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Equilibrium and Perturbed Fluxes and Turbulence Levels in a Tokamak: Implications for Models
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Modulation of the gas feed to a tokamak induces a density modulation and also a temperature modu-
lation. Although the density change is fractionally small and the response is linear, the perturbed parti-
cle flux can exceed the equilibrium flux. The particle flux I thus cannot be a simple homogeneous func-
tion of Vn. The ratio of thermal to particle flux is quite different for the equilibrium and perturbations,
precluding a simple linkage of particle and thermal transport. The modulation of the amplitude of den-
sity turbulence does not correlate with any of the modulated fluxes.

PACS numbers: 52.55.Fa, 52.25.Fi, 52.35.Ra

Understanding the processes of anomalous transport is
a central problem in tokamak physics. The transport is
presumed to be driven by some form (or forms) of tur-
bulence, yet the specific mechanisms remain to be estab-
lished [1,2]. Transport is classically described by a trans-
port matrix, but the complexity and possible nonlineari-
ties of the processes have led to descriptions purely in
terms of fluxes, which are to be determined as functions
of (local) parameters [2]. The fluxes are often direct
inferences from turbulence theories, whereas extraction
of a transport matrix can be problematic or ambiguous
when the paradigm—a near-equilibrium system driven
weakly by a set of thermodynamic forces—is inaccurate.
Furthermore, the fluxes may be calculated either from
first principles, in which case they depend only upon local
equilibrium parameters, or by using observed turbulence
characteristics in expressions for the fluxes. The latter
approach can make the inferences less sensitive to the ac-
curacy of the nonlinear calculation of turbulence levels,
often the least accurate aspect of the theory. Perturba-
tive experiments have proven to be a powerful technique
for elucidating transport, especially particle transport
[3-5].

Recent experiments using density modulation in TEXT
have provided a good characterization of both particle
and thermal fluxes. The comparison of perturbed with
equilibrium flux is particularly informative, for much in-
determinacy in an expression for one flux vanishes for a
comparison. The results may be interpreted as placing
important constraints on possible forms of the expression
for the particle flux and the relation between particle and
thermal fluxes. The electrostatic turbulence is also mea-
sured in these experiments and confirms the complexity of
the relation between turbulence, local parameters, and
fluxes.

By modulation of the gas feed, nearly sinusoidal oscil-
lations of the density may be induced. Line-integrated
measurements of the density are made with a multichan-
nel interferometer at seven chords across the minor ra-
dius. The associated temperature variations are measured
by electron cyclotron emission at five positions. The tur-
bulence is obtained from a heavy ion beam probe as the
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rms value of density fluctuations, denoted n, integrated
over all frequencies (above 5 kHz to include only tur-
bulence) and wave numbers within the range of the in-
strument (0 <k <2 cm ~'; kp, <0.25), and which seems
to include the spectral peak. This n is a representative
value of the turbulence level, although the inferred
dispersion is not that of simple drift waves [6], and no
model for the nature of modes constituting it is presumed
here. The amplitude and phase of the modulation of each
parameter are accurately obtained from Fourier analysis
of an interval of six to eight periods of the 30-Hz driving
frequency.

For the nearly circular flux surfaces of TEXT, the par-
ticle flux obeys the simple conservation equation dn/d:
=—(1/r)a(T)/or+S, where S(r,t) is the source rate
from ionization. As a linear equation, it can be written
for the equilibrium (ng, Ty, etc.) and the time-dependent
components (An, AT, etc.), proportional to ¢/’ here. The
solutions are

l“o(r)=%j;,r'So(r')dr', (1a)

ar) =L [ - ioan()+aSGOAr . (1)
r vJo

The radial shape of S(r) is determined from a neutral-
particle code solution for the particular plasma profiles in
each case, and the multiplicative constant for the equilib-
rium is fixed from the measured particle confinement
time. The functions no(r) and An(r) are actually ob-
tained from an elaborate transport analysis [4,6], which
also adjusts the magnitude of AS to match boundary con-
ditions. The relevant criterion here is that ng and An are
physically reasonable and fit the observed chord integrals
to an accuracy of no worse than 2%. The consequent er-
ror in the integrals of Eq. (1) is of similar magnitude.
The results for the quantity |AT(r)|/To(r) are shown
in Fig. 1(a) for low density and various amplitudes of the
density perturbation, labeled by the value of An/ng at the
center. Note that the perturbed fluxes are linearly pro-
portional to the density perturbation amplitude, but are
numerically large, not a small fraction of the equilibrium
values. This effect is even more dramatic at the higher
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FIG. 1. Ratio of perturbed to equilibrium particle flux

(JAT|/I) as a function of radius for various amplitudes of cen-
tral density modulation An/no, and the fractional modulation of
the turbulence level. (a) For 7=1.8x10'" m 73, I,=200 kA,
Br=2.0T. (b) For higher i=3.2%10'" m 3,

density of Fig. 1(b). The modulation of the turbulence
level (Afi/fig) is also shown.

These results virtually exclude any simple homogene-
ous factorable model for the flux, e.g.,

[e=Cnn"'(Vn)*T(VT)*™ - - - (2a)
or
Tp=Cpn™@/n)%- - | (2b)

in terms of local plasma parameters or local turbulence
levels. Such forms are often used for convenience and
can arise naturally as the result of turbulence calcula-
tions. These include resistivity-gradient-driven turbu-

lence [7] and many simpler forms of drift-wave turbu-
lence [1,8]. More generally, the results also exclude
forms with a factor a +bn, with a,b > 0. Such forms in-
clude ion pressure-gradient-driven turbulence [9] and
most forms of drift-wave turbulence for the range of col-
lisionalities in TEXT [10,11]. The nonlinearity arising
from the density dependence in an expression like Eq.
(2a), for example, has been mooted as the principal cause
of inward convective pinch velocities observed in density
perturbation experiments [5].

Fluxes of the form of Eq. (2) are not consistent with a
linear response which is comparable with the equilibrium
value. A Taylor expansion of these equations implies that
AT/To~a;(An/ng) + - - - . Since the perturbations to all
local quantities An/ng, A(Vn)/Vny, etc., are of order 10%,
including the turbulence levels as shown in Fig. 1, at least
some of the a;,B; would have to be quite large to produce
the large perturbed fluxes observed. However, if an ex-
ponent is large enough to account for AT, the Taylor
series would not be accurate and nonlinearities with per-
turbation amplitude should be apparent in Fig. 1. Such
large exponents (a; > 10) would also lead to great
differences between equilibrium and perturbed or relaxa-
tion behavior, strongly nonsinusoidal wave forms for per-
turbations, and difficulties in calculating reasonable self-
consistent equilibrium profiles.

The most obvious alternative is to replace the simple
form of Eq. (2) by a more complex transport model of
the sort illustrated in Fig. 2, for which I'(Vr) has a
significant intercept. The solid and dashed curves repre-
sent plausible choices. These forms clearly permit a
small fractional change in gradient to cause a large frac-
tional change in flux, and hence AI'/Ty can be large
without requiring any nonlinearities. Such a form for the
flux leads naturally to the transport representation cus-
tomarily used in the analysis of particle transport experi-
ments, '=—DVn+Vn, where V includes all off-diagonal
transport processes. The coefficients D and ¥ would de-
pend on local parameters, possibly including gradients, as
exemplified by the dashed curve in Fig. 2. The separation
of D and V for the equilibrium may not be unique, and
the values describing a linear perturbation about equilib-

FIG. 2. Sketch of I' vs Vn necessary to explain the experi-
mental observations. The solid line is the simplest form suit-
able, but alternate forms like the dashed curve through the
same equilibrium point are also possible.
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rium, for example, the D representing the slope of the
flux curve in Fig. 2 near the equilibrium point, can differ
from those for the equilibrium, for which D would typi-
cally be the slope of the straight solid line. Nevertheless,
the experiments clearly indicate a form like that of Fig. 2
rather than the simpler Egs. (2). The rejection of Eq.
(2b) is particularly significant. The common working hy-
pothesis that the flux may be inferred from 7% with a sim-
ple expression like Eq. (2b) is inappropriate. That is also
an implication of Fig. 1: The large fractional perturba-
tion to the flux is not associated with a large fractional
perturbation in the turbulence level.

The connection between the observed electrostatic tur-
bulence and transport cannot be uniquely ascertained
from these experiments, but three general types of rela-
tion are possible: (a) The fluxes are driven entirely by
electrostatic turbulence:

r=J 4@ y(@)lko(w)sinla(@)V/Br . ()

The reduction of this general form [2] to Eq. (2b) as-
sumes that the o dependencies are sufficiently smooth
that the mean value theorem can represent the integral
with typical values of 7, the coherence y, poloidal wave
number kg, phase angle a, etc., which in turn are smooth
functions of the local plasma parameters, and the poten-
tial fluctuations ¢ are similarly proportional to 7. On the
contrary if there are strong frequency dependencies or
functional sensitivities in some terms, e.g., the phase a,
such a reduction is impossible. Instead, an expression of
the form [11] F=Ty(a+bn.) but with b <0 can result,
which does behave like Fig. 2. (It has proved difficult to
obtain this form in the collisionality regimes of this ex-
periment and thus there is no specific prediction of the re-
lation between turbulence and flux.) Merely measuring
the turbulence level would certainly be insufficient to
determine the flux in these analyses. (b) Only part of the
flux (e.g., the diffusive portion) is driven by the observed
turbulence. The remaining flux is driven by other pro-
cesses, for example, turbulence at shorter wavelengths.
(The most obvious possibility, that of having the inward
convection supplied by the neoclassical pinch effect, can
be rejected as being much too small [4].) (c) The ob-
served turbulence is an incidental effect not causally re-
lated to transport. Since the electrostatic turbulence ob-
served in the interior here extends continuously to the
edge, where it becomes the established cause of particle
transport [2,12], the former hypotheses are preferred.
Furthermore, since the edge has steep gradients and is
dominated by diffusion, the association of this turbulence
with interior diffusion is a natural conjecture. (A separa-
tion of the fluxes into diffusive and convective components
suggests that this conjecture is quantitatively admissible,
but it leaves open the origin of the equally important con-
vective flux.)

The complexity of particle transport is matched by
thermal transport. The simplest turbulence theories cor-
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responding to Eq. (2) imply an energy flux
Q0=akT,+kT)T, (4)

with a variously 3 to 3 or higher. Many drift-wave
models have a < 3, but an asymptotic limit of dissipative
trapped electron (DTE) turbulence [13] has a~5 for the
electron component. This is another instance in which a
quite complicated theory for the particle flux nevertheless
reduces to the form of Eq. (2b) for the conditions of the
experiment. Likewise n; modes in regimes for which the
electron channel dominates [9] have a~2. The difficulty
with the hypothesis of Eq. (4) is shown in Fig. 3(a). The
energy flux is obtained by analogy with Eq. (1a) assum-
ing the Ohmic input power follows the electron tempera-
ture profile with Spitzer resistivity and uniform Z.y,
corrected for radiation losses. A particle convention pro-
cess is inadequate to account for thermal transport. For
the lowest density in Fig. 3(a), a high value of «a in this
parameter. regime of DTE has permitted a reasonable
match [13] between I' and Q, for 0.2 < r/a <0.5, but the
energy flux becomes quite inconsistent with the particle
flux at higher densities. Even in the edge, where in some
cases electrostatic turbulence can account for the energy
flux [12], temperature fluctuations are important contri-
butors to the thermal transport. The temperature fluc-
tuations can be regarded either as increasing the coef-
ficient @ or as introducing thermal conduction indepen-
dent of particle convection. In the interior, there seems to
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FI1G. 3. Energy fluxes for conditions of Fig. 1. (a) Equilibri-
um ratios Q/kT.I. (b) Perturbed flux ratios |AQ.|/kT.|AT|
and thermal conductivity (kappa) ratio of perturbation to equi-
librium for low density (halftone line).
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be no simple relation between particle and thermal fluxes.
The difficulty of establishing causal relations between tur-
bulence and the multiple transport processes are thus
compounded.

The perturbation experiments confirm the separation of
particle and thermal transport. Temperature variations
are associated with the density perturbations, but through
processes more complicated than that of the convective
term in energy balance. The perturbed (electron) energy
flux can be approximated by

AQe(r)=%j;rr’[Aq— 3 io(AnT+nAT))dr',  (5)

where Aq includes all sources and sinks (perturbations to
Ohmic input, radiation, and ion coupling) and the source
in the particle equation has been neglected. In the plas-
ma interior, the current density remains constant on the
time scale of these perturbations, and the only significant
source term is Ag = — 3 (AT/To)qo from the modulation
of conductivity. This ansatz is used to calculate AQ, in
the interior, the only region for which reliable values of
AT are available.

If the energy flux is described by Eq. (4), AQ.
=a(kAT, I +kT,AT') = akT.AT', since AL/l greatly
exceeds AT/T. This relation is examined in Fig. 3(b).
Although the values are not grossly outside the range of
3 to 3, the results are not well described by any con-
stant, and the ratio differs greatly from the equilibrium
result of Fig. 3(a).

A common alternative to Eq. (4) is a transport model
with a thermal conductivity x =Q./(dT/dr), where Q. is
the conducted energy flux, Q — 3 kTT. This x has been
computed for both the equilibrium and perturbation, and
the ratio is plotted in Fig. 3(b). The ratio is not 1 nor
even a constant. Furthermore, the relative phases of AQ,
(total or conducted), AI', An, AT,, and A#n are different
and vary differently with radius, confirming their in-
dependence and the genuine complexity of transport. The
simpler models will not suffice and more complicated
forms like a @ =Qo(c+d/n.) analog of the particle flux
[11] must be considered.

The clear and strong conclusion from these experi-
ments is that there are at least three separate transport

processes in the tokamak plasma, conventionally de-
scribed as particle diffusion and convection and thermal
diffusion. Simple relations like Egs. (2) and (4) are ex-
cluded. In some sense, a transport matrix with indepen-
dent D and y and a large off-diagonal term, at least for
particle transport, is required. An important consequence
of this complexity, and a direct implication of these ex-
periments, is that the turbulence level, by itself, is not
necessarily a good measure of any specific transport pro-
cess or matrix element. Efforts to establish the causal re-
lations between turbulence and transport will require
much more care and detail.
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