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Magnetic fluctuations (radial size = 5 mm) are measured by a cross polarisation scattering

(CPS) diagnostic in TORE SUPRA. These fluctuations are investigated quantitatively in the

ohmic and low confinement regimes over a wide range of plasma currents, densities and

additional heating powers. Simultaneously, electron heat diffusivities expected from these

fluctuations are compared to those obtained by profile analysis. Tteee-tnaiirresTîits-are-©btained:

(1) a radial profile of the magnetic fluctuations in the gradient region (0.3 < rla < 0.7) is

established from these measurements. The magnetic fluctuation levels are found to increase

towards the plasma edge, and this feature is compatible with that of electron heat diffusivity. (2)

a strong correlation between the measured magnetic turbulence and the local temperature

gradient is observed during the additional heating. (3) a local electron heat diffusivity induced

by magnetic fluctuations is estimated using the non-collisional quasi-linear formula :

XT% ~ KQRVthiàBr / B) • Both the order of magnitude and the parametric dependence ofXe™^

show similarities with electron diffusivities determined by transport analysis. In particular, a

threshold is observed for the dependence of fluctuation-induced heat fluxes on the local

temperature gradient, which is close to the critical gradient observed for the measured heat

fluxes.



1. INTRODUCTION

The transport of both particles and energy in tokamaks is larger by several orders of

magnitude than that expected from the neoclassical theory [1]. Although the cause for this

anomalous transport is commonly attributed to the turbulent fluctuations in the plasma,

experiments have not been able to determine whether this transport is due to electrostatic or

magnetic mechanisms. Basically, in an electrostatic transport process particles are deconfined

because they drift from unperturbed magnetic lines with a radial drift velocity Vr = EQXB,

while in a magnetic process the particles stick to the magnetic lines which diffuse radially and

induce a radial velocity Vr = Vff (B/B). Up to now, apart from the edge region, experimental

studies of transport and turbulence in large size tokamaks have exclusively focused on

electrostatic mechanisms. This is essentially due to the absence of experimental means for the

measurement of internal small scale magnetic fluctuations.

So far, direct measurement of magnetic fluctuations could only be performed by Mirnov

coils [2-6,14] in the edge plasma. In this region the magnetic fluctuation-induced heat fluxes

have been directly measured and are found to be too small to account for the observed

anomalous transport [5,6]. It can be noted that Mirnov coils are especially sensitive to coherent

magneto-hydrodynamic (MHD) modes located near the plasma edge. These coherent modes

form large scale island structures that have been visualised by several means : striation in pellet

ablation profiles [7], high resolution Thomson scattering [8], Soft X-ray tomography [9], and

Electron Cyclotron Emission (ECE) imaging [9]. When destabilised these coherent modes can

lead to violent events such as disruptions [10] or periodic relaxations of the temperature profiles

[9,11,12], and a partial or total loss of confinement with respect to MHD-free plasmas [13].

However, MHD activity alone cannot explain the anomalous transport. No correlation between

coherent magnetic fluctuations and transport has been systematically observed [1].

Indirect investigation of internal small scale magnetic activities have been done through

suprathermal particle or runaway electron transport [14-17,19,20], Frequency spectra arising

from suprathermal electron cyclotron emission and soft X-ray emission have been found to be

compatible with magnetic transport [19,20]. Suprathermal confinement experiments at the edge
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of TEXT-U have shown that transport could be magnetic for runaway electrons but not for

thermal particles [16,17].

Internal magnetic fluctuations are now measured directly in Tore Supra with a Cross

Polarisation Scattering (CPS) diagnostic [21]. This device is based on the polarisation change

or mode conversion of a micro-wave probing polarised beam being scattered by magnetic

fluctuations [22]. A cut-off layer for the incident wave is used to eliminate the dominating

spurious scattering by density fluctuations, and provides a spatial localisation for the CPS

signal at the cut-off position [25]. It has been shown [21] that in L regimes the measured

magnetic fluctuations are strongly correlated to the additional heating, in particular as an

increasing function of (3p with an off-set. In addition it has been shown that the measured

fluctuation levels (SB/B)^ have a sufficient order of magnitude to explain local anomalous

electron heat diffusivities %e through the non-collisional quasilinear formula [23].

(1)
B

where q^ is the local safety factor, R is the plasma major radius, and vte is the electron

thermal velocity.

The aim of this paper is to extensively characterise the measured internal magnetic

fluctuations in Tore Supra over a wide range of plasma parameters. The relevance of a magnetic

mechanism to induce heat transport is investigated by different methods. This paper is

organised as follows. In section 2 the CPS diagnostic is briefly presented, as well as a ID

scattering model used to compute magnetic fluctuation levels from the measured CPS power.

Section 3 is devoted to the investigation of the radial feature of the magnetic fluctuation in the

gradient region (r/a = 0.3 to rla = 0.7). Section 4 deals with additional heating effects. In

section 5, several local parameters correlated to the magnetic fluctuation levels over the whole

experimental database are presented. The magnetic fluctuation-induced transport is compared to

that obtained by profile analysis.



2. CROSS POLARISATION SCATTERING DIAGNOSTIC

The principle of the cross polarisation scattering has already been presented in previous

works [21,22], and the main points of this diagnostic are summarised in §2.1. Our attention is

then focused on the way to determine a magnetic fluctuation level from the CPS power

measured by the diagnostic. This is performed in three steps :

(1) the CPS power is measured at 300 kHz in a window of width 10 kHz from the scattered

frequency spectrum corrected for a Doppler shift. This shift is due to the poloidal rotation of the

plasma.

(2) using a ID scattering model the CPS fluctuating source term (similar to the density

fluctuation form factor) at k = 1257 nr1 is then deduced from the CPS power obtained in the

first step. In this scattering model the measured CPS signal is proportional to a scattering

volume size defined by the density gradient length at the cut-off layer Ln.

(3) an estimate for (<5B/B)2 values is inferred from the CPS source term by integrating over a

magnetic fluctuation ik-spectrum assimilated to a square box (Akr = MQ= 1257 nr1).

2.1. Principle of the CPS diagnostic

The CPS device is based on the eigenmode change of a probing polarised microwave

beam when it is scattered by magnetic fluctuations. Two scattering scenarios can be used,

which depend on the probing beam polarisation in either the ordinary (O) or extraordinary (X)

mode. These scenarios can be noted as O + B —> X and X + B —» O. Mode conversion allows

the separation of the weak CPS signal from the usual powerful coherent scattering by ne.

Efficient eigenmode separation is achieved by a cut-off layer for the incident wave in the

plasma. This cut-off acts as a natural polarising "mirror" by selectively reflecting the "spurious"

incident mode, while letting through the "useful" cross polarised signal. The incident wave is

significantly amplified in the cut-off region. It has been shown [25-27] that because of this

localised swelling of the incident electric field, the CPS process is amplified in the cut-off area.

This effect enhances the CPS-signal/noise ratio. This also provides a spatial localisation in the

cut-off region for the scattered signal, within an estimated spatial resolution of a few
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centimetres. As discussed in reference [21], the CPS spectra shapes experimentally confirm this

spatial localisation.

The scattering scenario choice depends on which eigenmode is cut-off in the plasma.

Figure 1 illustrates the CPS principle and shows the typical scattering geometry for our

experiments. The emitting and receiving antennae are tuned to the proper eigenmodes thanks to

a motorised rotary joint [24]. The ray-tracing simulation in this figure corresponds to the

O + B —» X scenario. The plasma parameters used in this simulation are : the major radius

R = 2.32 m, the minor radius a = 0.75 m, the plasma current Ip = 1.3 MA, the toroidal

magnetic field Bo = 3.7 T and the central density neo = 6.5xlO19 nr3 . The working frequency

for the CPS diagnostic is/g = 60 GHz. The probing beam in O mode is emitted vertically from

the top of the plasma and is reflected at rla = 0.55. A receiving antenna at the bottom of the

plasma is tuned to the X mode and detects the CPS signal produced along the probed vertical

chord at a major radius R = 2.46 m. For a working frequency of 60 GHz, the fluctuation

wavenumbers selected by the Bragg relation in the CPS configuration at the cut-off layer are

kr~ 1257 (±450)m"1, ks= 0 (±70)m"1. The values in parenthesis express the broadening of the

Bragg resonance due to the incident wave swelling along the radial axis and to the finite beam

waist in the poloidal direction.

2.2. CPS power measurement and detection

The data acquisition system of the diagnostic includes [24] three different kinds of signal:

the first one is obtained by a 4 MHz heterodyne detection system providing turbulence spectra

at a fixed time; the second one is obtained by a 1 kHz video detection recording the total power

transmitted to the receiving antenna, which is used for eigenmode selection [21] and qualitative

refraction assessment; the third one is a signal S300 monitoring throughout the whole discharge

the spectral power in a 10 kHz wide window at -300 kHz in the frequency spectrum.

Figure 2 shows a typical scattering spectrum obtained in the O + B —» X scenario as

described in Figure 1. It is composed of several structures : a phase noise of the heterodyne

detection characterised by the humps around ±500 kHz; an intense and tiny peak at low

frequency, due to spurious forward scattering by density fluctuations through the X + ne —>• X
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process; a broad spectrum, Doppler-shifted due to the plasma poloidal rotation and caused by

the CPS process O + B ~> X [21]. The residual incident X mode (less than 10'3 of the

incident power) is caused by the uncertainties in tuning the emitting antenna to the O mode, and

from the polarisation selectivity of the emitting horn. The Doppler-shift effect on the broad

spectrum is evident since the plasma centre has not been aligned with the two microwave

antennas. In this case ICQ at the cut-off was not zero (see Figure 1), and the Doppler frequency

shift given by Aa = -kgvg can be directly measured from the figure, VQ is the plasma poloidal

velocity.

As shown in Figure 2, the root mean square (rms) level of the total fluctuating signal is

dominated by the low frequency contribution (X + ne —> X process), and hence is not

representative of the CPS process. However when the Doppler shift is large enough, which is

the case here, the spectrum of CPS can be easily taken out from the total spectrum for a rms

evaluation. On the other hand the signal S300 represents the time evolution (resolution of 1 ms)

of the component of spectrum measured at -300 kHz where the CPS process is dominant. It can

be representative of the total CPS power once the Doppler-shift is corrected in the basic

measurements of 5300- From Figure 3 one observes that the Doppler shift is an increasing

function of the additional power with Ion Cyclotron Resonance Heating (ICRH). The larger the

additional power, the faster the plasma rotates and the higher the correcting factor. As shown in

Figure 4, for this set of experiments once the Doppler shift is corrected, the signal S300 is

representative for the whole cross-polarisation scattering power, which is obtained by

integrating the scattering spectrum over the frequency domain where the CPS process is

dominant and the density fluctuation contribution is weak.

2.3. Scattering model for fluctuation level computation

The magnetic fluctuation level at k = 1257 nr1 is calculated from the measured signal

5300 using a ID model of the CPS process in the O + B —» X scenario. This model combines

several previous derivations given in references [21] and [25]. It takes into account both the

spatial localisation of the scattered signal and the amplification of the CPS process near the cut-
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off. The probing beam in O-mode propagates along the radial axis x>0, and is reflected at JC =

0. Around the cut-off layer the density profile can be assumed to be locally linear as

n.(x) = njl-j-) (2)

where nec is the cut-off density for the incident wave. nec = 4.47x1019 n r 3 for an incident

frequency of 60 GHz. Ln = nec/(dne/dr) is the local density gradient length at the cut-off

position x = 0. In the cut-off layer the incident electric field can be expressed by an Airy

function, and the field scattered by magnetic fluctuations can also be expressed in terms of the

Airy functions Ai and Bi [28]. Finally the CPS power Psas measured at the frequency O)S/2K is

[21,25] :

PL = J&-iM W 3 J o " ^ ne(x)S*b(k(x),a>,x) *** ( "? j ' , AQ(;c) (3)
v '(l-(l-v)/urNx(x)

where

• Piai is the probing wave power effectively injected in the plasma (taking into account the

losses in the waveguides).

• &o is the wave vector of the probing beam in the vacuum. ICQ = 1257 nr1 for 60 GHz.

• u = {coilcoceft, coce being the electron cyclotron frequency.

• v = (a>i/C0pe)^, 0)pe being the plasma frequency.

• Mo2 = Ai2 + Bi2 is the squared modulus of the Airy function. 7i(/toLw)1/3Mo2 is the local

power density of the incident wave normalised to its value in the vacuum. This factor

accounts for the swelling of the incident wave close to the cut-off layer.

• Nx is the local refractive index for the X mode.

• a = (kQ2Ln-
1)1^ is the inverse of a characteristic length for the incident wave propagation.

• AQ. is the solid angle for the detection. It is limited in the poloidal plane by the beam

divergence of the receiving antenna (2°), and along the magnetic field lines by the spectral

width of the fluctuation ^//-spectrum Ak//~ M{%qR), which yields an angle 6// =Akulk..

• co =cos -a>i

• k(jt) =ks(x) -ki(x) is the local Bragg relation, k ~ ko at the cut-off layer.



>,* is a local form factor of the magnetic fluctuations defined by

5 =

where y is the poloidal direction in a tokamak.

If the CPS signal is spatially localised at the cut-off layer, then Sf,* and AQ can be

approximated in equation (3) by their values at the cut-off position and hence be taken out of the

integral. In the cut-off layer, the contribution from By is much larger than that from Bx because

v = 1. Nx ~ 1 in the plasma and u » 1, the scattered power can be then written in the

following form :

^ l l d X (1 - X)2

In equation (5) the scattered power is proportional to the magnetic fluctuation source term

at the cut-off position and a geometrical coefficient, which depends on the local shape of the

density profile at the cut-off and is the product of the two factors in the brackets. Each factor

has a simple physical meaning : the density gradient length Ln can be considered as the

effective integration length along the probed vertical chord; and the second bracket

l{Ln) = 7i{k0Ln)
l/3lldX(\-X)2Mo2(-X{k0Lnf

/3)j is an average value of the CPS

normalised cross-section along the probed chord. This cross-section increases radially as one

moves from the plasma edge to the cut-off layer. This is due to the increasing number of

scattering particles and the swelling of the incident wave. The cross-section has a peak at the

cut-off position which provides the spatial localisation for the scattered signal.

In the region where the WKB treatment is valid for the incident wave i.e. X(koLn)^>5,

Mo2(-X(koLn)
2ft) can be replaced by its asymptotic approximation \l{n(koLn)

ll3^X). If I(Ln)

is dominated by the contribution of the WKB region, then this factor is nearly constant,

dx ( 6 )
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and the geometric coefficient in (5) scales as Ln. In Figure 5 the variation of I(Ln) is plotted

versus Ln with k§ - 1257 nr 1 . This curve shows that when Ln is within the range of the

observed density gradient lengths in Tore Supra (10 cm < Ln < 1 m), / changes by only 15%.

Thus for the Tore Supra CPS diagnostic, the geometric coefficient in equation (5) can be taken

to be proportional to Ln, and merely reflects the scattering volume variations. In the following

calculations I(Ln) will be taken to be equal to 1. A similar treatment can be performed for the

X + B —> O scenario, which yields a formula similar to expression (5):

; ... (7)

with

Note that all of these results are based on a ID treatment of the CPS process. This

treatment is not always valid, in particular, when one approaches the cut-off conditions for the

transmitting CPS wave, where the refraction losses become important for the scattered signal.

In our experiments the validity of a ID approach is assessed qualitatively with ray tracing

simulations, and shots strongly disturbed by refraction effects for the scattered signal have been

removed.

2.4. Estimate of the magnetic fluctuation rms level

By making some assumptions about the ^-spectrum of the magnetic fluctuations one can

give an estimate of the magnetic fluctuations {SBrIB) from the CPS source term Sb* by using

the Wienner-Khinchine relation [29],

(o)
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In this expression, the &-spectrum of the fluctuation is approximated by a cubic box whose size

is Akr =Akg = k$ in the plane perpendicular to B, and along the magnetic field is the width

Ah// introduced above. Note that Ak// does not play any role in the final result. At the cut-off

layer where 1 -v = 0, only the poloidal component of the magnetic fluctuations is measured.

Thus for the O + B —> X scenario one get:

][if](rc)=77bji5*(rc*k)Mr

This estimate is certainly lower than the actual rms value of the magnetic fluctuations, because

the maximum value of the fluctuation ^-spectrum is likely to be lower than ICQ. Note that large

scale coherent fluctuations such as MHD, which behave independently from the small-scale

fluctuations, are not considered here. One can distiguish two types of error in this calculation.

The first one is due to the precision of experimental determination of St> and the uncertainty for

this estimate is less than a factor of two. The second error is due to the assumption made for the

magnetic turbulence ^-spectrum when using equation (9), and depends on the exact shape of

the spectrum. In this case, it would probably be better for this estimate to be defined as a level

of magnetic fluctuation for one component at k = 1257 nr1 , and no as a rms value of the total

magnetic turbulence.

3. RADIAL PROFILE OF THE MAGNETIC FLUCTUATIONS

As predicted by the CPS theory, the measurements performed [21] have shown that the

major part of the CPS power comes from the cut-off layer of the incident mode. Thus it is

possible to radially probe the plasma by sweeping the cut-off position throughout the gradient

region, and so reconstruct a radial profile for the magnetic turbulence level.

3.1. Experiments in the O + B —> X scenario

The operating scenario for this set of experiments is summarised in Figure 6. A series of

ohmic discharges were performed with three current plateaux (Jp= 0.7, 1.0 and 1.3 MA),
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while the volume averaged electron density <ne> remained nearly constant. Other parameters

were : Bo = 3.7 T, R = 2.32 m, a = 0.75 m, helium gas, O + B -^ X CPS scenario.

From shot to shot, <ne> was scanned from 2.2xlO19 to 5.2xlO19 m'3 in order to radially

move the 0-mode cut-off layer location rc, which was determined by a local density

ne - 4.47xlO19 nr3 . The accessibility domain for the O + B —> X scenario is defined by (see
Figure 7) :

and [B0>2.14T] (10)
4.47xlO19 2.14

where neo is the central density, Bo is the plasma magnetic field. As the density profile is very

flat in the central region, it is difficult for the cut-off layer to approach this region. When the

density is too high, the scattered X-mode is cut-off and the scattered signal is not able to reach

the receiving antenna from the scattering volume. That is the reason why, in the present work,

our investigation is limited to the gradient region from rcla = 0.3 to rcla = 0.7.

As shown in §2 the CPS power is proportional to (5B/B)2 multiplied by Ln. In this

study, Ln is determined experimentally from the measured density profiles. Over the scanned

density domain Ln changes by a factor of 2.5. After correction for the scattering volume effects

the variations of the fluctuating source term (8B/B)2 are respectively plotted in Figures 8-a and

8-b as a function of the mean density <ne> and the cut-off position rcla. Both figures show that

the turbulence levels are weakly dependent on the plasma current. Fluctuations are often

considered to be driven by some local parameters involving gradients, which change radially

for a given plasma discharge. From shot to shot and for a given position in the plasma, this

driving term is a function of the changing plasma parameter as <ne> in the present case. These

two dependences can be summarised in the following formula :

{8BI B)2 = f(r I a,< ne >) (11)

In the density scan experiments, <ne> and the location of the CPS measurement were

moved together as rcla is a function of <ne>. Two radically different ways exist to interpret
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these results. If the radial variation of (SBIBft is more important than its explicit dependence on

<ne> then the experimental results are representative of a radial profile for the magnetic

fluctuations (Figure 8-b). Otherwise they rather reflect an explicit dependence of the turbulence

on <ne> for a quite flat turbulence profile (Figure 8-a). Although these results might be a

combination of the two effects the hypothesis of a fluctuation profile is more likely. Indeed, a

variation of the fluctuation levels by a factor of 9 should have an influence on transport. It

should be noted that in the swept density range the energy confinement time t£, calculated from

the measured diamagnetic energy, is weakly dependent on the density and the plasma current.

As shown in Figure 9 all densities considered here are in the Saturated Ohmic Confinement

(SOC) regime [30] where the dependence of T£ with <ne> and Ip is negligible. For these

discharges the small-scale density fluctuation level measured by CO2 laser coherent scattering

remains nearly constant [31]. On the other hand a radial increase of the fluctuation levels is

compatible with the fact that the electron thermal diffusivities increase towards the plasma edge.

Within the probed radial range the variation of the fluctuation levels is well represented by

the analytical expression :

(5B/B)2(r) =0.49xl0-9 + 2.0x10'Hr/a)5. (12)

The errorbars given in the figure (8) are due to the uncertainties on the experimental

determination of Ln, and do not represent the total errors for the measurement of magnetic

fluctuations.

3.2. Experiments in the X + B —> O scenario

Parametric scans in the X + B —» O scattering scenario provide an alternative way to

investigate the radial variations of the magnetic fluctuations. In addition, this method allows to

conveniently discriminate between radial and parametric dependence of the magnetic

fluctuation. A set of experiments were undertaken at a low magnetic field and a low density in

the X + B —> O scenario. The X-mode cut-off position, for a probing beam at 60 GHz, is

defined by:
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n (m~3) B (T)___lV ) +B£l± = \ (13)
4.47 xlO19 2.14

The cut-off position was radially moved either by scanning Bo (Bo = 1.3 to 1.7 T) or <ne>

(<ne> = 0.85xl019 to 1.6xlO19 nr3) . Figure 10-a shows the fluctuation levels (8BXIBQ)2

versus <ne> for three values of Bo- At <ne> constant, a small variations of Bo (13%) leads to

significant changes (a factor of 2) in the fluctuation levels, while the energy confinement time is

weakly affected by the parameter scans. This high sensitivity relative to Bo corroborates that

the variation of CPS signal is essentially due to the radial variation of the magnetic fluctuation

measurement location when the plasma parameters are scanned. As shown in Figure 10-b

where (8B/B)2 is plotted versus rc/a, same trends are observed for the magnetic fluctuation

profile than in Figure 8-b. A satisfactory analytical approximation is proposed for the observed

radial variation :

{SBIB)2(r) = O.25xlO-9 + 7.7x10"9(r/a)5 (14)

The profile shape is consistent with that obtained on the Fig.8-b. The difference in absolute

value of these two radial profiles (approximative^ a factor of 2 between these two profiles)

may be explained by a parametric dependence on Bo •

3.3. Discussion

Measurements in the edge of tokamaks by Mirnov coils usually show a slow decay of the

rms magnetic fluctuation levels with the minor radius [1]. These observations seem to be

contrary to our results. It can be explained by the remote influence of large scale coherent

modes located at the plasma edge in the Mirnov's signal. Indeed, the magnetic fluctuations

associated to a coherent mode with helicity (n = 0,m) decays as r"(m+l) in the vacuum.

However, due to its wavenumber selection, the CPS diagnostic is not sensitive to coherent

modes. This is confirmed by the broadband structure of the CPS frequency spectra. Direct

measurements of internal magnetic fluctuations have been undertaken with shielded magnetic

probes [2-6,14]. The measured magnetic fluctuation profile at the edge shows the same trend as
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in the SOL, i.e. a radial variation opposite to that observed here. However the two experiments

are difficult to compare, because the magnetic loops are sensitive to large-scale magnetic

fluctuations (low k values), while the CPS diagnostic focuses on small-scale magnetic

fluctuations (high k values).

Some existing experimental observations support our result on the radial profile of the

magnetic fluctuations. In the CSTN tokamak [14], Mirnov coil measurements show that intense

magnetic fluctuations at low frequency (low m) have a rather uniform radial distribution, while

the fluctuations above 75kHz (high m) are increasing towards the edge. An indirect evaluation

of (SB/B)2 inside TEXT tokamak via suprathermal particle transport indicates that magnetic

fluctuations are more intense at rla = 0.9 than at rla - 0.7 [16]. Similar observations have been

reported for ASDEX tokamak : magnetic fluctuations are more intense at the edge (q> 2) than at

q = 2 [15]. As already stated above, an increase in (5B/B)2 towards the edge in the gradient

region is consistent with the radial profile of electron heat transport in Tore Supra.

4. ADDITIONAL HEATING EFFECTS ON MAGNETIC FLUCTUATIONS

Additional heating experiments are valuable for the determination of a local driving

parameter for internal magnetic fluctuations in the gradient region. Indeed, in the ohmic regime

the local plasma temperature is determined by such plasma parameters as the density or current

density. Scanning either of these parameters has an influence on the temperature. Additional

heating allows specific changes in the electron temperature profile while leaving the other

physical parameters unchanged, and hence the determination of the role of this particular plasma

feature in the driving term for the turbulence.

4.1. Experimental results

A set of experiments in the L mode regime was carried out with ICRH and LH. The operating

procedure for these experiments is summarised in Figure 11. The plasma discharges were

performed at Ip = 1.3 MA, <ne> = 3.5xl019 n r 3 , Bo = 3.7 T, R = 2.32 m, a = 0.75 m, with

helium gas and the O + B —> X scenario. The additional power was scanned from 1 to 3 MW

with four plateaux of one second duration. Neither the density profiles nor the current profiles
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were significantly affected by plasma heating, whereas the central electron temperature was

increased by up to a factor 1.5 during RF application. Contrary to the density scan experiments

in §3, the scattering geometry for the CPS diagnostic was the same for all of theses shots, and

so the cut-off layer for the probing O-mode was fixed at rla = 0.55. Hence in these experiments

the scattered signal S300 is directly proportional to the turbulent source term S^*. The scattering

geometry is visualised in the ray-tracing simulation shown in Figure 1. In Figure 12 the CPS

measurements are plotted versus the additional power. The magnetic fluctuations increase

significantly with additional heating but react more to ICRH than to LH. In the same

experiments similar behaviour were observed on the local density fluctuations measured at half

radius by reflectometry [32,33]. No MHD activity is detected by the Mirnov coils during RF

application, hence indicating that only small-scale magnetic fluctuations are perturbed by RF-

heating in these discharges. As shown in Figure 4, where 5300 and the CPS signal rms level

have proportional variations in the ICRH experiments, Figure 13 confirms that the frequency

spectra shapes are scarcely modified by RF application except for the Doppler effect and the

rms level increase.

4.2. Interpretation and Discussion

As RF heating does not significantly affect the frequency spectra shape, it can be infered

that the additional power does not trigger a specific turbulence, but rather enhances a pre-

existing instability, probably by modifying a local plasma parameter at the cut-off position. The

different behaviour with LH and ICRH can then be explained by the way in which this

parameter is changed by the additional heating. This parameter is linked to the local shape of the

temperature profile, which is the only plasma feature significantly modified by the additional

power. As shown in Figure 14, when plotting S300 versus VTe or VTeITe at the cut-off

position, the differences in behaviour between LH and ICRH discharges disappears. In both

cases, the magnetic fluctuation level is a increasing function of the parameter (V!T€ or VTe/Te)

with a threshold. Note that the RF heating experiments alone cannot determine which of VTe or

VTefTe is the relevant parameter.
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5. LOCAL TRANSPORT AND MAGNETIC FLUCTUATIONS

Sections 3 and 4 have revealed two key features of the small-scale magnetic fluctuation

levels in the gradient region, namely their radial variation and their evolution to additional

heating via the local modification of the temperature profile. These characteristics have crucial

implications for fluctuation-induced heat transport, and provide new ways of assessing the

relevance of an anomalous transport by magnetic fluctuations through parametric dependence.

5.1. Magnetic fluctuation levels and local parameters

In the experiments of the ohmic (§3) and L-mode (§4) regimes, various plasma

parameters have been scanned, and several trends have been observed for (<33/fi)2. It is usefull

to interpret all of these tendencies by a dependence of the fluctuation levels on a local parameter.

From RF heating experiments where the density profile is unchanged, it clearly appears that a

local driving term for the fluctuations should depend, at least partially, on a local feature of the

temperature profile at the cut-off position, such as VTe or VTe/Te. Radial scans of the CPS cut-

off position have revealed that a local parameter driving magnetic turbulence should increase

radially, where the local density and temperature gradients are changed. Candidates fitting these

requirements are for example VTeITe or VP/P, which is the inverse electron pressure gradient

length. In both cases a linear relationship is found between the inverse gradient length and the

measured turbulence levels, with the existence of a threshold. This is illustrated in Figure 15.

Similar results can be obtained with VTe or VP.

5.2. Magnetic fluctuation-induced heat diffusivities

In a non-collisional and stochastic regime, the thermal electron transport perpendicular to

Bo induced by the magnetic turbulence is given by equation (1). To analyse suprathermal and

runaway electron transport, a factor T (< 1) depending on electron energy and accounting for

the drift-orbit averaging of the magnetic turbulence has to be added in equation (1) [17], and

one obtains the following generalised expression :
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where v// is the electron velocity along the field lines, L// is the correlation length for magnetic

fluctuations along the field lines. F = 1 for thermal electrons, and is a decreasing function for

increasing electron energy. This can explain why in tokamaks runaway electrons are better

confined than thermal electrons [15]. In the present work F — 1 (thermal electrons), V// is the

local electron thermal velocity vte at the cut-off position, (5B/B)2 is the fluctuation level

deduced from the CPS measurements, and L// = KqyR is the length of a field line for a half

poloidal revolution.

Equation (1) is valid only for non collisional test particles and in a stochastic magnetic

field. These two points are discussed below. The ergodicity of the magnetic topology can be

characterised by the Chirikov parameter o, which is the ratio of the magnetic island width w to

the island radial separation, and is expressed as,

^ (16)
q¥ dr

where m is the high poloidal number of the magnetic fluctuation, and can be inferred from the

island width and the intensity of the magnetic perturbations [17] :

32q2
wR dr ( SB \

m = —L!L—^_ (17)

w dq¥\ B )

This yields

c = (18)

To estimate o~, w is assumed to be the same order than 2%lkr ~ 5x10 m. In the ohmic regime

at half radius where q¥ = 1.5, SBIB = 4xlO"5, and for R = 2.32 m, equation (18) leads to

a~ 0.9, i.e. the islands nearly overlap. One has to emphasize that o is an increasing function

of rla as (SB/B) and qv radially increase.
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As for the collision effect, the diffusion of collisional particles in stochastic magnetic

fields has been reviewed in reference [33]. In the weakly collisional regime which corresponds

to the present case, a factor F accounting for the collision effect should be added to

equation (1) for the transport. Two expressions are proposed for this factor in the weakly

collisional regime [34] [35]:

F] = ^ (19)

In I

(20)
l+ ( l /2)(L K /A m f p ) ln(L J /p e )

where p e is the electron Larmor radius, L± is the perpendicular correlation length of the

magnetic turbulence, Amfp is the electron mean free path, and L^ is the Kolmogorov length

defined as L^ = L± /\\]%n (8Br/B)2L//). In our experiments the typical values of these

quantities are : 8BrIB ~ 4xl0"5 , L//= nq^R ~ 11 m, p e = 3xl0"5 m, LL ~ 5 x l 0 ' 3 m,

p = 680 m (Te = 1-5 keV, ne = 3xl0 1 9 m'3), LK = 280 m. This leads to F ; = 0.55 and

F2 ~ 0.49. In this diffusion regime the absolute value of Xe""18 is reduced of a factor of 2 with

respect to expression (1). However, the main parametric dependence of the collisional Xe1™8 is

nearly the same as in the non-collisional case. Hence the non-collisional expression (1) is a

valid approximation for the study of the parametric dependence of the turbulent transport in our

experiments.

5.3. Critical temperature gradient for the turbulent transport

A local transport analysis was performed in the gradient region of the plasma for the RF-

heating experiments described in the section 4. The energy balance equation was solved

numerically from the measured temperature, density, current and RF-power deposition profiles

using the transport code LOCO [36]. As ion temperatures were not measured in these helium

discharges a predictive value of the ion diffusivity %i w a s used. This value was checked a

posteriori via energy balance.
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In Figure 16 the experimental values of Xeexp are plotted versus the magnetic fluctuation-

induced Xemag- Both diffusivities have the same order of magnitude and have proportional

variations during additional heating. The electron heat fluxes Qe
exp = -ne Xeexp VTe measured

in Tore Supra have a linear dependence on VTe, with a threshold or critical gradient

approximately equal to 3 keV/m for the experiments considered here. In Figure 17 the heat flux

expected from magnetic turbulence (Qe
ma8 = -rieX/™8 VTe) is plotted versus VTe. A threshold

or critical temperature gradient is clearly observed, and its value is very close to the

experimental one. This critical gradient for Qe
ma^ is the direct consequence of the existence of a

threshold in the turbulence levels. As pointed out in reference [37], a highly non-linear

behaviour of Qe
mas with V7"e is crucial in order to explain such experimental observations as

temperature profile resiliency or fast heat pulse propagation in the tokamak.

5.4. Parametric behaviour of the turbulent heat fluxes

In the above section only temperature gradient effects caused by additional heating were

analysed. It is now interesting to include the effect resulting from the magnetic fluctuation radial

profile in the ohmic regime. In order to compare Xeexp a nd Xemag with two different sets of

data, one has to resort to an empirical relation for the local transport on Tore Supra. Over a

wide range of plasma parameters in the ohmic and L-mode regimes, the heat flux Qe
exp is found

to increase linearly with -neq^VTe, with a threshold of approximately 3.5X104 MJ/m"4 [38].

This empirical relation can explain several key features of the electron heat transport in Tore

Supra : (1) it includes the observed critical gradient for Qe
exp in RF-heating experiments at a

fixed position in the plasma; (2) the radial profile of Qe^P in ohmic plasmas is well fitted by

this relationship.

In Figure 18 Qe"10^ are plotted versus ~neq\^-VTe for the ohmic (§3) and L-mode (§4)

plasmas with the O+B->X scenario. In addition to the fact that Qe
exp and Qe

maS have the same

order of magnitude, Figure 18 shows that the parametric behaviour of Qe
ma^ is quite similar to

that of Qe
exP. For a given plasma current the results in ohmic and L-mode plasma are on the

same curve, which exhibits a threshold very close to S.SXIO^MJ/TTT4. However, differences are
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observed between the behaviours for several different currents. These differences are clearly

visible for the experimental points at lp = 0.7 MA in Figure 18. Several explanations exist for

these differences : (1) the observed critical temperature gradient can be a function of Ip; (2) the

it-spectrum shape of the magnetic fluctuation can depend on Ip; (3) the expression -rieq^VTe

may not be the proper parameter to account for the variations of Qe
exp and Qe

rmS.

6. CONCLUSIONS

Using a wide variety of experimental data covering a large range of plasma parameters,

the parametric behaviour of small-scale magnetic fluctuations in the gradient region of Tore

Supra has been investigated in both ohmic and L-mode regimes. For all of the experimental

data, the relevance of an anomalous heat transport by the observed magnetic fluctuations has

been tested in several ways. The measured magnetic fluctuations show a large increase during

RF-heating. This change has been attributed to the local variations of the temperature profile,

which can explain the differences in the behaviours with ICRH and LH. In the Saturated Ohmic

Confinement regime the fluctuation rms level increases when the cut-off layer is moved toward

rla = 0.7 using several methods (Bo and <ne> variations). Most of this increase is attributed to

the radial profile of the rms fluctuation levels. The turbulence levels have been correlated for all

of the experimental data for such simple plasma parameters as VTe/Te or VP/P. Both

experimental relations exhibit a threshold.

The magnetic fluctuation-induced diffusivity Xemag shows many similarities with

experimental electron heat diffusivities Xeexp> determined from transport analysis. Xe1™8 has

the correct order of magnitude to account for the observed transport. During RF-heating the

turbulent heat flux Qe
ma8 increases linearly with V7*e, with a threshold very close to that

measured for Qe**?- This critical gradient is a direct consequence of the threshold observed for

the turbulence levels, and is an important feature to account for temperature profile resiliency

and fast heat pulse propagation. Qe
maS also increases radially, as does Qe^P- The fluctuation-

induced heat fluxes show similarities with the actual radial heat fluxes in terms of parametric

dependence. In Tore Supra Qe
exp is found to increase linearly with the local value
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with the existence of a threshold. Qe

mai exhibits a similar tendency, with the same threshold.

Differences are observed between the results of different plasma currents, and a more thorough

investigation is required to explain them. All of these experimental observations indicate that

small-scale magnetic fluctuations are a serious candidate to explain anomalous heat transport for

electrons in the gradient region of Tore Supra tokamak.
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Figure captions

Figure 1: Principle of the CPS diagnostic with the O + B —> X scenario illustrated by a ray

tracing simulation for the shot 16272.

Figure 2: Typical scattered spectrum obtained with the experimental conditions of Figure 1. The

spectral power S300 used to characterise the CPS intensity, as well as the phase noise of the

heterodyne detection system are also shown in this figure.

Figure 3: Dependence of the spectral component 5300 o n the additional power in ICRH

experiments, before and after the Doppler effect correction.

Figure 4: Comparison of the spectral component S300 and the total CPS power in the

experiments in Figure 3, before and after the Doppler effect correction.

Figure 5: Variations of I(Ln) v.s. Ln for ko = 1257 nr1 .

Figure 6: Time evolutions of the plasma current and the volumic average density in shot

TS15757.

Figure 7: Accessibility domain for the plasma central density and the magnetic field for the

operation of the CPS diagnostic. The operating domains for the O + B -» X and X + B —» O

scenarios are featured in light grey. For a constant Bo only the density range indicated by the

arrows is accessible to the CPS system.

Figure 8: Rms magnetic fluctuation levels in the ohmic regime and for the O + B —> X scenario

plotted versus : (a) volume average density ; (b) the O-mode cut-off layer position. In Fig. 9-b

an analytical fit is found for the measurements : (8B/B)2(r) = 0.49x10"9 + 2.0x10"8 (r/a)5.

Figure 9: Energy confinement time versus volume averaged density for the set of experiments

in the ohmic regime. The confinement time is deduced from diamagnetic measurements.
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Figure 10: For three different magnetic fields Bo and in the X + B —> O scattering scenario, the

rms magnetic fluctuation levels are plotted versus : (a) the volume averaged density; (b) the

X-mode cut-off layer position. In Figure 10-b an analytical fit is found for the measurements :

(5BIB)2(r) = O.25xlO-9 + 7.7xlO"9 (rla)5.

Figure 11: Operating scenario for the RF-heating experiments. Time evolutions of the volume

averaged density <ne>, the plasma current Ip, the central electron temperature Te(0) and the

additional heating power Padd-

Figure 12: Rms magnetic fluctuation level versus the injected RF power during ICRH and LH.

Figure 13: Frequency spectra of the magnetic fluctuations in the ohmic regime and during

ICRH (Padd = 3 MW) in shot TS 11933.

Figure 14: Rms magnetic fluctuation levels in RF-heating discharges versus : (a) V7"e at the

cut-off layer position (rla = 0.55); (b) Lje-
1 at the same location.

Figure 15: Rms fluctuation levels versus : (a) Lje'^ at the cut-off layer position (rla = 0.55);

(b) Lp'1 at the same location.

Figure 16: Experimental heat diffusivity^gej:P versus magnetic fluctuation-induced diffusivity

Xemag at rla = 0.55 during RF-heating experiments.

Figure 17: Magnetic fluctuation-induced heat flux Qe
ma% at rla = 0.55 plotted as a function of

VTe at the same location during RF-heating experiments.

Figure 18: Magnetic fluctuation-induced heat flux Qe
maS versus the parameter -eneq^VTe for

all of the experiments in the O+B—>X scenario.
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