo
Te = = 1 én Eo g2
Ble™ = uei(vﬂio-vﬂeo] t= ((E_ V.(épe 5 Poe™B =
o o o o
&B
14 r
TE TP m >)) (a3)

The first term in Eg.(A3) is clearly Spitzer resistivity. For the
conditions considered in this paper = even in JET - the second term is no
more than a few percent of the first term, and in practice is likely to be

totally obscured by impurity effects.
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