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Ballistic Contributions to Heat-Pulse Propagation in the TFTR Tokamak
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Measurements on the TFTR tokamak of the electron-temperature-profile evolution and soft-x-ray em-
issivity on a fast (10-psec) time scale during a sawtooth crash show that significant heat is deposited
beyond the mixing (or reconnection) radius within 200 psec following a sawtooth crash. This extended
region in which electron heat is redistributed during the sawtooth crash substantially complicates the
determination of heat transport properties from the subsequent heat-pulse propagation. It is shown that
the relaxation of this extended perturbation is consistent with the power-balance estimates of the local
thermal diffusivity.

PACS numbers: 52.50.6j, 52.55.Fa

The radial propagation of sawtooth-induced heat
pulses has long been used to study thermal transport in

tokamaks. ' In part, this work was motivated by the
"Kadomtsev model" of the sawtooth crash where the
electron heat was redistributed through a reconnection of
the helical flux within the reconnection (or mixing) ra-
dius r„„and no heat was deposited beyond that radius.
Thus, the evolution of the electron temperature in the re-
gion exterior to the mixing radius would be governed
completely by diffusion. This model was consistent with

the experimental data that was available at that time,
and opened up the possibility of directly measuring the
local electron thermal transport coefficient g, . Subse-
quently, the Kadomtsev model of the sawtooth crash has
come into question, but the assumption that no heat is
deposited beyond the reconnection radius is still funda-
mental to all perturbative heat-pulse-propagation anal-
ysis methods. (In this paper, "heat-pulse propagation"
refers to the relaxation of the temperature perturbation
following the sawtooth crash. )

A number of simple methods to determine the local
thermal diA'usivity based on the evolution of the heat
pulse were derived, ' with the assumption that the
evolution of the temperature profile outside the mixing
radius was governed by a diffusive process with a time-
independent g, . The derivations are well documented in

Refs. 1-3, 8, and 9, and will not be reproduced here. All
derivations assume that g, was not time dependent, and
that heat was not directly deposited outside the mixing
radius (for the time-to-peak method, the method was

only valid for r ) 1.4r„,). The thermal diffusivities g" 's

derived by these methods are, in many cases, much
larger (3-10 times) than the thermal difl'usivity derived
from power balance, g . ' Further, diferent perturba-
tion analysis methods, used on the same data, often give
diferent answers. For the example discussed below, g"
is 6 m /sec using the simple time-to-peak method, ' 12
m /sec with the extended time-to-peak method, and 5
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FIG. 1. Profiles of the electron temperature before (solid
line) and 200 iusec after (dashed line) a sawtooth crash (the
same as in Fig. 2). IThe parameters for this shot were Ip =1.7
MA, q(a) =4.4, neutral-beam-injection power=19 MW,
a =0.8 m, R=2.45 m, and BT =4.7 T.l

and 21 m /sec, respectively, using the phase and ampli-
tude Fourier-analysis methods. In the region of in-

terest the power-balance g, was only 1.5 m /sec. When

applied to heat-pulse data simulated with the experimen-
tal density profile and the power-balance g, profile, the
extended time-to-peak and Fourier-transform methods
give the local g, to within 10%. The simple time-to-peak
method applied to the simulated data underestimates the
local g, by a factor of 2, as expected, due to the strong
gradient in ng, .' Many models have been proposed to
explain this discrepancy, including heat pinches, tem-
perature or temperature-gradient dependences in g„
oA'-diagonal terms in the transport matrix, ' ' or a
strong enhancement of g, near r for a short time fol-
lowing the sawtooth crash (e.g. , due to magnetic tur-
bulence).
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Fast (10-psec) electron-cyclotron-emission (ECE)
measurements of the electron temperature profile in

TFTR have been used to study the sawtooth crash mech-
anism as well as the propagation of the resulting heat
pulse. Two features are observed in these fast data that
would not be apparent with slower diagnostics. The first
is the "ballistic" response where, in some cases, heat ac-
tually is deposited well beyond the reconnection radius
on a very short time scale, i.e., within -200 psec follow-

ing the sawtooth crash (Fig. 1). The second is the pres-
ence of a helical distortion outside the q =1 surface dur-

ing the final phase of the sawtooth precursor. The mea-
sured electron temperature (and presumably the flux

surfaces) shows a helical distortion which is seen to ex-
tend up to 0.15 m beyond the mixing radius of 0.28 m

(Fig. 2). The distortion is poloidally asymmetric, having
a very small amplitude on the high-field side of the
machine. This bulging of the flux surfaces has only been
seen on moderately-high-PT plasmas, —1% on axis, to
date, but the deposition of heat beyond r has been ob-
served even in Ohmic plasmas. The example chosen for
study in this paper is a 1.7-MA, q(a) =4.4 plasma with

19 MW of neutral-beam-heating power.
Sawtooth crashes on approximately twenty plasmas

have been studied in detail. These shots have covered a
wide range of conditions ranging from Ohmically heated
to neutral-beam-heated plasmas with up to 19 MW of
beam power. While extensive documentation of this
eff'ect has been done only on TFTR, that it is observed
here calls into question the validity of any sawtooth-
induced heat-pulse analysis where the initial perturba-
tion cannot be accurately determined. The poloidally
symmetric redistribution of heat out to 0. 15 m beyond
the reconnection radius in less than 200 psec has been
observed down to PT of -0.05% in low-density, Ohmic
plasmas. The extended perturbation is weaker in similar,

but higher-density, lower-Z, & plasmas. As a stronger ex-
tended perturbation would result in faster heat-pulse
propagation, this result suggests that the density scaling
of g" observed on TFTR ' and the scaling of g" with
Z ff reported on JET ' are a scaling of the extent of the
extended perturbation.

Simulations of the heat-pulse propagation that do not
take account of the extended perturbation at the saw-
tooth crash, using the g, derived from power balance
(calculated with the time-dependent transport analysis
code, TRANSp, and averaged in time over the sawtooth
period) predict a much slower rate of rise of the heat
pulse near the mixing radius (Fig. 3). Similarly, simula-
tions with an enhanced g, chosen to be 5 times the
power-balance value, so that the simulated and experi-
mental heat pulses had a similar time to peak at r =0.65
m, also did not have a fast enough rate of rise just out-
side the mixing radius (Fig. 4). Simulations with the lo-
cal g, transiently enhanced following the crash can qual-
itatively reproduce the heat-pulse evolution in the region
outside the mixing radius (Figs. 5 and 6). The time and
spatial dependence of g, (in m2/sec) used in the simula-
tion was

g, (r, t) =[0.3+3.8(r/a) ]

1.1(r/a) (1 + 150
—t/r —9.6(r/a) )

where r =1 msec. This relatively simple model accurate-
ly reproduces the experimental data in the heat-pulse
propagation region and thus illustrates several important
features of the expected enhancement in g(r, t) The re-.
quired increase in the electron thermal diffusivity is

about a factor of 40 immediately outside the mixing ra-
dius for a period of about 1 msec following the sawtooth
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FIG. 2. Contours of constant electron temperature just prior
to the sawtooth crash for shot No. 30904 and from the MH3D

simulation for similar plasma parameters. The dashed circle
represents the location of the equilibrium q = I surface.
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FIG. 3. Comparison of heat-pulse data from ECE emission
(solid lines) to simulated heat pulses (dotted lines) where
the power-balance profile has been used, g(r) = [0.3+ 3.8
x(r/a)-']e' '" ' m-'/sec.
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FIG. 6. The thermal diffusivity as used in Fig. 5.
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ture, ~ 200 psec axisymmetrical] following the saw-

tooth crash. As the evolution of the electron tempera-
ture profile in this region is no longer completely
governed by a time-independent g„ the present methods
of analyzing heat-pulse propagation are not applicable
on TFTR. Simulations suggest that the extended pertur-
bation relaxes on a time scale consistent with the equilib-
rium power-balance value of g„at least for the high-
auxiliary-heating-power cases studied. Other eA'ects

which have recently been invoked in the study of heat-
pulse propagation' ' may still be important in under-

standing transient transport phenomena, but great care
must be exercised in their application to the analysis of
sawtooth-induced heat-pulse propagation. The discovery
that heat is transported beyond the mixing radius during
the sawtooth crash shows that the physics of sawtooth
crashes is richer than previously assumed.
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