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ABSTRACT
A model is proposed to explain the behavior of the gross energy

confinement time in ohmically heated tokamak plasmas. The analysis takes into

acccunt the effect of the anomalous thermal conductivity due to small scale
i turbulenca and of the macroscopic MHD behavior, which provides some

constraints on the temperature trofile. Results indicate that the thermal

conduactivity associated with the dissipative trapped-electron mode and with

the ion temperature gradient ("i) mode can account, respectively, for the Neo-

Alcator scaling and the saturation of the energy confinement time with

density. Comparisons with experimental results show reasonable agreement.
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I. INTRODUCTION

To gain an understanding of the thermal confinement properties in tokamak

“5 ;ﬁraSMgé has been the principal goal of many thecretical! and experimental

investigations. In particular, the experimental observation that the energy

confinement time tp increases linearly with the average density [1] has
stimulated attempts to explain this trend as well as further investigations of
possible scalings of tp with other key plasma parameters and with the size of
the device [2,3]. This has involved comparisons of results from different
experiments and also confinement studies carried out on a single machine
{4-9]. The data base from these studies, whiech have been recently summarized
in Refs. 1D and 11 indicates that at low density in ohmic discharges, Tg is
rather well described by the so-called "Neo-Alcator" scaling, g = i al-04
RZ-04 ) yhere @ is the line average density, a is the minor radius, and R is
the major radius. However, at higher densities this improvement of g with
density tends to disappear. Specifically, on ISX-A [4] it was found that the
saturation of 1p with n was followed by some degradation with further increase
in density. This behavior was explained by the onset of the neoclassical ion
thermal losses. Although a similar trend was aobserved on Doublet III, the
density at saturation was observed to be well below the density at which
neoclassical theory [12,13] predicts the ion losses to be important. In
higher field machines the change in the scaling of rg on density was found to
be less dramatic. Nevertheless, while the results from Alcator A [14] and FT
[9] were found to be in agreement with the prediction for saturation
associated with ion neoclassical theory, the Alcator C [7] data showed an
apparent disagreement. i

Among the possible causes of the anomalous electron (and at times .

anomaious ion) thermal «conductivity, attention has been focused on



electrostatic microinstabilities. A prominent class of such modes are the
instabilities belonging to the drift branch driven by the presence of
particles trapped in the local magnetic mirror of tokamak devices [15]. A
large amount of work has been devoted to a proper description of these low
frequency modes and has involved taking into account many physical effects
(temperature gradients, finite ion Larmor radius, magnetic drift resonances,
collisions, etc.) [16-19] as well as the effects of toroidal geometry on the
structure of the eigenmodes. In particular, use of the ballooning
representation [17] has led to considerable progress both analytically [18}
and numerically [19]. At present the description of the linear properties of
the instabilities in toroidal systems is quite comprehensive. However, the
fundamental goal of understanding the anomalous thermal transport is still
unresolved because a completz description of the nonlinear evolution of these
modes has not yet been obtained.

In recent years a large amount of both theoretical and experimental work
has been devoted to making progress in this area [20]. Because of che
complexity of the prablem, it is most realistic to turn to a "semi-empirical®
approach. This basically involves empirically incorporating significant
experimental trends into the theoretical model. The most relevant example of
this kind of approach is the "principle of profile comsistency” [21], which is
based on the assumption that the experimentally measured thermal
conductivities are those needed to reach a consistent set of temperature
profiles, Mare recently, this prescription has been combined with the notion
that the heat transport 1s mainly due to the dissipative trapped-electron
modes in an important local region of the plasma [22, 23]. The local cstimate
for the electron thermal conductivity can be obtained from the familiar strong

turbulence assumption, Xg = ylk%, with y and k, being, respectively, the



linear growth rate and the perpendicular wave vector of the mode considered.

At the simplest level for dissipative trapped-electron modes, y = 53/2

“:”;lvei with ¢ = r/R, wk = (cTe/eB)kLIVn/n|, wfg = wx d n T/d ¢n n, and

is the electron-ion collisior frequency. Hence

- 3E “n1 (n
xe 2 2 v .. °
K ei

i

In previous work [23] it was shown that by assuming a Gaussian electron
temperature praofile, T = exp[—uT(rla)Z] with ap related to g, by the Ohm' s

law, the electron energy balance equation can be solved to yield the following

expression
2 2
- 58.61104 alem) Blla(kG) exp[2/3uq(r/a) 1=exp( l/3uq(r/a) ]
a 14 =3 1.9 1.6 a
ﬂca[10 cm ~) B (em) 9, (r/a)z[l-(r/a)zl n (2)

with @ = q_ + 0.5. To arrive at this result the entropy production (between -
a .

q
the ¢ = 1 and the q = 2 surface) calculated using Eqs. (1) and (2) are

required to be the same. A particular appealing feature of this result for Xa
is that it basically leads to the Neo-Alcator scaling and is also in
reasanable agreement with empirically determined forms of Xe obtained from
data analydis codes. Nevertheless, it is still necessary to demonstrate that
the local expression for Xe fgiven in Egq. (1)} together with appropriate
conditions on Xa outside of the region between q = 1 and q = 2 is, in face,
consistent with Eq. (2). In other words, within the framework of a global
analysis, it is necessary to distinguish among different transport mechanisms
which can be relevant in different regions of the plasma column. For example,

the fact that in Eq. (1} X vanighes both for r + 0 and r + a indicates that

ei




different models for the central region and for the edge are required,.

The transport model presented in this paper incorporates three distinct
processes which dominate, respectively, inside the q = 1 surface, between the
q =1 and the q = 2 surfaces, and beyond the q = 2 surface. In the first
region a model for the m = 1 sawtooth is used in order to keep the temperature
profile essentially flat in this region. The effect of the mode on the
electric field is taken intc account by defining an effective electric
resistivity inside the q = 2 surface. 1In the second region the transport
coefficient is given by x = yANOH «¥¢ with x¥C being the neoclassical
ANOM

thermal conductivity {retained only for ioms) and ¥ associated with

microinstabilities. For the electrons xANOM is cpecified by Eq. (1), which,
as already noted, leads to confinement time scaling in agreement with
experimentally observed trends at low density. In order to study the problem
of the saturation of the energy confinement time at high demsity, an anomalous
conductivity due to the presence of the toroidal n; mode ("i =d an Ti/d Ln n)
[24] is added ¢to the mneoclassical expression of the 1ion thermal
conduntivity. The notion that L?e ng modes could play a role in the problem
of the anomalous ion thermal conductivity is shggested by the observation that
the experiments which indicage saturation in agreement with neoclassical
theory are usually characterized by more peaked density profiles. This is the
case, for example, in ISX-A [4], Alcator A [14], and FT [9]. Particularly
interesting arz the results of Alcatoer C. In the case where fairly broad
density profiles are observed, i.e., n = no(l-rzlaz)un vith 0.5 < a < 0.9
{6,7], early saturation of g with densicy is observed. However, considerably
larger values of the energy confinement time have been obtained with pellet

injection experiments which are characterized by more peaked density profiles

[25). The expression of the anomalous ion thermal conductivity is given by



x?NOH = (SIZ)YIRE with y estimated by the following expression

-2 e

&
. s .
n i w, with n, n s

crit
where ¢, = L_/R, LHI = d#n n/dr and n_ ., = 1 to 2.

At the edge of the plasma there are a number of mechanisms which could be
responsible for the large value of the conductivity. For example, the
influence of the m = 2 tearing mode, the presence of small-scale resistive
instabilities, and radiation effects could all be relevant. Therefore, due to
the complexity =f the edge physics, the approach adopted here is to use the
semi-empirical expression for the electron thermal conductivity given by Eq.
(2) for g > 2., Although the transport mechanism invoked to derive Eq. (2)
{i.e., the dissipative trapped electron mode] does not apply at the edge, it
can nevertheless be justified by the following argument. The radial
dependence of x,, as givem by Eq. (2), is exactly the radial dependence which
follows from the experimental observation of Gaussian temperature profiles and
by the heat transport equation. Therefore, if the absalute magnitude of Xe in
any local region in the discharge is specified, then the glcbal Xo is
determined. In Eq. (2) 2 local value of Xo is determined by invaoking the
effect of the trapped-electron mode in the region between the q = 1 and q = 2
surfaces. Assuming that the profile consistency constraint is justified, the
resultant global model can then be applied to the rvegion outside of q = 2.
The effect on the results of this choice for the edge model is discussed in
Sec. IV.

For simplicity, the loss channels associated with radiation and charge
exchange will be neglected. Moreover, the density profile is approximated by
2)an

a peneralized parabola, n = n(0) (1-r?/a with o, ranging between 0.5 and



2. The remainder of this paper is organized as follows. In Sec. II the basic
transport model is presented, and in Sec. III the MHD model is explained. The
method of solytion is examined in Sec. IV, and the results for low density and
high density ohmic cases are also presented and discussed here. Concluding

comments and a brief summary are given in Sec. V.

II. TWO FLUIDS TRANSPORT MODEL
The energy transport in a two-component plasma is described by the

following differential equations

4T
l1d e
P - + = = —_
Q * Pauxe PeL r dr ro xe dr 0
dT,
ld i
= ,— =0 .
Pei * Pauti YT ar © " % ar (3)

These represent a simplified pair of steady-state energy balance equations
governing electrons and ions. Here T, and T; are the electren and ion
temperatures, x, (x;) is the electron (ion) thermal conductivity, P, is the

ohmic power given by
(4)

where n is the Spitzer resistivity with the neoclassical corrections

om, v(Zgg)
n = 3 - F ’ (5)
ne rt tr
e

e =g - L95et %005

*
1+ve
and



0.457 Zeff

(2 ) =0.292 40— .
eff eff ~ T.084Z .

In Eq. (5) m, is the electron mass, e is the electron charge, n is the density
(assumed equal for electron and ions), and Zatf is the effective ion charge.
The factor £, . is due to the presence of trapped particles, e is the local

. . _ * _ .
inverse aspect ratio, ¢ = r/R, and Ve = veff/wbe with

3/2
O = R By Zope )
e 1/2 172
t teBa(Te/me)
and
a ml/Z T3/2
. = e e ,
e 4(2n)1/2 nebln )

where By{By) is the poloidal (toroidal) magnetic field and 2n A is the Coulomb
logarithm, In the sawtooth region Eq. (5) cannot be applied without taking
into account the effect of the mode on the electric field, which on average
keeps the value of q at the center close to one. This effect is retained in
our model by defining an effective resistivity given by

";:f = Oeff G[rl] 8(5;) * [1 = S(EI]]G(:) ,

where ¢ = 1/n with n given by Eq. (5), ry is the radius of the q = 1 surface,
and g{x) = I for x < 1 and g(x) = 0 for x > 1 (in order to avoid
discontinuities in the numerical analysis a smooth function 1is chosen to

approximate g3 €.Z.y E = exp(-x4). P.; is the electron-ion collisional power

transfer given by



m
: g n
p.=320 {71 -1]) (&)
ei m ot e i
. e . .
and Pauxe (Pauxi) is the wuxiliary power coupled to electrons (ians).

Equations (5)=(7) must be solved with the following boundary conditions which

apply to both fluids
T(0) = T, T'(0) =0, and T(a) = T, . (8)

These define an eigenvalue problem with the eigenvalues being the central
value of the temperature for ea:h of the two species.,

The ion conductivity 1is assumed to be given by an anomalous thermz’
conductivity plus the Chang-Hinton interpolation formula ([13] which is a
modified version of the Hazeltine-Hinton interpolation formula [12]

n?
i

XNC= [%]I/Z—K (9)

. 2 !

-

where p., is the poloidal ien Larmor radius, t7! 15 the ion-ion collision
18 P i

frequency, and K, is given by the follawing expression

K. /0.66 (2/b, )vicerr)3/?
K, = K§0) . w2 * T 377 F (1o
1+a2vi +b2vi 1+c2vi(r/R)
where
52
' rylfz _ r )
K, = [0.66 + 1.88 (g) l.sé 2] < 2 >,
2
B 2
L (ry=1/2 o B8° -1
E‘:-(_) [<._..>-.<_> ]’
Z ‘R a2 Bg



10

32 143/21 (/R)?+{/R)R! J+3/8(c/R)R!
<8 5-= 0 0 (11)
52 1+{172)(c/RIR7 '
2 o DY ey ermony
< — > = ’
Bg 1+R;(r/R)-l[(l-rlez)ljz-I]

with KéO) = 0.66, a, = 1.03, b, = 0.3, ¢, = 0.74, and Ré being the Shafranov

shift. In Egs. (9) through (1l1) v? = v;jfuy; is given by

R3/2 B

¥

=2

<
My

eff ri7i )1/2

t.B (T, /m,
10771 1L
with

3m%/Z Tg/z
S v S Y a2
a1

4 ne LnA

and m; being the ion mass. The expression for the anomalous ion thermal

conductivity due to the n; mode is given by

A

_5 1/2 1/2 #« =2
X3 57 & ni Yy kl h[ni)

A

where k p; = 0.5 is assumed. The function h{n;) is approximated in our code

by h("i) = exp(—(ncrit/ni)A) which is equal to one for n; > n ... and to zero

for N < Mapiee Linear theories for the n; mode indicate a threshold for n; =

n =1 ¢to 2 [24].

crit

The electron thermal conductivity inside the q = 1 surface (as discussed

in Sec. III} is given by the following semi-empirical expression
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For q » 1, Eq, (1) is used with a correcticn factor which takes into account
the eaffect of the magnetic drift destabilizing processes at low

collisionality, i.e.,

® %

w
Xg =% [%]3/2 121 Ie T 1 = . (13)
K € 1+{0.1/v,)

Note that the last term in Eq. (13) is approximately unity except for very
small values of v:. Finally, inside the m = 2 island, determined by the MHD
model described in the next section, the electron thermal conductivity is
assumed to be given by a constant sufficiently large to flatten che
temperature profile inside the island., It is convenient here to introduce the

following set of normzlized variables

T ,..(r) -
= " _ eli) _ n(r)
e=7 Te(1)(p) = T;;I;TET , nlp) = n(0)
- P {r) - X r:a{T)
_ Taux _ "e(i}
Pax(®) 27wy 0 Xe(®) T
aux 0
where
(a/2y%? 12(0) (0
e € . (15)

x =
o 2 .2 2
Mo ne a zeff

The quantities X and n can be considered s the eigenvalues of Eqs. (3) to

(8)9 i.E-,



e i e e i - P e

12

P,(0) a2 .
A= —n(U)Te(O) -_’g (16)
and
T,€0) o
n = . bo{17) :
TE(O) %

(18)

with

5/12(cm) R—1/12

TZ16.95a 1/3=1/3

(cm)Bé/a(kG)(!nﬂ) q,"“{2v(z JL76 oy

NTILNY:

and Eqs. (3) to {8) can be expressed as

~3/27 3/4 s _5/6, B (o _ A
Mo Caps TN Saux Paux, TV 52 T372 (1, -n )
e

dT
ld - e _
oL P S0 (19)

2 . .
(Te - nTi) sa¥Mhg g

aux. aux
3

14d “[NC ,2/3 ~1/2 °NC
+n == Y .
n s dp P nl X n X3
d'ri

+ s 0%/

1

1/3 "A
2]

S U P

with
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- -~

" - dTe dTi - -
Te(ﬂ') = Ti(O) =1, Flp___o = E_’p=0 = Q, Ti(l) = Tia’
and Te(l) =T, .

NC A : .
aux,’ Sauxi’ SXi' and Sxi are the ratio between the ohmic

heating time, T, = PQ(O)/n(O)TE(O), and, respectivel&, the electron-ion

The parameters SA’ 5

equilibration time, the electron and ion auxiliary heating time and the ion

(nesclassical and ancomalous) confipnement time. Their expressions are listed

below:
2-
3 Je noT
a m. .2 (
ioJoy Zeff]
s S (0) /2 (21)
aux 4(2ﬂ)172 aux szllzezlnnv(z ff]
_ 3 53/2
Saux, ~ 177 Paux (0) — 172 2
4(2n) i J°m " “e“nay(z Ef)
NC _ 16/2x 2 iyl/2 7o 28
X. -5 [!n A) Z Ef[m ) Pl e
1 T
1/2 m n eARZ
A 5 1 4(2n) iyvl1/2 o eff
S “1wa 53— () = :
Xy 1P e T
In addition,
S oy = 3,320t 252 e (1 + 81
Xe o} 3 [+] =3 1g ] ) b
n
e
“NC 3/2 ;1 2 *
x; (o) = o =77 4 Kz[vi y €50) s (22)
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dT.
s - 1/2 5
x?(a) = % TI[ED—I—] / h(ni} s 'l
and |
o e = B() * [1 - g()] e (23)
eff o 0, " aley) *

Finally, in terms of Eqs. (15) to (18) the total energy confinement time for

an ohmic discharge can be written as

20

o = 1:46x10 77 [cm")325/24(cm)a“3’2"(cm)s'”3(kc)q7’6
E 1/6 [+} T o
(2n4)
s [Zeff |7/12,-1/6 | -5/12 (26
‘ ?
OH' 2y Zeff eff
where
flodo;(; +nT )
£ = 3o e i
OH 2 1, -~ 32 ’
J.copdpoeff're
III. MHD MODEL
The effect of the m = 1 sawtooth is relevant in determirning bath the
energy transport and the current density inside the q = 1 surface. In the

present model the energy transport is described by an effective thermal
conductivity X;- Using dimensional arguments it is pcesible to show that XZ
can be written as C r%/rs where v, is the sawtooth repetition time and C is a :
numerical constant of order unity which takes into account the time average of f
the temperature prcfile. Using the experimentally determined [26] scaling law

for 1, [i.e., ts(msec) = (1/800) no(lblacm—3)r%(cm)3(cm)] then gives, for

c=1, n



5 2
s _ 8x10 cm <

= — r
sec

X (25}
€ no[lolacm-J)R(cm)

r

This expression yields a value sufficiently large to cause a flattening of the
temperature profile inside the q = 1 surface. fhe effect of the mode on the
current density is rto produce a fluctuating electric field in the opposite
direction with respect tc the field of the transformer. Such an effect limits
the current density at the center so that the central safety factor does not
drop to values much less than one. Due to the fact that the te¢mperature
profile is practically flattened for ¢ < 1, this effect is competitive with
the neoclassical correction to the Spitzer resistivity, which tends to yield

(t.)

e’ r+f

%

v > 1),

~ T, * ur1/2 (except in a small region around the magnetic axis where

Flattening the current density inside the q = 1 surface, is, of course,
not equivalent to flattening the electron temperature profile if the
necclassical correction to the Spitzer resistivity is retained. Hence, in the

present model, it is appropriate to define an effective conductivity given by

ﬂ-l(r) T2,
%gr = ) (26)
n ry) rsr

with n given by Eq. (5).
The stability of the m 2 2 tearing modes is studied solving the 8 = 0

equation for the helical flux function, (r)exp[i(me-kz)], i.e.,

2 dJ"/dr

. [m
h ['j * (qoiz)rm/q)-(n/m)]l“’ . @an

He

1d .
r dr

The mode is unstable if the quantity A' is greater than 0 with
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p'{r +e)-v*(r =)
A' = pim 8 J . (28)
e+0 &(rs)

If the mode is unstable, the island width is determined by solving the

following system of equations [27]

v (e rx, )0 (x *)

[ - 8 =
A (”) = W(fs) =0 N
Z2,,,1/2
x, = s f8) ol @ (29)
LN
s =g [vle, +x,)+ v (e +_}] ,

where « is the island width and s is the average derivative of ¢ across the
island. Due to the large parallei electron thermal conductivity we assume
that the electron temperature profile is flattened inside the island. We can
expect that the effect on transport of anm = 2 island is relevant only at low
q, operation, At values of q, larger than 3 the width of the m = 2 island
found without flattening the current profile is small (w/a < 0.1) and it is
further reduced if the profile is flattened. At value of g, lower than 3 a
new phenomenon nan occur, i.e., the interaction between the m = 1 and the m =
2 modes which has been proposed as an explanation o. the hard disruptions in
tokamaks [28). Howerer, in the present studies we are mainly interested in
the steady-state behavior of the discharge rather than in the occurrence of

major disruptiona.

IV. METHOD OF SOLUTION AND RESULTS

Equations (19) and (20) are second order ordinary nonlinear differeatial

!
!
i
i
i
L
|
i
j
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equations. However, the nonlinearity does not involve the highes:c order

~

derivative, i.e., it is possible to solve explicitly for T" in terms of T and T'.

Te do this it is convenient to write Eq. (19) in the following form

. - L d ", ms e
p(A,Tye) + i n{p)x(p,n,n',T,T") oTe 0o .

i
i
1

Taking into account that

N - - -~ -~

ﬂ=_3_x_+ﬁ(_;|+3x ;ud_ﬂ_;-l‘_af i-u
do 30 5 an' aT aT'

iRt - e e 2

then leads to

(nx + oT' )T + [p(a,T,0) + Loy o+ anT
aT' 4
+n T [?+a—’.‘n'+£5——n"+-aél"]]=0 .
L T an' T

Equations (19) and (20), written in this form, are integrated from p = 0 to

p = 1 with different values of A and n until the boundary conditions are

satisfied.

A. Low Density Qhmic Discharge

As already observed, the scaling law for the energy confinement time

(assuming ion lcsses negligible) is very similar to the Neo-Alcator scaling

given by Goldston [11], i.e.,

T = 7.1 « 10722 ;[cm-a] 31'04(cm)R2'04(cm) qilz sec .
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From Eq. (19), assuming Zagg = 1 and observing that, if the ion losses are
neglected, the eigenvalue ) can be written as A[qa) a. we have (for &n A = 20
and q = 1)

-5/12

-0.33 7
(kC)EOH(qa)(ank) sec .

—3)31.0&

T, = 8.5 x 10-21n0[cm (cm)Rl'a(cm)B

E
We note that the dependence on the magnetic field here has no practical
significance since the factor R0+24g0+33 ;o Limost constant for most machines
of interest. Therefore, act low density, where the scaling with density and
dimensions is satisfied, the only issue is the scaling with the edge safety
factor.
On Fig. 1 (curve a) the energy confinement time is plotted against 9,-
The results are in gaod agreement with the scaling g = q: with 1/2 <
@ < 1. Another quantity, which can be studied to check the consistency of the
obtained temperature profiles with the experimentally observed profiles, 1is
the position of the q = | gsurface. The q = 1 radius has been found to be well
approximated by rlla = q;I {29}. On Fig. 2, rl/a is plotted as a function of
q, (curve a). In the range 2 <g, < &4 the agreement is fairly good, but at
larger value of 9, the agreement 1s worse. A direct inspection of the
profiles (Fig. 3) indicates that the value of the temperature nea- the edge is
roo large. As shown in Fig. 4, this is the region where the electron thermal
conductivity is underestimated. These trends can be explained as follows. At
low q, {q, < 3) the bad confinement eecze region (the region beyond the q = 2
surface) is a small fraction of the plasma column and plays a negligitle role
in determining the position of the q = 1 surface. On the other hand, at

larger q, (q, > 4) this region is large. Hence, if the effects in this region
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are poorly represented, the experimentally measured profiles cannot be

reproduced. Nevertheless, the global confinement properties of the discharge,
which are primarily governed by the physics of the good thermal insulation
region between q = 1 and q = 2 surfaces, are expected to be better reproduced
than the details of the profiles. This is illustrated by Fig. 1.

In order to represent properly the behavior of the electron temperature
in the edge region a large electron thermal conductivity is needed. We have
first investigated the possibility that such enhanced conductivity is due to
the effect of the m = 2 island, using the model described in Secs. III and
IV. The change in the profile is shown in Fig. 5 for the same parameters and
safety factor of Fig. 3. These resuits indicate that the effect of the m = 2
mode provides only a small change in the temperature profile and does not lead
to the proper behavier of the temperature in the edge region. It 1s most
important to emphasize here that the effect of the m = 2 island is really
significant only at low values of 9,- At large values of q, it is necessary
to invoke another mechanism for enhanced transport in the q > 2 region. This
is illustrated in Fig. 6 which shows the location of the q = 2 surface, the
m = 2 island extension, and the position of the q = I surface for various edge
safety factors,

In order to re~roduce the experimental trends at high g, we need to
introduce an appropriate transport model for the region q > 2. As explained
in Sec. I such a model is provided by Eq. (2). The improved results for g
and rl/a vs. g, are shown on Figs. 1 and 2 as curve b. In Fig. 7 the
corresponding temperature profiles for electrons and ions and the thermal
conductivities are shown for a high g, case.

At low q, values, the current density profile hetween the q = 1 and the

q = 2 surfaces has a steep gradient which leads to a large increase in the
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width of the satured island and, eventually, to a major disruption [28]. Such
behavior depends strongly on the value of q on axis and, therefore, on the
details of the model for the m = 1 sawtooth., In Fig. & the temperature and

current density profiles for a case with a large m = 2 island are shown.

B. High Density Ohmic Discharges

After finding reasonable agreement between the model and the experimental
results at low density, where the electron losses dominate, we next focused
our attention on the ion losases. Four different machines have been
considered. First we have applied our madel to the Alcator A machine (the 150
kA discharges considered in Ref. 30). This device is characterized by an
increasing peakedness of the density prefile with increasing density {qn =
0.75 + 0.25[1. - @(101%m™3)]}. As a result, the toroidal n; mode does not
play a role in affecting the global energy transport. The experimental
results from Ref. 14 for Tp Vvs. n are shown on Fig. 9. It might be argued
that the good agreement here could be due in part to neglecting loss terms,
such as radiation, which can be important (even if not dominant) in these
discharges. Nevertheless, the results confirm that the general trend of the
experimental results are well reproduced by our model.

The second device we have considered is the Doublet III [5] machine whose
results, as already noted, cannot be explained by the usual ion neoclassical
theory. 1In particular, the cases studied here involve the 473 kA discharges
with a = 44 cmyand are -haracterized by a Flattening of the density profile
as the average density increases (Fig. 5 of Ref. 5). This behavior is quite
different from that observed in Alcator A where the density becomes more
peaked as the average density increases. Since flatter density profiles imply

larger values of Ny, we accordingly expect that with increasing 0 a continuous
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inecrease in the level of turbulence of the n; mode should be generated. The
results for the Doublet III discharges are shown in Fig. 10 where the electron
energy replacement time, Tp, = [ dV(3/2)nTe/dePn, is plotted against n
(curve a). The black circles represent the experimental data from Fig. 6 of
Ref. 5. Here it is demonstrated that the effect of the n; mode is to
establish a plateau at high densities in agreement with the observed trend.
As illustrated in Fig. 10 this agreement cannot be produced if the n; mode is
turned off. Similar conclusions have been obtained in independent studies
using a time-dependent transport code [31]. The behavior of the ion
temperature profile, when the ng mode is destabilized, can be understood by
observing that, due to the fact that the anomalous X is much larger than the
neoclassical value, the profile adjusts itself to be near the marginally
stable situation. As a result, the guanticy ni/ncrit’ appears to be comnstant
across the main part of the discharge, except in a narrow region around the
center and close te the edge. A pood analytic approximation te the ion

o
temperature profile is T; = Ti(U)(l-rZIaz) T vhere ap; = 1 a . Such

erit
conclusion is quite general and is applicable to other machines where the n;
instabilities are present,

Similar results have been found for the Alcator C device. In Fig. 11 we
have compared the discharges with a = 10 cm, R = 64 cm, BT =12 T, and I = 270
kA [Fig. l(c) of Ref. 7] assuming Zogg = 1.2 and o = 0.5 for all these
cases. The results are again in agreement with the experimental values which
fall well below the low density scaling trend for tp.

Finally, we have considered the results of the chmic discharges of the
PDX experiment (32}, Figure 13 shows reasonable agreement between the results
of the code and the experimental results [Fig. 9(f) of Ref. 32}.

In concluding this section we want to stress that no adjustable



parameters have been used in the results presented. Therefore, the fact that
the agreement found for very different situations is more than qualitative

provides strong support for the model proposed here for the ion losses.

V. CONCLUSIONS

In this paper we have presented a model for anomalous energy Cransport in
ohmically heated tokamaks. With regard to the specific types of mechanisms
invoked, the transport in the q < 1 region is mainly due to the sawtooth
activiry, the electron transport in the region between the ¢ = 1 and the g = 2
surfaces is due to the dissipative trapped electron mode turbulence, and a
semi-empirical model has been assumed in the region beyond the q = 2
surface. The ion thermal conductivicy is givem by the Chang and Hinton
formula plus an anomalous x; due to the effect of the toroidal n; mode.

The main cenclusions of our work can ve summarized as follows:

(1) At low density the presented transport model gives results in
reasonable agreement with the Neo-Alcator scaling for Tg and with the results
of the profile-consistent microinstability model of Ref. 23, While low q,
discharges are insensitive to the cheice of the local transport effects in the
edge region, addicrional physics in this zone is required to describe properly
the high q, discharges. Such additional information, however, does not seem
to be related to the effect of the m = 2 mode which is relevant only at low
Qy-

(2) At high densities the effect of the toroidal n; mode provides an
explanation for the early saturation of the energy confinement time observed

under very different experimental situations.
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FIGURE CAPTIONS

FIG. 1. Energy confinement time Ty {in arbitrary unirs) vs edge safety factor
q, for n(0) = 2 x 1083w 3, Parameters are cthose of the Doublec III
machine with B = 24 kG, R = 143 cm, a = 44 em, Z ¢ = 1, and o, = 1.
Curves (a) and (b) refer, respectively, to the case wirhout and with the

edge model. The Neo~Alcator curve, Tg = q;/Z, is also shown for

comparison,

FIG. 2, Position of q = 1 surface, rlfa, vs edge safety facror g, for the
same parameters as Fig. 1. C€urves (a) and (b) refer, respectively, to

1

the case without and with the edge model. The curve rlla = q; is also

shown for comparison.

F1G. 3. Temperature profiles vs r/a for electrons (curve a) and ions (curve
b} for the same parameters as Fig. 1 and for various q,. The curve c)
represents a Gaussian temperature profile corresponding to che same

value of Gye

FIG. 4. Thermal conductivities vs rfa for the same parameters as Fig. 3 and
for various g,. The curves are labelled as follows: (a} electron
thermal conductivity, (b) ion thermal conductivity, (¢) INTOR thermal
conductivity, {d} Goldston thermal conductivity, (e) Tang thermal

conductivity,
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FIG, 5. Tempersture profiles vs r/a for electrons (curve a) and ions {curve
b) for the same parameters as Fig. ! and various q, with the effect of
the m = 2 island included. The curve <} represents a Gaussian

temperature profile corresponding to the same values of q,.

FIG., 6. Positions of the g = 1, q = 2 surface and island width vs g, for the
same parameters as Fig. 1. The curves al) and b) correspond,

respectively, to the case with and without the edge model.

FIG. 7. Temperature profile vs r/a for electrons (curve a) and ions (ecurve b)
for the same parameters as Fig., 1 and various 9, with the edge model
included. The curve c¢) represents a Qaussian temperature profile

corresponding to the same value of q,.

FIG. 8. Temperature and current density profiles for the same pargmeters as

Fig. 1 and a large value of the m = 2 island.

FIG. 9. Global energy confinement rime vs § for the Alcator A parameters a =
10 cm, R = 54 cm, By = 60 kG, Zogf = l.4, and I = 150 kA&. The variation
of the exponent o, characterizing the density profile is also
digplayed. The black circles are éhe axperimental zesults and the open

circles are the results of the transport code.

-
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FIG. 10. Electreon energy confinement time vs n for the Doublet ITI parameters

a = 44 cmy, R = 143 em, Bp=24 kG, and I = 473 kA. The black circles are

the experimental results and the open circles (curve a) are the results

- of the transpert code. Curve b) represents the results with the n; made
turned off. The variation of the exponent a, characterizing the density

profile and of the parameter Z_¢r is also shown.

FIG. 11. Global energy confinement time vs N for the Alcator C parameters a =

10 cmy R = 64 cm, Bp = 120 kG, I = 270 kA, Zo¢r = 1.2, and a, = 0.5,

FIG. 12, Electron energy confinement time vs n for the PDX parameters a = 40

em, R = 130 cm, Bp = 32 kG, I = 450 kA, zeEE =1, and o, = 1.
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