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I. Introduction

Theoretical models of heat transport in tokamaks often predict a significant increase in
transport when a threshold condition is reached. This threshold may be in the gradients or scale
lengths of the plasma parameters. It is difficult to test for thresholds using power balance
analysis or the temperature profiles directly [1]. However, modulation of the electron
temperature by electron cyclotron heating (ECH) may be a means to test for thresholds, since the
incremental heat flux is probed more directly.

Experiments in AUG [2] and DII-D [3] designed to vary the equilibrium temperature
gradient have been carried out under similar conditions. The flexibility of the ECH systems are
used to place power at two different radii in the plasma (typically p = 0.3 and p = 0.6 in DIII-D).
The total power is held fixed, so that the equilibrium temperature outside the outer heating point
is constant. The power mixture is varied from all at the interior radius to all the outer radius, in
order to vary the equilibrium temperature gradient in the region between the two heating points.
Four gyrotrons are used in DIII-D and one is always modulated at 50% duty, so the total power
in all cases is that from 3.5 gyrotrons or about 2 MW. Plasmas with L-mode edge and early
heating are used to avoid the effects of edge localized modes (ELMs) and sawteeth on the
modulation analysis. No other auxiliary heating is used during the time of the ECH. The quantity
RIVTI/T = R/LT varies from 6.2-10.3 at the midpoint between the two heating positions. This
change is mostly in the gradient, as the equilibrium temperature varies less than +10%.

II. Framework for Analysis of Modulation Data
In order to interpret the modulation data, the energy conservation equation in the form

3 9T 1 0

0 L9 (hpg) - 1

on Hpap(pq) Q (1)
is used, where the heat flux is assumed to have the form:

3 9T 1 0

—-n—+—— (H = . 2

on Hpap(pq) Q )

The first term is diffusive, the second is convective, and the third allows for the possibility of
heat flux independent of temperature. A small periodic perturbation around an equilibrium is
assumed:

T=Ty+ Ty e, dTy/dT=0 G| /To<<1 . (3)
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Linearizing Eq. (1) with the assumptions of Egs. (2) and (3) gives:

d2T d; 1 3
- —2]+V—1+—(1+i—oo11)T1=Q1 , 4)
dp dpo 2 2
where
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ndp o(VT) dpd(VT) oT Hp dp a(VI)| dp aVT) dp?
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vt dT dp? |9T ndp dp dpdT Hp dp 9T | dp
1d 2
ndp T 0pdT Hp T dp 9T n dp ap
1 d(H 3 Ty - 3T,
+ — ( p) U+ _QOH + QLC 0 1 , (7)
Hp dp 2 IITO 21’1T0 TO - Ti

and S, is the modulated power source. The quantities D, V, and t are, respectively, an effective
diffusivity, convective velocity, and damping, but these obviously do not correspond to their
equilibrium.

To gain insight into how the evolution of the heat pulse relates to the effective transport

coefficients of Eq. (4), it is helpful to examine the analytic solutions to Eq. (4) in the simplest
case — infinite slab, constant D, V, 1/, and a point source of heat [4]. The solutions are of the

Jex
form T, o €™, where

1/2
K=Y 1(3_‘”) (1+ O(2)1/4 oi1f2) tan= (1) ®
2D 2D
a= ( V2 + L) 2 A (9)
40D ot/ 3

If V =1/t =0, then k = +(1+1) (3w/4D)"2. This means for the purely diffusive case (with the
above approximations) the amplitude falls like exp [-(3w/4D)"*x] and the phase increases like
(3w/4D)"*x away from the source. In this case, the effective diffusivity, D can be easily
determined from either the amplitude or the phase charge with radius:

_ -2
_(30)(do) =(3_00)Lﬂ
Dph_(4)(dx) , Dy = 7 (Ti dx) ) (10)
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To see how convection and damping affect the evolution of the heat pulse, D, and D, can
be evaluated for the solution in Eq. (8):

Dpp =D [oc + (1 + ocz)l/z} (11)
1/2 12
V2 V2 1/2 12
Damp =D, 3wD123wD 0c+(1+oc2) ] +0c+(1+2) (12)

These are plotted in Fig. 1 for damping only and convection only. In both cases, the simple
estimates of D can be significantly modified. In the case of damping only, the quantity
Dyyix = (D, D )2
When there is an effective convection term, D, = D. The direction of the heat pulse relative to

amp) = D, allowing a way to determine the diffusivity in the presence of damping.

the direction of convection affects only D,,,. Note that D, /D is quite large for an effective

convection term.
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Fig. 1. Plots of the slab estimates of diffusivity for the case of (a) diffusion plus damping and (b) diffusion, plus
convection. The upper curve in (b) is for the case of the heat pulse moving in the direction of the convection.

III. Experimental Analysis
Analysis of the DIII-D [3] experiments proceeded by two steps. First, the evolution of the

heat pulse was evaluated by D, ;,

at the highest frequency allowed by the data (either
fundamental or third harmonic). Then both this estimate for D and the power balance estimate of
%, normalized to T2 to remove the expected gyroBohm temperature dependence, were plotted
against 1/Ly = IATI/T. Similar analysis was performed on the AUG data. The enhancement in
D,,ix above y;, was taken as evidence of an incremental increase in diffusivity with 1/Ly. In the
AUG case, a model of the form:

% = %0 + hqlp) TI? (_RTVT—k)H(ﬁ—k) : (13)
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was used to interpret the data trends in terms of a critical gradient. All of the data (by this
interpretation) lay above the threshold, so the lowest value of R/L; set an upper limit on the
threshold k. There are two assumptions implicit in this approach. First, it is assumed that VoD
and 1/wt are sufficiently small that D_;, gives D accurately. Second, it is assumed that the V
and 1/t for the model [Eq. (13)] are ignorable at the measurement w. These assumptions will
now be examined in the DIII-D case.

One consistency check that D_; is a good estimate of D is to examine the frequency

dependence of D ;. The phase estimate is used because it is independent of the sign of V and the
Fourier transform gives a much more reliable estimate of the phase than the amplitude. Table I
shows the fundamental and third harmonic estimates D, for several different mixtures of
heating. In all cases, Dy, (fiy0a) < Dpp (3finoa)s indicating a < 0. Since VoD > 0, this implies
T < 0 or inverse damping. From Eq. (7), it is clear that T < 0 does not require U = 0 or T; > T..
The table also shows that D, (f0a) > D

heating at the inner radius. An interesting example that clearly illustrates the effect of inverse

amp (3fmoa) €Xcept on the cases with the strongest
damping (118474) is shown in Fig. 2. The amplitude of the heat pulse at the modulation
frequency almost remains constant as the pulse travels on. This cannot be due to a broadened
source since the phase clearly shows the pulse appearing at the intended location first, then
making way in both directions. The general observation of T < 0 is consistent with the heat pinch
on strong off-axis ECH cases inferred from power balance [5,6] and from modulation [4]. In the
latter case, the inverse damping was large enough to cause the pulse to grow in amplitude. The
conclusion is that D_;, is likely not a good estimator of D in these cases.

Table I. Modulation data from the DIII-D experiment to vary the equilibrium temperature
gradient. All cases follow an inward-moving pulse except the last discharge in the list

Gyro . ngnp D?h Min

Shot Inner/Outer | Harmonic | (m™/s) | (m™/s) R/Lt
118479 0/3.5 1 17.5 2.5 5.6
3 5.6 9.0 59
118476 1/2.5 1 30.5 4.8 4.5
3 13.1 11.5 7.9
118478 1/2.5 1 60.1 4.2 5.0
3 7.0 17.1 8.3
118474 2/1.5 1 630.0 4.5 33
3 6.0 31.9 8.2
118475 2/1.5 1 151.0 4.2 33
3 13.2 28.1 7.1
118490 3/0.5 1 10.7 7.8 9.6
3 10.8 11.5 11.4
118488 3.5/0 1 43 9.6 2.1
3 6.0 37.3 3.0
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Fig. 2. (a) Amplitude and (b) phase of the heat pulse vs. normalized radius for the fundamental (diamonds) and third
harmonic (squares) frequency in the case with two gyrotrons heating at r=0.32 and one continuous and one
modulated gyrotron heating at r=0.6. The lines show the linear fits used to determine D,,,, and D,

The assumption that the V and 1/t terms arising from Eq. (13) are negligible seems also to be
questionable. Figure 3 shows D, V, and 1/ T for the same discharge from which the data in Fig. 2
is taken. Also shown are the dimensionless quantities ©D/V~? and ot shown in Fig. 1. These are
regions of strong inverse damping and inward convection, but in the region where the data would
require these, the model predicts strong outward convection and damping. The magnitude of
these also indicate they cannot be neglected in the application of the model.
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Fig. 3. (a) Evaluation of D, V, 1/t, for the critical gradient model [Eq. (13)] vs normalized radius. The
co-efficients used are the same as for AUG [2]. The kinetic profiles are those measured in the same plasma shown in
Fig. 2. The reciprocal of the dimensionless parameters from the x-axes on Fig. 1 are shown in (b).

Simulations of Eq. (4) with D, V, and 1/t determined from Eq. (13) show that the signature
of a critical gradient for heat pulses traveling onward (above threshold to below threshold) would
be a rapid drop in amplitude and rise in phase lag. This is very difficult to distinguish from the
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signal reaching the noise limit of the diagnostic. Following pulses in the other direction may
prove more definitive experimentally, Table I lists the minimum value at which the pulse
remains detectable in the present DIII-D experiments. This serves as an upper limit to the
threshold k. A complementary technique developed on FT-U [7] does not show any evidence of
threshold behavior at even smaller values of R/L.

The DIII-D modulation data show no direct evidence of a threshold above which electron
heat transport increases strongly. The upper limits set on such a threshold by the data indicate
that the threshold would always be exceeded over most of the plasma radius. Furthermore, both
the modulation and power balance data are clearly consistent with the existence of a heat pinch,
as reported previously. A new simulation code has been developed that can treat models like
Eq. (13) self-consistently for comparison to modulation data. We hope to use this to determine
the forms of D, V, and 1/t required to match the amplitude and phase data at multiple
frequencies.
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