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Turbulent Enhancement of Particle and Heat Fluxes during
Sawtooth Oscillations in a Tokamak Edge Plasma
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Using Langmuir probes in the edge plasma of the TEXT tokamak we have identified sawtooth oscilla-
tions in density, potential, and temperature. Concurrent with the sawtooth oscillations are increases in
the density and potential fluctuation levels which result in significant increases in the fluctuation-driven
particle flux and associated heat flux. No changes in the basic turbulence mechanism were observed
during the sawtooth passage.

PACS numbers: 52.55.Fa, 52.35.Kt, 52.35.Mw

The phenomenon of sawtooth oscillations was
identified early in the history of tokamak research' and
ws first seen as sawtooth-shaped modulations of the
soft-x-ray signal from the interior regions of the
tokamak. In that first work the oscillations were
identified as due to a periodic loss of energy confinement
resulting in a heat pulse propagating from hotter to cold-
er regions of the plasma. Sawtooth-induced oscillations
have subsequently been identified in the electron densi-

ty and, most recently, the plasma potential.
Because of the locally perturbing nature of the saw-

tooth-induced heat and density pulses they have been
used to probe the electron therinal diffusivity ' g, and
diffusion coefficient D, . The values of g, obtained are
from 2 to 10 times those derived from other methods, in-

dicating that the heat pulse propagates much faster
through the plasma than expected from the energy
confinement times. Fredrickson et al. suggested that
either an anomalously high value of g„due perhaps to
fluctuations, or an inward heat pinch could explain the
differences in the g, obtained. Hossain et al. found that
the different values of g, could be explained on the basis
of coupled heat flow and plasma diffusion, but they could
not rule out enhanced transport due to magnetic or elec-
trostatic fluctuations. If turbulent transport is driven by
temperature or density gradients (as predicted by many
theories), the passage of a heat or density pulse would
cause the resulting transport coefficients to be sig-
nificantly different from their equilibrium values.
Namely, the passage of the sawtooth would increase the
local plasma parameters (e.g. , n„n„etc.), increasing the
turbulence-driven heat and particle fluxes and resulting
in the heat and particle pulses propagating out much fas-
ter than expected in the unperturbed case. It is known
that a major part of the particle and heat transport in

the edge plasma is due to fluctuation-driven trans-
port' " and so it is important to study the turbulent
transport during the sawtooth passage.

Periodic enhancements of the high-frequency density
fluctuation levels have been observed on several
tokamaks. ' ' The enhancements appear in the fre-

quency range 50-2000 kHz and occur near the sawtooth
peak, either just before or just after the sawtooth crash.
However, to date, no information has been obtained on
the turbulent transport levels themselves.

In this paper we report results from Langmuir probes
on the TEXT tokamak with which we measured the
efl'ect of sawtooth oscillations on the edge density, tem-
perature, and potential as well as the first measurement
of their effect on the fluctuation-driven particle and heat
fluxes. The Langmuir probes are constructed of 2-mm-
long, 0.5-mm-diam molybdenum wires and were located
on a radially movable drive at the top midline of the
torus, separated —160' toroidally from the poloidal lim-
iter. Standard three-probe techniques' were used to
measure the local densities, temperatures, and potentials.
The TEXT tokamak' itself is a medium-sized Ohmical-
ly heated tokamak with a major radius Ro 1.0 m, cir-
cular minor radius a =0.26 m, and full poloidal ti-
tanium-carbide-coated carbon-tile limiter.

Figure 1 shows a time history of the chord-averaged
soft-x-ray signal from a chord whose tangent radius was
r/a=0. 53 and where the sawtooth inversion radius was
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FIG. 1. Time traces of soft-x-ray signal, central chord H,
and T„n„and tSf from probes located at rt„ob la =1.06. Aver-
age values (dotted lines) are shown along with the percentage
deviation about the average. B+ 22 kG, I~ =325 kA, q, =2.3,
and n, 4.5X 10' m

583



VOLUME 65, NUMBER 5 PHYSICAL REVIEW LETTERS 30 JULY 1990

0.2
~ ~
Q

~ 0.1~

S
0. 1

p hn/n

~ hT /T

+ ~y, /T 0 ~

I I I
I

I I

10

0
8 —

O
0

6

I~ ~

r/a=1. 06

CI
o 0

12

10

6

~ 0,0S
~ ~

E
~o 0

3 4 5
n (10 m ) I I I I I I

I I I
I

I

(a)

I I I I I

I I

I
I I

FIG. 2. Normalized sawtooth amplitudes of edge n„T„and
B+ 22 kG, 1~ 325 kA, q, =2.3, and r~„b,/a 1.06.

r/a=0. 47. The plasma conditions for this discharge
were 22 kG, 325 kA, and 4.5X 10' m with the safety
factor at the limiter q, =2.3. Plotted in the same figure
are local electron density n„electron temperature T„
and floating potential pf from the Langmuir probes and
H, from a central viewing chord located at the limiter.
All signals show the typical sawtooth behavior of a fast
rise followed by a slow decay repeating with a period r of
-4 msec. Also note the smaller than average sawtooth
at -284 msec. At this plasma condition the edge pa-
rameters n, and T, are modulated by approximately
15%. For these data, the probes were located at r/a

1.06; similar results were seen for all positions attain-
able by the Langmuir probes (generally r/a ~ 0.95 on
TEXT). The largest sawteeth were seen at low values of
the safety factor q, where the inversion radius is the
farthest out.

The normalized sawtooth amplitudes hn, Jn, hT, ,I/T„
and Apf „/T, (T, and n, are the mean values, and An„,
hT, „, and Apf are the respective sawtooth amplitudes)
of the edge sawtooth modulations were approximately
equal in magnitude and increased with increasing n,
(Fig. 2). There were indications of a saturation in these
normalized amplitudes for n, ~ 5&10' m . This is

currently under investigation. The sawtooth perturba-
tion can be a significant fraction of the local density or
temperature, varying from 4% to 18% depending on the
chord-averaged density. Consistent with these observa-
tions, the amplitude of the central soft-x-ray sawteeth
also increased as n, increased.

We examine next the eA'ect of the sawtooth passage on
the density and floating-potential fluctuation levels, n,
and p/, in the edge plasma. Figure 3(a) shows time
traces of n, and pf, averaged over multiple sawtooth cy-
cles and plotted as a function of time normalized to the
sawtooth period r„. Here n, =((n, —(n, )) )'1, where
the time average ( ) was over 0.7 msec (approximate-
ly 15% of the sawtooth period r„) and the data were
sampled at I MHz, giving 700 points per time average
(similarly for the floating-potential fluctuation pf).
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FIG. 3. (a) n, and pf, (b) n, /n, and Itif/T„and (c) I „-~ and

Q y vs t/r I (sawtooth period r I 4.0 msec). Peak of local den-

sity and temperature sawtooth (not shown) occurs at t/r„
=0.3. B+ 22 kG, I~ 325 kA, q, =2.3, n, ~5.4x10' m

and r p10be/a ~1.06.

Three macroscopically similar discharges are plotted,
producing the three points at each value of t/r, &. The
points at t/r, t=0 are repeated at t/r, i=1. For these
plasma parameters the peak values of n, and p/ are 20%
and 45% larger than their respective minima. The
modulations of n, and pf have the characteristic
sawtooth shape and are in phase with the local n, and T,
sawteeth (the peaks of the local n, and T, sawteeth
occur at t/r„=0. 3). In general, the percentage in-
creases due to the sawteeth were generally larger for p/
than for n, .

The relative fluctuation levels n, /n, and pf/T,
remained unequal during the sawtooth passage [Fig.
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3(b)], and both they and the poloidal wave number
scaled as they would during a parameter scan. ' ' Also,
the density-potential phase relationship remained unal-
tered (-n/2 rad). ' Thus, we found no evidence of
changes in the basic turbulent mechanism during the
sawtooth.

As previously mentioned, the edge heat and particle
transport can be explained on the basis of fluctuation-
driven transport. ' "A major part of this transport is

due the correlation between fluctuations in the density n,
and radial velocity v„. Here we assume v, is due to a
fluctuating electric field v, =(ExB~) i/B~ (B~ is the
toroidal magnetic field). The fluctuation-driven particle
flux I „-~ and associated heat flux Q„-& are given by
I „&(n-,(t)Ee(t))/Bc, and Q„-&= —', T,I „&. Her-e T, is in

electron volts and the poloidal electric field Ee is found

using Ee = hfdf/—Ax, where hfdf =Pf i
—

pf 2 is the
difference in the floating potential between two poloidal-

ly separated probes and Ax is the poloidal probe separa-
tion.

The poloidal electric field Ee, fluctuating at the saw-

tooth frequency, was found to be approximately zero,
making the low-frequency contribution to I „-& and Q„-&

zero. Thus, there was no enhancement of the flux I „-&

from fluctuations at the sawtooth frequency (that is, at
the dominant low-frequency component of the sawtooth
oscillation). However, there was significant enhance-
ment of I „-& at higher frequencies (10-250 kHz) due to
the increased density and potential fluctuation levels.
This is seen in Fig. 3(c) which shows r„-& vs t/r„and
where we have used the same averaging technique as in

Figs. 3(a) and 3(b). The magnitude of I „-& increases by
approximately 60% from the sawtooth minimum to the
sawtooth maximum. The maximum in the particle flux,
like the maxima in the fluctuation levels n, and pf,
occurs at the peak of the local temperature and density
sawteeth. Figure 3(c) also shows the heat flux Q„-~ vs

t/r, &. During the sawtooth cycle the heat flux is in-

creased by approximately 100% over its minimum value

and these increases are likewise in phase with the local

n, and T, sawteeth. The sawtooth modulations of I „-~

and Q„-~ were observed to increase as n, increased up to
n, =5X10' m, where indications of a saturation oc-
curred. The variation of the related particle confinement
time i~ is, however, a more complicated function of n, .
As n, increases, the total number of particles Nt„ in the
tokamak dominates in the particle confinement time

rp =N&„/fI dA. Saturation in r~ occurs' ' when in-

creases in I „-~ with n, become equal to increases in Nt
The percentage modulation of I „-& and Q„-~ by the saw-

tooth (a maximum of 60% and 100%, respectively) is

much larger than the percentage modulation of the local
n, and T, (15%-20%). This is a distinct enhancement of
the particle and heat fluxes, in phase with the sawtooth
cycle, which could be interpreted by other diagnostics
(soft x ray, interferometer, etc.) as difl'usive and which

would significantly alter the calculation of the local
steady-state D, and g, . The role of T, and related heat
flux QTg -3n(T, Ee)/2B+ is currently being investigated.

We also examined the effect of the sawtooth on the lo-
cal density, temperature, and potential gradients. By
simultaneously recording n„pf, and T, from two radial
positions (radial separation 0.5 cm, same toroidal posi-
tion) we could make a two-point estimate of the gra-
dients during the sawtooth cycle. Variations of these
gradients at the sawtooth period were unresolved within
the ambient turbulence levels and so we concluded that
the gradient changes, due to the sawtooth, were 10% or
less. Using a 24-channel far-infrared interferometer,
Kim et al. examined the density pulse associated with

the sawtooth. From their published data we infer that
the maximum scale length of the density perturbation
(due to the sawtooth) at the edge is approximately 5 to 6
cm. A radial probe separation of 0.5 cm would then ob-
serve an approximately 8%-10% difference in the saw-
tooth amplitude. Our observation of a gradient change
of less than 10% is then consistent with these earlier ob-
servations.

We can define coefficients D,tr and g,a by D,a r„-;/
)V„n, [ and g,f =3Q„&/2n )V-, T, ) which have the same di-

mensions as transport coefficients. However, we must be
careful if we want to interpret them as transport
coefficients without knowing the driving terms for the
turbulence. In the far-edge plasma the fluxes are
predominantly due to electrostatic turbulence which is
not necessarily driven by density or temperature gra-
dients. ' Taking the gradients as constant over the
sawtooth period, we found that the mean values for D,ff

and g,a were approximately 3.5 and 4.8 m2/sec, respec-
tively, for the conditions shown in Fig. 3. As the gra-
dients V„n, and V, T, were modulated less than 10% by
the sawtooth oscillation, the defined coefficients D,tt and

g ff were modulated by an amount similar to that seen in

I „-& (10%-60%). Since n, /n, was approximately con-
stant during the sawtooth, the modulation of D,a. can be
attributed to the modulation of pf. However, the modu-
lation in g,a is due to a combination of T, and pf both
being modulated by the sawtooth.

In comparing the edge and interior observations we
find the following: (I) Sawteeth in both density and tem-
perature have been observed in the interior regions of a
tokamak. These density and temperature sawteeth are
observed to be in phase with each other. ' We have ob-
served similar sawteeth in the far edge which are also in

phase. This indicates that, although the dominant trans-
port mechanism may differ in different regions of the
plasma, the relative strengths of the transport mecha-
nisms (between the heat and particle fluxes) remain the
same as the sawtooth travels outward. (2) Enhanced
density fluctuation levels, associated with sawteeth, have
been observed both in the interior ' and now in the
edge plasmas. In the edge plasma, this, along with the
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increased potential fluctuation levels, results in increased
heat and particle fluxes during the sawtooth. (3) On
TEXT, the thermal diffusivities from heat-pulse propa-
gation studies ghv and power balance grab disagree by a
factor of from 2 to 3, while other tokamaks see a factor
of from 2 to 10. ' Various authors have explained these
differences as due to an enhanced heat flux during the
sawtooth passage. ' At the edge, we have observed
just such enhanced heat and particle fluxes during the
passage of the sawtooth, consistent with this hypothesis.

We have measured the effects of the sawtooth oscilla-
tions only in the far edge and scrape-off layer of the
TEXT tokamak 0.95~r/a(1. 15. The inference that
fluctuations or fluxes also change with sawtooth oscilla-
tions in the deep interior of the plasma should not be
made without further experimental work. However, if
similar turbulent enhancements to the fluxes occurred in

the deep bulk plasma, the heat-pulse method of deter-
mining g, would necessarily include their effect. This is

because it includes all heat fluxes that modify the local
heat pulse. It would then give a larger value of g, be-
cause of the inclusion of transport due to nonconductive
means. The enhanced fluctuation levels occur at the
peak of the T, sawtooth mimicking a VT, or diffusive be-
havior, indistinguishable from a purely diff'usive mecha-
nism. The power-balance and heat-pulse methods
would then give different values of g, .

In conclusion, significant sawtooth oscillations in local
n„&I, and T, have been observed in the far edge
0.95(r/a ~ 1.15 of the TEXT tokamak. Associated
with these oscillations are increases in the fluctuations n,
and pI which result in an increased fluctuation-driven
particle flux I „-& and heat flux Q„-e. As the electrostatic
fluctuations dominate the particle and heat fluxes in the
edge, " the particle and heat fluxes are coupled resulting
in a coupled modulation of the density and temperature
during the sawtooth passage. The sawtooth modulations
of the fluxes significantly modify the local transport lev-
els (as much as 60% and 100% of I „-& and Q„-&, respec-
tively). Further, the modulations of the edge parameters
(n„T„n„&I, I „-e, and Q„-&) were in Phase with one
another. The amplitudes of the modulations of all these
edge quantities were found to increase with increasing n,
and decreasing q„with indications of an amplitude satu-
ration for n, ~ 5 x 10' m . As discussed earlier, the
variation of confinement times was a more complicated
function of n, . Although there were enhanced fluctua-
tion levels during the sawtooth, we found no evidence for
changes in the basic turbulence mechanism during the
sawtooth passage. We presented evidence that all the
characteristics of the sawtooth seen in the plasma interi-
or were observed in the edge plasma. Therefore, the con-
clusions drawn from the edge sawtooth behavior could be
relevant for the plasma interior as well and could explain

the discrepancy between the heat-pulse and power-
balance determinations of the electron thermal dif-
fusivity g, .
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