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I. Introduction Experiments with a modulation of the gas puff have been done in Tore

Supra. The aim was to investigate the transport of particles and heat. The target plasma

was ohmically heated, Ip = 1.7 MA, BT = 3.9 T, a = 0.78 m, R = 2.34 m, sawtoothing with

frequencies between 12 and 20 Hz, deuterium both for the plasma and the injection, and

with various densities, rising in a series of shots. The plasma was limited on the inner wall

to get some pumping and to limit the density increase due to the gas puffing [I]. Recently

experimental results have been obtained at currents between 0.8 and 1.7 MA.

TI. General Observations After a gas puff, the electron density ne rises first at the edge,

later in the centre; similarly the electron temperature T0 drops. The neutron emission rises

but more than could be expected from the rise in the electron (and ion) density. So the ion

temperature Tj rises as well, probably due to an increase of the energy transfer from

electrons to ions. This effect is larger at lower initial densities. Also Zeff (= 2) goes down

with injection of deuterium. Some signals for a shot with a cosine modulation of the gas

puff at 1 Hz are given in Fig. 1, the maxima of the cosine being at 6, 7, and 8 seconds. The

modulations on ne and Te have opposite phases throughout the modulation. First the

modulation of T; is in phase with that of the density, because a higher density giving a

stronger coupling to the electron temperature. Later the density rises and the coupling gets

so strong that the ion and electron temperatures are in phase. No big movements of the

plasma position are induced but there are systematic effects in the ohmic power and the

stored energy. At high edge densities, the particle penetration is less and the modulated

signals are smaller. In some cases, the radiation increases very strongly, changing the

plasma such that a linear analysis is no longer possible.

m. Data Processing A harmonic modulation of the gas puff signal has been used.

Experimental signals are fitted with a cosine (parameter: the complex amplitude n) on a

linear or quadratic background. A spatial smoothing procedure [2] to yield local values on

a grid of 21 points is applied to the average background, and the real and imaginary parts

of the perturbation separately. One can also fit cosines to spatially smoothed profiles which

yields similar results. This procedure can include signals of different diagnostics (local



and/or line-integrated) and facilitates differentiation or integration in radial direction.

Another important advantage is that a modulation at a known frequency can be determined

quite well even if the noise level is comparable to the amplitude of the modulation. Results

for the electron density and electron temperature are given in Fig. 2 for a modulation at

1 Hz during 3 sec. The error bars are from the fit of the cosines. Sawtooth crashes are not

considered because their frequency is much larger than the modulation frequency. The

electron density and the electron temperature have a phase difference of about"TC at the

edge. The phases for both quantities increase slightly toward the centre up to r/a = 0.4

where the profiles are flat due to the sawteeth. The phase difference is larger for the

electron temperature than for the density which gives the impression that the particle

transport is faster than the energy transport. The behaviour of the amplitudes is however

very different: the density modulation is rather flat and its value with respect to the

stationary profile decreases toward the centre while the temperature modulation is strongly

peaked and even the relative value is larger at the centre. This indicates that there is a

modulated source at or near the centre and that a determination of the heat diffusivity from

just the phases is not valid.

IV. Particle Transport The experimental data are used to evaluate the terms in the one-

dimensional conservation equation 3n/9t = - (l/r)3(rF)/dr+ S where F is the particle flux

and S the source term (omitting all subscripts e for electrons). These terms can be split in

equilibrium (no etc.) and time-dependent ( n etc.) parts and integrating in radial direction
A ""

gives FOand F [3]. The flux is conventionally written as F= - (DVn + Vn) where D is the

particle diffusion coefficient and V is the particle pinch velocity (positive for inward

convection). Similarly F = - (DMOD Vn + VMOD n ) where the superscripts MOD are used

to indicate that these values are not necessarily the same as the stationary values |4]. These

transport coefficients are the partial derivatives of F with respect to Vn and n, so this is

correct if no other modulated quantities are important |5|. The expression for F is a

complex equation for every grid position from which the two unknowns DMOD and VMOD

can be determined using the values of Vn, n, and F as determined from the experiments.

The results of a calculation with S = O are given in Fig. 3. The central value of DMOD is

very large due to the sawteeth which flatten the profile and increase the transport. At the

edge the source term is important and so the transport is only for r/a = 0.4 - 0.7 represented

by DMOD and VMOD The values obtained there are similar to those in ohmic plasmas in

TFTR [S]. As a check, the profile using 3(no/3r)/n() = vMOD/QMOD was calculated. The

result (with SQ = O) is also given in Fig. 3 as well as the measured average profile. This

makes it difficult to use another method in which a time-dependent local value of the flux

is calculated from the evolution of the density |6|. The normalised flux F/n is plotted

versus the inverse gradient length 1/Ln = lVnl/n which for constant tr nsport coefficitnts



gives a straight line with slope DMOD and y intercept VMOD. Fig. 4 is such a graph for the

same data as above, showing an harmonic modulation superimposed on a drift in IVnl/n

becoming smaller in time while T/n gets bigger. A fit of a straight line gives incorrect

values for DMOD and VMOD. It should be pointed out that the perturbation on the density

is relatively small but still can be used because the harmonic parts can be clearly separated

from the overall trend.

V. Heat Transport A similar method can be used for the discrimination between

diffusive and convective parts in the heat flux written as q = - n(xVT + UT). The different

terms in the energy balance have been calculated with the local transport analysis code

LOCO [2]. The resulting electron heat diffusivity XPB = - q/nVT is a function of time and

has values between 1 and 1.5 m2/s. With the partial derivatives 3q/3VT = XMOD and

3q/aT = UMOD this results in ( q/q0 - n/n0 ) X
PB VT0 = xMODVT + UMODj . The heat

flux included all sources and sinks but some of them are difficult to evaluate. The ion

coupling term is uncertain because measurements of the local ion temperature are lacking.

Using a constant ratio between Tj and Te is not possible because of the changes in the

electron-ion coupling (see Fig. 1) but an empirical expression for Xi can be used to

simulate a time-dependent ion temperature profile[7]. Similarly the ohmic heating depends

on the current profile and on the local values of the resistivity and thus Zeff which is not

known locally. A number of methods have been used to calculate the total kinetic energy

and the results are given in Fig. 6, together with the diamagnetic energy. All methods give

a good agreement between the rise in total kinetic energy and the diamagnetic energy but

the amplitude of the 1 Hz modulation on any of the calculations of the kinetic energy is

about a factor of two larger than that on the diamagnetic energy. In all cases § and

therefore XMOD and UMOD are overestimated. Utilising the neutron production rate which

gives an indication of the ion temperature near the centre and the flux of neutral particles

from charge exchange which gives an indication of the ion temperature near the edge

might give better results. A second problem is the term for the energy carried by the

panicle flow (3/2 YfY or 5/2 T/T) but the data could yield information about which

expression has to be used. It is clear that the empirical expression for Xj determined from

stationary plasmas does not work for the harmonic modulation part of the gas puff. This

could be caused by a separation of parameters which are otherwise coupled in stationary
ohmic plasmas.

VI Recent results A series of experiments has been done at various values of the plasma

current. The phase delay of the density perturbation moving inward is similar for all values

of Ip though it is slightly smaller at higher densities, indicating transport being smaller at

higher densities. For a complete analysis also the behaviour of the amplitude has to be



taken into account which shows a large variation for the same set of shots: in some cases

the amplitude profile is flat, in others decreasing toward the centre, and in some cases even

increasing. The harmonic modulation method has been used to determine DMOD and

yMOD and the results are given in Fig. 6. The values for DMOD vary between 0.2 and 0.4

m2/s and the values for VMOD/r between 0.4 and 2.0 1/s. The values of VMOD and DMOD

are correlated and, as for the data shown in Fig. 3, their ratio is in good agreement with the

value derived from the average profiles. There is no clear correlation between the transport

coefficients and the current but probably other parameters as the density, the temperature

and Zeff have to be considered as well, though it is probably difficult to separate the

dependencies on density and temperature in a data set of only Ohmic plasmas. The

harmonic modulation method gives reasonable values in accordance with results found at

TFTR [5] and JET [6]. The method using F/n versus Vn/n does not work for these shots,

sometimes even yielding negative values for both DMOD and VMOD.

VII. Conclusions Both the diffusion coefficient and the pinch velocity for the particle

transport were determined using an harmonic modulation. This method gives reasonable

results, even for small perturbations, and the obtained values are able to reproduce the

stationary values. For the same data, a more conventional approach does not work. Data

have been obtained for various values of L1 and ne, T6 and Zgff, not being varied

independently. The heat flow carried by electrons also shows a modulation. The part of the

modulation which is not caused by the density can in principle be used to discriminate

diffusive and a convective terms in the heat flux. An ion temperature profile calculated

with empirically determined value of # reproduces the slow evolution of the total kinetic

energy. This does not work for the modulation probably because of a separation of

parameters which are otherwise coupled in Ohmic plasmas.
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Fig. 1 Various parameters during
harmonic gas puff modulation at 1
Hz. From top to bottom: ne (r/a ~ 0.3)
from Thomson scattering; Tc (r/a =
0.3) from ECE measurements; Tj
from the neutron production rate
(around r/a = 0.3, absolute value not
very accurate) and Zeff from visible
brehmsstrahlung.
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Fig. 2 Phases (a) and relative amplitudes (b) of the modulations on ne (thin line), Te
(thick line), and their gradients (thin and thick dashes lines) as a function of the normalised
minor radius for a modulation at 1 Hz during 3 seconds. The phases are defined with
respect to t=0 sec, increasing values being later in time. The error bars result from the fit to
spatially smoothed profiles.
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Fig. 3 E)MOD (iower solid Iin^ VMOD
(lower dashed line), the resulting density
profile nMOD (upper solid line) and the
stationary density profile no (upper dashed
line) as function of the normalised minor
radius for the same shot as in Figs 1 and. 2.
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Fig. 4 The normalised flux versus the
normalised density gradient at r/a = 0.7 for
the same shot as in the previous figures.
The data points are synchronised to the
Thomson scattering and on average 100
milliseconds apart. The time difference
between two consecutive points is either 74
or 111 milliseconds.
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Fig. 5 The total stored energy from
diamagnetic measurements (solid line) and
from LOCO calculations using empirical
values for %\ and a) Zcrr inversely
proportional to the total density (constant
impurity density); b) Zcn calculated using
neoclassical resistivity to be consistent with

*fhe measured loop voltage, and c) Zcif from
the visible brehmsstrahlung measurement
(dashed, dashed-dotted and dotted lines).
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Fig. 6 The diffusion coefficient from the
harmonic modulation method for various
plasma currents (#11612: 0.8 MA, #11623:
1.2 MA, #11666: 1.4 MA, #11571: 1.7
MA).


